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Preface

G-quadruplexes have advanced from being a biophysical oddity to being at the
forefront of chemical biology research. Quadruplexes form as the result of the
unique ability of guanine to form an array of specific hydrogen bonds to self-
assemble into a square planar quartet structure. These G-quartets can then further
assemble by stacking to form a variety of stable G-quadruplex structures that
feature diverse molecularity, topologies, and strand-segment polarities depending
on the exact nucleic acid sequences involved. Both DNA and RNA can form
quadruplex structures. While the chemical and physical properties of G-quadru-
plexes are fascinating on their own, seminal work in the 1980s from the Blackburn,
Cech, Klug, and Gilbert laboratories suggested that quadruplexes might in addition
play important functional roles in biology, particularly in telomere replication and
regulation and in recombination. Subsequent bioinformatics studies from a number
of laboratories have shown that sequences that might form quadruplex structures
are highly conserved and nonrandomly positioned throughout the human genome
and the genomes of a number of other eukaryotes, pointing again to a probable
functional role for quadruplexes. Quadruplex research has undergone explosive
growth since, such that there are now over 400 new publications on quadruplexes
per year, and over 12,000 citations per year to the quadruplex literature. Interest in
quadruplexes spans diverse disciplines, including chemistry, biophysics, molecular
and cellular biology, drug discovery, and nanotechnology.

This volume in the Topics in Current Chemistry series provides several snap-
shots of cutting-edge research in the vibrant quadruplex field. A completely com-
prehensive and balanced compilation that would cover all aspects of contemporary
quadruplex research would require more than a single volume. The selection of
topics presented here stemmed from a personal view of key developments in the
field, along with the recruitment of authors willing to pause to critically review the
progress in their particular areas of interest.

Diverse areas of active research are represented in the volume. G-quadruplexes
have emerged as critical elements in the control of gene expression. The contribu-
tion from combined laboratories of Laurence Hurley and Danzhou Yang describes
the role of quadruplexes in the control of the c-MYC oncogene, and discusses the
design of small molecules that might mediate expression of that gene by stabilizing
the quadruplex. Higher-order quadruplex structures that might form in telomeric
DNA are described by Luigi Petraccone. The structures he describes are beyond

vii
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what contemporary NMR and x-ray crystallographic methods can determine with
high-resolution, and are instead inferred from a powerful integrated approach that
combines molecular dynamics simulations coupled to rigorous experimental vali-
dation of predicted properties based on computed models. The chemical environ-
ment within cells surely differs from the dilute electrolyte solutions typically used
in vitro to study quadruplex structures. Two chapters describe novel approaches to
study quadruplexes under conditions that more realistically mimic the biological
environment. The chapter by Hénsel and coworkers describes an exciting in-cell
NMR method using a cell extract that permits exploration of nucleic acids struc-
tures under the crowded condition within cells. The chapter by Miyoshi and
colleagues presents another, more traditional, approach that uses added cosolutes
to mimic the effects of macromolecular crowding and changes in water activity on
quadruplex structures.

Technological advances allow deeper understanding of quadruplex structures.
Three chapters describe some of these advances. The chapter by Randazzo and
colleagues presents new insights into the origin of the circular dichroism spectra of
quadruplex structures. These insights place the interpretation of circular dichroism
spectra on a much more firm physical chemical foundation. The chapter from the
Teulade-Fichou laboratory describes the development of a comprehensive set of
novel small molecule fluorescent probes that can selectively recognize quadruplex
structures. These provide important new analytical tools for the detection of quad-
ruplexes both in vivo and in vitro. Finally, the utility of hydrodynamic methods and
computations for the study of quadruplexes is critically evaluated in a contribution
from the Trent laboratory. The power of analytical ultracentrifugation to provide
reliable structural information is well illustrated in these studies.

The volume includes descriptions of two physical chemical approaches that
provide mechanistic details of quadruplex reactions. Kinetic studies that unravel
the mechanism of tetramolecular quadruplex assembly are presented by the team
from the Mergny laboratory, studies that may be most relevant for the nanotechnol-
ogy community. The energetics of ligand binding to quadruplexes as determined by
isothermal titration calorimetry is nicely summarized by the contribution from the
Giancola laboratory. These studies provide a thermodynamic foundation for drug
development and discovery.

The chapters presented here capture the diversity of quadruplex research and
rapid growth and development of the field. I thank the authors for their hard work
and diligence in the preparation of their contributions. I also thank the publishers for
their invitation to highlight quadruplex research in their excellent series of Topics in
Current Chemistry, and to Karin Bartsch and Elizabeth Hawkins for their assistance
in the preparation of this volume.

Louisville, KY J. B. Chaires
2012
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Gaining Insights into the Small Molecule
Targeting of the G-Quadruplex in the c-MYC
Promoter Using NMR and an Allele-Specific
Transcriptional Assay

Christine E. Kaiser, Vijay Gokhale, Danzhou Yang,
and Laurence H. Hurley

Abstract G-quadruplexes (four-stranded DNA secondary structures) are showing
promise as new targets for anticancer therapies. Specifically, G-quadruplexes in the
proximal promoter region of regulatory genes have the potential to act as silencer
elements and thereby turn off transcription. Thus, compounds that are capable of
binding to and stabilizing G-quadruplexes would be of great benefit. In this chapter
we describe two recent studies from our labs. In the first case, we use NMR
to elucidate the structure of a 2:1 complex between a small molecule and the
G-quadruplex in the c-MYC promoter. In the second case, we use an allele-specific
transcription assay to demonstrate that the effect of a G-quadruplex-interactive
compound is mediated directly through the G-quadruplex. Finally, we use this
information to propose models for the interaction of various small molecules with
the c-MYC G-quadruplex.
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1 Introduction

The initial target for anticancer drugs was DNA and, today, drugs that target DNA
remain the mainstay of most chemotherapy regimens [1]. However, interest in
developing DNA-targeting drugs has waned due to a lack of selectivity for a
particular sequence or region. Additionally, new and more specific molecular
targets such as kinases and cell surface receptors have been identified for cancer.
Recently, the discovery that telomeres and some guanine-rich (G-rich) promoter
regions can form four-stranded DNA secondary structures termed G-quadruplexes
[2-6] has ushered in an opportunity for a new phase of more selective DNA-
targeted therapeutics.

The ability of G-rich telomeres to form higher order DNA structures was
described in 1988 [4]. Telomeres occur at the end of eukaryotic chromosomes
and contain large numbers of simple guanine-rich tandem repeats. The enzyme
telomerase contributes to cell immortalization by catalyzing telomere extension and
is over-expressed in a number of human cancers. In 1997 telomerase was shown to
be inhibited by ligands that interact with G-quadruplexes in the 3’-end of human
telomeric DNA [7]. Since then, bioinformatics studies have been performed to
investigate the incidence of putative G-quadruplex-forming sequences (GPQSs)
throughout the genome [3, 8—10]. These studies revealed GPQSs to be enriched in
the proximal promoter regions of regulatory genes, especially of proto-oncogenes,
in an evolutionarily conserved manner [2, 3]. Figure 1 shows the frequency (or
probability) of each nucleotide upstream or downstream of the transcriptional start
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Fig. 1 Frequency plot showing the probability of each nucleotide upstream (—) or downstream
(+) of the transcriptional start site being part of a putative G-quadruplex-forming sequence
(GPQS), based on the Quadparser algorithm [9]. The data have been averaged over all human
protein coding genes in the genome. The blue plot represents the presence of a G-quadruplex motif
(GPQS) while the red plot represents the C-rich complement of a G-quadruplex motif (CPQS).
Figure is modified, with permission, from [11], © (2008) Oxford University Press

site being part of a GPQS [10, 11]. This frequency peaks ~50 nucleotides upstream
of the transcriptional start site, a region known for transcription regulation [10-12].
This clustering of GPQSs in known gene regulatory regions suggests that they may
play a role in transcriptional control.

DNA supercoiling, a major source of superhelical stress in cells, is also known to
play an important role in transcription [13]. As the transcriptional machinery
translocates down a gene, it generates positive supercoiling downstream and nega-
tive supercoiling upstream. This negative supercoiling results in local unwinding of
DNA and facilitates the opening of the guanine-rich/cytosine-rich (GC-rich)
regions of the DNA. This process is thought to provide the equilibrating energy
that facilitates the transition from double-stranded DNA to higher order non-B-
DNA structures, allowing for the formation of G-quadruplexes on the G-rich strand
and a complementary DNA secondary structure (i-motif) on the C-rich strand
(Fig. 2) [15].

G-quadruplexes exhibit a diverse range of folding patterns: they are classified
primarily by their tetrad directionality, loop length, and constitution [15].
These complex structures are highly polymorphic and capable of exhibiting
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parallel, antiparallel, or mixed topologies. The greatest sources of variability in
G-quadruplexes are the lengths of their loops, which commonly range from one
to nine base pairs, and their base composition, which has no constraints. On
occasion, the loops themselves have been noted to form alternate DNA
structures. For example, the G-quadruplex in the hTERT promoter contains a
26-base-pair loop observed to form a hairpin structure [15]. We have recently
demonstrated that this tertiary DNA structure shows cooperativity in folding and
unfolding such that a higher order interaction takes place between the hairpin and
the G-quadruplex. This is the first example of cooperative refolding in DNA, a
process previously documented only in proteins and complex RNA structures
[16]. The unique globular shape and folded structures of G-quadruplexes and
their potential ability to regulate the transcription of a host of oncogenes make
them an attractive drug target.

Perhaps the most extensively studied and well-characterized promoter
G-quadruplex is within the promoter of the c-MYC proto-oncogene, which plays a
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Fig. 3 The position and sequence of the FUSE element and NHE III; relative to the P1 and P2
promoters of c-MYC. The sequence shown for the FUSE element is only a partial representation.
Figure is modified, with permission, from [18], © (2009) Macmillan Publishers Limited

role in normal cell proliferation and differentiation [17]. Transcriptional control of
the c-MYC proto-oncogene has been investigated and described in numerous studies
[2, 18, 19]. From these, two key regulatory regions have been identified: the far
upstream element (FUSE) and the proximal nuclease hypersensitive element III,
(NHE III,) (Fig. 3). Using a mechanosensor mechanism fueled by transcriptionally
induced negative supercoiling, the FUSE has been shown to function as a cruise
control element [13]. The GC-rich NHE III;, upstream of the core promoter region, is
responsible for 80-90% of c-MYC transcription [19]. It consists of five repeats of the
sequence TGGGGA(G/A)G(G/A) and serves as an activation/silencing region for
¢-MYC transcription [20]. Under negative supercoiling conditions, this region has
been shown to form a G-quadruplex, which acts as a silencer element [14, 17, 21, 22].

¢-MYC is aberrantly expressed, most often through an increase in transcription,
in an estimated 80% of all human malignancies [17]. Thus, there is a considerable
therapeutic value in the targeted down-regulation of c-MYC. In fact, Soucek and
co-workers showed that systemic c-MYC inhibition in Ras-induced lung adenocar-
cinoma mouse models leads to regression of lung tumors [23]. Furthermore, while
the systemic inhibition of ¢c-MYC showed an effect on tissue regeneration, the
effects were well tolerated and reversible [23]. With this in mind, we used NMR
modeling and biological characterization to target the G-quadruplex in the c-MYC
promoter in an attempt to find compounds that could down-regulate the expression
of c-MYC at the transcriptional level.

2 NMR Determination of the Quindoline-i:c-MYC
G-Quadruplex Complex

We previously determined the K™ solution structure of the major G-quadruplex
formed in the c-MYC promoter. This c-MYC promoter is a parallel-stranded struc-
ture with two G3-N-Gg single-nucleotide double-chain-reversal loops, represented by
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a
1 34567 8 9 10111213141516 17 181920 21 22 23 24 2526 27

mycPu27 5'- TGGGGAGGGTGGGGAGGGTGGGGAAGG -3

mycPu22 TGAGGGTGGGGAGGGTGGGGAA
Pu22 TGAGGGTGGGTAGGGTGGGTAA

| c-MYC

zs_ G-quadruplex

Fig. 4 (a) The promoter sequences of the NHE III; of the c-MYC gene and its modifications.
mycPu27 is the wild-type 27-mer G-rich sequence of the c-MYC NHE III;. mycPu22 is the wild-
type 22-mer G-rich sequence of the c-MYC NHE III; that forms the major G-quadruplex in
physiologically relevant K* solution. Pu22 is the modified mycPu22 sequence, with G-to-T
substitutions at positions 14 and 23, that forms the predominant c-MYC promoter G-quadruplex
in K* solution and whose structure was determined by NMR. (b) The folding topology of the
¢-MYC G-quadruplex adopted by Pu22. Red box/red ball = guanine; green ball = adenine, blue
ball = thymine. (¢) The quindoline-i molecule. Figure is modified, with permission, from [24],
© (2011) American Chemical Society

the modified c-MYC promoter sequence, Pu22 (Fig. 4a, b) [25]. The G3-N-G3 motif
has been shown to be a stable and prevalent structural motif in G-quadruplexes
within a gene promoter [26]. Although the list of molecular structures reported for
G-quadruplexes formed in gene promoters is growing, their structures with small
molecules have been more difficult to obtain. We have very recently determined the
NMR structure of a 2:1 complex of quindoline-i and the c-MYC G-quadruplex (PDB
code: 2L7V) [24], which represents the first drug complex structure of a biologically
relevant unimolecular promoter G-quadruplex.

The quindoline-i compound (Fig. 4c) is a derivative of the natural product
cryptolepine [27, 28]. This compound has been shown to stabilize the G-quadruplex
formed in the c-MYC promoter and subsequently inhibit the expression of c-MYC
in the hepatocellular carcinoma cell line H2p G2 [29]. The structure showed an
unexpected drug-induced reorientation of the flanking sequences at both ends of the
DNA sequence. This reorientation, called an “induced intercalated triad pocket,”
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Fig. 5 A representative model of the NMR-refined 2:1 quindoline-i:c-MYC G-quadruplex
complex structure from two different views, prepared using GRASP (guanine = yellow,
adenine = red, thymine = blue). The quindoline-i molecules are shown as a space-filling model
in green. The two potassium ions are shown as gray balls. Figure is modified, with permission,
from [24], © (2011) American Chemical Society

acts as a mode of recognition and is analogous to the process used by riboswitches
[30]. This mode of binding is distinct from previously proposed models wherein the
planar G-quadruplex-interactive compounds such as telomestatin [31] and TMPyP4
[32] stack on the external guanine tetrad (G-tetrad). Additionally, the NMR struc-
ture of the quindoline-i:c-MYC G-quadruplex complex indicates that asymmetric
compounds with a crescent shape, appropriate functional groups, and a small
stacking moiety are more likely to bind in a defined manner to a unimolecular
parallel-stranded G-quadruplex. This study describes the importance of the ligand
shape as well as the two flanking bases of the G-quadruplex in determining drug-
binding specificity and provides important insights for the structure-based rational
design of molecules that interact with unimolecular parallel-stranded G-quadruplexes
commonly found in promoter elements.

2.1 Solution Structure of the 2:1 Quindoline-i:c-MYC
G-Quadruplex Complex

Two views showing representative structures of the 2:1 complex of quindoline-i
and the c-MYC G-quadruplex are shown in Fig. 5. The quindoline-i-bound c-MYC
G-quadruplex adopts the same folding pattern as that of the free DNA (see Fig. 4b)
[25]. Instead of stacking on the external G-tetrads, both quindoline-i molecules bind
to the c-MYC G-quadruplex in an “induced-fit” manner. Upon drug binding, both
flanking sequences of the c-MYC G-quadruplex undergo an unexpected and large
conformational change to assemble new capping structures. At both ends of the
¢-MYC G-quadruplex, the quindoline-i molecule stacks with just two of the four
guanines of each external tetrad. Furthermore, the +1 thymine flanking base at the
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Fig. 6 Two different views of the drug-induced binding pockets at the 5’-end (a) and the 3’-end
(b). The 3'- and 5-end flanking bases are labeled. Figure is modified, with permission, from [24]
© (2011) American Chemical Society

3’-end and the —1 adenine flanking base at the 5'-end are recruited to form a quasi-
triad plane (Fig. 6). The 42 adenine and —2 guanine flanking residues wrap over the
newly formed quasi-triad planes at each end (Fig. 6). This solution structure for the
induced intercalated triad pocket shows a reorientation of the flanking sequence
with the external tetrad and quindoline-i.

2.2 Different Binding Interactions Between the 3'-End
and 5'-End Complexes

The 3'- and 5'-ends of the quindoline-i:c-MYC G-quadruplex complex have many
features in common, including base stacking over two adjacent guanines and
recruitment of either the —1 or +1 base that is aligned in the same plane as
quindoline-i. However, the 3’- and 5’-ends also exhibit some important differences.
For example, the 5'-face is more hydrophobic and more accessible for ligand
stacking, whereas the 3’-face is more hydrophilic and less accessible for ligand
stacking. Furthermore, the 5'-end complex is the more stable end. Its stability is
highly dependent on the capping —2 guanine (mentioned above) since deletion of or
mutation to a thymine dramatically reduces the stability of the complex (Fig. 6a).
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The 3’-end complex is only stable under low ionic strength, emphasizing the
importance of ionic rather than stacking interactions (Fig. 6b). The origin of the
differences between the two ends is likely due to inherent structural features
associated with the 3'- and 5’'-faces as well as the flanking sequences.

2.3 Comparisons with Other Ligand:G-Quadruplex Complexes

Most of the known ligand:G-quadruplex complex structures have been derived
from telomeric sequences that form bimolecular and tetramolecular species and
determined by X-ray crystallography [33]. Prior to this work, TMPyP4, in complex
with the unimolecular c-MYC promoter G-quadruplex, was the only known NMR-
derived ligand:G-quadruplex structure for a promoter region [34]. However, the
modified c-MYC promoter sequence used in that study contains a guanine-to-
inosine substitution. This substitution induces a guanine-strand discontinuity at a
guanine position shown to be critical for G-quadruplex formation in the wild-type
mycPu27 sequence [35]. In this complex, TMPyP4 stacks over the 5'-end; however,
the orientation of TMPyP4 was not resolved by NMR data, and a well-defined
binding pocket was not observed. There are two dimeric telomeric G-quadruplexes
in which the recruitment of a base into the plane of the ligand similar to that
demonstrated by our work occurs. In these structures, a thymine residue is recruited
into an in-line triad plane [36, 37]; however, because of the multimeric nature of
both structures, they are less relevant to the unimolecular species described here.

2.4 Insights into the Structure-Based Design
of G-Quadruplex-Interactive Compounds

The 2:1 quindoline-i:c-MYC G-quadruplex complex structure provides an impor-
tant case study for the selective binding of ligands to unimolecular parallel
G-quadruplexes in the promoter elements of various genes such as c-MYC,
VEGF, Hif-1a, and c-KIT [38]. An important implication from our structure is
that, unlike the symmetrical cyclic ligand typified by TMPyP4, asymmetric
compounds that contain a smaller stacking moiety, such as quindoline-i, show
more selective binding to a unimolecular parallel G-quadruplex.

The specific binding of the quindoline-i is determined by both the identity of the
binding end (3’ or 5') and the two flanking bases. In addition, the electrostatic
interaction between the diethylamino group in the side chain of quindoline-i and the
DNA phosphate backbone could help orient and stabilize the quindoline-i scaffold.
In turn, this electrostatic interaction may pinpoint the potential location of
substituents that can interact with the loops of the G-quadruplex. Small changes
in the shape or electronic structure of the ligand, or in the identity of the flanking
bases, may affect the precise positioning of the ligand in relation to the G-quadruplex.

On the basis of our work, we propose a two-step process for small molecule
recognition of unimolecular parallel G-quadruplexes by small molecules similar to
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quindoline-i. First, the small molecule induces a large conformation change in the
G-quadruplex flanking bases, which results in the formation of an intercalated triad
pocket. Second, the substituents on the small molecule interact with the loops of the
G-quadruplex Identification of this small molecule-induced rearrangement of the
flanking sequence suggests that other ligands may produce their own unique
binding pockets in promoter G-quadruplexes and thus provide unexpected
opportunities for structure-based drug design.

3 The CA46 Allele-Specific Transcriptional Assay

While we were developing an NMR-derived structure of the quindoline-i:c-MYC
G-quadruplex complex, we also sought to provide more convincing evidence for the
biological role of G-quadruplexes and their drug targeting with small molecules
similar to quindoline-i. Specifically, we were interested in finding evidence that the
inhibition observed for ligand-mediated transcription of c¢-MYC was directly
mediated through the G-quadruplex found in the NHE III; of the c-MYC promoter
region and not through secondary off-target effects. Probably the most exacting test
used prior to the recent publication in Journal of Biological Chemistry [17] was the
comparison of effects of G-quadruplex-interactive compounds in two Burkitt’s
lymphoma cell lines, CA46 and Ramos. Only in the case of the Ramos cell line is
the G-quadruplex retained in the translocated allele; therefore compounds that work
directly through the c-MYC G-quadruplex should have a more profound effect on
¢-MYC transcription in this cell line than in CA46. Indeed, TMPyP4, but not
TMPyP2 (its positional and less G-quadruplex-interactive isomer), appears to have
this preferential effect. Likewise, quindoline-i and actinomycin also showed positive
results in this assay [29, 39]. However, even in the translocated allele of the Ramos
cell line, the possibility remains that the inhibitory effect on c-MYC was at least
partially due to a secondary effect. To provide a more exacting system to determine
whether G-quadruplex-interactive compounds work directly through the c-MYC
G-quadruplex, we embarked on a project in which we attempted to (1) identify
more specific c-MYC G-quadruplex-interactive compounds, (2) demonstrate in
a cellular system that the downstream effects of G-quadruplex-interactive compounds
are mediated directly through the c-MYC G-quadruplex and not indirectly through
other G-quadruplexes or other cellular targets, and (3) demonstrate that the activating
transcriptional factors were displaced from the NHE III; as a direct consequence of
drug binding to the c-MYC G-quadruplex.

3.1 Identification of More Specific c-MYC
G-Quadruplex-Interactive Compounds

The flowchart in Fig. 7 shows the procedure used to identify GQC-05 as a
compound with sufficient selectivity for the c-MYC G-quadruplex to be used in
subsequent studies. Three compounds (quindoline-i, NSC176327, and NSC86374)
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Fig. 7 Flow chart showing the procedure utilized to identify GQC-05 as a c-MYC G-quadruplex-
interactive compound with enough selectivity to use in subsequent experiments. Initially
quindoline-i, NSC176327, and NSC86374 were used in an energy-minimized overlay to give
rise to the pharmacophore query. This was used as described in the text to identify NSC338258
(GQC-05) as the compound to use in the subsequent exon-specific CA46 assay and ChIP analysis

were chosen for in silico superimposition based on their reported ability to lower
¢-MYC transcription or stabilize the c-MYC G-quadruplex. From the energy-
minimized overlay, a pharmacophore query was generated, which was used in the
NCI and ChemBridge databases to select ten additional compounds for testing in a
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fluorescence resonance energy transfer (FRET) melt experiment. Two drug-like
property filters, MW and polar surface area, as well as synthetic accessibility were
used in this selection. The FRET assay identified NSC338258 (GQC-05) as the
compound that gave the maximum change in melting temperature (AT,,).

3.2 Validation of GQC-05 as a c-MYC G-Quadruplex-Binding
Compound

Once GQC-05 had been selected to move forward, circular dichroism (CD),
competition dialysis, and surface plasmon resonance were used to determine the
stoichiometry, binding parameters, and selectivity for the c-MYC G-quadruplex vs
duplex and single stranded DNA as well as between different G-quadruplexes. CD
demonstrated a 2:1 drug:G-quadruplex binding ratio (Fig. 8a), while the Kps for the
two binding sites were 0.1 £ 0.01 and 1.14 £+ 0.025 uM, which are about ten times
stronger than quindoline-i. Overall, GQC-05 demonstrated more rapid binding and
slower dissociation than quindoline-i (Fig. 8b). Finally, competition dialysis
showed that GQC-05 had a 45-fold higher preference for the c-MYC G-quadruplex
over its duplex sequence and bound with greater preference to the c-MYC
G-quadruplex than to other G-quadruplexes or single-stranded and duplex DNA
(Fig. 8c).

3.3 Demonstration in a Cellular System That the Downstream
Effects of the G-Quadruplex-Interactive Compounds Are
Mediated Directly Through the c-MYC G-Quadruplex and
Not Indirectly Through Other G-Quadruplexes
or Other Cellular Targets

While ¢-MYC transcription in the translocated allele in the CA46 lymphoma cell
line is not under the control of the NHE III; and its G-quadruplex, this cell line does
have the advantage that its non-translocated allele maintains the integrity of the
NHE III,. Therefore, if ligands that bind to the G-quadruplex do modulate gene
expression, their effect in the non-translocated allele relative to the translocated
allele can be assessed. The challenge is to find a way to measure independently the
¢-MYC transcription mediated through the non-translocated (NT) vs translocated
(T) allele. Fortunately, this can be done because exon 1 is lost from the T allele.
Figure 9a shows the principle of this assay. For a ligand to be considered a specific
modulator of c-MYC gene expression through the G-quadruplex, the effect should
be seen exclusively through exon 1 (NT), which retains the G-quadruplex, but has
little or no effect through exon 2 (T). This is exactly the result we observe for GQC-05
(Fig. 9b), where only in the NT allele do we see an effect on c-MYC transcription.



Gaining Insights into the Small Molecule Targeting of the G-Quadruplex in. ..

z
a g,
1.5 2
—o0eq ®
—0.5eq 2 "
1eq -
& 1 —1.5eq E
& —2eq 5
i 25eq 2
- —3eq s
§ 05 35eq
=
2
w =
= . ———
_g 275 300 325
= Wavelength [nm
g
-1
b
351K, = 0.1% 0.01 31 K, = 143 0.07
5 30 K,, = 1.14£0.25 30 K, = 17.8£29
- R, = 20845 R .= 15618
& 251 ¥ = 2.483 251 x* = 0.258
£
S 20 20
g 15 15
5
Q. 10 10
0
@
x 5/ 5
0 0
0 2.5%x10° 5.0x10° 7.5x10° 1.0x10° 0 5.0x10°° 1.0x10 1.5%x10°
[GQC-05], M [Quindoline-i], M
Cc
Hif-1a G4  ——
Hif-1a ds
hTERT G4
hTERT ds jwem
PDGF-Rp G4
PDGF-RE ds jum i
PDGF-A G4 | ——
PDGF-Ads i
Bel-2 G4
Bcl-2 ds
MYC G4
MYC ds m} - {
g ; 45-fold ]
d(GC) pmm
d(AT)  p— . i
0 1 2 3 4 5
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262 nm. Inset: quantitation of fraction change in molecular ellipticity at 262 nm as a function
of equivalents highlights a plateau at 2 eq. (b) GQC-05 demonstrated both more rapid
binding and slower dissociation, with associated lower Kp values for both the first and second

binding sites, as compared to quindoline-i. Data represent a minimum of triplicate experiments.
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Interestingly, quindoline-i did not show an exon-specific effect. These results obtained
from GQC-05 are consistent with an effect mediated through the NHE III;. To further
pinpoint the target to the element that contains the G-quadruplex, we performed
chromatin immunoprecipitation (ChIP) assays.

3.4 Demonstration That the Activating Transcription Factors
Were Displaced from the NHE III; as a Consequence of Drug
Stabilization of the c-MYC G-Quadruplex

To evaluate further the specificity of the effect of GQC-05 on c-MYC transcription
through the G-quadruplex in the NHE III;, we questioned whether the transcrip-
tional factors associated with the transcriptionally active forms and the dynamic
interconversion of the G-quadruplex/i-motif to duplex DNA are displaced in the NT
allele in the CA46 cell line. The dynamics of the NHE III; region within the c-MYC
promoter are shown in Fig. 10a. Transcriptional factors involved in this dynamic
equilibrium have been identified through a series of extensive studies [18, 40—42].
ChIP analysis with antibodies specific to the transcriptional factors hnRNP K,
CNBP, and Spl showed that they are all significantly displaced by 12 h after
incubation with GQC-05, and even at 6 h, hnRNP K is significantly reduced
(Fig. 10b). In an important control experiment, no significant effects were seen
on the expression of these transcriptional factors at 12 h [17]. Thus, the combined
results from the CA46 exon-specific assay and the ChIP analysis provide convinc-
ing evidence that GQC-05 mediates its effects through the G-quadruplex in the
NHE I1I,.

4 Molecular Modeling of GQC-05 and Quarfloxin Based
on the Quindoline-i:c-MYC G-Quadruplex Complex

While quindoline-i did not show an exon-specific effect, the NMR solution struc-
ture of the quindoline-i:c-MYC G-quadruplex complex potentially provides a
platform for understanding the binding interactions of other small molecules with
the c-MYC G-quadruplex, such as GQC-05 and Quarfloxin [43]. Quarfloxin is a
first-in-class G-quadruplex-interactive drug that was advanced to phase 2 clinical
trials, and it has been proposed that its antitumor effect is mediated via displa-
cement of nucleolin and subsequent binding of this protein to the c-MYC

Fig. 8 (continued) (c) Competition dialysis highlights that GQC-05 binds to the MYC G4 (G-
quadruplex) with the highest affinity per binding site, at 45-fold selectivity over the MYC dsDNA
(double-stranded DNA) sequence. Figure is modified, with permission, from [17], © (2011)
American Society for Biochemistry and Molecular Biology
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Fig. 9 The exon-specific effect of GQC-05. (a) Due to the reciprocal translocation between
chromosomes 8 and 14, there are varying resultant MYC mRNAs produced. The NT products
are normal, with a functional MYC under the control of a G-quadruplex, whereas the functional
MYC produced from the fragment (14;8) on the T allele lacks G-quadruplex-mediated control.
The G-quadruplex was removed, along with exon 1, and produces no known product from the
fragment (8;14). Measurements of mRNAs containing exon 1 will mirror the NT allele; mRNAs
containing exon 2 will show both the T and the NT products. (b) GQC-05 decreases MYC mRNA
only from the NT allele in the CA46 cells where the G-quadruplex is maintained and has no effect
from the T allele. In comparison, there is no exon-specific effect in the RAJI cells where both
exons are produced under the mediated control of a G-quadruplex. All mRNA products were
normalized to DMSO vehicle control; experiments at each time point are in triplicate; * p < 0.05
between exons; A p < 0.05 as compared to DMSO vehicle controls. Figure is modified, with
permission, from [17], © (2011) American Society for Biochemistry and Molecular Biology
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Fig. 10 (a) Dynamics of the NHE III; region within the MYC promoter. (i) Double-stranded
DNA is bound by Spl in the transcriptionally active form, (ii) negative supercoiling opens the
region to form single-stranded DNA to which CNBP and hnRNP K can bind to activate MYC.
Alternatively (iv), the G-quadruplex and i-motif can form within this region, which can be
unfolded by NM23-H2 (iii). In the absence of GQC-05, (v) nucleolin will cap and stabilize the
G-quadruplex; however, the binding of two molecules of GQC-05 (vi) prevents this capping and
stabilizes the MYC G-quadruplex, leading to transcriptional down-regulation. (b) ChIP analysis
revealed a dynamic change in protein binding to the NHE III; region within 6—12 h post-GQC-05
treatment. The binding of hnRNP K was significantly decreased within 6 h, and with the exception
of RNA Pol II, which does not change, the binding of all other proteins is also decreased by 12 h.
Data represent duplicate ChIP experiments; * p < 0.05 as compared to DMSO vehicle controls.
Figure is modified, with permission, from [17], © (2011) American Society for Biochemistry and
Molecular Biology

G-quadruplex [19]. The in silico docking of these molecules with the c-MYC
G-quadruplex may provide insight into the factors governing intermolecular binding
interactions.

4.1 Modeling Methods

The solution structure of quindoline-i with the c-MYC G-quadruplex (PDB code:
2L7V) was used as a starting model for docking studies [24]. The model for the
wild-type c-MYC sequence structure was generated from this NMR structure using
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Table 1 Interaction energy

Compound Interaction energy (kcal/mol)
values for small molecules P &
with the ¢c-MYC Quindoline-i —58.8
G-quadruplex wild-type GQC-05 —89.7
structure Quarfloxin —112.5

Insight IT modeling software (Accelrys Inc., San Diego). The wild-type sequence
was used throughout the modeling studies, and all charges were assigned using the
consistent valence force field. Initial docking orientations were generated by a
three-dimensional overlay of quindoline-i with GQC-05 and Quarfloxin. The
5'-end of the c-MYC G-quadruplex was used as the active site for small molecules.
The small-molecule:c-MYC G-quadruplex complex was soaked in a 10-A layer of
TIP3P water. The entire assembly was minimized using 100,000 steps of Discover
3.0. This minimization was followed by molecular dynamics involving equilibra-
tion of 50 ps and simulations of 450 ps. Frames were collected every picosecond
during the simulation phase. All the trajectories were analyzed using potential
energy, and the 20 lowest potential energy frames were used to create an average
structure. This average structure was then refined using 100,000 steps of minimiza-
tion. This refined structure was used for calculation of interaction energy values
(Table 1).

4.2 Comparison of Binding Interactions

Docking results clearly show differences in the driving forces that determine the
binding of these molecules with the c-MYC G-quadruplex. In the case of
quindoline-i, the protonated nitrogen atom aligns itself with the central K* channel
while the quindoline ring interacts with the guanines of the G-tetrad via stacking.
Thus, the diethylaminoethyl side chain of quindoline-i is placed in the two-base
(5'-GA) double-chain-reversal loop and interacts with the phosphate backbone. As
evident from the energy values, Quarfloxin exhibits a better interaction with the
¢-MYC G-quadruplex than quindoline-i. Quarfloxin, a fluoroquinolone analog,
exhibits stacking interactions with an extended aromatic ring system intercalating
between the top guanine tetrad and the 5'-end guanine, a site that is created by the
movement of the 5'-end adenine. Additionally, the two side chains extend into the
two single-base double-chain-reversal loops of the G-quadruplex structure (Fig. 11).
Ellipticines are known to intercalate preferentially with GC-rich regions of DNA; the
compound GQC-05 is a C9-substituted ellipticine analog. The pyridocarbazole ring
of GQC-05 docks in an orientation similar to quindoline-i. However, the interaction
of the pyridocarbazole ring with the G-tetrad is governed by stacking interactions,
whereas the dimethylaminoethyloxy group in the side chain interacts with the
negatively charged phosphate backbone in the thymine 19 single-base double-
chain-reversal loop (Fig. 12).
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Fig. 11 Molecular models of Quarfloxin with the c-MYC G-quadruplex structure, showing the
intercalation between the top tetrad and the 5’-end flanking bases (/eff) and a view looking down on
the top tetrad (right). Quarfloxin is shown as a space-filled model colored by atom type

Fig. 12 Molecular model of GQC-05 with the ¢c-MYC G-quadruplex structure, showing the
intercalation between the top tetrad and the 5'-end flanking bases (/eft) and a view looking down
on the top tetrad (right). GQC-05 is shown as a space-filled model colored by atom type

5 Conclusions

We used NMR modeling and biological characterization to target the G-quadruplex
in the c-MYC promoter in an attempt to find compounds that could down-regulate
the expression of c-MYC at the transcriptional level. Our NMR work indicated a
large conformational change in the flanking region of the c-MYC G-quadruplex,
resulting in the formation of an induced intercalated triad pocket from the interac-
tion between the G-quadruplex in the c-MYC promoter and the asymmetric small
molecule quindoline-i. In our biological investigations, we identified GQC-05 as a
potent inhibitor of c-MYC transcription. Subsequent studies using an exon-specific
assay demonstrated that the effect on c-MYC transcription is mediated directly
through the G-quadruplex in the NHE III, of the c-MYC promoter. Finally, we used
the NMR structure generated for the 2:1 quindoline-i:c-MYC G-quadruplex com-
plex to glean insights about potential modes of binding for GQC-05 and Quarfloxin
to the c-MYC G-quadruplex.
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Higher-Order Quadruplex Structures

Luigi Petraccone

Abstract Structural studies have shown that four G-tracts along a DNA strand are the
minimal requirement for intramolecular G-quadruplex formation. Longer DNA
sequences containing multiples of four G-tracts could, in principle, form higher-order
structures based on multiple G-quadruplex blocks. This latter condition is abundantly
verified for the telomeric single-stranded overhang (~200 nt) consisting of tens of
TTAGGG repeats, thus opening new interesting questions about the structure of the
“real” telomeric DNA. How many quadruplex units form in the human telomeric
overhang? Which type of quadruplex topologies? Do they interact or not? What
about their binding properties? Although many of these questions are still unanswered,
recent experimental and computational studies have begun to address them. The
existence and relevance of these higher-order quadruplex structures in the human
genome is now an interesting and stimulating research topic in the quadruplex field.
The recent results, the unsolved problems, and the future prospects for understanding
higher-order telomeric quadruplex structures are the main topics of this review. Other
studies on long telomeric RNA sequences and on other intramolecular (non telomeric)
DNA higher order quadruplex structures are also presented.
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1 Introduction

Single quadruplex units are building blocks for higher-order quadruplex structures both
intramolecular and intermolecular, depending on whether or not the quadruplex blocks
belong to the same DNA (or RNA) strand. In the last 5 years, intramolecular higher-
order quadruplex structures have been the subject of increasing interest due to their
relevance as a model for the full length telomeric DNA structure [1-9]. Indeed,
structural studies have shown that four G-tracts along a telomeric DNA strand are
the minimal requirement for intramolecular G-quadruplex formation but that the
telomeric single-stranded overhang consists of tens of TTAGGG repeats (~200 nt)
and may form higher order structures involving multiple quadruplex units. As telomeric
DNA is a promising anti-cancer drugs target, detailed knowledge of its physiological
relevant structure is of paramount importance for structural-based drug design.

Despite this, so far structural studies on human telomeric DNA have been
limited to short DNA sequences (no more than four G-tracts) able to form individ-
ual quadruplexes (Fig. 1a). The first topology for a human telomeric quadruplex
sequence to be reported in a K™ environment was determined by crystallographic
analysis [10]. This structure — called “parallel” or “propeller” — has all four G-tracts
parallel and connected by three propeller loops. Later, two distinct (3+1)
topologies, termed hybrid-1 and hybrid-2, have been reported using NMR methods
in solution [11-13]. Both structures have three G-tracts oriented in one direction
and the fourth in the opposite direction, but differ in the order of the loop
arrangements. These two forms appear to coexist in K* solution and the equilibrium
between them is governed by the presence of 3’-flanking bases [6]. Recently, an
antiparallel basket type form in K* solution — called “Form-3” — have been reported
[14]. This is distinct from the known antiparallel topology in Na* solution [15] and
contains just two G-quartets. This structural polymorphism has stimulated wide
debate: which of these topologies is the most biologically relevant? Which is the
prevalent quadruplex structure in physiological conditions?

Although there is not yet a final answer, it is clear from these structural studies
that the particular truncation of the full length telomeric DNA employed dictates
the structure that is observed. Several four-repeat human telomeric sequences
which start with a G (i.e., there are no flaking bases at the 5'-extremity) adopt
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a

Hybrid-1 Hybrid-2 Parallel Form-3

Non interacting quadruplex units
(“beads-on-a-string” model)

Loops-mediated interactions

Fig. 1 (a) Schematic structures of the single quadruplex topologies (hybrid-1, hybrid-2, Form-3
and Parallel) determined for the four-repeat human telomeric sequences in K* solution (the arrows
are in the 3'-5’ direction). (b) Possible structures for long telomeric sequences based on the single
quadruplexes as building blocks. The quadruplex subunits could be not interacting (beads-on-a-
string model) or could interact through staking interactions involving directly the G-tetrads cores
or the loop bases

form-3 in K* solution [14]. Sequences with both 5'-flaking and 3’-flaking sequences
adopt the hybrid conformation; hybrid-2 is favored by the presence of 3'-flaking
bases [6]. What about the “real” telomeric overhang whereby each four-repeat unit
has tens of TTAGGG repeats at both its extremities? When considering a
quadruplex formed inside the full length telomeric DNA, the presence of flanking
bases seems to be more realistic in mimicking the physiological condition. How-
ever, the possibility of forming consecutive quadruplex blocks adds another dimen-
sion to this already complex problem, while opening new interesting questions
about the structure of the “real” telomeric DNA (Fig. 1b). How many quadruplex
units form in the human telomeric overhang? What types of quadruplex topologies
exist? Do the contiguous quadruplex units interact or not? What about their binding
properties? Although many of these questions are still unanswered, recent experi-
mental and computational studies have begun to address them. The question about
the existence and relevance of these higher-order quadruplex structures in the
human telomere is now an interesting and stimulating research topic in the
quadruplex field. The recent results, the unsolved problems, and the future
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prospects for understanding higher-order telomeric quadruplex structures are the
main topics of this review. Other studies on long telomeric RNA sequences and on
other intramolecular (non telomeric) DNA higher order quadruplex structures are
also presented.

2 Experimental Evidence of Multi-quadruplex Structures
in Human Telomeric DNA

In the last 5 years the properties of long telomeric sequences have been the subject
of several experimental studies. Telomeric sequences with 8, 12, and 16 repeats,
that potentially can form 2, 3, and 4 consecutive quadruplexes, have been employed
(Table 1). What experimental evidence exists to show that these sequences really
form intramolecular structures based on the single quadruplexes as building blocks?
Data collected with different methodologies strongly point to this direction. Gel
electrophoresis and analytical ultracentrifugation (AUC) data demonstrated that
longer telomeric sequences form mainly compact intramolecular structures consis-
tent with the formation of contiguous quadruplex units [1, 5, 8, 20, 21]. A further
indication of the multi-quadruplex nature of these structures has been inferred from
the comparison of their circular dichroism (CD) spectra with the CD spectrum of
the standard single quadruplex forming sequences [such as (TTAGGG), or slight
variants thereof]. It has been observed that the CD spectrum of sequences formed
by integral multiples of the four G-tracts [such as (TTAGGG),, with n = 8, 12, 16]
has a similar shape to the CD spectrum of the single quadruplex but with an
intensity that approximately corresponds to an integral multiple of the monomer
intensity [1, 2, 5]. The simplest interpretation of this observation leads to the multi-
quadruplex structure of the longer sequences: another quadruplex unit is added to
the previous one when the DNA sequence is elongated.

Other indirect evidence of the existence of these multi-quadruplex structures
comes from the analysis of their melting behavior. Van’t Hoff analysis of the UV
melting process for the (TTAGGG),, with n = 8 and 12 revealed a AH° values close
to the value expected for a quadruplex melting (~200 kJ/mol). This observation
suggests that the (TTAGGG)g and (TTAGGG),, structures are divided into more
cooperative units which melt independently, each unit having (approximately) the
“size” of a quadruplex [1, 22]. A similar result has been obtained for the eight-
repeat sequence in the presence of 40% (w/v) PEG200 [23]. On the other hand, the
total enthalpy values for the melting of 8-repeat and 12-repeat sequences has been
measured directly by means of differential scanning calorimetry (DSC) yielding
values more consistent with the presence of 2 and 3 quadruplex units, respectively
[5]. The thermodynamics of these higher-order structures’ melting will be discussed
in more detail later in the chapter (see Sect. 5).

Several experimental studies were done on the eight-repeat sequences [such as
(TTAGGG)g or slight variants thereof] [2, 9, 16]. In one of the early studies, the ability
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Table 1 Studied DNA telomeric sequences with an integral multiple of the four G5 blocks

Solution conditions

Telomeric sequences ~ N°* Conc. (mM)  Salt Subunit structure®  Reference
G3(T,AG3), nd® 100 KCl Various® [8]
G3(T,AGs3), 12 2.5 KCl1 Hybrid [9]
G3(T,AGs3), 2 100.0 NH,OAc  Hybrid [16]
AG3(T>AG3), 2 100.0 KCl Hybrid [4]
AG;(T,AG3), 2 10 KCl Hybrid [17]
90.0 LiCl
(TLAG3)g 2 100.0 KCl Hybrid® [1]
(TLAGs3)g 2 100.0 KCl Hybrid [5]
(T,AG3)g 1-2 50 KCl n.d. [18]
10 MgCl,
(T,AG3)g T, 2 100 KCl Hybrid [2, 5, 19]
G3(TL,AG3) 1-3 2.5 KCl Hybrid [9]
G3(TL,AG3) n.d. 100 KCl Various® [8]
AG;(T,AG3), 2-3 10 KCl1 Hybrid [17]
90 LiCl
(TLAG3) 12 3 100 KCl Hybrid? [1]
(TLAG3):2 3 100 KCl Hybrid [5]
(T,AG3)g T, 3 100 KCl Hybrid [5]
G3(T,AG3);s n.d. 100 KCl Various® [8]
(T2AG3)16 4 100 KCl n.d. [4]
10 MgCl,
(T2AG3)16 2 500 KCl n.d. [18]
10 MgCl,

“Number of quadruplex subunits; more than one integral number indicates that a distribution has
been observed (i.e., 2-3 means that DNA strands containing 2 or 3 quadruplex subunits were
observed)

®Suggested quadruplex structure as inferred from the CD spectrum

“The quadruplex conformation was found to be dependent on DNA concentration (going in the
direction antiparallel — hybrid — parallel on increasing DNA concentration)

“In the original paper, the authors suggested a mix of parallel and antiparallel as the hybrid
structure and its CD spectrum was unknown

°n.d. stands for “not determined”

of the eight-repeat telomeric sequence to form a two-quadruplex structure has been
demonstrated by means of CD, AUC, steady-state fluorescence measurements and
molecular modeling [2]. Later, the formation of two contiguous quadruplexes in the
GGG(TTAGGG); DNA telomeric sequence has been confirmed on the basis of
ESI-MS experiments by counting the number of ammonium ions selectively trapped
in the structure [16]. Other authors demonstrated by using FRET that two contiguous
quadruplexes are formed in the AGGG(TTAGGG), sequence [4].

Another remarkable demonstration of a multi-quadruplex structure was obtained
by means of atomic force microscopy (AFM) experiments on the (TTAGGG)¢
sequence [4]. AFM images showed that four contiguous quadruplexes, separated by
only a short single-stranded TTA linker, readily formed in the 96 nt telomeric
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repeat sequence, although the resolution of the method could not definitively assign
the conformations of the individual quadruplex units.

In contrast to these studies, there are scattered reports on sequences with 8, 12,
and 16 repeats that suggest that the number of quadruplex subunits formed in these
sequences is lower than the value expected on the basis of their length [9, 17, 18].
For example, it has been reported that significant fractions of a 16-repeat and 12-
repeat form only 2 quadruplex subunits (instead of 4 and 3, respectively) [17, 18].
However, the source of this discrepancy is not clear and should be further explored.
The lower KCI concentrations employed in these studies could be a key element in
explaining the observed results.

3 Toward a Molecular Model of Long Human Telomeric
Sequences

Experimental evidence suggests that long human telomeric sequences form intra-
molecular structures formed by consecutive blocks of single quadruplex-like
structures. However, the way from this “qualitative” information to a high-
resolution structure of the full human telomeric overhang is long. What is the
folding of the individual quadruplex units within the multi-quadruplex structure?
How do they interact? Regarding this latter issue, there are two opposite
possibilities: (1) the G-quadruplex blocks do not interact and can move relatively
independently of each other, constrained only by the connecting TTA linkers (this
model is called “beads-on-a-string”) [1] or (2) G-quadruplex blocks strongly
interact through stacking interactions involving directly the G-tetrads cores or the
loop bases (Fig. 1b).

Recently, molecular modeling studies have provided some useful suggestions in
addressing this and other questions [3, 5, 19]. The basic idea of these studies is that
the most “natural” candidates for building blocks of a multi-quadruplex structures
are the known individual quadruplex structures formed by the four-repeat human
telomeric sequences. Among these, the hybrid and parallel quadruplexes provide
efficient scaffolds for a compact-stacking multi-quadruplex structure of human
telomeric DNA. Indeed, the 5’ end and the 3’ end of these quadruplex structures
point in opposing directions and additional hybrid-type or propeller quadruplexes
can be linked end-to-end to form linear multi-quadruplex structures [6, 24]. Fol-
lowing this point of view, several higher order quadruplex structures have been
built by joining hybrid and parallel quadruplex as building blocks (Fig. 2). Molec-
ular modeling techniques have been employed to evaluate which molecular models
were stereochemically and energetically “plausible” higher-order quadruplex
structures. Although experimental validation of the models is always needed, all-
atom molecular dynamics (MD) simulations in explicit solvent have provided
interesting information on the dynamics and stability of the quadruplex subunits,
highlighting the specific implications of each structural model.
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Fig. 2 Schematic representation and computed structures of the parallel (a) and hybrid-based
(b) models of the eight-repeat human telomeric sequence containing two quadruplex subunits. For
clarity, in the computed structures loop bases not involved in a quadruplex—quadruplex interaction
are not shown. The 5'-3' orientation is indicated by the black arrows. Adapted from [19]

3.1 Parallel-Based Higher Order Quadruplex Structures

A multi-quadruplex structure formed by consecutive parallel quadruplexes was first
proposed by Neidle and coworkers [3]. In this model consecutive quadruplexes are
connected by a TTA loop in a 5-3’ orientation and the terminal G-tetrad of each
quadruplex subunit stacks over the initial G-tetrad of the subsequent quadruplex
subunits, forming extended stacks of such quadruplex structures (Fig. 2a). MD
simulations of such molecular structures containing two, three, or four consecutive
parallel quadruplexes have been carried out by two groups reaching similar results:
the parallel-based higher order quadruplex structures are stable and particularly
rigid as expected due to the large stacking interactions existing between each
subunits [3, 5, 19]. Flexibility of the models decreases on increasing the number
of G-quadruplex subunits (from two to four) due to the greater number of stacking
interactions between the G-tetrads. The most flexible part of the model are the
loops; however the conformational changes observed in the loops do not have any
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impact on the structure of the central G-tetrads core. All the TTA loops in the
structural models have similar conformation and are arranged diagonally, external
to the guanine tetrads in a propeller-like manner characteristic of the parallel
quadruplex topology. The dA nucleotide in each TTA sequence is swung back
such that it intercalates between the two T bases and makes stacking interactions
with one of the T bases. The contributions of the TTA loops to the total free energy,
as estimated by molecular mechanics and Poisson—Boltzmann surface area
calculations (MM—-PBSA), are very similar [3].

There is no doubt that the parallel quadruplex with its external propeller loops
and its exposed terminal G-tetrads seems an ideal topology with which to form
extended stacked structures and these MD studies have shown that it can produce
stereochemically and energetically plausible higher-order structures.

Nevertheless, experimental evidence of parallel-based higher order quadruplex
structures formation is still absent and this model appears inconsistent with the CD
spectra in solution reported for longer telomeric sequences (Table 1). Further,
experimental AFM images of the (TTAGGG),¢ sequence clearly show peaks and
valleys corresponding to the quadruplex subunits and the TTA linkers connecting
them [4], whereas a compact cylindrical structure with contiguous quadruplexes
stacked upon one another (without knots) should be expected on the basis of a
parallel quadruplex higher-order model [3]. However, recent gel electrophoresis
and CD data performed on the eight-repeat sequence in solution with a greatly
diminished water activity [in buffers containing 40% (w/v) PEG200] suggest that,
in this condition, the parallel-based structure could be slightly favored over other
higher order structures (as was previously shown for the four-repeat sequence) [23,
25]. Whether or not, these experimental conditions (of low water activity) are
representative of the cellular environment is still matter of debate [26-28].

3.2 Hpybrid-Based Higher Order Quadruplex Structures

Various structural models have been built by combining in different ways the
hybrid-1 and hybrid-2 conformations to form a two-quadruplex structure [19].
Four possibilities exist in combining the two hybrid-type quadruplex in a 5'-3'
orientation to form a two-quadruplex high-order structure: two consecutive hybrid-1
(Hybrid-11) or hybrid-2 (Hybrid-22) quadruplexes, one hybrid-1 followed by a
hybrid-2 (Hybrid-12) or one hybrid-2 followed by a hybrid-1 quadruplex (Hybrid-
21). Molecular modeling studies have shown that each of these possibilities results in
a quadruplex—quadruplex junction with different structural and dynamic properties
(Fig. 2b) [19]. For example, the Hybrid-12 and Hybrid-21 models are not equiva-
lent. In the Hybrid-12 model an interaction between the second loop of the hybrid-1
quadruplex and the second loop of the hybrid-2 quadruplex has been observed,
whereas in the Hybrid-21 model there is an interaction between the third loops of
both quadruplex units. In the same way, the Hybrid-11 and Hybrid-22 structures are
quite different from each other and from the mixed-type structures (Hybrid-12 and



Higher-Order Quadruplex Structures 31

Fig. 3 Average structure
from MD simulation of the
Hybrid-12 model. The
spheres are the potassium
ions coordinated between the
G-tetrads. The loops residues
(A15, T25 and T38) involved
in the quadruplex—quadruplex
interaction are also shown
(from [2])

Hybrid-21). Hybrid-11 shows a bending between the quadruplex units stabilized by
a specific interaction between dA residues belonging to different subunits. In
contrast, the Hybrid-22 model does not show any significant interaction between
the quadruplex units. Further, all the hybrid-based structures are clearly different
from the parallel model that has extensive quadruplex—quadruplex stacking
interactions directly mediated by G-tetrads. The parallel model is the most compact
one with an average 5'-3’ distance of 32 A whereas for all the other models this
distance is in the range 42-52 A. Among all the hybrid-like models, the Hybrid-12
is the one with the most stable linkage between the two quadruplex units within the
structure (Fig. 3). In particular, the adenine A 15 (belonging to the first quadruplex)
forms stable stacking interactions with the thymines T38 and T25 (belonging to the
second quadruplex) for 95% of the MD trajectory. Further, it has been shown that,
when the MD simulation starts from an initial conformation in which these bases do
not interact, the A15-T38 is recovered over the course of the simulation, thus
suggesting that this interaction is stable and characteristic of the Hybrid-12 model
[2, 19].

As each quadruplex—quadruplex junction is a unique conformation, the molecu-
lar surfaces are considerably different, which could have significant implications
for structure-based drug design. For instance, Hybrid-11, because of the bending of
the two quadruplex units, presents an accessible planar surface corresponding to an
A-triad structural motif that is not present in the other models. Despite these
structural differences the free energies of these models, as evaluated by MM-PBSA
calculations, are very similar, suggesting that the free energy barriers between the
different hybrid-based two-quadruplex structures are very small, which is also
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consistent with the low free energy barrier reported for the different conformations
of the single quadruplex unit folding [29].

What these results bring to light is that, because of the asymmetry of the
hybrid-types G-quadruplex structure, four different quadruplex—quadruplex
junctions are possible, each characterized by specific shape, electrostatic, and
dynamic properties [19]. In this regard it should be noted that a multi-quadruplex
structure formed by only one type of hybrid should have only one type of junction
(Hybrid-22 or Hybrid-11). The presence of the Hybrid-12 motif in telomeric
sequences with more than two quadruplex units implies the presence of either
both the Hybrid-12 and Hybrid-21 junctions. Thus, the existence of the mixed-
hybrid higher-order quadruplex structure instead of one built from a single type of
hybrid structure could provide a better means to modulate protein recognition and
regulation of telomere biology. Further, the small free energy barriers between the
different conformations (Hybrid-11, Hybrid-22, Hybrid-12, Hybrid-21, and all-
parallel) suggests that an equilibrium between different forms could be
very sensitive to the local microenvironment as well as to the binding of small
molecules to a particular quadruplex—quadruplex junction.

A three-quadruplex structure formed by alternating hybrid-1 and hybrid-2 quad-
ruplex subunits (corresponding to the model 5’-hybrid-1-hybrid-2-hybrid-1-3’,
called Hybrid-121) has recently been simulated and proposed as representative of
the 12 repeat (TTAGGG);, structure [5]. In this model, there are two different
quadruplex junctions (following the DNA strand in the 5’3’ direction): the hybrid-
1-hybrid-2 and the hybrid-2-hybrid-1. The interactions between the two quadruplex
units at the hybrid-1-hybrid-2 junction are retained during 10 ns of MD simulation
of the Hybrid-121 model as it was observed for the two-quadruplex Hybrid-12
model confirming that this type of quadruplex—quadruplex interaction (QQI) is
particularly stable. To date no other models combining hybrid with parallel or
antiparallel or other quadruplex folding types have been subject of modeling studies
and proposed as “plausible” alternative structures. As will be shown later, the
hybrid-based models are, at present, the most consistent with the available data
on longer telomeric sequences.

4 How to Discriminate Between Alternative ‘“Plausible”
Higher Order Quadruplex Models?

As described above, different higher order quadruplex structures have been pro-
posed for longer DNA telomeric sequences depending on the type of quadruplexes
involved and on the kind of interactions between the quadruplex units. All the
proposed models are in principle potential candidates to represent the “real” DNA
telomeric structures. How is it possible to distinguish these models experimentally?
Which one might be most representative of a high-resolution structure of the
telomeric DNA? Resolution of this problem is not an easy task for standard
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structural techniques like X-ray crystallographic and NMR because of their inher-
ent difficulty of coping with longer DNA sequences.

To address this issue, an innovative approach combining different experimental
and computational approaches to discriminate among several plausible structures
has been reported [19]. The basic idea is to validate the structural models by means
of experimental measurements. To apply the method, one should look at some
physico-chemical properties that can be readily computed from the structural
models and, at the same time, can be measured experimentally with enough
accuracy. The comparison of the predicted and the measured values of these
properties can then be employed as test of validity of the structural models. This
approach has been pioneered by the groups of Prof. J.B. Chaires and Prof. J.O. Trent
(University of Louisville, KY, USA) to show that the parallel conformation was not
the dominant structure adopted in solution by the four-repeat human telomeric
sequence [30]. They employed the program HYDROPRO [31] to compute from the
crystallographic atomic coordinates of the parallel quadruplex the expected value
of the sedimentation coefficient and found it significantly different from the value
experimentally measured in K* solution by means of AUC experiments. The same
methodology was later employed to discriminate between two structural models for
the three-quadruplex forming sequence (TTAGGG);,, one involving all parallel
quadruplex and the other containing both hybrid-1 and hybrid-2 quadruplexes (the
Hybrid-121 model discussed in Sect. 3.2). The expected sedimentation coefficients
distributions were computed from the MD trajectories of these two higher order
quadruplex models and were compared with the experimental sedimentation coef-
ficient distribution [5]. The measured sedimentation coefficient has been found to
be consistent with the predicted value of the hybrid-based model whereas it has
been found to be significantly different from the value predicted on the basis of the
parallel-based model (Fig. 4a). On the other hand, the CD spectra of (TTAGGG);,
were also characteristic of the hybrid-type structures (Table 1). Although these
results do not allow unequivocal proof of the three-quadruplex structure, it clearly
suggests that a major fraction of (TTAGGG);, can fold in three contiguous
quadruplex units and that these units are most likely a mixture of hybrid
conformations. The same results were obtained with the (TTAGGG),TT sequence,
suggesting that the presence of the 3’-flanking bases are less important in determin-
ing the quadruplex units folding in comparison with their drastic effect on the
folding of the short telomeric sequences [35, 6].

Another useful experimental property able to discriminate between different
higher order quadruplex models is the degree of solvent accessibility of the adenine
residues involved in the quadruplex loops. Indeed, this property can be easily
predicted from the atomic coordinates of each model by computing the solvent
accessibility surface area (SASA) of each dA residues which can then be experi-
mentally investigated by quantitative fluorescence studies using systematic single-
substitutions to replace each of the adenine bases with 2-aminopurine (2-AP).
Indeed, the fluorescence properties of 2-AP are extremely sensitive to local envi-
ronment (conformation), making this base analog ideal for distinguishing among
different quadruplex conformations [32]. This approach has been successfully
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Fig. 4 Comparison between predicted properties of the higher order quadruplex models and their
experimental measurement. (a) The predicted sedimentation coefficient distributions for the
hybrid-based (cyan) and parallel-based (red) models are compared with the experimentally
determined distribution (gray). (b) The results of fluorescence intensity measurements (plots on
the left) and fluorescence quenching studies using acrylamide (plots on the right) are shown for
oligonucleotides containing 2-aminopurine. The structure of the Hybrid-12 model is also shown
(in the middle). The colors indicate the position of the 2-aminopurine substitution as specified in
the sequence written on the fop. Each experiment was performed in 10 mM potassium phosphate,
100 mM KCl, and 0.1 mM EDTA at pH 7.0 (from [2, 5])

employed to discriminate among the five (Hybrid-12, Hibrid-21, Hybrid-11,
Hybrid-22, and all-parallel) two-quadruplex models described above (Sect. 3.2)
for the eight-repeat telomeric sequence [19]. The eight-repeat sequence has eight
adenine bases, each dA being in a specific loop of the two-quadruplex structure and
the analysis of the five models showed that the environment of each adenine base
differs depending on the folding adopted by the two-quadruplex structure. In
particular, different adenine bases are involved in the junction region between the
two quadruplexes depending on the model considered [19]. Both steady-state
fluorescence and acrylamide quenching experiments were performed to provide a
quantitative measure of the environment of the loop adenines (Fig. 4b). The trend in
the fluorescence intensities and 2-AP solvent accessibilities has been shown to be
consistent with the adenine environment predicted on the basis of the Hybrid-12
model, indicating that this structure can plausibly exist in solution whereas none of
the other models were compatible with all the fluorescence experiments results
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[19]. As shown previously, in the Hybrid-12 model the two quadruplex units are not
fully independent, and are stabilized by specific interactions at the interface.

5 Energetics of Higher-Order Human Telomeric
Quadruplexes Formation

The energetics of multi-quadruplex formation can provide useful information on
their whole structure and on the interactions between the quadruplex subunits.
Thermal stability of higher order quadruplex structures can be monitored by several
spectroscopic techniques involving UV and circular dichroism (CD). In an early
studies on stability of long telomeric DNA sequences, UV absorption has been
employed to follow the melting behavior of the (TTAGGG),—,_;, series [1, 22].
These authors measured very similar melting temperatures and van’t Hoff enthalpy
(~190-200 kJ/mol) for the (TTAGGG),—451> sequences, suggesting that the
8-repeat and 12-repeat sequences are composed of quadruplex subunit similar to
the quadruplex formed by the four-repeat sequence. On the other hand, similar
melting temperatures are also reported for the (TTAGGG),TT series [5].

A different result is reported for the G3(TTAGGG),,—7 11,15 series, showing much
lower Ty, and AH° values in comparison with the corresponding G3(TTAGGG)3
single quadruplex [20]. However, it should be noted that the G3;(TTAGGG);
sequence is significantly different from the other telomeric sequences as the
absence of flanking sequences at 5'-end could induce the form-3 quadruplex [14].
In contrast with the other quadruplex folding (hybrid-1, hybrid-2, and parallel),
form-3 has its 5" and 3’ end pointing in the same direction and could be unable to
form linear multi-quadruplex structures. Further, the shape of the CD spectra of the
G3(TTAGGG),,—7.11.15 series appears to be length-dependent, suggesting that the
conformation of G3(TTAGGG),—7,11,15 may not result from a simple addition of
consecutive G3(TTAGGG); quadruplex units [9]. Interestingly, recent results from
temperature-gradient gel electrophoresis (TGGE) experiments suggest that a sig-
nificant fraction of the G3(TTAGGG); and G3(TTAGGG); sequences does not
form the expected maximum number of quadruplex subunits [9].

Beside this, it should be noted that in the cited studies the thermodynamic
parameters are derived by the van’t Hoff analysis of the melting curves. The
validity of this analysis is based on the two-state approximation for the melting
process and it is questionable for the melting of long DNA telomeric sequences.
This assumption has been experimentally tested by means of the singular value
decomposition (SVD) analysis of CD spectra, demonstrating that the melting of
longer telomeric sequences is clearly not a two-state process [5]. Although the van’t
Hoff derived parameters can provide some useful information on the average
cooperative unit inside a complex structure, an accurate determination of the
thermodynamics of higher order quadruplex structures should be achieved by
means of model-free techniques such as DSC. This technique has been employed
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to determine the thermodynamics parameters for the folding processes of the
(TTAGGG),—4 8,12 and the (TTAGGG),TT series [5]. Deconvolution of the
thermograms by means of a statistical mechanical method unraveled that the
complexity of the denaturation processes increases with the number of quadruplex
units within the sequence (Fig. 5). Indeed, the DSC data can be adequately
represented by two species (folded and unfolded) for the single quadruplex
sequence, but there are clearly three species for the two quadruplex assembly and
four species for the three quadruplex assembly. This observation suggests that each
quadruplex unit in the higher-order structures is not independent and identical, but
is thermodynamically unique and is influenced by its neighbors. Table 2
summarized the thermodynamic parameters for each transitions as derived by the
deconvolution of the DSC profiles of the (TTAGGG), TT series. Interestingly, once
the thermodynamic parameters for the single quadruplex and the multi-quadruplex
structures are known, it is possible to quantify the apparent coupling free energy
[33] for the assembly of more quadruplex units. The difference between the total
free energy of the folding of three contiguous quadruplexes and three times the
folding free energy of a single quadruplex gives a coupling free energy (AGcoupling)
of about +13 kJ/mol. The positive sign indicates an unfavorable coupling free
energy in the higher order structure formation, arising from unfavorable interaction
between the quadruplex units. Analysis of the energetic contributions to the total
free energy change suggests that AGcoupiing contains contributions from both
enthalpy and entropy components (Table 2). A similar analysis for the 8-repeat
sequences shows small coupling free energies of only 2—-3 kJ/mol, indicating lesser
destabilizing interactions between two contiguous quadruplexes compared to 3
found in the 12-repeat sequence. It is possible that coupling free energies may
become increasingly unfavorable in longer quadruplex assemblies. The ~200 nt
telomeric overhang could potentially fold into a structure with about eight contigu-
ous quadruplex units. Larger unfavorable coupling free energies could, however,
limit complete folding of the overhang, leaving single-stranded regions that might
facilitate or nucleate protein binding.

Do the thermodynamic data support the presence of QQIs? Thermodynamically,
the amount of all the interactions are measured by the enthalpy changes needed to
unfold the structure. Theoretically, one could estimate the amount of QQI by
subtracting from the total unfolding enthalpy change of the multi-quadruplex
structure the sum of the enthalpy changes of the component quadruplex subunits
measured separately. Although, practically, this procedure could be imprecise as
the enthalpy change can be dependent on the (often unknown) quadruplex subunit
conformation within the multi-quadruplex structure, a qualitative comparison of the
enthalpy changes for the eight-repeat sequences with the four-repeat sequences
reveals that a QQI interaction, if it exists, should be no more than 20-30 kJ/mol [5].
This value seems too small to be consistent with strong QQI as, for example, the
extended stacking interactions between the G-tetrad proposed in the parallel-based
model discussed previously (~70-80 kJ/mol should be expected for a stacking
between two all-anti G-tetrads) [34]. However, weaker QQI as loops-mediated
interactions between the consecutive quadruplexes cannot be excluded.
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Fig.5 Deconvolution of DSC profiles for the (TTAGGG), TT (n = 4,8,12) series. Panels a, ¢, and
e show the species plots for the single quadruplex, two and three quadruplexes structures,
respectively. Panels b, d, and f show the corresponding best fits to experimental thermograms
(from [5])

Interestingly, fluorescence melting experiment on an eight-repeat sequence
containing 2-aminopurine shows that the loops region melts several degrees
before the melting of the G-tetrad core of the quadruplexes, thus suggesting that
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Table 2 Deconvolution of DSC thermograms for the (TTAGGG), TT series®

Sequence T (°C) AH (kJ/mol) AS (J/K-mol) AGgo1ding (20 °C) (kJ/mol)
(TTAGGG),TT 59.8 213 639 —25.8

(TTAGGG){TT

Transition 1 52.0 219 676 -20.9

Transition 2 61.8 222 662 —28.0

(TTAGGG);,TT

Transition 1 45.4 176 553 —14.0

Transition 2 56.3 221 672 —24.1

Transition 3 62.6 204 606 —25.2

“Data are from [5]

loops-mediated QQI could be lost before the melting of the whole multi-quadruplex
structure [19].

The energetics of the quadruplex folding/unfolding processes for the eight-
repeat sequence has also been evaluated in crowding/dehydrating conditions (in
the presence of PEG200) by means of kinetic measurements [23]. Under these
conditions, on increasing temperature, each quadruplex subunit converts from the
hybrid to the parallel conformation before melting. The results suggest that folding
properties of each quadruplex subunit are somewhat affected by the presence of the
adjacent quadruplex.

6 Binding Properties of Higher Order Quadruplex Structures:
New Prospects for Drug Design?

In the past 15 years, numerous research groups have been focused on the design of
new ligands trying to optimize the interactions between these small molecules and
the G-quadruplex motif [35-40]. However, in most of the G-quadruplex-ligand
binding studies, the target DNA sequences are short human telomeric sequences
(typically in the range 21-26 nt) able to fold into a single quadruplex structure
[6, 35, 41]. Despite the increasing amount of structural information on longer
DNA telomeric sequences, very few data are available on the binding properties
of these sequences compared with the shorter DNA telomeric sequences.
However, the existence of quadruplex—quadruplex interfaces in the longer
telomeric sequences could be a predominant factor in determining the recognition
properties of the telomeric DNA and the results of binding studies performed on
single quadruplex may not necessarily be useful to predict the binding properties
of higher order quadruplex structures. Further, the achievement of the specific
recognition of the quadruplex—quadruplex interface could become an important
step in the design of new quadruplex ligands able to discriminate the telomeric
quadruplexes among the large number of quadruplex forming sequences existing
in the human genome [42, 43].
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The presence of possible binding sites involving two adjacent quadruplex
units has been suggested by Neidle and coworkers [3, 44]. On the basis of crystal-
lographic information, they built a stable model of a complex between the drug
BRACO-19 and two contiguous parallel G-quadruplexes consisting of the drug
sandwiched between two parallel quadruplex units. Shinohara et al., starting from a
multi-quadruplex model, designed and characterized a ligand that specifically
recognizes the quadruplex—quadruplex interface between two hybrid quadruplexes
and that does not bind the single quadruplex unit [45]. In another study the binding
of the cationic porphyrin TMPyP4 and of a triazatruxene (azatrux) to a quadruplex
higher order structure was compared with the binding of the same ligands to the
single quadruplex [46]. The results suggest that the binding properties of TMPyP4
and azatrux to the higher order quadruplex structure cannot be predicted on the
basis of binding experiments performed on the single quadruplex. In particular,
azatrux binds with a much higher affinity to the multiplex (TTAGGG),, than the
single (AG5TT)4 quadruplex and with a stoichiometry consistent with the binding at
the quadruplex—quadruplex interface. A binding study of hemin to multi-
quadruplex structures further support the hypothesis of the existence of a new
type of binding site (with respect to the isolated quadruplex) located at the
quadruplex—quadruplex interfaces (called internal sites). Binding of hemin to
the internal sites greatly enhances the hemin-DNA catalytic activity with respect
to the hemin binding to an external site (not at the Q—Q interface) [17]. Binding of
sanguinarine to the interface between two quadruplex units in an eight-repeat
sequence has also been suggested by mass spectroscopy and Taq polymerase stop
assay experiments [47].

Although still limited, taken together these preliminary studies suggest that the
quadruplex subunits in the higher order structures do not behave independently, at
least with respect to their binding properties. Hence, it could be more appropriate to
consider the DNA telomeric structure as a higher-order structure with unique
binding pockets rather than as simply a collection of single quadruplex units, during
the drug-design process. However, further studies are needed to gain reliable
insights into the binding behavior of the higher order quadruplex structures.

7 What About Long RNA Telomeric Sequences?

Telomeric DNA can be transcribed by DNA-dependent RNA polymerase II; the
resulting RNA transcripts, ranging in size from 100 to 9,000 nucleotides, are
composed of the tandem repeats of the sequence r(UUAGGG) [48-50]. All the
questions/problems introduced about the long human DNA telomeric sequences
arise again when considering the long human RNA sequences (TERRA). Do long
RNA telomeric sequences form higher order quadruplex structures (as in DNA)?
Which is the folding of the quadruplex subunits? etc. ..?

NMR, ESI-MS, and CD data suggest that RNA quadruplexes are not as poly-
morphic as DNA and mainly form the parallel structure both in short and long
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telomeric sequences [7, 16, 51-53]. There is experimental evidence that long
telomeric RNA molecules are compact and form higher-order structures based on
parallel quadruplex units [54, 55]. Do the quadruplex units stack on each other or
form a “beads-on-a-string” model involving non-interacting blocks? Results from
recent RNase T1 cleavage experiments seem to indicate a middle way! Indeed, it
was found that quadruplexes comprised of four and eight UUAGGG repeats were
most resistant to RNase T1 digestion, suggesting a “beads-on-string”’-like model of
long human telomeric RNA, whereby each bead is made up of one or two-
quadruplexes, respectively. In this model there are both interacting (inside the
two-quadruplexes beads) and non-interacting quadruplexes (single quadruplex
bead). However, the presence of regions with more than two stacked quadruplexes
(longer beads) could not be completely excluded. A structural model involving a
cation-mediated stacking of two parallel quadruplex subunits in the eight-repeat
sequence r{GGG(UUAGGG),] has also been suggested by ESI-MS results [16].

Several structural models have been proposed for the RNA two-quadruplexes
structure, all being based on the parallel folding and differing only in the stacking
mode between the two parallel G-quadruplex blocks. There are four possible
stacking modes: (1) 3’=5’, in which the stacking occurs between the 3’-end of the
first quadruplex and the 5'-end of the second quadruplex; (2) 5-3’, in which
the stacking occurs between the 5-end of the first quadruplex and the 3’-end of
the second quadruplex; (3) 5'-5’, in which the stacking occurs between the 5’-end of
both the quadruplex blocks; and (4) 33/, in which the stacking occurs between the
3/-end of both the quadruplex blocks. In the “alternate-direction stacking” model,
successive parallel quadruplexes adopt alternately the 5'-5' and the 3'-3’ modes.
Molecular modeling studies have been carried out on the 8-repeat human telomeric
RNA sequence to test the feasibility of the different stacking modes between two
parallel quadruplex blocks. The 5'-5', 3'-3’, and 3’-5’ stacking modes were found
to be stable throughout the MD simulations whereas the 53’ stacking mode was
found to be unstable, as the UUA linker was too short to span the six G-tetrads
layers [55]. Continuous stacking of the loop bases and extensive loop—loop
interactions, involving adenine—adenine stacking across the two blocks, were
observed for the 5'-5' stacking mode. This continuous stacking of loop bases was
not observed in the simulations of other stacking modes. Experimentally, (intermo-
lecular) 55" stacking has been observed between two parallel quadruplexes
formed by the 10-mer RNA sequence r(GGGUUAGGGU) [52]. However, more
stacking modes could coexist in long TERRA structures and additional experiments
are needed to validate further a particular structural model.

8 Non-telomeric Higher-Order Quadruplex Structures

In the above paragraphs, computational and experimental studies on intramolecular
higher-order human telomeric DNA (and RNA) quadruplex structures have been
discussed. However, higher-order quadruplex structures can be found in other
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Fig. 6 Schematic
representation of the higher
order quadruplex structure of
the (GGA)g sequence. There
are extensive stacking
interactions between the
heptads of the quadruplex
subunits (from [56])

regions of the genome. Significantly, the first demonstration of higher order packing
of quadruplexes has been reported on the non-telomeric d(GGA)g sequence [56].
The GGA triplet repeat is present in eukaryotic genomes [57] and is frequently
located in biologically important regions [58—62]. The four-repeat d(GGA),
sequence forms an intramolecular quadruplex composed of a G-tetrad and a
G(:A):G(:A):G(A:):G heptad [63]. What has later been demonstrated is that two
such G-quadruplexes can assemble, forming a two-quadruplex structure; this is, so
far, the only NMR structure of a higher order quadruplex structure. The intramo-
lecular packing of the two quadruplexes in d(GGA)g is achieved through the
stacking interaction between the heptads of each quadruplex (Fig. 6). As a result,
the two quadruplexes are arranged in a tail-to-tail manner. It should be noted that
head-to-tail or head-to-head arrangements should involve the energetically less
favorable G-tetrad-heptad or G-tetrad-G-tetrad stacking, respectively. However,
sequences with higher numbers of integral multiple of four GGA repeats (i.e.,
with more than two quadruplex subunits) should necessarily involve these later
types of quadruplex—quadruplex junctions. Interestingly, the four G—G segments (in
each subunit) are aligned parallel to each other; thus the G-core of this quadruplex
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architecture is similar to the G-core of the parallel human telomeric quadruplex and
the structure of the d(GGA)g sequence resembles somewhat the proposed parallel-
based model for the human telomeric DNA.

A higher order G-quadruplex structure has also been proposed for the hTERT,
full-length, core promoter sequence containing 12 consecutive G-tracts. Taq poly-
merase stop assay and dimethyl sulfate footprinting experiments revealed a unique
end-to-end stacked G-quadruplex structure for this sequence. This structure consists
of an all parallel G-quadruplex, linked to another, atypical G-quadruplex, formed
by two pairs of consecutive G-tracts separated by a 26-base loop [64].

Another example of a non-telomeric genomic region that can form multi-
quadruplex structure is the insulin-linked polymorphic region (ILPR) that contains
G-quadruplex forming sequences located at —363 bp upstream of the Insulin coding
sequences [65—67]. It is formed by tandem repeats of the most prevalent sequence
ACAGGGGTGTGGGG. It has been shown that the sequence containing two ILPR
repeats (ILPR,_,) forms an intramolecular quadruplex [66]. Although there have
been no atomic-level structural studies, DMS footprinting, CD and native gel
electrophoresis collectively demonstrated that the sequence containing four ILPR
repeats (ILPR,_,) forms an intramolecular structure with two G-quadruplexes [68].
Further, DMS footprinting experiments on ILPR,_, identified specific guanines
(close to the quadruplex-quadruplex interface) protected only in the presence of the
neighboring G-quadruplex, strongly suggesting some kind of QQIL. TGGE results
and mechanical pulling of ILPR,_4 at the single molecule level are also consistent
with the presence of QQI, showing that the two quadruplexes are unfolded cooper-
atively [9, 68].

In contrast with most of the findings on human telomeric DNA, CD of ILPR,,_4
is different from CD of ILPR,,_,, demonstrating that the quadruplex conformation
in ILPR,,_, is different from the quadruplex formed by ILPR,,_,, perhaps due to the
presence of QQI. This result demonstrates that the ILPR,_4 structure is far from
being described as a simple addition of two ILPR,_, quadruplex units and more
detailed structural studies are needed to get more insight into ILPR,,_, higher order
structure.

9 Concluding Remarks

Intramolecular higher-order quadruplex structures represent a challenge for bio-
physical and structural studies but at the same time represent a promising target for
drug design that demands detailed study. Our knowledge of these higher-order
structures is far from being complete and much work needs to be done. However, it
is possible to delineate the following tentative conclusions from the available data:

1. Longer DNA and RNA telomeric sequences form intramolecular structures
formed by single quadruplex as building blocks.
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2. Most of the available data are consistent with higher order structures involving,
as building blocks, hybrid-like quadruplexes (both hybrid-1 and hybrid-2) for
telomeric DNA and the parallel quadruplex for telomeric RNA.

3. In DNA, the interactions between the quadruplex subunits are relatively weak
and most likely based on loops-mediated interactions whereas in long RNA
telomeric sequences there are large stacking interactions involving the G-tetrads
of adjacent parallel quadruplexes.

4. DNA higher order quadruplex structures (and most likely RNA) have binding
properties different from those of the single quadruplex subunit. Particularly, the
quadruplex—quadruplex junction provides a new specific binding site.

Regarding this last point, one should emphasize that different higher order
structures and quadruplex—quadruplex interfaces could be simultaneously present
along the human telomeric overhang. The dynamic equilibrium among these
conformations could have a key role in modulating protein recognition and in
controlling the biology of the telomeres. This hypothesis awaits experimental
verification. Together, the results presented in this chapter represent a good starting
point for future studies on quadruplex higher-order structures aimed at a deeper
understanding of this fascinating part of the quadruplex world!
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Physiological Conditions Using In-Cell NMR
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Abstract In this chapter we describe the application of in-cell NMR spectroscopy
to the investigation of G-quadruplex structures inside living Xenopus laevis oocytes
and in X. laevis egg extract. First, in-cell NMR spectroscopy of nucleic acids (NA)
is introduced and applications and limitations of the approach are discussed. In the
following text the application of in-cell NMR spectroscopy to investigation of
G-quadruplexes are reviewed. Special emphasis is given to the discussion of the
influence of the intracellular environmental factors such as low molecular
weight compounds, molecular crowding, and hydration on structural behavior of
G-quadruplexes. Finally, future perspectives of in-cell NMR spectroscopy for
quantitative characterization of G-quadruplexes and NA are discussed.

Keywords G-quadruplex - /n vivo - In-cell NMR - Molecular crowding - Xenopus
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1 Introduction

Repetitive blocks of guanine-rich sequences have the ability to form G-quadruplex
structures. Using algorithms predicting the probability of DNA sequences to form
G-quadruplex structures, it has been estimated that there are over 300,000 potential
quadruplex sequences (PQS) in the human genome [1]. The analysis revealed that
PQS are not randomly distributed over the genome, but that they are notably
concentrated in telomeric and centromeric regions as well as in promoter regions
of protein coding genes, particularly in those of proto-oncogenes [1, 2]. These
findings agree with experimental observations that quadruplex forming sequences
contribute to maintaining genome integrity in the case of centromeric and telomeric
DNA regions, and to regulation of gene expression in the case of promoter regions
of protein coding genes [3]. Formation of quadruplex structures for many of these
PQS was experimentally confirmed both in vitro and in vivo and for many of them
the roles of these non-canonical DNA structures in DNA function and pathology
were experimentally demonstrated (reviewed in [4, 5]).

Besides the biological significance of the G-quadruplex structures, their unique
nanoscale geometry, biocompatibility, biodegradability, and molecular recognition
capacity make them promising candidates for the construction of novel functional
nanomaterials. The G-quadruplex motifs have been exploited to construct various
nanostructures, such as ordered lattices, origami, supramolecular assemblies, and
even three-dimensional objects [6]. In addition, G-quadruplex structures have been
introduced in a variety of biomedical applications [7] including transcriptional
silencing of aberrantly over-expressed genes [8].

Due to the importance of these genomic regions for both maintaining integrity
of the chromosomal DNA and disease developments, the structures of the
G-quadruplexes have been the subject of intense biophysical investigations includ-
ing high-resolution methods such as X-Ray Diffraction (XRD) and Nuclear Mag-
netic Resonance (NMR) spectroscopy. However, instead of revealing unique 3D
structural motifs for the G-quadruplex forming DNA, these studies provided a
puzzling picture of conformational polymorphism that appeared to be promoted
not only by the DNA sequence alone but also by the experimental conditions used
in the XRD or NMR investigations [9, 10].

From a biophysical point of view, a property common to G-quadruplex forming
sequences that has emerged from the structural investigations is their inherent
sensitivity to non-specific, physical/chemical environmental factors promoting
their conformational polymorphism. /n vitro studies have demonstrated that the
stability and the folding topology of the G-quadruplexes might strongly depend on
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Fig.1 Schematic representations of various human telomeric G-rich repeat structures determined
under different environmental conditions. The individual drawings correspond to the parallel
propeller, (3+1) parallel anti-parallel hybrid type 1, (3+1) parallel anti-parallel hybrid type 2,
2-tetrad anti-parallel basket, and anti-parallel basket G-quadruplex folds observed for d(TA
(GGGTTA);3G3) in potassium solution supplemented with PEG [13], for d(TA(GGGTTA);G3)
[24], for d(TTA(GGGTTA)3G5TT) [25], and for d((GGGTTA);G3T) in dilute potassium solutions
[16], and for d(AG3(TTAGGG)3) in dilute sodium solution [26], respectively. Anti and syn
guanines are colored gray and white, respectively

the water activity, molecular crowding, pH, and/or nature of the counter ions
[10-21]. In terms of conformational polymorphism, the G-quadruplexes formed
by telomeric repeats were shown to adopt at least five distinct folding topologies,
differing by virtue of strand polarities, loop orientations, and orientation of the
guanine bases with respect to the sugar moiety, depending on environmental
conditions and experimental setup employed for their investigation [10] (Fig. 2).
Various combinations of environmental factors such as pH, molecular crowding,
and cation(s) were also found to influence structural competition significantly
between the G-quadruplex and the Watson—Crick duplex [22, 23]. While most of
the experimental data on environmentally controlled conformational polymorphism
and stability of G-quadruplexes have been acquired for telomeric sequences, they
have also been observed for G-rich sequences forming quadruplex structures in
promoter regions of proto-oncogenes [2, 3].

Altogether, in vitro structural studies have indicated that the environment-
promoted structural polymorphisms and dynamic equilibrium among different fold-
ing topologies are intrinsic properties of centromeric, telomeric, and promoter DNA
regions. However, at the same time, the observations that the folding topologies in
these DNA regions strongly depend on subjective choice of experimental conditions
and experimental setup have indicated that conventional XRD and/or NMR
techniques have to be used with caution when addressing the question of which is
the physiologically relevant structure of these DNA molecules. Both XRD and NMR
examine the structural properties of the isolated DNA. Whereas environmental
conditions in XRD studies are constrained to conditions that support monocrystal
growth, the choice of NMR conditions is limited by the fact that not all relevant
factors that can modulate folding topologies of these DNA structures in vivo are
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known. Experimental observations that the folding of the G-quadruplexes depends
on environmental factors have strongly suggested that quantitative characterization
of their physiologically relevant structures needs to be performed in as close to
native conditions as possible, preferably in vivo.

2 In-Cell NMR Spectroscopy of Nucleic Acids

The concept of in-cell NMR spectroscopy, which represents a crafty extension of
basic principles of conventional NMR spectroscopy and allows observation of
biomolecular structures in the complex cellular environment, was introduced in
2001 [27-29]. Originally, this technique was developed for selective monitoring of
isotopically labeled proteins over-expressed in cultured bacterial cells. Isotopic
labeling was demonstrated to be essential for discrimination of NMR signals
from the molecule of the interest from signals originating from the cellular back-
ground as well as for boosting sensitivity of the in-cell NMR experiment.
A principal limitation of this approach is the requirement for high-level over-
expression of the protein of interest. In 2006, the original concept was extended
by allowing investigation of proteins in a eukaryotic cell system, namely in
Xenopus laevis oocytes [30, 31]. The fundamental difference between the original
and new concepts is the way of introduction of the molecule to be investigated into
the living cells. While in the original approach, the isotopically labeled protein is
directly produced within the bacterial cells grown in isotopically labeled media, in
the later approach the isotopically labeled protein is produced ex sifu and then
introduced into oocytes via microinjection. This approach provides several
advantages over the original concept. First, introduction of isotopically labeled
protein into isotopic label-free cellular background allows for background-free
monitoring of the introduced protein. Second, this approach can be applied to
proteins, which are difficult to over-express in a bacterial host. Last but not least,
this approach, i.e., the introduction of exogenous molecules into these cells, can be
applied to biomolecules other than proteins.

In 20009, the technique of in-cell NMR spectroscopy in injected X. laevis oocytes
was adapted to investigate nucleic acids (NA) [32].

In contrast to the application to proteins, a specific problem of in-cell NMR of
NA has been the degradation of NA inside living cells [32]. The NA, both DNA and
RNA, when introduced into the cellular environment are exposed to nucleases. The
nucleolytic activity results in relatively fast decay of the NA fragment under
investigation. Although “life-span” of NA in vivo critically depends on their
primary sequence and folding topology, the times accessible for DNA
investigations under in vivo condition are typically less than 6 h [32]. Of note, the
DNA forming G-quadruplex structures have represented an exception from the
“rule” due to their remarkable resistance again nucleases [32]. In favorable cases,
the stability of G-quadruplexes in vivo allows their investigation for more than 19 h
under in vivo conditions.
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Fig. 2 Schematic representation of an in-cell NMR experiment. Cell injections with pulled glass
capillaries enable the quantitative deposition of nucleic acid fragments into the intracellular
environment of X. laevis oocytes. The in-cell NMR sample consists approximately of 200 oocytes
placed into a Shigemi NMR tube. Standard 1D '"H and 2D 'H-">C/"N heteronuclear correlation
NMR experiments are typically employed for collecting spectral fingerprints of unlabeled and
13C/5N isotopically labeled nucleic acid samples, respectively. Alternatively, NMR investigations
are performed in X. laevis egg extract

Next to DNA degradation, life-span of the cells and incidental leakage of the
introduced DNA from the cells restricts the measurement time. This time restriction
dictates the type of NMR experiments than can be used for in vivo NA structure
investigation [32]. However, one encouraging result of the original investigation
was that NA inside X. laevis could be monitored without isotopic labeling of NA
due to the fact that the cellular background does not interfere with the spectral
region of imino resonances. This finding has rendered in-cell NMR analysis of
unlabeled NA samples useful, as imino resonances are valuable reporters of folding
topology of NA. Considering the high costs of isotopically labeled samples of NA,
the fact that isotopic labeling is not required for basic structural in vivo analysis
makes in-cell NMR an economically viable and “routine” method for investigating
NA under physiological conditions [12, 32].

The basic experimental setup of an in-cell NMR experiment is schematically
shown in Fig. 2. In an in-cell NMR experiment, the isotopically non-labeled or
isotopically labeled NA fragment, prepared either by enzymatic or chemical syn-
thesis, is mechanically introduced via microinjection into the cytosol of X. laevis
oocytes. To observe and characterize quantitatively NAs inside a cell, the intracel-
lular concentration of the introduced DNA is typically in the 50-250 uM range. For
one in-cell NMR sample roughly 200 oocytes need to be injected, either manually
or via a robotic device. Injected oocytes are then transferred into the NMR tube,
submerged in a buffer mimicking the composition of the extra-cellular environ-
ment, and subjected to NMR investigations. Alternatively, the NMR investigations
can be performed in X. laevis egg extract (Fig. 2).
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2.1 In-Cell NMR “Dactyloscopy”

The heterogeneous nature of the cellular interior and its viscosity as well as
heterogeneity of the NMR sample composed of stacked oocytes result in low
resolution and S/N ratio of in-cell NMR spectra. The signals observed in in-cell
NMR spectra are typically significantly broader than signals of purified samples.

In general, quantitative structure determination using NMR spectroscopy
presumes the use of isotopically labeled samples coupled with exploitation of an
elaborate suite of heteronuclear, multidimensional NMR experiments. While there
was one reported successful protein structure determination in vivo using in-cell
NMR spectroscopy [33], for NA, although in principle feasible, de novo structure
determination in vivo appears impractical. The main obstacle is low in vivo stability
of NA coupled with a prohibitively high cost for isotopically labeled samples. An
additional obstacle might be toxicity. We have observed that some NA fragments
were toxic to the injected cells at standard concentrations required for in-cell NMR
investigations. Although lowering of the effective concentration of injected NA
usually diminishes toxicity, it is inherently connected with a decreased sensitivity
of the in-cell NMR experiment. As a result, the interpretation of in-cell NMR data
adopted thus far has been primarily based on comparison of in vitro with in vivo
spectral fingerprints rather than ab initio structure determination. The power of in-
cell NMR spectroscopy thus lies not in determining structures de novo but rather in
observing changes in the structures of NA due to their interactions with other
cellular components.

Comparison of spectral fingerprints of NA sequences under various in vitro
conditions promoting miscellaneous structural arrangements within studied NA
fragments with in/ex vivo spectral patterns, referred to as NMR dactyloscopy,
serves primarily two purposes: (1) to identify defined in vitro conditions, mostly
a specific buffer composition, to be employed for detailed characterization of
physiologically relevant structures using conventional in vitro NMR spectroscopy;
(2) to identify the property of the intra-cellular environment that is responsible for
defining of the effective conformation of the NA in vivo. While in vivo and ex vivo
spectral patterns are recorded in living X. laevis oocytes and X. laevis egg extracts,
respectively, the reference in vitro data are individually recorded at conditions
simulating various degrees of molecular crowding, viscosity, miscellaneous pH
and temperature, or different compositions of a buffer in terms of low molecular
weight compounds, for example. In general this approach benefits from the high
sensitivity of NMR chemical shift to both local and global structural changes of
NA. Each NA folding topology is in principle marked by a unique pattern of NMR
signals. As a result, an agreement between in/ex vivo and in vitro spectral patterns is
areliable indication of representative in vitro conditions under which NA fragments
adopt the same folding arrangement as in a cell. Schematic representation of the
interpretation process based on the comparison of NMR spectral fingerprints is
outlined in Fig. 3. Practical applications of the approach are demonstrated in
Sect. 3.
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Fig. 3 Outline of interpretational process based on comparison of spectral fingerprints between
in vivo and various in vitro conditions. The in vitro conditions are employed to generate different
structural arrangements of nucleic acid fragments under study. The environmental factors such as
molecular crowding, viscosity, pH, type of the counterion, or temperature are typically varied to
promote distinct folding topologies of the studied sequence. Each of the unique folds is associated
with the corresponding spectral fingerprint, which is subsequently compared with the spectral
fingerprint recorded under physiological conditions, namely in intact X. laevis oocytes or ex situ in
X. laevis egg extract

2.2 Cellular Model: Xenopus laevis Oocyte/Egg

The X. laevis oocyte is one of a few eukaryotic cell types that can be manipulated by
microinjection on a preparative scale. X. laevis oocytes are widely used in many
research institutions for various biochemical purposes, and protocols for their injec-
tion are well established and easily performed. Mature (stage VI) Xenopus oocytes
have the additional advantage of being naturally synchronized and arrested in pro-
phase at the G2/M boundary of the first meiotic division. During oocyte-to-egg
maturation, a hormonal trigger activates synchronized cell-cycle progression into
metaphase of meiosis II. For isolated oocytes in an in vitro setting, these events can
be executed by the external addition of progesterone, which renders this system an
important laboratory tool for the study of eukaryotic cell-cycle progression. Cellular
extracts from X. laevis eggs are easily obtained in a largely undiluted form, and
similarly recapitulate most of the biological activities of intact cells. They are fre-
quently used as alternative cell-free systems for ex vivo analyses of cellular processes
in many “biological” applications and are equally well suited for NMR analyses.

2.3 Application Limits

Beside the limitations mentioned above such as DNA degradation, incidental
leakage, and limited cellular life-span, applications of in-cell NMR spectroscopy
for NA are mainly limited by three factors: (1) low sensitivity of NMR detection,
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(2) low resolution due to the non-homogenous nature of the intracellular environ-
ment and NMR sample, and (3) non-specific interactions with large components of
the cellular interior. While the low sensitivity of NMR can be overcome by the
introduction of high concentrations of the introduced DNA, the non-homogenous
nature of the intracellular environment, NMR sample heterogeneity, and non-
specific interactions generally impose limits on size of investigated systems. The
restrictions and possible sources of interpretational artifacts related to these factors
are discussed in detail below.

2.3.1 Intracellular Localization of Injected DNA

The very purpose of in-cell NMR is to characterize NA structure in an environment
that is as close as possible to the environment of the intact cell. It follows that the
setup of in-cell NMR experiments needs to reflect intra-cellular compartmentaliza-
tion of the eukaryotic cell. Under native conditions, i.e., inside cells, the DNA is
localized in the nucleus. It is known that low concentrations of exogenous DNA
introduced into the cytoplasm of eukaryotic cells, i.e., also X. laevis oocytes, tend to
localize spontaneously and concentrate in the nucleus [34—38]. However, as men-
tioned above, due to the low inherent sensitivity of NMR detection and high cellular
background, the method requires large quantities (~50-250 pM) of exogenous NA
to be deposited into the cellular interior [32]. In this respect, it is natural to ask
whether the nucleus of a X. laevis oocyte is able to accommodate the high quantities
of introduced DNA that are required for in-cell NMR measurements.

Our localization experiments using fluorescently labeled DNA suggested that
approximately 93% of introduced DNA, at the level required for in-cell NMR experi-
ment, is localized in the nucleus and about 7% in the cytosol. This ratio indicates
that the majority of NMR signals originate from DNA localized in the nucleus.

Note that the issue of nuclear localization relates only to NMR experiments in
X. laevis oocytes. In X. laevis maturated eggs, which are naturally synchronized in
metaphase of meiosis II, the nuclear membrane has “ceased” to exist and the
endogenous as well as introduced DNA is exposed to the same intra-cellular
factors (Fig. 2). However, in terms of biological interpretations of in-cell NMR
experiments in X. laevis oocytes and eggs, one must bear in mind that the respective
spectral fingerprints relates to a specific stage of the cell-cycle, which in terms of
physico-chemical properties of the intra-cellular environment can be considered as
“unique” and might be different from other cell-cycle stages or from the environ-
ment in non-dividing, diploid cells [39-42].

2.3.2 Impact of Introduced DNA on Intra-cellular Environment
In their recent review on in-cell NMR spectroscopy, Ito and Selenko [43] asked

the question “does being inside the cells automatically means also being native?”
This question aims at the “Catch 22 of all in vivo techniques for NA structure
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characterization, including in-cell NMR. The catch is that while these techniques
were devised for biomolecular structure analysis under native condition, their
implementations are always connected with various degrees of disturbance of the native
environment. Without any doubt the introduction of high concentration of exogenous
DNA into a living cell is inherently connected with alteration of the physico-chemical
properties of the intracellular environment, which might bias the structural readout.

While deposition of large quantities of DNA into cells is an inherent attribute of
in-cell NMR, the cells appear to be able to diminish adverse effects and restore
homeostasis of their intracellular environment. There are two options as to how to
check the integrity of manipulated cells. The first is based on a comparison of the
cell viability injected with a buffer compared to cells injected with a buffer
containing the DNA. The second uses the addition of progesterone to injected
oocytes and checking whether the oocytes can be driven from G2/M arrested oocyte
to metaphase of meiosis IL, i.e., to the stage of a mature egg. As enzymatic activities
required for the transition from an oocyte to a matured egg are sensitive to
disturbance of environment, this simple test provides a good indication that injected
cells were able to restore homeostasis of the intracellular environment.

Dramatic disturbance of the intracellular environment is typically recognized
usually within 30 min from injection and is marked by increased cell mortality.

2.3.3 Size of Investigated Nucleic Acid Fragments

In general, NMR investigations of biological macromolecules are limited by the
transverse relaxation time (T2). For large molecules such as NA, T2 increases
proportionally with decreasing tumbling rates of the molecule in solution. The
tumbling rate of the molecule decreases proportionally with increase in both
the molecular mass and viscosity of the environment. It follows that viscosity of
the cellular environment and size of the investigated NA fragment are among key
parameters that strongly influence the sensitivity of in-cell NMR experiments since
slower tumbling of a molecule causes broadening of the resonance lines which can
lead to their complete disappearance.

Several lines of experimental evidence indicate that an upper limit of the
intracellular viscosity for most cell types is twice that of water [44—47]. Due to
the linear relationships between the viscosity, the rotational correlation time, and
the molecular mass, this twofold increase in the viscosity leads to a twofold increase
in the apparent molecular mass of a macromolecule, resulting in broader resonance
line width.

3 G-Quadruplexes Under Physiological Conditions

Human telomeric G-rich sequences, that form monomeric intramolecular
G-quadruplex structures under in vitro conditions, were investigated in detail
using in-cell NMR spectroscopy. So far, three different telomeric repeat
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constructs, forming three distinct G-quadruplex structures under in vitro
conditions, were investigated either in intact X. laevis oocytes or in egg extracts
[12, 32]. The outcome of these experiments revealed effects of molecular
crowding and low molecular weight compounds present in the cellular environ-
ment on G-quadruplex structure. These investigations have also provided impor-
tant insight into cellular hydration and put into question the physiological
relevancy of crystallographic structural data as well as the data on G-quadruplex
structure in solution containing polyethylene glycol (PEG) serving as a mimetic
of intracellular osmolytic stress. The findings from these studies are summarized
and discussed below.

3.1 Influence of Low Molecular Weight Compounds

Activities of low molecular weight compounds, particularly physiologically
relevant ions such as Na® and K* and water molecules, are generally
recognized as major determinants of G-quadruplex stability and structure [10,
11, 14-17, 19]. Although there is no direct experimental evidence, structural
similarities between synthetic small G-quadruplex binding ligands and
molecules that are natively present in the intracellular environment suggest
that these might also play a role in modulating G-quadruplex structure and
stability in vivo [48].

The human telomeric repeat sequence d(G3(TTAG;);T) was the first
G-quadruplex forming sequence investigated using in-cell NMR spectroscopy in
living cells [32]. In potassium solution under in vitro conditions, this particular
sequence adopts a stable 2-tetrad antiparallel basket-type structure [16]. While the
in vitro 1D 'H spectrum shows the expected signal pattern for the basket-type
G-quadruplex [16] (Fig. 4), the imino region of the in-cell NMR spectrum recorded
in injected X. laevis oocytes is dominated by a single, broad peak with two
apparent maxima centered at 11.5 and 11.7 ppm (Fig. 4). Although the low
resolution of the in-cell spectrum does not allow for a direct structural interpreta-
tion of the spectrum, its difference to the in vitro spectrum suggests that differences
in conformation of the G-quadruplex between the in vitro condition and the in-cell
condition might exist.

To confirm the differences and to decode their source, the injected oocytes were
crushed and most of the intracellular proteins were removed from the extract by
thermal denaturation. The resulting solution, so-called cleared lysate, provides
improved homogeneity and a less viscous environment compared to the environ-
ment of an in-cell NMR experiment. As a result the line width of the spectrum is
significantly reduced and the spectral resolution is considerably improved com-
pared to the in vivo situation. However, in contrast to the situation inside cells, the
cleared lysate retains only low molecular weight compounds of the intracellular
environment, while both molecular crowding and confinement are discarded in the
course of the lysate preparation.
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Fig. 4 Imino regions of the 1D 'H 11-echo spectra of the d(G3(TTAG3;)3T) in intraoocyte buffer
(a), injected oocytes (b), cleared lysate (c), and buffer after butanol recovery (d). Note the evident
difference between spectral fingerprints in intraoocyte buffer () and in the cleared lysate
(c). While the spectrum in the buffer corresponds to single conformation, namely to the 2-tetrad
anti-parallel basket, the spectrum in the lysate suggests the coexistence of multiple G-quadruplex
conformations. Of note, the spectral profile in intraoocyte buffer (@) is quite different from in vivo
spectral profile (marked by the dashed line). Figures were adapted with permission from [32]

Intriguingly, the spectral pattern of the in-cell NMR spectrum shows remarkable
similarity to the 1D "H NMR spectrum recorded in cleared X. laevis oocyte lysate,
while marked differences existed between the in vitro spectrum on the one hand and
both in-cell and cleared lysate spectra on the other (Fig. 4). Considering the
composition of the cleared lysate, the observed differences in states of the DNA
between in vitro and cleared lysate conditions were most likely due to the G-DNA
interaction with small molecules or ions. To support this conclusion, we recovered
the G-DNA from the cleared lysate by butanol precipitation and dissolved it and
annealed it in an in vitro buffer. Virtually identical patterns of the original in vitro
spectrum and the spectrum of the G-DNA recovered from cleared lysate demon-
strate that the differences between in vitro and cleared lysate spectra are not due to
DNA degradation. In addition, the fact that the butanol precipitation is expected to
“wash” out various kinds of small molecules including the ions from the G-DNA
provides an additional indication that observed differences in G-quadruplex struc-
ture between in vitro and the cleared lysate are due to the influence of low molecular
weight compounds from the cellular environment.

Of note, the similarities of spectral patterns between in-cell and cleared lysate
also indirectly points to a minor role of molecular crowding in modulating
G-quadruplex behavior under physiological conditions (see Sect. 3.2).
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3.2 Effect of Native Molecular Crowding and Hydration
on G-Quadruplex Structure

Large molecules, such as proteins and NA, crowd the interiors of cells. These
molecules, occupying up to 40% of cellular space, can modulate structure and
reactivity of other biomolecules via water exclusion effects and local confinement
[49, 50]. Although the fact that the interiors of cells are crowded is nowadays
generally recognized and appreciated, most conventional in vitro investigations on
G-quadruplex structure and stability have been typically performed either under
simplified, dilute conditions (CD and NMR spectroscopy) or in overcrowded,
dehydrated environments in mono-crystals (X-ray crystallography). Whether any
of the conditions provide a reliable representation of the native environment as it
occurs inside living cells or, better, to say whether under these conditions it is
possible to disclose physiologically relevant structures of G-quadruplexes has
remained a major question in the field.

The role of molecular crowding in modulating the structure and stability of
G-quadruplexes has been a subject of many studies. Since the techniques for
in vivo structural analysis became available only recently, most of the studies were
conducted in vitro in solutions supplemented mostly with synthetic organic
compounds. So far, ethanol, glycerol, BSA, Ficoll, and in particular PEG have
been among the most frequently used molecular crowding mimetics [12, 17, 20,
21, 49]. There were two important observations in these studies. First, different
molecular crowding agents had different impacts on G-quadruplex structure and
stability [12, 17, 20, 21]. This incoherence suggested that at least some of the
“established” MC agents might act through non-specific physical mechanisms
different from volume exclusion. Second, some of the presumed MC mimetics,
namely PEG and ethanol [13, 20, 21], promoted formation of the propeller G-
quadruplex structure in the presence of potassium ions, i.e., the structure that was
previously observed in crystalline state, but not in dilute solutions [9]. Based on the
assumption that 40% PEG200 mimics molecular crowding inside the cell, it was
suggested that the propeller G-quadruplex structure might be the physiologically
relevant G-quadruplex folding topology under in vivo conditions [13, 51]. In addi-
tion, the observation that a PEG 200 crowded environment promoted the same
structural response as the crystalline state implies that the crystalline condition
could resemble much closer the environment of a cell than dilute conditions as
used in conventional NMR spectroscopy [51].

As recently noticed and demonstrated by Miller et al. [17] and later confirmed
by our group [12], small molecules, such as PEG 200, applied at very high
concentrations, act as osmolytes, decreasing water activity, rather than as mimetics
of molecular crowding. These observations, have cast some doubt on the relevance
of small molecules as molecular crowding agents and on the propeller G-quadruplex
folding topology as the physiologically relevant structure.

In order to address the question of the physiologically relevant G-quadruplex
structure(s), we recorded 1D 'H NMR spectra of three different vertebra telomeric
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Fig. 5 Imino regions of 1D 1H 11-echo NMR spectra for d(TA(GGGTTA);G3) [TA-core],
d(A(GGGTTA);G3TT) [A-core-TT], and [(GGGTTA)3G5T] [core-T] constructs in intra-oocyte
buffer (a) in intra-oocyte buffer supplemented with 23% Ficoll 70 (b), in 40% PEG 200 (c), and in
the X. laevis egg extract (d). The spectral fingerprints are accompanied by schematic
representations of the assumed G-quadruplex conformations. Anti and syn guanines are colored
gray and white respectively. Note the evident differences between the spectral fingerprints from
X. laevis egg extract and those from 40% PEG 200 containing solutions. Figure adapted with
permission from [12]

G-rich sequences, which adopt three distinct monomeric G-quadruplex folding
topologies under dilute in vitro conditions, in X. laevis egg extract. It has been
demonstrated that the egg extracts preserve many features of the intact cell and can
be a good substitute for the intact cells especially as a mimetic of a native molecular
crowding environment [30]. For NMR spectroscopy the measurements in the egg
extract have the major advantage of improved homogeneity of the sample resulting
in a reduced line width of the spectra and thus in an improved sensitivity and
spectral resolution. This feature is particularly important in investigation of
inherently polymorphic molecules such as G-quadruplexes. Figure 5 shows imino
regions of the 1D "H NMR spectra of three different vertebra telomeric repeat
sequences acquired in the X. laevis egg extract, in dilute potassium solution, and in
the potassium solution supplemented either with 40% PEG 200 or 23% Ficoll 70.
While the egg extract spectra are expected to report on physiologically relevant
states of G-quadruplexes, the spectra recorded in the presence of the PEG 200 or the
Ficoll 70 were both anticipated to simulate molecular crowding as it is expected
inside the cells. As can be seen in Fig. 5, the signal pattern of NMR spectra for all
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investigated sequences in the presence of 40% PEG 200 is considerably different
from both the dilute potassium solution and the potassium solution supplemented
with 23% Ficoll 70, while the NMR spectra in the diluted potassium solution and in
the presence of Ficoll 70 are virtually identical. As the 40% PEG 200 and 23%
Ficoll 70 exclude the same level of accessible volume, which is the primary effect
of molecular crowding, the observed differences between the actions of the PEG
and Ficoll indicate that at least one of them functions in a way other than a
molecular crowding mimetic. Based on the definition and underlying physical
chemical basis, the phenomenon of “molecular crowding” comes from the influ-
ence of large inert molecules that exclude accessible volume from the studied
molecule favoring its most compact folding topology. Ficoll 70 is a neutral, highly
branched, high-mass (~74 kDa), hydrophilic polysaccharide fulfilling the condition
of a “large inert molecule.” Although PEG has been one the most commonly used
molecular crowding mimetics with NA, the PEG 200, as a rather small molecule
(Mr ~ 200), does not comply with the above-mentioned condition and it might be
suspected that it acts as an osmolyte, decreasing water activity and shifting confor-
mational equilibrium towards the least hydrated form rather than as a true molecu-
lar crowding mimic. Dehydration activity of PEG 200 is also supported by the
observation of similar phenotypes between PEG containing solution and other
dehydrating conditions such as ethanol or inherently dehydrated crystalline
environment [19, 20].

Despite the phenomenological differences, the question of how physiological
relevant molecular crowding and “osmolytic stress” modulate G-quadruplex con-
formation and stability has remained to be addressed. The virtually identical NMR
spectra between different telomeric sequences under dilute conditions and those
recorded in the presence of Ficoll [12] and BSA [17] clearly indicate that excluded
volume has only a minor influence on G-quadruplex state. This finding agrees with
our previous observation of similar spectral fingerprints of G-quadruplex in intact
X. laevis oocytes and cleared X. laevis oocytes’ lysate (see above). In addition,
marked differences in spectral fingerprints acquired under “dehydrating” PEG
conditions and in X. /aevis egg extract suggest that the intracellular environment
is not very dehydrated in a thermodynamic sense. In other words, while the interior
of a cell may be “crowded,” it does not resemble either solutions of alcohols and
PEG nor the crystalline state.

Although the low resolution of NMR spectra in the extract (Fig. 5) makes
analysis of the G-quadruplex conformations or mixture of conformations more
difficult, the fingerprint analysis clearly indicated that the propeller G-quadruplex
observed under dehydration conditions, such as PEG and ethanol solutions or
crystalline state, is not the physiologically prevalent folding topology.

This conclusion was recently independently supported by Tan’s group, which
showed that the formation of the propeller G-quadruplex in PEG containing solu-
tion, although thermodynamically favored, is also kinetically controlled [52, 53].
Xue et al. showed that the times required for propeller G-quadruplex formation
notably exceed times between two rounds of cell divisions. It is expected that
if G-quadruplex is to be physiologically active, its physiologically relevant
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conformation needs to be formed on a time scale shorter than the time between two
rounds of cell-cycle. These findings thus support the notion from in-cell NMR
studies that the propeller G-quadruplex observed under dehydration conditions is
not the physiologically prevalent folding topology. In addition, these findings
generally emphasize the need to consider folding kinetics in addition to thermody-
namic stability with respect to the biological and pharmaceutical relevance of
G-quadruplex structures [52].

Altogether, our data and data from Chaires and colleagues strongly suggest that
PEG, and small molecules in general, should not be used as MC mimetics and if so
the interpretation of physiological relevancy of the data should be done with
caution. This is particularly important for the NA community as the phenomena
of “molecular crowding” and “osmolytic stress” have often been misconstrued in
the literature and the confusion of these terms is usually connected with the use of
ethylene glycols or alcohols, which have often been improperly referred to as
molecular crowding mimetics.

4 Summary and Outlook

So far the investigation of G-quadruplex forming DNA sequences under physiolog-
ical conditions either in vivo or ex vivo in intact X. laevis oocytes or X. laevis egg
extracts, respectively, have indicated that conformational polymorphism of the
G-quadruplex structures is primarily modulated by small molecules that are present
in the intracellular environment [32]. In contrast, molecular crowding was found to
have only a minor effect in tuning conformational equilibria of these inherently
polymorphic molecules [12, 32]. In addition, our investigations also suggested that
the parallel propeller form, which was observed under dehydrating conditions
in vitro, was not the physiologically prevalent conformation [12]. These
measurements have also suggested that although the interior of cells might be
inherently crowded, it is not dehydrated. In this respect our data suggest that the
results from both X-ray crystallography and NMR in the presence of dehydrating
agents such as PEG or ethanol should be interpreted with extra caution with respect
to their physiological relevancy.

While both in vivo and ex vivo NMR spectroscopy in intact X. laevis oocytes and
egg extracts can provide unprecedented insight into the structural behavior of
G-quadruplexes and NA under physiological conditions, the technique has several
inherent limitations that need to be accounted for to avoid over-interpretation of the
data. First, at the moment, the applications of in-cell NMR spectroscopy for
investigation of NA are limited to X. laevis oocytes and eggs. In terms of physical
chemical properties, the intra-cellular environment of these cells is specific for the
given state of the cell cycle. The fact that the composition of intracellular milieu is
known to vary with the cell cycle propagation and can be different from the
environment of growing, non-dividing diploid cells has to be kept in mind when
interpreting the in-cell NMR data. In addition, the data on NA behavior in one cell



62 R. Hansel et al.

type might not necessarily be the same in cells from different species. Even the cells
from the same species and in the same phase of cell-cycle might display differences
in terms of composition of their intracellular environment, e.g., normal vs cancer
cells. Second, another limitation comes from low resolution and sensitivity of in-
cell NMR spectra. At present, in-cell NMR spectroscopy is a method of choice only
for small NA fragments. As recently demonstrated by Chaires and colleagues, the
design/length of G-rich repeat sequences used in structural investigations critically
influenced their conformational behavior [53]. Last, but not least, (in-cell) NMR
primarily reports on local structure and it might be virtually “blind” to long-order
changes such as environmentally induced bending of double helix [54], for
example.

Undoubtedly, in-cell NMR spectroscopy of NA has a considerable application
potential. However, further improvements of the technique will be necessary. One
of the obvious directions for development would be extension of the approach to
mammalian cells. While injection of mammalian cells appears impractical, recent
development of intracellular delivery of exogenous molecules into the interior of
mammalian cells, either via reversible permeabilization of the cell wall using pore-
forming toxins [55] or using cargo-coupled cell-penetrating peptides [56], highlight
further directions. This also appears to be the first step for the investigation of the
role of the intracellular environment in the behavior of NA during individual stages
of the complete cell cycle and characterization of differences between cancer and
normal cells. While the problems with low resolution appear to be the inherent
limitation, the use of site-specifically labeled samples is a promising solution of the
problem. Recent findings that even minor changes in the compositions of com-
monly used buffers in conventional in vitro NMR measurements have notable
effects on intramolecular dynamics of investigated NA [57] indicates that one of
the promising applications of in-cell NMR spectroscopy of NA might be quantita-
tive analysis of physiologically relevant NA dynamics.

As for the intrinsic “insensitivity” of in-cell NMR towards long-range structural
changes, this issue cannot be properly addressed with NMR alone. On the other
hand, several complementary in-cell techniques such as in-cell EPR paramagnetic
electron double resonance (PELDOR) spectroscopy [58, 59] and in-cell single
particle FRET techniques (Fessl et al., manuscript submitted) were recently adapted
for NA. Both these techniques provide the complementary long-range information.
While in-cell PELDOR is also so far limited to the X. laevis oocytes system, the in-
cell spFRET was demonstrated for both bacterial and mammalian cells. Undoubt-
edly, a combination of these in-cell techniques with in-cell NMR will provide a
very powerful suite of tools for solving very complex and so far unapproachable
problems in cellular structural biology of NA.
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Circular Dichroism of Quadruplex Structures

Antonio Randazzo, Gian Piero Spada, and Mateus Webba da Silva

Abstract Circular dichroism (CD) is a widespread technique for studying the
polymorphism of G-quadruplexes. In this chapter the CD spectral features charac-
teristic of different folding topologies of G4-DNA are analyzed in terms of the
sequence of the syn or anti glycosidic bond angle (GBA) within a quadruplex stem.
Depending on the GBA sequence, the chiral disposition of two stacked guanines,
adjacent along a strand, is different and this leads to a predictable contribution to the
overall CD spectrum. The CD spectra of a series of G-quadruplexes, chosen as
prototypal of the most common strand folding, are illustrated. The validity and the
prediction power of the approach is corroborated by the analysis of CD spectra of
structurally modified G4-DNA either with chemically modified guanines or polarity
inversion site (5'-5' or 3’-3’) along the strands or additional nucleobases
contributing to the stacking.
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1 Introduction

In the last decade the number of publications dealing with DNA G-quadruplex
structures has increased exponentially, and the number of papers in which Elec-
tronic Circular Dichroism (CD) spectroscopy has been used to study quadruplex
structures is extremely high [1, 2]. CD has been used to study 3D structures, ligand
binding and effect of cations, to monitor the kinetics of quadruplex formation and
the thermal melting, the effect of chemical modifications. However, with very few
exceptions (see below) [3], these investigations use an empirical interpretation of
CD spectra that relies on a relationship with spectra of known G-quadruplex
structures [1, 4, 5].

Chiroptical techniques, and in particular CD [6], were developed in the second
half of the last century with the main aim of assigning the absolute configuration of
chiral molecules [7]. For its sensitivity to stereochemical variations, CD has
emerged to become an important technique for studying subtle conformational
changes and supramolecular interactions [8, 9]. At the present time the outstanding
sensitivity of CD is employed mainly to study biological macromolecules and
their perturbation by external factors [10] and among those G-quadruplex DNAs
(G4-DNAs) represent biological structures widely investigated.

G4-DNAs are widespread in genome and it seems they play a role in a number of
processes, such as replication, recombination transcription and translation [11] and
are also found in telomeric regions [12]. Therefore much effort is devoted to
investigate G4-DNAs along two strongly interconnected main lines: first, to under-
stand their fine structures as a function of nucleotide sequence and external
conditions (pH, temperature, solvent polarity, ionic strength, etc.) and, second,
their identification as targets for chemotherapy [13, 14].

G4-DNA structures are four-stranded helical DNA structures, comprising stacks
of G-quartets which are the planar association of four guanines in a cyclic
Hoogsteen hydrogen-bonding arrangement (Fig. 1) [15]. G4-DNAs are formed by
the folding of one nucleic acid strand or by the association of two or more strands.
This results in different combinations of relative strand orientations, with conse-
quent formation of grooves of different widths, and different loop arrangements
[16]. In general, quadruplexes are called “parallel” when all strands of the
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Fig. 1 The guanine moiety and the G-quartet. The G-quartet shows its “head” (H) side
(from donor to acceptor H-bonding runs clockwise); the reverse side is referred as “tail” (T)
(from donor to acceptor H-bonding runs counter-clockwise)

quadruplex stem have the same direction and “antiparallel” when they possess at
least one strand with opposite direction.

2 The Origin of CD in G4-DNA

In general, in the case of non-coupled chromophores, the shapes of CD and UV-Vis
absorption spectra are similar (except for the sign of CD bands that can be either
positive or negative). On the other hand, if two (or more) strongly absorbing
chromophores are chirally oriented with respect to each other, one observes an
exciton spectrum characterised by the presence of two bands with opposite signs,
where A,.« in the absorption spectrum corresponds, or nearly corresponds, to zero
CD intensity [17-19]. A conservative exciton CD spectrum (equal intensity of the
two bands) occurs only if the coupled chromophores possess a well isolated allowed
transition; couplings with other transitions present in the same chromophore may
alter the relative intensity of the two bands. An exciton CD spectrum is rather
commonly observed during the formation of helical polymers or helical self-
assembled aggregates. For example, CD spectra of a-helix of peptides in the
absorption region of the amide chromophore have been interpreted as due to exciton
coupling between m—m* transitions located in two adjacent amide groups. Similar
explanations have been given for explaining the CD spectrum of B-DNA.

In the case of G4-DNA the chromophores absorbing in the UV-Vis region with
A > 210 nm are represented by guanines while contributions from the rest of the
biopolymer are negligible. Guanine has in fact two well-isolated absorption bands
in the 240-290 nm region which are connected to two well characterised n—n*
transitions at ca. 279 and 248 nm [20, 21]; the two transitions are roughly short and
long axis polarised, respectively (Fig. 2). In G4-DNAs, G-quartets are piled one on
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the top of the other and rotated one with respect to the adjacent one: this rotation
causes chiral exciton coupling between transition dipole moments located in near-
neighbour guanines. The coupling of these moments can be calculated for plausible
models and compared with experimental data.

The first non-empirical interpretation of the CD of a G4-DNA has been reported
by Spada et al. [22] by modelling the spectrum of polyguanilic acid, poly(G)
(Fig. 3). Poly(G) shows the typical CD spectrum of “paralle]” G4-DNA dominated
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Fig. 4 A sketch of the stacking arrangement of the G-quartets observed in [d(TG4T)ly4,
d[T,G3(T>AG;)3A] and [d(G4T4Gy)], selected as typical examples of Groups I, II and III
G4-DNA, respectively (see text). Each G residue is represented by a bi-coloured rectangle and
the head (H) and the tail (T) faces (as defined in Fig. 1) are blue and yellow, respectively;
s and a refer to the syn and anti conformation around the glycosyl bond, respectively; the
arrow represent the 5'-to-3’ direction of the strand. A graphic legend is reported in the box on
the rop

by a non-conservative positive exciton couplet characterised by a positive band at
260 nm and a negative one at 240 nm. This spectrum has been reproduced
satisfactorily by an exciton -calculation considering only near-neighbour
interactions between the guanine transitions (completely neglecting the contribu-
tion from the sugar-phosphate backbone) of two stacked G-quartets [22, 23].

A G-quadruplex stem is a system of stacked guanosines that may adopt either an
anti or a syn glycosidic bond angle (GBA) [24]. Accordingly, we can thus group
quadruplexes [25] according to the sequence of GBA within a quadruplex stem.
A quadruplex stem with strands progressing in the same direction, parallel-stranded
quadruplexes, is characterised by guanosines of the same GBA (Group I) (Fig. 4).
The two other possible arrangements of GBA in a quadruplex stem are characteris-
tic of anti-parallel quadruplexes. Group II contains quadruplexes that are
characterised by both sequence of guanosines of GBA of the same type (such as
anti-anti and syn-syn), as well as of different type (such as syn-anti and anti-syn
steps). On the other hand, Group III consists of anti-parallel quadruplexes with
consecutively stacked guanosines of distinct GBA. These three groups of
quadruplexes include all possible types of overlap based on GBA irrespective of
the number of stacking tetrads, and are thus representative of all possible
quadruplex topologies.
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Homopolarity stacking Heteropolarity stacking
. R

H-to-T H-to-H

Fig.5 Top view of the heteropolar and homopolar stacking of two G-quartets: the “head” and the
“tail” sides of the G-quartets are represented in red and green, respectively (the double-head
arrows represent the transition moments corresponding to the absorption band at ca. 250 nm)

2.1 Groupl

The quadruplex [d(TG4T)], is known to form tetramolecular four-stranded helices
based on G-quartets. The four strands run parallel in a right-handed quadruplex; the
quartets are highly planar, perpendicular to the helix axis and connected to the
phosphate-sugar backbone by glycosyl bonds that are exclusively anti, thus belong-
ing to Group I. Due to the heteotopic nature of the two faces of the G-quartet
(Fig. 1), when the G-tetrads are piled in a columnar structure, each quartet can stack
onto the adjacent one through the same (head-to-head or tail-to-tail) or the opposite
(head-to-tail) face leading to a heteropolar or homopolar stacking, respectively
(Fig. 5). In [d(TG4T)]4 the quartets are stacked in a right-handed way and all tetrads
have the same orientation, i.e. a head-to-tail (homopolar) stacking.

The CD spectrum of [d(TG4T)], is reported in Fig. 6. From a qualitative point of
view it is not necessary to perform a detailed quanto-mechanics calculation of CD
spectra. One can simply explain the positive sign of the exciton coupling
corresponding to the 250-nm (i.e. positive and negative branches at 260 and
240 nm, respectively) transition of the guanine looking at the relative disposition
of the two transition moments located in the closest guanines (full and dotted
arrows in Fig. 5). In fact, in the framework of the chiral exciton coupling, the
sign of the couplet is determined by the sign of the product [r; ¢ (m; X W) V]
where r;; is the interchromophoric distance vector from i to j, p; and w; are the
transition dipole moments on groups i and j, respectively, and V,; is the interaction
energy between the two dipoles [17]: knowing the position and orientation of the
transition dipoles the sign of the exciton couplet can be inferred. Generally
speaking, the Rotational Strength R, (a quanto-mechanical quantity that is propor-
tional to the band area of the CD spectrum) of a specific electronic transition from
ground state 0 to excited state a can be expressed as the scalar product of the electric
(Moe) and magnetic (my,) transition dipoles of the transition [7, 26]:

Roz = o, ® My, (D
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Fig. 6 CD spectra of 20
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Fig.7 A simplified model for the origin of the positive (/eft) and negative (right) exciton couplets
for the head-to-tail (H-to-T) and head-to-head (H-to-H) G-quartet stacking, respectively. Top: the
arrangement of two 250-nm electric transition moments (full line: front vector; dashed line: rear
vector) located in two closest guanines. Middle: the magnetic (m) and electric (ju) moments
generated by the coupling of the two guanine chromophores (more in details, in the high energy
coupling of the /eft panel, the two electric transition moments — top — sum to a total electric vector
(in blue) pointing upward middle — and generate a charge rotation with a resulting magnetic
moment (in red) pointing downward, that is antiparallel). Bottom: the predicted CD spectra

Therefore, according to (1), an electronic transition must possess both electric
and magnetic transition moments to be CD active.

Electric allowed transitions (as is the case for m—n* transitions in locally achiral
planar aromatic chromophores) are associated with high electric dipole transition
moments but negligible magnetic transition moments: the magnetic moment nec-
essary for observing intense CD arises from the exciton coupling of two non-
coplanar electric moments. The two possible coupling modes for the two electric
moments (see, for example, Fig. 7) on the two chromophores are non-degenerate
and give rise to magnetic moments parallel or antiparallel with respect to the total
electric moment: therefore the two combinations generate positive or negative
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rotational strength, respectively, the component at higher wavelength being that due
to the lower energy coupling mode.

Hence, the disposition of two adjacent G-quartets in an H-to-T orientation is that
reported in Fig. 7 where the electric moments (of the 250-nm transition) of a couple
of near-neighbour guanines have been superposed. Applying the simplified model
of the exciton coupling it emerges that this chiral arrangement (see Fig. 7, left
panel) is expected to exhibit a positive exciton couplet centred at around 250 nm.
This is indeed in agreement with the experimental data and the result of the QM
calculations [22, 23].

2.2 Groupll

The oligomer d[T,G3(T,AG3)3A] belonging to Group 1II is characterised by three
stacked quartets, generated by a folded (antiparallel) oligomer strand. The arrange-
ment of the stacked quartets is sketched in Fig. 4: the cartoon shows that the two
lower adjacent G-quartets exhibit the homopolar H-to-T stacking, while the other
two adjacent G-quartets (the upper two quartets) have the heteropolar H-to-H
stacking. This mixed stacking arrangement is due to the fact that the conformations
of glycosyl bonds along a given Gj tract are not all the same, being either syn-syn-
anti or syn-anti-anti (in the 5’ to 3’ direction). The experimental CD spectrum of d
[T,G3(T,AG;)3A], see Fig. 6, is characterised by negative and positive bands at
around 245 and 260 nm, respectively (very similar to Group I), and an additional
positive band at ca. 290 nm. In 1998 Spada et al. [27], comparing CD spectra of
different G4-DNA forming strands, proposed for the first time that the band at
290 nm ““is probably due to the inversion of polarity of the quartets in the hairpin
structures”. Inversion of polarity (from head-to-tail to head-to-head or tail-to-tail)
could cause a different arrangement of the near-neighbour transition dipole
moments and consequently an oppositely signed exciton couplet corresponding to
the 250-nm transition. A few years later Wen and Gray gave the same explanation
[28]. They specifically proposed that a positive CD band near 260 nm arises from
the stacking of quartets of the same polarity while a band at longer wavelength
(290 nm) arises from the stacking of quartets with alternating polarities. When the
glycosyl bonds of the guanines alternate in syn and anti conformations along each
strand, the G-quartet polarity also alternates, while quadruplexes with all anti
glycosyl bonds have non-alternating G-quartet polarity.

Only recently Gray, Fleishhauer et al. [23] calculated the CD spectrum for
the quadruplex [d(G;T4Gg3)],, that is characterised by three stacked tetrads of
guanines providing one H-to-T and one heteropolar H-to-H stacking exactly like
d[T>G5(T>AG3)3A]. The general features of the experimental CD spectrum are
all predicted well. Interestingly, the average of the spectra calculated for a pair of
homo- or heteropolar stacked quartets (calculated spectra in Fig. 8) has the same
spectral shape of the more refined calculated spectrum for a stack of three quartets
of alternating polarities, further supporting the hypothesis that CD spectra
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Fig.8 Superimposed calculated CD spectra of two G-quartets stacked in the H-to-T (solid line) or
H-to-H (dashed line) orientation as shown in Fig. 5. The relative orientation of the G-quartets for
the calculation were extracted from the solution structure of d(G3T4G3) that present mixed
polarities of stacked G-quartets [23]

of G-quadruplexes have shapes dominated by the stacking polarities of nearest-
neighbouring G-quartets. Their results confirm the late computations by Spada et al.
[26] on the homopolar stacked system and show how heteropolar stacking explains
the emergence of a positive CD signal at ca. 290 nm.

2.3 Group Il

As far as the bimolecular quadruplex [d(G4T4Gy4)], is concerned (Fig. 4), it is
characterised by a CD spectrum having a positive band at 290-300 nm, whereas
the other parts of the spectrum show a nearly mirror-image relationship of the
bands in respect of quadruplexes belonging to Groups I and II (see Fig. 6), having
a positive band at ca. 240 nm and a negative band at ca. 260 nm. This spectral
difference is to be ascribed to a different stacking of the guanines. [d(G4T4Gy)]5 is
characterised by consecutively stacked guanosines of distinct glycosidic bond
angles (GBA), while d[T,G3(T,AG3)3A], as mentioned above, contains sequences
of guanosines of GBA of the same type (such as anti-anti and syn-syn), as well as
of different type (such as syn-anti and anti-syn steps).

It should be noted that in the heteropolar H-to-H stacking of two quartets,
the relative orientation of the closest dipole moments is, in fact, quite different
from the H-to-T case. In Fig. 5, right, the quartets are represented in a geometry
observed in many “antiparallel” G4-DNAs. Using the qualitative approach to the
exciton coupling, this chiral arrangement is expected to give a negative couplet
centred at around 250 nm (Fig. 7, right panel) as experimentally observed.
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The simplified model of Fig. 7 could, in principle, also be used for explaining the
CD signal associated with the short-axis polarized electronic transition at 279 nm;
however, its lower intensity and inaccuracy in assigning its moment direction require
the use of the more sophisticated QM calculations described, for example, in [22, 23].

Overall, all these observations can be summarized in the following way:

1. A band at ca. 290 nm is indicative of the presence of stacking of guanosines of
different GBA

2. A positive band at ca. 240 nm coupled with a negative band at ca. 260 nm
indicates the absence of stacking bases of the same GBA in the quadruplex stem

3. A negative band at ca. 240 nm coupled with a positive band at ca. 260 nm
indicates the presence of stacking of guanosines of the same GBA

3 The CD of Chemically Modified G4-DNA

In the following, we will give a critical appraisal of a number of CD spectra
reported in the literature that can be interpreted on the basis of the kind of stacking
interactions between adjacent G-tetrads constituting the G-quadruplexes,
irrespective of the relative strand orientation. In particular we will focus our
attention on the CD spectra of quadruplexes containing chemical modifications
that lead to the formation of unusual folding and G-tetrad stacking arrangements,
for which the definition of “parallel” or “antiparallel” is not completely appropriate.

We have found the observations described in the previous section particularly
useful to interpret some CD spectra of modified quadruplexes reported in the
literature and not properly commented on. For example, three modified DNA
quadruplexes have recently been studied, namely [d(TG®'"GGT)]4, [d(TGG®'GT)],
and [d(TGGG®T)],, where G®" indicates an 8-bromoguanine residue [29]. All
three quadruplexes are characterised by a fourfold symmetry with all strands
parallel to each other. The set of reported data demonstrates that the replacement
in turn of different guanine residues with G®" in the sequence 5-TGGGT-3'
affects the resulting quadruplex structures, leading to dissimilar CD profiles. Unlike
[d(TG®*'"GGT)], and [d(TGG®'GT)14, [dA(TGGG®'T)], turned out to be not perfectly
structured. Interestingly, [d(TGBrGGT)]4 exhibited two positive CD bands at 296
and 263 nm, and one negative band at 233 nm (see Fig. 10b), whereas the spectrum
of [d(TGGBrGT)]4 was very similar to that of unmodified [d(TGGGT)], and,
therefore, characterised by maximum and minimum Cotton effects at 263
and 243 nm, respectively (Fig. 10a). These data suggest that G®" residues in
[d(TGBrGGT)]4 do affect the structure of the quadruplex, most probably because,
due to the presence of the bulky bromine substituent in the C-8 position, these
nucleobases adopt syn glycosyl conformations [30-32]. On the other hand, G®'
residue in [d(TGG®'GT)], (Fig. 9, sketch b) seems to adopt an anti glycosidic
conformation, since the CD spectrum is basically superimposable on that of the
unmodified quadruplex [d(TGGGT)], (Fig. 9, sketch a). Fascinatingly, the
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“parallel” quadruplex [d(TG®'GGT)], possesses the same CD spectrum of the
“antiparallel” quadruplex [d(G3T4Gs3)]> (Group II). This apparent contradiction
can be explained looking at the relative orientation of the three tetrads of the two
molecules (Fig. 9, sketches d and e). Unfortunately, the NMR analysis has not been
able to determine unambiguously the glycosyl bond angles of G®', due to the lack of
the hydrogen in position 8 of the nucleobase. However, if we assume that the G®"
residues adopt a syn glycosidic conformation, [d(TGBrGGT)]4 is characterised by
the two lower adjacent G-quartets exhibiting a homopolar H-to-T stacking, whereas
the two upper quartets have the heteropolar H-to-H stacking (Fig. 9, sketch e),
as exactly observed in [d(G3T4Gs)], (Fig. 9, sketch d). Therefore, in this
case, the analysis of CD data could be useful to determine the right structure
of the complex. Furthermore, in a subsequent investigation, the same authors
used 8-methyldeoxyguanosine residues (GM®) in place of G®', taking into consider-
ation that the methyl group has a steric size comparable to that of the bromine atom,
and therefore is similarly inclined to promote the syn glycosyl conformation [33].
Moreover, the use of GM® residues provides additional structural information based
on NOE contacts involving the methyl protons in the C-8 position. As expected, the
spectroscopic data of [d(TGM*GGT)], (Fig. 10b), [d(TGGM*GT)], (Fig. 10a)
and [d(TGGGM®T)], turned out to be very similar to those of their analogues
[d(TG®'GGT)],, [A(TGG®'GT)], and [d(TGGG®'T)],. However, in this case,
NMR analysis was able to prove definitively that dGM® adopts a syn glycosidic
conformation in [d(TGMeGGT)]4 (Fig. 9, sketch f) and an anti glycosidic confor-
mation in [d(TGG™M°GT)], (Fig. 9, sketch c), thus inferring the interpretation of the
CD spectra.

Interesting results can also be found in other investigations. Short
oligonucleotides containing a site of inversion of polarity have been studied [34].
Among the six reported oligonucleotides, the sequence 3T 5 GGGT? turned out to
fold into a tetramolecular quadruplex having two “parallel”-subunits joined
together through the inversion of polarity sites. However, one G-tetrad adjacent
to the inversion of polarity site is characterised by having all G in syn glycosyl
conformation. Consequently, the quadruplex [dCT ' GGGTY)), (Fig. 9, sketch j)
is characterised by the same number of G-tetrads having the same relative orienta-
tion as observed in [d(G3T4G3)]», [d(TG®’GGT)], and [d(TGM*GGT)], (Fig. 9,
sketches d—f). Thus, although [d(3/T5/—5’GGGT3’)]4 can be considered a parallel
quadruplex, its CD spectrum is very similar to those of the quadruplexes indicated
above belonging to Group II, showing a negative band at 233 nm and two positive
bands at 265 and 295 nm (see Fig. 10d).

Another example reported in the literature deals once again with the study of
modified d(TGGGT) [35]. In this case, two or three Gs have been replaced by G®"
residues. In particular, four modified oligonucleotides have been studied, namely d
(TG®'G®'GT), d(TG*'GG®T), d(TGG®'G®'T) and d(TG®'G®'G®'T). Only the
pentamers d(TG®'G®'GT) and d(TG®’GG®'T) were able to fold into a well-defined
quadruplex structure. The CD spectrum of parallel quadruplex [d(TG®'G®'GT)],
(Fig. 10d) closely resembles that of the antiparallel quadruplex [d(G3T4G3)],, and
therefore strongly suggests that the G®'-tetrad at the 5' edge is characterised by G®"
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Fig. 10 CD spectra of selected G4-DNA mentioned in the text. (a) [d(TGGGT)]y (solid line), [d
(TGGM*GT)], (long-dashed line) and [d(TGG®'GT)\4 (short-dashed line); (b) [d(G5T4G3)], (solid
line), [d(TGMCGGT)]4 (long-dashed line) and [d(TGBrGGT)]4 (short-dashed line); (c¢) [d
(G3T4G3)]» (solid line), [dC TG -> GGT>))4 (long-dashed line) and [dCTG>-*GGT>)), (short-
dashed line); (d) [d(G5T4G3)], (solid line), [dCTY-*GGGT*)|, (long-dashed line) and [d
(TG®'GP'GT)], (short-dashed line); (e) [d(G4T4Gy)]» (solid line) and [d(TG®'GGP'T)], (dashed
line); (f) [d(G3T4G3)l, (solid line), [dCTGG”->GGT*)|y (long-dashed line) and [d
( ’TGG3’—3’GGT5’)]4 (short-dashed line). CD spectra were drawn from data of [5, 34, 36-39] (A¢
is expressed in terms of nucleotide molar concentration)

in syn glycosyl conformation, whereas the G®' residues of the central tetrad are
supposed to adopt an anti glycosyl conformation (Fig. 9, sketch i). Instead, an
unprecedented CD spectrum is reported for [d(TG®*GG®'T)], (Fig. 10e). In partic-
ular, the presence of a positive band at 295 nm indicates that there is at least one
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event of heteropolar stacking, presumably (and realistically) due to the presence of
at least one syn G®"-tetrad. It is interesting to note that, if we assume that the G®'-
tetrad at the 5’ edge is characterised by G®" in syn glycosyl conformation and the
one at the 3’ edge is in anti conformation, the overall arrangement of the tetrads
should resemble that of [d(G5T4G3)], (Fig. 9, sketch d), and therefore it should give
rise to a very similar CD spectrum. However, the presence of a negative band at
263 nm clearly indicates that this is not the case. Another possible arrangement
should be that with a syn G®-tetrad at the 3’ edge and an anti G®"-tetrad at the 5
edge. However this arrangement would lead to one homopolar H-to-T and one
heteropolar T-to-T stacking. Unfortunately no calculations have been reported so
far in literature for a T-to-T stacking and, therefore, for the time being, we cannot
rule out this possible arrangement. Nevertheless, the hypothesis of having both syn
GP"_tetrads at the 3’ and 5’ edges creates the classic alternation of GBA (Group IIT)
and of the orientation of the tetrads (H-to-H and T-to-T) found in antiparallel
quadruplexes like [d(G4T4Gy)], (Fig. 4), whose CD spectrum closely resembles
that of parallel quadruplex [d(TG®"GG®'T)], (Fig. 10e).

Other examples reported in the literature of parallel quadruplexes having
heteropolar (H-to-H and/or T-to-T) stacking come from other oligonucleotides hav-
ing inversion of polarity sites in the middle of the G tracts. In particular, among
others, the sequences °TG>-*GGT”, TG -GGT®, *TGG*-*GGT> and
¥TGGY-YGGT? have been analyzed by both CD and NMR spectroscopy [34, 36].
YTG¥GGT” forms a quadruplex structure composed of two “parallel”-subunits
having all the residues in anti glycosyl conformation. This arrangement leads to a
typical H-to-T stacking with a T-to-T stacking at the inversion of polarity site (Fig. 9,
sketch g). On the other hand, [d(3ITG51—5/GGT3I)]4 is characterised by two “parallel”’-
subunits and by a syn G-tetrad that lead to a heteropolar H-to-H stacking (Fig. 9,
sketch h) and to an H-to-T stacking at the inversion of polarity site. Interestingly, [d
(S/TG3I—3/GGT5/)]4 and [d(3/TG5/—5/GGT3I)]4 are characterised by a very similar CD
profile (Fig. 10c). This means that the contribution to the CD spectrum of the
heteropolar stacking H-to-H is very similar to that of T-to-T stacking. The very little
difference between the two spectra could be ascribed to the fact that the T-to-T
stacking in [dCTGY ¥ 'GGT) 4 is right across the inversion of polarity site, where
the twist angle is slightly different from that of a regular quadruplex [37]. This latter
observation could also explain why their CD spectra are similar but not identical to
that of [d(G3T4G3)], (Group II), which is composed of three G-tetrads having the
same relative orientation.

The arrangements of STGGY-*GGT” and *TGG”-* GGT* closely resemble
those of >TG>-*GGT® and 3/TGS/—S/GGT3/, respectively. YTGGY-*GGT” turned
out to be characterised by two ‘“parallel”-subunits with all G-tetrads having G
residues in anti glycosyl conformation (Fig. 9, sketch 1). On the other hand,
TGG”-"GGT? is characterised by one G-tetrad containing all Gs in syn glycosyl
conformation adjacent to the 5'-5" inversion of polarity site, although it maintains a
parallel organization (Fig. 9, sketch m). The interpretation of the CD spectra of [d
(S/TGG3’—3/GGT5/)]4 and [d(3/TGG5/—5/GGT3/)]4 are more complicated due to the
presence of inversion of polarity sites and the lack of a reference CD spectrum for
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Fig. 11 CD spectra of d 20
[G3(T>AG3); T (dashed line)
and d[(TAG;);TAIG; (solid
line). CD spectra were drawn
from data of [38] (Ae¢ is
expressed in terms of
nucleotide molar
concentration)
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these particular distributions and orientations of G-tetrads. Nevertheless, it is
noteworthy that, although both quadruplexes can be considered parallel, both of
them are characterised by CD spectra having a positive band at ca. 295 nm

(Fig. 10).

4 The CD Spectrum of a Quadruplex Within a Higher
Order Architecture

We measured the CD spectrum of the molecule d[G3(T>,AG3);T] (PDB ID 2KF8)
(Group III) shown in Fig. 11 [38]. Its CD spectrum has a negative band at 240 nm
and a positive band at 264 nm, and not the positive band at 240 nm and negative
band at 264 nm expected for a Group III topology (see Fig. 12). There is, however, a
plausible explanation for this experimental result. The structure determined for this
sequence in potassium solution shows a quadruplex stem composed of two stacked
(G:G:G:Q) tetrads. The quadruplex stem contains either syn-anti or anti-syn steps;
i.e. there is no stacking of the same GBA.

However, there is extensive base-stacking of the looping residues onto the
quadruplex stem. Consequently, the bases that stack the quadruplex stem form an
extended higher order architecture stem. Thus, in one side of the quadruplex stem
stacks a (G:G:GQ) triad, and on the other an (A:A:G) triad. Both triads are made up of
purines with anti GBA. As expected, excellent intrastrand base stacking is observed
between the bases of the quadruplex stem and the bases in each of the two triads.
Furthermore, one of the triads is also stacked by a pyrimidine (T:T) mismatch with
all bases with anti GBA. The other triad is stacked by a further sub-system of two
stacked thymines. The extended stem of the resultant higher order architecture
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(-d+1)

:

(+ld-1) 11-2KOW

Fig. 12 Left: sketches of the stacking arrangement of the G-quartets observed in G-quadruplexes
obtained from d[G3(T,AG3); T1, top, and d[(TAG3);TAIG,], bottom (the 5’-end is indicated by the
shaded circle; guanosines in black are syn and those in grey are anti; the sequence of the loops
is reported in brackets as defined in [24, 25]). Right: representations for pdb IDs 2KF8
(d[G3(T,AGs3); T]) and 2KOW (d[(TAG3);TAIG;]) (bases involved in stacking interactions are
colour coded: guanines in the quadruplex stem are red, guanines in the triads are green, adenines in
the triad are yellow, thymines in the (T:T) mismatch or stacking are blue)

contains three consecutively stacked guanosines with anti GBA — just as would be
expected for Group II anti-parallel quadruplexes, and matching the observed CD
signature.

A more revealing example of how stacking interactions within the stem of a
higher order architecture affect the CD spectrum is described here for d
[(TAG3;);TAIG,] (PDB ID 2KOW; see Fig. 11). The sequence forms a two-stacked
tetrad anti-parallel quadruplex stem with a lateral loop progressing clockwise
followed by a diagonal loop, and finally another lateral loop progressing anti-
clockwise (Fig. 12). The solution structure for this sequence has been determined
in 90 mM potassium [39]. The CD spectrum in 10 mM potassium and 60 mM
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lithium does indeed show a profile characteristic of a Group III anti-parallel
quadruplex [39]: positive bands at 245 and 290 nm, and a negative band at
264 nm. However, we have measured a CD spectrum in 120 mM potassium, i.e.
using experimental conditions similar to those in which the structure was deter-
mined. In this case the CD spectrum shows a negative band at 240 nm, and two
positive bands at 264 and 290 nm.

There is a plausible explanation for these seemingly contradictory experimental
observations. As in the case of 2KF8, the two-tetrads quadruplex stem of 2KOW in
potassium is further stabilized by extensive base stacking (Fig. 12). An (A:G:G)
triad stacks on one of the tetrads, and an (A:T:G) stacks on the other. The former is
further stabilized by further stacking of an (A:T) base pair. All the bases in these
hydrogen-bond aligned systems are in an anti GBA. Guanosine intrastrand stacking
is thus extended from the quadruplex stem into the longer base-stacking stem of the
higher order architecture. Therefore, instead of the alternating syn-anti or anti-syn,
this longer stem contains syn-anti-anti and anti-anti-syn intrastrand stacking of
guanosines. This is what would be expected for a Group II anti-parallel quadruplex
stem with a characteristic CD profile denoting a negative band at 240 nm, and two
positive bands at 264 and 290 nm. Thus, the spectrum reported for this sequence in
a mixture containing 10 mM potassium and 60 mM lithium indicates that lithium
destabilized the hydrogen-bond alignments stacking onto the quadruplex stem.
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Molecular Crowding and Hydration Regulating
of G-Quadruplex Formation

Daisuke Miyoshi, Takeshi Fujimoto, and Naoki Sugimoto

Abstract Intracellular space is highly crowded with soluble and insoluble
biomolecules that range from large polymers, such as proteins and nucleic acids,
to small molecules, including metabolites and metal ions. It is therefore of interest
to understand the effects of molecular crowding on the structure, stability, and
function of biomolecules. Moreover, molecular crowding is observed not only
intracellularly but also in the extracellular matrix and under the conditions used
in in vitro biotechnological and nanotechnological processes. However, most
biochemical studies of biomolecules are performed under dilute conditions. Recent
studies have demonstrated critical effects of molecular crowding on nucleic acids.
In the present study we discuss how molecular crowding affects the properties of
G-quadruplexes as well as other non-canonical nucleic acid structures.
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Thermodynamics - Water activity
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1 Introduction

One of the ultimate goals of biochemical and biophysical studies is to reveal how
biomolecules participate in fundamental biological processes in situ, i.e., inside
living cells. Intracellular space is highly crowded with soluble and insoluble
biomolecules that range from large polymers, such as proteins and nucleic acids,
to small molecules, including metabolites and metal ions. Surprisingly, the total
molecular concentration within cells reaches 400 mg mL ™' and biomolecules
occupy up to 40% of the total intracellular space (Fig. 1) [1-4], creating conditions
of molecular crowding. It is therefore of interest to understand the effects of
molecular crowding on the structure, stability, and function of biomolecules.
Molecular crowding has been demonstrated to affect the properties of biomolecules
through effects on the thermodynamics and kinetics of macromolecular association
and dissociation [5-7]. However, most biochemical studies are performed under
non-physiological dilute conditions [8, 9], in contrast to other cellular environmen-
tal factors, such as temperature, pH, ion species and concentrations, and redox
potential, which are adjusted during biochemical experiments to match physiologi-
cal conditions. Since there are excellent reviews regarding molecular crowding
effects on the structure and function of proteins and nucleic acids [1-6, 8—10], we
discuss herein how molecular crowding affects the properties of G-quadruplexes
and other non-canonical nucleic acid structures.

2  Molecular Crowding

Molecular crowding conditions are observed both intracellularly and in the extra-
cellular matrix and also in in vitro biotechnological and nanotechnological
processes. In this section we demonstrate how molecular crowding is critical in
both in vivo and in vitro environments.
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Fig. 1 Schematic illustration of molecular conditions within a living cell that is filled up with
biomolecules such as tRNA, ribosomes, mRNA, and protein. Note that there are many small
molecules in addition to these large biomolecules in a living cell

octamer

Fig. 2 Hierarchical structure of a chromosome. Nucleosomes (right), which are composed of a
histone octamer and a DNA strand, form the beads-on-a-string structure that is shown in the center.
A higher-order structure of nucleosomes makes a chromosome structure (/eft)

2.1 Molecular Crowding In Vivo

Molecular crowding occurs in both the nucleus and the cytoplasm where diagnostic
target molecules exist and to where therapeutic molecules are targeted. Eukaryotic
nuclei, in which DNA is present, are heterogeneous and contain a variety of
subnuclear structures such as the nucleolus, splicing-factor compartments, Cajal
bodies, promyelocytic leukemia bodies, replication factors, and transcription
factors [11, 12]. In the nucleus, DNA is highly condensed and is packed with
nuclear components to form chromosomes. DNA exists in a semi-ordered structure
in these nuclear chromosomes, where it is wrapped around histones forming a
composite material called chromatin (Fig. 2) [13, 14]. The nucleosome core
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Fig. 3 Structure of (a) face- a b c
centered, (b) simple, and (c)
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consists of about 146 dsDNAs wrapped in left-handed superhelical turns around
four identical pairs of proteins known as the histone octamer. DNA is then further
packaged into metaphase chromosomes. Histone proteins regulate nucleosome
assembly, DNA condensation, and DNA flexibility [15, 16]. Thus, the inside of
the cell nucleus is crowded by molecules such as DNA and histones as well as by
RNA, proteins, and small cosolutes.

Visualization of the cytoplasm, where RNA is present, by electron microscopy
revealed the actin cytoskeleton, which was reconstructed without prior removal of
membranes or extraction of soluble proteins [17, 18]. By using this technique,
single macromolecular assemblies with distinct shapes, such as the proteasome and
ribosomes, can be identified at a resolution of nanometers in an unperturbed cellular
environment. Moreover, the cytoplasm of a living cell consists of a large number of
additional molecules such as nucleic acids, proteins, carbohydrates, and lipids.

Therefore, the biomolecules occupy 20—40% of the total volume of the intracel-
lular environment. The total concentration of intracellular biomolecules is estimated
to be 300—400 mg mL ™", and the concentration is even higher in the mitochondrial
matrix [1, 19-21]. The crowded nature of the cell interior can be visualized by
comparison with lattice structures. In face-centered cubic lattices and simple cubic
lattices, the atomic packing factors, which are the fractions of the volumes of crystal
structures that are occupied by atoms, are 0.74 and 0.52, respectively (Fig. 3). The
atomic packing factor of a diamond crystal is just 0.34, which is comparable with the
fractional volume commonly occupied by biomolecules in living cells. Molecular
crowding in living organisms involves high concentrations not only of
macromolecules but also of small molecules. The concentration of such small
molecules, which act as osmolytes, can reach the molar range. The most extreme
example in mammals is the kidney medulla cells, which contain a urea concentration
of up to 5.4 mol L™' [22], which corresponds to 30% of the cell by mass. Thus, not
only macromolecules but also small organic molecules are indispensable for
maintaining homeostasis in all living organisms [23, 24].

2.2 Molecular Crowding In Vitro

It is obvious that molecular reactions that are designed to take place on a material
surface in pharmaceutical and medicinal devices also proceed under conditions of
high molecular crowding. Typical in vitro molecular crowding can be observed at
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Fig. 4 DNA strands attached g
to (a) an immobilized surface
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liquid—solid interfaces, such as when a biomolecule is immobilized on a solid
surface as occurs in analytical methods such as affinity chromatography, enzyme-
linked immunosorbent assay (ELISA), and surface plasmon resonance (SPR). In
such biosensing techniques, biomolecules are directly or indirectly attached to solid
supports via covalent or non-covalent interactions (Fig. 4). When a DNA strand is
directly immobilized, it is either surrounded by identical DNA strands or is on a
self-assembled monolayer of an organic polymer that prevents non-specific adsorp-
tion of molecules onto the solid support. In the case of the direct immobilization of
DNA strands onto gold nanoparticles, the density of the DNA strands was reported
to be around 50 pmol cm > [25-27], resulting in around 3 x 10'° DNA
strands cm 2. Since the diameter of DNA is 2 nm, the DNA strands cover around
90% of the surface, indicating that there is almost no available free surface after
hybridization of the DNAs with their target complementary DNA strands. This
demonstrates the molecular crowding conditions of immobilized biomolecules. It is
therefore possible that the hybridization process that occurs at the solution—solid
interface is different from the process occurring in a dilute solution, and that this
difference is at least partly due to molecular crowding.

In nanodevices, the distinctive chemical conditions at the solution-solid inter-
face further affect the properties of the whole system. A nanopore, whose diameter
generally ranges from several to several ten of nanometers, can be created by a
membrane protein or by a combination of lithography and ultrathin materials such
as silicon and graphene [28-30]. At the nanoscale level, the chemical condition at
the liquid—solid interface that is not observed in bulk solution dominates the
characteristics of the whole solution. Since such nanodevices have been applied
to the detection, separation, and purification of biomolecules [31], it is essential to
investigate the biomolecular properties at the solution—solid interface where the
surface and immobilized biomolecules create molecular crowding conditions.

2.3 Molecular Crowding Reagents

Because it is difficult to investigate quantitatively nucleic acid interactions in a
living cell and on material surfaces, in vitro experimental systems that use a
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synthetic cosolute have been widely used to study biomolecular reactions under
non-aqueous conditions. Such crowding cosolutes should meet the following
criteria [10]: (1) they should be basically inert so that there is no chemical interac-
tion between the target molecule and the crowding cosolute; (2) they should easily
dissolve in water to stimulate molecular crowding; (3) in the case of large cosolutes,
different polymer sizes should be available; and, (4) in the case of small cosolutes,
different chemical properties should be available. Inert cosolutes in particular are
convenient for the study of molecular environments. Thus neutral and highly water-
soluble molecules are extremely useful cosolutes for quantitative studies. However,
chemical interactions including electrostatic interactions between the target mole-
cule and cosolutes should be taken into account when investigating intracellular
biomolecular function [32, 33]. Poly(ethylene glycol) (PEG) and polysaccharides
are often used to mimic molecular crowding conditions since they are inert to most
biomolecules. These polymers can be dissolved in water to a relatively high
concentration, and different polymer sizes are commercially available. Other
small cosolutes that are useful for mimicking molecular crowding conditions are
alcohols, glycols, amino acids, acetonitrile, trimethylamine N-oxide, and betaines
[34-36]. Moreover, proteins such as chymotrypsin, albumin, hemoglobin, and
lysozyme, as well as synthetic polymers such as poly(vinylpyrrolidone)s, are also
utilized as crowding cosolutes to mimic better the chemical conditions inside living
cells [37].

3 Molecular Crowding Effects on Non-canonical Structures
of Nucleic Acids

The critical role of the nucleic acids, DNA and RNA, is to store and process the
genetic information that includes all of the information that is necessary for life. In
1953, Watson and Crick demonstrated that DNA forms a double helix via
Watson—Crick base pairs. Half a century after the discovery of the double helix,
the Human Genome Project (HGP) identified the almost 3.2 billion base pairs in the
entire human genome. The HGP also showed that repetitive DNA sequences,
including dinucleotide and trinucleotide repeats, as well as telomeric and centro-
meric sequences, are widely distributed in the human genome. Most of this repeti-
tive DNA can potentially fold into noncanonical structures. From this perspective,
clarifying not only the primary structure (sequence) of nucleic acids but also
thermodynamic and kinetic analyses of the higher-order structures and structure-
function relationships of nucleic acids are essential for understanding the reactions
that underlie biological processes and diseases. Thus, molecular crowding effects
on the non-canonical structures of nucleic acids are of interest for a broad range of
research fields. In this section, we will introduce the effects of molecular crowding
on some of the non-canonical structures of nucleic acids.
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3.1 DNA Triplexes

Spink and Chaires as well as Goobes and Minsky demonstrated that the Hoogsteen
base pairs in a DNA triplex are generally stabilized by molecular crowding, whereas
Watson—Crick base pairs are destabilized [38, 39]. These studies also suggested that
the thermodynamics of DNA duplexes and triplexes are regulated by DNA hydra-
tion. Minsky et al. further estimated the thermodynamic parameters of the triplex
formation of T g-Ayy'To and found that stabilization of the DNA triplex by PEG
was driven by a large negative enthalpy change that exceeded the unfavorable
entropy change [40]. Based on the parameters measured under conditions of various
salt concentrations and temperatures, they proposed that alterations in environmen-
tal conditions could be effectively compensated for by crowding cosolutes; this
compensation provides a mechanism for adaptation to, and buffering against, unfa-
vorable conditions such as unfavorable ionic strength or temperature [40].

3.2 DNA Junctions

Junctions in nucleic acid structures arise when three or more helices meet at a single
point (Fig. 5a). These branched junctions are important intermediates in many
biological functions and play important roles in many cellular processes [41].
Three-way junctions (TWIs) are the simplest type of junction and are used as a
model system to gain insight into other complex and multi-branched junction
structures [42]. TW]Js create a unique electrostatic environment near the junction
point due to the close proximity of opposing charges. The effects of molecular
crowding on the formation of TWJs of DNA have been systematically studied [43].
TWIs, consisting of the junction point and three helical duplex arms, were
destabilized by molecular crowding both in the absence and presence of 5 mM
Mg?*. However, the difference in the number of water molecules that were taken up
by the TWJ as a whole and by each helical arm demonstrated that water molecules
were released from the junction point. This dehydration upon the junction point
formation suggested the stabilization of the junction point under the molecular
crowding conditions. In fact, molecular crowding induced the structural transition
from a bimolecular duplex to the intramolecular TWJ, even in the absence of Mg2+
(Fig. 5b). This finding demonstrates that intracellular conditions, under which water
activity decreases and hydration becomes less favorable, facilitate the formation of
TWI structures rather than bimolecular duplex structures.

3.3 RNA Structures and Functions

There have been several studies of molecular crowding effects on high-order RNA
structures and their catalytic activity. It was reported that methanol stabilized
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a 58-nt RNA structure but not RNA secondary structure [44]. Addition of the
osmolyte trimethylamine-oxide (TMAQ) enhanced the efficiency of ribosome
reconstitution by up to 100-fold, providing a substantially improved system for
the in vitro analysis of mutant ribosomes [45]. These findings demonstrated that
cosolutes play an important role in stabilizing high-order RNA structures and their
interactions with other biomolecules. This effect may be due to the stabilizing effect
of TMAO on RNA tertiary structure. Indeed, TMAO can counteract the denaturing
effects of urea on tRNA tertiary structure [46]. In order to understand the basis for
the effects of TMAO on RNA structures, Draper and coworkers quantified the
TMAO-induced stabilization of RNAs. They suggested that the formation of RNA
tertiary structure is accompanied by substantial dehydration of the phosphate
groups, and that TMAO affects this process by reducing the energetic penalty
associated with this dehydration [47]. These results were supported by molecular
dynamic simulations of a 22-nt RNA hairpin in aqueous TMAO solution [48].
Further reports of molecular simulations indicated that molecular crowding
enhances the thermodynamic stability of a pseudoknot in human telomerase
RNA, leading to a structural switch from a hairpin to a pseudoknot of human
telomerase RNA [49].

It was reported that the RNA cleavage activity of a hairpin ribozyme increases in
the presence of PEG 400 or dextran 10000 [50, 51]. The RNA compaction
accompanied by water release that occurs during the folding of the hairpin ribo-
zyme into the active conformation was proposed to be responsible for the enhanced
cleavage activity under molecular crowding conditions. It was also found that the
formation of a tertiary RNA structure of the GAAA tetraloop-receptor RNA tertiary
motif that was observed in the group I ribozyme domain was favored by molecular
crowding induced by higher molecular weight PEG and dextran but was not
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induced by lower molecular weight sucrose and glycerol [52]. Small angle X-ray
scattering experiments showed that PEG favors more compact RNA structures and
folding at low Mg®* concentrations because of the excluded volume effects of
molecular crowding [53]. Although the presence of the cosolutes decreased the
thermal stability of the ribozyme stem (duplex) regions, the structure as a whole
was stabilized by molecular crowding. More importantly, it was found that molec-
ular crowding induced by PEG decreased the metal ion concentration that was
required for the catalytic activity of a hammerhead ribozyme, facilitated catalytic
turnover, and activated a ribozyme that was in inactive form [54]. This ribozyme
also showed efficient activity in a solution at physiological salt concentration only
under osmotic pressure induced by added cosolutes. The fact that the ribozyme
functioned efficiently under physiological conditions implies that ribozymes have
the potential to work efficiently within a living cell. These results indicate that
molecular crowding is critical not only to maintain RNA structures but also to
maintain their functions in living cells where there exist many biomolecules that
can destabilize RNA structures.

4 Molecular Crowding Effects on G-Quadruplex
Conformations

G-quadruplexes have a unique polymorphic nature [55-59]. The polymorphism of
G-quadruplex conformation is induced and regulated not only by nucleotide
sequence but also by chemical conditions. Since a G-quadruplex is stabilized by
cation coordination to the center of the G-quartet, the effects of cations on
the conformation and thermal stability of G-quadruplexes have been studied
[60-69]. Using NMR, Wang and Patel were the first to show that the human
telomeric DNA sequence, AG3(TTAG;);, folded to form an antiparallel
G-quadruplex in the presence of Na* [70]. Subsequently, Parkinson et al.,
using X-ray crystallography, reported the formation of a parallel G-quadruplex
of AG3(TTAG3;); in the presence of K* [71]. There are now at least five types of
intermolecular G-quadruplexes known for human telomeric DNA sequences that
contain TTAGGG repeats. NMR and chemical modification studies have shown
the formation of mixed G-quadruplexes [(3+1) G-quadruplexes or hybrid
G-quadruplexes] that involve Form 1 and Form 2 [72-74]. These studies have
demonstrated that chemical conditions as well as nucleotide sequences should be
taken into account when determining native G-quadruplex conformations
in living cells. In addition to the effects of cation species and their concentration,
it is now widely accepted that molecular crowding critically affects the structural
polymorphism of G-quadruplexes. In this section we will discuss how
molecular crowding regulates the conformation and the thermal stability of
G-quadruplexes.
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Table 1 G-quadruplex conformations under molecular crowding conditions

Ref. Sequence Cosolute Cation Conformation
[75] G4T4G4 & (G4T4)3; G4 2 M PEG 100 mM Na* Parallel
2 M Putrescine Antiparallel
[76] A(G3T>A)3 1.4 M PEG 185 mM Na* Antiparallel
185 mM K* Mixed*
[77] (G53TLA); G3 40% PEG 100 mM Na* Antiparallel
(G4T»)Gy 40% PEG Parallel (G-wire)
[78] (G3T,A)3 Gy 40% PEG 150 mM Na* Antiparallel
150 mM K* Parallel
[79] (G5T»A); G3 2 M PEG None Parallel
[80] (G3T,A); G3° and Ethanol 150 mM K* Mixed and
A(G3T,A); Gs parallel®
[81] AG;3(T>AGs3);3 50% Acetonitrile 25 mM K* Parallel®
300 mg mL~' BSA Unassigned
[82]° Human telomere Neutral cosolutes Parallel
[83] Human telomere’ 40% PEG K* Parallel
Egg extract® Not parallel
[84] TBA 40% PEG 100 mM Na* or K*  Antiparallel

4CD spectra was typical for the mixed conformation

"Longer human telomere DNA sequences were also studied

“The conformation depended on DNA concentration

4CD spectra was typical for the parallel but NMR spectra was not (see main text)

“Human telomere sequences with various flanking sequences were studied with PEGs, dimethyl
sulfoxide, ethanol, and acetonitrile. Higher concentrations of PEG 200 induced a high-order
structure

"Human telomere DNA sequences with various flanking sequences were studied

¢Egg extract indicates Xenopus laevis egg extract

4.1 G-Quadruplex Conformations Under Molecular Crowding
Conditions

The effect of molecular crowding on G-quadruplex conformations was first studied
using the Oxytricha nova telomeric DNA sequence dG4T4G,, in the presence of
Na™ (Table 1). Molecular crowding conditions were created by use of both the
neutral cosolutes PEG (MW = 300) and glycerol and the positively charged
cosolutes putrescine, cadaverine, and spermidine [75]. It was found that molecular
crowding induced by PEG induced a conformational transition from an antiparallel
to a parallel conformation of the d(G4T4G4) and d(G4T4); G4 G-quadruplexes
(Fig. 6a), whereas molecular crowding using the cationic cosolutes did not alter
the antiparallel G-quadruplex conformation. These results suggested that the con-
formational switch of G-quadruplexes is regulated by molecular crowding.

In 2005, Chaires and coworkers reported molecular crowding effects on the
G-quadruplex conformation of the human telomeric DNA sequence dA(G3TTA),
in the presence of Na* and K* [76]. Circular dichroism and fluorescence quenching
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Fig. 6 Molecular crowding effects on the conformations of (a) Oxytricha nova telomere DNA and
(b) Tetrahymena and human telomeric DNAs. Molecular crowding induces the parallel-stranded
G-quadruplex (G-wire) conformation of all of the telomeric DNA sequences except for human
telomeric DNA

studies showed dramatic changes in the G-quadruplex conformation under molecu-
lar crowding conditions in the presence of K* but not in the presence of Na*. These
results, as well as the results obtained for the O. nova telomeric DNA, indicated that
molecular crowding effects on G-quadruplex conformations are dependent on the
nature of the coexisting cation and on the nucleotide sequence. To study the
polymorphic nature of DNA G-quadruplexes under molecular crowding conditions,
the effects of the telomeric DNA sequence on the intermolecular and intramolecular
G-quadruplexes formed from Tetrahymena, human, and O. nova telomeric
sequences were studied under dilute and molecular crowding conditions in the
absence and presence of various cosolutes [77]. The intermolecular and intramo-
lecular G-quadruplex structures formed from Tetrahymena telomeric DNA formed
very long, well-ordered G-wires in the presence of cosolutes in Na® solution.
Although this structure is adopted by many parallel-stranded telomeric sequences,
the intermolecular and intramolecular G-quadruplex structures formed from human
telomeric sequences remained as compact antiparallel G-quadruplex structures
under these conditions (Fig. 6b). These results demonstrate that a single G to A
base replacement in the loops of a G-quadruplex leads to a dramatically different
structure under molecular crowding conditions in the presence of Na*. Conversely,
the parallel conformation of a G-quadruplex formed from human telomeric DNA
was observed in a K*-containing solution under molecular crowding conditions
[78]. More complex behavior of the human telomeric DNA under molecular
crowding conditions has also been reported: in the presence of K*, molecular
crowding using ethanol induced a conformational transition of human telomeric
DNA from the antiparallel to the parallel conformation via a mixed conformation
[80]. Such structural conversion of the human telomeric DNA by molecular
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crowding was also observed in the absence of a monovalent cation [79] and,
furthermore, was observed for long telomeric sequences containing two
G-quadruplex units [81]. Heddi and Phan used NMR to study how molecular
crowding affects the human telomeric DNAs that had folded into the four different
conformations under dilute conditions in the presence of K* [82]. The NMR spectra
clearly demonstrated that the four different G-quadruplex conformations were all
converted to the parallel G-quadruplex conformation under molecular crowding
conditions induced by PEG 200 in the presence of K*. Notably, this parallel
conformation was almost identical to the parallel conformation observed by
X-ray crystallography under dilute conditions with K*. Furthermore, the addition
of other the neutral cosolutes PEG 8000, dimethyl sulfoxide, ethanol, and acetoni-
trile also induced a similar conformation as that induced by PEG 200. These NMR
results indicate that molecular crowding simplifies the polymorphic nature of
G-quadruplexes, depending on the nucleotide sequence of the G-quadruplex.

4.2 Molecular Crowding Induced by Different Cosolutes

Although molecular crowding generally favors the parallel conformation of a
G-quadruplex, the above results indicated that the molecular crowding effects on
G-quadruplex conformation are highly dependent, not only on the nucleotide
sequence of the G-quadruplex and the nature of the co-existing cation species but
also on the cosolute species. From this perspective, a vertebrate telomeric DNA
G-quadruplex was studied under molecular crowding conditions within a Xenopus
laevis egg extract as well as in the presence of PEG 200 and Ficoll70 [83]. The
conformation of the vertebrate telomeric DNA in the X. laevis egg extract or in
Ficoll was different from that observed in the presence of PEG. Based on these
results, the authors stated that PEG should not be used to mimic molecular
crowding conditions. However, the usage of PEG to induce molecular crowding
conditions can provide important information for evaluation of quantitative
parameters including thermodynamic parameters of G-quadruplex structure and
the hydration state of G-quadruplexes, as will be discussed below. Moreover, Trent
and coworkers, using acetonitrile as a non-hydrogen-bonding dehydrating agent,
performed CD and NMR studies of the conformation of human telomeric DNA in
K* and Na™ solutions [85]. They showed that, although the CD spectra obtained
using acetonitrile were similar to those obtained using PEG 400, the NMR spectra
obtained using these reagents were not similar to each other, indicating that
assignment of G-quadruplex conformations based only on CD spectra is not
sufficient. Interestingly, the NMR spectrum obtained under the molecular crowding
condition induced by bovine serum albumin was similar to that obtained under the
dilute condition.
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Fig.7 (a) Schematic illustration of a telomeric region composed of G-rich and C-rich strands. (b)
Structures of the telomeric DNAs under dilute and molecular crowding conditions. Under dilute
and molecular crowding conditions the 1:1 mixture of the G-rich and C-rich strands folds into a
duplex and quadruplexes, respectively

4.3 Duplex—Quadruplex Competitions

It has been considered that most telomeric DNAs fold into a duplex with
Watson—Crick base pairing (Fig. 7a). However, it remains unclear whether duplex
formation is dominant in the G-rich/C-rich regions since these G-rich and C-rich
regions can individually form quadruplex structures [86]. Thus, molecular
crowding effects on duplex—quadruplex competition are of interest in terms of
predicting the native structure of such regions. It was demonstrated that a duplex
formed with G- and C-rich DNAs under a dilute condition in the presence of Na*
was dissociated upon molecular crowding and that the G- and C-rich DNA
sequences folded into individual quadruplexes (Fig. 7b) [87]. Tan and coworkers
also reported that molecular crowding induced telomere G-quadruplex formation in
a salt-deficient solution and in a K*-containing solution and that it enhanced the
competition between G-quadruplex formation and duplex formation [88, 89].
Kinetic studies of G-quadruplex formation from a duplex with the complementary
sequence showed that the formation rate of a G-quadruplex depends on the PEG and
the K* concentration [90]. A quantitative analysis showed that, when 30 nmol L'
of G-rich and C-rich human telomeric DNAs were mixed together in a 100 mM K*
solution, the amount of the G-quadruplex formed was 17.6 and 23.4 nmol L' in the
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absence and presence of 10% ethylene glycol, respectively [91]. As shown using
these short oligonucleotides, molecular crowding made it possible for a G-rich
sequence to form a stable G-quadruplex in a long double-stranded DNA [92]. These
results indicate that molecular crowding is essential for G-quadruplex formation in
the G-rich/C-rich double stranded region. In such regions, the polymorphic nature
of the G-quadruplex can be induced by molecular crowding in vivo. These results
also illustrate the difficulty of correctly extrapolating the structures of not only
telomeric DNA sequences but also of many other biomolecules in vivo based on
their structures in vitro. Thus, molecular crowding as well as other cellular envi-
ronmental factors [93-96] play critical roles in the structure of a biomolecule and
analysis of their effects is useful for understanding biomolecular behaviors in vivo
and for efficient drug and ligand targeting by biomolecules.

5 Molecular Crowding Effects on the Thermal Stability
of G-Quadruplexes

As discussed above, molecular crowding stabilizes non-canonical structures of
nucleic acids that involve DNA triplexes, DNA junctions, and RNA tertiary
structures, and strongly stabilizes non-canonical G-quadruplexes. Moreover,
molecular crowding creates and regulates the conformational changes between
different types of G-quadruplexes, and between a G-quadruplex and a duplex. In
this section we will discuss how molecular crowding stabilizes G-quadruplex
structures, resulting in dynamic conformational transitions.

5.1 Thermodynamics of G-Quadruplexes Under Molecular
Crowding Conditions

Table 2 summarizes the thermodynamic parameters of G-quadruplex formations
under dilute and molecular crowding conditions. It is widely accepted that molecu-
lar crowding significantly stabilizes G-quadruplexes. In order to show the
differences in molecular crowding effects on a non-canonical G-quadruplex and
a canonical duplex, the thermodynamic parameters of the intramolecular antiparal-
lel G-quadruplex formed by a thrombin binding aptamer (TBA) and those of an
intramolecular antiparallel hairpin-looped duplex were evaluated under molecular
crowding conditions induced by various neutral cosolutes [84]. It was quantitatively
demonstrated that the antiparallel G-quadruplex is stabilized under molecular
crowding conditions at various concentrations of PEG 200 but that these conditions
destabilize the duplex. The melting temperature (T,,) for 5 umol L' of the antiparal-
lel G-quadruplex increased from 54.1 °C to 58.7 °C as the PEG 200 concentration was
increased from 0 to 40 wt% in a K'-containing solution. In contrast to the
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Table 2 G-quadruplex stabilities under molecular crowding conditions®

AT, AAG®® AAH° TAAS®
Ref. Sequence Cosolute °C)  (kcal molf') (kcal molfl) (kcal molfl)
[84] TBAS 40% PEG 4.6 —-2.0 —11 -9
[97] G3T3G5TGsT5G; 30% EGY 12 =35 —16 —12
G3T5G3TG3Ts5G3 15 —24 —6.4 -3.8
[791° (G3T24)3 G3 0.75 M PEG 200 11 —4.6 +39 +43
0.75 M PEG 400 14 —2.1 +69 +71
[85] AGs3(T>AG3); 50% Acetonitrile 19 -5.9 —6.1 N.D.
[98] bcl-2 DNA 40% PEG 26 —4.5 —-12 -7.6
bcl-2 RNA 20 -3.6 —6.6 -3.0

“The molecular crowding effects are evaluated as the follow: (Parameter under the crowding
condition) — (Parameter under the dilute condition)

bThermodynamic parameters at 25 °C

°TBA indicates thrombin binding aptamer

9EG indicates ethylene glycol

°The parameters are the difference between 0.75 and 0.1 M cosolute because the experiments were
carried out without cation

G-quadruplex, the T}, for 5 pmol L™" of the duplex in the presence of K* decreased
from 66.4 °C to 54.3 °C as the PEG 200 concentration was increased from 0 to
40 wt%. When the PEG 200 concentration was increased from 0 to 40 wt%, the
values of AH® (enthalpy change), TAS® (entropy change), and AG°,5 (free energy
change at 25 °C) of the antiparallel G-quadruplex decreased from —42.0
to —53.0 kcal mol™!, from —385 to —47.5 kcal mol™', and from —3.5
to —5.5 kcal mol ™", respectively. The difference in AG°,s induced by molecular
crowding was —2.0 kcal mol~!. On the other hand, the values of AH°, TAS®, and
AG"®,5 for formation of the duplex increased from —81.5 to —75.8 kcal mol !, from
—71.7 to —68.9 kcal mol ™', and from —9.8 to —6.9 kcal mol ', respectively, with
the same change in PEG 200 concentration. These changes indicated that promotion
of the G-quadruplex formation by molecular crowding was enhanced by a favorable
enthalpic contribution that exceeded an unfavorable entropic contribution. Con-
versely, the duplex destabilization was due to an unfavorable enthalpic contribution
that exceeded a favorable entropic contribution. Such an enhancement in the
thermodynamic stability of G-quadruplexes by molecular crowding has been
reported for various G-rich nucleotide sequences. In particular, the G-quadruplex
formed by the sequence dG3T3G3TG3;T3G3 was stabilized 3.5 kcal mol ! in AG®»s
by 30% ethylene glycol in a K* solution, which corresponded to more than two
orders of difference in the equilibrium constant [97]. Stabilization effects were also
reported for the structures formed by the human telomeric DNA [79, 85] and by bcl-
2 DNA [98]. It is noteworthy that the stabilization and destabilization of DNA
structures do not depend on their structure but instead depend on the type of base
pairs that are involved in their structure [99]. In addition, it was recently reported
that the Hoogsteen base pairs in triplex and G-quadruplex DNA structures were
stabilized not only by molecular crowding but also by a model peptide that
mimicked histone H3, which is critical for the formation of a high-order complex
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called a nucleosome that involves a DNA strand and histone octamers (Fig. 2)
[100]. Since nucleosomes become further organized to form chromatin inside the
eukaryotic cell nucleus, and since chromatin structure is dynamic and controls gene
expression, the stabilization of G-quadruplexes and triplexes by a histone-
mimicking peptide implies roles for such non-canonical structures in transcription.
The stabilization of G-quadruplexes by molecular crowding supports both the
formation of G-quadruplexes and the biological roles of G-quadruplexes within
living cells.

5.2 Hydration of G-Quadruplexes

Water molecules play critical roles in generating and maintaining the structure,
stability, and function of biomolecules. It is well known that many proteins unfold
in non-aqueous solution and lose their functions in the absence of water.
Nucleotides have a large number of hydration sites. The 11-12 hydration sites of
a nucleotide are occupied by water molecules that directly interact with the
nucleotide and form a primary hydration shell in which 8-9 water molecules per
nucleotide are bound to the primary hydration shell [101]. These water molecules
play fundamental roles in maintaining the structure, stability, and function of
nucleic acids.

The use of the osmotic stress technique that uses an osmolyte as a cosolute
provides information regarding biomolecular interactions with water molecules.
Such analysis has revealed differences in the numbers of water molecules bound,
—Any, which are evaluated as follows: —Any, = Ny folded — Mw.unfolded> Where ny,
folded aNd 7y unfoldea indicate the numbers of water molecules bound to the folded
and unfolded states, respectively. In general, an osmolyte that induces molecular
crowding lowers the activity of water, a,,, and thus decreases the chemical potential
of water. Therefore, cosolutes affect the equilibrium constant of biomolecular
reactions that involve the association or dissociation of water molecules. Indeed,
water molecules participate in most biochemical reactions. The dependency of
water activity on the equilibrium constant K of a biomolecular reaction reflects
the number of water molecules released upon the reaction An,, as presented by the
equation (Olog K/0log aw) = —An,, if other interactions between the cosolute and
the nucleic acid, and between the cosolute and the water molecule, are negligible
[102]. This technique can be applied to any equilibrium and parameters to evaluate
how many water molecules participate in the reactions.

The osmotic stress method has been applied to the evaluation of the hydration
state of G-quadruplexes. UV melting studies of the TBA in a K* solution at 0 and
40 wt% PEG 200 showed that molecular crowding with PEG 200 stabilizes the
TBA G-quadruplex structure [84]. Thermodynamic parameters including the equi-
librium constant K, can be evaluated based on the melting curves. Plots of In K
vs. In a,, can be drawn based on osmotic pressure measurements. Both of these K
have a linear relationship with In a,, and the slope of this line corresponds to the
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Table 3 Hydration of G-quadruplexes and other DNA structures

Ref. Sequence Structure Cation Any?
[84] G,T,G, TGTG,T,G, Antiparallel (chair) 100 mM K* 4.5
100 mM Na™* 4.0
28 mer” Antiparallel duplex 100 mM K* 3.4
100 mM Na* -35
[103] G,T,G,TGTG,T-G, Antiparallel (chair) 100 mM K* 0.53
G3T>G3TGTG3T,G3 Antiparallel (chair) 1.1
TG4AG3TG4AG3TG4ALG, Parallel 1.5
AG;T,AG3T,AG;T,AG; Antiparallel 0.14
[104] G,U,G,UGUG,U,G, Antiparallel 100 mM K* 0.6
G, TG, TTTG,T>G, 1.4
[97] G3T3G3T5G3TG3 Parallel 100 mM K* 0.27
G3T3G;3T5G3TG3 Mixed 100 mM K* 0.14
[105] A(G3T>A)3G5T, Mixed® 100 mM K* 0.17
[98] bcl-2 DNA Parallel® 5 mM K* 8.5

“The values of An,, are per nucleotide. The negative and positive An,, indicate hydration and
dehydration, respectively, upon the structure formation

"The sequence is TCTTTCTCTTCTTTTTCGAAGAGAAAGA (underlined is loop region)
“Structure under the dilute condition is the mixed conformation

dStructure under the molecular crowding condition is the parallel conformation

number of water molecules released upon structure formation, showing that water
molecules are released upon the formation of G-quadruplexes. In contrast, water
molecules are taken up upon duplex formation. It was quantitatively calculated that
4.5 and 4.0 water molecules per nucleotide were released upon G-quadruplex
formation. Conversely, in solutions of K* and Na™, 3.4 and 3.5 water molecules
per nucleotide were taken up upon duplex formation.

The numbers of water molecules released upon G-quadruplex formation have
been reported for various sequences (Table 3). Marky and coworkers reported
values of An,, for DNA aptamers, NHE-III, and a human telomere [103] in a K*
solution. They calculated that 0.1-1.5 water molecules were released per nucleotide
through G-quadruplex folding depending on the nucleotide sequence. It was pro-
posed that these values result from (1) the release of structural water from the
random coil state upon formation of the G-quadruplex, (2) the uptake of
electrostricted water molecules by G-quadruplexes with a higher charge density,
and (3) the release of electrostricted water from K* upon binding to the
G-quadruplex core (G-quartet). Notably, they further separately evaluated An,,
for the loop and G-quartet (G-quadruplex core) regions using various substitutions
[104] and reported that An,, = 13 for the G-quartet and An,, = —6~+38 for the
remaining loop region. In addition, by comparison of the An,, values of not only G-
quadruplexes but also of duplexes and triplexes, it was proposed that the opposing
effects of molecular crowding on canonical structures (duplexes) and on non-
canonical structures (G-quadruplexes and triplexes) were due to different behaviors
of water molecules binding to the DNA strands [99]. Trent and coworkers further
attempted to assess experimentally the role of steric crowding (excluded volume)
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and hydration on the structure of a human telomeric G-quadruplex. Using BSA and
acetonitrile to induce molecular crowding conditions, it was shown that the
excluded volume effect on G-quadruplex conformation under molecular crowding
conditions induced by acetonitrile is small and that hydration is the dominant factor
for determination of the conformation and stability of a G-quadruplex [85].
Although the number of water molecules released upon G-quadruplex formation
varied from 0.14 to 8.5 depending on the experimental conditions and procedure
used as well as on the nucleotide sequence and the conformation of the G-
quadruplex (Table 3), the dehydration of the G-quadruplex through structure
formation is clearly observed, and this dehydration should stabilize the G-
quadruplex under cell-mimicking conditions.

6 Conclusions and Perspectives: Making G-Quadruplexes
More Canonical with Molecular Crowding

In the present review we have introduced and discussed how molecular crowding
alters the conformation and thermodynamics of nucleic acids with structures
ranging from a canonical duplex to a non-canonical G-quadruplex. Changes in
nucleic acid structures and their stabilities affect various enzymes including
nucleases, polymerases, telomerases, and helicases [78, 106-110]. Although the
molecular crowding effects on enzyme functions are not yet sufficiently under-
stood, it is now generally accepted that molecular crowding is one of the most
important players in the regulation of various biological processes via stabilization
or destabilization of nucleic acid structures and enhancement or suppression of
nucleic acid functions. In particular, molecular crowding effects on G-quadruplexes
should be taken into account when considering the biological functions of
G-quadruplexes because of the polymorphic nature of their conformation, thermal
stability, and dynamics. In fact, the properties of G-quadruplexes under molecular
crowding conditions critically affect ligand and drug designs. Tan and coworkers
studied molecular crowding effects on the functions of G-quadruplex ligands in
terms of their effects on the affinity of ligand binding to G-quadruplexes and on the
efficiency of these ligands for inhibition of telomerase activity [111]. They found
that, under molecular crowding conditions, the ligands TMPyP4, BMVC, and
Hoechst 33258 became significantly less effective, or lost the ability to stabilize
the G-quadruplex and to inhibit telomerase activity. On the other hand, recent
studies showed that TMpyP4 bound to G-quadruplex structures with higher affinity
than to duplexes [112]. The binding of TMPyP4 to G-quadruplexes of human
and O. nova telomeric DNAs under molecular crowding conditions has also been
reported [113, 114]. Moreover, some G-quadruplex ligands that can bind to
G-quadruplexes with high affinity and specificity under molecular crowding
conditions have been found [115, 116]. It will therefore be necessary to determine
how molecular crowding affects G-quadruplex ligand functions and how we can
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rationally design G-quadruplex ligands so that they function under the conditions
within living cells.

Molecular crowding effects on biomolecules are also important for various
in vitro technologies, including drug delivery systems [117], the dispersion of
carbon nanomaterials [118, 119], nanoparticle assembly [120, 121], response
enhancement of electrochemical DNA sensors [122], DNA strand exchange
[123], and the manipulation of single DNA molecules [124]. These studies clearly
demonstrate that molecular crowding is a useful chemical stimulus for controlling
the properties of nucleic acids toward in vitro applications. Since molecular
crowding destabilizes canonical duplexes but stabilizes non-canonical structures
especially G-quadruplexes, it will be possible to make G-quadruplex more canoni-
cal structure of nucleic acids with molecular crowding both in vivo and in vitro.
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Visualizing the Quadruplex: From Fluorescent
Ligands to Light-Up Probes

Eric Largy, Anton Granzhan, Florian Hamon, Daniela Verga,
and Marie-Paule Teulade-Fichou

Abstract Detection of quadruplex structures by visual methods is a major chal-
lenge of the quadruplex nucleic acid research area. Consequently, considerable
efforts are under way for the discovery of quadruplex specific agents endowed with
fluorescence properties. In this review chapter we propose a comprehensive
and critical overview of the diverse molecular design and strategies that have
been described to identify quadruplex-selective fluorescent probes. Innovative
compounds as well as classical DNA dyes are reviewed. The compounds have
been divided into three classes: (1) “light-up” probes that display a strong enhance-
ment upon G4 binding, (2) “light-off” probes that display a decreased fluorescence
upon binding, and (3) permanent probes (“tagged” G4-binders) that exhibit no
variation of fluorescence but display quadruplex binding specificity. The labeling
performances of probes in various analytical contexts (in solution, in gel, at the
level of chromosomes, and in fixed cells) are also reported and commented on when
available. Finally we address the strengths and weaknesses of each probe class and
highlight the critical features that must be addressed in developing a practicable
quadruplex-specific labeling agent.

Keywords Fluorescence - Fluorescent probes - Nucleic acids - Quadruplex DNA
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Abbreviations
AlIE Aggregation-induced emission
CDh Circular dichroism

ct DNA  Calf thymus DNA
ds DNA  Double-stranded DNA

ESIPT Excited-state intramolecular proton transfer
FID Fluorescent intercalator displacement
FRET Forster resonance energy transfer
G4-DNA  Quadruplex DNA

ITC Isothermal titration calorimetry
PAGE Polyacrylamide gel electrophoresis
PNA Peptide nucleic acid

ss DNA  Single-stranded DNA

SPR Surface plasmon resonance

TBA Thrombin-binding aptamer

TO Thiazole orange

TPM Triphenylmethane

1 Introduction

Single-stranded regions of nucleic acid containing repeats of bases are known to
form alternative secondary structures due to unusual (i.e., non-Watson—Crick) base
pairing. These alternative structures are believed to act as roadblocks to proteins
processing single-stranded DNA templates transiently formed during replication,
homologous recombination, repair, and transcription. In the same manner, tran-
scriptional machineries that use single-stranded messenger RNA as substrate for
translation and splicing may also be affected. However, although alternative
structures are currently recognized to interfere with the transfer of genetic
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information, the question as to whether they participate in a natural regulation
mechanism or are simply toxic elements is still open [1-7].

Currently the most well-studied and characterized non-B-DNA structures are
the four-stranded assemblies called G-quadruplexes (abbreviated G4), which form
by fold-over of single-stranded sequences containing guanines repeats and are
the subject of this volume. G-Quadruplexes are composed of m-stacks of guanine
quartets held together by H-bonding and by monovalent metal cations (K* in a cellular
context) sandwiched between the quartets (for structural details see reviews [8—11]).

Structural recognition of quadruplex nucleic acids by small molecules has been
the focus of tremendous developments since the pioneering work of S. Neidle,
L. Hurley et al. who paved the way by targeting quadruplex DNA with anthraqui-
none derivatives [12]. Since then this research area is progressing rapidly in the
desire to find small molecules able to probe the formation of quadruplexes in a
biological context and to help in deciphering their biological functions. Another
objective of this field is to discover new targeted pharmacological agents able to act
in a sequence/structure specific manner on DNA or RNA with resulting anticancer
properties [13—15].

Although well-studied in vitro, evidence of the formation of quadruplexes
in vivo remains mostly indirect but is currently supported by robust biochemical
and molecular genetics data [1-7, 16]. Logically, the question of direct visualiza-
tion of quadruplexes arises. Compelling evidence has been provided by observation
of G4-DNA in human DNA by electron and atomic force microscopy [17-20] and
by immunochemistry in ciliates [21]. In parallel, the search for fluorescent
compounds that could signal the presence of a quadruplex structure is a matter of
great interest, especially in view of the increasing use of fluorescent probes
in cellular biology and the emergence of new fluorescence-based microscopies
[22, 23]. However, currently, direct visualization of quadruplexes in a functional
biological system is a challenging task accompanied with technical difficulties and
conceptual uncertainties. Indeed, one should bear in mind that only large domains
with a high density of quadruplexes able to form fluorescent foci could be imaged
by microscopy, since detection of a single monomeric quadruplex unit is largely
below the actual resolution; additionally, whether such domains do form and under
what conditions is poorly understood. Nonetheless, the first absolute requirement of
this quest is the availability of highly specific quadruplex-binding fluorescent dyes.
Consequently, the chemistry of fluorescent compounds able to target quadruplexes
experienced extensive development during the past decade.

In this review we describe the considerable work in terms of molecular design
that has produced a large variety of quadruplex-interactive agents able to achieve
G4-DNA labeling in different analytical contexts (e.g., from solution to gel electro-
phoresis and cellular imaging) and with various efficiencies. The compounds have
been divided into three classes: (1) “light-up” probes, i.e., compounds that display
a strongly enhanced fluorescence upon binding, (2) “light-off” probes, i.e.,
compounds that display a strongly decreased fluorescence upon binding, and (3)
permanent probes, i.e., compounds the fluorescence of which is not modified by
binding, but exhibiting exquisite specificity; these are mainly fluorescently tagged
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Fig. 1 Binding modes of ligands to quadruplex DNA

quadruplex binders. Finally, we address the strengths and weaknesses of each probe
class and examine the issues and highlight the critical probe design features that
must be addressed in developing a practicable G4-DNA probe (especially as a
function of the intended application).

In order to help understand the diverse molecular designs of the probes described
below, it is necessary to recall that quadruplexes may accommodate small
molecules in several ways as depicted in Fig. 1. n-Stacking on external G-quartets
on the top or bottom of a quadruplex unit is the most well-known mode
characterized both in solid state and in solution [24-26]. In domains containing
repeats of quadruplex units, sandwiching of a ligand between two units is likely to
occur, as shown by X-ray studies [27, 28] and suggested by indirect evidence [20].
The stacking mode that may eventually involve interactions with surrounding loops
is mainly the feature of planar rigid aromatics. Alternatively, insertion in the
grooves of quadruplexes, that possess four grooves, is to be considered, especially
for nonplanar, flexible molecules as shown by NMR [29] and CD in recent studies
[30, 31]. Finally, quadruplexes provide a polyanionic scaffold that is capable of
inducing external binding of cationic molecules in more or less ordered aggregates
as is known for duplex DNA and certain dyes [32]. We will see that the design of
fluorescent G4-DNA ligands relies on these different binding sites that provide
various environments differing by their polarity and their capacity to immobilize
external ligands and to isolate them from interaction with water — three parameters
that strongly affect the fluorescence of dyes.
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non emissive emissive

Fig. 2 Binding to DNA immobilizes cyanine dyes (here thiazole orange) and hinders the
non-radiative deactivation pathways through restriction of the rotation around the conjugated
bond, leading to enhanced fluorescence

2 “Light-Up” Probes
2.1 Classical DNA Probes

2.1.1 Cyanine Dyes

The cyanine (polymethine) dyes, which are among the oldest synthetic dyes, have been
widely used as fluorescent probes for nucleic acids as they may display a large
fluorescent enhancement upon binding. Their binding modes may be complex
depending strongly on the length of the polymethine bridge and on the nucleic acid
conformation. Thus, intercalation, dimerization in minor grooves, and template-
directed external self-stacking have been characterized [33, 34]. Asymmetric cyanines
are built from two distinct heteroaromatic systems connected through a conjugated
monomethine or polymethine bridge. Short-bridged cyanines (monomethine and
trimethine dyes) are often characterized by a turn-on fluorescence upon binding to
DNA. This phenomenon is rationalized by the restriction of the rotation of this
conjugated bridge, thus preventing nonradiative relaxation processes from taking
place (Fig. 2) [35, 36].

Thiazole Orange

Thiazole orange (TO, Fig. 2) is a well-known monomethine dye that binds to almost
all forms of nucleic acids. Therefore TO has been used in a variety of applications
such as RNA staining [37], agarose gel DNA staining [38], and capillary electro-
phoresis [39]. TO represents a paradigm of nucleic acid light-up probes since its
fluorescence quantum yield is about 2 x 10~* when the dye is free in solution but
increases to around 0.1 when bound to ds DNA and poly(dA), or 0.4 in the case of
poly(dG) [35, 40]. Thus, TO exhibits a fluorescence enhancement upon binding,
which varies from 50-fold to 1,000-fold depending on the sequence and conforma-
tion of the nucleic acid.

TO was firstly used as a fluorescent indicator for quadruplex DNA in the G4
fluorescent intercalator-displacement (FID) assay [41], by analogy with the previ-
ous work of Boger et al. on DNA hairpins [42, 43]. It was found that TO becomes
highly fluorescent (500-3,000-fold increase, Aex = 501 nm, 4.« = 539 nm; Fig. 3)
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Fig. 3 Normalized absorbance (dashed lines) and fluorescence spectra (solid lines) of Hoechst
33258 (yellow), thiazole orange (orange), and TO-PRO-3 (blue) in the presence of c-kit2 (concen-
tration of dye =0.5 pM; dye/DNA ratio =2). Reprinted with permission from [44]. Copyright 2011
Springer Science+Business Media

when bound to various intramolecular quadruplex structures including those
formed from the human telomeric repeats, oncogene promoters, and minisatellite
sequences (c-myc, c-kit, CEBI1) [44-46]." Significantly lower fluorescent
enhancements (around 60-70-fold) were found with tetramolecular parallel
quadruplexes (TG3T, TG4T, and TGsT) although these structures also seem to
accommodate TO, as estimated by ESI-MS measurements [44, 46]. Apparent
affinities of TO to quadruplex and duplex DNA are close, with K values falling
in the micromolar range. Fluorescence titrations, Job plot analysis, and mass
spectrometry supported a 1:1 stoichiometry model between TO and several intra-
molecular quadruplex DNAs and 2:1 with tetramolecular structures TG3T, TG4T,
and TGsT. The predominant binding mode is likely to be m-stacking on external
G-tetrads, and in this regard the lower fluorescence of TO bound to parallel
quadruplexes would be explained by the absence of loops resulting in a poorer
immobilization of the dye and/or poorer isolation from water. However, groove
binding or external stacking cannot be completely excluded in these cases. We will
see below that other light-up probes also show lower fluorescence enhancement in
tetramolecular quadruplexes.

Finally, TO was found to label pretty well RNA quadruplexes and dimeric
quadruplex matrices made of longer DNA or RNA sequences ([47] and unpublished
data). The displacement of TO from G4-DNA has been exploited to implement a

! Experiments performed in lithium cacodylate buffer, at pH 7.2 with 100 mM KCI or NaCl.
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high-throughput screening assay for the discovery of new G4 binders via library
screening [48].

In particular conditions (pH 8.0 in the absence of monovalent cations), TO seems
to interact and to fluoresce preferentially with G-wires (i.e., long tetramolecular
quadruplexes) than with double helical DNA [49]. In these conditions, TO and
G-wires form stable complexes in gel experiments whereas this is not the case with
ds DNA.

TO has been used in a quadruplex-templated FRET experiment to probe
quadruplex conformations through a ternary interaction system [50]. In this system,
TO and a quadruplex-specific binder (BOQ; or MMQ;; cf. Sect. 3.1), displaying
appropriate photophysical properties (i.e., emission around 450-500 nm,
overlapping the absorption of TO) form a donor—acceptor pair, with TO being the
acceptor. Quadruplex structures have two external quartets and can thus accommo-
date both compounds close enough (about 10 A) for FRET to occur. When the
human telomeric quadruplex structure is added to a mixture of BOQ; (or MMQ)
and TO, a strong decrease of BOQ; (MMQ),) fluorescence is observed, while TO
emission is greatly increased (see footnote 1). Importantly, the FRET response was
found to be specific for the quadruplex structure, indicating that the quadruplex
matrix provides a more efficient positioning of the two FRET partners as compared
to a duplex matrix.

In vitro fluorescent detection of 5',3'-cyclic diguanylic acid (c-di-GMP) using
TO has recently been achieved [51]. While TO is not fluorescent in the presence of
simple nucleotides (GTP, GMP, cGMP), it induces the formation of quadruplex
structures composed of c-di-GMP G-tetrads via intercalation or external stacking.
Higher cation concentration (up to 1 M), and Na* preferentially to K* and NH,*,
were shown to increase the TO fluorescence since it promotes c-di-GMP aggrega-
tion. In conclusion, the exceptional fluorescence properties of TO and its strong
binding to many quadruplexes make it a very efficient quadruplex stain for in vitro
experiments, in particular for fluorescence-based screening assays.

In cells, TO was found to stain preferentially nucleoli (but not nuclear DNA) as
well as the cytoplasm [49]. This is consistent with the fact that TO and derivatives
(SYTO dyes) are known to stain preferentially RNAs and are commercialized on
this purpose [52]. For this reason, and owing to its absence of significant binding
selectivity for biological quadruplexes it appears rather irrelevant to use this dye for
probing quadruplexes inside cells, although the presence of quadruplex RNA (and
also DNA) in the nucleoli is not excluded.

TO Derivatives

In order to probe specifically quadruplex DNA, TO has been appended to
bisquinolinium compounds, ones of the best and most selective quadruplex binders
of the pyridodicarboxamide (PDC) series [53—55]. Two designs were conceived: the
first, PDC-L-TO, consists in linking both components by a flexible linker, whereas
the second, PDC-M-TO, is built by merging the N-methylquinolinium moiety present
in both scaffolds (Fig. 4).
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Fig. 4 TO derivatives designed for targeting quadruplex DNA

Both designs afforded fluorescent off/on probes which were different in their
selectivity. Thus, PDC-L-TO is devoid of selectivity for quadruplex DNA and
displays an intense orange—yellow fluorescence (1., = 530 nm) both with duplex
and quadruplex DNA. The absence of selectivity is attributable to the affinity of TO
for duplex DNA that counterbalances the quadruplex preference of the PDC motif.
On the other hand, PDC-M-TO stabilizes strongly the telomeric quadruplex DNA
even in the presence of a strong excess of ds DNA (AT, = 17 °C). The fluores-
cence enhancement of PDC-M-TO (A.x = 500 nm, A, = 550 nm) when bound to
the telomeric quadruplex (22AG: d[G3(T>AGs3)3]) is decreased by about 36% as
compared to TO alone, but displays an eightfold selectivity compared to the
complex with ds DNA.? On this basis, selective staining of quadruplex DNA
could be observed in gel electrophoresis, but the sensitivity of the merged com-
pound remained weaker than that of the linked PDC-L-TO compound (Fig. 5). This
result underlines the difficulties in fluorescence engineering, as the quadruplex
selectivity is retained at the expense of the fluorescence quantum yield. In addition,
both dyes show some degree of aggregation at high ionic strength. Still, the new
merged design described in this study represents an innovative and solid basis for
the design of novel G-quadruplex probes.

2 Experiments performed at pH 7.2 with 1 mM KCL.
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Fig. 5 PAGE of human telomeric quadruplex (22AG) and duplex oligonucleotide (ds26) DNA
(0.3-2.0 uM) stained by PDC-M-TO (a, 5 uM) and post-stained with PDC-L-TO (b, 2 uM)
(Aex = 532 nm, Ay = 550 nm). Reprinted with permission from [53]. Copyright 2009 John
Wiley and Sons

Based on the same concept, another group designed a benzothiazole-substituted
benzofuroquinolinium dye 1 (Fig. 4) [56], in which TO has been merged with benzofur-
oquinoline, a planar aromatic system known for its quadruplex-interactive properties
[57]. Both absorption and fluorescence of this new hybrid derivative are significantly
shifted towards the red as compared to TO (Ao, = 527 nm, A,,,x = 573 nm), thereby
indicating a higher degree of conjugation. As expected, the dye is poorly fluorescent in
water (P = 0.0012) and exhibits a bright orange fluorescence when bound to
quadruplex DNA (Aex = 527 nm, A0 = 573 nm, & = 0.25 and 0.18 for the
telomeric repeat and c-myc, respectively). Conversely, much smaller changes were
observed with duplex DNA (26 bp oligonucleotide and calf thymus DNA) and none
with the bovine serum albumin protein (Fig. 6). Moreover, quadruplex and duplex DNA
could be easily distinguished in gel electrophoresis using this hybrid molecule as a
stain.?

The dye is supposed to bind by m1—n end-stacking in a quasi-planar conforma-
tion, the rotation about the methine bridge being efficiently restricted. The absorp-
tion spectra in the presence and the absence of DNA show the typical blue-shift
observed for cyanine aggregates, thereby suggesting that the free dye also
aggregates to a certain extent, although this was not considered. Finally, the dye
is slightly fluorescent (by a factor of 3) in the presence of single-stranded and
double-stranded RNA as compared to G-quadruplex RNA and DNA. Imaging in

* Experiments performed in 10 mM Tris—HCI buffer with 60 mM KCI.
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5uM1 10uM 35mg/ml 10uM 20 uM
Control telo21 BSA ds26 Ct-DNA

Fig. 6 Pictures of the benzofuroquinolinium dye (5 uM) in the presence of human telomeric
quadruplex (telo21), BSA protein, duplex DNA oligonucleotide (ds26) and calf thymus DNA
(ct DNA) upon irradiation at 302 nm. Reprinted from [56] with permission of The Royal Society of
Chemistry

fixed cells (MCF7) indicates that the dye is localized in the nuclei with faint
staining of genomic chromatin.

Other Cyanine Dyes

SYBR Green I is an asymmetric cyanine dye, structurally and photophysically
similar to TO (Aex = 497 nm, A, = 520 nm upon binding to duplex DNA), and
widely used for “in-gel” staining of duplex and, to a lower extent, single-stranded
DNA (Fig. 7) [58].

SYBR Green I has recently been used in a quadruplex and K* detection system
in cooperation with a water-soluble cationic conjugated polymer [59]. The polymer
allows a sixfold fluorescence amplification of the dye bound to quadruplex through
a FRET effect (Fig. 8),* but not with single stranded DNA (in the absence of
potassium). However, the same effect has been observed previously in an indepen-
dent study using duplex DNA [60].

TO-PRO-3 is a trimethine analogue of TO, known to bind strongly duplex DNA
with a high fluorescence enhancement (Fig. 7) [61]. TO-PRO-3 has recently been
used as an alternative to TO in the G4-FID method to evaluate the putative
G4-DNA binders absorbing around 500 nm, since its absorbance and fluorescence
spectra are red-shifted as compared to TO (1ex = 642 nm, Ay« = 718 nm upon
binding to the c-kit2 quadruplex; Fig. 3) [44]. Like TO, it binds nucleic acids with
micromolar Ky, without strong discrimination between various quadruplex and
duplex structures but with high fluorescence enhancements, ranging from 120 to
250 depending on the DNA sequence and structure. The binding modes of
TO-PRO-3 to duplex DNA were shown to be multiple, involving both intercalation

4 Experiments performed in ultra-pure water with 50 mM KCI.
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Fig. 8 (a) Emission spectra and (b) FRET ratio (Fsps/F441) of SYBR Green I (acceptor) and
cationic conjugated polymer (donor) with a quadruplex-forming sequence in the presence of
increasing concentrations of K* (0-50 mM). Reprinted with permission from [59]. Copyright
2010 American Chemical Society
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and groove dimerization/aggregation [34]. Likewise, the binding to quadruplexes
might also follow multiple modes, although m-stacking on a G-quartet is most
likely.

The monomethine dye Cyan 40 and the trimethine Cyan 2 were examined with
respect to their binding to G-wires containing 750 guanine tetrads in the absence of
monovalent cations and at pH 8.0 [62]. The fluorescence enhancement of Cyan
2 increases more in the presence of quadruplex (15-fold) and triplex structures than
in the presence of duplex DNA. However, it should be noted that both Cyan 2 and Cyan
40 were previously described to act as efficient “light-up” probes for ds DNA [63, 64]
and were found to localize in the nucleoli of mammalian cells [25]. Again, this
addresses the question of rationalizing cellular localization of G4-DNA stains on the
ground of their interaction and selectivity for G-wires that are artificial polymeric
quadruplexes without entrapped cations, and thus have no biological relevance.

DODC is a symmetric cyanine that binds to duplex DNA in minor grooves,
mainly as a dimer. Its binding to quadruplex DNA was first examined 15 years ago
with various dimeric hairpin quadruplex structures (i.e., displaying two diagonal
loops) [65]. DODC binds to these structures with micromolar K4 and displays an
induced circular dichroism (ICD) signal which may result from groove interactions
[30]. More importantly, fluorescence intensity of DODC upon binding was dramat-
ically reduced (about 50%) together with a 6 nm red-shift, but increased (18%) with
the tetramolecular parallel TG4T quadruplex and not significantly changed with
other structures (ss DNA, ds DNA, hairpins).5

More recently, DODC was used as a fluorescent reporter for quadruplex DNA in a
“mix and measure” fluorescence screening assay [66]. A variety of quadruplex
structures were examined and, unlike in previous results, DODC was found to exhibit
a high fluorescence enhancement (220-500-fold with various concentrations of
DNA; Jex = 579 nm, Apax = 610 nm).® DTCC, which also binds to minor grooves
of ds DNA, was also included in the aforementioned test. Higher fluorescence
enhancement were monitored (240-980-fold, A.x = 554 nm, A,.x = 577 nm) but
with greater amounts of DNA.

ETC (Fig. 7) is an extended aromatic cyanine dye which was found to recognize
human telomeric quadruplexes through end-stacking interactions [67, 68]. In aque-
ous buffer it readily forms J-aggregates (4,,; = 660 nm) that dissociate in monomer
(Zabs = 584 nm) upon binding to quadruplex DNA.” Addition of various
quadruplex structures (human telomeric repeat, c-kitl, c-myc, bcl-2) induced a
strong fluorescence enhancement of ETC monomer (70-fold, 4,., = 600 nm),
and allowed specific detection in gel electrophoresis (PAGE) experiments.® Detec-
tion at higher (physiological) cation concentration” was achieved with MTC, a

5 Experiments performed in 10 mM Tris buffer with 150 mM NaCl.

S Experiments performed in 2.5 mM phosphate buffer, 5 mM Na*, and 100 mM K*.
7 Experiments performed in 10 mM PBS K* or Na™.

8 Experiments performed with 17.2 mM K* and no Na®.

® Experiments performed with 140 mM K*, 10 mM Na*, and 2 mM Mg*".
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Fig. 9 (A) Apparent color of MTC (4 uM) alone (a) and with 20 pM of human telomeric (b),
c-myc 2345 (c), c-kitl (d), bcl-2 (e) quadruplexes, 22-mer oligonucleotide duplex (f), 17-mer
single strand (g), calf-thymus (h), and salmon sperm (i) DNA. (B) Fluorescence microscopy
images of MTC-stained oligonucleotides on Au film (same legend). Adapted with permission
from [69]. Copyright 2010 American Chemical Society

close analog of ETC, which displays a somewhat lower ability to form aggregates
[69]. Upon addition of quadruplex structures (human telomeric repeat, c-kitl,
c-myc, bcl-2), disappearance of the absorption band of the H-aggregate and appear-
ance of the monomer band (1,,; = 580 nm) were observed, accompanied by a
1,000-fold fluorescence enhancement. At the same time, MTC H-aggregates are
almost not dissociated in the presence of ss DNA and ds DNA (Fig. 9).

2.1.2 Quadruplex-Template-Directed Synthesis of Cyanine Dyes

In an elegant approach designed by S. Ladame et al., quadruplex probing was effi-
ciently performed using a biocompatible fluorogenic reaction generating cyanine dyes
upon binding of two PNAs, complementary to the quadruplex flanking sequences,
and functionalized by nonemissive hemicyanine moieties (Fig. 10) [70]. Upon
hybridization of the PNAs with a folded quadruplex structure, the two hemicyanine
derivatives are close enough to react, yielding fluorescent trimethine dyes 2 (Fig. 11).

Since the reactants are non-fluorescent when the PNAs are either unbound or
bound to unfolded single stranded DNA (no close proximity of reactants), this
system offers a high signal-to-noise ratio. Increase in fluorescence intensity in the
presence of quadruplex by factors of 45 or 40 were observed for the symmetric
cyanine 2a (Ao = 542 nm, A, = 563 nm) and the asymmetric cyanine 2b
(Aex = 562 nm, /., = 606 nm), respectively (Fig. 12).10 No fluorescence was
observed at low PNA concentration and high calf thymus DNA concentration.

' Experiments performed in phosphate buffer pH 7.4 with 100 mM K*.
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Fig. 10 DNA-templated synthesis of cyanine dyes. Reprinted with permission from [70].
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Fig. 11 Trimethine cyanine dyes generated upon PNA binding to G-quadruplex template
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Fig. 12 Fluorescence emission spectra of a mixture of two functionalized PNA (500 nM each) in
absence (circles) and presence of 500 nM of target quadruplex (squares), ss DNA (diamonds), and
a randomized flanking sequence quadruplex (triangles). Reprinted with permission from [70].
Copyright 2010 John Wiley and Sons

Also, the PNA sequence complementarity allows one to target specific quadruplex-
forming sequences, and hence potentially to probe single quadruplexes.

This system has been applied for the dual sensing of hairpin and quadruplex
DNA structures through the templated generation of pentamethine and trimethine
cyanines, respectively [71]. Their resulting fluorescent properties were sufficiently
different (1., = 540 and 625 nm, respectively) to detect these structures simulta-
neously, but with a significant fluorescence background (about 50%).

Although this strategy needs further improvements and in particular will have to
overcome the issue of poor cellular uptake of PNAs, it represents a highly interesting
alternative to the use of small fluorescent molecules. In particular, this approach
based both on sequence and structure recognition holds the key to the specific
detection of a unique type of quadruplex DNA.

2.1.3 Benzimidazole Derivatives

Hoechst 33258 (Fig. 13) is a bis-benzimidazole derivative, binding preferentially to
minor grooves of AT-rich domains of ds DNA, routinely used for staining nuclear
DNA [72]. The fluorescence enhancement observed upon binding, characterized by
a large Stokes shift, is explained by the restriction of the dye mobility and its
isolation from water [73]. Interaction of Hoechst 33258 with c-myc quadruplex has
been examined by Maiti [74] and Patel [75]. As with duplex DNA, the dye is
rotationally restricted and isolated from water and may interact in multiple ways
(loop, groove, or quartet binding). Hoechst 33258 was used as an alternative to TO
in the G4-FID method to assess the compounds absorbing around 500 nm, since its
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Fig. 13 Bis-benzimidazole quadruplex ligands

absorbance and fluorescence spectra are blue-shifted as compared to TO (L =
343 nm, Ay = 473 nm upon binding to the c-kit2 quadruplex; Fig. 3) [44] (see
footnote 1). Of note, the fluorescence enhancements observed with a set of
quadruplex structures are dramatically lower (7-19-fold) compared to duplex
DNA (36-fold), and the same trend is observed with affinity constants (log K,
ranging from 5.4 to 6.1 for G4 structures vs 6.4 for duplex DNA) [44, 74], thereby
confirming that Hoechst definitely binds better to duplex than to quadruplex DNA.

Structurally related phenylene-bisbenzimidazole derivatives (Fig. 13) with a
more pronounced crescent shape were synthesized to target quadruplex structures
via m-stacking on G-quartets. These compounds display dissociation constants in
the range (0.7-5.3) x 10° M~' with the Tetrahymena termophilia quadruplex
d[(T2Gy4)4] [76]. The highest fluorescence enhancement (around 50-fold for a
dye-to-DNA ratio of 7.7) was obtained with the EtBzEt derivative, whilst the linear
analogue had a poor affinity. These studies demonstrate that duplex minor groove-
binding ligands, when suitably modified, may switch their preference from duplex
to quadruplex [77].

2.1.4 Ethidium Derivatives

Ethidium bromide (EtBr, Fig. 14) is a classical nucleic acid staining agent,
interacting with duplex DNA via intercalation [78]. Fluorescence enhancement
upon binding could be explained by protection from the excited-state deprotonation
of the solvent [79]. EtBr also binds to triplex DNA and, to a lesser extent, to
quadruplex DNA by external stacking [30, 80]. First fluorescence measurements of
EtBr in complex with tetramolecular quadruplex DNA T4G,4 were published over
two decades ago, where it was found slightly less fluorescent than in EtBr—duplex



Visualizing the Quadruplex: From Fluorescent Ligands to Light-Up Probes 127

e e
EaUadal "
N®_ H2N_</N;\>
Et
a A Wadal

. ®
Ethidium N=
me

Q)

Me

Fluorescence intensity (a.u.)
"
Fluorescence intensity (u.a.)

0.0 1.0 2.0 2.0 4.0 5.0

[DNAJ/[EB]

550 600 650 700 750
Wavelength inm)

Fig. 15 (a) Fluorescence intensity of EtBr (10 uM; A, = 510 nm, A0 = 597 nm) upon addition
of duplex (filled circles) and quadruplex (open circles) DNA. Reprinted with permission from
[81]. Copyright 1992 American Chemical Society. (b) Fluorescence titration of compound 4
(400 nM) in the presence of the quadruplex-forming oligonucleotide 28G (40 nM-1.8 uM),
Aex = 500 nm. Circles indicate emission spectrum without 28G. Adapted with permission from
[82]. Copyright 2001 Oxford University Press

DNA complexes (Fig. 15a; Jox = 510 nm, A = 590 nm) [81]. Further studies
confirmed the weaker fluorescence enhancement and hypochromic shift of EtBr in
the presence of quadruplex DNA as compared with duplex or triplex DNA [83].
Ethidium derivatives were prepared with the aim of improving their quadruplex-
binding capabilities while retaining interesting fluorescence properties [82, 84].
Two of them (3 and 4, Fig. 14) display strong fluorescence increase upon binding to
the human telomeric quadruplex structure (cf. Fig. 15b). The increase of fluores-
cence quantum Yyield (from 0.06 and 0.04 to 0.25 and 0.20, respectively) is
complemented by the shifts of absorbance and emission wavelengths (., = 477
and 464 nm to 508 and 494 nm and A,,,, = 597 and 603 nm to 595 and 592 nm,
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respectively).! It was also observed that binding of 4 to a parallel-stranded
quadruplex structure d[(T,G4T)4] leads to a lower fluorescence increase than with
an antiparallel structure, probably because the dye is more exposed to the solvent.
The two derivatives were successfully used to stain quadruplex DNA in agarose
gels, but with a 100-fold lower sensitivity than the cyanine dye DODC.

2.2 Triphenylmethane Dyes

Malachite green (MG), crystal violet (CV), and methyl green (MEG) (Fig. 16)
belong to the class of triphenylmethane (TPM) dyes that have been known for more
than a century. The characteristic feature of TPM dyes is the existence of several
conformers in the fundamental state and the formation of a nonemissive twisted
intramolecular charge transfer (TICT) state resulting from diffusional mutual
rotation of the phenyl rings [85, 86]. Consequently, the fluorescence quantum
yield of the free dyes in organic solvents is usually very low (=10~°) but increases
significantly with the viscosity of the solvent due to restriction of intramolecular
rotations [87]. Likewise, the fluorescence of TPM dyes (malachite green and
derivatives) has been shown to be enhanced upon binding to RNA aptamer matrices
in which the molecule is immobilized [87]. Two TPM dyes have been studied
recently for their interaction with quadruplex-forming sequences. MG was shown
to bind the G-rich sequence d[(G,T);3G] which resulted in a 100-fold increase in
dye fluorescence (Fig. 17) [88]. Again, this phenomenon has been attributed to
increased molecular rigidity of the dye when bound to the quadruplex DNA
structure. Interestingly, the fluorescence enhancement is much lower (14-fold)
with single-stranded and double-stranded oligonucleotides used as controls. How-
ever, the interaction appears rather complex and the dye interacts only at low
concentration in oligonucleotide, thus suggesting the recognition of an intramolec-
ular quadruplex. The structural information is scarce as the quadruplex that can be
formed by this unusual sequence is only characterized by thermal difference spectra
(TDS) [89]. Nevertheless, a 70-fold increase in fluorescence is also observed with
the more classical (G4T4)4 quadruplex but at high concentration. Follow-up studies

"' Experiments performed in 10 mM cacodylate buffer pH 7.3 with 100 mM K.
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Fig. 17 Enhancement of the fluorescence intensity of MG (I pM) in an aqueous solution
containing phosphate buffer (5 mM) at pH 7 with d[(G,T)3G] at increasing concentrations:
(1) 0 uM, (2) 6 uM, (3) 60 pM, (4) 96 pM, (5) 108 puM, (6) 120 pM. Reprinted with permission
from [88]. Copyright 2007 John Wiley and Sons

by Shen et al. using several TPM dyes (CV, MG, MEG, Fig. 16) and a panel of well-
defined quadruplex-forming sequences (intramolecular and tetramolecular
G-quadruplexes from the telomeric human sequence [hum21, hum12] or from
Oxytricha nova [Oxy28]) have shown that energy transfer spectra of TPM dyes
can serve to discriminate intramolecular and tetramolecular quadruplexes from
other DNA forms [90, 91]. Energy transfer is a reliable indicator of m-stacking
interactions and it is likely that the TPM dyes interact with external G-quartets. CV
and MEG bind better than MG with dissociation constants in the low micromolar
range (Ky = 0.036 uM for CV; 0.026 pM for MEG) [92].12 However, a competition
dialysis experiment indicated a rather moderate binding selectivity for intramolec-
ular quadruplexes with respect to double-stranded DNA (ct DNA) and no prefer-
ence for the tetramolecular telomeric quadruplex (hum12). Nonetheless, CV was
subsequently proposed for the development of fluorescent switch-on probes for
homogeneous detection of potassium ions [93], for i-motif [94], and the develop-
ment of a G-quadruplex-based turn-on fluorescence assay for the 3’ — 5’ exonu-
clease activity [95].

It is worth noting that, in spite of significant fluorescence enhancements (around
70-100-fold), the fluorescence quantum yield of TPM dyes globally remains low
(around 10~?), which is a limiting factor for fluorescence applications using routine
equipment (for comparison, fluorescence enhancements of G4-bound TO are in the
1,000-3,000-fold range). This, together with the poor ability of the series to
discriminate between different biomacromolecules [87, 96], minimizes the practi-
cal interest of TPM dyes for quadruplex sensing applications.

121CV] fixed at 15 UM in 25 mM Tris—HCI (pH = 7.0), the DNA concentrations (strand concen-
tration) at intersection points on the titration curves is 8 £ 1 pM for Hum21.
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Fig. 18 Structure of carbazole derivatives

2.3 Carbazoles

In 2003, the group of T.-C. Chang reported the synthesis of a novel carbazole
derivative featuring two vinylpyridinium branches in positions 3 and 6 (Fig. 18).
This compound (called BMVC) was shown to stabilize significantly the human
telomeric quadruplex (AT, = +13 °C measured by CD-melting).

Interestingly, the binding of the dye was accompanied by a strong fluorescence
enhancement evaluated to be around two orders of magnitude as compared to the
free dye that is poorly fluorescent [97, 98]. BMVC belongs to the family of cationic
styryl dyes that are characterized by fast deactivation of their excited state due to
rotational vibrations around the vinylic bond. This well-known phenomenon results
in a strong quenching of the fluorescence of the unbound compounds whilst their
fluorescence is restored upon immobilization in viscous solvents (typically glyc-
erol) or in polymeric biological matrices such as DNA. Subsequently the
photophysical properties of this dye were thoroughly investigated in correlation
with its properties for quadruplex DNA recognition, focusing mainly on the human
telomeric quadruplex. Although BMVC binds the human telomeric quadruplex
d[(T>AG3)4] with a nanomolar K4 [99], it also seems to bind rather well to duplex
DNA structures like calf thymus DNA and linear short duplexes, although the
affinity for the latter forms has not been determined. Nonetheless, in certain
conditions, the dye appears to have a clear preference for the human telomeric
quadruplex-forming sequence d[(T,AGs3),] as shown by a competition assay carried
out on gel electrophoresis (Fig. 19) [100]. In this assay the quadruplex is selectively
stained when a mixture of duplex and quadruplex is mixed with 0.1 uM dye (called
prestaining). Subsequent post-staining, i.e., incubation of the gel after migration in
a solution of BMVC at 10 uM, enables labeling of both duplex and quadruplex
DNA forms. The dye reveals an extreme sensitivity since as little as 0.2 pmol of
quadruplex can be detected in the gel.

Another interesting feature of the BMVC fluorescence is the difference in the
maximum emission wavelength when bound to quadruplex or duplex DNA. Indeed,
a strong blue shift is observed in the presence of duplex DNA (/.x = 545 nm) as
compared to the red-shifted emission in the presence of quadruplex (Apy.x = 575 nm).



Visualizing the Quadruplex: From Fluorescent Ligands to Light-Up Probes 131

Pre-stain Post-stain
BMVC (uM) 2 0.2 2 0.2
Linearduplex — + + — + + — 4+ + — + +

G-quadruplex + — + + — + + — + + — +

Linear duplex —
G-quadruplex—

Lane 1 2 3 4 56 7 8 9101112

Fig. 19 Binding preference of BMVC to quadruplex DNA. 20 uM of quadruplex DNA
d(T,AG3;)4 or linear duplex (d[ATGCGCA,T,GCGCAT]), were incubated with BMVC (2 or
0.2 puM) and analyzed on a 20% polyacrylamide gel (prestain, lanes 1-6). The same gels were then
poststained with 10 pM BMVC to visualize the position and level of DNA loaded (poststain,
lanes 7-12). An asterisk indicates position of the free quadruplex DNA. Reprinted with permis-
sion from [100]. Copyright 2004 American Chemical Society

This is clearly seen by the different colors (yellow to orange) of the fluorescence
emission of the DNA—dye complexes both on gel and in solution (Fig. 20a). Although
this is not commented on by the authors, this difference indicates that BMVC is in
a less polar environment when bound to duplex than when bound to quadruplex
which reflects better shielding from water upon interaction with the double helix
structure.

This ability of BMVC to signal differently duplex and quadruplex structures was
tentatively applied for detecting the presence of quadruplex DNA at the level of
chromosomes. Chromosomes in metaphases were observed by fluorescence
microscopy and the fluorescence was collected from various regions. Telomeric
proximal regions showed fluorescence emissions around 565 nm whereas the other
chromosomal regions showed fluorescence emission around 545 nm (Fig. 20b). On
this basis, the authors concluded on the presence of quadruplex structures at
telomeres. However, both the specific conditions required for this experiment (the
red-shifted signal is seen only at short staining time, i.e., 5 min and very low dye
concentration of 2 nM) and the associated technical difficulties, i.e., the precision in
term of spatial resolution and imaging contrast, are not addressed.

In a follow-up study, the lifetime of the excited state of BMVC in the presence of
various DNA forms was measured. A longer lifetime was observed in the telomeric
quadruplex (1.96 ns with d(T,G3), in Na* conditions), as compared to the linear
duplex (1.46 ns with (d[ATGCGCA,T,GCGCAT]),). However, in K" conditions
the lifetime of the dye bound to the quadruplex was also shorter (1.56 ns with
d[(T,AG3)4] in K* conditions). The authors conclude that the long lifetime is
characteristic of the antiparallel form whilst the short component is due to the
parallel form, assuming that the latter dominates in potassium conditions. Two-
photon-excited fluorescence lifetime imaging (2PE-FLIM) was then performed
with the aim of detecting the presence of quadruplexes on chromosomes in
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Fig. 20 (a) Fluorescence of solutions of BMVC free and in the presence of duplex or
quadruplex DNA; from left to right: BMVC alone, in the presence of a linear duplex (d
[ATGCGCA,T,GCGCAT]),, and d(T,AGs3), quadruplex in Na* and K* conditions, respec-
tively. Adapted with permission from [101]. Copyright 2006 American Chemical Society. (b, c)
Fluorescence collected on chromosomes in metaphases of human CL1-1 (b) and Ca9-22 cells
(c). Adapted with permission from [100]. Copyright 2004 American Chemical Society

metaphase. The long-lifetime component was observed in the telomeric regions
arguing again for the presence of quadruplex in its antiparallel form although
potassium is predominant in the cells (Fig. 21). Consistent with the previous
observation on chromosomes using the red-shifted signature [100], the
quadruplex-specific long-living component is time and concentration dependant,
suggesting that BMVC associates first to the (presumed) very low amount of
quadruplexes present in the genome and then redistributes on the massive excess
of duplex domains upon equilibration. Kinetic studies would thus be required to
fully understand the behavior of BMVC and to conclude firmly on the presence of
quadruplex structures at telomeres.

In parallel studies, BMVC was used to explore the interconversion between the
antiparallel and the parallel forms of the telomeric quadruplex both on short (24
bases) and long (78 bases) sequences in combination with CD spectroscopy. The
dye exhibits a strong ICD signal upon interaction with both parallel and antiparallel
quadruplexes [99]. Finally, molecular dynamics studies have shown that BMVC
likely binds to the basket Na*-form of the telomeric quadruplex by external
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Fig. 21 2PE-FLIM micrograph of BMVC-stained metaphase chromosomes of nasopharyngeal
carcinoma KJ-1 cells. (a) A typical 2PE-FLIM image of metaphase chromosomes of nasopharyn-
geal carcinoma KJ-1 cells stained with 0.1 pM BMVC for 90 s. (b) The fluorescence lifetime
distribution of the BMVC-stained chromosomes. (¢) The color-coded image of the metaphase
chromosomes is represented by discrete timemode at 1.85 ns. Red designates mode 1 resulting
from the interaction with antiparallel G-quadruplex structures, while white designates mode2 due
to the interaction with other DNA structures. The arrows indicate mode 1 for visualization.
Adapted with permission from [101]. Copyright 2006 American Chemical Society

n-stacking on the two G-quartets combined with interactions with the diagonal and
parallel surrounding loops [99]. The strong involvement of loops in the interaction
would explain the binding preference for the antiparallel telomeric quadruplex
suggested by the initial gel analysis.

More recently, reports by other groups concerning N-alkyl [102] or N-aryl
analogues [103] of BMVC (Fig. 18) have been published. The first study based
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on modeling suggests that the bis(vinylpyridinium)carbazole core could fit nicely in
the grooves of the antiparallel form of the telomeric quadruplex. The second study
demonstrates that the N-phenyl derivative of BMVC (Cbz-2py) binds both duplexes
and various intramolecular quadruplexes (telomeric, c-myc, c-kit). However, this
compound exhibits a strong and preferential fluorescence enhancement in AT-rich
duplexes likely resulting from a net preference for duplex minor groove binding.
This would tend to indicate that BMVC is better in terms of fluorescence selectivity
for quadruplex over duplex structures.

The major interest of the studies carried out by T.-C. Chang et al. is to have made
use of the particular photophysical characteristics of BMVC to propose diverse
fluorescent-based approaches that may allow signaling of quadruplex-containing
regions at the level of chromosomes, although the probe has a relatively poor
structural preference for quadruplexes. Thus this work sets the stage for future
possible design of experiments based on probes with optical features (fluorescence
lifetime, emission wavelength) specific for quadruplexes and combined with cur-
rent advanced technologies (one- and two-photon FLIM mapping).

2.4 Porphyrins

Porphyrins have been thoroughly investigated for their interaction with quadruplex
DNA following the pioneering work of L. Hurley et al. on the 5,10,15,20-tetrakis(1-
methyl-4-pyridyl)porphine called TMPyP4 (Fig. 22) [104]. Porphyrins are fluores-
cent compounds but exhibit highly variable quantum yields as a function of the
substituents born by the tetrapyrollic scaffold and whether they are in the free-base
form or metallated. For instance, most of the pyridinium series developed to
interact with quadruplexes [105—-107] show either poor fluorescence variations or
fluorescence attenuation due to electron transfer from guanines to the porphyrin
excited state, likely favored by the strong electron-acceptor character of the
pyridinium units (see below Sect. 3, Light-off probes). However, fluorescence



Visualizing the Quadruplex: From Fluorescent Ligands to Light-Up Probes 135

250

E— H2TMPyP4 - (G4T4G4)2

- - - H,TMPyP4
..... HoTMPYP4 - AG4(T,AGg)3
-~ H,TMPyP4 - (TG,T)4

N

o

o
1

150 -

100 -

Fluorescence intensity (a.u.)

[é)]
o
1

600 650 700 750 800
Wavelength (nm)

Fig. 23 Fluorescence emission spectra of TMPyP4 (4 pM) and its complexes with (TG4T)g,
AG3(T>AG3)s, and (G4T4G4),G-quadruplexes (20 uM). Adapted with permission from [105].
Copyright 2006 American Chemical Society

increase of TMPyP4 has been mentioned in several cases. Fluorescence quantum
yield of free TMPyP4 in water is moderate (P = 0.05) with a typical broad dual-
band pattern exhibiting two maxima in the NIR region (660 and 720 nm). Upon
association with tetramolecular and bimolecular quadruplexes (d[TG4T])4,
(d[G4T4G4]), and with the intramolecular telomeric sequence d[AG3(T,AG3)s]
the emission intensities increase about 1.5-2.5 times [107] in Na* conditions,
displaying a well-structured spectrum (Fig. 23).'* In contrast, a strong decrease
(>70%) is reported with intramolecular and dimeric hairpin quadruplexes from
telomeric sequences d[TAG3(T>AG3);T] and d[T,AGsT»,AGs3),] in K* conditions
(10 mM K*) [106]. Finally, a slightly different pattern was observed upon interac-
tion with the parallel-quadruplex-forming d[G4(T>AG3;),], showing an increase of
the band at 658 nm and a decrease of the band at 718 nm, which might be explained
by modification of the transition probability of the two vibrational states [108]. On
the whole, all these studies suggest that the fluorescence of TMPyP4 is highly
dependent on the structure of the bound quadruplex.

In the follow-up studies the N-propyl analogue TrPyP4 showed only slight
changes of fluorescence intensity upon addition of various G4 sequences; however,
as in the case of TMPyP4, binding to G4 DNA induced a better resolution of the
emission spectrum with the appearance of clear structured vibrational contributions
[109-111].

A series of porphyrin-anthraquinone dyads 5 was prepared [112] with various
chain length (from 1 to 10 methylene units; Fig. 24). Compounds with the longer

13 All solutions contain 10 mM Tris—HCI, 1 mM Na,EDTA, and 100 mM NaCl at pH 7.5.
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Fig. 24 Structures of anthraquinone conjugate 5 and TMe,D,

chain length (7 or 10 methylene units) exhibit a higher affinity for (d[TG4T]),
(AT, = 12.8 and 11.2 °C, respectively, as determined by UV-melting) than those
with the shorter linkers (AT, = 3.0 and 6.4 °C for derivatives with 1 and 4
methylene units, respectively). Upon addition of increasing concentration of
(d[TG4T])4 the derivatives with 4, 7, and 10 methylene units in the chain display
similar fluorescence emission spectra, peaking at 665 nm with an enhanced inten-
sity (~30%), whilst such increase is not observed with the shortest-chain analog.

The metallated forms of the cationic bis(pyridinium)porphyrin TMe,D,
(Fig. 24) exhibit more interesting fluorescence properties. In particular,
Cu(TMe,D,) was reported to exhibit a strong fluorescence enhancement (14-fold)
with an infrared-shifted emission peaking at 850 nm in the presence of
tetramolecular quadruplexes (d[T,G4T,])4. Interestingly, the emission increases in
intensity as the number of thymines increases from 1 to 3, likely due to enhanced
shielding from water that is a strong quencher of copper porphyrins. Worth men-
tioning is the fact that the emission of Cu(TMPyP4) is lower and furthermore is not
affected in these conditions.

Anionic mesoporphyrins bearing carboxylate groups (Fig. 25) have also been
investigated as fluorescent probes for G4-DNA. The anionic N-methyl-mesoporhyrin
IX (NMM) exhibits a marked selectivity for quadruplex structures as compared to
duplex with a good affinity, only recently quantified (AT}, = 14 °C determined by
FRET-melting) [113]. In early studies the fluorescence of NMM was shown to be
strongly enhanced in the presence of dimeric and monomeric G4-forming sequences
(d[G4T4G4]), and TBA, whereas no variation was observed in the presence of calf-
thymus DNA [114].

Protoporphyrin IX (PPIX) is known as a photodynamic agent in cancer therapy,
able to interact with various proteins. On the tracks of NMM, binding of PPIX against
various G4-DNA (TBA, human telomeric, or Oxy28) has been investigated [115].
The emission spectrum of PPIX is typical of a porphyrin compound with a dual band
in the 600—700 nm range. The fluorescence enhancement efficiencies observed with
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Fig. 25 Structures of N-methyl-mesoporhyrin IX (NMM) and protoporphyrin IX (PPIX)

different G4-DNA are from 16.2 to 17.9-fold, whilst the binding constants are rather
different (K4 from 0.04-50 puM). In the same work, PPIX has also been used as a
“sensor” of parallel quadruplexes formed in K* conditions as the fluorescence
increases rapidly when the K™ concentration rises from 2 to 100 mM. The fluores-
cence properties of Zn-PPIX have also been used to monitor the lead-driven inter-
conversion between a duplex and a G4 form acting as components of a DNA
nanodevice [116].

2.5 Probes Operating via Aggregation-Induced Emission

Aggregation-induced emission (AIE) is a process observed in an unusual fluorogen
system, in which aggregation enhances the fluorescence [117]. It has been found
that these systems are nonemissive in dilute solutions, but become highly lumines-
cent when the molecules are aggregated in concentrated solutions. 1,1,2,2-Tetrakis
[4-(2-triethylammonioethoxy)phenyl]ethene (TTAPE, Fig. 26) can be considered
an archetypal AIE luminogen. Structural analysis reveals that unlike conventional
luminophores, such as the disk-like planar aromatic molecules (for example
perylene derivatives; cf. Sect. 3.3), TTAPE is a propeller-shaped nonplanar mole-
cule. In a dilute solution, four phenyl rotors in TTAPE undergo dynamic intramo-
lecular rotation about its ethene stator, which nonradiatively annihilates the excited
state and renders the molecule nonfluorescent. In the aggregates, the molecules
cannot efficiently pack through a n—n stacking process due to their propeller shape;
at the same time, the intramolecular rotations of the aryl rotors are greatly restricted
owing to the physical constraint. This restriction of intramolecular rotation (RIR)
blocks the nonradiative pathway and opens up the radiative channel. As a result, the
fluorogen becomes emissive in the aggregate state.

AIE fluorogens are useful analytical tools and have been judiciously utilized as
sensitive and selective chemosensors and bioprobes of the “light-up” type. In many
of these sensing systems, the aggregation of the free AIE molecules in solution is
triggered by electrostatic attraction and coordinative complexation to the analyte
[118, 119]. Thus, the emission of the TTAPE that is weak in aqueous buffer
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Fig. 26 Probes operating via aggregation-induced emission

(Pr =~ 0.5%) is restored in the presence of certain quadruplex-forming sequences
[118]. In particular, the largest fluorescence enhancement (45-fold) was obtained
for the human telomeric DNA sequence d[G3(T»AGs3)s] in the presence of K* ions,
whereas almost no variation was induced by the same sequence in the presence of
Na™, indicating selective recognition of the K conformers. Subsequently, more
modest but still significant fluorescence increase (10-12-fold) was observed with
the c-myc derived sequence d[TG(AG3TG3T),A,] and with the telomeric sequence
from Oxytricha nova d[G4(T4Gy);] (Fig. 27). This also enables selective staining of
the telomeric quadruplex in gel [119]. Of note, TTAPE also binds to duplex DNA
but the emission of TTAPE-G4 and TTAPE-ds DNA complexes display significant
differences: the emission in quadruplex is twice as intense and is characterized by a
bathochromic shift by 20 nm. This observation is presented as a way to discriminate
between the two DNA forms [118]. A molecular modeling experiment indicates
that the dye may be stacked on the surface of the quadruplex structure in a
loop—groove interaction based on multiple -electrostatic interaction with
phosphates, which impedes the intramolecular rotations and favors the radiative
relaxation [119]. The binding constant determined by fitting the fluorimetric titra-
tion curve obtained with the human telomeric G4-DNA in K is rather modest
(K, =78 x 10° M 1. A very close value was found by calorimetric titrations
(ITC) (K, = 2.4 x 10° Mfl), which also enabled to determine a remarkably low
affinity constant for the same sequence in Na* conditions (K, = 4.3 x 10° Mfl)
[119]. Additional information about the changes in the fluorescence emission of
TTAPE in the presence and in the absence of DNA was obtained from the time-
resolved fluorescence spectra. This technique offers valuable information about the
interactions of the fluorogens in the excited state with the environment, by measuring
the fluorescence lifetime. In buffer solution and in absence of DNA, TTAPE decays
in a single-exponential way with a very short lifetime of 20 ps, which is consistent
with the involvement of a nonradiative process of de-excitation. The fluorescence
lifetime is lengthened to a few nanoseconds (3—4 ns) when the human telomeric

" [TTAPE] = 4.5 uM, [K*] = 0.15 M in 5 mM Tris—HCl buffer; e, = 350 nm.
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Fig. 27 (a) Photoluminescence spectra of buffer solutions of TTAPE in the presence of K* and
G-quadruplexes with different conformations. [TTAPE] =4.5 puM, [DNA]=9 upM,
[K*] = 0.5 M; A = 350 nm. (b) Photographs of TTAPE solutions in the presence of different
G-quadruplexes taken under UV illumination (365 nm). Reprinted with permission from [119].
Copyright 2010 John Wiley and Sons

quadruplex is added to the solution, and the fluorescence decay curve is better fitted
by a double-exponential function [119].

TTAPE was also evaluated in cells: the compound penetrates into living HeLa
cells and appears nontoxic. However, the dye does not reach the nucleus as the
fluorescence is exclusively observed in the cytoplasmic compartment [119].

Another remarkable AIE molecule is the silole 6, reported for the first time by
Tang and co-workers [120]. The fluorescence of silole 6 increases largely upon
mixing with DNA, and large fluorescence enhancements were detected for long
DNA, indicating that 6 can be used for fluorescence turn-on detection of DNA.
More interesting, this behavior enabled following the DNA cleavage process by
nucleases [121]. This behavior prompted the authors to exploit silole 6 as a
fluorescent light-up probe (Am.x =~ 470 nm) to detect G-quadruplex formation.
Compound 6 was employed to study G-quadruplex formation using an exonuclease
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I hydrolysis assay. The fluorescence of 6, in the presence of a duplex containing the
telomeric sequence (21-mer) and in absence of K*, gradually becomes weak by
prolonging the enzymatic hydrolysis reaction time. This is due to fragmentation of
DNA by exonuclease I, and as a result the aggregation of silole 6 cannot take place
efficiently. However, upon addition of KClI, the fluorescence of silole 6 is only
slightly affected, which is attributed to the K™-induced formation of quadruplex that
inhibits the hydrolysis reaction. Very similar results have been obtained in the
presence of various G-quadruplex forming sequences such as c-myec, c-kit, VEGF,
and an intermolecular G-quadruplex d(G4T4Gy) [122].1°

2.6 Miscellaneous

2.6.1 Natural Products

Several aromatic natural products are weakly fluorescent when free in aqueous buffer
whilst their binding to quadruplex DNA may significantly increase their fluorescence
intensity. Among them are the isoquinoline alkaloids, berberine and palmatine
(Fig. 28), which were initially identified as inhibitors of topoisomerases I and II,
the latter being the targets of several anticancer drugs used in the clinic [123].

Both compounds include an aromatic moiety with a quaternary bridgehead
nitrogen atom, and appear suitable for stacking interactions with the G-quartet.
Berberine has a very low quantum yield in aqueous solution (@r = 4.5 x 10~
[124], which is increased by a factor of 50 upon addition of quadruplex DNA while
the maximum in the fluorescence emission spectrum (4,,,x = 522 nm) is slightly
blue-shifted by 5 nm. The analysis of the binding isotherms revealed a 1:1 binding
model with a binding constant of 1.2 x 10° M~ for berberine binding to human
telomeric quadruplex d[AG;(T,AGs3)s] (Fig. 29) [125]. Fluorescence polarization
anisotropy measurements of berberine and palmatine bound to G-quadruplex
structures revealed an increase of fluorescence anisotropy as compared to the free
compounds (0.140 and 0.141 in the complex with G4-DNA vs 0.038 and 0.032 in
the free state, respectively), indicative of binding. However, the observed values are
lower than those found for the planar analogues (e.g., coralyne, cf. Sect. 3.2),
indicating that buckling of berberine and palmatine hinders their interaction with
quadruplex DNA [126].

By taking advantage of the berberine fluorescence enhancement upon binding to
G-quadruplex, a new label-free and homogenous fluorescent assay for K* has been
developed. Upon addition of K* ions to a mixture containing a G-rich single-
stranded DNA (TBA, d[G,T,G,TGTG,T,G,]) and berberine, a remarkable
enhancement of fluorescence is induced. Interestingly, the method shows a high

1520 UM 6 in 20 mM pH 7.4 Tris buffer, containing 2.5 uM quadruplex in absence or in the
presence of 100 mM KCI.
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Fig. 28 Berberine derivatives

selectivity for K* as detection occurs in the presence of 10,000-fold excess of Na*
[127]. The introduction of an alkylamino group, such as a 3-(1-piperidino)propyl
substituent (compound 7) or a positively charged aza-aromatic terminal group
(compound 8), into position 9 of berberine improves the binding selectivity
for G-quadruplex, while keeping the significant fluorescence “light-up” properties
(AT, = 28.2 °C for 7 with the telomeric sequence d[G3(T,AG3);] vs AT, =
3.9 °C for berberine, calculated from the CD melting curves at 295 nm) [128].16
Very similar results were obtained for compound 8 that showed a AT, value of
25 °C (obtained from FRET-melting experiments in the presence of F21T)
[129].'7'® Similar behavior was observed for the 13-substituted berberine deriva-
tive (9) [130].

' Measured by CD spectra in 10 mM Tris—HCI buffer (pH 7.4) without metal ions.

l7AT1,2 values of 0.2 pM F2IT (21-mer human telomeric sequence Fluo-GGG(TTAGGG);]-
TAMRA) incubated in the presence of KCl 60 mM, compound 2 2.0 pM.

'8 10 mM Tris—HCI buffer (pH 7.4) and 100 mM KCI.
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Fig. 29 Fluorescence emission spectra of 0.5 uM berberine in 50 mM MES buffer (pH 7.4) and
100 mM KCl in the absence and presence of successive addition of quadruplex at 25 °C. The inset
is the plot of AF vs quadruplex concentration. Reprinted with permission from [125]. Copyright
2008 John Wiley and Sons

Isaindigotone (Fig. 30) has a structure including a pyrrolo[2,1-b]quinazoline
moiety conjugated with a benzylidene group. It is a naturally occurring alkaloid
isolated from the root of Isatis indigotica Fort, a herb commonly used in traditional
Chinese medicine. It may be assumed that, like in the case of cyanine dyes (cf.
Sect. 2.1), the rotation of the aryl substituent in the isaindigotone scaffold can be
hindered upon binding to the quadruplex, leading to enhancement of fluorescence.
While isaindigotone itself does not show significant affinity towards quadruplex
DNA, derivatives endowed with two aminoalkyl chains (10, 11) were identified as
promising G-quadruplex ligands [131]. These two compounds were shown to be
potent and selective stabilizers of the telomeric quadruplex (AT, = 21.9 °C for 10
and 17.6 °C for 11 bound to d[(G3(T>AGs3);]; ATy, = 0 °C with a 10-bp duplex
determined by FRET-melting). Their binding to G4-DNA is accompanied by an
increase of fluorescence intensity by a factor of ~2.6 (10: A,.. = 448 nm, 11:
Amax = 450 nm). The analysis of fluorimetric titration curves revealed an apparent
2:1 ligand—oligonucleotide stoichiometry with an affinity constant per site of
around 1.0 x 10’ M~! for both derivatives."’

Similar behavior has been shown by quercetin (Fig. 30), a flavonoid which has
been proved to exhibit antitumor activity. In aqueous solutions quercetin is
characterized by two fluorescence bands with maxima at 422 nm (from the locally
excited state) and 533 nm (ESIPT band due to the intramolecular proton transfer).

1% [ligand] 2 uM in Tris—=HCI buffer (10 mM, pH 7.2) with 100 mM KCI.
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Fig. 30 Natural products binding to quadruplex DNA with increase of their fluorescence

In the presence of tetramolecular G-quadruplexes forming either a monomeric
quadruplex unit (d[T,AG3T])4 or an end-to-end stacked dimeric quadruplex
(d[T,AGs])4 the fluorescence intensity of quercetin increases and the ratio between
the two bands changes as a function of the quadruplex structure. By analyzing the
fluorescence, the absorption, the CD, and the NMR spectra, it was concluded that
quercetin interacts differently with the two structures: external m-stacking mode
with a monomeric G-quadruplex and groove-binding mode with a dimeric
G-quadruplex [132, 133]. A significant fluorescence enhancement was also
observed for rutin, a glycoside derivative of quercetin [133].

The fluorenylium derivative 12, a product of oxidation of papaverine, also exhibits a
fluorescence “light-up” behavior. In aqueous solutions 12 is weakly fluorescent due to
strong aggregation (H-aggregates in the case of low-salt conditions and J-aggregates at
high ionic strength). Upon addition of quadruplex DNA d[(G3T,A);Gz], fluorescence
enhancement by a factor of ~8 is induced, whereas interaction with ds DNA resulted
only in a twofold increase of fluorescence [134].

Although moderate, the fluorescence increase of those natural products can be
used to evidence and characterize the interaction with quadruplexes. However, it is
less likely that it is to be of practical use for labeling or detecting quadruplexes due
to (1) the poor magnitude of the effect and (2) the rather poor quadruplex vs duplex
selectivity of most of these compounds.
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Fig. 31 Structures of the benzoindoloquinolone derivatives
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Fig. 32 Fluorescence titration of SD27 with the G-rich strand at 20 °C. The dashed lines
correspond to SD27 with increasing concentrations of 21AG quadruplex (from 0.1 pM to
2.0 uM). Reprinted with permission from [135]. Copyright 2002 Elsevier

2.6.2 Synthetic Compounds

Benzoindoloquinoline derivatives (Fig. 31) were shown to be moderate to good
quadruplex binders (AT, = 3-11 °C measured by FRET-melting with F21T)
[135]. In this series only SD27 is strongly fluorescent and displays a strong red-
shift and a large increase of its emission upon addition of d[(G3T,A);Gs]
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(Fig. 32).%° The structureless emission could originate from formation of excimers
and the absence of an isoemissive point indicates the existence of several bound
species.

2.7 Metal Complexes

Over the past 40 years, metal complexes (mostly cationic) have been extensively
studied as DNA binders [136—138]. More recently, this chemical class has been
developed for targeting quadruplex nucleic acids [14, 139]. Hereafter, we review
the metal-containing species (transition metal complexes, transition metal
phthalocyanines, lanthanide cations and their complexes) displaying light-up fluo-
rescence properties upon binding to quadruplex structures.

2.7.1 Diverse Transition Metal Complexes
Platinum(II) Complexes

A family of eight platinum(Il) complexes, comprising the aromatic ligands
dipyridophenazine (dppz) or C-deprotonated 2-phenylpyridine, were synthesized
and studied as luminescent quadruplex-DNA probes [140].

One of the dppz complexes, namely [Pt"(dppz-COOH)(NAC)]CF;SO5
(NACH = 2-phenylpyridine, 13, Fig. 33), binds quadruplex structures likely
through classical external-quartet stacking with a submicromolar K4 and, more
importantly, presents a 293-fold fluorescence intensity increase upon addition of
quadruplex DNA (Apax = 512 nm, human telomeric sequence) at a rather
high concentration of the complex (50 pM).?! This emission was assigned to a
[Pt — m*(dppz)] *MLCT exited state, which takes place once the complex is
isolated from water. Interestingly, the fluorescence enhancement is significantly
lower with double-stranded DNA, such as ct DNA, poly(dA-dT),, and poly
(dG-dC), (27-, 6-fold, 3-fold, and 6-fold, respectively), which is consistent with
the preferential binding to the quadruplex, as shown by competitive dialysis.
Thanks to these properties, selective detection of micromolar concentrations of
quadruplex DNA has been achieved with 13 in gel electrophoresis (PAGE) using
long-wavelength UV irradiation.

The same research group (Ma et al.) developed two other families aimed at
down-regulating c-myc expression. Hence, nine Schiff base complexes were
prepared following a computer-aided structure-based drug design [141]. Emission
titrations by a quadruplex structure revealed an eightfold intensity enhancement of
the complex 14 (4.« = 652 nm, Fig. 34).

29 Buffer conditions: 10 mM sodium cacodylate, 100 mM KCl, pH 7.5. Excitation at 274 nm.
2! Experiments performed in 10 mM Tris HCI buffer pH 7.5 with 100 mM K*.
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Fig. 34 (a) Emission spectra of the complex 14 with increasing concentration of c-myc
quadruplex DNA d[TG4AG3TG4AG3TG4A,G,]. (b) Photographs of a solution of this complex
(50 mM) in absence and presence of c-myc quadruplex DNA. Reprinted with permission from
[141]. Copyright 2009 John Wiley and Sons
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Fig. 35 Schematic cartoon showing the possible self-assembly of 16 via Pt---Pt and n—m
interactions induced by G-quadruplex formation upon K* ion binding

The second series is composed of seven tridentate bis(benzimidazole)pyridine
(bzimpy) or bis(pyrazole)pyridine (dPzPy) platinum(II) complexes. The bzimpy
derivative 15 presented in Fig. 33 displays a broad emission band upon binding to
quadruplex DNA, with a 38-fold fluorescence intensity increase (A,,x = 622 nm).
These complexes bind duplex DNA with at least a tenfold lower affinity than
quadruplex DNA, together with a lower fluorescence enhancement (4.4-fold for
bzimpy derivative with ct-DNA).

The Pt(I)-terpyridine complex 16 was used to detect G-quadruplex formation
via self-assembly of four short guanine-rich strands (Fig. 35) [142]. Thus, short
G-rich oligonucleotides were mixed with the terpyridine complex, which resulted
in their binding via electrostatic interactions. Upon addition of potassium ions, the
oligonucleotides form a quadruplex structure, resulting in a high local concentra-
tion of the platinum complex, which in turn leads to emission increase due
to the metal-metal-to-ligand charge transfer (3MMLCT) band (Aex = 550 nm,
Amax = 800 nm). However, the binding and fluorescence properties of 16 vis-a-
vis prefolded intramolecular quadruplex DNA structures have not been studied,
so far.

Ruthenium(I) Complexes

Although Ru(Il) complexes are mostly nonplanar and feature octahedral or pseudo-
octahedral geometry (cf. Fig. 40), there is a growing interest in their use as
pharmaceuticals, and notably as DNA binders [143]. Barton’s group reported for
the first time reversible light-up DNA-binding ruthenium(Il) complexes containing
dipyrido[3,2-a:2',3’-c]phenazine (dppz) and bipyridine (bpy) or phenanthroline
(phen) ligands [144, 145]. These compounds are almost nonemissive in aqueous
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Fig. 36 Mononuclear 2+ 2+
ruthenium(II) complexes. _\ _\
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[Ru(dppz),(R,-bpy)]**
17: R = NMe,*
18: R = NEt;*

buffers but a *MLCT excited state fluorescence emission occurs upon DNA
intercalation.

Although many studies with duplex DNA have been published since then,
interaction of [Ru(phen)g(dppz)]2+ and [Ru(bpy)z(dppz)]2+ with quadruplex DNA
was only recently examined (Fig. 36) [146, 147]. [Ru(phen)z(dppz)]2+ binds to the
human telomeric sequence in potassium conditions more tightly than in sodium
conditions, or to the i-motif (one order of magnitude difference in the latter case).??
Addition of quadruplex to the complex results in a fluorescence intensity increase
(Zmax &~ 625 nm), around five times larger with the quadruplex structure as com-
pared to the i-motif, likely due to a better w-overlapping and a better isolation from
the solvent. Analogous results were obtained with [Ru(bpy),(dppz)]**. With the
human telomeric sequence, both the fluorescence enhancement (fourfold) and the
binding affinity (one order of magnitude) of the complex were larger in potassium-
rich buffer than in sodium-rich buffer. In either case, the quadruplex-forming
sequence was preferred over the i-motif structure.

22 Experiments performed at pH 5.5.
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Fig. 37 Emission spectra of complexes [Ru(dppz)»(R,-bpy)]*™ (a: 17, b: 18; 2 pM) in the
presence of telomeric quadruplex DNA (AG;3(T,AG;);, 0-5 pM). Reprinted with permission
from [148]. Copyright 2011 Elsevier

Two analogous complexes, but containing two dppz ligands, were prepared [148].
The third ligand is a bpy derivative, functionalized by either trimethylammonium (17)
or triethylammonium terminal groups (18) (Fig. 36). Stabilization of human telomeric
sequence (determined by UV-melting at a 1:1 ratio) induced by both complexes was
higher than with [Ru(bpy)z(dppz)]2+ [146]. The derivative 17 binds more tightly than
18 (9.4°C vs 7.0 °C), with an apparent 1:1 stoichiometry. Both complexes exhibit
a marked fluorescence intensity increase upon addition of the human telomeric
quadruplex, but to a larger extent for 18 than for 19 (7.6-fold and 4.8-fold, respec-
tively; Amax = 630 nm; Fig. 37).%

The Thomas’ group investigated the spectroscopic properties of two dinuclear
Ru(Il) complexes 19 and 20 containing a tppz (tetrapyrido[3,2-a:2’,3'-c:3”,
2"-h:2" 3"-jlphenazine) and bipyridine or phenanthroline ligands, upon duplex or
quadruplex DNA binding (Fig. 38) [149]. Interaction of these two compounds with
double-stranded ct DNA results in a large fluorescence enhancement (>60-fold,
Jemax = 658 and 637 nm for the phen and bpy complexes, respectively).”* The light-
up effect has been rationalized by analogy with the aforementioned dppz complexes
via a computational study [150]. Addition of human telomeric quadruplex DNA in
high ionic strength conditions® induced a fluorescence intensity enhancement of
the metal complexes, ca. 2.5 times higher than with duplex DNA (150-fold),
together with a substantial hypsochromic shift as compared to ds DNA (/. = 631
and 605 nm for the phen and bpy complexes, respectively) and longer emission
lifetimes (129 and 123 ns for G4-DNA vs 84 and 92 ns for ds DNA). These data
were explained by a better isolation of the complexes from the aqueous medium and

2 Experiments performed at pH 7.0, in 10 mM potassium phosphate buffer, with 100 mM KCl and
1 mM K,EDTA.

24 Experiments performed at pH 7.0, in 5 mM Tris buffer, 25 mM NaCl.

2 Experiments performed at pH 7.0 in 10 mM potassium phosphate buffer with 200 mM KCI and
1 mM K,EDTA.
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a greater aromatic overlap with the DNA bases through a 1:1 end-stacking mode. It
was also proposed, on the basis of calorimetric studies, that stacking of 19 to a
quadruplex structure is more favorable than intercalation into duplex DNA
(5 kJ mol ™! difference). However, the proposed end-stacking mode is still ques-
tionable considering the large size and complex 3D topology of these dinuclear
octahedral Ru(Il) complexes.

Other quadruplex-forming sequences (TBA, Pu27 from c-myc, the Oxytricha
telomeric sequence) were studied with the phenanthroline complex 19 [206]. The
intensity of the *MLCT emission band and maximum wavelength are both strongly
affected by the quadruplex structure. Indeed, fluorescence enhancement ranges
from threefold (with TBA) to 138-fold (with the human telomeric sequence),
with the maximum emission wavelength varying accordingly (the higher the
enhancement, the larger the hypsochromic shift) from 635 nm (human telomere)
to 670 nm (TBA). However, the affinities (associated with the 1:1 end-stacking) and
fluorescence enhancements are not directly correlated, since larger emission
enhancement are also dependent on isolation from the solvent [145]. The authors
have explained these differences by the nature and the length of the quadruplex
loops, since external loops containing at least three bases result in higher fluores-
cence intensities of the bound ligand than small lateral loops. Results obtained with
complex 20 are analogous.

Finally, it should be noted that 19 was used as a multifunctional biological
imaging agent for staining nuclear DNA of living eukaryotic and prokaryotic



Visualizing the Quadruplex: From Fluorescent Ligands to Light-Up Probes 151

200

NIVANRYANA
I %7 ] \

ODL’/\/

620 630 640 650 660 670 680 690 700
Emission wavelength (nm)

Intensity

wn
o

670-700nm 630-640 nm Overlay

Fig. 39 (a) Multiple-emission profile of 19 in live MCF-7 cells, in two separate cellular regions
(red and blue); (b) Confocal microscopy images with separate detection channels: 670—-700 nm
(red) and 630-640 nm (yellow). Reprinted with permission from [151]. Copyright 2009 Nature
Publishing Group

cells. However, exceptionally large concentrations of compound are required (i.e.,
500 pM) which is attributed to an inefficient nonendocytotic cellular uptake [151].
More interestingly, a dual emission peaking at 630 and 680 nm has been observed
from the nuclei stained by the Ru complex, which was interpreted as concomitant
labeling of duplex DNA and alternative DNA structures (potentially quadruplexes).
The blue-shifted band (630 nm) is observed only when the probe is incubated with
the cells before fixation by formaldehyde, thereby suggesting that these alternative
DNA structures may be induced by probe binding (Fig. 39).

Another rigid, dinuclear but unsymmetrical ruthenium(Il) complex 21,
containing the obip [2-(2-pyridyl)imidazo[4,5-f][1,10]phenanthroline] and bpy
ligands, has been studied (Fig. 40) [152]. Addition of the human telomeric
quadruplex in sodium conditions resulted in a moderate fluorescence enhancement
(1.5-fold, Aex = 460 nm, A, &~ 620 nm), although higher than with calf-thymus
DNA.?® Concurrently a tenfold preference for the quadruplex over duplex structure
was found by fluorimetric titration (1:1 electrostatic external and/or end-stacking
model).

26 Experiments performed in 100 mM NaCl, 10 mM NaH,PO,/Na,HPO,, 1 mM Na,EDTA,
pH 7.0.
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21

Fig. 40 Structure of Ru,(obip)(bpy)s. Right: crystal structure by X-ray diffraction (C: gray,
H: white, N: blue, Ru: turquoise)
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Fig. 41 Structure of the flexible dinuclear ruthenium complex. The podand linker has been
depicted in a pseudocyclic conformation, but remains flexible in the absence of potassium cations

A dinuclear ruthenium(Il) complex 22 was designed using a partially flexible
acyclic chain instead of a rigid ditopic ligand [153]. Both Ru?* cations are
complexed by two bpy and one hpip (2-phenyl-1H-imidazo[4,5-f][1,10]
phenanthroline) ligands (Fig. 41). It is supposed that upon addition of potassium
cations, the podand linker adopts a pseudocyclic conformation in order to bind
potassium, resulting in a fluorescence intensity decrease, likely due to ruthenium
self-quenching when both metal centers come into close proximity. When various
quadruplex structures (human telomere, Bcl2, Pul8, c-kit, Vegf) were added, a
fivefold increase of fluorescence intensity was observed, presumably due to the
opening of the pseudocyclic system (dex = 468 nm, Ap.c ~ 600 nm).?’ Con-
versely, only a slight increase was observed with ds DNA and even a decrease
with ss DNA.

However, strong background fluorescence remains caused by the unbound
ruthenium species. This was eliminated using the heavy atom effect by the addition

27 Experiments performed in 10 mM Tris—HCI buffer, pH 7.4, with 100 mM KCI.
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of 50 mM iodide ions. The authors assumed that iodide anions cannot access the
bound complexes due to electronic repulsion of DNA phosphates, and fluorescence
was indeed recovered upon addition of quadruplex structures, with a 15-fold
fluorescence selectivity for c-kit against ds DNA. Using this system, a high sensi-
tivity was obtained, enabling the distinction between quadruplex and duplex DNA
at submicromolar concentrations of both 22 and DNA. Thus, as little as 50 nM of
quadruplex DNA could be detected in the presence of 1 uM of ds DNA. As found
with various other probes described previously, fluorescence enhancement is not
only influenced by the binding affinity but also by the binding mode as this complex
binds quadruplex structures with only a slight preference over duplex DNA as
shown by SPR measurements. A double external stacking model was proposed for
this compound, where each ruthenium unit binds one of the external G-quartets.

2.7.2 Transition-Metal Phthalocyanines

Since the discovery of phthalocyanines more than 80 years ago, this class of
macrocyclic compounds, and the corresponding coordination complexes, have
been used extensively as fluorescent dyes. First studies of the quadruplex-binding
properties of pyridinium-porphyrazine and ammonium-porphyrazine derivatives
revealed an enhanced selectivity compared to the well-known porphyrin TMPyP4
(see Sect. 2.4) [154, 155].

Luedtke’s group developed zinc complexes of guanidinium derivatives of phtha-
locyanine to improve both the cellular uptake and the nucleic acid affinity [156]. Zn-
DIGP (Fig. 42) displays a large fluorescence enhancement (200-fold, 2., = 620 nm,
Amax = 705 nm) upon addition of saturating amounts of nucleic acids.”® The
resulting fluorescence quantum yields are rather low (&g = 0.06) but
counterbalanced by very large molar extinction coefficients (¢ = 30,000-130,000
cm ! M_l) that result in a strong brightness (Pg X ¢), the relevant figure of merit
for imaging. Remarkably high binding constants were extracted from fluorimetric
titration with various quadruplex structures. In particular, with the c-myc sequence a
nanomolar Ky was found (Kg = 2 x 107°M per site with a 2:1 stoichiometry), with
a preference of one order of magnitude over unfolded G-rich ss DNA, and 1,000-
fold, 100-fold, and 5,000-fold selectivity over C-rich unfolded ss DNA, tRNA, and
calf thymus DNA, respectively.

Fixed and living cell microscopy (wide-field or confocal) revealed a successful
internalization of Zn-DIGP, mostly probing trafficking vesicles and perinuclear
organelles, with no staining of duplex DNA as seen by Hoechst 33342 co-staining
experiments (Fig. 43).

A K* detection system has been designed, using Zn-DIGP and the parallel
quadruplex forming sequence c-myc [157]. This system relies on the promotion

8 Experiments performed in 50 mM Tris—HCI, pH 7.4, with 150 mM KCl and 0.5 mM EDTA.
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Fig. 42 Structure of the guanidinium-modified and amido-modified phthalocyanines

Fig. 43 Fixed SK-Mel-28 cells stained with 3 uM Zn-DIGP (a; /., = 620 nm, Ay, = 700 nm)
and 8 uM Hoechst 33342 (b; Aex = 360 nm, Ay.x = 470 nm) and overlay (c¢). Adapted with
permission from [156]. Copyright 2009 John Wiley and Sons

of the c-myc folding by K*, followed by an easily observable fluorescence intensity
increase of Zn-DIGP, once bound to the quadruplex structure. A 0.8 UM detection
limit of K* was determined. The absence of promotion of c-myc quadruplex
structure by various other cations (NH,", Na*, Ca**, Mg®*, Zn?*, Fe**, and Cu*")
allows a specific detection of potassium. Hence, 40 uM of K* could be detected in
the presence of a 3,500-fold excess of Na* ions.
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Fig. 44 Schematic illustration of DNA sensors based on turn-off (pathway A) and turn-on
(pathway B) fluorescence changes, utilizing split G-quadruplex probes. In the presence of K*, a
split c-myc (blue) forms an associated G-quadruplex-fluorescent dye complex. Sequence-specific
DNA hybridization results in reduced fluorescence from Zn-DIGP (pathway A) or increased
fluorescence from NMM (pathway B). Reprinted with permission from [158]. Copyright 2011
Springer

Recently, Zn-DIGP was used jointly with the N-methylmesoporphyrin IX
(NMM) in a nucleic acid detection assay [158]. Briefly, the c-myc sequence was
separated into two fragments, and flanking segments complementary to a target
DNA sequence were added (Fig. 44). In the presence of potassium cations, the two
sequences readily form a dimeric quadruplex structure, which is further stabilized
by the bound fluorescent probes. Upon addition of the target sequence, base-pairing
interactions with both flanking sequences induce the formation of a quadruplex-
duplex three-way junction, which modifies the environment and consequently the
fluorescence of the probe. This fluorescence modification (increase for NMM,
decrease for Zn-DIGP) allows the detection of the target sequence.

A second class of acylamino-substituted phthalocyanine derivatives, in which
systematic variations of the length of the alkyl chain and the nature of the terminal
function were performed (APc, Fig. 42), was studied by the same group [159]. The
influence of these variations on the fluorescence light-up and quadruplex binding
properties was subsequently examined. Large enhancements were observed with APc
2-5 (100-400-fold), but not with APc 1 and 6, in the presence of the human telomeric
quadruplex (Aex = 630 nm, A, = 705 nm) (see footnote 28). APc 2 displayed the
best performances (400-fold increase, @ = 0.05, ¢ = 30 000-150,000 cm ! Mfl).
Tenfold lower binding constants were determined for APc 2-5 as compared to Zn-
DIGP, but the high selectivity against tRNA and calf thymus DNA is preserved (50-
fold and 500-fold, respectively). Large fluorescence enhancements were also
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Fig. 45 Structure of DTPA and TTHA ligands

observed with c-myc and c-kit2 structures (200-800-fold), and the following relative
binding affinity sorting was suggested: c-myc > c-kit2 > human telomeric
quadruplex. It was hypothesized that APc 1 forms J-aggregates unable to bind
quadruplex DNA whereas APc 2-5, which contain more methylene units and
hence increased pK, values, form nonfluorescent H-aggregates. Fluorescence
enhancement is thus the result of dissociation of the APc aggregates into
quadruplex-binding monomers.

2.7.3 Lanthanides

Lanthanide complexes are extensively used as emitters for luminescent resonance
energy transfer and as contrast agents in magnetic resonance imaging, but have also
already been used to detect duplex DNA via fluorescence enhancement [160—163].
Terbium(III) and europium(III) ions have well-suited luminescence properties for
nucleic acid probing, such as narrow emission band widths and large Stokes shifts
(see Fig. 47 for an example), but Tb>* emitting level fits better the triplet state of
nucleic acid bases [163, 165] (for a review on the “antenna effect” see [166]).

Terbium(IIl) emission in aqueous medium is very weak because of the solvent
quenching and a low intrinsic molar absorptivity [165]. Upon binding of TbCl; to
quadruplex DNA, energy is transferred via a FRET mechanism from the bases
(donor, A., = 290 nm) to the terbium ion (acceptor) inducing a D, long-lived
excited state emission (A,,x = 545 nm), which results in a ~25-fold luminescence
increase of Tb>* in the presence of human telomeric DNA [167]. Interaction of Tb>*
ions with quadruplex DNA is believed to occur through coordination of nitrogen
and oxygen atoms of bases and phosphate groups, with a micromolar affinity and a
6:1 stoichiometry.*® Putative binding sites are the quadruplex central channel and
TTA loops. Cation-displacement experiments were performed with potassium,
sodium, and lithium (in that ranking of efficiency), resulting in quenching of
terbium fluorescence, which may evidence the presence of terbium in the
quadruplex central channel (but also increase the ionic strength that may affect
the fluorescence).

29 Experiments performed in 10 mM Tris—HCI buffer, pH 7.0, without other cations.
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Fig. 46 Terbium-amino acid complex structure and solid-state structure (from X-ray diffraction;
C: gray, H: white, N: blue, Tb: green)

Forster energy transfer was used with reverse conditions, i.e., terbium(III) ions
(chelated by DTPA or TTHA, Fig. 45) as donors and quadruplex DNA as acceptor
[168]. The change in fluorescence lifetime (4., = 488 nm) was monitored in the
presence of small amounts of quadruplex DNA (20-800 nM), allowing to calculate
the amount of transferred energy. Hence, this amount increased with quadruplex
DNA concentration (single-stranded 22-mer and double-stranded 12-mer).

Nonchelated europium(III) was used in the same study to detect low quadruplex
DNA concentrations (70% and 25% fluorescence enhancements with 800 nM of
quadruplex or duplex calf thymus DNA, respectively; Apn.x = 453 nm).

Finally, interactions between two terbium-amino acid (DL-cysteine or DL-valine)
complexes (23; Fig. 46) and quadruplex or i-motif DNA were studied in 2006 [169].
Both complexes destabilize slightly the human telomeric quadruplex (AT, = —3.0
to —4.0 °C, UV-melting), presumably through coordination binding of terbium to
N7 of purines and exocyclic C2 of pyrimidines [164, 170]. Binding constants with
quadruplex and i-motif DNA were analogous and rather low (ca. 4 x 10* M™Y.
A 253-fold and 88-fold fluorescence increase (for cysteine and valine complexes,
respectively) were observed in the presence of quadruplex DNA, as compared with
a 32-fold increase for the control complex TbCl; (1ex = 260 nm, A, = 488, 534,
584 nm; Fig. 47).%°

Interestingly, the fluorescence increase in the presence of i-motif was signifi-
cantly lower (around threefold), despite a comparable affinity of the complex for
both structures. The authors suggested that the more efficient energy transfer
between guanine bases and terbium may account for these results [163, 171].

30 Experiments performed in 50 mM Tris-HCl buffer, pH 7.1, with 100 mM NaCl.
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Fig. 47 Fluorescence spectra of [Tb,(pL-HVal),(H,0)5]Clg in absence (black) or presence of
quadruplex (red) and i-motif (green). Reprinted with permission from [164]. Copyright 2006
Elsevier

3 “Light-Off” Probes

Beyond the ligands whose binding to quadruplex DNA is accompanied by an
increase or shift of the fluorescence signal, a number of small molecules — usually
heterocyclic derivatives — have been described which are intrinsically fluorescent in
the absence of DNA, but whose fluorescence intensity decreases to a smaller or
larger extent upon binding to the quadruplex target. This fluorescence quenching
phenomenon is in most cases due to an electron transfer reaction between the
excited fluorophore and DNA, which is exergonic when the reduction potential of
the excited dye (Ereq) 18 larger than the oxidation potential of the nucleic bases. As
guanine has the lowest oxidation potential among the DNA bases (1.02 V vs NHE
for guanosine and GMP at pH 7.4) [172], it represents the base which is most easily
oxidized, and the high density of guanine residues in a quadruplex DNA makes the
electron-transfer reaction with a fluorophore even more favorable. Moreover, it was
reported that the oxidative damage upon photooxidation of quadruplex DNA is
localized on the guanines of the external G-tetrad [173], which gives some evidence
that their oxidation potential is lower than the one of guanine bases in duplex DNA.
Since the external G-tetrad represents the binding site for a vast majority of
quadruplex ligands, it is not unexpected that binding of many fluorescent ligands
is accompanied by an efficient quenching of their fluorescence. Nonetheless, it
should be mentioned that quenching of fluorescence is not as desired in analytical or
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Fig. 48 Heterocyclic ligands with fluorescence-quenching behavior upon binding to quadruplex
DNA

biomedical applications as fluorescence shift or fluorescence enhancement, since
quenching might be also due to other species present in samples, such as molecules
favoring the intersystem crossing (amines, carbonyl derivatives), inorganic
quenchers (I, [Fe(CN)s]* "), or other processes such as ligand aggregation. Still,
the fluorescence quenching phenomenon is very useful when additional information
about the binding event has to be obtained (binding constant, stoichiometry) and, if
the ligand would be selectively quenched by quadruplex DNA and not by the
duplex form, sensitive detection of the quadruplex form may be envisaged.
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Fig. 49 (a) Fluorescence spectra of MOQ;, (0.1 pM; ZA.x = 360 nm) recorded at increasing
concentration of oligonucleotide 22AG. (b) Experimental (diamonds) and calculated (solid line)
titration curves obtained for the 1:2 stoichiometry. R = DNA/ligand molar ratio. Reprinted with
permission from [174]. Copyright 2003 American Chemical Society

3.1 Heterocyclic Ligands with a Neutral Core

Most planar aromatic heterocyclic compounds exhibit moderate to strong fluores-
cence if they are not aggregated in aqueous solutions. Some representative
examples of quadruplex DNA ligands whose fluorescence quenching behavior
upon binding to the quadruplex target was well-documented are given in Fig. 48.
Among them the quinacridine derivatives, such as MOQ,, were ones of the first
identified quadruplex-stabilizing telomerase inhibitors. These heterocycles bearing
polyammonium side chains show a bright blue fluorescence in water (e.g., Amax
=462 nm, P = 0.10 for MOQ),), which is quenched nearly completely upon
binding to the telomeric G-quadruplex 22AG (Fig. 49). The analysis of fluorimetric
titration curves performed at increasing concentration of 22AG revealed a binding
constant of 3.4 x 10° M~" and a 2:1 stoichiometry [175].>' The bis-quinacridine
macrocycle BOQ; was shown to bind 22AG with a higher affinity than the
monomeric quinacridine and a tenfold selectivity with regard to duplex DNA
(Ko =1 x 10" M™" with 22AG; K, = 1.2 x 10° M~" with a 20-bp duplex, 2:1
stoichiometry in both cases, as determined by SPR) (see footnote 31). The fluores-
cence of BOQ; in the free state is reduced with respect to the monomeric
quinacridine due to the intramolecular stacking effect (Agn.x = 466 nm,
®g = 0.03), and binding to the quadruplex leads to further quenching of the
fluorescence down to ~50% of the original value. In contrast, addition of duplex
DNA leads to only a slight decrease of the fluorescence consistent with the
selectivity inferred from SPR data [174].

3'In 10 mM HEPES, 200 mM KCl, 150 mM NaCl, pH 7.4.
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Fig. 50 Fluorescence emission spectra of AZATRUX (8 puM) in the presence of successive
additions of telomeric G4-DNA (inset) and plot of the fraction of bound AZATRUX vs DNA
concentration. Reprinted with permission from [179]. Copyright 2011 Elsevier

The trisubstituted naphthalimides 24 and 25 were selected as potent
G-quadruplex ligands from a series of similar derivatives by means of fluorimetric
titrations. Their interaction with 22AG leads to quenching of naphthalimide fluo-
rescence, which was useful for determination of the binding stoichiometry and the
binding constants (2:1 complexes, K = 3.0 x 10° and 2.4 x 10° M~" for 24 and
25, respectively) [176].32

AZATRUX is a heterocycle with a large C3,-symmetric aromatic core, designed
to stack over the G4 tetrad, and three aminoalkyl chains [177, 178]. In solution
AZATRUX shows a maximum of fluorescence at 394 nm (A., = 320 nm) that is
strongly decreased upon interaction with the telomeric sequences forming dimeric
and monomeric quadruplexes d[(TTAG3)sTT], d[(AG5TT)4]. At saturation the
fluorescence is completely quenched in the presence of the dimeric quadruplex,
whereas a residual fluorescence is detected in the presence of the monomeric
quadruplex. Binding curves extrapolated from the titrations show binding constants
in the (0.5-1) x 10° M~! range (Fig. 50).

The neutral chiral cyclic helicene M1 was designed as a ligand for higher-order
quadruplexes, such as quadruplex dimers. It is a strongly fluorescent compound
(Aem = 475 nm) whose fluorescence is efficiently quenched (by ~80%) upon
binding to a quadruplex dimer in which the two quadruplex units are separated by
a short TTA loop. Interestingly, the fluorescence of the corresponding P-isomer is
not affected in the same conditions, which indicates that only the M-isomer M1
binds to the quadruplex dimer. This unique binding mode was confirmed by
molecular modeling calculations [180, 181].

*2In 20 mM potassium phosphate, 70 mM KCI, 0.1 mM EDTA, pH 7.0.
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Finally, the acyclic polyheteroaromatic pyridyloxazole ligand TOxaPy
represents a neutral quadruplex-DNA ligand with an exceptionally high selectivity
for human telomeric quadruplex in Na*-rich conditions, presumably due to its
quadruplex groove-binding mode. TOxaPy is characterized by an intense blue
fluorescence in water (Ao, = 390 nm, &g = 0.50) which is strongly quenched
upon addition of 22AG in Na* buffer but much more moderately in the K*-rich
one, which is consistent with the melting data showing unprecedented selectivity
for the Na* form of the telomeric quadruplex (AT,, = 10.8 and <1.0 °C with F21T
in Na* and K*, respectively). Analysis of fluorimetric titration data gave a binding
constant value of K = 5 x 10° M~ with a 1:1 binding stoichiometry [31].%

3.2 Heterocyclic Ligands with a Cationic Core

Among other reported G-quadruplex ligands, the azacyanine aza3 (Fig. 51) was
developed as a readily accessible, efficient and selective ligand for telomeric
quadruplex DNA (association constant of 1.3 x 10° M~' with sequence d

33In 10 mM LiAsMe,O,, 100 mM NaCl, pH 7.2.
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[T>G3(T,AG3)3A] vs 9.2 X 10> M~! for calf thymus DNA from fluorimetric
titrations, i.e., more than a 100-fold selectivity, confirmed also by SPR) [182].%
Binding of aza3 to G-quadruplex leads to about twofold quenching of its blue
fluorescence (Ayax = 375 nm). It may be speculated that this high selectivity with
respect to duplex DNA could lead to development of a fluorescence quenching
assay for detection of quadruplex DNA.

The cryptolepine derivative 26 is a member of a series of quadruplex-selective
quindoline derivatives [56]. Its interaction with the human telomeric G-quadruplex
leads to fluorescence quenching accompanied by a hypsochromic shift of the
emission maximum (from 472 nm to 461 nm) [183]. Similar quenching behavior
was observed for isoquinoline alkaloids coralyne (4.« = 472 nm), which is also
known for its interaction with triplex DNA, and sanguinarine [126]. Synthetic
diazoniadibenzochryzene 27 and tetraazoniapentaphenopentaphene 28 belong,
like coralyne, to the family of annelated quinolizinium derivatives and possess
high fluorescence quantum yields in the absence of DNA (27: ., = 456 and
481 nm, &g = 0.47; 28: Ay = S11 nm, @ = 0.14). Interaction of these highly
charged organic cations with human telomeric quadruplex results essentially in
complete quenching of their fluorescence, which was used for the calculation of
binding constants (K, = 1.6 x 10° and 9.0 x 10° M~! for 27 and 28, respec-
tively).” Interestingly, both 27 and 28 have relatively high quadruplex-vs-duplex
selectivity, as demonstrated by thermal denaturation and FID studies [184].

Finally, the N-quaternized quino[4,3,2-k/]acridinium salts 29 were developed as
quadruplex binders with associated potential antitumor activity. Of note, the most
well studied member of this series is the well-known quadruplex binder RHPS4
(R' = R? = F, R? = H), whose fluorescence properties have not been studied in
detail. The fluorimetric titrations with 22AG evidenced moderate quenching effect
and were used for calculating the quadruplex-binding constants, which were in the
range from 0.9 x 10° M~ (29a, R' = R*=R?> = H) to 1.1 x 10° M~' (29b,
R! = 2-NHCO/Bu, R*> = R® = H) (see footnote 35). In some cases, high selectiv-
ity with respect to duplex DNA (with a binding constant ratio of up to 15) was
observed in the fluorimetric titrations. However, the quenching was not complete
even for the most quadruplex-affine member of the series (F/F, = 0.85) [185].
These results demonstrate that the efficiency of the fluorescence quenching
(represented by the F/F, value in the presence of excess quadruplex DNA) and
the quadruplex-binding affinity are, in general, not interconnected values, and data
analysis should always be performed carefully in order to obtain correct values of
binding constants.

3*1In 25 mM K,HPO,/KH,PO,, 70 mM KCl, pH 7.
3 In 6 mM Na,HPO,, 2 mM NaH,PO,, 185 mM NaCl, 0.1 mM EDTA, pH 7.0.
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3.3 Perylene Diimide Derivatives

Water-soluble perylene diimide derivatives, such as PIPER and analogues
(Fig. 52a), represent a widely studied class of quadruplex-DNA ligands. Since the
fluorescence of PIPER is quenched in aqueous solutions at neutral pH even in the
absence of DNA due to strong self-aggregation, it is not particularly useful as a
fluorescent probe [186]. However, an alternative study demonstrated significant
quenching of fluorescence of PIPER (4,,x = 545-500 nm) in very diluted solutions
(33.8 nM) upon binding to quadruplex-forming DNA sequences NHE-27°° or
2HTR,37 and the values of binding constants of 1.8 X 10% and 2.9 x 108 M~!
upon binding of seven or six molecules of ligand to these structures were obtained
from the fluorimetric titrations [187].%" Less aggregating analogues such as Tell1
are characterized by an intense fluorescence in more concentrated aqueous
solutions (up to 1 puM), which is efficiently quenched upon interaction with
quadruplex DNA. A nearly-complete quenching of Telll was obtained upon
addition of substoichiometric amounts of 22AG, which indicates a positive
cooperativity of binding, with apparent saturation upon binding of six molecules
of the ligand per quadruplex [188]. However, it was shown that PIPER and Telll
have rather similar affinity for duplex and quadruplex DNA [187, 189].

3.4 Anthracyclines

The anticancer antibiotics of the anthracycline series, doxorubicin and sabarubicin
(Fig. 52b), are characterized by a fluorescence emission with maxima at 590 nm
(P = 0.039) and 565 nm (Pg = 0.063), respectively. Their interaction with

365/ TG3GA G3 TG4A G5 TG4A » G»-3' (c-MYC oncogene).
g -A,TC,GTCGAGCAGAGT,(AG;3T,), AG-3' (human telomeric repeat).
*1n 10 mM Tris, 100 mM KCI, 1 mM EDTA.
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Fig. 53 Fluorescent dyes binding to quadruplex DNA with a decrease of fluorescence intensity

quadruplex DNA (human telomeric: d[G3(T>AGs)s]) results in efficient quenching of
the fluorescence. In both cases, 1:1 drug—G4-DNA complexes are not fluorescent;
instead the 2:1 complexes are fluorescent in Na*-rich conditions (@ = 0.009 and
0.017 for doxorubicin and sabarubicin, respectively) but not in the K*-rich buffer.
The quadruplex-binding constants, calculated from the fluorimetric data, are log
K1 = 6.0, log K>; = 10.9 for doxorubicin, and log K{; = 5.8, log K»; = 11.5 for
sabarubicin in K* conditions”; similar values were obtained in Na*-rich conditions.
Notably, these values are slightly lower than those measured with duplex DNA (log K
of 6.5 for doxorubicin and 6.1 for sabarubicin, respectively), thereby indicating the
absence of quadruplex-vs-duplex selectivity of these drugs [190, 191].

3.5 Classical Organic Dyes

Several studies focused on the changes of fluorescent properties of well-established
organic dyes, commonly used as stains in biochemistry and histology, upon their
binding to quadruplex DNA. Thus, it was shown that methylene blue binds to
intermolecular G-quadruplex DNA (d[TTAAGG]),) with formation of 1:1 and 1:2
complexes (i.e., one cation of methylene blue stacked between two quadruplexes)
with binding constants of 1.0 X 10° and 8.8 x 10* ML, respectively,40 which
leads to quenching of its fluorescence [192]. However, interaction with single-
stranded and double-stranded DNA structures also leads to fluorescence quenching
of methylene blue [193]. Binding of acridine dyes, such as proflavine and acrifla-
vine, to cyclic diguanylic acid (c-di-GMP) was shown to induce formation of
G-quadruplex structure in the absence of monovalent metal cations, which was
accompanied by fluorescence quenching of these dyes (e.g., at Ao, =~ 510 nm for

3In 10 mM Tris, 1 mM EDTA, 50 mM KCl, pH 7.4.
“*1n 10 mM K,HPO,/KH,PO,, 1 mM EDTA, pH 7.04.
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Fig. 54 Metal complexes displaying luminescence quenching upon binding to quadruplex DNA

proflavine) [194]. Interestingly, mononucleotides such as cGMP or rGTP did not
induce fluorescence quenching of these acridine dyes; nonetheless, fluorescence
quenching of proflavine upon binding to guanine-containing double-stranded DNA
has been documented decades ago [195].

A four-branched pyrazine-styryl derivative TASPI (Fig. 53) was initially devel-
oped as a two-photon-absorbing dye, strongly fluorescent in aqueous solutions.
However, the fluorescence is almost completely quenched upon addition of a
stoichiometric amount of the thrombin-binding aptamer (TBA) quadruplex. Inter-
estingly, addition of thrombin to the TASPI-TBA complex resulted in restoration of
the fluorescence due to displacement of TASPI. This behavior has been applied to
the selective fluorimetric detection of thrombin in the sub-micromolar concentra-
tion range [196].

3.6 Metal Complexes

In addition to the larger number of Ru(Il) complexes whose luminescence increases
upon interaction with quadruplex DNA (cf. Sect. 2.7), several complexes which act
instead as “light-off” probes have been described. Like in the case of organic
fluorophores, the quenching of the luminescent excited state of Ru(Il) complexes
is due to the photoinduced electron transfer from the guanine bases of quadruplex
DNA to the *MLCT of the complex. Nice examples are provided by the trinuclear
Ru(Il) polypyridyl complexes 30 and 31 (Fig. 54), whose luminescence (Ayax
~ 600 nm) decreases by ~40% upon binding to 22AG (1:1 binding mode) [197],
as well as the dinuclear [(tap)zRu(tpac)Ru(tap)z]4+ (32). In the latter case it was
demonstrated that quadruplex DNA (d(T,AG3),) induces luminescence quenching
much more efficiently than duplex DNA. Interestingly, this quenching behavior is
in sharp contrast with the luminescence “light-up” effect of [(phen),Ru(tppz)Ru
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(phen),], differing from 32 only by nitrogen substituents in the ligands (cf.
Sect. 2.7.1). It was also shown that 32 is able to produce cross-links of guanine
residues of the quadruplex upon photoillumination [198] (Fig. 54).

4 Permanent (‘“Tagged’) Quadruplex-DNA Probes

Most of the above-mentioned studies rely on the intrinsic fluorescence of
quadruplex binders or are based on rational design for adapting already known
fluorophores to quadruplex recognition. Another approach consists of the covalent
linking of a fluorescent moiety to a quadruplex-recognizing motif, resulting in a
“tagged” quadruplex binder. This type of hybrid compound can also be called
permanent probes as the fluorescence is generally not affected by the binding
event. The main issue of this approach is the choice of the fluorescent tag that
should not affect the binding features (affinity and selectivity) of the quadruplex-
interactive moiety. In that sense, small-sized, neutral or poorly charged tags are
recommended. Amongst the panel of dyes that fulfil these criteria and furthermore
are chemically accessible and easily derivatizable we can find the boron-
dipyrromethene (BODIPY) dye family.

Recently Nagasawa et al. developed a fluorescent derivative of telomestatin, the
latter representing for many years the gold standard for quadruplex recognition. The
macrocycle 70TD (Fig. 55) is a synthetic analogue of telomestatin, which is more
easily prepared and as efficient in terms of affinity and selectivity for quadruplexes
in particular telomeric sequences. 70TD was therefore a good candidate for
functionalization by a fluorescent tag. LIBOD-70TD exhibits a green fluorescence
(Zem = 501 nm) remaining unchanged in the absence or in the presence of various
G4-forming sequences [199]. This stable fluorescence allowed the use of the
labeled macrocycle to stain specifically G4-forming sequences in gel electrophore-
sis experiments (Fig. 56). Selective green staining of the telomeric quadruplex d
[T,AGs3]4 was observed, whilst no fluorescence was detected with non-G4-forming
sequences (duplex DNA or single-stranded sequence). Selective staining was also
observed with other G4 forming sequences (c-myc, c-kit22, bcl2) and significant
retardation of the band corresponding to the ligand—G4 complex is seen with
increasing concentration of L1BOD-70TD. Apparent dissociation constants of
L1BOD-70TD with various G4 forming sequences have been estimated by fluo-
rescence polarization titration and shown to lie in the nanomolar range (0.2—-80 nM
depending on the G4 sequence). Finally, fixed HeLa cells were stained with
L1BOD-70TD that colocalizes with DAPI in the nuclei, indicating that the labeled
compound can be used for imaging in cells.

Recently BODIPY has been used to label the bisquinolinum pyrido-
dicarboxamide motif (PDC) affording the PDC-BODIPY compound (Fig. 57). In
contrast to the PDC-conjugate built with TO as fluorescent moiety (PDC-TO see
Sect. 2.1) the selectivity of PDC-BODIPY is retained as demonstrated by means of
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a streptavidin-paramagnetic-particle based assay recently set up to evaluate optical
selectivity of fluorescent G4-binders [200].

Finally, during the period of preparation of this manuscript, Rodriguez et al
published an “in-situ” labeling strategy using click chemistry [201]. This result will
not be described in detail but is nonetheless important with respect to this review.
Click chemistry (i.e., the biocompatible 1,3-dipolar cycloaddition between azide-
derivatized and alkyne-derivatized partners) has been successfully applied for
fluorescent detection of replication and transcription in living cells using alkynyl
uracil nucleotides and an azido derivative of Alexa Fluor 549 [202, 203]. The
authors prepared an alkynyl derivative of pyridostatin [204]. The cells were first
incubated with this compound and subsequently with an azido derivatized
fluorophore (Alexa Fluor 549). The red fluorescence characteristic of Alexa Fluor
549 was found localized in the nucleoli with small foci in the nucleus. It was
concluded that the compound accumulation in the nucleolar subcompartment
results from preferential binding of alternative DNA and RNA structures. The latter
may correspond to quadruplexes in consistency with the high GC rich content of
ribosomal DNA and its transcriptional status in the nucleoli [205]. However, the
rules that govern nucleolar targeting by small molecules are not well-established.
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Fig. 56 Visualization of the telo24 G4 by LIBOD-70TD by gel electrophoresis (12% polyacryl-
amide, 1X TBE buffer, 4 °C) in the presence of 10 M oligonucleotides (a—c: telo 24, d—f: ds-telo
24) and various concentrations of LIBOD-70TD. (4, d) All bands were detected using the 526 nm
short pass filter. The gel was stained with (b) Stains-All and (e) ethidium bromide then all bands
were detected using the 580—-640 nm band pass filter. (¢, f) Merged images of (a) and (b) or (d) and
(e). Reprinted with permission from [199] with permission of The Royal Society of Chemistry
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Fig. 57 Structure of PDC-BODIPY derivative

For instance, several DNA dyes (propidium iodide, thiazole orange) that intercalate
in ds DNA are also known to label RNAs and to stain nucleoli; as well certain
anticancer drugs (doxorubicin) with affinity for ds DNA have been shown to act in
the nucleoli at the level of rRNA transcription. Thus the real significance of the
nucleolar accumulation of G4 binders remains an open question. Finally, technical
difficulties are not particularly addressed in the report, although “in-cell” click
chemistry is notoriously known to require enormous amounts of copper salt
(CuSO4, 1 mM) that is strongly deleterious to cells. Nonetheless, from a more
general point of view, this “in situ” labeling strategy opens highly interesting
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perspectives and may allow one to circumvent the issues frequently associated with
the labeling of active principles (i.e., modification of target binding and off target
effects).

5 Conclusions and Perspectives

The selected examples above illustrate the tremendous growth of quadruplex-
selective fluorescent ligands and new luminescence-based strategies in recent
years. Considering the amount of literature devoted to the design and properties
of quadruplex fluorescent probes one can easily appreciate the promising future for
this class of agents.

A large number of quadruplex-selective probes are now available and many
molecular designs have been explored. The choice of a particular probe design will
be guided by the specific application of the study and instrumentation thereof,
which in turn will determine the stringency of the chemical, photophysical and
biocompatibility criteria required.

For instance, light-off probes are a priori less suitable for imaging in cells,
whereas they may be of great interest for monitoring interactions and evaluating
binding strength and selectivity for quadruplexes; they may also find application for
various cation sensing in solution. In the case of light-up probes, the degree of
signal enhancement for G4 vs duplex should be sufficient to allow this approach to
be used in various situations. We have seen that this criterium is not always
satisfied, although it is somewhat difficult to evaluate as it is often not clearly
addressed or even obscured.

Although some dyes described in this review are only of academic interest, others
seem to hold real promise in terms of practical applications. For instance, several
scaffolds with exquisite quadruplex selectivity have been clearly identified, being
already usable in various in vitro labeling experiments. Although in certain cases
improvements are still needed in terms of solubility and self-aggregating aspects, we
are confident that optimized second generations will appear in the near future.

We have seen that a number of probes active in vitro do not penetrate in living
cells and thus have not been studied further although application in fixed cells could
have been envisaged. A limited number have been used for imaging in cells or at the
level of chromosomes. For those that are internalized in cells, most have been found
in the nucleus and some more specifically sequestered in nucleoli. For the probes
having a low in vitro affinity for duplex DNA, this might be associated with binding
to quadruplex DNA or RNA structures. However it should be overstressed that
whether the bound structures correspond to quadruplexes or to the many existing
complex 3D RNA topologies remains to be determined.

Finally, particular attention should be paid to probes displaying a quadruplex-
specific variation of their photophysical properties such as variable emission
wavelength or distinct fluorescence lifetime. These agents can be useful tools for
mapping quadruplex-containing domains, especially in view of the rapid
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developments of ultrasensitive imaging instrumentation. In this regard it is worth
mentioning that the performances of probes in term of brightness, photostability,
and lifetime, represent currently the limit of super resolution and single molecule
imaging, thereby opening a bright future for fluorescence engineering of
quadruplex-responsive small molecules.

We have deliberately focused on reports addressing the potentiality of
quadruplex-interactive small molecules for biological applications and have limited
those concerning technological and nanomaterials applications. In addition,
although fluorescently labeled oligonucleotides represent major players in the
field and are widely used tools in cell biology, they are outside the scope of this
review. Finally, every attempt has been made to ensure the comprehensiveness of
this review but, due to the overwhelming number of publications in the field,
omissions may have been made. The authors would like to apologize in advance
for any incompleteness which might, therefore, result.

To conclude, the proposals mentioned here by no means represent the limits of
the possible, but merely the most obvious next directions for the future develop-
ment of the field.
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Calculation of Hydrodynamic Properties
for G-Quadruplex Nucleic Acid Structures
from in silico Bead Models

Huy T. Le, Robert Buscaglia, William L. Dean, Jonathan B. Chaires,
and John O. Trent

Abstract Nucleic acids enriched in guanine bases can adopt unique quadruple helical
tertiary structures known as G-quadruplexes. G-quadruplexes have emerged as attrac-
tive drug targets as many G-quadruplex-forming sequences have been discovered in
functionally critical sites within the human genome, including the telomere, oncogene
promoters, and mRNA processing sites. A single G-quadruplex-forming sequence can
adopt one of many folding topologies, often resulting in a lack of a single definitive
atomic-level resolution structure for many of these sequences and a major challenge
to the discovery of G-quadruplex-selective small molecule drugs. Low-resolution
techniques employed to study G-quadruplex structures (e.g., CD spectroscopy) are
often unable to discern between G-quadruplex structural ensembles, while high-
resolution techniques (e.g., NMR spectroscopy) can be overwhelmed by a highly
polymorphic system. Hydrodynamic bead modeling is an approach to studying
G-quadruplex structures that could bridge the gap between low-resolution techniques
and high-resolution molecular models. Here, we present a discussion of hydrodynamic
bead modeling in the context of studying G-quadruplex structures, highlighting recent
successes and limitations to this approach, as well as an example featuring a
G-quadruplex structure formed from the human telomere. This example can easily be
adapted to the investigation of any other G-quadruplex-forming sequences.
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1 Introduction

Hydrodynamic bead modeling has emerged as a useful tool for structural biologists
studying biological macromolecules and their complexes for which high-resolution
structural coordinates are unavailable [1]. The comparison of directly measurable
properties with theoretical calculations on structures and molecular models can
provide fundamental insight, albeit at low resolution, into structures in solution.
One particular macromolecular family that we and others have applied this technique
to is G-quadruplex, a unique type of tertiary structure formed from guanine-rich DNA
and RNA sequences. We will present a brief introduction to G-quadruplex nucleic
acids focusing on some of the underlying challenges experienced when studying
these structures at atomic-level resolution, followed by a discussion of hydrodynamic
bead modeling in the study of G-quadruplex structures, and then conclude with some
of the limitations and possible future directions of the application of this technique.
Here, we focus on aspects of hydrodynamics as it relates to G-quadruplex structures.
For a general overview of hydrodynamics history, theories, and modeling techniques,
the readers will benefit from several excellent reviews available from Byron [1],
Carrasco and Garcia de la Torre [2], and Garcia de la Torre and Bloomfield [3].

2  G-Quadruplex Nucleic Acids

2.1 G-Quadruplex Structures as Drug Targets

The field of drug discovery is largely protein-centric but there are efforts to find and
target non-protein systems. A recent assessment of potential drug targets concluded
that approximately only 10-15% of the human proteome is “druggable” [4], which
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is defined as the intersection of sets of proteins that are capable of binding “drug-
like”” molecules and proteins that are products of disease modifying genes. The total
number of potentially viable protein targets, thus, may be very small and so it is
critical to consider options for drug discovery that involve other biomolecules.
DNA and RNA are fundamentally attractive yet underrepresented and underutilized
alternatives to proteins as drug targets [4—6]. In the progression through the central
dogma, transcription of DNA produces RNA and translation of RNA produces
proteins. At each stage of the process the absolute number of targets that may be hit
by a drug molecule increases. Aiming at a particular drug target at the level of gene
expression by targeting DNA and RNA rather than the numerous resultant proteins
could allow for more efficient drug action. However, targeting genetic DNA
sequence selectively via small molecules [7-9] is extremely challenging, as is
using oligonucleotide-based approaches such as the antigene, antisense, and
iRNA which have their own set of challenges [10-15].

DNA and RNA are polymorphic and can adopt a variety of other secondary
and tertiary arrangements in addition to the standard Watson—Crick double helix.
Often these unique structures are localized to functionally important sites known to
play a role in regulating gene expression. One of these particular tertiary structures
is the G-quadruplex, a unique quadruple helix formed from the self-assembly of
guanine-rich DNA and RNA sequences containing four or more runs of at least two
guanines. A G-quadruplex usually consists of two or three stacked G-quartets or
tetrads, which involve four guanines in a square planar arrangement that are
stabilized by Hoogsteen hydrogen bonds. The presence of a monovalent cation in
the center of the G-quartet can greatly increase the stability of the structure
(stability: Li* < Na* < K¥) [16]. G-quadruplexes can form from the unimolecular
folding of a single-strand, or form by the bimolecular or tetramolecular association
of strands.

The human genome is believed to contain more than 370,000 putative
G-quadruplex forming sequences [17, 18]. These sequences have been discovered
throughout the genome [17] and are found to be localized to functionally important
sites. Amongst these sites is the human telomere [19], a 5,000-8,000 base pair long
sequence of DNA consisting of the repeats d(T,AG3;) at the end of the human
chromosome. The telomere, in addition to serving as the biological clock for the
cell, also contributes to genetic stability by capping and protecting the chromosomes
from damage during replication [20]. The formation of G-quadruplex is believed to
occur at the extreme 3’ end of the telomere that contains a single-stranded overhang
of 100-200 bases [21]. Small molecules that stabilize G-quadruplexes formed from
telomeric oligonucleotide sequences in vitro have been shown to decrease the activity
of telomerase, an enzyme which is responsible for maintaining the length of telomeric
DNA, in addition to leading to a DNA double-stranded break response by the cell
that results in cellular senescence and cell death [20, 22-25]. Since telomerase
activation has been found to be involved in greater than 90% of all cancers [26],
G-quadruplex formation in the human telomere is an attractive anti-cancer drug
target. In addition to the human telomere, G-quadruplex-forming sequences is
overrepresented in the promoter regions of many oncogenes, such as c-Myc [27],
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c-Kit [28, 29], Bcl-2 [30], VEGF [31], and HIF-1o [32], whereas the occurrence of
G-quadruplex-forming sequences in tumor suppressor genes tends to be much
lower [33]. These sequences were found to be evolutionary conserved between
humans and related species [34]. The formation of G-quadruplex structures in these
promoter regions is believed to influence gene transcription [35, 36]. In the case of
the putative G-quadruplex-forming sequence located upstream of the P1 promoter
for the c-Myc proto-oncogene, G-quadruplex formation was demonstrated to be
the primary regulator for c-Myc expression [37]. Last, but not least, putative
G-quadruplex-forming sequences have also been found in the 5'-untranslated
or 3'-untranslated regions of about 20% of genes [38] and were discovered to
regulate gene expression by repressing translation [39, 40] or promoting alternative
splicing [41]. These findings seem to suggest that G-quadruplexes could play a key
role in fundamental biological processes essential for normal cellular functions as
well as cell growth and differentiation.

2.2 Elucidating the Structures of G-Quadruplex-F orming
Sequences

Over four decades before the discovery of the double helix, high concentrations of
guanine were observed to form gels in aqueous solution [42]. The structure
involved was later determined in 1962, 9 years after Watson and Crick presented
their findings on the double helix, to be the G-quartet or tetrad (Fig. 1a) [43]. The
double helical structure discovered by Watson and Crick, known as B-DNA, is
one of several forms that DNA can adopt. In addition to the canonical B-DNA,
two other major forms, A-DNA and Z-DNA have been studied extensively.
A recent review revealed that many other forms of DNA have been reported in
the literature [44]. However, most of these DNA structures were observed in vitro
and it is unclear what biological relevance, if any, they possess. While the structures
of double helical nucleic acids appear to be highly polymorphic, this polymorphism
pales in comparison to the possible structural diversity that can be assumed by
guanine quadruple helices. G-quadruplexes can be classified primarily based on
molecularity with a decrease in molecularity associated with an increase in the
structural polymorphism (Fig. 1b—d). Tetramolecular G-quadruplexes, formed from
four guanine-rich DNA or RNA sequences, are the least polymorphic, adopting only
a parallel conformation with all four strands in the same direction (Fig. 1b) [45, 46].
Bimolecular G-quadruplexes, formed from the dimerization of two guanine-rich
DNA or RNA sequences folded into double-stranded helical duplex structures, are
more diverse with three possible conformations, one parallel and two antiparallels
(Fig. 1c). In the parallel conformation the two strands of the duplex are connected
by a double chain-reversal, or propeller, loop while in the antiparallel conformation
the two strands are connected by a hairpin loop — a diagonal loop if the
interconnecting strands oppose one another within the G-quadruplex structure
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Lateral Loops Diagonal Loops Double Chain-Reversal Lobps
Bimolecular G-Quadruplexes

Chair

Basket Hybrid-1 Hybrid-2
Unimolecular G-Quadruplexes

Fig. 1 G-quadruplex structures and polymorphism. The formation of a G-quartet (a), a square
planar arrangement of four guanine bases stabilized by centrally coordinating monovalent cation
with Hoogsteen hydrogen bonds between guanine bases, is the first step in the polymorphic
formation of G-quadruplex structures (b, ¢, d). In (b), a tetramolecular G-quadruplex, from four
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[47-50] or a lateral, or edgewise, loop if the strands are adjacent to one another [51].
Lastly, unimolecular G-quadruplexes, formed from the folding of a single guanine-
rich DNA or RNA sequence into a four-stranded quadruple helix structure with
three connecting loops, are the most polymorphic, capable of adopting multiple
topologies (Fig. 1d) depending on the condition.

Much of our understanding of the polymorphic nature of G-quadruplex structures
comes from structural studies involving G-quadruplex-forming sequences derived
from the human telomere. In 1993, the first structure of a unimolecular G-quadruplex
formed from a human genomic sequence was solved by Wang and Patel (PDB:
143D) [52]. It was discovered by NMR spectroscopy that the human telomeric
sequence dAG;(T,AGs3); in Na* solution folds into an anti-parallel G-quadruplex
topology consisting of three stacked G-quartets with two lateral and a diagonal
connecting loops. The structure in K* solution, however, proved to be more difficult.
In 2002, a structure for the human telomeric sequence in K™ was determined by X-ray
crystallography (PDB: 1KF1) [53]. Parkinson et al. reported that in K* the human
telomeric sequence adopted a parallel topology consisting of three stacked G-quartets
and three double chain-reversal loops. However, the reported crystal structure did not
agree with biophysical measurements, including sedimentation velocity and equilib-
rium experiments, CD spectroscopy measurements, and 2-aminopurine fluorescent
quenching studies in solution, and in 2005 Li et al., using a combined approach of
hydrodynamic bead modeling and experimental measurement, demonstrated conclu-
sively that the parallel structure was not the predominant form adopted by the human
telomeric sequence in K* solution [54]. It was suggested in the same study that
perhaps the crowding or dehydrated conditions in the crystals led to the parallel
conformation. This hypothesis was confirmed when, in 2010, Miller et al., using CD
and NMR spectroscopy, determined that dehydration not molecular crowding
determines the conformation of G-quadruplex structure [55]. Shortly after, in 2011,
Heddi and Phan solved the NMR solution structure (PDB: 2LDS8) for the same
sequence in 40% polyethylene glycol (PEG 200) and discovered that the structure
formed was close to the previously reported crystal structure [56]. After the 2005 Li
et al. report that the solution structure of the human telomere was not predominantly
the crystal form, alternative folding topologies were discovered. In addition to the
antiparallel and the parallel conformations, two mixed topologies (i.e., three strands
in one direction, one strand in the opposite direction) were reported for the human
telomeric sequence in K solution by NMR spectroscopy. The first conformation,

Fig. 1 (continued) guanine-rich DNA or RNA strands, assumes a parallel topology (PDB ID:
139D). In (c), bimolecular G-quadruplexes, from two guanine-rich sequences, can form either a
parallel structure with two double chain reversal loops (3CES5) or one of two possible anti-parallel
topologies with either two lateral loops (1D59) or two diagonal loops (1JRN). In (d), G-quadruplex
structures are formed from the folding of a single guanine-rich sequence into a quadruple helical
structure that can assume one of several topologies including but not limited to propeller (1KF1),
chair (148D), basket (143D), hybrid-1 (2GKU), or hybrid-2 (2JPZ). In all structures, the 5" end is
colored green and the 3’ end is colored red
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hybrid-1, was reported by Ambrus et al. in April 2006 but they did not publish the full
structure [57]. Shortly after, Luu et al. in July 2006 reported the full NMR structure
for the hybrid-1 topology consisting of a three stack G-quadruplex with a chain
reversal loop followed by two lateral loops (PDB: 2GKU) [58]. The second mixed
conformation, hybrid-2, reported by Dai er al. later in 2007, differed from the
hybrid-1 conformation by the order of the connecting loops, two lateral loops
followed by a chain reversal loop (PDB: 2JPZ) [59]. In addition, Lim et al. reported
in 2009 an antiparallel structure of the human telomeric sequence in K* solution
(PDB: 2KF8) that was very similar to the structure in Na* solution [60] but which
contained only two stacked G-quartets in K* as opposed to three stacked G-quartets in
Na™ solution. To expand the observed folding topologies further, another antiparallel
folding topology, this one consisting of three lateral loops, was also been reported [61].
However, this topology has only been seen with the thrombin binding aptamer
and has not been observed for the human telomere or any other human genomic
sequences.

As we and others have reported, the folding of a single DNA or RNA strand into
a unimolecular G-quadruplex can be highly polymorphic [62, 63]. The human
telomeric sequence, while it is a relatively simple G-quadruplex-forming sequence,
can potentially fold into more than 200 intramolecular conformations [62] with
variations in connecting loop types (i.e., lateral, diagonal, or double chain-reversal),
strand/segment orientations (i.e., parallel, antiparallel, or hybrid 3+1), numbers of
G-quartets (i.e., two or three), and glycosyl torsion angles (i.e., syn or anti)
depending on the conditions (e.g., buffer composition, the presence of organic
solvents such as acetonitrile or ethanol, DNA concentration, ion concentration,
annealing profile, and the presence of various biological molecules). Consequently,
when a G-quadruplex-forming sequence is studied, certain steps are usually taken
to reduce this inherent polymorphism. The most common approach for reducing the
structural polymorphism of G-quadruplex-forming sequences is sequence modifi-
cation [64, 65]. A sequence is usually modified through a series of base subtraction,
addition, and/or substitution to yield a new modified sequence with reduced poly-
morphism with the ultimate goal of sufficient enrichment of one species for NMR
structure elucidation. Sequence modifications often include the incorporation non-
canonical bases, such as 8-methylguanine or 8-bromoguanine, which are known to
produce G-quadruplex structures with a syn glycosidic configuration [66—68], while
use of O6-methylguanine, inosine, or 6-thioguanine has been shown to destabilize
G-quadruplex formation [69—72]. Substitution of 8-aminoguanine promotes forma-
tion of tetramolecular parallel quadruplexes such as those formed by TG,4T [73].
Modifications of the sugar-phosphate backbone by insertion of 5-5" or 3'-3
polarity inversion have also been shown to have a dramatic effect on G-quadruplex
formation and stability [74] and use of RNA or LNA forces adoption of a syn
glycosidic guanosine conformation [75-78]. In some cases, sequence modification
can result in new sequences that differ only slightly from the parent sequence, e.g.,
the human telomere sequence [58-60, 79-81], while often the resulting sequences
differ significantly from the parent sequence, e.g., the c-Myc promoter sequence
[27, 82—85]. In addition to sequence modifications, another common approach to
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reduce polymorphism is by changing the solution conditions. The addition of
biological molecules [86] (e.g., sugar, proteins), presence of co-solvents (e.g.,
acetonitrile, PEG) [55, 87], choice of divalent vs monovalent cations [88, §9],
and cation concentration [90, 91] all play a major role in directing G-quadruplex
formation and determining stability. Due to the significant influence sequence and
conditions have on G-quadruplex population distribution, it is very important that a
complete description of the experimental methods/conditions used in sample prep-
aration be fully reported for reproducibility.

One potential consequence in using any polymorphism selection method
described above for altering the distribution of the polymorphic states of the
G-quadruplex structures is that such an approach can result in an unpredictable
perturbation of the system which may or may not be present in the original
population of states (this has a significant effect on what can be claimed as
“biologically relevant”). In the case of the human telomeric sequence, it was
demonstrated that small changes in the flanking base of the G-quadruplex-forming
segment dG3(T,AGs3)3, (-core-), resulted in dramatically different topologies, such
as hybrid-1 (2GKU — 5'-T,-core-A-3/, 2HY9 — 5'-As-core-A,-3/, and 2JSM —
5'-TA-core-3') [58, 79, 80], hybrid-2 (2JPZ — 5'-T,A-core-T,-3', 2JSL — 5'-TA-
core-T,»-3") [59, 80], and the antiparallel conformation (2KF8 — 5'-core-T-3/, and
2KKA - 5'-A-core-T-3’) [60, 81]. The untested assumption is that these means
of reducing the polymorphic distribution select a member of the ensemble of
species originally formed by the parent sequence. In fact, such perturbation can
shift the equilibrium to favor species that might not be indicative of, or be
completely dissimilar to, any species actually formed in vitro or in vivo [62].
Further, G-quadruplex polymorphism has severely hindered investigation of
quadruplex structure, biophysical properties, small molecule interaction, and
the thermodynamics of quadruplex formation. Techniques commonly used to
study G-quadruplex DNA are typically too low in resolution to distinguish
between species in a mixture, e.g., CD spectroscopy, UV—vis spectroscopy,
ultracentrifugation, and gel electrophoresis, while high resolution techniques, e.g.,
NMR spectroscopy, are of limited usefulness for mixtures containing multiple
G-quadruplex topologies [63].

3 Hydrodynamic Bead Modeling of G-Quadruplex Structures

3.1 History and Overview

Several approaches have been proposed for studying G-quadruplex structures
without perturbing the equilibrium of the G-quadruplex species in solution by
sequence modification. In one approach, G-quadruplex species in solution are
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separated using size-exclusion chromatography and individual species are studied
using a combination of biophysical techniques (e.g., analytical ultracentrifugation,
CD spectroscopy, UV-vis spectroscopy, NMR spectroscopy) [63, 92]. This
approach discovered that the c-Kit promoter G-quadruplex-forming sequence exists
in solution as a mixture of monomers, dimers, and higher-order G-wire structures
[92]. The disadvantage of this approach is that it relies on chromatographic separa-
tion and is of limited usefulness for some sequences, such as the human telomeric
sequence, that elute and sediment essentially as one species. In such instances,
another approach employing hydrodynamic bead modeling has emerged as a useful
tool for studying G-quadruplex structures at atomic-level resolution. The formula-
tion and development of hydrodynamic bead modeling came about from the
extensive theoretical work of Kirkwood, Riseman, Bloomfield, Garcia de la
Torre, and Allison. Their research is discussed in several extensive reviews and
the readers are referred to these articles for a more in depth discussion of the topic
[1-3]. Briefly, the structure of a macromolecule is represented as a collection of
solid spheres (i.e., beads on a string model), for which known hydrodynamic
properties can be calculated. A sphere can represent an individual atom, a particular
residue, or even a whole chain/segment of the macromolecule. For each bead in the
model, the frictional force being exerted on the bead by the bulk solvent and
perturbed by other beads in the system as it travels through the solvent is calculated.
The set of N calculated frictional forces (where N is the number of beads in the
model) is arranged into a matrix from which the frictional tensors can be derived
and ultimately, the intrinsic viscosity and translational and rotational properties can
be calculated. The calculation time is usually in the order of N* which can be a
challenge for large protein systems but is generally not a problem for smaller
system, such as G-quadruplexes.

The first study of G-quadruplex structures in solution using hydrodynamic bead
modeling was reported in 1999 by Niermann et al. [93]. In that study, the rotational
and translational diffusion coefficients were calculated for the Watson—Crick
double helical B-DNA, the single-stranded duplex “hairpin,” and the four-stranded
tetramolecular G-quadruplex structures. The findings demonstrated good agree-
ment between the calculated and experimental hydrodynamic properties when
proper hydration of the molecules was considered. In 2005, Li et al. employed
hydrodynamic bead modeling to study unimolecular G-quadruplex structures [54].
In that study the program HYDROPRO was used to calculate the sedimentation
coefficient (S,9,w) and the translational diffusion coefficient (D,) for the human
telomeric sequence dAG3(T>AG3); from the reported high-resolution NMR struc-
ture in Na* (143D) [52] and the crystal structure in K™ (1KF1) [53]. HYDROPRO is
a program developed by Garcia de la Torre and colleagues for the calculation of
hydrodynamic properties of a macromolecule of arbitrary shape. In contrast to its
predecessor HYDRO [94], which requires the input of a premade bead model,
HYDROPRO can read in an atomic coordinate file (e.g., PDB formatted file) and
generate a primary hydrodynamic bead model for calculations. To generate this
bead model, HYDROPRO replaces the non-hydrogen atoms with a collection of
overlapping spheres (Fig. 2). HYDROPRO then calculates the hydrodynamic



188 H.T. Le et al.

Fig. 2 HYDROPRO generated bead models. The G-quadruplex structure (PDB: 2JPZ) formed
from the human telomere sequence, d(T,AGj;)T,, is shown as a sample of the structures employed
for the HYDROPRO calculations. The G-quadruplex is represented (a) as a ribbon model with
rectangular blocks representing the bases. The primary hydrodynamic model is displayed for (b)
atomic-level shell-model calculation mode, (c) residue-level shell-model calculation mode, and
(d) residue-level bead-model calculation mode

properties of this primary model using the shell-model methodology [95] proposed
by Bloomfield et al., in which the molecular surface of the model is replaced by a
shell of smaller overlapping spheres. The theory behind the shell-model method is
that only the surface exposed to the bulk solvent contributes to the frictional
properties and thus the hydrodynamic behavior of the molecules.

Using HYDROPRO, it was found that using the Na* or “basket” structure
experimentally determined by NMR yielded calculated S, and D, values that
agreed with the experimentally obtained hydrodynamic measurements via analytical
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ultracentrifugation (3.2% lower and 6.0% lower, respectively). However, using the
K* or “propeller” structure experimentally determined by crystallography yielded
calculated S» , and D, values that were significantly lower than and inconsistent with
the experimentally obtained hydrodynamic measurements (24.9% lower and 18.5%
lower, respectively). HYDROPRO was also employed to calculate the S,¢ ,-values
for a series of in silico models to determine possible consistent topologies for the
human telomeric sequence in K* solution. However, none of the topologies examined
(seven antiparallel, one parallel, and one mixed) yielded a calculated Sy ,-value
sufficiently close enough to the experimentally determined S, -value measurement.
It should be noted that the hybrid topologies were unknown at that time and, with
their discovery later, the calculated S -values of these structures agreed with the
experimentally obtained S, ,-value for the human telomeric sequence in K*
solution.

Between 2008 and 2011, hydrodynamic calculations by HYDROPRO were used
by Petraccone et al. in a novel strategy to study higher-order G-quadruplex
structures formed by the human telomeric sequence (T,AG3), T, (n =4, 8, 12)
[96-98]. Since the 3’-single-stranded overhang of the telomere can be up to
200 bases long, it follows that multiple G-quadruplexes must form on one telomeric
overhang. High-resolution monomeric G-quadruplex hybrid topology structures
(2HY9, 2JPZ, and 1KF1) were employed as building blocks to construct five
different higher-order G-quadruplex models. The five models were hybrid-11 (5'-
hybrid-1-hybrid-1-3"), hybrid-12 (5'-hybrid-1-hybrid-2-3'), hybrid-21 (5'-hybrid-2-
hybrid-1-3"), hybrid-22 (5'-hybrid-2-hybrid-2-3"), and all-propeller (5'-parallel-par-
allel-3"). Following molecular dynamics simulations, S5 w-value and solvent acces-
sible surface areas (SASA) were calculated using HYDROPRO and NACCESS,
respectively, for 400 snapshots over the last 4 ns of simulation. The calculated Sq .-
values were compared with sedimentation velocity experiments while the SASA-
values were compared with 2-aminopurine fluorescent experiments [91]. Only one
model (hybrid-12) emerged where both the experimentally determined Sy, (2.3%
lower) and SASA-value matched the predicted values and the authors concluded that
this structure is the most probable structure in solution [96]. Two models (hybrid-21
and all-propeller) yielded calculated Sy, that were as close or even closer in
agreement with the experimentally obtained S, . However, the predicted SASA-
values for these two models did not match the experimentally measured SASA-
values. Conversely, one model (hybrid-22) yielded a predicted SASA-value that
appeared to match the experimentally determined values; however, the Sy ,, Was not
as close as the hybrid-12 model. The findings reported by Petraccone et al. illustrate
one of the limitations of hydrodynamic calculations in that it is a low resolution
technique that should not be employed alone. However, when used in conjunction
with other techniques, it could be a powerful tool for predicting possible high-
resolution structures. In a follow-up study looking at trimeric G-quadruplex models,
it was determined that the structure for the trimeric G-quadruplex is consistent with
the hydrodynamic calculations and experimentally derived properties and follows
the hybrid-121 model [97]. Higher-order G-quadruplex structures are discussed in
more detail in another chapter in this volume.
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3.2 Calibration of HYDROPRO Parameters

Two major releases of HYDROPRO have been made publicly available for
download (releases 5 and 10). The first versions (5—7) only supported one calcu-
lation mode consisting of an atomic-level primary model and shell-model calcula-
tion [99]. The latest release (version 10) offers several new enhanced capabilities
and features three different calculation modes — atomic-level primary model with
shell-model calculation, residue-level primary model with shell-model calculation,
and residue-level primary model with bead-model calculation — as well as some
support for parallel computing, which offers a great improvement in computing
time [100].

Following the procedures outlined by Garcia de la Torre [100], we calibrated
the HYDROPRO parameters for use in calculating the hydrodynamic properties of
G-quadruplex structures. Dy and S»o,, were calculated for nine different structures
(Table 1) and compared to the values obtained using sedimentation velocity
experiments (Table 2). From these nine structures, seven were used to optimize the
HYDROPRO parameters. For the G-quadruplex structures used in this study, the NMR
solutions were reported as ensembles of 6—12 structures. HYDROPRO calculations
were carried out for all structures in the ensembles and the values from the different
reported structures were averaged to obtain the calculated value. To determine the
experimental value for a particular G-quadruplex structure, the raw sedimentation
data were analyzed by two different software packages, DCDT+ (version 2.3.2, John
Philo, Thousand Oaks, CA) and Sedfit (www.analyticalultracentrifugation.com). The
experimental value is the average of the two values determined by the programs from
the analytical ultracentrifugation data. For both experimental and calculated values, the
95% confidence limit is reported as the error (Fig. 3). In order to determine the optimum
atomic element radius (AER) for the beads used in the primary hydrodynamic model
for each calculation mode, we fitted the calculated values to the experimental values
using a global-fit approach (1) described in the latest HYDROPRO calibration report
[100] where the differences between the calculated and experimental values are
averaged, first, over all the hydrodynamic properties available for each G-quadruplex
structure and then over the entire set of all G-quadruplexes:

A2 calculatedy — experimentaly
N G—quadruplex N property Ty

)]

1 NG—quadruplcx 1 an)pcrly |:

experimentaly

The A value is the root mean-square relative difference between the calculated
values and the experimental values with 100A representing the percent difference
typically used to characterize the goodness of prediction. To evaluate the goodness
of prediction for a particular hydrodynamic property, a reduced equation (2) can be
used and the 100Ay is the percent difference between calculated and experimental
values for a particular hydrodynamic property X:
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Table 1 G-quadruplex-forming sequences for HYDROPRO calculations

Corresponding
structure
Sequence Buffer condition (PDB ID)
1. dAG;5(T,AG3)3 10 mM tetrabutylammoniumphosphate monobasic, 143D
400 mM sodium chloride, pH 7.0
2. dAG5(T,AG3)3 10 mM tetrabutylammoniumphosphate monobasic, 1KF1

400 mM potassium chloride, pH 7.0

3. dT»,G3(T>AG3)3A 10 mM tetrabutylammoniumphosphate monobasic, 2GKU
400 mM potassium chloride, pH 7.0

4. dA3G3(T,AG3)3A, 10 mM tetrabutylammoniumphosphate monobasic, 2HY9
400 mM potassium chloride, pH 7.0

5. dT,AG3(T,AG;3);T, 10 mM tetrabutylammoniumphosphate monobasic, 2JPZ
400 mM potassium chloride, pH 7.0

6. dTAG;3(T2AG3);T, 10 mM tetrabutylammoniumphosphate monobasic, 2JSL
400 mM potassium chloride, pH 7.0

7. dTAG3(TLAG3)3 10 mM tetrabutylammoniumphosphate monobasic, 2JSM
400 mM potassium chloride, pH 7.0

8. dG3(T>AG3)3T 10 mM tetrabutylammoniumphosphate monobasic, 2KF8
400 mM potassium chloride, pH 7.0

9. dAG;(T,AG;);T 10 mM tetrabutylammoniumphosphate monobasic, 2KKA

400 mM potassium chloride, pH 7.0

Table 2 Summary of HYDROPRO calculated hydrodynamics values

G-quadruplex Atomic, shell Residue/Ca, shell Residue/Co, bead
(PDB ID) Experimental® model model model
143D D, =132 1.42 1.44 1.43
S20w = 1.86 1.84 1.87 1.86
2GKU D, = 140 1.40 1.42 1.41
Sr0w = 2.00 1.98 2.01 2.00
2HY9 D, = 1.38 1.41 1.39 1.40
Srow = 2.10 2.17 2.14 2.15
2JPZ D, = 1.40 1.38 1.38 1.38
Srow = 2.11 2.11 2.11 2.11
2JSL D, =143 1.38 1.38 1.38
Soow = 2.07 2.02 2.03 2.03
2JSM D, = 1.48 1.43 1.44 1.43
S20w = 1.95 1.94 1.96 1.94
2KF8 D, =150 1.48 1.46 1.45
Srow = 1.94 1.91 1.88 1.88
1KF1 D, = 147 1.32 1.38 1.36
Sr0w = 1.96 1.71 1.79 1.77
2KKA D, = 1.56 1.42 1.43 1.41
S20.w = 2.00 1.92 1.93 1.91

D, is expressed in units of 107% cm?¥/s; S20.w in units of 10~"3s; 1KF1 and 2KKA were not used in
global analysis of best fit AER for primary hydrodynamic model
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Fig. 3 Summary of HYDROPRO calculations. The translational diffusion coefficients (a) and
sedimentation coefficients (b) for the G-quadruplex structures formed from the human telomere
sequence calculated by HYDROPRO using the indicated calculation method and compared to the
experimental values. The error bars represent the 95% confidence interval. For experimental
values, the errors represent the difference between experimental values determined by the DCDT+
software package compared to the Sedfit software package. For calculated values, the errors
represent the difference between values calculated from the different solution structures reported.
For 1KF1, there was no error for the calculated value since only one crystal structure was reported
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From the original set of nine structures, the calculated hydrodynamic values
for seven NMR solution structures were selected in the global fit analysis (Fig. 4).
The PDB IDs for the seven structures were 143D, 2GKU, 2HY9, 2JPZ, 2JSL,
2JSM, and 2KF8. These seven structures were selected because they are solution
structures and the sequences contained only canonical bases. For the two structures
that were excluded from the global fit analysis (i.e., 1KF1, the crystal structure,
and 2KKA, which contains a non-canonical inosine substituted for guanine), the
hydrodynamic values were still calculated by HYDROPRO and compared with
the experimental values. The results for these two structures are discussed in a
subsequent section. For the atomic-level primary hydrodynamic model with
HYDROPRO shell-model calculations, the best-fit AER was determined to be
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Table 3 Results of HYDROPRO global fit analysis

Calculation mode AER (A) % Diff. % Diff. S0 w % Diff. D
Atomic, shell model 2.53 2.90 1.71 3.73
Atomic, shell model 2.84 3.77 3.02 4.39
Residue/Ca, shell model 4.35 3.12 1.47 4.16
Residue/Ca, shell model 4.84 4.44 3.74 5.04
Residue/Coa, bead model 5.54 3.22 1.70 4.23
Residue/Ca, bead model 6.11 4.67 3.96 5.29
Tal;le 4 Results of hydration  ca1cylation mode AER (A) Hydration (g/g)
ANALYSIS Atomic, shell model 2.53 0.27
Atomic, shell model 2.84 0.38
Residue/Ca, shell model 4.35 0.04
Residue/Ca, shell model 4.84 0.21
Residue/Co, bead model 5.54 0.36
Residue/Co, bead model 6.11 0.56

2.53 A with 100A to be 2.90 (Table 3). This can be interpreted to be that hydro-
dynamic values predicted at this AER using this particular calculation method have
an error of about 2.90% compared to the experimental values. For a non-hydrogen
atom, the atomic radius is approximately 1.8 A [100]. The determined best fit
AER suggests a hydration sphere of about 0.7 A which is slightly less than the
1.1A typically used in hydrodynamic calculations to estimate hydration [101]. This
smaller hydration sphere represents a hydration of about 0.27 g/g (Table 4). For
comparison, the typical hydration value for nucleic acids is 0.35 g/g [102]. The best
fit AER determined for G-quadruplex was in close agreement with the standard
2.84 A AER that was the default setting. When the default AER was used instead of
the best fit AER, the error increased from 2.90% to 3.77% (Table 1) of which the
major contribution was due to the increased error in predicting the sedimentation
coefficient. In the current release of HYDROPRO (version 10), there is an option
for calculating hydrodynamic properties at the residue level rather than the atomic
level with the bead representation centered on the Co carbon for each residue. We
performed the global fit analysis for the residue-level primary hydrodynamic model
with a HYDROPRO shell-model calculation and found that the best fit AER at this
level was 4.35 A with an error of 3.12%. For the residue-level primary hydro-
dynamic model with a HYDROPRO bead-model calculation, the best fit AER was
5.54 A with an error of 3.22%. For both of these calculation modes, the increased
error compared to the atomic-level calculation was mainly due to the worse
prediction of the diffusion translational coefficient. The best fit AER reported for
these two modes were similar to the default AERs, 4.84 A for the residue-level
shell-model calculation (5.04% error) and 6.11 A for the residue-level bead-model
calculation (5.29% error). We should note that in all three calculation modes, the
best fit AER for each individual hydrodynamic property was in very close agree-
ment with the best fit AER for the entire model (Fig. 4).
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All three modes of calculations were able to predict accurately the hydro-
dynamic properties of the seven G-quadruplex structures fitted (Table 2). The errors
of the prediction were well within the range of experimental error for determining
the values of hydrodynamic properties, which can be about 5% or more (Fig. 3)
[102]. Of the nine original structures considered in this study, two were excluded
from the global fit analysis. One of these, 1KF1, was not used because this structure
has been previously demonstrated not to predict accurately the hydrodynamic
behavior of the structure in solution [54]. Our current findings agree with the
previously reported data (Table 2). The other structure, 2KKA, was excluded
because the reported structure contained a non-canonical inosine substituted for a
guanine. Inosine disrupts G-quadruplex formation [70] and is used to reduce the
number of possible folding topologies for a polymorphic G-quadruplex sequence.
Instead of using this structure to build our global fit model, we selected it to study
how base substitution affects the structure in solution. We found that the calculated
hydrodynamic values for 2KKA differ from the experimental values with errors of
7.16%, 6.66%, and 7.47% depending on the calculation method used. Compared
with the training set of the seven structures, the error associated with the 2KKA
structure is nearly doubled. The findings indicate that, similar to 1KF1, the structure
of 2KKA that is selected by the inosine substitution might not be representative of
the original structure of the sequence in solution.

4 Limitations of Hydrodynamic Bead Modeling

4.1 Hpydrodynamic Bead Modeling is a Low Resolution Technique

Among the chief limitations to hydrodynamic bead modeling is that hydrodynamic
measurement itself is a low-resolution technique. The model that accurately
predicts the hydrodynamic parameters measured in solution is not necessarily the
definitive structure for that molecule but rather one of the possible conformations
amongst many others [1]. For example, in the previous study by Petraccone et al.
[96] where hydrodynamic modeling was employed to predict the structures for
higher-order G-quadruplexes, three out of the five models examined agreed with the
measured hydrodynamic values. However, only one of those three models agreed
with the prediction for solvent accessibility for the adenine bases compared to
steady-state fluorescent measurements, suggesting that it was the consistent model.
Hydrodynamic measurements can help rule out a particular conformation if the
predicted values differ greatly with the experimental values. However, when that
difference is smaller, hydrodynamic predictions should be confirmed by non-
hydrodynamic experiments (e.g., 2-aminopurine fluorescence spectroscopy to
probe the solvent accessibility of adenine bases or DMS footprinting to probe
guanine base-paring interactions). Such is the case with the antiparallel human
telomeric G-quadruplex structure, 2KKA. To obtain the enrichment needed for
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NMR structure determination, an inosine was substituted for the guanine 14 in the
original sequence (G14I). The reported NMR structure thus contained this substi-
tution and, from our calculations and measurements on the parent unsubstituted
sequence, we can conclude that the structure selected by inosine substitution
appears to differ from the structure or ensemble of structures in solution (without
inosine substitution) because of the relatively large error associated with the
predicted hydrodynamic properties for this structure (~7%), almost double the
error seen with the predictions from the global fit analysis (Table 3). However,
such an error of prediction still falls within the experimental error associated with
hydrodynamic measurement, which can be 5% or greater [102]. Therefore we
cannot conclude as to the reason for this apparent discrepancy if it is due to the
enrichment of a small subset of topologies that lead to altered hydrodynamic
behavior or whether it is because a new structure was populated. Perhaps in this
case, a similar approach to probe the loop structure by 2-aminopurine fluorescent
measurement is warranted to provide additional insight into the structures of the of
2KKA G-quadruplex.

4.2 Treatment of Hydration in Hydrodynamic Bead Modeling

The structure of a macromolecule in solution, its size, shape, and hydrodynamic
properties, can be influenced by the bulk solvent surrounding it through the process
of hydration. The accepted interpretation for hydration is that any water whose
residence time on the surface of a macromolecule is longer than the hydrodynamic
relaxation time (~10 ns) is considered to be a part of the macromolecule and
contributes to it hydrodynamic values. There are two current hypotheses to the
shape water molecules assume around the macromolecule. In the first hypothesis,
uniform expansion, the size of the macromolecule is assumed to expand by a
constant factor in all directions. This uniform expansion hypothesis works well
for globular structures but breaks down with elongated structures and can lead to
abnormal changes in the predicted properties. The inadequacy of the uniform
expansion hypothesis has led to an alternative view of hydration being proposed.
Instead of assuming a uniform expansion effect, this second hypothesis assumes
that hydration forms a layer of uniform thickness around the macromolecule.
However, this uniform thickness can result in a relatively thicker hydration layer
in the directions where the macromolecule is longer. In HYDROPRO, by replacing
the atoms with a representation of beads with a slightly larger size, the effect of
hydration on the hydrodynamic properties of the macromolecule can be implicitly
accounted for by this uniform hydration hypothesis. The degree of hydration, 9, in
units of g/g (grams of water bound per gram of dry solute), can be described as a
ratio between the hydrated volume, Vyyq4, and the anhydrous volume, V. The
anhydrous volume for a DNA or RNA molecule can be calculated using
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Mv
Vanhydrous = N_ 3)
A

M is the molecular weight, v is the partial specific volume, and N, is Avogadro’s
number. For G-quadruplex DNA structures, the partial specific volume is assumed
to be 0.55 mL/g although there can be small variations from structure to structure
[103]. The degree of hydration, J, is then calculated using

5= < Vhydraled _ 1) 5/) (4)

Vanhydrous

Using (3) and (4) and the hydrated volume of the G-quadruplexes determined by
HYDROPRO, we determined the degree of hydration for the seven G-quadruplex
structures employed previously in the global fit analysis (i.e., 143D, 2GKU, 2HY9,
2JPZ, 2JSL, 2JSM, 2KF8). The results are shown in Table 4. We did not calculate
the degree of hydration for 1KF1 and 2KKA since these reported structures might
not be representative of the structures that exist in solution. Using the best-fit AER
for each calculation mode, we obtained a degree of hydration of 0.27 g/g for
calculations using the atomic-level model with the shell-model calculation,
0.04 g/g for calculations using the residue-level model with the shell-model calcu-
lation, and 0.36 g/g for calculations using the residue-level model with the bead-
model calculation. The 0.36 g/g degree of hydration predicted by the residue-level
model with bead model calculation is the closest to the value of 0.35 g/g reported
for nucleic acids by Fernandes et al. [102]. However, it should be noted that the
nucleic acid sequences examined in that particular study were short sequences
whose shapes can be more elongated than the G-quadruplex structures. Thus, it is
not inconceivable that the hydration for G-quadruplexes would fall closer to the
typical 0.3 g/g for globular proteins [101]. In that case, the 0.27 g/g estimate by the
atomic-level model with shell-model calculations is more appropriate. We also
performed calculations using the default AER for HYDROPRO and found that the
degrees of hydrations were 0.38, 0.21, and 0.56 g/g, respectively, for the three
calculation modes. The atomic-level model with shell-model calculation method is
the only one with a reasonable estimate of hydration (0.38 g/g). The hydration is
overestimated by the residue-level model with bead-model calculation (0.56 g/g)
while the residue-level model with shell-model calculation still underestimates it
(0.21 g/g). It should be noted that the volume calculated by HYDROPRO is based
entirely on the size of the beads in the primary hydrodynamic model and is not
dependent on the shell-model/bead-model calculation of frictional properties. Thus,
the reason that the residue-level model with shell-model calculation underestimate
the size of the G-quadruplexes compared to the residue-level model with bead-
model calculation is because the former employs a smaller AER value. In fact,
when we used 4.35 A instead of 5.54 A for the residue-level model with bead-model
calculation, we obtained the same degree of hydration of 0.04 g/g. We can conclude
then that the residue-level with shell-model calculation is not an appropriate
method for hydrodynamic calculations of G-quadruplex structures.
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4.3 Potassium Binding by G-Quadruplex and Its Implication
on Hydrodynamics

If water binding can potentially influence the hydrodynamic properties of a
G-quadruplex structure, it follows that the same could be said about the binding of
potassium and other ions. Traditionally, the association of cations with a
G-quadruplex structure is believed to occur primarily within the central ion channel
formed by the G-quartets. The coordination of potassium (K*), sodium (Na®),
thallium (T1%), rubidium (Rb"), cesium (Cs"), calcium (Ca*"), lead (Pb>*), barium
(Ba?"), and strontium (Sr°*) to the G-quadruplex central ion channel has been
observed in several crystal structures [104]. However, it was recently reported that,
in addition to the canonical internal binding sites, cations can also bind to a
G-quadruplex structure externally, particularly within the loop regions [105]. In a
study using KClI titration to the human telomere sequence (Tel22 — d[A(G5T,A)3)), it
was determined that K* binds to Tel22 at a stoichiometry of 3K*/Tel22 at [K"]gee =
5 mM and that stoichiometry increases to 8—10 K*/Tel22 at [K*]ee = 20 mM [106].
In addition, it was reported that the folding of Tel22 into the G-quadruplex structure
is driven almost entirely by cation binding with K* binding contributing ~—4.9 kcal/
mol (at [K']pee = 5 mM) to the overall folding free energy of —2.4 kcal/mol.
Together, these findings suggest that, in addition to stabilizing the G-quartets within
the G-quadruplex core, potassium ions can play other roles in promoting
G-quadruplex formation and stability. This hypothesis is further supported by
two structural studies — Phan et al. in 2011 that reported a structure of RNA
G-quadruplex/duplex junction determined by NMR spectroscopy which was the
first structure to demonstrate a possible cation binding site on the surface of a
G-quadruplex structure [107] and Wei et al. in 2012 which reported a structure of
the human c-Kit DNA promoter sequence determined by X-ray crystallography with
two K* and one Mg** ions binding in the G-quadruplex loops and grooves in addition
to the K* ions within canonical central ion channel [108]. In the crystal structure,
all three external cations are believed to play a role in maintaining the c-Kit
G-quadruplex structure. It should be noted that one of the external K* ions appeared
to be transient and capable of adopting one of several distinct positions, while the
other external K* ion appeared to be more static, suggesting the existence of a high
affinity binding site. While the K* ions are believed to have a primary role in
stabilizing the G-quadruplex structure by direct electrostatic interaction with the
DNA, the Mg>* ion is thought to assume a secondary role of shielding the anionic
charge of the phosphate groups. In fact, it is well known that polyanions, e.g., DNA,
can attract a shell of cations to help partially neutralize the negatively-charged
backbone phosphates [109, 110].

To examine how K ions can affect the structure of a G-quadruplex-forming
sequence hydrodynamically, we conducted sedimentation velocity experiments for
two G-quadruplex-forming sequences in the presence of different concentrations
of K* ions (Fig. 5). For both sequences an increase in sedimentation coefficient
was observed with the corresponding increase in the amount of potassium present.
In low potassium solutions (25 mM) the low sedimentation coefficients can
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Fig. 5 The effect of potassium on G-quadruplex hydrodynamic measurements. The experimen-
tally determined value for the sedimentation coefficient is dependent on the amount of potassium
in solution. This dependency was demonstrated for two different sequences dAG;3(T,AG3;)s, the
same sequence used to derive an X-ray crystal structure in K* (1KF1) and the NMR solution
structure in Na* (143D), and dT,G3(T>AG3)A, the sequence used to derive an NMR solution
structure in K™ (2GKU)

probably be attributed to hydrodynamic non-ideality. In an ideal solution of
uncharged particles, the equilibrium distribution of each individual species
subjected to a centrifugation field traveling through an incompressible solvent is
independent of one another. However, for charged macromolecules such as DNA
and some proteins, their equilibrium distributions can be coupled to the distribution
of other charged particles (i.e., counter ions such as potassium in our case) by the
Donnan effect, resulting in non-ideal behavior [111]. Non-ideality can cause a
macromolecule to appear much smaller than it actually is and, in effect, results in
a lower molecular weight and sedimentation coefficient from sedimentation
experiments. The Donnan effect can be corrected in one of two ways. The first
option is to reduce the charge of the macromolecule by adjusting the pH but this
option is only applicable to zwitterionic species. The second option is to “swamp”
out the Donnan effect by adding a large quantity of a charged electrolytes (i.e.,
potassium) to the solution. However, at the higher concentration of potassium it is
unclear how much of the increase in the sedimentation coefficient can be attributed
to a shift toward an ideal solution and how much can be attributed to possible direct
potassium binding. The binding of a potassium ion to a G-quadruplex structure can
have one of two possible consequences. In the first scenario, the potassium ions are
bound to the G-quadruplex on the surface, possibly along the phosphate backbones.
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Fig. 6 Results of HYDROPRO parameters calibration by number of potassium bound. The values
for 100ASow as a function of percent charge saturation for the primary hydrodynamic
model calculated using the seven G-quadruplex structures formed from the human telomere
sequence. Hydrodynamic properties of G-quadruplexes were calculated using atomic-level shell-
model calculation (a), residue-level shell-model calculation (b), and residue-level bead-model
calculation (c¢)

In this case, these ions will not only change the apparent molecular weight of the
G-quadruplex structures but also its shape. In the second scenario, the potassium ion is
trapped within the G-quartet core or is buried deep within one of the grooves. Because
these potassium ions are not at the surface of the G-quadruplex structure, they do not
change the shape of the hydrodynamic model; however, they would cause an
underestimation of the apparent molecular weight leading to an under-prediction of
the sedimentation coefficient. To explore this scenario further, we performed a series
of HYDROPRO calculations and added potassium or sodium to the G-quadruplex
structure by making the appropriate increase in the molecular weight value in the
HYDROPRO parameter file. The calculations were done using all three modes of
HYDROPRO calculation and the default AER instead of the best-fit AER determined
in the previous section 3.2. In order to display the data for the sequences on the same
scale, we normalized the number of potassium ions bound by (5) as follow:

# potassium bound

% ch turation = 5
o chatge satration sequence length (bp) — 1 )
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The results of the HYDROPRO calculations are shown in Fig. 6. For all three
calculation modes, the smallest errors for many of the sequences were observed
at 40% charge saturation which is equal to approximately eight to ten bound
potassium ions. It should be noted that the correction for molecular weight is as
good as or even better than the previous correction for size of the beads (Fig. 4).
These findings would suggest that potassium ions not only play a role in
G-quadruplex formation and stability but can also influence how the G-quadruplex
structure appears in hydrodynamic observations. However, these results require
further investigation and validation as there is yet no structural study to back up this
hypothesis.

S Future Directions for G-Quadruplex Hydrodynamic
Bead Modeling

G-quadruplex structures have emerged as attractive drug targets because of the
overrepresentation of putative quadruplex-forming sequences in functionally
important sites within the human genome [17]. In addition, because of their highly
polymorphic nature, G-quadruplex-targeted therapies have the potential to be
highly selective compared to other DNA targets. However, because of this poly-
morphism, it can sometimes be difficult to elucidate the relevant structure for a
putative G-quadruplex-forming sequence. Modification of the sequence by base
subtraction, addition, and substitution or changing of the experimental conditions
has been shown to reduce the polymorphism in some cases. However such pertur-
bation can have an unwanted effect by shifting the equilibrium to favor species that
might not be indicative of, or be completely dissimilar to, any species actually
formed in vitro or in vivo [62]. The rational drug design of new small molecule
G-quadruplex binding agents can be limited by the lack of a definitive target
structure. An example of this is the cationic porphyrin, TMPyP4, a G-quadruplex
binding agent whose mode of binding and mechanism of action remains a current
topic of investigation [82, 112—115]. Hydrodynamic bead modeling presents a
potentially useful tool to help address this problem. As seen in the reports by
Petraccone et al., measurement of hydrodynamic properties, combined with in
silico simulations (e.g., molecular dynamics) and comprehensive biophysical
characterization could be used to predict new structures that might serve as a
basis for rational drug design.

We present a case study on how this can be conducted. The sequence for the
G-quadruplex hybrid-1 structure 2HY9 was obtained from Integrated DNA
Technologies (Corralville, IA) and consists of the sequence

5'-dAAAGGGTTAGGGTTAGGGTTAGGGAA-3'

A stock solution of the oligonucleotide was dissolved in folding buffer, which is
composed of monobasic tetrabutylammoniumphosphate (10 mM), EDTA disodium
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salt dihydrate (1 mM), pH 7.0. Samples were made to an optical density of 0.80 A4
by dilution with folding buffer. KCl was added to bring the final concentration
to 400 mM. The oligonucleotide samples were annealed in a water bath by
heating to 100°C, holding the samples at that temperature for 10 min, and gradually
cooling to room temperature overnight. Sedimentation velocity experiments
were carried out in a Beckman Coulter ProteomeLab XL-A analytical ultracentri-
fuge at 20°C overnight at 50,000 rpm in standard two sector cells. Data were
analyzed using two different software packages, DCDT+ (version 2.3.2, John
Philo, Thousand Oaks, CA) and Sedfit (www.analyticalultracentrifugation.com).
Excellent agreement between the two software packages for S, ., values and
species distributions was achieved. Buffer density was determined on a Mettler/
Paar Calculating Density Meter DMA 55A at 20.0°C and buffer viscosity was
calculated using Sednterp software (www.jphilo.mailway.com).

The model for a hybrid-1 G-quadruplex structure was downloaded from the
Protein Bank Database (PDB ID: 2HY9) and to the first structure in the file, two
potassium ions were added between the G-quartets to complete the model. In a
different study with a novel G-quadruplex-forming sequence, this structure could
be generated using a fragment-based approach [116]. A solvation model with
explicit water and counter ions representations were generated using the
parm99SB.dat Amber force field with the following protocol: (1) 75 potassium
ions were added randomly around the G-quadruplex structures using Amber 11 leap
rules for counter ions, (2) charges were neutralized by the addition of chloride ions,
and (3) the system was solvated by the addition of a rectangular box of TIP3P water
(51 x 52 x 46 A). The final model represents a system consisting of 13 mM
G-quadruplex in 1 M KCl. The system was heated slowly and equilibrated for
600 ps using the following protocol: (1) minimize water, (2) 50 ps molecular
dynamics (heating to 300 K) holding the DNA fixed (2 kcal/mol/A), 3) 50 ps
molecular dynamics (T = 300 K) for density equilibration holding the DNA fixed
2 kcal/mol/A), and (4) 500 ps molecular dynamics (7' = 300 K). Production runs
of 200 ns were carried out after the final equilibration step to obtain snapshots of
10 ps throughout the trajectory. Simulations were performed in the isothermal
isobaric ensemble (P = 1 atm., T = 300 K). Periodic boundary conditions and
the Particle-Mesh-Ewald algorithm were used. A 2.0-fs time step was used with
bonds involving in hydrogen atoms frozen using SHAKE. For the equilibration
steps and the production steps, molecular dynamics calculations were carried out
using AMBER 11 program sander and the cuda version of pmemd, respectively.
The trajectories were analyzed using the PTRAJ module in AMBER and visualized
using the UCSF Chimera package from the Resource for Biocomputing, Visualiza-
tion, and Informatics at the University of California, San Francisco. The hydro-
dynamic properties of the simulated models were computed using HYDROPRO [100]
and the best-fit AERs, 2.53,4.35, 5.54 A, previously determined by global analysis
fitting. The distributions of the sedimentation coefficients were computed over the
last 20 ns of the trajectory (2,000 snapshots in the last 20 ns of simulation).

The results are shown in Fig. 7 with the calculated sedimentation coefficient
distribution (colored lines) overlaying the experimentally derived sedimentation
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Fig. 7 Results of molecular dynamics and HYDROPRO calculations. The distribution of the
sedimentation coefficient, c(s), for the hybrid-1 G-quadruplex structure 2HY9 determined experi-
mentally by sedimentation velocity (black) as compared to the distribution of sedimentation
coefficient computed by HYDROPRO following molecular dynamics simulation. The sedimenta-
tion coefficient was computed for each snapshot taken every 10 ps between the 180-200 ns (blue),
180-190 ns (red), and 190-200 ns (green) interval of the trajectory. Hydrodynamic properties of
G-quadruplexes were calculated using atomic-level shell-model calculation (a), residue-level
shell-model calculation (b), and residue-level bead-model calculation (c)

coefficient distribution (black line). The results from all three calculation modes —
atomic-level model with shell-model calculation, residue-level model with shell-
model calculation, and residue-level model with bead-model calculation — were in
close agreement with each other. The average of all the sedimentation coefficients
from the 2,000 snapshots was considered as the calculated sedimentation coeffi-
cient. The sedimentation coefficient was 2.040 for the atomic-level model with the
shell-model calculation, 2.044 for the residue-level with the shell-model calcula-
tion, and 2.043 for the residue-level model with the bead-model calculation This
corresponds to 100Ay values of error of 2.65%, 2.41%, and 2.48% for the three
calculation modes, respectively. These results agreed with previous calculations
performed for the global fit analysis (Table 3). It should be noted that in all cases the
experimentally derived sedimentation coefficient distribution was wider than the
calculated distribution, possibly due to the larger extent of the experimental error
(Fig. 7). In addition, in all three calculation modes, the distribution of sedimentation
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coefficient remained unchanged between 180-190 ns and 190-200 ns compared to
180-200 ns, indicating that the simulation had reached equilibrium.

6 Conclusion

We have demonstrated that hydrodynamic bead modeling is a powerful tool for
studying G-quadruplex structures when experimentally determined high-resolution
structural representations are not available or cannot be feasibly obtained. In such
cases, the use of low-resolution techniques such as hydrodynamics, combined with
readily accessible biophysical measurements (e.g., CD spectroscopy, fluorescent
spectroscopy), can be used to provide a high-resolution glimpse into these structures.
One of the limitations of hydrodynamic calculations, such as HYDROPRO, is that
the calculation is performed on one structure giving a static look at an otherwise
dynamic system. Recent advancements in computation technology, particularly the
development of molecular dynamic calculations to take advantage of the speed and
calculation power of graphical processor units, allows for the researcher to conduct
longer and more complex simulations. These can generate a more dynamic
representation of the macromolecule structure that can be validated by hydrody-
namic bead modeling and can be used as a basis for drug design. From our work,
we recommend for G-quadruplexes using either the atomic-level model with
shell-model calculation mode (AER = 2.53 A) or the residue-level model with
bead-model calculation mode (AER = 5.54 10%) for HYDROPRO calculations, as
both modes can predict the hydrodynamic properties accurately with a reasonable
estimate of the size of the macromolecule. The residue-level model with bead-model
calculation mode has the advantage of being significantly faster but with a slightly
higher error in predicting hydrodynamic properties. The parameters for
HYDROPRO presented here can be used as for hydrodynamic calculation of
G-quadruplexes or can be further optimized against a more extensive set of hydro-
dynamic properties.
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Energetics of Ligand Binding to G-Quadruplexes

Concetta Giancola and Bruno Pagano

Abstract G-quadruplex ligands are potential anticancer agents as telomerase
inhibitors and potential transcriptional regulators of oncogenes. The search for
best-in-class drugs is addressed to identify small molecules able to promote and
stabilize G-quadruplex structures. What features should the G-quadruplex ligands
possess? They should have selective antiproliferative effects on cancer cells and
induce telomerase inhibition or oncogene suppression. One of the main challenges
in their design and synthesis is to make the ligands selective for G-quadruplex DNA.
These features should be amplified by careful analyses of physico-chemical aspects
of G-quadruplex-drug interactions. In particular, the study of the energetics of
G-quadruplex-drug interactions can enhance drug design by providing thermody-
namic parameters that give quantitative information on the biomolecular interactions
important for binding. The main methodologies used to gain information on energetics
of binding are based on spectroscopic or calorimetric principles. Spectroscopic
techniques such as fluorescence and circular dichroism are rapid and cheap methods,
but are not sufficient to characterize completely the thermodynamics of interaction.
Calorimetric techniques such as isothermal titration calorimetry offer a direct measure
of binding enthalpy, in addition to the stoichiometry and affinity constants. With the
complete thermodynamic signature of drug-target interaction, dissecting the enthalpic
and entropic components of binding is possible, which can be a useful aid to decision-
making during drug optimization.
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1 Introduction: The Importance of Studying the Energetics
of Ligand Binding to G-Quadruplexes

Telomeres are nucleoprotein complexes essential in preserving the chromosome
ends from catastrophic instability and abnormal chromosome segregation [1]. The
telomeric overhang comprises repeats of the DNA motif TTAGGG together with
associated telomeric protein (hPOT1), part of a complex of proteins denominated
shelterin [2], which regulates telomerase activity in cancer cells. During the normal
cellular life, the telomeric G-rich overhangs at the 3’-end are gradually shortened,
after each replication cycle, until a critical limit causing the cellular senescence and
ultimately apoptosis [3]. These G-rich overhangs are prone to fold back to form
G-quadruplex structures, stabilized by consecutive G-tetrads, able to inhibit the
enzyme telomerase [4]. Telomerase is a ribonucleoprotein complex with reverse
transcriptase activity and its catalytic subunit (hTERT) synthesizes TTAGGG
repeats at the end of single-stranded overhangs [5]. The enzyme telomerase is
overexpressed in about 85% of cancers, thus favoring telomeres elongation and
cell immortalization [6]. Telomerase inhibition with small-molecules or drugs
selectively inhibits cancer cell growth and suggests that induction of telomere
shortening is a promising anticancer strategy [7]. Telomeric overhang folding
into G-quadruplex structure inhibits telomerase activity by subtracting the substrate
of the enzyme, essential for hybridization with RNA template in the first step of
catalytic cycle [4].
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For these reasons, many researchers have focused their studies on the search for
small molecules able to promote and stabilize G-quadruplex structures, so acting as
telomerase inhibitors.

In a review on the current status of telomeric G-quadruplexes as therapeutic
targets in human cancer, Neidle draws attention to the evidence that researchers
need to have in identifying G-quadruplex ligands as drugs [8]. Among these, high-
affinity G-quadruplex binding, with K}, value at least 10° M ™!, is essential. The
specificity for quadruplex binding over duplex DNA is also critical, with an
association constant of at least 10* greater for G-quadruplex over duplex being
necessary. Physico-chemical assay are pivotal for such in vitro evidence. Biological
assays are also very important to gain evidence about selective inhibition of cancer
cell lines, senescence, competitive inhibition of hPOTI1 binding in cell, and
telomeric uncapping in cell from hTERT.

In this chapter, the discussion will be focused on physico-chemical assays
devoted to study the energetic aspects of the binding of small molecules to
G-quadruplex structures. The study of energetics of G-quadruplex—drug
interactions can be useful to address the drug design and, specifically, thermo-
dynamic parameters can give quantitative information on biomolecular interactions
providing the “affinity” of the interactions under equilibrium conditions.

2 Methodologies to Study the Energetics
of G-Quadruplex-Ligand Interactions

A number of biophysical methodologies are available to identify new natural or
synthetic ligands as putative drugs and to investigate their interaction with
G-quadruplexes. These methodologies can be used simply for evaluating properties
like ligand affinity or to obtain more detailed information about thermodynamics
and stoichiometry of the interactions. Due to the high degree of structural polymor-
phism in G-quadruplexes, it is essential to determine the binding sites of the ligand
and its mode of interaction. The challenge in G-quadruplex binder design and
synthesis is to make the ligand selective for G-quadruplex structures in comparison
to duplex DNA. The biophysical methods being used to investigate these
interactions should be able to detect and measure the ligand selectivity for
G-quadruplexes over duplexes.

The main methodologies devoted to gaining information on energetics of
binding are based on spectroscopic or calorimetric principles. The spectroscopic
techniques such as fluorescence and circular dichroism (CD) are rapid methods and
require small amounts of material. A calorimetric technique as isothermal titration
calorimetry (ITC) allows a deeper insight into the energetics aspects of the studied
interactions. The major difference between these methodologies is that in ITC the
binding enthalpy is directly measured, whereas in CD and fluorescence experiments
the binding enthalpy is calculated by van’t Hoff analysis. Furthermore, ITC allows
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dissecting the enthalpic and entropic contributions associated with the binding of a
compound to a target, thus defining its thermodynamic signature [9, 10]. In princi-
ple, high affinity binding requires favorable contributions from both enthalpy and
entropy, but these two contributions often work in opposition because enthalpic
optimization can counterbalance a loss in the entropic contribution. The optimiza-
tion of the entropic contribution to the binding energy of a ligand to its target is
generally much easier than refining the enthalpic contribution, since increasing the
drug lipophilicity could increase the entropic contribution [11].

In the following paragraphs, a description of the basic principles of the
aforementioned biophysical methodologies is reported.

2.1 ITC: Basic Principles

ITC is a valuable tool for characterizing the energetic aspects of interactions
between G-quadruplexes and other biomolecules, including small ligands, due to
its general applicability and precision. A number of reviews devoted to this
methodology describe the general principles of the ITC technique and its applica-
tion to the study of the energetics of bio-macromolecules interactions [12—-14].
Thanks to the great current interest in developing molecules that can selectively
bind to G-quadruplexes, the number of ITC studies on the interaction between small
ligands and G-quadruplex structures is rapidly growing [15-18]. Many small
molecules that bind to G-quadruplexes have proven to be effective therapeutic
agents, although the exact mode of binding and the nature of thermodynamic forces
that regulates G-quadruplex-ligand interactions are often poorly understood. Drug
development of lead compounds can be greatly enhanced by detailed knowledge of
the thermodynamics of binding to the target [19]. Since ITC has the ability to
determine the different energetic contributions to the binding affinity, it can provide
a unique bridge between computational and experimental analysis.

ITC is a high-accuracy method for measuring binding affinity and stoichiometry;
moreover, it directly measures the heat of interaction (enthalpy change, A,H®), at a
constant temperature, on titrating two substances of known concentration forming
an equilibrium complex. It is the only methodology capable of directly quantifying
both enthalpic and entropic components of the interaction. A typical ITC experi-
ment is carried out by the stepwise titration of one component of the complex (for
example, a ligand) in the sample cell containing the other component (for example,
a G-quadruplex molecule). The binding events involve the release or absorption of
heat (the enthalpy change, A,H°) and the analysis of these thermal effects allows a
full thermodynamic characterization of the reaction. At any point in the titration the
amount of free or bound ligand can be determined, establishing the equilibrium
binding constant (K}). ITC experiments cover an optimum range of binding
constants in the range 10°-10® M~' corresponding to dissociation constants
(Ky = 1/K4) of 100 uM to 10 nM. The temperature is kept constant throughout
the entire ITC experiment; consequently the free energy of the binding reaction
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(ApG®) can be determined from A,G° = —R T In K, where R is the gas constant.
The change in entropy (A,S°) can be calculated as ApS° = (A H®°—ALG®)/T. The
enthalpic and entropic contributions to the Gibbs energy of the binding process are
related to the structural parameters and can be used as a guide to drug design [9].
In addition, those contributions can be used to confirm the structure-based compu-
tational predictions of binding energetics and to find structure-energy correlations.
Among the advantages of ITC is that it allows the accurate determination of
thermodynamic parameters to be made with no requirement for chemical modifica-
tion, labeling, or immobilization of the G-quadruplex and/or ligands.

Recent advances in instrumentation, together with a broad availability of
automated and high-sensitivity ITC instruments, have enhanced the opportunity
to provide additional information to drug discovery and optimization processes.
The instruments of latest generation, the nano-ITCs, can detect heat effects as small
as 0.4 mJ, allowing titrations to be carried out with nanomoles of substance.

The most widely used calorimeters feature a reference cell, containing water or
buffer solution, and a sample cell, containing one of the interacting molecules. The
two cells are constantly kept in thermal equilibrium with the bath during the
experiment. Thermoelectric device sensors that surround the vessel precisely
measure the heat flow between the sample cell and the isothermal block. The heat
flow is monitored as a function of time. The nano-ITC uses a differential power
compensation design for maximum sensitivity and responsiveness. In a typical
experiment, a ligand contained in a precision syringe (25-250 pL) is added by
several computer-controlled injections (1-20 pL) into the sample cell, resulting in
several peaks in the thermogram (Fig. la). At the end of the titration, ligand
concentration should be in excess with respect to G-quadruplex binding sites. The
ligand and macromolecule should be in the same buffer and salt conditions to avoid
any large background heat effect arising from dilution and mixing of non-identical
buffers. Further, when conducting ITC experiments with nucleic acids, high sample
purity is required. It is very important that the sample is better than 99% pure.
Impurities, especially similar sequences, could compete with the target sequence,
thus giving a wrong stoichiometry and/or a more complex binding curve than
a simple sigmoid.

2.1.1 ITC: Thermodynamic Analysis

The analysis of extremely small thermal effects arising from the binding allows a
full thermodynamic characterization of the interaction and provides fundamental
information about the molecular interactions driving the process.

In ITC, heat is either generated or taken in (exo- or endothermic process) upon
making an injection of ligand. The heat effect is detected by semiconductor
thermopiles and the instrument applies thermal power (microjoules per second) to
compensate for the ligand induced heat effect and thus to bring the cells into
thermal equilibrium. Figure la illustrates the raw data produced by the sequence
of injections as a series of peaks measured as power (microjoules per second) vs
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Fig. 1 (a) Typical raw data produced by the sequence of injections for an ITC experiment.
(b) Binding isotherm obtained after integration of each injection peak

time. The magnitude of the heat per injection decreases because initially almost all
injected ligand binds to the target molecule but, after each successive injection,
the amount of uncomplexed G-quadruplex available progressively decreases.
When complete saturation is achieved, the magnitude of the peaks becomes
progressively smaller and similar. Such heat corresponds to the ligand dilution
heat. Before thermodynamic analysis the heat of dilution must be subtracted. It
could be measured in separate experiments where the ligand is injected into the
buffer alone. A typical plot of the integrated peaks as a function of the ligand/
G-quadruplex molar ratio generates a curve with a sigmoidal shape that facilitates
the estimation of the midpoint of the reaction process, and thus the stoichiometry of
the binding reaction (Fig. 1b). The resulting binding isotherm can then be obtained
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by using the appropriate binding site model to give the equilibrium binding constant
(Kp) and the stoichiometry.

For a single site system, where the complex QuL is in equilibrium with the
G-quadruplex (Qu) and the ligand (L), the binding process is described by

Qu + L « QuL
and the equilibrium constant K}, can be described by the equation

[QuL]

&=l

6]

The chemical reaction generated by each injection either releases or absorbs a
certain amount of heat (g) proportional to the amount of ligand that binds to the
macromolecule in a particular injection (V x [AL]g) and the characteristic binding
enthalpy (AH) for the reaction

g=AHA[L|V, 2)
where A[L]g is the increase in the concentration of bound ligand after the ith

injection and V the volume of the sample cell [20].
The total heat (Q) of the binding reaction is

Q=VAH > AlLly =V AH[L],. 3)

[L]g can be written as function of free ligand concentration [L] and total G-
quadruplex concentration [Qu]r through Ky, and the mass conservation relationships

[QuL] = Kb [Qu] [L] )

and
[Lly = [QuL] + [L] = Ky, [Qu] [L] + [L] = [L] (Kp[Qu] + 1), )
[Qujy = [QuL] + [Qu] = K [Qul[L] + [Qu] = [Qu](Ky[L] + 1), (6)

where [L]t is the total ligand concentration.
The concentration of free Qu can be obtained from (6):

_ [Qul;
[Qu] = Kol] + 1 (7

that substituted in (5) gives
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o o o o Ky [QU]T
MV@W—WT@W%hMFMQM+ﬁ1 L)
Ky[Qulr[L]
Kp[L] + 1 ®
Equation (8) can be introduced into (3) and, for a more general case of n;
independent and equivalent sites:

I’l,'AH,‘KbJ[L]

0=V 3 AHi Ly, =VIQuir 3 ( TR [ ) ©)

The total ligand concentration is known, whereas the concentration of free
ligand is unknown. For this reason it is necessary to write an analytical expression
of the free ligand concentration that contains the total ligand concentration [L] and
the total G-quadruplex concentration [Qu]y.

From the mass conservation relation of ligand and with the relation obtained for
[L]p the following equation can be obtained:

Ky [QU]T[L}> _ Ko[L]” + [L] + K [Quly [Z]

KolL]+1 ) - (10)

Ly = I+ 2l = 0]+ e

If one multiplies the first and the last term by K[L] + 1, obtains the following
second degree equation:

[L]1Ko[L] + [Lly = Ko[L]* + [L] + Ky[Quly[L]. (11)

The only acceptable solution that satisfies this equation is the following:

4Hpm&wmm+WHmmmwmmﬁwmm(m
. .

L= a

Finally, by introducing the last equation in (9), one can obtain the relationship
between the heat and the total macromolecule and ligand concentrations at each
injection. A value for Kj, is initially estimated and then the concentration of bound
complex is calculated for each injection. In combination with the measured heat,
these values are used to determine the average of AH. The AH and the calculated
concentration are then used to determine an expected heat per injection, and the
error square sum between the measured and expected heat for each peak is
calculated. The value of Kj is then adjusted and the process repeated until a
minimum error square sum is obtained. However, in some cases a more complex
approach to data analysis is required if there are multiple sites with differing
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binding constants. A more extensive description of ITC data analysis can be found
in [21] and references therein.

2.2 Spectroscopic Methodologies

2.2.1 Fluorescence Spectroscopy

Fluorescence spectroscopy is a biophysical methodology particularly useful for
studying G-quadruplex-ligand interactions. Binding constant and stoichiometry can
be easily obtained with small amounts of DNA and ligands (micromolar or less).
Fluorescence is based on the emission of a photon upon relaxation from an
electronically excited singlet state to the ground state subsequent to the absorption
of a photon by the fluorescent molecule (fluorophore). The sample is excited by
irradiation at a certain wavelength and emits radiation at a different wavelength.
The process takes place on a much slower time scale (~nanoseconds) than absorp-
tion (~femtoseconds) allowing a much wider range of interactions to influence the
fluorescence emission spectrum. The emission spectrum provides information for
both qualitative and quantitative analysis.

Fluorescence spectrometers detect the relative fluorescence, specifically the emis-
sion intensity of the system, which is a function of the instrument (intensity of the
excitation source, sensitivity of the detection system, etc.) and of the measurement
conditions (fluorophore concentration, temperature, and solution conditions) and it is
often given in arbitrary units. The relative fluorescence is most accurately obtained
from integration over the wavelengths of the emission spectrum but, for many
purposes, it is sufficient to determine the fluorescence intensity at the maximum of
the fluorescence spectrum. In some cases, the fluorescence quantum yield is detected,
which is the ratio of photons absorbed to photons emitted through fluorescence. For an
extensive treatment of fluorescence spectroscopy see [22].

The intrinsic fluorescence of most G-quadruplex-forming oligonucleotides is
too low to be detected, although in recent papers it has been established that
G-quadruplex structures can be characterized and distinguished by their intrinsic
fluorescence spectra [23-25]. It has been found that G-quadruplexes have higher
intrinsic fluorescence quantum yields than their denatured oligonucleotides [25].
Further, fluorescence and fluorescence excitation spectra were acquired to follow
the formation of G-quadruplexes as a function of cations and temperature. Indeed,
the temperature-dependent fluorescence spectra of different G-quadruplexes exhibit
characteristic patterns.

However, to enhance the fluorescence of G-quadruplex, a suitable fluorescent
reporter group is often incorporated to impart fluorescence to the polynucleotide
structure. Highly fluorescent adenine analog, 2-aminopurine (2-AP), has been
widely used as a probe for loop structures in G-quadruplex DNA. Its quantum
yield is highly sensitive to environmental conditions and it can be used to probe the
interaction of G-quadruplexes with small organic molecules. The 2-aminopurine
can be incorporated in any G-quadruplex nucleic acid without changing the
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Fig. 2 Example of fluorescence titration experiment. Ligand fluorescence spectra on increasing
G-quadruplex concentration are shown. The intensity of fluorescence decreases on increasing
G-quadruplex concentration. /nset: binding curve obtained by plotting the fluorescence intensity at
the maximum of the emission spectrum as a function of DNA concentration

G-quadruplex conformation and only slightly affecting its stability. The 2-AP
fluorescence intensity tends to increase with solvent exposure and decrease with
base stacking. The overall fluorescence of a G-quadruplex changes if a small
molecule interacts in the proximity of 2-AP.

On the other hand, a number of reported G-quadruplex ligands have intrinsic
fluorescence properties and show a large change in their fluorescence intensity upon
DNA binding [18, 26, 27]. In these cases, fluorescence titration experiments can be
performed following the variation of the ligand fluorescence on increasing
G-quadruplex concentration (Fig. 2). The binding curve obtained by plotting the
fluorescence intensity at the maximum of the ligand emission spectrum as function
of the G-quadruplex concentration can be fitted to a specific binding model to
determine the binding stoichiometry and affinity constant [27, 28].

An alternative methodology based on fluorescence is the FID (fluorescent
intercalator displacement) assay, involving the displacement of an “on/off” fluores-
cence probe, Thiazole Orange (TO), from G-quadruplex or duplex DNA receptor by
increasing amounts of a putative ligand that competes for the TO binding site (Fig. 3)
[29]. TO is not fluorescent when free in solution, but it is strongly fluorescent when
bound to DNA. Its binding constant for the d[AGGG(TTAGGG);] G-quadruplex-
forming oligonucleotide is 3 x 10° M~' [30]. The G-quadruplex affinity of a candi-
date compound can be evaluated through its ability to displace TO from G-quadruplex,
but thermodynamic parameters cannot be determined. However, selectivity
measurements can be accomplished by comparing the ability of the ligand to displace
TO from G-quadruplex and duplex structures.
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Fig. 3 Schematic representation of the FID assay. The thiazole orange, which is strongly
fluorescent when bound to G-quadruplex, becomes not fluorescent when displaced from the
DNA by a ligand with higher G-quadruplex affinity

This method does not require fluorescence of ligands, employs readily available
materials and equipment, and can be easily implemented with 96-well plates
reader for rapid high throughput screening ligands [29]. A limitation of this method
may arise from fluorescent ligands, whose fluorescence could interfere with TO
excitation and emission maxima. Another limitation is that some ligands could bind
G-quadruplex at alternate sites without displacing TO, leading to underestimation
of the ligand affinity.

A valid methodology for screening putative G-quadruplex-ligands is based on the
fluorescence resonance energy transfer (FRET) effect. A FRET experiment involves
a G-quadruplex-forming oligonucleotide covalently linked to two fluorophore
probes, a donor, and an acceptor, with the request that the emission spectrum of the
donor probe overlaps the absorption spectrum of the acceptor probe. If it does, the
donor fluorophore transfers its excitation energy to the acceptor fluorophore, in a non-
radiative manner, with an efficiency depending on the spectral properties, distance,
and relative orientations. The distance within which the non-radiative energy transfer
takes place is known as the “Forster distance” (R), and it is characteristic for the
donor—acceptor pair. It is usually within the range 10-80 A [31].

Mergny et al. developed a FRET-based melting assay: the ligand affinity for a
G-quadruplex is evaluated by measuring the increase in the melting temperature
(T,,) of the G-quadruplex induced by the presence of the ligand [32, 33]. In the
“FRET melting assay” the increase in temperature leads to G-quadruplex denatur-
ation (melting). Melting causes the ligand displacement on the G-quadruplex
folded—unfolded equilibrium around the melting temperature and an increasing
distance between the probes leads to an increase in fluorescent energy. Usually,
to monitor the thermal G-quadruplex unfolding, fluorescein (FAM) can be used as a
fluorescent probe and dabcyl as a quencher. Alternatively, an acceptor for FRET,
e.g., tetramethylrhodamine (TAMRA), can be used. These groups are attached to
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Fig. 4 Schematic representation of the FRET-based assay. Intramolecular folding of an oligonu-
cleotide into a G-quadruplex leads to fluorescence resonance energy transfer between a fluorescent
probe and a quencher covalently attached to the 5’ and 3’ ends of the DNA, respectively. The
fluorescence intensity of the fluorescent probe depends on its distance from the quencher. This
distance changes considerably in the G-quadruplex folding/unfolding process

the 5’-end and 3’-end of the oligonucleotide, respectively, as shown in Fig. 4. The
fluorescence intensity of the fluorescent probe depends on its distance from the
quencher (or from the FRET acceptor); this distance significantly changes
in the G-quadruplex folding/unfolding process. The large difference in the fluores-
cence properties of the folded and unfolded G-quadruplex allows one to obtain well
resolved melting curves. FRET melting assays can also detect ligand selectivity. It
can be measured by adding a non-tagged (non-fluorescent) duplex DNA into the
test solution containing ligand bound to G-quadruplex-forming oligonucleotide and
then conducting the melting experiments [34]. FRET is a rapid and convenient
method for high-throughput screening. On the other hand, the method can generate
false positives due to quenching of the donor emission by the tested ligand, or false
negatives because the G-quadruplex folds with the ligand in a configuration where
the distance prevents quenching.

In conclusion, FID and FRET are useful methodologies for a preliminary
screening to select putative ligands that selectively bind to G-quadruplex, but
cannot be exploited to extract intrinsic binding properties such as stoichiometry
and affinity constant or thermodynamic parameters. To achieve those parameters,
steady-state fluorescence should be more conveniently utilized.

2.2.2 Circular Dichroism Spectroscopy

Circular dichroism (CD) is the phenomenon detected when an optical active sample
interacts with plane-polarized light composed of right-circularly and left-circularly
polarized components. Specifically, CD spectroscopy measures the difference in
absorbance of right-circularly and left-circularly polarized light after they go
through the sample [35]. Since the two components have different amplitude, the
light in output results elliptically polarized. Recording the CD at different wave-
length allows one to obtain the CD spectrum, which is strongly indicative of
the secondary structure content of macromolecules and, among these, of the
G-quadruplexes. For its sensitivity to stereochemical variations, CD has emerged
as an important technique for studying subtle conformational changes.
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CD is therefore the most useful technique to compare G-quadruplex
conformations and to detect changes when the solvent or temperature is changed.
It is extremely useful in studies of G-quadruplex conformations, since the CD
features are mainly influenced by the type of stacking interactions between adjacent
G-quartets [36, 37].

For this reason, CD can be used to discriminate among different folding topologies
of G-quadruplexes [36, 38, 39]. Although the folding topology of G-quadruplex
strands is very complex and many types of G-quadruplexes have been reported,
there are two basic types of CD spectra that are characterized by distinctive marker
bands: the spectra of a parallel structure (all strands with the same 5’ to 3’ orientation)
show a positive band at ca. 260 nm and a negative peak at ca. 240 nm [40, 41],
whereas the spectra of an antiparallel G-quadruplex have a negative band at ca.
260 nm and a positive band at ca. 290 nm [40, 42].

A more extensive description of CD applied to G-quadruplex structures can be
found in [86]. In the present chapter, CD is regarded as methodology to follow
ligand binding to G-quadruplexes and to evaluate, in some cases, the selectivity of
the ligand for a specific G-quadruplex topology. The titration of G-quadruplexes
with ligands could induce changes in the CD spectrum of a G-quadruplex. Such
changes could be correlated to the properties of the ligand under investigation. In a
typical CD titration, the ligand is added stepwise into the cell containing the G-
quadruplex sample, and the CD spectrum is collected after each addition. The
gradual appearance of characteristic bands in particular regions of the CD spectrum
provides specific information concerning the binding site and the binding mode of
the ligand. A typical titration curve can be obtained detecting the molar ellipticity of
a maximum or minimum in the spectra against ligand concentration or ligand/
quadruplex ratio.

In addition, further information on G-quadruplex/ligand interactions is provided
by the induced circular dichroism (ICD). ICD signal is detected when a CD-inactive
non-chiral ligand binds to a chiral host, such as DNA G-quadruplex, acquiring, in
the bound state, a CD signal due to the chiral environment [43] (Fig. 5).
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As far as we know, ligands generally interact with G-quadruplex structures
through groove and end-stacking binding modes. It was shown that the sign of
the ICD spectra of molecules bound to nucleic acids provides important informa-
tion about their way of interaction: a positive ICD band can be indicative of groove
binding, whereas a negative ICD signal (or a slightly intense positive band) can be
indicative of end-stacking interaction [44, 45].

2.2.3 Spectroscopic Binding Curve: Thermodynamic Analysis

The binding curve resulting from G-quadruplex-ligand interaction can be obtained
by plotting a spectroscopic signal as function of G-quadruplex or ligand concentra-
tion or as function of ligand/G-quadruplex concentration ratio. In UV and fluores-
cence spectroscopies the experimental variables are the absorbance and
fluorescence emission intensity at the maximum of titration spectra, respectively.
In the CD spectroscopy, molar ellipticity or ICD signal of a maximum or minimum
in the titration spectra can be followed as a function of ligand concentration.

In any case, the experimental variable can be considered as the sum of the
weighted contributions from free and bound ligand:

Y = (l —Otb)Yo-i-OCbe, (13)

where Y is the value of the experimental variable at each titrant concentration, Y,
and Y}, are the values of the variable at the initial and final states of titration, and o,
is the mole fraction of ligand in bound form. Assuming 1:1 stoichiometry for the
interaction and no intermediate states, it can be shown that

(L)oo — (L] + [Qu] 4 1/Kp)a, + [Qu] =0, (14)

where K, is the binding constant, [L], is the total ligand concentration, and [Qu] is
the added DNA concentration. From combination of previous equation and
considering

Y - Y,

=0 15
T (1)

b

it can be shown that:

AY ax 2
AY = (T%) { (Lo + [Qu) + 1/Ks) — / (IL]y + [Qu] + 1/Ky)* — 4[L]y[Qu] }
(16)

where AY =Y — Y, and AYpax = Ymax — Yo. Ymax 1S the maximum value of the
experimental variable [46]. In the general case of a stoichiometry n:1, where 7 is the
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number of equivalent and independent sites on G-quadruplex structure, the follow-
ing equation can be utilized [27, 46, 47]:

a=<1/zmo>{ (1Ll +n[Quly +1/Ks) —/ ([L10+n[Qu]o+1/1<b)2—4[L]on[Qu10}.
a7

3 Energetics of End-Stacking or Loop-Interacting
G-Quadruplex Ligands

When small molecules bind to duplex DNA there are two predominant binding
modes — intercalation and groove binding. From calorimetric measurements it is
possible establish enthalpic and entropic contributions to the binding. Generally, the
binding of an intercalator to duplex is driven by a large favorable enthalpy change,
with an unfavorable entropy decrease. Conversely, the binding of a groove binder is
characterized by a large favorable increase of entropy and a small (favorable or
unfavorable) enthalpy change [48]. For G-quadruplex structures, groove binding,
end-stacking, or loop interactions were found to be the predominant binding modes,
whereas intercalative binding of the drug between two adjacent G-tetrads was only
hypothesized in a few cases. Here, some examples of drugs that interact with those
different binding modes are considered.

3.1 Cationic Porphyrins

Cationic porphyrins are largely investigated as G-quadruplex-interactive drugs,
especially by physico-chemical methodologies. These compounds are known to
bind to and stabilize different types of G-quadruplexes and, in some cases, to
facilitate G-quadruplex formation [49]. The cationic meso-tetrakis-(N-methyl-4-
pyridyl)-porphyrin (TMPyP4, Fig. 6a) has been extensively investigated, since it
induces telomerase inhibition upon binding to telomeric DNA G-quadruplexes
[50]. Furthermore, it has been shown to downregulate the expression of the c-myc
oncogene by stabilizing the G-quadruplex structure adopted by the guanine-rich
segment of the P1 gene promoter [51].

The geometric features of the TMPyP4 ring have been assumed to be appropriate
to interact with the G-tetrads of G-quadruplex structures through m—m stacking
interactions. However, the binding modes as well as the binding stoichiometry in
TMPyP4-G-quadruplex complexes continue to be controversial.

Several different models of TMPyP4 binding to G-quadruplexes have been
proposed on the basis of structural, spectroscopic, calorimetric, or computational
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Fig. 6 (a) Chemical structure of TMPyP4. (b) Example of CD titration experiment on the
interaction between TMPyP4 and a G-quadruplex. The open circles represent the experimental
data obtained following the change of CD signal at 290 nm, upon TMPyP4 addition. The /line
represents the theoretical curve obtained on the basis of the appropriate model. (¢) Example of ITC
binding isotherm for titration of a G-quadruplex with TMPyP4. The open circles represent the
experimental data obtained by integrating the raw data and subtracting the heat of ligand dilution
into the buffer. The /ine represents the best fit obtained with the appropriate model. /nset shows the
thermodynamic signature of the corresponding interaction. The enthalpic contribution (AH®) is
shown in light gray, the entropic one (—TAS®) in gray, and the Gibbs energy change (AG°,9gk) in
dark gray

studies. Proposed binding modes include intercalative binding of the drug between
two adjacent G-tetrads and/or stacking with the external G-tetrads or with the loops
of the G-quadruplexes [52-60]. The clarification of binding mode is further
complicated by the intrinsic structural polymorphism of G-quadruplex sequences.

Further, there is a debate on the binding stoichiometry of TMPyP4 to
G-quadruplex structures and, especially for the G-quadruplexes from human
telomeric sequences, the issues have not been fully resolved. Many groups studied
TMPyP4-G-quadruplex interactions under different conditions and by different
methodologies. More than a decade ago, Wheelhouse et al. determined by UV
absorption spectroscopy a stoichiometric ratio of 2:1 for the binding of TMPyP4
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to the 22-mer d[AGGG(TTAGGG);] G-quadruplex in 100 mM Na™ buffer [50],
whereas, more recently, Wei et al., using the same technique, determined a 4:1 ratio
for the same interaction in identical solution conditions [57]. Furthermore, Haq
et al. determined, by ITC, the stoichiometry and thermodynamics for binding of
TMPyP4 to the d[AGGG(TTAGGG);] G-quadruplex structure in two different
buffered solutions containing either K* or Na* [52]. They found that the binding
stoichiometry was the same for the two solutions, in agreement with the 2:1
stoichiometry value previously determined for the human sequence by Wheelhouse
et al. On the other hand, the interaction with d[AGGG(TTAGGG);] in K* was
characterized by a single binding event, whereas the binding in Na* solution was
characterized by an initial binding event requiring only low [TMPyP4]/[DNA]
ratios to reach saturation, followed by a secondary process requiring a much higher
ligand concentration for saturation. Their study revealed that the interactions can be
affected by the ionic environment, which may be one of the key factors determining
the binding mode of TMPyP4 and the stoichiometry of the complexes, as also
observed for other ligands [61]. The binding of TMPyP4 to the human telomeric
G-quadruplex formed by the longer sequence d[TAGGG(TTAGGG);T] was
characterized by Zhang et al. for a range of K™ concentrations [49]. They found
that TMPyP4 forms complexes with a [drug]/[G-quadruplex] ratio of 5:1, 5:1, and
3:1 in the presence of 0, 10, and 100 mM K, respectively. They also found that an
increase in K* concentration decreased the binding affinity of TMPyP4 and induced
hybrid-type G-quadruplex transition into an anti-parallel structure. A conforma-
tional transition induced by TMPyP4 was also suggested by Gaynutdinov et al.
using '*I-radioprobing for the d{GGG(TTAGGG);'*I-CT] DNA sequence labeled
with %I [59]. They showed that d{GGG(TTAGGG);'*’I-CT] was a mixture of two
or more conformations in K* solution, but TMPyP4 stabilized a basket conforma-
tion. Further, they also showed that, in the presence of Na*, the same sequence
adopted a basket conformation, which did not change upon drug addition. This
disagrees with a more recent study by Gray et al. which showed that TMPyP4
addition promoted the conversion of d[AGGG(TTAGGG);] from the basket to the
hybrid form [62].

Arora and Maiti investigated the energetics of TMPyP4 binding to three
G-quadruplex structures differing in loop orientation [60]. The G-quadruplexes
used in their study were the 21-mer d[G3(T,AGz3)3;] from human telomeric
sequence, the 22-mer d(G4AG3;TG4AG3TGy) from the promoter region of c-myc,
and the 21-mer d(G3AG;CGCTG3;AG;,AG3;) from the promoter region of c-kit. The
telomeric G-quadruplex adopted antiparallel conformation, whereas the c-myc and
c-kit G-quadruplex structures adopted an intramolecular parallel-stranded confor-
mation. ITC experiments showed biphasic profiles consistent with two independent
binding processes for all the G-quadruplexes. The stoichiometry of interaction for
the first and second binding was found to be 1:1 and 2:1 (ligand/G-quadruplex),
respectively (Table 1). The first binding process was stronger than the second one
and the binding processes were enthalpically driven in all cases. On the basis of the
overall energetic picture, they hypothesized that the stronger binding was due to an
end-stacking mode favored by the interaction of aromatic planar rings of TMPyP4
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with the terminal G-tetrad, whereas the weaker binding was attributable to an
external binding mode of TMPyP4, probably with the loops of G-quadruplex
structures. Interestingly, they found that the TMPyP4 showed preferential binding
to parallel c-myc and c-kit G-quadruplexes (10’ M™') over the antiparallel
telomeric one (10° M™") and its interaction with duplex DNA was one order of
magnitude lower than G-quadruplex interaction. That study underlined that the
differences in the loop orientation, originated from different G-quadruplex
conformations, address the binding of TMPyP4 and other small molecules, thus
playing a key role in molecular recognition processes.

A few years ago Xue et al. showed that polyethylene glycol (PEG) induces a
structural transition of human telomeric G-quadruplexes to a parallel-stranded
structure in K™ solution [63], the same structure adopted in the crystalline state
[64]. In the last few years PEG was believed to mimic molecular crowding
conditions, close to those of cellular environment, even though, recently, a number
of questions have arisen about the actual mechanism of PEG action [65—-68]. In a
recent paper, Wei et al. studied the interaction of the d[AGGG(TTAGGG);]
sequence with TMPyP4 in PEG 200-containing buffer [69]. They confirmed that
the PEG 200 induces the formation of a parallel-stranded G-quadruplex structure
and found two independent binding sites for the TMPyP4. The binding mode of
TMPyP4 to G-quadruplexes therefore depends on the environment used in the
experiments, and also on the structure and composition of the host DNA. Indeed,
recent studies described the use of CD and ITC for a characterization of the
interaction between TMPyP4 and G-quadruplexes formed by four different
human telomeric sequences with 5'-flanking or 3’-flanking bases, in different
solution conditions (Table 1) [16]. Two sequences with 5'-flanking thymines
assemble to form an antiparallel conformation known as hybrid-1 as the major
conformation. The other two sequences with 3’-flanking bases are also structured in
an antiparallel conformation, but with different loop arrangements, known as
hybrid-2 [70-72]. CD spectroscopy allowed one to follow the TMPyP4 binding
since the ligand addition promoted remarkable changes in the CD spectra, due to
conformational rearrangement of the G-quadruplex structures, probably from the
hybrid structures into a basket one. CD spectra were recorded at different TMPyP4/
G-quadruplex molar ratios to calculate the fraction of ligand bound (o) (see
Sect. 2.2.3). Binding curves were obtained by plotting the o, as a function of the
molar ratio (Fig. 6b). The results of the interpolation analysis suggested that the
investigated G-quadruplexes are able to bind up to four TMPyP4 molecules. The K,
values, also obtained from the interpolation analysis, were indicative of the global
events and they took into account both binding and conformational changes. The
thermodynamic analysis clearly indicated that the sequences with 3’-flanking bases
d[AGGG(TTAGGG);T] and d[AGGG(TTAGGG);TT], forming the hybrid-2-
structures, had a tenfold higher affinity (K, ~10° M~") for TMPyP4 compared to
the sequences d[TAGGG(TTAGGG);] and d(TTAGGG),, forming the hybrid-1
structures, (K, ~10° Mfl).

On the other hand, in a solution containing 40% PEG 200, the addition of
TMPyP4 did not change the shape of the CD spectra of G-quadruplexes, indicating
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that, under those conditions, the TMPyP4 interaction did not cause conformational
changes in the parallel-stranded G-quadruplex structure. This did not allow the
determination of a binding curve. The same occurred for the TMPyP4-duplex
interaction. Indeed, for example, TMPyP4 addition did not change the shape of
the spectra of duplex DNA having self-complementary CGCGAATTCGCG
sequence, which was utilized to check the selectivity. That finding suggested that
the TMPyP4 interaction did not promote any conformational change in the duplex
DNA structure and that CD methodology cannot be used to obtain thermodynamic
parameters under these conditions.

Conversely, the calorimetric analysis of the porphyrin interaction with both
G-quadruplexes and duplex allowed one to obtain a complete energetic picture in
both PEG-free and PEG-containing solutions (Table 1). In both solution conditions,
ITC revealed that the G-quadruplex binding process comprises two sequential
events, the first in which one TMPyP4 molecule interacts with the G-quadruplex
structures and the second in which three other molecules bind to the structures
(Fig. 6¢), thus leading to the formation of a final complex composed of one
molecule of G-quadruplex and four TMPyP4 molecules, as observed by CD
experiments.

In PEG-free solutions, both binding events cooperated to promote a conforma-
tional change from the hybrid structures to a basket-type structure, according to the
spectroscopic-derived binding curves. The calorimetric results showed that the
global Gibbs energy change for the binding of TMPyP4 to the hybrid-1 structures
is lower (about —68 kJ mol_l) than that for the hybrid-2 structures (about
—86 kJ mol™!). This difference could arise from the higher stability of the
hybrid-1 structures due to the presence of an adenine cap that would be destroyed
as a result of the interaction-induced conformational change [72]. The thermody-
namic signature of the two binding events (Fig. 6c, inset bar graph) for each
G-quadruplex sample suggests that the TMPyP4 interaction is entropically driven,
and the small enthalpic contribution (AH°) acts synergistically with the larger
entropic one (—TAS°®), clearly indicating that the driving force of the binding
process is not represented by the formation of new interactions.

In PEG-containing solution the thermodynamic characterization of the binding
events (Table 1) did not show significant differences between the four sequences
and revealed that the two binding events were driven by different thermodynamic
contributions. The first binding event was the strongest one and it was enthalpically
driven, whereas the second weaker event was entropically driven. Those data
clearly suggested that the two consecutive binding events occurred by distinct
mechanisms, and they probably involved different regions of the G-quadruplex
structure. In particular, it was hypothesized that one of the two terminal G-tetrad
planes could be the target region involved in the first event, as for the binding of
TMPyP4 to a c-myc G-quadruplex determined by NMR. In contrast, the second
binding event was entropically driven and, since it occurs with three different
molecules of TMPyP4 simultaneously binding to the G-quadruplex, it was
suggested that the interacting regions of the G-quadruplex structure could be the
three interconnecting loops. This binding mode was found in the crystal structure of
another G-quadruplex-TMPyP4 complex [58]. The high entropic contribution



Energetics of Ligand Binding to G-Quadruplexes 231

could result from the displacement of water molecules from the surface of the
G-quadruplex upon ligand binding.

ITC measurements were also performed on a duplex DNA in both solution
conditions [16]. In both cases the results of the calorimetric titrations have shown
an exothermic interaction (AH° = —54 kJ mol ') with a stoichiometry of one
molecule of TMPyP4 per duplex and similar binding constants (K, = 8 x 10° M ™!
and K, = 6 x 10° M~ " with and without PEG, respectively). Interestingly, in PEG
solution the porphyrin was shown to bind the G-quadruplex structure with higher
affinity compared to the duplex DNA structure.

Recently, the interaction of Zn(II) 5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphy-
rin (ZnTMPyP4) with a G-quadruplex of sequence d(TAGGG), has also been studied
by UV-vis and ITC titration experiments [73]. Interestingly, ZnTMPyP4 promotes
folding of d(TAGGG), into bimolecular parallel G-quadruplex. The binding constants
were ~10° and ~10° M~ from UV and ITC titration experiments, respectively,
whereas the binding stoichiometry was found to be 2:1 in both methodologies. On
the basis of the thermodynamic signature, inconsistent with an intercalative binding,
the authors suggested an external binding mode, specifically an end-stacking interac-
tion. Similar binding interaction between ZnTMPyP4 and an intramolecular
G-quadruplex of sequence d[AGGG(TTAGGG)s] was also reported in another
work [74]. In that paper an end-stacking mode was also suggested. UV—vis binding
experiments were also performed for TMPyP4 with the G-quadruplex [d(TAGGG);],.
The binding constant was ~10° M ™", the same order of magnitude of ZnTMPyP4-[d
(TAGGG),], interaction, but the stoichiometry was 3:1, revealing the presence of an
additional binding site.

In conclusion, as already described at the beginning of this paragraph, the
stoichiometry of TMPyP4 binding to human telomeric G-quadruplexes varies
between two and four and the binding constants vary in the range of three orders
of magnitude depending not only on DNA sequences and solution conditions but
also on the experimental methodologies employed to study the binding process.

A discussion of the binding properties of the multimeric structure formed by the
sequence (TTAGGG)GTT with cationic TMPyP4 can be found in [87].

3.2 The Three Side-Chained Triazatruxene Derivative: Azatrux

5,10,15-Tris[4(1-piperidino)butyl]diindolo[3,2-a:3’,2’-c]carbazole (azatrux) is a
three side-chained triazatruxene derivative, appropriately designed to bind
G-quadruplex structures in an end-stacking mode with its aromatic core (Fig. 7a).
Azatrux has proved to be a particularly interesting G-quadruplex ligand, because it
is able to inhibit cell growth on cancer cell lines in vitro [75]. A molecular modeling
study of the complex effectively showed that azatrux can stack over the terminal
G-tetrad plane with the three, positively charged, lateral chains interacting with the
DNA phosphates [75]. The knowledge of the energetics that regulates its interaction
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Fig. 7 (a) Chemical structure of azatrux. (b) Azatrux fluorescence spectra in the absence and
presence of successive additions of G-quadruplex at 25 °C. The arrow indicates the increasing
DNA concentration. The inset shows the plot of the fraction of azatrux bound («) vs DNA
concentration, the black squares represent the experimental data; the line is the theoretical curve
obtained on the basis of an independent and equivalent-sites model. (¢) ITC binding isotherm for
titration of d[AGGG(TTAGGG);TT] G-quadruplex with azatrux in PEG-containing solution. The
open circles are the experimental data obtained by integrating the raw data and subtracting the heat
of ligand dilution into the buffer. The line is the best fit obtained with the appropriate model. The
inset shows the thermodynamic signature of the interaction. The enthalpic (AH®) and entropic
(TAS®) contributions are shown in light gray and gray, respectively; the Gibbs energy change
(AG®,9gK) is shown in dark gray

with G-quadruplex DNA enhances the opportunity of providing additional infor-
mation for the optimization of such potential therapeutic agent.

Since it was not possible to characterize the binding of azatrux to the human
telomeric G-quadruplex d[AGGG(TTAGGG);TT] by ITC because of small heats
of binding, the binding parameters of the interaction were determined by fluores-
cence titration experiments [27]. Figure 7b shows the changes in the fluorescence
spectrum of azatrux on increasing d[AGGG(TTAGGG);TT] concentration.
Azatrux binds to the G-quadruplex with a 1:1 stoichiometry and with a binding
constant of ~5.0 x 10° M~'. CD spectra in the range of ICD signal were also
collected. ICD peaks were negative and small and decreased on increasing DNA
concentration. This behavior was attributed to an intercalative binding mode or an
end-stacking binding mode to G-quadruplex, in agreement with previous studies
[44, 45]. In addition, a strong hypochromicity and a drastic fluorescence change
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were observed upon azatrux binding to G-quadruplex, suggesting the presence of
extended stacking interaction of the azatrux aromatic core, as established for a
direct interaction of the drug with a G-tetrad aromatic system.

In a different study, a combination of experimental and computational
techniques was employed to characterize the binding of azatrux to G-quadruplex
formed by the d[AGGG(TTAGGG);TT] human telomeric sequence in 40% PEG
solution [28]. In that paper, the fruit of collaboration among various groups, the
azatrux binding mode to the parallel human telomeric G-quadruplex (conformation
induced by high PEG concentrations [63]), was investigated by CD, UV, and
fluorescence spectroscopy and the energetics of the binding was characterized by
means of ITC. The dynamic and structural features of the azatrux-DNA complex
were explored by molecular modeling methods. Further, the binding of azatrux to
the parallel human telomeric G-quadruplex was compared with binding to the
“standard” parallel G-quadruplex formed by the d(TGGGGT) sequence. Further-
more, the selectivity of azatrux for the human telomeric G-quadruplex relative to
another biologically relevant G-quadruplex-forming sequence, such as c-Kit87up,
and to duplex DNA was also evaluated in molecular crowding conditions.

The combination of fluorescence, UV, and CD titration experiments showed that
one azatrux molecule binds to the d[AGGG(TTAGGG);TT] without causing con-
formational change in the G-quadruplex, suggesting an “external” binding mode
rather than an intercalative binding mode. Particularly, the large hypochromic shift,
observed in the azatrux UV spectrum upon G-quadruplex titration, suggests a
binding mode that involves extended stacking interactions between the azatrux
aromatic core and G-quadruplex bases. ITC measurements allowed one to gain
information on enthalpy and entropy contributions to the energetics of azatrux-d
[AGGG(TTAGGG);TT] interaction. ITC data showed a large enthalpy change
(—108 kJ mol™') and a negative entropic contribution upon azatrux binding
(Fig. 7c). The large enthalpy change was attributed to the interaction of positively
charged nitrogen atoms of two piperidine side-chains with the negatively charged
phosphodiester backbone. A further enthalpy contribution is due to the stacking
interaction between the azatrux core and the G-quartet surface. On the other hand,
azatrux interaction confers rigidity to the interacting sugar-phosphate backbone in
the complex, compared to the free G-quadruplex. This is consistent with the
negative observed entropic contribution.

As mentioned above, the binding of azatrux to the “standard” parallel
G-quadruplex [d(TGGGGT)], was followed by ITC experiments in the presence
and absence of PEG. In both cases, the stoichiometry of the azatrux-DNA complex
was 2:1, confirming the stoichiometry obtained by NMR titration experiments [28].
On the other hand, the thermodynamic parameters and the binding constant are
different in the absence and presence of PEG. In particular, the binding event is
enthalpically driven in the presence of PEG and entropically driven in its absence.
In the presence of PEG, the binding free energy change is more favorable and the
corresponding binding constant is an order of magnitude higher than in the absence
of PEG, indicating that the presence of cosolute increases ligand affinity for
the G-quadruplex structure. Since PEG does not affect the parallel fold of the
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[d(TGGGGT)]4 G-quadruplex, as the CD spectrum does not change, this effect can
be directly correlated with the reduced water activity in PEG solution. The compar-
ison of the binding constants and free energies obtained in PEG-containing
solutions for the d[AGGG(TTAGGG);TT] and [d(TGGGGT)],; G-quadruplexes,
revealed that the azatrux bound these two G-quadruplex structures with similar
affinity. The binding was enthalpically driven for both the G-quadruplexes,
suggesting similar binding mode, although azatrux bound with a 2:1 stoichiometry
the [d(TGGGGT)]; G-quadruplex and with a 1:1 stoichiometry the human
telomeric G-quadruplex. The different stoichiometry was attributed to differences
in the geometries of the two G-quadruplex ends, specifically in the human telomeric
G-quadruplex the 5-end and 3’-end are not equivalent and, as suggested by
molecular modeling studies, the binding of azatrux could occur only to the 3’-end.

Additionally, the same set of UV-vis and fluorescence titration experi-
ments performed with the human telomeric G-quadruplex was carried out on the
[d(TGGGGT)]4 G-quadruplex both in the presence and absence of PEG. The
changes in the UV and fluorescence spectra of azatrux upon addition of [d
(TGGGGT)]4 were very similar to those observed for the human telomeric
sequence, confirming the 2:1 stoichiometry found in the ITC experiments. In UV
experiments, the binding constant was 4 x 10° M~' both in the absence and the
presence of PEG. In fluorescence experiments, the binding constants were 9 x 10°
and 4 x 10° M~" in the absence and in the presence of PEG, respectively.

Selectivity of azatrux for human telomeric G-quadruplex was also evaluated by
studying its affinity for the DNA duplex and for the biologically relevant c-Kit87up
G-quadruplex by means of UV and fluorescence [76]. Only in the case of the
G-quadruplex was there found a measurable affinity with a stoichiometry of 2:1,
but a weaker interaction (K, = 5 X 107° Mfl) with respect to that found for the
telomeric G-quadruplex.

In conclusion, the whole set of the experimental and computational data
suggested that azatrux binds by end-stacking to parallel G-quadruplex structures
with higher affinity compared to hybrid structures and that both planar aromatic
surface and side chains are important structural elements in optimizing this prefer-
ential binding mode. Specifically, computational studies illustrated the key role of
the polarity of the side chains in stabilizing the G-quadruplex-azatrux complex by
electrostatic interactions.

4 Energetics of Groove Binding G-Quadruplex Ligands

4.1 Distamycin and Its Analogs

Distamycin A (Dst) (Fig. 8) is a well-known minor-groove binder of the duplex
DNA, whose stoichiometry of interaction is sequence-dependent [77-79]. How-
ever, this molecule and some of its analogs have also been shown to interact with
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Fig. 8 Chemical structures of distamycin A and its investigated derivatives

DNA quadruplex structures. Additionally, derivatives of Dst have been shown to be
effective inhibitors of the human telomerase [80]. Interaction of Dst with
tetramolecular G-quadruplex [d(TGGGGT)], in K* solution shows an interesting
ITC binding profile with two distinct binding events, each involving two drug
molecules, to give a final 4:1 complex (Fig. 9) [81]. Analysis of the thermodynamic
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Fig. 9 (a) NMR structure of the 4:1 distamycin:[d(TGGGGT)]4 complex. (b) ITC data for the
binding of distamycin to [d(TGGGGT)l,. The top panel shows the raw data; the bottom panel
shows the data obtained by integrating the peaks and subtracting the heat of ligand dilution into the
buffer

Table 2 Thermodynamic parameters for the interaction of distamycin and its investigated
derivatives with [d(TGGGGT)], obtained by ITC at 25 °C

AH° —TAS° AG°
Ligand Ion i KM mol™) (kImol™') (kJmol™!) Ref.
Distamycin K* 1°binding 2 4.0 x 10° —8.0 —24 -32 [81]
event
2° binding 2 4.0 x 10° —10.0 —27 —37
event
Distamycin  Na* 1 20x10° —14.0 —-16 —-30 [61]
1 K* 2 20 x 10° 7.0 —43 —-36 [61]
1 Na* 1 23x10° 100 —46 —-36 [61]
3 K* 4 90 x 10° 6.0 —40 —34 [82]
4 K* 2 19 x10° —-11.0 25 -36 [83]
Netropsin ~ K* 2 12 x10° —-10.6 —-23 —34 [83]

“n refers to the number of ligand molecules interacting in each binding event

parameters showed an entropically driven process and suggested an interaction with
the grooves of the [d(TGGGGT)]4 quadruplex. NMR study confirmed that four Dst
molecules bind, as antiparallel dimers, two opposite G-quadruplex grooves by
adopting a crescent shape and by establishing H-bonds with the guanine bases
(Fig. 9). NMR also reveals strong coulombic interactions between positively
charged amidinium moiety of Dst and the backbone phosphate groups of the
G-quadruplex. From the energetic point of view the binding was entropically driven
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and the affinity between Dst and [d(TGGGGT)]4 was enhanced (~tenfold) when the
ratio drug/G-quadruplex was increased (Table 2).

The importance of the crescent shape extension was investigated by varying the
pyrrole units number in Dst [61]. The attention was focused on the interaction of
two carbamoyl analogues of Dst (1 and 2, Fig. 8), containing four and five pyrrole
units, respectively. Experiments revealed that the presence of one additional pyrrole
unit affects the affinity as well as the stoichiometry (2:1 ligand/quadruplex) of the
binding, whereas, the addition of two pyrrole units leads to a total loss of interaction
between the derivative and the [d(TGGGGT)],. The interactions of Dst, 1 and 2 to
the [d(TGGGGT)], target were also investigated using a different buffered solution
containing Na* at fixed ionic strength. ITC experiments revealed that Dst and
compound 1 bound to the investigated G-quadruplex in that solution condition,
but that compound 2 had a poor binding affinity. However, the presence of Na*
cation in solution affected the stoichiometry and thermodynamics of the
interactions. Specifically, the energetics of binding for the compound 1 was entirely
entropically driven (Table 2).

The importance of the unique positive charge of Dst in the interaction with
[d(TGGGGT)]4 was investigated by studying an uncharged analog, in which the
major change into the ligand structure was the replacement of the amidinium group
by an N-methyl amide moiety (3, Fig. 8) [82]. As for Dst, the binding stoichiometry
was found to be 4:1 (ligand/quadruplex), but the thermodynamic parameters deter-
mined by ITC for the interaction of 3 were slightly different from those of Dst to the
same target in K™ solution. In both cases, the binding reaction was an entropically
driven process. However, the binding of 3 showed a small unfavorable enthalpy
change, while a small favorable enthalpy change was observed in the case of Dst.
This difference was rationalized by the structural features of the two ligands.
Indeed, the positively charged amidinium moiety of Dst interacted with the phos-
phate groups of the quadruplex, providing a favorable, although small, enthalpy
contribution. On the other hand, in the derivative 3 the amidinium group was
replaced by an uncharged moiety that could not give this contribution.

The energetics of binding of two dicationic derivatives of Dst (4 and netropsin,
Fig. 8) with [d(TGGGGT)], was also characterized by ITC [83]. The experiments
revealed that both 4 and netropsin bound to the investigated quadruplex. The
thermodynamic profiles of the two ligand-quadruplex interactions were qualita-
tively similar and the stoichiometry observed was 2:1 (ligand/quadruplex) in both
cases (Table 2). The thermodynamic parameters determined by ITC indicated that,
similarly to Dst, the association reactions of both ligands with [d(TGGGGT)], were
entropically driven processes with a small favorable enthalpic contribution,
suggesting a similar groove binding mode also in these cases. Interestingly, the
2:1 (ligand/quadruplex) stoichiometry suggested that 4 and netropsin were not able
to bind the quadruplex in a dimeric form, most probably due to the doubly charged
nature of the molecules that prevented a side-by-side arrangement into the grooves.

The ITC data alone do not establish with certainty the binding mode of these
ligands, but, by combining calorimetric and structural data, it is reasonable to assess
that the binding into the grooves of G-quadruplexes is characterized by a large
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favorable increase of entropy and a small (favorable or unfavorable) enthalpy
change, similar to what happens for the binding of a groove binder to duplex
DNA [48].

5 Conclusions and Perspectives

The search for best-in-class G-quadruplex ligands, acting on both telomeric and
nontelomeric G-quadruplexes, occupies many researchers around the world.
Among the plethora of putative G-quadruplex ligands, only a fluoroquinolone
derivative, quarfloxin, had entered into the phase II clinical trials for the treatment
of carcinoid/neuroendocrine tumors [84]. Unfortunately, quarfloxin was withdrawn
from further trials owing to problems with bioavailability. Although the increasing
discovery of G-quadruplexes in many gene promoter regions opens new routes of
therapeutic targets in oncology, it is still a long way off to being able to obtain
G-quadruplex ligands as successful anticancer agents [85]. Physico-chemical
properties and structural characteristics of G-quadruplexes of many gene promoter
regions make them good targets for a range of drugs. Further, their structural
diversity is promising for a high degree of selectivity. Indeed, drug selectivity
represents a potential problem for the development of ligands able to bind and
stabilize only a specific G-quadruplex structure. Furthermore, the identification of
the specific proteins that bind to G-quadruplex forming-sequences modulating gene
expression raises a question on the opportunity of studying how the drugs exert their
biological effects in the presence of G-quadruplex-protein complexes. Finally, one
last consideration on the process of first-in-class drug identification should be
carried out. Usually this process is mainly and unquestionably focused on the
common drug optimizing paradigm of simultaneously improving selectivity, solu-
bility, and pharmacokinetic properties rather than analyzing binding energetics.
Careful investigations on G-quadruplex-ligand energetics can surely help the
process of development of G-quadruplex-binding drug, giving quantitative
information on the investigated interactions. Fortunately, physico-chemical
methodologies suitable to study these aspects, some of which are described in
this chapter, are available in many research laboratories.
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Tetramolecular Quadruplex Stability
and Assembly

Phong Lan Thao Tran, Anne De Cian, Julien Gros, Rui Moriyama,
and Jean-Louis Mergny

Abstract Guanine quadruplexes (G4) are unusual four-stranded nucleic acid
structures formed by G-rich DNA/RNA. Beyond their likely biological relevance,
the self-assembly, stability, and rigidity of these structures are also interesting
for nanotechnology and biotechnology applications. Therefore, efforts are carried
out to understand the rules that govern stability and folding of G-quadruplexes.
We focus this chapter on tetramolecular conformations which are simple tractable
models. We report here the experimental parameters, molecules, and modifications
that affect thermal stability and/or association kinetics of these structures. Some
chemical modifications which facilitate tetramolecular quadruplex formation and
can be useful for nano- or biotechnology are also described.

Keywords Association kinetics, Chemical modifications, Nanotechnology and
biotechnology applications, Tetramolecular quadruplexes, Thermal stability
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Abbreviations
A Adenine
C Cytosine
CDh Circular dichroism

DNA Deoxyribonucleic acid

G

Guanine

HIV-1 Human immunodeficiency virus type 1
LNA Locked nucleic acid

NMR Nuclear magnetic resonance

O-RNA  2'-O-Methyl ribonucleic acid

PEG Polyethylene glycol

PNA Peptide nucleic acid

RNA Ribonucleic acid

Thymine
Uracil

UTR Untranslated region

1

Introduction

Self-assembly of guanosine 5’-monophosphates (5'-GMP) or guanine-rich poly- and
oligonucleotides has been observed for several decades. In 1962, Gellert et al. [1]
determined that guanine bases form non-canonical structures based on G-quartets. In
a similar manner, G-rich nucleic acids assemble into higher order structures called
guanine quadruplexes. G-quadruplex structures exhibit right-handed helicity and
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Fig. 1 Guanine and G-quartet. (a) Chemical formula of canonical guanine and two hydrogen
bonding faces (Watson—Crick and Hoogsteen) which are implicated in G-quartet formation.
Arrows indicate H-bond donors (in black) and acceptors (in gray). (b) Classical G-quartet structure
with anticlockwise rotation (—) of the donor NH to the acceptor C=0 hydrogen bonds. (¢) Two
most favorable sugar conformations of guanine of quartet: C2'- or C3'-endo. (d) Two torsion
angles of guanine glycosidic bond (syn and anti) that determine groove dimension of G-quartet:
wide, medium and small

result from the hydrophobic stacking of two or more G-quartets, in which four
guanines establish a cyclic array of hydrogen bonds from the Watson—Crick and
the Hoogsteen faces (Fig. 1a). The stacking of G-quartets is stabilized by cations
such as Na® or K*. Bioinformatics studies identified about 376,000 putative
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quadruplex sequences (PQS) in the human genome [2]. Such structures may form in
specific genome regions such as gene promoters, ribosomal DNA, minisatellites,
telomere regions, as well as 5’-UTR, 3/-UTR, or intron regions. Several recent
publications in high profile journals indicated an implication of these structures in
key biological processes [3—13], making them an attractive target for drug design [4,
14-17]. Besides biological applications of G-quadruplexes, their self-assembly,
stability and rigidity properties are of particular interest for the nanotechnology
and the biotechnology fields.

It is therefore important to understand the rules that govern the stability and
folding kinetics of these complexes. In contrast to bi- and unimolecular
conformations, tetramolecular quadruplexes formed by short nucleic acid
sequences containing a single guanine tract display two major advantages for this
analysis: (1) a limited polymorphism (even if unusual planar base associations can
be formed) [18-20] and (2) kinetic inertia that facilitates experimental studies. For
this reason, the folding of uni- or bimolecular quadruplexes will not be dealt with in
this chapter — just the assembly of tetramolecular quadruplexes.

2  Quartet Formation

2.1 Classical Quartet

A G-quartet is a planar association of four guanines held together by four central
H-bonds between H' of nitrogen and O° of carbonyl group and also by four external
H-bonds between H? of amine and N’ (Fig. 1b). A G-quartet has two diastereotopic
faces, a “head” (+) and a “tail” (—). The “head” of the G-quartet is defined as the
face showing a clockwise orientation of the internal hydrogen bonds, from the
donor (NH) to the acceptor (C=0) group, and vice versa for the “tail.”

The nucleoside sugars (ribose or deoxyribose) can adopt several conformations.
The two most favorable sugar conformations are C2’-endo (found in most DNA
G-quadruplexes) and C3’-endo (found in most RNA structures) (Fig. 1¢) [21].

The guanine bases are covalently linked to the sugar via the glycosidic bond that
can display two major different torsion angles: syn and anti (Fig. 1d). The anti
conformation can be formed whatever the sugar conformation (C2’- or C3'-endo),
whereas the syn position is unfavorable in the case of C3’-endo sugar conformation
because of the steric hindrance between O3’ and C5'. Despite this steric effect, the
syn position is possible for guanine thanks to the H-bond between O35’ and H? of
amine. Each G-quadruplex presents four grooves defined by two neighboring
guanines in a G-quartet. According to their respective syn or anti conformations,
grooves can be wide, medium, or small [22], contributing to the conformational
diversity of G-quadruplex structures. However, this diversity is more limited in the
case of tetramolecular quadruplexes; when all strands are parallel, all guanine in a
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quartet must adopt the same glycosidic bond angle, leading to all-syn or all-anti
quartets (the latter being the general case), and all grooves are of medium size.

The stacking of G-quartets is stabilized by monovalent (Rb*, NH,*, K*, Na*,
Cs*, Li*), divalent (Sr**, Ca®*, Ba®*, Mg®"), or trivalent (Tb>*, Eu’*) [23, 24]
cations according to their ionic radii and their hydration energies. There are indeed
two different ways for cations to interact with G-quadruplex structures: (1)
cation—dipole interactions through 2 x 4 central oxygen atoms (inner ions) from
two successive G-quartets, reducing the electronic repulsion and (2) electrostatic
interactions with the grooves and the phosphate backbone (outer ions). The latter
mode is shared with most nucleic acid structures while the first is unique for
G-quadruplexes.

The order of cation ability to stabilize and/or to induce G-quadruplex structures
is as follow: K¥ > NH,© > Rb* > Na* > Cs* > Li* for monovalent cations [25]
and Sr** > Ba** > Ca”* > Mg*" for divalent cations [26]. The residence time of
NH," cations bound between central quartets of a G-quadruplex is generally much
shorter than the lifetime of a G-quadruplex. This suggests that cation movement
through the G-quadruplex may occur without opening the structure. Most
measurements have been performed on bi- or intra-molecular complexes with
NH," cations residence lifetimes in the 139 ms to 1.7 s range [20, 27-30].
G-quadruplex could thus be compared to ion channels, an intrinsic property that
could be used for nanotechnology applications (see Sect. 7), i.e., the synthesis of
conducting molecular wires or synthetic transmembrane ion transporters.

2.2 Non-G-Quartets

Besides guanines, other canonical nucleobases can also form quartets; either homo-
quartets formed by the same base (A-, T-, C-, or U-quartets) or mixed quartets
formed by two different bases (G:C:G:C, G:T:G:T, or A:T:A:T). The design of a
tetramolecular complex incorporating a mixed quartet is not straightforward, as it
necessitates the assembly of two different strands. In contrast, it is simple to design
a tetramolecular complex that would lead to the formation of A-, T-, C-, or
U- homo-quartets; we studied in detail the stability of these G4 structures, bearing
in mind that structural methods would be required to determine whether these
quartets are actually formed. In general, even if such quartets have been observed
by NMR, they do contribute greatly to the stability of the quadruplex, and often
have a very detrimental impact on association rate and/or thermal stability. The
sequences and the corresponding unusual quartets that can be formed under differ-
ent ionic conditions are displayed in Table 1. Non-G-quartets, observed by NMR or
crystallography, are formed by G-rich sequences containing several G-quartets.
These G-quartets stabilize the formation of non-G-quartets which may slow cation
movement once presented at the 5" end [20].
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Table 1 Unusual quartets and corresponding sequences described in the literature

Condition of

Unusual quartets Sequences (5" — 3') formation References
Homo-quartets  A-quartet d(AG5T) K* [31]
d(®U-1(GAG,U) Na* [32]
(U)-d®'G»-r(AG,U)  Na* [33]
T-quartet d(TG4T) Na*, K*, or NH,* [20]
d(TG3TG;C) K* [34]
C-quartet d(TG5CG5T) Na* [35]
U-quartet r(UG,U) K* or Sr** [36, 371
d(UG4T) Na* [20]
r(UG,UGU) K* [38]
Mixed quartets G-C quartet d(GCG,X*G,Y?) Na* [39]
d(GCG,T3GCG,) Na* [40]
d(G;CT,4G;C) Na*, K*, or NH,* [41-43]
d(G3ATC) K* [44]
G-Cor A-T d(GCG,T,G,AT) Na* [45]
quartets d(GAGCAG,T) Na* [46]
G-T quartet d(GsT) K* [19]
Pentads A:(G:G:G:G) d(G3;AG,T5G3;AT) Na* [47]
pentad d(G4TG3AG,AG;T) K* [48]
Hexads A:(G:G:G:G):A d(G,AG,AN?) Na* [49]
hexad r(UG,AG,U) K* [50]
1(G2AG,U,G,AG,) K* [51]
d(GCG,AG,AT) Na* [39]
T:(G:G:G:G): T  d(GCG,T,G,AT) Na* [39, 45]
hexad
Heptads G-A heptad d(GA),4 and d(G,A)g K* [52, 53]
Octads G-C octad d(CG,TG,T) K* or NH,* [18]
G-U octad (UG,U) Sr** [37]
d"UH-r(GAG,U) Ba®* and Na* [32]
A-U octad r(U)-d®'GY-r(AG,U)  Cobalt hexamine and [33]
Na*

2By = 5-bromouracil; #G = 8-bromoguanine; X = T, U, TT, UC, TC or A; ¥ = AT, AU, U or
A;N=TorG

2.3 Pentads, Hexads, Heptads, and Octads

More than four nucleobases can be associated to form a planar cyclic array of
H-bonds. The adenine or thymine in a single-residue propeller loop that bridges
G-tetrad layers can form hydrogen bonds with one edge of the G-tetrad. We can
observe pentad, hexad, heptad, or octad base alignments (Table 1) that contribute to
G-quadruplex conformational diversity. Note that intramolecular or bimolecular
quadruplexes may also involve base pairs or triads stacked on a terminal quartet;
these arrangements are not common in tetramolecular complexes, but may occur
through dimerization of tetramolecular species.
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3 Stability and Association Kinetics of Tetramolecular
Quadruplexes

3.1 Presentation

Tetramolecular quadruplexes are formed by short DNA or RNA sequences
containing a single block of guanines. In this structure all strands are parallel,
guanines are in the anti conformation with their attached sugars generally in C2’
endo (for DNA) and C3’ endo conformation (for RNA), and all groove dimension
are identical [54]. Tetramolecular quadruplexes are kinetically inert: the association
kinetics of the structure will be very slow, except at very high strand concentration,
and once formed, it can be extremely stable. In the presence of potassium this
structure can often resist high temperatures (95—100°C), so using lithium hydroxide
(LiOH) is sometimes required to denature the complex.

The thermal denaturation of a G-quadruplex structure leads to a variation in
absorbance that can be followed at specific wavelengths (such as 295 nm) [55]. The
association process may also be followed over time at those same wavelengths at a
constant temperature. These experiments enable one to determine thermal stability
(T, = apparent melting temperature) and association kinetics (k,, = association
rate constant) of the structures. Other techniques such as circular dichroism,
fluorescence and NMR may also be used to follow thermal melting or association.

3.2 Association Process Analysis

It has been known for over 40 years that the renaturation of short guanine rich
oligomers such as Gg is slow [56]. In agreement with the paper published by Wyatt
et al. [57], who used size exclusion chromatography to study this process, we [58]
and others [59] found an experimental order of ~4 for the association rate with
respect to strand concentration. We used isothermal renaturation experiments to
study the formation of the quadruplexes: starting from unfolded species, a time-
dependent increase in absorbance at 295 nm and an opposite trend at 240 nm, with a
time-dependent decrease in absorbance, are observed along G-quadruplex forma-
tion (Fig. 2a). The order of the reaction n may be experimentally estimated by
analyzing the concentration dependency of the association process. Assuming that
att = 0, o = 1, one can demonstrate that [57]

x=(1+Cp" (n—l)kont)l/<l_n), (1)

where Cj) is the initial strand concentration, o the fraction of unfolded-strand, and
kon the association rate constant. The constant k,, can be determined by fitting the
association curves with this equation, considering that » = 4 or lies between 3 and
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Fig. 2 Tetramolecular quadruplex association. (a) Example of an isothermal association experi-
ment. Association at 4°C of d-TG,T oligonucleotide at 50 uM strand concentration in a 0.1 M K*
pH 7.2 buffer. Two different wavelengths are registered: 240 nm (empty circles, Y-scale shown on
the /eft) and 295 nm (black circle, Y-scale shown on the right). (b) Arrhenius representation of the
association rate (In(k,,)) of d-TG4T (DNA) and r-UG4U (RNA) quadruplexes in Na*. [Panel (b)
reproduced from [142] with permission of the Royal Society of Chemistry]

4 [57-59] (Fig. 2b). Using NMR spectroscopy, Leroy and colleagues found a
slightly lower experimental value for n, closer to 3 [60]. Thus, the exact value of
the reaction order may depend on sequence and ionic conditions. Furthermore,
NMR allows one to follow the association process in a more precise manner than
absorbance or CD: it reveals the existence of “imperfect” tetramolecular
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complexes, in which the strands are not aligned. These complexes may be long-
lived, and their final conversion into the canonical quadruplex may take weeks or
months [60, 61].

3.3 Thermal Stability Measurements

As seen before, the association kinetics of short parallel quadruplexes will be
very slow at low strand concentration, and thermal denaturation of this struc-
ture is kinetically irreversible [58, 59, 62] when working in the nanomolar or
micromolar concentration range, i.e., reassociation is negligible. The apparent
melting temperature (7,,,) determined from the denaturation curve depends on
the temperature gradient since we do not obtain thermodynamic equilibrium at
each temperature. In other words, variations in apparent T, rather reflect the effects
on dissociation (k) as a function of temperature than on the equilibrium constant.
Little or no renaturation is found at low strand concentrations (Fig. 3a), while one
may observe an extreme hysteresis at higher strand concentrations and slow rate of
annealing [57, 58, 63].

One can take advantage of this quasi-irreversibility to determine dissociation
rate constant (k.¢) as a function of temperature (Fig. 3b), which represents an
alternative approach to measure the lifetime of a pre-folded quadruplex using
different unfolding temperature [57, 58, 63].

Analysis of CD melting spectra enables one to determine whether the thermal
melting occurs as an all-or-nothing phenomenon or involves partially unfolded
species. Petraccone et al. [59] demonstrated that the quadruplex to single-strands
transition of d-TG4T involved only two significantly populated spectral species, in
full agreement with a simple dissociation pathway.

4 Stability and Association Kinetic Effectors
for Tetramolecular Quadruplexes

Many parameters can influence the thermal stability and the association rate of the
tetramolecular quadruplex; these parameters and a summary of their effects are
presented in Table 2 and described below.

4.1 Effects of Temperature

Temperature can modulate both quadruplex association (k,,) and dissociation (ko)
rates [58, 63]. Because of the quasi-irreversible melting of tetramolecular
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Fig. 3 Tetramolecular quadruplex lifetime. (a) Example of an irreversible melting curve of
d-TG4T in a 0.11 Na* pH 7.0 buffer recorded at 295 nm with a temperature gradient of ~0.2°C/min.
Arrows indicate directions of temperature changes. The small difference observed at high temper-
ature between the heating and cooling profiles is artefactual. [(a) reproduced from [58],
by permission of Oxford University Press]. (b) Arrhenius representation of dissociation rate
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Table 2 Effects of various parameters on stability and association rate of tetramolecular G-
quadruplexes

Parameter Association (kop) Stability (T/,)
Decreased temperature + nd
Increased ionic strength + ~0
Na* — K* + +
Mg?* addition + -2
Lower pr 0 -
Increased oligonucleotide concentration +° ~0°
Longer G-tract + +
Longer non-G overhang (5’ and/or 3’ ends) —d +/—4
SIOH N S/P _ ~0
Note: “—" decrease, “+” increase, “0” little or no effect, “nd” not determined

# Magnesium concentration above 10 mM

" Below pH 5.5. No effect of pH in the 6.0~7.8 range

¢ kon is obviously concentration independent, but apparent association rate strongly depends on
concentration. T}/, does not depend on the strand concentration if reassociation is negligible (for
low strand concentrations)

4 Generally the addition of non-guanine bases stabilize the structure but sequence-dependent
effects may be observed, depending on length, base composition (dT, dC or dA), and side (5" or
3') of the base insertion

quadruplexes, it is possible to study the association of these complexes at a low
temperature where dissociation could be neglected — the lifetime of the complex is
very long. Reciprocally, one can study at higher temperatures the dissociation
process of preformed complexes; provided that strand concentration is low enough,
reassociation can be neglected.

4.2 Effects of Ionic Strength

The stability and the association kinetics strongly depend on the nature of cation
used (K™ > Na™). Cations, according to their ionic radii and their hydration
energies, can stabilize more or less quadruplex structures (see Sect. 2.1). Potassium
(ionic radius = 1.52 A instead of 1.16 A for Na*) strongly stabilizes G-quadruplex
structures leading to an increase in apparent melting temperature, which reflects a
slower dissociation at a given temperature. It also increases the association rate
constant by a factor of 20-50 as compared to other ionic conditions [58].
Monovalent cation concentration plays little if any role in tetramolecular
quadruplex thermal stability. However, increasing ion concentration increases the
association rate, as shown in Table 2. The addition of a divalent cation such as

Fig. 3 (continued) (In(k.¢) on the left Y-scale) and lifetime (right Y-scale) of d-TG4T (DNA) and

r-UG4U (RNA) quadruplexes in 0.11 M Na*. [Panel (b) reproduced from [142] with permission of
the Royal Society of Chemistry]
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magnesium accelerates the association process in a concentration-dependent man-
ner [58]. In contrast, increasing magnesium concentration above 10 mM leads to a
decrease in the apparent melting temperature and hence induces an increase of the
dissociation process. The trivalent cation Tb>* stabilizes G-quadruplex structures in
the low micromolar range; higher Tb®* concentrations (above 10 pM) eventually
destabilize the quadruplex [23].

4.3 Effects of pH

No variation of association or of thermal stability is observed in the 5.5-7.8 pH
range [58]. However, pH below 5.5 accelerates both association and dissociation
rates. The stabilizing effect on association is therefore compensated by a
destabilizing effect on the denaturation process (a 4°C decrease in 7).

4.4 Effects of Sequence and Concentration

The nucleic acid sequence can also modulate apparent melting temperature and
association constant values [58]. Longer G-tracts can lead to a faster apparent
association rate and a higher thermal stability, bearing in mind that kinetically
trapped species with a lower number of quartets may delay the formation of the final
“perfect” product. Each extra guanine induces an approximately tenfold increase in
the association rate constant. In contrast, the addition of non-G-bases at the 5’ or 3/
end generally has a detrimental role in the association rate but can lead to an
increase in the thermal stability of the DNA quadruplex. Besides, the replacement
of a 5’ thymine by adenine has a beneficial effect on the association and the thermal
stability. This reflects the importance of the nature of the 5’ terminal base on
quadruplex formation.

In addition, increasing strand concentration can increase apparent association
rate and so reduces reaction time, switching from a slow to a fast reaction [57].
However, T/, does not depend on the strand concentration if the reassociation of
the complexes is negligible (for low strand concentrations) [58].

4.5 Effects of the 5'-Phosphate Group

Our team demonstrated that the introduction of a 5'-terminal phosphate could affect
quadruplex association, presumably due to the additional negative charges provided
by the extra phosphate group. The 5’ phosphate group slowed the association rate
but showed little effect on thermal stability [64].
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5 Effects of Chaperone Molecules

Other than cations, several molecules (proteins, small ligands, and polymers) may
act as molecular chaperones for tetramolecular quadruplex formation. Some of
them will be presented below.

5.1 Effect of Proteins

Certain proteins can interact with tetramolecular G-quadruplex DNA and
modulate the formation of the structures. Some of them cleave tetramolecular
G-quadruplexes, such as GQN1 [65] and topoisomerase II [66], while other may
act as chaperones which stabilize and/or promote G4 formation, such as topoisom-
erase I [67] or the nucleocapsid protein (NCp) of HIV-1 [68].

5.2 Effect of Quadruplex Ligands

Efforts are being made to identify small molecules that selectively bind to G-
quadruplex structures as these ligands may have cellular effects interfering with
the structures in vivo [4, 14-17]. Interestingly, ligands interacting with
quadruplexes could also give clues to the dynamics of the structure. There are
several possible interaction modes: end stacking, intercalation (between two
quartets), and groove or loop interaction. Intercalation is generally considered
unfavorable or unlikely, because it requires the transient unstacking/opening of
two G-quartets and the release of a cation. Nevertheless, intercalation between a
non-G-quartet and an external G-quartet has been reported [69] and solid evidence
exists for “true” intercalation in the case of poly dG annealed in the absence of a
stabilizing cation [70]. The most frequently observed mode of interaction is the end
stacking mode, such as for TMPyP4, BRACO19, BSU6039, RHSP4, daunomycin,
and naphthalene diimide [PDB entry: 2A5R, 3CES, 1L1H, INZM, 100K, and 3SC8
(BMSG-SH3) respectively] [69, 71-75].

Furthermore, some of these small ligands may not only bind to and lock a
preformed quadruplexes, leading to increase the lifetime of the structures (by
lowering the dissociation constant, k.g), but also actively promote the formation
of the complex and act as quadruplex chaperones (by increasing the association
constant, k,,). Han et al. presented the first example of a small molecule, PIPER (a
perylene derivative), that accelerates the assembly of di- and tetrameric
G-quadruplexes formed by two tandem repeats of the human telomeric sequence
(d-TTAG:;) [76]. We also investigated the effect of several well-characterized
selective ligands on tetramolecular quadruplex formation. Among them, we
demonstrated that 360A (bisquinolinium pyridine dicarboxamide compound) has
the utmost capacity to act as a chaperone for tetramolecular complexes (d-TG5T) by
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Fig. 4 Small G-quadruplex ligand stabilizes tetramolecular quadruplex structures and
accelerates their formation. (a) Gel electrophoresis experiment: incubation of radiolabelled
32p0,-YTG,T at 4°C at 5 1M strand concentration in absence or presence of a large excess of a
specific quadruplex ligand, 360A, at 50 and 100 uM, for various amounts of time in a 10 mM
lithium cacodylate buffer (pH 7.2) supplemented with 0.11 M K*. Samples were loaded on 20%
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increasing k., (Fig. 4a, 4b) and by decreasing k. (Fig. 4¢) (i.e., an increase in the
lifetime and thermal stability of the complex) [64]. This observation has
implications for in vitro and in vivo applications of quadruplexes and should be
taken into account when interpreting the cellular responses to these agents.
Tetramolecular quadruplexes are well suited to study this chaperoning effect, as
one can study and quantify G4 promoting activity under near-physiological
conditions.

5.3 Effect of Polymers

Association rates of tetramolecular quadruplexes are extremely slow at micromolar
strand concentration, likely owing to electrostatic repulsion among the four strands.
Maruyama et al. have described how cationic comb-type copolymers comprised of
more than 80% hydrophilic graft chains and less than 20 wt% cationic backbone
(Fig. 5a) form water-soluble polyelectrolyte complexes with DNAs. The
copolymers promote sequence-specific hybrid formation, such as formation of
double-stranded DNA and triple-stranded DNA [78, 79], and they shield electro-
static repulsion of the DNA strands to stabilize DNA assembly [§0—84]. Eventually
they reported that this copolymer affects the kinetics of tetramolecular quadruplex
formation by increasing the association rate (Fig. 5b) but also by accelerating the
dissociation rate (Fig. 5c) [77, 85]. Moreover, the copolymer favors a strand
exchange reaction between a preformed quadruplex and a single-strand to promote
the reassembly into the thermodynamically most stable quadruplex structures
[86, 87]. The cationic comb-type copolymer is therefore able to decrease the energy
barrier for breakage or re-assembly of base pairings and convert meta-stable species
into lowest energy species, as bona fide nucleic acid chaperones.

In the absence of cations, certain agents such as polyethylene glycol (PEG) can also
stabilize the G-quadruplex structures [88] and influence G4 conformation: it favors the
formation of parallel G-quadruplexes [89]. Other molecules such as polyamines
(spermine or spermidine) [90] and triethylene tetraamine bind to G-quadruplex and

<
«<

Fig. 4 (continued) acrylamide TBE 1X gel supplemented with 20 mM K*. The tetramolecular
G-quadruplex is too slow to associate in those conditions without the ligand. In presence of the
ligand, a shift band reveals the formation of a tetramolecular quadruplex. (b) Isothermal associa-
tion curves extrapolated from the gel. The data can be fitted by a fourth order model in presence of
a large excess of 360A. The rate constant is increased by 2 and 21 million-fold, respectively, in
presence of 50 and 100 uM of 360A (equivalent to an increase in strand concentration of 125- and
275-fold). (c¢) Arrhenius representation of dissociation rate [In(kog)] of 32PO4—5,TG3T
quadruplexes in the absence (black circle) or the presence of 5 pM (light blue triangle) and
10 uM (dark blue triangle) 360A in 10 mM lithium cacodylate buffer (pH 7.2) supplemented with
0.11 M K*. We observed that 360A decreases the dissociation rate of >*PO4-> TG;T by a factor of
~33. [Panels (a) and (b) reproduced from [142] and [64] with permission of the Royal Society of
Chemistry and of Oxford University Press
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Fig. 5 Cation comb-type polymer acts as a molecular chaperone for tetramolecular quadruplex
formation. (a) Structural formula of cationic comb-type polymer, poly(L-lysine)-graft-dextran.
(b) Arrhenius representation of the association rate (In(k,,)) of d-TG4T in the absence (empty
circle) or the presence (black circle) of PLL-g-Dex in 10 mM phosphate saline buffer (PBS)
supplemented with 100 mM Na*. (¢) Arrhenius representation of dissociation rate (In(kog)) of
d-TG4T in the absence (empty circle) or the presence (black circle) of PLL-g-Dex in 10 mM PBS
supplemented with 100 mM Na*. (Figure reproduced from [77], with permission from Elsevier)

stabilize the structure [91]. It is important to mention that these compounds, generally
described as crowding agents, also affect water activity, which makes more difficult
the deconvolution of these two effects. Besides, Rosu et al. have also shown that the
addition of methanol can significantly accelerate the cation-induced tetramolecular
quadruplex assembly [61].
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6 Effects of Chemical Modifications

In addition to their in vivo biological functions, quadruplexes may find use as
pharmaceutically active agents [92]. A number of aptamers adopt a quadruplex fold,
such as the thrombin-binding-aptamer (TBA) [93, 94] and the nucleolin binding-
aptamer (AS1411) [95, 96]. While the previous examples are intra- or bi-molecular
complexes, several tetramolecular quadruplexes were shown to act as specific
inhibitors of human immunodeficiency virus type 1 (HIV-1) infection in vitro [97].
However, some of these sequences cannot be used in vivo because of their bioavail-
ability problem. For this reason, the research on modified oligonucleotides can
be useful to improve physical and biological properties of selected aptamers increas-
ing biostability or resistance to nucleolytic enzymes [98]. The knowledge of modified
nucleotide influence on thermal stability and kinetics of quadruplex formation is also
crucial for their potential pharmacological applications.

6.1 RNA and 2'-Sugar Modified Analogs

RNAs (Fig. 6) containing short runs of Gs can form G-quadruplex structures. RNA
quadruplexes, especially tetramolecular structures formed by r-UG,U sequences,
are much more stable than their DNA counterparts (d-TG,T). This increased
stability results from a much faster association (103 -fold) and a slower dissociation
(10~>-fold) [58, 103]. Besides the contribution of the 2'OH group to the stability of
the RNA quadruplex, another structural difference between the two structures is the
organization of the uracil/thymine groups [36]. This stability can result in part from
a stabilizing role of T — U base substitution [103] which may result from different
characteristics of uracil and thymine quartets [20, 34, 36-38].

2'-Sugar modified analogs such as 2’-O-methyl ribonucleotide (O-RNA) [58]
and locked nucleic acids (LNA) [104—106] (Fig. 6) form more stable tetramolecular
quadruplexes than their natural DNA counterparts. From a kinetic point of view,
this higher stability results from both a slower dissociation and a faster association.
This difference might be explained by favoring the sugar in C3’-endo conformation
which leads to a greater penalty in adopting a syn conformation for modified
guanines [103, 106]. Data collected from our lab [58, 103] and other groups [106]
allow oligomers to be ranked in the following order of T,: DNA < O-RNA <
RNA =~ LNA. LNA quadruplexes, ribonucleotide analogs, present thermal stability
similar to RNA complexes, but their association is second-order instead of third to
fourth order for G4-DNA or RNA [106].

These results may have notable implications for a better understanding of the
role of the 2'-position of the sugar moiety. The latter may participate in crucial
interactions, which may be modulated by the possibility to form H bonds.
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Table 3 Effects of strand polarity inversion on structure, stability, and association rate of
tetramolecular quadruplexes

Sequences T, (°C)? kon (M’3 sh? Stacking of quartets Reference
STGGGT* 475 8.3 x 107 a—a-a [107]
Y4s¥FGGGT 42 2.7 x 107 a—a—a

TV IGGGTY 47 9.1 x 107 a—a-a

Y16¥¥GGTY 51 t.s. a—a-a

¥ds”-GGGTY 41 t.s. a—a—a

TV GGGTY 475 9.3 x 10 s—a-a

TGY'GGTY 70 1.9 x 10° a—s—a

Note: “t.s.” too slow, “a” all-anti quartet, “‘s” all-syn quartet, “dS” dSpacer (nucleoside without

nucleobase)
#In 0.1 M K", 10 mM lithium cacodylate pH 7.2 buffer, with a temperature gradient of 0.4°C/min
for the thermal denaturation experiment

6.2 Further Backbone Modifications

6.2.1 Strand Polarity Modifications

In 2009, Veronica Esposito et al. analyzed the effect of polarity site inversions (3'-3/
or 5-5') on the structure and the stability of tetramolecular G-quadruplexes
(d-TG3T) by NMR and circular dichroism [107] (Table 3). The introduction of
inversion of polarity sites does not prevent G4 formation. In certain case this
introduction may lead to the formation of all-syn quartets that may induce changes
in CD spectra (Table 3) demonstrating that (1) tetramolecular G4 may involve
guanines in syn and (2) all parallel G-quadruplexes do not always exhibit a “Type I’
CD spectrum with a maximum at 260 nm. These modifications generally do not
improve the stability or the association kinetics of the tetramolecular G4, except for
the modified sequence d-TG”-”’GGT. This modification appears to induce the
formation of an all-syn quartet on the second position. This G4 structure displays
higher apparent melting temperature and increases association rate constant by a
factor of 2.

6.2.2 PNA

Peptide nucleic acid (PNA) is a DNA analog in which the entire sugar—phosphate
backbone has been replaced with a pseudopeptide (Fig. 6), resulting in an achiral
and neutral oligomer. Tetramolecular quadruplex formation with PNAs was first
investigated for PNA:DNA hybrids [108]. Quadruplex invasion by PNAs may
participate in the G4 formation and stabilization [109]. Indeed, tetramolecular
quadruplexes resulting from PNA:DNA hybrids are more stable than their
corresponding all-DNA structures [108]. Recently, it has been shown that the
association kinetics of these PNA:DNA heteroquadruplexes may vary according
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to the G4 conformations [110]: parallel G4-DNA structures in which all guanines
are in the anti conformation enable fastest PNA hybridization kinetics.

It is also possible to form tetramolecular quadruplex with only PNA strands, but
G4-PNA is less stable than G4-DNA [111]. This may be due to the flexibility of the
PNA backbone that probably has an unfavorable impact on the energetics of
quadruplex formation. In contrast to the canonical G4-DNA or RNA, G4-PNA
formed by tggg (lower case letter refers to PNAs) is not much stabilized, or is even
destabilized by cations, as a result of an uncharged PNA backbone [111].

It is also possible to design a chimeric strand bearing DNA and PNA residues
such as TGGGt. The thermal stability of the chimera formed by TGGGt is quite
similar to that observed for the DNA equivalent (TGGGT) [112]. However,
Petraccone et al. observed a higher thermal stability (4-7°C) for chimeric
quadruplexes from tGGGGT and TGGGGt as compared to the corresponding
TG,4T DNA strand [59].

6.2.3 Mirror Image Quadruplexes

Nucleic acids are chiral molecules and thus contain enantiomers. L-Nucleic acids
(Fig. 6) are the mirror images of natural b-DNA or b-RNA. L-Nucleic acids have
found a number of interesting applications in biotechnology [113, 114] (as aptamers
or molecular beacons) and nanotechnology [115]. One of the advantages of
L-nucleic acids is their nuclease resistance, allowing two spiegelmers (from “Spiegel”
meaning mirror in German) to enter clinical trials [86, 116]. L-DNA forms duplexes
with identical physical characteristics (solubility and stability) except for chirality,
leading to left-handed double-helices [87]. However, the heterochiral duplex
resulting from L- and D-strand hybrids is not stable [117]. G-quadruplex formation
with L-DNA was first investigated by Urata et al. in 2002 [118]. They proposed that
L-dG rich sequences are also able to form G-quadruplexes. L-d(GTG,TG;TG3TG;T),
the L-enantiomer of Zintevir, displays a similar G4 structure and thermal stability
in comparison with unmodified sequence, except for chirality. Furthermore, this
Zintevir analog showed a comparable or event higher anti-HIV-1 activity than
that of Zintevir. This higher anti-HIV-1 activity is probably due to the nuclease
resistance property of the L-enantiomer. Recently, our team investigated the
potential of a short TG4T G-rich L-DNA strand to form a tetramolecular
quadruplex [99], using biophysical and biochemical approaches. We demonstrated
that this left-handed quadruplex has the same properties (similar thermal stability
and association kinetics) as a b-DNA strand of identical sequence, besides an
opposite chirality resulted in an inverted circular dichroism spectrum. Hybrid
G-quadruplexes do not form when mixing L- and D-strands together: enantiomeric
pure G-quadruplexes are formed. In parallel the team of Pr. Galeone analyzed the
formation of L-quadruplexes with chimeric strands bearing p- and L-DNA residues
such as TGGGGT (bold letters refer to L-DNAs). They showed that the position of
L-residues in the sequence affects the chirality and the thermal stability of the
quadruplexes: the 3’ end and the core of the G-run are more important than the 5’
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end in determining quadruplex helicity (right- or left-handed). Some modified
sequences such as TGGGGT can lead to the formation of an all-syn G-quartet.

6.3 Guanine Base Modifications

Quadruplexes may incorporate unusual quartets with canonical nucleobases (see
Sect. 2.2) or guanine analogs. These modifications may affect the DNA quadruplex
structure, its apparent melting temperature (T';;), and/or its association rate (kop).
During the last decade, several teams [119-123], including ours [100, 101, 124],
have been interested in the effect of guanine analogs on G4 formation. The analogs
presented here are classified according to their impact on H-bonds between
guanine bases of the same quartet (Fig. 6). 6-Thioguanine and O°-methylguanine
(in red) disturb the central ring of H-bonds between O° of carbonyl group and H'
of nitrogen from two neighboring guanine bases. Inosine and 7-deazaguanine
(in orange) disturb the internal ring of H-bonds between N’ and H> of amine.
8-Oxoguanine, 8-aminoguanine, 8-bromoguanine, and 8-methylguanine (in blue)
replace H® of canonical guanine with bulkier and/or charged groups. We analyzed
the effect of these modifications on tetramolecular quadruplex formation (7', and
kon) and obtained modification- and position-dependent effects. The formation of a
tetramolecular quadruplex containing a single modified base is possible but most
modifications have an unfavorable contribution to the association and dissociation
rates of the G4 complex [100]. The inner part of a G-quartet (i.e., the central ring of
H-bonds) is crucial for its stability; disturbing this part not only leads to the loss of
one H-bond, but may also alter coordination of the central cation with the carbonyl
groups (in the case of 6-thioG and 6-methylG). Removal of the external ring of
H-bonds generally leads to a moderate decrease in the association rate (observed in
the case of inosine). 7-Deazaguanine not only prevents this external H-bond ring; it
also perturbs the geometry/planarity of the quartet because of steric clashes, leading
to a more severe effect on both association and dissociation rates.

Nevertheless, not all modifications are detrimental, such as 8-aminoG,
8-bromoG, and 8-methylG. These guanine analogs generally favor G-quadruplex
formation since they do not disturb the cyclic array of H-bonds of the
G-quartet. However, position-dependent effects are found. Our team observed that
8-aminoguanine accelerates tetramolecular quadruplex formation when inserted at
the 5’ end (63-fold faster than unmodified sequence) but has a detrimental effect on
the thermal stability of the quadruplexes [101]. In contrast, the insertion of
8-aminoG at central positions (d-TGRGGT where R = 8-aminoG) leads to an
increase in the apparent melting temperature. We also showed that 8-bromoguanine
and 8-methylguanine stabilize and accelerate quadruplex formation by a factor of
10 [100] and 15 [125], respectively, when present at the 5 end. This insertion
position of the modifications favors the formation of an all-syn quartet at the 5" end
[120] that may suggest the implication of syn G at the 5’ end in the nucleation
process. This formation of all-syn quartet at the 5’ end also stabilizes the complexes.
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Fig. 7 Potential folding pathway of tetramolecular quadruplexes as reported in [60, 61, 126]

Indeed, molecular modeling suggested that the stacking of an all-syn quartet above
an all-anti quartet was more stable than the reverse situation (Dr. A.T. Phan, personal
communication).

7 Potential Folding Pathway of Tetramolecular Quadruplexes

In 2003, results from molecular dynamic simulations published by Richard Stefl
et al. suggested that the association pathway of tetramolecular quadruplex might
have several stable intermediate states [126]. They described a stepwise strand
addition model: (1) monomers, (2) two-stranded assembly (dimers), (3) the addition
of third strand (trimers), and eventually (4) the slower formation of four-stranded
structure (tetramers) (Fig. 7). They also suggested the formation of four-stranded
intermediates containing several slipped strands. These results were supported by
the NMR study of Leroy’s team in 2007 [60] and more recently by the mass
spectrometry study of Rosu et al. [61]. Leroy and co-worker showed that the
formation of mismatched quadruplex (containing slipped strands) is faster than
the canonical species even if the latter displays a higher stability. As mismatched
species have relatively long lifetimes, their formation may hinder the association of
fully matched canonical tetramolecular quadruplex. Indeed, Rosu et al. detected the
presence of these four-stranded intermediate species by electrospray mass spec-
trometry thanks to their long lifetime. Furthermore, they observed the formation of
five-stranded species (pentamers). They also showed that the rearrangement of
slipped strands, the suppression of the fifth strand slippage, and the re-incorporation
of the last cation into canonical structure can be extremely slow; the process may
last more than 4 months at 4°C. We also observed this phenomenon with modified
sequences such as d-TGMGGT and d-TGGGMT (M = 8-methylguanine) [124]:
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circular dichroism signals registered after 2-day incubation is different from that
measured after 1 month incubation at 4°C. While the existence of intermediate
dimer- and trimer-species is experimentally verified, their nature remains elusive.
Figure 7 depicts these intermediates as duplexes or triplexes, but there is little direct
evidence for such structures; we propose an alternative model in which these dimers
and trimers already involve the formation of one or more quartets — in that case, two
or more guanines must come from the same strand.

8 Biotechnology and Nanotechnology Applications

Besides their biological importance, the self-assembly, stability, and stiffness
properties of G-quadruplex structures make them particularly interesting for nano-
technology and biotechnology applications. Efforts in using tetramolecular
quadruplexes to build supramolecular structures are described below.

8.1 DNA Nanostructures: G-Wires, Frayed Wires, and
“Synapsable” DNA

G-wires are obtained by the stacking of tetramolecular G-quadruplex formed by
telomeric sequence of some ciliates (d-G4T,Gy4) [127] or by poly-dG sequences
[128]. These nanowires have high conductivity potential which results from elec-
tronic transport created by central cation coordination [129]. This conductivity of
the G-wires is of potential interest for microelectronic applications. Furthermore, it
is possible to form a G-wire with single-stranded overhangs that enables the
assembly of complex structures for nanofabrication purposes [130].

MacGregor and co-workers first identified the structure of frayed wires formed
by d-A;5G;s or d-T15Gys sequences [131]. These frayed wires are distinguished
from G-wires by their flexible A;s/T5 tails that radiate from a guanine core. The
poly-dA/dT tails enable the attachment of objects such as enzymes [132].

“Synapsable” DNA was described by Sen and co-workers in 1996 [133]. It
results from the interaction between two DNA duplexes containing mismatched
regions of repeating G—G base pairs. The repeating G—-G mismatches facilitate the
formation of G-quartets that leads to the dimerization of the duplex. In contrast with
all tetramolecular complexes described so far, the tetramolecular G-quadruplex
formed within the “synaptic domain” is an antiparallel structure. As for parallel
tetramolecular quadruplexes, this structure has slow association kinetics but, once
formed, it is extremely stable. Their formation depends on ionic strength which
follows the trend typically observed for classical G-quartet stabilization (see
Sect. 2.1) [134]. The formation of “synaptic” DNA is possible between identical
duplexes (homodimers) or between two different double-helices (heterodimers).
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This original structure provides a means for the self-recognition and supramolecu-
lar assembly; it can also be used as a tool for investigating certain protein-DNA
interaction complexes such as topoisomerase I or GQNI1, which bind to
tetramolecular quadruplexes.

8.2 Quadruplex as Ion Channels

As already mentioned, cation movement through G4 structures makes them a
potential ion channel. Indeed, it is possible to build a synthetic transmembrane
ion channel from the stacking of lipophilic G-quartets [135—137]. This lipophilic
G4 structure allows efficient cation transport through a lipid bilayer.

8.3 Nanoparticles Connected via Tetramolecular Quadruplexes

Kotlyar’s team showed that the parallel tetramolecular G-quadruplex containing
phosphorothioate residues at both strand ends can anchor on the particle surface and
enable silver [138] or gold [139] nanoparticle assembly, leading to the formation of
flower-shape structures. These nanoparticles connected via G-quadruplex structures
allow stable assembly without inducing aggregation even at high salt concentration
0.2 M).

9 Conclusion

G-quadruplexes can be formed not only by regular G-quartets but also by non-
canonical planar base associations. This contributes to the structural polymorphism
of G-quadruplexes and especially the tetramolecular complexes, which are consid-
ered as the simplest model for quadruplex formation study. Of course, the thermal
stability and the association kinetics of tetramolecular quadruplexes depend
strongly on sequence, but also on experimental conditions, such as the nature and
concentration of cations, temperature, and pH (see Sect. 4). Natural and synthetic
molecules (protein, ligands, and polymers) can also affect these parameters (stabil-
ity and association rates); they may act as molecular chaperones for tetramolecular
quadruplex assembly (see Sect. 5). Besides, efforts are being made to study the
effect of different chemical modifications on quadruplex formation in order to
improve the physical and biological properties of these structures. Such
modifications may increase biostability or nuclease resistance crucial for therapeu-
tic application (see Sect. 6), for example mirror image nucleic acids. Some chemi-
cal modifications can be useful for nanotechnology or biotechnology applications.
Sugimoto’s team presented the formation of modified G-wires with 2,2'-bipyridine
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units instead of the thymines of d-G4T4Gy4. This modification allows one to control
G-wire switching by external signals that is important for the construction of
molecular electronic technologies [140, 141]. The use of lipophilic guanosines
also enhances the rigidity of the G-quadruplex structures and then allows efficient
cation transport through the mimic membrane [136, 137].

The study of tetramolecular quadruplex stability and assembly allows one to
understand better the rules governing their formation and to suggest a potential
folding pathway of the structure (see Sect. 7). The latter reveals the long lifetime of
some intermediate species that could explain the slow formation of these four-
stranded structures. Despite important progress in our understanding of structural
properties, stability, and kinetics of tetramolecular quadruplexes, considerable
work remains to be done for bi- and unimolecular conformations.
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