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1 Scope and outline

In this dissertation, sugar-modified guanosine analogs are used to alter and explore

the folding of G-quadruplexes (G4s). These tetrahelical structures have been in the

focus of research in the last decades for their regulatory roles in vivo and for their use

in nano- and biotechnology. However, an understanding of the various factors that

drive a particular quadruplex fold remains limited, challenging rational therapeutic

targeting and design of G-quadruplexes. In this regard, insights from modified G-

quadruplexes may help to deepen our knowledge of G-quadruplex structure and the

underlying driving forces that govern G4 folding.

In this work, G surrogates are exploited for their altered conformational prefer-

ences regarding both glycosidic bond angle and sugar pucker by their incorporation

into different syn positions of the G-core of a model G-quadruplex. Induced struc-

tural perturbations as characterized by NMR spectroscopy range from a local change

in tetrad polarity to a complete refolding into an unusual structure with a V-shaped

loop, a unique G4 structural element being the focus of this work. Detailed confor-

mational analysis of the introduced G analogs and high-resolution structures of the

modified quadruplexes reveal a complex interplay of glycosidic torsion angle, sugar

pucker preferences and secondary interactions, which may all play a leading role in

driving G4 folding.

Article I : Manipulating DNA G-quadruplex structures by using guano-

sine analogues

Haase, L., Karg, B. and Weisz, K., ChemBioChem, 2019, 20, 985-993.

This review article elaborates on the general strategy of directed G-quadruplex mod-

ifications through introduction of G analogs, focusing on the deliberate perturbation

of glycosidic torsion angles. Thus, induced syn-anti or anti-syn transitions are often

accompanied by a tetrad polarity reversal. Examples of modified G4 structures are

presented, highlighting relevant local interactions of 2’-substituents and their possible

impact on nucleoside conformational equilibria and G4 thermal stability.
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Article II : DNA-RNA hybrid quadruplexes reveal interactions that fa-

vor RNA parallel topologies

Haase, L., Dickerhoff, J. and Weisz, K., Chem. Eur. J., 2018, 24,

15365-15371.

In this study, a model hybrid-type DNA quadruplex (ODN) was substituted with

anti -favoring riboguanosine nucleotides in syn positions of its 5’-terminal G-quartet,

causing a tetrad polarity reversal. The NMR structure of a disubstituted DNA-

RNA chimeric G4 reveals unfavorable and favorable interactions of the 2’-OH sub-

stituent, adding to the understanding of RNA’s preference for parallel G4 topologies.

Article III : Sugar puckering drives G-quadruplex refolding: implications

for V-shaped loops

Haase, L., Dickerhoff, J. and Weisz, K., Chem. Eur. J., 2020, 26,

524-533.

Here, the same ODN model quadruplex was modified in the two syn positions of its

third antiparallel G-tract with either 2’-deoxy-2’-fluororiboguanosine (FrG), 2’-deoxy-

2’-fluoroarabinoguanosine (FaraG), or riboguanosine (rG). Refolding to a G4 topology

with a V-shaped loop was observed only for north-favoring FrG and rG, but not for
FaraG with its preference for a south/south-east sugar pucker. In contrast to a disfa-

vored syn conformation of modified residue 14 at the V-loop 5’-end, both incorporated
FrG and rG residues adopt the preferred N-type sugar pucker, highlighting the role of

sugar conformation for driving the formation of the V-loop.

Article IV : Switching the type of V-loop in sugar-modified G-

quadruplexes through altered fluorine interactions

Haase, L. and Weisz, K., Chem. Commun., 2020, 33, 4539-4542.

In continuation of Article III, 14,15-modifications of ODN were extended to combina-

tions of FrG and FaraG, resulting in two distinct V-loop structures. In addition to the

conventional V-loop architecture of Article III with north-puckered modified flanking

residues and a strand polarity inversion after the V-loop, an alternative structure was

generated upon positional exchange of the two G analogs. A reversal of the top tetrad

polarity is accompanied by a switch in type of V-loop, now based on S-puckered an-

choring residues and featuring a backbone inversion site within the loop. In the two

structures, a most disfavored conformation of the V-loop 5’-flanking residue, unfa-
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vorable with respect to both glycosidic bond angle and sugar pucker, is found to be

stabilized by an F2’· · ·H-N hydrogen bond.

Article V : Locked nucleic acid building blocks as versatile tools for ad-

vanced G-quadruplex design

Haase, L. and Weisz, K. Nucleic Acids Res., 2020, 48, 10555–10566.

This study explores the potential of locked nucleic acid (LNA) building blocks, again

using the model quadruplex ODN modified in position 14 and/or 15. LNAG is found to

most effectively stabilize the conventional V-loop at its 3’-end and to be even tolerated

in a highly disfavored syn conformation as V-loop 5’-anchoring residue. On the other

hand, a single LNA substitution in position 15 causes an alternative rearrangement to

an antiparallel topology. NMR structures of the two LNA-modified G4s reveal interac-

tions of LNAG O4’ atoms with neighboring guanine H8 as well as an O5’-H8 hydrogen

bond in the conventional V-loop. The latter base-backbone interaction is also traced

for other V-loop structures, supporting a conformational classification of V-loops into

conventional and alternative type, as first introduced in Article IV.
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2 Introduction

2.1 Occurrence and relevance of G-quadruplexes

In addition to their primary role as carrier and transmitter of genetic information, DNA

and RNA have long since been recognized to also actively take part in the regulation of

biological processes. In fact, protein-coding genes amount to only a small percentage

of the human genome. While the famous double-helical structure with canonical AT

and GC base pairs is essential to replication and transcription, a number of alternative

nucleic acid structures are thought to be involved in the control of these and other

cellular functions. Especially G-quadruplexes (G4s) with their pronounced structural

diversity have attracted growing interest in the past decades. Characteristic feature

and basic unit of these tetra-stranded structures is the G-quartet, a coplanar arrange-

ment of four guanine bases, interacting via Hoogsteen hydrogen bonds (Figure 1A).

In a G-quadruplex, usually two to four of these G-tetrads stack to form a globular

structure, additionally stabilized by the coordination of monovalent cations through

guanine O6 atoms in the center of the G-core. Thus, DNA or RNA sequences carrying

several G-runs are prone to G4 formation as evidenced by various in vitro studies [1].

In fact, a genome-wide search has revealed more than 300 000 potentially G4-forming

sequences in humans [2, 3]. Conspicuously, identified G-rich sequences are overrep-

resented in promoters and telomeres, genomic regions associated with transcription

regulation and genomic stability, respectively. Also, G4 specific antibodies have en-

abled in vivo detection of G-quadruplexes first in ciliates [4], later also in human cells

[5–7], again showing an enrichment in telomeric and promoter regions.
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Figure 1: G-quartet (A) and possible effects of (ligand-induced) G4 formation on transcription (B)
and telomere maintenance (C).
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Depending on the location within the genome, G-quadruplexes may be involved

in the regulation of DNA replication by various mechanisms [8]. For instance, G4s

were found to stall DNA polymerase [9], which was exploited for the detection of over

700 000 sites of quadruplex formation in the human genome [10]. In promoter re-

gions, G-quadruplexes are thought to be involved in the control of transcription often

through interaction with proteins. Thus, depending on the regulatory mechanism, gene

expression may be either suppressed or activated by the presence of G-quadruplexes

(Figure 1B) [11]. This is of particular significance for oncogenes such as the MYC

gene, where a quadruplex formed in the promoter region is likely involved in the con-

trol of this malfunctioning gene in tumor cells [12]. Thus, G-quadruplexes have been

recognized as promising targets for drug design in anti-cancer therapy, and a variety

of ligands that bind G4s with high affinity have been designed for that purpose [13].

Conveniently, outer G-tetrads provide a suitable interface for stacking interactions

with usually planar polycyclic aromatic compounds such as the cationic porphyrin

TMPyP4. In fact, the latter has been shown to reduce transcription levels of MYC

and other oncogenes through stabilization of G-quadruplexes in the nuclease hyper-

sensitivity element of their promoters [14, 15].

Another potentially cancer-associated occurrence of G-quadruplexes concerns

the telomeric regions, i.e., the ends of chromosomes. These carry a long sequence of

TAAG3 repeats in humans and are usually shortened at every replication cycle. In

cancer cells, however, this process controlling cell senescence is disrupted, often caused

by the enzyme telomerase, which binds and elongates the unpaired 3’-overhang. In this

way, tumor cells practically become immortal as an increased telomerase activity pre-

vents cell senescence. Thus, ligand-induced stabilization of telomeric G-quadruplexes

is another G4-related therapeutic strategy. G4 stabilizing agents targeting the telom-

eric region may specifically inhibit telomerase or more generally induce a DNA dam-

age response, both with promising antiproliferative effects (Figure 1C) [16]. Indeed,

a highly potent G4 stabilizer effectively targeting DNA damage repair deficient tu-

mor cells is currently under clinical trials for patients with breast cancer lacking a

particular DNA repair protein [17].

While most G4-related biophysical studies and proposed therapeutic approaches

concern DNA quadruplexes, RNA G4s have also been recognized as key elements in

the control of various cellular functions. For instance, RNA quadruplexes may be

formed by telomeric repeat containing RNAs or 5’-untranslated regions (5’-UTRs)
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of mRNAs, associated with telomere maintenance and translation regulation, respec-

tively [18]. The latter process adds another level of potential therapeutic intervention,

i.e., the deliberate manipulation of translational processes by targeting of 5’-UTR G-

quadruplexes [19]. An additional application of both DNA and RNA G-quadruplexes is

their use as therapeutic aptamers to specifically bind certain disease-related proteins.

For instance, many studies have been devoted to the optimization of the thrombin

binding aptamer, a two-layered antiparallel DNA G4 with anticoagulant activity [20].

Other promising G4 based aptamers are directed against HIV enzymes, infectious

prion proteins, or nucleolin, the latter again in a context of anti-cancer therapy [21].

In addition to their use in therapeutics, G4 aptamers also represent highly sensi-

tive detection systems for various small molecules, proteins and cations [22]. An enor-

mous potential for nanotechnological applications lies in the cation and pH dependence

of G-quadruplex folding and the competitive formation of other secondary structures.

A number of G4-based K+ and also Pb2+ sensing systems have been devised, mostly

detected by fluorescence techniques, sometimes also exploiting G4 catalytic activity.

In fact, G4-based DNAzymes are not only used in biosensing but also in catalysis

itself, for example G4/hemin complexes for peroxidase reactions or supramolecular

assemblies for asymmetric catalysis [23]. Finally, cation, pH or ligand induced G4

formation is also associated with a wide range of applications using G-quadruplexes

as DNA-switches [24].

2.2 The benefit of modified G-quadruplexes

While many studies dealing with G4 structure intend to reproduce a biological context

as closely as possible, an alternative approach is based on the deliberate modification

of G-quadruplexes. For instance, the introduction of point mutations in G4 forming

sequences belongs to the standard methods in structure determination as it allows to

decrease structural polymorphism. The latter may also be achieved by more subtle

modifications in form of G surrogates, deviating from normal DNA building blocks by

artificially introduced functional groups at either base or sugar moiety (Section 2.3).

In general, investigations of modified G-quadruplexes may help to better understand

the contribution of individual local forces in driving a particular G4 fold. In fact,

a single DNA sequence may adopt various alternative G4 topologies, depending on

the type, number and position of introduced modifications. In this way, a systematic
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investigation of a set of modified quadruplexes may provide important insight into

the various factors governing G4 folding and relating primary sequence to global G4

structure. An additional benefit of studies on modified G-quadruplexes is the discov-

ery of new topologies of potential physiological relevance in the context of G4 excited

states. In native sequences those usually escape detection due to their low abundance

but they may be important for binding processes [25, 26]. Finally, some modifications,

especially RNA building blocks or RNA mimics, are of direct physiological relevance.

For example, DNA-RNA hybrid sequences may be formed in the cell by incorporation

of individual ribonucleotides into a DNA strand during replication [27]. Also, forma-

tion of DNA-RNA hybrid quadruplexes through mixed association of DNA and RNA

strands during transcription or at telomeric ends has been observed both in vitro and

in vivo [28–31].

2.3 Manipulating DNA G-quadruplex structures by using

guanosine analogs (Article I)

A thorough understanding of G-quadruplex structure is a prerequisite for both ther-

apeutic targeting of G-quadruplexes and their use in nanotechnological applications.

This is of particular importance as G-quadruplexes display remarkable structural vari-

ability. Generally, G4 topologies may be discriminated based on the number of stacked

tetrads as well as of associating G-rich strands (G4 molecularity). Monomolecular G4s

display a particularly pronounced structural diversity, as there are numerous alterna-

tive ways for a single G-rich strand to form the four columns of a G-core. Thus,

intervening sequences may link adjacent parallel or antiparallel G-tracts (propeller

and lateral loops), while a diagonal type of loop bridges an entire outer tetrad by

connecting antiparallel opposite G-tracts. One of the simplest G4 architectures is a

parallel orientation of all G-tracts as exemplified by the MYC quadruplex (Figure 2A,

left panel). Alternatively, one or two G-tracts may run in opposite direction, resulting

in hybrid-type and antiparallel topologies, respectively. For instance, in a hybrid-type

quadruplex derived from the human telomeric sequence (HT), the first two as well as

the fourth G-tract run in the same direction, whereas the third G-column is of opposite

orientation (Figure 2B, left panel).

A conformational parameter closely related to G-tract orientation is the glyco-

sidic torsion angle χ describing the position of the base relative to the sugar moiety
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Figure 2: Modification-induced 5’-tetrad flip in parallel MYC and hybrid-type human telomeric
quadruplex (HT). A) Native (left) and BrG-modified MYC with reversed 5’-tetrad (right). B) Native
(left) and FrG-modified HT with reversed 5’-tetrad (right). G-core residues in syn and anti confor-
mation are shown by red and grey rectangles, respectively. Tetrad polarity and G-tract orientation
are indicated by arrows.

and defined as the O4’-C1’-N9-C4 torsion for purine nucleotides. Two alternative con-

formational regimes may be discriminated: the anti (240◦ > χ > 180◦) and the syn

conformation (90◦ > χ > 0◦) with the Watson-Crick edge of the base turned away and

oriented towards the sugar moiety, respectively (Figure 3A). While in a parallel G4

architecture all G-core residues may assume the usually preferred anti glycosidic angle,

antiparallel G-tract orientations are necessarily associated with some syn conformers

to provide the required geometry for participation of all guanine bases in the hydro-

gen bonding pattern of the G-quartet [32]. Thus, the two first Gs of HT’s antiparallel

G-tract adopt a syn glycosidic angle to participate in a tetrad with anticlockwise

hydrogen bonding pattern (Figure 2B, left panel). Alternatively, an anti G in an an-

tiparallel G-tract can be combined with three syn Gs in the other G-columns, resulting

in an opposed tetrad polarity as seen for the 5’-terminal G-quartet of HT. In this way,

glycosidic bond angle, G-tract orientation, and tetrad polarity are mutually interre-

lated, causing additional topological variability by variation of the syn-anti pattern.

The latter is also related to G-quartet stacking, which may be homo- or heteropolar,

i.e., stacking of two adjacent tetrads of same or opposite polarity, respectively.

The role of glycosidic conformation in determining G4 topological features may

be exploited for the rational manipulation of G-quadruplex structure by using G

analogs with specific glycosidic angle properties. In fact, a number of guanosine mod-

ifications in the base or sugar moiety are known to affect the syn-anti equilibrium.

For instance, an anti conformation is disfavored for 8-bromo- (BrG) and 8-methyl-2’-

deoxyguanosine (MeG) due to steric hindrance between the bulky C8 substituent and

the sugar phosphate moiety (Figure 3B). Thus, when introduced into a G4 forming
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Figure 3: Nucleoside conformations and G analogs. A) Glycosidic torsion angle. B) 8-Substituted
syn-favoring G analogs. C) Sugar-modified anti -favoring G analogs in their respective preferred sugar
pucker.

sequence, BrG or MeG tend to induce a syn glycosidic angle. While a matching sub-

stitution for syn Gs may be used for the stabilization of antiparallel or hybrid-type

topologies, an introduction at non-matching anti positions usually causes structural

rearrangements or disruption. Modification effects may range from a complete refold-

ing to more subtle topological changes such as tetrad polarity reversals. The latter

has been frequently observed for 5’-terminal G-quartets of tetramolecular parallel G4s

[33–35], but also for the monomolecular MYC quadruplex [36]. Substitution of all

four anti Gs with BrG caused a concerted anti -syn transition of all residues in the

5’-tetrad, resulting in an inverted hydrogen bonding directionality (Figure 2A). Thus,

the BrG-modified MYC quadruplex displays a heteropolar stacking between the re-

versed 5’-terminal tetrad and the central G-quartet, an unusual feature for parallel

quadruplexes. Induction of a tetrad polarity reversal under conservation of the global

topology has also been achieved for hybrid-type quadruplexes with their usually clock-

wise hydrogen bonding pattern in the 5’-terminal G-quartet [37–40]. In this case, two

or three syn Gs of the 5’-tetrad were replaced by anti -favoring G analogs to enforce

a syn-anti transition. For instance, HT’s 5’-tetrad polarity was successfully inverted

upon non-matching introduction of three 2’-deoxy-2’-F-riboguanosines (FrG), result-

ing in an unusual hybrid-type structure composed of three all-anti and one antiparallel

all-syn G-tracts (Figure 2B) [38].

G analogs with a preference for an anti glycosidic angle usually carry modifica-

tions in the sugar moiety. Typical examples such as riboguanosine (rG) and FrG with

their α-positioned 2’-OH/2’-F substituent and 2’-deoxy-2’-F-arabinoguanosine (FaraG)
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with an F2’ in β are shown in Figure 3C. Of note, the anti -preference results only in-

directly from the modification in the sugar moiety and is often related to a changed

sugar conformation. By variation of torsion angles, the furanose ring may adopt a

range of conformations, often with four coplanar ring atoms and one atom below or

above the plane. Thus, DNA building blocks usually prefer a C2’-endo conformation

(C2’ above the plane) such as in B-DNA (Figure 3A). An alternative nomenclature

of sugar conformations derives from the pseudorotation phase angle (P), defined to

include all five individual ring torsions in a single value. Thus, the C2’-endo pucker

and a broader range of similar (deoxy)ribose conformations may also be referred to

as south or S-type (P = 144-162◦). In contrast to DNA residues, rG and FrG show

a preference for a C3’-endo or north/N-type sugar pucker (C3’ above the ring) with

pseudorotation phase angles of 0-18◦ (Figure 3C). This preferred C3’-endo conforma-

tion is usually considered to induce the anti -preference of rG and RNA mimics such as
FrG, as a syn-oriented base would cause a steric clash with the sugar phosphate moiety,

especially with the H3’ in axial position. The latter effect is particularly pronounced

for another RNA-like G analog strictly locked to a C3’-endo conformation with high

pucker amplitude through a 2’-O-4’-C-methylene bridge (locked nucleic acid, LNAG,

Figure 3C). In contrast, FaraG combines its anti -preference with a more DNA-like

sugar pucker in the south/south-east domain.

Even though only a minor attention is usually given to sugar conformation in the

context of G4 structure, it should not be neglected for sugar-modified anti -favoring G

analogs. Surprisingly, a number of FrG and rG residues in modified G-quadruplexes

have been found to combine the preferred anti glycosidic angle with a usually dis-

favored south-type sugar pucker (Section 3.1) [38, 40–42]. Apparently, an S-type

pucker of FrG and rG is often associated with pseudo-hydrogen bonds between F2’/O2’

and a 3’-neighboring guanine H8-C8. Such potentially stabilizing local interactions

of 2’-substituents additionally complicate substitution effects as also seen for FaraG

residues. These often undergo intranucleotide F2’· · ·H8-C8 interactions [39, 42], even

though they may also engage in analogous contacts with 3’-neighboring Gs [43]. In-

terestingly, sequential F2’· · ·H8-C8 hydrogen bonds have also been observed for stable
FaraG and FrG syn conformers [42], pointing to a significant energetic contribution

of such contacts, apparently able to compensate for both unfavorable sugar pucker

and/or glycosidic conformation.

While G analogs have proven an effective tool for the directed manipulation of
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G-quadruplex structures, substitution effects are not always predictable due to the

complex interplay of various factors driving G4 folding. This concerns primarily anti -

favoring G surrogates where altered glycosidic angle preferences indirectly result from

a modification in the sugar moiety. Thus, sugar-modified G analogs exhibit surprising

conformational flexibility, as evidenced by the observation of various combinations of

(dis)favored sugar and glycosidic conformations for FrG, rG, and FaraG in modified

G-quadruplexes. Also, local interactions of introduced 2’-substituents may support or

counteract intrinsic conformational preferences, further challenging predictability of

modification-induced structural changes.
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3 Modification-driven rearrangements of a highly

malleable G-quadruplex

Structural studies in Articles II-V are all based on modifications of a single model

quadruplex, the well-defined hybrid-type structure ODN (Figure 4, center) [44]. This

artificial but highly malleable sequence has recently been used as a framework for site-

specific modifications with FrG and FaraG, causing defined structural rearrangements

mostly involving tetrad flips [37–39, 42]. In continuation of these studies, rational sub-

stitution of syn Gs in the quadruplex core with anti -favoring G analogs is extended

in this work to other G surrogates, in particular rG and LNAG (Articles II and V ) as

well as to a so far unexplored combination of modifications sites, i.e., the substitution

of both syn Gs in ODN’s third antiparallel G-tract (Articles III-V ). This approach

allows to characterize the structural landscape of the ODN sequence, displaying an

astonishing degree of G4 topological variability where minor local changes are respon-

sible for a switch between alternative global G4 conformations, apparently separated

only by small energy gaps.

rG, FrG, FaraG, and LNAG were introduced into various syn positions of ODN,

using letters r, F, A, and L in combination with numbers of the modification sites for

the designation of structures. Four distinct observed rearrangements are summarized

in Figure 4 and will be briefly described in the following section. Local structural

details along with a discussion of potential driving forces behind the different refolding

events will be presented in Section 4. Finally, Section 5 will be devoted to a detailed

conformational analysis of V-shaped loops in modified ODN-derived and other V-loop

structures.

3.1 5’-tetrad flip (Article II)

In Article II, riboguanosine analogs were introduced into syn positions of ODN’s 5’-

terminal tetrad, resulting in DNA-RNA chimeric quadruplex structures. rG’s pref-

erence for an anti glycosidic angle caused a reversal of the modified 5’-tetrad in a

disubstituted r(1,20) and a trisubstituted r(1,6,20) quadruplex, allowing all incorpo-

rated rG residues to adopt the preferred anti conformation. The DNA-RNA hybrid

structures share the global hybrid-type topology of native ODN, but feature a changed

pattern of glycosidic angles with a combination of three all-anti and one all-syn tract
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Figure 4: Schematic representations of the model quadruplex ODN (center) and its various
modification-induced rearrangements including a 5’-tetrad flip (Article II, top left), a combined re-
versal of central tetrad and first G-tract (Article V, top right), a conventional (Articles III-V, bottom
left) and an alternative V-loop structure (Article IV, bottom right). Modification sites are highlighted
in white, anti and syn residues are represented by grey and red rectangles, respectively. The tetrad
polarity is indicated by arrows.

associated with three G-quartets of same polarity (Figure 4, top left). While an anal-

ogous fold was already obtained for corresponding substitutions with FrG and FaraG

[37–39], this modification-induced 5’-tetrad flip is now reproduced with physiologically

more relevant rG substitutions [27]. In fact, the r(1,20) NMR-derived high-resolution

structure reveals interactions of the introduced 2’-OH substituents with implications

for RNA G-quadruplex folding (Section 4.1).

3.2 Combined G-tract and tetrad polarity reversal (Article V)

In Article V, a single LNAG modification was incorporated in position 15, the only syn

G of ODN’s central G-tetrad. In analogy to substitutions with anti -favoring G analogs

in the 5’-terminal G-quartet, this non-matching modification triggered a reversal of

the central tetrad polarity by enforcing an anti glycosidic angle in modified position

15. However, the tetrad flip is accompanied by an additional inversion of the first

G-tract, allowing central tetrad residue G2 to maintain an anti conformation. The



14 3 Modification-driven rearrangements of a highly malleable G-quadruplex

resulting L15 quadruplex is unusual among the antiparallel G4 structures in featuring

two syn-anti-anti and two syn-syn-anti tracts (Figure 4, top right). Not being in the

focus of this work, the L15 structure is excluded from further detailed characterization

in the following sections. However, a brief discussion of its folding behavior compared

to corresponding G15 substitutions with FrG and FaraG is shortly given below.

In fact, an analogous but incomplete L15-like rearrangement was previously ob-

served when introducing FrG or FaraG in position 15 of the ODN quadruplex [42].

However, in case of the two fluoro-modified sequences, native and antiparallel G4

were found in an approximate 1:1 molar ratio. The competitive folding into the two

distinct structures was rationalized by a kinetic partitioning mechanism. Thus, an

equilibrium of two alternative G-triplex folding intermediates may be shifted upon in-

troduction of an anti -favoring G analog in position 15. LNAG with its most pronounced

anti -preference apparently causes a quantitative shift to the triplex precursor of the

antiparallel structure associated with the complete rearrangement to the L15 topology,

highlighting LNA’s superiority in generating a single well-defined G4 structure.

In addition to this kinetic-based explanation, the absence of any native ODN

fold for L15 may be thermodynamically rationalized by local energetic contributions

at the modification site. Thus, 2’-F substituents of FrG and FaraG syn conformers in

position 15 of the native hybrid-type topology are engaged in a hydrogen bond with

G16 C8-H8 [42]. However, this likely stabilizing interaction seems to rely on a south-

type sugar pucker, inaccessible for an LNA residue. Also, a (north,syn) conformation

as required in a non-existing native-like L15 topology may not only be intrinsically

disfavored for an LNAG residue, but also seems to be poorly supported in the context

of ODN’s third G-tract, exhibiting exclusively south-puckered residues [44].

3.3 Conventional V-loop structure (Articles III-V)

Effects of combined modifications in position 14 and 15, i.e., the two syn Gs of ODN’s

third antiparallel G-tract, were first reported in Article III. Dual modification with FrG

caused a complete rearrangement to an unusual structure, harboring the 5’-terminal

G in the central G-quartet and a 0-nt V-shaped loop connecting F2’-modified residues

14 and 15 of neighboring antiparallel G-tracts at opposite quadruplex ends (Figure 4,

bottom left). Supported by site-specific guanine 15N labeling, this V-loop topology

was unambiguously characterized and features an unusual strand polarity inversion
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between the V-loop 3’-adjacent modified residue 15 and following G16 (Section 5.1).

Another curiosity of the V-loop structure is the unfavored syn conformation of

V-loop 5’-flanking FrG14, challenging any rationalization of the observed rearrange-

ment based on the anti -preference of the introduced FrG residues. Rather, as both G

analogs adopt a preferred N-type sugar conformation, FrG’s sugar pucker preference

seems to be the major driving force for V-loop formation (Section 4.2). Also, dual

modification with equally north-favoring rG (r(14,15)) closely mimics this conven-

tional V-loop topology adopted by F(14,15) in contrast to corresponding substitutions

with usually south/south-east puckered FaraG. The role of a sugar pucker in the north

domain was further highlighted in Article IV, where a mixed FaraG/FrG modifica-

tion (A14F15) again adopted the same topology with N-type V-loop flanking residues.

Here, even the introduced FaraG14 was forced into an unfavored north conformation,

stabilized by an F2’· · ·H-N hydrogen bond (Section 4.3). Finally, also LNAG residues

with their sugar strictly locked in a C3’-endo conformation are compatible with the

conventional V-loop architecture as shown by the mixed modified F14L15 and the dual

LNA modified L(14,15) quadruplexes investigated in Article V.

3.4 Alternative V-loop structure (Article IV)

While the combination of FaraG and FrG results in the conventional V-loop structure

in case of A14F15, positional exchange of the two G analogs with their distinct sugar

conformational properties causes a rearrangement to an alternative V-loop fold (Fig-

ure 4, bottom right). The F14A15 structure resembles the V-loop topology adopted

by the other 14,15-modified ODN sequences but shows pronounced deviations in local

structure. Most prominently, the top tetrad polarity in F14A15 is reversed, resulting

in a structure with three all-anti and one all-syn tract and three tetrads of the same

polarity. A more subtle change concerns the V-loop, which harbors a strand polarity

inversion site and is based on S-type puckers for anchoring residues in stark contrast

to the conventional V-loop (Section 5.2). The conformational difference of V-loops

in F14A15 as opposed to the other 14,15-modified structures served as a basis for a

general classification of V-shaped loops as introduced in Article V (Section 5.3).
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4 Interplay of local interactions and nucleotide

conformational preferences

A common strategy when manipulating G-quadruplex structures with G analogs is

to deliberately induce syn-anti or anti -syn transitions relying on specific glycosidic

bond angle preferences of incorporated modified residues (Section 2.3). However, the

shift in the syn-anti equilibrium is only one factor in a variety of modification-induced

local structural changes. Whether a modification occurs at the base or sugar moiety,

introduction of a functional group necessarily alters electronic, steric and hydrogen

donor/acceptor properties at the substitution site. Thus, irrespective of glycosidic

angle, local interactions in a modified quadruplex may change, with possible impact

on relative stabilities of alternative folds.

Most importantly, the 2’-substitution in anti -favoring G analogs primarily im-

pacts the sugar moiety with only an indirect effect on the glycosidic angle. Thus, a

change in sugar pucker may redirect O2’/F2’ substituents to avoid unfavorable interac-

tions or to enable their participation in stabilizing hydrogen bonds, usually associated

with S-type conformers (Section 4.1). Also, while contributions from sugar conforma-

tion are usually neglected in the context of G4 structure, they may even constitute

the main driving force for a specific structural rearrangement as shown for the con-

ventional V-loop with an unfavored 5’-anchoring syn conformer (Section 4.2). Finally,

even most disfavored G analog conformations with unfavorable sugar pucker and gly-

cosidic angle may be tolerated when compensated by a stabilizing hydrogen bond and

a perfect conformational match in a neighboring position (Section 4.3).

4.1 2’-OH interactions of relevance for RNA G-quadruplex folding

(Article II)

As a result of the 5’-tetrad flip, all incorporated rG residues in the RNA-DNA chimeric

ODN quadruplexes r(1,20) and r(1,6,20) adopt the favored anti conformation. How-

ever, the presence of both preferred north and unfavored south conformers questions

the usual explanation of RNA’s preference for parallel topologies with all-anti G-tracts,

i.e., an expected steric hindrance between a syn-oriented base and a sugar phosphate

moiety in the preferred C3’-endo conformation. In fact, S-puckered rG residues have
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Figure 5: Orientations and interactions of the 2’-OH substituents in the r(1,20) structure. A,B)
Surface representation with view onto rG1 (A) and rG20 (B) in stick representation with their 2’-
OH substituents (highlighted in red) pointing towards a medium groove. C) rG20-G21 dinucleotide
fragment showing the sequential O2’· · ·H8-C8 hydrogen bond.

been previously observed in other ODN-derived DNA-RNA chimeric quadruplexes

and also in all-RNA structures [41]. Furthermore, equally north-favoring FrG residues

often adopt a supposedly disfavored south conformation [38, 42].

In r(1,20) and r(1,6,20), a favored north conformation is only observed for rG1

while rG6 and rG20 adopt a DNA-like C2’-endo sugar pucker. Position-dependent vari-

ations in sugar conformation may be rationalized when looking at orientations of the

2’-OH substituents in the high-resolution structure of the r(1,20) quadruplex. In con-

trast to a sideways orientation away from the G-core in N-puckered rG1 (Figure 5A),

the O2’ substituent of rG20 is turned upward as a result of the south conformation

(Figure 5B), closely approaching G21 H8. The geometry of the latter interaction is

compatible with a non-conventional O2’· · ·H8-C8 hydrogen bond between residues

20 and 21, likely stabilizing the usually disfavored rG south conformer as previously

observed in different RNA-DNA chimeric structures (Figure 5C) [41]. Experimental

evidence for such a sequential C-H· · ·O hydrogen bond comes from a noticeable in-

crease in the 1JC8-H8 heteronuclear scalar coupling for G21 in the r(1,6,20) quadruplex

compared to native ODN (Figure 7, Article II ).

Unlike the south sugar pucker of rG20, the north conformation positions the

2’-OH substituent of rG1 far away from the 3’-adjacent guanine base as potential

hydrogen bond donor. The absence of a sequential O2’· · ·H8-C8 interaction between

residues 1 and 2 may be explained by the adjacent narrow groove, which would need to

accommodate rG1 O2’ to enable hydrogen bond formation (Figure 5A). Apparently, a
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2’-OH substituent residing in a narrow groove is avoided, likely to prevent unfavorable

interactions within a defined spine of hydration [45], a phenomenon also seen for N-

puckered narrow groove adjacent FrG residues with their hydrophobic F2’ substituent

[38].

These local interactions of the 2’-hydroxyl group add to the understanding of

RNA’s preference for parallel G4 structures, usually simply rationalized by the pro-

nounced anti -preference of rG compared to G. However, with many examples of stable

rG south conformers, this explanation becomes vague considering that the propen-

sity for the anti -conformation is thought to be linked to the C3’-endo sugar pucker.

On the other hand, an rG in C2’-endo conformation may participate in a sequential

O2’· · ·H8-C8 hydrogen bond with a possible stabilizing effect. However, unfavorable

interactions of a 2’-hydroxyl substituent within a narrow groove apparently outweigh

favorable effects of a C-H· · ·O pseudo-hydrogen bond, preventing its formation in nar-

row grooves. Thus, all-parallel RNA G4s with four grooves of medium size may be

favored due to a most advantageous participation of 2’-OH substituents in hydrogen

bonding networks, including sequential O2’· · ·H8-C8 hydrogen bonds.

4.2 Sugar pucker drives V-loop formation (Articles III and V)

The rearrangement to the F(14,15) and r(14,15) conventional V-loop structure de-

scribed in Article III is difficult to rationalize when only considering glycosidic bond

angle preferences of the incorporated rG and FrG residues. In fact, the non-matching

modification in the two syn-positions of ODN’s third G-tract is expected to favor a

topology with both incorporated G analogs in the preferred anti -conformation. How-

ever, modified residue 14 at the V-loop 5’-end of the rearranged structure adopts the

disfavored syn glycosidic angle. While the energetic penalty from a single syn con-

former is expected to be lower compared to the native fold with two syn Gs, the

syn-anti equilibrium does not seem to be the key driving force for the observed refold-

ing. Conspicuously, incorporation of equally anti -favoring FaraG residues with their

preference for a south/south-east pucker merely disrupts the native fold and fails to

generate the V-loop structure as major species. Apparently, considerable stabilization

of the V-shaped loop comes from rG’s and FrG’s preference for a C3’-endo confor-

mation. Indeed, in both F(14,15) and r(14,15) the modified V-loop flanking residues

adopt a north-type sugar pucker including residue 14 with its syn glycosidic torsion
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Figure 6: Conformations and interactions of G analogs at the V-loop 5’-end. A) FrG14 in F(14,15)
adopting a (north,syn) conformation with close proximity between axial H3’ and the guanine aromatic
ring. B,C) F2’· · ·H-N hydrogen bond between modified residue 14 and the exocyclic amino group
of G1 in A14F15 (B) and F14A15 (C). Note the highly disfavored (north,syn) (B) and (south,syn)
conformation (C) of FaraG14 and FrG14, respectively.

angle. This (north,syn) conformation is apparently well tolerated within the context

of the V-loop in spite of the close proximity between the axial H3’ and the syn-oriented

base, resulting in an unusually deshielded H3’ resonance (Figure 6A).

Further evidence for north-type sugar puckers as substantial feature of the con-

ventional V-loop comes from LNA-modifications presented in Article V. The fixed

C3’-endo sugar pucker apparently perfectly matches conformational requirements at

the V-loop 3’-end, as seen by the well-defined F14L15 quadruplex, thermally most sta-

ble among all 14,15-modified conventional V-loop structures. Surprisingly, even the

dual LNA-modified L(14,15) adopts the conventional V-loop topology with LNAG14 in

a most disfavored syn conformation. In fact, this V-loop 5’-anchoring LNAG displays

unprecedented conformational flexibility, as a stable LNA syn conformer has never

been observed before and is thought to be particularly disfavored due to the locked

sugar ring with its high pucker amplitude. Of note, favorable effects from the locked

C3’-endo pucker for both V-loop adjacent positions apparently compensate for the

energetic penalty of the highly disfavored LNA syn conformation, resulting in similar

thermal stabilities of L(14,15) and r(14,15) with its more flexible rG residues.

Obviously, structural impact of sugar-modified G analogs is not always deter-

mined primarily by glycosidic torsions. On the contrary, sugar pucker preferences

may constitute a major stabilizing factor for a particular structural element such as

the conventional V-loop and even partly override glycosidic angle propensities. Except

for the locked C3’-endo sugar pucker of LNA, glycosidic torsion and sugar conforma-



20 4 Interplay of local interactions and nucleotide conformational preferences

tional preferences of (north,anti)-favoring G analogs are neither absolute nor strictly

linked as shown not only by (north,syn) conformers at the V-loop 5’-end but also by the

(south,anti) combination often observed in the context of sequential hydrogen bonds

(Section 4.1). While equivocal effects with regard to sugar pucker and glycosidic angle

undoubtedly challenge the predictability of modification-induced structural changes,

sugar-modified G surrogates become an even more versatile tool for G4 design due to

the ability to stabilize distinct G4 features depending on the local structural context.

4.3 F2’· · ·H-N hydrogen bonds at the V-loop 5’-end (Article IV)

Interactions of 2’-F substituents are often found to contribute to substitution effects

of FrG and FaraG residues, mostly involving intraresidual or sequential F2’· · ·H8-C8

hydrogen bonds and usually associated with south-puckered G analogs [38, 42, 43].

Thus, as described in Section 4.1, rG and also FrG residues may readily adopt a

disfavored C2’-endo sugar pucker. On the other hand, 2’-modified G analogs are

usually found in the preferred anti conformation with exception of the V-loop 5’-end

with its (north,syn) combination (Section 4.2). Otherwise, stable FrG and FaraG syn

conformers, also stabilized by sequential F2’· · ·H-C hydrogen bonds, have only been

observed when introduced in the syn position of ODN’s central G-quartet, where the

native fold with a syn FrG/FaraG15 coexisted with a rearranged antiparallel structure

[42].

In terms of G analog conformation, the mixed FrG/FaraG modifications inves-

tigated in Article IV constitute most peculiar examples. In the two distinct V-loop

structures, the G surrogate introduced at the V-loop 3’-end assumes its preferred

conformation, i.e., (north,anti) for FrG15 in A14F15 and (south,anti) for FaraG15 in

F14A15. In contrast, a most disfavored conformation is found at the V-loop 5’-end in

both cases. Thus, FaraG14 in A14F15 is forced in a (north,syn), FrG14 in F14A15 in a

(south,syn) conformation. Considering these highly unfavorable conformations, non-

matching with respect to both sugar pucker and glycosidic torsion angle preferences,

it is difficult to rationalize the formation of a single well-defined and stable quadruplex

structure.

Again, a possible explanation is found when looking at the high-resolution struc-

tures of the modified quadruplexes. Curiously, the 2’-F substituent of the two distinct

G analogs is turned towards the central G-quartet in both V-loop structures, approach-
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ing the exocyclic amino group of G1. In fact, F2’-H distances and associated F2’-H-N

angles are in the range 2.1-2.7 Å and 120-150◦, in perfect agreement with a putative

F2’· · ·H-N hydrogen bond (Figure 6B,C). Apparently, the required geometry is sup-

ported either by a north pucker in combination with a β-positioned 2’-F in A14F15 or

a south pucker with the 2’-F substituent in α for F14A15.

Experimental support for the F2’· · ·H-N hydrogen bond comes from G1 amino

resonances, which represent the sharpest signals among amino protons of the central

tetrad in both V-loop structures (Figure S17, Article IV ). In fact, an additional F2’

interaction of the second G1 amino proton not involved in the G-quartet hydrogen

bonding network is expected to slow down amino group rotation resulting in two iso-

lated resonances in slow exchange [46]. Final evidence for the hydrogen bond character

of the F2’· · ·H-N interaction in F14A15 comes from a linewidth analysis of G1 amino

resonances with and without 19F decoupling. While the halfwidth of H21, hydrogen-

bonded within the G-tetrad, is unaffected, a decrease in linewidth of 4-5 Hz upon 19F

decoupling is observed for the H22 amino resonance (Table S4, Article IV ). The latter

effect may only be explained by a non-resolved 1hJF2’-H22 heteronuclear scalar coupling,

proving the existence of the F2’· · ·H-N hydrogen bond.

Interestingly, such a contact may be expected to surpass previously observed

F2’· · ·H-C pseudo-hydrogen bonds in strength, as the amino group with its larger

acidity constitutes a better hydrogen donor compared to the aromatic CH. While it

is generally impossible to unravel energetic contributions of individual local structural

features, the F2’· · ·H-N hydrogen bond at the V-loop 5’-end of A14F15 and F14A15

likely adds considerably to the overall stability of both V-loop structures. In fact,

its favorable effect apparently outweighs energetic penalties from the severe conforma-

tional mismatch for the V-loop 5’-anchoring residue with a disfavored sugar pucker and

glycosidic angle. However, in both cases, a perfectly matching G analog conformation

at the V-loop 3’-end also contributes to the overall stabilization.

The energetic impact of this subtle F2’· · ·H-N interaction may best be estimated

when looking at the dual FaraG modification investigated in Article III, which fails to

generate either of the two V-loop topologies as major species. Naturally, two south-

favoring FaraGs as flanking residues are disadvantageous for a conventional type of V-

loop based on north sugars (see Sections 4.2 and 5.1). In fact, a stabilization through a

potential F2’· · ·H-N hydrogen bond at the V-loop 5’-end seems unable to compensate

for a second disfavored N-type sugar pucker. On the other hand, FaraG’s south-
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preference alone does not seem sufficient to stabilize an alternative V-loop topology

with S-puckered flanking residues (see Section 5.2). The latter would lack stabilization

by an F2’· · ·H-N hydrogen bond, as the F2’-substituent of a V-loop 5’-anchoring S-

puckered FaraG would point away from the amino group of G1 as potential hydrogen

donor.
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5 V-shaped loops (Articles III-V)

A V-loop was first reported for a dimeric interlocked G-quadruplex with a 0-nt V-

shaped loop spanning two G-tetrad layers [47]. The authors introduced the term V-

loop for this new G4 structural element, as the trajectory of the backbone from the 0-nt

loop itself together with the following G-tract resembles the letter V (Figure 7, center).

Unfortunately, the same is true when tracing the backbone of the common propeller

loop with subsequent G-tract (Figure 7, left), confusingly suggesting a close similarity

between these two distinct G4 structural elements. In fact, both loop types connect G-

core residues of neighboring G-tracts that reside at opposite quadruplex ends, thereby

spanning the entire G-core. However, the V-loop may be clearly distinguished from the

propeller loop by the relative orientation of the two linked G-tracts. While a propeller

loop strictly connects parallel G-tracts (Figure 7, left), the two G-tracts joined by a

V-loop generally run in opposite direction (Figure 7, center). A peculiarity of this

geometry is the V-loop 5’-anchoring residue, usually an isolated G at the 5’-end of

an interrupted G-tract. Thus, a V-loop formally connects the 5’-ends (i.e. starting

points) of two antiparallel G-tracts as opposed to the usual 3’-5’ connection of all

common G4 loops (from end of first G-tract to beginning of second G-tract). For

instance, a lateral loop, similar to the V-loop in linking two antiparallel G-tracts, is

propeller loop V-loop lateral loop

5'

5'

5' 5'3'3'3'

3'

Figure 7: Definition of V-loop (center) as opposed to propeller (left) and lateral loop (right). Two
connected neighboring G-tracts are represented as black vertical arrows indicating their 5’-3’ strand
direction. Loop segments are shown in color. The V-loop connects an isolated G (represented as
a single arrowhead) as part of an interrupted G-tract with an adjacent G-tract running in opposite
direction, thereby spanning the G-quadruplex core. It is differentiated from the propeller loop by the
altered relative orientation of neighboring connected G-tracts (antiparallel vs. parallel) and from the
lateral loop by the position of the two loop-anchoring nucleotides (at opposite quadruplex ends vs.
at the same side of the quadruplex).
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clearly discernable from a V-shaped loop, as it connects two G-core residues that are

part of the same tetrad. In contrast to the V-loop, it does not span the G-core from

one end to the other, but bridges the edge of an outer G-quartet at one side of the

G-quadruplex (Figure 7, right).

In the last two decades, a variety of G4 structures featuring V-loops have been

reported [47–57]. The majority of those concerns 0-nt V-shaped loops bridging three

G-quartet layers in analogy to ODN-derived V-loop structures investigated in this

work [48–55]. However, a few notable exceptions with 1-nt [56] or 2-nt V-shaped loops

[55, 57] as well as V-loops spanning only two tetrad layers [47, 55, 57] attest to the

variability of this unusual G4 feature. Moreover, two or more V-loops are sometimes

incorporated in a single G-quadruplex structure [48, 55] or there may be an equilibrium

between a 0-nt and a 1-nt V-shaped loop [56].

This structural diversity also challenges a clear definition of the V-shaped loop as

unique G4 structural feature. In fact, two known examples of V-loops are not covered

by the simplified scheme depicted in Figure 7 because of a deviating strand orientation

in the upper part of the interrupted G-tract [48, 56]. Another peculiar V-loop may be

considered unparalleled because it is the V-loop 3’-anchoring rather than 5-anchoring

residue that is part of an interrupted G-tract [55]. As a consequence, instead of the

usual V-loop characteristic 5’-5’ connection there is a link between the 3’-ends of two

antiparallel G-tracts.

Articles III-V all report on rearrangements to a V-loop structure caused by

combined modification of the two syn Gs in ODN’s third G-tract with various sugar-

modified G analogs. Six different modified sequences all adopt a topology where G

analogs in position 14 and 15 are linked by a V-shaped loop (Figure 8A,B). These

modified V-loop quadruplexes, sharing the same primary sequence and global folding

topology and only differing in the type of modification at V-loop adjacent positions,

provide a promising set to study structural characteristics of the V-shaped loop. In

fact, the F14A15 quadruplex with FrG in position 14 and FaraG in position 15 is

unique among the ODN-derived V-loop structures in featuring a reversed top tetrad

and a different V-loop conformation (Figure 8B). In the following Sections 5.1 and 5.2,

characteristic features of the two distinct V-loop types are described in detail. Insights

from thorough V-loop conformational analysis of all 14,15-modified structures as well

as from four high-resolution structural ensembles reveal interactions and conforma-

tional properties that may be used for a general categorization of 0-nt V-shaped loops
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Figure 8: ODN-derived V-loop structures. Schematic representation of the conventional V-loop
topology adopted by F(14,15), r(14,15), A14F15, F14L15, and L(14,15) (A) and of the alternative
V-loop fold of F14A15 (B). G-core residues in syn and anti conformation are shown by red and
grey rectangles, respectively. V-loop anchoring modified residues 14 and 15 are highlighted in dark.
Arrowheads in the colored V-loop backbone show the local strand orientation. Top tetrad polarity
is indicated by arrows. C) Superimposed structures of F(14,15) (red) and F14A15 (blue) with view
onto the V-loop with the two distinct backbone conformations.

spanning three tetrad layers (Section 5.3).

5.1 Conventional V-loop architecture (Articles III-V)

Five different 14,15-modifications of the ODN model quadruplex result in the same

V-loop structure: dual modifications with either FrG, rG, or LNAG as well as the

mixed modifications in F14L15 and A14F15. Of note, local V-loop structural details

are highly reproducible not only among the high-resolution structures available for

F(14,15), A14F15, and F14L15. Most prominently, the anti conformation of residue

15 seems to violate general rules relating glycosidic angle, tetrad polarity and strand

directionality. In fact, all residues in the 15-16-17 G-tract share the same glycosidic

conformation in spite of the deviating top tetrad polarity (Figure 8A). The required

geometry for participation of an anti residue 15 in the anticlockwise hydrogen bonding

pattern is necessarily associated with a local upward direction of the phosphate back-

bone in contrast to the downward strand orientation for following residues 16 and 17.

The resulting strand polarity inversion site within the third G-tract is reflected in a

sharp turn of the sugar-phosphate backbone as well as in an unusual H8i-H1’i+1 NOE

contact between the V-loop 3’-anchoring residue 15 and G16 (Figure 9A). The latter

is not only highly conserved among the structural ensembles of F(14,15), A14F15,

and F14L15, but also seen in 2D NOE spectra of r(14,15) and L(14,15). Another

NMR-observable characteristic feature is the unusual H8i-H2’i-2 contact between G16
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Figure 9: Characteristic NOE-contacts (A,B) and base-backbone interactions (C,D) of the conven-
tional ODN-derived V-loop exemplified by the F(14,15) structure (A-C) as opposed to the alternative
V-loop in F14A15 (D). Strand polarity inversion sites, recognizable by a sharp turn of the phosphate
backbone, are highlighted by circles (A,D). A) FrG15-G16 fragment of F(14,15) with unusual FrG15
H8 - G16 H1’ contact. B) FrG14-FrG15-G16 fragment of F(14,15) with non-conventional H8i-H2’i-2
contact between G16 and FrG14. C) Close contact between G16 H8 and O4’/O5’ of V-loop 3’-
anchoring FrG15 in the conventional V-loop of F(14,15). D) Sequential F2’· · ·H8-C8 hydrogen bond
between FaraG15 at the V-loop 3’-end and G16 in the alternative V-loop of F14A15, where the V-loop
backbone is turned away from the G-core.

and modified residue 14 at the V-loop 5’-end (Figure 9B), present in all ODN-derived

conventional V-loop structures except for A14F15 with its α-positioned FaraG14 H2’

atom.

Notably, central tetrad residue G16 is additionally involved in characteristic in-

teractions with the V-loop sugar-phosphate backbone running close to the G-quadruplex

core. Thus, in the structures of F(14,15) and A14F15, G16 H8 is located in close

proximity to FrG15 O4’ and O5’ atoms (Figure 9C). Short O4’/O5’-H8 interatomic

distances in the range 2.5-2.9 Å are largely conserved within the structural ensembles

in agreement with a potential bifurcated hydrogen bond. Corresponding close con-

tacts between LNAG15 O4’/O5’ and G16 H8 are also found for the F14L15 structure.

However, the restricted geometry of the LNA sugar moiety seems to exclude a simul-
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taneous O4’/O5’-H8 interaction. Rather, individual states feature a close contact of

G16 H8 with either O4’ or O5’ of LNAG15. In contrast to frequently observed con-

tacts of artificially introduced 2’-substituents, local interactions of O4’ or O5’ have

implications also for unmodified G-quadruplex structures. Thus, a backbone atom

involved in contacts within the G-core will not be available for external interaction

with ligands or other possible binding partners, such as seen in some cases of groove

binding or end-stacking [58–60]. Also, such specific interactions may help to identify

characteristic local structural details, as proposed for a general discrimination between

two types of V-loops (Section 5.3).

One of the most characteristic features of the conventional V-loop is the preva-

lence of N-puckered flanking residues (Section 4.2). Whereas the north preference of

introduced FrG, rG, and LNAG adjacent to the V-loop is suggested to constitute the

major driving force for the induced structural rearrangement, this does not apply to

A14F15 harboring a V-loop flanking FaraG with its propensity for a south/south-east

sugar pucker. On the other hand, the fact that the latter is forced in an unfavorable

C3’-endo pucker confirms the north conformation as an intrinsic characteristic of such

a V-loop. Thus, only N-puckered anchor residues seem to conform with the geometry

of this particular type of V-loop, irrespective of sugar pucker preferences of individual

flanking residues.

5.2 An alternative V-loop based on sugar south conformers

(Article IV)

In addition to its reversed top tetrad, F14A15 considerably deviates from the other

14,15-modified V-loop structures in the conformation of its V-shaped loop (Figure 8).

A major difference concerns the sugar pucker of V-loop flanking residues. Thus, not

only FaraG15 at the V-loop 3’-end but also 5’-anchoring FrG14 with its north prefer-

ence adopt a conformation in the south domain in stark contrast to V-loop adjacent

residues in all conventional ODN-derived V-loop structures. The altered sugar pucker

at both V-loop ends apparently imposes an alternative V-loop conformation, mani-

festing itself in several structural features.

Most importantly, the backbone inversion site is shifted from the third G-tract

to the V-loop itself as a consequence of the reversed top tetrad polarity in combination
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with an unaltered anti glycosidic angle for V-loop 3’-anchoring residue 15, now part of

a normal all-anti G-tract (Figure 8B). Thus, by linking FrG14 with its upward back-

bone orientation to the following G-tract running in opposite direction, the alternative

V-loop effectuates a strand polarity inversion in contrast to the conventional type of

V-loop. Again, this is expressed in a sharp turn of the sugar-phosphate backbone,

this time between the two V-loop anchoring residues (Figure 9D). As a consequence,

the V-loop backbone is turned away from the G-core, preventing any interaction of

backbone atoms with G16 H8 as seen for O4’ and/or O5’ atoms of residue 15 in the

conventional V-loop. Instead, an alternative interaction between G16 H8 and FaraG15

is observed in the form of a sequential F2’· · ·H8-C8 hydrogen bond (Figure 9D).

5.3 A general classification of V-shaped loops (Article V)

V-loops in 14,15-modified ODN structures may be discriminated based on three in-

dependent criteria, potentially also beneficial for a general categorization of V-shaped

loops (Figure 10). Firstly, a strand polarity inversion site within the V-loop, i.e., be-

tween the two anchoring nucleotides, sets apart the alternative V-loop in F14A15 from

the conventional type in other ODN-derived V-loop structures, where a backbone in-

version occurs within the following G-tract (Figure 10A). A second difference concerns

the sugar pucker of V-loop anchoring residues, which is always in the north domain for

the conventional V-loop in contrast to south-puckered V-loop flanking residues in the

alternative architechture of F14A15 (Figure 10B). Finally, the conventional V-loop in

ODN-derived structures may be discriminated from the alternative type by the pres-

ence of an O5’-H8 and/or O4’-H8 interaction between V-loop 3’-anchoring residue 15

and the following G-core residue 16 (Figure 9C,D). While the O4’-H8 contact seems

specific to the conventional ODN-derived V-loop structures, the O5’-H8 interaction

between a V-loop 3’-adjacent residue and the following G, characteristic of the con-

ventional V-loop type, is seen in many other unmodified G4 structures [48–51] and

may serve as a third general criterion for the classification of 0-nt V-shaped loops

(Figure 10C).

The above criteria were tested on a total of seven previously published high-

resolution structures with a 0-nt V-shaped loop spanning three tetrad layers [48–54].

Another V-loop structure was not included in the analysis due to the presence of a 1-nt

bulge following the V-loop 3’-anchoring residue, likely allowing for increased V-loop
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Figure 10: Criteria for the differentiation of conventional (top) and alternative V-loops (bottom).
A) Location of the strand polarity inversion site. Strand direction and inversion sites are indicated
by colored arrows and circles, respectively. B) Sugar conformations of V-loop flanking residues. C)
Short (top) or longer (bottom) O5’ - H8 distances between the V-loop 3’-anchoring residue and the
following G, exemplified by representative structures 5ZEV [50] and 6A7Y [53]. V-loop flanking
residues and Gs of the following G-tract are shown with relevant sugar and base moieties in color.

backbone flexibility and preventing a reliable application of the third discrimination

criterion [55]. Among the seven analyzed structures, four are characterized by V-loop

flanking residues with sugar puckers in the north domain [48–51], attributing to them a

conventional type of V-loop by application of the above described second criterion. Ac-

cordingly, a backbone inversion site is expected after the V-loop 3’-anchoring residue.

In fact, the latter always adopts a glycosidic angle in the high-anti region in close

analogy to the ODN-derived conventional V-loop topology. Thus, a link to the follow-

ing anti G as part of a tetrad with opposite polarity is necessarily accompanied by a

change in backbone directionality and clearly places a strand polarity inversion site

after the V-loop. Finally, an assignment of a conventional type of V-loop is supported

for all four structures by observation of the characteristic O5’-H8 contact between the

V-loop 3’-adjacent and the following G-tract residue.

In contrast, three other V-loop structures display corresponding O5’-H8 distances

≥ 4 Å, indicating an alternative V-loop conformation as in F14A15 [52–54]. In addi-

tion, one or both V-loop adjacent residues are found in a south conformation, again
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characteristic for the alternative type of V-loop. Finally, glycosidic angles outside the

typical high-anti region for the V-loop 3’-anchoring residue as part of a tetrad with

anticlockwise hydrogen bonding pattern also point to a deviating V-loop conforma-

tion. In fact, interpreting this unusual glycosidic conformation as low-syn or syn-like,

the V-loop formally incorporates a strand polarity inversion site, thereby also fulfilling

the first and final criterion for the assignment to an alternative V-loop type.

By identifying subtle differences in strand orientations, sugar puckers, and inter-

actions of the V-loop backbone, the present classification allows to group 0-nt V-shaped

loops bridging three G-quartet layers in two distinct conformational clusters. Thus,

three independent criteria may be used for the discrimination of conventional and

alternative type of V-loop. Detailed knowledge of their respective characteristics is

not only beneficial for a formal classification of V-loops, but may be relevant in terms

of interactions with binding partners as well as for G-quadruplex design. In partic-

ular, G4 binding may be significantly affected by the V-loop class as conventional

and alternative types clearly differ in their exposure of backbone atoms available for

external recognition. The type of V-loop, in turn, may be manipulated by the ratio-

nal incorporation of suitable G analogs, exploiting the different sugar conformational

characteristics of conventional and alternative V-loops. For instance, introduction of

north-favoring G analogs in V-loop flanking positions as presented in Articles III and

V will strongly favor a conventional over an alternative V-loop, allowing for local

structural fine-tuning.
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6 Conclusion

This work explores the use of sugar-modified G analogs in remodeling G-quadruplex

topologies not only in the context of G4 design, but also to deepen our general under-

standing of intramolecular interactions that determine G-quadruplex conformations.

For the first time, the approach is extended beyond conventional site-specific manip-

ulation of glycosidic torsions, focusing also on the role of sugar pucker in driving G4

folding. As shown by the comprehensive work on 14,15-modified ODN (Articles III-

V ), this seems to be of particular importance for the V-shaped loop, a unique G4

structural element increasingly reported in the last two decades. Insights from six

different V-loop forming ODN sequences with different modifications including four

high-resolution structures clearly identify two distinct V-loop types with the sugar

conformation of V-loop anchoring residues as a major criterion for their discrimina-

tion. In contrast to the alternative type based on south-puckered flanking residues, the

conventional V-loop relies on sugar puckers in the north domain. Thus, north-favoring

G analogs may be rationally incorporated to support a conventional V-loop topology,

adding a new dimension to the strategy of modification-induced manipulation of G4

structure: Not glycosidic angle propensities alone, but sugar pucker preferences may

also constitute a key component for induced structural perturbations.

A third aspect when looking at G4 folding concerns various secondary interac-

tions especially of 2’-substituents in sugar-modified G analogs. In fact, a stabilizing

F2’· · ·H-N hydrogen bond was shown in Article IV to override both glycosidic and

sugar conformational preferences of the introduced FrG or FaraG residue at the V-loop

5’-end. While interactions of specifically introduced F2’ substituents are mainly rele-

vant in the context of modified G-quadruplexes, favorable and unfavorable contacts of

2’-hydroxyl groups in rG modified quadruplexes as identified in Article II may explain

RNA’s preference for parallel G4 folds. Concerning DNA G-quadruplexes, important

insights from this work are mostly related to the V-loop, where the altered surface

exposure of backbone atoms in the conventional and alternative type may be highly

relevant for external recognition by proteins or other binding partners. In this way,

our general understanding of G4 structure benefits from studies of modified quadru-

plexes through identification of subtle local details in addition to the discovery of new

topologies.

Our ever growing knowledge of intricate forces at play when introducing lo-
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cal modifications also paves the way for a rational use of G analogs in advanced G-

quadruplex design. While the complex interplay of glycosidic angle and sugar pucker

preferences as well as local interactions challenges predictability of modification effects,

it also opens up a variety of possibilities. Thus, a novel degree of versatility related

to the potential stabilization of various distinct structural elements renders G analogs

an even more powerful tool for shaping G-quadruplex structure. In this respect, LNA

with its locked C3’-endo sugar pucker and a strongly preferred anti glycosidic angle

seems to constitute a particularly promising building block as shown in Article V.
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[59] Dı́az-Gómez, D. G., Galindo-Murillo, R. and Cortés-Guzmán, F. (2017) The role
of the DNA backbone in minor-groove ligand binding. ChemPhysChem, 18, 1909–
1915.

[60] Arba, M., Kartasasmita, R. E. and Tjahjono, D. H. (2015) Molecular docking
and dynamics simulations on the interaction of cationic porphyrin-anthraquinone
hybrids with DNA G-quadruplexes. J. Biomol. Struct. Dyn., 34, 427–438.



38 References



Author contributions 39

Author contributions

Article I : Manipulating DNA G-quadruplex structures by using guano-
sine analogues
Haase, L., Karg, B. and Weisz, K., ChemBioChem, 2019, 20, 985-993.

LH, BK, and KW contributed equally to the manuscript.

Article II : DNA-RNA hybrid quadruplexes reveal interactions that fa-
vor RNA parallel topologies
Haase, L.*, Dickerhoff, J.* and Weisz, K., Chem. Eur. J., 2018, 24,
15365-15371. *equal contribution

JD and KW initiated the project. JD and LH performed the experiments. KW, with
the help of LH, wrote the manuscript, which was read and edited by all authors.

Article III : Sugar puckering drives G-quadruplex refolding: implications
for V-shaped loops
Haase, L., Dickerhoff, J. and Weisz, K., Chem. Eur. J., 2020, 26,
524-533.

JD and KW initiated the project. LH performed the experiments. LH and KW wrote
the manuscript, which was read and edited by all authors.

Article IV : Switching the type of V-loop in sugar-modified G-
quadruplexes through altered fluorine interactions
Haase, L. and Weisz, K., Chem. Commun., 2020, 33, 4539-4542.

KW initiated the project. LH performed the experiments and, with the help of KW,
wrote the manuscript.

Article V : Locked nucleic acid building blocks as versatile tools for ad-
vanced G-quadruplex design
Haase, L. and Weisz, K. Nucleic Acids Res., 2020, 48, 10555–10566.

KW initiated the project. LH performed the experiments and, with the help of KW,
wrote the manuscript.

Prof. Dr. Klaus Weisz Linn Haase



40 Author contributions



Article I 41

Article I1

1Reprinted with permission from ’Manipulating DNA G-quadruplex structures by using guanosine
analogues’, Haase, L., Karg, B. and Weisz, K., ChemBioChem, 2019, 20, 985-993. Copyright 2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



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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DNA–RNA Hybrid Quadruplexes Reveal Interactions that Favor
RNA Parallel Topologies

Linn Haase+,[a] Jonathan Dickerhoff+,[a, b] and Klaus Weisz*[a]

Abstract: A DNA G-quadruplex adopting a (3 + 1)-hybrid
structure was substituted at its 5’-tetrad by riboguanosine
(rG) analogs. Incorporation of anti-favoring rG at appropriate
syn-positions of the 5’-outer tetrad induced conformational
rearrangements to yield a quadruplex featuring a 5’-tetrad

with reversed polarity. A high-resolution structure of a disub-
stituted quadruplex variant as well as direct NMR experimen-

tal evidence reveals a non-conventional C@H···O hydrogen
bond in a medium groove between the 2’-OH of an rG resi-
due adopting a C2’-endo sugar pucker and H8 of a 3’-neigh-

boring anti-G residue. In contrast, a C3’-endo sugar confor-

mation for another guanine ribonucleotide prevents forma-
tion of a corresponding hydrogen bond but relocates its 2’-
OH substituent from the quadruplex narrow groove into a
medium groove. Both the formation of favorable CHO hy-

drogen bridges and unfavorable interactions of the 2’-hy-
droxyl group in a narrow groove will promote RNA folding

into a parallel topology featuring all-anti core residues and
four grooves of medium size.

Introduction

During the past years tetra-stranded G-quadruplexes (G4s)

have attracted growing interest due to their potential regulato-
ry role in various physiological processes but also as scaffolds
for an increasing number of bio- and nanotechnological appli-

cations.[1, 2] G4 structures distinguish themselves from most of
the other nucleic acid structures by their wide variety of differ-

ent conformations and topologies. Depending on the relative
strand orientation, parallel, antiparallel, and (3 + 1)-hybrid
structures may form, differing in the specific pattern of guano-
sine (G) glycosidic torsion angles along the four G-tracts and in

the width of the formed grooves.[3, 4] Thus, in contrast to anti-
parallel and (3 + 1)-hybrid quadruplexes, parallel topologies
generally feature only G residues in anti conformation and four
equally sized medium grooves. Under appropriate environmen-
tal conditions DNA sequences have been shown to easily

adopt all of the three major topologies. In striking contrast,
RNA quadruplexes have been found to almost exclusively form

parallel structures and only few exceptions have been reported

to date.[5–7] Even attempts to enforce an RNA non-parallel top-

ology by template-based approaches failed.[8, 9] The pro-

nounced preference for parallel RNA structures with their all-
anti G residues has been attributed to a ribose C3’-endo or

north (N) sugar conformation found to be strongly correlated
with an anti glycosidic torsion angle.[10] However, a survey of
available high-resolution RNA G4 structures has revealed a sig-

nificant population of riboguanosines (rG) in a C2’-endo or
south (S) conformation that should allow for a higher glycosi-

dic conformational flexibility.[11, 12] In fact, a C2’-endo conforma-
tion seems even favored in a quadruplex not only for ribose
but also for 2’-fluorinated sugars with their strong propensity
to adopt a C3’-endo conformation in either their free form or

in double-helical nucleic acids.13 Taken together, the structural
basis for the remarkable topological preference of RNA has
been elusive to date, indicating that there may be a subtle in-
terplay of various factors influencing the RNA quadruplex fold.

Single ribonucleotides are frequently incorporated into DNA

during replication, often resulting in altered conformations as-
sociated with perturbed molecular interactions.[14, 15] Also, the

transcription of double-stranded DNA was reported to yield
DNA–RNA hybrid quadruplexes by G-tracts from both the non-
template DNA strand and the nascent RNA transcript, modulat-

ing transcription under both in vitro and in vivo condi-
tions.[16, 17] These results suggest a fundamental role of hybrid

quadruplexes in the genome and highlight the importance of
the ribonucleotide impact on G4 structural features. We have
recently incorporated guanine ribonucleotides at single anti-

positions of an artificially designed (3 + 1)-hybrid DNA quadru-
plex termed ODN.[12] Conserving the native structure, the 2’-hy-

droxyl group of the rG residue was shown to be engaged in
sequential O2’···H8-C8 non-conventional hydrogen bonds in

the presence of a 3’-neighboring G residue within the quadru-
plex core. We reasoned, that valuable additional insight into
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the role of the ribose 2’-hydroxyl group on the local and
global G4 conformation in general and on the almost exclusive

formation of an all-RNA parallel fold in particular may be
gained by substituting G for rG at corresponding non-match-

ing syn-positions. Thus, ribonucleotide-specific interactions
may be revealed by a detailed characterization of potential

ribose-induced structural rearrangements.
As in our previous studies, we chose the well characterized

monomolecular ODN quadruplex for corresponding substitu-

tion experiments. This quadruplex features homopolar as well
as heteropolar stacking interactions and a complete set of

narrow, medium and wide grooves (Figure 1).[18] Here we

report on the effects of rG substitutions into non-matching po-

sitions within the ODN 5’-tetrad. As previously shown with

anti-favoring 2’-deoxy-2’-fluoro-ribo- (FrG) or 2’-deoxy-2’-fluoro-
arabinoguanosines (FaraG),[13, 19, 20] we could observe for the first

time concerted anti$syn transitions upon the incorporation of
ribonucleotides at syn-positions of the ODN outer tetrad. No-

ticeably, a detailed structural analysis of a conformationally re-
arranged DNA–RNA chimeric G4 points to unfavorable and fa-

vorable interactions of the 2’-OH substituent within the narrow
and a medium groove, respectively. Such interactions are sug-
gested to not only determine the position dependent sugar
pucker as determined for the rG analogs in the formed DNA–
RNA hybrid structures but to also contribute to RNA folding

into parallel topologies.

Results

Impact of riboguanosine substitutions on G4 stability and
structure

All possible combinations of rG substitutions into syn-positions
of the 5’-tetrad of ODN were evaluated and initially character-

ized by circular dichroism, UV melting, and one-dimensional
NMR spectroscopy. Comparing CD spectra of native and modi-

fied ODN quadruplexes suggests distinct structural perturba-
tions induced by the ribose residues (Figure 2 A). With two

positive bands at 290 nm and 263 nm and a negative band of

lower intensity at 240 nm, native ODN exhibits a CD spectrum
characteristic of a hybrid-type quadruplex with both homopo-

lar and heteropolar stacking between G-quartets.[21] Generally,
amplitudes at 263 nm increase whereas ellipticities at 290 nm

decrease to varying extents depending on rG modification
sites except for ODN analogs r(1) and r(6) with their single sub-

stitution at position 1 and 6, respectively. Whereas r(6) shows
an opposite behavior in line with enhanced heteropolar stack-
ing interactions, both positive CD bands are attenuated for

r(1). Noticeably, the disubstituted ODN r(1,20) features the larg-
est intensity increase of its CD band at 263 nm and disregard-

ing a shoulder at 290 nm closely approaches the typical CD
signature of a parallel quadruplex with exclusive homopolar

stacking interactions. Overall, incorporated rG analogs do
hardly exert additive effects in their CD spectral changes and
the lack of an isoelliptic point indicates the coexistence of

more than two conformationally distinct species within this
family of rG-modified quadruplexes. Rather, the CD signatures

point to different conformational rearrangements and also dis-
ruptive effects depending on the particular substitution.

Figure 1. A) Chemical structure of the G and rG nucleoside. B) Sequence and
topology of the (3 + 1)-hybrid quadruplex ODN showing a 5’-tetrad flip; N,
M, and W denote narrow, medium, and wide grooves. Figure 2. A) CD spectra and B) NMR imino proton spectral regions of un-

modified and rG-modified ODN quadruplexes.
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As expected for substitutions at non-matching positions, UV
melting experiments reveal thermal destabilizations for all

DNA–RNA hybrid structures with @17 8C,DTm,@10 8C (Sup-
porting Information, Figure S1). As for the CD bands, thermal

stabilities show no simple additive substitution effects and it is
the r(1) analog with a single modification at position 1 that ex-

periences the largest destabilization. The latter follows the
overall reduction in its CD amplitudes and points to a partial

G4 disruption with a lower fraction of folded quadruplex.

One-dimensional NMR spectra provided for more detailed
structural information on the different rG-modified sequences.

Inspection of the imino proton spectral region of all DNA–RNA
chimeric structures points to partial unfolding/refolding and

the coexistence of more than one quadruplex species for most
analogs in line with CD signatures (Figure 2 B). In contrast, the
presence of twelve major G imino resonances between

10.8 ppm and 12 ppm for r(1,20), shifted with respect to imino
proton signals of native ODN, indicates the formation of a
newly formed well-defined topology with three G-tetrads and
only small amounts of additional conformers. Notably, a similar

pattern of imino resonances as observed for r(1,20) is also ap-
parent for trisubstituted r(1,6,20), albeit with significantly

populated coexisting species as indicated by more than twelve

major imino proton signals.

Analysis of 2D NMR spectra

In the following we focused on the G4 species as formed by

the r(1,20) and r(1,6,20) analogs, because multiple structures
severely hampered a comprehensive and unambiguous reso-

nance assignment for other DNA–RNA hybrids. Based on stan-
dard strategies, most proton and C6/C8 carbon resonances in

r(1,20) and in the major species of r(1,6,20) could be assigned
(see the Supporting Information). Employing a combination of

2D NOE, DQF-COSY, and 1H–13C HSQC experiments, assign-

ments were also supported by mutual comparisons of cross-
peak patterns. In particular, a close similarity to corresponding

spectra of an FrG-modified ODN quadruplex, equally substitut-
ed at positions 1, 6, and 20 and previously shown to experi-
ence a 5’-tetrad flip,[13, 19] not only facilitated assignments in the
more crowded spectra of r(1,6,20) with additional cross-peaks

due to other coexisting species but also indicated concerted
syn$anti transitions within the 5’-tetrad for both hybrid struc-

tures. The latter is also corroborated by the CD signatures
pointing to enhanced homopolar stacking interactions (see
Figure 1 B and Figure 2 A). However, final proof of a 5’-tetrad

polarity reversal comes from chemical shift changes of C8 gua-
nine carbons, previously shown to constitute reliable markers

of syn--anti transitions.[19, 22, 23] Whereas only minor changes in
C6/C8 chemical shifts for the majority of bases in r(1,20) and

r(1,6,20) suggest a conserved overall quadruplex fold, signifi-

cant shielding effects of almost 4 ppm at position 1, 6, and 20
together with a deshielded C8 for G16 must result from con-

certed rotations about the glycosidic bond for residues of the
5’-tetrad (Figure 3 and Supporting Information, Figure S8).

To also probe sugar conformations of the rG analogs within
the modified ODNs, vicinal scalar couplings between H1’ and

H2’ protons were evaluated for both the di- and trisubstituted

quadruplex. Corresponding H1’–H2’ cross-peaks in 2D NOE and

DQF-COSY spectra of r(1,20) already reveal significant confor-
mational differences (Figure 4). The observation of strong H1’-

H2’ NOE contacts and the complete cancellation of DQF-COSY
cross-peaks with their characteristic anti-phase pattern for rG1

suggest short interproton distances associated with small
3JH1’H2’ coupling constants and places the ribose conformation

of rG1 within the north domain of the pseudorotational
cycle.[24] In contrast, the presence of H1’-H2’ DQF-COSY cross-
peaks demonstrate a south-type pseudorotamer for rG20. Iden-

tical conformations can be derived from spectra of r(1,6,20)
(Supporting Information, Figure S9). Here, the additional rG res-

idue at position 6 seems to adopt a sugar pucker incompatible
with a pure N- or pure S-type conformer.

Values for H1’–H2’ coupling constants were determined by a

deconvolution of the H1’ in-phase doublets in 2D NOE spectra
(Supporting Information, Figure S10). In line with observed

cross-peak intensities, values of 3JH1’H2’<4 Hz for rG1 and 3JH1’H2’

&9 Hz for rG20 in both r(1,20) and r(1,6,20) confirm an N- and

S-type ribose conformation, respectively. A vicinal coupling
3JH1’H2’ of 5.7 Hz for rG6 in the r(1,6,20) quadruplex may either

Figure 3. Position dependent C6/C8 chemical shift differences Dd between
r(1,20) and native ODN.

Figure 4. Superposition of NOESY (upper panel) and DQF-COSY spectra
(lower panel) of r(1,20) showing H1’-H2’ cross-peaks (circled) for the rG resi-
dues.
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indicate about equal populations with fast interconversion of
N- and S-pseudorotamers or puckering modes with O4’-endo

or C3’-exo conformations.[24]

Three-dimensional structure of a DNA–RNA hybrid quadru-
plex

NMR-derived distance and torsion angle restraints were used
to determine the three-dimensional structure of the DNA–RNA
chimera r(1,20) with molecular dynamics calculations in explicit

water. A final heavy atom RMSD value of 0.75 a for the G-
tetrad residues attests to the well-defined quadruplex core
structure (Figure 5 A and Supporting Information, Table S3). In

general, the DNA–RNA hybrid quadruplex exhibits a close

structural similarity with the parent ODN (Figure 5 B). Notwith-

standing some deviations in the loop regions, the only signifi-
cant structural difference is seen in the altered base stacking

between central and 5’-tetrad as a result of the polarity rever-
sal of the latter induced by the rG modifications (Supporting

Information, Figure S11). While there is an extensive overlap of
the purine 5-membered rings along the syn–anti steps in

native ODN, anti–anti steps in modified r(1,20) result in stack-

ing interactions through partial overlap of the 5- and 6-mem-
bered rings of the guanine bases.

The orientation of 2’-OH substituents for the incorporated
rG analogs is of particular interest because of their close rela-

tionship with ribose conformational features. In case of the S-
puckered residue 20, the hydroxyl group is turned upward to-

wards the 3’-adjacent G nucleotide within the medium groove.
In contrast, the 2’-OH of N-puckered rG at position 1 is orient-

ed sideways away from the narrow and towards the medium
groove (Figure 5 C). Apparently, the hydroxy substituent es-

capes the narrow quadruplex groove through rG1 adopting a
north sugar conformation.

Recently, we found that S-puckered rG residues may be sta-
bilized by the formation of a hydrogen bond between their

O2’ and C8-H8 of the 3’-neighbouring anti-guanine nucleo-

tide.[12] We wondered, whether a favored sugar pucker in the
south domain for incorporated rG nucleotides in positions non-
adjacent to the narrow groove may be correlated with such a
non-conventional C@H···O hydrogen bridge. Indeed, a closer in-
spection of the three-dimensional structure of r(1,20) shows
that the S-type pucker of rG20 orients the O2’ towards H8 of

3’-neighboring G21 (Figure 6). For nine out of ten refined struc-

tures, the O2’···H8 distance and C8-H8···O2’ angle for this inter-
action ranges from 2.5–2.8 a and 132–1508 in agreement with

generally accepted geometric parameters for a hydrogen
bond.[25, 26] In contrast, as a result of the N-type pseudorotamer,

the 2’-OH of rG1 is turned away from the 3’-neighboring base,

increasing O2’···H8 distances to >4 a and thus precluding its
participation in a hydrogen bond with G2 H8 (Supporting In-
formation, Figure S12).

Formation of a CHO pseudo-hydrogen bond is expected to

result in a small but noticeable increase of 1J(C8,H8).[12, 27, 28]

Thus, to search for experimental evidence of such an interac-

tion, we measured one-bond C8-H8 13C-1H scalar couplings in
the rG-modified and unmodified quadruplex from the splitting
of the H8 resonance in 13C non-decoupled HSQC spectra. Un-

fortunately, a poor signal-to-noise ratio in combination with ex-
tensive signal overlap in spectra of r(1,20) severely hampered a

reliable extraction of coupling constants. However, reproduc-
ible values for 1J(C8,H8) with average experimental uncertain-

ties of about :0.5 Hz could be retrieved for both r(1,6,20) and

native ODN. Differences D1J(C,H) for all G-core residues are
plotted in Figure 7. Whereas changes for most residues do not

exceed 2–3 Hz, there is a prominent increase by nearly 5 Hz in
the G21 C8-H8 scalar coupling upon incorporating rG with its

C2’-endo conformation into position 20. Because different base
stacking interactions due to the tetrad flip or other more

Figure 5. Superposition of A) the ten final structures of the rG-modified
quadruplex r(1,20) and B) of representative structures of r(1,20) (blue) and
unmodified ODN (red, PDB code 2LOD). C) View onto the first G-tract bor-
dering narrow and medium grooves with the rG1 2’-OH oriented sideways
towards the medium groove (left), and onto the last G-tract bordering
medium and wide grooves with the rG20 2’-OH turned upward towards the
medium groove (right). Ribose sugars of rG1 and rG20 are shown in stick
representation.

Figure 6. Dinucleotide fragment rG20-G21 from a representative structure of
r(1,20) showing the geometry of the C@H···O hydrogen bond between O2’
of rG20 and C8-H8 of G21.
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subtle conformational rearrangements are unlikely to be re-
sponsible for this singular increase in 1J(C8,H8), the latter can

be attributed to a CHO hydrogen bond in agreement with the
three-dimensional structure of r(1,20) expected to closely

match geometries of triply substituted r(1,6,20). Only negligible
changes in 1J(C8,H8) are observed for residues 2 and 7, con-

firming that the C3’-endo conformation of rG1 but also the

ribose conformation of rG6 do not allow for the formation of a
sequential CHO H-bond interaction.

Discussion

Equilibria between syn and anti conformers are strongly influ-
enced by the nature of the nucleobase but also by the particu-

lar sugar pucker. Disregarding few exceptions like Z-RNA struc-
tures,[29] sugar puckers in the north domain of the pseudo-rota-

tion cycle are found to be mostly restricted to an anti glycosi-
dic conformation whereas a south-type pucker confers more

conformational freedom with respect to rotations about the

glycosidic bond.[10] Having a preference for a C3’-endo pucker
with axial orientation of its 2’-OH substituent due to anomeric

and gauche effects,[10] the ribose is found to generally favor an
anti glycosidic torsion angle and this has been advocated as
main factor in RNA quadruplex folding with its almost exclu-
sive formation of all-anti parallel topologies.[30, 31] However,
high-resolution structures of RNA quadruplexes exhibit a signif-
icant population of rG residues with a C2’-endo sugar pucker,

challenging glycosidic torsion angle preferences as sole or de-
cisive factor in RNA folding and stability.[12] In fact, a C2’-endo
conformation of rG but also FrG seems to better match the

molecular architecture of many quadruplexes.[32]

Despite higher stabilities generally found for RNA when

compared to DNA parallel quadruplexes, an unexpected desta-
bilization of an all-anti parallel DNA G4 was reported upon

substituting all four G residues in its 5’-tetrad by riboguano-

sines.[33] In addition, the incorporation of a single RNA G-quar-
tet was shown to promote an unusual anti!syn conversion of

a neighboring 5’-outer tetrad in a tetra-stranded DNA G4.[33]

The latter is accompanied by a change of four 5’-anti-anti-3’
into four 5’-syn-anti-3’ steps expected to have similar stabili-
ties.[34, 35] Again, these findings argue against an rG anti prefer-

ence solely responsible for structural and energetic aspects of
RNA containing quadruplexes. Rather, additional forces from
backbone and/or sugar conformational rearrangements must
be operative but require a detailed structural analysis for their

identification.
Strikingly, rG at position 1 of the hybrid ODN r(1,20) and

r(1,6,20) represents the only residue in a north sugar conforma-
tion. This residue borders a narrow and medium groove and

by adopting a C3’-endo conformation its 2’-hydroxyl is oriented
away from the narrow groove and positioned in the medium
groove. Such a behavior is not without precedence. By substi-

tuting Gs for FrGs at the 5’-tetrad of ODN as well as of an HT
sequence that folds into an alternate (3 + 1)-hybrid topology,

only those G analogs bordering narrow and medium grooves
were found to adopt a C3’-endo conformation, forcing the ori-

entation of the hydrophobic 2’-fluorine towards the medium

groove.[13] The present results are remarkable because they
suggest unfavorable interactions even for the hydrophilic 2’-
OH with its ability to act as hydrogen bond donor and accept-
or when positioned within the narrow groove, probably dis-

rupting a continuous spine of tightly bound water mole-
cules.[36] In contrast, the hydroxyl group of N- as well as S-type

ribonucleotides has been proposed to be involved in various

stabilizing hydrogen bonding networks when positioned
within the medium groove of parallel RNA structures.[11] Taken

together, these observations give an additional hint on the re-
sistance of RNA to fold into antiparallel quadruplexes that fea-

ture narrow grooves associated with potential unfavorable in-
teractions with a ribose sugar.

We have previously incorporated an rG residue at the single

anti-position 16 of the ODN 5’-tetrad and observed a remark-
able destabilization comparable to stability losses upon its in-

corporation at non-matching syn-positions 1, 6, or 20.[12] Nota-
bly, anti-position 16 of ODN seems to be restricted in its con-

formation to a C2’-endo sugar pucker by the tight 3-nt loop
that bridges a wide groove. In case of an rG substitution, this

sugar conformation will direct the 2’-OH substituent to the

narrow groove, providing a rationale for this strongly destabi-
lizing anti-G!rG substitution. It should be mentioned that the
narrow groove of ODN widens towards the 3’-tetrad, making
the 5’-tetrad a hotspot for such potential unfavorable interac-

tions. These findings again highlight the subtle impact of
single ribonucleotide substitutions on the structure, energetics,

and potential cellular functions of G-quadruplexes.
As noted above, 2’-deoxy-2’-fluoro-riboguanosine substitu-

tions closely mimic physiologically relevant ribonucleotide in-

sertions and may serve as useful model systems for the study
of DNA–RNA hybrid quadruplex conformational transitions.

However, rG and FrG substitutions also show noticeable differ-
ences. Structural rearrangements induced by the 2’-OH group

in the ODN quadruplex seem to be more variable, indicating

modulated interactions of the 2’-hydroxyl when compared to
the fluorine substituent. Very recently, sequential F2’···H8-C8

non-conventional hydrogen bonds were found in a FrG-modi-
fied quadruplex after its refolding into an alternate topology.[37]

However, FrG analogs incorporated at the 5’-tetrad of the ODN
quadruplex showed no indication of any F2’···H8-C8 sequential

Figure 7. Differences with maximum uncertainties in C8-H8 scalar couplings
D1J(C,H) for G-core residues in rG-modified r(1,6,20) and native ODN. Modi-
fied positions are indicated by light grey bars.
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hydrogen bridge. This contrasts with the present rG substitu-
tions despite very similar global and local conformational fea-

tures of the rG- and FrG-modified ODN with a flipped tetrad
and a sugar pucker of the rG and FrG analogs that is almost

equally influenced by the substitution site (Supporting Infor-
mation, Figure S13).[13, 19] Although a non-conventional CHO hy-
drogen bond formed between an S-puckered rG residue and a
3’-adjacent anti-guanosine may be weak, it can nevertheless
support or even trigger a sugar re-puckering to an inherently

less favorable rG C2’-endo conformation.[12]

In summary, the present study demonstrates ribonucleotide-
driven conformational transitions of a (3 + 1)-hybrid DNA quad-
ruplex. A detailed structural analysis of the DNA–RNA chimeric

G4 aided by its high-resolution structure suggests various par-
tially correlated interactions that in addition to a preferred anti

glycosidic conformation of the rG ribonucleotide likely contrib-

ute to folding into parallel all-RNA quadruplexes. These involve
(i) favorable non-conventional CHO hydrogen bonds between

rG in a C2’-endo conformation and a 3’-neighboring anti-G resi-
due and (ii) unfavorable effects for 2’-OH when directed into a

narrow groove. Apparently, a parallel quadruplex featuring
only anti-G residues allows for favorable H-bond interactions

and by excluding narrow grooves may optimize the potential

favorable participation of the ribose 2’-OH on H-bonding net-
works within medium grooves.

Experimental Section

Materials and sample preparation

DNA–RNA hybrid oligonucleotides were purchased from Purimex
(Grebenstein, Germany) and IBA (Gçttingen, Germany) and quanti-
fied based on their absorbance at 260 nm following ethanol pre-
cipitation. NMR samples with concentrations in the range 0.4–
0.8 mm were prepared by dissolving the corresponding oligonucle-
otides in 10 mm potassium phosphate buffer, pH 7. For optical
measurements, oligonucleotides were dissolved in a buffer with
20 mm potassium phosphate, 100 mm KCl, pH 7, to give a final
concentration of 5 mm. Prior to measurements, the samples were
annealed by heating to 90 8C followed by slow cooling to room
temperature.

Circular dichroism

CD spectra were acquired with 10 accumulations, a scanning
speed of 50 nm min@1, and a bandwidth of 1 nm at 20 8C with a
Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan). All spectra
were corrected by the subtraction of a blank measurement.

UV melting

Melting curves were recorded in triplicate on a Cary 100 spectro-
photometer equipped with a Peltier temperature control unit
(Varian Deutschland, Darmstadt) with quartz cuvettes of 10 mm
path length. Following the absorbance at 295 nm between 10 and
90 8C, data points were measured in 0.5 8C intervals with heating
rates of 0.2 8C min@1. The intersection of the melting curve with the
median of the fitted baselines in the heating phase was used to
determine the melting point Tm.

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. For spectral processing
and analysis, Topspin 3.5 and CcpNmr Analysis was employed.[38]

Experimental details are given in the Supporting Information.

Structure refinement

A distance geometry simulated annealing protocol in Xplor-NIH
2.46 was used to generate starting models from 100 extended
structures.[39] Subsequently, restrained simulated annealing was
performed with Amber15 in implicit water using the parmbsc0
force field including the cOL4, ezOL1, and bOL1 corrections.[40–43] Ten
lowest-energy structures were selected, equilibrated for 1 ns with
explicit solvent, and shortly minimized in vacuum. Details of the
calculation process can be found in the Supporting Information.
Structural parameters were determined with the 3DNA software
package.[44]

Accession codes

Atomic coordinates of the r(1,20) DNA–RNA hybrid quadruplex
have been deposited in the Protein Data Bank (accession code
6FFR).
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S1 
 

METHODS 

NMR experiments. Spectra were acquired at 25 °C with 1H chemical shifts referenced against 

the H2O signal (=4.78 ppm). A WATERGATE with w5 element was employed for solvent 

suppression in 1D and 2D NOE experiments. NOESY spectra were recorded with mixing times 

of 80, 150, 300, and 500 ms in either 90% H2O/10% D2O or 100% D2O. DQF-COSY spectra 

were acquired in D2O with a 3-9-19 binomial sequence used for solvent suppression. Typically, 

4K × 1K data points with 24-48 transients per t1 increment were collected in t2 and t1 with a 

recycle delay of 2 s. 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. In general, 

phase-sensitive 1H-13C HSQC experiments optimized for a 1J(C,H) of 170 Hz were acquired with 

a 3-9-19 solvent suppression scheme in 90% H2O/10% D2O employing a spectral width of 

7.5 kHz in the indirect 13C dimension, 540 t1 increments, and a relaxation delay of 1.5 s. The 

resolution in t2 was increased to 8K for the determination of 1J(C6,H6) and 1J(C8,H8) for the 

unmodified ODN. Similarly, 1J(C6,H6) and 1J(C8,H8) for r(1,6,20) were determined from a 1H-
13C HSQC spectrum optimized for a 1J(C,H) of 200 Hz and acquired in 100% D2O with solvent 

suppression by presaturation. 13C chemical shifts were referenced relative to DSS by using the 

indirect referencing method. 

NMR structure calculations. Crosspeaks in the NOESY spectra were classified as strong (2.9 

± 1.1 Å), medium (4.0 ± 1.5 Å), weak (5.5 ± 1.5 Å), or very weak (6.0 ± 1.5 Å). For 

exchangeable protons the categories were set to medium (4.0 ± 1.2 Å), weak (5.0 ± 1.2 Å), or 

very weak (6.0 ± 1.2 Å). In case of strongly overlapped signals, distances were set to 5.0 ± 2.0 Å. 

Glycosidic torsion angles were restrained to 170-310° and 200-280° for anti conformers outside 

and within the G-core, respectively. Due to a rather weak H8-H2' contact, a dihedral of 90-240° 

was set for rG1. Glycosidic torsions for syn conformers were restrained to 25-95°. The 

pseudorotation phase angle was restricted to 144-180° for south-type (all DNA residues and 

rG20) and 0-36° for north-type sugars (rG1). 

For the simulated annealing of the 100 starting structures a 5 ps equilibration period at 100 K 

was followed by heating to 1000 K during 10 ps. After 30 ps, the system was cooled to 100 K 

and finally to 0 K within 45 ps and 10 ps, respectively. Force constants for NMR-derived 

distance and hydrogen bond restraints were set to 50 kcal∙mol-1∙Å-2, for glycosidic torsion angle 
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and sugar pucker restraints to 200 kcal∙mol-1∙rad-2, and for planarity restraints of G-tetrads to 

30 kcal∙mol-1∙Å-2. 

For a refinement in water, the quadruplexes were neutralized with K+ and two of the cations 

placed in the center between the eight O6 atoms of the two adjacent tetrads. The system was 

hydrated with water molecules (TIP3P) in a truncated octahedral box of 10 Å.1 During initial 

equilibration, the DNA was fixed with 25 kcal∙mol-1∙Å-2. After 500 steps of steepest descent and 

conjugated gradient minimization, the system was heated from 100 to 300 K during 10 ps under 

constant volume followed by a decrease in force constants to 5, 4, 3, 2, 1, and 0.5 kcal∙mol-1∙Å-2  

and further equilibration. The final simulation of 1 ns duration at 1 atm was performed with 

restraints only for NMR-derived distances and Hoogsteen hydrogen bonds as well as for the 

sugar pucker of rG residues. The trajectories were subsequently averaged over the last 100 ps and 

shortly minimized in vacuum for 2000 steps. 
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Figure S1. Changes in melting temperature ΔTm for rG-modified quadruplexes relative to 

unmodified ODN as a function of substitution site; Tm was determined by UV melting 

experiments in 20 mM potassium phosphate, 100 mM KCl, pH 7.0. 
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Figure S2. 2D NOE spectral regions of the modified quadruplex r(1,20) acquired at 25 °C with a 

mixing time of 300 ms. (A) H2’(1)-H6/H8(2) and (B) H1’(1)-H6/H8(2) region; continuous 

NOE connectivities are traced for G-tracts (solid lines) and loop regions (dashed lines). (C) 

Imino(1)-H6/H8(2) region showing both intra- and inter-tetrad contacts; connectivities are only 

traced for G-tracts with inter-tetrad contacts. 
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Figure S3. Imino(1)-imino(2) connectivities in a 2D NOE spectrum of the modified 

quadruplex r(1,20) acquired at 25 °C with a mixing time of 300 ms. 

 

 

 

Figure S4. Superimposed 1H-13C HSQC spectra of the modified quadruplex r(1,20) (black) and 

unmodified ODN (red). 
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Figure S5. 2D NOE spectral regions of the modified quadruplex r(1,6,20) acquired at 25 °C with 

a mixing time of 300 ms. (A) H2’(1)-H6/H8(2) and (B) H1’(1)-H6/H8(2) region; continuous 

NOE connectivities are traced for G-tracts (solid lines) and loop regions (dashed lines). (C) 

Imino(1)-H6/H8(2) region showing both intra- and inter-tetrad contacts; connectivities are only 

traced for G-tracts with inter-tetrad contacts. 
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Figure S6. Imino(1)-imino(2) connectivities in a 2D NOE spectrum of the modified 

quadruplex r(1,6,20) acquired at 25 °C with a mixing time of 300 ms. 

 

 

 

Figure S7. Superimposed 1H-13C HSQC spectra of the modified quadruplex r(1,6,20) (black) and 

unmodified ODN (red). 
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Table S1. 1H and 13C chemical shifts for the modified r(1,20) at 25 °Ca,b 

residue H8/H6 C8/C6 H1' H2’/H2’’ H3' H4' H1 H5/H2/Me

 G1 8.01 137.83 5.86 4.90 4.71 4.48 11.62 - 

 G2 7.74 137.98 6.24 2.71/2.61 4.97 4.55 11.34 - 

 G3 7.66 137.49 6.17 2.70/2.59 5.01 4.16 11.21 - 

 A4 8.59 142.64 6.6 2.92/2.92 4.88 4.63 - 8.32 

 T5 7.87 140.2 6.57 2.63/2.63 5.05 4.52 n.d. 2.06 

 G6 7.96 138.33 6.12 2.52/2.98 4.99 4.44 11.56 - 

 G7 7.77 137.49 5.95 2.70/2.75 5.09 4.44 11.41 - 

 G8 7.49 136.72 5.88 2.11/2.39 4.94 4.42 11.15 - 

 A9 8.08 141.73 6.08 2.70/2.57 4.97 4.43 - 7.58 

C10 7.57 143.44 5.84 2.16/1.77 4.59 3.95 - 5.92 

A11 7.86 141.65 5.78 2.36/2.12 4.51 3.94 - 7.73 

C12 7.09 143.93 5.52 1.77/2.02 4.37 n.d. - 5.26 

A13 7.88 141.37 5.76 2.28/2.63 n.d. n.d. - 7.79 

G14 7.23 141.32 6.05 3.70/3.11 4.44 n.d. 11.4 - 

G15 7.34 140.69 5.81 2.92/2.80 5.04 n.d. 11.46 - 

G16 7.55 141.39 5.87 2.67/2.36 5.01 4.30 11.04 - 

G17 7.77 n.d. 5.63 2.3/2.35c n.d. n.d. n.d. - 

A18 7.88 141.37 6.04 2.35/2.35 4.68 n.d. - 7.80 

C19 7.30 142.87 5.69 2.11/2.36c 4.58 n.d. - 5.79 

G20 8.17 138.88 5.61 4.92 n.d. n.d. 11.60 - 

G21 7.94 138.33 6.04 2.52/2.68 4.99 4.45 11.52 - 

G22 7.91 137.87 6.33 2.60/2.45 4.69 4.35 11.52 - 

a in 90%H2O/10%D2O, 10 mM potassium phosphate, pH 7.0 
b n.d. = not determined 
c no stereospecific assignments 
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Table S2. 1H and 13C chemical shifts for the modified r(1,6,20) at 25 °Ca,b 

res H8/H6 C8/C6 H1’ H2’/H2’’c H1 H5/H2/Me 

 G1 8.01 137.77 5.88 4.96 11.58 - 

 G2 7.72 137.98 6.26 2.62/2.76 11.32 - 

 G3 7.66 137.57 6.22 2.62/2.67 11.17 - 

 A4 8.55 142.78 6.59 2.91/2.91 - n.d. 

 T5 7.83 139.99 6.55 2.58/2.64 n.d. 1.99 

 G6 8.08 138.46 5.81 4.92 11.54 - 

 G7 8.08 138.73 6.05 2.49/2.69 11.40 - 

 G8 7.60 137.1 5.93 2.14/2.42 11.13 - 

 A9 8.07 141.75 6.09 2.57/2.69 - n.d. 

C10 7.57 143.50 5.82 1.78/2.15 - 5.89 

A11 7.88 141.62 5.77 2.15/2.37 - n.d. 

C12 7.10 n.d. 5.53 1.77/2.05 - 5.25 

A13 7.91 141.45 5.79 2.28/2.64 - n.d. 

G14 7.25 141.4 6.06 3.13/3.71 11.39 - 

G15 7.35 140.73 5.82 2.83/2.92 11.41 - 

G16 7.53 141.23 5.85 2.36/2.74 10.95 - 

G17 7.72 140.64 5.71 2.35/2.43 n.d. - 

A18 7.82 141.26 6.04 2.27/2.37 - n.d. 

C19 7.30 n.d. n.d. 2.08/2.37 - 5.79 

G20 8.16 138.96 5.65 4.93 11.65 - 

G21 7.96 138.29 6.06 2.53/2.71 11.47 - 

G22 7.90 137.66 6.33 2.45/2.62 11.47 - 

a in 90%H2O/10%D2O, 10 mM potassium phosphate, pH 7.0 
b n.d. = not determined 
c no stereospecific assignments 
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Figure S8. C6/C8 13C chemical shift differences  between r(1,6,20) and unmodified ODN. 
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Figure S9. NOESY (upper panel) and DQF-COSY spectral regions (lower panel) of r(1,6,20); the 

position of H1’-H2’ crosspeaks for the three rG residues are marked by circles. 

 

 

 

 

Figure S10. 1D traces of NOESY spectra in D2O (mixing time of 300 ms) showing the H1’ 

resonance of rG residues in r(1,20) and r(1,6,20); H1’-H2’ scalar couplings were determined by a 

peak deconvolution routine. 
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Table S3. NMR restraints and structural statistics for the DNA-RNA hybrid quadruplex r(1,20) 

distance restraints  

intra residue 146 

inter residue  

  sequential 93 

  long-range 28 

other restraints  

hydrogen bonds 48 

torsion angles 44 

G-tetrad planarity 36 

structural statistics  

pairwise heavy atom RMSD (Å)  

  G-tetrad core 0.75 ± 0.19 

  all residues 2.44 ± 0.61 

violations  

  mean NOE restraint violations (Å) 0.001 ± 0.008 

  max. NOE restraint violation (Å) 0.146 

  max. torsion angle restraint violation (deg) 11.17 

deviations from idealized geometry  

  bonds (Å) 0.01 ± 0.00 

  angles (deg) 2.34 ± 0.04 
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Figure S11. Base stacking between the 5’-tetrad (top) and the central tetrad in (A) unmodified 

ODN and (B) rG-modified r(1,20) with a reversed 5’-tetrad polarity. Bases of syn- and anti-

guanosines in the 5’-tetrad are shown in red and blue, respectively. 

 

 
 

 

Figure S12. Dinucleotide fragment rG1-G2 from a representative structure of r(1,20); the 

distance between O2’ of rG1 in north conformation and H8 of G21 is indicated. 
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Figure S13. Superposition of a representative structure of r(1,20) (blue) and ODN (PDB code 

5MCR) substituted by FrG at positions 1, 6, and 20 (green). 
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& Structural Biology

Sugar Puckering Drives G-Quadruplex Refolding: Implications for
V-Shaped Loops

Linn Haase,[a] Jonathan Dickerhoff,[a, b] and Klaus Weisz*[a]

Abstract: A DNA G-quadruplex adopting a (3 + 1) hybrid
structure was modified in two adjacent syn positions of the
antiparallel strand with anti-favoring 2’-deoxy-2’-fluoro-ribo-
guanosine (FrG) analogues. The two substitutions promoted
a structural rearrangement to a topology with the 5’-termi-
nal G residue located in the central tetrad and the two
modified residues linked by a V-shaped zero-nucleotide
loop. Strikingly, whereas a sugar pucker in the preferred
north domain is found for both modified nucleotides, the
FrG analogue preceding the V-loop is forced to adopt the
unfavored syn conformation in the new quadruplex fold. Ap-

parently, a preferred C3’-endo sugar pucker within the V-
loop architecture outweighs the propensity of the FrG ana-
logue to adopt an anti glycosidic conformation. Refolding
into a V-loop topology is likewise observed for a sequence
modified at corresponding positions with two riboguanosine
substitutions. In contrast, 2’-F-arabinoguanosine analogues
with their favored south-east sugar conformation do not
support formation of the V-loop topology. Examination of
known G-quadruplexes with a V-shaped loop highlights the
critical role of the sugar conformation for this distinct struc-
tural motif.

Introduction

G-quadruplexes (G4s), formed by the stacking of guanine tet-
rads with their square-planar arrangement of hydrogen-
bonded guanine bases, have attracted growing interest in the
past years due to their existence and potential regulatory role
in vivo.[1–3] The remarkable variety of topologies as displayed
by these four-stranded DNA structures[4, 5] makes them promis-
ing tools for various technological applications.[6, 7] G-quadru-
plexes can be composed of one (monomolecular), two (bimo-
lecular), three (trimolecular), or four (tetramolecular) strands.
Depending on the relative strand orientation as fixed by the
type of loops in case of monomolecular G4s, topologies can
be of a parallel, antiparallel, or hybrid type. Additional features
such as bulges,[8–10] capping structures like base triplets,[11–17] in-
terrupted G-tracts and V-loops,[11, 15, 18–24] as well as interlocked
G4s[18, 25, 26] further expand the topological landscape of these

highly polymorphic structures. Notably, despite an ever-grow-
ing number of available high-resolution structures our under-
standing of the factors driving G4 folding to a particular topol-
ogy remains limited. Thus, the folding topology and thermal
stability strongly depends on the sequence and the length of
loops and flanking residues.[14, 27] Also, environmental effects
such as buffer pH[12, 28] or the nature of coordinating cations[29]

can all have a significant impact on the G4 conformation, fur-
ther complicating structural predictions.

Approaches for a versatile and rational G4 design are ex-
pected to heavily support many bio- and nanotechnological
G4 applications. A powerful and efficient strategy for the di-
rected manipulation of the topology for a given G4-forming
sequence involves the deliberate incorporation of G-ana-
logues.[30] Here, the glycosidic torsion angle plays a major role
as it is correlated with strand orientation and tetrad polarity.
Apart from a complete disruption of the quadruplex fold, an
anti to syn or syn to anti transition is necessarily accompanied
by an inversion of either the tetrad polarity or the G-tract ori-
entation. Thus, 8-substituted G analogues such as 8-methyl- or
8-bromo-2’-deoxyguanosine have been used to drive anti!syn
transitions, often causing a tetrad polarity reversal when incor-
porated into the 5’-tetrad of parallel G4 structures.[31–34] Like-
wise, some 2’-substituted G surrogates can be used to enforce
anti glycosidic conformations (Figure 1 B). 2’-Deoxy-2’-fluoro-ri-
boguanosine (FrG) and riboguanosine (rG) prefer a C3’-endo
sugar pucker thought to be strongly correlated with an anti
conformation. Another north-favoring G analogue with a
strong propensity for the anti glycosidic torsion angle is the bi-
cyclic 2’-O-4’-C-methylene rG analogue (locked nucleic acid,
LNAG), which is strictly locked in a C3’-endo conformation. In
contrast, 2’-deoxy-2’-fluoro-arabinoguanosine (FaraG) has an
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anti preference but a tendency to adopt a sugar pucker in the
south-east pseudorotational domain.

Recently, 2’-substituted G analogues have been incorporated
at various sites into a (3 + 1)-hybrid quadruplex termed ODN
featuring a propeller, diagonal, and lateral loop (Figure 1 A).[35]

Substituting two or three syn-residues in the 5’-tetrad with FrG,
rG, or FaraG caused a reversal of the tetrad polarity under con-
servation of the global quadruplex fold.[36–39] On the other
hand, incorporating FrG or FaraG into the single syn-position of
the central tetrad lead to partial refolding into an antiparallel
topology associated with an inversion of the first G-tract and
of the central tetrad polarity.[40] In both cases, anti-favoring G
analogues had very similar overall effects and differences were

only observed in relative thermal stabilities and local structure,
e.g. , position-dependent sugar conformations and participa-
tion of the 2’-substituent in pseudo-hydrogen bonds.

Here, we expand our studies on specific ODN modifications
by evaluating dual FrG substitutions at the two syn-positions of
its antiparallel G-tract. These modifications are found to pro-
mote an unexpected refolding into a well-defined topology
with a V-shaped loop connecting the two FrG residues. A de-
tailed conformational analysis of the V-loop supporting G ana-
logues and additional modifications including rG and FaraG re-
veals that the preferred sugar pucker outweighs glycosidic tor-
sion angle propensities in constituting the major driving force
for V-loop formation.

Results

Resonance assignments for the FrG-modified ODN

Initially, the ODN sequence was modified with two FrG substi-
tutions at position 14 and 15 and analyzed by 1D 1H NMR
spectroscopy. This F(14,15) variant folds into a major G-quadru-
plex as indicated by the presence of at least ten well resolved
imino resonances in the 10.8–12.0 ppm region typical for
Hoogsteen hydrogen bonding (Figure 2 A). Individual 15N label-
ing of all G residues except for G22 at the 3’-terminus and the
two FrG analogues was used for the assignment of both gua-
nine imino and H8 resonances through spectral editing with
one-dimensional 1H–15N HMQC experiments (Figure 2 B). Sur-
prisingly, G17 being a loop residue in the native structure par-
ticipates in G-core formation of the new fold as clearly demon-
strated by its imino signal at 11.1 ppm. In contrast, G3 does
not show any imino resonance and is thus identified as a loop
residue. Assignments of H8 and H1 resonances were addition-

Figure 1. (A) Sequence and schematic representation of the ODN G-quadru-
plex. Anti and syn G-core residues are represented by grey and red rectan-
gles, m, n, and w denote medium, narrow, and wide grooves, respectively.
Modification sites are highlighted in bold. (B) Anti-favoring G analogues in
their typical sugar conformation; FrG and rG favor a C3’-endo (north) sugar
pucker whereas FaraG has a propensity to adopt a south-type conformation.

Figure 2. Assignment of H1 (left) and H8 resonances (right) through 15N filtered HMQC experiments of individually 15N labeled samples (5–10 % 15N). One-di-
mensional 1H (A) and 1H–15N HMQC spectra (B) were acquired at 25 8C with a typical concentration of 0.2 mm in 10 mm KPi buffer at pH 7.
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ally validated by their intra-base correlation to 13C5 as ob-
served in a 1H–13C HMBC experiment (Figure S1). Sequential
NOE contacts can be traced between all unmodified Gs and
NOE walks further extend into the short intervening sequences
following and preceding the terminal G-tracts (Figure S2).
These allowed for the assignment of non-exchangeable pro-
tons of unlabeled G22 at the 3’-end of the sequence as well as
of loop residues A4, T5, A18, and C19. G1, G6, and G20 were
identified as syn residues by their strong H8–H1’ intranucleo-
tide NOE crosspeak and their characteristic downfield 13C8
chemical shift (Figure S2 and S3). H1’ and H2’ resonances of
FrG can easily be detected by their characteristic 1H–19F scalar
coupling to F2’ (see below). It should be noted, however, that
only one FrG residue shows up at 25 8C with resonances of the
other analogue apparently broadened beyond detection at
this temperature, also explaining the reduced number of imino
signals (Figure 2 A).

F(14,15) adopts a V-loop topology

Upon increasing the temperature to 40 8C, sugar and H8 reso-
nances of the second FrG resonance are clearly observable (Fig-
ure S3 and S4). Also, an additional upfield shifted imino reso-

nance emerges at 10.84 ppm and another slightly broadened
signal at 11.41 ppm becomes resolved (Figure 3 A). Supported
by completed assignments at 25 8C and only minor changes of
the crosspeak patterns in 2D NOE and 1H–13C HSQC spectra at
40 8C (Figure S3 and S4), non-exchangeable base and sugar
resonances were likewise assigned through sequential NOE
contacts at the elevated temperature. Also, correlations with
H8 protons through 13C5 in a 1H–13C HMBC experiment allowed
for the unambiguous assignment of H1 resonances at 40 8C
(Figure S5). Thus, the two newly emerging imino signals were
easily allocated to G22 and FrG14. Surprisingly, the latter
adopts the unfavored syn conformation as indicated by its
downfield 13C8 chemical shift and by its weak H8–H2’ and
strong H8–H1’ intra-residual NOE contact (Figure S3 and S4).
Unfortunately, with only a modest thermal stability in the
buffer used for the NMR experiments (Table S1), the structure
is partially unfolded at elevated temperatures as reflected in
some poorly dispersed peaks from single-stranded species in
the 1H–13C HSQC spectrum (Figure S3). Nevertheless, NMR ex-
periments on samples in a low-salt buffer at higher tempera-
tures provided the best spectral quality and were therefore se-
lected for a more detailed structural characterization (see also
Figure S6).

Figure 3. Determination of the F(14,15) topology. (A) Imino region of 1D 1H NMR spectra at 25 8C and 40 8C. (B) Portions of 2D NOE spectra of F(14,15) (1 mm)
at 40 8C in 10 mm KPi, pH 7. i) NOE contacts of the four imino protons in the top tetrad to T5 Me in the first lateral loop. ii) Exchange crosspeaks between
water and imino protons of the outer tetrads. iii) Inter-tetrad H1-H1 contacts, reflecting relative tetrad polarities (marked by squares). Note additional ex-
change crosspeaks due to minor species. iv) H1(w1)–H8(w2) contacts, reflecting hydrogen bond directionalities within tetrads (magenta, green, and orange
squares for top, central, and bottom tetrad, respectively), NOE contacts between tetrads (black squares traced by horizontal and vertical lines), and NOE con-
tacts between outer tetrad imino resonances and base protons of residues in the two lateral loops, namely A4, T5, A13, and C12 (blue squares). Adenosine
H2 resonances are labeled in italic. (C) Folding topology of F(14,15). Anti and syn residues are shown in grey and red; m, n, and w denote medium, narrow,
and wide grooves, respectively.
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The quadruplex topology as depicted in Figure 3 C is unam-
biguously established through H8-H1 NOE contacts within the
tetrads, showing the following hydrogen bond directionalities:
2!6!20!15; 1!16!21!7; 14!17!22!8 (Figure 3 B).
G1 is placed into the central tetrad and a zero-nucleotide V-
shaped loop connects FrG14, located in the bottom tetrad to
occupy the free position within the first G-tract, and FrG15, lo-
cated in the top tetrad within the third G-tract. Relative tetrad
orientations result in both heteropolar and homopolar stacking
interactions in line with H1–H1 NOE contacts between and
within G-tracts, respectively. Of note, strand inversion occurs
within the third G-tract between FrG15 and G16. Also, NOE
contacts between T5 Me within the first lateral loop and the
imino resonances of G2, G6, G20, and FrG15 residues in the top
tetrad are conspicuous. Together with imino signals of four
other residues, namely G8, G17, G22, and the FrG14 analogue,
the same four imino signals exhibit exchange peaks with water
due to their location within outer tetrads and their faster sol-
vent exchange.

V-loop supporting FrG analogues adopt an N-type sugar con-
formation

Although FrG14 is forced into an unfavored syn conformation,
refolding of modified ODN is apparently driven by the two
fluorine-substituted analogues being anchor points for the
newly formed V-loop. In an attempt to better understand the
driving force for such a rearrangement and to evaluate V-loop
conformational features, sugar conformations of the two FrG
residues were subjected to a more detailed analysis. Conspicu-
ously, H1’–H2’ crosspeaks are clearly observable in 2D NOE but
unobservable in DQF-COSY spectra for both residues, pointing
to small 3JH1’H2’ scalar couplings with cancellation of antiphase
COSY crosspeaks and sugar puckers in the north domain of the
pseudorotation cycle (Figure 4). Facilitated by the E.COSY-type
pattern of H1’-H2’ and H2’-H3’ crosspeaks as a result of addi-
tional 19F passive couplings, 3JF2’H1’ and 3JF2’H3’ could be directly
extracted from corresponding 2D NOE and DQF-COSY correla-
tions without resorting to simulations. Also, following the un-
ambiguous assignment of 19F resonances to FrG14 and FrG15 in
a HOESY experiment through heteronuclear 19F-1H dipolar cou-
plings (Figure S7), 3JHF scalar couplings were independently de-
termined by the selective 1H decoupling of 19F spectra (Fig-
ure S8). Of note, the rather unusual conformation of FrG14,
combining a syn glycosidic torsion angle with a north sugar
pucker, is associated with an extremely downfield shifted H3’
resonance almost isochronous with its H1’ resonance at
6.05 ppm (see below), preventing the extraction of reliable 3JHF

couplings in FrG14 from selective decoupling experiments.
Using the observed 19F–1H scalar couplings (Table S2) together
with a Karplus-type relationship between vicinal 1H–19F cou-
pling constants and H-C�C-F torsion angles for the 2’-fluoro
sugar,[41] major pseudorotamers of both analogues were found
to adopt a north-east pucker with a phase angle of pseudoro-
tation 408 < P<708.

Three-dimensional structure of F(14,15)

For a deeper structural insight, we determined the high-resolu-
tion structure of the modified F(14,15) quadruplex from NMR-
derived distance and torsion angle restraints. Whereas A9 H8
could be assigned based on sequential NOE contacts to G8
(Figure S5), other adenosine and cytidine residues of the long
and flexible 5-nt lateral loop preceding the V-loop escaped
their unambiguous identification. In trying to complement as-
signments, corresponding nucleotides were individually la-
beled by 15N-dA and 5-methyl-dC. Thus, C10 and C12 were
easily identified by the disappearance of the corresponding H5
resonance and a shift of H6 and 13C6 resonances in the 5-
methyl-dC modified samples (Figure S9). Also, 15N edited spec-
tra of 15N-dA labeled samples allowed for a straightforward as-
signment of A13 H8 and H2 resonances at 7.89 and 7.56 ppm,
respectively, both exhibiting several NOE contacts to imino
protons of the bottom tetrad and providing valuable restraints
for subsequent structure calculations (Figure 3 B). Unfortunate-

Figure 4. Portions of DQF-COSY and 2D NOE spectra of F(14,15) (1 mm) at
40 8C in 10 mm KPi, pH 7. (A) H4’(w1)–H3’(w2) and H2’(w1)–H3’(w2) DQF-COSY
crosspeaks of FrG14. (B) H2’(w1)–H1’/H3’(w2) NOE contacts for FrG14. (C) Su-
perimposed FrG15 H2’(w1)–H1’(w2) spectral region of a 2D NOE (black) and
DQF-COSY spectrum (colored) only showing an NOE crosspeak. While the
nearly isochronous H3’ and H1’ resonances of FrG14 exhibit NOE contacts to
H2’, only H3’ shows an observable DQF-COSY crosspeak to H2’, pointing to
a north-type sugar pucker. The H4’–H3’ DQF-COSY crosspeak confirms the
assignment of the downfield shifted H3’ resonance. Splittings due to passive
19F–1H scalar couplings are indicated.
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ly, assignment of H2/H8 resonances for residue A11 was ham-
pered by intermediate exchange processes at 25 8C and signal
overlap with unfolded species at 40 8C (Figure S10).

A superposition of ten final structures determined by molec-
ular dynamics calculations in explicit water (Table S3) together
with a representative structure is shown in Figure 5 A and B.
RMSD values of 0.84 � and 2.96 � for the G-core and the over-
all structure are similar to values reported for the unmodified
(3 + 1) hybrid G4.[35] All G-core residues are well defined, includ-
ing the 5’-terminal guanosine in the central tetrad as well as
the two V-loop flanking G analogues. While the first lateral
loop is well structured with G3 and T5 loosely stacked onto
the upper tetrad, the other two loops experience higher flexi-
bility. In particular, C19 within the 2-nt propeller loop as well
as C10 and A11 in central positions of the long 5-nt lateral
loop are very dynamic. In contrast, the two lateral loop resi-
dues directly preceding the V-loop are well defined with A13
stacked onto the bottom tetrad.

The structure features two medium grooves, one wide
groove bridged by two lateral loops at either side, and a
narrow groove spanned by the 0-nt V-loop (Figure 3 C). A pe-
culiarity derives from the FrG15 analogue located at the V-loop
3’-end and being part of the third G-column. By adopting a fa-
vored anti glycosidic torsion angle, its opposite base orienta-

tion when compared to the following anti-G16 demands inver-
sion of the 5’!3’ strand orientation between the two residues
within the same G-tract.[5] This is recognized by the sharp turn
of the sugar-phosphate backbone between FrG15 and G16 and
seems to rely on a C4’-exo sugar pucker of FrG15 (Figure 5 C).
Notably, the anti conformation of this G-column 5’-residue as a
consequence of its flipped backbone orientation is fully com-
patible with the narrow groove geometry between the first
and third G-tract.

G-core residues in a syn conformation include G1, G6, G20,
as well as FrG14 which supports the V-loop at its 5’-end. The
latter adopts this disfavored conformation in spite of its known
anti preference (Figure 5 D). The north-type sugar conformation
in combination with a syn glycosidic torsion angle positions
the FrG14 H3’ proton in close proximity to the deshielding
region of its guanine base, accounting for its unusual down-
field shift (Figure 5 D). Also, the non-conventional (H8i–H2’i�2)
contact between G16 and FrG14 is reflected in the 3D structure
with corresponding distances in the range 2.8–3.9 � (Fig-
ure 5 C). As another consequence of the north sugar, both fluo-
rine atoms are oriented away from the quadruplex narrow
groove in F(14,15). Avoiding the positioning of 2’-substituents
within a G4 narrow groove has been observed before and at-
tributed to unfavorable interactions.[37, 39] Of note, the two F2’
substituents of the V-loop flanking residues are not involved in
any pseudo-hydrogen bond as has frequently been observed
in FrG, but also FaraG and rG modified G4 structures.[37–40, 42, 43]

Structural impact of other modifications at position 14 and
15: Importance of the sugar pucker

To more generally assess the role of a north sugar pucker for V-
loop formation, we studied additional 14,15-disubstituted ODN
quadruplexes. Thus, sequences r(14,15) and FA(14,15) were
modified with two riboguanosines and two 2’-fluoro-2’-arabi-
noguanosines, respectively. Whereas rG favors north conform-
ers, the FaraG analogue has a propensity for a south-east sugar
pucker. Just like F(14,15), both sequences exhibit a CD signa-
ture typical of a hybrid-type G4 with both homopolar and het-
eropolar stacking interactions (Figure S11). However, the imino
proton spectral region of FA(14,15) revealed that it does not
fold into a major quadruplex species, suggesting a detrimental
effect for folding into either the native or the rearranged V-
loop structure of the two FaraG substitutions with their favored
south-east sugar pucker and anti conformation (Figure 6). In
fact, 19F NMR spectra indicate a polymorphic mixture with sev-
eral coexisting species (Figure S12). In contrast, imino reso-
nances for r(14,15) clearly point to a major folded species with
a pattern of imino signals similar to F(14,15). 1H–13C HSQC
spectra of r(14,15) show an almost perfect overlap with corre-
sponding spectral regions of F(14,15) (Figure S13), suggesting
that they share the same topology and allowing for the assign-
ment of most r(14,15) resonances. Sequential contacts can be
traced along all G-tracts and along the first lateral loop. Analo-
gous to F(14,15), G1, G6, G20, as well as modified rG14 can be
identified as syn residues from their downfield 13C8 chemical
shift and their strong intra-residual H8–H1’ NOE contact (Fig-

Figure 5. Three-dimensional structure of F(14,15). (A) Superposition of 10
final low-energy structures in a sideview with the V-loop in front. For loop
residues only the backbone is shown. (B) Representative structure with la-
beled loop residues. G-core syn residues are colored in red; the first and
second lateral loop and the propeller loop are shown in cyan, blue, and
yellow, respectively. (C) Detailed view on the V-loop and the third G-tract of
a representative structure in stick representation. Short interproton distances
between FrG15 H8 and G16 H1’ as well as between G16 H8 and FrG14 H2’
are traced by broken lines. (D) Stick representation of anti FrG15 and syn
FrG14, both adopting a C4’-exo conformation. In the latter, H3’ is positioned
in close proximity to the 6-membered ring of the guanine base, rationalizing
its downfield chemical shift.
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ure S13 and S14). In addition, H1–H1 and H8–H1 NOE contacts
are in full agreement with a V-loop topology and confirm fold-
ing into the same G4 structure (Figure S15).

Conformational features of the rG nucleosides in r(14,15) are
very similar to the 2’-fluoro-G analogues in F(14,15). In both
G4s, the modified residues adopt a north-type sugar pucker as
revealed by the presence and absence of H1’–H2’ correlations
in a 2D NOE and DQF-COSY spectrum, respectively (see Fig-
ure S16). A particularly strong H1’–H4’ contact points to a
north-east pucker for rG15. Remarkably, the (syn,north) confor-
mation of residue 14 is very similar among the two structures
as shown by unusually downfield shifted H3’ resonances at
5.84 ppm for r(14,15). Again, the deshielding of H3’ can be at-
tributed to its positioning close to and almost in plane with
the guanine base (see also Figure 5 D). Other diagnostic inter-
actions sensitive to the V-loop conformation involve the H8i–
H2’i�2 NOE contact between G16 and rG14 and an unusual se-
quential NOE contact between rG H8 at position 15 and G16
H1’ (see Figure 5 C and S17). It should be noted, however, that
the latter H8i–H1’i + 1 NOE crosspeak escapes unambiguous
identification in F(14,15) due to nearly isochronous H1’ reso-
nances of G16 and FrG15.

Taken together, dual modifications with south-east favoring
FaraG analogues seem incompatible with V-loop formation of
the ODN sequence. In contrast, north favoring G substitutes
induce rearrangements into the same well defined V-loop
structure termed ODN(14,15) for the following discussion.

Discussion

A V-shaped loop was first reported for a two-layered G-quadru-
plex forming an interlocked dimer.[18] In the past years, a grow-
ing number of such V-shaped loops have been found in vari-
ous three-layered bi- or monomolecular G4s, making the V-
loop a more recurrent structural motif in G-quadruplex-
es.[11, 15, 19–24] It links two adjacent antiparallel G-columns
through residues located on opposite outer faces of the G-
core. Starting with a guanosine in the bottom tetrad of a
broken G-tract it is easily distinguished from a propeller-type
loop by the upward orientation of this G nucleotide at the V-
loop 5’-end (Figure S18).

Of note, the particular V-loop topology adopted by
ODN(14,15) with two lateral loops followed by a V-loop and a
propeller loop was also reported for CHL1 and HPV52 sequen-

ces from the 5’-intron of the human CHL1 gene and the G-rich
region of the human papillomavirus type 52.[11, 21, 22] Interesting-
ly, HPV52 and ODN are derived from the same sequence en-
compassing five G-runs. Whereas HPV52 comprises G-tracts I-IV,
the ODN sequence includes G-tracts II-V with additional inver-
sion of the 5’-3’ orientation.[21] ODN(14,15), HPV52, and CHL1
differ in the length and sequence of loops, but they all feature
a lateral loop adenosine directly preceding the V-loop. Also,
the V-loop 3’-supporting G residue adopts an anti glycosidic
conformation while a syn G anchors the V-loop at its 5’-end in
all structures.

Only considering glycosidic torsion angle propensities of the
introduced anti-favoring FrG surrogates, a V-loop structure is
anticipated to be favored with respect to the native (3 + 1)
hybrid fold with syn conformers at both modification sites. Yet,
the observed rearrangement of modified ODN(14,15) into the
V-loop quadruplex with its single syn FrG analogue is not easy
to account for. In fact, a syn conformation is highly unusual for
FrG nucleotides but not without precedence. Thus, a syn FrG
residue was found in the native fold of a 15-FrG mono-substi-
tuted ODN sequence F(15) (see Figure 1 A) that coexists with
another rearranged topology comprising FrG in an anti confor-
mation.[40] Likewise, a syn rG in r(14,15) seems highly unfavor-
able considering RNA’s preference for an anti glycosidic torsion
angle. In fact, rGs in the syn conformation have rarely been re-
ported with a few notable exceptions in non-parallel G4 struc-
tures[44–46] and are otherwise primarily known from Z-RNA.[47]

This suggests, that it is the propensity for a north-type sugar
pucker rather than glycosidic torsion angle preferences of the
modified nucleosides that critically determines the folding of
ODN(14,15). Accordingly, FaraG substitutions favoring a south-
east sugar pucker seem to disrupt the native fold without pro-
moting V-loop formation. This is in striking contrast to previ-
ously studied quadruplexes, where FrG and FaraG analogues
showed similar effects when incorporated at corresponding
positions.[38, 40, 43, 48, 49] Notably, FaraG modifications imparted
higher thermal stabilities to most of the structures and were
more effective in inducing rearrangements to a new topology
or in the selection of a particular G4 conformation. Conse-
quently, observed substitution effects and conformational de-
tails of the ODN(14,15) quadruplex indicate that mostly north
pseudorotamers are compatible with its 0-nt V-loop geometry,
which is likely restricted to a narrow conformational range of
backbone torsion angles.

Perusal of all G4s with V-shaped loops that have been re-
ported to date reveals a pronounced prevalence of north-east
pseudorotamers within the V-loop linked segment for the
monomolecular quadruplexes (Figure 7 A–D, G). The HPV52 G4
features a pseudorotation angle for the syn residue preceding
the V-shaped loop of about 3208, being outside the typical
north pseudorotational range and even more remote from a
C2’-endo pucker usually favored by the G nucleotide (Fig-
ure 7 C).[22] However, the conformation of this residue in HPV52
and ODN(14,15) is very similar as demonstrated by the H3’
proton which is unusually downfield shifted in both cases due
to its close proximity to the guanine aromatic ring. North
sugars are also present in a bimolecular V-loop structure

Figure 6. Imino proton spectral region of F(14,15), r(14,15), and FA(14,15) at
35 8C (10 mm KPi buffer, pH 7).
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formed by an LNA modified sequence, where the transition
from the native antiparallel to a V-loop scaffold is driven by a
locked LNAG modification fixing the V-loop at its 3’-end (Fig-
ure 7 E, F).[50] Because LNAG is strictly locked in a C3’-endo confor-
mation it again corroborates a favorable conformational match
of a north-type sugar pucker with the V-loop architecture.
Whereas in the latter case a single modification at the V-loop
3’-end suffices for a corresponding refolding, this does not
apply for the single FrG modification in ODN at position 15,[40]

also pointing to a significant role of a north-type pucker for
the V-loop preceding residue at position 14 in ODN(14,15). In
fact, additional 2D NOE spectra acquired on a 14-FrG mono-
substituted ODN sequence F(14) showed a number of cross-
peaks almost perfectly superimposable with some strong NOE
contacts observed for F(14,15) (Figure S19). This suggests its
partial folding into a V-loop architecture even in the absence
of a second G analogue at the V-loop 3’-flanking position.
However, weak signals indicate folding to only occur to a small
extent and emphasize the impact and possibly synergistic
effect of both consecutive G surrogates in V-loop formation.

Notable exceptions to the north-east sugar conformation
typically associated with V-shaped loops relate to (i) a mono-
molecular quadruplex formed by a G-rich HIV-1 long terminal
repeat sequence, exhibiting a south sugar for the V-loop 5’-

flanking syn guanosine (Figure 7 G)[23] and to (ii) two bimolecu-
lar G4s with experimentally determined south sugars at both
flanking residues (Figure 7 H,I).[19, 24] Remarkably, the former G4
exhibits a different type of V-loop conformation with a turn of
the sugar phosphate backbone occurring between its two V-
loop linked residues rather than within the following G-tract.
As a consequence, the syn glycosidic torsion angle at the 3’-
flanking guanosine follows standard rules that link syn/anti
patterns to G-tract directionalities (Figure S18 B and C). In case
of the bimolecular G4s, C2’-endo sugar puckers for the two
consecutive Gs in the linked segment can be rationalized by a
potentially less constrained V-loop. Also, glycosidic torsion
angles for the V-loop 3’-anchoring residue in both G4s are
found in the far high-anti region, likely causing a slightly differ-
ent backbone conformation.

Typical (north,syn) conformers as observed for the V-loop 5’-
flanking G residue in most structures seem to violate general
beliefs on nucleotide conformational preferences. In fact, suc-
cessfully shifting equilibria between coexisting G4 topologies
by introducing various G analogues is mostly based on a
strong correlation between sugar pucker and glycosidic torsion
angle. Thus, C3’-endo puckering is often associated with an
anti glycosidic conformation, attributable to unfavorable steric
interactions of a syn nucleobase in a pseudoaxial position. In

Figure 7. Sugar pucker analysis of V-loop flanking residues in F(14,15) and in published high-resolution G4 structures. Quadruplexes are shown in a schematic
representation with anti and syn G-core residues represented by grey and red rectangles. These include (A) F(14,15), (B) CHL1,[11] (C) HPV52,[22] (D) a monomo-
lecular G4 formed by a sequence derived from the VEGFR-2 promoter,[15] (E,F) an LNA modified bimolecular G4,[50] (G) a monomolecular G4 formed by a G-rich
HIV-1 long terminal repeat sequence,[23] (H) a bimolecular G4 formed by d[G3T4G4]2,[19] (I) an asymmetric bimolecular G4 composed of one short and one long
G-rich strand.[24] V-loop flanking residues are labeled with residue numbers. The pseudorotation angle found for the residues preceding (blue) and following
the V-loop (green) is plotted for individual low energy structures. PDB accession codes and sequences are indicated.
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contrast, quantum-mechanical calculations have determined
similar energies for (north,syn) and (south,syn) conformers of
free deoxyribonucleosides, suggesting that conformational
propensities and even corresponding correlations may critically
depend on the particular structural context.[51] Notably, FrG and
rG analogues incorporated into a DNA G-quadruplex have pre-
viously been found to enforce a structural rearrangement by
adopting an anti glycosidic torsion angle, yet with a C2’-endo
rather than a favored C3’-endo sugar pucker.[37–40] Here,
ODN(14,15) exemplifies the reverse situation: Selection for the
most favorable north-type sugar pucker apparently outweighs
energetic penalties expected for an associated syn conforma-
tion at the V-loop 5’-flanking residue. In this respect, the very
malleable ODN sequence has proven a powerful tool in study-
ing the impact of 2’-substituted G modifications in different
conformational and topological environments. Depending on
the deliberate selection of substitution sites the introduction
of G surrogates enabled its refolding into different quadruplex-
es including (i) a 5’-tetrad polarity inversion upon conservation
of the global native fold,[36–39] (ii) a combined G-tract and tetrad
flip resulting in an antiparallel G4,[40] and (iii) the here reported
rearrangement to a V-loop structure.

While substitution-induced rearrangements and available V-
loop structures suggest the sugar conformation to play a criti-
cal role in V-loop stabilization, capping structures like base trip-
lets and stable GNA loops have also been recognized as stabi-
lizing elements for individual V-loop forming sequences. Thus,
both CHL1 and HPV52 sharing the same topology with
ODN(14,15) feature a 3’-terminal thymidine involved in a base
triplet with residues of the second lateral loop that stacks onto
the bottom tetrad.[11, 22] Accordingly, the relatively low thermal
stability of the FrG and rG modified ODN(14,15) quadruplexes
may partially be attributed to the lack of such additional inter-
actions. Combining capping structures and favorable GNA
loops with north-affine G-analogues at appropriate positions
may allow the design of sequences adopting very stable V-
loop architectures. This could be of interest for a number of
technological applications, as the V-loop represents a very
unique G4 structural element and may serve as a specific re-
ceptor for various interacting ligands.

Conclusions

The growing number of reported G-quadruplexes featuring a
V-shaped loop attests to their potential significance as impor-
tant structural elements in vivo but also as powerful tools for
technological applications that are based on quadruplex recog-
nition. Disregarding sequence requirements, the V-loop motif
is shown here to be generally supported by two V-loop flank-
ing north-type conformers, allowing for a more rational design
of these structural elements. Remarkably, the sugar pucker
seems to constitute the major contributor for V-loop forma-
tion, overwriting glycosidic preferences of the corresponding
residues. While glycosidic torsion angle propensities of G ana-
logues have frequently been exploited in the past for a direct-
ed modulation of G4 stabilities, the deliberate use of G surro-
gates for their favored sugar pucker has rarely been employed

in the manipulation of G-quadruplex structures. Clearly, simple
rules assist in predicting glycosidic conformations for a particu-
lar G4 topology but sugar conformational properties are often
neglected and more difficult to predict within a given structur-
al context. In addition, propensities of most G analogues for a
particular sugar pucker but also for a glycosidic bond angle
are far from being fixed and may depend on particular topo-
logical features. As a consequence, the evaluation of modifica-
tion effects may be challenging in some cases and may set
limits to the rational design of G4 structures induced by appro-
priate G surrogates. On the other hand, many G analogues like
FrG and rG may adopt a wide range of conformations to finally
stabilize distinct structural motifs, making them an even more
powerful tool for a targeted G-quadruplex design.

Experimental Section

Materials and sample preparation

Unlabeled and isotope-labeled FrG, rG, FaraG, and 5-methyl-dC
modified oligonucleotides were purchased from IBA (Gçttingen,
Germany) or Microsynth (Balgach, Switzerland) and quantified
based on their absorbance at 260 nm after ethanol precipitation.
NMR samples were prepared by dissolving the corresponding oli-
gonucleotide in 10 mm potassium phosphate buffer at pH 7, fol-
lowed by heating to 80 8C and cooling to room temperature. Con-
centrations for unlabeled NMR samples ranged between 0.1 mm

for F(14) and 1 mm for F(14,15) and for 15N or 5-methyl-dC labeled
F(14,15) samples between 0.2 mm and 0.3 mm. For optical mea-
surements, oligonucleotide concentrations of 5 mm were used in a
buffer containing 20 mm potassium phosphate, 100 mm KCl, pH 7.

Optical measurements

Circular dichroism (CD) spectra were acquired with 5 accumula-
tions, a scanning speed of 50 nm min�1 and a bandwidth of 1 nm
at 35 8C on a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan).
All spectra were blank-corrected by subtraction of the buffer spec-
trum. Melting curves were recorded in triplicate on a Cary 100
spectrophotometer equipped with a Peltier temperature control
unit (Varian Deutschland, Darmstadt) with quartz cuvettes of
10 mm path length. The absorbance at 295 nm was measured be-
tween 15 and 90 8C in 0.5 8C intervals with a heating rate of
0.2 8C min�1. The melting point Tm was determined from the mini-
mum of the first derivative of the heating phase.

NMR spectroscopy

All NMR spectra were acquired on a Bruker Avance Neo 600 MHz
spectrometer equipped with an inverse 1H/13C/15N/19F quadruple
resonance cryoprobehead and z-field gradients. For spectral proc-
essing and analysis, Topspin 4.0.4 and CcpNmr Analysis 2.4 were
employed.[52] Further experimental details are given in the Support-
ing Information.

Structure refinement

A simulated annealing protocol in Xplor-NIH 2.49 was used to gen-
erate 100 starting structures of the DNA sequence.[53] The RED soft-
ware was used to calculate the partial atomic charges for the
modified FrG residues for subsequent calculations with
Amber16.[54, 55] A restrained simulated annealing was performed in
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implicit water using the parmbsc0 force field including the cOL4,
ezOL1, and bOL1 corrections.[56–59] Twenty lowest-energy structures
were selected, equilibrated for 1 ns with explicit solvent, and short-
ly minimized in vacuum. Atomic coordinates of an ensemble of ten
final structures with the lowest energy have been deposited in the
Protein Data Bank (accession code 6RS3). Details of the calculation
process can be found in the Supporting Information. Structural pa-
rameters were determined with the 3DNA software package.[60]

Accession codes

Atomic coordinates of the F(14,15) G-quadruplex have been depos-
ited in the Protein Data Bank (accession code 6RS3).
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Supporting Information 

NMR experiments 

Spectra were acquired at temperatures between 25 and 40 °C with 1H chemical shifts referenced 

relative to H2O. A low-salt 10 mM KPi buffer was used for a better signal-to-noise ratio despite low 

melting temperatures of F(14,15) and R(14,15) (see Table S1). Although unfolded species 

significantly contributed to spectra acquired in low-salt buffer at higher temperatures (> 30 °C), the 

signal-to-noise ratio was superior when compared to spectra acquired in a high-salt buffer containing 

120 mM K+ (see Figure S18). 15N editing HMQC experiments separately optimized for guanine H1 

and H8 detection were acquired with 4K scans on 0.2 mM samples (5-10% 15N enrichment). For H1, 

selective excitation through a low-power π/2 shaped pulse with a bandwidth of 1 kHz in the center of 

the imino region was followed by the standard HMQC sequence with 15N decoupling during 

acquisition. For H8, a pulse sequence containing 15N π shaped pulses for a selective refocusing of 

scalar coupling to N9 and a 15N π/2 purge pulse was used as a 1D version of the originally published 

2D experiment.[1] This pulse sequence was not further optimized for the detection of adenosine H2 

resonances because of similar offsets for N1 and N3 always leading to considerable signal loss 

through multiple quantum terms. 

A WATERGATE with w5 element was employed for solvent suppression in 1D spectra and 2D NOE 

experiments. NOESY spectra were recorded with mixing times of 80 to 300 ms in either 90% 

H2O/10% D2O or 100% D2O. DQF-COSY spectra were acquired in D2O with a 3-9-19 binomial 

sequence used for solvent suppression. Phase-sensitive 1H-13C HSQC experiments optimized for a 
1J(C,H) of 170 Hz were acquired with a 3-9-19 solvent suppression scheme in 90% H2O/10% D2O 

employing a spectral width of 4.5 kHz in the indirect 13C dimension and 256 t1 increments. 13C 

chemical shifts were referenced relative to DSS by using the indirect referencing method. 

19F spectra were acquired with a spectral width of 5.5 kHz and 8K data points with and without 

broadband 1H decoupling using the waltz16 sequence. Selective 1H decoupling was achieved through 

continuous wave irradiation at the corresponding offset with power levels of 40 dB. 2D 19F-1H 

HOESY spectra with mixing times of 200 and 350 ms were acquired with a spectral width of 5.9 kHz 

in the indirect 1H dimension and 600 t1 increments. 19F chemical shifts were referenced relative to TFA 

using the indirect referencing method (factor 0.940867).[2] 

NMR structure calculations 

2D NOE crosspeaks were classified as strong (2.9 ± 1.1 Å), medium (4.0 ± 1.5 Å), weak (5.5 ± 1.5 Å), 

or very weak (6.0 ± 1.5 Å). For exchangeable protons, categories were set to medium (4.0 ± 1.2 Å), 

weak (5.0 ± 1.2 Å), or very weak (6.0 ± 1.2 Å). In case of strongly overlapped signals, distances were 

set to 5.0 ± 2.0 Å. Glycosidic torsion angles were restrained to 170-310° for anti conformers. 

Glycosidic torsions for syn conformers were restrained to 25-95° except for FrG14 for which the range 

was extended up to 110° for more conformational flexibility. The pseudorotation phase angle was 

restricted to 144-180° for experimentally determined south-type conformers (applies to most DNA 
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residues based on DQF-COSY spectra) and 35-90° for FrG15. For a simulated annealing of the 100 

starting structures, a 5 ps equilibration period at 300 K was followed by heating to 1000 K during 10 

ps. After 30 ps, the system was cooled to 100 K and finally to 0 K within 45 ps and 10 ps, 

respectively. Force constants for NMR-derived distance restraints were set to 40 kcal∙mol-1∙Å-2, for 

hydrogen bond restraints to 50 kcal∙mol-1∙Å-2, for glycosidic torsion angle and sugar pucker restraints 

to 200 kcal∙mol-1∙rad-2, and for planarity restraints of G-tetrads to 30 kcal∙mol-1∙Å-2. For a refinement in 

water, the quadruplexes were neutralized with K+ ions and two of the cations placed in the center 

between the eight O6 atoms of two adjacent tetrads. The system was hydrated with TIP3P water 

molecules in a truncated octahedral box of 10 Å.[3] During initial equilibration, the DNA was fixed 

with 25 kcal∙mol-1∙Å-2. After 500 steps of steepest descent and conjugate gradient minimization, the 

system was heated from 100 to 300 K during 10 ps under constant volume, followed by a decrease in 

force constants to 5, 4, 3, 2, 1, and 0.5 kcal∙mol-1∙Å-2 and further equilibration. The final simulation of 

1 ns duration at 1 atm was performed with restraints only for NMR-derived distances and Hoogsteen 

hydrogen bonds. The trajectories were subsequently averaged over the last 100 ps and shortly 

minimized in vacuum with 500 steps of steepest descent, followed by 500 steps of conjugate gradient 

minimization. 
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Figure S1. 1H-13C HMBC spectrum of F(14,15) (1 mM) acquired at 25 °C in 10 mM KPi, pH 7, 
correlating guanine H1 and H8 protons to 13C5. 
 

 

 

 

Figure S2. Portions of a 2D NOE spectrum of F(14,15) (1 mM) acquired at 25 °C in 10 mM KPi, pH 
7. Sequential contacts are traced in different colors for the four G-tracts in the aromatic-H2’ (top) and 
the aromatic-H1’ region (bottom). Dashed lines indicate sequential contacts extending into loop 
regions. 
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Figure S3. 1H-13C HSQC spectra (H6/8-C6/8 region) of F(14,15) (1 mM) acquired in 10 mM KPi 
buffer, pH 7, at 25 °C (top) and 40 °C (bottom). Correlations from syn guanosines and from unfolded 
species are framed by rectangles and ellipses, respectively. Note that FrG14 is only observed at 40 °C, 
justifying acquisition of spectra for topology and structure determination at elevated temperatures in 
spite of partial unfolding (see Table S1). 
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Figure S4. Regions of a 2D NOE spectrum of F(14,15) (1 mM) acquired at 40 °C in 10 mM KPi, pH 
7. Sequential contacts are traced in different colors for the four G-tracts in the aromatic-H2’ (top) and 
the aromatic-H1’ region (bottom). The middle panel shows the weak H8-H2’ contact of FrG14 in line 
with its syn conformation and the unusual contact of G16 H8 to FrG14 H2’. Dashed lines indicate 
sequential contacts extending into loop regions. 
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Figure S5. 1H-13C HMBC spectrum of F(14,15) (1 mM) acquired at 40 °C in 10 mM KPi, pH 7, 
correlating guanine H1 and H8 protons to 13C5. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure S6. Comparison of the imino proton spectral region of F(14,15) (1 mM) acquired at 40 °C in a 
low-salt (10 mM KPi, pH 7) and a high-salt buffer (20 mM KPi, 100 mM KCl, pH 7). Note how the 
signal to noise ratio in low-salt buffer is superior in spite of partial quadruplex unfolding as already 
observed under these conditions. 
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Figure S7. 2D 19F-1H HOESY spectrum (mixing time 350 ms) of F(14,15) (1 mM) acquired at 40 °C 
in 10 mM KPi, pH 7. F2’ resonances of FrG14 and FrG15 are identified by correlations to sugar 
protons. In contrast to syn FrG14, anti FrG15 additionally exhibits an intranucleotide F2’-H8 
correlation. 
 
 
 
 

 

Figure S8. 19F spectra of F(14,15) (1 mM) acquired at 40 °C in 10 mM KPi, pH 7, without 1H 
decoupling (top spectrum), with selective decoupling of H1’ and H3’ resonances (two middle spectra) 
and with broadband 1H decoupling (bottom spectrum). 3JF2’H1’ and 3JF2’H3’ of FrG15 are determined 
from the doublet of doublet under selective decoupling of the H3’ and H1’ resonance, respectively. 
Note that 2JF2’H2’ of FrG15 extracted under selective H1’ decoupling is too small due to additional 
partial H2’ decoupling (difference of H1’ and H2’ chemical shifts only amounts to 0.2 ppm). For 
FrG14, only 2JF2’H2’ can be determined because H1’ and H3’ are almost isochronous. 
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Figure S9. Assignment of F(14,15) cytidine resonances through individual 5-methyl-dC labeling at 
position 10 and 12. H6-C6 region of 1H-13C HSQC spectra (top) and H5-H6 region of DQF-COSY 
spectra (bottom) for unlabeled and labeled F(14,15) in 10 mM KPi at 25 °C, pH 7. H6-C6 HSQC 
correlations for labeled positions disappear from the typical spectral region due to significant upfield 
shifts as a consequence of the C5 methyl substituent; H6-H5 correlations are lost in DQF-COSY 
spectra for 5-methyl-dC. Note that a less populated conformer within the long lateral loop gives rise to 
an additional C10 DQF-COSY crosspeak. Positions of lost and slightly shifted signals for labeled 
samples are indicated by ellipses and arrows, respectively. 
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Figure S10. Assignment of F(14,15) adenosine resonances through individual 15N-dA labeling at 
position 11 and 13. (A) One-dimensional 1H-15N HMBC spectra acquired at 25 °C and 40 °C with 
typical concentrations of 0.2 mM in 10 mM KPi buffer, pH 7. In addition to an H8 signal arising from 
unfolded species, H8 and H2 resonances are clearly observable for A13 at 40 °C; resonance 
assignments for A11 are ambiguous due to possible overlap with signals from unfolded species at 40 
°C whereas no signals are observed at 25 °C. (B) Regions of a 1H-13C HSQC spectrum acquired at 40 
°C in 10 mM KPi, pH 7, showing H8-C8 (top) and H2-C2 (bottom) correlations of F(14,15) (1 mM). 
Clusters of signals primarily from unfolded species are framed by ellipses. Note, that the 1H chemical 
shift scale in 2 also applies to the 1D spectra in (A). 
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Figure S11. CD spectra of 14,15-modified ODN. Spectra were recorded at 20 °C in 20 mM KPi buffer 
containing 100 mM KCl, pH 7. All three modifications exhibit one negative band around 240 nm 
along with two positive contributions of varied amplitudes at 260 nm and 290 nm, typical of a hybrid-
type quadruplex with both homopolar and heteropolar stacking interactions. 

 

 

 

 

 

 

 

 

 

Figure S12. 1H decoupled 19F spectrum of FA(14,15) (0.3 mM) acquired at 25 °C in 10 mM KPi, pH 
7. The presence of at least six distinct resonances suggests three or more coexisting species. 
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Figure S13. Superimposed H6/8-C6/8 regions from 1H-13C HSQC spectra of r(14,15) (0.5 mM, red) 
and F(14,15) (1 mM, black) at 40 °C in 10 mM KPi buffer, pH 7. Syn guanosines including 
FrG14/rG14 and signals arising from unfolded species are framed by rectangles and ellipses, 
respectively. The poorer spectral quality for r(14,15) can be attributed to its lower concentration and 
higher degree of unfolding due to a lower thermal stability (Table S1). Nevertheless, the majority of 
signals exhibit an almost perfect overlap with slight shifts experienced by resonances in the modified 
positions 14 and 15 (indicated by arrows). 
 

 

Figure S14. Portions of a 2D NOE spectrum of r(14,15) (0.5 mM) acquired at 35 °C in 10 mM KPi, 
pH 7: Sequential contacts are traced in different colors for the four G-tracts in the aromatic-H2’ (top) 
and the aromatic-H1’ region (bottom). Dashed lines indicate sequential contacts extending into loop 
regions. 
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Figure S15. Regions of a 2D NOE spectrum of r(14,15) (0.5 mM) acquired at 30 °C in 10 mM KPi, 
pH 7. Inter-tetrad H1(1)-H1(2) contacts indicative of relative tetrad polarities (framed in purple) and 
intra-tetrad H8(1)-H1(2) contacts reflecting the hydrogen bond directionality within tetrads (framed 
in orange) are labeled together with additional H8-H1 NOE contacts between tetrads (framed in green) 
and from outer tetrad imino resonances to aromatic protons of residues in the two lateral loops (framed 
in blue), notably A4, T5, A13, and C12. Adenosine H2 resonances are labeled in italic. 
 
 
 
 

 

Figure S16. Portions of a 2D NOE spectrum (black) superimposed onto a DQF-COSY spectrum 
recorded in D2O (colored) of r(14,15) (0.5 mM). Spectra were acquired at 35 °C in 10 mM KPi, pH 7, 
and show correlations within the furanose ring. The absence of H2’(1)-H1’(2) correlations in the 
DQF-COSY spectrum in striking contrast to clearly observable H2’-H1’ NOE contacts (labeled in 
purple and green in the middle and bottom panel, respectively) point to a north-type sugar for both 
rG14 and rG15. The strong H4’(1)-H1’(2) NOE contact for rG15 (top panel) implies a north/north-
east pucker. The unusually downfield shifted H3’ resonance of rG14 is identified by DQF-COSY 
crosspeaks with H2’ (middle panel) and H4’ (top panel). 
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Figure S17. Regions of a 2D NOE spectrum of r(14,15) (0.5 mM) acquired at 35 °C in 10 mM KPi, 
pH 7, showing intra- and internucleotide contacts of V-loop flanking residues rG14 (in green) and 
rG15 (in purple) as well as of G16 (in black). Note the unusual H8i-H1’i+1 (rG15 H8 - G16 H1’) and 
H8i-H2’i-2 (G16 H8 - rG14 H2’) NOE crosspeak. 
 

 

Figure S18. Schematic representation of a propeller loop (A) and two distinct types of V-loop (B and 
C). The 5’-3’ strand direction at individual Gs is indicated by arrowheads with anti and syn Gs 
represented by white and grey rectangles, respectively. In contrast to the propeller loop connecting 
parallel strands, a V-loop links two antiparallel G-tracts. It generally starts at the bottom of an 
interrupted G-tract with the 5’-terminal G mostly located in the central tetrad. Of note, the orientation 
of the V-loop 5’-flanking G is upward in contrast a G preceding a propeller loop. The V-loops 
depicted in (B) and (C) differ in the 5’-3’ orientation of the V-loop 3’-flanking G. It is turned upward 
(B) or downward (C) associated with an anti or syn glycosidic torsion angle and a strand polarity 
inversion after or within the V-loop, respectively. 
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Figure S19. (A) One-dimensional 1H spectrum of F(14) and (B) 2D NOE spectra of F(14) (red) and 
F(14,15) (black) acquired at 35 °C in 10 mM KPi buffer, pH 7. The presence of only very weak imino 
signals in the 10-12 ppm region as shown in (A) indicates only partial quadruplex formation. (B) A 
superposition of 2D NOE spectra for F(14) and F(14,15) in the H2’/H2’’(1)-H8/H6(2) (top) and 
H1’(1)-H8/H6(2) region reveals almost perfect overlap between most of the few F(14) characteristic 
crosspeaks and high-intensity NOE contacts of F(14,15). Signals arising from unfolded species are 
framed by ellipses. 
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Figure S20. Representative UV-melting curves (heating phase) of F(14,15), r(14,15), and FA(14,15) 
(5 M) in 10 mM KPi, pH 7 (top) and 20 mM KPi, 100 mM KCl, pH 7 (bottom). The absorbance at 
295 nm is plotted as a function of temperature. 
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Table S1. UV melting temperatures (Tm)a of 14,15-disubstituted ODN sequences in low-salt and high-
salt potassium buffer, pH 7. 

Tm / °C 10 mM KPi 20 mM KPi, 100 mM KCl 

F(14,15) 45.1 ± 0.5 61.1 ± 0.3 

r(14,15) 41.0 ± 0.7 59.1 ± 0.6 

FA(14,15) 40.0 ± 1.4 54.9 ± 0.5 

a measured in triplicate 
 

Table S2. Experimentally determined 3JHF scalar couplings of FrG14 and FrG15 in F(14,15) at 40 °C.a 

 
FrG14 FrG15 

2J(F2‘,H2‘) 52.1 Hzb / 52.8 Hzc 50.8 Hzb / 51.0 Hzc 
3J(F2‘,H1‘) 24.0 Hzc 27.8 Hzb / 28.2 Hzc 
3J(F2‘,H3‘) 27.0 Hzc 26.5 Hzb / 27.0 Hzc 

a uncertainty  1 Hz 
b from 19F spectra with selective 1H decoupling 
c from 1H-1H 2D NOE and DQF-COSY crosspeaks 
 

Table S3. NMR restraints and structural statistics for the structure calculations of F(14,15). 

NOE distance restraints 

intraresidual 80 

sequential 67 

long range 45 

other restraints 

hydrogen bonds 48 

torsion angles 39 

structural statistics 

pairwise heavy atom RMSD / Å 

G-core 0.84 ± 0.15 

all residues 2.96 ± 0.71 

violations / Å 

maximum NOE violation 0.25 

mean NOE violation 0.005 ± 0.002 

deviations from idealized geometry 

bonds / Å 0.01 ± 0.00 

angles / degree 2.40 ± 0.03 
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Table S4. 1H, 13C, and 19F chemical shifts of F(14,15) at 40 °C in 10 mM KPi, pH 7.a 

 
H6/H8 C6/C8 C5 H1' H2’/H2“ H3' H4' H1 

H5/H2/Me/
F2' 

G1 7.24 140.9 119.8 5.79 2.51/2.65 4.90 n.d. 11.77 - 

G2 7.51 137.4 116.8 5.87 2.42/2.57 4.99 n.d. 11.68 - 

G3 7.93 139.5 118.5 5.87 2.51/2.57b 4.83 n.d. n.d. - 

A4 7.99 141.8 n.d. 6.03 2.37/2.41 4.75 n.d. - 7.82 

T5 7.25 139.2 n.d. 5.86 1.90/2.31 n.d. n.d. n.d. 1.53 

G6 7.30 142.1 119.1 5.97 3.43/2.89 4.86 n.d. 11.62 - 

G7 8.02 138.5 116.7 5.94 2.61/2.83 5.04 n.d. 11.77 - 

G8 7.44 137.6 117.3 5.97 2.06/2.47 4.90 n.d. 11.33 - 

A9 8.16 n.d. n.d. 6.19 2.47/2.72b 4.97 n.d. - n.d. 

C10 7.67 143.8 n.d. 6.08 1.87/2.24 4.89 n.d. - 5.99 

A11 n.d. n.d. n.d. n.d. n.d. n.d. n.d. - n.d. 

C12 7.43 143.7 n.d. 5.73 1.87/2.14 4.53 n.d. - 5.67 

A13 7.89 141.6 n.d. 5.85 2.17/2.41b 4.81 n.d. - 7.56 
FrG14 7.25 140.3 118.5 6.05 5.38 6.09 4.38 10.84 -117.67 
FrG15 7.35 136.4 117.7 6.04 5.85 4.82 4.38 11.35 -117.44 

G16 7.68 138.5 117.0 6.07 2.92/2.50 4.78 n.d. 11.64 - 

G17 7.83 138.2 117.3 6.36 2.62/2.62 5.04 n.d. 11.11 - 

A18 8.53 143.1 n.d. 6.54 3.04/2.88 5.01 n.d. - 8.31 

C19 7.93 145.1 n.d. 6.38 2.46/2.65b 4.93 n.d. - 6.07 

G20 7.35 142.0 119.9 5.99 3.06/3.02 4.98 n.d. 11.83 - 

G21 8.15 138.9 116.9 6.05 2.80/2.85 5.10 n.d. 11.63 - 

G22 7.78 138.0 117.4 6.43 2.61/2.53 4.73 n.d. 11.41 - 

a nd: not determined 
b no stereospecific assignments 
 

  



18 
 

Table S5. 1H and 13C chemical shifts of r(14,15) at 35 °C in 10 mM KPi, pH 7.a 

res H8/H6 C8/C6 H1' H2’/H2’’b H3' H4' H1 H5/H2/Me 

G1 7.24 140.9 5.80 2.49/2.64 4.90 n.d. 11.76 - 

G2 7.51 137.4 5.86 2.43/2.58 4.99 n.d. 11.68 - 

G3 7.93 139.5 5.84 2.50/2.58 4.83 n.d. n.d. - 

A4 7.99 141.8 6.03 2.38/2.38 4.75 n.d. - 7.80 

T5 7.24 139.1 5.86 1.90/2.31 n.d. n.d. n.d. 1.53 

G6 7.29 142.1 5.97 2.89/3.42 4.48 n.d. 11.61 - 

G7 8.04 138.5 5.95 2.62/2.84 5.04 n.d. 11.83 - 

G8 7.41 137.6 5.97 2.01/2.46 4.90 n.d. 11.37 - 

A9 n.d. n.d. n.d. n.d./n.d. n.d. n.d. - n.d. 

C10 7.65 143.8 n.d. n.d./n.d. n.d. n.d. - 5.98 

A11 n.d. n.d. n.d. n.d./n.d. n.d. n.d. - n.d. 

C12 7.42 143.7 5.77 1.94/2.14 n.d. n.d. - 5.64 

A13 7.89 141.6 5.85 2.09/2.43 n.d. n.d. - 7.62 

rG14 7.15 140.4 5.73 4.61/ - 5.84 4.29 10.83 - 

rG15 7.41 136.8 5.77 5.10/ - 4.77 4.35 11.37 - 

G16 7.64 138.5 6.06 2.46/2.97 4.78 n.d. 11.64 - 

G17 7.83 138.2 6.34 2.60/2.60 5.03 n.d. 11.10 - 

A18 8.55 143.1 6.54 2.89/3.04 4.82 n.d. - 8.32 

C19 7.95 145.2 6.39 2.48/2.65 n.d. n.d. - 6.09 

G20 7.35 142.0 5.99 3.03/3.03 4.90 n.d. 11.81 - 

G21 8.14 138.9 6.04 2.80/2.84 5.10 n.d. 11.64 - 

G22 7.77 138.0 6.43 2.54/2.61 4.72 n.d. 11.38 - 

a nd: not determined 
b no stereospecific assignments 
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Switching the type of V-loop in sugar-modified
G-quadruplexes through altered fluorine
interactions†

Linn Haase and Klaus Weisz *

Mixed 20-F-riboguanosine and 20-F-arabinoguanosine disubstitu-

tions of a hybrid-type G-quadruplex are found to induce a refolding

into two alternative structures with different types of V-loops upon

positional exchange of the two G analogs. While conformational

preferences of the incorporated G surrogates fail to fully account

for the observed rearrangements, additional hydrogen bonds with a

fluorine acceptor are suggested to be critical determinants of the

two distinct V-loop conformers imposing different tetrad polarities.

G-quadruplexes (G4s) are widely recognized to participate in

a variety of regulatory processes within the cell.1 These tetra-

stranded nucleic acid structures characterized by the square-

planar arrangement of guanine bases display a wide topological

landscape,2 making them promising tools for nanotechno-

logical applications.3 A common strategy in G4 design is the

incorporation of G analogs with particular glycosidic torsion

angle preferences to stabilize topologies or to induce structural

changes.4 Thus, the anti-preference of fluorinated G surrogates

such as 20-F-arabinoguanosine (FaraG) and 20-F-riboguanosine

(FrG) is frequently exploited to induce syn–anti transitions.

However, with the growing availability of high-resolution struc-

tures for modified quadruplexes it becomes apparent that there

is a subtle concurrence of various substitution-mediated steric,

electronic, and hydrogen bond interactions that may drive folding

into a particular and often unpredictable G4 topology.5,6 Being of

biological significance, this also applies to the 20-OH substituent

in ribose sugars which has some similarities to fluorine in terms

of its (stereo)electronic impact and its capability of being engaged

as a hydrogen bond acceptor. A more limited topological space

accessible by RNA when compared to DNA G-quadruplexes can be

attributed to the 20-hydroxyl group, yet relevant forces acting

during G4 folding are hardly understood in all its facets.7,8

As recently shown for V-loops, the C20-modification has a

significant impact on the sugar conformation, which may play a

key role for the stabilization of a particular structural element.9

Thus, a (3+1) hybrid-type quadruplex termed ODN10 (Fig. 1B)

was modified with FrG in the two syn positions of its third

G-tract causing a refolding into the topology depicted in

Fig. 1C. In this F(14,15) structure, the V-shaped loop connecting

the two modified positions 14 and 15 was found to rely on sugar

puckers in the north domain, as favored by the incorporated
FrG residues (Fig. 1A). In fact, north-favoring riboguanosine

residues were also able to stabilize the V-loop structure in

Fig. 1 20-F-arabinoguanosine and 20-F-riboguanosine in their favored

sugar conformation (A). Sequence and hybrid topology of ODN (B),

conventional V-loop topology adopted by F(14,15) and A14F15 (C), alter-

native V-loop topology adopted by F14A15 (D). Modification sites are

highlighted in white, anti and syn residues are represented by grey and

red rectangles, respectively. The tetrad polarity is indicated by arrows.

Institut für Biochemie, Universität Greifswald, Felix-Hausdorff-Str. 4, D-17489

Greifswald, Germany. E-mail: weisz@uni-greifswald.de; Tel: +49 3834 420 4426

† Electronic supplementary information (ESI) available: Experimental section, details

on structure calculation and resonance assignment, 2D NMR spectra, CD spectra,

UV thermal melting data, additional figures. See DOI: 10.1039/d0cc01285h

Received 18th February 2020,

Accepted 15th March 2020

DOI: 10.1039/d0cc01285h

rsc.li/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

t G
re

if
sw

al
d 

on
 5

/2
7/

20
20

 8
:1

2:
18

 A
M

. 

View Article Online
View Journal  | View Issue



4540 | Chem. Commun., 2020, 56, 4539--4542 This journal is©The Royal Society of Chemistry 2020

contrast to FaraGs with their preference for south/south–east

sugar conformations (Fig. 1A). In addition, north-puckered

V-loop flanking residues were also identified as a recurring

motif in the increasing number of reported quadruplex structures

with V-loops.11–17

To get more insight into the intricate forces acting within

a sugar-substituted G-quadruplex structure, we here explore

position dependent conformational details for combined
FaraG/FrG modifications in position 14 and 15 of the ODN

quadruplex. While the importance of the north sugar for the

conventional V-loop is confirmed, we also uncover an alter-

native type of V-loop relying on south sugars. In both structures,

a novel fluorine-amino interaction seems to have a stabilizing

effect, likely compensating for conformational penalties of the G

analogs.

Both sequences A14F15 (FaraG in position 14, FrG in position 15)

and F14A15 (FrG in position 14, FaraG in position 15) fold into one

major quadruplex structure as shown by the presence of twelve well-

resolved imino signals between 10.7 ppm and 12.1 ppm in the 1D
1H NMR spectrum at 25 1C (Fig. 2). For A14F15, the pronounced

similarity to the imino spectral pattern of F(14,15) at 40 1C with a

well defined FrG14 H1 resonance suggests that these two modified

sequences adopt the same quadruplex fold. Indeed, 2D NOE and
1H–13C HSQC spectra (Fig. S1–S3, ESI†) as well as a comparison of
13C6/C8 chemical shifts (Fig. S4, ESI†) confirm the conventional

V-loop topology for A14F15.

On the other hand, F14A15 displays a quite distinct imino

spectral pattern and only three Gs are identified as syn residues

by their strong H8–H10 contacts and downfield shifted 13C8

resonances (Fig. S7 and S8, ESI†). Sequential contacts can be

traced along three all-anti G-tracts, which are easily assigned to

G6–G7–G8, FaraG15–G16–G17, and G20–G21–G22 with the help

of NOE contacts to loops as well as the characteristic splitting of

the H20-resonance of FaraG15 (Fig. S7, ESI†). The assignment

was completed through H1–H1 and H1–H8 NOE contacts

(Fig. S9, ESI†) resulting in the topology depicted in Fig. 1D.

In essence, F14A15 adopts the same global fold as A14F15, but

with a flipped top tetrad as suggested by the changed signature

in circular dichroism (CD) spectra (Fig. S11, ESI†). In addition,

a comparison of 13C6/C8 chemical shifts between F14A15 and

A14F15 clearly shows the polarity inversion by a downfield

shift for G2 and an upfield shift for G6 and G20, indicating

an anti–syn and a syn–anti transition, respectively (Fig. S12,

ESI†). The glycosidic torsion angle in position 15 is anti in both

structures, reflecting the difference in V-loop conformation,

i.e., a strand polarity inversion within the third G-tract in

A14F15 as opposed to within the V-loop in F14A15.

Given the important role attributed to the north-type sugar

pucker for stabilization of the conventional V-loop,9 sugar

conformations in A14F15 and F15A14 were analyzed in more

detail. In A14F15, FrG15 adopts a sugar pucker in the favored

north domain as revealed by a small 3JH20H10 coupling with

cancellation of negative and positive components of corres-

ponding antiphase DQF-COSY correlations (Fig. 3A). Likewise, a

small 3JF20H10 heteronuclear coupling points to a north-type

sugar pucker with almost perpendicular orientation of F20

and H10 substituents in FaraG14. Thus, sugar conformations

in A14F15 match conformers in F(14,15) and especially the

unfavorable (north,syn) combination of FaraG14 confirms the

essential role of the north sugar for such a conventional V-loop.

In contrast, the alternative V-loop conformation in F14A15

seems to rely on south sugar conformers. The FaraG15 residue

adopts the preferred south conformation with both F20 and H10

in an axial position, giving rise to a large 3JF20H10 coupling of

20.4 Hz (Fig. 3C and Table S2, ESI†). For FrG14, an unfavored

south-type sugar pucker with a nearly maximum H10–H20

vicinal scalar coupling but also a larger interatomic H10–H20

distance is clearly indicated by intense H10–H20 DQF-COSY

correlations and the absence of H10–H20 NOE crosspeaks at

short mixing times (Fig. 3C). In fact, a pseudorotation phase

Fig. 2 Imino proton spectral region of A14F15 and F14A15 at 25 1C in

comparison with F(14,15) at 25 1C and 40 1C in 10 mM KPi buffer, pH 7.

Fig. 3 Superimposed portions of NOESY (in black, mixing time 80ms) and

DQF-COSY (colored) spectra showing the H10–H20 contacts for FrG and
FaraG residues in A14F15 (A) and F14A15 (C) and a contact of G16 H8 to
FaraG15 H20 (B). Splittings due to passive 1H–19F scalar couplings are

marked.
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angle PPA of 120–1801 can be estimated from a comparison of

experimental 3JF20H10 and
3JF20H30 couplings with predictions based

on a Karplus-type relationship between vicinal 1H–19F coupling

constants and H–C–C–F torsion angles (Table S2, ESI†).18

In both A14F15 and F14A15, the observed sugar pucker

and the glycosidic torsion angle in position 15 match the

conformational preferences of the incorporated G analogs,

i.e., (north,anti) for FrG15 and (south,anti) for FaraG15. However,

in position 14 both sugar conformation and glycosidic angle

are unfavorable with a (north,syn) and a (south,syn) combination

for FaraG14 and FrG14, respectively. Thus, conformational

preferences of the incorporated G surrogates hardly constitute

the sole driving force for the observed rearrangements to the two

distinct V-loop structures. In search for additional interactions,

the high-resolution structures of A14F15 and F14A15 were

determined by molecular dynamics calculations in explicit water

(Table S3, ESI†). A superposition of ten final structures together

with the structural ensemble of F(14,15) clearly shows the

distinct V-loop type of F14A15 (Fig. 4A). This is not only related

to sugar pucker but also to backbone torsion angle differences in

positions 14 and 15 (Fig. S13, ESI†). Loop residues in F14A15 are

particularly well defined, with A18 apparently interacting with

the central tetrad through hydrogen bonding with G16 and a

C12–A13 base pair stacking onto the bottom tetrad (Fig. S14,

ESI†). The only other major difference is the reversed top tetrad

in F14A15 resulting in changed stacking interactions with the

central tetrad (Fig. 4B).

A closer inspection of the V-loop suggests a non-conventional

F20� � �H8–C8 hydrogen bond between FaraG15 and G16 in F14A15

(Fig. 5A). Experimental evidence comes from a small scalar

coupling of G16 H8 with FaraG15 F20 across the hydrogen bond

as recently observed in other FaraG and FrG modified

G-quadruplexes (Fig. 3B).19,20 In addition, the 20-F substituent

in south-puckered FrG14 is turned upward, approaching F20 of
FaraG15 to result in a remarkably large through-space scalar

coupling of 43 Hz between the two fluorine resonances (Fig. 5B

and Fig. S15, ESI†). Such through-space JFF scalar couplings

have previously also been detected between fluorinated side

chains in a protein and given their strong dependence on the

F–F distance may constitute sensitive markers even for small

conformational changes.21,22 Of note, FrG14 F20 is also posi-

tioned in close proximity to the exocyclic amino group of G1

(Fig. 5C). Similarly, a north pucker of FaraG14 in A14F15

enables a close contact between the 20-F substituent and the

G1 amino proton not involved in the intra-tetrad hydrogen

bond (Fig. 5D). In both structures, geometric parameters of this
FrG14/FaraG14-G1 interaction are compatible with a potential

F20
� � �H–N hydrogen bond (Fig. S16, ESI†).

G1 amino resonances in F14A15 exhibit narrower linewidths

compared to all other aminos within the central tetrad of the

G-quadruplex core (Fig. S17A, ESI†). Given negligible contribu-

tions from exchange processes with water, this can be attributed

to their slow mutual exchange restrained by hydrogen bond

interactions of both amino protons and thus in line with the

formation of an additional F� � �H–N hydrogen bond.23 Because

linewidths of both amino as well as F20 resonances do not allow

direct observation of a small h1JF20H22 coupling across the hydrogen

bond, G1 amino proton lineshapes in F14A15 were also probed

under 19F decoupling conditions (Table S4, ESI†). Whereas the

linewidth of the more deshielded H21 amino proton engaged in a

hydrogen bond within the tetrad remains unaffected, a noticeable

decrease in linewidth of 4–5 Hz for the other H22 amino proton

upon 19F decoupling must result from an unresolved hetero-

nuclear scalar coupling with F20 of FaraG14 and corroborates the

formation of an internucleotide F20
� � �H22–N hydrogen bond.

For the A14F15 quadruplex, faster exchange rates of all amino

protons lead to severely broadened and/or coalesced resonances,

precluding a reliable lineshape analysis for G1 NH2 protons.

However, by lowering the temperature signals sharpen up and

Fig. 4 High-resolution structures. (A) Superposition of the structural

ensembles of A14F15 (blue) and F14A15 (red) with F(14,15) (PDB ID 6RS3,

grey). The view onto the V-loop clearly shows the distinct conformation

for F14A15. (B) View onto the top (colored) and central tetrad (grey) with

heteropolar stacking in A14F15 (top) and homopolar stacking in F14A15

(bottom).

Fig. 5 Interactions of the 20-F-substituent of FrG and FaraG residues in

F14A15 (A)–(C) and A14F15 (D). Relevant interatomic distances and angles

are traced and labeled in representative structures. (A) Sequential

F20
� � �H8–C8 hydrogen bond of F14A15 between FaraG15 and G16.

(B) Short F20–F20 distance in F14A15. (C) F20
� � �H–N hydrogen bond of

F14A15 between FrG14 and G1. (D) F20
� � �H–N hydrogen bond of A14F15

between FaraG14 and G1.
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amino protons of G1 are again found to be most restrained in their

amino group rotation, supporting a corresponding F20� � �H22–N

interaction to be also operative in A14F15 (Fig. S17B, ESI†).

Favorable F20
� � �H–N hydrogen bond interactions seem to

outweigh energetic penalties due to non-matching sugar con-

formations in position 14, enforcing north and south conforma-

tions for FaraG14 and FrG14 in A14F15 and F14A15, respectively.

Such subtle energetic contributions may explain previous observa-

tions that a corresponding sequence with two FaraG modifications

at both positions 14 and 15 adopts neither of the two V-loop

structures.9 Apparently, the F20� � �H–N hydrogen bond cannot

compensate for two unfavorable north-type 20-fluoroarabinose

sugars as required for the conventional V-loop. On the other hand,

an alternative V-loop framed by two south-puckered residues lacks

such an additional stabilization because the 20-F substituent of an
FaraG14 residue in south conformation will be misplaced for

participation in an H-bond with G1. Therefore, although being

of only weak to moderate strength, novel F20� � �H–N hydrogen

bonds may constitute additional critical interactions whose

delicate interplay with specific conformational preferences of

20-modified G analogs likely control folding into different

G-quadruplex structures of similar energy. A deeper insight into

such energetic contributions through specific fluorine interac-

tions is expected to support a more rational design of G4

structural elements but may also contribute to a better under-

standing of the behavior of corresponding 20-hydroxyl substituents

in RNA G-quadruplexes.
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Experimental Section

Materials and sample preparation
FrG and FaraG modified oligonucleotides were purchased from IBA (Göttingen, Germany) and quantified based on their
absorbance at 260 nm after ethanol precipitation. NMR samples were prepared by dialyzing the corresponding oligonu-
cleotide against 10 mm potassium phosphate buffer at pH 7, followed by heating to 90 ◦C for 5 min and subsequent cooling
to room temperature. Concentrations of NMR samples were about 0.4 mm. For optical measurements, oligonucleotide
concentrations of 5 µm were used in a buffer containing 20 mm potassium phosphate, 100 mm KCl, pH 7.

Optical measurements

Circular dichroism (CD) spectra were acquired with 5 accumulations, a scanning speed of 50 nm/min and a bandwidth of
1 nm at 25 ◦C on a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan). All spectra were blank-corrected by subtraction
of the buffer spectrum. Melting curves were recorded in triplicate on a Jasco V-650 spectrophotometer equipped with a
Peltier temperature control unit (Jasco, Tokyo, Japan) with quartz cuvettes of 10 mm path length. The absorbance at
295 nm was measured between 10 and 90 ◦C in 0.5 ◦C intervals with a heating rate of 0.2 ◦C/min. The melting point Tm

was determined from the minimum of the first derivative of the heating phase.

NMR spectroscopy

All NMR spectra were acquired on a Bruker Avance Neo 600 MHz spectrometer equipped with an inverse 1H/13C/15N/19F
quadruple resonance cryoprobehead and z-field gradients. For spectral processing and analysis, Topspin 4.0.4 and CcpNmr
Analysis 2.4 were employed.1 Spectra were acquired at 25 ◦C in 10 mm KPi buffer using the water resonance for 1H
referencing. An optimized WATERGATE2 with w5 element was employed for solvent suppression in 1D spectra and
2D NOE experiments. NOESY spectra were recorded with mixing times of 80–300 ms in either 90 % H2O/10 % D2O or
100 % D2O with or without broadband 19F decoupling using the waltz16 sequence. DQF-COSY spectra were acquired in
D2O with solvent suppression through presaturation. Phase-sensitive 1H-13C HSQC experiments optimized for a 1JCH

of 170 Hz were acquired with a 3-9-19 solvent suppression scheme in 90 % H2O/10 % D2O usually employing a spectral
width of 7.5 kHz in the indirect 13C dimension and 512 t1 increments. 13C chemical shifts were referenced relative to DSS
using the indirect referencing method. 19F spectra were acquired without and with broadband 1H decoupling using the
waltz16 sequence. 2D 19F-1H HOESY spectra with a 350 ms mixing time were acquired with a spectral width of 2.4 kHz
in the indirect 1H dimension and 240 t1 increments. 19F chemical shifts were referenced relative to TFA using the indirect
referencing method (factor 0.940867).3

NMR structure calculations

A simulated annealing protocol in Xplor-NIH 2.49 was used to generate 100 starting structures of the DNA sequence.4 The
RED software was used to calculate the partial atomic charges for the modified FrG and FaraG residues for subsequent
calculations with Amber16.5,6 A restrained simulated annealing was performed in implicit water using the parmbsc0 force
field including the χOL4, εξOL1, and βOL1 corrections.7–10

2D NOE crosspeaks were classified as strong (2.9 ± 1.1 Å), medium (4.0 ± 1.5 Å), weak (5.5 ± 1.5 Å), or very weak
(6.0 ± 1.5 Å). For exchangeable protons, categories were set to medium (4.0 ± 1.2 Å), weak (5.0 ± 1.2 Å), or very
weak (6.0 ± 1.2 Å). In case of strongly overlapped signals, distances were set to 5.0 ± 2.0 Å. Glycosidic torsions were
restrained in the range 170–310◦ or 25–95◦ for anti and syn conformers, respectively. The pseudorotation phase angle
(PPA) was restricted to 144–180◦ for experimentally determined (based on DQF-COSY spectra) south-type conformers
(all DNA residues except for residues A9-A13 in A14F15 and G2, A9, C12, and A13 in F14A15). The G analogs in A14F15
were restrained to a sugar pucker in the north domain with the usual PPA range of 0–90◦ for FaraG14 and a narrower
range of 35–90◦ for FrG15. The latter restraint was based on the estimation of the PPA to 50–70◦ by a comparison
of experimentally determined 3JF2’H1’ and 3JF2’H3’ (Tab. S2) with values predicted using a Karplus-type relationship
between vicinal 1H-19F coupling constants and H-C-C-F torsion angles.11 Using the same relation, the PPA of FrG14 in
F14A15 was restrained in the range 120–180◦, while the usual south-type restraint was used for FaraG15. For F14A15, the
C12-A13 O2· · ·H-N6 hydrogen bond, which was found in the majority of states in the early stage of structure calculation,
was also restrained for subsequent simulated annealing iterations based on the observation of two distinct amino signals
for A13 and NOE crosspeaks of A13 H62 to imino protons of the bottom tetrad (Fig. S9).

For a simulated annealing of the 100 starting structures, a 5 ps equilibration period at 300 K was followed by heating
to 1000 K during 10 ps. After 30 ps, the system was cooled to 100 K and finally to 0 K within 45 ps and 10 ps, respec-
tively. Force constants for NMR-derived distance restraints were set to 40 kcal·mol-1·Å-2, for hydrogen bond restraints
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to 50 kcal·mol-1·Å-2, for glycosidic torsion angle and sugar pucker restraints to 200 kcal·mol-1·rad-2, and for planarity
restraints of G-tetrads to 30 kcal·mol-1·Å-2.

For a refinement in water, ten lowest energy structures were neutralized with K+ ions and two of the cations placed
in the center between the eight O6 atoms of two adjacent tetrads. The system was hydrated with TIP3P water molecules
in a truncated octahedral box of 10 Å.12 During initial equilibration, the DNA was fixed with 25 kcal·mol-1·Å-2. After
500 steps of steepest descent and conjugate gradient minimization, the system was heated from 100 to 300 K during
10 ps under constant volume, followed by a decrease in force constants to 5, 4, 3, 2, 1 and 0.5 kcal·mol-1·Å-2 and further
equilibration. The final simulation of 4 ns duration at 1 atm was performed with restraints only for NMR-derived distances
and Hoogsteen hydrogen bonds. The trajectories were subsequently averaged over the last 500 ps and shortly minimized
in vacuum for 500 steps. Atomic coordinates of an ensemble of ten final structures with the lowest energy have been
deposited in the Protein Data Bank (accession code 6TC8 for A14F15 and 6TCG for F14A15). Structural parameters
were determined with the 3DNA software package.13
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Resonance Assignment

A14F15

Based on identical topologies for A14F15 and the recently reported F(14,15) quadruplex,14 resonance assignment of the
majority of non-exchangeable protons was easily accomplished through uninterrupted sequential NOE contacts within
G-tracts both in the H8-H2’/H2” and H8-H1’ region (Fig. S1). FrG15 and G16 are connected by an unusual reversed
sequential contact between FrG15 H8 and G16 H1’ as in F(14,15) and the corresponding rG modified structural analog.14

G1, G6, and G20 as well as FaraG14 show strong intraresidual H8-H1’ NOE crosspeaks as well as characteristically
downfield shifted 13C8 resonances (Fig. S3) in agreement with their expected syn conformation. Sequential NOE contacts
extending into loop regions allowed for the assignment of the G3-A4-T5 lateral loop (Fig. S1), as well as of the A18-C19
propeller loop (not shown). While A9 and A11 could not be assigned, the assignment of C10, C12, and A13 was possible
based on a comparison with F(14,15) (Fig. S4). The A13 assignment was further confirmed through two NOE contacts
to imino protons of the bottom tetrad (Fig. S2). The twelve well resolved imino proton resonances were unambiguously
assigned through a nearly complete set of intra-tetrad H1-H8 NOE contacts, which are in perfect agreement with the
expected hydrogen bonding pattern (Fig. S2). D2O/H2O exchange confirmed the assignment of central tetrad imino
resonances with reduced intensities for G1, G7, G16, and G21 shortly after addition of H2O (Fig. S5). Finally, H1-H1
contacts between and within G-tracts clearly show the heteropolar and homopolar stacking of top and bottom tetrad onto
the central G-quartet, respectively (Fig. S2). 19F2’ resonances of G analogs were assigned from intraresidual contacts to
sugar and base protons in a 19F-1H HOESY experiment (Fig. S6).

F14A15

For F14A15, the presence of only three syn Gs as identified from the characteristically strong H8-H1’ NOE contacts (Fig.
S7) and from unusually downfield shifted 13C8 resonances (Fig. S8) proves incompatible with the structure of F(14,15)
with its four Gs in the syn conformation. Instead, uninterrupted sequential NOE connectivities can be traced along
three all-anti G-tracts. The G6-G7-G8 tract was easily identified by uninterrupted sequential contacts to the preceding
G3-A4-T5 segment. The assignment of the FaraG15-G16-G17 tract was equally straightforward due to the characteristic
50 Hz splitting of the FaraG15 H2’ resonance. The remaining all-anti tract could only belong to G20-G21-G22, as already
assigned G3 does not exhibit any contact to other G residues, precluding a G1-G2-G3 tract. The only remaining unassigned
guanosine residues, G1, G2, and FrG14 were thus identified as the three syn Gs of the structure.

Partially broken sequential connectivities extend into all loops, confirming the G-tract assignment and enabling the
assignment of all loop residues. Thus, A9 is identified by a complete set of sequential contacts to G8. A18 H8 has a
contact to G17 H1’, and C19 H6 exhibits an NOE crosspeak to A18 H2’. Similarly, both A13 and A11 H8 resonances show
NOE contacts to H2’ resonances of their 5’-neighboring cytidine residues and were later distinguished by NOE contacts
of A13 H8 and H2 to FrG14 H1 (see below).

Imino resonances were assigned based on strong intra-tetrad H1-H8 NOE contacts, assuming the same topology as
F(14,15) but with a reversed top tetrad (Fig. 1D). This assumption was based on the presence of three all-anti G-tracts
together with the three syn Gs. For the latter, participation in an all-syn G-tract as residual column of the G-core is in
agreement with the absence of any sequential connectivities to either of the syn Gs as expected for syn-syn steps. H1
resonances of G20, G21, and G22 were thus easily identified through contacts with H8 of G6, G7, and G8 (Fig. S9).
Likewise, FaraG15, G16, and G17 H1 resonances were assigned through their NOE crosspeaks to G20, G21, and G22
H8. Additional inter-tetrad H8-H1 contacts and H1-H1 contacts within the G-tracts are in full agreement with these
assignments. H8-H1 contacts between the FaraG15-G16-G17 tract and the G2-G1-FrG14 column are incomplete, yet
imino resonances of G1 and G2 can be identified through an additional inter-tetrad H1-H8 crosspeak between G1 and
FaraG15. The imino resonance of FrG14 was then assigned based on complete H1-H1 contacts within this G-tract and
confirmed through contacts to aromatic protons of 5’-neighboring A13.

The identification of imino resonances of the central tetrad through D2O/H2O exchange (Fig. S5) further confirmed
G1, G16, and G21 H1 assignments and supported the assignment of the remaining set of H1-H1 contacts and the still
unassigned non-exchangeable protons of the three syn Gs. The remaining imino resonance of the central tetrad was thus
identified as G7 H1 and its NOE contact to the H8 resonance at 7.18 ppm allowed for the assignment of the latter to
G1. Consequently, the other two syn Gs, G2 and FrG14, were assigned to the H8 resonances at 7.75 ppm and 6.82 ppm,
respectively. The latter is unambiguously traced to FrG14 because of the splitting of its H2’ resonance scalar coupled to
F2’ (Fig. 3C). G6 H1 was subsequently identified through its NOE crosspeak to G2 H8. In spite of a missing H1-H8
contact with FrG14, G8 H1 was assigned through its NOE contact with G7 H1. The assignment of both G8 and G7
imino resonances is confirmed through weak inter-tetrad NOE contacts with H8 resonances of G1 and G2, and additional
support for G1 and G2 assignments comes from sequential contacts between G2 H1 and H2’/H2” of G1. 19F2’ resonances
of G analogs were assigned from intraresidual F2’-H2’ contacts in a 19F-1H HOESY experiment (Fig. S10).
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Supplementary Figures
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Fig. S1 Portions of a 2D NOE spectrum of A14F15 (0.4 mm) acquired at 25 ◦C in 10 mm KPi, pH 7. Sequential contacts
are traced in different colors for the four G-tracts in the aromatic-H2’/H2” (top) and the aromatic-H1’ region (bottom).
Contacts extending into loop regions are traced and labeled in grey. Strong H8-H1’ crosspeaks for syn residues are
highlighted in bold.

S6



10.811.011.211.411.611.812.0

11.0

11.5

12.0

8.0 7.8 7.6 7.4

2/7

8/7

16/20

15/1

14/1

6/21

22/21

17/16

7
1 20

2 2116
6 15 22 8 17

14

14/A13 14/16

17/22

8/A13
15/A4

6/20 6/T5

2/621/7

1/16

7/1

22/8

16/21

20/15

𝛿 / ppm

15 2 6 20 15

16 1 7 21 16

17 14 8 22 17

Fig. S2 Portions of a 2D NOE spectrum of A14F15 (0.4 mm) acquired at 25 ◦C in 10 mm KPi, pH 7, showing
H1(ω1)-H1(ω2) (left) and H1(ω1)-H8(ω2) contacts (right) framed in blue, orange, and green for top, central, and bottom
tetrad, respectively. The resulting hydrogen bond directionality is indicated by arrows. The presence of weak contacts
not visible at the displayed contour level is indicated by dashed squares. Contacts of outer tetrad imino resonances to
loop residues are framed in magenta. Adenosine H2 resonances are labeled in italic.

7.47.67.88.08.28.4

138

140

142

144

1

6
20

T5

A4

21
7

3

17 22

16

2 8

15

14

A13

A18

C19

C10 C12

𝛿 / ppm

Fig. S3 H6/8-C6/8 region from a 1H-13C HSQC spectrum of A14F15 (0.4 mm) acquired at 25 ◦C in 10 mm KPi, pH 7.
Syn guanosines including FaraG14 and signals arising from unfolded or minor species are framed by rectangles and
ellipses, respectively.

S7



-4

-3

-2

-1

0

1

2

3

4

G1 G2 G3 A4 T5 G6 G7 G8 A9
C10 A11

C12 A13 G14 G15 G16 G17 A18 C19 G20 G21 G22

sequence

Δ
𝛿 

/ p
pm

Fig. S4 Residue-wise differences in 13C6/8 chemical shifts (Δδ) between A14F15 at 25 ◦C and F(14,15) at 40 ◦C. The
temperature difference for the two data sets cannot be avoided as spectral quality is considerably reduced for A14F15 at
higher temperatures due to the increasing presence of single strand resonances, whereas FrG14 resonances in F(14,15)
were broadened beyond detection at lower temperatures.14 Crosses indicate residues with unassigned 13C6/8 resonances.
Folding into the same structure is indicated by small Δδ values with changes of more than 0.5 ppm only observed for
position 14 carrying a different type of modification in the two sequences.

10.811.011.211.411.611.812.0

14
2

1786
22

1
21

20
16715

7

1 20
2 2116 6 15 22 8 17

14
A14F15

F14A15

𝛿 / ppm

Fig. S5 D2O/H2O exchange experiments for A14F15 (top) and F14A15 (bottom). Imino proton region of spectra
recorded 10 min (colored) and 30 min (in black) after drying and redissolving a D2O sample in H2O. Imino protons of
the central tetrad (labelled in color) are protected from fast solvent exchange and thus identified by their reduced
intensities shortly after H2O addition.

S8



-124.6-124.4-124.2

4.5

5.0

5.5

6.0

6.5

7.0

-117.2-117.0-116.8 𝛿 / ppm

FrG15 FaraG14

H4'

H2'

H1'

H8

H2'

F2' F2'

Fig. S6 Portions of a 19F-1H HOESY spectrum (mixing time 350 ms) of A14F15 (0.4 mm) acquired at 25 ◦C in 10 mm
KPi, pH 7, showing intraresidual F2’(ω2)-H(ω1) contacts for FrG15 (left) and FaraG14 (right).

S9



2.0

2.5

3.0

𝛿 / ppm

1
6

21

22

6.87.07.27.47.67.88.08.28.48.6

5.5

6.0

6.5

7

2 8

T5

A4

3

15
17

A18

14

2016

A9

A9

A9
6
6

7

8

8

A18
A18 20

7
21
21

22
22

15

16
16

20

A11

C10

C12

C12A13

A13

1

1
2

2

T5

T5
3A4

17
17

C19

3
A4

Fig. S7 Portions of a 2D NOE spectrum of F14A15 (0.4 mm) acquired at 25 ◦C in 10 mm KPi, pH 7. Sequential contacts
are traced in different colors for the four G-tracts in the aromatic-H2’/H2” (top) and the aromatic-H1’ region (bottom).
Contacts extending into loop regions are traced and labeled in grey. Strong H8-H1’ crosspeaks for syn residues are
highlighted in bold.

6.87.07.27.47.67.88.08.28.48.6

138

140

142

144

𝛿 / ppm

14

1

2

T5

C12

C10

C19

A18 A4
A11

A9

A13

6

21

7

20

16

15

17

22

3

8

Fig. S8 H6/8-C6/8 region from a 1H-13C HSQC spectrum of F14A15 (0.4 mm) acquired at 25 ◦C in 10 mm KPi, pH 7.
Regions with signals arising from unfolded or minor species are encircled and syn guanosines including FrG14 are
highlighted in bold.

S10



10.811.011.211.411.611.8

11.0

11.5

8.4 8.2 8.0 7.8 7.6 7.4 7.2 𝛿 / ppm

15/16

7/6 7/8

20/6

16/17

1/2 1/1421/22

G1 H21

A13 H62

G1 H1

G8 H1

G22 H1

20/6
21/6

21/7

22/7 22/8

17/2217/21

16/21
16/20

15/20

14/A1314/A13

8/1

7/17/2

6/2

2/15

1/151/16

17/C12

15 2 6 20 15

16 1 7 21 16

17 14 8 22 17

14
21786221212016715

16/20

Fig. S9 Portions of a 2D NOE spectrum of F14A15 (0.4 mM) acquired at 25 ◦C in 10 mm KPi, pH 7, showing
H1(ω1)-H1(ω2) contacts (left) and imino contacts to aromatic and amino protons (right). Intra-tetrad H1(ω1)-H8(ω2)
contacts (framed in blue, orange, and green for top, central, and bottom tetrad, respectively) determine the hydrogen
bond directionality within tetrads as indicated by arrows. Additional inter-tetrad H1(ω1)-H8(ω2) contacts are labeled
and traced with horizontal and vertical lines. Contacts of outer tetrad imino resonances to aromatic protons of C12 and
A13 (H2 in italic) as well as an amino proton of A13 are framed in magenta. Presence of the latter contact points to
involvement of this amino proton in hydrogen bonding.

-128.0-127.8-127.6

5.5

6.0

6.5

7.0

7.5

8.0

-116.4-116.2-116.0 𝛿 / ppm

FaraG15 FrG14F2' F2'

H2'

H2'

G16 H8

Fig. S10 Portions of a 19F-1H HOESY spectrum (mixing time 350 ms) of F14A15 (0.4 mm) acquired at 25 ◦C in 10 mm
KPi, pH 7, showing intraresidual F2’(ω2)-H2’(ω1) contacts for FaraG15 (left) and FrG14 (right). The additional
sequential contact between FaraG15 F2’ and G16H8 is in agreement with an observed F2’· · ·H8-C8 hydrogen bond
between these two residues (Fig. 3B).

S11



 

el
lip

tic
ity

 / 
m

de
g

−10

0

10

20

30

wavelength / nm
220 240 260 280 300 320

F14A15

A14F15

 

el
lip

tic
ity

 / 
m

de
g

wavelength / nm
220 240 260 280 300 320

F14A15

A14F15

A B
I263/290 = 3.1

I263/290 = 1.6

I263/290 = 1.6

I263/290 = 0.9

−10

0

10

20

30

Fig. S11 CD spectra of A14F15 (blue) and F14A15 (red) acquired at 25 ◦C on the G4 (5 µm) in 20 mm KPi buffer,
100 mm KCl, pH 7 (A) and in 10 mm KPi buffer, pH 7 (B). A) With one negative signal at 240 nm and two positive
bands at 263 and 290 nm, A14F15 exhibits the typical CD signature of a hybrid-type quadruplex with both homopolar
and heteropolar stacking interactions between tetrads. For F14A15, ellipticity at 290 nm is reduced in agreement with
exclusively homopolar G-quartet stacking. A noticeable shoulder at 290 nm may arise from additional stacking
interactions of the C12-A13 base pair (Fig. S14 A) and/or from minor species as also indicated by weak signals in the
imino region of the 1H NMR spectrum (Fig. 2). B) In 10 mm KPi, the ratio of CD amplitudes at 263 and 290 nm
(I263/290) is reduced by a factor of 1.8-1.9 for both A14F15 and F14A15. Although the F14A15 quadruplex shows
significant intensity at 290 nm in 10 mm KPi, its I263/290 ratio is nearly twice as high compared to A14F15 under both
buffer conditions in line with more homopolar vs. heteropolar stacking interactions.

S12



-4

-3

-2

-1

0

1

2

3

4

G1 G2 G3 A4 T5 G6 G7 G8 A9
C10 A11

C12 A13 G14 G15 G16 G17 A18 C19 G20 G21 G22

sequence

Δ
𝛿

/ p
pm

Fig. S12 Differences in 13C6/8 chemical shifts (Δδ) between F14A15 and A14F15 at 25 ◦C. Crosses indicate residues
without assigned 13C6/8 resonances. A downfield shift for G2 along with upfield shifts for G6 and G20, all in the range
3-4 ppm, indicates a concerted rotation about the glycosidic bond angle for these three residues of the top G-quartet
accompanied by a tetrad polarity reversal. A small Δδ for residue 15, adopting an anti conformation in both structures,
may be explained by the different type of G analog and the distinct V-loop conformations. The downfield shift of G16
13C8 may be attributed to its deshielding due to participation in a sequential hydrogen bond with FaraG15 F2’ (Fig.
5A).

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°
0°

30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

A B C D

PPA(14) PPA(15) α(14) ξ(15)

Fig. S13 V-loop conformational parameters of modified residues 14 and 15 as derived from ten low-energy structures of
F(14,15) (PDB ID 6RS3, in black), A14F15 (in blue), and F14A15 (in red). The distinct V-loop conformation of F14A15
when compared to F(14,15) and A14F15 is not only expressed in differences for the pseudorotation phase angle of
residue 14 (A) and 15 (B) but also for the backbone torsion angle α of residue 14 (C) and ζ of residue 15 (D).

S13



FrG14

G17

G22 G8

C12

A13

1.9 Å

2.1 Å

1.9 Å

A18

G16

A B C

Fig. S14 Interactions of loop residues in F14A15. (A) Stacking of the C12-A13 base pair onto the bottom tetrad. (B)
A18 interaction with the central tetrad. (C) Close-up view onto residues G16 and A18 interacting through two potential
hydrogen bonds.

-116.4-116.3-116.2-116.1 -127.9-127.8-127.7-127.6𝛿 / ppm 𝛿 / ppm

43 ± 0.5 Hz

FaraG15 F2' FrG14 F2'

43 ± 0.5 Hz

Fig. S15 Broadband 1H decoupled 19F spectra of F14A15 with (bottom) and without (top) homonuclear decoupling.
The 43 Hz splitting of the two 19F2’ resonances arises from through-space scalar coupling as explained by short F2’-F2’
distances around 2.8 Å seen in the high-resolution structural ensemble.
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Supplementary Tables

Tab. S1 UV melting temperatures Tm of A14F15 and F14A15 in low-salt and high-salt potassium buffer, pH 7.a

10 mm KPi 20 mm KPi, 100 mm KCl

Tm / ◦C standard deviation Tm / ◦C standard deviation

A14F15 37.7 0.8 55.8 0.4

F14A15 38.3 0.2 56.8 0.5

ameasured in triplicate

Tab. S2 Experimentally determined 19F-1H scalar couplings of FaraG and FrG residues of A14F15 and F14A15
measured from 1H-1H 2D NOE, DQF-COSY, or TOCSY crosspeaks at 25 ◦C (uncertainty ± 1 Hz).

A14F15 F14A15

FaraG14 FrG15 FrG14 FaraG15

2JF2’H2’ 53.4 Hz 52.8 Hz 51.6 Hz 49.8 Hz

3JF2’H1’ 1.2 Hz 28.2 Hz 10.2 Hz 20.4 Hz

3JF2’H3’ 18.0 Hz 23.4 Hz ∼ 0 ∼ 0

h1JF2’H8(n+1) - - - 1.2 Hz
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Tab. S3 NMR restraints and structural statistics for the structure calculations of A14F15 and F14A15.

A14F15 F14A15

NOE distance restraints

intraresidual 71 77

sequential 54 69

long-range 23 43

other restraints

hydrogen bonds 48 52

torsion angles 39 39

structural statistics

pairwise heavy atom RMSD / Å

G-core 0.68 ± 0.10 0.92 ± 0.24

all residues 3.94 ± 0.49 2.96 ± 0.65

violations / Å

maximum NOE violation 0.16 0.13

mean NOE violation 0.003 ± 0.001 0.002 ± 0.001

deviations from idealized geometry

bonds / Å 0.01 ± 0.00 0.01 ± 0.00

angles / degree 2.31 ± 0.03 2.28 ± 0.04

Tab. S4 Half-widths ν1/2 of the G1 H21 and G1 H22 resonances of F14A15 as determined from NOESY traces along ω2 with
and without 19F decoupling.a

intraresidual 2D ν1/2 ν1/2 Δν1/2

NOE crosspeak of G1 19F non-decoupled 19F decoupled

H1(ω1) – H21 (ω2) 19.1 Hz 19.3 Hz 0.2 Hz

H22(ω1) – H21 (ω2) 20.0 Hz 20.8 Hz 0.8 Hz

H1(ω1) – H22 (ω2) 25.0 Hz 21.1 Hz -3.9 Hz

H21(ω1) – H22 (ω2) 23.6 Hz 18.7 Hz -4.9 Hz

a uncertainty ± 1.2 Hz
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Tab. S5 1H, 13C, and 19F chemical shifts of A14F15 at 25 ◦C in 10 mm KPi, pH 7.a

δ / ppm H8/H6 C8/C6 H1’ H2’/H2” H3’ H4’ H1 H5/H2/Me/F2’

G1 7.24 140.6 5.75 2.35/2.66 4.90 n.d. 11.92 -

G2 7.52 137.4 5.83 2.39/2.56 4.97 n.d. 11.74 -

G3 7.94 139.4 5.81 2.55/2.49 4.83 n.d. n.d. -

A4 8.03 141.8 6.08 2.41/2.43 n.d. n.d. - 7.85

T5 7.28 139.2 5.89 1.93/2.32 4.64 n.d. n.d. 1.56

G6 7.30 142.1 5.98 3.43/2.89 4.87 n.d. 11.65 -

G7 8.08 138.5 5.94 2.64/2.84 5.04 n.d. 12.01 -

G8 7.44 137.5 5.95 2.14/2.56 4.91 n.d. 11.34 -

A9 n.d. n.d. n.d. n.d./n.d. n.d. n.d. - n.d.

C10 7.73 143.9 6.12 2.30/n.d.b 4.96 n.d. - 6.06

A11 n.d. n.d. n.d. n.d./n.d. n.d. n.d. - n.d.

C12 7.54 143.8 5.75 2.16/1.89 4.59 n.d. - 5.75

A13 7.98 141.6 5.96 2.16/2.42b n.d. n.d. - n.d.

FaraG14 7.30 141.0 6.21 5.86/- 6.26 n.d. 10.79 -124.31

FrG15 7.31 136.4 5.97 5.80/- 4.82 4.33 11.44 -117.05

G16 7.63 138.6 6.06 3.00/2.52 4.96 n.d. 11.69 -

G17 7.85 137.9 6.38 2.65/2.65 5.06 n.d. 11.12 -

A18 8.55 142.9 6.55 2.99/2.89 4.98 n.d. - n.d.

C19 7.95 145.3 6.40 2.50/2.66 4.95 n.d. - 6.09

G20 7.38 142.1 6.01 3.08/3.03 4.93 n.d. 11.92 -

G21 8.18 139.0 6.06 2.82/2.86b 5.11 n.d. 11.72 -

G22 7.79 138.0 6.44 2.62/2.53 4.74 n.d. 11.41 -

a n.d. - not determined

b no stereospecific assignment
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Tab. S6 1H, 13C, and 19F chemical shifts of F14A15 at 25 ◦C in 10 mm KPi, pH 7.a

δ / ppm H8/H6 C8/C6 H1’ H2’/H2” H3’ H1 H5/H2/Me/F2’ amino

G1 7.18 139.7 6.01 2.61/2.88 4.94 11.43 - 8.51/4.10

G2 7.57 141.2 5.94 2.34/2.47b 4.98 11.19 - n.d./n.d.

G3 7.80 139.5 5.41 2.25/2.35 4.58 n.d. - n.d./n.d.

A4 8.01 142.0 5.88 2.40/2.32 4.71 - 7.78 n.d./n.d.

T5 7.19 139.6 5.51 2.16/2.35 4.60 n.d. 1.41 -/-

G6 8.04 138.9 5.88 2.79/2.89 4.97 11.31 - n.d./n.d.

G7 7.94 137.3 6.09 2.66/2.86 5.04 11.69 - n.d./n.d.

G8 7.39 137.2 5.98 1.90/2.41 4.93 11.27 - n.d./n.d.

A9 8.37 142.8 6.34 2.83/2.70 5.10 - n.d. n.d./n.d.

C10 7.49 143.3 5.84 2.11/1.64 n.d. - 5.86 n.d./n.d.

A11 7.85 141.4 5.76 2.39/n.d. 4.62 - n.d. n.d./n.d.

C12 7.28 143.5 5.70 2.10/2.16 n.d. - 5.50 n.d./n.d.

A13 7.80 140.9 5.94 2.04/2.96 4.87 - 7.74 8.12/3.96

FrG14 6.82 141.7 5.70 6.30/- 4.97 10.79 -127.83 n.d./n.d.

FaraG15 7.85 138.0 6.26 5.41/- 4.70 11.89 -116.23 n.d./n.d.

G16 7.88 140.0 6.07 2.84/2.72b 5.06 11.57 - 9.40/6.94

G17 7.84 138.2 6.25 2.67/2.54 4.98 11.25 - n.d./n.d.

A18 8.58 143.1 6.54 3.05/2.93 n.d. - 8.36 n.d./n.d.

C19 7.95 145.0 6.38 2.44/2.66 n.d. - n.d. n.d./n.d.

G20 7.88 138.5 6.07 2.39/2.86 4.78 11.52 - n.d./n.d.

G21 8.00 138.1 6.19 2.86/2.91 5.08 11.48 - n.d./n.d.

G22 7.78 137.9 6.42 2.64/2.50 4.74 11.39 - n.d./n.d.

a n.d. - not determined

b no stereospecific assignment
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ABSTRACT

A hybrid-type G-quadruplex is modified with LNA

(locked nucleic acid) and 2′-F-riboguanosine in vari-

ous combinations at the two syn positions of its third

antiparallel G-tract. LNA substitution in the central

tetrad causes a complete rearrangement to either a

V-loop or antiparallel structure, depending on further

modifications at the 5′-neighboring site. In the two

distinct structural contexts, LNA-induced stabiliza-

tion is most effective compared to modifications with

other G surrogates, highlighting a potential use of

LNA residues for designing not only parallel but var-

ious more complex G4 structures. For instance, the

conventional V-loop is a structural element strongly

favored by an LNA modification at the V-loop 3′-end

in contrast with an alternative V-loop, clearly distin-

guishable by altered conformational properties and

base-backbone interactions as shown in a detailed

analysis of V-loop structures.

GRAPHICAL ABSTRACT

INTRODUCTION

Quadruplexes (G4) are among the most studied alterna-
tive nucleic acid structures both for their potential regu-
latory roles in vivo (1,2) and their promising characteris-
tics for biotechnological applications (3,4). G4 structures
can be formed by G-rich sequences through assembly of
four G-tracts, enabling the stacking of usually two to four

G-quartets. These tetrads, square planar arrangements of
Hoogsteen hydrogen-bonded guanine bases constitute the
main characteristics ofG-quadruplexes. However, with pos-
sible variations in G4 molecularity, types of G-tract con-
necting loops, relative G-tract orientations as well as tetrad
polarities, i.e. the directionality of hydrogen bonds within a
G-quartet, DNA G-quadruplexes display a remarkable va-
riety of folding topologies (5,6). In spite of the ever growing
number of high-resolution structures, prediction or design
of a particular G4 fold is challenging, as a variety of fac-
tors such as buffer pH (7,8) or the nature of coordinating
cations (9,10) may critically influence G4 folding in addi-
tion to a heavy dependence on primary sequence (11,12).
In this respect, the glycosidic torsion angle determining the
relative orientation of base and sugar moieties is of particu-
lar importance, as a switch in G-tract orientation or tetrad
polarity is always accompanied by a syn–anti or anti–syn
transition (Figure 1A).

A common strategy in targeted G4 design is therefore
the introduction of G analogs with particular glycosidic
torsion angle preferences for the directed manipulation of
G4 topologies (13). Thus, syn-favoring G surrogates with
a bulky C8-substituent have been used to induce anti–
syn transitions in parallel qudruplexes, often accompa-
nied by a reversal of the 5′-tetrad polarity (14–17). Simi-
larly, sugar-modified G analogs such as 2′-F-riboguanosine
(FrG) and its epimer 2′-F-arabinoguanosine (FaraG) are
known to favor the anti conformation (Figure 1B). By
affecting glycosidic torsion angles, these 2′-modified G
analogs often cause a tetrad polarity reversal when intro-
duced in the 5′-terminal G-quartet of hybrid-type quadru-
plexes (18–21). In particular, substitution effects have been
studied extensively for the most malleable ODN sequence
d(G3ATG3ACACAG4ACG3) (Figure 1C) (22), where even
the central tetrad polarity could be inverted by introduc-
tion of a single FaraG or FrG (23). The structural impact of
anti-favoring G analogs is further complicated as the mod-
ification in the sugar moiety primarily impacts sugar con-
formational features. While FaraG residues usually favor a
south/south-east sugar pucker, the anti-preference of FrG is
thought to be linked to a strongly favoredC3′-endo or north-
type conformation in analogy to riboguanosine (rG) (Fig-
ure 1B). However, FrG and rG residues in modified ODN

*To whom correspondence should be addressed. Tel: +49 3834 420 4426; Email: weisz@uni-greifswald.de

C© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
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A C D

B

Figure 1. Nucleoside conformation and topology adopted by native and 14,15-modified ODN. (A) Glycosidic bond angle. (B) Anti-favoring G analogs;
FaraG (left) and FrG (center) prefer sugar puckers in the south/south-east and north domains, respectively, LNAG (right) is restricted to a C3′-endo con-
formation. (C) Hybrid-type topology of native ODN. D) ODN-derived conventional V-loop topology. Anti and syn Gs are represented by grey and red
rectangles, respectively. Modification sites are highlighted by white numbers. Tetrad polarity is indicated by arrows.

structures may adopt north or south puckers depending on
the modification site (19,21,23,24).
In contrast, a V-loop structure F(14,15) generated upon

substitutions of FrG but also rG at the two syn positions
14 and 15 in ODN’s third antiparallel G-tract was found
to exclusively rely on favored north-type sugars for mod-
ified residues (Figure 1D) (25). The preference for an N-
type sugar pucker seems to be the major driving force for
this rearrangement, as the incorporated FrG/rG residue in
position 14 is forced to adopt the unfavored syn glycosidic
angle. The interplay of glycosidic torsion angle and sugar
pucker grows more and more complex as demonstrated by
most recent findings on mixed FrG/FaraG modifications
again at position 14 and 15 of ODN (26). Depending on
the order of FaraG/FrG substitutions, either the conven-
tional V-loop structure with N-puckered modified residues
(A14F15) or an alternative V-loop topology with reversed
top tetrad based on sugar puckers in the south domain
(F14A15) was induced (Supplementary Table S1). In both
structures, modified residue 14 at the V-loop 5′-end adopts a
highly disfavored conformation, unfavorable with respect to
both glycosidic bond angle and sugar pucker. Thus, with a
variety of combinations of supposedly favored or unfavored
sugar puckers and glycosidic bond angles for rG, FrG and
FaraG residues (Supplementary Table S1), it seems that the
preference for the anti conformation or a particular sugar
pucker is neither absolute nor strictly linked, but strongly
depends on the local structural context.
Another anti-favoring G analog, the bicyclic 2′-O-4′-C-

methylene riboguanosinemimic (locked nucleic acid, LNAG)
displays less conformational flexibility (Figure 1B). It is
strictly locked in a C3′-endo conformation by the 2′-O-4′-
C-methylene bridge, and the very high pucker amplitude
of about 60◦ strongly disfavors a syn conformation due to
steric clashes between the base and the H3′ proton in the
axial position (27). Thus, incorporation of this RNAmimic
has been observed to induce structural rearrangements
from antiparallel to parallel G4s (27,28), and often caused
thermal stabilization of parallel DNAG-quadruplexes (29–
33). However, effects of LNA modifications are not al-
ways consistently rationalized by a (non-)matching glyco-
sidic angle at the substitution site. For instance, the con-

formationally constrained LNAG seemed incompatible with
anti-positions preceding short propeller loops, and sub-
stitution for an anti-G in the central tetrad of a hybrid-
type quadruplex caused disruption of the quadruplex
fold (33).

Nevertheless, LNA-modified G-quadruplexes offer great
potential for applications in therapeutics and diagnostics
not only for their exceptional biostability (34). In fact, an
up to 8-fold increase of anti-HIV activity could be ob-
served upon LNA modifications of two G4 forming se-
quences (35), and a thrombin binding aptamer variant with
improved anticoagulant activity was generated by substitu-
tion of LNAG for the anti-G at the 3′-end of the antiparal-
lel G-quadruplex (36). LNA incorporation was also used to
optimize a G4 aptamer in terms of thermal stability and nu-
clease resistance and the LNA-functionalized G4 was used
as an aptasensor in a proposed bioassay (37).

An unusual interlocked G4 structure was formed upon
LNAG incorporation into all anti positions of a bimolecu-
lar antiparallel G4 (38). The resulting four-layered topology
was termedV4 fold for its fourV-shaped loops, each of them
harboring an LNA residue at the V-loop 3′-end. A driving
force for this rearrangement may derive from the stabiliza-
tion of the V-loops by the enforced N-type sugar pucker in
the 3′-flanking position as also suggested for F(14,15) (25).
Strikingly, the very constrained LNA sugar pucker seems to
match exactly the backbone conformational requirements
imposed by the 0-nt V-shaped loop. Even though unmodi-
fied, Gs at the V-loop 5′-ends also adopt a C3′-endo confor-
mation. While induced N-type sugar puckers in the vicinity
of incorporated LNA residues are not unusual (27,30,39),
the north pucker in this case may be due to the intrinsic
conformational features of the V-loop. In fact, a prevalence
of north conformers for flanking residues at both V-loop
ends was also found for the majority of monomolecular G-
quadruplexes featuring such loops (25).
In an attempt to further unravel conformational features

of V-loops and to challenge LNA compatibility with non-
parallel G4 structures, we here extend our studies of 14,15-
modifiedODN to single and dual LNA substitutions as well
as combined modifications with LNAG and FrG. In analogy
to the V4 structure, an LNA modification in position 15
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at the V-loop 3′-end is likely to support the V-loop struc-
ture. On the other hand, an LNAG residue in position 14
is expected to be incompatible with V-loop formation as
an associated syn-LNAG is thought to be highly disfavored.
While we uncover unanticipated conformational flexibility
for LNA residues and an ability to stabilize different non-
parallel G4 structures, the locked sugar moiety is shown to
be even more effective than its 2′-fluorinated analog(s) in
generating particular stable quadruplex folds, underlining
the strong potential of LNAs in G4 design for nanotechno-
logical or therapeutic applications.

MATERIALS AND METHODS

Materials and sample preparation

LNAG and FrG modified oligonucleotides were purchased
from IBA (Göttingen, Germany) or Microsynth (Balgach,
Switzerland) and quantified after ethanol precipitation
based on their extinction coefficient at 260 nm as provided
by the supplier. NMR samples were prepared by dialyzing
the corresponding oligonucleotide against 10mM potas-
sium phosphate buffer at pH 7, followed by heating to
90◦C for 5min and subsequent cooling to room tempera-
ture. Concentrations of NMR samples were about 0.4mM.
For optical measurements, oligonucleotide concentrations
of 5�M were used either under NMR conditions or in
a buffer containing 20mM potassium phosphate, 100mM
KCl, pH 7.

Gel electrophoresis and optical measurements

For native gel electrophoresis, annealed oligonucleotide
samples (15 pmol per lane) were loaded onto a 15% poly-
acrylamide gel (acrylamide:bis-acrylamide 19:1). Separa-
tion was performed at room temperature in TBE buffer sup-
plemented with 10mmMKCl using a voltage of 80V. Bands
were visualized by staining with a 50�M thiazole orange
solution.
Circular dichroism (CD) spectra were acquired with five

accumulations, a scanning speed of 50 nm/min and a band-
width of 1 nm at 25◦C on a Jasco J-810 spectropolarime-
ter (Jasco, Tokyo, Japan). All spectra were blank-corrected
by subtraction of the buffer spectrum. Melting curves were
recorded in triplicate on a Jasco V-650 spectrophotome-
ter equipped with a Peltier temperature control unit (Jasco,
Tokyo, Japan) with quartz cuvettes of 10mm path length.
The absorbance at 295 nm was measured between 10 and
90◦C in 0.5◦C intervals with a heating rate of 0.2◦C/min.
The melting point Tm was determined from the minimum
of the first derivative of the heating phase.

NMR spectroscopy

All NMR spectra were acquired on a Bruker Avance
Neo 600 MHz spectrometer equipped with an inverse
1H/13C/15N/19F quadruple resonance cryoprobehead and
z-field gradients. Topspin 4.0.4 and CcpNmr Analysis 2.4
were used for spectral processing and analysis (40). An
optimized WATERGATE with w5 element was employed

for solvent suppression in 1D spectra and 2D NOE ex-
periments (41). NOESY spectra were recorded with mix-
ing times of 80–300ms in either 90% H2O/10% D2O or
100%D2O.DQF-COSY spectra were acquired inD2Owith
solvent suppression through presaturation. Phase-sensitive
1H–13CHSQC experiments optimized for a 1JCH of 170Hz
were acquired with a 3–9–19 solvent suppression scheme in
90% H2O/10% D2O usually employing a spectral width of
7.5 kHz in the indirect 13Cdimension and 512 t1 increments.

NMR structure calculations

A simulated annealing protocol in Xplor-NIH 2.49 was
used to generate 100 starting structures of the DNA se-
quence (42). For subsequent calculations with Amber16
(43), partial atomic charges for the modified FrG residue
were calculated using the RED software (44) while par-
tial charges and an optimized Amber force field for LNA
residues were adopted fromCondon et al. (45). A restrained
simulated annealing was performed in implicit water using
the parmbsc0 force field including the �OL4, ��OL1 and �OL1

corrections (46–49). Ten lowest-energy structures were se-
lected, equilibrated for 4 nswith explicit solvent, and shortly
minimized in vacuum. Structural parameters were deter-
mined with the 3DNA software package (50). Details on
the calculation process can be found in the Supplementary
Material.

RESULTS

Initial characterization of 14,15-modified ODN sequences

LNAG and FrG residues were incorporated into positions
14 and 15 of the ODN sequence to obtain two single LNA
modifications (L14 and L15 with LNAG in position 14 and
15, respectively), two mixed modifications (F14L15 and
L14F15, with FrG and LNAG at position 14 and 15 and vice
versa) as well as the LNA disubstituted L(14,15) (Supple-
mentary Table S1). The five different 14,15-modified ODN
sequences were initially characterized by gel electrophore-
sis and 1D 1H NMR spectroscopy (Figure 2 and Supple-
mentary Figure S1). Observation of a single bandmigrating
close to native ODN suggests a monomoleculer structure
for all modified sequences. Also, G-quadruplex formation
is indicated by the presence of guanine imino resonances in
the 10.7 to 12 ppm region, characteristic of Hoogsteen hy-
drogen bonding. Disregarding low-intensity signals arising
from minor species, twelve major G4-characteristic imino
resonances point to the formation of one three-layered
quadruplex species for all modified sequences with LNAG
in position 15. In contrast, a larger number of overlapping
signals suggests considerable polymorphism for L14 and
L14F15. Of note, several downfield shifted signals in the 12–
13 ppm region point to the formation of Watson-Crick GC
basepairs in addition to G-tetrads. Unfortunately, the reso-
lution and number of imino signals hardly improved upon
varying the temperature (Supplementary Figure S2). Con-
sequently, a determination of any of the adopted topolo-
gies through 2D NMR methods proved impossible, thus
L14F15 and L14 modifications were not further investi-
gated in detail. F14L15, L(14,15) and L15, on the other
hand, were additionally characterized by circular dichroism
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Figure 2. Imino proton spectral region of different 14,15-modified ODN sequences in 10 mMKPi buffer, pH 7, at 35◦C. FrG and LNAGmodifications are
represented by letters F and L, respectively. The elevated temperature was selected for comparison as some imino resonances are strongly broadened at
lower temperatures especially for F14L15 and L(14,15).

(CD) spectra, all showing a negative band around 240 nm
along with two positive signals around 263 and 290 nm,
characteristic of a G4 fold featuring both homopolar and
heteropolar stacking interactions betweenG-quartets (Sup-
plementary Figure S3). Thermal stabilities were also deter-
mined by UVmelting experiments and will be discussed be-
low along with the structural details (Supplementary Table
S2).

F14L15 adopts a V-loop topology

Characterization of the F14L15 topology was easily accom-
plished due to a pronounced similarity of 2D NMR spec-
tra to those of F(14,15) adopting the V-loop structure (Fig-
ure 1D). Thus, the almost perfect superposition of cross-
peaks in 1H-13C HSQC spectra of F14L15 and F(14,15)
strongly suggests formation of the same topology for these
two modified sequences (Figure 3). The four syn Gs of the
V-loop structure are not only identified by their character-
istically downfield shifted 13C8 resonances, but also by un-
usually strong intraresidual H8–H1′ NOE crosspeaks (Sup-
plementary Figure S4). Supported by a very good disper-
sion of resonances, sequential connectivities can be unam-
biguously traced within all G-tracts in the H8–H1′ andH8–
H2′/H2” region. Residues of the first lateral loop are linked
to the preceding G-tract through sequential contacts en-
abling their straightforward assignment. In the absence of
further clear contacts to loop regions, all other loop residues
with the exception of unassigned A9 and A11 were identi-
fied based on a comparison to F(14,15) (Figure 3). Being in
full agreement with the V-loop topology, all G-core imino
protons were unambiguously assigned through H8-H1 as

well as H1-H1 NOE contacts and additionally confirmed
by H–D exchange experiments (Supplementary Figures S5
and S6, Supplementary Table S4).

The 2D NOE spectra feature several indicators for very
close structural similarities between F14L15 and F(14,15).
These include (i) similar contacts of outer tetrad imino pro-
tons to loop residues (Supplementary Figure S5), (ii) a re-
verse H8i-H1′

i+1 sequential contact between LNAG15 and
G16 in the absence of a typical sequential H8i+1-H2′

i con-
tact (Supplementary Figure S7), (iii) a non-conventional
H8i-H2′

i-2 contact between G16 and FrG14 (Supplemen-
tary Figure S7), (iv) an unusually downfield shiftedH3′ pro-
ton for FrG14 (Supplementary Figure S8), and (v) FrG14
vicinal F2′-H1′/H3′ scalar couplings in perfect agreement
with values obtained for F(14,15) (Supplementary Figure
S8) (25). Thus, with a (north,syn) combination for FrG14
and an anti-LNAG locked in the C3′-endo pucker, conforma-
tions of V-loop flanking modified residues in F14L15 com-
pletely match those in F(14,15).

LNA syn conformer is part of the L(14,15) V-loop structure

For L(14,15), assignment is hampered by a number of over-
lapping H8 and H1′ resonances, yet sequential NOE walks
can be traced within all G-tracts (Supplementary Figure
S9). Interestingly, the H6/H8-C6/C8 region of a 1H–13C
HSQC spectrum again matches well with F(14,15) with
larger chemical shift perturbations only observed for mod-
ified residue 14 and G16 following the two modification
sites (Figure 3). Of note, four residues display C8/H8 res-
onances in the region typical for syn Gs. Surprisingly, the
most upfield shifted H8 resonance at 7.06 ppm is assigned
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Figure 3. Superposition of H6/H8-C6/C8 regions from 1H–13C HSQC spectra of F14L15 (red, 0.4 mM), L(14,15) (blue, 0.4 mM) and F(14,15) (black, 1
mM) acquired at 35◦C in 10 mM KPi, pH 7. Syn guanosines including FrG/LNAG14 are framed by a rectangle. Unlabeled signals arise from unfolded or
minor species. Most pronounced shifts for residues 14 and 16 of L(14,15) are indicated by arrows.

to LNAG14 adopting a syn glycosidic angle. While in full
agreement with the FrG14 conformation in F(14,15) and
F14L15 and a strong indication for a V-loop topology also
for L(14,15), this syn conformation for an LNA nucleotide
is highly unexpected and to the best of our knowledge un-
precedented. Additional support for the unusual LNA syn
conformer comes from a strong intraresidual H8–H1′ NOE
crosspeak and a missing H8-H2′ contact, reflecting corre-
sponding short and long intranucleotide H8–H1′ and H8–
H2′ distances in a syn conformer (Supplementary Figure
S10).
Other characteristic features of the syn residue 14 in the

V-loop structure relate to an unusually downfield shifted
H3′ proton and a non-conventional H8i-H2′

i-2 contact be-
tween G16 and residue 14 (see above). While LNAG14
H3′ could not be unambiguously assigned, it is likely
isochronous with the H2′ resonance at 4.89 ppm in line
with H3′ chemical shifts of FrG14 in F(14,15) and F14L15.
The observed unusual NOE contact between G16 H8 and
LNAG14 H2′ and another V-loop characteristic crosspeak
between LNAG15 H8 and G16 H1′ are subject to some am-
biguity due to overlap with other NOE crosspeaks (Supple-
mentary Figure S10). However, the absence of a typical se-
quential H8-H2′ contact between LNAG15 and G16 reflects
the strand polarity inversion within the third G-tract, also
identified as a characteristic structural feature of the con-
ventional V-loop topology (25).

Unfortunately, only few imino resonances give rise to
correlations in 2D NOE spectra with sometimes severely
broadened signals of low intensity, attributable to a rather
flexible G-core with a non-matching LNAG14 conformer as
well as to partial unfolding as a result of only moderate
G4 thermal stability (Supplementary Table S2). Neverthe-
less, combined assessment of H-D exchange experiments,
NOE crosspeaks involving imino resonances, and compar-

ison with assigned F14L15 chemical shifts enabled imino
proton assignments for L(14,15) (Supplementary Figures
S6 and S11, Supplementary Table S5). Thus, although lim-
ited in number,H1–H8 andH1–H1NOEcontacts are in full
agreement with expected hydrogen bonding patterns and
relative tetrad polarities, further confirming that L(14,15)
adopts a stable V-loop structure in spite of a most unfavor-
able syn-LNAG14.

L15: Complete rearrangement to an antiparallel topology

The adopted topology for L15 differs from theV-loop struc-
ture as is clearly apparent from the 1H–13CHSQC spectrum
with six Gs exhibiting C8/H8 resonances in the typical syn
region (Figure 4). G-tract assignments were easily accom-
plished in 2D NOE spectra due to sequential contacts ex-
tending into loop regions and the characteristically down-
field shiftedH2′-resonance of LNAG15 as a convenient start-
ing point (Supplementary Figures S12 and S13). Here, the
six syn conformers are confirmed by strong H8-H1′ NOE
contacts, and two syn-syn-anti along with two syn–anti–anti
G-tracts were identified based on characteristic H8i–H1′

i+1

NOEs for syn-syn steps and a rectangular pattern of H8i–
H1′

i-1 andH8i–H1′
i+1 NOEs for syn–anti steps (Supplemen-

tary Figure S13). Thus, L15 comprises the same four G-
tracts as the native hybrid-type quadruplex (Figure 1C) but
with changed glycosidic bond angles for the central tetrad
in all but the first G-tract. Apparently, the LNA modifi-
cation in position 15 without additional modification in
position 14 triggers the same rearrangement as observed
for corresponding modifications with FrG and FaraG (23).
Thus, a combined reversal of central tetrad polarity and first
G-tract orientation results in the antiparallel topology de-
picted in Figure 5. Relative tetrad polarities and hydrogen
bonding patterns for this topology are confirmed by the ex-
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Figure 4. H6/H8-C6/C8 region from a 1H–13C HSQC spectrum of L15 (0.4 mM) acquired at 25◦C in 10 mM KPi, pH 7. Syn guanosines are framed by
a rectangle.

Figure 5. Schematic representation of the L15 topology with its reversed
central tetrad polarity and inverted first G-tract. Anti and syn Gs are rep-
resented by grey and red rectangles, respectively.

pected sets of H1–H1 contacts and almost complete H8-H1
contacts, respectively. These enabled a straightforward as-
signment of all G-core imino resonances in agreement with
H–D exchange experiments (Supplementary Figures S6 and
S14, Supplementary Table S6).

High-resolution structures of F14L15 and L15

For a deeper structural insight, high-resolution structures
of F14L15 and L15 were determined by molecular dynam-
ics calculations in explicit water using NMR distance and
torsion angle restraints (Supplementary Table S3, Supple-
mentary Figures S15 and S16). A superposition of F14L15
with the two analogous ODN derived V-loop topologies of
F(14,15) and A14F15 shows an almost perfect agreement
in global structure with only minor deviations in confor-
mation and degree of flexibility for lateral and propeller
loops (Figure 6A). The local V-loop conformation agrees
perfectly between F14L15 and F(14,15) as already sug-
gested by the observation of characteristic spectral features.
Thus, short LNAG15 H8–G16 H1′ and G16 H8–FrG14 H2′

contacts are in agreement with observed NOE crosspeaks

and only slightly larger than corresponding interatomic
distances in F(14,15) (Supplementary Figure S17A). Of
note, the N-type sugar pucker of V-loop flanking modified
residues is highly conserved between F14L15, F(14,15), and
A14F15 (Supplementary Figure S18A). Among the three
structures, a difference in type of G analog apparently only
causes small deviations in the pseudorotation phase angles
(PPA). Thus, a reduced PPA for FaraG14 in A14F15 may
be required for formation of the stabilizing F2′· · ·H–N hy-
drogen bond (26). On the other hand, LNAG15 in F14L15
cannot mimic the C4′-exo conformation adopted by corre-
sponding FrG residues in F(14,15) and A14F15 for geomet-
ric reasons. However, as previously seen in the V4 struc-
ture (38), the fixed LNA sugar pucker seems to perfectly
match a most favorable backbone conformation at the V-
loop 3′-end as also indicated by a very low G-core pairwise
heavy atom RMSD of 0.54 Å and high thermal stability of
F14L15 (Supplementary Tables S3 and S2).
For L15, the major difference to native ODN is the re-

versed orientation of the first G-tract, easily visualized by
the conversion of the first propeller to a lateral loop (Fig-
ure 6B). On the other hand, the topology of L15 is identical
to the rearrangedA15 structure hosting an FaraG residue in
position 15 instead of LNAG.Within the G-core, local struc-
tural differences are mainly observed in the sugar pucker
at the modification site. While LNAG15 is locked in the
C3′-endo conformation, FaraG15 adopts a preferred south-
east pucker (Supplementary Figure S18B). In contrast to
previous observations that LNA incorporation may in-
duce north-type puckers especially for 3′-neighboring DNA
residues (27,30,39), the impact in this case is locally re-
stricted to the modification site as G14 and G16 adopt a
sugar pucker in the south domain just as in antiparallel A15
and native ODN. In fact, the sugar conformation of G16
in L15 is very well defined and actually shifted to a higher
rather than a lower PPA value.
While the antiparallel A15 and the corresponding struc-

ture carrying an FrG analog in position 15 were found to
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Figure 6. High-resolution structures. (A) Superposition of the structural ensembles of F14L15 (red), A14F15 (blue, PDB ID 6TC8) and F(14,15) (gray,
PDB ID 6RS3). (B) Superposition of the structural ensembles of L15 (red), antiparallel A15 (blue, PDB ID 6F4Z) and native ODN (gray, PDB ID 2LOD).
(C) G14–LNAG15 fragment in a representative structure of L15 showing the short LNAG15 O4′–G14 H8 contact and the corresponding O4′–H8–C8 angle.

be stabilized by an intraresidual and sequential F2′· · ·H8-
C8 hydrogen bond, respectively (23), the O2′ of LNAG15 is
turned away from any neighboring H8 as a consequence of
the enforced C3′-endo conformation. On the other hand,
O4′ closely approaches G14 H8 with an interatomic dis-
tance of about 2.7 Å and O4′-H8-C8 angles in the range 91◦

to 104◦ (Figure 6C and Supplementary Figure S19A). We
wondered whether such an unusual base-backbone interac-
tion was LNA-specific and if it could also be observed in a
different structural context. Looking at LNAG15 in F14L15,
the O4′ is indeed turned toward the H8 of a neighboring G.
However, as a consequence of the unique V-loop architec-
ture and the strand polarity inversion between LNAG15 and
G16, O4′ does not interact with the 5′- but rather with the
3′-neighboring G16 H8 (Supplementary Figure S17B). No-
ticeably, the O4′–H8 interaction seems to compete with an
alternative O5′-H8 hydrogen bond observed in about half of
the states of the structural ensemble (Supplementary Figure
S17C).

DISCUSSION

LNA-induced stabilization: thermodynamic aspects

Two distinct G4 folds can effectively be stabilized upon
an LNA-modification in position 15 of the hybrid-type
quadruplex ODN. In combination with a north-favoring G
analog in position 14, refolding to a V-loop topology har-
boring LNAG15 at its V-loop 3′-end is induced. In addition
to F14L15 and L(14,15), three other 14,15-modified ODN
sequences have previously been shown to adopt the same
V-loop structure: dual-modified F(14,15) and r(14,15) as
well asmixedmodifiedA14F15with a south-favoring FaraG
at the V-loop 5′-end (Supplementary Table S1) (25,26). All
structures are stable at ambient temperatures in spite of the
disfavored syn conformation of the incorporated G analogs
at the V-loop 5′-end. Thermal stabilities in both high- and
low-salt potassium buffer decrease in the following order:
F14L15 > F(14,15) > L(14,15) ∼ r(14,15) > A14F15 (Fig-
ure 7).
Among the 14,15-modified V-loop structures, L(14,15)

has only amoderate thermal stability due to amost unfavor-
able syn glycosidic torsion angle of LNAG14. Surprisingly,

Figure 7. Melting temperatures Tm for the different ODN derived V-loop
structures F14L15, L(14,15), F(14,15) (25), r(14,15) (25) and A14F15 (26)
in low- and high-salt potassium buffer, pH 7. Error bars show the standard
deviation of three independent measurements.

r(14,15) harboring more flexible rG residues is of similar
stability and A14F15 with a (north,syn) conformation for
FaraG14, disfavored in terms of both sugar pucker and gly-
cosidic angle, is even less stable. Apparently, the contribu-
tion of (un)favorable sugar puckers results in a strong ener-
getic penalty for the disfavored N-type pucker of FaraG14
in A14F15. Most importantly, the fixed C3′-endo pucker of
LNA residues in position 15 seems to stabilize the V-loop
more than conformationally less restrained FrG or rG as
indicated by an increased thermal stability of F14L15 rel-
ative to F(14,15). On the other hand, an LNA syn confor-
mation is expected to be strongly disfavored due to its fixed
C3′-endo pucker and the high pucker amplitude. A match-
ing LNA sugar in position 15 apparently compensates for
the highly unfavorable syn-LNAG conformer in position 14,
explaining comparable stabilities of L(14,15) and r(14,15).
Thus, a strongly favored LNAG residue at the V-loop 3′-end
even allows for a strongly disfavored LNA syn conformer at
the V-loop 5′-end.
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While LNAG15 plays aV-loop stabilizing role in combined
14,15-modifications, its effect without any additional mod-
ification in position 14 is quite distinct. The single LNA
modification in L15 triggers a complete refolding from
the native hybrid-type structure to an antiparallel topol-
ogy. Of note, in a hypothetical antiparallel L15-like fold
for L(14,15) or F14L15, residue 14 would be forced in
an unfavored syn conformation as observed in the formed
V-loop structure. Apparently, the energetic penalty for a
(north,syn) conformation of LNAG or FrG strongly depends
on the structural context and is better tolerated in the V-
loop structure. In fact, while the glycosidic angle in posi-
tion 14 agrees between V-loop structure and antiparallel
fold, the sugar pucker is quite distinct. At the V-loop 5′-end,
LNA’s locked C3′-endo pucker likely plays a stabilizing role
as sugar puckers in the north domain are highly conserved
amongF(14,15), A14F15 andF14L15 (Supplementary Fig-
ure S18A) and have also been identified as a recurring motif
in monomolecular G4 structures with V-loops (25). In con-
trast, an S-puckeredG14 seems highly beneficial in the third
G-tract of the antiparallel L15 and A15 structures (Sup-
plementary Figure S18B), suggesting a larger penalty of a
north-favoring G14 analog in an antiparallel structure as-
sociated with the propensity to form a V-loop structure in
case of L(14,15) and F14L15. A strong energetic penalty for
a (north,syn) conformation within a normal G-tract is also
reflected in the complete refolding of L15 to the antiparallel
topology, avoiding a syn-LNAG15 as required for the native
hybrid-type fold. In contrast, FaraG and FrG residues in po-
sition 15 were found to be less effective in the structural re-
arrangement, partially conserving the native topology with
a syn conformation. However, the latter was stabilized by
a sequential F2′· · ·H-C hydrogen bond associated with an
S-type sugar pucker, inaccessible for an LNAG residue.

Base–backbone interactions

A variety of interactions involving C2′-substituents have
been proposed to drive the folding of sugar modified DNA
G4s but also physiologically more relevant RNA quadru-
plexes (13,21,26). Thus, especially intraresidual and sequen-
tial pseudo-hydrogen bonds with guanine C8H8 are a recur-
rent structural feature. In contrast, base-backbone interac-
tions such as the here identified contact between LNAG15
O4′ and G14 H8 in the L15 structure seem to be less com-
mon. However, the O4′-H8-C8 interaction is highly con-
served throughout the structural ensemble of L15 and a
similar contact between residues 15 and 16 is found for some
states in the F14L15 structure (see above). While observed
O4′-H8-C8 angles are rather acute for a potential hydrogen
bond, the majority of C–H· · ·O contacts found in RNA
structures exhibit angles within this range (53). Interest-
ingly, a similar but intraresidual base-O4′ interaction was
observed for pyrimidine H6 protons in Z-DNA and i-motif
structures with O4′-H6-C6 angles of around 100◦ or even
lower (54,55). Also, calculations on single C and T residues
have confirmed the presence of such contacts for some phys-
iologically relevant conformers, with an indication for both
hydrogen bonding and significant energetic contributions of
these interactions (56,57).

Figure 8. V-loop backbone conformations in different representative G4
structures. V-loop adjacent residues and the following G-tract are shown
for F(14,15) (25) (A, PDB ID 6RS3), F14A15 (26) (B, PDB ID 6TCG),
5ZEV (51) (C) and 1U64 (52) (D). Residues at the V-loop 5′- and 3′-end are
labeled. Short distances between O4′ and/or O5′ of the 3′ V-loop adjacent
residue and the following guanine H8 for F(14,15) and 5ZEV (A, C) are
in striking contrast to an F2′–H8 interaction in F14A15 (B) and a V-loop
backbone that points away from the followingG-tract in both F14A15 and
1U64 (B, D).

In spite of a questionable hydrogen bond character of the
presentO4′· · ·H8–C8 interaction, these contactsmay never-
theless locally contribute to the stabilization of a particular
motif. In fact, the same O4′-H8 contact as in F14L15 is also
highly conserved in the structures of F(14,15) and A14F15
(Supplementary Figure S19B, C). Involvement of the O4′

in an interaction with a neighboring H8 may critically af-
fect G4 binding by preventing crucial O4′ interactions with
ligands as often seen for groove binding (58,59). Thus, a hy-
drogen bond between an end-stacked ligand and O4′ of a
5′-terminal G was suggested to stabilize the corresponding
ligand-quadruplex complex (60), pointing to a possible in-
fluence ofO4′ accessibility also on binding affinities towards
G4 structures.
In F14L15, O4′ and O5′ atoms of LNAG15 apparently

compete for the interaction with G16 H8. Of note, in
F(14,15) and A14F15, the O4′–H8 contact is conserved
throughout the structural ensemble and actually combined
with an O5′-H8 interaction in a bifurcated hydrogen bond
(Figure 8A). On the other hand, neither O4′ nor O5′ take
part in an interaction with G16 H8 in F14A15 where G16
H8 is involved in a pseudo-hydrogen bond with the 2′-F
substituent of FaraG15 (Figure 8B) (26). The altered G16
H8 interaction(s) reflect the distinct V-loop conformation
in F14A15, based on south-puckered residues and with a
backbone inversion site within the loop. In contrast, only
the N-type pucker of residue 15 in combination with the
following backbone inversion seems to allow for the un-
usual O4′ and/or O5′ interaction with G16 H8 in F(14,15),
A14F15 and F14L15.
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Figure 9. Plots of pseudorotation phase angle vs. glycosidic torsion angle for V-loop flanking residues as well as schematic representations and sequences of
corresponding G4 structures. (A,D) 14,15-modified ODN structures F(14,15) (PDB ID 6RS3) (25), F14L15, A14F15 (PDB ID 6TC8) (26), F14A15 (PDB
ID 6TCG) (26), and LNA-modified V4 (PDB ID 2WCN) (38); modified positions in sequences are marked by X. (B, E) Unmodified V-loop structures
5ZEV (51), 5O4D (61), and 2KPR (62) with exclusively N-puckered V-loop flanking residues. (C, F) Unmodified V-loop structures 1U64 (52), 6A7Y (63),
6H1K (64) involving south-type flanking conformers. (A–C) Vertical and horizontal grey traces indicate areas outside the typical range for anti glycosidic
torsion angles and north-type sugar puckers, respectively. (D–F) Anti and syn Gs are represented by gray and red rectangles. V-loop residues are labeled,
with conformers outside the typical syn/anti region (low-syn) highlighted in light red.

While the O4′ contact is only observed for the three
ODN-derived V-loop structures, the O5′ interaction seems
to be a recurrent motif in other G4 structures with 0-nt
V-shaped loops spanning three tetrad layers. Thus, three
unmodified V-loop structures, 5O4D (61), 5ZEV (51) and
2KPR (62) as well as the LNA-modified V4 structure (38)
also feature this interaction between O5′ of the V-loop 3′-
adjacent residue and H8 of the following G with aver-
age distances below or slightly above 3 Å (Figure 8C and
Supplementary Figure S20). On the other hand, two bi-
molecular V-loop structures, 1U64 (52) and 6A7Y (63), as
well as the monomolecular G4 6H1K (64) display corre-
sponding distances above 4 Å pointing to an altered V-loop
conformation in analogy to F14A15 (Figure 8D). Clearly,
the V-loop in spite of being a unique G4 structural mo-
tif has many facets and distinct subtypes may be recog-
nized. These are based on subtle differences in interac-
tions and conformations such as the here identified O5′-H8
contact, sugar puckers, backbone orientations, and tetrad
polarities and will be discussed in the following section
(25,26,65).

Conformational classification of V-shaped loops

The V-shaped loop, in general linking G-core residues of
neighboring antiparallel G-tracts at opposite quadruplex
ends, usually involves an isolated synG at the V-loop 5′-end
as part of an interrupted G-tract and was first discovered
in an interlocked dimeric G-quadruplex (66). As in 14,15-
modified ODN, the vast majority of reported V-shaped
loops spans three G-quartet layers and consists of zero nu-
cleotides (51,52,61–65), although a few structures with 1-nt
or 2-nt V-shaped loops have been described (65,67,68). In
an attempt to group reported V-loops into subcategories,
Maity et al. have proposed a differentiation based on tetrad
polarity of the linked G-quartets, with VR and VS loops
connecting G-quartets of reverse and same polarity, respec-
tively (65). This classification groups the majority of known
V-shaped loops into one class, as the VR type is most com-
mon with only few reported VS loops (26,65,67). Based on
our findings for mixed FrG/FaraG modifications in posi-
tion 14 and 15 of ODN, we have introduced a different
classification according to the strand polarity inversion site
(26). Thus, F(14,15), A14F15 and F14L15 feature a back-
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bone inversion between V-loop flanking modified residue
15 and G16, whereas the strand polarity inversion occurs
within the V-loop in F14A15 with its reversed top tetrad
(Figure 9D, left and middle panel). Irrespective of primary
sequence and tetrad polarities, this classification differen-
tiates between conventional and alternative V-loops char-
acterized by a backbone inversion site after and within the
V-loop, respectively.
North-type sugar puckers have previously been identified

as a recurring motif for V-loop flanking residues in most
monomolecular G4 structures (25). Here, we observe that
LNAG with its locked C3′-endo sugar pucker has a pro-
nounced stabilizing effect at the V-loop 3′-end and is even
tolerated in a very unfavorable syn conformation at the V-
loop 5′-end. Again, this suggests that sugar conformational
preferences may be more important than glycosidic bond
angle propensities in the structural context of a V-loop.
To follow common patterns and interrelationships of V-

loop conformational parameters, pseudorotation phase an-
gles have been plotted against glycosidic torsion angles in
Figure 9. Only 0-nt V-shaped loops spanning three tetrad
layers and followed by an uninterrupted G-tract were con-
sidered for the analysis. For the modified quadruplexes with
incorporated G analogs (Figure 9A), two types of V-loop
conformations are immediately apparent. Three conven-
tional 14,15-modified V-loop structures feature conserved
north sugars at both V-loop anchoring nucleotides, in con-
trast to the alternative V-loop in F14A15 with S-puckered
V-loop adjacent residues (Figure 9A). Extending such plots
to unmodified V-loop quadruplexes, two families of V-loop
structures can likewise be discriminated: One type exhibits
V-loop flanking residues in a north conformation (Fig-
ure 9B) and the other type features at least one V-loop adja-
cent residue with a sugar pucker in the south domain (Fig-
ure 9C).
Apparently, there is a strong correlation between pseu-

dorotation phase and glycosidic torsion angle. In contrast
to the (north,north) type of V-loops with 5′-flanking residues
generally adopting an anti conformation, V-loop structures
with a south-puckered residue as shown in Figure 9F exhibit
glycosidic torsion angles between 300◦ and 360◦ outside the
typical high-anti range. If we assign the latter torsion an-
gles to syn-like (low-syn range), all V-loops with sugar con-
formations in the south domain exhibit a polarity inversion
within the loop, i.e., between the two anchor nucleotides,
whereas (north,north) V-loops feature a backbone polarity
inversion after the V-loop. Thus, our original classification
of conventional and alternative V-loops may also be used
to discriminate between two distinct sugar conformational
clusters of V-shaped loops. Finally, it is also highly benefi-
cial for identifying the presence or absence of intramolec-
ular interactions. In fact, the short O5′-H8 distance be-
tween the V-loop 3′-flanking residue and the subsequent G,
identified as a characteristic feature of the conventional V-
loop in 14,15-modified ODN structures, is mimicked by all
other conventional V-loop structures (Supplementary Fig-
ure S20). On the other hand, alternative V-loops of Fig-
ure 9F exhibit corresponding interatomic distances >4 Å in
full analogy to the alternative F14A15 structure.

In conclusion, different characteristic features of conven-
tional and alternative V-loops do not serve as mere for-

mal criteria for the classification, but include important
structural details and interactions of possible relevance. In
terms of base-backbone interactions, the two distinct V-
loop conformational families will differ significantly in their
exposure of backbone atoms. As for the above discussed
O4′-H8 contacts, the O5′-H8 interaction seen for the con-
ventional V-loop shields the V-loop 3′-adjacent O5′ atom
from other intermolecular interactions, contrasting with a
fully exposed V-loop backbone in an alternative V-loop.
On the other hand, the distinct sugar conformational re-
quirementsmay allow for a directedmanipulation of V-loop
type through site-specific incorporation of sugar-modified
G analogs. For instance, an LNAG at the V-loop 3′-end will
strongly favor a conventional over an alternative V-loop as
exemplified by F14L15 and L(14,15).

CONCLUSION

LNA modifications were effectively used to induce refold-
ing into two distinct non-parallel G4 structures, highlight-
ing LNA’s potential as a versatile tool in quadruplex de-
sign. Of note, the enforced C3′-endo sugar pucker seems at
least as important as LNA’s anti preference for local sta-
bilizing effects. In fact, we show for the first time that an
energetically most disfavored LNA syn conformer may be
tolerated at a V-loop 5′-end. On the other hand, a perfectly
matching LNA residue at the V-loop 3′-end strongly stabi-
lizes the conventional V-loop structure. The latter is clearly
distinguished from an alternative type of V-loop based on
south-puckered flanking residues and with altered exposure
of backbone atoms. LNA substitutions may therefore be
used for structural fine-tuning, e.g., by inducing a subtle
transition from alternative to conventional type of V-loop
with putative impact on the interaction with ligands, pro-
teins, or other receptors.
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NMR structure calculations

2D NOE crosspeaks were classified as strong (2.9 ± 1.1 Å), medium (4.0 ± 1.5 Å), weak (5.5 ± 1.5 Å),
or very weak (6.0 ± 1.5 Å). For exchangeable protons, categories were set to medium (4.0 ± 1.2 Å),
weak (5.0 ± 1.2 Å), or very weak (6.0 ± 1.2 Å). In case of strongly overlapped signals, distances were
set to 5.0 ± 2.0 Å. Glycosidic torsions were restrained in the range 170–310◦ or 25–95◦ for anti and
syn conformers, respectively. The pseudorotation phase angle (PPA) was restricted to 144–180◦ for
experimentally determined (based on DQF-COSY spectra, Figures S15 and S16) south-type conformers
(all DNA residues except for residues G3 and A9-A13 in F14L15 and G17 and C19 in L15). While
the sugar pucker of LNA residues was not restrained, the PPA of FrG14 in F14L15 was restrained in
the range 30–70◦. The latter rather narrow restraint was based on the comparison of experimentally
determined 3JF2’H1’ and 3JF2’H3’ with values predicted using a Karplus-type relationship between vicinal
1H-19F coupling constants and H-C-C-F torsion angles (Figure S8).1

For a simulated annealing of the 100 starting structures, a 5 ps equilibration period at 300 K was
followed by heating to 1000 K during 10 ps. After 30 ps, the system was cooled to 100 K and finally to
0 K within 45 ps and 10 ps, respectively. Force constants for NMR-derived distance restraints were set to
40 kcal·mol-1·Å-2, for hydrogen bond restraints to 50 kcal·mol-1·Å-2, for glycosidic torsion angle and sugar
pucker restraints to 200 kcal·mol-1·rad-2, and for planarity restraints of G-tetrads to 30 kcal·mol-1·Å-2.

For a refinement in water, ten lowest energy structures were neutralized with K+ ions and two of the
cations placed in the center between the eight O6 atoms of two adjacent tetrads. The system was hy-
drated with TIP3P water molecules in a truncated octahedral box of 10 Å.2 During initial equilibration,
the DNA was fixed with 25 kcal·mol-1·Å-2. After 500 steps of steepest descent and conjugate gradient
minimization, the system was heated from 100 to 300 K during 10 ps under constant volume, followed
by a decrease in force constants to 5, 4, 3, 2, 1, and 0.5 kcal·mol-1·Å-2 and further equilibration. The
final simulation of 4 ns duration at 1 atm was performed with restraints only for NMR-derived distances
and Hoogsteen hydrogen bonds. The trajectories were subsequently averaged over the last 500 ps and
shortly minimized in vacuum for 500 steps.

Resonance Assignment

Imino resonances of F14L15

Central tetrad imino resonances were initially identified by H-D exchange experiments (Figure S6). Two
complete sets of inter-tetrad H1-H1 contacts were then easily assigned to FrG14-G1-LNAG15 and G2-
G7-G8 by H1-H8 contacts in the top and central tetrad (Fig. S5). G21 and G22 imino protons are
identified by their contacts with G7 and G6 H8, respectively. Their assignment is not only confirmed
by the expected H1-H1 contact but also through an inter-tetrad H1-H8 contact between G22 and G7.
An anticipated H1-H1 contact between G21 and G6 is not visible as G6 H1, identified by its strong
NOE crosspeak to T5 H6, is almost isochronous with G21. Finally, H1-H8 contacts with G21 and G22
identify G16 and G17 H1 resonances, linked by the expected H1-H1 contact and confirmed through
an additional inter-tetrad H1-H8 contact between G17 and G21. The remaining imino resonance at
11.94 ppm is assigned to G20 even though it is too broad to give rise to the expected H1-H8 or H1-H1
contact with LNAG15 and G16. This assignment is confirmed at 30 ◦C, where the signal sharpens up
and the latter contact appears in 2D NOE spectra (not shown).
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Imino resonances of L(14,15)

The assignment of the mostly weak and partly very broad imino resonances was accomplished by anal-
ysis of only partially observable H1-H1 and H1-H8 NOE correlations with additional support from the
comparison to F14L15 imino resonances and H-D exchange experiments (see Fig. S11 and S6). Imino
protons of G1 and G7 are identified by their crosspeaks to H8 resonances of G16 and G1, respectively. A
complete set of inter-tetrad H1-H1 contacts allowed for the assignment of LNAG14/LNAG15 and G2/G8
imino resonances from the G1 and G7 H1 assignments, respectively. In agreement with corresponding
chemical shifts in F14L15, the two overlapping signals around 11.55 ppm are assigned to G6 and G21
imino protons based on NOE contacts with T5 H6 and G7 H8, respectively. G17 H1 was assigned
to the well resolved signal at 11.08 ppm based on the comparison to F14L15, and G16 H1 was subse-
quently identified through a clear H1-H1 contact with G17. The remaining two signals at 11.95 ppm
and 11.40 ppm are too broad to give rise to any correlations in 2D NOE spectra, but were assigned to
G20 and G22 again based on the comparison to F14L15.

G-tract assignment for L15

The G14-LNAG15-G16 G-tract is easily recognized by the characteristically downfield shifted H2’ res-
onance of LNAG15 (Fig. S12). The G6-G7-G8 tract is clearly identified by sequential contacts to the
following loop segment (A9-A13) while the first and last G-tracts are unambiguously distinguished by
a contact of G3 H8 and H1’ to the methyl resonance of T5 (Fig. S12 and S13). G1, G6, G7, G14,
G20, and G21 are identified as the six syn Gs in the structure. The two syn-syn-anti G-tracts are
recognized by the reversed H8i-H1’i+1 sequential NOE contacts typical for syn-syn steps while the two
syn-anti -anti G-tracts feature a rectangular pattern of sequential H8-H1’ correlations for the syn-anti
steps (Fig. S13).

S4



Supplementary Figures

ODN F14L15 L(14,15) L15 L14F15 L14

Figure S1: Gel electrophoresis of native ODN and 14,15-modified sequences. The presence of a single
band with similar migrating behavior as the native structure confirms the monomeric nature of the
modified quadruplexes.

10.811.011.211.411.611.812.012.212.412.612.813.0 10.811.011.211.411.611.812.012.212.412.612.813.0

35 °C

25 °C

15 °C

5 °C

𝛿 / ppm 𝛿 / ppm

L14F15 L14

Figure S2: Imino proton spectral region of L14F15 and L14 (0.4 mm) acquired at different
temperatures in 10 mm KPi, pH 7.
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Figure S3: CD spectra of F14L15, L(14,15), and L15 (5 µm) at 25 ◦C in 10 mm KPi, pH 7 (A) and
20 mm KPi, 100 mm KCl, pH 7 (B). All sequences exhibit a negative band around 240 nm along with
two positive signals around 263 nm and 290 nm characteristic of a G4 fold featuring both homopolar
and heteropolar tetrad stacking. Global structural features seem independent of K+ concentration as
indicated by the presence of the same three bands under both buffer conditions. An increased
ellipticity at 263 nm relative to the amplitude at 290 nm in the high-salt buffer as seen for all three
structures was previously observed and does not suggest significant structural changes.3
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Figure S5: Portions of a 2D NOE spectrum of F14L15 (0.4 mm) acquired at 35 ◦C in 10 mm KPi,
pH 7, showing H1(ω1)-H1(ω2) (left) and H1(ω1)-H8(ω2) contacts (right) framed in blue, orange, and
green for top, central, and bottom tetrad, respectively. Contacts of outer tetrad imino resonances to
loop residues are framed in magenta. Adenosine H2 resonances are labeled in italic.
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Figure S6: H-D exchange experiments for F14L15 (top), L(14,15) (center), and L15 (bottom). Imino
proton spectral region recorded 5 min after redissolving a dried D2O sample in H2O (colored) and after
full recovery of all signals (in black, after 2 h for F14L15 and L(14,15), after 30 h for L15). Labeled
imino protons of the central tetrad are protected from fast solvent exchange and thus identified by
their reduced intensities shortly after H2O addition. Apparently, central tetrad imino protons
exchange much faster in the two V-loop topologies when compared to L15.
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pH 7, showing intra- and internucleotide contacts of V-loop flanking residues FrG14 (red) and LNAG15
(blue) as well as of G16 (black). Contacts between aromatic and sugar protons include the unusual
H8i-H2’i-2 (G16 H8 - FrG14 H2’) and the reversed sequential H8i-H1’i+1 (LNAG15 H8 - G16 H1’)
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10 mm KPi, pH 7, showing H2’(ω1)-H1’/H3’(ω2) contacts for FrG14. The E.COSY-type pattern results
from vicinal and geminal scalar couplings to 19F2’. An almost identical N-type conformation of FrG14
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deshielded H3’ resonances.
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pH 7, showing intra- and internucleotide contacts of V-loop flanking residues LNAG14 (red) and LNAG15
(blue) as well as of G16 (black). Two V-loop characteristic unusual crosspeaks between aromatic and
sugar protons, the H8i-H2’i-2 (G16 H8 - LNAG14 H2’) and the reversed sequential H8i-H1’i+1 (LNAG15
H8 - G16 H1’) contact overlap with the sequential G16 H8 - LNAG15 H3’ and the intraresidual G20
H8-H1’ NOE crosspeak (labeled in yellow). However, the absence of both an intraresidual H8-H2’
contact for LNAG14 and a sequential G16 H8 - LNAG15 H2’ contact is in agreement with the syn
conformation of LNAG14 and a backbone inversion between LNAG15 and G16, respectively.

11.011.111.211.311.411.511.611.711.811.9

L(14,15)

F14L15

6/T5

7/11/16

21/7

16/177/8

1/15

14/1

2/7

20

16 7 1
2

6 21
22

8 15
17

14

20

1671
2 621

22

8 15
17

14

8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2

11.0

11.2

11.4

11.6

11.8

𝛿 / ppm

A

B C

Figure S11: Assignment of imino resonances for L(14,15). A) Imino region of the 1H NMR spectrum
of F14L15 (top) and L(14,15) (bottom). Similarities in chemical shift which allowed for the assignment
of L(14,15) imino resonances are indicated by arrows. B,C) Portions of a 2D NOE spectrum of
L(14,15) showing H1(ω1)-H1(ω2) (B) and H1(ω1)-H6/8(ω2) contacts (C). All spectra were acquired at
30 ◦C with a 0.4 mm concentration in 10 mm KPi, pH 7.
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magenta. Adenosine H2 resonances are labeled in italic.
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Figure S15: H1’-H2’/H2” region of a DQF-COSY spectrum of F14L15 acquired at 40 ◦C in 10 mm
KPi, pH 7, 100 % D2O. Strong H1’-H2’ correlations indicative of S-type conformers are labeled.
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Figure S16: H1’-H2’/H2” region of a DQF-COSY spectrum of L15 acquired at 25 ◦C in 10 mm KPi,
pH 7, 100 % D2O. Strong H1’-H2’ correlations indicative of S-type conformers are labeled.
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Figure S17: Representative structures of the FrG14-LNAG15-G16 fragment of F14L15 showing
relevant interatomic distances. A) V-loop characteristic short LNAG15 H8 - G16 H1’ and G16 H8 -
FrG14 H2’ contacts in agreement with the corresponding NOE crosspeaks. B,C) LNAG15 O4’/O5’ -
G16 H8 distances in two different states indicating putative C-H· · ·O hydrogen bonds with
participation of O4’ (B) or O5’ (C).

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

G14 G15 G16B

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

0°
30°

60°

90°

120°

150°
180°

210°

240°

270°

300°

330°

N

S

G14 G15 G16A F(14,15)
A14F15
F14L15

ODN
A15
L15

Figure S18: Pseudorotation phase angles of residues 14-16 in (A) F14L15 (red), A14F153 (blue, PDB
ID 6TC8), and F(14,15)4 (grey, PDB ID 6RS3) as well as in (B) L15 (red), antiparallel A155 (blue,
PDB ID 6F4Z), and native ODN6 (grey, PDB ID 2LOD).
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Figure S19: O4’ - H8 distances (top) and corresponding O4’-H8-C8 angles (bottom) as extracted
from the structural ensembles for the LNAG15 O4’ - G14 H8-C8 interaction in L15 (A) and of the
FrG15 O4’ - G16 H8-C8 interaction in F(14,15)4 (B, PDB ID 6RS3) and A14F153 (C, PDB ID 6TC8).
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Supplementary Tables

Table S1: Overview of 14,15-modified ODN sequences, their adopted structures and conformations of
introduced G analogs. Unfavored conformations are highlighted in red.a

modifications adopted structure conformations of G analogs

position 14 position 15 - position 14 position 15

previous studies

A155 - FaraG antiparallel/native - (south,anti/syn)

F155 - FrG antiparallel/native - (south,anti/syn)

F(14,15)4 FrG FrG V-loop (north,syn) (north,anti)

r(14,15)4 rG rG V-loop (north,syn) (north,anti)

A(14,15)4 FaraG FaraG polymorphism - -

F144 FrG - polymorphism/V-loop n.d. -

A14F153 FaraG FrG V-loop (north,syn) (north,anti)

F14A153 FrG FaraG alternative V-loop (south,syn) (south,anti)

this study

F14L15 FrG LNAG V-loop (north,syn) (north,anti)

L(14,15) LNAG LNAG V-loop (north,syn) (north,anti)

L15 LNAG - antiparallel - (north,anti)

L14F15 LNAG FrG polymorphism - -

L14 LNAG - polymorphism - -

a n.d. - not determined
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Table S2: UV melting temperatures Tm of 14,15-modified ODN quadruplexes in low-salt and
high-salt potassium buffer, pH 7.a

10 mm KPi 20 mm KPi, 100 mm KCl

Tm / ◦C standard deviation Tm / ◦C standard deviation

F(14,15)4 45.1 0.5 61.1 0.3

r(14,15)4 41.0 0.7 59.2 0.6

A14F153 37.7 0.8 55.8 0.4

F14L15 48.2 0.6 66.4 0.4

L(14,15) 41.6 0.9 59.7 0.2

L15 44.8 0.4 60.5 0.3

L14F15 42.6 0.5 60.4 0.9

L14 41.6 0.2 58.7 0.5

ameasured in triplicate
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Table S3: NMR restraints and structural statistics for the structure calculations of F14L15 and L15.

F14L15 L15

NOE distance restraints

intraresidual 71.0 83.0

sequential 59.0 73.0

long-range 35.0 29.0

other restraints

hydrogen bonds 48 48

torsion angles 37 41

structural statistics

pairwise heavy atom RMSD / Å

G-core 0.54 ± 0.10 0.83 ± 0.16

all residues 3.39 ± 0.76 3.29 ± 0.53

violations / Å

maximum NOE violation 0.066 0.179

mean NOE violation 0.0012 ± 0.0009 0.0016 ± 0.0007

deviations from idealized geometry

bonds / Å 0.0107± 0.0001 0.0108 ± 0.0001

angles / degre 2.41 ± 0.02 2.47 ± 0.05
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Table S4: 1H and 13C chemical shifts of F14L15 (0.4 mm) at 35 ◦C in 10 mm KPi, pH 7.a

δ / ppm H8/H6 C8/C6 H1’ H2’/H2” H3’ H1 H5/H2/Me

G1 7.24 141.0 5.81 2.55/2.66 4.91 11.83 -

G2 7.49 137.2 5.88 2.42/2.59 4.99 11.65 -

G3 7.94 139.5 5.86 2.51/2.58b 4.84 n.d. -

A4 7.98 141.8 6.02 2.38/2.38 4.74 - 7.79

T5 7.24 139.2 5.85 1.89/2.30 4.63 n.d. 1.53

G6 7.27 142.0 5.96 3.44/2.87 4.86 11.53 -

G7 8.02 138.4 5.98 2.62/2.87 5.04 11.75 -

G8 7.41 137.6 5.96 2.01/2.46 4.90 11.30 -

A9 n.d. n.d. n.d. n.d./n.d. n.d. - n.d.

C10 7.65 143.8 n.d. n.d./n.d. n.d. - 5.98

A11 n.d. n.d. n.d. n.d./n.d. n.d. - n.d.

C12 7.42 143.6 5.77 1.95/2.15b n.d. - 5.63

A13 7.89 141.4 5.84 2.05/2.42b 4.80 - 7.58

FrG14 7.19 140.4 6.03 5.41/- 6.08 10.91 -

LNAG15 7.33 136.1 5.95 5.21/- 4.87 11.30 -

G16 7.65 138.3 6.06 3.21/2.41 4.77 11.72 -

G17 7.80 138.1 6.28 2.51/2.56 5.00 11.06 -

A18 8.55 143.3 6.55 3.18/2.88 4.89 - 8.32

C19 7.95 145.1 6.36 2.45/2.64 n.d. - 6.09

G20 7.34 141.7 5.99 2.98/2.98 4.82 11.94 -

G21 8.10 138.7 6.08 2.82/2.87 5.09 11.56 -

G22 7.79 138.1 6.44 2.64/2.54 4.74 11.39 -

a n.d. - not determined

b no stereospecific assignment
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Table S5: 1H (at 30 ◦C) and 13C chemical shifts (at 35 ◦C) of L(14,15) (0.4 mm) in 10 mm KPi, pH 7.a

δ / ppm H8/H6 C8/C6 H1’ H2’/H2”b H1 H5/H2/Me

G1 7.25 140.8 5.88 2.68/n.d. 11.73 -

G2 7.50 137.2 5.89 2.44/2.59 11.67 -

G3 7.97 139.5 5.88 2.53/2.59 n.d. -

A4 7.98 141.8 6.03 2.34/2.38 - 7.77

T5 7.25 139.1 5.85 1.89/2.31 n.d. 1.56

G6 7.27 142.0 5.97 2.88/3.47 11.55 -

G7 8.05 138.3 5.98 2.64/2.88 11.76 -

G8 7.35 137.4 5.97 1.92/2.43 11.21 -

A9 n.d. n.d. n.d. n.d./n.d. - n.d.

C10 7.60 143.7 5.97 2.06/n.d. - 5.92

A11 n.d. n.d. n.d. n.d./n.d. - n.d.

C12 7.34 143.6 n.d. n.d./n.d. - 5.56

A13 7.91 141.6 5.84 2.61/n.d. - n.d.

LNAG14 7.06 141.3 5.81 4.89/- 10.96 -

LNAG15 7.36 136.1 5.96 5.23/- 11.21 -

G16 7.85 139.3 6.01 2.36/3.30 11.80 -

G17 7.81 138.2 6.27 2.47/2.54 11.08 -

A18 8.56 143.2 6.56 2.90/3.17 - n.d.

C19 7.97 145.0 6.37 2.46/2.66 - 6.11

G20 7.35 141.6 6.00 2.99/2.99 11.95 -

G21 8.10 138.6 6.08 2.86/2.86 11.56 -

G22 7.79 138.1 6.44 2.53/2.64 11.40 -

a n.d. - not determined

b no stereospecific assignment
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Table S6: 1H and 13C chemical shifts of L15 (0.4 mm) at 25 ◦C in 10 mm KPi, pH 7.a

δ / ppm H8/H6 C8/C6 H1’ H2’/H2”b H3’ H1 H5/H2/Me

G1 7.37 141.1 6.11 2.67/3.20 5.02 11.72 -

G2 7.89 138.4 5.87 2.50/2.68 5.12 11.73 -

G3 7.94 137.0 6.29 2.84/2.57 5.01 11.44 -

A4 8.30 142.2 6.39 2.64/2.67b 5.03 - 7.29

T5 7.20 137.9 6.00 2.07/2.60 4.87 n.d. 1.11

G6 7.31 141.6 6.14 3.63/3.18 4.86 11.43 -

G7 7.24 140.4 5.75 2.65/2.48 5.00 11.27 -

G8 7.58 137.7 5.80 2.08/2.37 4.93 11.23 -

A9 8.01 141.7 5.93 2.67/2.55 4.94 - n.d.

C10 7.62 143.7 5.88 1.78/2.16 4.59 - 5.89

A11 7.84 141.4 5.70 2.34/1.86 4.35 - n.d.

C12 7.05 143.5 5.58 1.65/1.98 4.39 - 5.11

A13 7.92 141.6 6.19 2.52/2.28 4.67 - 7.65

G14 7.39 141.3 6.00 3.62/2.87 4.94 11.17 -

G15 7.48 137.2 5.53 4.66/- 4.34 11.77 -

G16 7.41 136.8 6.03 1.34/2.50 4.79 11.51 -

G17 7.91 138.5 6.03 2.64/2.39 n.d. n.d. -

A18 8.06 142.3 5.90 2.42/2.29 n.d. - n.d.

C19 7.38 143.1 n.d. 1.87/2.40b n.d. - 5.78

G20 7.14 141.3 6.07 3.20/3.73 4.82 11.61 -

G21 7.37 140.9 5.74 2.51/2.57b 5.04 11.49 -

G22 7.92 138.7 5.94 2.47/2.80 4.73 11.65 -

a n.d. - not determined

b no stereospecific assignment
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Zuhörerin bei Problemen und geduldige Tutorin bei Linux- und LATEX-Problemen

in Erinnerung. Auf Petra hingegen ist Verlass bei allen bürokratischen und organ-
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