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Scope of the Dissertation

1. Scope of the dissertation

This dissertation explores and tries to unravel the fundamental basis of G-quadruplex end-folding as well
as G-quadruplex interactions with small molecules by thermodynamic and structural approaches.
Selective targeting of G-quadruplexes with ligands remains elusive, either because the ligand has
considerable binding affinity for other DNA structures or because it fails to discriminate between different
G-quadruplex topologies. Unique structural motifs on the G-quadruplex may enhance or inhibit ligand
binding to the G-quadruplex. For such aspects, it is necessary to understand the effect of G-quadruplex
motifs or elements on the end-folding in order to better tune certain G-quadruplex topologies as model
systems. Quadruplex-duplex (QD) junctions as unique structural motifs are shown to be a binding hotspot
for various G-quadruplex ligands containing an intercalator motif. Eight articles are to be discussed and

summarized in this dissertation.

Article 1: Structural motifs and intramolecular interactions in non-canonical G-quadruplexes
Jana, J., Mohr, S., Vianney, Y. M., & Weisz, K. (2021). RSC Chemical Biology, 2 338-353.

This review article discusses various non-canonical G-quadruplexes, particularly from the structural point
of view. In many cases, canonical G-quadruplexes contain three layers of G-tetrads. This review focuses
on G-quadruplexes containing only two layers of G-tetrads as well as G-quadruplexes containing broken
G-columns, i.e., G-quadruplexes in which a G-column has a smaller number of consecutive guanines
than the other G-columns. The vacancy created by such a G-column can subsequently be filled with
guanosine-based nucleotide(s) via interspersed residues (bulge), or via intramolecular (from a snapback
loop for instance), or intermolecular interactions. Aspects related to the thermodynamic stability and a
possibility for specific G-quadruplex targeting by ligands following such unique G-quadruplex elements

are also discussed.

Article 2: G-Quadruplex formation in a putative coding region of White Spot Syndrome Virus:
structural and thermodynamic aspects

Vianney, Y. M., Purwanto, M. G. M., & Weisz, K. (2021). ChemBioChem, 22, 1932-1935.

Bioinformatic studies have suggested that the White Spot Syndrome Virus (WSSV) genome contains
several putative G-quadruplex forming sequences. One conserved sequence named WSSV131, which
yields a proton NMR spectrum of good quality, is subjected to structural and thermal stability analyses.
There are two mixtures of two parallel G-quadruplexes with different loop length arrangements for the
propeller loop. The major species is identified to contain a 1:3:1 loop length arrangement. The 1:3:1 loop

isomer is found to be more stable than the 1:2:2 loop isomer, consistent with a classic argument that a
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one-nucleotide (1-nt) propeller loop contributes to a more stable G-quadruplex than a longer propeller
loop. The presence of multimeric G-quadruplexes was detected by gel electrophoresis with melting

temperatures (above 100 °C) far exceeding those of the monomeric G-quadruplex.

Article 3: First tandem repeat of a potassium channel KCNN4 minisatellite folds into a V-loop G-
quadruplex structure

Vianney, Y. M., & Weisz, K. (2021). Biochemistry, 60, 1337-1346.

The intron in-between the KCNN4 gene contains minisatellites with several contiguous guanines. The
first repeat was subjected to a structural study and found to fold into a conventional V-loop upon truncation
of the 5'-flanking sequence. The 3'-overhang seems to give additional stabilizing interactions with the
lateral loop preceding the V-loop. On the other hand, the addition of a 5’-overhang greatly diminishes the
thermal stability and the quality of the NMR spectrum, which brings into the argument that the addition of

an overhang in tandem with a G-vacancy filling strategy is detrimental.

Article 4: Expanding the topological landscape by a G-column flip of a parallel G-quadruplex

Mohr, S., Jana, J., Vianney, Y. M., & Weisz, K. (2021). Chemistry—A European Journal, 27, 10437-10447.
A novel hybrid-type G-quadruplex folding with loop progression of -(ppl) (propeller, propeller, and lateral
loop together with a counterclockwise progression) was constructed and named hybrid-2R. The formation
has to be forced by incorporating 8-bromoguanosines (BrG) at matching positions. In this case, the BrGs
were incorporated in the G-column following the lateral loop being the only G-column in an antiparallel
direction with respect to the other G-columns. A loop arrangement of 1:1:3 can be employed to create a
hybrid-2R topology. On the other hand, the incorporation of a duplex-forming sequence in the lateral loop
does not give significant aid to the folding. It is interesting to note that with a loop arrangement containing
two 1-nt loops in this design, a (3+1) hybrid G-quadruplex with an exclusive all-homopolar tetrad stacking

which usually escapes attention is obtained.

Article 5: Guiding the folding of G-quadruplexes through loop residue interactions

Jana, J., Vianney, Y. M., Schroder, N., & Weisz, K. (2022). Nucleic Acids Research, 50(12), 7161-7175.
This article tries to explain the fundamentals of G-quadruplex folding through the combination of structural
and thermodynamic approaches. The hybrid-1R/hybrid-1R’ topology with +(Ipp) loop progression as well
as parallel G-quadruplexes were used as model systems in this study. The addition of a lateral snapback
loop restricts the possibility of various other topologies and tunes the folding to the desired competing
structures. Using various residue mutations (deletion, substitution, addition, using G analogs), various

trends were obtained. From the loop itself, the last (third) residue of the lateral loop tends to be ordered

3
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and stacked above the G-tetrad. However, the most crucial one is the importance of the 1-nt loop.
Originally, the major species obtained with a loop length arrangement of 3:3:1 was the hybrid-1R’, a +(Ipp)
G-quadruplex with one homopolar and one heteropolar tetrad stacking. Such tetrad stacking patterns are
the most commonly perceived stacking for the (3+1) hybrid G-quadruplex. Surprisingly, shortening the
central loop into a 3:1:1 loop arrangement also increases the population of both the hybrid-1R topology
as well as the parallel topology. Of note, the hybrid-1R topology is a +(Ipp) G-quadruplex with all-
homopolar tetrad stackings (compare with hybrid-2R in article 4). A comparison of free energies was also
performed and shortening the loop was found to stabilize both the hybrid-1R and the parallel topology.
Thus, the 1-nt loop does not prefer only the parallel G-quadruplex. More precisely, the 1-nt loop prefers
to connect G-tetrads of the same polarity, i.e., it prefers to connect two guanosines with the same
glycosidic torsion angle. Such progresses answer various questions that have been raised (in article 4
for instance) and can be used for a better understanding of G-quadruplex folding and for better G-

quadruplex engineering.

Article 6: Quadruplex-duplex junction: a high-affinity binding site for indoloquinoline ligands
Vianney, Y. M., Preckwinkel, P., Mohr, S., & Weisz, K. (2020). Chemistry—A European Journal, 26, 16910-
16922.

The quadruplex-duplex (QD) hybrids have gained interest since their structural determination in several
past studies. The QD junction can be created, for example, by incorporating a lateral loop. However,
commonly used G-quadruplex binding ligands containing extended aromatic ring systems tend to favor
the binding to the open, accessible G-tetrad. The indoloquinoline ligand (PIQ) used in this study was
originally developed in this lab and appeared to preferentially target the parallel G-quadruplexes among
other G-quadruplex topologies. For the first time, the quadruplex-duplex junction is shown to not
represent a blockage, but rather recruits the ligand to bind in the QD junction. Thermodynamic studies

with ITC as well as NMR studies were performed to explain this phenomenon.

Article 7: Indoloquinoline ligands favor intercalation at quadruplex-duplex Interfaces

Vianney, Y. M., & Weisz, K. (2022). Chemistry—A European Journal, 28, €202103718.

As a continuation of Article 6, a QD hybrid containing a G-vacancy which is filled with a terminal 3'-G from
the extension of the 3'-overhang by a self-complementary duplex forming sequence is employed. Such
a construct is expected to reduce the conformational flexibilities in the QD junction that hinder the
structural assignment in Article 6. The structural study showed that the duplex 3'-overhang behaves like
a lateral snapback loop. In this work, SYUIQ-5, a commercially available ligand, is used for the ligand

binding study. SYUIQ-5 is also known to target parallel G-quadruplexes and has the potential for cancer

4
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therapy. NMR studies showed that SYUIQ-5 binds to the QD junction by intercalation. The aliphatic side
chain of SYUIQ-5 points towards the direction of the duplex minor groove. A further binding study with
cryptolepine, a commercially available ligand with an indoloquinoline ring system without side chains,
suggests that cryptolepine also binds to the junction by intercalation. Similar to the duplex intercalator, -
™ stacking is the dominant force for the binding. Thus, QD intercalation by indoloquinolines shows higher
affinity than stacking at the outer G-tetrad and binding at the duplex. In contrast to what has been
proposed, the duplex lateral loop does not appear to block ligand binding, but rather promotes

intercalation.

Article 8: High-affinity binding at quadruplex-duplex junctions: rather the rule than the exception
Vianney, Y. M., & Weisz, K. (2022). Nucleic Acids Research, 50, 11948-11964.

A similar geometrical arrangement of SYUIQ-5 upon QD intercalation when compared to G-tetrad end-
stacking and duplex intercalation with similarly related indoloquinoline-based ligands raises a question
about the degree of selectivity towards various DNA binding modes. Various ligands were tested for the
affinity and selectivity of the binding at the QD junction. For SYUIQ-5, it was expected that the selectivity
is only modest against the duplex compared to both G-quadruplex and the QD junction. In contrast, the
PIQ used in Article 6 exerts a high selectivity against the duplex. A structural study of the PIQ on a QD
hybrid was carried out. It was found that upon intercalation at the QD junction, PIQ was found to be
subjected to a 180° flip when compared to SYUIQ-5, i.e., the tilted phenyl side chain is directed towards
the major groove of the duplex and subsequently covers the rest of the G-tetrad. A similar idea can be
deduced from the binding of Phen-DC3 to the QD hybrid. Whereas the phenanthroline ring system of
Phen-DC3 intercalates into the QD junction, the two quinoline side arms cover the rest of the G-tetrad.
An argument for good QD binders is proposed: increase selectivity by maximizing the interactions with
the G-tetrad by entropic contributions and discourage the binding to the duplex. Such an argument is in
fact similar to some of the strategies used to design G-quadruplex ligands; however, it should be
emphasized that the QD junction is the more affine binding site when compared to the open accessible
G-tetrad.
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2. G-quadruplex

2.1 Structural aspects of G-quadruplexes

G-quadruplexes are secondary structures of nucleic acids composed of G-tetrads. A G-tetrad is
comprised of four guanines, arranged in a square planar pattern and connected via eight Hoogsteen
hydrogen bonds (Figure 1A). Two polarities of the tetrad can be categorized according to the direction of
the hydrogen bond donor to its acceptor. A G-quadruplex is typically composed of a run of guanines in
one G-column/G-tract in which G-tetrads are stacked onto each other in a helical arrangement.
Depending on the sugar orientation, the guanosine will have either an anti- or syn- glycosidic torsion
angle to maintain the direction of the polarity within the G-tetrad. A parallel orientation is defined as two
strands adjacent to each other displaying the same backbone orientation. The two parallel strands contain
two guanosines with the same glycosidic torsion angle (anti/anti or syn/syn). On the other hand, two
strands in antiparallel orientation contain two guanosines with different glycosidic torsion angles (anti/syn)
in each of the strands. As a result, three different groove widths, i.e., the distance between two backbones
of two adjacent strands, arise from the strand arrangements. A medium groove is obtained from two
strands in a parallel orientation while either a wide or narrow groove arises from an antiparallel strand
orientation depending on the direction of the hydrogen bond donor to the guanosine acceptor with the
different glycosidic torsion angles (Figure 1B). Monocations, usually potassium, stabilize the G-
quadruplex and are located in between two G-tetrads which are subsequently coordinated by eight O6

atoms of the guanines (Figure 1C) (1).
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Figure 1. (A) One guanine tetrad arranged and connected by eight Hoogsteen hydrogen bonds with a
cation in the center. (B) A guanine tetrad with syn—syn—anti—syn-guanosines containing wide,
medium, and narrow groove sizes. Cartoon is taken from PDB 2JSM (2). (C) Schematic of a tetrameric
parallel G-quadruplex with all anti-guanosines (as grey boxes) and alkali metal ions (as a purple sphere)

sandwiched between two tetrads.
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G-quadruplexes may have a monomolecular, bimolecular, or tetramolecular assembly. For
monomolecular and bimolecular G-quadruplexes, loops are needed to connect two G-columns. Three
types of loops arise from the arrangement of the strand orientation. A propeller loop connects two G-
columns in parallel orientation. A lateral loop joins two adjacent G-columns in antiparallel orientation while
the diagonal loop connects two distal antiparallel G-columns. For a right-handed DNA, the G-column
helicity already geometrically restricts the direction of the propeller loop due to the twist angle in the range
of 20-30° for each base step (Figure 2A) (3). On the other hand, a lateral loop could progress in either a
counterclockwise or clockwise direction, subsequently bridging wide or narrow grooves, respectively
(Figure 2B). There is an old consensus that short propeller loops (1-2 nucleotides) are favored, whereas
a lateral loop is formed from at least two nucleotides in most cases. The diagonal loop is usually formed
from more than three nucleotides. A very helpful nomenclature for the propeller and lateral loop directions
(- for counterclockwise and + for clockwise) was used in this study, considering the strand orientation and

following the starting point of the 5’-guanine in the bottom tetrad in the front-right column (4).

Figure 2. (A) Top view of the two stacked G-tetrads with right-handed helical progression. (B&C)
Allowable -(ppp) and non-allowable +(ppp) progression of propeller loops in a right-handed G-quadruplex.
(D) Schematic of a G-quadruplex structure containing two propeller loops and a lateral loop bridging a
wide groove -(ppl) with all-homopolar tetrad stacking (PDB 701H) (5). (E) Schematic of a G-quadruplex
structure containing two propeller loops and one lateral loop bridging a narrow groove +(Ipp) with all-
homopolar tetrad stacking (PDB 6R9K and PDB 7ZEQ) (6, 7). (F) Schematic of a G-quadruplex structure
(-pd+l) containing propeller, diagonal, and lateral loops bridging a wide groove (PDB 2LOD) (8). The

groove width dimensions are denoted as follows: w (wide), m (medium), and n (narrow).
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G-quadruplex structures became prominent due to their abundance in the genomic context (9).
These structures are known to modulate replication as well as gene expression at both the transcriptional
and translational levels. G-quadruplexes could block enzymatic machinery in various nucleic acid
transactions or recruit proteins to up/downregulate gene expression (10). Putative G-quadruplex forming
sequences are often found in the regulatory region of oncogenes, the best example being the
microsatellites of telomeres (TTAGGG)n. These facts led to the possibility of modulating G-quadruplex
formation for cancer therapy (11). On the other hand, G-quadruplexes have found their way into various
nanotechnological and analytical applications. A G-quadruplex was found to be able to behave as a
DNAzyme system in conjunction with hemin to create a peroxidase-like reaction (12) which allows
visualization for various detection purposes (13, 14).

Various small molecules or drugs recognize the G-quadruplex structures by end-stacking owing to
the accessible binding site on the terminal G-tetrad. As such, the general design of G-quadruplex ligands
involves a polycyclic ring with an extended aromatic ring system. Such designs also prevent intercalation
into the duplex DNA due to the unfavorable entropic penalty of exposing large hydrophobic surfaces of
the ligand to the solvent or the inability of the ligand to intercalate between the bases in a B-DNA.
Additional interactions may come from weak electrostatic forces, hydrogen bonding, or further

stacking/capping from the loop or overhang (15).

2.2. Non-canonical G-quadruplexes (Article 1)
The most commonly observed number of stacked G-tetrads is three. Two G-tetrad layers are deemed
too unstable and tend to recruit additional stacking interactions, for instance, end-to-end stacking to
create a dimeric G-quadruplex (16, 17) or a capping structure from loop residues (18). In fact, the four-
layered structures of one left-handed G-quadruplex in one study can be seen as a pair of two-layered G-
quadruplexes connected by a linker (19). On the other hand, intact four-layered G-quadruplexes are still
rarely observed. It was first observed in antiparallel G-quadruplexes bearing three lateral loops in either
clockwise or counterclockwise direction (20, 21). Recently, a propeller loop linking a four-layered G-
quadruplex was observed involving non-native nucleotides as its residues. Apparently, the distance
between the distal tetrads in the four-layered G-quadruplex is too long, exacerbated by the fact that the
3’-terminal guanine in one G-column already passes the position of the 5’-guanine in the following G-
column due to its twist. A hydrophobic penalty in conjunction with steric clash perhaps hinders the
formation of the propeller loop using natural nucleotides in a four-layered G-quadruplex (22).

On the other hand, G-quadruplexes can also be composed of interrupted G-tracts. The G-

quadruplex is comprised of one or more columns in which the number of consecutive guanines is less
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than for other G-columns. Such a design creates a vacancy in the G-quadruplex (23, 24). There are
various ways to fill the vacancy. It can be filled from an interspersed G residue in which a bulge is then
created (25), from a guanine within an overhang or loop (26, 27), or even from a guanine residue located

in another G-quadruplex subsequently creating an interlocked dimeric molecule (Figure 3) (28).

T g _»./

Figure 3. (A) A parallel G-quadruplex bearing one guanine vacancy on its third G-column. (B) A parallel
G-quadruplex with a bulge (residue in the bulge is colored in red) on its first G-column. (C) A G-quadruplex
with a broken G-tract on the second column subsequently filled with a guanine from the 3'-overhang
forming a diagonal snapback loop. (D) A G-quadruplex with a broken G-tract on the third column and
subsequently filled with a guanine from the 3'-overhang forming a lateral snapback loop. (E) An

interlocked G-quadruplex model that is taken from an HIV integrase aptamer 93del (PDB 1Y8D) (28).

One possible way to fill a G-vacancy via a loop is by creating a snapback loop. A snapback loop
is often formed by the elongation of its overhang sequence, creating either a lateral or diagonal loop. Of
note, a propeller snapback loop has never been observed. One best example is taken from a parallel G-
quadruplex derived from a Myc sequence called Pu24T that contains one guanine vacancy on the second
column. This vacancy is subsequently filled by a guanine residue from the extension of the 3'-overhang
forming a diagonal snapback loop (Figure 3C; PDB 2A5P) (26). On the other hand, a PDGFR-f- inspired
sequence has a vacancy on the third G-column and is filled by a guanine residue in a lateral-type
snapback loop fashion (29). The vacancy is proposed to be filled by a guanosine in syn-conformation due
to the antiparallel orientation of the backbone of this residue relative to the adjacent nucleotide (Figure
3D).

Other possible non-canonical G-quadruplexes that are peculiar but frequently observed are V-
loop G-quadruplexes. These were first reported in 2001 by Patel’'s lab in a dimeric G-quadruplex (30).
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The first observation of a three-layered V-loop G-quadruplex derived from a genomic-inspired sequence
was observed in 2010 from the ch/1 intronic sequence (27). This was unprecedented as the chl1
sequence context does contain four runs of three guanines that can form a canonical G-quadruplex
structure. This suggests that the stability of the V-loop G-quadruplex can compete with the canonical G-

quadruplexes.

LN . - ) i - n- - e 4 )
- \ k‘ = ( S D
h = > P ‘\ b }
\ 5'-anchoring residue - \
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Figure 4. Schematic (top) and high-resolution structures (bottom) focusing on the two G-columns
connected by a V-shaped loop of (A) a conventional V-loop G-quadruplex and (B) an alternative V-loop
G-quadruplex. For the schematic, the anti-, high-anti-, syn-, and low-syn-residues are colored in grey,
dark grey, red, and light red, respectively. Note that the arrows in the three-dimensional structures indicate
the backbone polarity for residues in the G-columns. The representative three-dimensional structures for
the conventional V-loop and alternative V- loop G-quadruplexes are taken from PDB 7ATZ and PDB

6H1K, respectively.

The common motif for the formation of a V-loop G-quadruplex is a vacancy in the first G-column
before the 5'-terminus. The vacancy is then subsequently filled by a guanine, which is usually directly
linked to the next G-column in the opposite G-tetrad layer. The V-shaped loop is formed from this guanine-
filling residue and the 3'-guanine in the adjacent G-column. In contrast to the propeller loop, the
orientation of the broken G-column relative to the connected G-column is antiparallel (Figure 4). The
terms 5’-anchoring and 3'-anchoring residues are used here to describe the two guanines connected by
this V-shaped loop. Two types of V-shaped loops were found after studying various solved structures
either derived from naturally occurring sequences or by incorporating G analogs. Two seminal studies

were carried out separately and described two kinds of V-shaped loops named conventional (or Vr) and

10
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alternative (or Vs) (31-33). The critical difference is based on the location of the backbone inversion. For
the conventional V-shaped loop, the backbone polarity inversion happens after the 3'-anchoring residue.
Thereby, it is observed that the 3'-anchoring residue contains a different sugar orientation relative to the
3’-guanosines in the same G-column. On the other hand, the backbone polarity inversion occurs in the
V-shaped loop for the alternative one, resulting in the 3’-anchoring residue having the same sugar
orientation as the rest of the guanosines in the same G-column (Figure 4A&B). The difference in the
backbone orientation for the 3'-anchoring residue results in a unique glycosidic torsion angle for the
anchoring residues. Whereas the 5-anchoring guanosine is typically in a syn conformation as can be
derived for canonical G-quadruplexes following lateral loop progression preceding the V-loop, the
glycosidic torsion angle of the 3'-anchoring residue is not well defined. Often, the 3'-anchoring residue
glycosidic torsion angle is found to be in a high-anti region for a conventional V-loop G-quadruplex (27,
34, 35), while the glycosidic torsion angle for the 3'-anchoring residue in the alternative one is found in a
low-syn region (36, 37).

Interesting seminal studies by Haase mentioned the importance of determining the sugar pucker
and not only the glycosidic torsion angle for V-loop G-quadruplexes (32). It can be observed that the
sugar pucker of both anchoring residues in the conventional V-loop and the alternative V-loop often tend
to be in north and south, respectively. In this case, one might consider incorporating G analogs such as
ribonucleotides or LNA (locked nucleic acid) that prefer (or lock) the sugar in a north conformation and
subsequently favors anti-guanosine as the 3'-anchoring residue in a conventional V-loop. Interestingly,
incorporation of the LNA in the 5’-anchoring syn position still allows formation for the conventional V-loop,
suggesting that the sugar conformation can overcome the preference for a nucleoside glycosidic torsion
angle when it comes to V-loop G-quadruplex formation (33).

The ability of the G-quadruplex to fold even in the presence of an interrupted G-tract greatly
increases the diversity of G-quadruplex folding. However, such motifs can also be used for a specific
ligand/drug binding. The G-vacancy can also be filled by small metabolites such as cGMP or
oligonucleotides containing guanine motifs which might have importance in vivo (24, 38, 39). In addition,
the snapback loop motifs, in particular the diagonal snapback loop, are known to block ligand binding to
the G-quadruplexes. As mentioned above, G-quadruplex ligands are typically polycyclic compounds with
extended aromatic ring systems and prefer to bind via end-stacking on the terminal tetrads. In the
presence of the snapback loop, one tetrad is blocked by the loop, leaving the other tetrad as the only
accessible site for an affine ligand binding (26, 40, 41). However, there is no study on ligands that
specifically target V-shaped loop topologies to date.

11
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3. Understanding the preferred end-folding of G-quadruplexes through mutational
studies on loop residues

3.1. G-quadruplex structures derived from naturally occurring sequences in
genomes (Articles 2 & 3).

One example of the diversity of G-quadruplex folding can be seen in a study of a gene segment from the
White Spot Syndrome Virus (WSSV). This simple sequence of 23 residues, named WSSV131 due to its
position on the open reading frame WSV131 (accession number KY827813) consists of GsNG3N2GsNGs
with N being any arbitrary nucleotide (Figure 5). NMR spectra suggest a mixture of two species, which
arise due to loop isomers from the four runs of guanines in the third segment. A simple G > T mutation
for each of the guanines of the third G-column (Figure 5) resolves the mixture. Supported by NOESY
spectra, the two mutated species are shown to be three-layered parallel G-quadruplexes containing all
anti-guanosines in the tetrads with exclusive homopolar tetrad stacking. The major species was found to
be the G-quadruplex with a loop arrangement of 1:3:1 while the minor species has a loop arrangement
of 1:2:2 (Figure 5). The higher melting temperature as well as the slightly higher van't Hoff enthalpy
obtained by differential scanning calorimetry (DSC) seem to support two classical arguments:

1. The 1-nt propeller loop is significantly more stable than a propeller loop with longer residues.

2. A favored three-layered parallel G-quadruplex contains two 1-nt loops (first and third) and a middle
loop of varying length (42-44).

Itis noteworthy that high-melting species are additionally observed in the DSC thermogram. Such species

are suggested to be multimeric G-quadruplexes with a higher-order structure (Article 2).

13 16
WSSV131 = 5-TCTGGGAGGGAAGGGGAGGGTTA-3'

DG4 of 1:3:1 isomer < AG%yg; of 1:2:2 isomer

Figure 5. Preferential folding of a WSSV131-derived sequence into two parallel G-quadruplexes of loop

isomers. Formation of a parallel G-quadruplex with a higher number of 1-nt loops is more favored.
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3. Understanding the preferred end-folding of G-quadruplexes

In another case, the first intronic segment of KCNN4 appears to provide a unique repeat
sequence containing several runs of guanines. The first repeat is further studied in terms of G-quadruplex
folding in Article 3. The sequence which is 5-CCTA GG TCTGA GGG A GG A GGGG CT GGGGG TCA-

3’ forms a G-quadruplex with heterogeneous topologies, as suggested by the 1D proton NMR spectrum.

Subsequent mutation and truncation of the flanking sequences resulted in a sequence 5-GG TCTGA
GGG AGA GGGG CT GGG T-3' with one major fold. Such a pattern, carrying only two guanines in the
first G-run and four guanines in the third G-run, can potentially form a V-loop G-quadruplex as a way to

fill the G-vacancy.

Figure 6. (A) Schematic fold of the KCNN4 sequence with a conventional V-shaped loop. (B)
Superposition of 10 calculated structures of KCNN4. (C&D) Top view of the two arrangements of the
lateral loop preceding the V-loop and capping the bottom tetrad. The putative G:T hydrogen bond (C) is
found in the lowest-energy structure, but only in 2 out of 10 calculated structures. The putative A:T:A triad

(D) can be found in 8 out of 10 structures.

After the spectral assignment of this gene segment, the DNA indeed folds into a V-loop G-
quadruplex. The vacancy in the first G-column at the 5'-terminus is then filled by the first guanine in the

third run of four guanines (Figure 6A). The V-shaped loop connects two G-columns in an antiparallel
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3. Understanding the preferred end-folding of G-quadruplexes

fashion, however, there is no strand inversion between the two connected guanines. The strand polarity
reversal occurs after the 3'-residue of the V-loop. Such a V-loop topology is defined above as a
conventional V-shaped loop. Notably, the sugar pucker of both the 5’- and 3'- anchoring residues of this
V-shaped loop adopts a north conformation as expected for the conventional V-loop. Since the 5'-
anchoring residue of the V-shaped loop is in syn for this (3+1) hybrid-type topology, the 3’-anchoring
residue tends to have a glycosidic torsion angle in the high-anti range due to the strand polarity inversion
following this residue to match the overall upper G-tetrad polarity.

Interestingly, other reported conventional V-loop G-quadruplexes with similar loop progression
and without any G analogs also contain an adenine preceding the 5-anchoring residue (27, 34). In fact,
an NAG4 motif has been proposed as a unique and crucial motif for V-loop G-quadruplex formation (45).
For the KCNN4 sequence, there are two different arrangements for the lateral loop before the V-shaped
loop which could be due to the applied force field despite the use of NMR-based distance constraints
(Figure 6C&D). Thus, the importance of this lateral loop remains elusive and it can be only speculated
whether it is a prerequisite for stable V-loop formation or simply due to the stabilizing behavior of an
adenine base as the last residue in a 3-nt lateral loop (7, 46).

It is obvious that the truncation of the flanking sequence is a biased way to obtain such a non-
canonical G-quadruplex. In fact, no gene segment in the chromosome will contain two blunt ends. The
addition of a 5-adenine overhang in this design significantly lowered the melting temperature of the G-
quadruplex. In addition, the formation of the V-loop topology cannot be unambiguously demonstrated with
a 5-overhang. One study involving a non-canonical parallel G-quadruplex with a snapback loop also
suggests that additional overhang residues following the filling guanine significantly lower the free energy
of formation. The degree of destabilization is gradual and depends on the number of flanking residues
added (47). However, it has also been suggested that the overhang can still be accommodated in the
case of the snapback loop design (26) or the V-loop G-quadruplex itself (36). The relevance of a non-

canonical G-quadruplex bearing a vacancy in a genomic context remains an interesting question.

3.2 Rational design of sequences to reveal new G-quadruplex topologies with the

help of G analogs (Article 4)

The previous section suggests that loop motifs and lengths contribute to the intrinsic stability of the G-
quadruplex and ultimately the end-folding. However, mutational studies on sequences derived from
genomic sequences suffer from the lack of biological relevance following various residue mutations. As
such, one has less freedom to further explore the fundamental basis for the preferred end-folding of G-

quadruplexes. It is therefore more inspiring to use rationally designed sequences to engineer G-
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3. Understanding the preferred end-folding of G-quadruplexes

quadruplex topologies and then attempt to explain the preferred end-folding by modifying the critical
elements observed in the high-resolution structures obtained from NMR studies.

As mentioned above (Section 2.1), a 1-nucleotide propeller loop is most stable. In addition, there
was a study mentioning that a 1-nt loop highly favors parallel-stranded G-quadruplexes since various
solved G-quadruplex structures forming parallel topologies mostly contain at least one 1-nt propeller loop
(42). The propeller loop usually has no direct secondary interaction with the G-core residues and the loop
bases are either exposed to the solvent or rather located in the groove to minimize the entropic penalty.
However, in a previous study a shorter propeller loop was found to form a more compact G-quadruplex
and resulted in a more favorable enthalpy of formation (44).

We initially studied the loop length preferences by constructing new G-quadruplex topologies named
hybrid-1R with a +(Ipp) loop progression and hybrid-2R with a —(ppl) loop progression. The term ‘R’
comes from the exchange of the lateral and propeller loops in the previously reported hybrid-1 —(pll) and
hybrid-2 —(llp) topologies. In the hybrid-1R, the first lateral loop bridges a narrow groove, resulting in a
wide groove between the overhang sequences. Previously, it was demonstrated that the hybrid-1R
topology can be obtained by adding a duplex through complementary 5'- and 3'-overhang sequences
bridging the wide groove (6). Interestingly, the design of a 3:1:1 loop composition still retains the major
formation of the parallel G-quadruplex even with the additional energy due to the duplex base-pair
formation. Two hybrid-1R topologies can be observed, a major one with exclusive homopolar G-tetrad
stacking and one G-column containing all syn-guanosines (PDB 6R9L), and a minor species named
hybrid-1R’ topology with the commonly observed (3+1) hybrid structure presenting a heteropolar as well
as homopolar G-tetrad stacking (PDB 6R9K) (Figure 7). The ratio of the coexisting topologies was 2:1:0.4
for parallel:hybrid-1R:hybrid-1R’ for the G-quadruplex construct.
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3. Understanding the preferred end-folding of G-quadruplexes

Figure 7. Established equilibrium between three G-quadruplex topologies in a G-quadruplex with a 3:1:1
nucleotide loop progression. The 5'- and 3'-overhangs each contain 4 residues complementary to each
other. The parallel G-quadruplex prevailed as the major species, followed by hybrid-1R and hybrid-1R’

topologies. The groove dimensions are denoted as follows: w (wide), m (medium), and n (narrow).

Based on this rationale, the new hybrid-2R topology was constructed with an extension of the last
loop so that the G-quadruplex contains a loop length progression of 1:1:3 (Article 4). However, only the
formation of the parallel G-quadruplex was observed with no hint for the formation of a hybrid-2R topology.
We decided to use BrG as a G analog with a syn-glycosidic torsion angle preference. Here, the anti
conformation is disfavored due to the steric clash of the bulky bromine atom with the sugar moiety. The
hybrid-2R topology is obtained only with the substitution of BrG in at least two guanosine positions in one
G-column. Similar to hybrid-1R, an exclusively homopolar G-tetrad stacking is observed in this topology
with an all-syn-guanosine fourth G-column (Figure 8A).

The addition of a duplex stem-loop as a lateral loop does not seem to significantly promote a hybrid-
2R formation in contrast to the hybrid-1R topology. Of note, a duplex stem-loop can also be formed
through a propeller loop lacking only a first base pair and additional base stacking on the G-tetrad when
compared to a coaxially stacked lateral loop (Figure 8B; see section 3 on QD hybrids). Such differences
in energy contributions, perhaps only provided by the nucleobases at the interface of the G-tetrad and

the duplex, are apparently not sufficient to force the (re)folding of the sequence from the preferred parallel
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3. Understanding the preferred end-folding of G-quadruplexes

topology to the hybrid-2R topology. This is in contrast to the contribution of the duplex domain for the
formation of a hybrid-1R topology in the previously constructed sequence (Figure 7). From the design, it
can be seen that residues of the two flanking sequences are located at opposite outer G-tetrad planes
when forming a parallel G-quadruplex. In the hybrid-1R case, additional potential energies to enforce
folding are given by the interactions (hydrogen bonding, m-m stacking, and London forces) of all
nucleobases involved in the formation of the duplex domain itself.

Structure calculations were done on a hybrid-2R topology formed by BrG incorporation at two
matching syn-guanosine positions and containing a lateral duplex stem-loop as the third loop bridging
the wide groove (PDB 701H). In this case, the formation of the A:T base pair at the junction between the
G-quadruplex and the duplex serves as an indicator for the successful formation of the hybrid-2R
topology. It can also be suggested that there are additional capping and hydrogen bond interactions

between the two overhang sequences facing each other at the lower G-tetrad (Figure 8B&C).
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Figure 8. (A) G analogs at matching syn-guanosine positions drive refolding from a parallel G-quadruplex
into a (3+1) hybrid G-quadruplex named hybrid-2R with exclusively homopolar tetrad stacking and a 3-nt
lateral loop. (B) Formation of a hybrid-2R G-quadruplex bearing a lateral duplex stem-loop as its third
loop after incorporation of 8-BrG at matching positions to refold from a parallel G-quadruplex. (C) Lowest-
energy structure of the hybrid-2R topology (Figure 8B, right) with a lateral duplex stem-loop. An A:T base
pair is observed at the interface between the duplex and the G-quadruplex. (D) T:A:A triad formation in
the capping structure formed by the 5'- and 3’- flanking sequences bridging the narrow groove. The

groove dimensions are denoted as follows: w (wide), m (medium), and n (narrow).
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3. Understanding the preferred end-folding of G-quadruplexes

These are initial indications that the 1-nt loop can also form non-parallel G-quadruplexes with
exclusively homopolar G-tetrad stacking. Interestingly, no coexisting hybrid-2R’ featuring both homopolar
and heteropolar tetrad stacking can be observed in contrast to hybrid-1R/hybrid-1R’ mixtures. This may
indicate an additional loop-position dependence on the formation of a particular G-quadruplex topology.
It is also noteworthy that the preference of the 1-nt loop for the parallel G-quadruplex with all anti-

guanosines outweighs the preference of BrG to adopt a syn conformation in a (3+1) hybrid topology.

3.3 Towards the explanation of the impact of loop length and composition on the G-

quadruplex topologies (Article 5)

To further investigate the structural basis of the favored G-quadruplex topologies, a model system was
used in which the G-quadruplex can only fold into two three-layered G-quadruplexes, i.e., a parallel G-
quadruplex with a —(ppp) loop progression and a (3+1) hybrid G-quadruplex with a +(lpp) loop
progression. The folding is limited by the use of a vacancy in the first G-column, which can subsequently
be filled by a lateral snapback loop starting from the last G-column. It should be noted that a
corresponding propeller-type snapback loop has never been observed to date (Figure 9). In addition, two
loop arrangements of either 3:1:1 (L311) or 3:3:1 (L331) in this study prevent the formation of a third
lateral loop bridging the wide groove in analogy to the hybrid-2R topology above. Careful analysis of the
NMR spectra for both L331 and L311 suggested that both sequences form three coexisting topologies
with different molar ratios. To resolve the species, a 5-overhang was added to promote the formation of
a parallel G-quadruplex by destabilizing the (3+1) hybrid G-quadruplex with a 5’-terminus at the central
tetrad. In addition, the preference of a 5’-G to adopt a syn conformation due to a possible hydrogen bond
coming from the 5-OH as the donor is hampered by the addition of this overhang residue (48, 49). On
the other hand, the (3+1) hybrid topology was enforced by incorporating a syn-favoring BrG in the
matching position of the central tetrad whose glycosidic torsion angle pattern is a determinant for different
G-quadruplex topologies. To be noted, +(Ipp) topologies have been previously observed and explained
above (Figure 7) (6).
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3. Understanding the preferred end-folding of G-quadruplexes

Parallel with -(ppp) loop progression Hybrid-1R with +(Ipp) loop progression Hybrid-2 with -(lIp) loop progression
Figure 9. Putative folding of three-layered G-quadruplexes based on the G-quadruplex design with either
a 3:1:1 or 3:3:1 nucleotide loop progression and a 3-nt snapback loop after the last G-column filling a
vacant site. No information on the tetrad polarity and nucleoside conformers are given in the schematic.
The red “propeller” snapback loop on the right has never been observed before, suggesting that the

vacancy in such a topology cannot be filled with a 3’-guanine (in red).

Nearly complete NMR assignments were performed on all mutations to confirm the particular fold
of interest. This was combined with a van't Hoff analysis to extract thermodynamic parameters for folding.
NMR-based structures were determined on the parallel (PDB 7ZEM) and two +(Ipp) topologies with either
both homopolar and heteropolar tetrad stacking (PDB 7ZEK) or with exclusively homopolar tetrad
stacking (PDB 7ZEQ) (Figure 10). Several rules emerged regarding the orientation of the loop residues
and their position in the G-quadruplex. They can be summarized as follows:

1. For a lateral loop, especially when bridging the narrow groove, the first residue tends to be
exposed to the solvent and be disordered while the third residue tends to stack above the G-
tetrad. In the present CTA loop, the mutation of the first residue to adenine destabilized the G-
quadruplex (Figure 10C&D), in agreement with previous reports that the adenine in the first
residue of a loop is disfavored (50, 51). Mutation of the last adenine to thymine or even an abasic
residue further destabilized the +(Ipp) topology. Such an arrangement can also be seen in several
examples of NMR-based calculated structures with a (3+1) hybrid topology derived from
telomeric sequences (52).

2. For the propeller loop in the —(ppp) topology, the first residue tends to be exposed to the solvent
while the last residue is located in the G-quadruplex groove (Figure 10B). Similarly, adenosine in
the first position of the propeller loop destabilizes the parallel G-quadruplex. However, a structural
comparison with other structures containing a propeller loop, such as telomeric sequences, lacks
a clear trend. Again, this suggests a higher flexibility of the propeller loop residues due to the

lack of defined inter-residue interactions.
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3. Understanding the preferred end-folding of G-quadruplexes

3. Exceptions arise when there are tertiary interactions between loops. Bases can be recruited to
form further hydrogen bonds to other loop or overhang residues. This can be seen in the last
residue of the first loop in the parallel G-quadruplex structure (PDB 7ZEM) or the last residue of
the second loop in the +(Ipp) topology (PDB 7ZEK) (Figure 10B&C). Such subtle effects could
play a major role in determining the fate of G-quadruplex folding. For instance, a G-quadruplex
design based on a single mutation of a loop residue from a telomeric sequence appears to be
sufficient to refold the normally observed (3+1) hybrid topology into a +(lll) antiparallel topology
in potassium ion solution due to an A:T Watson-Crick base pair formation between two lateral
loops (53).

Figure 10. (A) Calculated lowest-energy structures based on L331 and L311 loop arrangement. (Top)
Parallel G-quadruplex derived from L331 (PDB 7ZEM); (middle) major hybrid-1R’ G-quadruplex from
L331 (PDB 7ZEK); (bottom) coexisting hybrid-1R G-quadruplex from L311 (PDB 7ZEO). (B) Side view of
the second 3-nt propeller loop for the parallel G-quadruplex. Adenine A12 which is located in the groove
is colored cyan. (C) Top view of the A:A base pair capping the G-tetrad in the hybrid-1R’ G-quadruplex.
A5 is positioned in the 3-nt lateral loop while A11 is positioned in the 3-nt propeller loop. (D) Top view of
the outer tetrad highlighting the location of the stacked A5 in the 3-nt lateral loop of the hybrid-1R G-

quadruplex.
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3. Understanding the preferred end-folding of G-quadruplexes

As mentioned above, the L331 parent sequence is composed of various G-quadruplex topologies.
Two of them can be clearly resolved; the +(Ipp) hybrid-1R’ predominates as the major topology, while the
parallel G-quadruplex constitutes the minor species. However, there seems to be another only sparsely
populated species. Interestingly, shortening the central 3-nt loop (L331) to a 1-nt loop (L311) resulted in
different populations of the G-quadruplexes. Analysis of the three coexisting L311 topologies revealed a
population of parallel > hybrid-1R (Ipp with exclusively homopolar tetrad stacking) > hybrid-1R’ (Ipp with
both homopolar and heteropolar tetrad stacking). In fact, the hybrid-1R with exclusively homopolar tetrad
stacking was found to be the third very low-populated species for the L331 sequence. This +(Ipp) topology
contains an all-syn first G-column, thereby maintaining the (3+1) hybrid topology (Figure 10; PDB 7ZEQ).
The population ratio of the parallel and hybrid-1R topology was similarly enhanced upon shortening the

central loop from three to one nucleotide.

Loop 3:3:1
0*

Loop 3:1:1
N N

Parallel
AAG"303 = -4.5 kcal/mol

Hybrid-1R
AAG 303 = -4.5 kcal/mol

Hybrid-1R'
AAG 303 = -3.2 keal/mol

Figure 11. Degree of stabilization upon shortening the central propeller loop from a 3-nt to a 1-nt loop.
The AAG®303 is the difference between the AG°303 of L331 and that of L311. Free energies were derived
from a van’t Hoff analysis of the UV melting curves assuming temperature-independent enthalpies and

entropies.
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It appears that shortening the central 3-nt loop into a 1-nt loop favors not only the parallel G-
quadruplex but also the (3+1) hybrid topology containing only homopolar G-tetrad stacking. The
differences in AG°® at 30°C upon shortening the central loop are as follows: -4.5 kcal/mol for the parallel
and +(Ipp) hybrid-1R G-quadruplex and -3.2 kcal/mol for the +(Ipp) hybrid-1R’ G-quadruplex (Figure 11).
Therefore, the existing rule can be extended as follows:

“a 1 nt-loop favors to connect two guanines in tetrads of the same polarity, i.e., two guanosines with

the same glycosidic torsion angle.”

Intriguingly, calculations carried out in 2011 indicated a similar trend (54). Experimental observation
of such a behavior of a 1-nt propeller loop was masked in the past by the absence of the corresponding
(3+1) hybrid G-quadruplex structure with exclusively homopolar G-tetrad stacking, which has only
recently been reported (6). Before, a 1-nt loop was simply described as a loop motif favoring a parallel
topology. It should be noted that a parallel and hybrid-1R structure cannot be unambiguously
distinguished by circular dichroism spectra.

Nevertheless, it seems difficult to predict the end-folding of a G-quadruplex by considering the
sequence context alone, since various tertiary interactions from overhang and loop sequences may
change the overall free energy of formation. Of note, the positional dependence of loop length (55) could
also result in different energy contributions for the G-quadruplex end-folding, a problem not addressed in

this study.
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4. Quadruplex-duplex hybrids

It is often observed that G-quadruplexes with long loops tend to have a low degree of thermal stability.
This is true for disordered loop residues. Tertiary interactions between loop residues or between loop
residues and the G-tetrad often define a certain topology and contribute to the stability of the favored G-
quadruplex. Thus, a duplex with its typical Watson-Crick base pairs allows the elongation of a G-
quadruplex without its destabilization. Such a construct is defined as a quadruplex-duplex (QD) hybrid.
The duplex domain can not only be found in the loop region but also within the overhang sequence. It
was first designed upon modifying an antiparallel thrombin binding aptamer (TBA) lateral loop (56) and
further explored by Phan et al. (57). The duplex domain can be located in all three types of G-quadruplex
loops. In general, two orientations of the duplex relative to the G-core can be defined in a QD hybrid. The
first orientation, orthogonal to the G-quadruplex tetrad planes, is formed by a double-helical propeller
loop. Since the propeller loop bridges two opposite tetrads, a putative first base pair cannot be formed
(Figure 12A; PDB 2M93). On the other hand, a coaxially positioned duplex can be observed when located
in either a lateral or diagonal loop. As the diagonal loop typically bridges two distal G-columns, two purine
bases are usually used for forming a first homopurine base pair (PDB 2M91). On the other hand, the
lateral loop bridging a wide groove allows the interfacial first base pair to form typical Watson-Crick
hydrogen bonds (57) (Figure 12B; PDB 2M8Z; PDB 2M90). Only the coaxially positioned duplex features
the QD interface at the junction with a direct unique interaction, i.e., -1r stacking between the Watson-
Crick base pair and the G-tetrad (58). In fact, there is a matching dimension for the wide groove of the
G-quadruplex and the minor groove of the duplex which allows a smooth transition and a typical twist for

the right-handed helicity to progress continuously (Figure 12C).

A B - C

Duplex

Quadruplex

Quadruplex Quadruplex

Figure 12. (A) Schematic of a parallel QD hybrid with a duplex-containing propeller loop. (B) Schematic
of an antiparallel QD hybrid with a duplex-containing lateral loop bridging a wide groove. (C) Cartoon
representation of an antiparallel QD hybrid (PDB 2M8Z) highlighting the smooth progression of the G-
quadruplex and duplex backbone due to the matching size of the G-quadruplex wide groove and duplex

minor groove.
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In contrast to the orthogonally oriented duplex, the presence of a coaxially stacked duplex stem-
loop affects the thermal stability of the G-quadruplex depending on its loop length and composition.
Notably, there is no change in the melting temperature when a longer double-helical propeller loop is
compared to a non-duplex propeller loop. On the other hand, a significant change in the melting
temperature is observed when the interfacial base pair directly at the QD junction is varied for the
coaxially, but not for the orthogonally oriented duplex stem-loop (59).

The formation of QD hybrids can also be found within the genome. Bioinformatic searches of the
human genome revealed putative sequences located in various regulatory regions of many genes
capable of forming QD hybrids with the duplex incorporated in a G-quadruplex loop (60). Some of the
structures have been confirmed by NMR experiments (61, 62). In fact, the presence of a QD junction and
its interface is suggested by the formation of a G-quadruplex within a long double-helical genomic
domain, preferring a coaxial stacked duplex domain at the 5-end of the G-quadruplex (63).

Furthermore, the presence of a duplex-forming sequence in the loop can be used to engineer
novel G-quadruplex topologies. It is known that the folding of the duplex stem-loop is kinetically faster
than the folding of the G-quadruplex and thus helps to accelerate G-quadruplex formation (64).
Correspondingly, the formation of the duplex can subsequently guide the folding of the G-quadruplex
(65). A novel topology of G-quadruplexes (Figure 7) can be formed by refolding a parallel G-quadruplex
through the incorporation of Watson-Crick pairing residues within the 5'- and 3’-overhang with the two
overhang sequences bridging the wide groove (6). The addition of a duplex to an antiparallel G-
quadruplex like TBA also increases the binding affinity to its target and its resistance to degradation (56,
66). Despite the lack of detailed structural information, various split G-quadruplex designs first proposed
by Willner et al. (13) and then widely used for analytical purposes also represent QD hybrids (67-69). A
strand capture strategy that subsequently fills a guanine vacancy has also been developed, creating a
bimolecular QD hybrid structure (39).

4.1 Stacking interactions at the quadruplex-duplex interface (Article 6)

In this article, QD hybrids were designed with the duplex stem-loop positioned as an overhang
at either the 5" or the 3'-end of the G-quadruplex. A parallel G-quadruplex based on ¢c-Myc was used to
study the stability effects of the duplex stem-loop. Such designs were named Myc-dup5 and Myc-dup3
and used the same C:G base pair at the QD interface (Figure 13). These architectures with a non-
anchored duplex domain are expected to provide a greater degree of flexibility when compared to a

duplex stem-loop incorporated as an intrinsic lateral loop.
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Figure 13. (Left) Schematic QD topologies and their melting temperatures; (center) superposition of
corresponding ten lowest-energy structures; (right) QD interface showing stacking interactions between
the G-tetrad and the interfacial base pair of the duplex for (A) Myc-dup5 (PDB 6ZL2), (B) Myc-dup3 (PDB
6ZL9), and (C) Myc3l-dup5 (PDB 6ZTE). In the structural ensemble, duplex residues are colored in blue,
anti-guanosines are colored in orange, and the syn-guanosine in the Myc3l-dup5 is colored in red.

Residues in propeller loops and hairpin T3 residues are omitted for clarity.

NMR-based structural studies were done on the two sequences. Apparently, a defined position for
the first Watson-Crick base pair can be observed and is supported by various NOE contacts found
between the G-tetrad and the duplex at the QD interface (Figure 13A&B). However, there are different
stacking interactions within the two designs. For the Myc-dup3 design, the first residue (cytosine) of the
duplex stem-loop tends to protrude outward and the last residue of the duplex (guanine) shows almost
optimal stacking on the G-tetrad (comparable to PDB 2M8Z and 2M90) (57). In contrast, both residues
of the first base pair in the Myc-dup5 design are located above the G-tetrad (Figure 13A). This can be

explained by the typical right-handed helical progression from the G-tetrad to the duplex stem-loop and
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vice versa. The twist angles for the base step at the QD junction in both designs are smaller than 30°.
These smaller twist angles resemble the base step in a G-quadruplex and deviate from the typical twist
angle of about 36° for B-DNA. For the Myc-dup3 design, an average twist angle of about 27° is observed
when going from the guanine tetrad to the first residue of the duplex stem-loop, shifting the cytosine away
from the G-tetrad in the 10 calculated structures. For the Mycdup-5 design, a corresponding average
twist angle of only 20° is observed.

The thermal stability of the two constructs was studied by UV melting experiments following the
hyperchromicity and the hypochromicity at 260 nm for the duplex domain and 295 nm for the G-
quadruplex domain, respectively (70). The melting temperatures obtained by the UV spectroscopic
technique are in agreement with those obtained by DSC, where two peaks can be observed and
deconvoluted in the DSC thermograms. This indicates two independent transitions from two independent
melting events for the G-quadruplex and duplex domains. To investigate the effect of the duplex
component on the stabilization of the G-quadruplex domain, the salt composition was adjusted to prevent
a duplex melting event prior to the G-quadruplex melting. In particular, sodium salt with high ionic strength
(~120 mM Na*) was used in the buffer system for the melting experiments, replacing the potassium buffer
used in the NMR experiments (~10 mM K*). Potassium ions are known to stabilize the G-quadruplex
better than other alkali metal ions due to their lower desolvation energy and a better match in ionic size
(71).

The duplex melting temperatures of Myc-dup3 and Myc-dupb are quite similar. However, there
is a large difference in the melting temperatures of the G-quadruplex domains. The melting temperature
of the G-quadruplex component in the Myc-dup5 is significantly higher compared to Myc-dup3. This
suggests additional stabilizing effects from base stacking of the 5'-duplex on the G-tetrad relative to its
3’-duplex counterpart in Myc-dup3. On the other hand, similar melting temperatures of the duplex in both
the 5'- and 3’-overhangs can be rationalized by the premature melting of the G-quadruplex with loss of
interfacial stacking interactions between the duplex and the G-quadruplex. The small difference in duplex
melting is due to the different duplex domains of Myc-dupd and Myc-dup3, having an inverted 5'- to 3’-
polarity.

To study ligand binding, an additional design termed Myc3/-dup5 derived from Myc-dup5 by the
addition of a diagonal snapback loop was employed (Figure 13C). Due to its different topology, the
thermal stability of Myc3l-dup5 cannot be directly compared with Myc-dup3 and Myc-dupb. Surprisingly,
the position of the interfacial duplex base pair is further shifted towards the G-tetrad in Myc3l-dup5 when
compared to Myc-dupb as revealed by NMR experiments (Figure 13C). Interestingly, such stacking
patterns show a resemblance to a previously designed QD hybrid with a diagonal duplex stem-loop (PDB
2M91) (57).
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9. Ligand binding to quadruplex-duplex hybrids

5. Ligand binding to quadruplex-duplex hybrids

As mentioned above, many G-quadruplex ligands simply stack on an accessible open tetrad. As such,
specific discrimination between different G-quadruplex structures and/or different sequences of G-
quadruplexes is only poor and leads to unspecific effects when applied inside the cell. The QD hybrids
may serve as a unique architecture that can be targeted by typical G-quadruplex binding drugs (72). Ina
previous study, the failure of ligand binding to a telomeric QD junction may have been caused by the
formation of a base triad rather than a base pair at the G-quadruplex interface (58). The first proposal for
recognizing a QD interface was made by Phan et al. using a G-quadruplex binding ligand with its
extended aromatic ring system covalently linked to a duplex minor groove binder, thereby achieving a
dual G-quadruplex and duplex recognition (73, 74). Although such an approach seems plausible, no
detailed structural study has been made on the actual binding site of the used ligands. It was proposed
that the G-quadruplex binding structure binds at the free outer tetrad rather than at the tetrad facing the

duplex domain.

5.1. Quadruplex-duplex junctions as binding hotspots for an indoloquinoline ligand

(Article 6)

Employing the three designed QD hybrids (Figure 13), binding studies focusing on both structural and
thermodynamic aspects were done with a phenyl-indoloquinoline (P1Q)-based ligand previously
synthesized in our group (75, 76). The ligand PIQ-4m with a positively charged diethylaminopropyl side
chain and a phenyl substituent was shown to be an excellent binder to a parallel G-quadruplex with good
selectivities against duplex DNA. It was suggested that the ligand stacks onto the accessible outer G-
tetrad (75).

Thermodynamic studies were performed on the binding of PIQ-4m to all three QD hybrids (Figure
14). In fact, the design of Myc3/-dup5 was expected to alleviate a complex binding behavior as has been
observed in the titration of PIQ-4m to Myc-dupb. Notably, there are at least three perceivable binding
sites for typical DNA binders in Myc-dup5 and Mycdup-3: the QD interface, the opposite open G-tetrad,
and the duplex domain. On the other hand, the isothermal titration calorimetry (ITC) thermograms were
fitted with only two sets of binding sites, increasing the ambiguity of the fitted parameters due to the
interdependence of the different binding processes (77). Therefore, only the parameters of the better-
defined most affine binding site(s) were discussed. During the titration of PIQ-4m to Myc-dupb, three
different binding modes were indicated. The thermogram profile starts with a binding enthalpy of -7.5

kcal/mol, followed by another binding mode with a more exothermic binding enthalpy, and subsequent
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9. Ligand binding to quadruplex-duplex hybrids

binding through weak and possibly unspecific interactions such as electrostatic forces. The design of
Myc3l-dupb simplified analysis by blocking the 3'-open tetrad through a diagonal snapback loop.
Apparently, the binding behavior of PIQ-4m to Myc-dup3 differs from that of the Myc-dup5 target.
For the former, a clear lower baseline indicating a strong binding event can be observed with a
stoichiometry of nearly 1. In addition to a significantly more exothermic binding, the Ka > 107 M- is about
8-fold higher than that obtained by titrating the ligand with the c-Myc quadruplex (78). Such parameters
already suggest that the binding mode to the most affine site of the Myc-dup3 QD hybrid differs from the
simple end-stacking proposed for the parallel G-quadruplex c-Myc and the binding site is rather located

in the newly introduced QD interface of the 3'-tetrad.
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Figure 14. (A) PIQ-4m chemical structure and ITC thermograms of its titration to the three QD hybrids at
313 Kin 120 mM K*. (B) Proposed location of the PIQ-4m when binding to the three QD hybrids.

On the other hand, the binding behavior of PIQ-4m towards Myc3l-dupb also differs from that
obtained with the Myc-3sbl counterpart without a duplex overhang (41). The obtained affinity constant for
PIQ-4m binding to Myc3l-dup5 is about five times higher and the binding is slightly more exothermic
compared to the binding of PIQ-4m to Myc-3sbl. This fact also suggests that the binding of the PIQ-4m
binding near the QD interface in the 5'-tetrad is not simply an end-stacking. It is also interesting to
compare the binding parameters obtained from the ligand titration to Myc-dup3 and Myc3I-dupb. For the
high-affinity binding site of Myc3l-dupb, a stoichiometry of almost two and significantly less exothermic
binding was obtained compared to Myc-dup3. There is also a positive entropy for the ligand binding to
Myc3l-dup$, but not to Myc-dup3.
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9. Ligand binding to quadruplex-duplex hybrids

One significant contribution of binding with such a typical non-polar ligand in an aqueous solvent
constitutes the hydrophobic effect. This effect is correlated with a molar heat capacity change (AC°),
which is determined by the temperature dependence of the binding enthalpies in temperature-dependent
excess-site ITC experiments. As expected, PIQ-4m binding to both Myc-dup3 and Myc3l-dup? resulted
in negative AC,° values. Since the obtained ACy° values are larger than the AS® values, an enthalpy-
entropy compensation is suggested. However, the AC,° value for binding to Myc-dup3 is more negative
than the corresponding value obtained for binding to Myc3Il-dupb. This contradicts the trend of binding
entropies (see above). Obviously, there is a more favorable entropic contribution from the hydrophobic
effect when binding to Myc-dup3 when compared to Myc3l-dupb. Thus, significant unfavorable entropic
penalties for binding to Myc-dup3 must result from conformational changes and/or restricted flexibilities
in both rotational and translational motions. The more negative change in the molar heat capacity when
binding to Myc-dup3 may indicate different binding geometries of the 3'-QD when compared to the 5-QD
interface as seen in the three-dimensional structures (Figure 13). Notably, both AC,° values obtained for
the binding at the QD interface were also found to be more negative than those obtained for the same
ligand binding at an outer G-tetrad of the parallel c-Myc (78).

Further NMR structural studies were carried out on the binding of PIQ-4m to the three QD
hybrids. For Myc-dup3, a new set of peaks and the disappearance of the peaks belonging to the free
Myc-dup3 could be observed at the addition of one equivalent of ligand, indicating a saturation at a 1:1
ligand-to-DNA stoichiometry. On the other hand, peaks for free Mycdup-5 and Myc3l-dup5 could still be
observed at a 1:1 molar ratio, corroborating the stoichiometries as obtained from the ITC. The location of
the ligand binding to all three QD hybrids is suggested to be at the QD interface by following the chemical
shift changes and various signal broadening effects due to exchange processes. A severe broadening
and the loss of NOE contacts from the duplex to the adjacent G-tetrad in Myc-dup3 suggests a (partial)
insertion of the ligand at the QD junction. Further structural details could not be extracted due to the loss
of various resonances through their significant broadening. Nevertheless, the combined results from
calorimetry and NMR studies on the binding of PIQ-4m to the QD hybrids do not corroborate the previous
suggestions (73). Rather, the QD interface is a binding hotspot that provides a more affine binding site

when compared to an accessible outer G-tetrad.

5.2 Thermodynamic and structural studies on quadruplex-duplex binders (Articles
7&38)

A new construct related to Myc-dup3, named QD3-shl, was designed in which the G-quadruplex domain

contains an interrupted G-tract in the first G-column with only two consecutive guanine residues. The
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vacancy is subsequently filled by anchoring a guanine residue from the elongation of the 3'-overhang to
form a duplex hairpin structure as a lateral snapback loop (Figure 15). It is expected that the dynamics at
the junction is reduced by the filling guanine to provide better resolution for further structural studies. The
arrangement of nucleobases at the QD junction of this construct (PDB 7PNE) is identical to Myc-dup3.

Five G-quadruplex ligands known as G-quadruplex end-stackers were subsequently titrated to QD3-
sbl using ITC. Due to the complexity of having different possible binding sites in the QD3-sbl design, an
additional construct without a duplex domain in the 3'-diagonal snapback loop (Q3-sb/) and a free duplex
stem-loop (D3-HP) were also titrated with these five ligands to better resolve different binding modes on
the QD3-sbl hybrid (Figure 15).
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Figure 15. (A) Five ligands and their proposed high affinity binding sites based on ITC and NMR studies.
(B) Topologies of Q3-sbl and D3-HP with seven Watson-Crick base pairing residues used to simplify
ligand binding.
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The two indoloquinolines PIQ-4m and SYUIQ-5 show similar binding affinities of about 107 M1
when titrated against QD3-sbl. Expectedly, the binding affinity of the two ligands to QD3-sbl is higher than
for the truncated sequences (Q3-sbl and D3-HP). Notably, similar binding enthalpy and binding affinity
were obtained for the titration of PIQ-4m to QD3-shl when compared with the titration to Myc-dup3,
suggesting a comparable binding geometry. A similar binding could also be observed with thiazole
orange, although the binding constant to QD3-sbl was about 10 times smaller than that of the
indoloquinolines. However, with a stoichiometry of 2 the possibility of thiazole orange dimerization or a
more complex binding mode cannot be excluded (Figure 16). Supported by ROESY exchange cross
peaks, all three ligands were found to bind primarily at the QD junction. Interestingly, thiazole orange
known to be a universal DNA binder prefers to bind at the QD junction, again highlighting the QD junction
as a binding hotspot. In terms of selectivity, all three ligands have similar discriminatory power when
targeting the QD hybrid and the parallel G-quadruplex. However, the trend for the selectivity against the
hairpin duplex is notable and follows the order: PIQ-4m >> TO > SYUIQ-5. Surprisingly, SYUIQ-5 is also
known as a G-quadruplex binder and has been tested both biologically and structurally (79, 80), but no
detailed thermodynamic study of the binding has been performed to directly compare the selectivity
against double-helical DNA. The two ligands PIQ-4m and SYUIQ-5 were subsequently subjected to a
further detailed structural characterization upon binding QD hybrids in two separate studies (Articles 7&8).

The ITC thermogram of the naphthalene diimide (NDI) derivative was too complex for a detailed
analysis. In addition, its insolubility in DMSO prevented further NMR ftitration experiments. On the other
hand, the trisubstituted acridine-based ligand BRACO-19 (81) showed a stoichiometry of 0.5 when titrated
against QD3-sbl. This may be due to multiple binding modes reflected in the thermogram, which increases
the difficulty in attempts to reliably fit the titration curves. Nevertheless, the binding affinity of BRACO-19
towards the parallel Q3-sbl was found to be the highest, consistent with previously reported data (Figure
16) (58, 82). In one of these studies, using a QD hybrid with a triad at the QD interface, a related
disubstituted acridine-based ligand was found by molecular docking to rather bind outside of the junction
and to end-stack on the open tetrad. Aside from the higher energy required to unstack the triad from the
G-tetrad when compared to a base pair, the substituents themselves could result in a steric clash for the
binding, preventing interaction at the QD junction (58). Indeed, analysis of the NMR spectra in the present
study suggested that BRACO-19 initially binds to the 5-open tetrad when titrated to QD3-sbl.
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Figure 16. ITC thermograms for five ligands titrated against QD3-sh/, Q3-sbl, and D3-HP in 120 mM K*

buffer at 313 K. Stoichiometries and binding constants (M-1) for the most affine binding sites are indicated.

5.3 Indoloquinolines intercalate at quadruplex-duplex junctions (Article 7)

An NMR-based structure derived for the complex of the QD3-sbl hybrid with bound SYUIQ-5 showed the
intercalation of the ligand at the QD junction (Figure 17A). The crescent-shaped ligand inserts into the
QD interface with the concave side pointing towards the center of the tetrad, while the convex part as
well as the aliphatic side chain is located in the vicinity of the G-quadruplex groove as well as the duplex

minor groove. There are no obvious intermolecular interactions between the aliphatic side chain and the
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nucleic acid grooves due to the high flexibility of the side chain. Interestingly, the intercalation is followed
by a lateral shift of the duplex domain towards the center of the tetrad to maximize -1 stacking
interactions with the ligand. On the other hand, the protonated N5 in the quinoline ring system is located
above the central channel of the G-tetrad at the QD interface, featuring a negative potential. Electrostatic
interactions towards all carbonyl oxygens of the G-tetrad and also of the guanine in the first base pair of
the duplex can be assumed (Figure 17B). Additionally, the binding of SYUIQ-5 was also tested with an
antiparallel QD hybrid named QD2/ as a target (PDB 2M8Z) (57). Following exchange cross peaks of G-
quadruplex imino protons between the free and bound states, SYUIQ-5 was again found to intercalate at
the QD junction and this was further supported by the observation of a considerably upfield-shifted G-

imino proton of the interfacial base pair in the duplex (Figure 17C).
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Figure 17. (A) Superposition of 10 lowest-energy structures of QD3-sbl complexed with SYUIQ-5. (B)
View at the QD interface of the free (PDB 7PNE) and SYUIQ-5 bound QD3-sbl highlighting the ligand
position and the base pair shift after ligand intercalation (PDB 7PNG). (C&D) Proposed binding of SYUIQ-
5 and cryptolepine to QD2/ and QD3-sbl, respectively.
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To test the impact of the side chain, a natural product named cryptolepine was used for further
binding studies. Cryptolepine is also an indoloquinoline-based ligand lacking any side chain but with a
permanent positive charge for the methylated N5. This ligand is also known as a duplex intercalator (83).
Again, using an exchange experiment with the QD3-sbl target, it was found that the ligand primarily binds
at the QD interface, most likely intercalating between the G-tetrad and the interfacial base pair (Figure
17D). Because of various exchange cross peaks originating from a single imino proton located at the QD
junction, the presence of different complexes with putative flipping of the unsubstituted ligand was
suggested. Additionally, the binding constant of cryptolepine to QD3-sbl was found to be similar to the
binding with the parallel Q3-sbl and about five times lower when compared to SYUIQ-5 binding to the
QD3-sbl hybrid. Consequently, the side chain was suggested to increase both affinity and selectivity.
Nevertheless, the results indicated that the recognition of the QD junction is promoted by the

indoloquinoline ring system with its matching geometry.

5.4. Factors affecting the selectivity of indoloquinolines upon binding the

quadruplex-duplex junctions (Article 8)

As previously reported (section 4.2), different thermodynamic profiles for the binding of PIQ-4m and
SYUIQ-5 demonstrate significant differences in QD hybrid selectivity against duplex binding. Obviously,
there are additional contributions in the indoloquinoline binding to a QD hybrid. For simplification, NMR
binding studies of PIQ-4m were performed with the two-layered G-quadruplex QD2/ derived from the TBA
(84). Of note, ITC studies for PIQ-4m binding to QD2/ yielded similar thermodynamic profiles of binding
when compared to the titration against QD3-sbl.

Based on the NMR structural analysis, PIQ-4m also intercalates into the QD junction (PDB
8ABN). In contrast to the SYUIQ-5 binding mode, a 180° flip is observed with the convex part and the
out-of-plane phenyl side chain facing the G-tetrad. A less efficient -1 stacking than was observed with
SYUIQ-5 could be seen in the final structure. This may explain the less exothermic binding of PIQ-4m to
the QD hybrid when compared to SYUIQ-5. A similar shift of the duplex domain towards the center of the
G-tetrad can also be seen upon ligand intercalation, particularly for the first cytosine residue of the duplex
(Figure 18). Of note, the same arrangement was previously proposed based on an NMR study with a
DNA triplex of the homopyrimidine motif. Here, a similar binding geometry of the ligand was observed

with the phenyl side chain located in the major groove of the duplex at the triplex-duplex junction (85, 86).
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PDB 2M8Z

PDB 8ABN

Figure 18. (A) Superposition of 10 lowest-energy structures of PIQ-4m bound to the antiparallel QD
hybrid QD2I. Residues of the GCA hairpin loop are omitted for clarity. (B) A view of the QD interface
highlighting the arrangement of the ligand and the difference between the relative position of the duplex
base pair relative to the G-tetrad before (PDB 2M8Z) and after ligand intercalation (PDB 8ABN).

Although there are no obvious interactions of the positively charged amino group in the ligand
aliphatic side chain, such additions are usually used to modulate affinity and selectivity towards
polyanionic molecules such as DNA. Thus, it has been reported that an increase in the positive charge
of the side chain is usually followed by an increase in binding affinity but at the same time also by a
decrease in binding selectivity (76, 87). Several PIQ ligands with different aliphatic side chains (76) were
therefore studied for their binding to QD2/ through ITC experiments. It can be expected that the most
affine binding site always constitutes a QD junction, while weaker binding sites are likely to involve the
duplex domain rather than the opposite tetrad face which is blocked by two lateral loops. These studies
revealed trends correlating the side chain structure with the binding affinity for both strong and weak
binding sites. Similar affinities were obtained for side chains with one or more positive charges but are
reduced for a side chain bearing no additional charge (Table 1). Thus, the addition of more positive
charges in the aliphatic side chain does not provide more benefit for the binding affinity towards the QD
junction. On the other hand, increasing positive charges in the aliphatic side chain leads to a decrease in
selectivity as reflected by smaller difference of binding free energies when binding the QD junction and

the duplex domain.
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Table 1. ITC-derived standard free energies AG° of various PIQ derivatives binding to QD2/

H

L
'ri

Name R
15t binding site 2nd binding sites
N AG" (keal/mol) N AG® (keallmol)
PIQ-4m \u’\/“r(\ 1.1%0.1 -9.9+0.1 50+0.6 -6.2+04
PIQ-5m | NN TN | 1340, -9.9+0.1 5004 6.7 +0.1
PIQ-7m \”/\/\o/\ 1.1 0.01 9202 -9.9+0.1 -5.6 0.1

5.5. Phen-DC3 prefers binding to a quadruplex-duplex junction over an open G-
tetrad (Article 8)

As indoloquinolines have been shown to prefer intercalation at the QD junction, attempts to target QD
hybrids were also made with Phen-DC3 (Figure 19A), being one of the best G-quadruplex binding ligands
with good selectivity against binding to a duplex (88, 89). It was suggested that the mirror symmetry of
the two quinoline side arms at the phenanthroline ring cover the area of the G-tetrad but are solvent-
exposed when phenanthroline intercalates into the duplex. Previously, it was proposed that the Phen-
DC3 ligand binds via end-stacking at the open tetrad even in the presence of a QD interface (see above)
(40). Such an idea was contested in this study, based on the possibility that a phenanthroline ring may
intercalate within the duplex (90).

The low solubility of Phen-DC3 made the ligand not amenable for ITC experiments.
Consequently, CD melting experiments were performed on Phen-DC3 binding to QD hybrids, using
SYUIQ-5 and PIQ-4m as a reference. However, the melting temperature of the Phen-DC3:QD3-sbl
complex exceeded the experimental temperature range even in low salt buffer (10 mM K*). Therefore,
the thermally less stable two-layered QD2/ system was used as a target (Figure 17). Notably, the binding
constant of PIQ-4m to QD2/ was found to be in the same range (8 x 106 M-") as that obtained with QD3-
sbl. An increase of 24 °C for the melting temperature of QD2/ upon Phen-DC3 complexation was
observed, which is about 10 °C higher than that obtained with PIQ-4m. This result suggests a higher
binding affinity of Phen-DC3 when compared to PIQ-4m. It is worth noting that the QD2/ design does not
contain an accessible open tetrad, which is commonly considered to be a favored binding site for Phen-
DC3.
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Subsequently, NMR studies were carried out on QD3-sbl featuring a 5-open tetrad, a 3'-QD
interface, and a duplex domain as putative binding sites. Titrations followed by spectral assignments
revealed that Phen-DC3 also binds via intercalation at the QD interface (Figure 19B). The phenanthroline
ring is sandwiched at the QD junction and the two quinoline side arms extend to cover the rest of the
interfacial G-tetrad (Figure 19C). Despite the positive charge of the N-methylated quinoline substructure,
its participation in electrostatic interaction or hydrogen bonding could not be observed. This suggests that

the recognition of the QD interface by Phen-DC3 is mostly derived from the 1r-1r stacking interactions.

PDB 8ABD

PDB 7PNE

Figure 19. (A) Chemical structure of Phen-DC3. (B) Ten lowest-energy structures of Phen-DC3 bound to
QD3-sbl. The propeller loop residues and the duplex T3 stem-loop residues are omitted for clarity. (C) A
view of the QD interface highlighting the position of the ligand on the G-tetrad. A shift of the duplex
towards the center of the G-tetrad is observed upon ligand intercalation (PDB 8ABD). (D) Proposed
binding mode for Phen-DC3 bound to the parallel G-quadruplex Q3-sb/2.

Substitution of the duplex lateral stem loop by a non-duplex forming TGT loop moves the ligand
binding to the open opposite outer G-tetrad based on the analysis of NMR experiments with a Q3-sb/2
target (Figure 19D). Such binding is in line with the previously reported Phen-DC3 binding mode to a
parallel G-quadruplex with a diagonal snapback loop (40). Notably, exchange cross peaks were observed
between the symmetry-related quinoline protons of Phen-DC3 when binding the 5'-tetrad of Q3-sbl2. This
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is in contrast to Phen-DC3 binding at the QD interface of QD3-sb/ where no exchange cross peaks could
be observed. Exchange cross peaks are likely to result from a release of the ligand, followed by
reassociation with a flip orientation. Obviously, such a process is more restricted upon intercalation at the
QD interface. Taken together, these results indicate that the QD interface again provides a more affine

binding site for Phen-DC3 when compared to binding at the open G-tetrad.

5.6 General insights into ligand binding at quadruplex-duplex junctions (Articles 7
& 8)

A QD interface can be formed in a duplex lateral loop coaxially stacked on a G-tetrad plane. The present
studies suggest that a QD interface forms a most favorable binding site when compared to a commonly
perceived site for a typical G-quadruplex binder such as an open G-tetrad (15). Instead of blocking ligand
access, a QD junction may recruit G-quadruplex ligands with an intercalator motif to intercalate at the QD
interface. Such a binding mode provides the most favorable free energy compared to other possible
ligand-DNA binding modes, highlighting that the QD junction can be considered a binding hotspot.

Upon ligand intercalation, a conformational readjustment is observed, reflected by a shift of the
duplex domain towards the center of the G-tetrad. The most affected shift tends to occur at the 5'-terminal
residue of the stacked duplex domain adjacent to the G-column. Interestingly, duplex intercalation was
previously reported to be associated with an increase in the backbone torsion angle § and the glycosidic
torsion angle ¥, the latter being shifted toward the high-anti range for the 3’-position residue of a model
dinucleotide duplex (91). The present results suggest a significant increase in the x angle of the first
residue cytosine of the duplex following the G-column. Such a x angle in the high-anti region is rather
rare for pyrimidine nucleosides due to a closer CH6-H2' protons with a potential steric clash.

For a QD intercalation to happen, a typical intercalator motif should be used as core of the ligand.
Using ligand intercalation into B-DNA as a general model for ligand intercalation, DNA unwinding followed
by base pair unstacking must occur to accommodate subsequent ligand insertion. These processes are
usually initiated by ligand binding to the DNA grooves. However, the exact binding mechanisms are
dependent on the ligand structure and the type of base pairs (92-94). The energy required is
compensated by a more favorable energy as a result of ligand insertion. Provided that the ligand has a
suitable geometry for intercalation (95), a typical DNA intercalator can be proposed to readily bind and

insert at the QD junction.
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PDB 7EL7 PDB 7X3A PDB 6FC9
Figure 20. Reported QD hybrids and their interactions with (A) a naphthalene diimide derivative (PDB

7EL7), (B) pyridostatin (PDB 7X3A), and (C) an anthracene derivative (PDB 6FC9). (Top) Chemical

structure of the ligands and the representative complexes, and (bottom) view of the QD interface with

corresponding ligand arrangements.

Several other ligands have been reported to also exhibit similar binding modes in the presence
of a QD hybrid. A naphthalene diimide (NDI) based ligand linked to a positively charged tertiary platinum
coordinated complex [Pt-(dien)-(py)] was found to intercalate at the QD junction with a similar binding
mode as SYUIQ-5 (PDB 7PNG). The addition of a methyl-containing side chain allowed the formation of
additional interactions within the duplex minor groove (Figure 20A) (62). For a pyridostatin ligand (PDS)
and one of its derivatives, a behavior similar to Phen-DC3 was found. In contrast to Phen-DC3, it is rather
the quinoline ring of PDS that intercalates into the QD junction due to the larger -7 stacking interactions
of the quinoline moiety when compared to the pyridine ring of PDS (Figure 20B) (96).

On the other hand, failure of intercalation was observed with an anthracene-based ligand with
simple alkylamino substituents (Figure 20C) (97). It can be expected that intercalation of simple aromatic
hydrocarbons may prove difficult because the energy provided by Tr-1r stacking interactions may not be
sufficient to overcome the activation energy of base unstacking at the QD junction. A simple aromatic
hydrocarbon is also more electron-rich with no major polarizing effects, resulting in weaker stacking
energies. Structurally, the stacking of the anthracene-based ligand on the accessible open part of the
tetrad associated with electrostatic interactions between the positively charged methylamine substituent

and the duplex major groove is reminiscent of typical G-quadruplex ligands that stack on an outer G-
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9. Ligand binding to quadruplex-duplex hybrids

tetrad, forming additional interactions with the overhang/loop residues. In yet another study, it is a triad
rather than a base pair stacking onto a G-tetrad to prevent ligand intercalation due to a larger energetic

penalty for forming an intercalation pocket (58).

PDB 7PNG PDB 2L7V
SYUIQ-5 intercalation in the Related 1Q to c-Myc
QD junction End stacker (3' tetrad)
(Vianney et al., 2022) (Dai et al., 2011)

PDB 1K9G PDB 8ABN
Cryptolepine intercalation CG basepair PIQ-4m intercalation in the J
(Lisgarten et al., 2002) QD junction

(Vianney et al., 2022)
Figure 21. Structures of indoloquinolines bound to QD hybrids, to a parallel G-quadruplex, and to a
duplex. SYUIQ-5 is proposed to be a non-selective ligand (marked with the cross). The ligand PIQ with
a side chain that is not able to fold back into the duplex minor groove but rather covers the rest of the G-
tetrad at the QD interface is proposed to be a selective QD binder (symbolized with the check mark).
Syn- and anti-guanosines are colored in red and orange, respectively, while duplex bases are colored in

blue. The ligands are colored magenta.

Although the QD junction can be considered a binding hotspot, the question of selectivity against
duplex intercalation must be raised. In fact, the excess number of binding sites for duplex intercalation
following nearest-neighbor exclusion makes it important to evaluate the relative binding constants. It was
found that the binding constant of SYUIQ-5 towards the QD junction is only about 5 times higher than the
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one for duplex binding and almost the same when binding an open tetrad, raising doubt on the use of
simple indoloquinolines for G-quadruplex targeting. In contrast, a much more significant selectivity
against a duplex was observed for the phenyl-substituted PIQ. Such behavior can be rationalized by
structural considerations (Figure 21).

An indoloquinoline related to SYUIQ-5 was previously found to end-stack on a parallel c-Myc in both
its’ accessible 5'- and 3'-tetrad (80). The arrangement of the indoloquinoline ring system on the 3'-tetrad
was similar relative to the binding of SYUIQ-5 at the QD interface. The convex side of the indoloquinoline
faces outwards from the G-tetrad, positioning the aliphatic side chain towards the groove of the G-
quadruplex. On the other hand, an intercalated unsubstituted cryptolepine in a poly-GC DNA duplex was
also found to be in a similar orientation with the convex side of the cryptolepine facing the duplex minor
groove (83). Intuitively, a similar binding mode and perhaps a nearly similar binding energy of SYUIQ-5
towards the duplex and the QD junction can be perceived and should result in reduced selectivity. In
contrast, for PIQ it is rather the convex face that points towards the center of the G-tetrad. The phenyl
group with its restricted flexibility cannot efficiently fold back into the duplex minor groove. Thus, one
might expect an entropic penalty for duplex intercalation due to an exposed phenyl-containing side chain.
In fact, the idea of extending the indoloquinoline by a phenyl substituent to cover the rest of the open QD
interface seems similar to the structure of Phen-DC3 with its two quinoline side arms (Figure 19C). The
lower binding enthalpy of PIQ-4m when compared to SYUIQ-5 upon QD intercalation (Figure 16) may
result from a less efficient stacking of the former. However, a high exothermic binding of SYUIQ-5 is also
expected upon duplex intercalation, reducing its selectivity. Apparently, it is not the enthalpic contributions
but rather the entropic contributions that promote the binding selectivity for the QD junction over the

duplex in these cases.
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6. Conclusions and perspectives

G-quadruplexes are nucleic acid secondary structures with a wide variety of folding topologies that are
still hard to predict. Clearly, G-rich sequences from the genome can be studied by NMR methods to derive
formed G-quadruplex topologies, as has been done for the parallel G-quadruplex of WSSV or the V-loop
G-quadruplex of the KCNN4 sequence. However, a complete overview of all critical factors that determine
the fate of the folding is limited due to the impact of flanking sequences, loop lengths, and loop
compositions.

For technological applications but also a better understanding of G-quadruplex folding, various
canonical and non-canonical G-quadruplexes have been designed in the past. Here, several folding rules,
together with the use of unique G-quadruplex motifs, can be employed to engineer a particular G-
quadruplex fold. In this regard, engineered model systems can explore the topological space of G-
quadruplexes, but more importantly, can deepen the understanding of G-quadruplex end-folding as well
as ligand binding in terms of structures and thermodynamics. Therefore, G-quadruplexes based on a
“design it yourself” methodology are excellent for extracting fundamental rules of G-quadruplex folding,
rather than just solving the structure of a given sequence. For example, a better understanding of the
well-known rule that 1-nt propeller loops prefer a parallel topology was extracted by engineering a (3+1)
hybrid topology containing all-homopolar tetrad stacking (hybrid-1R). Specifically, a 1-nt propeller loop
prefers to connect two guanines in outer tetrads of the same polarity. The positional dependence of the
loop length still needs to be considered, based on the fact that more resistance to forming a hybrid-2R
topology was observed compared to forming a hybrid-1R topology.

In addition, QD interfaces may be abundant in genomes due to a lateral-type duplex stem-loop
stacking on the G-quadruplex core. Such a QD hybrid structure is expected to stabilize the G-quadruplex
domain when compared to an unordered long loop segment. Such a QD interface may also provide a
unique ligand binding site. The binding mode of the ligands to the QD interface has been shown to consist
of a typical intercalation with Tr-1r stacking interactions as the main driving forces. A ligand side chain, on
the other hand, not only restricts the dynamics or changes the affinity towards the QD hybrids but may
also modify the selectivity against a duplex. Better selectivity can be achieved by incorporating a side
chain that prefers to cover the G-tetrad instead of interacting with the duplex groove, as demonstrated by
the PIQ phenyl ring or the quinoline side arms of Phen-DC3. Notably, it has been suggested that
selectivity can be promoted by more specific intermolecular interactions that are enthalpic in origin.
However, binding of the SYUIQ-5 ligand to both a QD junction and to a duplex has been shown to be

significantly exothermic, resulting in a poor binding selectivity of the QD hybrid over the duplex. On the
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other hand, the more selective PIQ-4m ligand positions its side chain on the open part of the interfacial
tetrad, resulting in an entropic gain when compared to the duplex binding.

Higher selectivity for the QD junction over a free G-tetrad is mostly achieved through more favorable
-1 stacking interactions. For instance, Phen-DC3 favors intercalation at the QD junction rather than
stacking on the oppositely located free tetrad. In case where extended aromatic surface areas disfavor
ligand intercalation between duplex base pairs, further gain in QD selectivity but also affinity may be
achieved by adding another side chain that further interacts within the duplex groove.

Clearly, much work remains to be done on the targeting of QD junctions with small molecules. In
the present studies, two G-quadruplex topologies, i.e., parallel and antiparallel G-quadruplexes were
used as model QD hybrids. Typically, both designs showed a favored ligand binding towards the QD
junction. It should be mentioned that the exact binding mechanism remains elusive in many cases. In the
case of duplex binding, the types of base pairs could influence the degree of intercalation via unique
groove interactions that initiate the intercalation. Also, the ligand geometry will also influence the
additional stacking energy upon its binding. Different types and numbers of base pairs stacked on a G-
tetrad could influence the degree of intercalation at the junction. As the QD junction is a binding hotspot,
it will be interesting to see if QD binding ligands can be used to guide the folding of a G-rich sequence
into a certain G-quadruplex topology that also includes a QD interface. In addition, the incorporation of a
QD junction motif on an aptamer, or the specific targeting of a QD junction in a QD hybrid design by a

ligand may be of significant interest for future biological and technological applications.

43



Bibliography

Bibliography

1. Schultze,P., Hud,N.V., Smith,F.W. and Feigon,J. (1999) The effect of sodium, potassium and
ammonium ions on the conformation of the dimeric quadruplex formed by the Oxytricha nova
telomere repeat oligonucleotide d(G4T4G4). Nucleic Acids Res., 27, 3018-3028.

2. Phan,A.T., Kuryavyi,V., Luu,K.N. and Patel,D.J. (2007) Structure of two intramolecular G-quadruplexes
formed by natural human telomere sequences in K* solution. Nucleic Acids Res., 35, 6517-6525.

3. Strahan,G.D., Keniry,M.A. and Shafer,R.H. (1998) NMR structure refinement and dynamics of the K*-
[d(G3T4G3)]2 quadruplex via particle mesh Ewald molecular dynamics simulations. Biophys. J., 75,
968-981.

4. Webba Da Silva,M. (2007) Geometric formalism for DNA quadruplex folding. Chem. Eur. J., 13, 9738-
9745.

5. Mohr,S., Jana,J., Vianney,Y.M. and Weisz,K. (2021) Expanding the topological landscape by a G-
column flip of a parallel G-quadruplex. Chem. Eur. J., 27, 10437-10447.

6. Karg,B., Mohr,S. and Weisz K. (2019) Duplex-guided refolding into novel G-quadruplex (3+1) hybrid
conformations. Angew. Chem. Int. Ed., 58, 11068-11071.

7. Jana,J., Vianney,Y.M., Schroder,N. and Weisz K. (2022) Guiding the folding of G-quadruplexes through
loop residue interactions. Nucleic Acids Res., 50, 7161-7175.

8. Marusig,M., SketP., BauerL., Viglasky,V. and Plavec,J. (2012) Solution-state structure of an
intramolecular G-quadruplex with propeller, diagonal and edgewise loops. Nucleic Acids Res., 40,
6946-6956.

9. Hansel-Hertsch,R., di Antonio,M. and Balasubramanian,S. (2017) DNA G-quadruplexes in the human
genome: detection, functions and therapeutic potential. Nat. Rev. Mol. Cell. Biol., 18, 279-284.

10. Varshney,D., Spiegel,J., Zyner,K., Tannahill,D. and Balasubramanian,S. (2020) The regulation and
functions of DNA and RNA G-quadruplexes. Nat. Rev. Mol. Cell Biol., 21, 459-474.

11. Balasubramanian,S. and Neidle,S. (2009) G-quadruplex nucleic acids as therapeutic targets. Curr.
Opin. Chem. Biol., 13, 345-353.

12. Travascio,P., Li,Y. and Sen,D. (1998) DNA-enhanced peroxidase activity of a DNA aptamer-hemin
complex. Chem. Biol., 5, 505-517.

13. Xiao,Y., Pavlov,V., Gill,R., Bourenko, T. and Willner,|. (2004) Lighting up biochemiluminescence by the
surface self-assembly of DNA - Hemin complexes. ChemBioChem, §, 374-379.

14. Xiao,Y., Pavlov,V., Niazov,T., Dishon,A., Kotler,M. and Willner,l. (2004) Catalytic beacons for the
detection of DNA and telomerase activity. J. Am. Chem. Soc., 126, 7430-7431.

15. Santos,T., Salgado,G.F., Cabrita,E.J. and Cruz,C. (2021) G-Quadruplexes and their ligands:
biophysical methods to unravel G-quadruplex/ligand interactions. Pharmaceuticals, 14, 769.

16. Kettani,A., Gorin,A., Majumdar,A., Hermann,T., Skripkin,E., Zhao,H., Jones,R. and Patel,D.J. (2000)
A dimeric DNA interface stabilized by stacked A-(G-G-G-G)-A hexads and coordinated monovalent
cations. J. Mol. Biol., 297, 627-644.

17. Bakalar,B., Heddi,B., Schmitt,E., Mechulam,Y. and Phan,A.T. (2019) A minimal sequence for left-
handed G-quadruplex formation. Angew. Chem. Int. Ed., 58, 2331-2335.

18. Lim,K.W., Amrane,S., Bouaziz,S., Xu,W., Mu,Y., Patel,D.J., Luu,K.N. and Phan,A.T. (2009) Structure
of the human telomere in K + solution: A stable basket-type G-quadruplex with only two G-tetrad
layers. J. Am. Chem. Soc., 131, 4301-43009.

44



Bibliography

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Winnerdy,F.R., Bakalar,B., Maity,A., Vandana,J.J., Mechulam,Y., Schmitt,E. and Phan,A.T. (2019)
NMR solution and X-ray crystal structures of a DNA molecule containing both right- and left-handed
parallel-stranded G-quadruplexes. Nucleic Acids Res., 47, 8272-8281.

Bréi¢,J. and Plavec,J. (2018) NMR structure of a G-quadruplex formed by four d(G4C2) repeats:
insights into structural polymorphism. Nucleic Acids Res., 46, 11605-11617.

Brci¢,J. and Plavec,J. (2015) Solution structure of a DNA quadruplex containing ALS and FTD related
GGGGCC repeat stabilized by 8-bromodeoxyguanosine substitution. Nucleic Acids Res., 43, 8590-
8600.

Devi,G., Winnerdy,F.R., Ang,J.C.Y., Lim,K.W. and Phan,A.T. (2022) Four-layered intramolecular
parallel G-quadruplex with non-nucleotide loops: an ultra-stable self-folded DNA nano-scaffold. ACS
Nano, 16, 533-540.

Heddi,B., Martin-Pintado,N., Serimbetov,Z., Kari,.M.A. and Phan,A.T. (2016) G-quadruplexes with
(4n - 1) guanines in the G-tetrad core: Formation of a G-triad-water complex and implication for
small-molecule binding. Nucleic Acids Res., 44, 910-916.

Wang,K.B., Dickerhoff,J., Wu,G. and Yang,D. (2020) PDGFR-B promoter forms a vacancy G-
quadruplex that can be filled in by dGMP: solution structure and molecular recognition of guanine
metabolites and drugs. J. Am. Chem. Soc., 142, 5204-5211.

Mukundan,V.T. and Phan,A.T. (2013) Bulges in G-quadruplexes: broadening the definition of G-
quadruplex-forming sequences. J. Am. Chem. Soc., 135, 5017-5028.

Phan,A.T., Kuryavyi,V., Gaw,H.Y. and Patel,D.J. (2005) Small-molecule interaction with a five-
guanine-tract g-quadruplex structure from the human MYC promoter. Nat. Chem. Biol., 1, 167-173.

Kuryavyi,V. and Patel,D.J. (2010) Solution Structure of a Unique G-Quadruplex Scaffold Adopted by
a Guanosine-Rich Human Intronic Sequence. Structure, 18, 73-82.

Phan,A.T., Kuryavyi,V., Ma,J.-B., Faure,A., Andreola,M.-L. and Patel,D.J. (2005) An interlocked
dimeric parallel-stranded DNA quadruplex: A potent inhibitor of HIV-1 integrase. Proc. Natl. Acad.
Sci., 102, 634-639.

Chen,Y., Agrawal,P., Brown,R. v., Hatzakis,E., Hurley,L. and Yang,D. (2012) The major G-quadruplex
formed in the human platelet-derived growth factor receptor § promoter adopts a novel broken-
strand structure in K* solution. J. Am. Chem. Soc., 134, 13220-13223.

Zhang,N., Gorin,A., Majumdar,A., Kettani,A., Chernichenko,N., Skripkin,E. and Patel,D.J. (2001) V-
shaped scaffold: a new architectural motif identified in an A+(G-G-G-G) pentad-containing dimeric
DNA quadruplex involving stacked G(anti)-G(anti)-G(anti)-G(syn) tetrads. J. Mol. Biol., 311, 1063
1079.

Maity,A., Winnerdy,F.R., Chang,W.D., Chen,G. and Phan,A.T. (2020) Intra-locked G-quadruplex
structures formed by irregular DNA G-rich motifs. Nucleic Acids Res., 48, 3315-3327.

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

Haase,L. and Weisz K. (2020) Locked nucleic acid building blocks as versatile tools for advanced G-
quadruplex design. Nucleic Acids Res., 48, 10555-10566.

Marus$i¢,M. and Plavec,J. (2019) Towards understanding of polymorphism of the g-rich region of
human papillomavirus type 52. Molecules, 24, 1294.

Vianney,Y.M. and Weisz,K. (2021) First tandem repeat of a potassium channel KCNN4 minisatellite
folds into a V-loop G-quadruplex structure. Biochemistry, 60, 1337-1346.

45



Bibliography

36. Butovskaya,E., Heddi,B., Bakalar,B., Richter,S.N. and Phan,A.T. (2018) Major G-quadruplex form of
HIV-1 LTR reveals a (3 + 1) folding topology containing a stem-loop. J. Am. Chem. Soc., 140,
13654—-13662.

37. Crnugelj,M., Sket,P. and Plavec,J. (2003) Small change in a G-rich sequence, a dramatic change in
topology: new dimeric G-quadruplex folding motif with unique loop orientations. J. Am. Chem. Soc.,
125, 7866-7871.

38. Winnerdy,F.R., Das,P., Heddi,B. and Phan,A.T. (2019) Solution structures of a G-quadruplex bound
to linear- and cyclic-dinucleotides. J. Am. Chem. Soc., 141, 18038-18047.

39. Tan,D.J.Y., Das,P., Winnerdy,F.R., Lim,K.W. and Phan,A.T. (2020) Guanine anchoring: A strategy for
specific targeting of a G-quadruplex using short PNA, LNA and DNA molecules. Chem. Commun,
56, 5897-5900.

40. Chung,W.J., Heddi,B., Hamon,F., Teulade-Fichou,M.P. and Phan,A.T. (2014) Solution structure of a
G-quadruplex bound to the bisquinolinium compound phen-DC3. Angew. Chem. Int. Ed., 53, 999-
1002.

41. Schnarr,L., Jana,J., Preckwinkel,P. and Weisz,K. (2020) Impact of a snap-back loop on stability and
ligand binding to a parallel G-quadruplex. J. Phys. Chem. B, 124, 2778-2787.

42. Agrawal,P., Hatzakis,E., Guo,K., Carver,M. and Yang,D. (2013) Solution structure of the major G-
quadruplex formed in the human VEGF promoter in K*: insights into loop interactions of the parallel
G-quadruplexes. Nucleic Acids Res., 41, 10584-10592.

43. Bugaut,A. and Balasubramanian,S. (2008) A sequence-independent study of the influence of short
loop lengths on the stability and topology of intramolecular DNA G-quadraplexes. Biochemistry, 41,
689-697.

44, Rachwal,P.A., Findlow,l.S., Werner,J.M., Brown,T. and Fox,K.R. (2007) Intramolecular DNA
quadruplexes with different arrangements of short and long loops. Nucleic Acids Res, 35, 4214—
4222.

45. Marusi¢,M. and Plavec,J. (2015) The effect of DNA sequence directionality on G-quadruplex folding.
Angew. Chem. Int. Ed., 54, 11716-11719.

46. Jana,J. and Weisz,K. (2021) Thermodynamic stability of G-quadruplexes: impact of sequence and
environment. ChemBioChem, 22, 2848-2856.

47. Jana,J. and Weisz,K. (2020) A thermodynamic perspective on potential G-quadruplex structures as
silencer elements in the MYC promoter. Chem. Eur. J., 26, 17242-17251.

48. Cang,X., Sponer,J. and Cheatham,T.E. (2011) Explaining the varied glycosidic conformational, G-
tract length and sequence preferences for anti-parallel G-quadruplexes. Nucleic Acids Res., 39,
4499-4512.

49. Chen,J., Cheng,M., Salgado,G.F., Stadlbauer,P., Zhang,X., Amrane,S., Guédin,A., He,F., Sponer,J.,
Ju,H., et al. (2021) The beginning and the end: Flanking nucleotides induce a parallel G-quadruplex
topology. Nucleic Acids Res., 49, 9548-9559.

50. Guédin,A., Alberti,P. and Mergny,J.L. (2009) Stability of intramolecular quadruplexes: sequence
effects in the central loop. Nucleic Acids Res., 37, 5559-5567.

51. Sattin,G., Artese,A., Nadai,M., Costa,G., Parrotta,L., Alcaro,S., Palumbo,M. and Richter,S.N. (2013)
Conformation and stability of intramolecular telomeric G-quadruplexes: sequence effects in the
loops. PLoS One, 8, €84113.

46



Bibliography

52. Patel,D.J., Phan,A.T. and Kuryavyi,V. (2007) Human telomere, oncogenic promoter and 5'-UTR G-
quadruplexes: diverse higher order DNA and RNA targets for cancer therapeutics. Nucleic Acids
Res., 35, 7429-7455.

53. Liu,C., Zhou,B., Geng,Y., Yan Tam,D., Feng,R., Miao,H., Xu,N., Shi,X., You,Y., Hong,Y., et al. (2019)
A chair-type G-quadruplex structure formed by a human telomeric variant DNAin K* solution. Chem.
Sci., 10, 218-226.

54. Cang,X., Sponer,J. and Cheatham,T.E. (2011) Insight into G-DNA structural polymorphism and folding
from sequence and loop connectivity through free energy analysis. J. Am. Chem. Soc., 133, 14270~
14279.

55. Smargiasso,N., Rosu,F., Hsia,W., Colson,P., Baker,E.S., Bowers,M.T., de Pauw,E. and Gabelica,V.
(2008) G-quadruplex DNA assemblies: loop length, cation identity, and multimer formation. J. Am.
Chem. Soc., 130, 10208-10216.

56. Macaya,R.F., Waldron,J.A., Beutel,B.A., Gao,H., Joesten,M.E., Yang,M., Patel,R., Bertelsen,A.H. and
Cook,A.F.  (1995) Structural and functional characterization of potent antithrombotic
oligonucleotides possessing both quadruplex and duplex motifs. Biochemistry, 34, 4478-4492.

57. Lim,K.W. and Phan,A.T. (2013) Structural basis of DNA quadruplex-duplex junction formation. Angew.
Chem. Int. Ed., 52, 8566-8569.

58. Russo Krauss,|., Ramaswamy,S., Neidle,S., Haider,S. and Parkinson,G.N. (2016) Structural insights
into the quadruplex-duplex 3' interface formed from a telomeric repeat: a potential molecular target.
J. Am. Chem. Soc., 138, 1226-1233.

59. Lim,K.W., Khong,Z.J. and Phan,A.T. (2014) Thermal stability of DNA quadruplex-duplex hybrids.
Biochemistry, 53, 247-257.

60. Lim,K.W., Jenjaroenpun,P., Low,Z.J., Khong,Z.J., Ng,Y.S., Kuznetsov,V.A. and Phan,A.T. (2015)
Duplex stem-loop-containing quadruplex motifs in the human genome: a combined genomic and
structural study. Nucleic Acids Res., 43, 5630-5646.

61. Tan,D.J.Y., Winnerdy,F.R., Lim,K.W. and Phan,A.T. (2020) Coexistence of two quadruplex — duplex
hybrids in the PIM1 gene. Nucleic Acids Res., 48, 11162-11171.

62. Liu,L.Y., Wang,K.N., Liu,W., Zeng,Y.L., Hou,M.X., Yang,J. and Mao,Z.W. (2021) Spatial matching
selectivity and solution structure of organic—metal hybrid to quadruplex—duplex hybrid. Angew.
Chem. Int. Ed., 60, 20833-20839.

63. Monsen,R.C., Chua,E.Y.D., Hopkins,J.B., Chaires,J.B. and Trent,J.O. (2023) Structure of a 28.5 kDa
duplex-embedded G-quadruplex system resolved to 7.4 A resolution with cryo-EM. Nucleic Acids
Res., 51, 1943-1959.

64. Nguyen, T.Q.N., Lim,K.W. and Phan,A.T. (2020) Folding kinetics of G-quadruplexes: duplex stem
loops drive and accelerate G-quadruplex folding. J Phys. Chem. B, 124, 5122-5130.

65. Zhou,dJ., Bourdoncle,A., Rosu,F., Gabelica,V. and Mergny,J.L. (2012) Tri-G-quadruplex: controlled
assembly of a G-quadruplex structure from three G-rich strands. Angew. Chem. Int. Ed., 51, 11002—
11005.

66. Russo Krauss,l., Spiridonova,V., Pica,A., Napolitano,V. and Sica,F. (2016) Different
duplex/quadruplex junctions determine the properties of anti-thrombin aptamers with mixed folding.
Nucleic Acids Res, 44, 983-991.

67. Deng,M., Zhang,D., Zhou,Y. and Zhou,X. (2008) Highly effective colorimetric and visual detection of
nucleic acids using an asymmetrically split peroxidase DNAzyme. J. Am. Chem. Soc., 130, 13095-
13102.

47



Bibliography

68.

69.

70.

1.

2.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Kong,D.M., Wang,N., Guo,X.X. and Shen,H.X. (2010) ‘Turn-on’ detection of Hg?* ion using a
peroxidase-like split G-quadruplex-hemin DNAzyme. Analyst, 135, 545-549.

He,H.Z., Chan,D.S.H., Leung,C.H. and Ma,D.L. (2012) A highly selective G-quadruplex-based
luminescent switch-on probe for the detection of gene deletion. Chem. Commun, 48, 9462-9464.

Mergny,J.L., LiJ., Lacroix,L., Amrane,S. and Chaires,J.B. (2005) Thermal difference spectra: a
specific signature for nucleic acid structures. Nucleic Acids Res., 33, e138.

Zaccaria,F., Paragi,G. and Fonseca Guerra,C. (2016) The role of alkali metal cations in the
stabilization of guanine quadruplexes: why K* is the best. Phys. Chem. Chem. Phys., 18, 20895—
20904.

Neidle,S. (2016) Quadruplex nucleic acids as novel therapeutic targets. J. Med. Chem., 59, 5987-
6011.

Nguyen,T.Q.N., Lim,K.W. and Phan,A.T. (2017) A dual-specific targeting approach based on the
simultaneous recognition of duplex and quadruplex motifs. Sci. Rep., 7, 11969.

Asamitsu,S., Obata,S., Phan,A.T., Hashiya,K., Bando,T. and Sugiyama,H. (2018) Simultaneous
binding of hybrid molecules constructed with dual DNA-binding components to a G-quadruplex and
its proximal duplex. Chem. Eur. J., 24, 4428-4435.

Funke,A., Dickerhoff,J. and Weisz,K. (2016) Towards the development of structure-selective G-
quadruplex-binding indolo[3,2-b]quinolines. Chem. Eur. J., 22, 3170-3181.

Funke,A. and Weisz,K. (2019) Thermodynamic signature of indoloquinolines interacting with G-
quadruplexes: Impact of ligand side chain. Biochimie, 157, 142-148.

Le,V.H., Buscaglia,R., Chaires,J.B. and Lewis,E.A. (2013) Modeling complex equilibria in isothermal
titration calorimetry experiments: thermodynamic parameters estimation for a three-binding-site
model. Anal. Biochem., 434, 233-241.

Funke,A. and Weisz,K. (2017) Comprehensive thermodynamic profiling for the binding of a G-
quadruplex selective indoloquinoline. J. Phys. Chem. B, 121, 5735-5743.

Ou,T.M., LinJ., Lu,Y.J., Hou,J.Q., Tan,J.H., Chen,S.H., Li,.Z,, Li,Y.P, Li,D., Gu,L.Q., et al. (2011)
Inhibition of cell proliferation by quindoline derivative (SYUIQ-05) through its preferential interaction
with c-myc promoter G-quadruplex. J. Med. Chem., 54, 5671-5679.

Dai,J., Carver,M., Hurley,L.H. and Yang,D. (2011) Solution structure of a 2:1 quindoline-c-MYC G-
quadruplex: insights into G-quadruplex-interactive small molecule drug design. J. Am. Chem. Soc.,
133, 17673-17680.

Read,M., Harrison,R.J., Romagnoli,B., Tanious,F.A., Gowan,S.H., Reszka,A.P., Wilson,W.D.,
Kelland,L.R. and Neidle,S. (2001) Structure-based design of selective and potent G quadruplex-
mediated telomerase inhibitors. Proc. Natl. Acad. Sci. U. S. A., 98, 4844-4849.

Moore,M.J.B., Schultes,C.M., Cuesta,J., Cuenca,F., Gunaratnam,M., Tanious,F.A., Wilson,W.D. and
Neidle,S. (2006) Trisubstituted acridines as G-quadruplex telomere targeting agents. Effects of
extensions of the 3,6- and 9-side chains on quadruplex binding, telomerase activity, and cell
proliferation. J. Med. Chem., 49, 582-599.

Lisgarten,J.N., Coll,M., Portugal,J., Wright,C.W. and Aymami,J. (2002) The antimalarial and cytotoxic
drug cryptolepine intercalates into dna at cytosine-cytosine sites. Nat. Struct. Biol., 9, 57-60.

Macaya,R.F., Schultze,P., Smith,F.W., Roe,J.A. and Feigon,J. (1993) Thrombin-binding DNA aptamer
forms a unimolecular quadruplex structure in solution. Proc. Natl. Acad. Sci. U. S. A., 90, 3745—
3749.

48



Bibliography

85.

86

87

88

89.

90.

9.

92.

93.

94.

95.

96.

97.

Eick,A., Riechert-Krause,F. and Weisz,K. (2012) Binding and NMR structural studies on
indoloquinoline-oligonucleotide conjugates targeting duplex DNA. Bioconjug. Chem, 23, 1127-
1137.

. Dickerhoff,J., Riechert-Krause,F., Seifert,J. and Weisz,K. (2014) Exploring multiple binding sites of
an indologuinoline in triple-helical DNA: A paradigm for DNA triplex-selective intercalators.
Biochimie, 107, 327-337.

. Zuffo,M., Guédin,A., Leriche,E.D., Doria,F., Pirota,V., Gabelica,V., Mergny,J.L. and Freccero,M.
(2018) More is not always better: finding the right trade-off between affinity and selectivity of a G-
quadruplex ligand. Nucleic Acids Res., 46, e115.

. de Cian,A., DeLemos,E., Mergny,J.L., Teulade-Fichou,M.P. and Monchaud,D. (2007) Highly efficient
G-quadruplex recognition by bisquinolinium compounds. J. Am. Chem. Soc., 129, 1856-1857.

Tran,P.L.T., Largy,E., Hamon,F., Teulade-Fichou,M.P. and MergnyJ.L. (2011) Fluorescence
intercalator displacement assay for screening G4 ligands towards a variety of G-quadruplex
structures. Biochimie, 93, 1288-1296.

Gabbay,E.J., Scofield,R.E. and Baxter,C.S. (1973) Topography of nucleic acid helices in solution.
XXIX. steric effects on the intercalation of aromatic cations to deoxyribonucleic acid. J. Am. Chem.
Soc., 95, 7850-7857.

Shieh,H.S., Berman,H.M., Dabrow,M. and Neidle,S. (1980) The structure of drug-deoxynucleoside
phosphate complex: generalized conformational behavior of intercalation complexes with RNA and
DNA fragments. Nucleic Acids Res., 8, 85-98.

Ramstein,J., Dourlent,M. and Leng,M. (1972) Interaction between proflavine and deoxyribonucleic
acid influence of DNA base composition. Biochem. Biophys. Res. Commun., 47, 874-882.

Chaires,J.B., Dattagupta,N. and Crothers,D.M. (1985) Kinetics of the daunomycin-DNA interaction.
Biochemistry, 24, 260-267.

Wilhelm,M., Mukherjee,A., Bouvier,B., Zakrzewska,K., Hynes,J.T. and Lavery,R. (2012) Multistep
drug intercalation: molecular dynamics and free energy studies of the binding of daunomycin to
DNA. J. Am. Chem. Soc., 134, 8588-8596.

Wang,K.B., Elsayed,M.S.A., Wu,G., Deng,N., Cushman,M. and Yang,D. (2019) Indenoisoquinoline
topoisomerase inhibitors strongly bind and stabilize the MYC promoter G-quadruplex and
downregulate MYC. J. Am. Chem. Soc., 141, 11059-11070.

Liu,L.Y., Ma,T.Z., Zeng,Y.L., Liu,W. and Mao,Z.W. (2022) Structural basis of pyridostatin and its
derivatives specifically binding to G-quadruplexes. J. Am. Chem. Soc., 144, 11878-11887.

Diaz-Casado,L., Serrano-Chacén,l., Montalvillo-Jiménez,L., Corzana,F., Bastida,A., Santana,A.G.,
Gonzélez,C. and Asensio,J.L. (2020) De novo design of selective quadruplex—duplex junction
ligands and structural characterisation of their binding mode: targeting the G4 hot-spot. Chem. Eur.
J., 27, 6204-6212.

49



Bibliography

50



Author Contributions

Author Contributions

Article 1: Structural motifs and intramolecular interactions in non-canonical G-quadruplexes
Jana, J., Mohr, S., Vianney, Y. M., & Weisz, K. (2021). RSC Chem. Biol., 2 338-353.

JJ, SM, YMV, and KW equally contributed to the layout and writing of the review.

Article 2: G-Quadruplex formation in a putative coding region of white spot syndrome virus:
structural and thermodynamic aspects
Vianney, Y. M., Purwanto, M. G. M., & Weisz, K. (2021). ChemBioChem, 22, 1932-1935.

KW and MGMP initiated the project. YMV performed the experiments and analyzed the data. YMV and

KW wrote the manuscript. All authors agreed on the final version of the manuscript.

Article 3: First tandem repeat of a potassium channel KCNN4 minisatellite folds into a V-Loop G-
quadruplex structure
Vianney, Y. M., & Weisz, K. (2021). Biochemistry, 60, 1337-1346.

KW initiated the project. YMV performed the experiments and analyzed the data. YMV and KW wrote the

manuscript.

Article 4: Expanding the topological landscape by a G-column flip of a parallel G-quadruplex
Mohr, S., Jana, J., Vianney, Y. M., & Weisz, K. (2021). Chem. Eur. J., 27, 10437-10447.

KW initiated the project. SM initiated the work. SM, JJ, and YMV performed the experiments. KW and
SM wrote the manuscript. All authors agreed on the final version of the manuscript. This article has also

been part of the Master Thesis of SM at the Institute of Biochemistry, Universitat Greifswald.

Article 5: Guiding the folding of G-quadruplexes through loop residue interactions
Jana, J., Vianney, Y. M., Schrdder, N., & Weisz, K. (2022). Nucleic Acids Res., 50(12), 7161-7175.

KW initiated the project. JJ initiated the work. JJ, YMV, and NS performed the experiments. KW, JJ, YMV,
and NS analyzed the data. KW, JJ, and YMV wrote the manuscript. All authors agreed on the final version

of the manuscript.

51



Author Contributions

Article 6: Quadruplex-duplex junction : a high-affinity binding site for indoloquinoline ligands
Vianney, Y. M., Preckwinkel, P., Mohr, S., & Weisz, K. (2020). Chem. Eur. J., 26, 16910-16922.

KW initiated the project. PP and SM initiated the work. YMV, PP, and SM performed the experiments.
YMV and KW wrote the manuscript. All authors agreed with the final version of the manuscript. Part of
this manuscript is included in the Bachelor Thesis of PP at the Institute of Biochemistry, Universitat

Greifswald.

Article 7: Indoloquinoline ligands favor intercalation at quadruplex-duplex interfaces
Vianney, Y. M., & Weisz, K. (2022). Chem. Eur. J., 28, €202103718.

KW initiated the project. YMV performed the experiments and analyzed the data. YMV and KW wrote the

manuscript.

Article 8: High-affinity binding at quadruplex-duplex junctions: rather the rule than the exception
Vianney, Y. M., & Weisz, K. (2022). Nucleic Acids Res., 50, 11948-11964.

KW initiated the project. YMV performed the experiments and analyzed the data. YMV and KW wrote the

manuscript.

Prof. Dr. Klaus Weisz Lie, Yoanes Maria Vianney

52



53



Article 1

54



Open Access Article. Published on 22 January 2021. Downloaded on 5/2/2023 10:22:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC ™ L OVYAL SOCIETY
i . ap OF CHEMISTRY
Chemical Biology

REVl EW View Article Online

View Journal | View Issue

\1) Checkforupdates‘ Structural motifs and intramolecular interactions
in non-canonical G-quadruplexes

Cite this: RSC Chem. Biol., 2021,

2,338 Jagannath Jana, Swantje Mohr, Yoanes Maria Vianney (2 and Klaus Weisz (2 *

Guanine(G)-rich DNA or RNA sequences can assemble or intramolecularly fold into G-quadruplexes
formed through the stacking of planar G-G-G-G tetrads in the presence of monovalent cations. These
secondary nucleic acid structures have convincingly been shown to also exist within a cellular
environment exerting important regulatory functions in physiological processes. For identifying nucleic
acid segments prone to quadruplex formation, a putative quadruplex sequence motif encompassing
closely spaced tracts of three or more guanosines is frequently employed for bioinformatic search
algorithms. Depending on the number and type of intervening residues as well as on solution
conditions, such sequences may fold into various canonical G4 topologies with continuous G-columns.
On the other hand, a growing number of sequences capable of quadruplex formation feature
G-deficient guanine tracts, escaping the conservative consensus motif. By folding into non-canonical
Received 18th November 2020, quadruplex structures, they adopt unique topologies depending on their specific sequence context.
Accepted 14th January 2021 These include G-columns with only two guanines, bulges, snapback loops, D- and V-shaped loops as
DOI: 10.1039/d0cb00211a well as interlocked structures. This review focuses on G-quadruplex species carrying such distinct
structural motifs. It evaluates characteristic features of their non-conventional scaffold and highlights
rsc.li/rsc-chembio principles of stabilizing interactions that also allow for their folding into stable G-quadruplex structures.

Introduction

Single-stranded guanine-rich DNA or RNA sequences can fold into
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Thus, G-rich oligonucleotides derived from genomic sequences
like those from oncogene promoters and telomeres have been
demonstrated to fold into G-quadruplexes. Through their
visualization, compelling evidence for the existence of these
non-canonical secondary nucleic acid structures has also been
found in cellular environments."”” Our current understanding
of the biological roles of quadruplexes suggests that G4s are
involved in gene regulation and telomere maintenance, making
genomic quadruplexes promising therapeutic targets.® In this
regard, much effort has been devoted during the last decades to
searching for G4-stabilizing ligands for pharmaceutical inter-
vention, e.g., for modulating gene expression or telomerase
inhibition in cancer cells.* In addition to serving as potential
drug targets, synthetic quadruplexes such as the thrombin
binding aptamer (TBA) or anti-HIV-1 integrase aptamer consti-
tute an emerging class of therapeutics, binding to various
molecules including many pathologically relevant proteins with
very high affinity and selectivity.>° Finally, the increasing use of
quadruplexes in supramolecular chemistry as well as in bio-
sensors and nanotechnology as a result of their ability to self-
organize into complex two-dimensional networks and long
nanowires attests to their enormous potential in medicinal
and technological applications.””®

A typical monomolecular G-quadruplex is formed by
sequences harboring four G-tracts of three or more consecutive
guanosine residues separated by short intervening sequences.
Correspondingly, conservative search algorithms are based on a
consensus sequence motif d(G;.N;_,G3.N;_;G3,N;_,G3,) for
predicting putative G4 structures in genomic DNA.'®'! However,
a growing number of non-consensus sequences has been reported
to actually fold into stable G4 species. The availability of
their high-resolution structures has shown a variety of unique
conformational features distinct from the ‘classical’ G4 architecture.
Clearly, a better understanding of principles governing quadruplex
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folding of such non-standard G-rich sequences will support new
algorithms for predicting putative regions within the genome
amenable to G4 formation,'>'® but may also expand the G4
structural landscape for more effective drug targeting or the
engineering of novel G4-based scaffolds.

This review is primarily focusing on the increasing number
of G4 structures that do not comply with a consensus sequence
motif but rather rely on short G,-tracts and/or isolated G
nucleotides for their architecture. Various strategies to
compensate for G-deficiencies within their G-core or for
reduced stacking interactions between tetrads are surveyed
to give more insight into relevant contributions to G4
stability. Given the large number of deposited G4 structures
with unusual sequence motifs, emphasis is placed on the
folding behavior of unmodified sequences, with less atten-
tion given to quadruplexes featuring several closely spaced
tracts of four or more consecutive guanosines and non-
canonical tetrads, i.e., those composed of additional residues
other than Gs.

A short survey on canonical
G-quadruplex structures

Upon folding of a sequence composed of four closely spaced
GGG triplets, guanine bases from the G-tracts will associate to
form planar G-quartets (G-tetrads) through a cyclic hydrogen
bond pattern involving both their Hoogsteen and Watson-
Crick faces (Fig. 1). In most cases, stacking of three G-tetrads
gives a three-layered G-core that is additionally stabilized
through monovalent cations with a strength of stabilization
in the order K" > Na" > NH," > Li"."* These are coordinated
within the central channel of the G-core that is lined by the
G-carbonyl oxygens to create a strong negative potential.
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Fig. 1 Guanine tetrad with a centrally located metal ion, residues in syn or
anti conformation, and four grooves of narrow, medium, and wide widths;
strand polarities are indicated by + and — with the tetrad polarity running in
a clockwise direction.

In case of an intramolecular quadruplex, intervening sequences
form loop regions connecting the four G-columns (Fig. 2).
A propeller or double-chain-reversal loop links two adjacent
G-tracts with parallel orientation whereas lateral (edge-wise)
and diagonal loops connect two adjacent or distal anti-parallel
G-tracts, respectively. Depending on its topology, a conven-
tional monomolecular quadruplex may be grouped into three

A
I

(2

Z
>

Fig. 2 Topologies of canonical three-layered G-quadruplexes. (A) Parallel
quadruplex with strands connected by three propeller loops and all-anti
G-tetrads; (B) (3+1) hybrid quadruplexes with three parallel and one anti-
parallel strands connected by one propeller and two lateral loops;
(C) basket-type (2+2) anti-parallel quadruplex with each strand adjacent
to a parallel and an anti-parallel strand, two lateral and one diagonal loops,
and Gl(syn)—-Glsyn)-Glanti)—Glanti) tetrads; (D) chair-type anti-parallel
quadruplex with each strand adjacent to two anti-parallel strands, three
lateral loops, and G(syn)—-Gl(anti)—G(syn)—Gl(anti) tetrads; residues in anti
and syn conformation are colored grey and red, respectively.
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major families: a parallel G4 with all four G-tracts being parallel
and only containing propeller loops; an anti-parallel G4 with
two parallel and two anti-parallel G-runs; and a (3+1) hybrid
with three parallel and one anti-parallel G-columns. Because an
intramolecular quadruplex is defined by a combination of three
different types of loops progressing in either a clockwise or
counter-clockwise direction, a large number of topologies is
conceivable. For a more systematic nomenclature, a descriptor
based on the type of consecutive loops and their progression in
relation to a frame of reference has been suggested."” In such a
system, the parallel topology with three sequential propeller
loops progressing in an anti-clockwise direction can be desig-
nated as (-p-p-p) (Fig. 2A). Clearly, several of the theoretical
loop combinations are forbidden due to geometrical restrictions.
In fact, only 14 of these were predicted to be mechanically
feasible but four of those have still not been experimentally
verified to-date.'>"”

Among conformational properties of individual G residues
within the quadruplex core, glycosidic torsion angles, i.e. syn
and anti conformers, play a critical role for any quadruplex
species due to their importance in G-tetrad formation and their
close link with relative strand polarities of the four G-columns.
In a parallel quadruplex, all residues within a tetrad must adopt
the same glycosidic torsion angle for forming a planar
G-quartet arrangement held together by the eight Hoogsteen
hydrogen bond interactions. Typically, such G4s are composed
of an all-anti G-core, although exceptions forming a single
all-syn quartet exist for modified but also unmodified
quadruplexes.’®* On the other hand, residues in anti-parallel
G-tracts require different glycosidic conformations when parti-
cipating in the same G-tetrad. This relationship between rela-
tive strand polarities and glycosidic torsion angles has
frequently been used as a powerful tool to guide folding of
a G-quadruplex through the site-specific incorporation of G
analogs favoring either syn or anti glycosidic torsion angles to
enforce a particular topology.

Whereas the pattern of glycosidic angles for residues within
a G-tetrad is determined by the orientation of the four
G-columns, the sequential glycosidic conformation of consecu-
tive G residues within an individual G-run may vary. It should
be noted, however, that changing the glycosidic torsion angle
within a column will, as a consequence, also change the tetrad
polarity, ie., the clockwise or anti-clockwise direction of
Hoogsteen hydrogen bonds within a tetrad plane when going
from hydrogen bond donor to hydrogen bond acceptor. Thus,
anti-anti and syn-syn steps will result in homopolar tetrad
stacking whereas syn-anti and anti-syn steps will lead to
heteropolar stacking. Computational studies have predicted
more favorable interactions for syn-anti and anti-anti steps
with energetic penalties for anti-syn and syn-syn steps, consistent
with conformational properties of most reported G-quadruplex
structures.”®*

In addition to their relationship with relative strand orienta-
tion and G-tetrad polarity, glycosidic torsion angles will also affect
the width of the four grooves featured by the four-stranded
quadruplex. Whereas all grooves in parallel quadruplexes are of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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medium width, base-paired Gs of different glycosidic conforma-
tion as observed in anti-parallel and (3+1) hybrid structures will
also form narrow and wide grooves in case of syn — anti and
anti — syn arrangements within a tetrad, respectively.

From a perspective of intervening sequences, it is their
folding into a specific type of loop that defines the topology
of the quadruplex architecture. General guidelines have
emerged, correlating the length and position of linker sequences
to the stability and to favored G4 structures.”>* Due to geometric
restraints, formation and stability of particular loops are strongly
correlated with the length of the intervening linker sequences.
Generally, propeller loops are most stable when composed of only
1-2 residues although even 0 nt propeller loops have been
reported in rare cases.>>?® Lateral loops often include 2-4 residues
depending on bridging a narrow or a wide groove, and diagonal
loops require >3 residues for linking diagonally positioned
G nucleotides. However, even for a conventional sequence,
additional complexity may arise due to loop and overhang
residues being engaged in subtle tertiary interactions to like-
wise affect the favored topology. Finally, it is not only the
inherent sequence but also the outer conditions like the nature
of cations, the ionic strength, and molecular crowding that may
significantly impact the topology of a folded quadruplex.
Whereas sodium ions have been shown to promote an anti-
parallel topology, potassium ions rather tend to destabilize
anti-parallel quadruplexes.'**” Folding of the same sequence
into either a monomolecular or bimolecular quadruplex may
depend on low or high potassium ion concentrations in the
buffer solution and is yet another example for an often rather
unpredictable folding pathway even when looking at regular
G4-forming sequences.?®?°

Taken together, intense research during the past years has
provided a wealth of information regarding the energetics and
structural interdependencies in ‘conventional’ G-quadruplexes.
Our present knowledge of folding principles enables us to make
a guess as for the most stable quadruplex fold of a given G4
consensus sequence and to tackle the rational design of G4
architectures.>**' However, we are still far from reliably pre-
dicting topologies based on primary structure due to more
subtle additional interactions involving flanking and intervening
residues and also to the impact of specific solution conditions.

Quadruplexes with long loops and
quadruplex—duplex hybrids

Longer unstructured loops in G-quadruplex structures tend to
be increasingly disfavored because of entropic effects.*>*
In fact, only few quadruplexes with long loops of >7 residues,
violating the conservative consensus sequence for putative
G-quadruplex forming motifs, have been reported to-date.
Thus, a G-quadruplex formed by the conserved 26 nt G-rich
fragment of the human CEB25 minisatellite forms a parallel-
stranded G-quadruplex with a 9 nt central double-chain-reversal
loop (Fig. 3A).*® Within this quadruplex, an A-T Watson-Crick
and a potential G-A non-canonical base pair between loop and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Solution structure of a human CEB25 minisatellite sequence
with a 9 nt propeller loop formed in K* solution (20 mM KP; + 70 mM KCl,
pH 7.0; T,y = 76.5 °C; PDB 2LPW);*®> an AT Watson—Crick base pair
between a loop and 5’-overhang residue anchors the 3’-terminus of the
loop on top of the 5-outer G-tetrad (right). (B) Solution structure of a
quadruplex—duplex hybrid with a two-layered anti-parallel G-quadruplex
and a coaxially stacked duplex hairpin bridging the G4 wide groove formed
in K solution (20 mM KP; + 20 mM KCl, pH 7.0; PDB 2M82):8 the duplex
GC base pair stacks onto the G-tetrad at the quadruplex—duplex interface
(right); anti- and syn-guanosines of the G-core as well as loop and flanking
residues are colored grey, red, and yellow, respectively; the 9 nt propeller
loop in (A) and the stem-loop duplex in (B) are colored cyan.

5’-overhang residues fix the 3’-terminal loop domain above the
5’-outer G-tetrad. Another example involves two parallel-stranded
G4 conformers from a KRAS promoter sequence, that were found
to coexist in equilibrium and feature long third propeller loops
composed of eleven and twelve nucleotides, respectively. In this
case, high-resolution NMR structures determined from single
mutants revealed m-m interactions between some bases of the
propeller loop as contributors to the overall stability of the
structure.*® Also, sequences encompassing five to seven human
telomeric (GGGTTA) repeats were shown by NMR to form (3+1)
hybrid structures with an up to 21 nt long propeller loop when
inner GGG triplets were blocked from participation in G-tetrads
through single G — I or G — T substitutions.*” Noticeably, such
long loops may constitute new recognition motifs, allowing their
targeting by a loop-complementary oligonucleotide to form a
double-helical loop region.

Contrary to what is expected assuming most stable 1 nt
propeller loops,* longer loops of >5 residues are rather freg-
uently found to be of a propeller type. Apparently, such loops
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often allow for stabilizing tertiary interactions with other loop
and flanking residues. Following the concept of loop inter-
actions to stabilize longer loop domains, appropriate linker
sequences may intrinsically form Watson-Crick paired stem-
loop duplexes as part of stable quadruplex-duplex hybrid
structures (QDHs). Notably, in contrast to a regular single-
stranded linker, quadruplex stabilities of engineered QDHs
generally increase with the length of the double-helical hairpin
domain.?” When forming a lateral-type loop connection, the
duplex is favored to bridge a wide groove of the quadruplex
G-core to better accommodate distances between the sugar-
phosphate backbones of coaxially oriented duplex and quad-
ruplex domains (Fig. 3B).**® Here, the first base pair at the
junction also affects stability due to additional stacking inter-
actions with the quadruplex outer tetrad.*® On the other hand,
a connecting hairpin element may likewise replace a regular
propeller loop, but by connecting G residues at opposite faces
of the G-core the first base pair bridging the junction will be
invariably disrupted in such an orthogonal arrangement.

Likewise, a duplex-forming diagonal loop with intrinsic
Watson-Crick base pairing can be found for a G-rich sequence
located in a promoter region of the HIV-1 long terminal repeat
(LTR).** In the major G-quadruplex conformation LTR-III, the
12 nt loop contains a stabilizing duplex hairpin element with three
base pairs. However, the longer distance across the distal edges of
the quadruplex again prevents residues at the quadruplex-duplex
interface to be engaged in a stable base pair.

Quadruplexes with a two-tetrad G-
core

The stability of G-quadruplexes is mostly derived from the
stacking of its planar tetrads with stacking energies estimated
to be ~80 k] mol ' per tetrad.**** Therefore, the stability
increases with an increase of stacked tetrads and only a limited
number of monomeric two-layered quadruplex architectures
has been reported to date. Among these, the thrombin-binding
DNA aptamer (TBA) with its four tracts of only two contiguous
Gs is one of the most prominent representatives.**™*® Each of
its four G-tracts has a favorable 5'-syn-anti-3’ arrangement
resulting in opposite hydrogen bond directionalities of its two
stacked G(syn)-G(anti)-G(syn)-G(anti) tetrads. The G-runs are
connected by two T-T lateral loops on one side and a central
T-G-T lateral loop on the other side of the anti-parallel chair-
type quadruplex (Fig. 4). Additional stabilization comes from
the stacking of a TT base pair from the first and third loop on
one of the G-quartets. Other stabilizing contributions may also
involve some stacking interactions by bases of the central 3 nt
lateral loop on the other face of the G-quadruplex core.
Various TBA modifications have been reported in the past,
mostly aiming at an improvement of pharmacological properties.
Notably, a TBA analog containing a 5'-5’ site of polarity inversion
in the first lateral loop resulted in a (3+1) hybrid structure by
keeping a 5'-syn-anti-3’ torsion angle progression along all
G-runs.”” As a consequence, it differs from the unmodified TBA
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Fig. 4 Chair-type anti-parallel G-quadruplex of the TBA aptamer
d(GGTTGGTGTGGTTGG) in K* solution (110 mM KCl, pH 6.1) and
hydrogen-bonded base pair formed between two T residues from oppo-
site T-T lateral loops (PDB 148D);*¢ anti- and syn-Gs of the quadruplex
core, loop residues, and the T-T base pair are colored grey, red, yellow, and
cyan, respectively.

in having one G(syn)-G(syn)-G(syn)-G(anti) and one G(anti)-
G(anti)-G(anti)-G(syn) tetrad alignment with a parallel 5-3’
strand orientation of the first, second, and fourth strand and a
third strand proceeding in the opposite direction. However,
stabilizing forces through loop residues are very similar to those
found for unmodified TBA.

The TBA quadruplex illustrates a frequently observed
principle of stabilization through capping structures formed
by base pairing alignments of loop and overhang residues. Such
interactions may even be favorable enough in two-layered
quadruplexes to successfully compete with three-layered G4s
in sequences comprising four GGG-tracts. Thus, the unexpected
observation of a G-quadruplex with only two tetrad layers for a
human telomeric sequence featuring four Gs-runs emphasizes the
potential role of tertiary interactions.’®*® Usually, the human
telomeric sequence exhibits a (3+1) hybrid form with three
stacked G-tetrads in K* solution. However, the 5'-truncated variant
d[(GGGTTA);GGGT] was shown to favor a two-layered basket-type
structure with all G-columns comprising a 5’-syn-anti-3' glycosidic
bond arrangement.*® The conformation is stabilized by A-G-A and
G-G-G triples capping the top and bottom faces of the G-core,
respectively (Fig. 5). Moreover, two hydrogen-bonded T residues
on top of each triad may add further stacking interactions.

Apparently, extensive base pairing and stacking of loop
residues can outweigh stabilities of alternate three-layered G4
structures. It should be mentioned, however, that the telomeric
two-G-tetrad conformation has been questioned to be a stable
form for the extended human telomeric sequence because the
addition of a 5'-flanking residue was shown to mostly abolish
formation of a two-layered G4 structure.*® Instead, the latter
was suggested to likely constitute an intermediate in the inter-
conversion between different telomeric G-quadruplex topologies.

In close analogy to the human telomeric sequence men-
tioned above, a sequence with single mutation from the RANKL
gene d(G;TAG;AGCG;AGAG;) adopts a two-layered basket-type
topology, again stabilized by a G-G-G and an A-G-A triple on top
of the 5’- and 3'-tetrad, respectively.’® Here, the critical role
of capping base triads and loop residues was uncovered by a
structural rearrangement to the anticipated three-layered (3+1)
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Fig. 5 Structure of a human telomeric G-quadruplex (form 3) in K* solution (20 mM KP; + 70 mM KCl, pH 7.0; T, = 57.0 °C; PDB 2KF8);*® A18.G3-A6 and
G21-G9-G13 base triads sandwiched between a G-tetrad and a potential T-T base pair cap the top and bottom of the two-layered G-core; anti- and
syn-residues of the G-quadruplex core, loop and flanking residues, and bases involved in triads are colored grey, red, yellow, and cyan, respectively.

hybrid fold induced by an A5-to-T5 modification. The latter is
associated with the destruction of the capping A5-G3-A17 triple,
releasing G3 from the A5-G3 base pair. This enables G3 to
participate in G-tetrad formation with a concomitant short-
ening of the 3 nt lateral loop to become a more favorable 2 nt
propeller loop.

Other examples exist for the stabilization of a two-layered
quadruplex core by additional tiers of planar base pairing
arrangements from overhang and loop residues.’'* Thus,
a truncated form of the Bombyx mori telomeric single repeat
sequence d(TAGG) was shown to fold into a four-stranded
quadruplex with a two-fold symmetry axis consisting of
two G(syn)-G(syn)-G(anti)-G(anti) tetrads of different tetrad
polarity.” The two-layered core is sandwiched between unusual
T-A-A triads with one adenosine pairing with the A-T Watson-
Crick pair through the minor groove. All three bases and the
sugar ring of one adenosine of the triad partially stack over the
underlying G residues of the quartet. Inspired by the latter
architecture, a sequence d(GGGTTCAGG) was designed and
demonstrated to fold into a two-fold symmetric bimolecular

G4 structure with heteropolar stacking of two G(syn)-G(anti)-
G(syn)-G(anti) tetrads capped by a C-G-A triad on each of the
two quadruplex faces.”®> Emphasizing the important role of
additional layers made up by triads, the 12mer sequence
d(A,G,T4A,G,) with a pair of AAGG repeats folds into a
bimolecular structure with 2-fold symmetry and a core of two
G(syn)-G(syn)-G(anti)-G(anti) tetrads capped on both sides by
A-T-A triads.?® The latter, sandwiched between a G-tetrad and
an additional outer non-Watson-Crick A-T base pair, contains
one adenosine in syn conformation that pairs with the thymine
through a reverse Hoogsteen alignment (Fig. 6). It should be
mentioned that synergistic effects between the unusual base
triads and the G4 core result in significant contributions of the
stacked triads to the stability of two-layered quadruplexes but
also to the promotion of base triad formation through the
tetrad platform.

A 12 nt minimal sequence d[GT(GGT);G] derived from the
anti-proliferating 28 nt DNA aptamer AGRO100 forms a unique
left-handed parallel G-quadruplex with two G-tetrad layers
connected by short loops (Fig. 7A).>® Lacking additional capping

Fig. 6 Diamond-shaped bimolecular G-quadruplex with a two-layered G-core formed in Na* solution (5 mM NaP; + 150 mM NaCl, pH 6.9; PDB
1D6D);%* each of the tetrads forms a platform that is capped by a T(anti)-A(syn)-A(anti) triad (right) and a reversed Hoogsteen A-T base pair (left); an asterisk
denotes a residue from the symmetry-related strand; anti- and syn-residues of the G-quadruplex core, loop and flanking residues, and bases involved in
triads and base pairs are colored grey, red, yellow, and cyan, respectively.
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Fig. 7 (A) Schematic representation of a minimal left-handed G4.
(B) Crystal structure with two stacked left-handed G4 units (crystals grown
from 12 mM spermine and 80 mM KCl, pH 7.0; PDB 6FQ2).>° (C) Top view
with T loop residues oriented towards the outer tetrad of the left-handed
domain; a broken G-column is formed by two split Gs at the 5'- and
3’-ends. (D) Hybrid structure with a right-handed TBA subunit connected
to the left-handed motif formed in K* solution (20 mM KP; + 70 mM KCl,
pH 7.0; PDB 6JCE).>® G residues of the quadruplex core and loop residues
are colored grey and yellow for the left-handed G4, and cyan and orange
for the TBA subunit in (D).

structures, it dimerizes through 5'-5’ stacking for additional
stabilization (Fig. 7B). Likewise, two monomers connected by a
linker form a four-layered structure with two stacked left-handed
subunits of parallel topology. Single-residue loops are clearly
favored for the formation of the left-handed G4. In fact, thymine
bases of the 1 nt loops collapse toward the terminal G-tetrad and
allow for hydrogen bonds between their 04’ atoms and amino
protons of adjacent tetrad guanines (Fig. 7C). Whereas the TBA
sequence features four GG doublets, the 12 nt sequence of the
left-handed G4 comprises two single Gs at each terminus. By their
stacking upon each other they form an unusual split-guanine tract
which is assumed to convey the lefthanded twist with its fully
circling backbone (Fig. 7C).

Apparently, parallel-stranded two-layered quadruplexes
from sequences that encompass closely spaced G-doublets have
a strong propensity for additional stacking interactions, either
through dimerization or in case of longer sequences through a
stacked arrangement of two G4 domains made up of their
5’- and 3’-segments. Several examples for the latter derive from
the polymorphic AGRO100 aptamer that is composed of two
domains with four G,-tracts each. A single G-to-T substitution
in the 5'-stretch and addition of thymidine residues at the
termini yielded a well-defined sequence that folds into a four-
layered G-quadruplex comprising two propeller-type parallel-
stranded subunits connected through a central linker.?” On the
other hand, an alternate G-to-T substitution in the 3’-terminal
G-doublet yielded a quadruplex topology termed Z-G4, featuring
two stacked G4 domains both with left-handed helicity.”® Notice-
ably, the latter is enforced by the 3’-domain composed of the 12 nt
minimal motif mentioned above.>
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The TBA sequence can also be forced into a parallel topology
with its three lateral loops switching into three propeller loops
by its linkage to the minimal left-handed G4 sequence. Here,
the two G4 units again stack on each other, yet with different
helical orientation (Fig. 7D).>® Because lateral loops impede
stacking, favorable stacking interactions between the two sub-
units, i.e., the right-handed TBA and the left-handed domain
are efficient in driving such refolding into a parallel G4. Also,
additional stacking of one base from each propeller loop on the
3’-outer TBA tetrad was observed and may contribute to the
stabilization of this TBA topology.

Stabilization can also be provided by bases that are directly
linked in-plane to the G-tetrad to form pentads, hexads or
heptads. Thus, a dimeric hexad motif with two hexads stacking
upon each other was reported for a d(GGAGGAG) sequence in a
150 mM Na' solution.®® GGA triplet repeats are abundant in
eukaryotic genomes and thought to also be associated with the
occurrence of several diseases.®”®' In the two tandem GGA
triplet repeat sequence, each bimolecular monomer forms a stack
of a G-(A)G-G-(A)-G hexad, a G-tetrad, and an A-A mismatched
base pair (Fig. 8). The hexad forms by the in-plane attachment of
two adenine bases over their Hoogsteen edge to the G-tetrad
through hydrogen bonding with opposite guanine bases. Thus,
two out of the four G-tetrad guanines are anchored through a total
of six hydrogen bonds. Formation of such hexads is expected to be
supported or even driven by extensive n-n stacking interactions
between two stacked hexads at the dimer interface.

A corresponding architecture with an intramolecular stack
composed of a G-(A)-G-(A)-G-(A)-G heptad and a G-tetrad, addi-
tionally stabilized through dimer formation with stacked
heptads at the interface, was also found for a four tandem
GGA triplet repeat d(GGA),. Likewise, an intramolecularly folded
d(GGA); extended sequence with two subunits composed of
stacked tetrad and heptad arranged in a tail-to-tail orientation
with inter-heptad stacking.’*®® Notably, although octad for-
mation through the G-tetrad alignment of a fourth adenine base
either from the 3’-terminus in d(GGA), or from the adenosine
linking the two subunits in d(GGA); is conceivable, it has not
been observed. Apparently, the adenosine requires a subsequent
3’-adjacent G residue as part of the G-tetrad to be anchored
within the tetrad plane.

Fig. 8 Dimeric G4 structure formed in Na* solution (2 mM NaP; + 150 mM
NaCl, pH 6.6) and composed of four symmetry-related strands with
stacked hexads at the dimer interface (PDB 1EEG);*° guanosines of the
all-anti quadruplex core, loop and flanking residues, and adenosines
involved in hexads are colored grey, yellow and cyan, respectively.
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In conclusion, the structure of two-layered quadruplexes as
presented above emphasize the need for other stabilizing
interactions in addition to the stacking of two tetrads in a
G-core composed of favorable syn-anti or anti-anti steps along
the four GG-columns. Here, loop residues are of particular
importance by forming base pairs and/or base triads as addi-
tional stacked layers sandwiching the G-quadruplex core. Also,
dimerization or inter-subunit stacking is often observed in
case of two-layered quadruplexes with a propeller-type parallel
topology, enabling unrestricted stacking with interfacial 5'-
outer tetrads generally found to be more favorable.®* Stacking
interactions can be further optimized by expanding G-tetrads
with intervening bases to form hexads or heptads, increasing
the stacking interface within dimeric structures.

G-deficient G-quadruplexes and
interrupted G-tracts

In the past, an increasing number of G4-forming sequences
harboring a shortened G-tract and thus unable to fold into a
canonical three-layered quadruplex with four non-interrupted
GGG-columns have been reported. Assuming a thermodynami-
cally controlled G4 folding, the final conformer will maximize
favorable interactions, primarily striving to fill vacant G-core
positions for increased stacking interactions but also through
additional interactions involving intervening and flanking seg-
ments. Depending on the primary sequence, there are various
possibilities for intramolecular G insertions into unoccupied
G-core positions, leading to distinct structural features with
bulged or interrupted G-columns. These approaches are sche-
matically depicted in Fig. 9. In the following, corresponding G4
folds are reviewed with particular emphasis on non-modified

z 7~
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Fig. 9 Strategies to fill vacant positions within a quadruplex G-core.
(A) Quadruplex with a vacant site, (B) snapback-loop, (C) bulge, (D) D-shaped
loop, (E) interlocked G4, (F) V-shaped loop.
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quadruplexes whose folding pathway is not guided by con-
formational preferences of incorporated nucleoside analogs
(for the latter, see ref. 65).°°

G-quadruplexes with a guanine
vacancy (vG4)

Deviating from the consensus sequence of a canonical G-quadruplex,
sequences with three GGG-tracts and one guanine-deficient
GG-tract can assemble into a three-layered quadruplex structure
with one tetrad bearing a vacant site. Notably, bioinformatics
studies have shown that such sequences are abundant in
genomes and may be evolutionarily selected in genes with
unique distribution patterns in both eukaryotic and prokaryotic
organisms.®®®” The vacant site can easily accept a guanine base
from guanine-containing metabolites such as GTP or GMP to
form an intact and strongly stabilized G-core, demonstrated
to effectively alter DNA replication in vitro at physiological
GTP concentration.®® Because G-quadruplexes with guanine
vacancies (vG4) are distinct from canonical G4 structures in
being able to sense intracellular concentrations of guanine
derivates, they have been proposed to play a critical role in gene
regulation.

On the other hand, the abundance of vG4 forming
sequences in the human genome offers a great potential for
therapeutic interventions by more specific, high-affinity targeting.
Thus, a bifunctional G4-binding peptide guided through a
covalently linked guanine base was shown to feature promising
selectivity and affinity toward the G-deficient quadruplex asso-
ciated with strong suppression of in vitro replication.®® From an
analytical viewpoint, sensors for guanine derivatives based on
quadruplexes with a vacant site have been shown to confer
exceptional selectivity toward the analyte.®

Despite the presence of a destabilizing additional thymine
bulge in the short and non-contiguous GG-column at its 5’-end,
the sequence d[TTGTG(TGGG);T] containing (12-1) guanines
was shown by NMR to fold into a G-deficient intramolecular
quadruplex with two G-tetrads and one outer G-triad in a
parallel-stranded conformation (Fig. 10A).”° In fact, molecular
dynamics simulations established the formation of a G-triad-water
complex with water molecules occupying the vacant site in the
G-triad plane. Again, the vacancy being a G-binding hotspot
can be specifically recognized by external guanine bases.
High-affinity binding was observed for linear and cyclic d(AG)
and cGAMP dinucleotides when targeting a T deletion mutant
d[TTGG(TGGG);T] lacking the bulge.®”

Another example of a structurally characterized G-deficient
quadruplex involves a modified human PDGFR-f} gene promoter
sequence d(AAG;AG;CG,CG;ACA) termed Pul9m2.”' It was
shown to adopt two stable G4 structures formed by the G,-tract
shifted toward the 5’- or 3’-terminal quadruplex face with a
corresponding vacancy in an outer plane adjacent to either the
3’- or 5'-terminus. The triad layer of the vG4 can again be
complemented by the selective and strong external binding of
physiologically relevant guanine metabolites such as dGMP, GMP,
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Fig. 10 Top view on (A) the vG4 NMR structure formed in K* solution
(10 mM KP; + 35 mM KCl, pH 7.0) from the sequence d[TTGTG(TGGG)3T]
with G-triad (colored cyan) stacked on a G-tetrad (PDB 2N60).”° (B) Top
view on a dGMP-complexed vG4 structure formed in K* solution (12.5 mM
KP; + 37.5 mM KCl, pH 7.0) from the PDGFR-f gene promoter sequence
(PDB 6VOL);”* dGMP (stick model in red) fills the vacant site of the 5’-outer
G-layer (colored cyan). Other all-anti G-tetrad core residues are colored
grey; loop and flanking residues, yellow.

and ¢cGMP but also by guanine-based drugs (Fig. 10B). Interest-
ingly, metabolite binding is able to modulate the equilibrium
between the two G,-shifted isomers, mostly favoring binding to
the G-deficient 5'-triad.

Snapback loop G-quadruplexes

If the Pu19m?2 sequence of the PDGFR-f3 promoter with its vG4
fold is extended to also include the wild-type 3’-terminus
with another Gs-tract, the resulting sequence d(AAG;AG;CG,
CG3GCAGGG) designated Pu22ml1 was found to adopt a
parallel-stranded intramolecular quadruplex with three 1 nt
propeller loops and an additional 5 nt lateral loop.*® Here, it is
a terminal 3'-G in a syn conformation that intramolecularly fills
the vacant site of the third G,-run through a snapback loop
structure. Interestingly, the sequence itself features four con-
tiguous runs with >3 guanines, expected to fold into a regular
three-layered quadruplex without broken strand but with
longer second and third loops. Apparently, the high stability
of a parallel quadruplex with 1 nt propeller loops outweighs
penalties expected for a fourth snapback lateral loop.

A snapback approach in combination with a 5’-terminal
hairpin structure was also shown to fill a single vacancy left
by a short G,-tract. Here, the vacant site acts as an anchor point
for the duplex stem-loop in fixing the 5'-terminal G in a syn
conformation to the tetrad facing the duplex domain.*®

Snapback loops can also bridge distal corners as exemplified
by a c¢myc promoter sequence d(TGAG;TG,AG;TG,AAG,)
containing five guanine tracts. Although able to fold into a
regular parallel G4 with 1 and 2 nt propeller loops, it was shown
to favor folding into a parallel-stranded fold-back G-quadruplex
with the 3’-terminal guanine base filling an empty guanine
position within the 3’-tetrad through a diagonal snapback
loop.”? The three-dimensional NMR structure of a G10I mutant
termed Pu241 demonstrates its parallel fold with 1 nt, 3 nt, and
1 nt propeller loops and a fourth diagonal loop bridging two
opposite corners of the 3’-G-tetrad with its terminal syn-G
complementing the second G-column (Fig. 11). Single base
substitutions suggest that a G-G-A triad within the diagonal
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Fig. 11 (A) Schematic representation and (B) three-dimensional structure
of Pu24| (PDB 2A5P) formed in K* solution (20 mM KP; + 70 mM KCl, pH
7.0) with residues of the diagonal snapback loop forming a G-G-A triad
stacked on the 3/-outer tetrad (bottom);”? anti- and syn-guanosines of the
G-tetrad core are colored grey and red, respectively; loop and flanking
residues, yellow; residues forming the snapback loop, cyan.

loop capping the outer G-tetrad seems a critical structural motif
for snapback loop formation in Pu24l. Correspondingly, a
stacked G-G-A triad from residues of the diagonal snapback
loop was likewise found to stabilize one of the two major G4
conformers formed by a G-rich sequence in the KRAS nuclease
hypersensitive element (NHE) region.>® It should be noted, that
the addition of further non-G residues at the 3'-terminus may
still allow for a fold-back topology but is expected to compro-
mise the thermodynamic stability as suggested by calorimetric
studies on mutated 3’-T extended c¢-myc promoter sequences
with five guanine tracts.””

Like the extended PDGFR-f promoter sequence, a G-rich
c-kit promoter sequence d(AG;AG;CGCTG;AG,AG;) encompassing
four Gs-tracts and thus capable of forming a regular quadruplex
with four continuous G-columns folds into a topology with a
snapback loop in K" solution (Fig. 12).”*”> Again, the pronounced
stability of short propeller-type loops in a parallel topology is
suggested to drive folding but base pairing alignments in the loops
provide for additional stabilization of this structure with several
unique features. Here, isolated G10 is recruited to occupy a single
outer G-core position and the corresponding G-column is comple-
mented by insertion of the two 3’-terminal anti-G residues aligned
in a parallel orientation. The two-residue loop directly following
G10 links neighboring corners of the same tetrad. By laterally
connecting a broken and continuous G-column of the same strand
polarity, it shares features of both propeller and edge-wise loops.
The 5 nt snapback connection that follows the fourth Gz-column to
fill the two vacant sites of the third G-tract with parallel-oriented
anti-G residues shows base pairing alignments. It is unusual in
spanning two G-quartets with a 3’-flanking G being part of the
central tetrad, allowing unrestricted DNA sequence extensions at
the 3/-terminus. Formally, this rather long 5 nt loop may also be
viewed as a propeller-type loop progressing against the right-
handed helicity of the G-core. The overall topology is also
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Fig. 12 (A) Schematic representation and (B) solution structure of a
quadruplex with a distinct type of snapback loop formed by a c-kit
promoter sequence in K* solution (20 mM KP; + 70 mM KCl, pH 7.0;
PDB 203M);"*”> anti-guanosines of the G-core and two inserted
3’-terminal Gs are colored grey and lilac, respectively; loop and flanking
residues, yellow; residues of the snapback loop forming A16-G20 and G17-
Al19 base pairs, cyan.

conserved when replacing this loop by a hairpin motif within a
closely related c-kit based sequence to form a unique quad-
ruplex-duplex junction.*® Clearly, it would also be conceivable
to fill the two vacant positions through a conventional lateral-
type snapback loop with two terminal syn-Gs in anti-parallel
orientation. However, such a conformer may be disfavored by a
less stable syn-syn stacking.

Quadruplexes with a bulge

Non-consecutive guanosines may assemble into G-quadruplexes
that feature a G-column of guanines with interdispersed bases
protruding outward to form a bulge. Thus, whereas loop
residues connect different columns of the G-tetrad core, a
bulge connects adjacent guanines along the same column.
Bulges have initially been shown in crystal structures of RNA
quadruplexes but more recent reports on several three-
dimensional structures of bulged G-quadruplexes in solution
attest to their potential prevalence and stability under cellular
conditions.*®*”7"%* Consequently, participation of isolated
guanines within interrupted G-tracts in the formation of a
stable ‘bulged’ G-tetrad core will significantly expand the
number of genomic sequences with a potential for G-quadruplex
formation.

The impact of bulges differing in sequence, size, position, or
number on G-quadruplex formation was systematically studied
by Mukundan and Phan.®® Their results suggest that bulges
can be located at any position in a G-quadruplex structure.
However, the stability of quadruplexes with a bulge decreases
with increasing bulge size in analogy to the length dependence
of propeller loops. Also, the G4 stability will depend on their
location but also on the sequence context and the G-quadruplex
topology. In general, bulges are destabilizing, limiting the
number of individual bulges n compatible with formation of
three-layered quadruplexes to n < 3. Destabilization can be
attributed to a strained backbone but mostly to the unfavorable

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Solution structure of G-quadruplexes with a bulge. (A) Parallel-
stranded LTR-IV G-quadruplex from the HIV-1 genome formed in K*
solution (20 mM KP; + 70 mM KCL, pH 7.0; T, = 50.5 °C; PDB 2N4Y);%?
anti-G20 following the bulge adopts a north sugar conformation and the
bulged T19 stacks onto A17 of the neighboring propeller loop. (B) Parallel-
stranded G4 with a bulge forming a stem-loop duplex in K* solution
(20 MM KP; + 30 mM KCL, pH 7.0; T, = 46.2 °C; PDB 7CLS);® the G residue
following the hairpin-forming bulge adopts a syn conformation. anti-
and syn-guanosines of the G-tetrad core are colored grey and red,
respectively; loop and flanking residues, yellow; residues in bulges, cyan.

entropy of solvating the protruding residues. Thus, entropic
effects likely determine a stacking interaction of a thymine
bulge with a single-nucleotide propeller loop adenine to reduce
the hydrophobic surface area in the long terminal repeat
sequence LTR-IV of the proviral HIV-1 genome (Fig. 13A).%>
Such rather subtle interactions may in fact explain the different
impact of bulges on the thermal stability depending on their
position in various topologies.

In general, bulges do hardly perturb the G4 core structure
which essentially occupies the same conformational space
as found for canonical G-quadruplexes. However, guanosine
residues adjacent to bulges have been reported to frequently
populate an additional range of backbone torsion angles.”®
Also, revisiting available quadruplex structures, G-core residues
preceding or following the bulge are often found to adopt sugar
conformations in the north rather than in the more typical
south domain. It should be noted, however, that in most cases
no restraints for sugar dihedral angles were employed for
generating the NMR solution structures.

Aunique 2 nt GA bulge in a G-quadruplex formed by a G-rich
sequence in the regulatory region of a RANKL gene connects
anti- and syn-guanosines that occupy G-core positions of a
parallel G4.** Consequently, in order to maintain formation
and proper stacking of the G-tetrads, the bulge must provide for
a turn of the backbone in adopting a pseudo-loop conforma-
tion. Remarkably, the corresponding G4-forming sequence
encompasses four Gs-tracts to allow for a regular three-
layered quadruplex. Assuming the bulge to be destabilizing,
the bulge-containing fold seems to be driven by a shorter
overall 1-3-1 when compared to a 1-3-3 propeller loop architec-
ture as expected for a bulge-free parallel topology.

Recently, base-paired duplex bulges of different size were
incorporated into various positions of a G-quadruplex scaffold,
demonstrating their noticeable stabilization when compared
to unstructured bulges.*> In fact, thermal stabilities of
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duplex bulges are slightly increased with increasing bulge sizes,
following a similar trend as observed for G4 hairpin loops. The
formed quadruplex-duplex junction is reminiscent of an ortho-
gonally aligned propeller-type stem-loop structure with a first
disrupted base pair to allow for a progressive transition from
the quadruplex to the duplex segment associated with an
increase in strand separation (Fig. 13B). However, in contrast
to a propeller-type hairpin loop the double-helical foldback
bulge continuously stacks onto the 3’-outer G-tetrad and only
the first unpaired base projects outward from the groove.

D-Shaped loop

Unlike bulges that link two split G residues within the same
G-column in a consecutive way, another distinct type of loop
connects residues of a column located at opposite faces of the
G-core. Owing to its characteristic progression it has also been
termed D-shaped loop.”® This peculiar arrangement positions
the 5’- or 3'-terminal G of a d(G,N,G) or d(GN,G,) tract between
the other two G residues when forming a G-quadruplex column
(see Fig. 9D). In this regard it is reminiscent of a structural
motif reported for a short fragment of telomeric DNA from
S. cerevisiae. Here, an unusual pseudo-circular G-hairpin with a
compact core of three GG base pairs is formed and a chain reversal
within a continuous Gs-tract places the 3’-terminal G between the
two preceding G residues in the base-paired structure.®®

In a G-quadruplex, such a structural motif was shown for
a G-rich VEGF aptamer carrying three locked nucleic acid
modifications.”® Here, a 2 nt D-shaped loop fills a vacant
position within the same column by bridging two corners on
opposite sides of the G-core (Fig. 14). Notably, with all three
tetrads featuring the same polarity and all core guanosines
adopting an anti conformation as demonstrated by NMR data
analysis, there seems to be no strand inversion between the
flanking outer G-core residues as would be expected for this

Fig. 14 Schematic representation (left) and three-dimensional solution
structure (right) of a G-quadruplex with a D-shaped loop derived from a
VEGF aptamer with locked “MAG residues in K* solution (10 mM KP; + 40 mM
KCl, pH 7.0; T = 52 °C; PDB 2M53);26 anti-guanosines and LNA analogs of
the G-core are colored in light and dark grey, respectively; loop and flanking
residues, yellow; residues of D-shaped loop, cyan.
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structural motif. Interestingly, however, an easy switch to a syn
conformation was observed for the 3’-flanking G during struc-
ture calculations. A 0 nt propeller loop bridging two tetrad
planes precedes and another 2 nt loop directly follows the
V-shaped loop. The unusual 2 nt loop ties two parallel-oriented
G positions at adjacent corners of the same tetrad in analogy to a
corresponding loop in the c-kit promoter G-quadruplex.”*””

Another example for a D-shaped loop comes from a guanine-
rich 36 nt RNA motif named sc1 capable of quadruplex formation.
The solution structure of the scZ RNA complexed with an arginine-
glycine-rich RGG peptide from the FMRP protein reveals a
G-quadruplex domain connected to a flanking duplex stem.®”
The three-layered all-anti G4 is composed of two stacked tetrads
of the same polarity and an additional G-tetrad of opposite
polarity facing the duplex domain. Here, a strand polarity inver-
sion within one G;-tract and two 1 nt D-shaped loops associated
with a flipped backbone connect the inverted G-tetrad with the
other two G-tetrad layers.

Interlocked structures

Interlocked structures are composed of more than one separate
G-rich strand and in the past have often been associated with
the formation of G-wires. The latter can form if G-rich strands
associate out-of-register to present ‘sticky’ ends. Two such
slipped structures may subsequently dimerize through their
terminal free G residues to form an extra G-tetrad. Thus,
d(GGGT) may align into an octameric complex with five stacked
G-tetrads in addition to the tetramolecular d(GGGT), with in-
register strand association (Fig. 15A).%% If association is enabled
at both 5’- and 3’-ends, self-assembly can lead to large nanos-
tructures by the growth of an interlocked G4 in both directions.
A first model of a G-wire formed by the telomeric DNA
oligonucleotide d(G,T,G4) was proposed more than 25 years
ago®?° but its structural diversity could only be demonstrated
by atomic force microscopy in the recent past.”’ Expanding on
the self-associative potential of G-rich sequences in a slipped
alignment, oligomerization was also shown to be supported
by GC overhangs that serve as cohesive ‘sticky’ ends to form
two interfacial GCGC-tetrads by hydrogen bonding through
Watson-Crick and Hoogsteen guanine edges.””°* In G-wires,
self-recognition and self-assembly relies on G-quartet for-
mation and is expected to be promoted by hydrophobic effects
but also by the enthalpic gain of multiple G-tetrad stacking.
Correspondingly, these interlocked structures show high
thermal stabilities but due to their slow kinetics of formation
their population and length strongly depends on concentration,
temperature, and cations present. Of note, some of the higher-
order G4 structures suggested to coexist in particular with parallel-
stranded G-quadruplexes®**>°® may possibly also be traced to the
formation of such high-melting interlocked structures.
Narrowing the definition of interlocked G-quadruplexes,
G-tetrads at the interface between two G-deficient quadruplex
folds may be mutually completed by Gs from the other subunit.
This enables the sequence d(G;AG,T3;G;AT), bearing only three
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Fig. 15 Interlocked G-quadruplexes. (A) Schematic representation of two
interlocked d(GGGT)4 out-of-register quadruplexes forming an octameric
species.®® (B) Schematic representation (top) and three-dimensional
structure (bottom) of an interlocked quadruplex formed in K* solution
(90 mM KCL, pH 7.0) by an HIV-integrase aptamer (PDB 1Y8D);® the pair of
G-tetrads at the dimer interface are mutually filled with a 5’-terminal
syn-G1 from the other strand; anti- and syn-guanosines of the G-tetrad core
are colored grey and red, respectively; loop and flanking residues, yellow;
loop adenines A9 aligned in-plane of the tetrad to form a pentad, orange.

G-tracts, to fold into a dimeric four-layered quadruplex.’” Each
monomer adopts a compact domain with a 1 nt propeller loop,
a 3 nt lateral loop, and a 0 nt V-shaped loop (see below). The
dimeric interface features a pair of stacked A-(G-G-G-G) pentads
through the interaction and in-plane alignment of the propeller
loop adenine with a G-quartet. Also, each pentad is completed
through the insertion of a 5’-terminal syn-G residue of the other
monomer. The pentad stacks upon a tetrad in each monomer
supported by one broken and three continuous GG-columns.

Likewise, the 93del aptamer d(GGGGTGGGAGGAGGGT), an
HIV-1 integrase inhibitor, forms a very stable six-layered
G-quadruplex interlocked dimer in K* solution (Fig. 15B).”®
Each monomeric subunit contains one A-(G-G-G-G) pentad
sandwiched between two G-tetrads with the G-tetrad at the
interlocking interface complemented by the 5'-terminal syn-G
from the first G,-tract of the other monomer. All G-columns
within each monomer are parallel and linked by two 1 nt
propeller loops bridging three G-tetrad layers. A second adeno-
sine propeller loop that bridges two G-tetrad layers participates
in A(G-G-G-G) pentad formation.

Based on the 93del aptamer, sequence variants forming
corresponding interlocked G-quadruplex dimers were rationally
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designed. These encompass a first long G,-tract to compensate
with its 5’-G for a G-deficient tetrad of the other monomer, two
medium Gs-tracts, and another short G,-tract being positioned
as second, third, or fourth G-run.”® Indeed, very stable
interlocked quadruplexes were demonstrated to form and
may constitute robust scaffolds for technological applications.

Expanding on the architecture of locked quadruplexes, a
unique intra-locked G4 structure was recently reported for the
28mer G-rich sequence d[(TGG),TTG(TGG);TTGT] harboring
multiple G,-tracts and two single G residues.'® This sequence
was shown to fold into a structure with two stacked bi-layered
subunits formed by its 5’- and 3’-domains. Additionally, intra-
molecular locking is achieved by the incorporation of a guanine
from the 5’-subunit into the G-deficient interfacial G-layer of
the 3’-subunit.

V-loop quadruplexes

V-loops are one of the most prominent non-canonical structural
elements in G-quadruplexes and have received growing atten-
tion in recent years. V-shaped loops connect two adjacent
G-columns by bridging two or three G-tetrad layers (see
Fig. 9F). However, in contrast to a propeller-type connection
one of the G-columns is broken and the two linked G-tracts are
generally oriented anti-parallel to each other. The formation of
0 nt V-shaped loops is most common, but in some cases 1 nt or
2 nt V-loops have also been reported.>*°%*°*

V-loops can exhibit high intrinsic stability and may even
compete with canonical topologies. Thus, modifying all matching
anti-G positions with strongly anti-favoring ""*G analogs in the
telomeric sequence d(G,T,G,) from Oxytricha nova resulted in a
rearrangement of the bimolecular anti-parallel quadruplex into a
unique scaffold with a topology termed V4 fold.'*® Here, all four
G-stretches within two strands fold back in a V-shaped loop with
an LNA residue at their 3’-end and interact with each of the other
three G-stretches through the formation of four G-tetrads. The
V-loop 5’-anchoring position is generally occupied by a syn-G
being part of a discontinuous G-column. In order to trace favor-
able and unfavorable contributions to V-loop formation, various
sugar-modified G analogs have recently been introduced at
specific positions of a (3+1) hybrid quadruplex, triggering
rearrangements into a V-loop structure.'® % Detailed analysis
of dual-modified V-loop quadruplexes bearing different combina-
tions of G-analogs demonstrated that often overlooked sugar
conformational preferences rather than glycosidic conformations
were major contributors to V-loop stability. Thus, a stable V-loop
structure was even formed when inserting "“*G with its fixed
C3’-endo conformation (north) at the V-loop 5’-anchoring site to
enforce a strongly disfavored syn conformation when followed by
another 3'-flanking anti-""*G.'® On the other hand, a sugar
pucker in the north domain for both 5'- and 3'-flanking residues
seems to match backbone conformational requirements of a
conventional 0 nt V-shaped loop (Fig. 16A, top). In fact, a
corresponding 5'-(syn,north)-(anti,north)-3' conformation for
V-loop flanking residues is likewise found for other V-shaped
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3'flanking G(n) 3'flanking G(n)

G(n+1)

5'-flanking G(n-1)

5'-flanking G(n-1)

Fig. 16 V-loop topology with polarity inversion sites indicated by circular
arrows (top), solution structure (center), and backbone conformation for
the V-loop (bottom) comprising a 3 nt stretch that is colored magenta in
the topological representations on top. (A) Monomolecular G4 formed in
K* solution (20 mM KP; + 80 mM KCl, pH 6.8; T,, = 54.5 °C) with
conventional V-loop and O5'(n)-H8(n + 1) interactions (PDB 5ZEV).%°
(B) Bimolecular G4 in K* solution (15 mM KCl, pH 5.5) with alternative
V-loop and solvent-exposed phosphate (PDB 1U64)1%° G-core guano-
sines in anti, syn, and ‘low-syn’ conformation are colored grey, red, and
light red, respectively.

loops in unmodified quadruplexes and represents a charac-
teristic feature for such conventional loops."***°® Owing to the
syn and anti anchor residues participating in G-tetrads of
reversed polarity, there is no apparent strand polarity inversion
inherent to the V-loop but rather between the 3’-flanking G and
the following G within the same G-tract. Interestingly, a sharp
turn of the sugar-phosphate backbone at the inversion site and
a north-type sugar pucker of the 3’-anchoring residue places its
04’ and O5’ oxygen atoms in close vicinity to H8 of the
following G to also allow for corresponding C-H---O interac-
tions (Fig. 16A, bottom).

A second type of V-loop conformation has originally been
suggested based on a sequence bearing a south/south-east-
favoring 2’-fluoro-arabinoguanosine analog at the 3’-flanking
position.'*'% In these alternative V-loop conformers, south-
puckered residues are mostly found for both V-loop framing
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positions, allowing to differentiate V-shaped loops according to
two distinct sugar conformational preferences (Fig. 16B, top).
Whereas a syn conformation at the 5’-anchor site seems
mandatory for all regular V-loops, glycosidic torsion angles at
the 3’-end of the alternative V-loop are typically outside the anti/
high-anti range and rather adopt torsion angles in a less defined
‘low-syn’ range.*"'°>''% As a consequence, a sugar-phosphate
backbone inversion can formally be localized within the V-loop
in this case. Also, larger inter-atomic distances with a more
solvent-exposed phosphate of the 3’-flanking residue prevent
C-H---O pseudo-hydrogen bond contacts between the latter
and the subsequent G as observed for a conventional type
of V-loop, with possible implications for other intermolecular
interactions (Fig. 16B, bottom).

Due to a lessening of conformational restraints exerted by
the V-shaped loop, few quadruplexes with a less compact
architecture, e.g., with more flexible 1 nt or 2 nt V-loops or
with neighboring bulges adjacent to the loop, may feature
conformers located slightly outside of either of the two charac-
teristic conformational clusters.’®>'®" Of note, foldback bulges
in two recently reported parallel-stranded quadruplexes enforce
a single syn conformer for the 3’-linked G of a central discon-
tinuous G-tract (see above and Fig. 13B).**® As a result, the
loop following this G-core residue with its inverted backbone
orientation may be viewed as a 1 nt V-shaped loop rather than a
regular propeller-type loop.

Finally, a unique two-layered anti-parallel quadruplex
derived from the AGRO100 aptamer combines a 1 nt V-shaped
loop with a 3’-terminal domain forming characteristic base
pairing alignments.>® The 3/-peripheral motif progresses along
two sharp U-turns to form two additional layers composed of a
T-T-G triad and a G-T base pair capping the 5’-outer tetrad
(Fig. 17). It is attached by a non-terminal guanosine to the G4 core,
filling a vacant G4 position in a snapback-type arrangement.

Fig. 17 Schematic representation and three-dimensional solution
structure for a V-loop quadruplex of the AGROI100 derived sequence
d(TG,TTGTG,TTTG,TGTTG,TG,T) in K* solution (20 mM KP; + 70 mM KCl,
pH 7.0; T, = 39 °C; PDB 6JCD);** anti- and syn-guanosines of the
G-tetrad core are colored grey and red, respectively; loop and flanking
residues of the G4 core structure and of the 3’-peripheral motif are
colored yellow and cyan, respectively; T-T-G triad and G-T base pair,
magenta.
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The compact structural domain of the peripheral sequence was
shown to possibly serve as a modular unit, able to replace a
diagonal snapback loop in other G4 structures. Notably, in
contrast to most V-loop structures the unusual 1 nt V-loop
spanning two tetrad planes features a 5’-anchoring guanosine
in anti conformation.

Summary and perspectives

G-rich sequences covering a wide range of G-runs of different
number and length have been demonstrated to fold into
four-stranded G-quadruplexes. As surveyed in this review,
G-deficiencies as a result of short G-tracts may be compensated
by unique structural motifs supplementing vacant sites. These
include V- and D-shaped loops, snapback loops, bulges, and
interlocked species. On the other hand, additional stacking
interactions through G4 association but also through capping
base triads or base pairs may considerably stabilize a particular
G4 architecture. Formation of corresponding motifs will
depend on the particular sequence context and on the super-
position of additional interactions that are often difficult to
anticipate based on the primary sequence. However, these
interactions may even be strong enough to induce folding into
a non-conventional structure even if the sequence allowed
folding into a canonical topology.

Based on the rapidly growing number of reported crystal-
lographic and NMR G-quadruplex structures, our knowledge on
the structural organization and stabilizing inherent inter-
actions of unusual structural motifs has considerably grown.
Thus, we are beginning to recognize and understand major
contributors to particular topological features. These include
tertiary interactions between different domains of the folded
quadruplex to form triads, base pairs, or non-canonical tetrads
but also more subtle conformational preferences of individual
residues with their often decisive impact on equilibria between
G4 conformers being close in energy. Sequences that fold into
non-canonical G4 structures featuring interrupted G-columns
have already been successfully designed.*®°>'™" However,
whereas our ability to decipher the code that relates a G-rich
oligonucleotide sequence with four closely spaced G;-tracts to a
preferred G4 topology increases, understanding and predicting
the folding of irregular G-rich sequences still poses a challenge.

Detailed insight into folding pathways and into interactions
enforcing particular structural motifs will be important for the
identification of G-rich fragments prone to G-quadruplex for-
mation and also for a successful engineering of quadruplex
architectures for various technology-based G4 applications. On
the other hand, non-canonical G4 structures offer additional
opportunities in their specific targeting for both pharmaceuti-
cal and technological purposes. The majority of known G4
ligands binds through stacking interactions onto a G-tetrad.
Also, attempts to increase selectivity with less off-target effects
based on different groove dimensions or loop conformations
has only brought limited success to-date. Exploiting various
non-conventional structural motifs may in fact expand our
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toolbox for achieving more selectivity. G-deficient quadruplexes
with a vacant site constitute promising targets for a specific and
high-affinity binding of bifunctional ligands that are guided by
a covalently linked guanine base. Also, interrupted G-tracts
with their opening may potentially support insertion of planar
ligands between tetrad planes of the quadruplex. Finally,
quadruplex-duplex junctions are expected to be widespread
in a cellular environment either through hairpin-type loop
domains within the G4 architecture or through G-quadruplexes
extruding from a B-type duplex as anticipated for oncogenic
promoter sequences. Such interfaces between different structural
domains have attracted growing interest in recent years and may
provide for unique target sites for G4 drugs."”>™""* In fact, binding
to quadruplex-duplex junctions by appropriate ligands has
already been shown to be guided by strong interactions, making
junctions one of several promising target sites for the future
design of more efficient G4-binding drugs.
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G-Quadruplex Formation in a Putative Coding Region of
White Spot Syndrome Virus: Structural and

Thermodynamic Aspects

Yoanes Maria Vianney,” Maria Goretti M. Purwanto,” and Klaus Weisz*"!

White spot disease (WSD) is one of the most devastating viral
infections of crustaceans caused by the white spot syndrome
virus (WSSV). A conserved sequence WSSV137 in the DNA
genome of WSSV was found to fold into a polymorphic G-
quadruplex structure. Supported by two mutant sequences
with single G—T substitutions in the third G, tract of WSSV131,
circular dichroism and NMR spectroscopic analyses demonstrate
folding of the wild-type sequence into a three-tetrad parallel
topology comprising three propeller loops with a major 1:3:1
and a minor 1:2:2 loop length arrangement. A thermodynamic
analysis of quadruplex formation by differential scanning
calorimetry (DSC) indicates a thermodynamically more stable
1:3:1 loop isomer. DSC also revealed the formation of addi-
tional highly stable multimeric species with populations
depending on potassium ion concentration.

G-quadruplexes (G4s) are secondary structures of DNA, formed
by repeated runs of contiguous guanosine residues. They are
widely found throughout different organisms but also occur in
viral genomes."? G4s have been shown to be involved in the
regulation of gene expression, either acting within the
regulatory region or the gene itself.*>' Consequently, formation
of G-quadruplexes in the viral functional genome may contrib-
ute to viral mortality and G-quadruplex-stabilizing ligands may
be employed for viral control.® The white spot syndrome virus
has emerged as one of the most common and most devastating
pathogens for farmed crustaceans such as shrimp."®'" WSSV
infects all major shrimp species and has caused huge economic
losses in the aquaculture industry worldwide due to the lack of
effective treatments. Screening the genome of the white spot
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syndrome virus (accession number KY827813), we found a
conserved sequence with putative G4-forming ability termed
WSSV131 (Figure 1). lts first G tract is located three bases
downstream the template strand of the open reading frame
(ORF) WSV131, encoding a putative yet still unknown
protein.''¥

The circular dichroism (CD) spectrum of WSSV131 exhibits
positive and negative amplitudes at ~265 and ~240 nm, typical
for a quadruplex with parallel topology and exclusive homo-
polar stacking interactions (Figure 2A). The imino proton

name sequence
12345678 9101112131415 161718 19 20212223
WSSV131 5-TCTGGGAGGGAAGGGGAGGGTTA-3

WSSV131-G13T
WSSV131-G16T

5-TCTGGGAGGGAATGGGAGGGTTA-3’
5-TCTGGGAGGGAAGGGTAGGGTTA-3’

Figure 1. WSSV131 wild-type and mutant sequences; G tracts are underlined
and positions 13 and 16 marked in red.
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Figure 2. A) CD spectra (20 mM potassium phosphate, pH 7.0, 100 mM KCl,
20°C) and B) imino proton NMR spectral region (10 mM potassium
phosphate, pH 7.0, 25°C) for WSSV1371 and its G13T and G16T mutants. Note
that topologies are conserved under both buffer conditions (Figures S1 and
S2 in the Supporting Information).
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spectral region of a 1D NMR spectrum for WSSV131 reveals a set
of 12 major imino resonances between 10.5-12.0 ppm charac-
teristic for Hoogsteen hydrogen-bonded guanines arranged in a
G-tetrad (Figure 2B). However, additional minor species account
for ~30% of the total population. Polymorphism may arise due
to the third tract composed of four G residues to potentially
form 1:3:1 and 1:2:2 loop isomers. To lock structures to a
single loop arrangement, single-site mutants G13T and G16T
mimicking 1:3:1 and 1:2:2 loop isomers were evaluated and
compared to the wild-type sequence (Figure 1). CD spectra of
the mutants featured highly similar signatures typical of a
parallel fold (Figure 2A). Notably, imino proton spectral regions
for both mutants indicate a single quadruplex comprising
twelve imino resonances with their superposition closely
matching native WSSV1317 imino signals with the G13T mutant
in excess (Figure 2B). These results suggest the presence of a
major 1:3:1 and a minor 1:2:2 loop isomer for polymorphic
WSSV131.

A more detailed NMR structural analysis of the native
WSSV131 sequence employed standard strategies to assign the
major loop isomer. Continuous sugar-base NOE connectivities
are observed between the 5'-terminal T and the first G-column,
between the fourth G-column and the 3’ terminus, as well as
between guanosines constituting the two central G tracts
(Figure 3A). Two prominent crosspeaks in the H8/6-H1'/H5
spectral region observed at long but also shorter mixing times
are identified as A11 H8-H1" and C2 H6-H5 contacts through a
'H,"C HSQC experiment (Figure S3). Imino-H8 and imino-imino
NOE contacts identified guanines involved in G-tetrad formation
(Figure 3B, C). There is no indication of any syn-guanosine

within the four G tracts in the NOESY spectra in line with the
observation of exclusively upfield-shifted guanine C8 resonan-
ces in the HSQC spectrum characteristic for anti conformers
(Figure S3). The all-anti G-quadruplex matches a parallel top-
ology with G-columns linked by three propeller-type loops.

Intra-tetrad H8-H1 crosspeaks determine the polarity of the
G-tetrads, that is, the direction when going from H-bond donor
to H-bond acceptor (Figure 3C). Thus, polarities of 5'-tetrad,
central, and 3'-tetrad follow G4—G8—G14—G18, G5—G9—
G15—G19, and G6—G10—G16—G20, respectively. Polarity is
additionally confirmed by typical imino-imino NOE contacts
(Figure 3B). Strong crosspeaks connect sequential Gs within the
same G tract. In addition, intra-tetrad crosspeaks can be seen
between neighboring G columns, for example, G10-G6 and
G20-G6, and inter-tetrad contacts connect imino protons in
adjacent tetrads, such as, G9-G6 and G10-G15.

There is also a weak NOE crosspeak between A7 H8 of the
first propeller loop and preceding G6 H2'. Likewise, residues of
the second propeller loop can be identified through NOE walks
based on H8/H6-H1'/H2'/H3’ contacts from A11 through G13.
Another weak sequential contact from G16 H2' to A17 H8 of the
third propeller loop also allows assignment of G16 as being the
last residue of the third column (Figure S4). Taken together,
experimental findings clearly confirm a major WSSV131 G4 with
parallel topology and a central 3-nt propeller loop (Figure 4, for
a compilation of chemical shifts, see Table S1). A corresponding
more detailed 2D NMR spectral analysis on both G13T and
G16T mutants confirmed their parallel fold and the same 1:3:1
loop arrangement for WSSV131-G13T as identified for the major
species of the wild-type sequence (Figure S5 and S6).
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Figure 3. 2D NOE spectral regions of WSSV131 acquired with a 300 ms mixing time at 25 °C. A) H6/8(w,)-H1'/H5(w,) spectral region with continuous NOE walks
along G tracts and 5'- and 3'-overhang sequences. B) Imino-imino crosspeaks with sequential connectivities traced along the G tracts. C) Intra- and inter-
tetrad H8(w,)-imino(w,) crosspeaks; tetrad polarities as determined from intra-tetrad NOE contacts (marked in red for the 5'-tetrad, in blue for the central

tetrad, and in magenta for the 3'-tetrad) are given in the inset.
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Initial UV melting studies on the WSSV137 G13T and G16T
mutants, each forming a single loop isomer, revealed slow
kinetics of (un)folding at 10 mM K* whereas at 120 mM K*
melting profiles shifted to temperatures too high for the
observation of a well-defined high-temperature baseline within
the temperature window accessible (not shown). To never-
theless obtain information on their folding thermodynamics,
quadruplex formation was analyzed by DSC in a pressurized cell

10

20 6

Figure 4. Topology of the WS5V131 major quadruplex species with tetrad
polarities indicated and loop residues represented by circles; residues of the
G-core are numbered.

allowing sample heating up to 110°C without irreversible DNA
decomposition. Thermodynamic equilibrium upon heating was
verified for both sequences by a match in melting profiles
determined with two different heating rates (not shown). After
proper baseline correction, DSC data were fitted with a non-
two-state model assuming negligible changes in molar heat
capacity AC,"™ to yield T,, as well as calorimetric and van't Hoff
molar enthalpies AH:, and AH,, (Figure 5, Table S2)."

In a buffer solution with 120 mM K" the major WSSV131-
G13T quadruplex exhibits a T, of 68.1°C, 3.4°C higher than that
of the WSSV131-G16T mutant. The higher melting 1:3:1
propeller loop arrangement of WSSV131-G13T agrees with
systematic studies on the length of propeller loops, reporting a
propensity of short first and third loops with a longer central
loop." Interestingly, the less favored WSSV131-G16T quadru-
plex shows another high-temperature transition centered at
103 °C but not fully completed within the experimental temper-
ature range. To shift transitions towards lower temperatures,
DSC measurements were also performed in solutions with
90 mM K*. Again, in contrast to WSSV131-G13T the G16T mutant
exhibits an additional high-temperature transition shifted to
99.3°C but with noticeably reduced height. Based primarily on
gel electrophoresis and size exclusion chromatography, high-
melting multimeric species have previously been suggested to
coexist in particular for parallel-stranded quadruplexes with
short loops."’*” However, they have not been observed and
characterized by calorimetric methods so far. Taking into
account a growing population and faster folding of multimers
with increasing K* concentration, AH;, for the monomer
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120mM K" OmMMK"
15 2.0
X ¥ 15
5 101 2
= % 1.0-
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Figure 5. Representative DSC thermograms with a 0.5 °C/min heating rate of WSSV137 sequences (50 uM). Melting profiles for WSSV131-G16T (top) in the
presence of 120 mM K™ (left) and 90 mM K* (right). Melting profiles for WSSV131-G13T (bottom) in the presence of120 mM K* (left) and 90 mM K™ (right).
Fitted curves based on a non-two-state model with AH_, # AH;,, are shown in red.
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transition at lower temperature is expected to be significantly
underestimated in line with a AH,/AHZ, >1 in a 120 mM K*
buffer. On the other hand, the small population of multimers at
90 mM K™ does hardly compromise AH:, for WSSV131-G16T,

cal

yielding a AH;/AH;, ratio of about 1 in agreement with a two-
state melting transition for the monomer. Because AH;, is
independent of concentration and only depends on the shape
of the DSC curve, AH;,, is expected to provide a reliable value
for the enthalpy of (un)folding given a two-state transition
under equilibrium conditions. With a AH, of —47.0 and
—46.1 kcal/mol  for WSSV131-G13T and WSSV131-G16T at
120 mM K* as well as —45.9 and —42.9 kcal/mol at 90 mM K™,
folding of the more stable G13T mutant seems more exother-
mic by 1 and 3 kcal/mol. It should also be noted that despite
observation of only one DSC transition, AH;, /AH;, was found to
be >1 under both salt conditions for WSSV131-G13T. This
strongly suggests formation of corresponding multimers with
even higher thermal stability when compared to those of
WSSV131-G16T, escaping their detection in the DSC experiment.
Indeed, formation of higher-order assemblies for both G16T and
G13T mutant sequences are also indicated by native gel
electrophoresis experiments in a 90 mM K* buffer (Figure S7).

Taken together, a well-defined parallel quadruplex, highly
stable under physiological salt conditions, is formed in a
sequence located downstream of a putative coding region in
the WSSV viral genome. Such a G4 could possibly be used to
regulate viral gene expression and offers the opportunity to
ultimately control WSSV infection through the use of G4-
binding and G4-stabilizing ligands. Detection and character-
ization of such G4-prone sequences in the viral genome open
new avenues for the target design of antiviral drugs directed
against WSSV in crustacean farming.
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Experimental Section

Sample preparation. Oligonucleotides were purchased from TIB MolBiol (Berlin, Germany),
further purified by ethanol precipitation, dried, and dissolved in water. The concentration was
measured through their absorbance at 260 nm at 80 °C using the extinction coefficient provided by
the manufacturer. After drying, oligonucleotides were resuspended for NMR assignments in a 10 mM
potassium phosphate bufter, pH 7.0, with 90% H20/10% D:0. For other experiments, a 20 mM
potassium phosphate buffer with 100 mM KCI, pH 7.0, was used unless otherwise stated in the text.
Prior to usage, samples were annealed by heating to 90 °C for 5 minutes followed by slow cooling to

room temperature.

CD spectroscopy. CD spectra were recorded on samples (5 uM) in 1-cm quartz cuvettes with a Jasco
J-810 spectropolarimeter equipped with a Peltier thermostat (Jasco, Tokyo, Japan). Spectra were
acquired with a wavelength range of 210-350 nm, a 1 nm bandwidth, a 50 nm/min scanning speed, 4

s response time and 5 accumulations. All spectra were recorded at 20 °C and finally blank-corrected.

NMR spectroscopy. NMR spectra were recorded with a Bruker Avance 600 MHz spectrometer
equipped with an inverse '"H/"*C/'">N/!°F quadruple resonance cryoprobehead and z-field gradients.
Proton chemical shifts were referenced to the water chemical shift at 25 °C while carbon chemical
shifts were referenced to DSS by an indirect referencing method. 2D 'H-'H NOESY experiments
were performed with a 300 ms and 80 ms mixing time. 2D 'H-'*C HSQC experiments were recorded
with 7500 Hz in the indirect dimension for recording aromatic carbon resonances. All spectra were

acquired at 25 °C with oligonucleotide concentrations of about 0.3 mM.

Differential Scanning Calorimetry (DSC). DSC experiments were carried out with a VP-DSC
instrument (Malvern Instruments, United Kingdom). The oligonucleotide solution (50 uM) was
heated at a heating rate of 0.5 °C-min’! (three independent measurements) and 0.25 °C-min™! (two
independent measurements) with a pre-equilibration time of 15 min. Buffer vs. buffer scan data were
taken by refilling the sample cell in the same running cycle and subtracted from the sample data. After
cubic baseline correction, data were fitted with a non-two-state model assuming AC, = 0

kcal-mol™"-K! to obtain Tm, AH a1, and AH .

Native Gel Electrophoresis. 100 uM of annealed oligonucleotide in a 20 mM potassium phosphate
buffer, pH 7.0, supplemented with 70 mM KCI were mixed with glycerol-buffer (4:6) in a 1:1 v/v
ratio. Electrophoresis experiments were performed on a 15% polyacrylamide gel (acrylamide:bis-
acrylamide 19:1). Samples (1 nmol per lane) were loaded and separation was performed at room
temperature in TBE buffer, pH 8.3, supplemented with 90 mM KCI. Gels were stained with 5 uM

thiazole orange.
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Figure S1. CD spectra for (A) WSSV131, (B) WSSV131-G13T, and (C) WSSV131-G16T in 20 mM
potassium phosphate buffer + 100 mM KCI, pH 7.0 (black), and 10 mM potassium phosphate buffer,
pH 7.0 (grey). No significant changes are observed for the CD profiles.



WSSVv131
10 mM K*

WSSV131
T T T T T T T T T T T T T T T T T T T

12.0 11.5 11.0 10.5
"H/ ppm

WSSV131-G13T

10 mM K* l/k
WSSV131-G13T

T T T T T T T T T T T T T T T T

12.0 11.5 11.0 10.5
"H/ ppm

WSSV131-G16T
10 mM K* J\ J\
WSSV131-G16T

T T T T T T T T T T T T T T T T
12.0 11.5 11.0 10.5
"H/ ppm

Figure S2. Imino proton spectral region of WSSV131 (top), WSSV131-G13T (center), and WSSV131-
G16T (bottom) variants (0.3 mM) in 10 mM potassium phosphate buffer, pH 7, and in 20 mM
potassium phosphate buffer + 100 mM KCI, pH 7.0.
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Figure S3. (A) H6/H8 (m2) - H1’(®1) NOESY spectral region of WSSV131 at 80 ms mixing time. (B)
H6/H8/H2(w2) - C6/C8(w1) spectral region of a 'H-'3C HSQC spectrum of WSSV131 (0.3 mM). Both
spectra were recorded at 25 °C in 10 mM potassium phosphate buffer, pH 7.
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Figure S4. NOESY spectral regions of WSSVI31 showing H8/H6 - sugar contacts involving
adenosine in the propeller loop. (A) H8/H6(w2) - H2’/H2”(w1) region, (B) H8/H6(w2) - H3’(w1)
region, and (C) H8/H6(w2) - H1’(w1) region. Spectra were recorded at 25 °C in 10 mM potassium
phosphate buffer, pH 7.
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Figure SS. (A-C) 2D NOE spectral regions of WSSV131-G13T (0.3 mM) acquired with a 300 ms
mixing time. (A) H6/8(w2) - H1°/H5(m1) spectral region with NOE walks along G-tracts and 5°- and
3’-overhang sequences. Loop isomer 1:3:1 is identified through NOE contacts from A11 H2 to G10
H1’ (circled in red). (B) Imino - imino cross-peaks with sequential connectivities traced along the G-
tracts. (C) Intra- and inter-tetrad H8(®2) - imino(w1) cross-peaks; tetrad polarities as determined from
intra-tetrad NOE contacts (marked in red for the 5’-tetrad, in blue for the central tetrad, and in
magenta for the 3’-tetrad) are given by the inset. (D) H6/H8(w2) - C6/C8(m1) spectral region of a 'H-
13C HSQC spectrum of WSSV131 (black) and WSSV131-G13T (0.3 mM, blue). Notably, most cross-
peaks superimpose except for exchanged residue 13, indicating the same fold with a 1:3:1 loop

arrangement. Both spectra were recorded at 25 °C in 10 mM potassium phosphate buffer, pH 7.
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Figure S6. (Top) H6/H8(w2) - H1’(w1) 2D NOE spectral region of WSSVI31-G16T (0.3 mM)
acquired with a 300 ms mixing time. (Bottom) H6/H8(m2) - C6/C8(w1) spectral region of a 'H-13C
HSQC spectrum of WSSVi31 (black) and WSSVI31-G16T (0.3 mM, blue). More pronounced
chemical shift differences are noticeable for several residues. Both spectra were recorded at 25 °C in

10 mM potassium phosphate buffer, pH 7.
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Figure S7. Non-denaturing polyacrylamide gel electrophoresis of WSSV131 variants in TBE buffer
supplemented with 90 mM KCI. Fast, moderate, and slow migrating bands are suggested to be due to

monomer, dimers, and multimers.



Table S1. Chemical shifts (ppm) for the major quadruplex of WSSV131¢

Imino H6/H8 |H5/H2/Me| HI’ H2’ H2” H3’ C6/C8
T1 n.d. 7.37 1.64 5.88 1.96 2.18 4.46 139.42
C2 - 7.50 5.70 5.69 1.89 2.31 4.61 143.89
T3 n.d. 7.43 1.55 5.96 2.13 2.40 4.70 139.58
G4 11.97 8.05 - 6.11 2.74 3.02 4.93 138.14
G5 11.26 7.81 - 6.18 2.65 293 5.04 137.48
Go6 10.68 7.76 - 6.41 2.78 2.60 5.12 137.72
A7 - 8.52 8.29 6.66 2.90 2.90 5.21 142.52
G8 11.64 7.97 - 6.14 2.46 2.89 5.13 137.89
G9 11.47 7.88 - 6.05 2.61 2.76 4.98 138.21
G10 11.01 7.77 - 6.32 2.61 2.57 4.92 137.88
All - 8.33 8.18 6.33 2.74 2.74 491 142.78
Al2 - 8.43 8.17 6.41 2.85 2.77 5.04 142.64
G13 n.d. 7.94 - 6.12 b b 4.98 139.51
Gl14 11.92 7.95 - 6.12 2.66 2.98 4.92 138.02
G15 11.35 7.84 - 6.21 2.73 2.95 5.04 137.71
Gl16 11.10 7.81 - 6.47 2.73 2.61 5.12 137.70
Al7 - 8.52 8.29 6.66 2.90 2.90 5.21 142.52
G18 11.64 7.96 - 6.10 245 2.87 5.13 137.86
G19 11.52 7.95 - 6.07 b 2.73 5.07 138.18
G20 11.18 7.65 - 6.22 2.59 2.80 4.95 136.91
T21 n.d. 7.27 1.55 5.94 2.09 2.37 4.74 138.57
T22 n.d. 7.26 1.62 5.61 1.66 2.14 4.44 138.97
A23 - 7.59 7.42 5.65 2.05 2.26 4.28 140.74

“At 25 °C in 10 mM potassium phosphate buffer, pH 7. *Ambiguous.




Table S2. DSC-derived thermodynamic parameters for the folding of WSSV131 sequences.”

sequence T (°C) AH el

(kcal/mol)”

AH’y
(kcal/mol)

Tm (OC) AHoca]

(kcal/mol)?

AH’
(kcal/mol)

20 mM KP; (pH 7.0) + 70 mM K*

20 mM KP; (pH 7.0) + 100 mM K*

WSSVi3I-GI3T 65.0+0.1 -37.6+09 -459+03
WSSVi3l-Gl6T® 61.9+05 -426+2.1 -429+09
993+02 -0.8+0.2 -230.6+30

68.1+0.2 -37.2+0.8 -47.0+04
64.7+0.3 -35.9+£0.7 -46.1 0.7
102.7+0.3 ---¢ ¢

“Average value with standard deviation from three independent measurements. “Apparent calorimetric molar

enthalpy for a corresponding transition if cpna = CpNaor. “TWo transitions observed. “Three transitions

observed. “Not definable due to incomplete melting.
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ABSTRACT: The KCNN4 gene encoding a potassium channel
protein whose expression has been correlated with tumor
progression was found to comprise a guanine-rich minisatellite
region with the ability to form a putative G-quadruplex (G4). Given
the suggested regulatory role of G4s in gene expression, G-
quadruplex formation for the polymorphic first repeat of the
minisatellite was studied by nuclear magnetic resonance spectros-
copy. A stable G-quadruplex of a truncated mutant sequence was
shown to represent one of several coexisting species of the wild-type
sequence. The high-resolution structure features a noncanonical G4
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with a broken G-column and a V-shaped loop. The presence of a 3’-flanking thymidine interacting with the lateral loop preceding
the V loop seems to be critical for the formation of this G4 topology. On the contrary, an additional 5'-flanking residue disfavored
but still allowed folding into the V-loop structure. The latter may therefore serve as a putative therapeutic target in strategies for G4-

based modulation of KCNN4 expression.

he alteration of the intracellular ion concentration

constitutes a biomarker in cancer development. Pharma-
cological evidence indicates that membrane proteins respon-
sible for ion transport play crucial roles in tumor progression.
They are expressed aberrantly in almost all tumor types and
contribute to all hallmarks of cancer.'”* Due to their central
role in proliferation, angiogenesis, and migration, ion channels
are considered potential therapeutic and diagnostic targets in
oncology. A statistical analysis of several cancer types with
different patient data sets revealed that modified expression
levels occur frequently in potassium ion channels such as
KCNHI, KCNE3, KCNE4, and KCNN4.®> As a result of their
overexpression, various families of potassium channels often
found in cancer cells cause potassium ion outflux and
concomitantly decrease the intracellular potassium ion
concentration.

G-quadruplexes (G4s) are noncanonical secondary struc-
tures of nucleic acids that can be formed from several repeats
of G-rich tracts. G4s have been reported to be involved in the
control of various cellular processes, on the DNA or RNA
level.® Putative G-quadruplex-forming sequences can be found
throughout the genome’ and are mostly related to the
regulation of replication and the modulation of gene
expression. They frequently occur in promoter,”™"" exon,'>"
intron,"*™*? and minisatellite loci for homologous recombina-
tion in meiosis.”’~>*

The formation of a G-quadruplex is driven by stabilization
through the coordination of cations, mostly potassium, in its
central cavity of negative electrostatic potential. Consequently,
a change in the concentration and the type of cation may
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significantly impact the stability of a particular G-quadruplex
topology.”””* Because K* channels are overexpressed in
aggressive cancer cells, intracellular potassium ion concen-
trations as low as 60 mM are found in transformed cells when
compared to normal cells with approximately 100—150 mM
K** As a result, gene expression may be modulated in
response to changes in K' concentration during tumor
progression through the altered stabilities of G-quadruplex
structures within genomic sequences. This was demonstrated
by the transcription efficiencies of a luciferase product that was
regulated by a G-quadruplex-forming template sequence
inserted upstream of the Firefly luciferase gene in a pGL3
plasmid. An siRNA-mediated silencing of KCNHI, a protein
responsible for the outflux of potassium ions, decreased the
level of expression of luciferase, demonstrating that the
KCNHI-controlled K* concentration plays an important role
in the expression of mRNAs from G-rich sequences.”

In this study, a particularly interesting guanine-rich
minisatellite was found 304 bp downstream of the transcription
start site (TSS) in the sense strand of the KCNN4 gene
encoding a potassium ion channel protein. In fact, KCNN4
may represent a potential biomarker for cancer prognosis and
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is considered a promising therapeutic target.”*">* The G-rich
minisatellite is located ~30 bp downstream of the first mRNA
segment and includes 10 tandem repeats with a repeat
sequence of ~37 bp harboring several mutations.

Here, we focused on the first repeat closest to the
transcription site, encompassing five G-runs with more than
two adjacent Gs (Figure 1). Unlike the other motifs, this first
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KNA-GGT 5-GGTCTGAGGGAGGAGGGGCTGGGGGT-3
KNA-G 5-GGTCTGAGGGAGGAGGGGCTGGGG-3'
KNA 5-GGTCTGAGGGAGGAGGGGCTGGG-3’
KNA-G13T 5-GGTCTGAGGGAGTAGGGGCTGGG-3
KNA-AG13 5-GGTCTGAGGGAGAGGGGCTGGG-3'
KNA-T 5-GGTCTGAGGGAGGAGGGGCTGGGT-3
KNA-AG13-T 5-GGTCTGAGGGAGAGGGGCTGGGT-3’

A-KNA-AG13-T 5-AGGTCTGAGGGAGAGGGGCTGGGT-3

Figure 1. (A) First repeat of the KCNN4 minisatellite in the human
genome harboring a G — A mutation at position 4. Studies are based
on the red-colored 26-nucleotide DNA stretch with its five G-runs.
(B) Gerich wild-type sequences and mutants from the KCNN4
minisatellite. G-tracts comprising more than two contiguous guanines
are underlined.

repeat of the minisatellite sequence deviates in featuring a
single G — A mutation to leave a run of two guanines within
its first G-tract. On the contrary, it also comprises runs of more
than three guanines at its 3’-end. Formation of a stable
noncanonical quadruplex with a broken G-column is
demonstrated for this first repeat of the KCNN4 minisatellite.
This is enabled by a noncanonical backbone progression
termed V-shaped loop that links the broken G-tract with an
adjacent antiparallel column, bridging three G-tetrad layers."*
The importance of the 3’-overhang in driving the formation of
such a topology is highlighted while discussing the relevance of
a V-loop-containing fold within a genomic sequence context.

B MATERIALS AND METHODS

G-Rich Sequences and Sample Preparation. Based on
a statistical analysis by Biasiotta et al. of significantly modified
expression levels for potassium ion channel genes in different
tumors,” QGRS mapper was initially employed to screen for G-
quadruplex-forming sequence motifs.”” Directed by the search
results, we derived wild-type and mutated sequences from the
first repeat of the KCNN4 gene (+304; accession number
NG_052672 starting from the 6471st base). Corresponding
oligonucleotides were purchased from TIBMOLBIOL (Berlin,
Germany). They were further purified by potassium acetate/
ethanol precipitation, dried, dissolved in water, and stored at 4
°C until needed. The concentration of oligonucleotides was
determined by measuring their absorbance A,4, at 80 °C using
molar extinction coefficients provided by the supplier. Samples
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were dried, redissolved in buffer, heated at 90 °C for S min,
and slowly cooled to room temperature for annealing.

Circular Dichroism (CD). CD spectra were recorded with
a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan) at 20
°C. Oligonucleotides (S yM) were prepared in either a low-salt
buffer [10 mM potassium phosphate (pH 7.0)] or a high-salt
buffer [20 mM potassium phosphate (pH 7.0) supplemented
with 100 mM KCl]. Spectra were recorded within a spectral
range of 220—330 nm and with a 50 nm/min scanning speed, a
1 nm bandwidth, and five accumulations. All spectra were
blank-corrected.

Ultraviolet (UV) Melting Experiments. Oligonucleotides
(5 or 50 uM) were dissolved in 1.5 mL of either a low-salt
buffer [10 mM potassium phosphate (pH 7.0)] or a high-salt
buffer [20 mM potassium phosphate (pH 7.0) supplemented
with 100 mM KCl]. UV melting curves were recorded with a
Jasco V-650 spectrophotometer (Jasco) equipped with a
Peltier thermostat. Temperature-dependent absorbance values
were recorded at 295 nm with a bandwidth of 1 nm and a
heating rate of 0.2 °C/min. Melting temperatures were
determined by the first derivative of the absorbance versus
temperature curves.

Nuclear Magnetic Resonance (NMR) Experiments.
Unless otherwise stated, NMR samples were prepared in 10
mM potassium phosphate buffer (pH 7.0) with a 90% H,0/
10% D,O mixture. NMR spectra were acquired with a Bruker
Avance 600 MHz spectrometer equipped with an inverse
"H/"C/"N/"F quadruple resonance cryoprobehead and z-
field gradients. Data were Processed in TopSpin 4.0.7 and
analyzed in CcpNmr V2. Proton chemical shifts were
referenced to the water chemical shift taking into account its
temperature dependence at pH 7, while carbon chemical shifts
were referenced to DSS through an indirect referencing
method. For an initial screening, oligonucleotide concen-
trations varied between 0.25 and 0.33 mM, while for a
complete resonance assignment, a concentration of 0.9 mM
was employed. All one-dimensional (1D) 'H NMR spectra
were recorded with 64 transients. Two-dimensional (2D)
NOESY experiments with a WATERGATE wS$S water
suppression scheme were performed with 2K X 1K data
points and three different mixing times of 300, 150, and 80 ms
with a recycle delay of 2 s. '"H—"*C HSQC experiments with a
3—9—19 water suppression scheme were performed with 4K X
500 data points, a 1 s recycle delay, and a spectral width of
7500 Hz to accommodate C6/8 and C2 "*C resonances in the
indirect dimension. "H—"3C HMBC spectra with a jump-and-
return water suppression were acquired with 2K X 192 data
points and a 1 s recycle delay and processed with 50% NUS in
the indirect dimension. DQF-COSY spectra with water
presaturation were recorded in 100% D,O with 2K X 512
data points and a 2 s recycle delay. Prior to Fourier
transformation, FIDs were zero-filled to 4K X 1K data points.
Unless otherwise stated, all spectra were recorded at 25 °C.

Structure Calculations. One hundred starting structures
of lowest energy were selected from 500 structures generated
by a simulated annealing protocol in XPLOR-NIH 3.0.3.”' 2D
nuclear Overhauser effect (NOE) cross-peak intensities were
used for distance restraints. For non-exchangeable protons,
distances were fixed to 2.9 + 1.1 A for strong cross-peaks, 4.0
+ 1.5 A for intermediate cross-peaks, 5.5 + 1.5 A for weak
cross-peaks, and 6.0 + 1.5 A for very weak cross-peaks. For
exchangeable protons, distances were set to 4.0 + 1.2 A for
strong cross-peaks, 5.0 = 1.2 A for intermediate cross-peaks,
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and 6.0 + 1.2 A for weak cross-peaks. For overlapped peaks,
distances were set to 5.0 + 2.0 A. Glycosidic torsion angles
were fixed in an anti (170—310°) or syn conformation (25—
95°) except for residue G1S, which was restrained to an
extended torsion angle range (170—330°). Sugar puckers were
set to the south domain of pseudorotation (144—180°) for all
residues except G1, G6, G14, G15, T19, and T23. G14 and
G1S were restrained to a north sugar pucker (pseudorotational
angle of 0—90°). Additional planarity and hydrogen bond
restraints were employed for G-tetrads.

Refinement was performed using AMBER16 with the
parmbsc force field and OL1S modifications.”> The 100
starting structures were subjected to simulated annealing in
vacuo to yield 20 converged structures. The system was initially
equilibrated at 300 K for 5 ps followed by heating to 1000 K
over 10 ps. After 30 ps, the system was cooled to 100 K within
4S ps and finally to 0 K within 10 ps. Restraint energies were
set to 40 kcal mol™" A~ for NOE-based distance restraints, 50
kcal mol™ A™? for hydrogen bond-based distance restraints,
200 kcal mol™ rad™? for dihedral angle restraints, and 30 kcal
mol™" A~ for tetrad planarity restraints.

For a refinement in water, the structures were neutralized
with potassium ions with two ions placed in the inner core of
the G-quadruplex flanked by two adjacent tetrads. The system
was hydrated with TIP3P water in a 10 A truncated octahedral
box. Initial equilibration was performed with 500 steps of
steepest descent minimization followed by another 500 steps
of conjugate gradient minimization. The DNA was fixed with a
force constant of 25 kcal mol™ A% The system was heated
from 100 to 300 K at constant volume during 10 ps, followed
by further equilibrations with decreasing energy restraints of S,
4,3,2, 1, and 0.5 kcal mol™* A=% under a constant pressure of 1
atm. The final simulation was performed at 1 atm and 300 K
for 4 ns using only NOE and hydrogen bond distance
restraints. The trajectory was averaged for the last 500 ps and
minimized in vacuo to obtain 10 lowest-energy structures.

B RESULTS AND DISCUSSION

Sequence Variants and Their Impact on Structural
Polymorphism. The minisatellite of the KCNN4 gene
contains various repeats that can potentially fold into a
quadruplex structure. Focusing on the first repeating unit, we
initially selected a 26-nucleotide guanine-rich sequence termed
KNA-GGT for structural studies (Figure 1A). Starting with a
GG-tract and comprising five runs of two to five consecutive
Gs, the G-rich fragment was expected to adopt various
structures, thus posing a challenge for structural studies.
Indeed, the imino proton spectral region exhibits a large
number of overlapping and unresolved resonances typical of
extensive structural polymorphism with various coexisting
species (Figure 2). To selectively eliminate some of the
potential folds through shortening, 3'-truncated sequences
KNA-G with a GGGG-3' terminus and KNA with a GGG-3’
terminus were prepared and subjected to NMR analysis.
Whereas KNA-G was even inferior to the longer KNA-GGT
wild-type sequence in terms of structural homogeneity, KNA
showed four high-intensity imino resonances in addition to
other imino signals. Therefore, additional mutants with
substitutions and/or deletions as summarized in Figure 1B
were synthesized and studied for their favored folding
topology.

A single-site G13T mutant of KNA abolishes the third G-
tract with its two neighboring guanosine residues but hardly
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KNA-GGT
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Figure 2. NMR imino proton spectral region of wild-type KNA and
mutated sequences at 25 °C. Imino resonances used as markers for
two different quadruplex folds are indicated by black and red lines;
signals of a minor species for KNA-AG13-T are marked by asterisks.

impacts folding. In contrast, a G13 deletion to give the 22-
nucleotide sequence KNA-AGI3 exhibits a better resolved
spectrum, indicating the coexistence of two similarly populated
species. Remarkably, addition of a 3’-flanking T to the
shortened KNA variant of the wild-type sequence gives a set
of 12 major imino resonances together with weak signals of
low-population minor species. Finally, the KNA-AGI3-T
sequence that combines a G13 deletion with a 3'-T addition
provided the cleanest NMR spectrum appropriate for
structural analyses.

Inspection and comparison of the NMR spectra identified
several imino protons belonging to the same or to closely
related quadruplex structures. Thus, a strong peak at 12.15
ppm in the imino proton spectral region of KNA partially and
even completely disappears in KNA-T and KNA-AGI3-T,
respectively (Figure 2). On the contrary, two low-intensity
peaks for KNA at 11.91 and 10.53 ppm were suggested to most
likely match the most downfield- and most upfield-shifted
imino signal of the KNA-AG13-T major species.

No information about coexisting folds can be obtained from
spectra of KNA-G. However, inspection of 2D NMR spectra
provides strong evidence that the major topology of the KNA-
AGI13-T mutant is also adopted by G4 species formed by the
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Figure 3. H8/H6(w,)—H3'(w,) (top) and H8/H6(w,)—H1'(w,) (bottom) 2D NOESY spectral regions of KNA-AG13-T (0.9 mM) acquired
with a mixing time of 300 ms; NOE walks are traced by vertical and horizontal lines with rectangular cross-peak patterns characteristic of syn—anti
steps (red). G14 H8—G1 H8 and G14 H8—G1 H1’ contacts are marked by circles. Intranucleotide contacts are labeled with single residue
numbers; otherwise, the second label refers to the resonance along w,.

other sequences (Figures S1—S3). Thus, alignment of 2D
NOESY and HSQC spectral regions revealed several nearly
identical cross-peak patterns at the same chemical shift for the
KNA-AGI13-T major species and the various mutated
sequences. It should be noted that a reevaluation of spectra
after completion of the KNA-AGI3-T structural analysis (see
below) again corroborated the latter results in showing exact
matches with several assigned syn- and anti-G "*C and/or 'H
resonances. Consequently, mutations in the KNA-AGI13-T
variant do not redirect folding into a new topology but rather
change populations of coexisting folds. Also, the impact of
mutations hints at the importance of a 3’-terminal thymidine
and of a putative looped-out intervening stretch between the
G;- and Gy-tracts.

CD spectra of all sequence variants in a 10 mM K" buffer
solution show signatures that demonstrate the presence of
both homopolar and heteropolar G-tetrad stacking inter-
actions. These are in line with a (3+1) hybrid topology but
also with a mixture of parallel and antiparallel structures in
which a parallel topology seems to predominate in the case of
KNA-G (Figure S4). Nondenaturing gel electrophoresis shows
single unresolved monomer bands but also slowly migrating
bands of low intensity indicative of multimeric species,
especially for KNA-GGT and KNA-G exhibiting rather
featureless NMR spectra (Figure SS). For KNA-AGI13-T as
well as for wild-type KNA-GGT, both CD and NMR spectra
were also acquired at 120 mM K, being compatible with an
unaltered topology when compared to a low-salt buffer
solution (Figure S6). Melting temperatures (T,) of the
KNA-AGI3-T mutant in 10 and 120 mM K" were determined
to be 46.8 and 64.4 °C, respectively (Figure S7). No significant
hysteresis was observed for any melting curve, indicating fast
(un)folding processes. Melting temperatures were also shown
to be invariant against oligonucleotide concentration, demon-
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strating formation of an intramolecular quadruplex species.
Interestingly, addition of a 3’-flanking thymine has an only
negligible effect on the thermal stability of the major species
with a similar T,, for KNA-AGI3-T and KNA-AGI13 (Figure
S7A,C). This hints at the 3'-T overhang to have only a
moderate stabilizing effect on the major species but may
disfavor the formation of an additional minor species.

Resonance Assignments. The KNA-AGI13-T sequence
folds into a major G-quadruplex amenable to a detailed NMR
spectral analysis. However, resonances of a minor species can
still be observed in the imino proton spectral region (Figure
2). We nevertheless succeeded in the unambiguous determi-
nation of the major fold without resorting to specific isotope
labeling strategies. Initially, a "H—">C HSQC spectrum clearly
identified H6/H8 resonances of the major species through
their high-intensity cross-peaks (Figure S8A). In full agreement
with corresponding cross-peak chemical shifts expected for syn-
guanosines in the HSQC spectrum, H8—H1’ cross-peaks with
intensities comparable to or higher than those of thymine H6—
Me contacts, as observed in a 2D NOESY spectrum acquired
with short mixing times, revealed five G residues in a syn-
glycosidic conformation (Figure S8B).

In the following, H6/H8—sugar proton spectral regions of
2D NOESY spectra recorded with longer mixing times were
analyzed in more detail. Continuous NOE walks with
concomitant residue assignments were observed between Gl
and A7, G8 and A13, G1S5 and G17, and G20 and the 3'-
terminal T23 (Figure 3 and Figure S9). There is a single break
in the H8—HI1" connectivities between TS5 and G6. On the
contrary, NOE contacts from G6 H8 to T3 H1’, C4 H1’, and
T3 H6 link all residues between the 5'-terminal G2-tract and
the following G3-tract, indicating a lateral-type progression of
the five-nucleotide intervening TCTGA sequence. Given the
unambiguous assignment of sequential G-tracts through NOE
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Figure 4. Spectra of KNA-AGI3-T (0.9 mM). (A) '"H—"*C HMBC spectrum showing intrabase H8—H1(w,) correlations via long-range couplings
to *CS(w,) at natural abundance. (B) Imino—imino and (C) H8(w,)—H1(w,) spectral regions of a 2D NOESY spectrum (mixing time of 300
ms) at 25 °C. In panel C, cross-peaks defining hydrogen bond directionalities in the top, central, and bottom tetrads are circled in blue, red, and
purple, respectively. X indicates a weak contact that can be observed only at lower contour levels.

9 10 11121314 15 16 17 1819 20 21 22 23
GGAGAGGGGCTGGGT-3

Figure S. (A) Topology of the KNA-AGI3-T quadruplex. Syn and anti residues of the G-core are colored red and gray, respectively; loop and
overhang residues are indicated by blue circles, and a w denotes a wide groove. (B) Imino proton spectral region in D,0O (black) and after
redissolving in water with waiting times of 10 min (brown) and 240 min (orange). Labeled peaks indicate slowly exchanging imino protons. The

sequence with residue numbering is shown at the bottom.

contacts extending into neighboring loop regions, three syn—
anti arrangements with their characteristic rectangular pattern
of intranucleotide and two-way sequential H8—H1’ but also
H8—H3' cross-peaks are apparent for G1-G2, G8—G9, and
G20—G21 steps (Figure 3). A putative G14 HS8 resonance
lacks sequential H8—H1’ NOE contacts but features a strong
intranucleotide H8—H1’ connectivity typical of a syn con-
former. A closer look reveals weak additional cross-peaks of the
latter to G1 H8 and G1 H1’, in agreement with an interrupted
syn-G14 to syn-G1 step (Figure 3). Having assigned most H6/
H8 and sugar resonances, we again confirmed via renewed

1341

inspection of the '"H—">C HSQC and 2D NOESY spectrum
acquired with a short mixing time a syn-glycosidic con-
formation for G1, G8, G20, and G14 but also for the single G6
(Figure S8). Taken together, the results of the spectral analysis
of non-exchangeable protons suggest formation of a three-layer
quadruplex composed of two syn—anti—anti columns (G8-G9-
G10 and G20-G21-G22), one all-anti column (G15-G16-
G17), and one broken syn—syn—anti column (G14-G1-G2).
A subsequent assignment of G imino protons was based on
their intranucleotide correlations with H8 protons through
"H-"3C scalar couplings with '3CS at natural abundance. A
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corresponding 'H—'"C HMBC experiment shows 12 corre-
lated pairs of guanine H8 and imino protons allowing for the
unambiguous assignment of G imino protons engaged in the
three-layer quadruplex core (Figure 4A). With the identi-
fication of all G imino resonances, tetrad polarities can be
traced on the basis of the observed intratetrad H8—H1 NOE
contacts. Thus, Hoogsteen hydrogen bonds within the three
G-quartets run along G14-G17-G22-G10-G14, G1-G16-G21-
G9-G1, and G2-G8-G20-G15-G2. As a consequence, tetrads
exhibit both homopolar and heteropolar stacking interactions,
in line with the CD spectral signature typical of a (3+1) hybrid
structure.

The derived G4 topology features a 5'-terminal G positioned
in the central tetrad followed by two lateral loops, a zero-
nucleotide V-shaped loop and a propeller loop (Figure SA).
Several imino—imino NOE contacts corroborate the syn—anti
pattern and the resulting tetrad polarities of the quadruplex
fold (Figure 4B). These include intra- and intertetrad NOEs
between G2 and G8/G15/G9. Other imino—imino contacts
connect G16 with G17, G1 with G14/G1S5, G14 with G10/
G17, and G9 with G10. In line with the opposing tetrad
polarities, there is no NOE contact between G1 and G2, G8
and G9, G15 and G16, or G20 and G21.

In addition to H1—H8 and H1—H1 contacts, several inter-
residue HI—H1’, HI-H2'/H2", and H1'—H1’ NOE contacts
proved to be valuable for corroborating relative strand
directionalities (Figure S10). Thus, observation of a con-
spicuous NOE contact between syn-G1 H1 and G14 H2’
protons confirms the position of these residues within a G14-
G1-G2 tract but also points to their parallel sugar—phosphate
orientation (Figure S10C). Finally, additional evidence for the
quadruplex fold comes from solvent exchange experiments that
reveal slowly exchanging imino protons of G1, G9, G16, and
G21 due to their solvent-protected location within the central
G-tetrad (Figure SB).

After stereospecific assignments of H2'/H2” proton
resonances through the analysis of H6/H8—H2'/H2" and
H1'—H2'/H2" NOE cross-peaks in 2D NOE spectra with
short mixing times, the sugar pucker of individual residues was
determined by DQF-COSY experiments in terms of a major
south or north conformer. In contrast to south conformers,
H1'(w,)—H2'(®,) unlike H1'(w,)—H2"(®,) cross-peaks are
weak or even absent due to small H1'—H2' vicinal couplings in
a north conformation associated with partial cancellation of the
antiphase components of the DQF-COSY cross-peaks. Thus,
G14 and G15 were found to adopt a sugar pucker in the north
domain of the pseudorotation cycle while most other residues
adopt a south conformation (Figure S11). The sugar
conformation of residues G1, G6, T19, and T23 is less well-
defined and remained ambiguous.

Three-Dimensional Structure of the KNA-AG13-T
Quadruplex. Structure calculations on KNA-AGI13-T were
performed with experimental restraints that included restraints
for the glycosidic torsion angle and sugar pucker (Table 1). On
the basis of previous reports on conventional V-shaped loop
topologies with both V-loop flanking residues adopting a
north-type sugar pucker,” the region of glycosidic torsion
angle for the 3’-flanking residue G1S5 was extended beyond
high-anti to provide for sufficient flexibility. There is a good
convergence of the G-tetrad core, including residues T3, G6,
and A7 of the first lateral loop in all calculated structures. Only
the second lateral and propeller loop show more noticeable
fluctuations (Figure 6A).
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Table 1. NMR Restraints and Structural Statistics for the
Structure Calculations of KNA-AG13-T

NMR Restraints
NOE-based distance restraints
intraresidual 96
inter-residual 208
exchangeable 85
other restraints
hydrogen bonds 48
dihedral angles 42

planarity 3
Structural Statistics

pairwise heavy atom root-mean-square deviation (A)

all residues 2.04 + 0.4

G-tetrad core 0.62 + 0.1
NOE violations (A)

maximum violation 0.165

mean NOE violation 0.004 + 0.001
deviations from idealized geometry

bonds (A) 0.01 + 0.0001

angles (deg) 2.3 + 0.04

The quadruplex folds into a V-shaped loop architecture with
both V-loop 5'- and 3’-flanking residues adopting a north
conformation. Whereas the 5’-flanking G14 located in the
lower tetrad features a syn-glycosidic torsion angle, the 3'-
flanking G1S in the upper tetrad exhibits a conformation in the
high-anti range in all calculated structures with an average
glycosidic angle of 284°. Given different tetrad polarities of the
two outer quartets, most of the backbone orientational change
occurs within the third G-tract between V-loop 3’-flanking
GI1S and G16 residues. Such a V-loop conformation with G16
and nearby G14 as well as G15 oriented in opposite directions
is also reflected in the observation of unusual long-range NOEs
between G16 H8 and G14 H2'/H2"/H3’ sugar protons and of
a strong G16 H8—G1S H3’ NOE contact (Figures 3 and 7A).
According to a recent classification, the zero-nucleotide loop
forms a conventional V-shaped loop.”® Notably, the unusual
downfield-shifted H3’ of the north-puckered syn-G14 residue
experiences significant deshieldin3g effects through its in-plane
orientation with the nucleobase.”**> Also, a short G16 H8—
G15 OS’ distance with a putative hydrogen bond interaction is
suggested by the three-dimensional structures and matches
with corresponding observations in several conventional V-
shaped loop quadruplexes (Figure 7A).>

The first TCTGA lateral loop stacks coaxially onto the G-
core with several NOE cross-peaks connecting T3/A7 residues
with imino protons of the adjacent G-tetrad (Figure 4C and
Figure S10A,C). Given a loop bridging a wide groove, an
interfacial Watson—Crick AT base pair should easily be
accommodated.**™** However, there is an unusual Hoogs-
teen-type base pairing alignment between T3 and A7 in all
calculated structures (Figure 7B).

The second A11-G12-Al3 intervening sequence forms
another lateral loop with various NOE contacts of G12 and
Al3 protons to protons of the neighboring outer tetrad.
Interestingly, bases of the latter loop are arranged in two
distinct orientations within the calculated structural ensemble.
G12 in the lowest-energy structure is found to be positioned
below the outer tetrad to form a hydrogen bond between its
imino proton and the carbonyl O2 of the 3’-terminal T23
overhang. Whereas A1l and T23 are oriented parallel to the
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Figure 6. (A) Superposition of the 10 lowest-energy structures and (B) representative structure with labeled residues for the KNA-AGI13-T
quadruplex. syn and anti residues of the tetrads are colored red and gray, respectively. The propeller loop is colored orange, whereas the first and

second lateral loops including 3'-T are colored blue and cyan, respectively.

Figure 7. (A) Side view on the G-tract with a conventional V-shaped
loop. A putative G16 H8—G15 OS’ hydrogen bond interaction and
short G16 H8—G14/G1S H3' distances are indicated by black and
orange dotted lines, respectively. (B) Top view of the interface
between the outer tetrad (gray) and the first lateral loop with a
Hoogsteen hydrogen-bonded A-T base pair arrangement.

adjacent G-tetrad plane, G12 and A13 bases are tilted by ~45°.
On the contrary, in eight of 10 calculated structures G12 slides
into the wide groove and Al1, A13, and T23 bases arrange in a
triad stacked below the outer tetrad with the formation of
putative All amino—T23 O2 and Al3 amino—T23 O4
hydrogen bonds (Figure S12A—C). It is noteworthy that both
arrangements are only partially consistent with experimental
2D NOESY spectra that lack anticipated cross-peaks for
protons in close contact within this AGA-loop conformation.
Such a discrepancy may result from the absence of critical
experimental restraints but may also reflect dynamic conforma-
tional transitions for this lateral loop preceding the V-shaped
loop.

The two-nucleotide propeller loop is rather poorly defined
by NOE contacts. However, distance restraints through base—
sugar NOE contacts between T19 and G20/G21 of the
subsequent G-tract suggest another putative hydrogen bond
between closely spaced T19 O2 and the G16 amino proton
(Figure S12D).

Lacking direct experimental evidence for hydrogen bond
interactions involving loop and overhang residues at ambient
temperatures, we recorded additional NMR spectra at lower
temperatures. In fact, a 2D NOESY spectrum at 278 K reveals
several new cross-peaks. Notably, a weak downfield-shifted
imino resonance at ~13.9 ppm assigned to the T3 residue
exhibits a cross-peak to A7 HS8 in line with the proposed
Hoogsteen AT base pair arrangement (Figure S13D). Also,
several amino signals of G-core residues give rise to additional
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NOE contacts (Figure S13B,C). Interestingly, cross-peaks
involving the G16 amino proton are found to be sharper when
compared to other amino protons within the G-tetrads. This
may hint at significant restrictions of the corresponding amino
group rotation, corroborating an additional hydrogen bond
formation between the G16 amino proton and T19 O2 of the
propeller loop. In contrast, there is no experimental evidence
for hydrogen bonds involving residues of the second lateral
loop and the 3’-thymine overhang, possibly due to a dynamic
hydrogen bonding network as might be indicated by the two
different loop conformations in the structural ensemble.

Mutations and Their Impact on V-Loop Formation.
NMR spectral analysis of the modified KNA sequences
indicates that their folding into a V-loop topology can be
driven by mutations of the V-loop-preceding lateral loop and/
or by the addition of thymine at the 3’-end. Apparently, the
thymine overhang affects the second lateral loop and more
significant H8 chemical shift changes are observed for residues
1, 10, 12, and 22 upon addition of 3'-T to KNA-AG13 (Figure
$2). Interactions of 3’-T with bases of the AGA lateral loop are
indicated by the structural ensemble of KNA-AGI13-T, but two
distinct patterns of base alignments point to weak and/or
dynamic interactions. Notably, a thymidine extension restricts
formation of another unknown minor species but does not
provide for a higher thermal stability as expected for additional
stabilizing interactions (Figure 2 and Figure S7). This suggests
only small but critical contributions in favor of the V-loop
structure or unfavorable interactions for folding into an
alternative species.

A comparison with two closely related V-loop structures
containing two lateral loops, one V-loop, and one propeller
loop reveals some common features.'#*>*° Thus, the
importance of a 3’-overhang is emphasized, and it is the 3'-
T that participates in hydrogen bond formation with bases of
the V-loop-preceding lateral loop. An analysis of modified
sequences identified 3'-T as being the most effective base for
V-loop formation, followed by C and A.'* Interestingly, 3'-G
hardly supports V-loop formation in line with an NMR spectral
analysis of KNA-AGI13-G. Contrary to expectations, however,
KNA-AG13-GGT with a 3'-GGT overhang shows formation of
a minor V-loop G-quadruplex among various coexisting
species, and this can be attributed to its GS-tract and a slipped
register isomer with a single T-overhang and the two 5'-Gs
participating in a preceding elongated propeller loop.

https://doi.org/10.1021/acs.biochem.1c00043
Biochemistry 2021, 60, 13371346


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00043/suppl_file/bi1c00043_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00043/suppl_file/bi1c00043_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00043/suppl_file/bi1c00043_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00043/suppl_file/bi1c00043_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00043/suppl_file/bi1c00043_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00043/suppl_file/bi1c00043_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00043/suppl_file/bi1c00043_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00043?fig=fig7&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.1c00043?rel=cite-as&ref=PDF&jav=VoR

Biochemistry

pubs.acs.org/biochemistry

In addition, all three V-loop structures share the presence of
a first lateral loop and of an N,AG, tract that seems to be
critical for V-loop formation. On the contrary, a canonical
(3+1) hybrid quadruplex** was shown to interconvert into a
corresponding V-shaped loop topology by incorporating sugar-
modified guanosine analogues with particular sugar pucker
propensities at the V-loop 5'- and 3'-flanking positions. In the
modified sequences, G3 participates in a lateral loop formed
from the native propeller loop whereas the second ACACA
loop changes from a diagonal to a second lateral loop
preceding the V-shaped loop.””*>*' Clearly, several contribu-
tions and mutual interactions of single structural domains add
to the favored formation of such V-loop quadruplexes and
need to be considered when looking for sequences with a V-
loop-forming propensity.

Impact of the 5’-Overhang on the V-Loop Structure.
There is the question of whether a G-quadruplex structure
featuring an interrupted G-column with a terminal guanine
locked into a central tetrad position or complementing an
outer G-tetrad in a snap-back loop arrangement constitutes a
physiologically relevant topology if positioned between
flanking sequences within the genome. In the V-loop structure
presented here, the terminal G occupies a central tetrad
position and any additional flanking residue may directly
interfere with the broken G-column.

The assigned quadruplex-forming sequence was therefore
extended by the addition of a 5'-adenosine for mimicking the
wild-type sequence context. Like KNA-AGI13-T, CD profiles of
the 5'-A variant A-KNA-AG13-T exhibit a signature typical of
both homopolar and heteropolar G-tetrad stackings (Figure
S14A). On the contrary, imino resonances in 1D NMR spectra
were considerably broadened, yet a set of ~12 imino signals
can still be observed (Figure 2). On the basis of a more
detailed comparison of 2D NOESY spectral regions, a
population inversion becomes clearly apparent between a
major and minor species when compared to the sequence
lacking a 5'-overhang (Figure S14C). Thus, a less populated V-
loop topology for A-KNA-AGI3-T is indicated by its
characteristic 2D NOE cross-peak pattern. Also, the major
G4 species for A-KNA-AG13-T matches a minor fold with only
weak signals observed for KNA-AGI3-T. Unfortunately, a
more detailed structural assignment of the latter was hampered
by weak or broadened signals. A destabilizing effect of a 5'-
overhang on thermal quadruplex stability is revealed by
additional UV melting experiments with A-KNA-AGI3-T.
The latter yielded a melting temperature T, of 32.8 °C in a
low-salt buffer, being 14 °C below the T, of KNA-AGI13-T
under the same conditions (Figures S7 and S14B).

It has been proposed that there is enough space to
accommodate a flanking DNA sequence without restricting
the V-loop fold based on a simple model of a higher-order
RNA structure with V-loop topology and a quadruplex—duplex
junction.'* Likewise, in studies of HIV-1 LTR sequences, a
truncated LTRIII domain was shown to adopt a V-shaped loop
topology with its first G participating in the central tetrad. 1D
NMR spectra of a longer LTRII+IV sequence with the
addition of a 5'-adenosine suggested that the $’-flanking A
residue did not abolish formation of the particular LTRIII V-
loop structure within this extended sequence context."”
Another report involves the proximal promoter sequence of
VEGF receptor 2 (VGFR-2) that folds into a three-layer V-loop
G-quadruplex with its 5’-terminal guanine of the first GGG-
tract positioned within the central tetrad and the third G being
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part of the following loop region. Extensive mutational studies
also included a GIA substitution that would allow for the
formation of a V-shaped loop architecture with a S5'-A
overhang, a second and third G participating in the central
and outer G-tetrad, and a shortened first loop. However, in this
case, the results from 1D NMR and CD spectra seem to
exclude folding to a corresponding V-shaped loop topology
with a §'-flanking residue.*’

In contrast to its positioning within a central tetrad, a
terminal G in most snap-back loop structures occupies an
empty position of an outer G-tetrad and may possibly better
accommodate additional flanking residues. Thus, a snap-back
loop quadruplex formed by a c-myc promoter sequence was
reported to be conserved upon addition of a 3’-T residue to
the fold-back iguanine with the thymine pointing out of the G-
tetrad plane.*” However, although a corresponding fold is still
retained, recent studies of its thermodynamic stability
suggested a destabilizing effect of the 3’-T overhang on the
latter topology. As a result, minor species increasinﬁly coexist
with addition of a 3’-T and 3'-TT dinucleotide.”” On the
contrary, a well-defined quadruplex structure has been reported
for a snap-back guanine embedded within a unique peripheral
motif. Whereas the single guanine fills the outer tetrad, the 3'-
flanking overhang sequence folds back to form stacked layers
of base pairing alignments for additional stability.*®

Taken together, addition of a S'-flanking base within the
broken G-tract of the V-loop topology still allows for a
corresponding quadruplex fold. However, V-loop formation
suffers from destabilizing effects that will likely change folding
pathways and equilibria among different folds of similar energy.
Although the V-loop quadruplex with its interrupted G-tract
may be only poorly populated in a polymorphic mixture
derived from the first repeat of the KCNN4 minisatellite in a
longer sequence context, it may well represent a promising
drug target for modulating KCNN4 expression. Thus, a V-loop
specific ligand may shift dynamic equilibria upon binding to
effectively hit this sequence without more extensive off-target
effects.

B CONCLUSIONS

The KCNN4 gene was found to contain a G-rich minisatellite
with putative G-quadruplex forming abilities. We have
structurally characterized in detail a G4 species with a V-
shaped loop proposed to coexist in a polymorphic mixture
formed by the first repeat of the minisatellite. Here, a naturally
occurring G — A mutation leaves a run of two guanines within
the first G-tract that, together with interactions between a 3'-
overhang and a lateral loop, drives the formation of such a G-
quadruplex. Clearly, sequence requirements as revealed by
mutational studies and a detailed analysis of intramolecular
interactions increasingly enhance our knowledge of these
noncanonical G4 structures, supporting their identification in
genomic sequences and also assisting in the rational design of
artificial V-loop-forming sequences for technological applica-
tions.

Pharmacologically, the V-loop quadruplex formed in the
KCNN#4 G-rich minisatellite features specific structural motifs
that may promote selective ligand binding and thus a specific
targeting through the design and development of new and
more potent drugs. It has been demonstrated that quadruplex
formation in the proximity of the transcribed region can be
related to alterations in gene expression levels. Putative
quadruplexes in promoter regions were found to be generally
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correlated with a reduced level of transcription.””** Likewise,

genomewide analyses have revealed that quadruplex formation
downstream of the transcription start site and even down-
stream of the transcription termination site may play a
regulatory role in gene transcription with effects also
depending on the G4-forming sequences located on the
sense or template strand.*”® Given the importance of the
KCNN#4 gene for the regulation of cell ionic strength and its
correlation with cancer development, future research may be
directed to quadruplex formation within this minisatellite and
its impact on and control of the modulation of KCNN4
expression within cells.
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Figure S1. Partial assignment of KNA-T; 2D NOESY spectral region showing H6/8(w2)-H1’ (1)
(top) and H6/8(w2)-H1(w1) cross-peaks (middle). Superimposed 'H-'3C HSQC spectra with H6/8-
C6/8 correlations of KNA-AG13-T (black, 0.9 mM) and KNA-T (blue) (bottom); overlapping

cross-peaks and cross-peak patterns suggest identical G4 topologies.
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Figure S2. Partial assignment of KNA-4G13; 2D NOESY spectral region showing H6/8(w2)-
H1’(w1) cross-peaks (top). Superimposed 'H-'*C HSQC spectra with H6/8-C6/8 correlations of
KNA-AG13-T (black, 0.9 mM) and KNA-4G13 (blue) (bottom). Overlapping cross-peaks and

cross-peak patterns suggest identical G4 topologies.
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Figure S3. Partial assignment of KNA-GGT;, superimposed 2D NOESY spectral region showing
H6/8(w2)-H1’(w1) cross-peaks of KNA-AG13-T (black) and KNA-4G13 (blue); several typical
cross-peaks overlap, suggesting identical G4 topologies with assignments based on the

KNA-AG13-T quadruplex.
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Figure S4. CD spectra of KNA variants at 20 °C in 10 mM potassium phosphate buffer, pH 7.
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Figure S5. Non-denaturing gel electrophoresis of KNA variants and of a parallel 22mer c-myc
quadruplex as additional reference. Slowly migrating weak bands are indicative of multimeric
structures. Experimental procedure: 50 uM of annealed oligonucleotide samples in a 10 mM potassium
phosphate buffer, pH 7.0, were mixed with glycerol-buffer (4:6) in a 1:1 v/v ratio. Samples (250 pmol per
lane) were loaded on a 15% polyacrylamide gel (acrylamide:bis-acrylamide 19:1). Separation was
performed in TBE buffer, pH 8.3, supplemented with 10 mM KCI. Gels were stained with 5 uM thiazole

orange.
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Figure S6. (A) CD spectra and (B) imino proton NMR spectral regions of KNA-AG13-T (top)
and the KNA-GGT wild-type sequence (bottom) in buffer solutions with 10 mM and 120 mM K",
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Figure S7. Representative UV melting curves. KNA-AG13-T in the presence of (A) 10 mM K"
and (B) 120 mM K*; (C) KNA-4G13 and (D) KNA-GGT in the presence of 10 mM K'; melting
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Figure S8. (A) H8/H6(w2)-C8/C6(w1) HSQC spectral region of KNA-AG13-T (0.94 mM) in a 10
mM K" buffer. (B) H8(w2)-H2’/Me(w1) (top) and H8(m2)-H1’(w1) spectral region (bottom) of a
2D NOESY spectrum of KNA-AG13-T acquired with an 80 ms mixing time at 25 °C ina 10 mM
K" buffer.

S9



o’ o
2-3Me 22-23Me 23Me 6-3Me aMe | 1-9
o - o °p o ©® 0 o
4-3H2' SMe @ 9 g o
ey ) &8
e 73 -0
° h3@iMeg o (-]
o 18 42 , @ o e
6 ~ °
% 12 A5 029 10 ° %6
e °
Gpe 0 89 @ 14-12
- 9 . 2001 —%
11 o 5 i 6 61 P
PN o o
21-20"¢—22 ° PO 2322
13H2-17 16-15H2 15
0 o Q L
9-8H2 0 @ 8 0 °
[a)) ‘ ‘
8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6

Figure S9. H8/H6(w2)-H2’/H2”/Me(w1) 2D NOESY spectral region of KNA-AG13-T (0.9 mM)
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Figure S12. (A,B) Representative model of KNA-AG13-T with an orientation of the second
lateral loop preceding the V-shaped loop as found in 8 out of 10 calculated structures. (A) Top
view onto the second lateral loop and adjacent tetrad, highlighting a putative ATA triad between
adenine bases of the lateral loop and 3’-terminal thymine T23. (B) Side view, highlighting G12
positioned nearly orthogonally to G1. (C) Top view onto the second lateral loop and adjacent
tetrad, highlighting an alternative hydrogen bond formation between guanine G12 in the lateral
loop and the 3’-terminal T23; tetrads are colored grey. (D) Putative hydrogen bond formation
between the G16 amino proton and T19 O2 as well as between G17 N3 and T19 H3 of the
propeller loop; C18 has been omitted for clarity.
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formation of an AT Hoogsteen hydrogen bond within the first lateral loop. Cross-peaks observed

in this low-temperature spectrum were not included in the NOE-based distance restraints.
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Figure S14. (A) CD spectrum of A-KNA-AG13-T (red) and KNA-AG13-T (black) in 10 mM K"
buffer. (B) UV melting and annealing curves of 4-KNA-AG13-T in 10 mM K" buffer with very
small hysteresis effects. (C) Superposition of 2D NOESY spectra for A-KNA-AG13-T (red) and
KNA-AGI13-T (black) showing H6/8(w2)-H1’(w1) cross-peaks; labeled cross-peaks identify proton

resonances of the V-shaped loop topology. Cross-peaks of the minor species coexisting with the

V-shaped loop topology of KNA-AG13-T become more intense for A-KNA-AG13-T with a 5°-A

overhang (circled); spectra were acquired at 25 °C.
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Table S1. 'H and *C chemical shifts (in ppm) of KNA-AG13-T (0.9 mM) at 25 °C in 10 mM

potassium phosphate buffer, pH 7.

Residues H6/H8 H2/5/Me HI  HI° H2 H2” H3 C6/8 C5 C2
Gl 6.72 - 11.79 530 2.64 276 4.93 13993 119.59 -
G2 8.00 - 11.94 6.01 249 282 505 138.10 117.48 -
T3 6.58 1.62 - 596 1.82 227 482 136.53 - -
C4 7.91 6.27 - 6.27 228 244 481 144.76 - -
T5 7.39 1.77 - 589 228 244 481 139.67 - -
Go6 6.91 - - 528 222 2.04 4.64 139.56 - -
A7 7.80 7.22 - 585 197 256 481 140.71 - 153.44
G8 7.36 - 11.00 6.01 341 290 4.88 141.71 119.82 -
G9 8.01 - 11.59 590 251 285 5.01 13844 116.84 -
Gl10 7.51 - 11.30 5.84 240 2.64 498 13745 117.09 -
All 8.29 7.78 - 6.26 2770 2.65 492 142.36 - 154.54
Gl12 7.97 - - 592 2.65 248 4.88 140.07 - -
Al3 7.86 7.74 - 594 217 236 472 14149 154.25
Gl4 7.12 - 10.82 6.18 2.78 2.89 5.88 140.00 118.77 -
Gl15 7.49 - 11.19 6.10 3.01 2.70 5.07 136.56 118.24 -
Gleé 7.67 - 11.59 6.11 281 2.54 497 138.01 117.10 -
G17 7.89 - 11.01 6.26 2.81 2.65 497 137.72 117.66 -
CI18 7.98 6.16 - 6.46 229 2.65 4.62 144.44 - -
T19 7.84 2.10 - 6.63 2.66 2.66 5.04 140.44 - -
G20 7.33 - 11.56 599 293 286 4.87 141.60 119.61 -
G21 7.69 - 11.47 598 263 271 5.08 137.89 116.77 -
G22 7.63 - 1147 627 2.58 294 498 137.21 117.50 -
T23 7.21 1.61 - 6.08 2.14 2.14 451 13835 - -
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@ Expanding the Topological Landscape by a G-Column Flip

of a Parallel G-Quadruplex

Swantje Mohr,” Jagannath Jana,” Yoanes Maria Vianney,” and Klaus Weisz**

Abstract: Canonical G-quadruplexes can adopt a variety of
different topologies depending on the arrangement of
propeller, lateral, or diagonal loops connecting the four G-
columns. A novel intramolecular G-quadruplex structure is
derived through inversion of the last G-tract of a three-
layered parallel fold, associated with the transition of a single
propeller into a lateral loop. The resulting (3+ 1) hybrid fold
features three syn-anti-anti-anti G-tetrads with a 3’-terminal
all-syn G-column. Although the ability of forming a duplex

stem-loop between G-tracts seems beneficial for a propeller-
to-lateral loop rearrangement, unmodified G-rich sequences
resist folding into the new (3+1) topology. However,
refolding can be driven by the incorporation of syn-favoring
guanosine analogues into positions of the fourth G-stretch.
The presented hybrid-type G-quadruplex structure as deter-
mined by NMR spectroscopy may provide for an additional
scaffold in quadruplex-based technologies.

J

Introduction

G-quadruplexes (G4s) have evoked great interest in the last two
decades due to their detection under in vivo conditions and
their putative regulatory roles in gene expression, making them
promising targets for novel therapeutic strategies.” In addi-
tion, these structures have been increasingly employed as
versatile tools in bio- and nanotechnological applications, e.g.,
in sensor systems, electronic switches, or as DNAzymes.®” In
contrast to a B-type genomic DNA duplex, quadruplex functions
and properties heavily rely on their tetra-stranded scaffold and
may be exquisitely modulated by the remarkable G4 structural
diversity. The latter depends on the nucleic acid sequence but
also on the outer environment and determines G4 specific
interactions with other molecules or ions.

G-quadruplexes can be formed by the intramolecular
folding of a single-stranded nucleic acid comprised of four G-
runs interrupted by intervening nucleotides. Association of G
residues from each of the four G-tracts will form a quadruplex
core with stacked G-tetrads of four guanine bases held together
in a square-planar arrangement through cyclic hydrogen bonds.
The stacked architecture is further stabilized by the coordina-
tion of metal ions like K* or Na* in its central cavity.
Intervening nucleotides in such an intramolecular assembly will
form loops connecting the G-columns of the G4 core structure.
Propeller loops link two adjacent columns with the same 5'-3’

[a] S. Mohr, Dr. J. Jana, Y. M. Vianney, Prof. Dr. K. Weisz
Institute of Biochemistry, Universitdt Greifswald
Felix-Hausdorff-Str. 4, 17487 Greifswald (Germany)
E-mail: weisz@uni-greifswald.de
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backbone orientation, whereas lateral and diagonal loops
connect neighboring or distal G-columns of antiparallel orienta-
tion, respectively.

With the formation of three loops in a canonical quadruplex
with non-interrupted G-columns, there are 3*=27 theoretical
loop combinations giving rise to different topologies. Additional
topologies come from a clockwise (+) or anti-clockwise (-)
progression of propeller and lateral loops when placed in a
common frame of reference as previously proposed.” For
characterizing and discriminating the various folds, a simple
descriptor composed of the type and progression of consec-
utive loops has been suggested.®® Thus, abbreviating lateral,
propeller, and diagonal loops with ‘I', ‘p’, and ‘d’, respectively,
the minimalistic designation (-pd+1) identifies a quadruplex
topology with a first propeller loop running counter-clockwise,
a central diagonal loop, and a third lateral loop running
clockwise. Clearly, only a fraction of the theoretical topologies
can be realized for mechanical and steric reasons and fragment-
based modeling studies have identified 14 topologies that may
form under appropriate conditions.”®

G-quadruplexes of a (3+ 1) hybrid-type with one antiparallel
and three parallel G-columns are a recurrent G4 structural motif
and typically represent a hybrid-1 (-p-I-l) or a hybrid-2 (-I-I-p)
topology. Recently, we have shown refolding of a parallel all-
anti G4 into a novel (3+ 1) hybrid quadruplex termed hybrid-1R
with a (+14+p+p) loop progression, exploiting base comple-
mentarity of 5- and 3’-overhang sequences to form a duplex
smoothly extending at one face of the rearranged G4 core.”
This topology, associated with a switch from a first propeller
into a lateral loop, could be further enforced by the specific
incorporation of syn-favoring 8-bromo-guanosine (¥G) nucleo-
tides, known to be powerful tools for conformational
transitions."” In the present studies, we aimed at the formation
of another (3+41) hybrid species with a (-p-p-I) topology
starting from a parallel fold (Figure 1). Although a correspond-
ing fold is highly ranked in a topology distribution chart of

10437 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-2736-6606
https://doi.org/10.1002/chem.202101181
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202101181&domain=pdf&date_stamp=2021-06-04

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202101181

>
= m
m w
w Z
> m -p-p-l m
n
n

3 5' S

hybrid-2R* hybrid-2R

3

hybrid-1R*

hybrid-1R

Figure 1. Topology of a parallel quadruplex (center) and possible (3+ 1)
hybrid structures formed by flipping the fourth G-tract (top) and the first G-
tract (bottom); n, m, and w denote narrow, medium, and wide groove,
respectively.

model G-quadruplexes built from reported fragments, it has not
been experimentally verified to date.”® Such a species may
thus not only provide insight into critical interactions upon
refolding but may also expand the known topological diversity

of G-quadruplex structures for future use in the increasing
number of G4-based applications.

Results

The sequence design of a putative -p-p-I G-quadruplex is based
on the parallel c-myc quadruplex, previously characterized in
detail."" Whereas a single nucleotide largely restricts folding of
the 1-nt intervening sequence into a propeller-type loop, 3-nt
and 4-nt lateral loops spanning the wide groove have most
frequently been observed in fragment-based modeling studies
for a -p-p-l topology.”” We therefore started with sequence L7113
comprising a 1:1:3 nucleotide loop length arrangement. As
shown in Figure 1, refolding through a switch from a propeller
into a lateral loop results in a flip of the fourth G-tract but is
also associated with a relocation of the 3’-overhang to the 5'-
face of the quadruplex core. Additionally, anti—syn conversions
are enforced for some G residues to maintain G-quartet
formation and these will depend on the glycosidic bond angle
pattern along the inverted strand. To probe the impact of
differently modified sequences on these structural rearrange-
ments, the fold for a total of 12 oligonucleotides was analyzed
in more detail. These include variants with different loop
sequences, some of which allow for a stem-loop structure, as
well as 8-bromo-2’-deoxyguanosine modified analogues (Ta-
ble 1).

Circular dichroism (CD)

CD spectra of all sequences exhibit a signature typical of
quadruplexes with exclusive homopolar G-quartet stacking, i.e.,
a positive band at 265 nm and a negative band at 245 nm
(Figure 2, for a compilation of all spectra see Figure S1). A
noticeable asymmetry towards longer wavelength of the
positive band and a slightly red-shifted maximum is generally
observed for all sequences bearing third loops with Watson-
Crick complementary bases. This points to the formation of a B-
type duplex extrusion and a B-DNA signature superimposed on

Table 1. Sequences with UV melting temperatures T,,.*"!

Name Sequence T.. [°C]

L113 TGA GGG T GGG T GGG TCA GGG TAA 62.0+0.2
L112-B12 TGA GGG T GGG T GGG TC BBG TAA 59.2+0.6
L114-B12 TGA GGG T GGG T GGG ACTT BBG TAA 50.7 +£0.6
L113-B12 TGA GGG T GGG T GGG TCA BBG TAA 55.0+0.6
L113-B23 TGA GGG T GGG T GGG TCA GBB TAA 543+0.7
L113-B13 TGA GGG T GGG T GGG TCA BGB TAA 54.0+1.1
L113-B123 TGA GGG T GGG T GGG TCA BBB TAA 59.7+0.1
L11GC TGA GGG T GGG T GGG GCGCGCAGCGC GGG TAA 544404
LT1AT TGA GGG T GGG T GGG ACGCGCAGCGT GGG TAA 59.8+0.9
L11AT-B12 TGA GGG T GGG T GGG ACGCGCAGCGT BBG TAA 524403
L11AT-B13 TGA GGG T GGG T GGG ACGCGCAGCGT BGB TAA 53.54+0.7
L11AT-B23 TGA GGG T GGG T GGG ACGCGCAGCGT GBB TAA 53.4+0.6

buffer, pH 7.

[a] Loop nucleotides are underlined and complementary sequences forming putative stem-loop structures are written in italicc B=8-bromo-2'-
deoxyguanosine. [b] Average values with standard deviations from three independent measurements taken at 295 nm in 10 mM potassium phosphate
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Figure 2. CD spectra of L113, L113-B13, L11AT, and L11AT-B13. Spectra were
acquired at 20°C on DNA samples (5 uM) in 10 mM potassium phosphate
buffer, pH 7.

the G4 CD spectral features. Of note, CD spectra are compatible
with a parallel as well as a (3+ 1) hybrid topology harboring a
single all-syn G-tract, but do not allow their mutual discrim-
ination. However, based on the CD experimental results,
preferential formation of other hybrid or antiparallel quadru-
plexes with G-tetrads of different polarity to result in hetero-
polar stacking interactions can safely be excluded for each of
the G-rich sequences.

NMR spectroscopy

Initially, the impact on G4 folding of loop length and of syn-
favoring G analogues in different positions of the fourth G-
column was assessed by a comparison of imino proton NMR
spectral regions (Figure 3). Due to their engagement in hydro-
gen bonds within a G-tetrad, twelve guanine imino resonances
in slow exchange with the solvent are expected for a three-
layered G-quadruplex. In fact, the observation of about twelve
major imino signals for each of the sequences lacking base
complementarity in a longer third loop attests to their
formation of a G-quadruplex with three stacked tetrads. A closer
look over all spectra reveals two different patterns of imino
signals, suggesting two different topologies depending on the
sequence. One pattern, covering a wider spectral range is
shared by L7113 and L112-B12, whereas the other pattern is
shared by L113-B23, L113-B13, and L113-B123. The presence of a
major and minor set of imino resonances for L174-B12 and
L113-B12 suggests coexistence of both topologies, albeit in
different molar ratios.

Sequences L112-B12 and L113-B123, each representing one
type of fold, were chosen for an initial determination of
topologies. Also, their well-resolved imino proton resonances
favor a more detailed NMR structural analysis. For L112-B12, a
straightforward identification of a standard parallel all-anti
topology was based on the absence of syn-guanosines but also
on conspicuous NOE contacts between H8 of 3'-terminal A22
and G6 as well as G19 imino protons located at the G-core face
opposite to the 5-overhang (Figure S2). Thus, all guanine H8-C8
cross-peaks of L112-B12 are located in a 'H-">C HSQC spectral

L112B12 8 4 1218 17 9

L114-B12

L113-B12

L113-B23

L113-B13

L113-B123

L112-B12

10.8 8/ ppm

Figure 3. Imino proton spectral region of G4-forming sequences without a putative duplex stem-loop structure; residue assignments are given for L112-B12
and L113-B123. Topology of the L1712-B12 quadruplex with residue numbers (in orange for ¥G analogues) is shown on the right.
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region typical for an anti glycosidic conformation (Figure S3A)
and this is further supported by the lack of strong intra-
nucleotide H8-H1' and associated weak H8-H2'/H2" contacts in
a NOESY spectrum, anticipated for syn-residues (for assignments
and a compilation of L172-B12 chemical shifts see Table S1).

The identification of syn residues for a topological evalua-
tion of L113-B123 is restricted due to the absence of G H8
protons in the fully ®G-modified fourth G-tract. However,
various NOE contacts of residues in the third 3-nt loop strongly
suggest its lateral progression with a flipped antiparallel fourth
G-column in a hybrid-type fold. These include sequential
contacts along the loop and cross-peaks between H2/H8 of
loop residue A17 with three out of four imino protons in the
outer tetrad opposite the 5'-terminus (Figure 4; for assignments
and a compilation of L113-B123 chemical shifts see Table S2).

A close structural similarity of L1713 with L172-B12 as well as
of L113-B13 and L113-B23 with L113-B123, initially suggested
through corresponding signal patterns in the imino proton
spectral region, was confirmed by a more detailed analysis of
corresponding NOESY and 'H-">C HSQC spectra (not shown).
Thus, a single syn-G compatible with a ¥*G-disubstituted all-syn
column could be identified in L773-B13 and L113-B23. Also, NOE
contacts from loop and 3’-overhang residues to outer tetrad
resonances in all sequences could either be traced to a third
propeller loop and overhang sequences on opposite sides of
the G-core (L713) or to a third lateral loop with both termini
facing each other (L173-B13 and L113-B23).

Assignments for L773-B12 and L1714-B12, exhibiting two
coexisting species based on their imino proton spectral region,
again relied on spectral comparisons with both the L772-B12
parallel quadruplex and the L7173-B123 hybrid-type G4. Thus, a
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@) 64

B 105
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10-6 A23H2-12 A17H2-§
139 3 110
1410 A17-14 B
A17-18" 2
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Figure 4. 2D NOE spectral regions of L173-B123. (A) H8/6(w,)-H1'(w,) cross-peaks with sequential contacts traced along the G-core (black) as well as along the
3-nt third loop (red). (B) Intra- and inter-tetrad H8(w,)-H1(w,) cross-peaks and additional contacts involving overhang residues and A17 of the 3-nt loop
labeled in red. Tetrad polarities as determined from intra-tetrad NOE contacts are summarized at the bottom (grey arrows indicate missing contact). (C)
Topology of the L113-B123 quadruplex with residue numbers and tetrad polarities indicated; syn-*G analogues are shown in red with their residue numbers in

white.
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superposition of HSQC and NOESY spectral regions of L113-B12
with those of L1712-B12 and L113-B123 clearly demonstrated its
folding into a major hybrid-type topology with the observation
of a single syn-G and a minor parallel topology with a
population ratio estimated to be about 7:3 (Figure S3). In
contrast, the major species of L1714-B12 can likewise be assigned
to a parallel fold with cross-peak patterns very similar to L172-
B12 (Figure S4). A decrease in the melting temperature for L174-
B12 by almost 10°C when compared to L1712-B12 can thus
directly be attributed to a destabilizing effect from its longer 4-
nt propeller loop (Table 1). With a population of only about
20%, minor peaks of a putative (3+1) hybrid fold in L114-B12
spectra do not allow their unambiguous assignments.

Quadruplexes with a duplex stem-loop

To further promote a switch from the third propeller into a
lateral loop with formation of a hybrid-type quadruplex, the
loop sequence was expanded to enable hairpin formation
through Watson-Crick base pairing. This should allow for a
coaxial orientation with contiguous base stacking interactions
of a putative hairpin-type lateral loop and the quadruplex
helix."? Initially, two sequences L11AT and L11GC with a 11-nt
third loop capable of stem-loop formation and with AT or GC
complementary bases adjacent to the G-core were tested for
their favored topology.

Inspection of their guanine Hoogsteen imino proton
spectral region between 11.8 and 10.6 ppm reveals a closely
similar signal distribution to L1713, indicating a parallel G4
topology for both sequences (Figure 5). Additional downfield-
shifted resonances between 12.8 and 13.2 ppm can be
attributed to imino protons engaged in GC Watson-Crick base
pairs exchanging with the solvent at different rates. Notably,
there is no indication of a stable AT Watson-Crick base pair at
the quadruplex-duplex junction in L11AT because spectra lack
an expected imino signal at low field. These observations are
consistent with base pairing in a propeller loop, enforcing an
orthogonal orientation of duplex and quadruplex helices with
unpaired bases at the junction."? Featuring additional base
pairs within the loop devoid of additional stacking interactions
with outer G-tetrads, G4 stability decreases with the longer 11-
nt loop compared to L7713 with its 3-nt loop (Table 1). A more
detailed analysis of L7171GC spectra confirms its parallel fold
characterized by (i) the absence of syn-Gs in HSQC spectra (not
shown), (ii) NOE contacts between residues of the 5'- and 3'-
overhang with opposite outer tetrads, and (iii) the absence of
sequential contacts between loop residues and the G-core
(Figure S5, for assignments and a compilation of L71GC
chemical shifts see Table S3).

Adopting the same parallel fold as L11GC, we selected the
LT1AT quadruplex for additional ®G substitutions with a
putative AT base pair at the quadruplex-duplex junction serving
as a convenient probe for refolding into a hybrid-type topology.
In fact, the pattern of Hoogsteen imino protons together with
the observation of an additional downfield-shifted AT Watson-
Crick imino resonance at ~13.5 ppm suggests a non-parallel
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Figure 5. Imino proton spectral region of G4-forming sequences with a
duplex stem-loop structure; residue assignments are shown for L711GC and
L11AT-B13. Topology of the L11GC quadruplex with residue numbers is
shown on top; GC Watson-Crick base pairing within the 11-nt propeller loop
is indicated by broken lines.

fold for L11AT-B12, L11AT-B13, and L11AT-B23 harboring two *G
modifications in their 3’-terminal G-tract. Formation of a lateral
hairpin structure with an AT base pair at the quadruplex-duplex
junction is corroborated by sequential base-sugar contacts
which can be traced along the duplex domain into the adjacent
G-tracts (Figure 6). Also, folding into a hybrid-type structure for
all three dual-modified sequences is suggested by the observa-
tion of a single syn-G in HSQC and NOESY spectra (see below).
Interestingly, LT11AT-B13 and L11AT-B23 form a single G4 species
with about the same melting temperature as those of L113-B13
and L113-B23 with short 3-nt lateral loops, excluding significant
synergistic effects of duplex and quadruplex domains (Table 1).
For L11AT-B12, another structure coexists with the major hybrid
structure. However, with a population of only about 10%, this
minor species escapes a more detailed structural investigation.
In the following, we focused on L11AT-B13 for a three-dimen-
sional structure determination due to its superior signal
dispersion with minimal signal overlap.

Structure determination of L11AT-B13

Ample evidence from initial NMR spectral analyses points to a
(34 1) hybrid fold for L11AT-B13 (Figure 6A). Based on such a
topology, complete resonance assignments followed standard
procedures. Continuous H8/H6-H1'/H3" and H8/H6-H2'/H2"” NOE
walks can be traced along all G-tracts except for the dual-
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Figure 6. (A) Topology of the LT11AT-B13 quadruplex with residue numbers and tetrad polarities indicated; AT and GC Watson-Crick base pairs within the 11-nt
stem-loop are indicated by broken orange and violet lines, respectively; syn-*'G analogues are shown in red with white residue numbers. (B) 2D NOESY
spectrum of L11AT-B13. H8/6(w,)-H1'(w,) connectivities are traced along the G-columns (black) and the duplex stem (red) with an intra-residual contact of syn-
G27 circled in red; note a sequential NOE contact between residue 14 and 15 at the quadruplex-duplex interface and cross-peaks (circled in blue) between

residues of both 5'- and 3’-overhangs with the 5-outer tetrad.

modified G-column at the 3’-end. Likewise, corresponding
sequential NOE cross-peaks connect residues within the duplex
stem-loop as well as A15 and G14 at the duplex-quadruplex
interface (Figure 6B). In addition, residues of the duplex stem
comprising four Watson-Crick base pairs exhibit well-resolved
sequential H8/6-H8/6 cross-peaks (Figure S6A). Non-modified
G27 within the 3’-terminal G-tract is identified through its syn
conformation, exhibiting strong intra-nucleotide H8-H1’ and
weak H8-H2'/H2" cross-peaks in NOESY spectra acquired with
short mixing times (Figure S7A). A single unmodified syn-G27 is
further corroborated by its characteristic C8-H8 cross-peak
chemical shift in a 'H-*C HSQC spectrum (Figure S7B).

Sequential imino-imino NOE contacts link G residues along
the same G-column (Figure 7A). Notably, whereas inter-tetrad
cross-peaks of imino protons to nearest H2'/H2" protons located
in residues on the 3’-adjacent G-tract are characteristically weak
and often unobservable for parallel all-anti G-columns, con-
spicuous sequential H1(n)-H2'/H2"(n-1) cross-peaks, typical for
syn-residues,®® were observed along the fourth G-tract and
comprise H2'/H2" of 5'-adjacent T25 of the lateral stem-loop
(Figure S6B). Finally, H1-H8 NOE contacts between adjacent Gs
within tetrads, only interrupted by missing H8 protons of the
two ¥G analogues in the outer quartets, identify the direction of
Hoogsteen hydrogen bonds and demonstrate the same polarity
for all tetrads (Figure 7B).

There are several NOE contacts at the quadruplex-duplex
interface. These include NOE cross-peaks of G14 with A15, T25
with ¥G26, but also of G6 and G14 with T25, suggesting a well-
defined quadruplex-duplex junction (see Figures 7B and S6).
This is also corroborated by H,0-D,0 exchange experiments,
showing protection from solvent exchange for G residues of the
central tetrad but also slower exchange for G14 and G26 at the
quadruplex-duplex junction consistent with continuous stack-

Chem. Eur. J. 2021, 27, 10437 - 10447 www.chemeurj.org

ing (Figure 7C). Few contacts between overhang residues and
the adjacent G-tetrad such as G12 H1-A30 H2, G28 H1-A3 HS,
G12 H8-A31 H1’, and a weak cross-peak between G8 H1" and T1
H6 point to, albeit more flexible, structured 5’- and 3'-flanking
sequences (Figure 6B and 7B).

H2' and H2" resonances were stereospecifically assigned
through cross-peak intensities of intra-nucleotide H8-H2'/H2"
and H1'-H2'/H2" contacts in NOESY spectra acquired at short
mixing times. Evaluation of vicinal H1-H2’ and H1'-H2" scalar
couplings in DQF-COSY spectra demonstrated south sugar
conformations for all residues of the quadruplex and the hairpin
domain except for G-core nucleotides G6, G13, G4, and G26 as
well as for stem-loop nucleotides C16, G24, and T25. For the
latter, sugar conformations remained ambiguous due to heavy
signal overlap (Figure S8).

For subsequent structure calculations, NOE-derived distance
restraints but no sugar torsion angle restraints were employed
(for structural statistics see Table S5). The quadruplex adopts a
novel (-p-p-l) topology with two propeller followed by a lateral
loop running in a counter-clockwise direction (Figure 8A). We
term this quadruplex fold hybrid-2R in analogy to the previously
reported hybrid-1R quadruplex with a (+I+p+p) topology
derived from hybrid-1 structures by formally substituting
propeller for lateral loops and vice versa. Looking at a super-
position of the ten lowest-energy structures, the G-core, the 4-
bp duplex stem, and especially the quadruplex-duplex interface
are well-defined (Figure 8A). In contrast, propeller loops and the
loop of the duplex hairpin are less ordered, but also 5'- and 3'-
overhang residues seem to experience significant flexibility.
With all G residues of the three parallel G-tracts adopting an
anti glycosidic conformation, the antiparallel fourth G-tract with
its two ¥G modifications exclusively features syn-residues.
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Figure 7. (A) Imino-imino 2D NOE spectral region of L11AT-B13 with sequential cross-peaks and additional contacts at the junction or within tetrads labeled in
red. (B) Intra- and inter-tetrad H8(w,)-H1(w,) cross-peaks; contacts at the quadruplex-duplex junction, between 5'- and 3’-overhang residues with the 5"-outer
tetrad, and within the AT Watson-Crick base pair are labeled in red. Tetrad polarities as determined from intra-tetrad NOE contacts are summarized as inset.
(C) H,0-D,0 exchange experiments. Imino proton spectral region of L11AT-B13 acquired in H,0-D,0 (9:1) (top) and shortly after drying and redissolving in
100% D,0 (bottom); imino protons for residues of the central tetrad and, albeit to a smaller extent, of G14 and ¥G26 at the quadruplex-duplex junction are

protected from fast solvent exchange.

The stem-loop structure stacks with its terminal AT base
pair coaxially on G14 and ¥G26 of the upper quadruplex tetrad
(Figure 8B), rationalizing protection of these outer G-core
residues from fast solvent exchange as found experimentally
(Figure 7C). Because the wide groove of the G-core bridged by
the duplex stem-loop and the minor groove of a B-type duplex
are of similar width, the quadruplex-duplex junction allows for
a smooth transition without major distortions of the sugar-
phosphate backbone.

Although less defined and rather flexible, overhang sequen-
ces seem to form loose capping structures stacked below the
G-tetrad. Thus, corroborated by 2D NOE data, all calculated low-
energy structures show stacking of A3 on either G4 or ®G28
and stacking of T1 on G8 is observed in 7 out of 10 structures.
Also, various alignments of flanking bases are observed in the
final structures with the lowest energy structure featuring an
A-A-T base triad involving 5'-flanking residues T1 and A3 as well
as 3'-flanking residue A30 (Figure 8B). Hydrogen bonds in such
a base triad lack final confirmation by experimental data,
pointing to a high flexibility with fast dissociation rates in rather
short-lived base arrangements.

Chem. Eur. J. 2021, 27, 10437 - 10447 www.chemeurj.org

Probing refolding through ligand binding

Refolding of the parallel L77AT quadruplex into a hybrid-type
quadruplex upon ¥G substitutions in its fourth G-tract results in
a coaxial stacking of the stem-loop duplex onto the outer G-
tetrad with the formation of a quadruplex-duplex interface.
Quadruplex-duplex (Q-D) junctions may serve as specific
recognition elements for ligands."*' In fact, a corresponding
Q-D junction has recently been shown to constitute a favorable
binding site for a ligand termed PIQ which is based on a
phenyl-substituted indoloquinoline heterocyclic ring system.'®
Isothermal titration calorimetry (ITC) was initially employed to
probe PIQ binding to the novel hybrid-2R G-quadruplex with its
stacked hairpin lateral loop. To eliminate any putative impact of
a bromo substituent at the quadruplex-duplex interface, the
L11AT-B23 analogue was used as receptor for the ligand. Also, a
20 mM potassium phosphate buffer supplemented with
100 mM KCI was used for a better compatibility with previous
ITC experiments after verification by NMR spectroscopy that the
topology is conserved under the higher salt concentrations (not
shown). As an additional benefit of a higher ionic strength, non-
specific electrostatic interactions between the cationic ligand
and the polyanionic quadruplex may efficiently be
suppressed.''”!
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Figure 8. (A) Superposition of 10 lowest-energy structures (left) and representative structure of L17AT-B13 (right); duplex stem-loop is colored orange, syn-
residues of the G-core are colored red. (B) Q—D junction (left) and possible capping structure stacked onto the 5'-tetrad (right); duplex and G-core residues are
colored in orange and red/grey, respectively; 5'- and 3’- overhang residues as part of a planar capping structure observed in the lowest energy structure are

colored by element with potential hydrogen bonds traced by dotted lines.

A representative ITC isotherm obtained after integration of
the power output for each injection and corrections for the
heats of dilution is shown in Figure 9A (bottom) for the PIQ
titration to the L71AT-B23 receptor at 40°C. Strong exothermic
binding during initial titration steps followed by only a gradual
return to baseline with ligand added in large excess points to at
least two non-equivalent binding sites of very different affinity.
Fitting the data of three independent experiments with a two-
site model yielded an association constant K, for high-affinity
binding of (4443.1)x10°M™' and a binding molar enthalpy
AH° of —8.440.7 kcalmol™. In contrast, second binding with K,
of ~3x10*M™" is lower by two orders of magnitude and likely
suggests PIQ binding to the duplex stem-loop.

Recently, an association constant K, of 2x10°M™' and a
binding enthalpy AH° of —6.3 kcalmol™ was determined under
identical conditions for PIQ binding to a c-myc-derived quadruplex
with the same flanking residues as in L11AT-B23.'” Lacking a
duplex stem-loop, the latter G4 is forced into a parallel topology
through its short 1- and 2-nt loops. Notably, extending one
overhang sequence of the c-myc G4 to form a regular Watson-
Crick duplex stacked on an outer tetrad yielded a stronger and
also a more exothermic association, attributable to a favored PIQ

1
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binding at the newly formed Q-D junction."® Based on these
results and on the noticeable increase in affinity and exothermicity
when going from the non-extended c-myc to the hybrid-type
L11AT-B23 quadruplex, high-affinity binding to the latter is
proposed to occur at the Q-D junction of L711AT-B23 as being the
most favorable binding site.

Because such a binding preference should promote refolding
from a parallel into the hybrid topology in the presence of the
ligand, additional NMR titrations of the parallel non-modified L71AT
quadruplex with PIQ were performed (Figure 9B). With addition of
ligand in sub-stoichiometric amounts, a second set of imino
resonances emerges. Unfortunately, all G4 imino signals experience
significant line-broadening due to dynamic exchange processes
upon continued ligand titration. As a result, the newly formed
complex resonances could not be analyzed and assigned to a
particular topology. On the other hand, a single most downfield
shifted AT Watson-Crick imino resonance is expected at the Q-D
junction for a hybrid-2R topology. Disregarding severe broadening
effects, the absence of a corresponding AT imino seems to argue
against a ligand-induced refolding. As a consequence, the gain in
binding free energy for the PIQ ligand seems to be insufficient to
close the energy gap between the interconverting topologies.
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Figure 9. (A) Representative ITC experiment with the PIQ ligand titrated to the L17AT-B23 quadruplex at 40°C in 100 mM KCl, 20 mM potassium phosphate
buffer, pH 7; the upper panel shows the heat burst for every injection step with a central discontinuity due to reloading the injection syringe for covering a
wider concentration range; the lower panel shows the dilution-corrected heat versus the molar ratio with a least square fit. (B) Imino proton spectral region of
the L11AT quadruplex titrated with the PIQ ligand at 30°C in 10 mM potassium phosphate buffer, pH 7; some newly observed resonances after addition of 0.5

equivalent of ligand are indicated by an asterisk.

Discussion

Previous studies have succeeded in switching the first propeller
loop of a parallel quadruplex to a lateral loop with the formation
of a (+1+p-+p) topology termed hybrid-1R. To access a novel
(-p-p-l) hybrid-type G4 topology, the present work aimed at a
corresponding rearrangement of the third loop to invert the last
G-tract of a parallel G4. Although a flip of either the 5- or 3"-
terminal G-tract seems largely similar, it imposes different steric
constraints. Whereas a 5-3' backbone inversion of the first G-
column in a parallel quadruplex will result in a lateral loop
bridging a narrow groove and two overhang sequences facing
each other in a wide groove, inversion of the fourth G-column will
be accompanied by a lateral loop spanning a wide groove and 5'-
and 3’-termini facing each other in a narrow groove. As a result, a
2-nt intervening sequence between the third and fourth G-tract
was found to be too short to allow formation of a lateral loop for
the present sequences, although 2-nt lateral loops bridging a wide
groove have been reported."®'¥ Here, a 3-nt loop was shown to
be favored for the folding into a (-p-p-I) topology whereas an even
longer and less structured 4-nt loop proved to be less efficient.
Because the width of a B-DNA minor groove closely matches
the width of a quadruplex wide groove, a lateral Watson-Crick
stem-loop is expected to smoothly extend coaxially from the
quadruplex core with continuous base stacking.'? In contrast,
short distances will prevent overhang bases next to the G-core
from forming a regular Watson-Crick base pair. In line with these

Chem. Eur. J. 2021, 27, 10437 - 10447 www.chemeurj.org

considerations, a more efficient strand flip was attempted by
replacing a short lateral loop with a putative stem-loop forming
sequence in the present studies. In fact, a mild promotion of
refolding into a lateral loop through coaxial stem-loop formation
could be observed through a moderate increase in the population
of a rearranged hybrid structure in case of L11AT-B12 when
compared to L773-B12. However, whereas base pairing between
the 5'- and 3"-overhang were previously found to induce a partial
flip of the first G-column even without inserting syn-favoring G
analogues to form a hybrid-1R topology,” base pairing within a
lateral loop as in L71AT and L11GC failed to enforce refolding into
a corresponding hybrid-2R fold without support from additional
¥G modifications. The rather small impact of a stem-loop on
refolding may be attributed to only partial disruptions of base
pairs in a parallel G4. Thus, a propeller loop connecting two faces
of the G-core can also accommodate a B-type hairpin, yet an
orthogonal orientation between quadruplex core and a duplex
stem-loop in such a case excludes base stacking at the interface
and also prevents bases proximal to the junction from forming a
Watson-Crick base pair.

Having enforced a complete refolding by the incorporation of
two ¥G modifications into the fourth G-tract, formed hybrid
structures with a 4-bp lateral stem-loop exhibit unaltered thermal
stabilities when compared to corresponding hybrid quadruplexes
with only a 3-nt lateral loop (Table 1). This is in contrast to
previous observations on a two-tetrad antiparallel quadruplex,
showing a moderate increase in melting temperature upon
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additional stacking of a lateral duplex hairpin onto an outer G-
tetrad.”® Apparently, there is no significant stability gain for the
hybrid-type quadruplex from stacking interactions of an additional
base pair with its outer tetrad. On the other hand, the 11-nt
hairpin-type propeller loop linked by two unpaired bases to
opposite faces of the G-core in LTIAT and L11GC seems to
compromise G4 stability. This is suggested by the lowering of
melting temperatures when going from L7173 to L11AT and L11GC,
with all three non-modified sequences exclusively folding into a
parallel topology. Thus, a favored G-tract inversion in the presence
of a base-paired loop as implied by a comparison of L1713-B12 and
L11AT-B12 may rely on a destabilization through the long propeller
loop in a parallel G4 rather than on additional G4 stabilization
through the stacking of a lateral stem-loop. Clearly, the latter
implies that relative melting temperatures also reflect relative
thermodynamic stabilities at ambient temperatures. Alternatively,
formation of different topologies may also be kinetically controlled
and a remarkable increase in folding kinetics has recently been
reported for a parallel topology in the presence of a fast forming
duplex stem-loop, thought to bring G-tracts closer to each
other.”" Whereas in the latter studies the double-helical domain
was linked by non-complementary unpaired bases to the G-core,
initial formation of a hairpin structure with a terminal base pair
directly adjoining G-tracts may conceivably promote fast folding
into a hybrid structure through its duplex stem-loop mediated
preorganization.

Structural analysis of the formed (-p-p-I) hybrid-2R quadruplex
demonstrates a fourth G-column exclusively comprising all-syn
residues to yield four G(anti)-G(anti)-G(anti)}-G(syn) tetrads of the
same polarity. Given more favorable stacking interactions in syn-
anti and anti-anti steps when compared to syn-syn and anti-syn
steps along a G-column,/?? a hybrid-2R’ conformation with a
G(syn)-G(syn)-G(anti) glycosidic bond pattern of the fourth G-tract
associated with a single G(anti)-G(syn)-G(syn)-G(syn) tetrad and
homopolar as well as heteropolar tetrad stackings would be easily
conceivable (Figure 1). This should specifically apply to L11AT-B12
that comprises two 5-positioned syn-affine G analogues and a
natural G residue at the G-tract 3’-position. Although such a
hybrid-2R" conformation for a sequence with substitutions at the
first two positions in the last G-tract is potentially disfavored by a
larger number of non-brominated syn-G residues (3 versus 1, see
Figure 1), it would harbor only a single unfavorable syn-syn step. In
fact, the presence of a L11AT-B12 minor species points to its
folding into a coexisting parallel topology, but refolding into an
additional hybrid-type conformer with a fourth G(syn)-G(syn)-
G(anti) column cannot be excluded. Thus, observation of addi-
tional low-intensity AT Watson-Crick imino resonances of L11AT-
B12 are compatible with formation of a hybrid-2R" conformer (see
Figure 5). Unfortunately, the low population prevents its unambig-
uous characterization through CD and NMR spectral analysis. Of
note, previously reported hybrid-1 and hybrid-2 topologies, each
forming one propeller and two lateral loops, fold into quad-
ruplexes with a glycosidic bond angle pattern featuring one
antiparallel G(syn)-G(syn)-G(anti) and three G(syn)-G(anti)-G(anti)
columns.** ¥ Also, in flipping the first G-column of a non-modified
parallel quadruplex through complementary overhang sequences
to form a (+1+p+p) hybrid-1R topology, quadruplexes with a

Chem. Eur. J. 2021, 27, 10437 - 10447 www.chemeurj.org

first all-syn tract were also shown to coexist with a corresponding
hybrid-1R" conformation exhibiting a first G(syn)-G(syn)-G(anti)
column, albeit with a lower population.

The newly characterized hybrid-2R fold expands the topolog-
ical toolbox for various G4 technological applications. On the other
hand, the present studies suggest that, although sterically feasible,
a (-p-p-l) quadruplex topology seems disfavored in sequences
lacking nucleotide analogues with specific conformational prefer-
ences. However, with an intervening sequence able to form a
duplex hairpin when linking the third and fourth G-tract, ligands
selectively binding with high affinity to a quadruplex-duplex
junction as formed in a hybrid-2R topology may trigger a
corresponding rearrangement by shifting equilibria. A ligand-
induced refolding of LTIAT from a parallel into a hybrid-2R
topology upon addition of the indoloquinoline PIQ, previously
found to favor binding at a quadruplex-duplex junction, remains
questionable but highly negative binding free energies of even
more specific Q-D binders may overcome energy barriers to
effectively drive G4 refolding. As a consequence, hybrid-2R
topologies may also occur under in vivo conditions in the presence
of binding metabolites or proteins without additional modifica-
tions.

Experimental Section

Materials and sample preparation

All oligonucleotides were synthesized by TIB MOLBIOL (Berlin,
Germany) and additionally purified by precipitation with potassium
acetate and ethanol. Concentration of DNA was determined in
triplicate by the UV absorbance of its unfolded species at 80°C,
employing molar extinction coefficients as provided by the
supplier. For optical and NMR measurements, samples were
dissolved in 10 mM potassium phosphate buffer, pH 7. Concen-
trations of final samples were 5 uM for UV and CD measurements
and ranged from 0.2 to 1 mM for NMR studies. Prior to measure-
ments, samples were annealed by heating to 90°C for 5 min
followed by their slow cooling to room temperature. PIQ was
prepared as described previously and its concentration determined
spectrophotometrically by using a molar extinction coefficient
€376=22227 L-mol™'-cm™'#

UV melting

Melting temperatures for the quadruplexes were determined with a
Jasco V-650 spectrophotometer equipped with a Peltier thermostat.
Temperature dependent absorbances were recorded with a heating
and cooling rate of 0.2°C per minute at 295 nm. There was no
hysteresis, indicating thermodynamic equilibrium conditions. Melt-
ing temperatures were determined by the minimum of a first
derivative plot. In case of a poor signal-to-noise ratio, the derivative
plot was smoothed using the moving window average method.
Final melting temperatures are given as averages from the cooling
curves of three independent measurements.

CD spectroscopy

CD experiments were performed at 20°C with a JASCO J-810
spectropolarimeter equipped with a Peltier thermostat. Following
stirring of the sample for 2 min to avoid concentration gradients in
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the cuvette, spectra were recorded from 210 to 350 nm with a
bandwidth of 1 nm, a scanning speed of 50 nm/min and a response
time of 4 s using a 1-cm quartz cuvette. Five accumulations were
recorded for each sample.

NMR spectroscopy

NMR measurements were performed with a Bruker Avance Neo
600 MHz NMR spectrometer equipped with a "H/"C/"N/"*F quadruple
resonance cryo-probehead and z-field gradients. Unless stated other-
wise, experiments were performed at 30°C. Data were processed in
TopSpin 4.0.7 and analyzed using CcpNmr 2.4.2 software®* For
experimental details see the Supporting Information.

Molecular dynamics simulation

Starting structures calculated with unmodified guanosines replac-
ing 8-bromo-guanosine analogues were generated by simulated
annealing in XPLOR-NIH 3.0.3.2%*" Partial atomic charges for the
modified 8-bromoguanosine residue were calculated using the RED
software with DFT approach.?? Refinement was performed using
AMBER16 with the parmbsc force field and OL15 modifications.”
Adding potassium ions in explicit water, ten lowest-energy
structures were finally obtained after equilibration for 4 ns and
short minimization in vacuo. RMSD calculations, alignments, and
analyses of the calculated structures were performed with the
VMD-1.9.3 software.?¥ Three-dimensional structural representations
were prepared with Pymol-1.8.4 [58].5° For details of the
calculations see the Supporting Information.

Isothermal titration calorimetry

ITC experiments were performed with a Microcal PEAQ ITC micro-
calorimeter (Malvern Instruments, United Kingdom) employing a
reference power of 4 pcal s™'. Oligonucleotides and the PIQ ligand
were each dissolved in 100 mM KCl, 20 mM potassium phosphate
buffer, pH 7.0, supplemented with 5% DMSO. The PIQ solution
(400 uM) was titrated to 20 uM of oligonucleotide with a total of
2x26 injections of 1.5 pL each, an injection duration of 3s, and a
spacing between injections of 240 s. The first injection (0.4 uL) was
rejected during the fitting process. All experiments were blank- and
concentration-corrected. For data analysis, the MicroCal PEAQ-ITC
analysis software was used.

Accession Codes

Atomic coordinates and lists of chemical shifts for L11AT-B13 have
been deposited (PDB ID 701H, BMRB ID 34615).
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METHODS

NMR spectroscopy. Experiments were generally performed at 303 K with proton chemical
shifts referenced relative to the temperature-dependent water chemical shift at pH 7. Carbon
chemical shifts were referenced to DSS using the indirect referencing method. For one-
dimensional and two-dimensional NOESY spectra, an optimized WATERGATE with w5
element was used for solvent suppression. For HSQC experiments, the 3-9-19 solvent
suppression scheme was employed for samples in 90% H20 / 10% D20, using a spectral width
of 6.7 kHz in the '3C dimension. NOESY spectra were acquired with mixing times of 80, 150,
or 300 ms in 90% H20 / 10% D20. DQF-COSY spectra were recorded in 100% D20 with

solvent suppression through presaturation.

Molecular dynamics simulation. Initially, 100 starting structures of lowest energy were
selected out of 400 structures generated by simulated annealing in XPLOR-NIH 3.0.3.[!-2!
Distance restraints were set according to cross-peak intensities in 2D NOESY spectra. For
exchangeable protons, peaks were categorized into very strong (2.9 + 1.1 A), strong (4.0 = 1.2
A), medium (5.0 £ 1.2 A), and weak (6.0 = 1.2 A). For non-exchangeable protons, distances
were set to 2.9 + 1.1 A for strong, 4.0 + 1.5 A for medium, 5.5 = 1.5 A for weak, 6.0 £ 1.5 A
for very weak, and 5.0 = 2.0 A for overlapping cross-peaks. Distance restraints for H-bonds
were included for the tetrads and Watson-Crick base pairs. Glycosidic torsion angle restraints
were set to anti (170-310°) for all residues except for Gs in the fourth G-tract which were
restrained to syn (25-95°). Additional planarity restraints were only employed for the tetrads.
Starting structures were calculated with unmodified guanosines replacing 8-bromo-guanosine

analogs.

Partial atomic charges for the modified 8-bromoguanosine residue were calculated using the
RED software with DFT approach.” Refinement was performed using AMBER16 with the
parmbsc force field and OL15 modifications.*) The 100 starting structures were subjected to
simulated annealing in vacuo to yield 20 converged structures. Here, the same restraints were
used as before with restraint energies set to 40 kcal-mol™!-A? for NOE distance restraints, 50
kcal'-mol!-A-2 for hydrogen bond distance restraints, 200 kcal-mol!-rad? for dihedral angle
restraints, and 30 kcal-mol-A for planarity restraints in tetrads and base pairs. The system
was equilibrated at 300 K for 5 ps, followed by heating to 1000 K for 10 ps. This temperature
was maintained for 30 ps, then the system was cooled to 100 K within 45 ps and to 0 K in 10

ps. Ten lowest-energy conformations were selected for further refinement in water.



Next, potassium ions were added to neutralize the system. Two of them were placed in the inner
channel of the quadruplex core between tetrad layers. After placing each structure in a 10 A
octahedral box, TIP3P water was added. The simulation began with 500 steps of steepest
descent followed by 500 steps of conjugate gradient minimization. Here, the DNA was fixed
with a force constant of 25 kcal-mol!-A2. In the following, the system was heated from 100 to
300 K during 10 ps in a NVT ensemble, continuing with a NPT ensemble equilibration at 1 atm
with energy restraints decreasing from 5 to 0.5 kcal-mol!-A2. Finally, a simulation for 4 ns at
1 atm and 300 K was calculated. The last 500 ps of the trajectory were averaged and shortly

minimized in vacuo, resulting in 10 lowest-energy structures.
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Figure S1. CD spectra of quadruplex-forming sequences without (left) and with a putative

stem-loop structure (right) in 10 mM potassium phosphate buffer, pH 7.
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Figure S2. 2D NOE spectral regions of L172-B12. (A) H8/6(w2)-H1’(w1) cross-peaks with
sequential contacts traced along the G-core (black) as well as along overhang residues (red).
(B) Sequential H1-H1 cross-peaks and additional intra-tetrad contacts labeled in red. (C) Intra-
and inter-tetrad H8(w2)-H1(w1) cross-peaks and additional contacts involving overhang residue
A22 labeled in red. Tetrad polarities as determined from intra-tetrad NOE contacts are
summarized at the bottom. (D) Topology of the L112-B12 quadruplex with residue numbers

and tetrad polarities indicated; ®'G analogs are labeled with white numbers.
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B12 major species. (B) H8/6(w2)-H1’(w1) cross-peaks of L113-B12 (red) and L112-B12 (black);
sequential contacts are traced along the G-columns for L7/2-B12. (C) H8/6(®2)-H1’(w1) cross-
peaks of L113-B12 (red) and L113-B123 (blue); sequential contacts are traced along the G-
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stem are traced by horizontal and vertical lines in (A).
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Table S1. 'H and '*C chemical shifts & (ppm) of L112-B12.¢

residue H8/H6 C8/C6 HI’ H2’/H2" HI H5/H2/Me
Tl 7.21 139.73 5.75 2.04 n.d. n.d.
G2 7.63 139.45 5,64  2.38/245 n.d.
A3 7.98 141.63 5.88 2.59 - n.d.
G4 7.96 138.07 6.00 2.72/296 11.67
G5 7.70 137.41 6.13 n.d. 11.20
G6 7.73 138.03 642  2.61/275 10.69
T7 7.86 139.94 6.53 n.d. n.d. 1.98
G8 7.99 138.08 6.13 246/294 11.71
G9 7.92 138.37 6.18 2.65/291 11.29
GI10 7.84 137.99 649  2.64/2.77 10.80
TI11 7.86 139.94 6.53 n.d. n.d. 1.98
Gl12 8.03 138.41 6.19 246/297 11.56
G13 7.99 138.44 n.d. n.d. 10.99
Gl4 7.83 137.77 n.d. n.d. 10.96
TI15 7.78 140.26 6.31 2.34/2.51 n.d. 1.97
Cle 7.93 145.46 637  2.52/2.68 - n.d.
BrG17 - - n.d. n.d. 11.43
BrG18 - - 6.20 2.63/3.14 11.50
GI19 7.67 137.46 6.13 2.56/279  11.04
T20 7.12 138.45 5.89 1.90/2.37 n.d. 1.52
A21 7.76 141.17 5.75 2.00/2.46 - n.d.
A22 7.52 140.28 5.63 2.19 - n.d.

“ At 303 K in 10 mM potassium phosphate buffer, pH 7.

»No stereochemical assignment for H2’/H2” protons.
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Table S2. 'H and "*C chemical shifts & (ppm) of L113-B123.¢

residue H8/H6 C8/C6 HI’ H2’/H2”? HI H5/H2/Me
T1 7.24 139.41 5.88 n.d. n.d. n.d.
G2 7.47 139.17 5.51 n.d. n.d.
A3 8.14 141.40 5.96 n.d. 7.76
G4 7.85 137.12 596  2.66/292 11.32
G5 7.55 137.03 6.21 2.54/2.89 10.94
G6 7.60 138.42 6.39 2.66 10.97
T7 7.87 139.96 6.52  2.46/2.70 n.d. 1.98
G8 8.02 137.87 6.18 2.45/3.01 11.53
G9 7.86 138.18 6.08 2.67/2.85 11.04
G10 7.84 137.86 646  2.57/2.67 11.15
T11 7.87 139.96 6.52  2.46/2.70 n.d. 1.98
G12 7.89 n.d. 5.84 n.d. 10.99
G13 7.89 n.d. 5.86 2.66 11.09
Gl14 7.84 137.04 6.27 2.65/2.78 11.16
T15 7.45 139.01 6.14 2.20/242 n.d. 1.71
Cl6 7.52 n.d. 5.94 1.98/2.28 - 5.78
Al7 7.70 140.78 5.70 1.80/2.42 - 7.29
BrG18 - - n.d. n.d. 11.21
Br'G19 - - n.d. n.d. 11.49
BrG20 - - n.d. n.d. 11.45
T21 7.34 141.89 6.08 n.d. n.d. 1.88
A22 8.01 141.28 6.16 n.d. - n.d.
A23 n.d. n.d. n.d. n.d. - 7.44

“ At 303 K in 10 mM potassium phosphate buffer, pH 7.

»No stereochemical assignment for H2’/H2” protons.
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Table S3. 'H and '*C chemical shifts & (ppm) of L11GC.

residue H&/H6 C8/C6 HI’ H2>/H2P H1 H5/H2/Me

T1 7.23 139.41 5.74 n.d. n.d. 1.62
G2 7.39 139.74 5.62 2.33/2.83 n.d. -
A3 7.86 n.d. 5.84 n.d. - n.d.
G4 8.00 n.d. 6.07 3.03 11.75 -
G5 7.69 137.40 6.10 2.88 11.21 -
G6 7.72 137.85 6.39 2.59/2.74 10.62 -
T7 7.85 139.91 6.51 2.45/2.67 n.d. 1.97
G8 8.00 137.75 6.13 244/293  11.60 -
G9 7.83 138.14 6.14 2.60/2.87 11.15 -
G10 7.80 137.78 6.45 2.61/2.75 10.82 -
T11 7.85 139.91 6.51 2.45/2.67 n.d. 1.97
GI12 7.96 n.d. 6.09 n.d. 11.73 -
Gl13 7.91 n.d. 5.97 n.d. 11.32 -
Gl4 7.71 137.54 6.23 n.d. 10.94 -
G15 7.84 138.97 n.d. n.d. n.d. -
Cl6 7.31 143.63 577  2.48/2.69 - 5.30
G17 8.14 139.31 5.98 2.38/2.70 n.d. -
C18 7.04 141.77 5.99 n.d. - 5.14
G19 7.91 n.d. 5.57 n.d. n.d. -
C20 7.51 143.38 5.97 n.d. - n.d.
A2l 7.84 n.d. n.d. n.d. - n.d.
G22 8.01 n.d. 5.95 1.65/2.22 n.d. -
C23 7.31 142.63 549  2.54/2.58 - 5.38
G24 8.01 138.76 6.13 n.d. n.d. -
C25 7.62 144.00 6.10  2.36/2.46 - 5.73
G26 7.96 n.d. 594 253/279 11.75 -
G27 7.69 137.40 6.02 2.62/2.68 11.28 -
G28 7.56 137.06 6.13 2.50/2.78  10.99 -
T29 7.10 138.25 5.90 n.d. n.d. 1.43
A30 7.75 141.07 5.75 n.d. - 7.08
A3l 7.49 140.19 5.58 n.d. - 7.37/153.9

“ At 303 K in 10 mM potassium phosphate buffer, pH 7.

’No stereochemical assignment for H2’/H2” protons.



Table S4. 'H and '*C chemical shifts & (ppm) of L1/AT-B13.¢

residue  H8/H6  C8/C6 HI’ H2’/H2”? H3’ HI H5/H2/C2/Me
T1 7.31 139.34 5.96 1.60/1.99 439 nd. 1.74
G2 7.44 139.07 5.53 224/230 467 nd. -
A3 8.04 141.47 5.87 2.36/2.81 4.73 7.74/154.9
G4 7.88 137.68 5.99 2.67/3.00 490 11.01 -
G5 7.59 137.20 6.18 2.54/2.91 480 11.26 -
G6 7.77 138.92 6.42 2.67* 465 11.10 -
T7 7.86 139.91 6.52 2.46/2.69 n.d. n.d. 1.99
G8 8.10 137.50 6.23 2.53/3.05 517 11.52 -
G9 7.81 138.03 6.08 2.61/2.84 506 11.15 -
G10 7.77 138.11 5.66 237/2.33 465 11.09 -
TI1 7.86 139.91 6.52 2.46/2.69 n.d. n.d. 1.99
GI2 7.74 137.34 5.59 2.11/2.71 512 11.05 -
GI3 7.89 n.d. 593  2.66*/2.72* 507 11.61 -
Gl4 7.88 n.d. 5.84 2.70/2.70 5.07 10.68 -
AlS 8.31 141.25 6.33 2.65/2.87 5.11 7.76 / 155.1
Cl6 7.23 142.51 555 2.00%/231* 4.84 5.22
G17 7.72 138.18 5.82 239/258 490 12.75 -
C18 6.92 141.65 5.84 1.66/2.28  4.74 5.03
GI19 8.08 139.14 5.68 2.63/2.43 483 n.d. -
C20 7.24 143.52 5.76 1.58/2.08 437 5.23
A21 7.19 139.20 5.35 2457237 n.d n.d.
G22 7.88 n.d. 6.18 2727279 477 1281 -
C23 7.19 142.75 5.57 1.85/2.23 4.69 5.16
G24 7.63 138.45 5.84 2.25%/2.52* 480 12.76 -
T25 6.85 137.92 5.76 1.90/2.74 473 13.45 1.00
BrG26 - 591 3.21/2.50 nd. 11.21 -
G27 7.05 140.25 5.77 321/3.04 4383 11.00 -
BrG28 - 5.79 2.78/234 489 1142 -
T29 7.11 139.78 6.04 1.41/2.01 469 n.d. 1.85
A30 7.77 141.63 5.66 3.24/3.24  4.65 7.28/154.5
A3l 8.00 141.06 6.20 2.60/2.89  4.60 n.d.

“ At 303 K in 10 mM potassium phosphate buffer, pH 7.

b Stereochemically ambiguous H2’/H2” resonances are marked with an asterisk.
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Table S5. NMR restraints and structural statistics for the structure calculations of L1/A4AT-B13.

NMR restraints
NOE-based distance restraints:
intra-residual
inter-residual
exchangeable
other restraints:
hydrogen bonds
dihedral angles
planarity
structural statistics
pairwise heavy atom RMSD value (A):
all residues
G-tetrad core
duplex stem-loop
NOE violations (A):
maximum violation
mean NOE violation
deviations from idealized geometry:
bonds (A)
angles (degree)

97
153
62

70
31

25+04
0.5+£0.1
25+09

0.30
0.003 £ 0.001

0.01 +0.0001
2.25+0.02
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ABSTRACT

A G-rich sequence was designed to allow folding into
either a stable parallel or hybrid-type topology. With
the parent sequence featuring coexisting species,
various related sequences with single and double
mutations and with a shortened central propeller
loop affected the topological equilibrium. Two sim-
ple modifications, likewise introduced separately to
all sequences, were employed to lock folds into one
of the topologies without noticeable structural al-
terations. The unique combination of sequence mu-
tations, high-resolution NMR structural information,
and the thermodynamic stability for both topological
competitors identified critical loop residue interac-
tions. In contrast to first loop residues, which are
mostly disordered and exposed to solvent in both
propeller and lateral loops bridging a narrow groove,
the last loop residue in a lateral three-nucleotide
loop is engaged in stabilizing stacking interactions.
The propensity of single-nucleotide loops to favor
all-parallel topologies by enforcing a propeller-like
conformation of an additional longer loop is shown
to result from their preference in linking two outer
tetrads of the same tetrad polarity. Taken together,
the present studies contribute to a better struc-
tural and thermodynamic understanding of delicate
loop interactions in genomic and artificially designed
quadruplexes, e.g. when employed as therapeutics
or in other biotechnological applications.

GRAPHICAL ABSTRACT
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INTRODUCTION

G-Quadruplexes (G4s) are four-stranded structures that are
formed by G-rich DNA or RNA sequences. These non-
canonical nucleic acids have attracted considerable atten-
tion during the last two decades due to their biological role
and their potential to serve as targets for medicinal inter-
ventions (1-3). In addition, tailored G4s of a particular fold
are increasingly engineered, e.g. as aptamers in G4-based
therapeutic and diagnostic applications (4). Up to now, a
significant number of single G4s formed by truncated G-
rich sequences of biological relevance has been determined
at high resolution, giving insight into specific structural fea-
tures and intrinsic interactions (5-8). This also includes
non-canonical architectures such as G4s with a V-shaped
loop, initially characterized based on a genomic sequence
(9). On the other hand, a very recent study employed an
iterative integrated structural biology approach to also de-
rive the structures of longer wild-type promoter sequences
mostly intractable for high-resolution structure determina-
tions. Notably, results suggested that more complex higher-
order G4 assemblies rather than monomeric G4s may be
more common and relevant within the cellular environment
(10).

For reliably predicting G4 structures within the genome
and for a better understanding of folding pathways in the
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design of specific G-rich sequences of a desirable G4 topol-
ogy, an in-depth understanding of interdependent interac-
tions that determine the overall thermodynamic stability of
the system is needed. When trying to derive more general
rules that determine G4 folding, studies largely rely on de-
signed sequences that fold into a single G4. Unlike natu-
ral sequences of putative physiological relevance, the latter
impose fewer restrictions when introducing more extensive
mutations to systematically probe sequence dependent ef-
fects. Flanking and especially intervening sequences that
form different types of loops are critical determinants of
major folds and the relationship of their length and compo-
sition with favored folding pathways has been scrutinized
in the past at different levels (11-16). Based solely on ge-
ometric considerations, a particular type of loop may al-
ready be excluded by the length of the intervening sequence
bridging two G-core positions at varying distances in an in-
tramolecular G4. Thus, whereas a single nucleotide between
two G-tracts generally forms a stable one-nucleotide (1-nt)
propeller loop upon folding into a three-layered G4, lateral
and diagonal loops bridging two adjacent and distal corners
of an outer G-tetrad are expected to mostly require a loop
length >2 and >4 nucleotides (17,18).

In addition to simple geometric restraints set by the mini-
mum length of loops, the collection of data for a large num-
ber of canonical G4s has also contributed to several empir-
ical rules relating the length and distribution of loops to the
most favored G4 fold (19-21). Notably, G4s with a short
central loop seem to favor a parallel topology whereas G4s
with a long central loop have a higher propensity of fold-
ing into an antiparallel or hybrid-type structure (22). Also,
irrespective of the length of a third loop the presence of
two 1-nt loops was mostly found to impose a parallel fold
(23). Such a propensity of single-nucleotide loops to also
enforce propeller-type conformations of additional longer
loops seems to be a general phenomenon but its molecular
origin remains vague. Apparently, the formation of loops
upon G4 folding are interdependent and loop interactions
seem to be critical determinants of the overall topology
of intramolecular structures. However, relevant forces that
drive a specific folding are only poorly understood and their
assessment requires both a detailed structural as well as
thermodynamic analysis. Lacking a better understanding
of loop length and residue dependent G4 folding, a more
reliable prediction of favored G4 topologies adopted by a
G-rich sequence is severely hampered as is the engineering
of a given G4 fold.

Intervening sequences composed of three nucleotides
may likewise form propeller and lateral loops depending on
the overall sequence context. Such a variability manifests
itself for the human telomeric quadruplex comprising three
TTA loops. Depending on flanking sequences but also on
outer conditions like type of cation in the buffer solution,
crystal packing, and molecular crowding effects, several
folds with different loop arrangements have been reported
(24-26). Thus, being of particular interest, the present study
focuses on the propensity of 3-nt intervening sequences to
either fold into a favored propeller or lateral loop but also
on the still elusive tendency of a central 1-nt propeller loop
to promote folding into an all-parallel topology. The strat-
egy is based on the design of a G-rich sequence restricted

to fold into two stable competitive G4 structures with a 3'-
terminal snapback loop and on the ability to completely
shift the topological equilibrium to either side by employ-
ing two different modifications. A combination of thermo-
dynamic and NMR structural studies on various sequence
mutants, also including the use of non-natural nucleoside
analogs, was employed to unravel loop residue interactions
that favor formation of a particular topology. Stabilization
of a lateral loop through outer tetrad stacking of a loop 3'-
purine but also the importance of steric effects associated
with a 1-nt propeller loop bridging three tetrad layers was
demonstrated. The present results provide a detailed struc-
tural and thermodynamic account for some empirical cor-
relations reported in the recent past and enhances our un-
derstanding of G4 folding to support a better prediction but
also a more rational design of G4 topologies.

MATERIALS AND METHODS
Materials and sample preparation

All DNA oligonucleotides were purchased from TIB MOL-
BIOL (Berlin, Germany) and further purified by ethanol
precipitation. Concentrations were determined spectropho-
tometrically by measuring absorbances at 260 nm at 80°C in
salt-free H,O with molar extinction coefficients as provided
by the manufacturer based on a nearest-neighbour model
(27,28). All DNA oligonucleotides were dissolved in a low-
salt buffer of 10 mM potassium phosphate, pH 7. Samples
were annealed with concentrations as used for the subse-
quent experiments by heating to 85°C for 5 min followed by
slow cooling to room temperature and storage in a refriger-
ator overnight.

Circular dichroism (CD)

CD spectra were acquired with a Jasco J810 spectropo-
larimeter. Quadruplex sequences (~5 wM) were measured
in 1-cm quartz cuvettes at 20°C. Spectra were obtained by
the accumulation of five scans at a speed of 50 nm/min over
arange of 220-330 nm, a bandwidth of 1 nm, and a response
time of 4 s.

UV melting and the determination of thermodynamic param-
eters

Melting experiments were performed in triplicate with a
Jasco V-650 spectrophotometer equipped with a Peltier
thermostat (Jasco, Tokyo, Japan) using quartz cuvettes of
10 mm path length. Absorbances of oligonucleotides (~5
M) were recorded at 295 nm from 10 to 90°C with a heat-
ing and cooling rate of 0.2°C/min. Employing a linear fit
with extrapolation of upper and lower baselines, the ab-
sorbance vs. temperature curve was converted to a folded
fraction a vs. temperature curve. Melting temperatures 7},
with a folded fraction a = 0.5 are reported as an averaged
value from heating curves of three independent measure-
ments. With the equilibrium constant K(7') given by K(7) =
(1-a(T))/(T), thermodynamic parameters AH°, AS° and
AG° were derived from a van’t Hoff analysis using the stan-
dard thermodynamic relationships InK(7) = ~-AH°/RT +
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AS°/R and AG°(T) = AH° — TAS°. The analysis is based
on a two-state equilibrium with the assumption of negligi-
ble heat capacity effects and temperature independent en-
thalpies and entropies.

NMR spectroscopy

All NMR spectra were acquired on a Bruker Avance
Neo 600 MHz spectrometer equipped with an inverse
'H/13C/"N/F quadruple resonance cryo-probehead and
z-field gradients. Unless stated otherwise, NMR spectra
were acquired at 30°C in 10 mM potassium phosphate
buffer with 10% D,O, pH 7.0. For spectral processing and
analysis, Topspin 4.0.7 and CcpNmr Analysis 2.4.2 was
used (29,30). Proton chemical shifts were indirectly refer-
enced to sodium trimethlysilyl propionate (TSP) through
the temperature-dependent water chemical shift at pH 7.0
and carbon chemical shifts were referenced to sodium
trimethylsilylpropanesulfonate (DSS) through an indirect
referencing method. An optimized WATERGATE with w5
element was employed for solvent suppression in 1D spectra
and 2D nuclear Overhauser effect (NOESY) experiments.
Two-dimensional NOESY spectra were recorded with mix-
ing times of 300, 150 and 80 ms. 'H—'3C heteronuclear
single quantum correlation (HSQC) experiments were per-
formed with a 3—9—19 water suppression scheme, 4K x 500
data points and a spectral width of 7500 Hz to accom-
modate '3C6/C8/C2 resonances in the indirect dimension.
'"H—13C heteronuclear multiple bond correlation (HMBC)
spectra were acquired with a jump-and-return water sup-
pression, 2K x 136 data points, and processed with 50%
Non-Uniform Sampling (NUS) in the indirect dimension.
Double quantum filtered correlation (DQF-COSY) spectra
were either recorded with water suppression through presat-
uration in 100% D,O or with a 3—9—19 water suppression
in 90% H,0/10% D,0 employing 2K x 512 data points.

NMR structure calculation

Initially, 100 starting structures of lowest energy were se-
lected from 400 structures calculated by a simulated an-
nealing protocol in XPLOR-NIH 3.0.3 (31,32). Distance
restraints were set according to crosspeak intensities in
NOESY spectra. For non-exchangeable protons, intensities
were categorized as strong (2.9 + 1.1 A) medium (4.0 + 1.5
A) weak (5.5 £ 1.5 A) and very weak (6.0 £ 1.5 A) For
exchangeable protons, intensities were assigned as strong
4.0+£1. 2A) medium (5.0 + 1. 2A)andweak(6 0+1 2A)
Glycosidic torsion angles were set to 170—310° for anti con-
formers and to 25—95° for syn conformers. The pseudoro-
tation phase angle was restricted to 144—180° for south-type
sugar puckers. G22 in °#"Q was restrained to a north sugar
pucker with a pseudorotational angle of 0—90°. Addition-
ally, planarity and hydrogen bond restraints were employed
for bases in each G-tetrad.

Refinement was performed in vacuo using AMBERI18
with the parmbsc force field and OL15 modifications for
DNA (33). Partial atomic charges for the modified 8-
bromoguanosine residues were calculated with the RED
software using a DFT approach (34). The same restraints
were used as before. Twenty converged lowest-energy struc-
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tures were generated from 100 starting structures with a
simulated annealing invacuo.

For a refinement in water, potassium ions were added to
neutralize the system and two ions were placed in the in-
ner channel of the G-quadruplex core between two adja-
cent tetrad layers. The system was hydrated with TIP3P wa-
ter in a truncated octahedral box of 10 A. The final sim-
ulation was performed at 1 atm and 300 K for 4 ns using
only NMR-derived NOE distance and Hoogsteen hydrogen
bond restraints. The trajectory was averaged for the last 500
ps and minimized in vacuo to obtain 10 lowest-energy struc-
tures. The VMD 1.9.2 software was used for the analysis of
calculated structures (35). Three-dimensional structure rep-
resentations were prepared with Pymol 1.8.4.

RESULTS AND DISCUSSION
Design of G-quadruplex forming sequences

Initially, a parent G-rich sequence 5'-
GGCTAGGGTCAGGGTGGGTCAG-3' with a truncated
5’-terminal GG-tract termed Qref was designed to restrict
the available topological space and to better control the
formation of various putative G4 species for thermody-
namic and NMR spectral analyses (for all Qref derived
oligonucleotides see Table 1). Sequences comprising a
guanine-deficient GG-tract in addition to three GGG-
tracts may fold into a three-layered quadruplex topology
but with one tetrad bearing a vacant site. Interestingly,
bioinformatics studies have shown that such sequences are
highly abundant in the human genome and may potentially
support an environment-responsive regulation in cellular
processes (36,37). Thus, the vacant site can be filled with
a guanine base from guanine-containing metabolites but
also stabilized intramolecularly through snapback loop
formation to form an intact G-core (38-40). Accordingly,
the 3'-terminal TCAG-sequence of Qref was expected to
form a snapback loop for filling a putative vacant position
as a result of its truncated 5-GG-tract, allowing a G4
architecture with three intact G-tetrads.

Given a most stable 1-nt propeller loop linking the third
and fourth G-column and the absence of any diagonal loop
with available loop lengths of <3 nucleotides, the first two
3-nt intervening segments may either arrange in a lateral
or a propeller loop, the latter required to follow the right-
handed G4 helicity with a counter-clockwise progression if
the 5'-terminal G-column runs towards the viewer (18,41).
Also, excluding a highly unlikely propeller-type snapback
loop only observed in a rather unique G4 formed by a c-kit
promoter sequence (42), two stable topologies for a three-
layered snapback loop architecture with a 3-3-1 loop length
arrangement can be envisaged (Figure 1A, B). For conve-
nience, a systematic G4 notation according to Webba da
Silva was employed, classifying different topologies with
a simple descriptor that only includes the type (p, | and d
for propeller, lateral, and diagonal) and relative direction of
loops linking G-tracts (+ and — for clockwise and counter-
clockwise progression, respectively) (43,44). Thus, the two
three-layered topologies are expected to either comprise a
+(Ipp) hybrid-type structure with one 3-nt lateral loop fol-
lowed by a 3-nt and a 1-nt propeller loop (Figure 1A) or a
—(ppp) parallel fold with two 3-nt and a single 1-nt propeller
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Table 1. Parent sequence Qref'and Qref-derived oligonucleotides with terminal 1-nt additions/deletions as well as single and double mutations®

Oligonucleotide Sequence Major topology®
QOref 5-GG-CTA-GGG-TCA-GGG-T-GGG-TCA-G-3¥ +(lpp)
3'del ) 5'-GG-CTA-GGG-TCA-GGG-T-GGG-TCA-3 —¢
2Brg 5'-GBrG-CTA-GGG-TCA-GGG-T-GGG-TCA-G-3’ +(Ipp)
6BrQ 5'-GG-CTA-BrGGG-TCA-GGG-T-GGG-TCA-G-3' +(Ipp)
7Bro 5-GG-CTA-GBrGG-TCA-GGG-T-GGG-TCA-G-3 —
8Brg 5-GG-CTA-GGBrG-TCA-GGG-T-GGG-TCA-G-3' —¢
16Br ) 5'-GG-CTA-GGG-TCA-GGG-T-BrGGG-TCA-G-3' +(Ipp)
ITg 5-T-GG-CTA-GGG-TCA-GGG-T-GGG-TCA-G-3' -(ppp)
0-5T 5'-GG-CTT-GGG-TCA-GGG-T-GGG-TCA-G-3’ -(ppp)
0-51 5'-GG-CTI-GGG-TCA-GGG-T-GGG-TCA-G-3 +(Ipp)
0-5x¢ 5-GG-CTX-GGG-TCA-GGG-T-GGG-TCA-G-3’ -(ppp)
Q-11T 5-GG-CTA-GGG-TCT-GGG-T-GGG-TCA-G-3 +(Ipp)
Q-111 5'-GG-CTA-GGG-TCI-GGG-T-GGG-TCA-G-3 +(Ipp)
0-11x7 5'-GG-CTA-GGG-TCX-GGG-T-GGG-TCA-G-3' +(Ipp)
Q-5I-111 5-GG-CTI-GGG-TCI-GGG-T-GGG-TCA-G-3 +(Ipp)
Q-3T-10T 5'-GG-TTA-GGG-TTA-GGG-T-GGG-TCA-G-3 +(Ipp)
0-34 5'-GG-ATA-GGG-TCA-GGG-T-GGG-TCA-G-3’ +(Ipp)
0-3x4 5-GG-XTA-GGG-TCA-GGG-T-GGG-TCA-G-3’ +(Ipp)

4Mutations are indicated by underlined bold letters.

"Based on imino NMR signal intensities at 7'= 30°C. ®Significant structural heterogeneity. X = abasic 1’,2'-dideoxyribose residue.

A

@

~(lp) +(IIh

Figure 1. Putative G4 topologies of designed sequences given a third 1-
nt propeller loop and the absence of diagonal loops with loop lengths <3
residues. (A) Three-tetrad hybrid-type +(lpp) and (B) parallel —(ppp) topol-
ogy with snapback loop filling a vacant G-tetrad position; (C) hybrid-2 —
(llp) G4 with a G vacancy in its lower tetrad and (D) two-tetrad antiparallel
+(111) G4. Stabilities of the latter two G4s are expected to be compromised
by the formation of only two intact G-tetrads. Topologies are characterized
by simple loop descriptors according to Webba da Silva (43,44).

loop (Figure 1B). The 3'-terminal snapback loop filling the
vacant position of the first Gp-tract was omitted in the de-
scriptors.

Other putative folds suffer from the loss of a third in-
tact G-tetrad. A hybrid-2 topology —(llp) with two lateral
loopsis expected to be considerably disfavored by leaving an
empty outer G-core position with the 3’-terminal snapback
G located at the opposite G4 face (Figure 1C). Likewise,
the stability of a putative two-tetrad antiparallel G4 +(1l1)
with three lateral loops is compromised by the presence of
only two stacked G-tetrad layers (Figure 1D). Clearly, for-
mation of a three-layered chair-type topology is effectively
eliminated by a 1-nt intervening sequence between Gs-tracts
which is largely restrained to form a stable propeller-type
loop.

It should be mentioned that there are no flanking se-
quences in the basic snapback loop design of Qref. Whereas
loop interactions with overhang nucleotides have been
shown to influence G4 folding as demonstrated by hu-
man telomeric sequences with different flanking residues,
eliminating the impact of overhang residues reduces addi-
tional complexity to focus on loop interactions inherent to
the G4 structure. Also, putative rearrangements of flank-
ing nucleotides, e.g. in genomic DNA upon formation of
quadruplex-duplex junctions may easily alter overhang in-
teractions in unpredictable ways.

Topology of G-quadruplex forming sequences

The imino proton spectral region of parent Qref suggests
formation of a high-populated major and a lower popu-
lated minor three-layered G-quadruplex in a molar ratio
of about 1:0.4 with additional very low-intensity signals
of a third species (Figure 2). Deleting the 3'-terminal G
to give the truncated ° %/Q sequence, imino resonances of
both major and minor quadruplexes vanish and a com-
plete re(un)folding is evidenced by downfield-shifted and
significantly broadened imino signals. Although structures
formed by truncated * */Q are not amenable to a more de-
tailed structural analysis, it can be hypothesized based on
their antiparallel CD signature with minima and maxima of
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the amplitude at about 265 and 290 nm (Figure 3) that they
include G-register isomers of two-tiered antiparallel folds
such as the one shown in Figure 1D or similar to a basket-
type telomeric G-quadruplex with only two G-tetrad layers
called Form 3 (45). However, formation of multistranded
species is also conceivable. Requiring a 3’-terminal G for
folding, the Qref sequence is expected to form a snapback
loop G4 with an interrupted first G-column and with the
3’-G residue participating in a G-tetrad.

To get more insight into the major Qref topology, either
position 6, 7 or 8 of the second GGG-tract was selectively
substituted with a syn-favoring 8-bromo-2’-deoxyguanosine
residue B'G. Whereas substitutions at positions 7 and 8
proved deleterious for the original fold with considerable
shifts and broadening of imino resonances (not shown), the
68" 0 sequence with a bromo-modification at position 6 fea-
tured a mostly clean imino proton spectral region composed
of twelve well resolved resonances (Figure 2).

A detailed NMR spectral analysis of 9" Q was based on
NOESY, DQF-COSY, 'H-"*C HSQC and 'H-*C HMBC
experiments (for spectral assignment strategies, spectra,
and chemical shifts see Supplementary Figures S1-S5 and
Supplementary Table S1 in the Supporting Information).
Unambiguous resonance assignments together with H/D
isotope exchange experiments demonstrated folding into
a +(Ipp) hybrid-type topology. It comprises a single first
lateral followed by two propeller loops as well as one
broken syn—syn—anti column (G22-G1-G2) and three
syn—anti—anti columns (G6-G7-G8, G12-G13-G14 and
G16-G17-G18) (Figure 4A).

Comparison of imino proton chemical shifts and in par-
ticular observation of closely similar crosspeak patterns
in 2D NMR spectra identified the topology of the B'G-

modified sequence to also represent the major fold of Qref

(Supplementary Figures S6 and S7). In trying to unambigu-
ously identify the lower populated Qref G4 species, a sin-
gle 5-flanking T was added to the Qref sequence to give
>TQ. Such an approach follows the expectation that a 5'-
T overhang should not impact or rather stabilize a paral-
lel —(ppp) fold with G1 located in the 5'-outer tetrad while
preventing a hybrid-type +(Ipp) topology with G1 located
in the central tetrad due to steric clashes with the fill-in 3'-
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terminal G (see Figure 1A, B). Indeed, modified sequence
3'TO again features a clean and well resolved imino proton
NMR spectral region indicative of a single G4 fold and a
CD signature characteristic of a parallel topology (Figures
2 and 3). A detailed NMR spectral analysis using standard
strategies demonstrated its parallel topology with three pro-
peller loops and a terminal snapback syn-G residue filling
the vacant position at the 3’-outer tetrad (Figure 4B; for as-
signment strategies, spectra, and a compilation of chemical
shifts see Supplementary Figure S8-S11 and Supplementary
Table S2). Again, a close inspection of °'7Q and Qref spec-
tra with highly similar signal chemical shifts and crosspeak
patterns identified the parallel fold to be the higher popu-
lated minor species in the Qref mixture (see Figure 2).

Three-dimensional structure of 4 Q and *' 7Q

Following resonance assignments, molecular dynamics sim-
ulations were performed for ®#”Q and *'7Q in explicit water
using NMR-derived distance and dihedral angle restraints.
With rmsd values of 0.7 and 0.9 A for #"Q and °'TQ, re-
spectively, the three-layered G-core is well defined for both
G4s (for structural statistics and a superposition of ten
lowest-energy structures see Supplementary Table S3 and
Supplementary Figure S12). In general, higher rmsd val-
ues of 2.2 and 2.5 A as calculated for all residues can be
attributed to significant fluctuations of those loop residues
that are mostly exposed to solvent but also partially directed
towards a G4 groove. However, all residues of the snapback
loop, second and third residues in the (+lpp) lateral loop
bridging a narrow groove and the last 3’-residue of the 3-nt
propeller loops are well defined.

A representative structure of the °#"Q G4 is shown in
Figure 5SA. The 5-terminal G1 is positioned in the cen-
tral tetrad of a syn-syn-anti G-tract. A 3-nt lateral loop C3-
T4-A5S is followed by a 3-nt propeller loop T9-C10-All,
a 1-nt propeller loop T15, and a 3-nt snapback loop with
3’-terminal G22 filling the vacant position of the first G-
column. Residues of the lateral snapback loop T19-C20-
A21 bridging a wide groove adopt a well-defined orienta-
tion in the structural ensemble. Thus, a T19-A21 Hoogsteen
base pair caps the lower G-tetrad with additional outer
stacking of C20 onto the base pair (Supplementary Figure
S13A). Looking at the first 3-nt lateral and following 3-nt
propeller loops, a formed capping structure onto one side of
the upper G-tetrad is noticeable and corroborated by sev-
eral experimental NOE restraints (Figures 5B and Supple-
mentary Figure S14A, B). Thus, 3'-terminal loop residues
A5 and All stack onto the tetrad, exhibiting a putative
hydrogen bond interaction between the A11 amino proton
and AS N3 in most of the structures. T4 stacks over AS that
is sandwiched between the preceding T4 and G2 of the outer
G-tetrad. In contrast, A11 only shows poor stacking over
syn-Go.

A highly similar arrangement with a 3’-adenine of a 3-
nt propeller loop recruited through putative base-base in-
teractions by a 3’-adenine of a preceding lateral loop to
stack onto the top G-tetrad has also been observed by a hu-
man telomeric sequence 5-(TTAGGG)4TTA-3’ with a sin-
gle B'G modification in Na* solution (46). In the formed an-
tiparallel +(Ipl) G4, the 3'-A of the lateral loop is addition-
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Figure 3. CD spectra of Qref, 3 %0, 9870 and ' TQ. Whereas spectra of Qref'and 587 Q are in line with a mixture of parallel, antiparallel, and/or hybrid-
type topologies, spectra of 3 " del O (blue background) and ° ’TQ (red background) feature a signature typical for an antiparallel and a parallel topology,
respectively (20). CD spectra were acquired in 10 mM potassium phosphate buffer, pH 7.0, at 20°C.

o

68rQ: 5'- GG /GGG

11 2 67 8 121314 1516 1718 22

GGG GGG G-3’
GGG GGG G-3’

57Q: 5'-TGG " /GGG

Figure 4. (A) Topologies of %" Q and (B) ST quadruplexes; syn- and anti-
G residues are colored red and grey, n and w denote narrow and wide
groove, respectively. (C) Sequence of 8" Q and *' 70 with residue number-
ing; added 5'-T and incorporated B G residue in red, intervening sequences
in orange, and Gs participating in tetrad formation underlined.

ally base-paired to a thymine of the 3’-flanking sequence
(Supplementary Figure S14C). Likewise, stacking of a 3’'-
adenine base of a propeller loop onto an outer tetrad has
been found in longer propeller loops if recruited by an ad-
jacent coplanar base in a lateral loop or overhang sequence
(47,48).

Calculated structures of °'7Q feature a parallel three-
layered G4 with a T(-1) 5'-overhang and G1 in an outer
tetrad position (Figure 5C). The G1-G2 run of the first G-
column is again complemented with 3'-terminal syn-G22

through a lateral snapback loop. The latter adopts the same
capping structure as found for °#"Q with A21 Hoogsteen
hydrogen-bonded to T19 and the T-A base pair sandwiched
between the lower G-tetrad and C20 (Supplementary Fig-
ure S13B). Whereas extensive disorder is observed for the
first two residues of both the first and second 3-nt propeller
loop, the last loop residues are well defined in their orienta-
tion as also demonstrated by various NOE contacts. Thus,
A5 stacks onto the bottom tetrad below G6. However, such
an arrangement may derive from the first propeller loop
bridging only two tetrad layers in this snapback loop archi-
tecture. In contrast, bridging three tetrad layers in analogy
to the +(Ipp) topology of ®#"Q, the second propeller loop
features a 3’-adenine A11 that is found to insert into the G4
groove in all calculated structures while fixed by 10 NOE-
based distance restraints (Figure SD). Consequently, A11 at
the 3’-position of the second 3-nt propeller loop has quite
distinct orientations/interactions depending on its location

within a —(ppp) or a +(Ipp) topology.

Impact of mutations on favored topologies

To further assess the participation of loop bases on
(de)stabilizing interactions, single and dual base mutations
were introduced into intervening sequences and their im-
pact on the favored loop formation and G4 topological
equilibria was studied (Table 1). Mutations also involved
inosine (I) as a purine nucleoside substitute and 1’,2'-
dideoxyribose (X) lacking a nucleobase. As shown by the
imino proton NMR spectral regions, all mutant sequences
generally fold into a major and minor G4 with an additional
very low-populated species in most cases (Figure 6). Gener-
ally, the low signal intensity of the latter did not allow its
detailed assignment without corresponding reference spec-

€20z Ke|\ 20 uo 3senb Aq GG81.99/1.91 2/Z1/0G/2101e/BU/WO0 dNO"dlWapEIE//:SARY WOl papeojumod



Nucleic Acids Research, 2022, Vol. 50, No. 12 7167

B : G6

A5

G2
A11

G12
G16

Figure 5. (A) Representative NMR structure of *#”Q and (B) view onto coplanar A5 and A11 residues stacked onto the upper tetrad with a putative A11

amino — A5 N3 hydrogen bond interaction. (C) Representative NMR structure of ° ' TQ and (D) side view into a G4 groove with inserted A11. Anti- and
syn-guanosines are colored in grey and red, respectively, AS and A1l are colored in cyan and other residues are colored in orange.

tra (but see below). On the other hand, the two predomi-
nant species, formed in different molar ratios ranging be-
tween 0.3:1 up to 1:0.3, were unambiguously identified for
each mutant as competing +(Ipp) and -(ppp) topologies as
formed by ®#’Q and °'7Q, respectively. It should be men-
tioned that such topological assignments are based on de-
tailed NMR spectral analyses for all mutants through 2D
NOESY and 'H-'3C HSQC spectra and were additionally
supported by a comparison of crosspeak patterns with 2" Q
and *'7Q reference spectra (see Supplementary Figure S15-
S18 for exemplary spectral assignments of Q-5T and Q-11T
and Supplementary Figure S19 for CD spectra of all se-
quences).

The topological ratio was mostly conserved in Q-34 and
Q-3 X with an adenosine and abasic site at position 3, asso-
ciated with a 3C—3A and 3C—3X mutation. Also, replac-
ing cytidine residues C3 and C10 in the 5'-terminal and cen-
tral position of the first and second loop by T to yield the
Q-3T-10T mutant had nearly no effect on the topological
equilibrium. Notably, however, the major +(Ipp) topology
was even maintained when substituting A11 within the sec-
ond loop for either thymidine, inosine, or an abasic residue.
More dramatic effects were induced by mutations at posi-
tion 5 within the first loop. Whereas a SA— 51 purine-to-
purine substitution in Q-57 did not noticeably change pop-
ulations of major and minor fold, populations were inverted
in Q-5T and Q-5X to form a major -(ppp) G4. This indicates
a critical role of purine bases in the 3-nt lateral loop end po-
sition for favorable stacking interactions due to their larger
ring system. Although associated with a slight shift in fa-
vor of a parallel G4, corresponding dual substitutions with

inosine at loop terminal positions 5 and 11 do not indicate
considerable synergistic effects in Q-5/-111, again conserv-
ing the major hybrid topology as observed for the parent
sequence.

The high-resolution structure suggests a stabilizing im-
pact of an AS5-A11 base pair capping the outer tetrad in the
+(Ipp) G4 (Figure 5A, B). However, the present mutational
studies emphasize the critical role of AS but not of A1l as
contributor for a major +(Ipp) fold. Whereas A5 may be
replaced by the purine base hypoxanthine without compro-
mising the favored formation of a hybrid against a parallel
topology, its substitution by a TS pyrimidine and in partic-
ular by an abasic nucleotide indicates a loss of critical stack-
ing interactions for this lateral loop position, resulting in a
significant shift towards a major parallel fold.

Unexpectedly, substituting All for inosine, thymidine,
and even for an abasic residue did hardly shift equilibria
in favor of a parallel structure although A1l was shown to
form a capping structure with A5 in the parent G4 (Figure
5B). Apparently, additional A1l stacking and putative hy-
drogen bond interactions with A5 do not provide for a selec-
tive and noticeable stabilization of the hybrid-type species.

Impact of mutations on the thermodynamic profile for G-
quadruplex formation

Signal intensities in the NMR spectra yield valuable in-
formation on the population of major and minor species
formed in solution. However, a substitution-induced shift in
molar ratios may result from different combinations of sta-
bilizing and destabilizing effects on the competing topolo-
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Figure 6. Imino proton spectral region of Qref mutants. NMR spectra
were acquired in 10 mM potassium phosphate buffer, pH 7.0, at 30°C. Red
and blue dots of larger and smaller size mark major and minor high-field
shifted resonances of G8 and G22 residues in +(Ilpp) and —(ppp) topologies
shown on top.

gies. It would therefore be instructive to determine ther-
modynamic stabilities for all mutants in each of the two
coexisting topologies, i.e. parallel or hybrid-type. Employ-
ing a syn-affine B'G6 analog or a 5'T-flanking residue suc-
cessfully shifted equilibria to exclusively form a +(Ipp) or
-(ppp) Oref quadruplex. Using the same approach, all mu-
tants were likewise modified with the expectation to yield
two sets of structures comprising either hybrid or parallel
topologies irrespective of the specific mutation.

Initially, the two additional sets of corresponding bromo-
and 5'T-modified mutant sequences were subjected to a CD
and NMR spectral analysis. Indeed, all 5T sequences re-
sult in CD spectra typical of a parallel fold whereas B'G-
modified sequences exhibit CD signatures consistent with a
hybrid-type topology (Supplementary Figure S20 and S21).
Accordingly, imino proton spectral regions of the former
display clean spectra of a parallel species (Supplementary
Figure S22). NMR spectra indicating a single hybrid-type
G4 are also observed for most of the B*G6-modified se-
quences and additional low-populated species as detected
for 98"Q-5T and 92" Q-11T were not expected to signifi-
cantly compromise the thermodynamic characterization of
the major hybrid G4 (Supplementary Figure S23).

Each B'G- and 5'T-modified mutant was subjected to UV
melting experiments. No hysteresis effects were observed
between heating and cooling curves, implying a thermody-

1,5

0,51

T T ||_'| ||_ ||—’_|||_ T
-0,5

LT T TR - S -~ S\ S
0,'5 o,‘b 0,6 o o 0:\ 0}\ b\,\ 5&:\
¢

AAG® | kcal/mol

Figure 7. Free energy contribution AAG® of specific mutations upon the
formation of a hybrid (blue bars) and a parallel topology (red bars) at
30°C. Uncertainties in the determination of Gibbs free energies averaged
over three independent measurements were estimated to be between £0.1
to +0.2 kcal/mol (for exemplary van’t Hoff plots see Supplementary Fig-
ure S24). No data were extracted for the Q-//X mutant due to a more
significant structural heterogeneity.

namically controlled transition. In the following, the melt-
ing profiles were evaluated by a van’t Hoff analysis in terms
of enthalpy AH°, entropy AS°, and Gibb’s free energy AG°
for G4 formation at 30°C (data are summarized in Sup-
plementary Tables S4 and S5). Favorable or unfavorable
free energy contributions for specific mutations in both a
hybrid-type fold (°#”Q-modified sequences) and a parallel
fold (°’TQ-modified sequences) are given by changes in AG°
relative to the free energy of the modified parent sequences
8@ or 9'TQ. Notably, except for the Q-5 and Q-5I-111
double mutant (see below), a good correlation of topology-
dependent (de)stabilizing substitution effects in B'G- and
S'T-modified sequences with NMR-derived relative popu-
lations for unmodified mutants was found. Consequently,
the modified analogs are not only good structural mimics
of unmodified quadruplexes but also good surrogates for
the analysis of mutation-dependent energy profiles.

Free energy contributions of the various mutant se-
quences when either folded into a hybrid or parallel quadru-
plex are plotted in Figure 7. Apparently, loop substitu-
tions exert moderate but often noticeable effects by up to 1
kcal/mol on the quadruplex stabilities. Position dependent
changes can be summarized as follows:

(1) Replacing C3 by adenosine has a destabilizing effect
for both hybrid and parallel G4s but a 3C—3X sub-
stitution stabilizes the G4 and in particular the +(lpp)
topology. Destabilizing effects for C/T— A substitu-
tions at the first position of a loop have been reported
before (14,49). Because this position seems most dis-
ordered in both the lateral and the propeller loop of
the hybrid and parallel G4, destabilization can be at-
tributed to more unfavorable hydrophobic effects of
a solvent-exposed purine compared to a pyrimidine
base. By the same reasoning, an abasic residue should
exert a stabilizing effect as observed. Corresponding
destabilizing effects for a T— A substitution in 1-nt
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propeller loops have also been well documented in the
past (11,50).

(i)) A SA—S5T and especially a SA—5X substitution
destabilizes the hybrid topology but stabilizes the par-
allel topology in case of Q-5X. Here, destabilization
only found for the hybrid fold again confirms critical
purine stacking on the outer tetrad for the 3-nt lat-
eral loop end position associated with a shift towards
a parallel topology upon replacing A by a pyrimidine
or abasic nucleotide.

(iii) Substitutions at position 11 but also C—T mutations
as in Q-37-10T have only a small impact on stabilities
as already suggested by conserved populations of hy-
brid and parallel species. Apparently, interactions of
A11 as indicated in the hybrid fold provide only minor
contributions to the G4 stability.

(iv) There is a conspicuous stabilizing effect on the parallel
topology upon a SA— 51 substitution in Q-57 and also
on double mutant Q-5/-111. Such a stabilization with a
AAG° of about —1 kcal/mol should give an estimated
fivefold increase of the population ratio in favor of the
parallel species at 30°C. However, NMR signal inten-
sities point to a conserved major hybrid structure. Ap-
parently, inosine here seems to favorably interact with
the adjacent 5'-T overhang of the parallel G4, conceal-
ing true effects on the non-modified mutant in this par-
ticular case.

Interestingly, there is a pronounced enthalpy-entropy
compensation on the substitution-induced free energy ef-
fects (see Supplementary Tables S4 and S5). However, cor-
responding changes in G4 stabilities are mostly governed
by enthalpic when compared to smaller entropic contribu-
tions in line with previous reports on other loop-dependent
changes in stability (11,12).

Impact of a central 1-nt loop on the global fold

Two 1-nt loops or even a single but central 1-nt loop
are known from empirical studies to strongly promote all-
parallel topologies irrespective of the length and compo-
sition of other intervening sequences present (22,23). Ap-
parently, formation of a propeller loop affects formation of
neighboring loops in a way not yet understood. The snap-
back loop G4 architecture allowing for either a stable hy-
brid or parallel species offers the opportunity to study such
an effect in more detail. Consequently, exchanging the sec-
ond 3-nt loop in the Qref sequence by a 1-nt T-loop gives a
truncated mutant 5-GGCTAGGGTGGGTGGGTCAG-
3’ termed Q-311-T with a 3-1-1 loop length arrangement.
Of note, a central 1-nt propeller loop seems identical for
both topologies in spanning three tetrad layers across a
medium groove. Nevertheless, coexisting with two minor
species of similar intensity (see below), a predominant G4
populated by about 60% and identified as a parallel -(ppp)
conformer was observed for Q-31/-T in line with expecta-
tions (Figure 8). A major parallel fold is also clearly appar-
ent from its CD signature (Supplementary Figure S25).
There have been reports of forming very stable multimeric
quadruplexes with sequences comprising short loops even
at low concentration (51). To confirm exclusive formation of
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Figure 8. Imino proton spectral region of Qref derived quadruplexes with
a central 1-nt T-loop. NMR spectra were acquired in 10 mM potassium
phosphate buffer, pH 7.0, at 30°C. Blue, red, and yellow dots of varying
size mark major and minor high-field shifted resonances of G8 and G20
residues in a parallel topology, a +(Ipp) topology with a first syn-syn-anti
column, and a +(Ipp) topology with a first syn—syn—syn column as shown
on top.

monomolecular structures and rule out potential misinter-
pretations due to aggregation effects, non-denaturing poly-
acrylamide gel electrophoresis was performed for all G4-
forming sequences (Supplementary Figure S26). There was
no indication of any noticeable association of the G4s in-
cluding those with a shortened loop. Apparently, the snap-
back loop motif inherent to all structures may effectively
prevent multimer formation under the present conditions.

A significant population of a parallel species even for
the B'G-modified %" Q-311-T analog again demonstrates a
strong propensity of the sequence with a second central 1-nt
loop to adopt an all-parallel topology. A single hybrid-type
species was only enforced through introduction of a sec-
ond PG substitution at syn-position 10 to give */*8"Q-311-
T, further shifting topological equilibria (Figure 8). In line
with a shift towards the parallel species, there is a strongly
stabilizing effect for the parallel G4 upon shortening the
central 3-nt propeller loop into a 1-nt T-loop. A van’t Hoff
analysis of UV melting transitions gives a change in AG°3
of -4.5 kcal/mol when going from parent * 7Q to *' " Q-311-
T, both exclusively folded into a parallel G4 (Table 2). Such
a dramatic stabilization is remarkable and results from a sig-
nificantly more favorable enthalpy overcompensating for a
less favorable entropic change.
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Table 2. Thermodynamic parameters of G4 formation for sequences with 3-3-1 and 3-1-1 loop length arrangements at 30°C?

—TAS® AG°3 AAG®3
Sequence Tm (°C) AH° (kcal/mol)® (kcal/mol)¢ (kcal/mol)d (kcal/mol)®
ITof 44.1 £0.3 537+ 1.9 513+ 1.7 24+0.1 0
S'T0.311-TF 61.5+0.7 —7294+28 659 +2.7 —6.9+0.2 —45+0.3"
16Br e 493 +0.2 532413 50.0 + 1.2 32+0.1 02
14Br().31]-T¢ 592402 ~7234+06 65.9 + 0.6 —6.4+0.1 —3.240.28
2Brgh 477 +0.5 ~53.94+0.7 50.9 + 0.7 ~3.0+0.1 oh
2Bro-311-Th 65.5+0.3 -71.4£0.7 63.8 +0.6 ~7.5+0.1 ~4.5+02h

a Average values with standard deviations derived from the analysis of three independent UV melting experiments. ®Determined from a van’t Hoff plot.

CAS° = AH®/Th,.
dAG® = AH° - TAS®.

¢Difference in Gibb’s free energy AG°3g to the corresponding 3-3-1 quadruplex of the same topology and conformation.

"-(ppp) topology.
&+(lpp) topology with one syn-syn-anti and three syn-anti-anti columns.
b+ (Ipp) topology with one all-syn and three all-anti columns.

Evaluating corresponding effects for a loop shortening in
case of a heteropolar stacked hybrid as performed success-
fully for single residue substitutions through the B'G modifi-
cation is hampered by a significant amount of an additional
parallel fold found for %" Q-311-T (see Figure 8). Although
imparting high stability, 1-nt propeller loops also impose
steric restraints and higher rigidity. Interestingly, a complete
tetrad flip with anti — syn transitions in an all-anti parallel
G4 was most effectively induced by the incorporation of a
syn-affine B'G at a position following a 1-nt propeller loop.
This was attributed to direct steric clashes of the 8-bromine
substituent with the 5’-phosphate oxygen atoms in anti-8'G
but not in syn-P'G (52). Consequently, a B'G substitution at
position 10 or 14 following the 1-nt loops in Q-311-T was
expected to increasingly shift equilibria towards the hybrid
fold. In fact, %" Q-311-T but also '##"Q-311-T features a
clean one-component spectrum without any coexisting ad-
ditional species as observed for mono-substituted 2" Q-311-
T with a bromination site following the 3-nt loop (Figure 8).

To exclude a putative direct impact of the introduced
bromo-substituted G on the central loop, the /48" Q-311-T
sequence was selected for a comparative thermodynamic
analysis with the corresponding reference sequence °#"Q
featuring a 3-nt central loop. Placed at position 14 or 16,
the 'G analog is far removed from the loop of interest and
allows for a straightforward comparison of loop length de-
pendent effects. Initially, partial NMR assignments com-
bined with closely matching crosspeak patterns observed
for the already characterized ®#"Q hybrid quadruplex un-
ambiguously identified a +(Ipp) hybrid to also constitute
the favored conformer for the ' Q-311-T and 957 Q se-
quence (Supplementary Figure S27). Additional minor res-
onances observed in the /°4”Q imino proton NMR spec-
tral region were shown by DSC measurements to result
from some high-melting species and hardly impact thermo-
dynamic data obtained from a van’t Hoff analysis of the
lower-melting quadruplex-to-single strand transition (Sup-
plementary Figure S28). With a AAG°3y of —3.2 kcal/mol
there is also a significant stabilization of the hybrid topol-
ogy upon shortening the central loop (Table 2). However,
in line with empirical observations on the effect of 1-nt
loops on G4 folding, the gain in stability of the paral-
lel topology is noticeably higher by more than 1 kcal/mol

when compared to the hybrid structure with its heteropolar
stacking.

While the thermodynamic data above constitute an
energetics-based explanation for the propensity of I-nt
loops to fold into a parallel topology, the structural ba-
sis of enforcing other loops to also adopt a propeller-type
conformation remains elusive. As a matter of fact, a pro-
peller loop will always link the two outer tetrads across a
medium groove irrespective of the global topology. Also,
there should be no direct interactions of the nucleobase
within the central 1-nt loop with other residues of the G-
core. This was demonstrated by substituting the 1-nt T-
loop residue in /’?"Q-311-T with an abasic residue X to
give 1°87Q-311-X. In addition to mostly identical thermo-
dynamic profiles obtained from UV melting transitions of
the two sequences, a clean hybrid-type spectrum with an
imino proton spectral region closely matching imino proton
chemical shifts of /78 Q-311-T was observed for /72 Q-311-
X, corroborating the lack of any noticeable interactions em-
anating from the 1-nt loop (Supplementary Figure S29 and
Supplementary Table S6).

Recently, hybrid-type +(Ipp) and —(ppl) topologies with
two propeller loops termed hybrid-1R and hybrid-2R have
been reported for the first time (Supplementary Figure
S30). Formation of the corresponding canonical quadru-
plexes with four non-interrupted G3-columns was enforced
by additional B'G modifications and further supported by
Watson-Crick base pairing of overhang and loop residues
to yield coaxially stacked duplex extensions (53,54). Given
their design comprising two 1-nt propeller loops, their resis-
tance against folding into the target hybrid G4 with a single
lateral loop can be attributed to the combined effect of two
I-nt loops strongly favoring a parallel topology irrespective
of the length of the third loop. It is conspicuous, however,
that in both cases a rather unusual (3 + 1) hybrid conformer
featuring tetrads of the same polarity with an antiparal-
lel syn—syn—syn column and three parallel all-anti columns
was the major species. A coexisting minor conformer for the
+(Ipp) G4, termed hybrid-1R’, was demonstrated to com-
prise a syn—syn—anti and three syn—anti—anti columns (54).
On the other hand, it is a corresponding hybrid-1R’ G4 with
the same pattern of G-core glycosidic conformations that
predominates for the present +(Ipp) hybrid-type mutants
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Figure 9. (A) Topology of the 257 Q-311-T quadruplex with a 3-1-1 loop
arrangement; syn- and anti-G residues are colored red and grey, n and w
denote narrow and wide groove, respectively. The sequence of 25" Q-311-T
with residue numbering is shown at the bottom; B'G residue in red, in-
tervening sequences in orange, and Gs participating in tetrad formation
underlined. (B) Three-dimensional structure of 5" Q-311-T; color scheme
asin (A) but with A5 colored in cyan.

with their central 3-nt propeller loop. In fact, based on un-
favorable stacking interactions of syn-syn steps, the latter
should be preferred over the hybrid-1R conformer with its
all-syn column (55,56). Notably, —(pll) and —(llp) topologies
(hybrid-1 and hybrid-2) formed by telomeric sequences in
a K™ buffer likewise feature three syn-anti-anti and a single
syn-syn-anti column with a heteropolar G-tetrad stacking
(Supplementary Figure S30).

To also enforce a hybrid-1R conformer, the B'G analog
was introduced at position 2 of the Q-3/1-T sequence to
match a syn-position in the snapback loop G4 in case of
an all-syn first G-column. The ?27Q-311-T imino proton
spectral region shows a single three-layered G4 species with
only very minor additional resonances (Figure §). In the
following, a detailed NMR spectral analysis with complete
resonance assignments was performed on the 25 Q-311-T
G4 (for spectral assignment strategies, spectra, and chem-
ical shifts see Supplementary Figure S31-S33 and Supple-
mentary Table S7 in the Supporting Information). In fact,
based on the NMR data, formation of a hybrid-1R con-
former with a lateral loop followed by two propeller and a
snapback loop and with a G-core consisting of a first in-
terrupted all-syn tract (G20-G1-G2) and three all-anti G-
columns (G6-G7-G8, G10-G11-G12 and G14-G15-G16)
was unambiguously confirmed (Figure 9A). For a three-
dimensional structure determination, restrained molecular
dynamics calculations were performed for 2Br0-311-T'in ex-
plicit water. With a total rmsd of 1.5 A and a G-core rmsd
of 0.7 A, the calculated structures are well defined (Sup-
plementary Table S8 and Supplementary Figure S34A).
Comprising an all-syn column, the G4 exclusively features
homopolar tetrad stackings as indicated by its CD signa-
ture (Figures 9 and Supplementary Figure S25). The six-
membered ring of the A5 purine within the first lateral loop
stacks onto the six-membered pyrimidine ring of G2 (Sup-
plementary Figure S34B). This small displacement when
compared to the %" Q quadruplex can be attributed to the
upper tetrad polarity reversal and possibly also to the ab-
sence of another interaction with the loop residue from the

Nucleic Acids Research, 2022, Vol. 50, No. 12 7171

second 1-nt propeller loop. Both 1-nt propeller loops are ei-
ther located in the G4 groove or exposed to solvent as also
indicated by the lack of inter-residual contacts.

With the availability of corresponding reference spectra,
the two minor species for Q-371-T were unambiguously
identified as +(Ipp) hybrid-1R’ and hybrid-1R G4s with a
first syn—syn—anti column and a first all-syn column through
a match of typical crosspeak patterns (Supplementary Fig-
ure S35). Likewise, although only poorly populated, a mi-
nor third species observable in the parent Qref G4 spec-
tra could finally also traced to the all-syn hybrid-1R topol-
ogy with three tetrads of the same polarity (Supplementary
Figure S36) and this assignment should also apply to addi-
tional very low-populated species noticeable in various mu-
tant spectra (see Figure 6).

With the completed assignment of three coexisting G4
conformers for the Qref and Q-311-T sequences, mo-
lar ratios were determined based on intensities of non-
exchangeable T methyl resonances (Supplementary Figures
S35 and S36). For Qref, molar ratios were determined to be
27% for the parallel topology, 11% for the hybrid-1R, and
62% for the major hybrid-1R’ conformer. For the Q-311-T
sequence with a second 1-nt loop, populations of parallel
and hybrid-1R topologies increased by a factor of about
two at the expense of the hybrid-1R’ conformer, yielding
populations of a major parallel, hybrid-1R, and hybrid-1R’
species of 54%, 19% and 27%, respectively. Apparently, in
addition to supporting a parallel G4, shortening the 3-nt
central loop to a 1-nt loop strongly promotes the all-syn
conformer with respect to the syn-syn-anti conformer.

For a more detailed thermodynamic analysis of the im-
pact of loop shortening on the hybrid-1R formation, UV
melting transitions were again analyzed in detail for the
pair of loop length related G4s with a hybrid-1R fold,
namely’?”Q-311-T and ?57Q. A corresponding hybrid-1R
fold for 2" Q was again demonstrated through partial NMR
assignments and the observation of closely similar cross-
peak patterns to 25" Q-311T (Supplementary Figure S37).
Differences in free energies of G4 formation amount to a
significant AAG°3y of —4.5 kcal/mol in favor of 2#"Q-311-
T with a single-nucleotide central loop (Table 2). Interest-
ingly, such a stabilization is identical to the corresponding
loop length mediated stabilization for a parallel topology
and exceeds the stabilization for a hybrid-1R’ topology by
more than —1 kcal/mol.

Taken together, these results suggest that the propensity
of a 1-nt propeller loop in also promoting a propeller-type
conformation of other loops seems a direct consequence of
its preference in linking two outer G-tetrads with the same
tetrad polarity, i.e. with two anchoring G residues of the
same glycosidic conformation. Such a propensity to drive
folding into a parallel structure does not depend on specific
interactions between G4 residues but is expected to be based
on geometric effects. Thus, accompanied by conformational
changes in the sugar-phosphate backbone, guanine bases
must rearrange when trying to optimize hydrogen bond in-
teractions within the tetrad upon anti— syn transitions. In-
terestingly, explicit solvent molecular dynamics simulations
on single-loop G4s also reported a preference for the 1-nt
propeller loop traversing three tetrad layers when linking
two anti-Gs over linking an anti-G with a syn-G residue
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(18). In the same study, a significant preference of a three-
nucleotide loop to form a lateral over a propeller loop was
reported. However, each 1-nt propeller loop with its propen-
sity to drive folding into a parallel structure will oppose for-
mation of a 3-nt lateral loop, with two 1-nt loops being more
efficient than a single 1-nt loop but also with putative loop
position dependent effects (21).

Following the considerations above, the parallel and
hybrid-1R topology are expected to be equally promoted by
1-nt loops. However, because an all-syn column is consider-
ably disfavored due to poor stacking interactions along syn-
syn steps, an all-anti parallel topology will usually predomi-
nate unless appropriate modifications are introduced to en-
force the hybrid-type G4. Likewise, an energetic penalty as-
sociated with an all-syn column may favor a hybrid-1R’ over
a hybrid-1R conformer to still result in a slightly higher
population of the former in the Q-311-T G4.

It seems counter-intuitive that a syn-affine G analog
will be most effective in adopting a syn conformation as-
sociated with a complete tetrad flip when incorporated at
a tetrad position directly following a 1-nt propeller loop.
However, such a conformational transition results from
specific bromine steric clashes in case of P'G in an anti-
conformation, outweighing a more favorable homopolar-
ity of bridged outer tetrads. These effects emphasize the
often subtle and interrelated loop interactions within a G-
quadruplex structure and serve as a reminder that it still re-
mains a challenge to disentangle these rather delicate ener-
getic contributions and to predict their overall impact on
putative G4 folds.

Implications for the folding and stability of G-rich sequences

By using a rigorous approach in combining detailed
sequence-dependent structural and thermodynamic infor-
mation, the present studies not only extend some empirical
rules on the impact of loops in G4 folding, but also provide
for an in-depth molecular understanding of findings put for-
ward in the past. Although results have been derived from a
particular G4 architecture lacking overhang sequences to
focus on inherent G4 interactions, important generaliza-
tions emerge. Thus, whereas first loop residues tend to be
rather flexible and mostly exposed to solvent with no long-
lived specific interactions, 3’-terminal loop residues are of-
ten engaged in stacking interactions with an outer G-tetrad.
These can provide for a significant stabilization of lateral
loops bridging a narrow groove but may also form in longer
propeller loops with >3 residues. For the latter, stacking of
the last residue onto an external tetrad is often promoted
by additional base-base interactions with a loop or over-
hang residue to form a capping structure. This seems to be
a more general structural arrangement and can be found
in quadruplexes of promoter sequences such as c-myc or
PARPI (48,57). In general, stacking interactions will ben-
efit from larger ring systems, favoring purine over pyrim-
idine bases. In contrast, if exposed to solvent, a smaller
and less extended hydrophobic surface area of a pyrimidine
base is expected to be less destabilizing based on hydropho-
bic effects when located at the loop 5-end. These effects
are reflected in the well-known empirical findings that ade-
nine is destabilizing at first loop positions or in 1-nt pro-

peller loops but mostly stabilizing when positioned at the
last loop position. Such contributions may also be biolog-
ically relevant in selecting for G4 loop isomers from onco-
gene promoter sequences with short adenine-deficient pro-
peller loops. Also, favorable 5'-TTA-3 intervening tracts in
the human telomeric sequence may result from natural se-
lection. On the other hand, such a discrimination between
first and last loop residue does not necessarily apply to lat-
eral loops bridging a wide groove. Progressing along the
right-handed G-tract helicity (43), the smooth transition to
the loop domain in this case allows the first residue to be
easily stacked on a tetrad, often forming a capping base
pair with the last base of the loop as observed for the lateral
snapback loop in the %"Q and °7Q G4s (Supplementary
Figure S13).

From a structural point of view, a prominent A-A cap
on the upper tetrad formed by end residues of the 3-nt
lateral loop bridging the narrow groove and a following
3-nt propeller loop seems an obvious stabilizing element
in the present hybrid-type structure. However, point muta-
tions and a more detailed thermodynamic analysis indicates
that it is only the stacked 3’-terminal adenine of the lateral
loop that promotes a hybrid over a parallel fold whereas
the stacked 3'-terminal adenine of the propeller loop hardly
exerts any impact on topological equilibria and thermody-
namic stabilities. Obviously, structural information on a sin-
gle competing species can be misleading when it comes to
stability effects and only when complemented by thermo-
dynamic profiles for all competing structures allows for the
evaluation of critical interactions and ultimately the predic-
tion of most favored folding pathways.

Based on purely geometric restraints it comes as no sur-
prise that a 1-nt intervening sequence will form a propeller-
type loop linking two adjacent parallel G-tracts. On the
other hand, the observed propensity of 1-nt propeller loops
to also enforce a propeller-type conformation on an addi-
tional longer loop and to therefore promote an all-parallel
topology has been elusive. In the absence of any observable
interactions of the single-nucleotide loop residue, kinetic
effects may be operative. However, the present studies do
not support a kinetic control of folding pathways. Whereas
there are no significant hysteresis effects upon melting for
each of the topologies examined, changing a second 3-
nt to a 1-nt propeller loop does in fact result in a much
higher, mostly enthalpy-driven, thermodynamic stabiliza-
tion of three-layered G4s with exclusively homopolar G-
tetrads when compared to a typical hybrid fold with outer
G-tetrads of opposite polarity. To put it another way, a 1-
nt propeller loop will preferably link two anti-G residues in
opposite outer tetrads and such a preference will strongly
promote formation of all-anti parallel quadruplexes in most
cases. However, it is reasonable to assume that 1-nt pro-
peller loops will also favor two anchoring syn-Gs in outer
tetrads of the same polarity, yet corresponding conformers
have never been observed in a three-layered G4 until now.

An observed resistance of sequences to folding into
+(Ipp) and —(ppl) topologies with two 1-nt propeller loops
is a direct consequence of the added propensity for those
loops to link outer tetrads of the same polarity. The same
applies to folding into a —pd+p topology expected to be per-
fectly feasible but not experimentally verified to date. Thus,
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in the presence of single-nucleotide loops a longer third in-
tervening sequence will likewise be forced into a propeller
loop to conserve homopolarity as found for several natu-
ral promoter sequences like VEGF, HIF-1a, c-kit or BCL-
2 (58-61). On the other hand, elongating 1-nt to 2-nt pro-
peller loops will result in a delicate balance between a release
of the constraints enforcing an all-parallel topology and an
enhanced propensity of the propeller loop to rearrange into
an easily accessible 2-nt lateral loop.

These loop-dependent equilibria also direct attention
to the formation of an alternative homopolar hybrid-type
quadruplex with an all-syn G-tract, likewise supported by
1-nt propeller loops but unnoticed due to the lack of cor-
responding high-resolution data until now. Clearly, com-
prising two unfavorable syn-syn steps, such a G4 conformer
will be disadvantaged compared to a parallel structure with
an all-anti G-core. However, a (3 + 1) hybrid fold may be
supported by Watson-Crick base pairing of complemen-
tary bases in its lateral loop (see also Supplementary Fig-
ure S30). In view of reports on the frequent occurrence of
duplex stem-loop containing quadruplex sequences within
the human genome (62), quadruplex-duplex hybrids with
coaxially stacked duplex extensions and a single antiparal-
lel all-syn column are conceivable to not only result from
a rational sequence design for specific applications, e.g. as
aptamers, but to also form more frequently within genomic
sequences.

CONCLUSIONS

The artificial design of a non-canonical G-quadruplex with
a snapback loop at its 3'-terminus offers the possibility to
narrow putative folding pathways for spectral simplifica-
tions. It also enables better control on a topological selec-
tion while hampering G4 association through the stacking
of outer tetrads due to steric hindrance by its snapback
loop. With a combination of sequence mutations, high-
resolution structural analyses, and thermodynamic profil-
ing, loop residue interactions and their impact on the G4
fold can be characterized in detail to reveal relationships
between loop length and loop composition with stabili-
ties and conformational preferences of G4 structures. It
also provides for a better structure-based understanding of
many empirical findings for a more effective G4 design and
sequence-based topological prediction.

The ability of rather weak interactions to drive folding
into a particular topology is based on often small differ-
ences in stability among competing G4 structures. Even
with a growing understanding of loop residue interactions,
a reliable prediction of sequence dependent G4 topologies
within a biological context where molecular crowding con-
ditions and additional interactions with proteins may eas-
ily redirect folding pathways seems challenging. However,
the engineering of defined G4 structures under controlled
conditions for various medicinal and technological appli-
cations is expected to strongly benefit from a detailed un-
derstanding of intrinsic forces that stabilize quadruplexes.
The availability of an increasing number of high-resolution
G4 structures and their detailed thermodynamic profiling
is expected to allow for an ever-growing understanding of
sequence-specific intrinsic interactions guiding G4 folding.
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NMR spectral analysis and resonance assignments for ¢'Q

The 68'Q sequence exhibits 12 well-resolved imino proton resonances, indicative of a single G-quadruplex
conformer with three G-tetrad layers. Guanine imino and H8 protons were unambiguously assigned without
specific isotope labeling through inter-residual NOE contacts as well as through 'H-'3C HSQC and 'H-"3C
HMBC experiments at natural abundance. Four syn-guanosines were assigned based on their strong
H8-H1' cross-peak intensities in 2D NOESY spectra (increasingly pronounced at shorter mixing times) and
corroborated by their syn-typical chemical shift in a 'H-"3C HSQC spectrum (Figures S1B and S2). Another
yet non-identified syn-G must come from the syn-favoring 8-bromoguanosine analog B'G at position 6,
yielding a total of five syn-G residues at positions G1, G6, G12, G16, and G22 as well as seven G-core
residues with an anti-conformation in the G-quadruplex structure. Likewise, H6/H8-H1’ and H6/H8-HJ’
spectral regions of 2D NOESY spectra acquired with longer mixing times (300 ms) showed a rectangular
pattern of intra-nucleotide and sequential crosspeaks for G1-G2, G12-G13, and G16— G17, typical for syn-
anti steps (Figure S1B). Continuous base-sugar NOE walks only interrupted by the 3-nt and 1-nt propeller
loop allowed for additional sequential assignments also including lateral and snapback loop residues. Thus,
spectral analysis of non-exchangeable protons suggests formation of a three-layered G-quadruplex
composed of three syn—anti-anti columns (G6-G7-G8, G12-G13-G14, and G16-G17-G18, as well as one
broken syn-syn—anti column G22-G1-G2.

Following assignments of non-labile protons, guanine imino protons were unambiguously assigned based
on their intra-residue correlations to H8 in 'H-3C HMBC spectra (Figure S3). A strong NOE crosspeak
observed between G1 H1 and G22 H1 indicates the proximity of 5°- and 3’-terminal G residues within the first
broken G-column (Figure S1C). The determination of tetrad polarities was enabled by characteristic H8-H1
intra-tetrad NOE contacts (Figure S1D). Hoogsteen hydrogen bonds within the three G-quartets run along
G2-G16-G12-G6, G1-G7-G13-G17, and G22-G8-G14-G18 with one homopolar and one heteropolar tetrad
stacking in line with the CD spectral signature typical of a (3+1) hybrid structure (see Figure 3 of the main
manuscript). Finally, additional confirmation of the G-quadruplex fold comes from H20-D20 exchange
experiments, demonstrating increased exchange rates for imino protons located within the 5’- and 3’-outer
tetrads when compared to central tetrad iminos (Figure S4).

Stereospecific assignments for H2'/H2” sugar protons were accomplished by analyzing NOESY
experiments at short mixing times to allow discrimination of the different H1’-H2’ and H1’-H2” NOE crosspeak
intensities. Sugar puckers were evaluated through a comparison of H1-H2' and H1-H2” DQF-COSY
crosspeaks, making use of cancellation effects of DQF-COSY anti-phase crosspeak components in case of

smaller coupling constants (Figure S5).
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Figure S1. Topology and 2D NOESY spectral regions of 62'Q in 10 mM K* buffer, pH 7.0 (30 °C, mixing time
300 ms). (A) Schematic representation with numbered residues of a (3+1) hybrid-type G-quadruplex with a
(+lpp) topology and snapback loop adopted by ¢8'Q; anti- and syn-guanosines of the G-core are colored grey
and red, respectively. (B) H6/H8(w2)-H1’(®w1) 2D NOE spectral region tracing continuous intra-nucleotide and
sequential connectivities; intra-nucleotide crosspeaks of syn-guanosines are labelled in red. (C) H1(w2)-
H1(w1) crosspeaks with sequential contacts traced along the G tracts. (D) H8/H2(w2)-H1(w1) NOE contacts
with typical intra-tetrad GH8-GH1 connectivities; connectivities of ASH2 and A11H2 with G imino protons of

the upper tetrad (labelled in red) indicate stacking of 3’-terminal loop residues A5 and A11 onto the tetrad.

S3



RN
w
]

~o P
(oo 1]
Ne
— —
w w
© o}

13

e
e
N
N
- - -
H B H
N - o

—
o
w

—
N
N

@
2 10 20

83 82 81 80 79 78 77 76 75 74 73

Figure S2. 'H-'3C HSQC spectrum of ¢8'Q acquired at 30 °C in 10 mM K* buffer, pH 7.0, showing H8/H6—

C8/C6 correlations. Crosspeaks of syn-guanosines are labelled in red.
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Figure S3. 'H-13C HMBC spectrum of 68'Q at 30 °C in 10 mM K* buffer, pH 7.0, showing through-bond
correlations of guanine H1(w2) and H8(w2) protons via long-range couplings to '3C5 (w1) at natural

abundance.
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Figure S4. H20-D20 exchange experiments. Imino proton spectral region of %8'Q acquired in 10 mM K*
buffer with 90% H20/10% D20 at 30 °C (bottom) and at increasing time intervals after drying and
redissolving the oligonucleotide in 100% D20 (top). Imino protons of residues located in the central tetrad
and, albeit to a smaller extent, of G6 are protected from fast solvent exchange. Numbers of residues in the

lower, central, and upper tetrad are labeled in black, red, and blue, respectively.
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Figure S5. Sugar pucker analysis of 65'Q. (Left) Stereospecific assignments of H2'/H2” with H1'(we2)-
H2'/H2”( 1) NOESY spectral region at short mixing time (80 ms); crosspeak intensities allow discrimination
between H2’ and H2". (Right) DQF-COSY spectral region showing H1’(®2)-H2'/H2"(w1) crosspeaks; north-
and south-type sugar puckers are associated with different scalar couplings and thus different crosspeak

patterns of in-phase and anti-phase components.
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Table S1. 'H and '3C chemical shifts ¢ of 66rQ.2

S(ppm)  H8/H6  H1/H3 H1' H2'/H2" H3' H5/H2/Me  CB8/C6 Cc2
G1 7.32 11.57 5.92 2.54/2.82 4.98 - 140.59 -
G2 7.62 11.37 5.86 2.54/2.55 5.13 - 137.81 -
Cc3 8.1 - 6.31 2.25/2.69 4.90 6.18 144.28 -
T4 7.29 n.d. 5.80 1.24/1.92 4.70 1.71 138.62 -
A5 7.97 - 6.00 2.77/2.72 5.00 8.23 141.15 156.16

B1G6 - 11.43 6.09 3.63/2.95 4.95 - n.d. -
G7 7.80 11.61 5.85 2.38/2.81 4.92 - 138.23 -
G8 7.74 10.82 6.34 2.66/2.67 5.03 - 138.23 -
T9 7.78 n.d. 6.40 2.45/2.62 4.83 1.96 140.16 -
C10 7.97 - 6.47 2.31/2.60 4.97 6.16 144.52 -
A1 8.34 - 6.36 2.65/2.88 5.01 7.89 141,61 155.01

G12 7.50 11.54 6.11 3.59/3.13 5.03 - 142.71 -

G13 8.06 11.60 6.04 2.69/2.97 5.12 - 138.88 -

G14 7.81 11.15 6.55 2.77/2.70 5.17 - 137.99 -
T15 7.90 n.d. 6.52 2.41/2.79 5.13 2.00 139.97 -

G16 7.41 11.56 6.04 2.86/3.08 5.12 - 141.73 -

G17 8.33 11.78 5.87 2.76/2.64 5.12 - 139.55 -

G18 7.45 11.23 6.19 2.46/2.77 4.89 - 136.35 -
T19 7.33 n.d. 6.00 2.10/2.34 4.68 1.70 138.68 -
C20 7.57 - 5.92 1.89/2.25 4.56 5.88 143.89 -
A21 7.71 - 5.77 1.78/2.35 4.69 7.33 140.70 153.10

G22 7.45 10.67 6.26 3.29/2.54 4.87 - 140.22 -

aAt 30 °C in 10 mM potassium phosphate buffer, pH 7.0.
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NMR spectral analysis of Qref

Similar NOE crosspeak patterns of Qref and 5'Q in the H6/H8-H1’ NOESY spectral region and in the H8/H6—
C8/C6 region of 'H-"3C HSQC spectra clearly suggest the formation of a corresponding +(Ipp) hybrid-type G-

quadruplex with snapback loop as major species formed by unmodified Qref (Figures S6 and S7).
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Figure S6. Topology and 2D NOESY spectral regions of Qrefin 10 mM K* buffer, pH 7.0 (30 °C, mixing time
300 ms). (A) Schematic representation with numbered residues of a (3+1) hybrid-type G-quadruplex with a
(+lpp) topology and snapback loop adopted by Qref; anti- and syn-guanosines of the G-core are colored grey
and red, respectively. (B) H6/H8(w2)-H1’(®w1) 2D NOE spectral region tracing continuous intra-nucleotide and
sequential connectivities; intra-nucleotide crosspeaks of syn-guanosines are labelled in red. (C) H1(w2)-
H1(w1) crosspeaks with sequential contacts traced along the G tracts. (D) H8(w2)-H1(w1) NOE contacts with

typical intra-tetrad GH8-GH1 connectivities.

S8



4 [ LI
* 18 i
RO < 138
. °°1. § 2 19 4 ) -
13 7 ° @ i
° , , : v L
17 §e | 140
o " 52 o1 B
1 -
%. -
*16 L
£ - 6 I 142
o ® e12
20 w» B
3 10 o ) —144
®, o w L
T | T T T ’ T T T I T T T ‘ T T T | T T T | T T T | T T
8.4 8.2 8.0 7.8 7.6 7.4 7.2

Figure S7. 'H-3C HSQC spectrum of Qref acquired at 30 °C in 10 mM K* buffer, pH 7.0, showing H8/H6—

C8/C6 correlations. Crosspeaks of syn-guanosines are labelled in red.
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NMR spectral analysis and resonance assignments for °7Q

Upon the addition of a 5’-thymidine to Qref, a single three-layered quadruplex with a set of 12 G imino proton
signals can be observed (Figure S8). The G-core is comprised of a single syn- and eleven anti-guanosines
as suggested by H6/H8-sugar NOE contacts, NOESY crosspeak intensities, and C8 chemical shifts as
observed in a 'H-'3C HSQC spectrum (Figures S8B and S9). The G-quadruplex has a parallel topology with
a vacant site in the first G-tract that is filled by G22 through a lateral snapback loop composed of residues
19-21. An uninterrupted NOE walk can be followed from residue G16 to the 3’-terminal G22, identifying the
fourth G-column. The first G-column can be identified through a contact to the T(-1) 5-overhang and is
formed by anti-G1 followed by anti-G2 and syn-G22. The second G-column starting at G6 is discriminated
from the third G-tract by sequential contacts between preceding A5 to G6. G-columns G6-G7-G8, G12-G13-
G14, and G16-G17-G18 exclusively comprise anti-anti-anti steps. Imino protons for all guanines were
determined through 'H-'3C HMBC spectra, correlating H8 and H1 via '3C5 (Figure S10). Finally,
homopolarity of all G-tetrads is confirmed by looking at characteristic patterns of GH8-imino and imino-imino
NOE contacts (Figure S8C and D). Thus, the direction of Hoogsteen hydrogen bonds within tetrads points
along G1-G6-G12-G16, G2-G7-G13-G17, and G22-G8-G14-G18.

The four intervening sequences of the quadruplex form two 3-nt propeller loops, one 1-nt propeller loop
and one 3-nt lateral snapback loop. A21 of the lateral snapback loop is expected to stack onto the outer
tetrad as indicated by various NOE contacts between adenine aromatic protons to guanine imino protons.
The third base A5 of the first 3-nt propeller loop seems to be located below the 5-outer tetrad with several
NOE contacts between adenosine A5 protons and 5’-tetrad guanines including A5H1°-G6H8, A5H8-G1H1,
A5H2-G1H1, and A5H2-G6H1. In contrast, 3’-residue A11 of the second 3-nt propeller loop seems to only
make contacts with residues of the propeller loop itself (Figure S8) except for a single weak crosspeak
observed between A11 H2 and G13 HS8 located in the central tetrad (not shown). It should be noted,
however, that the first propeller loop only bridges two tetrad layers.

Sugar conformations were determined through an analysis of H1-H2' and H1-H2” DQF-COSY
crosspeaks following a stereospecific assignment of H2'/H2” sugar protons through NOESY experiments at
short mixing times (Figure S11). All residues except for G8, G9, A21, and G22 were assigned a south
conformation. A21 was assigned a north conformation due to its strong H1-H2” DQF-COSY crosspeak.
Whereas G8 and T9 sugar puckers could not be evaluated due to their isochronous H2’/H2” resonances,

puckering of the G22 sugar remained ambiguous.
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Figure S8. Topology and 2D NOESY spectral regions of 7Q in 10 mM K* buffer, pH 7.0 (30 °C, mixing time

300 ms). (A) Schematic representation with numbered residues of a parallel G-quadruplex with snapback

loop adopted by 57Q; anti- and syn-guanosines of the G-core are colored grey and red, respectively. (B)

H6/H8(w2)-H1’(w1) 2D NOE spectral region tracing continuous intra-nucleotide and sequential connectivities;

intra-nucleotide crosspeak of syn-G22 is labelled in red. (C) H1(w2)-H1(w1) crosspeaks with sequential

contacts traced along the G tracts. (D) H8/H2(w2)-H1(w1) NOE contacts with typical intra-tetrad GH8-GH1

connectivities.
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Figure S9. 'H-'3C HSQC spectrum of 57Q acquired at 30 °C in 10 mM K* buffer, pH 7.0, showing H8/H6—

CB8/C6 correlations. Crosspeak of syn-G22 is labelled in red.
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Figure $10. 'H-'3C HMBC spectrum of 57Q at 30 °C in 10 mM K* buffer, pH 7.0, showing through-bond
correlations of guanine H1(w2) and H8(w2) protons via long-range couplings to '®C5 (w1) at natural

abundance.
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Table S2. 'H and '3C chemical shifts § of °7Q.2

S(ppm)  H8/MH6  H1/H3 H1' H2'/H2" H3  H5MH2Me  CB8/C6 c2
T-1 7.43 n.d. 5.88 225/247 474 1.43 139.52 -
G1 8.05 11.53 6.12 2.70/2.98  5.01 - 138.41 -
G2 7.86 11.16 6.03 2.82/257  5.09 - 137.50 -
Cc3 8.00 - 6.40 2.34/263  4.78 6.20 144.40 -
T4 7.79 n.d. 6.46 249/257  4.95 2.03 140.16 -
A5 8.1 - 6.09 266/2.74  4.96 7.83 14215  154.76
G6 7.80 11.58 6.03 2.72/290  5.00 - 137.57 -
G7 7.59 11.40 6.03 2.72/256  4.88 - 137.17 -
G8 7.80 10.61 6.31 262/262  4.99 - 137.98 -
T9 7.70 n.d. 6.33 254/254  4.91 2.00 140.29 -
C10 7.82 - 6.18 2.05/245  4.81 6.1 144.15 -
A1 8.45 - 6.50 2.91/2.81 5.10 8.23 142.66  155.41
G12 8.09 11.94 6.16 268/2.99  5.00 - 138.40 -
G13 7.74 11.27 6.17 268/2.95 502 - 137.60 -
G14 7.83 11.06 6.47 2.76/2.60  5.14 - 137.44 -
T15 7.86 n.d. 6.52 246/2.68  5.12 1.98 139.92 -
G16 8.05 11.83 6.13 243/294 515 - 138.08 -
G17 7.88 11.36 6.07 2.71/2.68  5.08 - 138.05 -
G18 7.54 1.17 6.17 2.56/2.91 4.95 - 136.50 -
T19 7.13 n.d. 5.85 1.99/232 469 1.61 138.21 -
C20 7.62 - 5.63 171232 468 5.88 14411 -
A21 7.62 - 5.87 2.89/185  4.51 7.32 14048  152.81
G22 7.55 10.59 6.36 3.32/263  4.84 - 140.21 -

aAt 30 °C in 10 mM potassium phosphate buffer, pH 7.0.
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Table S3. NMR restraints and structural statistics of calculated structures.

sequence 68rQ 57Q
NOE distance restraints
intra-residual 86 92
inter-residual 122 141
exchangeable 41 53
repulsion 6 0
other restraints:
hydrogen bonds 48 48
dihedral angles 41 43
planarity 3 3
structural statistics:
pairwise heavy atom RMSD value (A)
all residues 20+0.6 25+0.6
G-tetrad core 0.7+0.1 09+0.2
NOE violations:
maximum violation (A) 0.16 0.17
mean NOE violation (A) 0.002 £ 0.001 0.002 £ 0.001
deviations from idealized geometry:
bond lengths (A) 0.01 £ 0.0001 0.01 + 0.0001
bond angles (degree) 2.3+£0.03 2.2+0.04
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Figure S12. Superposition of ten lowest-energy structures for (A) 8'Q and (B) °7Q; loop residues C3, T4, T9,
C10, and T15 are omitted for clarity; anti- and syn-guanosines are colored in grey and red, respectively; A5
and A11 are colored in cyan and T(-1) in 7Q as well as snapback lateral loop residues at the bottom (A) and

top (B) are colored in orange.

A

G18 G22

T19 AD1

C20

C20

Figure S13. TCA lateral snapback loop of (A) ¢8'Q and (B) 57Q in side view (left) and top view (right) showing
stacking of the Hoogsteen T19-A21 base pair onto the outer G-tetrad. C20 is additionally stacked onto the

base pair (not shown in top view).
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Figure S14. (A) 2D NOESY spectral regions of %87Q, highlighting some key NOE crosspeaks that define the
position of A5 in the first lateral loop and of A11 in the second propeller loop above the outer tetrad. (B) Top
view of the 68rQ outer tetrad with capping loop residues; A5 stacks over G2 and forms a putative hydrogen
bond with the A11 amino proton; experimentally observed NOE contacts are indicated by dotted lines. (C)
Schematic representation of a +(Ipl) G-quadruplex formed by a derivative of a 27-nt human telomeric
sequence in Na* solution (right); its solution structure shows a corresponding positioning of A9 in the first
lateral loop and A15 in the second propeller loop, both capping the upper tetrad (left); also shown is T25 of
the 3’-flanking sequence forming an additional Watson-Crick base pair with A9 (PDB 2MBJ).
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NMR spectral analysis for Q-5T and Q-11T

Assignments for Q-5T revealed its folding into a major parallel species with a snapback loop as evident by
eleven anti-Gs and one 3’-terminal syn-G filling the vacant position of the G-tetrad (Figures S15 and S16).
Interestingly, assignments for Q-17T clearly demonstrated its alternate folding into a major +(lpp) hybrid fold
with crosspeak patterns very similar to ¢3'Q and Qref (Figures S17 and S18). These results indicate the

critical role of A5 but not of A11 as contributor for a major +(Ipp) fold.
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Figure S15. Topology and 2D NOESY spectral regions of Q-5T in 10 mM K* buffer, pH 7.0 (20 °C, mixing
time 300 ms). (A) Schematic representation with numbered residues of a parallel G-quadruplex with
shapback loop adopted by Q-5T; anti- and syn-guanosines of the G-core are colored grey and red,
respectively. (B) H6/H8(w2)-H1’'(w1) 2D NOE spectral region tracing continuous intra-nucleotide and
sequential connectivities; intra-nucleotide crosspeak of syn-G22 is labelled in red. (C) H1(wz2)-H1(w1)
crosspeaks with sequential contacts traced along the G tracts. (D) H8(w2)-H1(w1) NOE contacts with typical

intra-tetrad GH8-GH1 connectivities.
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Figure $16. 'H-13C HSQC spectrum of Q-5T acquired at 20 °C in 10 mM K* buffer, pH 7.0, showing H8/H6—
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Figure S17. Topology and 2D NOESY spectral regions of Q-171T in 10 mM K* buffer, pH 7.0 (20 °C, mixing
time 300 ms). (A) Schematic representation with numbered residues of a (3+1) hybrid-type G-quadruplex
with a (+lpp) topology and snapback loop adopted by Q-11T; anti- and syn-guanosines of the G-core are
colored grey and red, respectively. (B) H6/H8(w2)-H1’(w1) 2D NOE spectral region tracing continuous intra-
nucleotide and sequential connectivities; intra-nucleotide crosspeaks of syn-guanosines are labelled in red.
(C) H1(w2)-H1(w1) crosspeaks with sequential contacts traced along the G tracts. (D) H8(wz2)-H1(w1) NOE

contacts with typical intra-tetrad GH8-GH1 connectivities.
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Figure S19. CD spectra of Qref-derived sequences with single and double mutations in 10 mM potassium
phosphate buffer, pH 7, at 20 °C.
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Figure S20. CD spectra of 57Q-modified Qref-derived sequences in 10 mM potassium phosphate buffer, pH

7, at 20 °C.
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Figure S21. CD spectra of 8'Q-modified Qref-derived sequences in 10 mM potassium phosphate buffer, pH

7, at 20 °C.
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Figure $23. Imino proton spectral region of %8'Q-modified mutants. NMR spectra were acquired in 10 mM

potassium phosphate buffer, pH 7.0, at 30 °C.
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Table S4. Thermodynamic parameters for quadruplex formation with +(Ipp) topology at 30 °C.2

oligonucleotide Tm (°C) AH° (kcal/mol)>  -TAS® (kcal/mol)° AG°30 (kcal/mol)?
66rQ 51.5+1.2 -56.1+0.9 52.4+0.9 -3.7+0.2
6rQ-3A 46.0+0.9 -52.8+0.9 50.1+1.0 -2.7+0.1
66rQ-3X® 542+ 0.6 -64.7 £+ 0.6 59.9+0.7 -48+0.1
68rQ-5T 495+0.5 -56.0+2.4 52.6+2.3 -34+0.2
6rQ-5/ 51.5+0.3 -58.9+1.2 55.0+ 1.1 -3.9+0.1
6BrQ-5Xe 452+0.2 -55.2+1.0 52.6+1.0 -2.7+0.1
6BrQ-11T 51.7+0.7 -58.1+1.9 542+1.8 -3.9+0.1
68rQ-11/ 51.9+0.6 -58.8+ 1.7 548+1.5 -40+0.2
68rQ-5/-111 50.3+0.2 -59.6 £2.0 559+1.8 -3.8+0.2
68rQ-3T-10T¢ 50.8 £ 0.3 -58.1+0.3 543+0.2 -3.8+0.1

aAverage values with standard deviations derived from the analysis of three independent UV melting experiments.

bDetermined from a van't Hoff plot. °AS°® = AH°/Tm. “AG° = AH° - TAS®. eX = abasic 1',2’-dideoxyribose residue.

Table S5. Thermodynamic parameters for quadruplex formation with -(ppp) topology at 30 °C.2

oligonucleotide Tm (°C) AH° (kcal/mol)>  -TAS® (kcal/mol)° AG°30 (kcal/mol)?
°TQ 44.1+£0.3 -53.7+1.9 51.3+17 -24+0.1
°TQ-3A 39.4+07 -52.8+1.0 51.2+0.8 -1.6+0.1
5TQ-3Xe 46.6 + 0.5 -54.7+0.7 51.8+0.6 -2.9+0.1
5TQ-5T 44.0+04 -51.1+1.7 488+ 1.7 -2.3+0.1
5TQ-51 46.4+0.8 -61.7+2.2 58.5 + 2.1 -3.2+0.2
5TQ-5Xe 474+05 -59.9+1.9 56.7+ 1.8 -3.3+0.1
STQ-11T 46.0+0.3 -57.0+ 1.1 541+1.0 -29+0.1
5TQ-111 443+ 0.5 -55.8+1.7 53.3+1.7 -25+0.1
5TQ-51-111 47905 -61.5+0.2 58.0+0.3 -3.5+0.1
STQ-3T-10T 429+0.3 -56.9+0.8 545+0.8 -24+0.1

@Average values with standard deviations derived from the analysis of three independent UV melting experiments.

bDetermined from a van’t Hoff plot. °AS°® = AH®/Tm. “°AG° = AH° - TAS®. eX = abasic 1’,2’-dideoxyribose residue.
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Figure S25. CD spectra of 26'Q, 8'Q, and sequences with a 311 loop length arrangement in 10 mM

potassium phosphate buffer, pH 7, at 20 °C.
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Gel electrophoresis. Gel electrophoresis was performed on a 15% polyacrylamide gel
(acrylamide:bisacrylamide 19:1). DNA (25 pM dissolved in 10 mM potassium phosphate buffer, pH 7.0) was
loaded and separation was performed at 4 °C in 1x TBE buffer supplemented with 10 mM KCI and a voltage

of 200 V. Gels were visualized by staining with a 5 uM thiazole orange solution.
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Figure S26. Non-denaturing polyacrylamide gel electrophoresis of quadruplex-forming sequences; a parallel

c-myc quadruplex and a telomeric dimer were used as a reference.

S30



—136.0

—138.0

—140.0

142.0

L1440

Figure S27. Comparison of 'H-3C HSQC spectra of (A) Q, (B) "68rQ, and (C) "#rQ-311-T acquired at
30 °C in 10 mM K* buffer, pH 7.0, showing H8/H6—C8/C6 correlations. Anti-G and syn-G residues of the G-
core are circled and labelled in black and red color, respectively. The highly similar pattern of C-H
correlations with 8"Q comprising four syn-G and 7 anti-G residues for the G-core demonstrate a hybrid-type
fold with one broken syn-syn-anti and three syn-anti-anti G-columns for both 768'Q and 7#8'Q-311-T. Note the

absence of an observable fifth syn-G residue at the B'G incorporation site.
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Figure S28. (A) Imino proton NMR spectral region of the %8'Q quadruplex acquired in 10 mM potassium
phosphate buffer, pH 7.0, at 30 °C. (B) UV melting curve with fits of upper and lower baseline (left) and van’t
Hoff plot with a superimposed linear fit curve in red (right). (C) DSC thermogram with red fit curve comprising
a low-and high-melting transition. (D) Comparison of van’t Hoff thermodynamic parameters obtained from UV
melting and from the low-temperature DSC transition. Being within experimental uncertainties, the same
van’t Hoff enthalpies extracted from the UV melting and the low-temperature DSC transition suggests that
additional resonances in the NMR spectrum result from some high-melting multimeric associates that do not
influence the UV melting transition centered at ~49 °C.

Differential Scanning Calorimetry (DSC) measurements. DSC experiments were carried out with a VP-
DSC instrument (Malvern Instruments, United Kingdom). The oligonucleotide solution (50 uM) was heated up
to 105 °C with a heating rate of 0.5 °C-min-'. Data from a buffer vs. buffer scan were subtracted from the
sample data. After cubic baseline correction, data were fitted assuming ACp, = 0 kcal-mol'-K-! to obtain Tm

and AH°vu. Parameters are averages over three independent experiments.
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Figure S$29. Imino proton NMR spectral region of 798rQ-311-T and 796rQ-311-X quadruplexes acquired in 10
mM potassium phosphate buffer, pH 7.0, at 30 °C.

Table S6. Thermodynamic parameters for the formation of 96'Q-311-T and 798'Q-311-X quadruplexes at
30°Ca

oligonucleotide Tm (°C) AH° (kcal/mol)? -TAS® (kcal/mol)e AG°3o (kcal/mol)?
108rQ-311-T 58.5+ 0.6 -70.1+£1.2 64.0+1.2 -6.1+0.1
108rQ-311-X 59.0+ 0.4 -72.8+1.7 664+ 1.6 -6.4+0.1

aAverage values with standard deviations derived from the analysis of three independent UV melting experiments.

bDetermined from a van't Hoff plot. °AS°® = AH®/Tim. “AG° = AH° - TAS".
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Figure S$30. Topologies of (3+1) hybrid quadruplexes with different arrangements of lateral and propeller
loops. Due to their all-syn antiparallel column, hybrid-1R and hybrid-2R quadruplexes feature only homopolar
tetrad stacking as observed in parallel structures; syn- and anti-G residues are colored red and grey,
respectively. For hybrid-1R and hybrid-2R conformations, additional quadruplex-duplex hybrids with Watson-
Crick base pairs between flanking sequences or within the lateral loop (dotted blue lines) form a coaxially
stacked duplex extension along the quadruplex wide groove, promoting folding into one of the two +(Ipp) or —

(ppl) topologies (top and middle right).
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NMR spectral analysis and resonance assignments for 26/Q-311-T

Upon shortening the second intervening sequence to a 1-nt propeller loop, three formed species of Q-3711-T
coexist with the major species adopting a parallel topology like °7Q (see Figure 8 of the main manuscript).
Minor species can be identified through shifting equilibria by deliberate substitutions with B'G residues at
specific positions. The 267Q-311-T quadruplex with a corresponding modification at the 2-position yields a set
of 12 imino proton resonances which can be attributed to the formation of a three-layered G-quadruplex
(Figure S30). Two syn- and nine anti-guanosines can be identified following NOE connectivities and this is
confirmed by 'H-'3C HSQC spectra (Figure S31). NOE sequential walks along the G-quadruplex allowed to
distinguish three columns comprising all-anti steps, namely G7-G8-G9, G10-G11-G12, and G14-G15-G16.
One column was found to exclusively include syn-syn steps, i.e., G20-G1-G2, providing for the missing G2
in a syn conformation. Sequential contacts between aromatic and anomeric protons could be traced between
G14 to A19 (Figure S30C). Also, uninterrupted sequential contacts link residues from C3 to G9. Additionally,
G2 H1’ and G2 H3’ show weak and strong sequential contacts to C3 H6, respectively. G20 and G1 feature a
reverse sequential NOE crosspeak pattern typical for a syn-syn step in the H8-H3’ spectral region (Figure
S30B). G20 can be distinguished from G1 due to a long-range contact to C18. Following assignments in the
aromatic-imino and imino-imino spectral region, the corresponding crosspeak pattern confirms a quadruplex
topology with exclusive homopolar tetrad stacking (Figure S30D and E). Hoogsteen hydrogen bonds within
individual tetrads run along G2-G6-G10-G14, G1-G7-G11-G15, and G20-G8-G12-G16. Taken together,
28rQ-311-T folds into a (3+1) hybrid quadruplex with a homopolar tetrad stacking and a single all-syn G-tract.

The quadruplex is composed of four intervening sequences, namely a 3-nt lateral loop bridging a minor
groove followed by two 1-nt propeller loops and a 3-nt lateral snapback loop bridging a wide groove. The
thymidine resonances of the two 1-nt propeller loops cannot be distinguished unambiguously. However,
various sequential and long-range contacts define the alignment of both lateral loops. In particular, long-
range contacts from A5 to C3 and especially to G2 were found in the aromatic-imino but also aromatic-H1’
spectral region (not shown). Long-range contacts between G20 H8 and C18 H1’ indicate C18 to be located in
the groove formed by the all-syn and an all-anti column. Various NOE contacts between A19 base and sugar
protons as well as T17 methyl protons with G imino protons of the lower tetrad hint to T17 and A19 being
stacked onto the plane of the outer tetrad (Figure S30E).

Stereospecific assignments of H2’/H2” was achieved through NOESY experiments at short mixing times
for the discrimination of H1’-H2’ and H1’-H2” crosspeak intensities. Sugar puckers were evaluated by a close
inspection of H1’-H2’ and H1’-H2” DQF-COSY crosspeaks. Due to anti-phase signals for the active coupling,
small coupling constants are expected to result in partial cancellation and weak signal intensities. Thus, all
residues except for A5 and G20 were found to adopt a south-type sugar pucker. Isochronous H2’ and H2”
resonances hampered the assignment of the A5 sugar pucker. On the other hand, the H1-H2” DQF-COSY
crosspeak for G20 overlapped with the corresponding crosspeak of C3, yet the H1’-H2’ crosspeak intensity

suggests at least partially populated north-type sugars for G20 (Figure S32).
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Figure S31. Topology and 2D NOESY spectral regions of 26:Q-371-T in 10 mM K* buffer, pH 7.0 (30 °C,
mixing time 300 ms). (A) Schematic representation with numbered residues of a (3+1) hybrid-type G-
guadruplex with a (+lpp) topology and an all-syn G-column adopted by 26:Q-311-T; anti- and syn-guanosines
of the G-core are colored grey and red, respectively. (B) H6/H8(w2)-H3’(w1) and (C) H6/H8(w2)-H1’(w1) 2D
NOE spectral regions tracing continuous intra-nucleotide and sequential connectivities; intra-nucleotide
crosspeaks of syn-guanosines are labelled in red; blue lines in (B) indicate a reversed sequential contact
typical for syn-syn steps. (D) H1(w2)-H1(w1) crosspeaks with sequential contacts traced along the G tracts.
(E) H8/H2(w2)-H1(w1) NOE contacts with typical intra-tetrad GH8-GH1 connectivities.
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Figure $32. 'H-3C HSQC spectrum of 22'Q-311-T acquired at 30 °C in 10 mM K* buffer, pH 7.0, showing

H8/H6—CB8/C6 correlations. Crosspeaks of syn-G1 and syn-G20 are labelled in red.
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Figure S33. Sugar pucker analysis of 26/Q-311-T. (Top) Stereospecific assignments of H2'/H2” with H1’(w2)-
H2'/H2”( 1) NOESY spectral region at short mixing time (80 ms); crosspeak intensities allow discrimination
between H2' and H2”. (Bottom) DQF-COSY spectral region showing H1’'(®2)-H2'/H2"(®1) crosspeaks; north-
and south-type sugar puckers are associated with different scalar couplings and thus different crosspeak

patterns of in-phase and anti-phase components.
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Table S7. 'H and '3C chemical shifts & of 28:Q-311-T.2

S(ppm)  H8/MH6  H1/H3 H1' H2'/H2" H3  H5MH2Me  CB8/C6 Cc2
G1 7.40 11.59 6.04 290/3.13  4.97 - 140.19 -
B'G2 - 11.26 5.98 3121212  5.08 - n.d. -
Cc3 7.97 - 6.24 211253 474 6.12 14417 -
T4 7.1 n.d. 5.81 1491193  4.66 1.52 139.06 -
A5 8.08 - 5.64 256/2.56  4.87 7.76 14219  154.81
G6 7.93 11.41 5.95 268290  4.96 - 137.89 -
G7 7.45 11.21 6.10 256/2.85  4.81 - 136.95 -
G8 7.82 10.67 6.41 269/2.65  5.09 - 138.10 -
T9 7.85 n.d. 6.50 243/267 513 1.96 139.90 -
G10 8.01 11.63 6.15 242/295 514 - 137.98 -
G11 7.92 11.42 6.12 265/2.89  5.08 - 138.22 -
G12 7.83 11.15 6.49 2.74/2.61 5.10 - 137.62 -
T13 7.84 n.d. 6.50 243/267  5.12 1.96 139.88 -
G14 8.05 11.38 6.13 240/2.95 517 - 138.58 -
G15 8.05 11.41 6.09 2.74/272  5.09 - 138.20 -
G16 7.54 11.22 6.19 249/287  4.95 - 136.58 -
T17 7.22 n.d. 5.93 203/2.32  4.69 1.65 138.48 -
c18 7.57 - 5.93 1.86/2.26  4.53 5.87 143.83 -
A19 7.69 - 5.89 175233  4.66 7.32 14065  152.94
G20 7.43 10.74 6.24 3.27/2.51 4.78 - 140.35 -

aAt 30 °C in 10 mM potassium phosphate buffer, pH 7.0.
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Table $S8. NMR restraints and structural statistics of calculated structures for 26:Q-311-T

NOE distance restraints
intra-residual
inter-residual
exchangeable
other restraints:
hydrogen bonds
dihedral angles
planarity
structural statistics:
pairwise heavy atom RMSD value (A)
all residues
G-tetrad core
NOE violations:
maximum violation (A)
mean NOE violation (A)
deviations from idealized geometry:
bond lengths (A)

bond angles (degree)

77
123
42

48
38
3

1.5+05

0.7+0.2

0.14
0.002 + 0.001

0.01 + 0.0001
22+0.02
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G16 G20

Figure S34. (A) Superposition of ten lowest-energy structures for 26Q-311-T; anti- and syn-guanosines are
colored in grey and red, respectively, A5 is colored in cyan, and other residues are colored in orange. (B)
Stacking of A5 onto the upper G-tetrad. (C) TCA lateral snapback loop of 26/Q-371-T in a side view (left) and
top view (right) showing stacking of the T17-A19 Hoogsteen base pair onto the outer G-tetrad. C18 is located
in the groove (not shown in top view). Such a capping structure of the T17-A19 base pair can be found in 8
out of 10 structures. In two structures, the snapback loop rearranges to have T17 and C18 stacked on each

other while being tilted at about 45° whereas A19 remains efficiently stacked onto the tetrad.
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Figure S35. (A) Superimposed H6/8-H1' and (B) H6/8-H2'/Me NOESY spectral regions of Q-311-T (black),
148rQ311-T (red) and 26:Q-371-T (blue). (C) Thymine methyl 1D NMR spectral region of Q-3771-T with
integrals given for the specified peaks. Assigned proton resonances in the parallel, hybrid-1R', and hybrid-1R
topologies are colored in black, red, and blue, respectively. The T4 methyl of the major parallel species

resonates outside the plotted spectral region.
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Figure S36. (A) Superimposed H6/8-H1' and (B) H6/8-H2'/Me NOESY spectral regions of Qref (black), °7Q
(red) and 227Q (blue). (C) Thymine methyl 1D NMR spectral region of Qref with integrals given for the
specified peaks. Assigned proton resonances in the parallel, hybrid-1R', and hybrid-1R topologies are
colored in red, black, and blue, respectively. (D) Imino proton spectral region of Qref with topology-specific

assignments and integrals of imino resonances in line with the T methyl-based assignments.
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Figure S37. Comparison of 'H-'3C HSQC spectra of (A) 26'Q and (B) 267Q-311-T acquired at 30 °C in 10 mM
K* buffer, pH 7.0, showing H8/H6—C8/C6 correlations. Anti-G and syn-G residues of the G-core are circled
and labelled in black and red color, respectively. The highly similar pattern of C-H correlations comprising two
syn-G and 9 anti-G residues for the G-core demonstrate the same fold for both sequences. Note the

absence of a third syn-G residue at position 2 due to B'G incorporation.
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/Abstract: A parallel quadruplex derived from the Myc pro-
moter sequence was extended by a stem-loop duplex at
either its 5'- or 3'-terminus to mimic a quadruplex—duplex
(Q-D) junction as a potential genomic target. High-resolu-
tion structures of the hybrids demonstrate continuous stack-
ing of the duplex on the quadruplex core without significant
perturbations. An indoloquinoline ligand carrying an amino-
alkyl side chain was shown to bind the Q-D hybrids with a
very high affinity in the order K,~10” m™" irrespective of the

\duplex location at the quadruplex 3'- or 5'-end. NMR chemi-

cal shift perturbations identified the tetrad face of the Q-D
junction as specific binding site for the ligand. However, cal-
orimetric analyses revealed significant differences in the
thermodynamic profiles upon binding to hybrids with either
a duplex extension at the quadruplex 3'- or 5'-terminus. A
large enthalpic gain and considerable hydrophobic effects
are accompanied by the binding of one ligand to the 3-Q-D
junction, whereas non-hydrophobic entropic contributions
favor binding with formation of a 2:1 ligand-quadruplex
complex in case of the 5'-Q-D hybrid. )

Introduction

Sequences with four runs of G-nucleotides can fold into G-
quadruplexes (G4s) composed of stacked G-quartets and fur-
ther stabilized by the coordination of monovalent cations."" G4
forming sequences have been found throughout the genome,
with frequent occurrences in telomeres and promoter regions
of human oncogenes such as c-Myc, c-Kit, and KRAS.*™ Intra-
molecular G-quadruplexes with their four G-columns connect-
ed by loops show highly diverse topologies. This polymorph-
ism is reflected in different types of loops but may also include
discontinuous G-tracts."'” In general, various G4 topologies in
the genome may be specifically targeted by high-affinity li-
gands for novel pharmaceutical approaches, but quadruplex
topologies can also be rationally designed for use in an in-
creasing number of technological applications, for example, as
aptamers."'

DNA junctions are important elements in cellular mainte-
nance processes.””'”" Given that G-quadruplex forming se-
quences in gene promoter regions originate from duplex
DNA™ the presence of quadruplex-duplex (Q-D) motifs
seems obvious. Q-D hybrid structures have already been re-
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ported 25 year ago"® and several variants have since been de-
veloped by placing the duplex forming sequence at different
internal or external positions of the G4.""%2 |n fact, bioinfor-
matic studies have revealed the abundance of such Q-D
hybrid structures in the human genome.” Consequently, Q-D
junctions may be considered hotspots of a druggable region
in guiding a ligand to bind at the G-quadruplex structure with
high selectivity while retaining high affinity. Accordingly,
hybrid ligands designed by simply joining known G4 ligands
with duplex minor groove binders have been proposed for tar-
geting such type of junctions.!'*?¥

One major challenge for the design of a ligand as specific
G4 probe or drug is the selectivity for a quadruplex with re-
spect to other DNA secondary structures but also to a unique
quadruplex topology.”>?" It is also generally understood that
an increase in selectivity, for example, through discrimination
of a quadruplex versus duplex species, will often be associated
with a decrease in affinity.”®* In previous studies we devel-
oped a ligand termed PIQ based on a phenyl-substituted indo-
loquinoline heterocyclic ring system (Figure 1A).2” This ligand
showed high selectivity and affinity towards the parallel Myc
quadruplex. While stacking on the outer G-tetrad of the Myc
G4 is favored and associated with the formation of a binding
pocket through short overhang sequences, the PIQ ligand was
shown to be tightly sandwiched between the 3'-faces of two
quadruplexes in a 1:2 complex when binding a 3'-truncated
Myc sequence.”" However, affinity towards duplex DNA is also
observed and promoted by its positively charged aminoalkyl
substituent, albeit to a small extent.B”

In the present paper, a Q-D junction was designed through
a duplex stem-loop extension at either the quadruplex 5- or
3’-terminus (Figure 1). Detailed structural and thermodynamic
analysis was employed to characterize the binding behavior of

16910 © 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Structure of the PIQ ligand (A). Schematic representation of Q-D hybrids Myc-dup3 (B), Myc-dup5 (C), and Myc3I-dup5 (D) with numbering of residues
at the Q-D junction; G-tetrad guanines and base pairs of the duplex hairpin extension are indicated by grey and red rectangles, respectively.

a PIQ ligand as a typical G4 binder. Using the major Myc quad-
ruplex but also a modified and extended version with a snap-
back loop architecture at its 3'-end as G4 module within the
hybrids, the results suggest that PIQ binds selectively and with
high affinity to the Q-D junction. However, thermodynamic
binding profiles noticeably differ for binding at a junction adja-
cent to the 5'- or 3'-face of the quadruplex G-core.

Results and Discussion
Circular dichroism spectra

The present design of a quadruplex—duplex hybrid is based on
the well-studied parallel G4 derived from the promoter region
of the c-Myc oncogene.®? A long overhang sequence at either
the 5'- or 3'-terminus of the G4 core is designed to form a
duplex stem-loop structure with a CG base pair adjacent to
the 5- or 3’-outer tetrad of the quadruplex, respectively
(Figure 1). In contrast to base pair formation within loop re-
gions of the G-core, the hybrids Myc-dup5 and Myc-dup3 are
expected to exhibit increased flexibility at the Q-D junction
because only a single attachment at one end of the double-
helical stem-loop structure links the duplex to the quadruplex
motif.

CD spectra of the Q-D hybrids are shown in Figure 2. They
exhibit negative and positive maxima at around 240 and
265 nm typical for a parallel quadruplex topology with stacked

Chem. Eur. J. 2020, 26, 16910 - 16922

www.chemeurj.org 16911

G-tetrads of the same polarity and with all-anti glycosidic tor-
sion angles for the G-core residues. Because a B-type duplex
shares similar CD signatures, the additional presence of a
duplex stem-loop structure remains mostly hidden. However,
ellipticities in Myc-dup3 with a double-helical domain at the G4
3'-face are somewhat reduced compared to Myc-dup5 but also
native Myc with only short overhangs (Figure S1).5% On the
other hand, the duplex stem-loop structure at the 5'- or 3'-ter-
minus does not seem to noticeably impact the Myc parallel
topology.

Upon titrating the PIQ ligand, no major changes were ob-
served in the CD spectra below 300 nm, implying that the top-
ology of both quadruplexes was retained after PIQ binding.
Also, the appearance of induced circular dichroism (ICD) effects
around the long wavelength absorption maximum of the
ligand at 376 nm demonstrates binding of the achiral ligand to
the chiral environment of the DNA. It should be noted that
small changes in ellipticity at A <300 nm during addition of
ligand may indicate small quadruplex conformational adjust-
ments but may also be attributed to ICD effects through short
wavelength absorptions of bound PIQ.

ICD effects as a function of increasing ligand concentration
give first hints of PIQ binding to the Q-D hybrids. A broad
negative ICD band is observed at the start of titration, in line
with ligand stacking on an outer tetrad, but is typically also
observed for intercalative binding of a planar ligand to duplex
DNA.B¥ In subsequent titration steps the amplitude of the ICD
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Figure 2. CD spectra of A) Myc-dup3 and B) Myc-dup5 following titration
with PIQ (0-5 equivalents); the inset shows induced CD effects at the ligand
absorption.

band increases at its lower but decreases at its higher wave-
length side, becoming even positive for Myc-dup5 with a five-
fold excess of ligand (Figure 2). Such a behavior indicates the
gradual onset of an additional binding process characterized
by a single positive ICD overlapping the initial band at longer
wavelengths. Interestingly, a corresponding ICD is seen for the
duplex-free Myc G4 known to bind PIQ at its exposed outer
tetrads (Figure S1). Alternatively, a developing bisignate ICD
due to exciton couplings between bound ligands in close
proximity and with negative and positive amplitudes at lower
and higher wavelengths, respectively, may superimpose on the
initial CD band.

Melting experiments

Bound ligand is expected to affect the stability of DNA as re-
flected in changes of its melting temperature T,, which are
conveniently determined by temperature-dependent UV and
CD experiments. For a separate determination of duplex and
quadruplex melting, wavelengths used for the measurements
are of particular importance. In UV melting experiments, a hy-
perchromicity at A=260 nm is expected upon the transition

Chem. Eur. J. 2020, 26, 16910 - 16922 www.chemeurj.org

from duplex to single strand whereas the absorbance at 1=
295 nm is most sensitive to quadruplex melting with associat-
ed hypochromic effects. However, for quadruplex melting stud-
ies in the presence of ligand, temperature-dependent CD ex-
periments were performed to avoid complications due to inter-
ferences from ligand absorption below 300 nm but also due to
closely similar quadruplex and duplex melting temperatures
(see below). With a maximum of its positive band for the paral-
lel G4 topology, a decreased CD signal at 265 nm mostly indi-
cates quadruplex unfolding because ellipticities at this wave-
length for the B-type duplex hairpin extensions are less pro-
nounced.

For lowering the high melting temperature of the Myc quad-
ruplex, melting experiments were initially performed in a low-
salt buffer with 10 mm K. Under these conditions, duplex and
quadruplex domains in Myc-dup5 and Myc-dup3 melt in two
well-separated individual transitions. Melting temperatures for
the duplex motifs are 11 and 20 °C below melting of the corre-
sponding quadruplex domains (Table S2 and Figure S2). As ex-
pected from the close structural similarity only flanked by a
long single-stranded overhang at either the 5- or 3'-terminus
after duplex melting, the UV-derived T, value for the G4 sub-
unit in Myc-dup5 was found to be 67 °C and thus only slightly
higher by 2°C when compared to Myc-dup3. For a validation
of these quadruplex- and duplex-specific results, additional
DSC experiments were performed. Deconvolution of the two
transitions yielded melting temperatures T, in full agreement
with those obtained from the temperature-dependent absor-
bances at 295 and 260 nm (Table S2 and Figure S3).

As a consequence of premature duplex melting under the
low salt conditions, evaluation of a ligand-induced G4 thermal
stabilization suffers from the lack of a defined Q-D junction.
We therefore changed the buffer solution from 10 mm K* to
120 mm Na*, expecting that a higher ionic strength will stabi-
lize the duplex whereas the replacement of potassium by
sodium ions will likely destabilize the quadruplex domain with-
out affecting its topology, as demonstrated previously."3*3¥
Indeed, as shown by UV and CD melting experiments, relative
stabilities of duplex and quadruplex domains change under
the new buffer conditions, resulting in a duplex melting more
than 10°C above G4 melting for both hybrids (Table 1 and Fig-
ure S2). Also, T,, values for the G4 units in the Na* buffer with
the flanking duplexes intact differ by 8°C and suggest more

Table 1. Melting temperatures T, for the Q-D hybrids without and with
addition of 1 equivalent of PIQ in 100 mm NaCl, 20 mm sodium phos-
phate buffer, pH 7./
Q-D hybrid T (duplex) [°C] T (quadruplex) [°C]

w/o PIQ® with 1 equiv PIQ® w/o PIQ" with 1 equiv PIQY

Myc-dup3  63.6+£0.6 70.8+0.3
Myc-dup5  67.8+0.6 73.5+1.0
Myc3l-dup5 69.5+0.5 76.1+0.3

447+18 682+1.4
53.2£06 69.7+1.2
66.3+0.4 738404

[a] Averages with standard deviation from three independent measure-
ments except for the quadruplex melting of Myc3/-dup5 with and without
PIQ which was determined in duplicate. [b] T, data from UV melting ex-
periments. [c] T,, data from CD melting experiments.
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stabilizing duplex-G4 interactions at the 5- when compared to
the 3'-outer tetrad.

With the addition of 1 equivalent of ligand in Na' buffer,
similar T, values determined by the temperature dependence
of UV absorbances for the duplex and of CD ellipticities for the
quadruplex seem to merge at about 70°C and suggest a
single yet rather broad melting transition for both hybrid-
ligand complexes given different methods and experimental
uncertainties (Table 1). With the duplex domain only moderate-
ly stabilized due to ligand binding by AT, <7°C, the quadru-
plex shows a significant stabilization by 17 and 23°C for Myc-
dup5 and Myc-dup3, respectively. The higher ligand-induced
thermal stabilization of the Myc-dup3 quadruplex in Na* buffer
compensates for its noticeably lower intrinsic stability when
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compared to Myc-dup5. Also, the increase in melting tempera-
tures for both duplex and quadruplex domains with the addi-
tion of ligand in a 1:1 molar ratio points to strong ligand inter-
actions at the Q-D interface.

Thermodynamics of ligand binding to the Q-D hybrids

Isothermal titration calorimetry was used to determine the
thermodynamic profile of PIQ binding to the Q-D hybrids. Ex-
periments were performed by titrating the ligand into a
120 mm K™ buffer solution of the oligonucleotides. Thermo-
grams obtained after integration of the power output for each
injection and corrections for the heats of dilution are shown in
Figure 3.
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Figure 3. Representative ITC thermograms for the binding of PIQ at 120 mm K* to A) Myc-dup3 at 40°C, B) Myc-dup3 at 50°C, C) Myc-dup5 at 40°C, and
D) Myc3I-dup5 at 40 °C. The upper and lower panels show the heat burst for every injection step and the dilution-corrected heat versus the molar ratio, re-

spectively.
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Table 2. ITC-derived thermodynamic parameters for the binding of PIQ to the Q-D hybrids in the presence of 120 mm K* at 40°C.”

Q-D hybrid N K, ] AH g, AG® AH°.. —T4s°

[kcal mol~"]®! [kcal mol~']® [kcal mol~'1"! [kcal mol~"1¢!
Myc-dup3 1.2+0.1 (1.64+0.4)x 107 —10.74+0.1 —10.3+£0.2 —11.9+0.5 1.5+£0.5
Myc—dup3[‘“ 1.1+£0.2 (1.54+0.5)x 10’ —15.0+0.8 —10.6+0.2 —14.8+0.2 43+0.3
Myc-dup5® nd. nd. nd. nd. —6.74+03 nd.
Myc3l-dup5 1.5+0.1 (1.64+0.2)x 107 —8.2+0.1 —10.3£0.1 —7.3+0.2 —3.0+0.2

[a] Average values with standard deviations from three independent measurements; only values for the high-affinity binding are given. [b] AH";, and AH",,
denote standard molar enthalpy changes determined from curve fitting and from an excess-site method, respectively. [c] From AG°=—RTInK, and
—TAS°=AG°—AH’,,. [d] At 50°C. [e] Isotherm could not be reliably fitted with a two-site model.

The titration curve for Myc-dup3 acquired at T=40°C and
thus close to physiological temperatures, point to the presence
of a single high-affinity binding site with the release of heat
upon ligand binding (Figure 3A). A gradual return to baseline
at high ligand-to-DNA molar ratios suggests additional weaker
binding events and the presence of multiple nonequivalent
binding sites. Potential sites include the Q-D junction, the 5'-
outer tetrad with its short overhang, and the duplex domain,
but unspecific binding, for example, through electrostatic in-
teractions with the negatively charged DNA backbone, should
also be considered. Employing a two-site model for curve fit-
ting, excellent and reproducible fits were obtained for the
high-affinity binding associated with a very high exothermicity,
a stoichiometry of 1, and an association constant of K,=1.6x
10’ m™' (Table 2). Initial 1:1 complex formation is clearly sepa-
rated from ensuing binding processes of weaker affinity. Given
that more than one subsequent binding event of lower affinity
are anticipated to superimpose at later titrations, a second set
of thermodynamic parameters for low affinity binding sites
through curve fitting was not evaluated in more detail.

To get more insight into potential binding sites, it is instruc-
tive to look at closely related DNA-ligand associations. Recent-
ly, an association constant K, of 2x10°m~' and a binding en-
thalpy AH° of —6.3 kcalmol™" at 40°C has been determined for
PIQ binding to the outer tetrads of the Myc quadruplex lacking
a duplex extension.” To also assess binding to the duplex
domain, we performed ITC titrations of the separate duplex
stem-loop structure with the ligand (Figure S4). Here, corre-
sponding binding isotherms indicate a released heat of
<5 kcalmol™ and rather weak binding with estimates of K, <
10* m~". These results strongly suggest that the Q-D interface
in Myc-dup3 constitutes the binding site of highest affinity.
Binding here is also associated with a very high exothermicity
not found in either free quadruplex or hairpin duplex.

Isotherms for Myc-dup5 at 40 °C exhibit a shallow minimum
following a plateau region at initial titration steps and a gradu-
al return to baseline with excess of ligand. It is immediately ap-
parent that such a heat profile indicates the presence of more
than two calorimetrically distinct association processes with
multiple binding sites at the G4 hybrids. The superposition of
more than two binding events during the entire course of ti-
tration compromises the extraction of binding parameters
through curve fitting for Myc-dup5 and even restricts the deter-
mination of reliable thermodynamic parameters for the site of

Chem. Eur. J. 2020, 26, 16910 - 16922 www.chemeurj.org

highest affinity. To nevertheless obtain a more accurate bind-
ing enthalpy for the latter, we employed an excess-site
method to yield a AH° of about —7 kcalmol™ at 40°C (Fig-
ure S5). An excess of DNA in this protocol ensures that added
ligand is completely bound to high-affinity sites for every injec-
tion step and that the area under each power output directly
reflects the molar binding enthalpy following normalization.®®

Introducing a Q-D hybrid variant with a 3'-snap-back loop

Due to the limitations in analyzing thermograms of Myc-dups5,
a variant termed Myc3l-dup5 was designed and tested for
ligand binding (Figure 1). Myc3I-dup5 is based on the quadru-
plex Myc3/ that carries an additional 3’-extension together with
a central two-nucleotide deletion and was previously shown to
fold into a snap-back loop structure. Because the snap-back
loop spans the quadruplex 3'-face and effectively prevents the
ligand from binding at its 3'-tetrad,**” elimination of an addi-
tional putative binding site should provide for a better re-
solved thermogram. On the other hand, this variant is expect-
ed to closely mimic PIQ binding at the Myc-dup5 5'-face with
its duplex extension because binding opposite the snap-back
loop should be essentially unperturbed (see below). UV and
CD melting data of Myc3I/-dup5 are also summarized in Table 1.

When titrating the Myc3/-dup5 hybrid with the PIQ ligand, a
well-defined first binding event with reproducible thermody-
namic parameters and an apparent stoichiometry > 1 could be
extracted (Figure 3D). With a K, of 1.6x 10’ m~" it matches with
the high-affinity binding of Myc-dup3 and again suggests bind-
ing at the interface of quadruplex and duplex domains. PIQ
binding at the 5'-face with no noticeable perturbations by the
opposite snap-back loop structure is also strongly suggested
by the close binding enthalpies AH® of about —7 kcalmol™" ex-
tracted by an excess-site method for the high-affinity binding
for both Myc-dup5 and Myc3I-dup5.

Of note, although featuring the same association constant
for a proposed binding at the Q-D interface, thermodynamic
profiles of PIQ binding are strikingly different for Myc3Il-dup5
and Myc-dup3. A significantly more favorable binding enthalpy
for Myc-dup3 is counteracted by a slight loss in entropy where-
as a less exothermic binding to Myc3/-dup5 is associated with a
favorable change in entropy at 40°C to give the same Gibbs
free energies (Table 2). Additional ITC titrations for Myc-dup3 at
50°C show no significant change in binding constant but a no-
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PIQ binding to the Q-D hybrids.

Table 3. Temperature-dependent binding enthalpies AH*, heat capacities AC,°, and hydrophobic contributions to the Gibbs total free energy AG®; 4 for

Q-D Hybrid AH s 503k AH’ 303k AH o313 AH’ o353k AC’ AGchyd[b]
[kcalmol™] [kcalmol™] [kcalmol™] [kcalmol] [calmol~K™] [kcalmol™]

Myc-dup3 —8.1+0.5 —-10.1+0.2 —-11.9+0.5 —14.8+0.2 —221+19 -17.7

Myc3l-dup5 —5.440.1 —6.24+0.2 —73+0.2 —8.5+0.2 —101+8 -8.1

80-AC,".

[a] Average values for the high-affinity binding with standard deviations from three independent measurements. [b] From the relationship AG’ 4=

ticeably more negative binding enthalpy of about —15 kcal
mol~" (Figure 3B, Table 2). These results suggest extensive en-
thalpy-entropy compensation effects with a negative molar
heat capacity AC,” exceeding entropic changes AS°, as fre-
quently observed for small molecules binding to a biomolecu-
lar receptor.®®

To determine AC,° for high-affinity binding, binding enthal-
pies were determined at 20, 30, 40, and 50°C by an excess-site
method and plotted over temperature to give a AC,” of
—221 calmol™'K™" ‘and —101 calmol™'K™" for Myc-dup3 and
Myc3Il-dup5, respectively (Table 3, Figures S6 and S7). Whereas
AC,® upon binding Myc3l-dup5 is close in magnitude to
changes in heat capacity effects as obtained for other quadru-
plex-ligand interactions,*>*” AC,° for Myc-dup3 binding is
highly negative, in particular when compared to a AC,°=
—67 calmol™'K™' determined for PIQ binding to the Myc G4
lacking a duplex extension.*” However, a larger change in heat
capacity of about —330 calmol™'K™" was reported for minor
groove binding of Hoechst 33258 to duplex DNA."*"

In general, negative AC,° indicates a reduced solvent-acces-
sible surface area associated with hydrophobic effects by the
release of water at the nonpolar solute-solvent interface. Based
on solvent-transfer experiments of liquid hydrocarbons, the
semi-empirical relationship AG®,,4=80-AC,° links molar heat
capacity changes with the hydrophobic driving force of associ-

Myc3l-dup5

16‘|3

Myc-dup5

ation AG®,,.*? It should be noted that this correlation strictly
applies to temperatures near 20°C and assumes a AC,” that
exclusively results from hydrophobic effects. Regardless of
such uncertainties, favorable contributions from hydrophobic
effects are clearly major contributors for ligand binding to
Myc3l-dup5. On the other hand, hydrophobic interactions are
suggested to play an even more dominant role for ligand
binding to Myc-dup3 with its 3'-duplex extension, exhibiting a
AG®,4 twice as large as determined for Myc3l-dup5. With hy-
drophobic effects being mostly entropic in nature, a less favor-
able change in total entropy as found for ligand binding to
Myc-dup3 is quite unexpected (Table 2). Apparently, residual
entropic contributions differ considerably for these two hybrids
and point to more significant reductions in conformational en-
tropy and flexibility in complexes of Myc-dup3.

NMR solution structure of Q-D hybrids

Initially all three Q-D hybrids, namely Myc-dup3, Myc-dup5, and
Myc3l-dup5 were structurally characterized in detail by NMR
analysis. "H NMR spectra for all three sequences revealed some
low-intensity signals of minor species in the imino proton
spectral region but these did not hamper proton assignments
of the predominant hybrid structure (Figure 4). Thus, 12 major
Hoogsteen imino proton resonances in the 10.5-12 ppm

4/8 14/18
Myc-dup3
34
24 2331
21
| { MUY FRY P | | LI T | | BN PR PR | | 1T 177 I T T T | 1T 17T | T T T T
14.0 13.5 13.0 12.5 12.0 11.5 11.0

Figure 4. Imino proton spectral region of Myc-dup3, Myc-dup5, and Myc3I-dup5; assigned resonances from the G-core and Watson-Crick stem-loop duplex are

indicated by black and red numbers, respectively.
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region indicate an intact three-layered G-quadruplex core for
Myc-dup3 and Myc-dup5. For Myc3l-dup5 an additional slow-ex-
changing imino signal of a guanine base within the snap-back
loop is observed, in line with its participation in a capping
base triad, as reported previously.”?”’ The detection of
Watson-Crick imino resonances between 12-14 ppm demon-
strate complementary base pairing in the stem-loop structure
for the 3’- and 5'-flanking sequences. All iminos involved in
Watson-Crick hydrogen bonding of the duplex region have
been successfully assigned except for the imino signal of the
AT base pair adjacent to the T, hairpin loop and, in case of
Myc-dup3, for the imino resonance of the GC base pair at the
Q-D junction, likely due to its fast exchange with solvent.

In general, an almost complete resonance assignment fol-
lowing standard strategies based on the analysis of DQF-COSY,
'H-"C HSQC, and 2D NOESY experiments was achieved (Figur-
es S8-510). Intranucleotide and sequential H6/H8-H1’ contacts
in NOESY spectra of all three sequences suggest no major
structural perturbations of the quadruplex through the formed
duplex stem-loop extension. In fact, H6/H8-H1’ contacts enable
a continuous NOE walk from G17 at the 5’-end of the last G-
tract of the quadruplex until the 3’-terminal guanosine G36 of
the duplex in Myc-dup3 and from the 5'-terminal G1 until G20
at the 3’-end of the first G-tract in Myc-dup5 and Myc3I-dup5.
Several NOE connectivities involving base and sugar protons
between residues in the G-tetrad and the following base pair
were observed that define the geometry of the Q-D junction
(Table S3). These include a G36 H8-G6 H1 contact in Myc-dup3,
a G22 H8-G1 H1 contact in Myc-dup5, and G1 H8-G22/G25 H1
contacts in Myc3l-dup5 (Figures S8-510). Various non-sequen-
tial contacts connect C17 of the tetrad-flanking base pair in

Myc-dup5 and Myc3Il-dup5 with G31 and G29 of the adjacent
tetrad, respectively, and point to the cytosine being more di-
rected towards the G-core when compared to Myc-dup3.

Based on NMR-derived distance and torsion angle restraints,
structures were calculated for all three Q-D hybrids (Figure 5,
Table S4). Extending from the parallel G-quadruplex domain,
the long 3’- and 5'-flanking sequences form a B-type hairpin
structure with a T; loop. Residues in the short overhangs at
the opposite quadruplex face, that is, G2 and A3 in Myc-dup3
as well as A35 in Myc-dup5, cap the tetrad plane. On the other
hand, the 3’-overhang in Myc3l-dup5 forms a snap-back loop
that is additionally stabilized by a G32-A34-G35 triad above
the 3'-tetrad in seven out of the ten low-energy structures.

It should be noted that the present Q-D hybrids differ from
previously reported Q-D architectures that harbor the duplex
domain within a G4 loop or form a double helix through com-
plementary 5- and 3'-overhang sequences.""?*?? With only
one strand linked to the G-core, the duplex is expected to ex-
hibit increased flexibility. Nevertheless, with 12-17 NOE-derived
distance restraints between base pair and adjacent G-tetrad for
each hybrid, the geometry of the Q-D junction is well defined.
Interestingly, different stacking patterns between the G-C
Watson-Crick base pair and the neighboring quadruplex tetrad
are apparent in the hybrid structures (Figure 5). The Q-D junc-
tion in Myc-dup3 is similar to constructs with a double-helical
lateral loop (PDB ID 2M8Z and 2M90).%” It shows nearly maxi-
mum stacking between terminal G36 of the duplex and G6 of
the 3'-tetrad with cytosine C20 only poorly stacked on the 5'-
sequential guanine G19 (Figure 5A). For the hybrids with the
duplex at the 5-outer tetrad, the CG base pair at the junction
is turned towards the G-quadruplex core. As a result, the base-

Figure 5. Top: Superposition of ten lowest energy structures of A) Myc-dup3, B) Myc-dup5, and C) Myc3I-dup5. Only the backbone is shown for loop residues.
Bottom: Top view of the Q-D junction with stacking interactions between the first duplex CG base pair and the adjacent quadruplex outer tetrad.
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paired cytosine exhibits no significant stacking interactions
with the 3'-linked guanine of the G-tetrad but is shifted to par-
tially stack on a guanine at the adjacent G-tetrad edge
(Figure 5, B and C). Whereas the base pair is centrally stacked
on the G-tetrad in Myc-dup5, the stacking pattern for the
Myc3l-dup5 hybrid is reminiscent of the previously reported Q-
D construct incorporating a duplex with a G-A pair to form a
diagonal loop (PDB ID 2M91).2

NMR structural studies on PIQ binding to Myc-dup3

Titrating the Myc-dup3 hybrid with the PIQ ligand is accompa-
nied by the appearance of a new set of G4 imino proton reso-
nances in the 10-12 ppm spectral region (Figure 6A). The

A
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+1.0 eq.
q 23/31 8 1_;1518/15

24 13 14 9 1710
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Figure 6. NMR spectra of Myc-dup3 (0.53 mm) at 20°C. A) Imino proton spec-
tral region upon addition of the PIQ ligand. Imino proton resonances are as-
signed to G residues in free Myc-dup3 and in the ligand-hybrid complex by
black and red numbers, respectively. Vertical lines indicate the position of
G13 H1 signals with their opposing change in intensity for free and com-
plexed Myc-dup3. B) H6/8(w,)-H1'(w,) spectral region of a 2D NOESY spec-
trum (300 ms mixing time) in the presence of one equivalent of PIQ. A con-
tinuous walk by intranucleotide and sequential NOEs can be traced from
G17 of the fourth G-run of the quadruplex until the terminal G36 residue of
the duplex. Crosspeaks broadened with respect to the free hybrid spectra
are framed by red boxes and red circles for duplex and quadruplex protons,
respectively. The dashed red circle indicates the position of a missing con-
tact between residue G36 and G6 at the junction.
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latter gradually increase up to a 1:1 molar ratio where free Q-
D hybrid resonances have essentially disappeared and imino
groups of the newly formed species predominate. Adding
ligand in excess, more significant signal broadening indicates
exchange processes between complexes at intermediate time-
scales.

At a 1:0.5 hybrid-to-ligand molar ratio the spectra point to
the coexistence of equally populated free and ligand-bound
DNA in slow exchange, which is clearly also demonstrated by
two sets of crosspeaks with about equal intensity in a corre-
sponding 2D NOESY spectrum (Figure S11). Unfortunately,
ROESY experiments on such samples failed to reveal correla-
tions between the two species, in line with very slow exchange
rates (data not shown). Therefore, proton assignments for the
complex, making use of standard methodologies for a conven-
tional parallel quadruplex and a B-type duplex, were based on
samples with one equivalent of added ligand (Figure 6 B). Unin-
terrupted NOE walks in the H6/8-H1" spectral region can be
traced from the 3’-terminal G36 of the duplex extension to
G17 in the fourth G-tract of the quadruplex core and also from
the 5-overhang to G6 in the first G-column. Additional NOE
connectivities exist between A12 within the propeller loop and
guanines in the second and third G-tract. Proton assignments
of the complex were completed based on guanine H8-imino
and imino-imino NOE contacts of the quadruplex core (Fig-
ure S12).

A chemical shift footprint was constructed by plotting 'H
chemical shift changes through ligand binding and these were
also mapped on a surface model of the Myc-dup3 structure by
red color of varying intensity (Figure S13, Figure 7). Inspection
of the data reveals substantial perturbations of imino and H8
protons for residues located within the 3'-tetrad except for
G15. Although being less affected, the H8-H1’ intranucleotide
NOE crosspeak of the latter seems considerably broadened,
possibly due to environments changing at intermediate fre-
quencies (Figure 6B). Likewise, residues of the duplex domain
located close to the Q-D junction, that is, C20, T21, and A35,
exhibit more significant chemical shift changes. Inspection of

duplex 1

Figure 7. Myc-dup3 proton chemical shift perturbations after addition of

1 equivalent of PIQ mapped with red color of variable intensity on a surface
model of the hybrid. View onto the 3'-tetrad of the quadruplex—duplex junc-
tion (left) and rotation around the z-axis with view into the duplex minor
groove (right). For a more detailed compilation of chemical shift data see
Figure S13 and Table S5 and S6.
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the surface model with mapped perturbations immediately
identifies the Q-D junction at the 3'-tetrad as major binding
site for the ligand with putative additional interactions of the
PIQ sidechain within the duplex minor groove in a 1:1 complex
(Figure 7). It should be noted, however, that duplex chemical
shift changes for non-junction residues may also result from
conformational readjustments after ligand binding.

Signal broadening upon the addition of ligand in excess to
give a 1:2 hybrid-to-ligand molar ratio severely hampered reso-
nance assignments of the quadruplex domain. However, 'H
resonances of the duplex remained reasonably sharp, which
enabled their complete assignment by following walks along
H6/H8-H1" NOE contacts (Figure S14A). Conspicuously, no sig-
nificant chemical shift differences for assigned duplex proton
resonances in Myc-dup3 spectra were observed when going
from a 1:1 to a 1:2 hybrid-to-ligand molar ratio. This also in-
cludes residues near the junction and suggests that the ligand
neither binds at the duplex nor at the Q-D junction in subse-
quent titration steps.

Two crosspeaks between G2 and A3 H1’ of the 5-overhang
and imino protons of the 5'-tetrad were observed in the free
hybrid and persisted after addition of 1 equivalent of ligand
(Figure S14B). However, these two crosspeaks disappeared or
considerably shifted after the addition of 2 PIQ equivalents,
suggesting signal broadening due to exchange processes and/
or conformational readjustments as a result of ligand binding
at the 5'-tetrad. Supported by the ITC data and in line with ICD
effects in the CD spectra (see Figures 2 and S1), the present
NMR data demonstrate a single high-affinity binding site at the
Q-D junction followed by the occupation of the 5-outer tetrad
with ligand in excess.

For fixing the bound ligand in a defined orientation, addi-
tional assignments of ligand protons and the observation of in-
termolecular NOE contacts are indispensable. NOESY spectra of
the Myc-dup3 hybrid in the presence of equimolar amounts of
ligand exhibit new crosspeaks of a resonance at 10.15 ppm to
protons of the 3'-outer tetrad; that is, to G6 H8, G19 H8, and
G15 H1 (Figure S12). The deshielded proton at 10.15 ppm
likely identifies the indole NH of the indoloquinoline ring
system rather than the amide NH of the PIQ sidechain, sug-
gesting stacking of the indoloquinoline on the 3'-tetrad. How-
ever, NOE contacts to both G6 H8 and G19 H8 for a single PIQ
proton in a unique orientation seems questionable based on
interproton distances within the planar tetrad. In fact, various
exchange peaks for ligand aromatic signals also including the
resonance at 10.15 ppm point to different orientations of
bound ligand. Also, no clear NOE contacts are observed be-
tween any ligand proton and the duplex domain of Myc-dup3.
However, some broadening of H8-H1" crosspeaks for C20, T21,
A22, and A35 residues of the stem-loop structure as well as for
G15 and G19 of the 3'-tetrad may indicate intermediate ex-
change between complexes with different ligand orientation,
corroborating the absence of a single well-defined complex
structure (Figure 6B).

Chem. Eur. J. 2020, 26, 16910 - 16922 www.chemeurj.org

NMR structural studies on PIQ binding to Myc-dup5 and
Myc3I-dup5

Upon titrating Myc-dup5 and Myc3l-dup5 with ligand, new
resonances gradually appeared in analogy to Myc-dup3 in the
G4 imino proton spectral region between 10 and 12 ppm (Fig-
ures 8A and S15A). These indicate slowly exchanging species,
that is, coexisting free and ligand bound DNA hybrids. Notably,
however, signals of free Myc-dup5 and Myc3l-dup5 do not
vanish but rather persist after the addition of one equivalent
of PIQ with roughly equal populations of free and bound spe-
cies based on imino signal intensities. Such a behavior con-
trasts sharply with high-affinity binding in a 1:1 stoichiometry
to Myc-dup3 and seems to confirm ITC experiments that con-
sistently indicated higher stoichiometries of N>1 for strong
ligand binding to Myc3/-dup5.

Other differences in binding to quadruplexes with 5’- and 3'-
duplex extensions are apparent when assessing their kinetic
behavior. After the addition of 0.5-0.6 equivalent of ligand to
Myc-dup5 or Myc3l-dup5, exchange peaks of G4 imino protons
can be observed in ROESY experiments as a consequence of
faster exchange rates between free and bound species (Figures
8B and S15B). Although resonance assignments for the com-
plex are mostly precluded due to the extensive crowding and
overlap of signals in 2D NOESY spectra, exchange peaks allow
assignments for most imino protons in the ligand-DNA com-
plex based on assigned resonances of the free hybrid. It
should be noted that additional exchange crosspeaks of low
intensity in the ROESY spectra point to the presence of minor
complex species and therefore only strong exchange peaks in-
dicative of a major complex were used in the construction of
chemical shift footprints.

Large upfield shifts are observed for G imino protons at the
5'-outer G4 tetrad in Myc-dup5 (Figure 8C, Figure S16). Such a
pattern clearly demonstrates preferential PIQ binding at the 5'-
tetrad and thus at the Q-D junction. On the other hand, minor
chemical shift changes for protons in the inner and 3'-tetrad
may mostly be due to some conformational adjustments fol-
lowing ligand binding. Additional confirmation of high-affinity
binding sites at the quadruplex 5'-face with its duplex exten-
sion comes from Myc3l-dup5 (Figure S15C). As for Myc-dup5,
chemical shifts of imino protons in the 5'-tetrad experienced
most significant perturbations when compared to protons of
the inner and 3'-tetrad. Also, a similar chemical shift perturba-
tion pattern was found for Myc-dup5 and Myc3I-dup5 upon the
addition of less than 1 equivalent of ligand, confirming similar
binding characteristics of both hybrids at their 5-Q-D junction
and only a minor impact of the 3’-snap-back loop on binding
at the opposite Q-D interface.

Ligand binding and thermodynamic profiles

Association constants for PIQ binding to all Q-D hybrids
exceed affinities observed for PIQ binding to the Myc quadru-
plex with only short three-nucleotide flanking sequences or to
the corresponding Myc-derived G4 with a 3’-snap-back loop by
nearly one order of magnitude.?>3” Chemical shift perturba-
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Figure 8. A) Imino proton spectral region of Myc-dup5 (0.5 mm) titrated with PIQ at 20°C. B) 1D and ROESY spectrum showing the G4 imino proton spectral
region of Myc-dup5 in the presence of 0.6 equivalent of PIQ at 20 °C. Exchange crosspeaks connect guanine imino resonances of free and complexed species.
Imino proton resonances are assigned to G residues in free Myc-dup5 and in the ligand-hybrid complex by black and red numbers, respectively. C) Imino
chemical shift differences of G4 residues between complexed (with 0.6 equiv. of PIQ) and free Myc-dup5. Imino resonances of G19 and G27 could not be un-

ambiguously assigned.

tions upon ligand binding clearly identify the Q-D junction as
high-affinity binding site. However, Q-D junctions at the 5'-
and 3'-face of the quadruplex seem to vary considerably in
their stability. Thus, lower melting of the quadruplex domain
of free Myc-dup3 in a sodium-containing buffer, that is, with
the duplex extension mostly intact (Table 1), points to higher
flexibilities at the junction, as also indicated by a non-observa-
ble G36-C20 base pair imino resonance likely due to fraying ef-
fects (see above).

In addition to different quadruplex-duplex interactions at
the junction of the hybrids, the 5-outer tetrad of the Myc G4 is
more hydrophobic and more accessible to additional stacking
than the 3'-outer tetrad, often resulting in a noticeable selec-
tivity of ligand binding to Myc for one of its two G4 faces.™
Likewise, altered binding stoichiometries and binding modes
are also suggested by the structural and thermodynamic stud-
ies for the 3’- and 5'-junctions. Given the large association con-
stant K,>10" M~ as determined by ITC for the high-affinity
binding (Table 2), the presence of equally populated free and
ligand bound Myc-dup5 and Myc3l-dup5 after the addition of
one PIQ equivalent seems only compatible with the coopera-
tive binding of two molecules of ligand or the binding of a
ligand dimer to the Q-D hybrids. As a result, only one binding
1691
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event is detected by the ITC experiment, although the ligand
environment and the strength of ligand-hybrid interactions are
anticipated to differ for two PIQ ligands bound to the same G4
receptor. Interestingly, Gibbs free energies for PIQ binding are
identical for the 3’- and 5'-duplex hybrids, yet thermodynamic
profiles with enthalpic and entropic contributions differ signifi-
cantly in line with noticeable differences in binding. Although
structural details of a 2:1 PIQ-hybrid complex are lacking, bind-
ing at or close to the junction is demonstrated by the NMR
structural studies. Owing to its planar surface area of only
moderate size with the non-fused phenyl substituent rotated
out of the indoloquinoline plane, two PIQ molecules can be
conceived to stack in a side by side fashion on top of the 5'-
outer tetrad of Myc-dup5 and Myc3I-dup5 with additional stabi-
lizing interactions provided by the ligand sidechain.

Stacking of the indoloquinoline heterocyclic ring system on
the outer G4 tetrad of the Q-D junction is consistent with
large upfield shifts of guanine imino protons located within
the tetrad plane. Given that high-resolution structures of all
the free hybrids show continuous stacking of the duplex ex-
tension onto the G-quadruplex, partial insertion of the ligand
between base pair and G-tetrad can be assumed. In fact, the
loss of a 2D NOESY crosspeak between 3'-terminal G36 H8 and
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G6 H1 linking the duplex and quadruplex domain in the Myc-
dup3-ligand complex corroborates the assumption of a ligand
(partially) sandwiched between quadruplex and duplex exten-
sion (Figure 6B). To date there is no precedent for a three-di-
mensional structure with a ligand intercalated between a base
pair and G-tetrad at a Q-D junction. Interestingly, however, the
G4 ligand 360A has recently been reported to intercalate be-
tween GC-GC and GA-GA duplexes within a tetrahelical topolo-
gy with a flexible central cavity. Binding tightens the structure
to create GCGC and GAGA tetrads while increasing the dis-
tance between adjacent bases to accommodate the inserted
ligand.®¥

Given high-affinity binding at the Q-D junction for quadru-
plexes with either 3'- or 5-duplex extensions, the absence or
presence of exchange crosspeaks between free and ligand
bound Q-D hybrids in ROESY spectra of Myc-dup3 and Myc-
dup5 deserves further discussion. In contrast to Myc-dup5, ex-
change rates are slow compared to the mixing time of the
ROESY experiment for Myc-dup3. Slower ligand dissociation ki-
netics can be attributed to stronger ligand-DNA interactions,
which are also reflected by the more negative binding enthal-
py as determined by ITC experiments. Given a more flexible
junction in free Myc-dup3 (see above), the considerable en-
thalpic gain through ligand binding may be attributed to
stronger interactions with the ligand, accompanied by a stiff-
ening of the junction in line with less favorable non-hydropho-
bic contributions to the binding entropy. It would be tempting
to correlate the different thermodynamic binding profiles and
associated hydrophobic effects with particular structural char-
acteristics, but different binding stoichiometries and the lack
of a well-defined ligand binding mode in Myc-dup3 and Myc-
dup5/Myc3l-dup5 exclude a more detailed assessment of struc-
ture-stability relationships.

Conclusions

In addition to the targeting of individual quadruplex architec-
tures, the recognition of a Q-D junction can expand possibili-
ties for a selective DNA targeting by low molecular weight li-
gands. Such an approach is based on the idea that Q-D junc-
tions are potential hotspots and widely occurring structural el-
ements in the genome. In fact, Q-D junctions may be formed
during biological processes associated with the unwinding of a
putative G-quadruplex forming sequence either internally as
part of a long self-complementary quadruplex loop or external-
ly at the transition from quadruplex to the canonical B-type
double-helical structure.

Previous strategies have employed hybrid ligands composed
of a quadruplex specific ligand linked with a duplex minor
groove binder."**¥ However, Q-D junctions may by themselves
constitute high-affinity binding sites for known G4 specific li-
gands, favoring the junction over stacking at exposed outer
tetrads of an individual G4 structure as shown here for an in-
doloquinoline-based ligand. Although not directly clear from
their three-dimensional structures, junctions at opposite faces
of the G-quadruplex core exhibit pronounced differences in
thermal stabilities affected by interactions between the quad-
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ruplex and duplex domains. Likewise, thermodynamic profiles
for ligand binding are noticeably different for double-helical 3'-
and 5’-extensions of the parallel G4. More favorable binding
enthalpies, more hydrophobic contributions to the Gibbs free
energy through a more negative change in molar heat capaci-
ty, and less favorable entropic changes when binding to a Q-D
junction at the G4 3'-face are expected to considerably change
relative affinities by altering temperatures. It may also hint at a
future drug design to selectively address enthalpic and entrop-
ic contributions for discriminating between binding at the two
quadruplex faces. Together with their high affinity towards ap-
propriate ligands, Q-D junctions may thus constitute targets
with a high potential for therapeutic interventions.

Experimental Section
Materials and sample preparation

PIQ was prepared as described previously and its concentration
was determined spectrophotometrically by using a molar extinc-
tion coefficient &3,5=22227 Lmol'cm 'B% DNA oligonucleotides
were purchased from TIB MOLBIOL (Berlin, Germany) and further
purified by a potassium acetate-ethanol precipitation. DNA concen-
trations were determined spectrophotometrically by measuring ab-
sorbances A,q at 80°C in water using molar extinction coefficients
as supplied by the manufacturer. Prior to usage, oligonucleotides
were dried, redissolved in buffer, heated to 90°C and annealed by
slowly cooling to RT. Sequences of oligonucleotides are given in
Table S1.

UV/Vis melting experiments

The Q-D hybrid was dissolved in 1.5 mL of either 10 mm potassium
phosphate buffer, pH 7, or 100 mm NaCl, 20 mm sodium phos-
phate buffer, pH 7.0. UV/Vis experiments were performed with a
Jasco V-650 spectrophotometer (Jasco, Tokyo, Japan) equipped
with a Peltier thermostat. For measurements of the duplex T, the
final DNA concentration was 2 pm and absorbance was recorded
at A=260 nm as a function of temperature (10-90°C). Data were
acquired with a bandwidth of 1 nm and a heating rate of
0.2°Cmin~". For measurements of the quadruplex T, the final
DNA concentration was 5 um and absorbance was recorded at A=
295 nm between 10 and 90 °C with parameters as given for duplex
melting. The melting temperature was determined by the first de-
rivative of the melting curve. For the melting of complexes, the
ligand was added up to a 1:1 molar ratio.

CD spectroscopy

CD spectra were measured at 20°C on the Q-D hybrids (5 pm) in
100 mm KCl, 20 mm potassium phosphate buffer, pH 7.0. A concen-
trated PIQ solution in DMSO was added up to a 5:1 ligand-to-DNA
molar ratio. The DMSO concentration of the mixture was always
<1%. All measurements were performed with a Jasco J-810 spec-
tropolarimeter equipped with a Peltier thermostat (Jasco, Tokyo,
Japan). Spectra were recorded for solutions in 1 cm quartz cuvettes
from 230 to 450 nm with a bandwidth of 1 nm, a scanning speed
of 50 nmmin~, a response time of 4s, and five accumulations.
Prior to measurements, the quadruplex-ligand mixtures were
stirred for 10 min to ensure equilibration.

For the determination of melting temperatures, the Q-D hybrid
(5 um) in the absence or presence of 1 equivalent of PIQ was redis-
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solved in 100 mm NaCl, 20 mm sodium phosphate buffer, pH 7.0.
Ellipticities were recorded at A=265nm between 20 and 95°C
with a bandwidth of 1 nm and a heating rate of 0.2°Cmin~". Melt-
ing temperatures were determined by the first derivative of the
melting curve.

Isothermal titration calorimetry

ITC experiments were performed with a Microcal PEAQ ITC micro-
calorimeter (Malvern Instruments, United Kingdom) employing a
reference power of 4 pcals™'. Oligonucleotides and the PIQ ligand
were each dissolved in 100 mm KCl, 20 mm potassium phosphate
buffer, pH 7.0, supplemented with 5% DMSO. The PIQ solution
(400 um) was titrated to 20 um of oligonucleotide with a total of
2x26 injections of 1.5 pL each, an injection duration of 3s, and a
spacing between injections of 240 s. The first injection (0.4 uL) was
rejected during the fitting process. Excess-site titrations were per-
formed to determine model-independent binding enthalpies di-
rectly from averages of peak integrals of the power outputs. For
each of the 12 titration steps, 3 uL of ligand solution (200 pum) with
a 6s injection duration were titrated to the oligonucleotide solu-
tion (100 um) with a spacing between injections of 300 s. The first
injection volume (0.4 pL) was not included in the calculation of
binding enthalpies. Measurements at a temperature range of 20-
50°C were performed to determine the change of heat capacity
upon binding. All experiments were blank- and concentration-cor-
rected. For data analysis, the MicroCal PEAQ-ITC analysis software
was used.

NMR spectroscopy

NMR spectra were acquired with a Bruker Avance 600 MHz spec-
trometer equipped with an inverse 'H/"*C/"*N/'°F quadruple reso-
nance cryoprobehead and z-field gradients. Data were processed
in TopSpin 4.0.7 and assigned in CcpNmr V2.*! Oligonucleotides
were dissolved in 10 mm potassium phosphate buffer, pH 7.0.
Upon titration with a PIQ solution in [DgIDMSO, the final DMSO
concentration with addition of 2 equivalents of ligand was below
5%. Proton chemical shifts were referenced through the water
chemical shift taking into account its temperature dependence at
pH 7 and carbon chemical shifts were referenced to DSS through
an indirect referencing method. Residual HOD in D,O solutions for
DQF-COSY experiments was suppressed by presaturation. A WA-
TERGATE w5 sequence was generally used for water suppression in
solutions of 90% H,0/10% D,O except for 'H-*C HSQC experi-
ments employing a 3-9-19 pulse sequence. The latter experiments
were acquired with a spectral width of 7500 Hz in the F1 dimen-
sion, 4 Kx500 data points, and a 1 s recycle delay. Zero-filling gave
a 4 Kx1 K data matrix that was multiplied with a sine-bell squared
window function in both dimensions. Homonuclear 2D spectra
were typically recorded with 2 Kx 1 K data points with a relaxation
delay of 2s. Prior to Fourier transformation, FID data were zero-
filled to give a final 4 Kx1K data matrix and processed with a
sine-bell squared window function in both dimensions. 2D NOESY
spectra were acquired with mixing times from 80 to 300 ms and
ROESY spectra were recorded with a mixing time of 80 ms.

Structure calculation and molecular modeling

Starting structures (100) of lowest energy were selected out of 200
structures generated by a simulated annealing protocol in XPLOR-
NIH 2.52.“¢ Distance restraints were obtained from crosspeak in-
tensities in NOESY spectra. Distances were categorized as follows:
29+1.1A for strong crosspeaks, 4.04+1.5A for crosspeaks of

Chem. Eur. J. 2020, 26, 16910 - 16922

medium intensity, 5.5+ 1.5 A for weak crosspeaks, and 6.0+ 1.5 A
for very weak crosspeaks. For overlapped peaks, the distance was
set to 5.04+2.0 A. All % torsion angles were set as either anti (170-
310°) or syn (25-95°) while all sugar puckers were set to the south
domain (pseudorotational angle 144-180°). Planarity restraints
were employed for tetrads and base pairs.

Restrained simulated annealing was performed using AMBER16
with the parmbsc force field and OL15 modifications.*” In vacuo
refinement was done for 100 starting structures to yield 20 con-
verged structures by initially equilibrating the system at 300 K for
5 ps followed by heating the system to 1000 K during 10 ps and
keeping the temperature for the next 30 ps. The system was
cooled to 100 K within 45 ps and finally to 0 K within 10 ps.
Restraint energies for simulated annealing in AMBER were 40 kcal
mol~'A~2 for NOE based distance restraints, 50 kcalmol 'A~2 for
hydrogen-bond based distance restraints, 200 kcal mol 'rad 2 for
dihedral angle restraints, and 30 kcalmol~'A~? for tetrad and base
pair planarity restraints.

Refinement in water was done by initially neutralizing the system
with potassium ions and placing two potassium ions in the inner
core of the quadruplex flanked by two tetrad layers. The system
was soaked with TIP3P water in a 10 A truncated octahedral box,
initially minimized with 500 steps of steepest descent minimization
followed by another 500 steps of conjugate gradient minimization.
Both quadruplex and duplex domains were fixed with a force con-
stant of 25 kcalmol'A~2 The system was heated under constant
volume from 100 to 300 K in 10 ps. The system was further equili-
brated under a constant pressure of 1 atm with energy restraints
decreasing to 5, 4, 3, 2, 1, and 0.5 kcalmol~"A~2. A final simulation
was done at 1 atm and 300 K for 4 ns. Snapshots were taken for
every 1 ps, the trajectory was averaged for the last 500 ps and
shortly minimized in vacuo to obtain 10 lowest-energy structures.

Chemical shift perturbations upon ligand binding were mapped on
a surface model of the hybrids by coloring residues depending on
chemical shift differences of their imino, base and H1' protons.
Each proton was assigned a value based on the maximum change
in chemical shift Ad,,.,, observed for resonances of the same type
that was set to 100%. This was followed by averaging and group-
ing into three classes with decreasing averaged perturbations that
were assigned a red color of decreasing intensity.

Accession codes

Atomic coordinates and lists of chemical shifts have been deposit-
ed for Myc-dup3 (PDB ID 6ZL2, BMRB ID 34524), Myc-dup5 (PDB ID
6ZL9, BMRB ID 34525), and Myc3I/-dup5 (PDB ID 6ZTE, BMRB ID
34533).
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Table S1. Sequences of oligonucleotides; duplex hairpin domains within the Q-D hybrids are

underlined.

name sequence

Myc 5’-TGA GGG T GGG TA GGG T GGG TAA

Myc-dup3 5’-TGA GGG T GGG TA GGG T GGG CTAGTCA TTT TGACTAG-3’
Myc-dup5 5’-GATCAGT TTT ACTGATC GGG T GGG TA GGG T GGG TA-3’
Myc3l-dup5 5’-GATCAGT TTT ACTGATC GGG T GG T GGG T GGG GAAGG-3’
Dup3 5-CTAGTCA TTT TGACTAG-3’

Dup5 5‘-GATCAGT TTT ACTGATC-3’

Table S2. UV- and DSC-derived melting temperatures 7y, of Myc-dup3 and Myc-dup5 in 10

mM potassium phosphate buffer, pH 7.1

T from UV-vis (°C) Ty from DSC (°C)
Myc-dup3 duplex 45.1+£0.3 1* transition 459+0.1
quadruplex 65.1+£0.2 2" transition 64.5+04
Myc-dup5 duplex 56.1+0.3 1* transition 56.5+0.1
quadruplex 66.9+0.5 2" transition 66.5+0.1

[a] Averages with standard deviations from three independent experiments.
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Table S3. NOE-based distance restraints for residues at the quadruplex-duplex junction in

Myc-dup3, Myc-dup5, and Myc3I-dup35.

Myc-dup3
duplex quadruplex distance (A)
C20-H5 G19-H8 40=+1.5
C20-H5 G19-H2’ 55+£1.5
C20-H5 G19-H2” 40=+1.5
C20-H5 G19-H1” 40=+1.5
C20-H5 G19-H¥’ 55+£1.5
C20-H6 G19-H1” 40=+1.5
C20-Hé6 G19-H2’ 40=+1.5
C20-H6 G19-H2” 29+1.1
C20-H6 G19-H¥’ 55+1.5
G36-H8 Go6-HI” 55+1.5
G36-H1” G6-HI” 40=+1.5
G36-H2” Go6-HI” 29+1.1
G36-HI” G6-H2’ 40=+1.5
G36-H1’ G6-H2” 40+1.5
G36-H8 G6-H1 40=+1.5
G36-H2’ Go6-H1 6.0+1.5
G36-H2” Go6-H1 6.0£1.5
Myc-dup5
duplex quadruplex distance (A)
Cl17-HI’ G18-H8 40=+1.5
C17-H3’ G18-H8 40+1.5
C17-He6 G18-H8 55+1.5
C17-H5 G31-H8 6.0+1.5
G1-HI” G22-H8 55+1.5
Cl17-H2’ G31-H1 55+1.5

S3



C17-H2” G31-H1 6.0+1.5
C17-H6 G31-H1 55+1.5
GI-HI” G22-H1 40+1.5
GI1-H2” G22-H1 6.0+1.5
G1-H1 G22-H8 55+1.5
G1-H1 G31-H1 40+1.5
Myc3l-dup5
duplex quadruplex distance (A)
G1-H8 G25-H8 55+1.5
C17-HI’ G18-H8 40+1.5
C17-H2’ G18-HS8 40+1.5
C17-H2” G18-H8 29+1.1
C17-H3’ G18-H8 55+1.5
C17-Hé6 G18-H8 55+1.5
C17-H6 G29-HI” 55+1.5
GIl-H2’ G22-H1 55+1.5
G1-H8 G22-H1 6.0+1.5
GI-HI” G22-H1 40+1.5
G1-H2” G22-H1 55+1.5
G1-H8 G25-H1 6.0+1.5
C17-H6 G29-H1 6.0+1.5
C17-HI’ G29-H1 40+1.5
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Table S4. NMR restraints and structural statistics of calculated structures.

Myc-dup3 Myc-dup5 Myc3l-dup5
NOE distance restraints:
intraresidual 161 151 156
interresidual 245 223 270
exchangeable 67 73 99
other restraints
hydrogen bonds 82 82 82
dihedral angles 72 35 36
planarity 10 10 10
structural statistics:
pairwise heavy atom
RMSD value (A)
G-tetrad core 0.84 £0.18 0.91+0.26 1.01+0.17
all residues 2.70 £0.46 2.37+£0.36 2.64 +£0.39
NOE violations (A)
maximum violation 0.144 0.197 0.366
mean NOE violation 0.0010 + 0.0004 0.0016 + 0.0005 0.0018 £ 0.0011
deviations from idealized
geometry
bond lengths (A) 0.01 £0.0001 0.01 £ 0.0001 0.01 £0.0001
bond angles (degree) 2.20+0.03 2.17£0.03 2.19+£0.03
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Table S5. List of 'H chemical shifts (in ppm) of free Myc-dup3; only those protons are listed

that were used for a chemical shift footprint.

[a,b]

residue imino H6/H8 H2/H5/Me HI”
T1 n.d. 7.20 1.64 5.76
G2 n.d. 7.61 - 5.57
A3 - 7.99 n.d. 5.82
G4 11.62 7.96 - 6.04
G5 11.22 7.59 - 6.08
G6 10.83 7.55 - 6.19
T7 n.d. 7.85 1.98 6.52
G8 11.62 7.96 - 6.13
G9 11.46 7.78 - 6.17
G10 11.31 7.79 - 6.36
T11 n.d. 7.67 1.94 6.25
Al12 - 8.53 8.34 6.66
G13 11.83 8.08 - 6.16
Gl4 11.25 7.80 - 6.24
G15 11.12 7.79 - 6.41
T16 n.d. 7.84 1.98 6.50
G17 11.21 7.89 - 5.99
G18 11.25 7.88 - 6.10
G19 11.09 7.72 - 6.00
C20 - 7.56 5.43 6.07
T21 13.55 7.33 1.61 5.40
A22 - 8.25 7.31 6.02
G23 12.66 7.59 - 5.79
T24 13.64 7.16 1.24 5.91
C25 - 7.33 5.61 5.57
A26 - 8.16 n.d. 6.17
T27 n.d. 7.52 1.78 5.99
T28 n.d. 7.33 1.58 5.74
T29 n.d. 7.40 1.62 5.97
T30 n.d. 7.38 1.82 5.69
G31 12.65 7.92 - 5.54
A32 - 8.18 7.78 6.21
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C33 - 7.18 5.14 5.71

T34 13.66 7.17 1.43 5.23
A35 - 7.85 7.45 5.92
G36 n.d. 7.28 - 5.47

[a] At 20 °C in 10 mM potassium phosphate buffer, pH 7. [b] n.d.: not determined.

Table S6. List of "H chemical shifts (in ppm) of Myc-dup3 after addition of one equivalent

PIQ; only those protons are listed that were used for a chemical shift footprint.[*"

residue imino H6/H8 H2/H5/Me HI’
T1 n.d. 7.19 1.63 5.76
G2 n.d. 7.60 - 5.56
A3 - 7.95 - 5.81
G4 11.61 7.95 - 6.01
G5 11.08 7.58 - 6.07
G6 10.32 7.64 - 6.05
T7 n.d. 7.85 1.99 6.51
G8 11.61 7.91 - 6.08
G9 11.42 7.77 - 6.08
G10 11.00 7.83 - 6.38
T11 n.d. 7.65 1.94 6.24
Al2 - 8.52 8.32 6.66
G13 11.80 8.07 - 6.14
Gl4 11.11 7.76 - 6.17
G15 11.06 7.76 - 6.40
T16 n.d. 7.85 1.99 6.50
G17 11.12 7.85 - 5.93
G18 11.06 7.82 - 6.09
G19 n.d. 7.52 - 6.08
C20 - 7.56 5.66 5.78
T21 n.d. 7.26 1.57 5.31
A22 - 8.20 n.d. 5.97
G23 12.65 7.53 - 5.74
T24 13.61 7.13 1.21 5.88
C25