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Editorial

Special Issue “Frontiers in Nucleic Acid Chemistry—In
Memory of Professor Enrique Pedroso for His Outstanding
Contributions to Nucleic Acid Chemistry”
Montserrat Terrazas 1,* , Ramon Eritja 2,3,* and Daniela Montesarchio 4,*

1 Department of Inorganic and Organic Chemistry, Organic Chemistry Section, Institute of Biomedicine of the
University of Barcelona (IBUB), University of Barcelona, 08028 Barcelona, Spain

2 Institute for Advanced Chemistry of Catalonia (IQAC), CSIC, 08034 Barcelona, Spain
3 Centro de Investigación Biomédica en Red de Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN),

Instituto de Salud Carlos III, 28029 Madrid, Spain
4 Department of Chemical Sciences, University of Naples Federico II, I-80126 Napoli, Italy
* Correspondence: montserrat.terrazas@ub.edu (M.T.); recgma@cid.csic.es (R.E.);

daniela.montesarchio@unina.it (D.M.)

This Special issue is dedicated to the memory of Enrique Pedroso, Professor Emeritus
of Organic Chemistry at University of Barcelona, who passed away at the age of 72 in
September 2020. Professor Enrique Pedroso has been one of the pioneers of Nucleic Acids
Chemistry in Spain, significantly contributing to the development of this highly interdis-
ciplinary field which combines organic chemistry, biochemistry, pharmacology, materials
chemistry, and biophysics. His major research achievements have been accomplished in
the synthesis of modified oligonucleotides and especially conjugates and cyclic oligonu-
cleotides, as well as their analogues, which opened new avenues in the search for novel
applications of oligonucleotides.

His research activity started in 1981 at the Department of Organic Chemistry of
University of Barcelona, where he spent all his intense academic and scientific career,
covering almost four decades. After having deeply investigated the methods of solid phase
peptide synthesis, providing significant progress in the field also in collaboration with
Ernest Giralt, Fernando Albericio and Ramon Eritja of the same University, in 1990, he
published his first article on the solid-phase synthesis of oligonucleotides [1]. This work was
immediately followed by an important contribution on the synthesis and characterization of
oligodeoxynucleotides containing the mutagenic base analogue 4-O-ethylthymine, carried
out in collaboration with Ramon Eritja [2], with whom he always maintained strict research
relationships.

After an enlightening research stay in University of Colorado in Boulder, hosted in the
group of prof. Marvin H. Caruthers, he grew a solid and active research group starting from
the early 1990s in collaboration with Anna Grandas—his closest collaborator in research
and beloved partner in life. Together, they developed efficient approaches for the synthesis
of hybrid compounds, such as nucleopeptides and peptide–oligonucleotide conjugates,
among others (see: [3–6]).

In 1997, he published an effective method for the solid-phase synthesis of cyclic
oligodeoxyribonucleotides, successfully engineering the functionalized solid support so
to exploit phosphotriester chemistry for the crucial cyclization step of the target oligonu-
cleotide, previously assembled via standard phosphoramidite chemistry protocols [7].
Later, this approach was extended to the synthesis of cyclic oligoribonucleotides [8]. Using
this methodology, his group synthesized several small and medium-sized cyclic oligonu-
cleotides, studying their peculiar properties and discovering unusual conformational
motifs, also in collaboration with the research group of Carlos Gonzalez [9–11]. A more
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recent contribution revisited the thiol–maleimide condensation reaction to obtain cyclic
oligonucleotide constructs [12].

If most of his scientific collaborations were with eminent Spanish researchers, rele-
vant was also his international profile, being an invited speaker in many international
conferences, Visiting Professor in many Universities outside Spain and having a number of
fruitful international collaborations, e.g., with Eric T. Kool [13], Daniela Montesarchio [14]
and Keith Fox [15], among others. In his last contribution, always collaborating with
Anna Grandas, he explored the synthesis of oligonucleotide, peptide or PNA conjugates,
successfully obtained via inverse electron-demand Diels−Alder cycloaddition [16].

In all his career, Enrique was deeply involved in the research and promotion of
Nucleic Acid Chemistry. He was indeed an active member of the International Society for
Nucleosides, Nucleotides and Nucleic Acids (IS3NA, www.is3na.org), which organizes
International Roundtables on a biannual basis to present and discuss advances in chemistry
and biology of nucleosides, nucleotides and nucleic acids, as well as of the Spanish Society
for Nucleic Acids and Nucleosides, which gathers researchers every two years in the
Spanish Nucleosides Nucleotides and Nucleic Acids meetings (RANN).

This Special issue comprises a collection of twelve research or review articles prepared
by international experts in nucleic acids, including nucleoside and oligonucleotide syn-
thesis, nucleic acids structural studies, DNA repair, and biophysical characterization of
DNA-targeting ligands, especially G-quadruplex binding drugs.

A novel route for the synthesis of 2′,3′-dideoxy and 2′,3′-didehydro nucleosides,
including several anti-HIV drugs such as stavudine, zalcitabine and didanosine, was pre-
sented by the group of Dr. Ferrero and Dr. Fernández (contribution 1) from the University
of Oviedo. Starting from the protection at the 5′-hydroxyl group of the corresponding ri-
bonucleotides followed by the formation of the corresponding 2′,3′-bisxanthates, a key step
in the synthesis of the target compounds was the radical deoxygenation of the bisxanthates,
successfully realized using environmentally friendly and low-cost reagents.

Phosphorodiamidate morpholino oligomer (PMO) derivatives are extensively used
in exon-skipping strategies for the treatment of Duchenne muscular dystrophy, but the
preparation of these derivatives is not trivial at all. Prof. Caruthers provided a compre-
hensive review on the synthesis and properties of modified morpholino oligonucleotides
developed by his group at the University of Colorado in Boulder (contribution 2). This
work is a masterpiece in the field of nucleic acid chemistry showing the state-of-the art of
phosphoramidite chemistry, nucleoside chemistry and development of novel protecting
groups for oligonucleotide synthesis.

An exceptional development in siRNA therapeutics is the discovery and use of oligonu-
cleotide conjugates carrying trivalent N-acetyl galactosamine (GalNAc) residues. These
oligonucleotides are rapidly internalized via the clathrin-mediated pathway in hepatocytes
due to the presence of an asialoglycoprotein receptor with high affinity for galactose glyco-
proteins and trivalent GalNAc oligonucleotides. Eritja et al. at the IQAC-CSIC in Barcelona
demonstrated that the tetramerization of G-rich oligonucleotides may be a novel and simple
route to obtain the beneficial effects of multivalent N-acetylgalactosamine functionalization
(contribution 3,4).

Meschaninova et al. from Novosibirsk State University described novel methods for
the 5′-functionalization of oligonucleotides through acid labile phosphoramidate linkages
(contribution 5). A wide variety of oligonucleotides 5′-conjugated with ligands, such as
cholesterol, oleylamine, and p-anisic acid, was described. The methodology was success-
fully applied to DNA, RNA, and 2′-O-methyl-RNA oligonucleotides.

The possibility of using enzymes for the preparation of modified oligonucleotides
was addressed by Hollenstein et al. from the University of Paris (contribution 6). In this
work, the enzymatic synthesis of a modified nucleoside triphosphate equipped with a
vancomycin moiety on the nucleobase was described, demonstrating that this nucleotide
analogue is suitable for polymerase-mediated synthesis of modified DNA and compatible
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with the SELEX methodology for the production of aptamers suitable to fight bacterial
resistance.

The impact of the duplex-G-quadruplex equilibrium in DNA Base Excision Re-
pair was studied by Sowers et al. from the University of Texas Medical Branch
(contribution 7), suggesting that DNA damage and repair intermediates can alter
duplex-quadruplex equilibrium. To corroborate this hypothesis, the authors used
G-quadruplex stabilizing compounds, such as pyridostatin, modified oligonucleotides
containing uracil, 5-hydroxymethyluracil, 5-fluorouracil, as well as abasic sites as
building blocks inserted into the loop region of a 22-base telomeric repeat sequence
known to form stable and well-characterized G-quadruplex structure.

In addition to G-quadruplex structures formed by G-tetrads, other tetrads can be
formed. These structures found in some constrained oligonucleotides are more frequent
than expected. An excellent review by Gonzalez et al. summarized the present state-of-the-
art on our knowledge on novel non-G-tetrads including homotetrads, as well as major and
minor groove tetrads, emphasizing their peculiar structural features (contribution 8).

Strand-invading approaches using chemically modified oligonucleotides and nucleic
acid mimics capable of unzipping Watson–Crick base pairs of dsDNA targets and forming
new Watson–Crick base pairs between probe strands and the complementary DNA (cDNA)
regions have been explored by Hrdlicka et al. from the University of Idaho (contribution
9). The use of densely modified oligonucleotides with 2′-O-(pyren-1-yl)methyl RNA
pyrimidine building blocks is highly recommended to achieve satisfactory results.

Aptamers are nucleic acid molecules able to selectively recognize several substrates,
including small molecules and proteins, acting in a similar way as antibodies. Liu et al.
analyzed the intrinsic fluorescent properties of DNA for the characterization of the binding
of several model aptamers to their targets, such as cortisol, Hg2+, adenosine or caffeine (con-
tribution 10). They found that some aptamers may induce changes in intrinsic fluorescence,
but these changes cannot be used for the determination of binding constants.

G-quadruplexes are important non-canonical DNA structures that are present in G-rich
regions such as telomeres and some promoter regions of oncogenes. The polymorphism
of these structures and the possibility of stabilizing them using planar heterocyclic small
molecules is one of the most intense areas of research in nucleic acid chemistry. Dallavalle
et al. from the University of Milan explored the interaction of several G-quadruplex ligands
such as Curaxin, CX 5461, BA41, TPHS 4, Pyridostatin or BMH 21 with a G-quadruplex
sequence found in the PARP1 promoter region (contribution 11). Pyridostatin was found to
be the best binder for this sequence, being able to adapt its planar but flexible conformation
to the dynamic nature of the G-quadruplex, especially the hybrid 3 + 1 G-quadruplex
structure found in the PARP 1 promoter region.

Oliviero et al. studied the interaction of the c-myc oncogene NHE III1 region with the
3-β-D-glucoside of trans-resveratrol (Polydatin) (contribution 12). The experimental and
modelling data show that this compound may be involved in partial end-stacking to the
terminal G-quartet. Moreover, H-bonding interactions between the sugar moiety of the
ligand and deoxynucleotides not included in the G-tetrads are possible.

Expansion of short nucleotide repeats is one of the causes of genetic diseases and is
dramatically crucial for neurological diseases such as amyotrophic lateral sclerosis and
frontal temporal dementia. Wang et al. described the state-of-the art knowledge of the
structural properties of GGGGCC repeats in RNA and their interaction with small molecules
and proteins specifically binding to these repeats (contribution 13).

By collecting in these scientific works this Special Issue, prepared by international
leaders in the fields of chemistry and biochemistry of nucleosides, nucleotides and nucleic
acids, we hope to contribute to advance knowledge on these fascinating molecules and
their almost infinite applications, following Enrique Pedroso’s lifelong commitment and
example.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The aberrant expansion of GGGGCC hexanucleotide repeats within the first intron of the
C9orf72 gene represent the predominant genetic etiology underlying amyotrophic lateral sclerosis
(ALS) and frontal temporal dementia (FTD). The transcribed r(GGGGCC)n RNA repeats form RNA
foci, which recruit RNA binding proteins and impede their normal cellular functions, ultimately
resulting in fatal neurodegenerative disorders. Furthermore, the non-canonical translation of the
r(GGGGCC)n sequence can generate dipeptide repeats, which have been postulated as pathological
causes. Comprehensive structural analyses of r(GGGGCC)n have unveiled its polymorphic nature,
exhibiting the propensity to adopt dimeric, hairpin, or G-quadruplex conformations, all of which
possess the capacity to interact with RNA binding proteins. Small molecules capable of binding to
r(GGGGCC)n have been discovered and proposed as potential lead compounds for the treatment of
ALS and FTD. Some of these molecules function in preventing RNA–protein interactions or impeding
the phase transition of r(GGGGCC)n. In this review, we present a comprehensive summary of
the recent advancements in the structural characterization of r(GGGGCC)n, its propensity to form
RNA foci, and its interactions with small molecules and proteins. Specifically, we emphasize the
structural diversity of r(GGGGCC)n and its influence on partner binding. Given the crucial role of
r(GGGGCC)n in the pathogenesis of ALS and FTD, the primary objective of this review is to facilitate
the development of therapeutic interventions targeting r(GGGGCC)n RNA.

Keywords: amyotrophic lateral sclerosis; frontotemporal dementia; C9orf72; GGGGCC; G4

1. Introduction

Amyotrophic lateral sclerosis (ALS) and frontal temporal dementia (FTD) are two
neurodegenerative disorders characterized by progressive degeneration and dysfunction
of neuronal architecture [1–5]. Both diseases have a fatality rate typically occurring within
three to five years after the onset of symptoms [6,7]. ALS, affecting approximately two
individuals per 100,000, is characterized by the degeneration of motor neurons, leading to
muscle weakness and atrophy [8,9]. FTD, the second most prevalent form of dementia in
individuals under the age of 65, is typically characterized by atrophy of the frontal and/or
temporal lobes, manifesting as heterogeneous symptoms encompassing behavioral changes
(behavioral variant FTD, bvFTD), language impairment (primary progressive aphasia,
PPA), or deterioration in motor skills [10]. Despite considerable efforts, the development of
efficacious therapeutic strategies for the treatment of ALS and FTD remains a challenge [11].

The etiologies of ALS and FTD are various. Sporadic ALS (sALS) accounts for 90%
of the ALS patients. The remaining 10% of ALS patients are familial ALS (fALS) caused
by mutations. The fALS can be caused by the dysfunction of mutated proteins, such as
SOD1 mutations, FUS/TLS, and TDP-43 provoked by TARDBP mutations [12,13], which
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lead to neurotoxicity. The aberrant elongation of the hexanucleotide repeat GGGGCC in
the non-coding region of C9orf72 has also been demonstrated to be causally associated with
a ALS and FTD [8,14–22]. Aberrant expansion of the GGGGCC repeats is observed in 8%
of sALS patients, as well as in more than 40% of fALS cases [14]. Individuals affected by
ALS exhibit an average repeat count ranging from 700 to 1600, whereas healthy individuals
possess fewer than 25 repeats [23–26]. As for FTD, approximately one-third of FTDs are
familial, with autosomal dominant mutations in three genes accounting for the majority of
inheritance, including progranulin (GRN), C9orf72, and microtubule- associated protein tau
(MAPT) [27]. The co-occurrence of these two disorders among families provides support
for their genetic linkage [28].

Moreover, aberrant expansion of short nucleotide repeats has been observed in many
neurodegenerative diseases. CTG triplet amplification in 3′-UTR may occur in dystrophia
myotonica protein kinase (DMPK) gene, and alternative splicing of junctophilin (JPH) gene
exon 2a and ataxin8 (ATXN8) gene, which can, respectively, result in Muscular dystrophy
type 1 (DM1), Huntington disease-like 2 (HDL2), and Spinocerebellar Ataxia 8 (SCA8). The
amplification of CGG triplet in 5′-UTR of the fragile X mental retardation 1 (FMR1) gene
may lead to Fragile X disorders (FXTAS), while (CAG)n in the exon of ataxin3 (ATXN3)
may cause Spinocerebellar Ataxia 3 (SCA3). In addition, (ATTCT)n within an intron of
the ataxin 10 (ATXN10) gene and (CCTG)n in the first intron of the zinc finger protein 9
(ZNF9)gene may lead to Spinocerebellar Ataxia 10 (SAC10) and Muscular dystrophy type 2
(DM2), respectively [29]. Characterization of pathological mechanisms by which these
short nucleotide repeats cause fatal diseases has been the research focus aiming in finding
the treatments.

Three mechanisms have been proposed to elucidate the pathological underpinnings
of aberrant GGGGCC expansion (Figure 1) [30]. Firstly, these abnormal expansions can
lead to a gain or loss of function in the associated gene [7,31]. Secondly, the transcribed
r(GGGGCC)n RNA forms RNA foci that recruit RNA binding proteins (RBPs), consequently
impairing protein function and ultimately triggering intracellular cytotoxicity [7,32–36].
Lastly, non-ATG translation of the r(GGGGCC)n sequence produces dipeptide repeats
(DPRs) that exert neurotoxic effects within the central nervous system [7,37–42]. Among
the three proposed mechanisms, the formation of RNA foci and recruitment of RBPs have
garnered the most attention. This process involves the spontaneous liquid–liquid separa-
tion of r(GGGGCC)n, followed by a sol-gel phase transition by increased interactions [43].
The RNA foci can recruit various RBPs, including hnRNP H [44], Zfp106 [45], ADARB2 [46],
Purα [47,48], and FUS [49,50], ultimately leading to disruptions in the intracellular environ-
ment [43,51]. The aberrant phase separation and spread of hnRNP H within r(GGGGCC)n
in ALS patients are key features in the pathogenesis of the disease [52].

Consequently, the investigation of the r(GGGGCC)n RNA repeats structures and the
interactions between r(GGGGCC)n and small molecules is currently a highly prominent
area of research. The primary objective is to identify lead compounds for the treatment of
FTD and ALS [53]. The r(GGGGCC)n sequence exhibits characteristic structural polymeric
and has the ability to adopt either a hairpin or G-quadruplex (G4) structure [54]. Several
small molecules have been discovered to possess strong binding affinity for r(GGGGCC)n.
A majority of these compounds incorporate polyaromatic ring conjugated systems that
effectively stabilize the G4 structures of r(GGGGCC)n, thereby inhibiting phase separa-
tion, disrupting protein–RNA interactions [55] and/or preventing non-ATG translation
of DPRs [53]. Additionally, two drugs, riluzole and edaravone, have received approval
for the treatment of ALS [56]. While these drugs can delay disease progression, they do
not specifically target the r(GGGGCC)n RNA [56]. Moreover, recent research by Meijboom
and colleagues used the adeno-associated virus vector system to deliver CRISPR/Cas9
gene editing system into neuron cells, and successfully removed the hexanuclear repeat
expansion from the C9orf72 gene in the mouse model (500–600 repeats), as well as the
patient-derived Induced Pluripotent Stem Cell (iPSC) motor neuron and brain organoid
(450 repeats). This led to a reduction in RNA foci, DPRs and haploinsufficiency, major
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hallmarks of C9-ALS/FTD, making this a promising therapeutic approach to ALS/FTD
diseases [57].
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Figure 1. Three pathogenic mechanisms associated with C9orf72-related FTD and ALS. (i) Aberrant
expansion of the d(GGGGCC)n of C9orf72 within contains two non-coding exons (1a and 1b), and
under pathological conditions, repress transcription, resulting in the reduction in C9orf72 protein.
(ii) The transcribed r(GGGGCC)n aggregates in the nucleus to form RNA foci that recruit RBPs,
affecting the intra cellular functions of RBPs, i.e., splicing. (iii) The r(GGGGCC)n RNA is transported
into the cytoplasm and undergoes repeat-associated non-ATG translation, resulting in the synthesis
of DPRs. The DPRs forms aggregation and associate TDP-43, which induce cytotoxic effects in
cells. The labels (i–iii) correspond to the three pathological mechanisms. The red star highlights the
hexanucleotide repeat GGGGCC in the non-coding region of C9orf72.

This review provides a comprehensive overview of the recent progress made in under-
standing the structures of r(GGGGCC)n, and the interactions between r(GGGGCC)n and
small molecules and between r(GGGGCC)n and protein partners. We focus on elucidating
the structural diversity of r(GGGGCC)n and its implications for partner binding. Given the
crucial role of r(GGGGCC)n in the pathogenesis of ALS and FTD, the primary objective of
this review is to support the development of drugs targeting r(GGGGCC)n RNA.

2. The Structure of r(GGGGCC)n RNA Repeats and the RNA within the RNA Foci
of r(GGGGCC)n

2.1. The Solution Structures of r(GGGGCC)n RNA

The r(GGGGCC)n RNA is a guanine-rich sequence, which promotes the formation of
G4 structures. While the tertiary structure of r(GGGGCC)n remains to be fully elucidated,
the secondary structures have been extensively studied. Circular Dichroism (CD) spectra
are commonly used to demonstrate the G4 structures and the topology of G4, which for
instance, the spectral patterns would provide the evidence of parallel, antiparallel, or other
types of topologies (Figure 2). Nuclear Magnetic Resonance (NMR) spectra are able to pro-
vide more structural details, some of which yield full structural determination or provide
evidence of co-existence of different conformations (Figure 2a). Depending on the sequence
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length and solution conditions, r(GGGGCC)n can adopt different secondary structures, in-
cluding G4 [58,59] and hairpin conformations [60]. In 2012, Adrian M. Isaacs and colleagues
demonstrated that r(GGGGCC)3GGGGC can fold into G4 or double-stranded structures,
with the topology being influenced by the presence of cation ions in the solution [61]. In a
K+ buffer, it forms a stable parallel intramolecular G4 structure, while it becomes less stable
in Na+ and Li+ solutions.

Further investigations by Pearson and colleagues employed circular dichroism (CD)
spectroscopy (Figure 2a) and gel-shift assays, revealing that r(GGGGCC)n (n = 2, −5,
−6, and −8) predominantly adopt highly stable uni- and multi-molecular parallel G4
structures [62]. The abundance of G4 structures is influenced by the repeat number and
RNA concentrations, with the proportion of multi-molecular G4 structures increasing as
the number of repetitions rises.

The equilibrium between G4 and hairpin structures has also been observed in
r(GGGGCC)n. In the absence of K+ ions, r(GGGGCC)4 RNA forms a hairpin confor-
mation [62], featuring single-stranded bulges within the RNA chain. However, in a K+

buffer (Figure 2c), it adopts a parallel G4 structures (Figure 2g) [59]. This equilibrium
between hairpin and G4 structures is suggested to be linked to the presence of an abortive
transcript containing hexanucleotide repeats [55]. The G4 structure may hinder the tran-
scription of full-length RNA and recruit RBPs in cells, contributing to disease pathogenesis.
The equilibrium is biased towards the hairpin conformation with a higher repeat number
of r(GGGGCC)n. Specifically, r(GGGGCC)4 predominantly adopts a G4 topology, while
r(GGGGCC)8 RNA exhibits both G4 and hairpin structures, even in a K+ buffer, as con-
firmed by various biophysical methods. However, in a Na+ buffer, r(GGGGCC)8 RNA
solely adopts a hairpin structure [55]. Furthermore, r(GGGGCC)4 undergoes a monomer-
dimer equilibrium in a pH-dependent manner. At pH 6.0 and 25 ◦C, it exists as both a
homodimer and a hairpin structure. Decreasing the temperature increases the population
of dimeric RNA, which exhibits distinct structural differences compared to G4 structures in
the presence of K+ [63]. Conversely, at neutral pH, r(GGGGCC)4 primarily adopts a hairpin
conformation.

2.2. Structure of d(GGGGCC)n DNA

High-resolution structures of d(GGGGCC)n have been successfully determined [64,65].
Janez Plavec and colleagues utilized NMR spectroscopy to elucidate the structure of
d[(GGGGCC)3GGBrGG] (represented by PDB codes 2N2D) [66]. The incorporation of a
bromine-substituted guanine residue (GBr) contributed to the stabilization of the conformation,
leading to a more rigid structure amenable to structural analysis. The d[(GGGCCC)3GGBrGG]
sequence adopted an antiparallel G4 topology (Figure 2b) [67].

In 2015, Guang Zhu and colleagues employed CD, NMR, and native polyacrylamide gel
electrophoresis (PAGE) to investigate the structures of d(GGGGCC)n repeats. Their studies
revealed distinct G4 folding patterns in the presence of K+ ions. Notably, d(GGGGCC)GGGG,
d(GGGGCC)2, and d(GGGGCC)3 did not exhibit stable G4 structures. Instead, d(GGGGCC)2
and d(GGGGCC)3 displayed mixed forms of parallel and antiparallel G4 folding. On
the other hand, d(GGGGCC)4 and d(GGGGCC)5 formed stable G4 structures. Specifi-
cally, d(GGGGCC)5 exhibited a combination of parallel and antiparallel G4 folds, while
d(GGGGCC)4 adopted a homogeneous monomeric form characterized by a chair-type G4
structure [10]. In 2021, this group determined the crystal structure of d(GGGGCC)2 in both
Ba2+ and K+ solutions, revealing an eight-layer parallel G4 structure for d(GGGGCC)2
(represented by PDB codes 7ECF and 7ECG) (Figure 2e) [68]. Jiou Wang and colleagues
(Figure 2d) also confirmed that d(GGGGCC)4 adopts an antiparallel G4 (Figure 2f) [59].
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(f) and the parallel G4 topology formed by the r(GGGGCC)4 RNA (g). The (b,c,f,g) were reprinted
from the reference [59]. (d,e) were reprinted from the reference [67,68], respectively.

2.3. Biological Phase Separation and Transition of r(GGGGCC)n

Biological liquid–liquid phase separation is a widely observed phenomenon in cells
and plays a critical role in the formation of membraneless organelles, signal transduction,
and DNA packaging [69–72]. As the strength of interactions in phase separation systems
increases, a transition from a liquid to a solid state often occurs, resulting in the formation
of insoluble gel-like states, many of which are associated with diseases [73]. Jain and
colleagues demonstrated that r(GGGGCC)n can undergo phase separation both in vivo
and in vitro [43]. They found that phase separation of r(GGGGCC)n occurs once a specific
threshold of repeat value is reached, leading to a solution-gel phase transition as the
strength of multi-base interactions increases (Figure 3). The formation of RNA foci is
dependent on solution conditions and is reinforced by Mg2+ but impaired by monovalent
cations such as K+ or Na+. The authors proposed that inter-chain hydrogen bonds stabilize
intermolecular G4s, which serve as the building blocks of RNA foci. However, direct
evidence of the secondary structure of r(GGGGCC)n within RNA foci is still lacking.

Christopher E. Shaw and colleagues discovered that r(GGGGCC)n RNA foci were
detected in neuronal cell lines and zebrafish embryos expressing 38 or 72 repeats but
not in those expressing 8 repeats [6]. This finding indicates that longer r(GGGGCC)n
sequences lead to nuclear retention of transcripts and the formation of RNA foci, which
are resistant to the enzyme ribonuclease (RNase) [6,52]. Extended r(GGGGCC)n sequences
exhibit significant neurotoxicity and bind to hnRNP H and other RBPs. RNA toxicity and
sequestration of RBPs may impair RNA processing and contribute to neurodegenerative
diseases. In a study conducted by Simon Alberti and colleagues, it was demonstrated
that RNA plays a crucial role in regulating the phase behavior of prion-like RBPs [74].
Lower RNA to protein ratios promote the separation of RBPs into liquid droplets, whereas
higher ratios prevent droplet formation in vitro. When nuclear RNA levels are reduced
or RNA binding is genetically ablated, excessive phase separation occurs, leading to the
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formation of cytotoxic solid-like assemblies in cells. The researchers proposed that the
nucleus functions as a buffered system, with high RNA concentrations maintaining RBPs
in a soluble state. Disruptions in RNA levels or the RNA binding abilities of RBPs result in
abnormal phase transitions [75].
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3. Disease Related RBPs That Bind to r(GGGGCC)n

3.1. hnRNP H and TDP-43

Heterogeneous nuclear ribonucleoprotein H (hnRNP H) is a member of the hnRNP
family and functions as a multifunctional RBP involved in mRNA maturation at various
stages [76]. It contains a modular domain consisting of tandem quasi-RNA recognition
motifs (HqRRM1,2) at the N-terminus and a third qRRM3 at the C-terminus, situated
between two glycine-rich segments [44,77,78]. The hnRNP H has the ability to bind G-
rich RNA sequences containing at least three consecutive guanines [44]. In the brain
cells of ALS patients, hnRNP H has been found associated with insoluble aggregation of
r(GGGGCC)n, leading to aberrant alternative splicing [52]. This phenotype has been uti-
lized as a biomarker for disease diagnosis. Furthermore, ALS/FTD patients exhibit splicing
alterations in several key targets and insoluble hnRNP H, indicating that modifications
along this axis are critical aspects of disease etiology [52].

James L. Manley and colleagues demonstrated that hnRNP H binds to r(GGGGCC)n
in vitro, and this interaction is dependent on the formation of G4s. The hnRNP H colo-
calizes with G4 aggregates in C9 patient-derived fibroblasts and astrocytes, but not in
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control cells, as proven by imaging on BG4, a G4 structure-specific antibody (Figure 4) [79].
Another study by Donald C. Rio and colleagues revealed that in sporadic ALS/FTD pa-
tients, insolubility of hnRNP H was associated with altered splicing of a wide range
of targets [52]. Numerous ALS/FTD brains show high levels of insoluble hnRNP H
sequestered in r(GGGGCC)4 RNA foci, resulting from RNA splicing defects involving
intron retention [52]. These findings highlight previously unreported splicing abnormal-
ities in extremely insoluble hnRNP H-related ALS brains, suggesting a potential feed-
back relationship between effective RBP concentrations and protein quality control in all
ALS/FTD cases.
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Figure 4. Quantification of stained BG4-foci and area was performed in fibroblasts and astrocytes
derived from patients with ALS/FTD and healthy controls. Representative images of non-ALS
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from the reference [79].

TAR DNA binding protein 43 (TDP-43), another member of the hnRNP family, pos-
sesses two RNA recognition motifs (RRMs), a nuclear localization signal (NLS), and a
prion-like domain at the C-terminus [80]. Numerous mutations in TDP-43 have been associ-
ated with ALS and FTD [81,82]. The accumulation of TDP-43 is a major pathological feature
of ALS and FTD [83–85], and inclusion bodies are observed in patients with abnormal
expansions of r(GGGGCC)n, serving as a histopathological marker in 97% of ALS cases
and 45% of FTD cases.

In contrast to hnRNP H, which directly associates with r(GGGGCC)n, the pathogenic
mechanism of TDP-43 in ALS/FTD is believed to involve its interaction with DPRs, which
are non-ATG translation products of r(GGGGCC)n [15,86]. Edward B. Lee and colleagues
discovered that DPRs induce TDP-43 protein lesions in an ALS/FTD model and trigger
the onset and progression of FTD [81]. The amount and characteristics of produced DPRs,
rather than the length of r(GGGGCC)n repeats, determine the duration and severity of
TDP-43 dysfunction.

3.2. FUS

Sarcoma fusion protein (FUS) is a 526-amino acid residue protein. [87] It is predom-
inantly expressed in neurons and is involved in DNA and RNA metabolism through its
interactions with motor proteins kinesin [88] and myosin-Va [89]. Missense mutations in
the FUS gene have been associated with ALS [90,91], although the prevalence of FUS gene
variants in the familial ALS population is low.
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Sua Myong and colleagues conducted investigations on the binding of wild-type FUS
to single-stranded RNAs, including r(GGGGCC)4, in a length-dependent manner. They
observed the formation of a highly dynamic protein–RNA complex. The FUS–RNA inter-
action involves two mechanisms: (i) stable binding of FUS monomers to single-stranded
RNA (ssRNA), and (ii) weak interaction of two FUS units with RNA, resulting in a highly
dynamic interaction.

Higuro and workers observed the formation and phase transition of FUS condensates
in vitro using purified full-length wild-type and mutant FUS proteins and r(GGGGCC)4.
They found that FUS specifically forms complexes with r(GGGGCC)4 in a G4 structure-
dependent manner, leading to a transition from liquid–liquid separation to liquid–solid
transitions. Importantly, amino acid mutations associated with ALS significantly impact
G4-dependent FUS condensation. These findings provide insights into the relationship
between protein aggregation and dysfunction of FUS in ALS [49].

3.3. Zfp106

Zfp106 is a C2H2 zinc finger protein characterized by the presence of seven WD40
domains and four putative zinc fingers [92]. It plays a crucial role in maintaining neuro-
muscular signaling. Knockout mice exhibit gene expression patterns indicative of neuro-
muscular degeneration in their muscles and spinal cords. Interestingly, this phenotype can
be reversed through motor neuron-specific repair of the Zfp106 transgene, highlighting
its essential role in biological processes [93]. The functional acquisition model of C9orf72
neurodegeneration has been investigated in a Drosophila model [94], where Zfp106 effec-
tively mitigates the neurotoxicity associated with the expression of GGGGCC repeat in
C9orf72 ALS Drosophila. This suggests that Zfp106 acts as a repressor of neurodegenera-
tion in C9orf72 ALS models and demonstrates a functional interaction between Zfp106
and the r(GGGGCC)n sequence. Furthermore, Brian L. Black and colleagues conducted
pull-down assays and mobility shift assays, providing evidence that Zfp106 specifically
binds to r(GGGGCC)8 but not to the sequence of r(AAAACC)8. The ability of Zfp106 to
regulate normal cellular functions and inhibit ALS by binding to r(GGGGCC)n makes it
a potential drug target for treating ALS [45]. However, the mechanisms through which
Zfp106 regulates normal cellular processes via RNA binding and how it inhibits ALS
progression by interacting with r(GGGGCC)n are still being investigated to guide drug
design efforts [45].

3.4. ADARB2

ADARB2 is a member of the CNS-rich adenosine deaminase family, known for its role
in mediating A-to-I (adenosine to inosine) editing of RNA [95]. It consists of two double-
stranded-specific adenosine deaminase repeats, three double-stranded RNA-binding do-
mains, and one editase domain spanning from the N- to C-terminus. The A-to-I editing
activity primarily occurs within the 16–130 nucleotide interval. This enzyme selectively
deaminates adenosine (A) residues in the double-stranded region of mRNA, converting
them to inosine (I), which is recognized as guanine by the cellular translation machinery,
resulting in codon alterations within the synthesized protein [46] (Figure 5).

Jeffrey D. Rothstein and colleagues conducted RNA fluorescence in situ hybridization
(RNA FISH) and immunofluorescence labeling of RBP simultaneously in the induced
pluripotent stem neuron (IPSN) cell line derived from C9orf72-related cases. Their study
revealed the co-localization of ADARB2 protein with nuclear r(GGGGCC)n RNA foci,
while mRNA levels remained unchanged. Co-precipitation of ADARB2 with r(GGGGCC)n
repeats was also observed in vivo.

In vitro investigations utilizing recombinant ADARB2 through gel shift assays clearly
demonstrated its binding to r(GGGGCC)n, implying the possible formation of ADARB2-
RNA complexes. These collective findings indicate a strong binding between ADARB2 and
r(GGGGCC)n. Furthermore, this team verified in vivo that the formation of r(GGGGCC)n
RNA foci requires the involvement of ADARB2 protein. Treatment of the IPSN line with
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specific siRNA targeting ADARB2 significantly reduced the number of RNA foci. However,
further experimental evidence is still needed to fully elucidate ADARB2′s in vivo func-
tion [96]. Another unresolved aspect of ADARB2 function is the speculation that ADARB2
may lose its editing activity upon interaction with r(GGGGCC)n, although experimental
validation of its downstream editing effects is currently lacking.
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with ADARB2 signal in IPSN cells. (b) Co-immunoprecipitation (co-IP) of ADARB2-bound RNA
isolated from control and C9orf72-induced cell lines. RT-PCR of the co-IP RNA using two primer
sets (A and B, red), located upstream of the r(GGGGCC)n repeat, demonstrated ADARB2 binding to
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of ADARB2 using siRNA significantly reduced the percentage of nuclear RNA foci (indicated by
arrows). siRNA knockdown of ADARB2 results in a significant reduction in the percent of iPSNs with
nuclear RNA foci (arrows). Data in (E) indicate mean ±SEM (*** p < 0.001). Figure 5 was reprinted
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3.5. Purα

Pur-alpha (Purα) is a highly conserved DNA and RNA binding protein in eukaryotic
cells [97]. It performs diverse physiological functions, including transcription activation
or inhibition, cell growth, and translation [98,99]. While predominantly localized in the
nucleus, Purα is also widely distributed in the cytoplasm of neurons, particularly in
synaptic branches [88]. In the nucleus, Purα stimulates gene transcription by binding
to mRNA transcripts and accompanying them to the cytoplasm. It remains associated
with the mRNA during transport over considerable distances and functions at specific
sites of mRNA translation [100]. The absence of Purα can lead to various neurological
disorders [101,102].

The r(GGGGCC)n repeat can sequester Purα, thereby impairing its normal functions
such as gene transcription and mRNA translation, ultimately resulting in cell death [103]. In
an ALS/FTD zebrafish model, Swinnen and colleagues demonstrated that the Pur2 domain
of Purα binds to r(GGGGCC)90 repeat RNA [37]. Peng Jin and colleagues conducted
studies on the pathogenesis of ALS/FTD, revealing that r(GGGGCC)10 can sequester Purα,
a major component of RBPs, from the whole-cell lysate of mouse spinal cord [47]. Rossi
and colleagues found that Purα can aggregate into cytosolic and nuclear granules in HeLa
cells transiently transfected with a plasmid expressing r(GGGGCG)31. Nonetheless, due
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to the specific interaction between Purα and r(GGGGCC)n, it is conceivable that Purα
may influence the outcome of RAN translation. Consequently, in ALS, reduced protein
levels amplify certain cellular characteristics. Over-expression of Purα in mammalian and
Drosophila model systems can rescue r(GGGGCC)n repeat-induced neurodegeneration [47].

Furthermore, Purα also interacts with the C-terminal region of FUS, another protein
recruited by r(GGGGCC)n [104]. In vivo expression of Purα in various Drosophila tissues
significantly exacerbates neurodegeneration caused by mutated FUS. Conversely, reducing
Purα expression in neurons expressing mutated FUS significantly improves the climbing
ability of Drosophila flies. This suggests that downregulation of Purα ameliorates locomotion
defects, a classical symptom of ALS resulting from mutant FUS expression. These findings
indicate that Purα may contribute to the pathogenesis of ALS mediated by FUS. However,
it remains unclear which functional domains or subdomains of Purα are involved in
mediating its interaction with FUS [105].

Binding of Purα to other cellular proteins can directly impact the expression of the
PURA gene. Purα itself can bind to GC/GA-rich sequences in its own promoter and
inhibit gene expression [106]. Similarly, binding of Purα to expanded polynucleotide repeat
RNA may also affect the expression of the PURA gene. In both scenarios, the mechanism
of action may involve the combination of Purα with cellular components, resulting in
a reduction in effective intracellular Purα levels. The reduction in Purα could trigger a
feedback mechanism of the PURA gene, although it is unknown whether this compensates
for Purα sequestration [100].

4. Lead Small Molecules Binds to r(GGGGCC)n

Given the pharmacological advantages of r(GGGGCC)n formation of RNA foci and
their recruitment of RBPs, small molecules present an attractive option for targeting
r(GGGGCC)n. Therefore, it is interesting to investigate the binding of r(GGGGCC)n to
small molecules (Figure 6). Currently, a number of the small molecules contain aromatic
rings have been found to bind to r(GGGGCC)n.
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4.1. Binding of r(GGGGCC)8 with the TMPyP4

The G4 structure has been shown to bind to 5,10,15,20-tetra(N-methyl-4-pyridyl)
porphyrin (TMPyP4), as demonstrated before [107,108]. TMPyP4 binds a variety of G4
structures of DNA or RNA [109,110]. In 2014, Christopher E. Pearson and colleagues
found that TMPyP4 could bind and distort the G4 formed by r(GGGGCC)8, inhibiting
the interaction of some proteins with the repeat [23]. Several studies have shown that
TMPyP4 disrupts the binding of hnRNPA1 to the r(GGGGCC)8 repeat, that are supposed
to link to ALS/FTD pathogenesis [23]. Therefore, it may be possible to develop therapeutic
treatments using TMPyP4 to disrupt the interaction of RBPs. However, TMPyP4 may
either stabilize or destabilize RNA G4. Kelly and colleagues used molecule dynamics
simulations to analyze RNA G4 structure and speculated that TMPyP4 might interact
with RNA G4 in three different ways: top-stacking, bottom-stacking, and side-binding,
maintaining stability under certain conditions [111]. However, the specific structure and
binding mode of the complex have not been reported. Therefore, further study on the
interaction between TMPyP4 and r(GGGGCC)n RNA, as well as the destruction of RBPs
binding which may cause toxicity, will be one of the directions for the development of
related small molecule drugs.

4.2. Binding of r(GGGGCC)8 with Other Liands

Matthew D. Disney and colleagues has discovered three lead compounds, 1a, 2, and
3, that bind with r(GGGGCC)8 in vitro, with Kds of 9.7, 10, and 16 µM, respectively [55].
These three small molecules were obtained by Hoechst or bis-benzimidazole query, and
were derived from the small molecule library established by chemical similarity search.
This library is enriched in compounds that have the potential to recognize RNA 1 × 1
nucleotide internal loops, among which 1a has been proven to bind 1 × 1 GG internal
loops present in r(CGG)exp, and improve fragile X-associated tremor/ataxia syndrome
(FXTAS)-associated defects [112].

As r(GGGGCC)8 RNA experiences dynamical equilibrium between hairpin and par-
allel G4 structure in solution, the binding constants of these lead compounds with RNA
were evaluated in either K+ containing buffer (favorable for G4 structure) or Na+ buffer
(favorable for hairpin). The 3–10 times higher Kds of 1a and 3 were obtained in the pres-
ence of K+ than the Na+ buffer, demonstrating their favor binding to G4 structures of
r(GGGGCC)8. In contrast, a Na+-dependent affinity of 2 was not affected by r(GGGGCC)8,
but it significantly decreased with K+, showing the specific binding with hairpin structures.
The optical melting data further demonstrated that compound 3 has no influence on the
stability of r(GGGGCC)8, while compounds 1a and 2 improve it.

The effects of three ligands on non-ATG translation of r(GGGGCC)n were tested in
HEK293 cells expressing r(GGGGCC)66 [55]. It was found that poly(GP) and poly(GA)
proteins, but not poly(GR) proteins, were produced in the system. Compound 3 (100 µM,
24 h) was shown to moderately limit poly(GP) synthesis while having no effect on poly(GA).
Compounds 1a and 2, on the other hand, drastically reduced the amounts of GP and GA
proteins, which dramatically lowered the percentage of positive cells in the lesions. This
suggests that ligand binding to r(GGGGCC)n could be a potentially effective cure for
FTD/ALS.

4.3. Binding of r(GGGGCC)8 with CB096

Disney and colleagues discovered a benzimidazole derivative CB096 that binds to
r(GGGGCC)n. NMR, structure–activity relationship (SAR) studies, and molecular dy-
namics (MD) simulations with r(GGGGCC)n hairpin structure have been used to deter-
mine the molecular interaction between CB096 and r(GGGGCC)n (Figure 7) [113]. When
r(GGGGCC)n is folded, CB096 can specifically bind to the repeating 1 × 1 GG inner ring
structure of 5′CGG\3′GGC. The TO-PRO-1 (TO-1) fluorescent dye replacement assay and
microscale thermoelectrophoresis (MST) were used to screen the ligands bound to the
r(GGGGCC)8 hairpin. CB096 binds to 5′CGG/3′GGC of the r(GGGGCC)n hairpin and
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breaks the base pair as shown by NMR. To bind to the r(GGGGCC)n hairpin structure,
the chemical 5′s-NO2 group and 2-methoxyphenyl are crucial. In ALS/HEK293T FTD’s
cells, CB096 slowed RAN translation and reduced poly(GP) DPR formation, but did not
affect r(GGGGCC)66 mRNA levels. In conclusion, the researchers showed that CB096 binds
particularly to the 1 × 1 GG inner ring 5′CGG\3′GGC generated during the expansion of
r(GGGGCC)n.
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4.4. Binding of r(GGGGCC)n with DB1246, DB1247, and DB1273

Isaacs and colleagues screened a chemical library of small molecules to find the
r(GGGGCC)4 binding ligands [53]. They identified 44 hits out of 138 small molecules by a
FRET-based G4 melting assay. Among those hitting compounds, three molecules are struc-
turally similar (DB1246, DB1247, and DB1273) and have the ability to bind and stabilize G4s
structure, as shown by temperature dependent CD spectroscopy [53]. Treatment with these
compounds led to a significant reduction in both RNA foci formation and dipeptide repeat
protein levels in Drosophila carrying r(GGGGCC)36 and improved survival in vivo [53].
These findings suggest that targeting the r(GGGGCC)n G4 using small molecules may be a
promising therapeutic approach to alleviate two key pathologies associated with FTD/ALS.

4.5. Binding of r(GGGGCC)n with CB253

Andrei and colleagues incorporated 19F modified nucleotides to replace the C6 residue
in r(GGGGCC)2 duplex model (5′CCGGGG/3′GGGGCC) to investigate the binding mech-
anism of CB253 to r(GGGGCC)n (Figure 8) [114]. The replacement of 19F nucleotide enables
the use of 19F NMR spectroscopy to investigate the structure and interactions. Two types
of inner ring, 1 × 1 GG and 2 × 2 GG, were detected and verified in the r(GGGGCC)2
hairpin structure. Among them, the 1 × 1 GG was the main conformation, and the two
conformations could slowly transform into each other to achieve an equilibrium. Addi-
tion of CB253 stabilizes the 2 × 2 GG inner ring structure of r(GGGGCC)2 duplex, which
becomes a stable dominant conformation. CB253 can form key interactions with N1-H of
G3 and combine with r(GGGGCC)2 at a 2:1 ratio. The precise 2,4-diamino substitution
pattern within CB253’s quinazoline scaffold is crucial for binding the r(GGGGCC)n hairpin
RNA. In HEK293T and lymphoblastoid cells from C9orf72 patients, CB253 reduced the
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formation of stress granules induced by r(GGGGCC)66 and inhibited RAN translation in a
dose-dependent manner, leading to a significant reduction in poly(GP) DPR levels. These
findings indicate that CB253 is a promising chemical probe that can specifically bind to and
stabilize the 2 × 2 GG inner ring of r(GGGGCC)n hairpin structure, and inhibit various
C9orf72-specific pathological mechanisms by directly engaging r(GGGGCC)n.
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5. Summary and Perspective

In this review, we provide a comprehensive overview of the advancements in un-
derstanding the structure of r(GGGGCC)n and d(GGGGCC)n, the phase separation and
transition of r(GGGGCC)n, the interactions of r(GGGGCC)n with RBPs, and the discov-
ered ligands capable of inhibiting the non-ATG translations of r(GGGGCC)n and/or the
interactions between r(GGGGCC)n and RBPs.

The relationship between the fatal neurodegenerative diseases ALS/FTD, the structure
of r(GGGGCC)n RNA, and their interactions have garnered significant research attention.
When the repeat number exceeds the threshold, r(GGGGCC)n RNA undergoes phase sepa-
ration and transition, leading to the formation of nuclear RNA foci. These RNA foci recruit
RBPs, disrupting the physiological functions of RNA splicing and maturation. Another
pathogenic mechanism by which r(GGGGCC)n contributes to ALS or FTD is the cytotoxicity
of repetitive dipeptide proteins generated through non-ATG translation. Aggregates of
these repetitive dipeptide proteins, can recruit numerous 26S proteasome complexes and
stabilize a transient substrate-processing conformation of the 26S proteasome, suggesting
impaired degradation processes [115].

Characterizing the repeat structure of r(GGGGCC)n RNA and elucidating the structure-
function relationship are key areas of research in understanding the pathogenic causes.
r(GGGGCC)n can adopt diverse structures, including hairpin and parallel G4 topologies,
with equilibrium between them depending on solution conditions. However, the three-
dimensional structures of r(GGGGCC)n RNA are still unknown. Achieving a dominant
conformation for structural studies may require sequence and solution condition optimiza-
tion. Another challenging aspect is determining the secondary structures of r(GGGGCC)n
within RNA foci or gel-like states. Due to the non-crystalline solid state and heterogeneous
nature of RNA foci, commonly used high-resolution structure determination methods
such as X-ray crystallography or solution NMR are not applicable [116,117]. To date, the
RNA structures within RNA foci remain unidentified. Advancements in RNA structure
determination methodologies, such as solid-state NMR [118–120], are needed to overcome
this limitation.
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Several small molecules that bind to r(GGGGCC)n have been discovered to block RBP
interactions, inhibit phase separation, and/or hinder non-ATG translation, as evidenced
both in vivo and in vitro. Understanding the structural details of the interactions between
r(GGGGCC)n RNA and ligands is crucial for facilitating the design of lead compounds
to treat ALS/FTD. Similar to the challenges faced in studying r(GGGGCC)n RNA, the
complex structure determination of r(GGGGCC)n RNA repeats and small molecules is
lacking, necessitating further developments to gain insights into drug design.

Another known treatment approach for ALS/FTD involves the use of antisense RNA.
Single-dose injections of antisense oligonucleotides (ASOs) targeting repeat-containing
RNAs, while preserving mRNA levels encoding C9orf72, have resulted in sustained reduc-
tions in RNA foci and dipeptide-repeat proteins, leading to the amelioration of behavioral
deficits. These efforts have identified the gain of toxicity as a central disease mechanism
caused by repeat-expanded C9orf72 and established the feasibility of ASO-mediated ther-
apy [16]. ALS brains treated with ASO therapeutics targeting the C9orf72 transcript or
repeat expansion showed mitigation despite the presence of repeat-associated non-ATG
translation products [46]. Moreover, the introduction of mRNA that encodes r(GGGGCC)n
binding proteins into ALS/FTD cells has the potential to restore RBP functions by aug-
menting the intracellular pool of RBPs recruited by RNA foci. This approach represents
an alternative strategy for treating ALS by targeting r(GGGGCC)n RNA. Lastly, gene edit-
ing system by CRISPR/Cas9 has successfully removed the GGGGCC repeat expansion
in C9orf72, leading to reduction in RNA foci and DPR formations, proving a promising
approach in ALS treatments.
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Abstract: Phosphorodiamidate morpholinos (PMOs) are known as premier gene knockdown tools in
developmental biology. PMOs are usually 25 nucleo-base-long morpholino subunits with a neutral
phosphorodiamidate linkage. PMOs work via a steric blocking mechanism and are stable towards
nucleases’ inside cells. PMOs are usually synthesized using phosphoramidate P(V) chemistry. In
this review, we will discuss the synthesis of PMOs, phosphoroamidate morpholinos (MO), and
thiophosphoramidate morpholinos (TMO).

Keywords: phosphorodiamidate morpholinos (PMO); phosphoroamidate morpholinos (MO);
thiophosphoramidate morpholinos (TMO); phosphoramidites

1. Introduction

Among the various oligonucleotide analogues that have been used as therapeutic
drugs, the phosphorodiamidate morpholino oligonucleotide (PMO; 3) remains one of
the most successful (Figure 1). Of the 16 oligonucleotide therapeutics approved so far
by the US Food and Drug Administration (FDA), 4 are PMO-based drugs. These are
Eteplirsen (2016), Golodirsen (2019), Viltolarsen (2020), and Casimersen (2021) for the
treatment of Duchenne Muscular Dystrophy (DMD) [1–4]. Eteplirsen and Golodirsen are
used for the treatment of DMD, targeting exons 51 and 53, respectively, of the dystrophin
mRNA. The other dystrophin drugs are Viltolarsen and Casimersen, which target exons
53 and 45, respectively. DMD is a rare genetic disease of the dystrophin protein and
predominantly affects males. In healthy muscle, dystrophin interacts with other proteins
at the cell membrane to stabilize and protect the cell during regular activity involving
muscle contraction and relaxation. Individuals with DMD produce little or no dystrophin
in their muscle. Without dystrophin, normal activity causes excessive damage to muscle
cells and over time is replaced with fat and fibrotic tissue. PMOs bind to a target out-
of-frame dystrophin pre-mRNA and alter splicing, which results in an in-frame mRNA.
Consequently, a truncated but functional dystrophin protein is produced.
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The basic PMO structure consists of the six-membered morpholine ring, instead of
ribose, attached to the same nucleobases as RNA [5]. PMOs possess a neutral backbone
that is completely resistant to nucleases. They are water soluble and display good cell
permeability without assistance from cellular factors. They also hybridize to RNA but do
not activate RNase H [6,7].

PMOs are currently synthesized with phosphoramidate P(V) chemistry on a solid sup-
port using chlorophosphoramidate building blocks, as described in Scheme 1. The first step
is condensing a 6′-hydroxyl-N-tritylmorpholino nucleoside 6 with N,N-dimethylaminodich
lorophosphoramidate in order to generate an N,N-dimethylamino chlorophosphoramidate
synthon 7. Coupling the base of this synthon to a morpholino nucleoside linked to a support
through the 6′-hydroxyl 8 generates the dimer 9 attached to the resin. Further detritylation
with an acid salt yields a product 10 that can be elongated by repeating the cycle [7]. Several
limitations of this synthesis approach have been reported [8]. PMOs are synthesized in a 5′

to 3′ direction, whereas almost all other oligonucleotide synthesis chemistries take place in
a 3′ to 5′ direction [9]. Thus, the synthesis strategy for PMOs is not compatible with most
other chemistries, which severely limits the ability to synthesize chimeras having PMOs
and other analogues. Additionally, the active chlorophosphoramidate synthon is a P(V)
compound which is less reactive and therefore leads to significantly lower yields than the
P(III) oligonucleotide synthesis strategy.

Molecules 2023, 28, x FOR PEER REVIEW 2 of 12 
 

 

 
Figure 1. Chemical structure of morpholino oligonucleotides. 

PMOs are currently synthesized with phosphoramidate P(V) chemistry on a solid 
support using chlorophosphoramidate building blocks, as described in Scheme 1. The first 
step is condensing a 6′-hydroxyl-N-tritylmorpholino nucleoside 6 with N,N-dimethyla-
minodichlorophosphoramidate in order to generate an N,N-dimethylamino chlorophos-
phoramidate synthon 7. Coupling the base of this synthon to a morpholino nucleoside 
linked to a support through the 6′-hydroxyl 8 generates the dimer 9 attached to the resin. 
Further detritylation with an acid salt yields a product 10 that can be elongated by repeat-
ing the cycle [7]. Several limitations of this synthesis approach have been reported [8]. 
PMOs are synthesized in a 5′ to 3′ direction, whereas almost all other oligonucleotide syn-
thesis chemistries take place in a 3′ to 5′ direction [9]. Thus, the synthesis strategy for 
PMOs is not compatible with most other chemistries, which severely limits the ability to 
synthesize chimeras having PMOs and other analogues. Additionally, the active chloro-
phosphoramidate synthon is a P(V) compound which is less reactive and therefore leads 
to significantly lower yields than the P(III) oligonucleotide synthesis strategy. 

 
Scheme 1. Method for synthesis of PMOs using chlorophosphoramidate chemistry. 

Because of the versatility of P(III) chemistry, several DNA/RNA derivatives in addi-
tion to natural DNA and RNA can be synthesized efficiently [10]. Thus, to develop an 
orthogonal synthetic approach for PMOs, we have explored the use of P(III) chemistry for 
preparing the PMO analogue and its derivatives on a solid support. If successful, a P(III) 
strategy would lead to procedures for preparing many oligonucleotide derivatives. In this 
short review, we will discuss the synthesis of PMOs and additional PMO-type analogues 
(MOs and TMOs, Figure 1) using phosphoramidite P(III) chemistry. Also, the biological 
properties of the newly developed TMOs will be discussed. 

2. Initial Work 
In 2015, we published our research regarding the conversion of boranephosphonate 

DNA to phosphoramidate DNA [11], as outlined in Scheme 2. The approach first involved 
the conversion of an internucleotide phosphite linkage to boranephosphonate using the 

Scheme 1. Method for synthesis of PMOs using chlorophosphoramidate chemistry.

Because of the versatility of P(III) chemistry, several DNA/RNA derivatives in addition
to natural DNA and RNA can be synthesized efficiently [10]. Thus, to develop an orthogonal
synthetic approach for PMOs, we have explored the use of P(III) chemistry for preparing the
PMO analogue and its derivatives on a solid support. If successful, a P(III) strategy would
lead to procedures for preparing many oligonucleotide derivatives. In this short review, we
will discuss the synthesis of PMOs and additional PMO-type analogues (MOs and TMOs,
Figure 1) using phosphoramidite P(III) chemistry. Also, the biological properties of the
newly developed TMOs will be discussed.

2. Initial Work

In 2015, we published our research regarding the conversion of boranephosphonate
DNA to phosphoramidate DNA [11], as outlined in Scheme 2. The approach first involved
the conversion of an internucleotide phosphite linkage to boranephosphonate using the
BH3-THF complex in THF to yield 11. This condensation was followed with 30 equiv-
alents of iodine and a 0.4 M solution of methylamine in tetrahydrofuran, which led to
the formation of methylphosphoramidate 14. This breakthrough chemistry enabled us to
synthesize phorphoramidate oligodeoxyribonucleotides starting from boranephosphonate
DNA. Of particular interest was the observation that a diastereomerically pure borane
phosphonate isomer gave rise to the formation of one diastereomer via a stereospecific
reaction [11]. This work encouraged us to attempt the synthesis of PMOs using the same
iodine oxidation chemistry.
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3. Synthesis of PMOs and PMO/DNA Chimeras

Zhang and collaborators reported the synthesis of chimeric oligonucleotides hav-
ing 2′-deoxyribonucleoside-3′-phosphate and morpholinonucleoside 3′-phosphoramidate
internucleotide linkages [12,13]. They used morpholino uridine and thymidine phospho-
rodiamidites (Figure 2) to synthesize these oligonucleotides at a 0.1 µmol scale on a DNA
synthesizer using phosphoramidite chemistry and 5-ethylthio-1H-tetrazole (ETT) as the
activator. Additionally, oligonucleotides with morpholino phosphoramidate modifications
in the 3′-terminal ends were synthesized using the universal CPG support. Aqueous ammo-
nia at 55 ◦C for 12 h was then used to separate the oligonucleotides from the support and
to remove base protecting groups. Crude oligonucleotides were purified using HPLC with
yields of approximately 30% and analyzed via HPLC and MALDI-TOF mass spectroscopy.
Using this approach, siRNAs containing up to four morpholino uridine phosphoroami-
date linkages were synthesized. Although several interesting biological properties were
reported (resistance to nuclease, silencing activity in HeLa cells) no further research has
been reported. These results encouraged us to explore the synthesis of PMOs on solid
supports using the P(III) chemistry we had developed previously for the synthesis of the
corresponding 2′-deoxyoligonucleotide analogues [11].
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Our first step toward the synthesis of PMOs using a P(III) phosphoramidite approach
was to synthesize all four morpholino phosphorodiamidite building blocks (Scheme 3).
Our overall strategy was to use these building blocks for the preparation of morpholino
borane phosphonate derivates and then convert these linkages to PMOs using iodine
oxidation [14,15]. However, the standard amide protecting groups routinely used for
oligonucleotide synthesis cannot be used with cytosine, adenine, and guanine because
boronation reduces these amides to amines, which consequently cannot be removed follow-
ing synthesis. Therefore, we turned to the previously developed bis(tert-butyl)isobutylsilyl
(BIBS) group [11] for protection of the amino groups on these three bases because the BIBS
protecting group was stable to P(III) chemistry synthesis procedures, including boronation,
and could be readily removed with fluoride.
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Scheme 3. Synthesis of phosphorodiamidite building blocks for the preparation of PMOs.

The preparations of these four building blocks, as outlined in Scheme 3, were based
upon modifications of the originally published procedures [16,17]. 5′-O-Dimethoxytrityl
ribothymidine 23 was treated with sodium periodate and then ammonium biborate to
afford the dihydroxythymine morpholino monomer. Reduction using sodium cyanoboro-
hydride under mild acidic conditions yields the thymine morpholino monomer 27 [17].
The morpholino–thymine synthon 15 was then prepared in an 86% yield via the phos-
phitylation of 27 with 2-cyanoethyl-N,N,N′,N′-tetraisopropylphosphordiamidite and 4,5-
dicyanoimidazole (DCI) in dichloromethane under an argon atmosphere [12]. Synthesis
of the cytosine, adenine, and guanine monomers began by first protecting the nucleoside
amino groups with BIBS. The reaction of 5′,3′,2′-tri-O-acetylcytidine 17 with BIBS-OTf
(Tf = triflate) in the presence of 2,6-lutidine gave a 76% yield of 20 after 2 h of stirring at
60 ◦C under argon. The synthesis of 21 and 22 from 18 and 19, respectively, required much
longer reaction times (3 days), with yields of 25−31% and 74%. These silylated ribonu-
cleosides were then treated with ammonium hydroxide to remove the acetyl protecting
groups, converted them to the 5′-dimethoxytrityl compounds and then to the morpholino
derivatives (28, 29, and 30) using the same chemistry as outlined for the preparation of
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27. These compounds were used to generate the phosphorodiamidite building blocks
31, 32, and 33. For the synthesis of PMO−DNA chimeras, 5′-O-(4,4′-dimethoxytrityl)-2′-
deoxyribonucleoside-3′-phosphoramidite building blocks 35, 36, and 37 were prepared
following a literature protocol [14,15], whereas compound 34 was obtained from commer-
cially available sources.

The synthesis cycle for the preparation of PMOs using P(III) chemistry is outlined in
Scheme 4 [15]. The synthesis begins with commercially available 5′-DMT-2′-deoxyribothymidine
linked to a polystyrene support. The standard glass synthesis support (CPG) could not be
used because this support was not compatible with fluoride reagents that were required to
remove N-silyl ether protecting groups from the bases. Compound (A) can be any of the
2′-deoxyribonucleosides, but the cytosine, adenine, and guanine bases must be protected
with the BIBS protecting group. The DMT group was removed with 0.5% trifluoroacetic
acid in chloroform containing 10% trimethyl phosphite–borane (TMPB). To completely
remove this detritylation solution, it was important to use a methanol wash [14]. The
5′-unprotected-2′-deoxyribonucleoside (A) was then reacted with 15, 31, 32, or 33 in an-
hydrous acetonitrile containing 4,5-dicyanoimidazole (DCI) to generate a dimer having
a phosphoramidite diester internucleotide linkage (B). Boronation was next carried out
using borane–THF to generate a P (IV) morpholino compound (C) prior to the capping
step. Post-boronation, the support was washed with acetonitrile, failure sequences were
capped using acetic anhydride, and detritylation was carried out using a solution of 10%
TMBP and 0.5% TFA in chloroform in order to generate (D). Following a methanol wash,
multiple repetitions of this cycle yielded a product ready for further conversion to the
PMOs (Table 1). Post-synthesis, supports were washed with acetonitrile, treated with
a 1:1 mixture of triethylamine/acetonitrile to remove the cyanoethyl protecting group,
washed with acetonitrile and dichloromethane to remove residual triethylamine, and dried.
For conversion to the N,N-dimethylamino PMOs, the morpholino boranephosphoroami-
dates were treated for 2 h with a solution of 0.05 M iodine and 2.0 M dimethylamine in
tetrahydrofuran. Using the procedure outlined in Scheme 4, a trimer having only thymine
nucleoside bases was synthesized, converted to the N,N-dimethylamino PMO derivative
with iodine/N,N-dimethylamine, removed from the support with ammonia, and analyzed
by LC−MS. A 94% yield of the trimer PMO was calculated. PMOs having oligothymidine
and all four bases have been synthesized using this approach and characterized by LC−MS.

For the synthesis of PMO−DNA chimeras, 5-ethylthio-1H-tetrazole (0.25 M and 180 s cou-
pling time) was used as an activator for the 5′-O-(4,4′-dimethoxytrityl)-2′-deoxyribonucleoside-
3′-phosphoramidites (34, 35, 36, or 37). Following the addition of the 2′-deoxyribonucleotide,
iodine oxidation converted the phosphite triester to the corresponding phosphate linkage.
Since PMO−DNA chimeras are new to the scientific community and could prove to be use-
ful for various research projects, several were synthesized. Initially, these chimeras were a
series of 21mer oligothymidines containing four N,N-dimethylamino PMO linkages. These
encouraging results were followed by the synthesis of PMO−DNA chimeras containing all
four nucleobases with variable locations and a number of PMO linkages [15].

In addition to testing this new synthetic route by synthesizing PMO analogues hav-
ing the N,N-dimethylamino–phosphorodiamidate linkage, we investigated other amines,
which could be used in order to generate several new PMO−DNA derivatives. An olig-
othymidine 21mer having four morpholino boranephosphoroamidate linkages near the
center of this oligomer was synthesized. The support containing this oligonucleotide was
divided into three samples that were treated with N-methylamine, ammonia, and mor-
pholine under iodine oxidation conditions and then purified using reverse-phase column
chromatography. Additionally, mixed-sequence PMO−DNA chimers having all four bases
and amino-phosphorodiamidate internucleotide linkages were synthesized, where the
positions for the diamidate linkages were located at the 5′, 3′, and 5′/3′ termini of these
chimeras. Yields were comparable to those obtained for the N,N-dimethylamino PMO
chimeras [15].
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Scheme 4. Synthesis cycle for the preparation of PMOs.

Table 1. Solid-phase synthesis parameters used for PMOs and PMO-DNA chimeras.

Reactions Wash/Reagents/Solvents Time (Seconds)

Detritylation 10% TMPB + 0.5% TFA in CHCl3 Flow 45 s

Condensation

0.1 M Morpholinonucleoside phosphoradiamidite (15, 31, 32, 33) in ACN + Activator
0.12 M dicyanoimidazole in ACN Hold 300 s

0.1 M Deoxynucleoside phosphoradiamidite (34, 35, 36, 37) in ACN + Activator 0.25 M
5-ethylthio-1H-tetrazole in ACN Hold 180 s

Boronation 0.05 M BH3-THF in THF Flow 15 s, Hold 45 s

Oxidation 0.02 M Iodine in THF/water/pyridine Flow 8 s, hold 15 s

Capping Cap A (THF/Pyridine/Ac2O) + Cap B (16% N-methylimidazole in THF) Flow 10 s, hold 5 s

4. Synthesis of MOs and MO/DNA Chimeras

As outlined earlier in this review, Zhang and collaborators [12,13] synthesized oligonu-
cleotides having up to four thymidine morpholino phosphoramidate internucleotide link-
ages (MOs, 5 Figure 1). The biochemical results from these investigations were intriguing.
These MOs formed duplexes with complementary RNA and were stable toward degrada-
tion with snake venom phosphodiesterase. Moreover, when up to four morpholino uridine
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phosphoramidates were incorporated into siRNA duplexes, the resulting RISC complex
showed potent silencing activity in HeLa cells.

Because of these exciting results, MO synthesis was extended to all four standard
bases, with these oligonucleotides having 15 to 20 nucleotides [18]. The building blocks
used for this research are shown in Scheme 5. Because there is no boronation step, as was
the case for the synthesis of PMOs via P(III) chemistry, the standard amide-protecting
groups were observed to be appropriate for studies on MO synthesis (Scheme 5; 15, 38, 39,
40). Following an extensive study focused on the activation of these building blocks with
5-ethylthio-1H-tetrazole (ETT), a solid-phase synthesis cycle (Table 2) was developed for
preparing MOs [18]. However, despite considerable experimentation, the MOs could not be
isolated free of oligonucleotide degradation products. The problem primarily centers on the
reactivity of the morpholino phosphoramidate linkage toward aqueous acid. Thus, during
the final deprotection step using aqueous acid to remove the 5′-O-(4,4′-dimethoxytrityl)
group, considerable degradation of the MO was observed, and the final MO product
could not be isolated in pure form. Although the synthesis of MOs with all four bases
is now possible, it is clear that a different synthesis strategy must be introduced in order
to overcome the inherent instability of the morpholino phosphoramidate linkage toward
aqueous acid. As stated in the referenced manuscript [18], “However, due to the inherent
acid and base stability of P-N linkages in phosphoramidate ODNs, an improved synthetic
methodology that integrates orthogonal protecting group strategies for the morpholino
nucleoside building blocks as well as the terminal hydroxyl protecting group of the final
ODN may be required to enable their successful isolation for further research.”
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Table 2. Solid-phase synthesis cycle used for MOs and MO-DNA chimeras.

Reactions Wash/Reagents/Solvents Time (Second)

Detritylation 3% Trichloroacetic acid in Dichloromethane 95 s

Condensation

0.1M 5′-DMTrO-morpholinonucleoside phosphordiamidite in acetonitrile and 0.12 M
5-ethylthio-1H-tetrazole in acetonitrile 600 s

0.1M 5′-DMTrO-2′-deoxynucleoside phosphoramidites and 0.12 M
5-ethylthio-1H-tetrazole in acetonitrile 30 s

Capping Cap A (THF/Pyridine/Ac2O) + Cap B (16% N-methylimidazole in THF) 5 s

Oxidation 0.1 M (1S)-(+)-(10-camphorsulfonyl)-oxaziridine in anhydrous acetonitrile 180 s
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5. Synthesis of TMOs and TMO/DNA Chimeras

The solid-phase synthesis of MOs was carried out by oxidizing compound B, as
shown in Scheme 4. The resulting morpholino phosphoramidate oligonucleotides were
obtained in low overall yields, and their crude reaction mixtures could not be purified
using the conventional DMT-On/Off procedure due to their instability to aqueous acid.
We conjectured that replacing the nonbridging P(O) linkages in morpholino phospho-
ramidates with P(S) might improve their hydrolytic stability under acidic conditions and
increase nuclease resistance towards intracellular enzymes. This presumption led us to
recently focus entirely on thiophosphoramidate morpholino oligonucleotides (TMOs, 4
Figure 1) [15,19]. Morpholino phosphorodiamidites 15, 38, 39, and 40 (Scheme 5) were used
as building blocks to prepare TMOs. Because we did not have a boronation step in the
TMO synthesis strategy, the standard amide protecting groups were used for the exocyclic
amino groups of cytosine, guanine, and adenine. Several activators (ETT; Tetrazole; Di-
cyanoimidazole (DCI)) at various concentrations were studied, with the best activation
of morpholino phosphorodiamidites being ETT at 0.12 M. The first step for synthesizing
TMOs was to remove the 5′-DMT group from the 2′-deoxynucleoside attached to the silica
support (Scheme 6 and Table 3). This group was removed using 3% trichloroacetic acid
in dichloromethane. This 2′-deoxynucleoside was then reacted with a morpholino phos-
phorodiamidites of mABz, mGiBu, mCBz, or mT (15, 38, 39, and 40) in the presence of
0.12 M ETT in anhydrous acetonitrile (300 s condensation time). The resulting morpholino
phosphoramidite (E) was then converted to the thiophosphoramidate dinucleotide (G) us-
ing 3-[(dimethylaminomethylene)amino]-3H-1,2,4-dithiazole-5-thione (DDTT). Subsequent
detritylation followed by repetitive synthesis cycles generated a TMO oligonucleotide
having the desired sequence and length. When using the Universal Support III in order to
generate a TMO having only morpholino nucleosides, the first morpholino phosphorodi-
amidite coupling step was followed by oxidation instead of sulfurization. Thus, during
the ammonia cleavage of the TMO from the support, a TMO would be generated having a
3′-morpholine.

The solid-phase synthesis of TMOs and their chimeras resembles the synthesis of
phosphorothioate DNA synthesis, with two differences: (i) the ETT concentration was
reduced to 0.12 M, and (ii) a 300 s coupling time was used. We noticed that reducing the
coupling time of phosphorodiamidite building blocks (41, 42, 43, or 44) to 300 s (0.12 M ETT)
resulted in synthesis yields for 20−25 mer TMOs that were approximately 50%-60% the
amount for a phosphorothioate DNA on the same support. For the synthesis of TMO−DNA
chimeras, a 30 s coupling time was used for commercially available 2′-deoxyribonucleoside
3′-phosphoramidites.

The final steps for the synthesis of TMOs and TMO/DNA chimeras begin with cleav-
age from the synthesis support and removal of protecting groups using aqueous ammonia
at 55 ◦C for 18 h (for the Universal Support III, 2 M ammonia/methanol, 60 min followed by
aqueous ammonia, 55 ◦C, 16 h). Post-deprotection, the ammonia solutions were removed
by evaporation. Product mixtures were dissolved in 3% aqueous methanol, filtered through
a 0.2-micron filter, and analyzed via LCMS. The reaction mixtures were redissolved in
3% aqueous acetonitrile and purified using ion-pair RP-HPLC. Post-purification, selected
fractions were dried and treated with 500 µL of 50% aqueous acetic acid to remove the DMT
group (5 min). The acidic reaction mixture was cooled in an ice bath followed by neutraliza-
tion with triethylamine. After evaporating to dryness, the TMOs and TMO/DNA chimeras
were re-purified using ion-pair RP-HPLC. The pure product fractions were combined and
evaporated to dryness. Desalting was carried out using NAP DNA purification columns.

We have successfully developed a chemical synthesis strategy for synthesizing TMOs
and TMO/DNA chimeras using phosphoramidite chemistry. In contrast to P(V)-based
PMO synthesis, the P(III) approach lends itself to the incorporation of several modifications,
such as 2′-OMe, 2′-F, 2′-O-MOE, LNA, and others, that provide a route for generating an
array of previously unexplored oligonucleotide therapeutic drug candidates.
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Table 3. Solid-phase synthesis parameters used for TMOs and TMO-DNA chimeras.

Reactions Wash/Reagents/Solvents Time (Seconds)

Detritylation 3% Trichloroacetic acid in Dichloromethane Flow 45 s

Condensation

0.1 M Morpholino hosphorodiamidite (15, 38, 39, 40) in can + Activator 0.12 M
5-ethylthio-1H-tetrazole canACN Hold 300 s

0.1 M 2′-Deoxynucleoside 3′-phosphoradiamidite (41, 42, 43, 44) in ACN + Activator
0.12 M 5-ethylthio-1H-tetrazocanin ACN Hold 30 s

Thiolation 3-[(Dimethylaminomethylene)amino]-3H-1,2,4-dithiazole-5-thione (DDTT) 360 s

Capping Cap A (THF/Pyridine/Ac2O) + Cap B (16% N-methylimidazole in THF) Hold 5 s

6. Biological and Biochemical Properties of TMOs

Since the binding affinity of an oligonucleotide plays a critical role in determining its
therapeutic potential, the biophysical properties of TMOs and TMO/DNA chimeras have
been analyzed [19]. Chimeric TMOs with alternating thiophosphoramidatemorpholino/2′-
deoxynucleoside 3′-thiophosphate structures showed an increase in binding affinity (+6−10 ◦C)
toward DNA. This could be because of increased flexibility to an otherwise rigid construct,
which permits more efficient binding with the complementary strand. A significant Tm
loss (>12 ◦C) was observed for the fully modified thiophosphoramidatemorpholino/2′-
deoxynucleoside 3′-thiophosphate oligomer when forming a duplex with complementary
DNA. This result suggests that the exclusive presence of rigid morpholino moieties re-
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sults in a backbone conformation that is not helpful to efficient DNA binding. However,
when TMOs form duplexes with complementary RNA, both the chimeric TMO/DNA
and the completely thiomorpholino oligonucleotides form duplexes where the Tms are
10 degrees higher than for the RNA/DNA duplex. To gain further insights into their
helical structure, RNA heteroduplexes of TMOs with complementary RNA were assessed
using circular dichroism (CD) and compared with control duplexes (DNA−pS/RNA and
canonical DNA/RNA). The CD spectra of these TMO heteroduplexes revealed structural
similarities to the DNA−pS/RNA duplex. Both fully modified TMO/RNA and chimeric
TMO/RNA duplexes closely resemble an A-form RNA/RNA duplex which provides a
logical explanation for their higher binding affinity towards complementary RNA. The
RNase H1 activity of TMOs was assessed by preannealing TMOs with complementary RNA
and treatment with Escherichia coli RNase H1. Fully modified TMOs do not activate RNase
H1, presumably due to their conformational rigidity. However, gapmers having TMO caps
and 2′-deoxynucleoside 3′-thiophosphate gaps are RNase H1 active. This suggests that
exclusively TMO-modified oligonucleotides are potential candidates for exon skipping ex-
periments, where they function as steric blockers, whereas gapmers having TMO wings can
be used for antisense experiments that involve mRNA degradation through the activation
of the RNase H1 pathway.

TMOs were used to address how intron retention influences the spatio-temporal
dynamics of transcripts from two clinically relevant genes: TERT (Telomerase Reverse
Transcriptase) pre-mRNA and TUG1 (Taurine-Upregulated Gene 1) lncRNA [20]. Data
suggest that the splicing of TERT-retained introns occurs during mitosis. In contrast,
TUG1 has a bimodal distribution of fully spliced cytoplasmic and intron-retained nuclear
transcripts. Upon the addition of TMOs complementary to TERT and TUG 1 preRNA,
nuclear TERT and TUG1 intron retentions are correlative and do not show a causality of
intron retention driving their subcellular localization. To test this hypothesis, 20mer TMOs
were designed against the two TUG1 donor splice sites, each hybridizing to 2 nt of the
exon and 18 nt of the intron sequence. These TMOs were tested for the functionality of
intron-retention events using RNA targeting to block intron excision. It was observed that
TMOs enforcing intron 1 retention decreased the splicing of intron 1 by ~60% compared to
the control TMO. Intron 11-containing TERT (assessed by monitoring intron 11 and exon 11
to intron 11 junction) was increased ~32% compared to control TMO. As additional controls,
we applied primers at the upstream exon 10 to exon 11 junction, which was not affected
with TERT TMO treatment, and exon 10 to exon 12 junction, which was decreased ~50%, in
accordance with the decrease in exon 11 to exon 12 junction. These findings demonstrate
that TMOs effectively block splicing and change cellular localization and availability of
the RNA.

In another study, various TMOs were synthesized and evaluated for their efficacy to
induce exon skipping in a Duchenne Muscular Dystrophy (DMD) in vitro model using
H2K mdx mouse myotubes [21,22]. Experiments demonstrated that TMOs can efficiently
internalize and induce excellent exon-23 skipping potency compared with a conventional
PMO control and other widely used nucleotide analogs, such as 2′-O-methyl and 2′-O-
methoxyethyl antisense oligonucleotides. TMOs performed well at low concentrations
(5–20 nM); hence, the dosages can be minimized, which may improve the drug safety
profile. These results in the H2K mdx myotubes demonstrate an opportunity for using
TMOs as therapeutic ASOs in the treatment of various genetic diseases.

These experiments strongly support the conclusion that TMO oligonucleotides are
quite active in cell nuclei. This is because the excision of introns is a nuclear activity.

7. Conclusions

Chemical methods, focused on the use of nucleotide P(III) building blocks, are used
for the synthesis of oligonucleotides that have found major transformative applications in
biology, biochemistry, molecular biology, and biophysical chemistry. These building blocks
are extremely stable, easily activated, and readily prepared. Recently, we have used P(III)
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chemistry to prepare several morpholino phosphorodiamidite building blocks to synthesize
many novel PMO and TMO analogues. Currently, more than 20 biological studies focused
on the use of TMOs as therapeutic drugs for the treatment of various genetic diseases are
underway. These collaborations are being carried out with cells in culture, and several
have progressed to studies in mouse models. Without exception, TMOs are more active
than any other analogue tested. However, major obstacles such as challenging large-scale
production and extensive toxicity studies still need to be addressed. TMOs can perhaps be
exceptional candidates for future biological applications in the oligonucleotide field.
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Abstract: One of the key problems in the design of therapeutic and diagnostic oligonucleotides is the
attachment of small-molecule ligands for targeted deliveries in such a manner that provides the controlled
release of the oligonucleotide at a certain moment. Here, we propose a novel, convenient approach for
attaching ligands to the 5′-end of the oligonucleotide via biodegradable, acid-labile phosphoramide
linkage. The method includes the activation of the 5′-terminal phosphate of the fully protected, support-
bound oligonucleotide, followed by interaction with a ligand bearing the primary amino group. This
technique is simple to perform, allows for forcing the reaction to completion by adding excess soluble
reactant, eliminates the problem of the limited solubility of reagents, and affords the possibility of using
different solvents, including water/organic media. We demonstrated the advantages of this approach by
synthesizing and characterizing a wide variety of oligonucleotide 5′-conjugates with different ligands,
such as cholesterol, aliphatic oleylamine, and p-anisic acid. The developed method suits different types
of oligonucleotides (deoxyribo-, 2′-O-methylribo-, ribo-, and others).

Keywords: 5′-functionalization; small molecules; conjugates of oligonucleotides; solid-phase synthesis;
pH-sensitive phosphoramidate linkage; siRNA

1. Introduction

Functional nucleic acids (FNAs) (catalytic NAs, aptamers, small, interfering RNAs,
antisense oligonucleotides, etc.) and FNA-based constructs represent very promising,
highly selective research tools for molecular biology, as well as potential therapeutic
agents for viral, oncological, and other diseases [1–6]. However, their applications for
targeting certain biomolecules inside the cell face the problem of insufficient cell delivery.
The negative charge of the sugar-phosphate backbone hinders NA penetration through
the negatively charged cell membrane. The cell delivery of FNAs can be improved by
conjugation with small, transporting molecules, such as vitamins, dendrimers, lipophilic
compounds, peptides, cationic lipids, polymers, etc. (e.g., [7–14]).

Small molecules can be attached to functional NAs either noncovalently or covalently
via chemical bonds, which, in turn, can be stable or labile under intracellular conditions.
The use of biodegradable bonds allows for the release of an FNA cargo from the carrier
molecule under the appropriate intracellular conditions, which, in turn, can enhance its
biological activity. In particular, acid-labile linkers are widely used to address this issue:
acetals, ketals, beta-thiopropionates, oximes, orthoesters, hydrazones, etc. [15–17]. In our
work, we chose a phosphoramidate bond for creating an acid-labile linker.

The literature describes several synthetic approaches to the synthesis of the conjugates
of nucleotides or oligonucleotides containing a P-N-bond at the terminal or internucleoside
phosphates. One of the most common and frequently used options for obtaining a phos-
phoramide bond is the Atherton–Todd reaction: the conversion of a dialkyl phosphite into
dialkyl chlorophosphate in the presence of carbon tetrachloride, followed by the reaction
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with a primary amine [18,19]. Alternatively, dialkyl phosphite can be oxidized in the pres-
ence of elemental iodine, followed by interaction with amino-containing ligands [20,21].
These reactions allow for the introduction of modification during solid-phase oligonu-
cleotide synthesis. The Staudinger reaction provides another option for obtaining such
modifications by solid-phase synthesis. For example, the authors of [22,23] obtained a phos-
phoramide bond through the Staudinger reaction between azidoalkyl-modified lipophilic
molecules and an internucleoside 2-cyanoethylphosphite of the polymer-bound protected
oligonucleotide, which is formed at the condensation stage in a standard automated synthe-
sis. Dovydenko et al. [24] proposed a variant of the solid-phase phosphotriester approach:
the active 5′-arylphosphodiester derivative reacted with the polymer-bound protected
oligonucleotide, with the subsequent replacement of the azole moiety by an alkyl amine.

Otherwise, the ligands can be introduced through the P-N-bond at the 5′-/3′-end or
the 2′-position of the fully deblocked oligonucleotide by activating the phosphoric acid
residue with carbodiimide (EDC) in the presence of methylimidazole or with the ox/red
pair triphenylphosphine/dipyridyl disulfide (PPh3/(PyS)2) [25–31]. Based on the last
option, we proposed a synthetic approach to the 5′-modification of oligonucleotides. Here,
we combine the solid-phase approach, with all its advantages, with the activation of the
terminal phosphate of the protected polymer-bound oligonucleotide (ribo-, deoxyribo- or 2′-
O-methylribo-) via PPh3/(PyS)2/DMAP, followed by the interaction with amino-containing
ligands of various chemical nature.

2. Results and Discussion

As we mentioned above, there are two strategies for the synthesis of oligonucleotide
conjugates with small molecules: (1) the introduction of ligands into a fully deblocked
oligonucleotide (synthesis “in solution”), and (2) the interaction of ligands with a support-
bound protected oligonucleotide (solid-phase conjugation) [32–36]. Each of them has its
own advantages and shortcomings. From our point of view, the solid-phase approach is
preferable for obtaining conjugates with small transporting molecules. Protected oligonu-
cleotide is covalently bound with the carrier, which allows for using almost any combination
of solvents, including water-organic media. This possibility becomes especially important
for attaching lipophilic molecules since they require nonpolar solvents that are poorly
suited to deblocked oligonucleotides. The presence of standard protecting groups in the
oligonucleotide makes it possible to introduce the ligand selectively at a given position,
using it in significant excesses when necessary. The easy removal of unreacted components
and side products by simple washing of the carrier and high conjugation efficiency make
the solid-phase approach handy and versatile.

The common scheme of the proposed solid-phase 5′-functionalization of oligonu-
cleotides (deoxyribo-, ribo-, and 2′-O-methylribo-) includes four steps (Figure 1): (1) intro-
duction of a phosphate group at the 5′-end of the oligonucleotide chain during an automatic
synthesis, (2) the deprotection of the terminal phosphate, (3) the activation of 5′-phosphate
of the protected support-bound oligonucleotide by PPh3/(PyS)2, with the formation of
the 5′-DMAP-intermediate, (4) the interaction of the intermediate with amino-modified
molecules, and (5) the standard deprotection of the subsequent oligonucleotide conjugates.
The approach is easy to use, does not require changes in the standard automatic protocol
for the synthesis of oligonucleotides, and allows for the obtainment of a set of different
conjugates, starting from one oligonucleotide.

Our study includes three steps: the synthesis of amino-containing ligands, the devel-
opment of a method for the synthesis of oligonucleotide conjugates with an acid-labile
bond, and the study of the stability of an acid-labile bond at different pH values.
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nopropan-1-ol,), as well as home-made amino-modified cholesterol and p-anisic acid. 
Some of these molecules were reported to be used for cell delivery. In particular, lipophilic 
oleylamine and cholesterol are capable of interacting with cell membranes [6–8], and anis-
amide (a derivative of p-anisic acid) possess a high affinity for the sigma receptor 1 (δ1), 
which is overexpressed on the surface of cancer cells [7–9,37–39]. It is important to note 
that some small molecule ligands can be sensitive to the conditions of oligonucleotides 
deprotection. Therefore, one should carefully choose the small molecules for solid-phase 
conjugation with oligonucleotides and take into account the possibility of their destruc-
tion under the conditions of the final release of the oligonucleotide conjugates. 

The synthesis of amino-containing cholesterols (I) was carried out according to our 
previous work [40] (Figure 2): 1,6-diaminohexane was used in excess to introduce choles-
teryl chloroformate into the process. The carboxylic group of p-anisic acid was activated 
using N,N′-dicyclohexylcarbodiimide (DCC) in the presence of N-hydroxybenzotriazole 
(HOBt), analogous with [41]. The activated p-anisic acid reacted with the mono-N-Boc-
protected 1,6-diaminohexane, then the Boc-protected group was removed with a formic 
acid, as described in [42] (Figure 2). NMR was used to confirm the structures of the ligands 
with amino modifications. For further processing, see Section 3: Materials and Methods. 

 
Figure 2. Schemes of the syntheses of amino-modified cholesterol (I) and N-(6-aminohexyl)-4-meth-
oxybenzamide (II). Boc—tert-butyloxycarbonyl. 

2.2. Solid-Phase Synthesis of Oligonucleotide Conjugates 
We optimized the methodology of the proposed solid-phase approach to the synthe-

sis of 5′-modified oligonucleotides and tested its possibilities by obtaining various conju-
gates of the model oligodeoxyribonucleotide dT7 (1–9) (Figure 3, Table 1).  
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After phosphorylation in an automatic mode, this was followed by the removal of the 
protective groups from the phosphates of the oligonucleotide. We processed a protected 

Figure 1. The common scheme for oligonucleotide solid-phase 5′-functionalization. R–NH2 struc-
tures: see Supplementary Table S1.

2.1. Synthesis of Amino-containing Ligands

In order to demonstrate the possibilities of the developed approach, we used a
set of small molecules bearing a primary amino group: commercially available amino-
containing ligands (pyrenemethylamine, aliphatic diamine, oleylamine, propargylamine,
3-aminopropan-1-ol,), as well as home-made amino-modified cholesterol and p-anisic
acid. Some of these molecules were reported to be used for cell delivery. In particular,
lipophilic oleylamine and cholesterol are capable of interacting with cell membranes [6–8],
and anisamide (a derivative of p-anisic acid) possess a high affinity for the sigma receptor 1
(δ1), which is overexpressed on the surface of cancer cells [7–9,37–39]. It is important to
note that some small molecule ligands can be sensitive to the conditions of oligonucleotides
deprotection. Therefore, one should carefully choose the small molecules for solid-phase
conjugation with oligonucleotides and take into account the possibility of their destruction
under the conditions of the final release of the oligonucleotide conjugates.

The synthesis of amino-containing cholesterols (I) was carried out according to our pre-
vious work [40] (Figure 2): 1,6-diaminohexane was used in excess to introduce cholesteryl
chloroformate into the process. The carboxylic group of p-anisic acid was activated using
N,N′-dicyclohexylcarbodiimide (DCC) in the presence of N-hydroxybenzotriazole (HOBt),
analogous with [41]. The activated p-anisic acid reacted with the mono-N-Boc-protected
1,6-diaminohexane, then the Boc-protected group was removed with a formic acid, as
described in [42] (Figure 2). NMR was used to confirm the structures of the ligands with
amino modifications. For further processing, see Section 3: Materials and Methods.
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methoxybenzamide (II). Boc—tert-butyloxycarbonyl.

2.2. Solid-Phase Synthesis of Oligonucleotide Conjugates

We optimized the methodology of the proposed solid-phase approach to the synthesis
of 5′-modified oligonucleotides and tested its possibilities by obtaining various conjugates
of the model oligodeoxyribonucleotide dT7 (1–9) (Figure 3, Table 1).
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Table 1. Synthesized conjugates of oligonucleotides and their characteristics.

№ Oligonucleotide Conjugate, 5′-3′ RP HPLC
Retention Time, min 1

Molecular Weight
Yield, % 3

Calculated Experimental 2

1 MB-L6-NH-p-d(TTTTTTT) 12.88 (+3.64) 2379.7 2378.5 19
2 Chol-C(O)-L6-NH-p-d(TTTTTTT) 24.05 (+14.81) 2658.2 2656.5 18
3 Oleyl-NH-p-d(TTTTTTT) 23.53 (+14.29) 2396.8 2395.5 24
4 CH≡C-CH2-NH-p-d(TTTTTTT) 9.93 (+0.69) 2184.4 2183.0 23
5 Pyr-CH2-NH-p-d(TTTTTTT) 15.21 (+5.97) 2360.3 2358.9 23
6 HO-(CH2)3-NH-p-d(TTTTTTT) 9.63 (+0.39) 2204.4 2203.2 22
7 NH2-(CH2)6-NH-p-d(TTTTTTT) 9.43 (+0.19) 2245.6 2244.0 18
8 Biot-NH-(CH2)6-NH-p-d(TTTTTTT) 11.88 (2.64) 2471.6 2470.2 17 5,*
9 CH3-NH-p-d(TTTTTTT) 9.55 (+0.31) 2161.1 2159.7 21 *

10 Oleyl-NH-p-
GmGmCmUmUmGmAmCmAm 17.12 (+7.01) 3310.3 3309.0 18

11 MB-L6-NH-p-
GmGmCmUmUmGmAmCmAm 12.01 (+1.9) 3293.3 3291.3 18

12 CH≡C-CH2-NH-p-
GmGmCmUmUmGmAmCmAm 10.39 (+0.28) 3098.1 3096.2 21

13 FAM-click-CH2-NH-p-
GmGmCmUmUmGmAmCmAm 11.81 (+1.70) 3555.5 3554.5 21 5,*

14 MB-L6-NH-p-
GGCUUGACAAGUUGUAUAUGGm n/a 4 7080.4 7080.28 20

15 Chol-C(O)-L6-NH-p-
GGCUUGACAAGUUGUAUAUGGm n/a 4 7358.9 7358.98 17

16 Oleyl-NH-p-
GGCUUGACAAGUUGUAUAUGGm n/a 4 7097.6 7097.2 21

17 CH≡C-CH2-NH-p-
GGCUUGACAAGUUGUAUAUGGm n/a 4 6885.1 6886.4 20

18 GalNAc-click-CH2-NH-p-
GGCUUGACAAGUUGUAUAUGGm n/a 4 7263.7 7263.87 19 5,*

1 For the RP-HPLC conditions, see Section 3: Materials and Methods. The difference between the retention times for
the nonmodified controls 5′-p-d(TTTTTTT) (9.24 min) or 5′-p-GmGmCmUmUmGmAmCmAm (10.11 min) are given
in the brackets. 2 Obtained by ESI or MALDI-TOF mass spectrometry. 3 The yields of conjugates after deblocking
and isolation were calculated based on the molar amount of the first support-bound nucleoside. 4 Not available,
characterized by PAGE only. 5 After all conjugations and isolation. * For the description, see Supplementary
material. Chol-C(O)-L6-NH–, cholesteryl-6-aminohexylcarbamate residue; Oleyl-NH–, oleylamine residue; Pyr-
CH2-NH–, pyrenemethylamine residue; MB-L6-NH-p-, N-(6-aminohexyl)-4-methoxybenzamide residue; NH2-
(CH2)6-NH-, 1,6-diaminohexane residue; HO-(CH2)3-NH-, 3-amino-1-propanole residue; CH≡C-CH2-NH–,
propargylamine residue; Biot-, Biotin residue (Supplementary Figure S2); FAM-click-CH2-NH-, FAM residue
with 1,2,3-triazole linker (Supplementary Figure S3); GalNAc-click, GalNAc residue with 1,2,3-triazole linker
(Supplementary Figure S3); -p-, -P(O)(OH)-; L6-, -NH(CH2)6-; N, ribonucleotide; Nm, 2′-O-methylribonucleotide;
d(N), deoxyribonucleotide.

The approach was developed on the basis of the solution method described in [30,31].
After phosphorylation in an automatic mode, this was followed by the removal of the
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protective groups from the phosphates of the oligonucleotide. We processed a protected
polymer-bound model oligonucleotide 5′-p-dT7 with N,O-bis(trimethylsilyl)acetamide
(BSA), with subsequent treatment via 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), analogous
with [31] (Figure 1). It was shown that BSA provides a rearrangement of the linkage
between the oligonucleotide and the support, which makes it stable. In turn, DBU gently
removes the cyanoethyl-protective groups from the phosphates, leaving the oligonucleotide
attached to the support [43]. Since the terminal phosphate is capable of incorporating two
ligands, as was shown by the example of pyrene derivatives in [30], we additionally
optimized the conditions for obtaining mono conjugates. We thoroughly selected the
best solvent for each amino ligand’s solid-phase addition (Supplementary Table S1). We
also showed that the formation of mono conjugates requires the removal of activating
agents (Ph3P/(PyS)2/DMAP) and the three-fold washing of the support with the attached
oligonucleotide before coupling with the amino-containing ligand. The treatment by an
aqueous solution of methylamine or its mixture with ammonia to remove the protective
groups and cleave the oligonucleotide from the polymer carrier did not destroy the P-N-
bond [19,20,24]. In our work, we used an aqueous solution of methylamine. During the
analyses of the reaction mixtures of the oligonucleotide conjugates after deprotection, we
found an unknown product in some cases and assumed it to be the 5′-p-dT7 derivative,
with a methylamine at the 5′-phosphate. In order to check this hypothesis, the support-
bound 5′-p-dT7 with an activated 5′-phosphate was washed with DMSO and immediately
treated with a methylamine solution. In this case, the deblocking and cleavage of the
oligonucleotide from the support occur simultaneously, with methylamine attachment at
the terminal phosphate (Supplementary Figure S1). The reaction mixtures were analyzed
by reversed-phase high-performance liquid chromatography (RP-HPLC) and analytical gel
electrophoresis (Supplementary Figure S1). The degree of conversion of 5′-p-dT7 into the
corresponding conjugates was 75–95%, according to RP-HPLC data. Figure 4 shows some
of the typical examples of chromatogram profiles for conjugates (1, 4–7). The nature of the
ligand affected the retention time of the conjugate during RP-HPLC: lipophilic conjugates
with cholesterol (2) and oleylamine (3) had the highest retention times (Table 1).
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Figure 4. RP-HPLC analyses of reaction mixtures upon the conjugation of 5′-p-dT7 with different amino
ligands (Table 1). dT7: 5′-d(TTTTTTT); 5′-p-dT7: 5′-p-d(TTTTTTT); (1): MB-L6-NH-p-dT7; (4): CH≡C-
CH2-NH-p-dT7; (5): Pyr-CH2-NH-p-dT7; (6): HO-(CH2)3-NH-p-dT7; (7): NH2-(CH2)6-NH-p-dT7; MB-
L6-NH-p-, N-(6-aminohexyl)-4-methoxybenzamide residue; Pyr-CH2-NH–, pyrenemethylamine residue;
-p-, -P(O)(OH)-; d(N), deoxyribonucleotide. See Section 3: Materials and Methods for details.

The developed approach was tested for obtaining RNA and 2′-O-Me-RNA oligonu-
cleotides. As a biologically active synthetic RNA, we chose the siRNA directed to the
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557–577 region of mRNA to the MDR1 gene (multiple drug resistance gene). MDR1 en-
codes the membrane protein P-glycoprotein that is responsible for the transmembrane
efflux of such substances as lipids, steroids, peptides, bilirubin, etc., thereby providing the
effect of drug resistance [44]. Modifications at the 5′-end of the sense strand of siRNA do
not affect the activity of siRNA [44]. It has been shown that the use of siRNAs with the
sense strand divided into two fragments is a promising approach to gene silencing [45].
Therefore, our next task was to synthesize the 5′-mono-conjugates of the RNA sense strand
and the 5′-mono-conjugates of the 2′-O-Me RNA half of the sense strand. The necessity of
2′-O-protective groups during the RNA chemical synthesis adds one more deblocking step
to their removal and requires the optimization of the conjugation protocol. We found that the
treatment of the conjugates containing a phosphoramide bond with a standard mixture of
NMP/TEA·3HF/TEA for the removal of the 2′-O-TBDMS protective groups partly cleaved
this bond, giving the 5′-phosphate-containing oligonucleotide. However, the treatment with a
1 M solution of tetrabutylammonium fluoride in tetrahydrofuran, followed by neutralization
with triethylammonium acetate buffer (pH 7.0), and desalting on a C-18 cartridge, preserves
the integrity of the P-N-bond. Thus, for the complete deblocking of conjugates of various
types of oligonucleotides containing an acid-labile P-N-bond, methylamine treatment suits
well, with or without the TBAF treatment and desalting.

The presence of 5′-amino- or 5′-alkyne groups within the oligonucleotide allows
their further functionalization via well-known reactions with NHS-activated esters or
click-chemistry. We demonstrated these possibilities by the interaction of model aliphatic
amino-modified oligonucleotide (7) or propargylamine-modified oligonucleotides (12, 17)
with Biotin-NHS or GalNAc/FAM azide, respectively. The degree of conversion was about
80%, according to the HPLC data (Supplementary Figures S2 and S3, respectively).

All obtained oligonucleotide conjugates were isolated by preparative gel electrophore-
sis. The yields of the conjugates related to the first support-bound nucleoside were 18–24%
(Table 1), which is comparable to the yields of nonconjugated (parent) oligonucleotides of
the same length. The homogeneities of the resulting conjugates were confirmed by analyti-
cal denaturing PAGE, followed by mass spectrometry. Notably, in some cases, we observed
the cleavage of the P-N-bond during mass analysis, especially when recording MALDI
spectra with the use of acidic matrices (Supplementary Table S2), similar to the effect
that was registered earlier for the oligonucleotide conjugates with acid-labile hydrazone
linkage [46].

2.3. Stability of the P-N-Bond within the Oligonucleotide Conjugates at Different pH Values

When small transporting molecules are introduced into the conjugate through a labile
bond, upon fulfilling their role, they have to be cleaved from the cargo in the endosomes
and lysosomes and leave the therapeutic NA free to perform its function. Therefore, it is
important to quantitatively assess the liability of the linkage between the oligo and the
transporting ligand. For example, it has been shown that the phosphoramide bond between
the oligonucleotide and polyethylene glycol was completely cleaved at 37 ◦C for 5 h at
pH 4.7 [25]. The authors of [47] systematically studied the uptake of lipid nanoparticles
loaded with siRNAs and their intracellular transport and endosomal release and found
that in the course of these processes, the pH values varied in the range of 4.5–6.5, and the
total time was approx. 5 h.

We studied the stability of the phosphoramide bond within the synthesized conju-
gates at different pH values. The conjugates of oligonucleotide 5′-p-siDmS with N-(6-
aminohexyl)-4-methoxybenzamide, cholesteryl-6-aminohexylcarbamate, oleylamine, and
GalNAc (14–16, 18) were incubated in acetate buffer with pH values of 6.0, 5.2, and 4.5
at 37 ◦C for 1–24 h, and were then analyzed by the gel electrophoresis. According to the
obtained data (Figure 5), at pH 6.0, the P-N-bond is hydrolyzed by no more than 20%,
and at pH values lower than 5.2, it becomes significantly less stable. We observed the
highest degree of P-N-bond cleavage at pH 4.5 for the conjugate 5′-p-siDmS with the
N-(6-aminohexyl)-4-methoxybenzamide (14).
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siDmS (14–16, 18, Table 1) with p-anisic acid (B), cholesterol (C), oleyl (D) and GalNAc (E) at different
pH values. Quantification of the full-size conjugate (%, axis Y) in relation to incubation time and
pH. The results are presented as mean values (±SD) from three independent experiments. Section 3:
Materials and Methods for details.

3. Materials and Methods
3.1. Chemicals and Reagents

A controlled pore glass support (CPG) derivatized with 2′-O-methyl-A, 2′-O-methyl-G,
deoxythymidine, 5′,N-protected 2′-O-methylribo- (A, C, G, or U), 2′-O-TBDMS-ribo (A, C, G, or
U) and deoxyribo (dT) phosphoramidites, 2-[2-(4,4’-dimethoxytrityloxy)ethylsulfonyl]ethyl-(2-
cyanoethyl)-(N,N-diisopropyl)-phosphoramidite (CPR, Chemical Phosphorylation Reagent) were
purchased from Glen Research Inc. (Sterling, VA, USA). Propargylamine, 1,6-diaminohexane,
(pyrene-1-yl-methyl)amine hydrochloride, p-anisic (4-methoxybenzoic) acid, N,N′-
dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole hydrate (HOBt), N,N-
diisopropylethylamine (DIPEA), α-GalNac-azide, and 1 M TBAF solution in THF were
purchased from Sigma-Aldrich (St. Louis, MO, USA), N-Boc-1,6-diaminohexane hydrochlo-
ride and ethoxytrimethylsilane were obtained from Alfa Aesar (Heysham, UK); cholesterol
chloroformate and oleylamine were obtained from Acros Organics (Geel, Belgium); 3-
amino-1-propanol, triphenylphosphine (PPh3), and 2,2′-dipyridyl disulfide ((PyS)2) were
obtained from Fluka (St. Louis, MO, USA). FAM-NHS, FAM-azide, 10 mM Cu(II)-TBTA
Stock in 55% DMSO, and ascorbic acid were purchased from Lumiprobe (Moscow, Russia).
All solvents (THF, DMSO, CH3CN (various vendors)) were dried by 3 Å molecular sieves or
by distillation and stored over CaH2. Small molecule ligands were analyzed by thin-layer
chromatography (TLC) using DC-Alufolien Kieselgel 60 F254 plates (Merck, Darmstadt,
Germany) at 254 nm ultraviolet light.

3.2. Physical Measurements

AVANCE III 400 and 300 NMR spectrometers (Bruker Corporation, Billerica, MA,
USA) were used to record the 1H-NMR spectra of the small molecule ligands, and CDCl3
was used as the solvent.

A MALDI-TOF Autoflex Speed mass spectrometer (Bruker Corporation, Billerica, MA,
USA) or an Agilent G6410A LC-MS/MS Instrument (Agilent Technologies, Santa Clara,
CA, USA) was used for the recording of mass spectra.
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A NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
was used to measure the oligonucleotide solutions’ optical densities.

After analytical gel-electrophoresis, the gels were either stained with a Stains-all dye
for qualitative visualization or stained with ethidium bromide and quantified using the
E-Box (Vilber, Marne-la-Vallée, France).

3.3. Pr2.3Containing Compounds

Cholesteryl-6-aminohexylcarbamate (I) was prepared according to [40]. The yield of
(I) was 70%, Rf 0.02 (TLC, 10% EtOH in CH2Cl2). 1H-NMR (300 MHz, CDCl3, ppm): 2.81
(m, 2H, NH2CH2-), 3.13 (t, 2H, -CONH-CH2-), 4.46 (m, 1H, oxycyclohexyl), 5.34 (s, 1H,
alkenyl) (Supplementary Table S3).

N-(6-Aminohexyl)-4-methoxybenzamide (II)
4-Methoxybenzoic acid (0.3 g, 2.0 mmol) was dissolved in CH2Cl2 (12 mL) and si-

multaneously DCC (0.8 g, 4.0 mmol), previously dissolved in CH2Cl2 (10 mL), and HOBt
(0.5 g, 4.0 mmol) was added, by analogy with [41]. The reaction was monitored by TLC
(5% EtOH in CH2Cl2). After 16 h of shaking at room temperature, the reaction mixture
was centrifuged and separated from the precipitate. The resulting derivative in solution
was added to a solution of mono-N-Boc-protected hexamethylenediamine (1 g, 4.0 mmol)
and abs. DIPEA (1 mL) in CH2Cl2 (5 mL). After 16 h of shaking at room temperature,
the reaction mixture was evaporated, dissolved in 20 mL of CH2Cl2, and extracted with
water (3 × 20 mL). Anhydrous Na2SO4 was used to dry the organic layer, which was then
completely evaporated in vacuum to dryness. The substance was separated using column
chromatography, then dried using evaporation. The yield was 41%, Rf 0.56. 1H-NMR
(400 MHz, CDCl3, ppm): 1.27–1.49 (m, 15H, -CH2- and -C-(CH3)3), 1.57 (m, 2H, -CH2-),
3.09 (dd, 2H, -CH2-NHBoc), 3.39 (dd, 2H, -CONH-CH2-), 3.81 (s, 3H, -O-CH3), 6.89 (m, 2H,
-CH-, benzene ring), 7.74 (d, 2H, -CH-, benzene ring) (Supplementary Table S3).

To remove the Boc-protecting group, mono-N-Boc-protected N-(6-aminohexyl)-4-
methoxybenzamide was dissolved in 10 mL of CH2Cl2 and formic acid (1 mL) was added
to the solution, according to [42]. After 2 h of shaking at room temperature, the reaction
mixture was evaporated, dissolved in 30 mL of CH2Cl2, and washed with 0.1 M NaOH
saturated with NaCl (4 × 20 mL). Anhydrous Na2SO4 was used to dry the organic layer,
which was then completely evaporated in a vacuum until dry. The yield was 83%, Rf 0.02.
1H-NMR (400 MHz, CDCl3, ppm): 1.24–1.51 (m, 6H, -CH2-), 1.58 (m, 2H, -CH2-), 2.98
(m, 2H, NH2CH2-), 3.41 (m, 2H, -CONH-CH2-), 3.82 (s, 3H, -O-CH3), 6.90 (d, 2H, -CH-,
benzene ring), 7.71 (d, 2H, -CH-, benzene ring) (Supplementary Table S3).

3.4. Synthesis of Polymer-Bound Oligonucleotides

Oligodeoxyribonucleotides, oligoribonucleotides, and oligo(2′-O-methylribonucleotides)
were synthesized, as described in our previous work [40] (Supplementary Experimental
Section S1). 5′-Phosphorylation of support-bound oligonucleotides was carried out as a
standard automatic phosphoramidite cycle with the use of CPR phosphoramidite (0.1 M in
anhydrous CH3CN); coupling time was 10 min. The subsequent solid-phase conjugation was
carried out using polymer-bound DMTr-off oligonucleotides (see Section 3.5).

3.5. Solid-Phase Synthesis of Oligonucleotide Conjugates

BSA/DBU treatment to remove protecting groups from phosphates: removal of pro-
tecting groups from the internucleotide and 5′-terminal phosphates was carried out by
analogy with [31]. The support-bound oligonucleotide was treated with 400 µL of THF/BSA
(1/1, v/v) mixture for 30 min when shaken at room temperature, followed by the addition
of 21 µL of DBU and shaking for next 30 min at room temperature. After that, the support
was successively washed with THF (3× 200 µL), CH3CN (3× 200 µL), CH2Cl2 (3 × 200 µL)
and air dried.

Synthesis of monoconjugates (1–7, 9–12, 14–17) (see Figure 1): Protecting groups
were removed from the internucleotide and 5′-terminal phosphates of oligonucleotides,
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as described above. Then, Ph3P (7.9 mg, 0.03 mmol), (PyS)2 (6.6 mg, 0.03 mmol), DMAP
(5.9 mg, 0.05 mmol), 200 µL abs. DMSO were added to the polymerized oligonucleotide
(5–10 mg, 0.15–0.3 µmol) and left to shake for 20 min at 37 ◦C. The solution was decanted;
the support was washed with abs. DMSO (3× 250 µL). The solution of an amino-containing
small molecules (cholesteryl-6-aminohexylcarbamate (I) (4.0 mg, 7.5 µmol) in 400 µL of
CH2Cl2; 1-pyrenmethylamine hydrochloride (2.0 mg, 7.5 µmol) in 400 µL of DMSO/DIPEA
mixture (4/1, v/v); N-(6-aminohexyl)-4-methoxybenzamide (II) (1.9 mg, 7.5 µmol) in
400 µL CH2Cl2; oleylamine (5.0 µL, 15 µmol) in 400 µL CH2Cl2; 1,6-diaminohexane (1.7 mg,
15 µmol) in 400 µL CH2Cl2; propargylamine (1.0 µL, 15 µmol) in 400 µL THF; 3-amino-
1-propanol (1.1 µL, 15 µmol) in 400 µL of THF) was added to a 5′-phosphate activated
oligonucleotide on a polymer carrier and left stirring for 16 h at 37 ◦C. At the end of the
reaction, the solutions were decanted, and the polymer was washed with THF, CH2Cl2
or DMSO (3 × 300 µL), acetone (2 × 200 µL), and air dried. Next, unblocking, analysis
of the reaction mixture by analytical gel electrophoresis and RP-HPLC and isolation by
preparative gel electrophoresis were carried out (see Section 3.6).

3.6. Deprotection and Isolation of the Oligonucleotides and Their Conjugates

The oligonucleotide conjugates were cleaved from the support and deprotected by
40% aq.CH3NH2 (300 µL) for 2 h at room temperature, followed by Speedvac concentration.
2′-O-TBDMS groups were removed upon treatment with 1 M TBAF in THF (200 µL)
overnight at room temperature, followed by the addition of 1 M TEAAc (pH 7.0) (600 µL),
removed THF by Speedvac concentrator, and desalted with C18-cartridge or Amicon Ultra
3K (Millipore, Burlington, MA, USA). Unmodified control oligonucleotides were cleaved
from the support and deprotected in the same way. 2′-O-TBDMS groups were removed
upon treatment with a mixture of NMP/TEA·3HF/TEA (150/100/75, v/v/v) for 1.5 h at
65 ◦C, followed by treatment with ethoxytrimethylsilane. Deprotected oligonucleotides
and their conjugates were isolated by 12% denaturing polyacrylamide gel electrophoresis
(PAGE), followed by elution from the gel with 0.3 M NaClO4 solution, desalted with
Amicon Ultra 3K, and precipitated as sodium salts. The total yields per the first nucleotide
base are shown in Table 1. The purified oligonucleotide conjugates were characterized by
RP-HPLC, PAGE and mass spectrometry (Table 1, Supplementary Table S2, Figures S1–S4).

3.7. Synthesis of Biotin Conjugate (8) Using NHS Esters

Biotin derivative (8) was obtained according to the NHS protocol of the reagent sup-
plier (Lumiprobe, Moscow, Russia). The solution of the Biotin-NHS (0.5 mg, 1.1 mmol)
in DMSO (80 µL) was added to the amino-modified oligonucleotide (7) (150 nmol) in
0.5 M Tris-HCl, pH 8.3 (20 µL). The mixture was incubated for 2 h at room temperature,
precipitated with 2% solution of NaClO4 in acetone, washed with acetone, and air dried.
The reaction mixture was dissolved and analyzed using PAGE and RP-HPLC (Supplemen-
tary Figure S2). Isolation was carried out as described above. The total yield per the first
nucleotide base is shown in Table 1.

3.8. Synthesis of Conjugates (13, 18) Using Click-Chemistry

Triethylammonium acetate buffer (pH 7.0), 10 mM FAM-azide, or GalNac-azide in
DMSO (20 µL), 5 mM ascorbic acid solution in water and 10 mM Cu(II)-TBTA stock in
55% DMSO were added to the water solution of 5′-alkyne-modified oligonucleotides (12
or 17) (100 nmol), according to the protocol of the click reagent supplier (Lumiprobe,
Moscow, Russia). The reaction mixtures were incubated overnight at room temperature.
The oligonucleotide conjugates were precipitated with 2% NaClO4 in acetone and washed
with acetone. The pellet was air-dried, dissolved in water, and analyzed by RP-HPLC
and/or PAGE (Supplementary Figure S3). The conversion of the oligonucleotide to the
conjugate was almost quantitative, according to the PAGE and RP-HPLC (Supplementary
Figure S3). Isolation was carried out, as described above. The total yields per the first
nucleotide base are shown in Table 1.
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3.9. RP-HPLC Analysis of the Oligonucleotide and Their Conjugates

Reversed-phase HPLC analysis of the oligonucleotides and their conjugates was
performed on an Alphachrom A-02 high-performance liquid chromatograph (EcoNova,
Novosibirsk, Russia) with the use of a ProntoSil-120-5-C18 AQ (75 × 2.0 mm, 5.0 µm)
column, applying a gradient elution from 0% to 50% (25 min) of CH3CN in 0.02 M triethy-
lammonium acetate buffer, pH 7.0, at a flow rate 100 µL per min.

3.10. Stability of the P-N-Bond within the Oligonucleotide Conjugates (14–16, 18) at Different
pH Values

Conjugates of 5′-p-siDmS oligonucleotide (14–16, 18) with N-(6-aminohexyl)-4-
methoxybenzamide, cholesterol-6-aminohexylcarbamate, oleylamine and GalNAc (27 nmol)
were kept in a NaOAc-buffer (0.05M, 90 µL) with pH values 6.0, 5.2, and 4.5 at 37 ◦C. After
1, 2, 4, 6, and 24 h, 15 µL aliquots were taken, and the oligonucleotides were precipitated
with 2% NaClO4 in acetone and washed with acetone. The pellet was air-dried, dissolved in
water, analyzed by denatured gel electrophoresis, and stained with ethidium bromide. The
resulting electropherograms were digitized and processed using the Quantity One program
(BioRad, Hercules, CA, USA). Each experiment was repeated at least three times. The statis-
tical analyses were performed using GraphPad Prism 6.01 (GraphPad Software, San Diego,
CA, USA). The outcome variables are expressed as means ± standard deviations (SDs).

4. Conclusions

We proposed a new, convenient solid-phase approach for attaching various transport-
ing small molecules to the 5′-end of an oligonucleotide via the biodegradable, acid-labile
phosphoramide bond. The method is simple and efficient and allows for the fine-tuning of
the ratio of different solvents for a desired ligand over a wide range. Moreover, the unre-
acted reaction components can easily be removed at any step by washing since the conjugate
is attached to the support during the whole synthesis. The method is based on the activation
of the 5′-terminal phosphate of a protected support-bound oligonucleotide, followed by
interaction with a small molecule bearing a primary amino group. We demonstrated the ad-
vantages of this approach in the synthesis of a series of oligonucleotide 5′-conjugates with
different ligands, such as cholesterol, aliphatic amine, N-acetylgalactosamine (GalNAc),
and p-anisic acid (anisamide). The obtained conjugates were characterized by HPLC, ana-
lytical PAGE, and mass-spectrometry. The effective release of the oligonucleotide from the
small molecules was shown under mildly acidic conditions that are close to the pH value
within endosomes/lysosomes. Our subsequent studies will include a series of in vitro
experiments to examine the influence of the small molecules themselves and also the type of
the linker (stable/labile) on the biological activity of functional nucleic acids bearing trans-
port ligands. The developed method is compatible with various types of oligonucleotides
(deoxyribo-, 2′-O-methylribo-, ribo- and others) and can be further used for obtaining the
conjugates of antisense oligonucleotides, siRNAs, miRNAs, or aptamers with transporting
ligands to improve their cell delivery and cargo release inside the cell.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28041904/s1, Table S1: The amino ligands used for
solid-phase attachment to oligonucleotides and selected optimal solvents for this reaction; Figure
S1: Electrophoretic analysis of reaction mixtures upon solid-phase conjugation; Figure S2: Func-
tionalization of the 5′-amino-modified oligonucleotide (7) with Biotin N-hydroxysuccinimide ester;
Figure S3: Attachment of FAM or α-GalNAc azides to the 5′-alkyne-modified oligonucleotide (12)
or (17) using “click”-chemistry reaction; Table S2: Representative ESI or MALDI-TOF mass spectra
of the 5′-conjugates of oligonucleotides; Table S3: 1H-NMR spectra of amino-containing ligands;
Figure S4: Full-size images of electropherograms after PAGE analysis and Stains-all staining for
5′-phosphorylated oligonucleotides and their conjugates (1–18); Experimental Section S1: Auto-
mated synthesis of polymer-bound oligonucleotides; Table S4: Stability of the P-N-bond within the
oligonucleotide conjugates (14–16, 18) at different pH values.
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Abstract: Although genomic DNA is predominantly duplex under physiological conditions, par-
ticular sequence motifs can favor the formation of alternative secondary structures, including the
G-quadruplex. These structures can exist within gene promoters, telomeric DNA, and regions of
the genome frequently found altered in human cancers. DNA is also subject to hydrolytic and
oxidative damage, and its local structure can influence the type of damage and its magnitude. Al-
though the repair of endogenous DNA damage by the base excision repair (BER) pathway has been
extensively studied in duplex DNA, substantially less is known about repair in non-duplex DNA
structures. Therefore, we wanted to better understand the effect of DNA damage and repair on
quadruplex structure. We first examined the effect of placing pyrimidine damage products uracil,
5-hydroxymethyluracil, the chemotherapy agent 5-fluorouracil, and an abasic site into the loop region
of a 22-base telomeric repeat sequence known to form a G-quadruplex. Quadruplex formation was
unaffected by these analogs. However, the activity of the BER enzymes were negatively impacted.
Uracil DNA glycosylase (UDG) and single-strand selective monofunctional uracil DNA glycosylase
(SMUG1) were inhibited, and apurinic/apyrimidinic endonuclease 1 (APE1) activity was completely
blocked. Interestingly, when we performed studies placing DNA repair intermediates into the strand
opposite the quadruplex, we found that they destabilized the duplex and promoted quadruplex
formation. We propose that while duplex is the preferred configuration, there is kinetic conversion
between duplex and quadruplex. This is supported by our studies using a quadruplex stabilizing
molecule, pyridostatin, that is able to promote quadruplex formation starting from duplex DNA. Our
results suggest how DNA damage and repair intermediates can alter duplex-quadruplex equilibrium.

Keywords: DNA quadruplex; duplex-quadruplex equilibrium; base excision repair; pyridostatin;
glycosylase; telomere

1. Introduction

DNA constantly undergoes persistent damage and repair. If this damage goes un-
repaired, it can result in genomic instability and mutations that predispose towards the
development of cancer. The primary DNA repair pathway for repairing endogenous deam-
ination and oxidative damage is the base excision repair (BER) pathway [1,2]. Multiple
groups have made substantial efforts to explore mechanisms of DNA repair. However,
most of these studies have been conducted with canonical duplex DNA and not with the
unusual secondary structures also found in our genome.

Substantially less is known about non-canonical DNA secondary structures and their
potential roles. In DNA, specific sequence motifs are known to adopt non-duplex structures,
including Z-DNA, triplexes, quadruplexes, hairpins, and cruciforms [3,4]. Deviating from
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normal Watson–Crick base pairing, and forming Hoogsteen pairing, protonated bases, or
some combination of the two, allows for the formation of various alternative secondary
structures. Sequence motifs known to form these different structures are found throughout
the genome, including promoter regions and the telomeric ends of chromosomes. The
biological functions of unusual DNA structures are incompletely understood but are
thought to be involved in cellular processes, including DNA replication, recombination,
and gene expression [5].

Among the possible non-canonical structures, the G-quadruplex has been studied
in the greatest detail. Some investigators have estimated that there may be as many as
~700,000 quadruplex-forming regions in the human genome [6]. Many are present in the
promoter regions of oncogenes and in telomeric repeats that are aberrantly extended in
most human cancers. Under appropriate salt conditions, quadruplexes can form from
DNA sequences containing four or more runs of three guanines (G), each separated by a
few nucleotides (loops). Notably, various quadruplex configurations have been reported
depending on the sequence and type of cationic salt conditions, including antiparallel,
parallel, hybrid, and others. Furthermore, at different time scales, interconversions between
different possible configurations can also occur [7–9]. Consequently, quadruplex structures
can be dynamic and undergo folding, unfolding, and adopt different configurations.

How DNA damage might influence quadruplex structure, or how its unique structure
impacts BER is complex. The formation of alternative secondary structures, including the
quadruplex, potentially interfering with DNA repair has been discussed previously [3,10,11].
Importantly, nearly all studies of DNA damage in quadruplex DNA have only focused on
the impacts of oxidative damage to guanine [12–17]. Guanine is typically directly involved
in the secondary structure of the quadruplex. Depending on the position of the oxidized
guanine, quadruplex folding can be influenced [14,16,17]. Additionally, the type of guanine
oxidation product, its position, and which DNA glycosylase is present, can all influence
BER in quadruplex DNA.

These previous studies have revealed how some DNA glycosylases can or cannot act
on guanine oxidation damage products but have overlooked two additional aspects of DNA
damage and repair in quadruplexes. Firstly, it is valuable to examine DNA damage other
than guanine oxidation. DNA bases other than guanine can also undergo endogenous DNA
damage, including hydrolytic deamination and oxidation [18–20]. In order to investigate
the role of pyrimidine DNA damage on quadruplex formation and subsequent repair, we
inserted uracil (U), 5-hydroxymethyluracil (5hmU), and 5-fluorouracil (5FU) into the loop
regions, in the place of thymine (T), of the human telomere sequence A(GGGTTA)3GGG
(Tel22) [21]. The pyrimidine analogs examined herein represent hydrolytic deamination
of cytosine (C) to U, oxidation of T to 5hmU, and the incorporation of the chemotherapy
agent 5FU into DNA (Figure 1).

The second unexplored factor is that previous investigations of DNA quadruplexes
have been conducted primarily with the G-rich strand alone. While this ensures quadruplex
formation, under most circumstances the complementary strand is present in vivo. When
the complementary strand is present, an equilibrium is established between the duplex and
quadruplex, with the duplex being the predominate configuration [22–24]. To date, few
studies have examined how DNA damage and repair might influence the equilibrium that
exists between duplex and quadruplex structures.

To address these two key factors, we first examined the influence of these analogs on
the capacity of Tel22 to form a quadruplex structure using circular dichroism (CD) and
fluorescence resonance energy transfer (FRET). We then probed the quadruplex structures
with glycosylases and an AP endonuclease, which comprise the first two steps of BER, to
determine how such structures influence DNA repair. Finally, we examined how the BER
intermediates alter duplex–quadruplex equilibrium.
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Figure 1. Sequences of oligonucleotides used in this study. Synthetic oligonucleotides of the telomere
repeat sequence (Tel22), known to form a quadruplex structure, were prepared with various modifi-
cations. CD studies were performed on oligos without a fluorophore or quencher [Oligos 1–2]. FRET
studies used a 6-carboxyfluorescein (FAM) and a 3′-non-fluorescent quencher (BHQ1) [Oligos 3–4],
containing thymine (T) or its analogs uracil (U), 5-hydroxymethyluracil (5hmU), 5-fluorouracil
(5FU), and a stable synthetic abasic site (THF). For gel-based studies, FAM-only oligos were used
[Oligos 5–6]. A non-quadruplex (NQ) sequence of the same length [Oligos 2 and 6] was also prepared.
In certain experiments, the quadruplex strand was annealed to a complementary strand [Oligos 7–9]
to form a duplex where ‘Y’ is either T, U, THF, or two shorter oligos that simulate a one-base gap.
Created with Biorender.com.

2. Results

A series of oligonucleotides were synthesized for this study and the sequences and
modifications are shown in Figure 1. Non-fluorescent quadruplex-forming oligonucleotides
were prepared for CD spectroscopy studies as well as complementary oligonucleotides to
form a duplex with the Tel22 quadruplex sequence. We used 5′-6-carboxyfluorescein (FAM)
fluorophore-labeled oligonucleotides for gel-based studies. For FRET studies, we added a
non-fluorescent quencher, 3′-BHQ1, in addition to the 5′-FAM fluorophore.

2.1. Pyrimidine Analogs in Loops Do Not Affect Quadruplex Formation

CD spectra were acquired for oligonucleotides containing the wild-type 22-mer telom-
eric repeat sequence (Tel22-T) or those containing a U, 5hmU, 5FU, or a stable abasic site,
THF, (Tel22-X) as shown in Figure 1. Unless otherwise indicated, a physiologic-like buffer
containing 150 mM KCl and 15 mM NaCl in 20 mM Tris buffer at pH 7.4 was used, and
data were acquired at 37 ◦C (Figure 2). As a negative control, we used a non-quadruplex
(NQ) forming 22-mer (Figure 1). Upon quadruplex formation, a positive band was seen
near 295 nm, in accordance with a previous study demonstrating this telomeric repeat
sequence forms a hybrid type quadruplex in the presence of K+ [21]. Spectra of the quadru-
plexes substituted with U, 5hmU, 5FU, and a tetrahydrofuran (THF) abasic site were nearly
indistinguishable. The quadruplex containing a 5hmU substitution (red) showed a lower
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band intensity at 295 nm and increased band intensity at 250 nm. This could potentially be
attributed to both intra- and intermolecular hydrogen bonding of 5hmU with the N7 of an
adjacent guanine [25].
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Figure 2. Pyrimidine analogs in the loop region did not disrupt G-quadruplex formation. CD
spectra were acquired for quadruplex Tel22-X oligonucleotides or a non-quadruplex-forming (NQ)
oligonucleotide. A 4 µM solution was prepared in 20 mM Tris buffer, pH 7.4, 150 mM KCl, and 15 mM
NaCl and CD spectra were obtained from 320 to 220 nm at 37 ◦C. The spectra here were consistent with
the formation of a hybrid-type G-quadruplex [21]. The 5hmU-containing oligonucleotide appeared
slightly different from the others likely due to both intra- and intermolecular hydrogen bonding of
5hmU and N7 of adjacent guanines [25]. Tel22-T and the NQ were titrated from 0 to 150 mM KCl in
a 20 mM Tris buffer at pH 7.4. Using a one-site specific binding model in the PRISM software, we
estimated Kd of 1.2 ± 0.2 mM for quadruplex binding while no changes in CD spectra were seen with
the NQ oligonucleotide. Titration experiments were done in triplicate, error bars of S.D. were smaller
than the data points. Oligonucleotides were equilibrated in buffer at RT for a minimum of 30 min.

The CD spectra confirmed the formation of a quadruplex and that pyrimidine substi-
tutions in the central loop did not interfere or prevent quadruplex formation. Quadruplex
formation is highly dependent upon the environmental conditions. In particular, the pres-
ence of Na+ or K+ can greatly influence quadruplex formation and the type of quadruplex
structure. We obtained the CD spectrum of the Tel22-T oligonucleotide as a function of KCl
concentration (Figure 2). The approximate Kd was 1.2 ± 0.2 mM and complete quadruplex
formation was seen by 30 mM KCl while the NQ sequence showed no peak at 295 nm or
any changes as a function of K+.

2.2. The Activity of DNA Glycosylases and AP Endonuclease 1 (APE1) Are Impaired by
Quadruplex Structure

Because the pyrimidine modifications U, 5hmU, and 5FU did not inhibit quadruplex
formation, we then sought to understand how these structures would be substrates for
DNA repair enzymes. In the studies shown in Figure 3, the targets for repair were placed
into the quadruplex-forming strand and incubated with either DNA glycosylases or APE1,
and enzymatic activity was quantified by gel [26]. When the quadruplex-forming oligonu-
cleotide containing a U was paired with a complementary strand (U:A), the U was rapidly
excised by UDG at a rate similar to the repair of U from a non-quad-forming single strand.
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However, when in a quadruplex, U excision by UDG was significantly inhibited (Figure 3A).
UDG can also excise 5FU (Figure 3B), albeit more slowly. As with U repair, removal of 5FU
from a quadruplex was slower than in duplex or single-stranded DNA.
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Figure 3. Quadruplex inhibited DNA glycosylase and APE1 activity. UDG, hSMUG1, and APE1
activity on quadruplex oligonucleotides (Tel22-X) containing U, 5hmU, 5FU, or THF was compared
to duplex, or single-stranded DNA using the NQ-X oligonucleotides. (A) UDG (0.613 nM, 300:1 DNA
to enzyme ratio) was fastest on single-stranded U (NQ-U) and duplex (U:A) followed by quadruplex
(Tel22-U). (B) UDG (6.13 nM, 30:1 DNA to enzyme ratio) was overall less efficient on 5FU but the
trend was the same, NQ-5FU > 5FU:A > Tel22-5FU. (C,D) hSMUG1 (6.2 nM, 30:1 DNA:enzyme ratio)
followed a similar trend with either U or 5hmU. (E) Under the conditions tested, APE1 (1.31 nM,
140:1 DNA:enzyme ratio) was only active on duplex (THF:A) and no activity on Tel22-THF or NQ-
THF was observed. (F) Because of the poor activity of APE1 on THF in a quadruplex, we wanted to
estimate the rate of spontaneous β-elimination. We generated an abasic site in situ by using an excess
of UDG to remove U from Tel22-U containing oligonucleotide. We then continued incubating the
quadruplex containing abasic site for up to 50 h at 37 ◦C and measured spontaneous β-elimination
over time using gel electrophoresis. The rate of elimination was determined by a linear fit to be
0.024 h−1 with a half-life of 21 h. Gels scans are shown in Figures S1–S16 Supplementary material.
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We then examined hSMUG1 activity under similar conditions but reduced the K+

concentration from 150 mM to 50 mM for optimal enzymatic activity [27]. hSMUG1
can excise U and 5hmU (Figure 3C,D). The trend in repair rates for U and for 5hmU
was single-strand > duplex > quadruplex. hSMUG1 was not as inhibited as UDG by
the quadruplex structure. Our results are in accord with previous studies that showed
quadruplex formation inhibiting glycosylase excision [13,15,28].

Glycosylase excision of a target base is the initiating event for BER. The resulting
abasic site is then cleaved by a lyase or AP endonuclease. In this experiment, an abasic site
was simulated with the THF-abasic site. Substrates were incubated with repair enzymes
in buffer at 37 ◦C, and the resulting fluorescently tagged oligonucleotides were separated
by gel electrophoresis and quantified. When in a duplex (Figure 3E), the abasic site was
cleaved by APE1. However, when an abasic site was in a quadruplex or single-stranded
context, APE1 could not cleave its substrate or was greatly inhibited. This is consistent
with previous reports of APE1 inhibition by quadruplex formation [29,30].

The inability of APE1 to cleave an abasic site when not in a duplex would halt the BER
pathway. Furthermore, abasic sites are labile to attack by water resulting in β-elimination
and strand cleavage, which could be cytotoxic. Here, we generated an abasic site in a U-
containing quadruplex with UDG and then incubated the oligonucleotide at 37 ◦C for several
days. Aliquots were taken as a function of time, and oligonucleotides were separated by
gel electrophoresis. The apparent half-life for the cleavage of an abasic site in a quadruplex
structure was approximately 21 h (Figure 3F). Previously, the rate of abasic site cleavage in
duplex DNA was reported to be 190 h at pH 7.4 at 37 ◦C in a buffer containing Mg2+ [31].

2.3. Quadruplex–Duplex Equilibrium Can Be Monitored by FRET

Quadruplex formation can also be monitored by FRET as described previously [32]. In
this system, a fluorophore (FAM) was placed on the 5′-end of the oligonucleotide, and a non-
fluorescent quencher (BHQ1) was placed at the 3′-end. When paired with a complementary
sequence, the quadruplex-forming strand formed a duplex, separating the fluorophore
and quencher. This yielded a maximum fluorescence intensity as seen for the wild-type
Tel22 sequence (Figure 4, Tel22-T:A). However, in the absence of the complementary strand,
the Tel22 sequence may fold into a quadruplex structure. This brings the fluorophore and
quencher in proximity, resulting in a minimum fluorescent intensity (Figure 4). Neither the
pyrimidine analogs nor the abasic site (Tel22-THF) oligonucleotides altered quadruplex
formation. Therefore, quadruplex formation was not affected by these modifications when
placed in the loop regions.

The overlaid fluorescence spectra of the Tel22-X sequences alone and annealed to
its complement (i.e., duplex) are shown in Figure S17, respectively. The presence of the
complementary strand mostly inhibited quadruplex formation regardless of the pyrimidine
analog. We also examined how a gap in the Tel22 sequence (Figure 1, Oligo 4) would affect
quadruplex formation as the presence of an abasic site BER intermediate surprisingly did
not inhibit quadruplex formation (Figures 2 and 4, Tel22-THF). However, formation of a
gap generates two fragments of the quadruplex where the FAM and BHQ1 ends are now
separate strands. As expected, the quadruplex fragments (Oligo 4) abolished quadruplex
formation and a similar fluorescence intensity to the duplex oligonucleotides was observed
(Quadruplex Fragments, Figure S17).

Upon addition of the complementary strand, unwinding of the quadruplex with
formation of a duplex occurred with all systems studied here; however, the transition
was not instantaneous. Fluorescence intensity as a function of time was monitored with
a qPCR instrument. Experimental fluorescence intensity from the Tel22-T as it unfolded
and formed a duplex with its complement (T:A) is shown in the inset of Figure 4. The data
from the three separate reactions were best fit by a double exponential equation as shown
(red). The initial half-life was 1.9 ± 0.5 min while the second half-life was 33 ± 11 min. We
propose that the quadruplex and complement initially bind at one end in a fast step and the
remaining quadruplex is then unzipped, forming the duplex in a slow step. Our study is in
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accord with previous studies, which show that quadruplex–duplex interconversion can be
slow and may occur through one or more stable intermediates [33,34]. The significance of
this finding is that the kinetics of interconversion might become important when trying to
interpret the biological consequences of quadruplex-forming sequences [35].
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Figure 4. G-quadruplex formation quenched fluorescence and the addition of a complementary
strand promoted duplex formation. While quadruplexes are highly stable secondary DNA structures,
in the presence of the complementary strand, they are in equilibrium with the corresponding duplex.
A FRET strategy was employed to monitor quadruplex formation at 37 ◦C. Relatively low fluorescent
excitation was observed when oligonucleotides formed a G-quadruplex as the fluorophore (FAM)
and quencher (BHQ1) were in close contact. However, fluorescence increased when the quadruplex-
containing sequence was annealed to its complementary strand to form a duplex (Inset). We then
performed a time course experiment to examine the kinetics of quadruplex unfolding as it transitioned
to a duplex. Black curves represent three independent experiments and the exponential fit in red. A
single exponential fit poorly; therefore, we applied a double-exponential fit, which suggested that
there was a relatively fast phase of quadruplex unfolding to one or more intermediate structures,
followed by a slower complete unfolding to duplex. The first half-life was 1.9 ± 0.5 min and the

second was 33 ± 11 min. The equation for the curve was y = A1

(
1− e−k1t

)
+ A2

(
1− e−k2t

)
where

k1 and k2 are 0.37 min−1 and 0.02 min−1, respectively. The first and second amplitudes were estimated
to be 54.5 and 99.3, respectively.

2.4. Base Excision Repair and Quadruplex Stabilizing Ligands Shift the Duplex–Quadruplex
Equilibrium towards Quadruplex

We then examined the fluorescence intensity of oligonucleotide complexes that reca-
pitulate the steps in BER (Figure 5A). The fluorescence spectra for the Tel22-T quadruplex
annealed to a complement containing uracil (A:U) were nearly identical to the wild-type
duplex from Figure 4 (Tel22-T:A). When the U in the complementary strand was replaced
with a THF abasic site, the fluorescence intensity at equilibrium decreased (magenta),
reflecting a shift in the duplex–quadruplex equilibrium toward the quadruplex. A one-
base gap was simulated by adding two oligonucleotides complementary to the 5′-side
and the 3′-side of the quadruplex-forming sequence (Figure 1, Oligo 8). The fluorescence
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intensity dropped further (green) to a level approximately midway between the duplex
and quadruplex. We sought to further examine the duplex–quadruplex equilibrium by
non-denaturing gel electrophoresis (Figure 5B). The fluorescently labeled A:T, A:U, and
A:THF duplexes were observed as a single band with the same relative gel migration. The
quadruplex, in the absence of a complementary strand, was observed as a single band with
lower gel migration. However, the quadruplex sequence with a one-base gap in the com-
plementary strand did not show resolution towards either a single-stranded quadruplex
or duplex (Figure 5B). The fluorescence data as well as the gel data suggest this system is
best described as an ensemble of interconverting structures, including both duplex and
quadruplex configurations, in approximately equal proportions.

To further explore this hypothesis, we used a quadruplex-stabilizing small molecule,
pyridostatin, to examine if the equilibrium could be shifted from duplex towards quadruplex.
We titrated A:U, A:THF, and A:Gap oligonucleotides with increasing amounts of pyridostatin
and monitored changes in fluorescence intensity using a qPCR instrument (Figure 5C). In the
absence of pyridostatin, the A:U and A:THF oligonucleotides had relatively high fluorescence
while the A:Gap oligonucleotide had roughly ~50% of the fluorescence intensity. Surprisingly,
5–10 µM of pyridostatin was sufficient to drop the fluorescent intensity to that of the A:Gap
oligonucleotide. With all the oligonucleotides examined, increasing amounts of pyridostatin
further quenched the fluorescence. This suggests that duplex and quadruplex may intercon-
vert and pyridostatin traps the oligonucleotide in the quadruplex state. In all cases, 50 µM of
pyridostatin drove all complexes to quadruplex. These results were consistent with previous
reports that demonstrated a small molecule could promote quadruplex formation in the
presence of its complementary C-rich strand [36].

In the study shown in Figure 5, repair intermediates were generated by combining
various oligonucleotides and allowing them to form duplexes prior to the fluorescence
measurements. Having examined the fluorescence intensity changes associated with
simulated BER intermediates, we sought to determine if similar results would be obtained
in a reconstituted DNA repair system (Figure 6). In this study, we measured the fluorescence
spectra of the same A:U duplex (Figure 6, black). Upon incubation with uracil DNA
glycosylase (UDG), an abasic site was formed and fluorescence dropped (Figure 6, magenta).
The simultaneous addition of UDG and APE1 generated a repair gap with a further drop
in fluorescence (Figure 6, green). These data revealed that the fluorescence changes for the
simulated and enzyme-generated intermediates were essentially the same, and therefore
measuring fluorescence could be used to monitor enzymatic DNA repair reactions. Our
earlier studies showed that some time was required for these systems to reach equilibrium
(Figure 4, Inset). We therefore measured the change in fluorescence intensity of this system
as a function of time following the addition of UDG and APE1. Data from three independent
experiments were averaged (Figure 6, Inset). The apparent half-life for reaching equilibrium
was approximately 3.2± 0.4 min. It appears that as a gap was formed in the complementary
strand (Figure S18), simultaneously the quadruplex-forming strand underwent changes in
its configuration such that it brought the 5′ and 3′ ends closer into contact. Regardless, the
apparent rate at which a quadruplex-like structure began to form from a damaged duplex
was substantially faster than the rate of quadruplex unfolding during duplex formation
(Figure 4, Inset).

Previous studies on the biological consequences of quadruplex-forming sequences
have examined the systems once equilibrium has been achieved. Our results suggest that
achieving structural equilibrium in such systems may be slower than biochemical reactions
including base excision and AP endonuclease cleavage. Therefore, inferring biological
consequences of quadruplex structures when at equilibrium might need to be reconsidered
when such structures are generated as part of a biochemical pathway.
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pyridostatin, to examine if the equilibrium could be shifted from duplex towards 

Figure 5. Reconstitution of repair intermediates promoted quadruplex formation. (A) Annealing
Tel22-T with a complementary strand containing U (A:U) promoted duplex formation as indicated by
an increase in fluorescence relative to the quadruplex-only control (Quad). When a complementary
strand containing a stable abasic site (A:THF) was used instead, fluorescence was reduced relative to
the A:U duplex, suggesting the destabilization of the duplex and promoting quadruplex. Interestingly,
generating a gap in the complementary strand (A:Gap) further destabilized the duplex and shifted the
equilibrium towards quadruplex. (B) Using a 20% native polyacrylamide gel, we demonstrated that
A:U and A:THF were duplex as they migrated the same as the A:T control (Lanes 1–3). On the other
hand, a gapped complement (A:Gap) showed some intermediate between duplex and quadruplex
(Lane 4). Lane 5 was the quadruplex-only control. (C) We saw a concentration-dependent decrease
in fluorescence when we titrated oligonucleotides that could form a duplex with a quadruplex-
stabilizing small molecule, pyridostatin. Consistent with A and B, the A:Gap oligonucleotide had
~50% of the fluorescence as either A:U or A:THF. Oligonucleotides were prepared as a 1 µM solution
in 20 mM Tris, pH 7.4, 150 mM KCl, and 15 mM NaCl and equilibrated in buffer for a minimum
of 30 min. 1.2 equivalents of the corresponding complementary strands were annealed at 90 ◦C
for 5 min and cooled at RT. Gel samples were prepared identically. Pyridostatin was allowed to
equilibrate with oligonucleotides for 30 min at 37 ◦C and fluorescence emission of FAM was acquired
using a qPCR instrument.
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Figure 6. Base excision repair promotes quadruplex formation. In Figure 5, we demonstrated with
synthetic oligonucleotides that the presence of a complementary strand containing an abasic site
or gap destabilized the duplex and promoted quadruplex formation. Here, we simulated the same
process but enzymatically prepared the abasic site and gapped DNA duplex using UDG or UDG and
APE1, respectively. The fluorescent emission spectrum was taken for the quadruplex-only strand,
duplex oligonucleotide containing a U in the C-rich strand (A:U), duplex [1 µM] incubated with
10 U of UDG (3.39 pmol, 34 nM), and duplex incubated with 10 U of UDG (3.39 pmol, 34 nM) and
20 U of APE1 (0.71 pmol, 7.1 nM) for 2 h at 37 ◦C in 100 µL total volume. Following UDG treatment,
fluorescence decreased ~25% followed by a ~50% decrease in fluorescence with UDG and APE1.
This suggested that the equilibrium between duplex and quadruplex could shift following DNA
repair. We then wanted to estimate the time scale for secondary structure changes in the quadruplex
strand, as a gap formed in the opposing strand. The duplex A:U containing oligonucleotide [1 µM]
was treated with 1.25 U of UDG (0.42 pmol, 16.8 nM) and 2.5 U of APE1 (0.09 pmol, 3.6 nM) and
fluorescence was monitored over time at 37 ◦C in a qPCR instrument in 25 µL total volume. As a gap
was introduced into the opposing strand, fluorescence of the quadruplex strand decreased with time.
This suggested that as the gap was introduced, the quadruplex-forming strand underwent relatively
fast changes in configuration that brought the FAM and BHQ1 quencher closer together. The half-life
was estimated to be 3.2 ± 0.4 min using a single exponential decay (Inset). This contrasted with the
much slower unfolding of the quadruplex (Figure 4, Inset). The black curve represents the average of
three replicates with the vertical lines as the S.D. The red curve shows a single exponential fit. In an
identical experiment where the complementary oligonucleotide containing U was labeled with Cy5,
we monitored the gap formation by gel (Figure S18).

3. Discussion
3.1. DNA Damage and Repair in Quadruplex DNA

The DNA of all organisms is persistently damaged by endogenous reactive molecules
as well as exogenous agents [18]. Most of the single-base lesions can be repaired by the
BER pathway. Previous BER studies have focused primarily upon the repair of normal
duplex DNA and not quadruplex structures, which can affect DNA repair. Furthermore,
the studies that have examined base lesions and their repair in DNA quadruplexes have
primarily only examined the oxidative damage and repair of guanine adducts [12–17]. In
addition to DNA damage of guanine, other forms of DNA damage can and do occur, such
as hydrolytic deamination of C to U, oxidation of T to 5hmU, abasic sites, and strand breaks.
These forms of DNA damage and their repair have been understudied in the context of
DNA quadruplexes.

Pyrimidine analogs can also be misincorporated by DNA polymerases, in place of
T, under physiological conditions. This is exploited by chemotherapy drugs including
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methotrexate, which impairs folate metabolism. This compromises thymidylate synthase
resulting in increased formation of dUTP, which can compete with dTTP during DNA
replication, placing U into DNA [18,37]. Similarly, pyrimidine analogs 5hmU and 5FU can
be converted to the corresponding 5′-triphosphates and compete for incorporation into
DNA during replication [38–43]. The cytotoxicity resulting from the presence of U, 5hmU,
and 5FU incorporation into DNA is incompletely understood. If unrepaired, the presence
of these analogs can interfere with DNA–protein interactions. Furthermore, the initiation
of the BER pathway can be cytotoxic when the total number of strand breaks exceeds the
threshold for repair capacity [37–39,41].

Pyrimidine analogs in the loops of quadruplexes did not disrupt folding. U,
5hmU, and 5FU did not inhibit quadruplex formation by either CD spectroscopy or
FRET-based techniques (Figures 2 and 4). Similarly U and likely 5FU and 5hmU,
when located in the C-rich complementary strand of a corresponding duplex, did
not substantially diminish duplex stability or alter the equilibrium between duplex
and quadruplex configurations (Figures 5 and 6). Surprisingly, the introduction of an
abasic site, mimicking a BER intermediate, into the quadruplex sequence did not inhibit
its formation (Figures 2 and 4). However, if a single-base gap was introduced into
the loop region, generating quadruplex fragments (Figure 1, Oligo 4), this abolished
quadruplex formation (Figure S17, Quadruplex Fragments).

While these pyrimidine analogs did not inhibit quadruplex formation, their repair was
significantly hampered. The three analogs studied here (U, 5hmU, and 5FU) are substrates
for the monofunctional glycosylases UDG and SMUG1 when located in duplex structures
but are excised much more slowly when in the loop regions of quadruplex structures
(Figure 3). Importantly, APE1 was unable to cleave an abasic site when it was present
in either single-stranded or quadruplex DNA. These results are in accord with previous
studies [10,28–30]. Abasic sites are unable to be repaired by APE1 and could undergo
spontaneous β-elimination, generating a strand break. We estimated the apparent half-life
for spontaneous β-elimination to be 21 h, which was significantly faster than the rate
previously reported for duplex DNA, 190 h [31].

The challenges with repairing these analogs in quadruplexes could represent a ther-
apeutic approach for cancer treatment. For example, incorporation of some pyrimidine
analogs, and their subsequent repair by DNA glycosylases, in quadruplexes could be poorly
repaired and potentially lethal. If the glycosylases can remove the analogs, this would
result in an abasic site. Because of the very poor APE1 activity on quadruplex forming
DNA, this would result in spontaneous β-elimination of the abasic site and formation of a
single-strand break. Closely spaced single-strand breaks could result in potentially lethal
double-strand breaks [44].

3.2. Base Excision Repair Promotes Quadruplex Formation

Most quadruplex-forming sequences are in equilibrium with duplex DNA. Although
the thermal stability of a quadruplex is similar to that of the corresponding duplex, the
duplex is the preferred configuration under physiological conditions of salt concentration
and temperature [22–24]. Given sufficient time, we observed that the quadruplex converted
to duplex at physiologic conditions (Figure 4, Inset). The addition of a single strand
complement to a preformed quadruplex could unwind the quadruplex with formation of a
duplex that had a fast and slow half-life of approximately 2 and 33 min, respectively. These
results were similar in timescale to quadruplex unfolding seen previously [34].

Duplex–quadruplex equilibrium can be shunted towards quadruplex by destabilizing
the duplex. The BER intermediates, introduced either synthetically or enzymatically in the
complementary strand of a quadruplex sequence, altered the duplex–quadruplex equilibrium
(Figures 5 and 6). DNA glycosylase mediated excision of an analog from the strand comple-
mentary to the quadruplex strand, shifted the equilibrium slightly toward the quadruplex
(Figure 6). Cleavage of the resulting abasic site with APE1, generating a one-base gap, resulted
in roughly equal populations of duplex and quadruplex configurations. Using a FRET ap-
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proach, we observed that the formation of a quadruplex from a duplex was not instantaneous
and proceeded with a half-life of approximately 3 min (Figure 6, Inset).

3.3. Duplex to Quadruplex Transition Using Pyridostatin

Previous studies have suggested that the toxicity of quadruplex-stabilizing small
molecules, such as pyridostatin, might be attributed to the stabilization of quadruplex struc-
tures, which could inhibit DNA replication [45]. We examined the capacity of pyridostatin
to drive the duplex DNA towards quadruplex formation (Figure 5C). Unexpectedly with
increasing concentrations of pyridostatin, a duplex formed from a quadruplex-forming 22-
mer (Tel22) and its complementary strand (A:U) was shifted towards quadruplex formation.
Despite introducing an abasic site into the C-rich complementary strand, a similar concen-
tration of pyridostatin was required to generate predominantly quadruplex DNA. Upon
introduction of a gap, a similar amount of pyridostatin was needed to form quadruplex,
although this destabilized the duplex configuration. This indicates that the binding affinity
of pyridostatin to the quadruplex was unchanged since the quadruplex sequence itself
was otherwise unaltered. Therefore, we propose that despite duplex being favored under
physiologic conditions, duplex and quadruplex can rapidly interconvert and pyridostatin
serves to trap the quadruplex configuration—preventing its conversion back to duplex
(Figure 7). This was demonstrated when we added a 50-fold excess of pyridostatin relative
to DNA and trapped all available quadruplex-forming oligonucleotides (Figure 5C). Thus,
the cytotoxicity of pyridostatin may be attributed to stabilizing existing quadruplexes but
also trapping the quadruplex configuration in the apparently hundreds of thousands of
quadruplex-forming regions that are in equilibrium with duplex [6]. Furthermore, the
duplex–quadruplex equilibrium may similarly be influenced and regulated by the presence
of quadruplex-binding enzymes [29,36,45–47].
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Figure 7. Duplex–quadruplex equilibrium scheme. Potentially quadruplex-forming regions of the
genome are in equilibrium with duplex. Duplex is the preferred configuration in the presence of
the complementary strand [22–24]. Transiently, a quadruplex may form that can be ‘trapped’ by
quadruplex-binding ligands, such as pyridostatin (green star). The ligand stabilizes the quadruplex
structure such that it prevents its unfolding and reforming duplex. Created with Biorender.com.

3.4. Conclusions and Limitations of This Study

The biological functions of unusual, non-duplex structures in DNA are not well un-
derstood. However, the work presented here demonstrates that the introduction of some
modified bases into DNA, and the subsequent conversion to intermediates of the BER
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pathway, can alter duplex–quadruplex equilibrium under physiological conditions. The
intersection of BER repair intermediates generated by the repair of pyrimidine analogs and
unusual DNA structures results in complexities that may contribute to the cytotoxicity of
these analogs that has implications for the development of chemotherapies. Within the
context of antimicrobial or antitumor chemotherapy, various pyrimidine analogs could po-
tentially be used in combinations where specific glycosylases are known to be differentially
expressed. It remains unclear if overexpression and high activity of DNA glycosylases,
which would promote strand-breaks, would be more cytotoxic than a lack of repair ac-
tivity, resulting in an accumulation of the nucleoside analog and potential disrupt ion of
DNA-protein interaction.

This study focused on the human telomeric repeat sequence, which is one of the
most well-studied DNA quadruplex-forming sequences [12,16,21]. The similarity among
quadruplex-forming oligonucleotides is the core of hydrogen-bonding guanine bases, and
variability is created by the length and base composition of the loop regions. The results of
our study might not be generally extendible to other sequences with varying loop lengths,
such as c-MYC and hTERT promoters, although duplex to quadruplex transition with small
molecules has been shown with the c-MYC promoter [36,48].

Structural restraints induced by the quadruplex might interfere with base extrusion
and therefore glycosylase excision [28]. Monofunctional glycosylases recognize a damaged
or modified base, generally in a duplex, and extrude that damaged base from the helix into
a binding pocket. Short loops like those found in the human telomere appear to interfere
with base extrusion and therefore glycosylase excision. However, if the enzyme is active on
single-strand DNA and a loop is of sufficient length, target bases might be more readily
excised by monofunctional glycosylase and the abasic site cleaved by an endonuclease
or lyase [28].

The modified bases examined here, U, 5hmU, and 5FU are targets of the monofunc-
tional glycosylases of the BER pathway, but not of the bifunctional glycosylases. Therefore,
the implications of this study are limited to targets of the monofunctional glycosylases.
Bifunctional glycosylases, including FPG and OGG1, are also components of BER. The
bifunctional glycosylases excise target bases such as 8-oxoguanine and cleave the DNA
backbone resulting in simultaneous strand cleavage. Further studies are in progress to
examine the activity of the bifunctional glycosylases on DNA sequences that can form
alternative structures.

4. Materials and Methods
4.1. Oligonucleotide Synthesis

Oligonucleotides were synthesized by solid-phase phosphoramidite methods and pu-
rified using HPLC. All phosphoramidites, including those for the modified bases U, 5hmU,
5FU, THF, 6FAM, and BHQ1, were obtained from Glen Research. Oligonucleotide composi-
tion was verified using MALDI-MS and enzymatic digestion, followed by HPLC analysis
(Supplementary Section S1). Oligonucleotide purity was verified using gel electrophoresis.

4.2. Enzymes

E. coli uracil DNA glycosylase (UDG, ca# M0280S), human AP endonuclease 1 (APE1,
ca# M0282S), and human single-strand selective monofunctional uracil DNA glycosylase
(hSMUG1, ca# M0336S) were purchased from New England Biolabs (NEB).

4.3. Buffers and Reagents

UDG reactions were conducted in a buffer containing 15 mM NaCl, 150 mM KCl,
20 mM Tris, and pH 7.4. APE1 reactions were conducted in buffer containing 15 mM NaCl,
150 mM KCl, 10 mM magnesium acetate (Mg-Ac), 20 mM Tris, pH 7.4. hSMUG1 reactions
were conducted in a buffer containing 15 mM NaCl, 50 mM KCl, 20 mM Tris, and pH 7.4.
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich. Pyridostatin
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was purchased from APExBIO (ca# A3742) and dissolved in double-deionized water and
stored at 4 ◦C or −20 ◦C for longer term storage.

4.4. CD Spectroscopy Studies

CD spectra were obtained on a Jasco J-815 CD spectrometer. Spectra were obtained
at 37 ◦C from 320 to 220 nm. Oligonucleotides (4 µM) were typically prepared in a buffer
containing 20 mM Tris, pH 7.4, 15 mM NaCl, and 150 mM KCl. For the K+ titration
experiments, NaCl was excluded, and the KCl concentration was varied from 0 to 150 mM
KCl. Oligonucleotides were equilibrated at room temperature (RT) for at least 30 min before
spectra were acquired. Spectra were acquired in a 100 µL cuvette with a 1 cm path length
(Starna, ca#26.100LHS-Q-10/Z15). Pyridostatin was added to some oligonucleotides as
indicated in the figure legends to measure its effect.

4.5. Fluorescence Studies

Solutions containing oligonucleotides with a 5′-6FAM fluorophore and a 3′-BHQ1
quencher were prepared as a 1 µM solution (100 pmol in 100 µL) in 20 mM Tris buffer,
pH 7.4, 15 mM NaCl, and 150 mM KCl unless otherwise indicated using the Jasco J-815.
For duplex formation, 1.2 equivalents (120 pmol) of the C-rich complementary strand were
annealed at 90 ◦C for 5 min and cooled to RT. All samples were equilibrated for 30 min at
RT prior to the acquisition of fluorescence spectra.

When comparing fluorescence spectra from different oligonucleotides, absolute fluo-
rescence varied among the samples. Fluorescence intensity for each oligonucleotide was
therefore normalized to the fluorescence intensity measured in the absence of added K+ or
Na+ cations, in 20 mM Tris buffer at pH 7.4.

Fluorescence emission spectra were acquired at 37 ◦C from 480 to 640 nm in 1 nm
intervals with an excitation of 495 nm using a Jasco J-815 CD spectrometer equipped with a
fluorimeter. Sensitivity was set to a default 600 V, D.I.T 0.125 s, and bandwidth set to 10 nm.
A 100 µL fluorometer cuvette was used (Starna, ca# 16.100F-Q-10/Z15).

To examine the effect of BER intermediates on the duplex–quadruplex equilibrium,
the labeled quadruplex strand was annealed with 1.2 equivalents (120 pmol) of each
complementary strand containing C, U, a THF abasic site or a one-base gap in 20 mM Tris
buffer pH 7.4 with 150 mM KCl and 15 mM NaCl, heated to 90 ◦C for 5 min and cooled to
RT. Spectra were then acquired as described above.

To simulate BER intermediates prepared enzymatically, we used UDG (abasic site),
or UDG and APE1 (one-base gap). The fluorescent emission spectrum was taken for the
quadruplex-only strand and a duplex oligonucleotide containing a U in the C-rich strand
(A:U). In addition, spectra were also acquired for the duplex incubated with 10 U of UDG
(3.39 pmol, 34 nM), and duplex incubated with 10 U of UDG (3.39 pmol, 34 nM) and 20 U of
APE1 (0.71 pmol, 7.1 nM) for 2 h at 37 ◦C. For all samples, 10 mM Mg-Ac was supplemented
to each reaction.

4.6. Quadruplex Fluorescence-Based Kinetic Studies and Pyridostatin Titration

Kinetic measurements were performed in 96-well plates on a Roche 480 Lightcycler II
qPCR instrument using the default excitation and emission filters for fluorescein (FAM).
Pyridostatin was added to some oligonucleotides, as indicated in the figure legends, and
fluorescence was measured after oligonucleotides were incubated with increasing amounts
of pyridostatin for 30 min at 37 ◦C.

The quadruplex unfolding and duplex formation time-course experiments were con-
ducted on a Roche 480 qPCR instrument at 37 ◦C. Quadruplex-forming oligonucleotides
(25 pmol, 1 µM) in 20 mM Tris buffer, pH 7.4, 15 mM NaCl, and 150 mM KCl were first
equilibrated for 30 min at RT, at a final volume of 25 µL. Each reaction was then placed on
ice for ~20 min and an equimolar amount (25 pmol) of unlabeled complementary strand
was added. Fluorescence emission intensity at ~520 nm was then measured every 20 s
for 35 min and every 60 s for the remaining 285 min. The data were fit to a two-phase
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exponential and plotted with GraphPad PRISM 9.4.1. These experiments were performed
in triplicate.

We monitored structural changes in a quadruplex-forming strand of a duplex as U in
the complementary C-rich strand was removed. The U-containing duplex was incubated
simultaneously with 1.25 U of UDG (0.42 pmol, 16.8 nM) and 2.5 U of APE1 (0.09 pmol,
3.6 nM) in the buffer described above supplemented with 10 mM Mg-Ac. Fluorescence
intensity was measured every 20 s at 37 ◦C. A single exponential decay was used to fit the
data, and all studies were performed in triplicate.

4.7. Native Gel Electrophoresis of DNA Repair Intermediates

Oligonucleotides used in the above studies were examined using 20% polyacrylamide
native gel electrophoresis (PAGE) in 1× TBE buffer (Fisher Scientific, Hampton, NH, USA).
Oligonucleotide mixtures (2.5 pmol) were mixed with an equal volume of 20% glycerol and
loaded onto the gels and electrophoresed for 70 min at 180 V, 4 ◦C.

4.8. DNA Glycosylase and AP Endonuclease Studies by Denaturing Gel Electrophoresis

Time points were taken from 2.5 pmol aliquots (12.5 µL, 0.2 µM) of a single reaction,
per analog, that consisted of 28.75 pmol (0.2 µM) of oligonucleotide in 144 µL. Reactions
were prepared in the appropriate buffer for each enzyme and equilibrated at RT for 30 min.
After 30 min, the negative control aliquot containing no enzyme was taken. Enzyme was
then added, and the reaction incubated at 37 ◦C. Aliquots were then taken at each indicated
time point up to 60 min. Reactions were quenched by mixing an aliquot (12.5 µL) with 3 µL
of 1 M NaOH and placing on ice. All reactions were performed with 3–4 replicates.

UDG reactions with uracil-containing DNA had 0.26 U of UDG (0.0882 pmol, 0.613 nM),
which is a 300:1 DNA:enzyme ratio. UDG reactions with 5FU-containing DNA had 2.6 U of
UDG (0.882 pmol, 6.13 nM), which is a 30:1 ratio. hSMUG1 reactions with U and 5hmU-
containing DNA used 0.8925 pmol (6.2 nM) of hSMUG1 (13.1 U), which is a 30:1 ratio.
APE1 reactions used 0.189 pmol (1.31 nM) of APE1 (5.3 U), which is a 140:1 ratio.

Reactions containing UDG were in a buffer containing 15 mM NaCl, 150 mM KCl,
20 mM Tris, pH 7.4. APE1 reactions were prepared in an identical buffer but supple-
mented with 10 mM Mg-Ac. Reactions with hSMUG1 contained 15 mM NaCl, 50 mM KCl,
20 mM Tris, pH 7.4. The KCl concentration was reduced to 50 mM as hSMUG1 activity
is salt-dependent [27].

Following glycosylase removal of a target pyrimidine, the DNA backbone was cleaved
by addition of 3 µL 1 M NaOH and heating at 95 ◦C for 10 min. Each reaction was then
neutralized with 3 µL of 1 M acetic acid and an equal volume of formamide was added.
Before loading gels, all reactions were heated to 95 ◦C for 1 min. Samples were then loaded
onto a 6 M urea, 20% PAGE gel and run at 180 V for 70 min. A single exponential was fit
to the data and rate constants were obtained using PRISM 9.4.1. The rate constants are
reported in Table S1. The raw unnormalized gels corresponding to these experiments are
shown in the supplementary information (Figures S1–S15).

4.9. Spontaneous β-Elimination Time Course

To measure spontaneous β-elimination of an abasic site at 37 ◦C, a quadruplex-forming
oligonucleotide containing a U (100 pmol in 100 µL, 1 µM) was first incubated in 15 mM
NaCl, 150 mM KCl, 20 mM Tris, pH 7.4 at 37 ◦C with 3.36 pmol (33.6 nM) UDG (10 U).
Aliquots were taken at selected times and stored at −20 ◦C. Samples were then loaded and
run on a denaturing gel as described above. The amount of cleaved product was quantified,
and the rate of β-elimination was determined by linear regression of data points obtained
from 1 h to 28.5 h. Reactions were performed in triplicate (Figure S16). The percentage of
β-elimination at each time point was normalized to the total amount of cleavage observed
in a sample incubated for 3 h with UDG at 37 ◦C followed by NaOH-induced cleavage.
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4.10. Gel Quantification and Statistical Analysis

Gels images were analyzed in ImageJ as previously described [26]. Error bars represent
the standard deviation (S.D.) of three independent experiments. Error bars not seen indicate
a S.D. smaller than the data point.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28030970/s1, Table S1: DNA glycosylase and APE1 rate constants
for Figure 3; Figure S1: Unedited gel scans of UDG time course with U:A substrate in Figure 3A; Figure S2:
Unedited gel scans of UDG time course with Tel22-U substrate in Figure 3A; Figure S3: Unedited gel scans
of UDG time course with NQ-U substrate in Figure 3A; Figure S4: Unedited gel scans of UDG time course
with 5FU:A substrate in Figure 3B: Figure S5: Unedited gel scans of UDG time course with Tel22-5FU sub-
strate in Figure 3B: Figure S6: Unedited gel scans of UDG time course with NQ-5FU substrate in Figure 3B;
Figure S7: Unedited gel scans of hSMUG1 time course with substrate U:A in Figure 3C; Figure S8: Unedited
gel scans of hSMUG1 time course with substrate Tel22-U in Figure 3C; Figure S9: Unedited gel scans of
hSMUG1 time course with substrate NQ-U in Figure 3C; Figure S10: Unedited gel scans of hSMUG1 time
course with substrate 5hmU:A in Figure 3D; Figure S11: Unedited gel scans of hSMUG1 time course
with substrate Tel22-5hmU in Figure 3D; Figure S12: Unedited gel scans of hSMUG1 time course with
substrate NQ-5hmU in Figure 3D; Figure S13: Unedited gel scans of APE1 time course with substrate
THF:A in Figure 3E; Figure S14: Unedited gel scans of APE1 time course with substrate Tel22-THF in
Figure 3E; Figure S15: Unedited gel scans of APE1 time course with substrate NQ-THF in Figure 3E;
Figure S16: Unedited gel scans of the β-elimination time course with UDG treated substrate Tel22-U in
Figure 3F; Figure S17: Quadruplexes quench fluorescence compared to duplex. In addition, when the
quadruplex oligonucleotide is separated in half (quadruplex fragment), simulating a DNA repair gap,
fluorescence is also no longer quenched and similar to the values seen for quadruplex strands annealed to
their complement; Figure S18: Rate of gap formation in Figure 6 time course; Supplementary Section S1:
This document contains the detailed synthesis and characterization for the oligonucleotides prepared and
used in this study.
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Scheme 1. Chemical schemes of potential multifunctional GalNAc derivatives including (A) tetrameric
G-quadruplexes studied in this work and (B) the triantennary GalNAc.
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Factors Impacting Invader-Mediated Recognition of
Double-Stranded DNA
Caroline P. Shepard, Raymond G. Emehiser, Saswata Karmakar and Patrick J. Hrdlicka *
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* Correspondence: hrdlicka@uidaho.edu

Abstract: The development of chemically modified oligonucleotides enabling robust, sequence-
unrestricted recognition of complementary chromosomal DNA regions has been an aspirational goal
for scientists for many decades. While several groove-binding or strand-invading probes have been
developed towards this end, most enable recognition of DNA only under limited conditions (e.g.,
homopurine or short mixed-sequence targets, low ionic strength, fully modified probe strands). In-
vader probes, i.e., DNA duplexes modified with +1 interstrand zippers of intercalator-functionalized
nucleotides, are predisposed to recognize DNA targets due to their labile nature and high affinity
towards complementary DNA. Here, we set out to gain further insight into the design parameters
that impact the thermal denaturation properties and binding affinities of Invader probes. Towards
this end, ten Invader probes were designed, and their biophysical properties and binding to model
DNA hairpins and chromosomal DNA targets were studied. A Spearman’s rank-order correlation
analysis of various parameters was then performed. Densely modified Invader probes were found to
result in efficient recognition of chromosomal DNA targets with excellent binding specificity in the
context of denaturing or non-denaturing fluorescence in situ hybridization (FISH) experiments. The
insight gained from the initial phase of this study informed subsequent probe optimization, which
yielded constructs displaying improved recognition of chromosomal DNA targets. The findings from
this study will facilitate the design of efficient Invader probes for applications in the life sciences.

Keywords: oligonucleotides; DNA recognition; chromosomes; DNA; pyrene; fluorescence; FISH;
karyotyping; SNP; strand invasion

1. Introduction

Over the past several decades, numerous chemically modified oligonucleotides and
nucleic acid mimics have been designed to target specific sequences of double-stranded
DNA (dsDNA) and identify, regulate, and manipulate genes. For example, traditional
peptide nucleic acids (PNAs) [1,2] and triplex-forming oligonucleotides (TFOs) [3,4] bind
in the major groove of double-stranded DNA (dsDNA), forming Hoogsteen base pairs
(bps), which require the presence of extended purine tracts. Pyrrole-imidazole polyamides,
on the other hand, have been designed to target complementary sites through binding
via the minor groove. However, it has proven challenging to design polyamides that
target sufficiently long sequences, as shape complementarity in the minor groove gradually
vanishes with increasing probe length [5,6].

Strand-invading approaches—i.e., chemically modified oligonucleotides and nucleic
acid mimics capable of unzipping Watson-Crick base pairs of dsDNA targets and forming
new, more stable Watson-Crick base pairs between probe strands and the complementary
DNA (cDNA) regions—have been explored to overcome the limitations of groove-binding
approaches. A key advantage of strand-invading strategies is the prospect of the sequence-
unrestricted recognition of dsDNA. Progress towards this end has been realized with
various modified single-stranded PNAs [7–12], double-stranded probes such as pseudo-
complementary (pc) PNAs [13–15], and related approaches [16–23].
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We focused on the development of dsDNA-targeting Invader probes [24], i.e., short
DNA duplexes featuring one or more +1 interstrand zipper arrangements [25] of intercalator-
functionalized nucleotides such as 2′-O-(pyren-1-yl)methyl-RNA (Figure 1). This monomer
arrangement—coined an energetic hotspot for brevity—forces pairs of intercalators between
the π-stacks of neighboring base pairs in the double-stranded probe, resulting in a violation
of the neighbor exclusion principle [26]. The principle asserts that local intercalator densi-
ties exceeding one intercalator per two base pairs are unfavorable in DNA duplexes due
to limitations in local helix expandability (each intercalation event expands the duplex by
~3.4 Å), and because stabilizing stacking interactions between neighboring base pairs and
the first intercalating moiety are perturbed [27–29]. Accordingly, double-stranded Invader
probes, featuring two intercalators between the two base pairs of the hotspot region, are
partially unwound and labile (Figure 1) [30,31]. The two Invader probe strands, in turn,
display high affinity towards cDNA, as duplex formation results in strongly stabilizing
stacking interactions between the intercalator and flanking base pairs (the neighbor ex-
clusion principle is no longer violated, as the local intercalator density is one intercalator
per two base pairs or less). The difference in stability between the probe-target duplexes,
vis-à-vis the double-stranded Invader probe and the dsDNA target region, generates the
driving force for dsDNA recognition via double-duplex strand invasion (Figure 1) [24].

Figure 1. (a) Illustration of Invader-mediated recognition of dsDNA via a double-duplex invasion
process. (b) Structures of Invader monomers used herein.

The sequence-unrestricted recognition of dsDNA targets using Invader probes has
been demonstrated, enabling the detection of (i) DNA fragments from specific food
pathogens using sandwich assays [32], (ii) telomeric DNA of individual chromosomes
in metaphasic spreads [33], and (iii) sex chromosome-specific targets in interphase and
metaphase nuclei under non-denaturing conditions [23,24].

In addition to our efforts aimed at optimizing Invader probes through the refinement
of the monomer and probe architectures [34–36], early foundational studies provided some
insight into the design parameters that impact the dsDNA-recognition efficiency of Invader
probes [24,37]. For example, the use of intercalator-functionalized pyrimidine monomers
(and avoidance of the corresponding guanine monomers) was found to be preferable for the
construction of energetic hotspots. This is because the resulting probe-target duplexes are
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particularly stabilized when the intercalator-modified monomers are flanked by 3′-purines,
thus, increasing the thermodynamic driving force for dsDNA-recognition [37].

In the present study, we set out to gain further insight into the design parameters that
impact denaturation properties, driving forces for target recognition, and recognition of
chromosomal DNA targets. Towards this end, a library of Invader probes was constructed;
their denaturation, thermodynamic and dsDNA-targeting properties were studied; and a
Spearman’s rank-order correlation analysis of different parameter pairs was performed. The
insights gained from the initial phase of this study informed the subsequent optimization
of probes, which displayed improved recognition of chromosomal DNA targets.

2. Results and Discussion
2.1. Invader Probe Design

Initially, ten 5′-Cy3-labeled oligodeoxyribonucleotide (ON)-based Invader probes
(INV1-INV10, Table 1), varying in length (14–16 base pairs) and GC-content (GC%)
(30–70%), were designed to target complementary sequences within the DYZ-1 satellite
gene (~6 × 104 tandem repeats of a ~1175 bp region) located on the bovine (Bos taurus)
Y chromosome [38] (NCBI code: M26067, Figure S1). The probes were designed to have
modification densities (mod%) of ~20–30%, as earlier studies suggested this level of modifi-
cation to strike a favorable balance between binding affinity and binding specificity [24,33].
Individual probe strands were obtained using established machine-assisted solid-phase
ON synthesis protocols [37].
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2.2. Thermal Denaturation Properties of Invader Probes

Thermal denaturation temperatures (Tms) were determined for the double-stranded
Invader probes and the corresponding duplexes between individual probe strands and
complementary DNA (Table 1). With the exception of INV2, INV5, and INV9, the Invader
probes display substantially similar Tms as the corresponding unmodified DNA duplexes
(see ∆Tms for probe duplexes, Table 1). Conversely, duplexes between individual Invader
probe strands and cDNA display Tms that, on average, are ~13 ◦C higher than the cor-
responding unmodified DNA duplexes with ∆Tms ranging between +3.5 and +22.0 ◦C
(see ∆Tm values for 5′-ON:cDNA and 3′-ON:cDNA, Table 1). The observed differences
in Tm values are in agreement with prior results [24] and reflect that the neighbor exclu-
sion principle is violated in the double-stranded Invader probes (high local intercalator
density) but not in duplexes between individual Invader strands and cDNA (lower local
intercalator density).

Our Spearman’s rank-order correlation analysis of select parameter pairs (full dataset
in Supplementary Materials) indicates that there is a lack of significant correlation between
the ∆Tm values of the Invader probes and any of the following parameters: length, GC-
content, modification density, number of modifications (#mod), or longest unmodified
stretch (stretch), at least within the pre-selected design restrictions of the test set (p >> 0.05,
entries 1–5, Table 2). In contrast, a significant positive correlation between the ∆Tm values
of the probe–cDNA duplexes and modification density was observed (p < 0.05, rs >> 0,
entries 6 and 7, Table 2). This, along with a significant negative correlation with the longest
unmodified stretch metric (p < 0.05, rs << 0, entries 8 and 9, Table 2), suggests that densely
modified Invader probes with short unmodified stretches yield probe-target duplexes
displaying the most prominent increases in Tm values relative to the corresponding un-
modified DNA duplexes. Accordingly, average ∆Tms of ~17 ◦C and ~10 ◦C were observed
for probe:cDNA duplexes entailing probe strands with modification densities of >20% and
≤20%, respectively, Table 1). Moreover, negative correlations approaching significance
were observed between the ∆Tm values of probe-target duplexes and the GC-content or
Tm of the corresponding unmodified DNA duplexes (entries 10–13, Table 2). This suggests
that the stabilizing impact of the 2′-O-(pyren-1-yl)methyl-RNA monomers in probe:cDNA
duplexes is more pronounced when Invader probes are designed to target lower melt-
ing AT-rich regions. Accordingly, probe–cDNA duplexes with lower GC-content display
greater relative increases (∆Tm ~16 ◦C and ~9.5 ◦C for duplexes with GC% of <50% and
≥50%, respectively, Table 1).

Table 2. Selected data pertaining to denaturation properties and dsDNA-recognition potential from
Spearman’s rank-order correlation analysis of parameter pairs a.

Entry Parameter Pair Correlation Coefficient rs p-Value
1 probe duplex ∆Tm × length −0.169 0.664
2 probe duplex ∆Tm × GC% −0.328 0.388
3 probe duplex ∆Tm ×mod% −0.037 0.924
4 probe duplex ∆Tm × #mod −0.091 0.815
5 probe duplex ∆Tm × stretch −0.244 0.526
6 5′-ON:cDNA ∆Tm ×mod% 0.774 0.009
7 3′-ON:cDNA ∆Tm ×mod% 0.661 0.037
8 5′-ON:cDNA ∆Tm × stretch −0.810 0.005
9 3′-ON:cDNA ∆Tm × stretch −0.853 0.002
10 5′-ON:cDNA ∆Tm × GC% −0.762 0.010
11 3′-ON:cDNA ∆Tm × GC% −0.518 0.125
12 5′-ON:cDNA ∆Tm × dsDNA Tm −0.697 0.025
13 3′-ON:cDNA ∆Tm × dsDNA Tm −0.515 0.128
14 TA × probe duplex ∆Tm −0.567 0.112
15 TA × 5′-ON:cDNA ∆Tm 0.583 0.099
16 TA × 3′-ON:cDNA ∆Tm 0.333 0.381
17 TA × probe duplex Tm −0.778 0.014
18 TA × GC% −0.359 0.343
19 TA ×mod% 0.662 0.052
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Table 2. Cont.

Entry Parameter Pair Correlation Coefficient rs p-Value
20 TA × #mod 0.822 0.007
21 ∆G310

rec × TA −0.814 0.014
22 ∆G310

rec ×mod% −0.583 0.129
23 ∆G310

rec × #mod −0.620 0.101
a For the complete dataset, see the Supplementary Materials.

2.3. Driving Force for Recognition of dsDNA Targets

The driving force for the Invader-mediated recognition of isosequential dsDNA
targets—i.e., complementary DNA duplexes of identical length and sequence—can be
assessed using Tm- or ∆G-based terms. Concerning the former, we define the thermal
advantage as TA = 5′-ON:cDNA ∆Tm + 3′-ON:cDNA ∆Tm—probe duplex ∆Tm. Thus,
prominently positive TA values are expected for double-stranded probes that are activated
for the recognition of isosequential dsDNA targets. Indeed, eight of the ten Invader probes
display TA values greater than 20 ◦C, indicating that these probes are activated for the
recognition of complementary dsDNA regions (Table 1).

The Spearman rank-order correlation analysis of the dataset indicates that there are
correlations approaching significance between TA values and the metrics used to calculate
the term (entries 14—16, Table 2). Moreover, a strongly negative correlation was observed
between TA and Invader Tm values (entry 17, Table 2), indicating that low-melting Invader
probes exhibit the most pronounced driving forces for the recognition of dsDNA. However,
there is no correlation between TA values and GC-content (entry 18, Table 2). Importantly,
a significant positive correlation between TA values and modification density or number
of modifications was observed (entries 19 and 20, Table 2). Accordingly, the quadruply
and most densely modified Invader probes display the most prominent TA values (TAs
between 38.0 and 44.5 ◦C for INV2, INV7 and INV10, Table 1).

Alternatively, the available free energy for the recognition of an isosequential ds-
DNA target at 310 K can be determined as ∆G310

rec = ∆G310 (5′-ON:cDNA) + ∆G310 (3′-
ON:cDNA)—∆G310 (probe duplex)—∆G310 (dsDNA) (Table 1 and Table S2). Thermody-
namic parameters were derived from thermal denaturation curves via the baseline-fitting
method (Tables S2–S4) [39]. Prominently negative values indicate a probe with a strong ther-
modynamic driving force for the recognition of isosequential dsDNA targets. In agreement
with the TA-based conclusions, Invader probes are prominently activated for dsDNA-
recognition (∆G310

rec between −7 and −56 kJ/mol, Table 1). This is due to the labile nature
of the Invader probes (∆∆G310 values, calculated relative to the corresponding unmod-
ified dsDNA target, range between −1 kJ/mol and +25 kJ/mol; averaging +12 kJ/mol,
Table S2) and the prominent stability of the probe-target duplexes (∆∆G310 values range be-
tween +19 kJ/mol and −33 kJ/mol, averaging −7 kJ/mol, Table S2). The driving force for
dsDNA-recognition is generally due to favorable changes in enthalpy (∆Hrec << 0 kJ/mol,
Table S3) [40]. This reflects that the formation of probe duplexes is considerably less en-
thalpically favorable than the corresponding probe:cDNA duplexes (∆∆H values range
between +174 kJ/mol and +372 kJ/mol, Table S3), which, again, is due to the energetic
hotspots and the ensuing violation of the neighbor exclusion principle.

The Spearman rank-order correlation analysis of the dataset confirmed the expected
negative correlation between ∆G310

rec and TA values (entry 21, Table 2), i.e., negative ∆G310
rec

values correlate with positive TA values. Negative correlations approaching significance
between ∆G310

rec values and modification density or number of modifications were also
observed (entries 22 and 23, Table 2). Hence, both the ∆G310

rec and TA parameters indicate
that the thermodynamic gradient for dsDNA recognition is maximized when densely
modified Invader probes are used.
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2.4. Recognition of Mixed-Sequence Model DNA Hairpin Targets

The dsDNA-recognition characteristics of the initial set of Invader probes were first
evaluated using an electrophoretic mobility shift assay (EMSA), in which the probes were
incubated with 3′-digoxigenin (DIG)-labeled DNA hairpin (DH) model targets (Figure 2).
Each DNA hairpin (DH1-DH10) comprises a double-stranded stem that is complemen-
tary to the corresponding Invader probe, and in which one end is linked by a decameric
thymidine (T10) loop. The resulting hairpins are high-melting (Tms for DH1-DH10 be-
tween 62 and 82 ◦C, Table S6). This and the unimolecular nature of the DNA hairpins
ensures that both target strands are present in equimolar amounts and unlikely to fray.
Invader-mediated recognition of the double-stranded stem region is expected to result
in the formation of a ternary recognition complex (RC) that manifests itself as a slower-
moving band relative to the DNA hairpin when mixtures are resolved by non-denaturing
polyacrylamide gel electrophoresis (nd-PAGE).

Figure 2. Illustration of EMSA assay used to evaluate dsDNA-recognition of Invader probes.

In the initial screen, a 100-fold molar excess of each Invader probe was incubated
with the corresponding DNA hairpin target for 15 h at 37 ◦C in a HEPES buffer contain-
ing 100 mM of NaCl and 5 mM of MgCl2 (Figure 3) [41]. Essentially complete dsDNA-
recognition was observed for four of the ten probes (INV2, INV7, INV8, and INV10),
while five probes resulted in moderate recognition (40–70%, INV1, INV3, INV5, INV6,
and INV9) (Figure 3 and Table 3). No dsDNA recognition was observed for INV4; this was
a surprising result considering that this probe has been used to detect chromosomal DNA
targets under non-denaturing FISH conditions [24].
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Figure 3. (a) Representative electrophoretograms from recognition experiments in which a 100-fold
molar excess of Invader probes INV1-INV10 was incubated with their respective DNA hairpin targets
DH1-DH10. (b) Histograms depict averaged results from at least three recognition experiments with
error bars denoting standard deviation. RC = recognition complex. DH = DNA hairpin. DIG-
labeled DNA hairpins DH1-DH10 (34.4 nM, sequences shown in Table S6) were incubated with the
corresponding Invader probe in HEPES buffer (50 mM of HEPES, 100 mM of NaCl, 5 mM of MgCl2,
pH 7.2, 10% sucrose, 1.44 mM of spermine tetrahyrdochloride) at 37 ◦C for 15 h. Incubation mixtures
were resolved on 12% non-denaturing TBE-PAGE slabs (~70 V, ~4 ◦C, ~1.5 h).

Table 3. Rec100× and C50 values for recognition of model DNA hairpin targets when using the
corresponding Invader probes a.

Probe Rec100× (%) C50 (µM)

INV1 66 ± 1.3 1.3
INV2 97 ± 2.8 0.2
INV3 60 ± 6.2 2.9
INV4 <5 ND
INV5 39 ± 7.0 4.1
INV6 41 ± 3.4 >10
INV7 97 ± 2.6 0.7
INV8 96 ± 4.2 0.6
INV9 66 ± 1.4 1.5

INV10 99 ± 0.0 0.2
OPT6 42 ± 3.4 >10
OPT8 99 ± 0.4 0.2
OPT9 94 ± 8.9 0.6

a Rec100× = level of DNA hairpin recognition using 100-fold molar probe excess (Figure 3). C50 values for INV1-
INV10 and OPT6/8/9 were determined from dose–response curves shown in Figure 4 and Figure S24, respectively.
“±” = standard deviation. ND = not determined due to low levels of recognition in preliminary screen.
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Figure 4. Dose–response curves for recognition of DNA hairpins using INV1-INV3 (upper left panel),
INV5-INV7 (upper right panel), and INV8-INV10 (lower panel). Probes were incubated with their
respective DNA hairpin targets for 15 h at 37 ◦C. Experimental conditions are as described in Figure 3,
except for variable probe concentrations. Bars denote standard deviations. For the corresponding
electrophoretograms, see Figures S11–S13.

Next, dose–response relationships were established to determine C50 values, i.e., the
probe concentrations resulting in 50% recognition of a corresponding DNA hairpin target
(Figure 4). INV2 and INV10 displayed the most efficient recognition (C50 ~ 0.2 µM, Table 3),
followed by INV7 and INV8 (C50 = 0.6–0.7 µM, Table 3). Moderately efficient recognition
was observed for INV1, INV3, INV5, and INV9 (C50 = 1.3–4.1 µM, Table 3), whilst INV6
only displayed marginal recognition of DH6 (C50 ≥ 10 µM, Table 3).

The Spearman’s rank-order correlation analysis of the dataset indicates the presence
of significant correlations between the observed C50 values and the modification density,
number of modifications, or longest unmodified stretch of the Invader probes (entries 1–3,
Table 4). Accordingly, the quadruply and most densely modified INV2, INV7, and INV10
probes display the lowest C50 values, while all but one of the less densely modified probes
(mod% < 21.5%) display moderate or no recognition of DNA hairpin targets (Table 3).

Table 4. Selected data from our Spearman’s rank-order correlation analysis pertaining to Invader-
mediated recognition of DNA hairpins and chromosomal DNA in FISH assays a.

Entry Parameter Pair Correlation Coefficient rs p-Value
1 C50 ×mod% −0.850 0.008
2 C50 × #mod −0.732 0.039
3 C50 × stretch 0.735 0.038
4 C50 × TA −0.598 0.156
5 C50 × ∆G310

rec 0.772 0.072
6 C50 × 5′-ON:cDNA ∆Tm −0.782 0.022
7 C50 × 3′-ON:cDNA ∆Tm −0.566 0.144
8 C50 × 5′-ON:cDNA ∆G310 0.604 0.113
9 C50 × 3′-ON:cDNA ∆G310 0.749 0.032
10 C50 × probe duplex Tm 0.032 0.945
11 C50 × probe duplex ∆Tm 0.010 0.983
12 C50 × probe duplex ∆G310 −0.187 0.723
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Table 4. Cont.

Entry Parameter Pair Correlation Coefficient rs p-Value

13 C50 × probe duplex ∆∆G310 0.138 0.795
14 C50 × GC% 0.323 0.435
15 d-FISH ×mod% 0.713 0.021
16 d-FISH × C50 −0.853 0.007
17 nd-FISH ×mod% 0.738 0.015
18 nd-FISH × C50 −0.710 0.049
19 d-FISH × #mod 0.558 0.094
20 d-FISH × stretch −0.711 0.021
21 nd-FISH × #mod 0.547 0.102
22 nd-FISH × stretch −0.590 0.073
23 nd-FISH × TA 0.505 0.165
24 nd-FISH × ∆G310

rec −0.583 0.129
25 d-FISH × TA 0.274 0.476
26 d-FISH × ∆G310

rec −0.319 0.441
27 d-FISH × GC% −0.099 0.785
28 nd-FISH × GC% 0.191 0.597

a For the complete dataset, see the Supplementary Materials.

The level of recognition observed for INV8 is surprising given that it is only ~20%
modified (Table 3). However, it should be noted that INV8 displays favorable TA and
∆G310

rec values (TA = 26.5 ◦C and ∆G310
rec = −52 kJ/mol, Table 1). This is relevant since correla-

tions approaching significance were also observed between C50 values and TA or ∆G310
rec

values (entries 4 and 5, Table 4).r Further along these lines, correlations approaching signifi-
cance were observed between C50 values and measures of probe:cDNA duplex stability
(entries 6–9, Table 4), indicating that the formation of stable probe-target duplexes is an im-
portant driver of DNA hairpin recognition. The relatively high levels of hairpin recognition
observed with INV8 may, therefore, be linked to the high stability of the corresponding
probe-target duplexes (∆Tm average of +12.5 ◦C, ∆∆G310 averaging −12.5 kJ/mol, Table 1
and Table S2, respectively).

Somewhat surprisingly, no correlation was observed between the C50 values and the
Tm, ∆Tm, ∆G310, ∆∆G310 values, or the GC-content of the Invader probes (entries 10–14,
Table 4). This indicates that the absolute or relative stability of Invader probes—at least
within the design constraints of the test set—does not impact hairpin recognition.

The binding specificities of high-affinity Invader probes were evaluated by incubating
a 100-fold molar excess of INV2 and INV10 with DNA hairpins featuring stems that
differ in sequence at one or two positions relative to the probes (sequences shown in
Table S6). Both probes fully discriminated these DNA hairpins, while resulting in complete
recognition of the complementary targets (Figure 5). Remarkably, this demonstrates that
high-affinity Invader probes can distinguish targets with ~94% sequence homology (i.e.,
fifteen of the sixteen bps are identical between DH2 and DH2m). This finding hints at
interesting single nucleotide polymorphism (SNP) applications for Invader probes.

Figure 5. Binding specificity of Invader probes. A 100-fold molar probe excess was incubated with
corresponding DNA hairpins featuring stems of identical sequence or differing in sequence at one
(“m”) or two positions (“mm”) relative to the probes (37 ◦C, 15 h). For sequences of DNA hairpins,
see Table S6. Conditions are as described in Figure 3. Data previously shown in [23]—reproduced
with permission from the Royal Society of Chemistry.
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2.5. Targeting Chromosomal DNA—Fluorescence In Situ Hybridization (FISH) Assays

Next, the ten Cy3-labeled Invader probes were evaluated for their ability to recognize
corresponding DNA target regions within the DYZ-1 gene of the bovine Y chromosome
in the context of FISH assays. Thus, INV1–INV10 were incubated with fixed interphase
nuclei from a male bovine kidney cell line under denaturing (d) or non-denaturing (nd)
FISH conditions. The d-FISH assay was expected to yield information about the maximal
recognition capacity of each probe, since access to the chromosomal DNA target regions
is facilitated by high incubation temperatures. The nd-FISH experiments, on the other
hand, were expected to reveal if a probe can recognize the corresponding target at more
physiologically relevant conditions. Successful target recognition was expected to manifest
itself in the form of a single, punctate fluorescent signal.

The two high-affinity probes, INV2 and INV10, were found to recognize the DNA
targets with excellent efficiency in d-FISH assays (i.e., ~90% of the analyzed nuclei displayed
a single, intense, punctate signal against a low level of background; Figure 6 left column
and Table 5). As previously reported [24], excellent target recognition was also observed
with INV4. This was surprising considering the low driving force for dsDNA-recognition
(TA = 1.5 ◦C and ∆G310

rec = −7 kJ/mol, Table 1) and the lack of DNA hairpin recognition
(Figure 3). While the reasons for the different performance in the DNA hairpin and
d-FISH experiments observed with INV4 are not fully understood, it should be noted
that the experimental conditions (e.g., buffers, probe concentrations) are quite different,
which may impact probe binding. Five probes (INV3 and INV6-INV9) displayed single
punctate signals in 40–60% of the analyzed nuclei under d-FISH conditions (Table 5 and
Figures S15–S17 left column). Two probes failed to yield acceptable signal profiles, i.e.,
INV1, resulting in the formation of multiple signal blotches indicative of non-specific
binding, and INV5, which did not produce signals of any kind (Table 5 and Figures S14
and S15, respectively).

Molecules 2023, 28, x FOR PEER REVIEW 12 of 23 
 

 

punctate signals in 40–60% of the analyzed nuclei under d-FISH conditions (Table 5 and 
Figures S15–S17 left column). Two probes failed to yield acceptable signal profiles, i.e., 
INV1, resulting in the formation of multiple signal blotches indicative of non-specific 
binding, and INV5, which did not produce signals of any kind (Table 5 and Figure S14, 
Figure S15 and Figure  respectively). 

  

 

  

 

  

 

  
Figure 6. Representative images from FISH experiments in which DYZ1-targeting Invader probes 
INV2, INV4, and INV10 (upper, middle and lower panels, respectively) were incubated with 
isolated nuclei from a bovine kidney cell line under denaturing (5 min, 80 °C, left) or non-denaturing 
(3 h, 37.5 °C, right) conditions. Fixed isolated nuclei were incubated with probes in a Tris buffer (20 
mM of Tris-Cl, 100 mM of KCl, pH 8.0) and counterstained with DAPI. The images were obtained 
by overlaying Cy3 (red) and DAPI (blue) filter settings and adjusting the exposure. Nuclei are 
viewed at 60× magnification using a Nikon Eclipse Ti-S inverted microscope. The scale bar 
represents 16 µm. For corresponding images for other Invader probes, see Figures S14–S17. 

d-FISH nd-FISH 

IN
V

1
IN

V
4

IN
V

2

Figure 6. Representative images from FISH experiments in which DYZ1-targeting Invader probes

81



Molecules 2023, 28, 127

INV2, INV4, and INV10 (upper, middle and lower panels, respectively) were incubated with isolated
nuclei from a bovine kidney cell line under denaturing (5 min, 80 ◦C, left) or non-denaturing (3 h,
37.5 ◦C, right) conditions. Fixed isolated nuclei were incubated with probes in a Tris buffer (20 mM
of Tris-Cl, 100 mM of KCl, pH 8.0) and counterstained with DAPI. The images were obtained by
overlaying Cy3 (red) and DAPI (blue) filter settings and adjusting the exposure. Nuclei are viewed at
60×magnification using a Nikon Eclipse Ti-S inverted microscope. The scale bar represents 16 µm.
For corresponding images for other Invader probes, see Figures S14–S17.

Table 5. Percent of nuclei presenting a single, punctate signal in d-FISH and nd-FISH assays when
incubated with different Invader probes a.

Probe d-FISH nd-FISH

INV1 0% 0%
INV2 ~90% ~85%
INV3 ~40% ~30%
INV4 ~90% ~90%
INV5 0% 0%
INV6 ~60% ~20%
INV7 ~60% ~25%
INV8 ~60% ~25%
INV9 ~60% 0%
INV10 ~90% ~90%
OPT6 ~90% ~85%
OPT8 ~90% ~75%
OPT9 ~75% ~25%

a Incubation conditions are as described in Figure 6.

The probes largely retained their signaling capacities under nd-FISH conditions. Thus,
INV2, INV4, and INV10 yielded single, intense, punctate signals against a low background
in 85%−90% of the analyzed nuclei (Figure 6 right column and Table 5). Moderately intense
signals were observed for four of the probes in 20–30% of the nuclei (i.e., INV3 and INV6-
INV8, Figures S15 and S16, Table 5), while three of the probes (i.e., INV1, INV5, and INV9)
did not produce discernable signals (Figures S14, S15 and S17 and Table 5). The diverging
results observed for INV9 under d-FISH vis-à-vis nd-FISH conditions indicate that this
target region is inaccessible under non-denaturing conditions.

Hence, most of the studied Invader probes resulted in adequate-to-excellent recogni-
tion of chromosomal DNA targets under d-FISH and nd-FISH conditions. The Spearman’s
rank-order correlation analysis revealed that the signaling performance in the d-FISH and
nd-FISH assays significantly correlates with the modification level of the probes and the
observed C50 values (entries 15–18, Table 4). Along similar lines, correlations approaching
significance were observed between the signaling performance in d-FISH and nd-FISH as-
says and the number of modifications or longest unmodified stretch (entries 19–22, Table 4).
Correlations approaching significance were observed between nd-FISH signaling perfor-
mance and TA and ∆G310

rec values, indicating that these metrics have some predictive value
for nd-FISH, but not d-FISH, performance (entries 23–26, Table 4). Interestingly, signaling
performance did not correlate with the GC-content of the target region (entries 27 and 28,
Table 4).

The observed correlation with modification density provides a rationale for the excel-
lent signaling characteristics of INV2 and INV10 (25–29% modified) and the moderate-to-
poor signaling characteristics of most of the remaining probes. The signaling properties
of two probes, i.e., INV4 and INV7, however, are not easily rationalized. Thus, excel-
lent signaling properties were observed for the sparsely modified INV4 that failed to
recognize the corresponding DNA hairpin target (Figure 3) and was far less activated for
dsDNA-recognition than INV2 and INV10 (compare TA and ∆G310

rec values, Table 1). A
distinguishing feature of INV4 and its corresponding target region is the presence of two
GGG/CCC-tracts, which we speculate may render the target region uniquely accessible
due to the formation of non-canonical secondary structures [42]. An alternative explanation
for the surprising signaling characteristics of INV4 is that the corresponding target region is
present six times within a single DYZ−1 repeat (which, in turn, is repeated ~6 × 104 times,
Figure S1) [24], whilst the other target regions studied herein are only present once per
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DYZ−1 repeat. The greater number of target sites may account for cooperative hybridiza-
tion effects, resulting in a greater proportion of nuclei that present a signal. The modest
signaling properties of INV7 are perplexing given its high level of modification (25%),
prominent activation for dsDNA-recognition (TA = 38 ◦C and ∆G310

rec =−46 kJ/mol, Table 1),
and efficient hairpin recognition (C50 = 0.7 µM, Table 3). We speculate that the corre-
sponding chromosomal DNA target region is only partially accessible to INV7 under these
experimental conditions.

Control nd-FISH experiments, in which fixed nuclei were pre-treated with DNase
I, RNase A, or Proteinase K prior to incubation with INV2 or INV10, confirmed that the
Invader probes target chromosomal DNA, rather than RNA or proteins. Thus, nuclei
that were pre-treated with DNase I did not produce any signals (Figure S18), whereas
pre-treatment with RNase A or Proteinase K continued to yield single punctate signals,
albeit with lower intensity (Figure S19) [43].

Incubation of the Y-chromosome-targeting probes INV2 and INV10 with a female bovine
endothelial cell line failed to produce signals under denaturing conditions (Figure 7), suggest-
ing that Invader probes bind their chromosomal DNA targets with excellent specificity [43].

Figure 7. Images from d-FISH experiments in which INV2 (left panel) and INV10 (right panel) were
incubated with fixed isolated female bovine endothelial nuclei. Note the absence of Cy3 signals.
Incubation conditions and the image capture process were as described in Figure 6. Data previously
shown in [23]—reproduced with permission from the Royal Society of Chemistry.

2.6. Design of Optimized Invader Probes

Having identified modification density as a key parameter for successful dsDNA-
recognition, we set out to optimize three Invader probes that displayed poor-to-moderate
signaling characteristics under nd-FISH conditions, i.e., INV6, INV8, and INV9. Thus, two
or three additional hotspots were introduced to yield probes with modification densities of
27–33% (OPT6, OPT8, and OPT9, Table 1).

2.7. Thermal Denaturation and Thermodynamic Properties of Optimized Invader Probes

The more densely modified probes were found to be considerably less stable than the
parent probes (Tms ~20 ◦C lower and ∆G310 values ~12 kJ/mol higher on average; compare
Tm and ∆G310 values for INV6/8/9 and OPT6/8/9, Table 1, Tables S2 and S9, respectively).
Moreover, the densely modified probe strands form more stable duplexes with cDNA than
the parent counterparts (Tms ~6 ◦C higher and ∆G310 values ~18 kJ/mol lower on average;
compare Tms and ∆G310 values, Table 1, Tables S2 and S9, respectively). Consequently, the
driving forces for the recognition of isosequential dsDNA targets are substantially larger
for the three redesigned probes compared to the parent counterparts (TA values between
43.0–55.5 ◦C vs. 13.5–26.5 ◦C and ∆G310

rec values between −93 kJ/mol and −59 kJ/mol vs.
between −52 kJ/mol and −19 kJ/mol, Table 1).
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2.8. Recognition of Model DNA Hairpin Targets by Optimized Invader Probes

The dsDNA-recognition characteristics of the three optimized Invader probes were
first evaluated using the aforementioned DNA hairpin assay (Figure 2). Thus, the probes
were first screened at a 100-fold molar excess (Figure 8 and Figure S22) and then were
more fully evaluated in dose–response experiments (Figures S23 and S24). Unlike the
corresponding parent probes, OPT8 and OPT9 resulted in near-complete recognition of the
hairpin targets when incubated at 100-fold molar excess (compare Rec100x values for OPT8
and OPT9 vs. INV8 and INV9, Table 3). Surprisingly, OPT6 resulted in similar levels
of recognition of DH6 as INV6 (Rec100x ~40%, Table 3). The dose–response experiments
verified these findings, as OPT8 and OPT9 displayed three- and five-fold reductions in
their C50 values relative to the parent probes, whilst OPT6 displayed a C50 value > 10 µM
(Table 3).

Figure 8. Representative electrophoretograms from recognition experiments in which a 100-fold molar
excess of optimized Invader probes OPT6, OPT8, and OPT9 was incubated with the corresponding
DNA hairpins featuring stems of identical sequence or differing in sequence at one (“m”) or two
positions (“mm”) relative to the probes (37 ◦C, 15 h). For sequences of DNA hairpins, see Table S6.

Importantly, complete discrimination of doubly mismatched DNA hairpins and merely
trace recognition of the singly mismatched DNA hairpins was observed when the optimized
high-affinity OPT8 and OPT9 probes were incubated at 100-fold molar excess (Figure 8).

2.9. Targeting Chromosomal DNA using Optimized Invader Probes

The optimized Invader probes were subsequently evaluated for their ability to recog-
nize chromosomal DNA targets using the aforementioned d- and nd-FISH assays. Grati-
fyingly, improved signaling characteristics, relative to the parent probes, were observed
for the optimized probes. Thus, 75%−90% of the nuclei display prominent, single, and
punctate signals under d-FISH conditions (Figure 9 left column and Table 5). Along similar
lines, ~85%, ~75% and ~25% of the nuclei displayed high-quality signals when OPT6,
OPT8 or OPT9 were used under nd-FISH conditions, respectively, as compared to 0–25%
with the parent probes (Figure 9 right column and Table 5). The higher signaling efficiency
of OPT6 vis-à-vis OPT9 is surprising considering that the latter resulted in far more effi-
cient recognition of the corresponding hairpin target. However, it should be noted that the
experimental conditions (e.g., buffers, probe concentrations) are quite different between
the two assays, which may impact the results. Nonetheless, the findings demonstrate that
increasing the modification density of an Invader probe results in improved signaling
characteristics, as per the conclusions of the Spearman’s rank-order analysis. Thus, it is
possible to design extensively modified Invader probes that enable sequence-unrestricted
and highly specific recognition of chromosomal DNA targets. This important insight will
facilitate future biotechnological applications utilizing Invader probes.
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Figure 9. Representative images from FISH experiments in which optimized DYZ1-targeting Invader
probes OPT6, OPT8, and OPT9 (upper, middle, and lower panel, respectively) were incubated with
isolated nuclei from a bovine kidney cell line under denaturing (5 min, 80 ◦C, left) or non-denaturing
(3 h, 37.5 ◦C, right) conditions. Incubation conditions and the image capture process are as described
in Figure 6.

3. Materials and Methods
3.1. Synthesis and Purification of Probe Strands

Individual Invader strands—i.e., oligodeoxyribonucleotides (ONs) modified with 2′-O-
(pyren-1-yl)methyl-RNA monomers—were synthesized on an Expedite DNA synthesizer (0.2
µmol scale), using columns packed with long-chain alkylamine-controlled pore glass (LCAA-
CPG, Glen Research, Sterling, VA, USA) solid support with a pore size of 500 Å. Standard
protocols were used for the incorporation of DNA phosphoramidites. The 2′-O-(pyren-1-
yl)methyl-RNA phosphoramidites were prepared as previously described for U monomer [44]
and C/A monomers [37] and incorporated into ONs via extended hand-couplings (15 min,
~45-fold molar excess at a concentration of 0.02 M in anhydrous acetonitrile, using 0.01 M
of 4,5-dicanoimidazole as the activator) and oxidation (45 s), resulting in coupling yields
of at least 85%. The Cy3-labeling of Invader strands was accomplished by incorporating a
commercially available Cy3 phosphoramidite (Glen Research, Sterling, VA, USA) into ONs by
hand-coupling (4,5-dicyanoimidazole, 3 min, anhydrous CH3CN) (Glen Research, Sterling, VA,
USA). Treatment with 32% aq. ammonia (55 ◦C, 17 h) ensured deprotection and cleavage from
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solid support. DMT-protected ONs were purified via ion-pair reverse-phase HPLC (Varian,
Palo Alto, CA, USA) (Waters, XTerra MS C18 column: 0.05 M of triethyl ammonium acetate
and acetonitrile gradient), followed by detritylation (80% acetic acid, 20 min) and precipitation
(NaOAc, NaClO4, acetone, −18 ◦C, 16 h). The purity (≥ 85%) and identity of the synthesized
ONs was verified using analytical HPLC and MALDI-MS (Tables S1 and S7 and Figures S2–S4
and S16) recorded on a Quadrupole Time-of-Flight (Q-TOF) mass spectrometer (Waters Q-Tof
Premier, Milford, MA, USA) using a 3-hydoxypicolinic acid matrix. Common reagents were
obtained through VWR International (Radnor, PA) or Fisher Scientific (Hampton, NH).

3.2. Thermal Denaturation Experiments

ON concentrations were estimated using the following extinction coefficients
(OD260/µmol): G (12.01), A (15.20), T (8.40), C (7.05), pyrene (22.4) [45] and Cy3
(4.93) [46]. The thermal denaturation temperatures (Tms) of the duplexes (1.0 µM
final concentration of each strand) were determined on an UV/VIS spectrophotometer
(Cary 100, Varian, Palo Alto, CA, USA) equipped with a 12-cell Peltier temperature
controller and measured as the maximum of the first derivative of the thermal de-
naturation curves (A260 vs. T) recorded in medium salt buffer (Tm buffer: 100 mM of
NaCl, 0.2 mM of EDTA, and pH 7.0 adjusted with 10 mM of Na2HPO4 and 5 mM of
Na2HPO4). Strands were mixed in quartz optical cells with a path length of 1.0 cm and
annealed by heating to 85 ◦C (2 min), followed by cooling to the starting temperature
of the experiment. The temperature of the denaturation experiments ranged from at
least 15 ◦C below the Tm to at least 15 ◦C above the Tm (although not above 95 ◦C). A
temperature ramp of 1.0 ◦C/min was used in all experiments. The reported Tms are the
averages of at least two experiments within ± 1.0 ◦C.

3.3. Electrophoretic Mobility Shift Assays

The non-denaturing (nd)-PAGE assay was performed as previously described [24].
Thus, DNA hairpins (DH) (Integrated DNA Technologies, Coralville, IA, USA) were ob-
tained from commercial sources and used without further purification. Hairpins were
3′-labeled with digoxigenin (DIG) using the 2nd generation DIG Gel Shift Kit (Roche Ap-
plied Bioscience, Penzberg, Germany), as recommended by the manufacturer. Briefly,
11-digoxigenin-ddUTP was incorporated at the 3′-end of the hairpin (100 pmol) using a
recombinant terminal transferase. The reaction mixture was quenched through the addition
of EDTA (0.05 M), diluted to 68.8 nM, and used without further processing. Solutions of
Invader probes (concentrations as specified) were incubated with the corresponding DIG-
labeled DNA hairpin (final concentration 34.4 nM) in HEPES buffer (50 mM of HEPES, 100
mM of NaCl, 5 mM of MgCl2, pH 7.2, 10% sucrose, 1.44 mM of spermine tetrahydrochloride)
at 37 ◦C for the specified time. Following incubation, loading dye (6 ×) was added and
the mixtures were loaded onto 12% non-denaturing TBE-PAGE slabs (45 mM of tris-borate,
1 mM of EDTA; acrylamide:bisacrylamide (19:1)). Electrophoresis was performed using
constant voltage (~70 V) at ~4 ◦C for ~1.5 h. The bands were subsequently blotted onto
positively charged nylon membranes (~100 V, 30 min, ~4 ◦C) and cross-linked through
exposure to UV light (254 nm, 5 × 15 W bulbs, 5 min). The membranes were then incu-
bated with anti-digoxigenin-alkaline phosphatase Fab fragments, as recommended by the
manufacturer, and transferred to a hybridization jacket. They were then incubated with the
chemiluminescence substrate (CSPD) for 10 min at 37 ◦C, and chemiluminescence of the
formed product was captured on X-ray films. Digital images of the developed X-ray films
were obtained using a BioRad ChemiDocTM MP Imaging system (BioRad, Hercules, CA,
USA), which was also used for densitometric quantification of the bands. The percentage of
dsDNA-recognition was calculated as the intensity ratio between the recognition complex
band and the unrecognized hairpin. An average of three independent experiments is re-
ported along with standard deviations (±). The presented electrophoretograms are, in some
instances, composite images of lanes from different runs. Non-linear regression was used to
fit data points from the dose–response experiments. A script written for the “Solver” module
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in Microsoft Office Excel was used to fit data points from the dose–response experiments
to the following equation: y = C + A (1 − e-kt) where C, A, and k are fitting constants. The
resulting equation was used to calculate C50 values by setting y = 50 and solving for t [47].

3.4. Spearman Rank-Order Correlation Analysis

A Spearman’s rank-order correlation analysis was performed to identify correlations
between parameter pairs and, ultimately, identify parameters that impact the Invader-
mediated recognition of dsDNA targets. A wide range of parameters were considered.
Spearman rank-order correlation coefficients (rs) were calculated using the XRealStat
function add-on for Microsoft Excel [48]. The ten Invader probes were ranked 1 to 10
for each studied parameter, and these rankings were compared to determine correlations
between parameter pairs. For example, the probe with the highest C50 and most negative
∆G310

rec values would be ranked “1”, while the lowest C50 and least negative (or more
positive) ∆G310

rec values would be ranked 10. Invader probes with identical parameter values
received averaged rankings for those parameters. The strength and direction of correlation
between two ranked parameters was measured by Spearman’s rank-order correlation
coefficient rs and deemed statistically significant if the associated p values were less than
the α value of 0.05.

3.5. Cell Culture and Nuclei Preparation

Male bovine kidney cells (MDBK, ATCC: CCL-22, Bethesda, MD, USA) were main-
tained in DMEM with GlutaMax (Gibco, 10569-010) and 10% fetal bovine serum (Invitrogen,
Waltham, MA, USA). Female bovine endothelial cells (CPAE, ATCC: CCL-209) were main-
tained in Eagle’s Minimum Essential Medium (ATTC, 30-2003) and 20% fetal bovine serum
(Invitrogen). The cells were cultured in separate 25 mL or 75 mL flasks at 38.5 ◦C in a
5% CO2 atmosphere for 72–96 h to achieve 70–80% confluency. At this point, colcemid
(Gibco KaryoMax, 15210-040) (65 µL per 5 mL of growth media) was added, and the
cells were incubated at 37 ◦C and 5% CO2 for an additional 20 min. At this point, the
medium was replaced with pre-warmed 0.05% Trypsin-EDTA in DMEM to detach adherent
cells (37 ◦C, up to 8 min). The cell suspension was transferred to a tube and centrifuged
(10 min, 1000 rpm). The supernatant was discarded and the dislodged cell pellet was
incubated with a hypotonic 75 mM KCl solution (5–8 mL, 20 min), followed by the addition
of fixative (10 drops, MeOH:AcOH, 3:1 v/v) and further incubation with gentle mixing
(10 min, room temperature). The suspension was centrifuged (1000 rpm, 10 min), the super-
natant discarded, and additional fixative solution (5–8 mL) added to the nuclei suspension.
This was followed by gentle mixing and incubation (30 min, room temperature). The
centrifugation/resuspension/incubation with fixative solution steps was repeated three
additional times. The final pellet—containing somatic nuclei—was resuspended in the
fixative solution and stored at −20 ◦C until use.

3.6. Preparation of Slides for FISH Assays

The nuclei suspension was warmed to room temperature and resuspended in fresh
fixative solution. Glass microscope slides were dipped in distilled water to create a uniform
water layer across the slide. An aliquot of the nuclei suspension (3–5 µL or enough to cover
the slide) was dropped onto the slide, while holding the slide at a 45◦ angle, and allowed
to run down the length of the slide. The slides were then allowed to dry at a ~20◦ angle in
an environmental chamber at 28 ◦C and a relative humidity of 38%.

3.7. Fluorescence In Situ Hybridization Experiments and Image Analysis

An aliquot of labeling buffer (~200 µL) consisting of 30 ng of Cy3-labeled Invader
probe per 200 µL of PCR buffer (20 mM of Tris, 100 mM of KCl, pH 8.0) placed on each slide.
Preliminary assay optimization studies (results not shown) revealed that this “1 × solution”
resulted in the best qualitative signal-to-background ratio for the Invader probes under
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denaturing and non-denaturing conditions. As an exception hereto, INV4 was used at
0.25× concentration to reduce background fluorescence.

When used in d-FISH assays, slides with labeling buffer were placed on a heating
block (5 min, 80 ◦C) and covered with a lid to prevent evaporation of the labeling buffer.
When used in nd-denaturing FISH assays, slides with labeling buffer were placed in a
glass culture disk, covered with a lid, and incubated in an oven (3 h, 37.5 ◦C). Slides for
both d-FISH and nd-FISH experiments were subsequently washed (3 min, 37.5 ◦C) in a
chamber with TE Buffer (10 mM of Tris, 1 mM of EDTA, pH 8.0) and allowed to dry at room
temperature. Once dried, Gold SlowFade plus DAPI (3 µL, Invitrogen, Waltham, MA, USA)
was placed directly on each slide, and a round glass coverslip was mounted for fluorescence
imaging. A Nikon Eclipse Ti-S Inverted Microscope (Nikon Instruments, Melville, NY,
USA), equipped with a SOLA SMII LED light source system and Cy3 and DAPI filter sets,
was used to visualize nuclei at 60×magnification. Images of the fluorophore labeled nuclei
were captured using a 14-bit CoolSNAP HQ2 cooled CCD camera and processed with
NIS-Elements BR 4.20 software.

Control experiments, in which fixed nuclei from the MDBK cells were pre-treated with
DNase, RNase, or proteinase prior to incubation with Invader probes, were carried out as
follows. DNase pre-treatment: 3 µL of cloned RNase-free DNase I (Takara N101 JF) was
mixed with 50 µL 1 × Reaction Buffer (diluted 10 × Cloned DNase I Buffer II, Takara A301)
per the manufacturer’s recommendation. The solution was pipetted onto slides with fixed
nuclei in 50 µL amounts. The slides were incubated with the DNase I solution for 20 min at
37.5 ◦C and then rinsed with TE buffer. RNase pre-treatment: 1 µL of RNase A (5 mg/mL,
Fisher reagents BP2539-100) in 100 µL of buffer (10 mM of Tris-HCl, pH 6.5) was placed
in 50 µL amounts on slides and incubated for 15 min at 37.5 ◦C and then rinsed with TE
buffer. Proteinase pre-treatment: 1 µL of Proteinase K (6.25 µg/mL, Fisher BioReagents,
BP1700-100) was added to 200 µL of buffer (10 mM of Tris-HCl, pH 7.5). The fixed nuclei
were incubated with 50 µL of this solution for 10 min at 37.5 ◦C and then rinsed with
TE buffer.

The assessment of signal coverage, i.e., the percentage of nuclei displaying representa-
tive signals, was based on an evaluation of >100 nuclei per Invader probe at d-FISH and
nd-FISH assay conditions (Table 5).

4. Conclusions

Invader probes, i.e., DNA duplexes featuring +1 interstrand zipper arrangements of
intercalator-functionalized nucleotides such as 2′-O-(pyren-1-yl)methyl-RNA, allow for
the robust and highly specific, mixed-sequence recognition of complementary double-
stranded DNA target regions. Thus, the successful recognition of a series of model DNA
hairpins and chromosomal DNA regions is demonstrated. The modification density is the
single-most important design parameter impacting the thermal denaturation and dsDNA-
recognition properties of Invader probes. Thus, four of six densely modified Invader probes
(modification densities ≥25%) displayed particularly promising signaling characteristics in
FISH assays under non-denaturing conditions, i.e., the formation of intense, single, punctate
signals against a low fluorescence background in ≥75% of isolated interphase nuclei. The
signaling performance is not limited by the GC-content of the target regions, as successful
recognition was demonstrated for target regions with GC-contents between 36% and 71%.
The modification density also impacts signaling performance in denaturing FISH assays,
the efficiency of DNA hairpin recognition, as well as metrics quantifying the driving force
for dsDNA-recognition (i.e., TA and ∆G310

rec values) and the stability of probe-target duplexes
(i.e., ∆Tm or ∆∆G310 values for probe-target duplexes). In contrast, the modification density
has a limited impact on the stability of the probe (i.e., ∆Tm or ∆∆G310 values for probe
duplexes). We speculate that a high modification density results in a perturbed probe that
exposes the pyrene moieties, allowing them to contact the target dsDNA and initiate the
unwinding process. Identification of the modification density as a key design parameter
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enabled improvement of three Invader probes with mediocre signaling characteristics in
nd-FISH assays into probes displaying improved signaling performance.

Based on the findings from the present and prior studies, we offer the following
recommendations for the design of nd-FISH Invader probes:

(i) Invader probes should be densely modified (≥25%) and only feature short un-
modified segments. Given the nature of the energetic hotspots (i.e., +1 interstrand zipper
arrangements of 2′-O-(pyren-1-yl)methyl RNA monomers), an Invader probe can, at most,
be 50% modified. Invader probes display exceptional binding specificity, though binding
to singly mismatched dsDNA targets may be observed for very densely modified probes.
If non-specific binding is observed, the modification density should be reduced.

(ii) The energetic hotspots of Invader probes should be constructed using 2′-O-(pyren-
1-yl)methyl RNA pyrimidine monomers, whilst the corresponding guanine monomers
are to be avoided; the adenine monomers are acceptable [37]. This maximizes the driving
force for dsDNA-recognition as particularly stable probe-target duplexes are formed, since
the intercalating pyrene moiety stacks strongly with 3′-flanking purines [37]. Thus, it is
recommended that 5′-BC-3′ steps (and B = G in particular) are omitted for the introduc-
tion of energetic hotspots. This sets the practical upper limit of the probe’s modification
density [49].

These design recommendations, coupled with the straightforward synthesis of the
requisite 2′-O-(pyren-1-yl)methyl RNA pyrimidine building blocks [37,44], is expected to
facilitate the design and use of Invader probes for a broad range of applications in the
life sciences.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules28010127/s1, Figures S1–S24; Tables S1–S11; zipper nomenclature definition;
additional discussion; supplementary references [23,24,38].
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Abstract: Many potent antibiotics fail to treat bacterial infections due to emergence of drug-resistant
strains. This surge of antimicrobial resistance (AMR) calls in for the development of alternative
strategies and methods for the development of drugs with restored bactericidal activities. In this
context, we surmised that identifying aptamers using nucleotides connected to antibiotics will lead to
chemically modified aptameric species capable of restoring the original binding activity of the drugs
and hence produce active antibiotic species that could be used to combat AMR. Here, we report the
synthesis of a modified nucleoside triphosphate equipped with a vancomycin moiety on the nucle-
obase. We demonstrate that this nucleotide analogue is suitable for polymerase-mediated synthesis
of modified DNA and, importantly, highlight its compatibility with the SELEX methodology. These
results pave the way for bacterial-SELEX for the identification of vancomycin-modified aptamers.

Keywords: modified nucleic acids; DNA polymerases; nucleoside triphosphates; primer extension
reactions; SELEX; antimicrobial resistance

1. Introduction

Bacterial antimicrobial resistance (AMR) is one of the biggest public health challenges
of the 21st century and occurs when bacteria develop mechanisms that protect them against
the effects of antibiotics [1]. AMR can be intrinsic to bacteria, or can be acquired through
horizontal gene transfer or mutations in chromosomal genes [2]. This major threat to
human health has caused 4.95 million deaths around the world in 2019, and these numbers
are expected to rise steeply in the near future [3]. Consequently, an important first step in
combatting AMR consists of refining our understanding of the mechanisms underlying
drug failures [4,5]. This knowledge will, in turn, guide the development of alternative
antimicrobial drugs as well as that of unconventional methods for drug design [6–10]. In
this context, vancomycin is amongst the most clinically relevant and effective glycopeptide
antibiotics used for the treatment of infections caused by Gram-positive pathogens [11,12].
This antibiotic is considered as a drug of last resort due to its high efficiency, particularly
against methicillin-resistant Staphylococcus aureus (MRSA) and Staphylococcus epidermidis
(MRSE) [13]. The mechanistic details of vancomycin-driven bactericidal activity have been
resolved and involve tight binding to a terminal section of the precursor of the polymer
peptidoglycan on the bacterial cell surface. This binding event further blocks transglycosy-
lation and transpeptidation, which are essential for cell wall synthesis and maintenance
(Figure 1) [11,12,14]. The efficiency and popularity of vancomycin has led to a clinical
overuse [15] of this glycopeptide antibiotic which explains the emergence of resistance in
bacterial pathogens. Vancomycin resistance is quite complex, but can essentially either be
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acquired by target modification or be intrinsic [12,16]. Acquired vancomycin resistance
essentially occurs via a simple change in the amino acid composition of the peptidoglycan
from D-Ala-D-Ala to D-Ala-D-Lac (X = NH and O in Figure 1, respectively). This minute al-
teration dramatically reduces the affinity of vancomycin for its peptidoglycan target which
causes a significant loss in antimicrobial activity. Intrinsic resistance mechanisms include
biofilm construction and formation of dormant stationary phase subpopulations [12,16–18].
In general, strategies implemented to combat vancomycin resistance and AMR strive
to develop new, small molecule drugs [19–21], modify existing scaffolds to extend their
lifetimes [13,22–24], or explore alternative routes such as the introduction of the multi-
valency concept [25–27] or prevention of biofilm formation [12,28]. Despite significant
success of these approaches, universal and robust strategies to combat AMR are still in
dire need. Herein, we present a first step towards the development of a novel strategy
that combines aptamer recognition, vancomycin analogues tethered to DNA nucleobases,
and bacterial-SELEX. Towards this aim, we have synthesized a nucleoside triphosphate
equipped with a vancomycin moiety at the C5 site of the nucleobase. We then demonstrated
the compatibility of this modified nucleotide with enzymatic DNA synthesis and with the
SELEX methodology.
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Figure 1. Chemical structure of vancomycin and description of the acquired resistance to vancomycin.
The antibacterial activity of vancomycin stems from its high binding affinity(4.4 × 105 M−1) for
the terminal D-Ala-D-Ala sequence of the precursor peptidoglycan pentapeptide [29]. This binding
creates a steric blockade which prevents the enzyme-mediated transpeptidation of the free amine
of D-Lys or diamino pimelic acid (DAP) on the second last D-Ala residue from occurring. This in
turn induces inhibition of bacterial cell wall biosynthesis. The origin of VanA and VanB bacterial
resistance stems from a change in amino acid composition from D-Ala-D-Ala (X = NH) to D-Ala-D-
Lac (X = O) [14]. The presence of an ester instead of an amide moiety suppresses a hydrogen bond
and introduces a repulsive interaction between oxygen-centered lone pairs. This in turn is responsible
for the 1000-fold reduction of binding affinity of vancomycin for the peptidoglycan [12,29,30].
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2. Results and Discussion

2.1. Design and Chemical Synthesis of Vancomycin-Modified Nucleoside Triphosphate (dUVanTP)

Aptamers are single-stranded nucleic acids capable of binding to targets with high
affinity and specificity [31,32]. The first applications of aptamers in the context of microbial
infections have previously been reported [33] including inhibition of biofilm formation,
delivery of antibiotics conjugated to their scaffold, and participation in specific pathogen
destruction [34–36]. In contrast, only a few reports have been dedicated to the application
of aptamers to combat AMR, mainly as drug delivery systems [37]. For instance, aptamers
conjugated to photosensitizers have been proposed as vectors for photodynamic therapy
(PDT) to treat infections caused by antibiotic resistant pathogens [38–40]. In these exam-
ples, previously selected aptamers specific for particular bacterial targets are converted by
post-SELEX modification to specific drug delivery agents. While this approach has met
some success, post-SELEX modification protocols come with a lot of drawbacks [41,42].
First, the appendage of one or multiple drugs or reporter molecules on the termini of
aptamers can lead to a loss in binding affinity (increase in KD values) which is detrimental
for such an approach. Secondly, most aptamers are often directed towards diagnostic
detection purposes rather than as therapeutic agents and hence do not present a sufficiently
developed modification pattern robust enough to resist nuclease-mediated degradation.
To combat this, the implementation of a post-SELEX modification strategy to mitigate this
limitation and improve their biostability will be required. Third, post-SELEX approaches
only allow for the introduction of a limited number of antibiotics (mainly by connection
via the 3′- and 5′-termini) which induces high-cost productions and relatively low topical
drug concentration. Lastly, upon reaching its intended target, the drug will be released
but unless this released compound is a new chemical analogue of the parent drug it is
unlikely to elude the defense and resistance mechanisms of the pathogens. In light of these
elements, we rationalized that the inclusion of antibiotics on the scaffold of nucleoside
triphosphates will yield ways to generate modified aptamers specific for resistant bacterial
pathogens and potentially restore the intended antimicrobial activity. By inspection of the
vancomycin scaffold, we rationalized that the free carboxylic acid might be a favorable
site for connection to a nucleotide. This moiety is not involved in target recognition and
previously reported modification at this site usually yielded analogues that retain the
original antimicrobial activity [13,27,30]. To form the connection between vancomycin and
the aptamer we opted to use the copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC)
reaction, since this chemistry has previously been used to generate modified vancomycin
derivatives [13]. In addition to this, nucleotides bearing a triazole-connecting linker arm
are compatible with enzymatic DNA synthesis [43,44] and aptamer selection [45–47]. The
synthesis of the vancomycin-bearing deoxyuridine triphosphate dUVanTP (Figure 2) in-
volved synthesis of the previously reported azide-modified vancomycin [13] and CuAAC
reaction with 5-ethynyl-dUTP (EdUTP) [48] under standard conditions (see Materials and
Methods (Section 4.1) and Supplementary Materials for full synthetic details). It is worth
mentioning that the application of standard CuAAC reaction conditions yielded a mix-
ture of species, including the expected nucleotide as well as a product corresponding to
dUVanTP coordinated to Cu2+ (Figures S1 and S2). Coordination of the divalent metal
cation occurs preferentially through the N-terminal imino NH-CH3 unit, two consecutive
nitrogen atoms in the peptide chain, and one oxygen atom from the asparagine amide
moiety [49,50]. The binding of vancomycin to Cu2+ is particularly efficient [50] and, hence,
required the implementation of a thorough purification step to remove this undesired,
cytotoxic transition metal cation from the modified nucleotide (see Materials and Methods
(Section 4.1)). Alternatively, copper-free click chemistry may be considered in the future to
avoid this rigorous purification step [51].
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2.2. Biochemical Characterization of the Modified Nucleotide dUVanTP

With dUVanTP in hand, we evaluated the possibility of using this analog to synthesize
vancomycin-modified DNA via primer extension (PEX) reactions and PCR. To do so, we first
carried PEX reactions using the 20-nucleotide long template T1 and the 5′-FAM-labelled,
19-mer primer P1 (Table 1). This rather simple system allows for the incorporation of a
single, modified nucleotide and can be followed by gel electrophoresis, LC-MS analysis, and
UV-melting experiments. PEX reactions were performed with Vent (exo−) DNA polymerase
(vide infra) and the products were analyzed by gel electrophoresis (Figure S9). This analysis
revealed the formation of a product with a slower electrophoretic mobility compared to
that of the product obtained with dTTP or the unmodified, single-stranded DNA template.
In order to confirm the incorporation of a dUVan nucleotide into DNA, we subjected the
PEX reaction product to a digestion-LC-MS analysis protocol (see Materials and Methods
(Section 4.2)) [52]. For the preparation of a standard for the modified nucleoside which
is required for such an analysis, we dephosphorylated dUVanTP with Shrimp Alkaline
Phosphatase (rSAP) and analyzed the resulting nucleoside by LC-MS (Figures 3 and S6)
and HRMS (Figure S7). PEX reaction products were nuclease-digested, dephosphorylated
and the resulting deoxynucleosides were then analyzed by LC-MS (Figure 3).

The LC-MS chromatogram of the digested PEX reaction product using only dA/G/T/CTP
displayed the expected four peaks corresponding to each of the four canonical nucleosides
(Figure 3A). Similarly, the four canonical nucleosides were also detected in the LC-MS
chromatogram of the digested reaction product obtained with dUVanTP, however, an addi-
tional peak at longer retention time (Figure 3B) and with a mass corresponding to dUVan

was also detected (Figure S8 and Figure 3C). Therefore this analysis univocally confirmed
the presence of the modified dUVan nucleotide in the extended primer P1 obtained after
PEX reaction.
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Table 1. DNA primer and templates used for primer extension reactions and PCR to evaluate the
compatibility of dUVanTP with enzymatic DNA synthesis a.

P1 5′-TAC GAC TCA CTA TAG CCT C’

T1 5′-AGA GGC TAT AGT GAG TCG TA

T2 5′-CAC TCA CGT CAG TGA CAT GCA TGC CGA TGA CTA GTC GTC
ACT AGT GCA CGT AAC GTG CTA GTC AGA AAT TTC GCA CCA C

T3 5′-CAC TCA CGT CAG TGA CAT GC N40 GTC AGA AAT TTC GCA CCA C
T4 5′-Phos-AGA GGC TAT AGT GAG TCG TA
P2 5′-FAM-GTG GTG CGA AAT TTC TGA C
P3 5′-GTG GTG CGA AAT TTC TGA C
P4 5′-CAC TCA CGT CAG TGA CAT GC

a italicized letters represent primer binding sites and bold, red letters indicate sites where modified nucleotides
can be incorporated. N40 represents the randomized region of the degenerate library.
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(B) LC-MS chromatogram of the digested product obtained with dUVan; (C) LC-MS chromatogram of
the synthesized dUVan standard.

Next, we sought to evaluate the effect of such a bulky modification on duplex stability. To
do so, we performed large-scale PEX reactions on the aforementioned P1/T1 primer/template
duplex in the presence of dUVanTP and Vent (exo−) DNA polymerase [53,54]. The UV-melting
curves of the resulting modified dsDNA were then measured under standard saline buffer
conditions and analyzed using a newly written python script for Tm data analysis (see
Figure 4 and Supplementary Materials) [55]. The presence of the vancomycin moiety led to
a rather significant destabilization of the duplex (∆Tm = −3.9 ◦C) compared to that of the
unmodified dsDNA (62.7 ± 0.3 ◦C compared to 66.6 ± 0.1 ◦C). This destabilization might
be caused either by the presence of the bulky vancomycin moiety since other large moieties
such as polyethylene glycol [56] induced similar decreases in Tm values, or by the thermal
penalty imparted by the introduction of a single triazole-containing nucleotide [57–59].
Nonetheless, this UV-melting analysis indicates that the modification did not significantly
interfere with duplex formation.
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Figure 4. Illustrative UV melting curves (λ = 260 nm) of: (A) the vancomycin-modified duplex and
(B) the corresponding natural DNA duplex. The corresponding first derivatives are shown in panels
(C) and (D), respectively. The total duplex concentration was 2 µM in 137 mM NaCl, 2.7 mM KCl,
4.3 mM Na2HPO4, 1.47 mM KH2PO4, and at pH 7.4.

Next, we sought to evaluate the possibility of using dUVanTP to synthesize longer
vancomycin-containing DNA fragments using polymerase-mediated catalysis. To do so,
we first carried out PEX reactions using the 19 nucleotide long 5′-FAM-labelled primer (P2)
along with the corresponding 79-mer template (T2) that permits the incorporation of up
to nine modified nucleotides (Table 1). A variety of polymerases were employed for PEX
reactions, including the Klenow fragment of E. coli (Kf exo−) DNA polymerase I, Bst, Hemo
Klen Taq, and Taq (family A polymerases), the family B polymerases Phusion, Therminator,
Vent (exo−), phi29, and Deep Vent, and the Y-family polymerase Sulfolobus DNA Polymerase
IV (Dpo4). Analysis by gel electrophoresis of the resulting PEX reaction products (Figure 5),
revealed that a number of polymerases (Phusion, Q5, Therminator, Vent (exo−) and Deep
Vent) readily accepted dUVanTP as a substrate. By contrast, polymerases such as Taq
did not tolerate the modified nucleotide and no extended product was formed. The
highest conversion yields were observed when Vent (exo−) and Therminator were used as
polymerases to catalyze the incorporation of the modified nucleotide into DNA. The bands
corresponding to full length, modified products possessed a retarded gel electrophoretic
mobility compared to that of control reactions performed with canonical nucleotides. This
is expected when a bulky residue is attached to the nucleobase [56,60,61]. Despite the rather
high substrate tolerance of Therminator for dUVanTP, this polymerase has been shown
to misincorporate natural and modified nucleotides [62–65], and to display an efficient
pyrophosphorolysis capacity followed by incorporation of nucleotides [66]. Consequently,
we believe that this catalyst might not be suitable for SELEX applications when used in
conjunction with dUVanTP and instead we used Vent (exo−) for further experiments.
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Figure 5. Gel analysis (PAGE 20%) of PEX reaction products carried out with the Phusion (Ph)
(2U), Hemo Klem Taq (HKT) (8U), Taq (5U), Bst (8U), Q5 (2U), Therminator (Th) (2U), Vent (exo−)
(VE−) (2U), Dpo4 (Sl) (2U), Deep Vent (DV) (2U), Phi29 (P29) (10U) and Kf (exo−) (KE−) (5U) DNA
polymerases with primer P2 and template T2. Each reaction mixture contained T2 (15 pmol), P2
(10 pmol), dATP, dCTP, dGTP (200 µM), dUVanTP (200 µM), polymerase buffer (1 µL for 10X and 2 µL
for 5X) and the respective polymerase and was incubated for 4 h at the appropriate temperature. The
negative controls were performed without polymerase (T−1), primer P2 (T−2) and dUVanTP (T−3).
The positive control (T+) contained dTTP instead of dUVanTP. n corresponds to unreacted primer P2,
n+60 (dNTPs) corresponds to the expected full-length product in presence of dNTPs and n+60 (dATP,
dCTP, dGTP + dUVanTP) corresponds to the expected full-length product in presence of dUVanTP
instead of dTTP.

Having established conditions for the enzymatic preparation of long, vancomycin-
containing DNA oligonucleotides via PEX reactions, we next set out to evaluate the com-
patibility of dUVanTP with PCR. To do so, we performed PCR with template T2 along
with the forward and reverse primers P3 and P4, respectively. We evaluated the capacity
of three thermostable polymerases (i.e., Deep Vent, Vent (exo−), and Phusion) to amplify
template T2 in the presence of the modified nucleotide, dUVanTP. Surprisingly, the expected
amplicons were produced in rather low yields, suggesting that the modified nucleotide is
not very well tolerated by polymerases under PCR conditions (Figure S10). Despite the low
synthetic yields, PCR represents an alternative to PEX reactions to produce vancomycin-
containing dsDNA.

2.3. Compatibility of Vancomycin-Modified Nucleotide with SELEX

After establishing the conditions for the enzymatic synthesis of vancomycin-modified
DNA, we next sought to evaluate the compatibility of dUVanTP with the SELEX method
for the identification of aptamers [45,67–70]. SELEX and combinatorial methods of in vitro
evolution with modified nucleotides require (1) synthesis of modified, degenerate libraries
using PEX reactions or PCR; (2) robust conversion from double-stranded to single-stranded
modified libraries [71] and (3) an efficient and high-fidelity regeneration of unmodified
DNA from modified templates [54,72–74]. In order to assess whether enzymatic synthesis
with dUVanTP fulfilled these criteria we first performed PEX reactions with a degener-
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ate library (template T3 in Table 1), a panel of polymerases and dTTP substituted by
dUVanTP. As with a defined sequence of the same length, the Therminator, Vent (exo−),
and Deep Vent DNA polymerases were capable of producing the expected full-length
products in high yields (Figure 6). Thus these polymerases could produce fully modified
dsDNA libraries and process these more demanding templates in the presence of the bulky
modified nucleotide.
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Figure 6. Gel analysis (PAGE 20%) of PEX reaction products carried out with the Phusion (Ph)
(2U), Hemo Klem Taq (HKT) (8U), Taq (5U), Bst (8U), Q5 (2U), Therminator (Th) (2U), Vent (exo−)
(VE−) (2U), Dpo4 (Sl) (2U), Deep Vent (DV) (2U), Phi29 (P29) (10U) and Kf (exo−) (KE−) (5U) DNA
polymerases with primer P2 and template T3. Each reaction mixture contained T3 (15 pmol), P2
(10 pmol), dATP, dCTP, dGTP (200 µM), dUVanTP (200 µM), polymerase buffer (1 µL for 10X and 2 µL
for 5X) and the respective polymerase and was incubated for 4 h at the appropriate temperature. The
negative controls were performed without polymerase (T−1), primer P2 (T−2) and dUVanTP (T−3).
The positive control (T+) contained dTTP instead of dUVanTP. n corresponds to unreacted primer P2,
n+60 (dNTPs) corresponds to the expected full-length product in presence of dNTPs and n+60 (dATP,
dCTP, dGTP + dUVanTP) corresponds to the expected full-length product in presence of dUVanTP
instead of dTTP.

Next, we evaluated the possibility of reverse transcribing vancomycin-containing
DNA oligonucleotides to unmodified sequences. To do so, we synthesized vancomycin-
containing dsDNA by PCR as described above. After a thorough purification step, we
subjected the modified product to PCR with canonical nucleotides and Taq (Figure 7A) or
Vent (exo−) (data not shown) as DNA polymerases. Agarose gel electrophoretic analysis of
the resulting reaction products clearly indicated the formation of the expected amplicon
(Figure 7A). We next subjected the obtained PCR product with canonical nucleotides and
the Taq polymerase to a TA-cloning step followed by Sanger sequencing of nine individual
colonies. Sequencing of this small subset of colonies clearly indicated the absence of muta-
tions compared to the expected parent sequence of template T2 (Figure 7B). This analysis
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suggested a faithful reverse transcription of vancomycin-containing DNA to unmodified
oligonucleotides. Lastly, we evaluated the possibility of converting double-stranded, mod-
ified sequences to single-stranded oligonucleotides, which is an important prerequisite
for SELEX and a notoriously difficult step, especially for heavily modified sequences or
bulky modifications such as vancomycin [71]. We first performed PEX reactions with
dUVanTP, Vent (exo−), and a 5′-phosphorylated analogue of template T1 (template T4,
Table 1). The resulting modified dsDNA was then converted to the corresponding ssDNA
by λ-exonuclease digestion (Figure S11A). Gel analysis of the resulting products indicated
formation of the expected single-stranded sequences (Figure S11B).

Molecules 2022, 27, x FOR PEER REVIEW 9 of 15 
 

 

Next, we evaluated the possibility of reverse transcribing vancomycin-containing 
DNA oligonucleotides to unmodified sequences. To do so, we synthesized vancomycin-
containing dsDNA by PCR as described above. After a thorough purification step, we 
subjected the modified product to PCR with canonical nucleotides and Taq (Figure 7A) or 
Vent (exo−) (data not shown) as DNA polymerases. Agarose gel electrophoretic analysis of 
the resulting reaction products clearly indicated the formation of the expected amplicon 
(Figure 7A). We next subjected the obtained PCR product with canonical nucleotides and 
the Taq polymerase to a TA-cloning step followed by Sanger sequencing of nine individ-
ual colonies. Sequencing of this small subset of colonies clearly indicated the absence of 
mutations compared to the expected parent sequence of template T2 (Figure 7B). This 
analysis suggested a faithful reverse transcription of vancomycin-containing DNA to un-
modified oligonucleotides. Lastly, we evaluated the possibility of converting double-
stranded, modified sequences to single-stranded oligonucleotides, which is an important 
prerequisite for SELEX and a notoriously difficult step, especially for heavily modified 
sequences or bulky modifications such as vancomycin [71]. We first performed PEX reac-
tions with dUVanTP, Vent (exo−), and a 5′-phosphorylated analogue of template T1 (tem-
plate T4, Table 1). The resulting modified dsDNA was then converted to the correspond-
ing ssDNA by λ-exonuclease digestion (Figure S11A). Gel analysis of the resulting prod-
ucts indicated formation of the expected single-stranded sequences (Figure S11B). 

 
Figure 7. (A) Gel image (agarose 2%) analysis showing the product of the conversion of dUVan-mod-
ified dsDNA into natural dsDNA by means of PCR in presence of Taq as a polymerase. The reaction 
was performed in 25 µL and contained purified dUVan-modified dsDNA (10 nM), primers P3/P4 
(500 nM), dNTPs (200 µM), Mg2+ (2 mM), Thermopol buffer (2.5 µL of 10X) and Taq (5U, 1 µL). The 
PCR program was 95 °C for 5 min, (95 °C 30′’, 52 °C 30′’, 75 °C 30′’) X 10 cycles, and a final elongation 
at 75 °C for 5 min. (B) Sequence alignment of nine different plasmid colonies obtained by PCR con-
version of dUVan-modified dsDNA to natural DNA followed by cloning and sequencing. The first 
line in bold corresponds to the sequence of template T2, while the following nine lines correspond 
to the sequenced products. 

3. Conclusions 
AMR is a major threat to human health, and alternative treatment modalities and 

drugs are in dire need. Herein, we have presented the first step towards combining anti-
biotics and aptamers in order to potentially restore the effectiveness of drugs against re-
sistant bacteria. Towards this aim, we have synthesized a deoxyuridine analogue bearing 
a vancomycin residue at position C5 of the nucleobase. The resulting nucleotide, dUVanTP, 
was then shown to be compatible with enzymatic DNA synthesis under PEX reaction con-
ditions and PCR (to a certain extent), despite the presence of such a bulky chemical mod-
ification. We have then demonstrated the compatibility of dUVanTP with the SELEX meth-

75

Taq  bp
A B

Figure 7. (A) Gel image (agarose 2%) analysis showing the product of the conversion of dUVan-
modified dsDNA into natural dsDNA by means of PCR in presence of Taq as a polymerase. The
reaction was performed in 25 µL and contained purified dUVan-modified dsDNA (10 nM), primers
P3/P4 (500 nM), dNTPs (200 µM), Mg2+ (2 mM), Thermopol buffer (2.5 µL of 10X) and Taq (5U, 1 µL).
The PCR program was 95 ◦C for 5 min, (95 ◦C 30′’, 52 ◦C 30′’, 75 ◦C 30′’) X 10 cycles, and a final
elongation at 75 ◦C for 5 min. (B) Sequence alignment of nine different plasmid colonies obtained by
PCR conversion of dUVan-modified dsDNA to natural DNA followed by cloning and sequencing.
The first line in bold corresponds to the sequence of template T2, while the following nine lines
correspond to the sequenced products.

3. Conclusions

AMR is a major threat to human health, and alternative treatment modalities and drugs
are in dire need. Herein, we have presented the first step towards combining antibiotics and
aptamers in order to potentially restore the effectiveness of drugs against resistant bacteria.
Towards this aim, we have synthesized a deoxyuridine analogue bearing a vancomycin
residue at position C5 of the nucleobase. The resulting nucleotide, dUVanTP, was then
shown to be compatible with enzymatic DNA synthesis under PEX reaction conditions
and PCR (to a certain extent), despite the presence of such a bulky chemical modification.
We have then demonstrated the compatibility of dUVanTP with the SELEX methodology.
In particular, we have shown that modified libraries could be generated by enzymatic
synthesis and subsequently reverse transcribed into unmodified DNA without introducing
mutations. Cell-SELEX experiments against vancomycin resistant strains and subsequent
evaluation of the antibacterial activity of modified aptamers are currently underway. We
expect the aptamer section of such a construct to bind to membrane and surface proteins,
which are the typical targets of cell-SELEX experiments [75]. This binding event will then,
in turn, restore binding of vancomycin to the peptidoglycan and, hence, restore its activity.
A similar approach using a primer equipped with a hotspot peptide in SELEX was recently
employed for the selection of aptamers against the human angiotensin-converting enzyme
2 (hACE2) [76] underscoring the usefulness of such a method. However, the advantage of
our approach is that multiple vancomycin-bearing nucleotides will be integrated within the
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scaffold of the aptamer and will be involved in the binding interactions. Hence, uncertain,
labor-intensive post-SELEX structure-activity relationship studies to optimize aptamers
will not be required. Lastly, we believe that such an approach could easily be extended to
other antibiotics such as β-lactamase inhibitors [7,8] or pentamidine-based scaffolds [77].

4. Materials and Methods

4.1. Chemical Synthesis of dUVanTP

EdUTP [48] (2 mg, 0.004 mmol, 1.5 eq.) and azido-vancomycin [13] (4 mg, 0.0026 mmol,
1 eq.) were respectively dissolved in 100 µL H2O each in two different Eppendorf tubes
and degassed with argon. In a separated Eppendorf tube, CuI (3 mg, 0.02 mmol, 0.77 eq.)
was suspended in DIPEA (10 µL, 0.06 mmol, 2.3 eq.), 50 µL H2O and 50 µL CH3CN and
degassed with Argon. The three fractions were merged and 100 µL DMSO were added.
The reaction mixture was degassed with Argon and left to shake at 1000 rpm, at r.t. for 3 h.
The reaction mixture was added to 12 mL NaClO4 2% in acetone to precipitate the crude
product, centrifuged at 4000 rpm for 15 min, and the surnatant was discarded. The crude
was redissolved in 3 mL H2O and purified by anion exchange analytical HPLC (100% B in
25 min; Buffer A, 10 mM TEAB in H2O; Buffer B, 1 M TEAB in H2O) with a DNA Pac PA
100 oligonucleotide column. Prior to each injection, EDTA (0.5 M, pH = 8) was added to
the crude solution to coordinate the remaining Cu2+ present in the solution. The fractions
corresponding to dUVanTP were merged together and lyophilized overnight to give the
product as 2.9 mg (55%) of a white powder. To remove the remaining coordinated Cu2+,
dUVanTP was dissolved in 1 mL H2O and stirred with 1 g of Chelex 100 resin for 2 h at rt.

31P NMR (202.4 MHz, D2O):−6.15 (d, J = 20.2 Hz, 1P),−11.17 (d, J = 18.2 Hz, 1P),−22.17 (t,
J = 19.2 Hz, 1P); HR-ESI-MS (m/z): calcd for M = C79H94Cl2N15O37CuP3, [M] = 2071.00, found
[M-2H]2− = 2068.3518. HR-ESI-MS (m/z): calcd for M = C79H94Cl2N15O37P3, [M] = 2009.48,
found [M-2H]2− = 2007.4412.

4.2. Preparation of dUVan Nucleoside Standard

dUVanTP (10 nmol) was incubated with rSAP (10 µL) and rCutSmart buffer (2.2 µL
of 10X) in a total volume of 22 µL for 1 h at 37 ◦C. Afterwards, rSAP was inactivated via
incubation for 10 min at 65 ◦C. The product was purified and characterized via LCMS
(Figure S6). HR-ESI-MS (m/z): calcd for M = C79H91Cl2N15O28Cu, [M] = 1833.12, found
[M]+ = 1832.4842. HR-ESI-MS (m/z): calcd for M = C79H91Cl2N15O28, [M] = 1769.57, found
[M+2H]2+ = 1770.5730.

4.3. Digestion and LC-MS Analysis of PEX Reaction Product

The primer P1 (100 pmol) was annealed to the template T1 (150 pmol) in H2O by
heating to 95 ◦C and then gradually cooling to room temperature (over 1 h). Vent (exo−)
polymerase (4U), Thermopol 10X buffer (provided by the supplier of the DNA polymerase)
(2 µL) and dUVanTP (or dTTP for the positive control) (200 µM) were added for a total
volume of 10 µL. The reaction mixture was incubated for 4 h at 60 ◦C. The formation of the
products was verified with an agarose E-GEL (4%) using the E-GEL sample loading buffer
(1X). The products were purified via Monarch DNA Cleanup Columns (5 µg) (250 pmol
product per column). The products (1 µL), the Nucleoside Digestion Mix buffer (2 µL
of 10X) and the Nucleoside Digestion Mix (1 µL) were mixed in a total volume of 20 µL
and incubated at 37 ◦C for 1 h. The digested DNA solution was then injected onto a
ThermoFisher Hypersil Gold aQ chromatography column (100 × 2.1 mm, 1.9 µm particle
size) heated at 30 ◦C without any further purification. The flow rate was set at 0.3 mL/min
and run with an isocratic elution of 1% ACN in H2O with 0.1% formic acid for 8 min then
100% ACN from 9 to 11 min. Parent ions were fragmented in positive ion mode with 10%
normalized collision energy in parallel-reaction monitoring (PRM) mode. MS2 resolution
was 17,500 with an AGC target of 2 × 105, a maximum injection time of 50 ms, and an
isolation window of 1.0 m/z. The inclusion list contained the following masses: dC (228.1),
dA (252.1), dG (268.1), dT (243.1) and 4 (884.8; z = 2). Extracted ion chromatograms of base
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fragments (±5 ppm) were used for detection (112.0506 Da for dC; 136.0616 for dA; 152.0565
Da for dG; 127.0501 Da for dT and 1625.4652 Da for 4). Synthetic standards were previously
injected to confirm the assignment (fragment ion and retention time).

4.4. General Protocol for PEX Reactions

The 5′-FAM-labelled primer (10 pmol) was annealed to the template (15 pmol) in H2O
by heating to 95 ◦C and then gradually cooling to room temperature (1 h). The appropriate
polymerase, 5X or 10X enzyme buffer (provided by the supplier of the DNA polymerase),
the natural nucleotides (200 µM), and dUVanTP (or dTTP in the positive controls) (200 µM)
were added for a total reaction volume of 10 µL. Following incubation for 4 h at the optimal
temperature for the enzyme, the reactions were quenched by adding the stop solution
(10 µL; formamide (70%), ethylenediaminetetraacetic acid (EDTA; 50 mM), bromophenol
(0.1%), xylene cyanol (0.1%)). The reaction mixtures were subjected to gel electrophoresis in
denaturing polyacrylamide gel (20%) containing trisborate- EDTA (TBE) 1× buffer (pH 8)
and urea (7 M). Products were then analyzed on a phosphorimager.

4.5. Thermal Denaturation Experiments

Experiments were recorded in 1X phosphate-buffered saline (PBS) (137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, pH 7.4) in H2O with 2 µM final duplex
concentration. Paraffin oil (150 µL) was added to avoid evaporation. A control cell (1X PBS)
was prepared into which the temperature probe was placed. Absorbance was monitored at
260 nm and the heating rate was set to 1 ◦C/min. A heating-cooling cycle in the temperature
range of 20–95 ◦C was applied and repeated 3 times per sample. The data analysis was
performed with a small Python (v3.8.5) script on the heating ramps (see Supplementary
Materials). The absorbance melting curves were converted to hyperchromicities and the
first derivative of each experimental hyperchromicity point was calculated. Afterwards, the
Gaussian function that best fitted the first derivative curve was calculated and the melting
temperature was obtained from it. The final Tm value was calculated as the mean of the
three obtained values with the relative error.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27248927/s1, Figure S1: MALDI-TOF analysis of
dUVanTP coordinated with Cu2+; Figure S2: HR-ESI-MS analysis of dUVanTP coordinated with
Cu2+; Figure S3: MALDI-TOF analysis of dUVanTP; Figure S4: HR-ESI-MS analysis of dUVanTP;
Figure S5: 31P NMR spectrum of dUVanTP; Figure S6: LC-MS analysis of dUVan; Figure S7: HR-
ESI-MS analysis of nucleoside dUVan; Figure S8: Full LC-MS chromatogram of the nucleosides
stemming from the digested and dephosphorylated PEX reaction product obtained with dUVanTP;
Figure S9: Gel image analysis of PEX reaction products obtained with dUVanTP and dTTP; Figure
S10: Gel image analysis of PCR reaction products obtained with dUVanTP and dTTP; Figure S11:
Schematic representation of the different steps involved in the generation of dUVan-modified ssDNA
from the corresponding dsDNA and gel image analysis of the products of the generation of the
dUVan-modified ssDNA; Figure S12: Gel image showing the results obtained by performing PCR on
19 different E. Coli colonies; Details of the python script for data analysis of UV-melting experiments.
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Abstract: The reliable, readily accessible and label-free measurement of aptamer binding remains a
challenge in the field. Recent reports have shown large changes in the intrinsic fluorescence of DNA
upon the formation of G-quadruplex and i-motif structures. In this work, we examined whether
DNA intrinsic fluorescence can be used for studying aptamer binding. First, DNA hybridization
resulted in a drop in the fluorescence, which was observed for A30/T30 and a 24-mer random DNA
sequence. Next, a series of DNA aptamers were studied. Cortisol and Hg2+ induced fluorescence
increases for their respective aptamers. For the cortisol aptamer, the length of the terminal stem needs
to be short to produce a fluorescence change. However, caffeine and adenosine failed to produce a
fluorescence change, regardless of the stem length. Overall, using the intrinsic fluorescence of DNA
may be a reliable and accessible method to study a limited number of aptamers that can produce
fluorescence changes.

Keywords: intrinsic fluorescence; DNA; aptamer; binding

1. Introduction

DNA aptamers have many advantages compared to antibodies, such as much lower
cost, higher stability and ease of modification [1–4]. The majority of research has been
focused on a few model aptamers, although hundreds of other aptamers have been pub-
lished [5–9]. A main issue in the field is a lack of reliable yet readily accessible methods
to measure aptamer binding [10–12]. The versatility of DNA-based assays has sometimes
worked against it due to a lack of quality control [13]. While the majority of immunoassays
require immobilization of antibodies or antigens [14], homogeneous assays are preferred
for its simplicity and avoiding nonspecific binding to surfaces [15–18].

Fluorescence spectroscopy is probably the most commonly used method to character-
ize aptamer binding using either covalently attached fluorophores or using DNA staining
dyes [19–23] and cationic polymers [24]. For example, aptamers can be terminally labeled
with a fluorophore/quencher pair or a FRET pair to form an aptamer beacon [25]. An-
other reliable method is to design structure-switching aptamers, where a quencher-labeled
complementary DNA is hybridized with a fluorophore-labeled aptamer [5,26,27]. These
methods require expensive covalent modifications, making it difficult to study different
aptamer sequences. Using DNA staining dyes is cost-effective, but this method is less
reliable and sometimes has a small signal change [28].

Recently, intrinsic fluorescence of DNA has been reported [29–31]. Although quite
weak, with a few µM of DNA, a decent fluorescence can be achieved, and this concentration
is comparable to that used for CD spectroscopy and is much less compared to ITC [32].
In addition, DNA hybridization, G-quadruplex formation and i-motif formation have all
been shown to induce DNA fluorescence change [33–35]. These reactions are accompanied
with a large conformational change of DNA. Aptamer binding, on the other hand, might
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have less conformational change. Thus far, whether such fluorescence can be used to study
aptamer binding remains to be explored. In this work, we performed systematic studies of
a series of DNA oligonucleotides and aptamers. We found that the majority of the tested
aptamers failed to induce a change in the intrinsic fluorescence, and only two examples
appeared to be successful.

2. Results
2.1. DNA Hybridization Drops Intrinsic Fluorescence

In this study, we chose a few target molecules in order to obtain a comprehensive
understanding of DNA intrinsic fluorescence for aptamer binding. Before testing aptamers,
we first examined the DNA hybridization reaction, since complementary DNA can also
be considered as a special aptamer target. We first studied the hybridization of A30 with
T30. By varying the excitation wavelength of A30, we observed two emission peaks at
387 nm and 432 nm, respectively (Figure 1A). For T30, the fluorescence was weaker, and the
emission peaks continuously varied with the excitation peak (Figure 1B). When an equal
concentration of A30 and T30 were mixed, the fluorescence increased slightly compared to
that of A30 alone (Figure 1C). However, part of the fluorescence increase was due to the
extra T30 added. To test the effect of hybridization, we then measured the fluorescence
difference of 10 µM A30 and 5 µM A30 (equation 1), and compared it with the fluorescence
difference of 5 µM A30/T30 hybrid with 5 µM T30 (equation 2). If these two differences
were equal, then DNA hybridization had no effect on the intrinsic fluorescence of DNA,
and we only observed a simple sum of the two strands (Figure 1D). The reason to compare
the difference instead of directly comparing A30 plus T30 with A30/T30 hybrids is to
avoid potential interference from background signals in the spectra. When the fluorescence
intensity is low, contributions from the background cannot be neglected.

(FBackground + 2 × FA30) - (Fbackground + FA30) = FA30 (1)

(FBackground + FA30/T30) - (FBackground + FT30) = FA30/T30 − FT30 (2)
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Figure 1. The fluorescence emission spectra of 5 µM (A) A30, (B) T30 and (C) annealed A30/T30
duplex excited at different wavelengths in buffer (10 mM PB, pH 7.0, 100 mM NaCl). (D) Comparison
of fluorescence emission spectra of various DNA samples excited at 320 nm. (E) The fluorescence
difference spectra: (2 × A30 − A30) and (A30/T30 − T30) with 320 nm excitation. (F) The difference
of the difference spectra (the red line minus black line) in (E) at various excitation wavelengths.
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Our results showed that the A30/T30 duplex DNA had a 27% lower fluorescence
compared to the sum of the two strands (Figure 1E). We did the analysis for all the excitation
wavelengths from 300 nm to 370 nm and the duplex fluorescence was lower at all the tested
wavelengths (Figure 1F). Markovitsi and their coworkers studied the fluorescence of A20
and T20 DNA, and they found that with long wavelength UVA excitation (330 nm), the fluo-
rescence of the A20/T20 duplex DNA was nearly 3-fold of their individual components [33];
however, we did not observe that. On the other hand, with UVC excitation (255 nm), the
fluorescence yield dropped for the duplex, which was consistent with our observation,
although we did not excite the sample at such a short wavelength to avoid the strong DNA
absorbance at round 260 nm and hypochromicity associated with DNA hybridization. We
did a control experiment with SYBR Green I (SGI) staining and confirmed formation of
duplex DNA (Figure S1).

We then did the same experiment using a 24-mer random sequenced DNA named
DNA1 and its complementary DNA (cDNA1), and dropped fluorescence was also observed
upon hybridization (Figure S2). Therefore, we tend to believe that DNA hybridization
would decrease the quantum yield of the intrinsic fluorescence of DNA when excited in the
range of 300 nm to 370 nm.

2.2. Cortisol Binding Enhances Aptamer Fluorescence

After understanding DNA hybridization, we then focused on aptamers. We first
tested the cortisol binding aptamer for its high binding affinity (Kd ~100 nM) [27,36]. The
secondary structure of the aptamer and the structure of cortisol are shown in Figure 2A.
The UV-vis spectrum of cortisol is shown in Figure 2B and a peak at 247 nm was observed.
In addition, it does not have intrinsic fluorescence (Figure 2B, red spectrum).
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We first tested the aptamer in Figure 2A. When excited at 340 nm, a fluorescence peak
from 5 µM of the aptamer solution was observed at 416 nm. However, when titrated with
cortisol, no fluorescence change was observed (Figure 2C). This aptamer has a 5 bp stem.
We suspected that the aptamer was already folded, and cortisol binding only induced some
minor local conformational changes, which was too small to affect the aptamer fluorescence.
To test this hypothesis, we then tested the same aptamer but with the stem shortened.
Interestingly, we observed cortisol-dependent fluorescence enhancement in both the 4 bp
(Figure 2D) and 3 bp aptamers (Figure 2E). We reason that the shorter aptamers were
initially in an open conformation, which was closed upon cortisol binding. It is interesting
that the fluorescence enhanced in this case. Since we expected DNA duplex formation to
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decrease fluorescence, the increase was likely from the formation of non-canonical base
interactions. For example, we observed 9-fold fluorescence increased when K+ was added
to a G-quadruplex forming DNA [35].

The data were fitted and showed a similar Kd of around 2 µM (Figure 2F). Since
the aptamer concentration was high (5 µM) compared to the expected Kd of 100 nM, the
system is in the titration region and the Kd is roughly half of the aptamer concentration [37].
Therefore, for high affinity aptamers, it might not be possible to obtain an accurate Kd.
Nevertheless, it can be used to confirm aptamer binding, and to study the effect of other
conditions, such as mutation. We also tested a few other DNA sequences and when cortisol
was added, no fluorescence change was observed (Figure S3).

2.3. Hg2+ Binding to Poly-T DNA Enhances Fluorescence

We then tested Hg2+ binding using a polythymine DNA, T30 [38]. Hg2+ binding to T30
was verified by the SGI staining (Figure S4) [39]. Since T30 is not a sequence derived from
an aptamer selection, it is technically not an aptamer but can still serve as an interesting
model system. Hg2+ can specifically bind between two thymine bases forming a T–Hg2+–T
base pair and fold the DNA into a hairpin structure (Figure 3A). This large conformational
change of DNA may cause a fluorescence change. To test this hypothesis, we measure the
fluorescence emission spectrum of T30 with 320 nm excitation, and the DNA showed an
emission peak at 409 nm. The fluorescence increased when Hg2+ was titrated (Figure 3B),
suggesting the T–Hg2+–T binding-directed the fluorescence change. This is quite striking
since Hg2+ is known for its fluorescence quenching property. As a control, we also tested
a 24-mer random sequenced DNA, which was not expected to bind to Hg2+. In this case,
no fluorescence change was observed upon titrating Hg2+ (Figure 3C). Next, the relative
fluorescence change of the two DNAs was calculated, and the intrinsic fluorescence of T30
increased up to 50% (Figure 3D). The fitted Kd for Hg2+ binding was 38 µM. Again, this is
not the true Kd due to the high concentration of DNA used. Since each T30 DNA can bind
around 13 Hg2+ ions (assuming a 4-nucleotide loop), half of that for 5 µM DNA is 32 µM,
which is close to the observed Kd.
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2.4. Adenosine Binding Aptamer Fails to Show Aptamer Fluorescence Change

Next, the adenosine aptamer was studied, which is a model aptamer with a Kd around
7 µM [40]. The structures of adenosine and its aptamer are shown in Figure 4A. Adenosine
has a UV absorption peak at 260 nm (Figure S5), and weak fluorescence when excited at
various wavelength (Figure S6). We titrated adenosine to the aptamer at different excitation
wavelengths (Figure S7), and similar trends were observed at all these wavelengths. To
avoid the interference from adenosine absorption, we chose 350 nm as the excitation
wavelength. Within 20 µM adenosine, no fluorescence change was observed for the aptamer
(Figure 4B). We then shortened the aptamer to contain three or two base pairs in the stem.
Surprisingly, we still did not observe any fluorescence change upon adding adenosine
(Figure 4C,D). Next, we measured ThT fluorescence spectroscopy to verify the binding
of adenosine and aptamer [41]. This aptamer is rich in guanine and can increase the
fluorescence of associated ThT. Upon binding to adenosine, some ThT may be displaced
from the aptamer/adenosine complex, leading to decreased fluorescence. Indeed, a large
fluorescence drop was observed upon the addition of adenosine to the three aptamers
(Figure 4E,F and Figure S8), confirming that the three aptamers can bind adenosine.
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Figure 4. (A) The structures of the aptamer and adenosine. The fluorescence spectra of the (B) 4 bp
(C) 3 bp and (D) 2bp adenosine binding aptamer upon titration of adenosine with 350 nm excitation.
(E) The fluorescence emission spectra of ThT staining 100 nM of the adenosine aptamer after adding
different concentration of adenosine in buffer (10 mM PB, 100 mM NaCl, 10 mM MgCl2 pH 7) with
450 nm excitation. (F) The fitted binding curves based on ThT staining of the three aptamers.

Given the structure of this aptamer, one would expect a large conformational change
upon target binding, especially for the shortened aptamers. The fact that no fluorescence
change was observed could be related to the canceling of the fluorescence enhancement
and dropping factors.

2.5. Caffeine Binding Aptamer Fails to Show Aptamer Fluorescence Change

We recently reported an aptamer for caffeine [6]. Its structure is shown in Figure 5A.
Caffeine has strong absorption in the UV region with a peak at 273 nm (Figure 5B), and
it also has fluorescence when excited at 300 nm or 310 nm (Figure S9). The interference
from the intrinsic fluorescence of caffeine was minimal when excited at 340 nm or longer
(Figure S10). Therefore, we chose to excite the aptamer at 340 nm. When we titrated caffeine
to the aptamer; however, no change in fluorescence was observed (Figure 5C), and when
we truncated the stem down from even to just one base pair, still no change was observed
(Figure 5D, Figure S11).
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3. Discussion

In this work, we examined the change in the intrinsic fluorescence of DNA upon
hybridization and aptamers upon target binding. In three cases, we observed fluores-
cence change, while in the other two, we did not. We summarized our results in Figure 6.
DNA hybridization decreased the fluorescence intensity (Figure 6A). The cortisol aptamer
(Figure 6B) and Hg2+ aptamer (Figure 6C) showed binding induced fluorescence enhance-
ment. However, adenosine and caffeine did not produce measurable fluorescence changes
(Figure 6D). For typical small molecule binding aptamers, cortisol is the only example
showing a fluorescence change, and the amount of fluorescence change was quite small.
Even for the cortisol aptamer, when a stable aptamer with a long stem was used, no fluores-
cence was observed. Therefore, it is quite hard to predict the intrinsic fluorescence change
of an aptamer upon binding to a small molecular target.

Molecules 2022, 27, x FOR PEER REVIEW 6 of 9 
 

 

3. Discussion 

In this work, we examined the change in the intrinsic fluorescence of DNA upon 

hybridization and aptamers upon target binding. In three cases, we observed fluores-

cence change, while in the other two, we did not. We summarized our results in Figure 6. 

DNA hybridization decreased the fluorescence intensity (Figure 6A). The cortisol ap-

tamer (Figure 6B) and Hg2+ aptamer (Figure 6C) showed binding induced fluorescence 

enhancement. However, adenosine and caffeine did not produce measurable fluores-

cence changes (Figure 6D). For typical small molecule binding aptamers, cortisol is the 

only example showing a fluorescence change, and the amount of fluorescence change 

was quite small. Even for the cortisol aptamer, when a stable aptamer with a long stem 

was used, no fluorescence was observed. Therefore, it is quite hard to predict the intrinsic 

fluorescence change of an aptamer upon binding to a small molecular target. 

The question we intended to address in this work was whether the intrinsic fluo-

rescence of aptamers could be used to study aptamer binding. Based on the above stud-

ies, the answer is likely to be no, especially for newly selected aptamers. A lack of tar-

get-dependent fluorescence change does not rule out aptamer binding. All the experi-

ments here were performed using DNA and DNA aptamers. Since the fluorescence is 

related to DNA bases, we expect that RNA should have similar behavior. 

For aptamers that show a fluorescence change, and if the fluorescence change is 

sufficiently large, this can be a cost-effective way to characterize aptamer binding and can 

provide useful information about binding kinetics, and buffer and salt requirement of 

binding. However, if the Kd is smaller than the DNA concentration, this method cannot 

be used to measure Kd. 

If forming Watson-Crick base pair drops DNA’s intrinsic fluorescence, then the in-

crease we observed in the cortisol aptamer and T30/Hg2+ system was not due to the in-

crease of the Watson-Crick base pair content. The reasons could be non-canonical base 

pairs and forming a more hydrophobic binding environment. This fluorescence increase 

in the cortisol case was quite small. For example, a large increase was seen when K+ was 

added to G-rich DNAs (up to 9-fold), while a few fold increase was observed when pH 

was dropped for an i-motif forming DNA [29]. 

It is also important to pay attention to the fluorescence of target molecules. Although 

most of the molecules are not considered to be fluorescent (adenosine, caffeine), they 

have detectable emissions at around 10 µM or higher if excited at the right wavelength 

(Figure S6 and S9). Thus, it is important to choose an excitation wavelength to avoid such 

interference. 

 

Figure 6. Schemes showing changes in DNA intrinsic fluorescence upon (A) DNA hybridization, 

and target binding to the (B) cortisol aptamer, (C) T30, and (D) the adenosine and caffeine aptamers 

that did not show a fluorescence change. 

4. Materials and Methods 

4.1. DNA Hybridization Drops Intrinsic Fluorescence 

All of the DNA samples used in this work were purchased from Integrated DNA 

Technologies (Coralville, IA, USA) and their sequences are listed in Table S1. Mercury 

acetate (Hg(Ac)2), magnesium chloride (MgCl2), fluorescein sodium salt, cortisol, adeno-

sine, caffeine, and thioflavin T (ThT) were from Sigma-Aldrich. Sodium chloride (NaCl), 

Figure 6. Schemes showing changes in DNA intrinsic fluorescence upon (A) DNA hybridization, and
target binding to the (B) cortisol aptamer, (C) T30, and (D) the adenosine and caffeine aptamers that
did not show a fluorescence change.

The question we intended to address in this work was whether the intrinsic fluores-
cence of aptamers could be used to study aptamer binding. Based on the above studies, the
answer is likely to be no, especially for newly selected aptamers. A lack of target-dependent
fluorescence change does not rule out aptamer binding. All the experiments here were
performed using DNA and DNA aptamers. Since the fluorescence is related to DNA bases,
we expect that RNA should have similar behavior.

For aptamers that show a fluorescence change, and if the fluorescence change is
sufficiently large, this can be a cost-effective way to characterize aptamer binding and
can provide useful information about binding kinetics, and buffer and salt requirement of
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binding. However, if the Kd is smaller than the DNA concentration, this method cannot be
used to measure Kd.

If forming Watson-Crick base pair drops DNA’s intrinsic fluorescence, then the increase
we observed in the cortisol aptamer and T30/Hg2+ system was not due to the increase
of the Watson-Crick base pair content. The reasons could be non-canonical base pairs
and forming a more hydrophobic binding environment. This fluorescence increase in the
cortisol case was quite small. For example, a large increase was seen when K+ was added to
G-rich DNAs (up to 9-fold), while a few fold increase was observed when pH was dropped
for an i-motif forming DNA [29].

It is also important to pay attention to the fluorescence of target molecules. Although
most of the molecules are not considered to be fluorescent (adenosine, caffeine), they
have detectable emissions at around 10 µM or higher if excited at the right wavelength
(Figures S6 and S9). Thus, it is important to choose an excitation wavelength to avoid
such interference.

4. Materials and Methods
4.1. DNA Hybridization Drops Intrinsic Fluorescence

All of the DNA samples used in this work were purchased from Integrated DNA
Technologies (Coralville, IA, USA) and their sequences are listed in Table S1. Mercury ac-
etate (Hg(Ac)2), magnesium chloride (MgCl2), fluorescein sodium salt, cortisol, adenosine,
caffeine, and thioflavin T (ThT) were from Sigma-Aldrich. Sodium chloride (NaCl), sodium
nitrate (NaNO3), sodium phosphate monobasic monohydrate, and sodium phosphate
dibasic heptahydrate were obtained from Mandel Scientific (Guelph, ON, Canada). SYBR
Green I (SGI) was purchased from Lonza (Rockland, ME, USA). Milli-Q water was used to
prepare buffers and solutions.

4.2. Fluorescence Spectroscopy

All of the fluorescence spectra were recorded on a Horiba Fluoromax-4 spectroflu-
orometer (HORIBA Scientific, Edison, USA). The DNA was excited at 300–370 nm and
its emission was recorded from 350 to 620 nm. 500 µL of DNA in buffer (100 mM NaCl,
10 mM MgCl2, 1 mM PB pH 7) was put in a 1 cm × 1 cm quartz fluorescence cuvette, and
then different concentrations of targets were added for fluorescence measurement. The
measurements in this work were carried out in triplicate and the standard deviations were
plotted as the error bars. All the experiments were performed at room temperature (~22 ◦C)
unless otherwise indicated.

5. Conclusions

This work examined the change of the intrinsic fluorescence of DNA and aptamers
upon hybridization and target binding. In contrast with the large fluorescence changes
observed for the formation of G-quadruplex structures and i-motifs in previous work, we
observed very small changes and even no change for aptamer binding. Our study indicated
a slight fluorescence drop upon DNA hybridization. There is an increase in the fluorescence
of the cortisol aptamer and T30/Hg2+ systems, which were attributable to the formation of
non-canonical base pairs. However, we did not observe fluorescence change for caffeine
or adenosine aptamers, even if we truncated the stems to afford larger conformational
changes. Given the vast number of aptamers published, it is impossible to test them all in
one paper. This paper has shown a few different types of behaviors and careful controls are
needed to understand whether this method can be used for new aptamers. For systems
that have a reliable fluorescence change, this method can be an effective way to study
aptamer binding. Understanding the reason for the (lack of) fluorescence change upon
target binding could be a topic for future research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227809/s1, Table S1: The DNA Sequences Used
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in This Work; Figure S1: The fluorescence emission spectra of ssDNA or dsDNA stained by SGI;
Figure S2: The fluorescence emission spectrum of different DNA excited at different wavelength;
Figure S3: Fluorescence of glucose and quinine aptamer upon titration of cortisol; Figure S4: The
fluorescence emission spectrum of SYBR Green I after adding T30 and Hg2+; Figure S5: UV-vis
spectra of adenosine; Figure S6: The fluorescence emission spectrum of adenosine; Figure S7: The
fluorescence emission spectrum of the adenosine aptamer upon titration of adenosine; Figure S8: The
fluorescence emission spectrum of ThT after adding 3bp and 2bp adenosine aptamer and different
concentration of adenosine; Figure S9: The fluorescence emission spectrum of caffeine; Figure S10:
The fluorescence emission spectra of the caffeine aptamer upon titration of caffeine; Figure S11:
Fluorescence of the 1bp, 2bp and 4bp aptamer upon titration of caffeine.
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Abstract: Tetrads (or quartets) are arrangements of four nucleobases commonly involved in the
stability of four-stranded nucleic acids structures. Four-stranded or quadruplex structures have
attracted enormous attention in the last few years, being the most extensively studied guanine
quadruplex (G-quadruplex). Consequently, the G-tetrad is the most common and well-known tetrad.
However, this is not the only possible arrangement of four nucleobases. A number of tetrads formed
by the different nucleobases have been observed in experimental structures. In most cases, these
tetrads occur in the context of G-quadruplex structures, either inserted between G-quartets, or as
capping elements at the sides of the G-quadruplex core. In other cases, however, non-G tetrads
are found in more unusual four stranded structures, such as i-motifs, or different types of peculiar
fold-back structures. In this report, we review the diversity of these non-canonical tetrads, and the
structural context in which they have been found.

Keywords: DNA structure; RNA structure; quadruplex; tetrad

1. Introduction

Interest in four-stranded nucleic acids structures has been constantly increasing in
the last two decades. Although not always the case, four-stranded structures are usually
stabilized by arrangements of four nucleobases commonly named as tetrads or quartets. The
most extensively studied four-stranded structure is the G-quadruplex [1], the importance
of which, in recent times, has been driven by its proven biological relevance and promising
therapeutic applications [2–5].

G-quadruplexes exhibit wide structural diversity depending on strands orientation
(parallel, antiparallel and hybrid structures) and connecting loop topologies (diagonal,
lateral and propeller loops) [6–8]. Despite their structural variety, all G-quadruplexes share
the same common element: the so-called G-tetrad. G-tetrads are platforms of four guanine
nucleobases interacting through their Hoogsteen and Watson–Crick sides, following either
a clockwise, or an anticlockwise arrangement (Figure 1A). These tetrads are stabilized by
eight hydrogen bonds, and by electrostatic interactions with cations located between two
consecutive tetrads. The cation, usually monovalent, compensates the negatively charged
oxygens in the center of the tetrad. Among the different monovalent cations, K+ is the most
stabilizing, since its atomic radius fits very well in the central position of two consecutive
tetrads. G-tetrads are planar, allowing an efficient stacking of multiple layers, and giving
rise to extremely thermostable structures.

Although the G-quartet is the most common and well-studied tetrad, this is not the
only possible arrangement of four nucleobases. In fact, a number of tetrads formed by the
different nucleobases has been observed in experimental structures (Table 1). They can be
classified in two main groups: (a) those formed by arrangements of the same nucleobase
(homotetrads), and (b) those formed by the association of two base pairs. The latter can
involve canonical G:C or A:T Watson-Crick base pairs, or a variety of mismatches.
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Figure 1. Schemes of the different homotetrads discussed in the text. (A) G-tetrads in their two
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2. Results
2.1. Homotetrads

As in the case of G-tetrads, pure C-[9,10], T-[11,12] and A-tetrads [13] are formed by
the arrangement of four identical nucleobases, as shown in Figure 1B–D. These homote-
trads have always been observed in the context of parallel G-quadruplex structures, either
in internal regions of the quadruplex or as capping elements interacting with terminal
G-tetrads. Of particular interest is the case of the oligonucleotide of sequence d (AGAGA-
GATGGGTGCGTT), which folds as a tetrameric parallel quadruplex. In this case, the four
possible DNA homotetrads coexist in the same crystal structure [14]. Homotetrads have
also been found in RNA G-quadruplex scaffolds. In this case, U-tetrads (Figure 1E) [15–17],
usually located at the 3′-end of parallel quadruplexes [18], are the most common. However,
RNA homotetrads formed by adenines [19,20] or inosines [21] have also been reported.

The conformation of the T-tetrad is shown in Figure 1D. T-tetrads were first ob-
served in the solution structure of the tetrameric G-quadruplex formed by the sequence
d(TGGTGGC) [11]. This tetrad is mainly stabilized by hydrogen bonds between imino
protons H(N3) and O4 atoms of adjacent thymines. However, Liu et al. [14] suggested that
weak hydrogen bond interactions between H(C5) and O2 atoms may also contribute to the
stability. Similar T-tetrads have been observed in the crystal structure of d(TGGGGT)4 [22]
and in an all-LNA G-quadruplex from 5′-TGGGT-3′. In the latter case, a K+ ion bridges the
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four O4 atoms [23]. Similar hydrogen bonds and K+ interactions have been observed in
RNA U-tetrads. Theoretical studies confirm the expected higher stability of U-tetrads due
to the absence of methyl-O2 repulsions [24].

In the oligonucleotide d(TGGGCGGT), which also adopts a parallel tetrameric G-
quadruplex structure, the central cytosines form the C-tetrad shown in Figure 1C [9]. In this
structure, amino protons are at a hydrogen-bond distance from the O2 atoms. However, in
the C-tetrad formed in the crystal structure of d(AGAGAGATGGGTGCGTT), the interac-
tions between cytosines do not occur by direct hydrogen bonds, but through a network of
highly conserved water molecules located in the middle of the tetrad [14]. In the crystal
structure of the DNA decamer, d(CCACNVKGCGTGG) (CNVK, 3-cyanovinylcarbazole),
which forms a G-quadruplex structure in the presence of Ba2+, a C-tetrad, is stabilized by
water molecules-mediated contacts between the divalent cations and the cytosines, allow-
ing Ba2+ ions to occupy the central ion channel [10]. Computational calculation suggests
that C-tetrads in the contexts of G-quadruplex have a high propensity for binding alkaline
earth cations [25].

A-tetrads are more common and more diverse (Figure 1B). They have been found in a
number of DNA and RNA oligonucleotides derived from telomeric sequences, including the
NMR structure of human telomere RNA ORN-1 [20], or the structure of (BrdU)r(GAGGU) [19].
The A-tetrads observed in RNAs usually form hydrogen bonds between their amino H(N6)
and N7 atoms (Figure 1B, right), although N3-H(N6) A-tetrads (Figure 1B, middle) have
also been observed in the crystal structure of rU(BrdG)r(AGGU) [26]. In the structure of
d(AGAGAGATGGGTGCGTT) [14], the hydrogen bonds occur between amino H(N6) and
the N3 atoms (Figure 1B, middle), resulting in a bigger central cavity. A third class of A-tetrad,
in which hydrogen bonds are formed between H(N6) and N1 atoms (Figure 1B, left), has
been reported in the solution structures of d(TGGAGGC)4, a sequence that contains the
GGAGG repeat present in the C-MYC oncogene [27], the telomeric repeat sequence [28], and
the truncated telomeric sequence d(AG3T) [13]. In this case, a dynamic exchange is observed
between this tetrad and the N7-H(N6) A-tetrad [13]. Although in most A-tetrads adenines
glycosidic angles are in anti, the syn conformation is also possible [13].

The overall size of T-, C- and A-tetrads, as estimated from diagonal C1′-C1′ distance, is
slightly smaller than in the case of the G-tetrad, being this distance around 1–2 Å shorter in
T- and A-tetrads, and ~3 Å shorter in the case of the C-tetrad [14]. Due to their similar size,
homotetrads provoke only minor distortions in the structure of parallel G-quadruplexes.

2.2. Base-Paired Tetrads

In addition to the homotetrads described above, tetrads can also be formed by the
association of two base pairs. In most cases, the base pairs involved are Watson–Crick G:C
or A:T base-pairs, although the isomorphous G:T base-pair and other mismatches have
also been reported. Base-paired tetrads can be classified in two big groups depending on
the relative orientation of the two base pairs: the so-called major groove and minor groove
tetrads (Figure 2). Although most of the base-paired tetrads can be classified in these
two categories, there are some exceptions of tetrads presenting very unusual nucleobase
interactions [29] or water-mediated interactions in complex RNA structures [7].
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2.2.1. Major Groove Tetrads

In major groove tetrads, the interaction between base pairs occurs through their major
groove side (the base-pair side that would be oriented towards the major groove in a
canonical duplex, Figure 2). Among the first cases reported are the major groove G:C:G:C
tetrads found in the structure of the fragile X syndrome (CGG)n triplet repeat [16], and in
the d(GGGC) repeats of the adeno-associated viral DNA [30]. In both cases, the quadruplex
arises from dimerization of two DNA hairpins, stabilized by several G-tetrads and G:C:G:C
tetrads. The latter formed by two intra-molecular Watson–Crick base pairs directly facing
each other and interacting through intermolecular bifurcated hydrogen bonds between the
cytosine H(N4) and the guanine O6 and N7 atoms (Figure 3A). This arrangement gives
rise to the so-called “direct” major groove tetrad. These tetrads have also been found in
repetitive RNA sequences [31].
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In other occasions, the relative position of the two G:C base pairs is shifted with
respect to the direct tetrad (Figure 3B). The resulting tetrad has been named as “slipped”
major groove tetrad [32]. In this case, the stabilization between base pairs does not arise
from additional hydrogen bonds, but through cation coordination with O6(G) and N7(G)
atoms from the two guanine residues. Interestingly, the conformations of the G:C:G:C
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tetrad may depend on the particular cation present in the sample. Thus, the antiparallel
quadruplex structure of the d(GGGC)n repeats of the adeno-associated viral DNA in the
sodium form contains two direct major groove G:C:G:C tetrads, whereas in the presence of
potassium the alignment of the two G:C base pairs is shifted, with the two major groove
edges of the guanines coordinating a K+ cation [32]. Slipped major groove G:C:G:C tetrads
formation has also been reported in a quadruplex-duplex hybrid structure, in which the
slipped mixed tetrad is located between the G-quadruplex core and the duplex [33], and
in an unusual quadruplex RNA structure formed by the major groove interaction of two
antiparallel duplexes [34].

Direct and slipped major groove tetrads can be also formed by the association of A:T
Watson-Crick base pairs (Figure 3C,D). The slipped alignment was found in the dimeric
solution structure of the octamer d(GAGCAGGT) [35] and implies the formation of two
N7(A)-H(N6)(A) additional hydrogen bonds. In the direct alignment, the inter-base pair
hydrogen bonds are O4(T)-H(N6)(A). This tetrad has been observed as crystallographic
contacts between unit cells in the dimeric propeller-like quadruplex structure of the human
telomeric sequence, d(TAGGGTTAGGGT) [1]. Interestingly, these tetrads are not part of the
G-quadruplex core but are formed between loop resides, connecting different quadruplexes
and contributing to stabilize the crystal.

Major groove tetrads involving mismatch base pairs have also been found. G:T:G:T
major groove tetrads (Figure 3E) have been proposed in the structures of some parallel G-
quadruplexes [36] and in the interlocked G-quadruplex structure formed by d(GGGT) and
derived sequences [37]. G:A:G:A tetrads involving G:A mismatches have been exhaustively
explored by DFT methods [38]. These calculations indicate that squared planar G:A:G:A
major groove tetrads are not favored, due to repulsion interactions between lone electron
pairs of nitrogen atoms. However, an almost planar G:A:G:A tetrad with similar nucleobase
orientation has been observed in the solution structure of d(GCGAGGGAGCGAGGG) [39].
This sequence is a variation in the d(GGGAGCG) repeat, found in the regulatory region
of the PLEKHG3 human gene related to autism [40]. This structure is a dimer resulting
from the self-association of two fold-back loops, and stabilized by a number of unusual
elements, such as two G:A:G:A tetrads (Figure 3F) with all their glycosidic angles in anti,
G:G base pairs, and direct minor groove G:C:G:C tetrads (Figure 4A).

2.2.2. Minor Groove Tetrads

The association between the two base pairs forming the tetrad can also occur through
the minor groove side of the two base pairs (the side that would be oriented towards the
minor groove in a canonical duplex, Figure 2). As in the previous case, the resulting minor
groove tetrad can be direct or slipped, depending on the relative position of the two base
pairs involved. G:C:G:C minor groove tetrads were found in the crystallographic struc-
ture of d(GCATGCT) [41,42], and in the solution structures of the cyclic oligonucleotides
d<pTGCTCGCT> [43] and d<pCCGTCCGT> [44] (the notation d<p(sequence)> indicates
cyclic deoxyoligonucleotide). All these structures are dimers stabilized by intermolecular
Watson–Crick base-pairs. In the case of d(GCATGCT) and d<pTGCTCGCT>, the minor
groove tetrads are direct, forming two bifurcated H(N2)(G)-O2(C) hydrogen bonds between
the base pairs (Figure 4A). In contrast, in the structure of d<pCCGTCCGT> the minor
groove tetrads are slipped, forming two H(N2)(G)-N3(G) hydrogen bonds (Figure 4B). No
cation sensitivity between these two types of tetrads has been observed. However, the
order of residues closing the loops seems to be crucial. Thus, in 5′-C-XX-G-3′ turns the
tetrad is direct, and in 5′-G-XX-C-3′ slipped [45].

In most cases, the orientation of two Watson-Crick base pairs forming the tetrads
is opposite to each other. However, in the dimeric structures of d(TGCTTCGT) and
d(TCGTTGCT), and their cyclic analogue d<pCGCTCCGT> [45], the two G:C base pairs
are in the same orientation, giving rise to a C:G:G:C tetrad. In this case, the hydrogen bonds
between base pairs are H(N2)(G)-N3(G) and H(N2)(G)-O2(C) (Figure 4C).
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Figure 4. Schemes of the different minor groove tetrads discussed in the text. Direct (A) and slipped
(B) minor groove G:C:G:C tetrads. (C) Minor groove C:G:G:C tetrad. Direct (D) and slipped (E) minor
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Minor groove tetrads can also involve A:T base pairs, giving rise to A:T:A:T tetrads,
such as in the dimeric structure of d<pCATTCATT> [43,46], or G:C:A:T mixed tetrads,
observed in the dimeric structure of d<pCGCTCATT> [47]. In both cases, only the direct
alignment has been observed (Figure 4G,H). A:T:A:T and G:C:A:T minor groove tetrads are
stabilized by cation coordination, as shown by crystallographic and theoretical studies.

Likewise, minor groove tetrads can involve one or two G:T mismatches. As in the
case of G:C:G:C, the two alignments (direct and slipped) have been observed in G:T:G:T
tetrads [48] (Figure 4D,E). In mixed G:C:G:T tetrads, however, only the slipped alignment
has been reported (Figure 4F) [48,49]. Minor groove tetrads with G:A mismatches (Figure 4I)
have been observed in the dimeric fold-back structure of d(CGTAAGGCGTA) [50]. This
structure is stabilized by minor groove G:C:G:C and G:A:G:A tetrads, both in the slipped
configurations. The glycosidic angle of adenines in this tetrad is in syn.

In addition to the different hydrogen bonds pattern stabilizing the interaction between
the two base pairs, there is a fundamental difference between major and minor groove
tetrads, whereas in major groove tetrads, the two base-pairs are co-planar and in minor
groove tetrads the two base pairs present a relative inclination that ranges from 20◦ to
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40◦, depending on the particular structure. The reason of this effect is not clear. It may
be related to the close proximity between phosphate groups in structures stabilized by
minor groove tetrads. In these cases, a relative inclination between base pairs may alleviate
electrostatic repulsion between phosphates. However, it can also be an intrinsic property of
purine-purine interactions through their minor groove side. The structures of parallel DNA
duplexes stabilized by homopurine base pairs point towards this possibility, since G:G
and A:A base pairs in these duplex structures exhibit a similar inclination [51]. Although
a number of theoretical studies have shown that coplanarity between G:C base pairs is
the most stable configuration in major groove tetrads [52,53], very little is known from a
theoretical point of view about the geometry of minor groove G:C:G:C tetrads.

Table 1. Structures with the different non-G tetrads mentioned in the text with their corresponding
references and their PDB codes, when available.

Type Tetrad Cation PDB

Homo

N1-H(N6) A - 1EVM [13], 1NP9 [28]

N3-H(N6) A Na+ 6A85 [14], 1MDG [26]

N7-H(N6) A -/Na+ 1EVN [13], 1J6S [19]

C4 -/Ba2+/Na+ 1EVO [9], 4U92 [10], 6A85 [14]

T4 -/Na+/K+ 1EMQ [11], 6A85 [14], 4L0A [23], 1S47 [24]

U4 - 1RAU [15], 6GE1 [18], 1J6S [19], 1MDG [26], 1J8G [54],
2AWE [55], 4RKV [56], 4RJ1 [56], 4RNE [56], 4XK0 [57]

I4 K+ 2GRB [21]

Base-
paired

Major
groove

Direct G:C:G:C -/Na+ 1XCE [29], 1A8N [30], 1A6H [31], 3R1E [34],
1JVC [35], 1NYD [58], 6SYK [59], 6SX6 [59]

Slipped G:C:G:C K+ 1A8W [32], 7CV4 [33]

Direct A:T:A:T -/K+ 1K8P [1]

Slipped A:T:A:T -/Na+ 1XCE [29], 1JVC [35]

Direct G:T:G:T - [36,37]

Direct G:A:G:A - 5M1L, 5M2L [39]

Minor
groove

Direct G:C:G:C - 184D [41], 1MF5 [42], 1EU2 [43], 4ZKK [60], 5FHJ [61]

Slipped G:C:G:C -/divalent 6MC2, 6MC3, 6MC4, 6N4G [50], 2HK4 [45]

Slipped C:G:G:C - 2K8Z, 2K90, 2K97 [45]

Direct G:T:G:T - -[48]

Slipped G:T:G:T - 1C11 [62], 2LSX [63], 7O5E [64]

Slipped G:C:G:T - 5OGA [65]

Direct A:T:A:T Na+ 1EU6 [43], 284D [46]

Direct G:C:A:T Na+ 1N96 [47]

Slipped G:A:G:A divalent 6MC2, 6MC3, 6MC4, 6N4G [50]

2.3. Structural Context

The different structural features between major and minor groove tetrads have im-
portant consequences. First, minor grove tetrads are not easily accommodated within
G-tetrads scaffolds. In fact, base-paired tetrads found in the context of G-quadruplex
structures are always of the major groove type. Secondly, minor groove tetrads cannot be
piled up indefinitely due to the mutual inclination between the two base-pairs (between
20–40◦, Figure 5A). No structure with more than two consecutive minor groove tetrads has
been reported. Two is probably the maximum number of minor groove tetrads that can be
assembled together.
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Major groove tetrads are planar and, in their direct configuration, are almost isomor-
phous with G-tetrads, with diagonal C1′C1′ distance between purines almost identical to
G-tetrads, and between pyrimidines around 1 Å shorter. This feature makes direct major
groove tetrads perfectly suitable to be stacked between G-tetrads (Figure 5C) and, in fact,
they are relatively common in G-quadruplex structures [1,16,30–37,39]. In contrast, slipped
major groove tetrads are uncommon and only found in terminal positions [32]. The effect
of the presence of G:C:G:C tetrads on G-quadruplexes recognition has been explored [66].
However, very few cases of ligands interacting with non-G tetrads has been reported to
date [67,68].

On the other hand, minor groove tetrads have always been found in structures in
which no G-tetrad is present. These tetrads appear to induce distinct DNA folding (the
term “bi-loop” has been suggested for this motif) [46]. This motif has been usually found
in homodimers formed by short linear or cyclic oligonucleotides (Figure 5A), in which
dimerization occurs through the formation of two minor groove tetrads with intermolecular
base pairs [41–49,69].

The tetrads are connected by short loops of one to three residues, with two-residue
loops being the most stable [70]. The residues in the first position of the loops stack on
top of the tetrads forming a cap at both ends of the structure. A common feature of all
these structures is the great proximity of the backbones of the two strands in the same
subunit. The very short distances between phosphates provokes unfavorable electrostatic
interactions, which are partially alleviated by hydrophobic contacts between deoxyriboses.

This peculiar feature is common to other non-canonical DNA structure, the
i-motif [71,72]. The i-motif is a four-stranded structure not stabilized by tetrads, but
by intercalation of C:C+ base pairs. These structures are formed by the association of two
parallel-stranded duplexes through hemiprotonated C:C+ base pairs. The two duplexes
are intercalated in opposite orientations. Since the C:C+ base pair requires partial cytosine
protonation, i-motif structures are usually more stable at acidic pH. Interestingly, minor
groove tetrads have been observed as capping elements in several i-motif structures. The
first case reported was that minor grove G:T:G:T tetrad observed in dimeric structures of
centromeric sequences [62]. Then, G:T:G:T [63] and G:C:G:T [65] tetrads were observed in
other dimeric and monomeric i-motifs. In all cases, the tetrads are in the slipped configura-
tion, and provoke a dramatic thermal and pH stabilization of the i-motif structure. This
stabilization is most probably due to the favorable interaction of the charged C:C+ base-pair
with the guanines of the tetrad (Figure 5B). The capability of minor groove tetrads to stabi-
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lize i-motifs may have profound consequences in biology, since consensus sequences based
on these interactions have been found to be prevalent in the human genome, occurring
preferentially near regulatory regions [65].

Although several i-motifs have been found to be stable at a neutral pH, to date, the only
i-motif structures determined at nearly physiological conditions are structures stabilized
by minor groove tetrads. Of particular interest is the structure adopted by oligonucleotides
containing several repeats of the sequence 5′-dCCGTTCCGT-3′. At a neutral pH, these
sequences fold into i-motif structures stabilized by two C:C+ base pairs and two C:G:C:G mi-
nor groove tetrads. This structure is peculiar since it contains neutral and hemiprotonated
cytosines under the same experimental conditions. C:G:C:G tetrads are not stable at acidic
pH, in which conditions cytosines are partially protonated. When lowering the pH from 7
to 5, these oligonucleotides undergo a large conformational transition towards a different
i-motif structure, with four C:C+ base pairs and capped by two G:T:G:T tetrads [73]. This
conformational transition was further used to explore the use of a fluorescent cytosine
analogue tricyclic 1,3-diaza-2-oxophenoxazine (tCO) as an efficient internal probe. Inter-
estingly, the increased stacking interactions between tCO and the guanine residue of the
tetrad, when located in contiguous positions, dramatically enhanced the thermal and pH
stability of the i-motif structures [74].

Very recently, minor groove tetrads have been used to stabilize DNA constructs, in
which i-motif and B-DNA coexist in the same structure, forming i-motif/duplex junc-
tions [64]. These constructs consist of an i-motif moiety capped by a minor groove G:T:G:T
tetrad at one of its ends, and an stem-loop hairpin at the other end of the i-motif. Stabiliza-
tion conferred by the minor groove tetrad is essential to stabilize the structure at neutral
pH, since analogous constructs with sequences unable to form the tetrad are not stable [64].

2.4. Base Paired Tetrads in Higher-Order Structures

In some occasions, major groove G:C:G:C tetrads are found in structures containing
multiple interlocked G-quadruplexes in the regions connecting different units [58,75]. The
ability to interlock multiple G-quadruplexes through these tetrads has been used to build
nanowires [69,76,77]. In the case of sequences containing 5′-GC-3′ in the terminal position,
this assembly of multimeric G-quadruplexes is cation dependent [59]. Similar interlocked
structures stabilized by major groove G:C:G:C tetrads have been also found in RNA G-
quadruplexes [16]. Inclusion of G:C:G:C tetrads in G-quadruplex scaffolds can be also
used for avoiding the inherent polymorphism of these structures when designing DNA
nanoassemblies [78]. Furthermore, the formation of G:C:G:C tetrads has been proposed in
higher order structures formed by multiple GGGGCC repeats found in the sequence of the
C9ORF72 gene [79]. Expansion of these repeats is considered the most important genetic
cause of the Amyotrophic Lateral Sclerosis (ALS).

On the other hand, G:C:G:C tetrads, usually in their minor groove conformation, are
common between symmetry-related molecules in crystallographic structures. On many
occasions, they are formed between terminal G:C base pairs in the crystal structures of
DNA duplexes, contributing to stable crystal packing [80]. Slipped tetrads found in the
context of a crystallographic network are more common between DNA duplexes that
crystallize in B-form [81,82]. In contrast, direct minor groove tetrads are found in A-form
DNA structures. The direct arrangement may be facilitated by the wider minor-groove
characteristic of A-form double helices [83]. Although not so common, these interactions
do not involve terminal residues. This is the case of the DNA-RNA chimeric duplex
of sequence d(CCGGC)r(G)d(CCGG). Interestingly, direct minor grove G:C:G:C tetrads
connecting different duplexes involve the single 2′-hydroxyl group per strand. This result
indicates that minor groove tetrads can be formed with at least one of the four nucleotides
being ribo-. However, studies on the association between cyclic and linear oligonucleotides
suggest that minor groove tetrads containing ribonucleotides are much less stable than
those formed by four dexoyribonucleotides [49].
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Minor groove G:C:G:C tetrads have also been found involving terminal G and C
residues that do not form base-pairs with their own duplex but with symmetry related
ones, forming junction-like quadruplexes. Such structures have been found in pure DNA
crystals and in several bisintercalative complexes involving acridine derivatives. In these
complexes, the acridine derivatives do not intercalate in the usual way, but interact with
the terminal nucleotides of four DNA duplexes forming a large intercalation platform
between two G:C:G:C tetrads [84–88]. The structures of these complexes have attracted
significant interest because some of the intercalating drugs involved in them are potent
topoisomerase inhibitors. Interestingly, in most cases, these structures have been found in
crystals containing Co2+ ions. Such counterions might be relevant to increase the stability
of minor groove tetrads, since cobalt hexamine residues have also been found to stabilize
the crystal lattice in one of the crystallographic structures of the dimeric linear heptamer
d(GCATGCT) [41,42,60,61].

Base-paired tetrads have also been observed in ordered nanostructures based on G:C
pairing. High resolution scanning tunnelling microscopy studies in adlayers formed by
coadsorption of guanine and cytosine at Au(111) [89], and at graphite surfaces [90] have
revealed the formation of well-ordered periodic structures based on G:C:G:C tetrads in the
solid/liquid interface. Such structures are formed by alternate arrangements of G:C base
pairs though their major and minor groove sides. Similar supramolecular nanopatterns
based on A:T:A:T have also been reported [90]. More recently, base paired C:G:G:C, G:C:G:C
and A:U:A:U tetrads have been used as building blocks for the formation of 2D-nanoporous
networks [91]. Finally, G-quartets and other homotetrads have been also found in template-
assembled synthetic supramolecular structures [92–94].

3. Conclusions

In summary, the number of arrangements of four nucleobases found in experimental
structures amply exceeds the canonical G-tetrads. In this review we have classified these
non-guanine tetrads in two main groups: homotetrads, formed by the arrangement of
identical nucleobase, and base-paired tetrads, formed by the association of two base pairs
(G:C, A:T or mismatches). Most of the tetrads in the second group can be classified in major
groove or minor groove tetrads, depending on the side of the two base pairs interacting
with each other. The structural contexts in which these tetrads occur is conditioned by their
specific geometry. Thus, whereas homo- and major groove tetrads are mainly formed in the
context of G-quadruplex structures, minor groove tetrads occur in i-motifs and, in peculiar,
fold-back DNA structures. Interestingly, non-canonical tetrads are involved in different
DNA-DNA recognition events, such as loop-loop association, formation of G-quadruplex
assemblies, or DNA duplex packing. These tetrad-mediated interactions may be involved
in biological processes and may have useful applications in DNA nanotechnology.
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Abstract: The enzyme PARP1 is an attractive target for cancer therapy, as it is involved in DNA
repair processes. Several PARP1 inhibitors have been approved for clinical treatments. However, the
rapid outbreak of resistance is seriously threatening the efficacy of these compounds, and alternative
strategies are required to selectively regulate PARP1 activity. A noncanonical G-quadruplex-forming
sequence within the PARP1 promoter was recently identified. In this study, we explore the interaction
of known G-quadruplex binders with the G-quadruplex structure found in the PARP gene promoter
region. The results obtained by NMR, CD, and fluorescence titration, also confirmed by molecular
modeling studies, demonstrate a variety of different binding modes with small stabilization of the
G-quadruplex sequence located at the PARP1 promoter. Surprisingly, only pyridostatin produces a
strong stabilization of the G-quadruplex-forming sequence. This evidence makes the identification of
a proper (3+1) stabilizing ligand a challenging goal for further investigation.

Keywords: G-quadruplex; PARP1 promoter; stabilizing ligand; NMR; circular dichroism; fluores-
cence; molecular modeling

1. Introduction

Poly (ADP-ribose) polymerase-1 (PARP1) is a nuclear enzyme involved in DNA repair
processes [1,2]. The enzyme repairs breaks in single-strand DNA through a base excision
repair pathway. Additionally, PARP1 is implicated in other cellular processes, such as
transcriptional regulation, chromatin remodeling, cell signaling and cell death [3,4].

PARP1 inhibition causes the so-called “synthetic lethality” in tumor cells with defective
homologous recombination pathways and sensitizes the tumor cells to DNA-damaging
chemotherapies, including multiple chemotherapy or radiotherapy approaches, which
remain the backbone of treatment for most cancer patients [5]. Consequently, PARP1
has emerged as an attractive target for cancer therapy. Several PARP1 inhibitors have
been successfully developed, including Olaparib, Veliparib, Rucaparib, Talazoparib and
Niraparib [6,7].
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However, the emergence of resistance to the PARP1 inhibitors, mediated by multiple
molecular mechanisms, has generated the need for alternative approaches to interfere with
PARP1 activity.

In this context, an unexplored and promising approach could be related to a tran-
scriptional repression of the enzyme. Recently, Chambers et al. investigated the promoter
region of the PARP1 gene and identified noncanonical G-quadruplex-forming sequences
by genome-mapping experiments [8].

G-quadruplexes are four-stranded structures formed by G-rich nucleic acids com-
prising a stack of multiple guanine(G)-tetrads [9]. A wide variety of G-quadruplexes
were elucidated. These structures were extensively associated with cancer, playing an
important role in telomere maintenance and in controlling the expression of several onco-
genes and tumor suppressors [10,11]. For these reasons, the ligand-mediated structure
modulation of G4-DNA in gene promoter regions may represent an approach to control
deleterious gene expression. Both the DNA and RNA G-quadruplex structures are being
extensively investigated as potential therapeutic targets for small-molecule G-quadruplexes
binders [12].

Notably, the topology and loop conformation of the G4-DNA structures are known to
be highly polymorphic, with the folding conditions and the nature of the loop sequences
determining the overall topology. Small molecules end-stacking with G4-DNA include
planar aromatic surfaces that mimic the large planar surface of the G-quadruplex. As
end-stacking only requires a G-tetrad (i.e., a planar aromatic surface) to stack with, the
binding of these molecules may not require a specific G4-DNA topology, and thus may lack
discrimination among the various G4-DNA conformations. Alternatively, the groove and
loop regions of G4-DNA differ from the canonical DNA duplex, and even among the G4-
DNA structures; thus, may provide a better approach for structural selectivity in binding.
Recent reviews have suggested that the most thermally stabilizing and selective G4-DNA
ligands often have the combined features of end-stacking and groove/loop binding [12].
Specifically, these include fused aromatic polycyclic and macrocyclic ligands, with electron
withdrawing atoms/groups that can be fixed in a planar conformation for effective G-
tetrad stacking, and with basic side chains targeting loops and grooves for better selective
G4-DNA binding and stabilization [13]. A significant example is pyridostatin (Figure 1),
a G4-selective stabilizing ligand, designed as a flexible molecule, yet able to adopt a flat
conformation such that it can participate in π–π interactions with the G-tetrad. At. the same
time, the molecule establishes electrostatic interactions through the amino groups that are
present on the side chains. Pyridostatin alters the transcription and replication of specific
human genomic loci containing high G-quadruplex clustering within the coding region,
which encompasses telomeres and selected genes, such as the proto-oncogene SRC [14].
The molecule is an excellent G-quadruplex DNA binder with high thermal stabilization
(∆Tm > 30 ◦C). Its interaction with an exposed planar G-quartet rather than loop sequences
in solutions suggests that it might recognize a very broad spectrum of G4 structures in a
living cell and interact with them [15].

RHPS4 (Figure 1) is another promising and potent G-quadruplex stabilizing ligand.
The compound is a water-soluble polycyclic fluorinated acridinium cation, which carries
a net positive charge in its small acridinium ring [16]. These features enhance its affinity
to G-quadruplex and its ability to penetrate heavy tumor masses [17,18]. RHPS4 forms
stacking interactions by binding with high affinity to the G-quadruplex at the terminal
G-tetrads, with selectivity over duplex DNA [19,20]. The treatment of various cancer
cell lines and tumor xenografts revealed that RHPS4 is a potent telomerase inhibitor at
sub-micromolar concentrations [21]. Additionally, it causes irreversible proliferation arrest
after long-term culture at non-cytotoxic concentrations, and exhibits antitumoral activity
in vivo [22].
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Figure 1. Structures of selected G-quadruplex binders. 

RHPS4 (Figure 1) is another promising and potent G-quadruplex stabilizing ligand. 
The compound is a water-soluble polycyclic fluorinated acridinium cation, which carries 
a net positive charge in its small acridinium ring [16]. These features enhance its affinity 
to G-quadruplex and its ability to penetrate heavy tumor masses [17,18]. RHPS4 forms 
stacking interactions by binding with high affinity to the G-quadruplex at the terminal G-
tetrads, with selectivity over duplex DNA [19,20]. The treatment of various cancer cell 
lines and tumor xenografts revealed that RHPS4 is a potent telomerase inhibitor at sub-
micromolar concentrations [21]. Additionally, it causes irreversible proliferation arrest af-
ter long-term culture at non-cytotoxic concentrations, and exhibits antitumoral activity in 
vivo [22]. 

Curaxin CBL0137 (Figure 1) belongs to a class of substituted carbazoles exerting an-
ticancer activity by complex and diverse mechanisms. Recent findings have claimed the 
involvement of DNA binding in the curaxin antitumor activity [23,24]. The NMR studies 
by our group evidenced a significant binding of curaxin with the single repeat sequence 
of human telomeres (TTAGGGT)4 and with Pu22T14T23, a model of the c-myc promoter 
Pu22 sequence [25]. Investigations of BMH21, BA41 and CX-5461 (Figure 1), [26] provided 
evidence that these compounds are also effective binders of the human telomeric and on-
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Figure 1. Structures of selected G-quadruplex binders.

Curaxin CBL0137 (Figure 1) belongs to a class of substituted carbazoles exerting
anticancer activity by complex and diverse mechanisms. Recent findings have claimed the
involvement of DNA binding in the curaxin antitumor activity [23,24]. The NMR studies
by our group evidenced a significant binding of curaxin with the single repeat sequence
of human telomeres (TTAGGGT)4 and with Pu22T14T23, a model of the c-myc promoter
Pu22 sequence [25]. Investigations of BMH21, BA41 and CX-5461 (Figure 1), [26] provided
evidence that these compounds are also effective binders of the human telomeric and
oncogene promoter G-quadruplexes, such as c-MYC and c-KYT.

Considering all of the above reported results, we were intrigued by the challenge to
explore PARP1 modulation via G-quadruplex DNA targeting. In a recent paper, Sengar
and coworkers [27] analyzed, by NMR spectroscopy, the G-quadruplex structure formed by
a 23-nucleotide G-rich sequence (TGGGGGCCGAGGCGGGGCTTGGG (termed as TP3)),
and located 125 nucleotides (nts) upstream of the transcription start site (TSS) in the PARP1
promoter. The study revealed a three-layered intramolecular (3 + 1) hybrid G-quadruplex-
folding topology, in which three strands are oriented in one direction and the fourth in the
opposite direction. It should be noted that this structure exhibits unique structural features,
such as an adenine bulge and a GGT base triple capping structure taking place between
the central edgewise loop, propeller loop, and a flanking 5′-end. This finding offered an
attractive opportunity to target the PARP1 promoter with specificity. Thus, we investigated
its interaction with the above reported G-quadruplex binders (curaxin, CX-5461, BMH21,
BA41, RHPS4 and pyridostatin), characterized by a strong structural diversity, with the aim
of defining the key molecular features for an effective binding.

2. Results and Discussion

To investigate the nature of the interaction of the curaxin, CX-5461, BMH21, BA41,
RHPS4 and pyridostatin with the G-quadruplex (3+1) hybrid topology in the PARP1
promoter, a combination of CD, NMR and molecular modeling studies were used.

To this aim, the oligonucleotide (TP3-T6), which contains a G-to-T substitution at
position 6, resulting in a high-quality NMR spectrum very similar to the spectrum of
TP3, was employed (Figure 2). The modified oligomer shows the formation of the same
G-quadruplex-folded structure; however, having an improved temporal stability upon
exposure to room temperature [27]. As reported by Sengar et al. [27], the presence of 11
well-resolved distinct peaks in the characteristic region of 1H NMR spectra between 10.5
and 12.5 ppm, derived from the Hoogsteen base pairs typical of G-quadruplex folding
(corresponding to 12 guanines of three G-tetrad, NH of G21 and G22 being overlapped),
indicate an intramolecular (3 + 1) hybrid G-quadruplex scaffold. The information concern-
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ing the mode of binding of the ligands can be obtained by analyzing the sharpening of the
imino proton signals and their chemical shift variations.
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Figure 2. Schematic representation of TP3-T6 oligomer G-quadruplex. Adenine in red, Cytosine in
yellow, Guanine in green and Thymine in blue.

The 1H NMR titration experiments were performed tracking the guanine imino pro-
tons of TP3-T6, by adding increasing amounts of the ligand to the oligonucleotide solution.
Differences in the ligand binding mode were observed for the considered compounds.

The titration of TP3-T6 with the curaxin displayed the broadening of the selected 1H
imino proton signals, even at low ratio (R = (curaxin)/(TP3-T6) = 0.5). Specifically, the
residues belonging to the 3′-end tetrad of the G-quadruplex G5, G9, G17 and G23 essentially
disappeared at R = 1.0 (Figure 3). This behavior suggested that the curaxin mainly interacts
with the 3′-end tetrad.
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Figure 3. Imino proton region of the 1D NMR titration spectra of TP3-T6 with curaxin (Left), recorded
at 25 ◦C and different R = (drug)/(DNA) ratios. The side (Center) and 3′-end (Right) views of the
TP3-T6/curaxin complex obtained by Molecular Docking were created by using the Chimera-X
software. In the side (Center) view, nucleotides are shown in sticks to reveal atoms and bonds, while
in the 3’-end (Right) view the nucleotides are shown as slabs and filled sugars: Adenine in red,
Cytosine in yellow, Guanine in green and Thymine in blue. The curaxin molecule is rendered in
sticks and colored according to the atoms.

Adding the curaxin in excess (R > 1.50), a more significant broadening involved nearly
all of the 1H imino proton signals. This indicates an exchange process in the intermediate
regime on the NMR time scale between free and bound state, suggesting the formation of
different species in solution. The disappearance of some of the imino proton signals can be
explained by the loss of the hydrogen bonding, resulting in a solvent exchange. The NMR
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behavior demonstrated that the curaxin binds at a ratio R = 1.0, to the most accessible 3′-end
tetrad of TP3-T6. Conversely, at higher ratios (R > 1.0) non-specific external interactions
occur between the ligand and the oligonucleotide.

The results of the molecular docking studies confirmed the preferential interaction
of the curaxin with the 3′-end tetrad (see Figure 3). The side chain is oriented towards
the groove, with which it interacts mainly through a strong H-bond between the nitrogen
and G17N3. On the other hand, the curaxin polycyclic system interacts with the G23 ring
through a π–π stacking interaction, and with G23OP2 through an anion–π interaction.
Despite this, the molecule fails to interact effectively with the G5-G9-G17-G23 tetrad,
probably due to the steric hindrance exerted by C7 and C8.

The interaction of TP3-T6 with the curaxin was studied by molecular fluorescence
spectroscopy to calculate the binding constant. The addition of TP3-T6 to a curaxin solution
induced a decreased fluorescence signal intensity in the curaxin. The inverse titration of
TP3-T6 with the curaxin was also performed (Supplementary Materials). In this case, an
opposite effect was observed with an increased fluorescence signal with the addition of the
ligand. An estimation of the stoichiometry and the binding constant (Kb) was calculated by
the EQUISPEC program, starting from the multivariate analysis of the whole fluorescence
spectra obtained during both of the titrations [28]. For the direct titration, the Kb value
obtained by fitting with 1:1 model, was 6.72 ± 0.20 105 M−1 (Figure 4). For the inverse
titration, a second binding site with Kb equal to 5.63 ± 1.25 105 M−1 was determined. All
together, these values indicated a mild interaction of the curaxin with the TP3-T6.
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Figure 4. (a) Fluorescence spectra recorded along the titration of curaxin with TP3-T6; (b) Experi-
mental (red symbols) and calculated (green line) fluorescence intensity at 450 nm for the titration of
curaxin at different concentrations of TP3-T6. Conditions: 20 mM phosphate buffer (pH 7.1), 70 mM
KCl of 3 µM curaxin and increasing amounts of 69 µM of TP3-T6. Excitation wavelength 334 nm.

CD-monitored melting experiments were used to investigate the potential stabilization
of the G-quadruplex structure adopted by TP3-T6 treated with the curaxin (1:3 mixture)
(Figure 5). The CD spectrum of TP3-T6 at 10 ◦C showed positive signals at 265 and 285 nm,
which could be related to a hybrid parallel/antiparallel structure. Upon the addition
of the curaxin, a small decrease in the intensity of the band at 285 nm was observed
(Supplementary Materials). From the CD traces at 265 nm measured along the melting,
the fraction of folded DNA was calculated, assuming a one-step process. This assumption
was checked by means of multivariate analysis of the whole data set, as shown in the
Supplementary Materials [29,30]. From the data in Figure 5b, it was deduced that the Tm
values were 58.5 ± 0.8 and 56.7 ± 0.9 for TP3-T6, and for the 1:3 DNA/ligand mixture,
respectively. Overall, these experiments showed small changes in the presence of the ligand,
in agreement with the relatively low values of the binding constants previously determined.
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Figure 5. (a) Selected CD spectra recorded along the melting of the TP3-T6/curaxin 1:3 mixture. The
whole data set is given in Supplementary Materials; (b) Fraction of folded DNA vs. temperature
calculated from the melting of TP3-T6 and of the TP3-T6/curaxin 1:3 mixture at 265 nm. DNA and
ligand concentration were 2 and 6 µM, respectively, 20 mM phosphate buffer (pH 7.1), 70 mM KCl.

All of the results did not evidence any significant stabilization of the G-quadruplex
folding by the curaxin, in agreement with the external binding suggested by the NMR
experiments and molecular modeling.

Similar results were found upon addition of 0.25 molar equivalent of CX-5461 to
the G-quadruplex solution. A decrease in the intensity and/or a disappearance of the
selected signals, such as G17, G9, G23, all belonging to the same tetrad, were observed
(Figure 6). As in the previous case, at ratio R = [CX-5461]/[DNA] > 1.0, the profile of the
G-quadruplex imino protons appeared altered, with a general signal broadening effect.
The continuous titration to R = 2.0 stoichiometry accentuated the broadening of the imino
proton resonances. The effects observed in this region suggested that the interaction of
CX-5461 is with the 3′end G-tetrad (G17-G9-G23-G5).
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BMH21 and BA41 displayed a very similar NMR behavior. Even at a low R ratio (0.5), 
all of the 1H imino proton signals showed a significant generalized line broadening upon 
titration with both of the ligands, but the most affected were G5 and G23, which belong 
to the 3′-end tetrad (Figures 7 and 8). For R > 1.0 an increased broadening was observed, 
likely due to an intermediate exchange regime between the free and the bound states. 

Figure 6. Imino proton region of 1D NMR titration spectra of TP3-T6 with CX-5461 at 25 ◦C at
different R = (drug)/(DNA) ratios (Left). The complex between TP3-T6 and CX-5461 was obtained
by molecular docking and the side (Center) and 3′-end (Right) views were created by using the
ChimeraX software., nucleotides are shown in sticks to reveal atoms and bonds, the nucleotides in
the side (Center) view are rendered in stick while in the 3’-end (Right) view they are shown as slabs
and filled sugars. Adenine residues are colored in red, Cytosine in yellow, Guanine in green and
Thymine in blue. In both views the ligand is represented as sticks and colored according to the atoms.

The complex obtained by the molecular docking between CX-5461 and the G-quadruplex
confirmed the preferential interaction of the ligand with the 3′-end tetrad, as shown in Figure 6.
The side chain containing the homo-piperazine ring is arranged along the groove, while the rest
of the molecule lies below the G5-G9-G17-G23 tetrad. In particular, the [1,3] benzothiazolo [3,2-
a]quinolin-5-one ring is quite coplanar with the 3′-end tetrad. In this orientation, the molecule
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establishes a network of π–π stackings with G23, as well as an anion–π interaction with the
G23OP2 atom.

BMH21 and BA41 displayed a very similar NMR behavior. Even at a low R ratio (0.5),
all of the 1H imino proton signals showed a significant generalized line broadening upon
titration with both of the ligands, but the most affected were G5 and G23, which belong
to the 3′-end tetrad (Figures 7 and 8). For R > 1.0 an increased broadening was observed,
likely due to an intermediate exchange regime between the free and the bound states.
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Figure 7. Imino proton region of 1D NMR titration spectra of TP3-T6 with BMH21 at 25 ◦C at different
R = (drug)/(DNA) ratios.

Figure 8. Imino proton region of 1D NMR titration spectra of TP3-T6 with BA41 at 25 ◦C at different
R = (drug)/(DNA) ratios.

These findings suggested that BMH21 and BA41 at a low ratio mainly interact with the
3′-terminal end tetrad. As in the case of the curaxin, CD-monitored titrations and melting
experiments did not show any stabilization of the DNA structure upon addition of BA41
(Figure S5, Supplementary Materials).
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The complexes obtained by molecular docking of BMH21 and BA41 with TP3-T6 are
depicted in Figure 9. The cyclic systems of BMH21 and BA41 are too bulky to allow the
two molecules to fit under the 3’-end tetrad. As a result, although both of the molecules
exhibit multiple interactions with the nucleotide atoms located on the groove surface, they
are unable to properly stack with the planar portion of the G5-G9-G17-G23 tetrad.
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and G21, all belonging to the 5′-terminal end tetrad, became very broad, until they almost 
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again at R = 2.0 (Figure 10). A molecular docking investigation did not allow to obtain an 
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Figure 9. Side (Left) and 3′-end (Right) views of the complexes predicted by molecular docking of the
TP3-T6 target with BMH21 and BA41. In the graphical representations, nucleotides in the side views
are rendered in stick while those in the 3′-end views are rendered as slabs and filled sugars. Adenine
residues are colored in red, Cytosine in yellow, Guanine in green and Thymine in blue. The ligands
are always represented as sticks and colored according to the atoms. Both graphical representations
were created with the ChimeraX software.

Concerning the titration experiments with RHPS4, we observed the broadening of
selected 1H imino proton signals at a very low ratio (R = 0.25). In particular G3, G12, G15
and G21, all belonging to the 5′-terminal end tetrad, became very broad, until they almost
completely disappeared at R = 1.0. However, not very well-defined signals were detected
again at R = 2.0 (Figure 10). A molecular docking investigation did not allow to obtain an
unambiguous model of interaction of RHPS4 with the oligonucleotide.
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Figure 10. Imino proton region of 1D NMR titration spectra of TP3-T6 with RHPS4 at 25 ◦C at
different R = (drug)/(DNA) ratios.

Upon titrating pyridostatin, minor changes were observed in the 1H imino protons
region of NMR spectra (Figure 11). In addition, a CD-monitored melting experiment was
carried out (Figure S6, Supplementary Materials). In the presence of the pyridostatin,
the intensity of the CD band at 290 nm was dramatically reduced, whereas the parallel
contribution remained. Upon heating, a clear stabilization of the G-quadruplex structure
was observed because of the presence of the ligand, being the ∆Tm > 30 ◦C. These observa-
tions indicate a strong stabilization of the parallel contribution, as opposed to the scarce
interaction with the antiparallel contribution, as already described by other authors [31].
Overall, the results highlight the importance of integrating orthogonal experimental ap-
proaches (e.g., NMR studies to point out the ligand binding mode and CD spectroscopy to
describe the thermal denaturation transition, which relates the different stabilization of the
folded and unfolded forms of a sequence), to define the interaction of small molecules with
G4-forming sequences [32].

The obtained findings demonstrated that the G-quadruplex structure located at the
PARP1 promoter has a peculiar structure, which makes the identification of a proper 3 + 1
stabilizing ligand a challenging goal for further investigation. The results of the molecular
modeling studies gave important information, clearly showing the impossibility for most
of the ligands to give effective π–π stacking interactions with the tetrad at the 5’-end. The
steric hindrance deriving from the presence of G2 and G14 (as also reported by Sengar [27])
prevented ligands from effectively interacting with the G3-G12-G15-G21 tetrad. On the
other side, the bases C7 and C8 only partially prevented the π–π stacking interactions with
tetrad at 3 ‘-end. A summary of the interactions in the complexes between the ligands and
TP3-T6 is shown in Table 1.
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Table 1. Table summarizing the main interactions observed in the TP3-T6/Ligands complexes as
obtained by molecular modeling. The table shows the nucleotides involved in the interactions
together with the type of interactions.

Ligands TP3-T6 3′-End Tetrad TP3-T6 Groove

G4 G17 G23 G3 G4 G17 C18 G21 G22 G23

Curaxin - - PP, AP - - HB - - - -

CX-5461 - - PP, AP - - - - - - -

BMX21 AP - HB SB - - - - - HB

BA41 - - HB, PP HB, AC AC - - - - -

RPHS4 - - - - - - - - AC, AP -

Pyridostatin - HB PP - - - HB, AP SB AP -

Interaction Types: HB (Hydrogen Bond), AC (Attractive Charge), SB (Salt Bridge), AP (Anion-π), PP (π-π).

The NMR spectra of the curaxin complex suggested an interaction, for R = 1.0, with
a specific G-tetrad residue belonging to the 3′-end. At a higher ratio, the NMR spectra
provided the evidence for a groove mode of binding, which produced a degree of structural
perturbation. This resulted in a destabilization of the G-quadruplex, as proved by the
decease of Tm of the complex with curaxin. More interestingly, from our experiments
it emerged that only the pyridostatin caused a stabilization of the PARP G-quadruplex
structure. Pyridostatin is considered as an excellent G-quadruplex binder, mainly for
its ability to adopt a flat but flexible conformation, prone to adapt to the dynamic and
polymorphic nature of diverse G-quadruplex structures and for the presence of free nitrogen
lone pairs [33] The evidence that only this compound was able to stabilize the PARP1
G-quadruplex confirms our previous findings about the peculiar characteristics of this
structure [34], evidencing that the dimension and geometry of the ligand play a crucial role
for an effective interaction. Significantly, BMH21 and BA41, which maintain a flat however
small aromatic system, and an amino group in a proper position, were even able to disrupt
the G-quadruplex tetrads, weakening the hydrogen bonds between the G-quartets.
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3. Materials and Methods

Ligands. The compounds BMH21 and BA41 were synthesized as previously de-
scribed [35]. Curaxin (CBL 0137) was purchased from Carbosynth Limited, Compton,
UK. The corresponding hydrochloride was prepared by treatment with 4M HCl in dioxane.

Compound CX-5461 was purchased from ChemScene LLC, Monmouth Junction, NJ,
USA. The corresponding hydrochloride was prepared by treatment with HCl in methanol.
Pyridostatin and RPHS4 were kindly provided by Dr. Giovanni Beretta, Fondazione IRCCS
Istituto Nazionale Tumori, Milan, Italy

Oligonucleotides. The synthesis of the oligonucleotides was performed by the ICTS
NANBIOSIS Oligonucleotide Synthesis Platform. Unit 29. (CIBER-BBN).

NMR. The oligonucleotide was synthesized in 1 µmol scale on an Applied Biosystems
DNA/RNA 3400 synthesizer by solid-phase 2-cyanoethylphosphoroamidite chemistry. The
product obtained after the synthesis was passed through a cation exchange, Dowex 50WX2
resin, to exchange the counter ion to sodium form and then desalted with a Sephadex
(NAP-10) G25 column.

The NMR spectra were recorded on a Bruker AV600 spectrometer operating at a frequency of
600.10 MHz for 1H nucleus at 25 ◦C. The TP3-T6, 5′ –d(TGGGGTCCGAGGCGGGGCTTGGG) -3′

at 0.24–0.48 mM in G-quadruplex concentration range was prepared in 20 mM KH2PO4, 70 mM
KCl, 90% H2O, pH = 7.0. The samples were heated to 85 ◦C for 1 min and then cooled at room
temperature overnight. The G-quadruplex TP3-T6, 5′-d(TGGGGTCCGAGGCGGGGCTTGGG)-3′

signals were previously assigned [27]. To the TP3-T6 solution, aliquots of ligands stock solutions
in DMSO-d6 (16–17 mM) were gradually added until R = (ligand)/(DNA) = 2.0. and 1H NMR
spectra were recorded.

CD and Fluorescence. The CD spectra were recorded on a Jasco J-810 spectropolarimeter
equipped with a Peltier temperature control unit (Seelbach, Germany). The DNA solution
of TP3-T6 was transferred to a covered cell and ellipticity was recorded with a heating rate
of approximately 0.4 ◦C·min−1. Simultaneously, the CD spectra were recorded every 5 ◦C
from 220 to 310 nm. The spectrum of the buffer was subtracted. Each sample was allowed
to equilibrate at the initial temperature for 30 min before the melting experiment began. In
all of the experiments, the concentration of DNA was kept constant (2 µM) whereas the
concentration of the considered ligands was increased. The medium consisted of 20 mM
phosphate buffer (pH 7.1), 70 mM KCl [27].

The molecular fluorescence spectra were measured with a JASCO FP-6200 spectrofluo-
rometer. The temperature was controlled at 20 ◦C, using a water bath. The fluorescence
spectra were monitored using a quartz cuvette with a 10-mm path length, with the ex-
citation and emission slits set at 10 nm, and the scan speed at 250 nm/min. The buffer
consisted of 20 mM phosphate buffer (pH 7.1) and 70 mM KCl. In all of the experiments,
the concentration of the ligands was 3 µM, whereas the concentration of TP3-T6 at 69 µM
sequence was increased.

The determination of the ratio ligand: DNA and the calculation of the binding con-
stants was completed from the fluorescence data recorded along the titrations of ligands
with DNAs by using the EQUISPEC program [28]. This program, which is based on the
multivariate analysis of the set of spectra measured along a titration, relies on the fulfillment
of the law of mass action.

The CD spectra recorded alongside the melting experiments were analyzed by means
of the Multivariate Curve Resolution, based on the Alternating Least Squares procedure
(MCR-ALS). This is a soft-modeling multivariate data analysis method that is not based
on the fulfilment of any physico-chemical model (studies on the interactions of Ag(I) with
DNA and their implication on the DNA-templated synthesis of silver nanoclusters and on
the interaction with complementary DNA and RNA sequences [30]).

Molecular modeling studies. The first model of the NMR ensemble deposited in the
Protein Data Bank (PDB accession code: 6AC7 [27]) was used to obtain the starting TP3-T6
3D-structure.
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The molecular docking calculations for each of the six ligands was performed by
AutoDock 4.2, [36,37] using the Lamarckian Genetic Algorithm in combination with a grid-
based energy evaluation method to calculate grid maps, in a 80 Å × 80 Å× 80 Å box with a
spacing of 0.01 Å. The AutoDock Toolkit (ADT) [38] was used to add the Gasteiger–Marsili
charges [39] to the ligands, and the phosphorus atoms in the DNA were parameterized,
using the Cornell parameters. The Addsol utility of AutoDock was used to add the
solvation parameters to the system. The initial population for each molecule consisted of
100 randomly placed individuals, a maximum number of 250 energy evaluations and an
elitism value of 1, a mutation rate of 0.02 and a crossover rate of 0.80. The local search was
conducted applying the so-called pseudo-Solis and Wets algorithm with a maximum of
250 iterations per local search and 250 independent docking runs. The docking results were
scored by using an in-house version of the simpler intermolecular energy function, based
on the Weiner force field, and the lowest energy conformations (differing by less than 1.0Å
in positional root-mean-square deviation (rmsd)) were collected.

The resulting complexes were placed at the center of a box (boundaries at 2.0 nm
apart from all atoms) and solvated with TIP3P water molecules. Amber ff99 force field [40]
with bsc1 corrections [41] was used to describe the TP3-T6 G-Quadruples. To remove the
bad contacts, 1000 minimization steps were performed on the initial systems, followed
by a heating ramp of short (100 ps) consecutive simulations. The production simulations
consisted of 5 ns of Langevin [42,43] Molecular Dynamics (MD) NPT equilibration at 298 K
and 1 atm, as implemented in NAMD [44]. During this step, all of the bonds to hydrogen
atoms were constrained using the SHAKE [45] algorithm. The water molecules were kept
rigid with SETTLE [46], allowing an integration time step of 0.002 ps. The electrostatic
interactions were calculated using the Particle Mesh Ewald (PME) [47,48] method (Coulomb
cut-off radius of 1.2 nm). A Berendsen thermostat (coupling time of 0.1ps) was applied to
the systems [49].

The molecular graphics and analyses performed with UCSF ChimeraX, developed
by the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco, CA, USA, with support from the National Institutes of Health
R01-GM129325 and the Office of Cyber Infrastructure and Computational Biology, National
Institute of Allergy and Infectious Diseases [50].

4. Conclusions

The enzyme PARP1 emerged as an attractive target for cancer therapy, being involved
in DNA repair processes. The use of PARP1 inhibitors, which have been recently developed
and approved for clinical treatments, is threatened by the rapid insurgence of resistance.
Recent experiments have identified a noncanonical G-quadruplex-forming sequence within
the PARP1 promoter, opening a new avenue of investigation. We were particularly intrigued
by the possibility of identifying compounds acting as PARP inhibitors by an alternative
approach, e.g., via G-quadruplex DNA targeting.

One major task for the design of DNA ligands is not only the discrimination of the G-
quadruplex vs. other DNA structures such as double or triple helix, but also the selectivity
for a unique quadruplex topology. Considering that no PARP promoter modulator has
been identified so far, we investigated the interaction of known G-quadruplex binders with
the G-quadruplex-forming sequence within the PARP1 promoter.

The results obtained by NMR, CD and fluorescence titration emphasized that the
structural requirements for the interaction are quite strict. In fact, compounds that strongly
stabilize G-quadruplex structures had only a low affinity to the PARP1 promoter. The
molecular modeling studies suggested the impossibility for most of the compounds to
favorably interact with the 3′-end tetrad of this particular G-quadruplex structure. The
position of the cytosine residues, C7 and C8, prevented an optimal interaction with G5 and
G6, and partially also with G17. The ligands were therefore forced to interact mainly with
the phosphate groups located on the surface of the groove. CX-5461 was capable of inter-
acting promisingly with the G5-G9-G17-G23 tetrad. The shape of the [1,3]benzothiazolo
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[3,2-a]quinolin-5-one ring permitted CX-5461 to fit into the pocket delimited by C7 and
C8, allowing it to effectively overlap with the planar portion of G23 and originating a
dense network of π–π stacking interactions. Pyridostatin, endowed with a flat but flexible
conformation, gave a strong stabilization of the parallel contribution, as opposed to the
scarce interaction with the antiparallel contribution.

The investigated molecules can serve as molecular tools toward the identification of
reliable selective PARP G-quadruplex modulators, which could serve as an alternative
therapeutic approach for the regulation of PARP1 activity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27154792/s1, Figure S1: (a) Fluorescence spectra recorded
along the inverse titration of TP3-T6 with curaxin. (b) Experimental (red symbols) and fitted (green
line) fluorescence intensities at 450 nm for the titration of TP3-T6 at different concentration of curaxin;
Figure S2: Complete set of CD spectra recorded along the melting of TP3-T6 (a) and of the TP3-
T6:curaxin (1:3) mixture (b); Figure S3: Results of the analysis by means of MCR-ALS of the complete
set of CD spectra recorded along the melting of TP3-T6; Figure S4: CD spectra measured along the
titration of TP3-T6 with BA41. Figure S5: Melting experiments with BMH-21 and BA41; Figure S6:
CD-monitored titration with PDS.
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Abstract: An improved protocol for the transformation of ribonucleosides into 2′,3′-dideoxynucleoside
and 2′,3′-didehydro-2′,3′-dideoxynucleoside derivatives, including the anti-HIV drugs stavudine
(d4T), zalcitabine (ddC) and didanosine (ddI), was established. The process involves radical de-
oxygenation of xanthate using environmentally friendly and low-cost reagents. Bromoethane
or 3-bromopropanenitrile was the alkylating agent of choice to prepare the ribonucleoside 2′,3′-
bisxanthates. In the subsequent radical deoxygenation reaction, tris(trimethylsilyl)silane and 1,1′-
azobis(cyclohexanecarbonitrile) were used to replace hazardous Bu3SnH and AIBN, respectively. In
addition, TBAF was substituted for camphorsulfonic acid in the deprotection step of the 5′-O-silyl
ether group, and an enzyme (adenosine deaminase) was used to transform 2′,3′-dideoxyadenosine
into 2′,3′-dideoxyinosine (ddI) in excellent yield.

Keywords: 2′,3′-dideoxynucleosides; 2′,3′-didehydro-2′,3′-dideoxynucleosides; synthesis; zalcitabine
(ddC); didanosine (ddI); stavudine (d4T)

1. Introduction

Emerging viruses continue to be a global threat to human health. During the past
25 years, human immunodeficiency virus (HIV), the cause of AIDS, reached virtually every
corner of the globe, with 680,000 dying of HIV-related illnesses worldwide in 2020 [1]. More
than two-thirds of people infected with HIV live in Asia and Africa. Despite substantial
progress in the development of anti-HIV drugs, only 20% of low- and middle-income coun-
tries in need of these drugs are receiving them. Among the different anti-HIV chemother-
apeutic agents known, the Nucleoside Reverse Transcriptase Inhibitors (NRTI, Figure 1)
represent an important class.

Since Mitsuya et al. [2] identified 3′-azido-2′,3′-dideoxythymidine (zidovudine, AZT)
as a potent antiviral agent against HIV-1, other nucleoside derivatives showing activity
against this virus, such as ddI, ddC, d4T, 3TC, FTC, ABV and TDF, have been successfully
developed [3,4]. Most of these compounds are 2′,3′-dideoxynucleosides or 2′,3′-didehydro-
2′,3′-dideoxynucleosides and are characterized by lacking hydroxyl groups at the 2′- and
3′-positions.

Various methodologies are reported in the literature for the synthesis of the title com-
pounds. These protocols require formation of the glycosidic bonds [5–11], the Eastwood
procedure [12,13], the Corey–Winter synthesis [14–18], the Barton–McCombie deoxygena-
tion [16,19–22], the Garegg–Samuelsson reaction [23], photoinduced deoxygenations [24,25],
reductive elimination [13,26–35], or metathesis reaction [36,37]. However, careful review of
the literature indicated that the majority of these protocols are not amenable for large-scale
production to meet the global demand of antiviral nucleosides. Particularly, some of the
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methods described involve difficult control of diastereoselectivity in glycosidic bond for-
mation, reagents that are expensive or not environmentally friendly, or partial nucleoside
decomposition with loss of the pyrimidine base.
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Figure 1. Several approved NRTIs against HIV.

Considering the ongoing challenge of HIV infections in underdeveloped countries,
among NRTIs, ddI, ddC and d4T are the most affordable drugs for poor patient popula-
tions in Asia and Africa. Our objective is to develop improved protocols that are simple,
inexpensive, safe and industrially benign for the large-scale syntheses of these three nu-
cleoside derivatives and their analogs, with different heterocyclic bases. For that purpose,
we develop a procedure that involves a Barton–McCombie deoxygenation and the use of
commercial ribonucleosides as starting materials.

2. Results and Discussion

The selective removal of the hydroxyl groups at the 2′- and 3′-positions of the ribonu-
cleoside requires appropriate protection of the 5′-OH group. Due to prior experience in our
group [38,39], we decided to carry out the regioselective enzymatic acylation of the primary
hydroxyl with acetonoxime levulinate as an acylating agent and Candida antarctica lipase
B (CAL-B) as the catalyst. The reactions were performed in THF at 250 rpm, varying the
number of equivalents of the acyl donor, the temperature and the substrate concentration,
depending on the starting nucleoside (Scheme 1).
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Scheme 1. Regioselective enzymatic acylation of 1.

Enzymatic acylation of β-D-uridine (1a) and β-D-5-methyluridine (1b) with 3 equiv of
acetonoxime levulinate at 30 ◦C in the presence of CAL-B afforded the 5′-O-levulinyl esters
2a and 2b with excellent regioselectivity and high yields in short reaction times (entries
1 and 2, Table 1). However, the reaction with β-D-cytidine (1c) is slower, and complete
conversion is not achieved, despite using long reaction times, 55 ◦C instead 30 ◦C, more
dilute conditions, a large excess of acylating agent (9 vs. 3 equiv), and a higher ratio of
1c:CAL-B, 1:2 (w/w). This resulted in the undesired acylation of the secondary hydroxyl
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group (entry 3, Table 1). The low reactivity was attributed to the poor solubility of the
starting nucleoside in the reaction mixture. Next, the enzymatic acylation reaction of the
base-protected cytidine was attempted. A complete conversion was observed when the
same process was carried out with N4-benzoyl-β-D-cytidine (1d), giving rise to the acylated
derivative 2d, with total selectivity and 93% yield (entry 4, Table 1). A moderate selectivity
and absence of complete conversion was also observed when the substrate was adenosine
(1e), which was attributed to the low solubility of this compound in the reaction medium
(entry 5, Table 1). In the case of inosine (1f), 90 h of reaction time was needed to achieve
complete conversion, and although the formation of other acylation products occurred
in a low ratio (entry 6, Table 1), compound 2f was obtained in low yield after column
chromatography purification.

Table 1. Regioselective enzymatic acylation of ribonucleosides 1.

Entry Substrate T (◦C) conc (M) t (h) 1 (%) a 2 (%) a,b Other Acylated Compounds (%) a

1 1a c 30 0.1 2 - >97 (80) -
2 1b c 30 0.1 2.5 - >97 (78) -
3 1c d 55 0.025 54 26 53 (50) 21
4 1d d 55 0.025 24 - >97 (93) -
5 1e d 55 0.025 48 10 70 (42) 20
6 1f d 55 0.025 90 - 87 (40) 13

a Based on 1H-NMR signal integration. b Percentage of isolated yields are given in parenthesis. c 3 equiv of
acetonoxime levulinate and ratio 1:CAL-B, 1:1 (w/w). d 9 equiv of acetonoxime levulinate and ratio 1:CAL-B, 1:2
(w/w).

Next, transformation of the 5′-O-levulinylribonucleoside 2a into the corresponding
bisxanthate was carried out by reaction with carbon disulfide followed by alkylation with
bromoethane, a safer and cheaper reagent than other alkylating agents previously used,
such as iodomethane or 3-bromopropanenitrile (Scheme 2) [16]. However, the desired
bisxanthate 3a was obtained in a low 25% yield because compound 4a, resulting from the
reaction at the primary hydroxyl, which was deprotected under the reaction conditions
(NaOH 5 M), was formed as a by-product. Although different bases (inorganic: t BuOK,
K2CO3; organic: DIPEA, DBU) were studied as alternatives, the appropriate conditions
to carry out the reaction were not found, and the levulinyl group was not pursued as
protecting group for the 5′-position.
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Scheme 2. Transformation of 5′-O-Lev-uridine into bisxanthates.

Therefore, we elected 5′-O-tert-butyldimethylsilyl (TBS) as the protecting group of
choice due to low cost, high regioselectivity and stability during base treatment. Various
ribonucleosides 1 were regioselectively protected at the primary hydroxyl as silyl ethers
by treatment with TBSCl and imidazole in DMF for 12 h at room temperature (Scheme 3),
furnishing the 5′-O-TBS protected nucleosides 5 in high to excellent yields (Table 2). TBS-
protected nucleosides 5 were pure enough to carry forward into the next step without
further purification by column chromatography. Next, the conversion of 5 to 6 was carefully
optimized using the correct combination of the solvent, base, and reaction temperature.
The ideal reaction condition calls for the reaction of 5 with CS2 in the presence of 3 M
aqueous NaOH solution and DMF as solvent for 30 min at 0 ◦C, and subsequent in situ
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alkylation with bromoethane for 20 min, affording bisxanthates 6a–f in high yields. It is
important to note that compounds 6 were isolated with suitable purity by thorough washing
with heptane, avoiding chromatographic purification. We expect the two-step simple
chromatography-free protocol for the synthesis of bisxanthates 6a–f will be conducive for
scale-up.
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Next, we tested the reduction of Bisxanthates 6 using conventional conditions to
ensure the formation of desired nucleosides 7. Using tributyltin hydride (Bu3SnH) and
2,2′-azobis(2-methylpropionitrile) (AIBN) in refluxing acetonitrile furnished 7a,b,d,e in
moderate yield (60%) and 7c in low yield (35%) (Table 2). Interestingly, conversion of
the hypoxanthine derivative 6f resulted in a mixture of products difficult to separate
and identify. Next, we sought to find a replacement for the traditional reducing agent
Bu3SnH, which is toxic, expensive and difficult to remove from the reaction mixture.
We elected to use tris(trimethylsilyl)silane [(Me3Si)3SiH] [40,41] as a greener, non-toxic
reagent for reduction. We also replaced hazardous AIBN with a safer radical initiator 1,1′-
azobis(cyclohexanecarbonitrile) (ACHN), which has a longer half-life than AIBN. Under
optimized reaction conditions, reduction of bisxanthates 6 with green reagents afforded
improved yields for uracil, thymine and adenine derivatives furnishing 7a, 7b and 7e
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in 65%, 75% and 77% yield, respectively. In the case of cytosine, better conversion was
observed with the N-protected derivative. It is important to note that reaction of the
hypoxanthine derivative 6f with (Me3Si)3SiH and ACHN allowed the synthesis of 2′,3′-
didehydro-2′,3′-dideoxynucleoside 7f in 80% yield, while its synthesis with Bu3SnH was
not possible. Thus, the combination of [(Me3Si)3SiH] and ACHN represents a considerable
improvement in the scalable green synthetic strategy proposed for the synthesis of these
nucleoside analogs.

Compounds 7 were desilylated with tetrabutylammonium fluoride (TBAF) at room
temperature to offer the 2′,3′-didehydro-2′,3′-dideoxynucleosides 8 in excellent yields.
Nucleoside 8b is the antiretroviral drug stavudine (d4T), establishing an efficient route of
synthesis. The use of TBAF for deprotection of nucleosides during the final step results in
trace contamination of the reagent. Therefore, we searched for an alternative TBS depro-
tection reagent that is easily removed. Camphorsulfonic acid [(–)-CSA] [42,43] emerged
as a reagent of choice; it is an acid derived from camphor that has low sensitivity to air,
is compatible with water, and is environmentally friendly. Treatment of 7 with (–)-CSA
in MeOH leads to the 2′,3′-didehydro-2′,3′-dideoxynucleosides of uracil and thymine 8a
and 8b with 92% and 95% yield, respectively. However, this protocol is not suitable for
purine derivatives due to the cleavage of the glycosidic bond in the acidic reaction medium.
Other TBS deprotection methods using povidone-iodine (PVP-1) [44] or phosphomolybdic
acid [45] were not successful.

Hydrogenation of 2′,3′-didehydro-2′,3′-dideoxynucleosides 8 using palladium on
carbon in methanol at room temperature afford the corresponding 2′,3′-dideoxynucleosides
9a,b,e,f in high yields. The reaction of the N4-benzoylcytidine derivative 8d was carried
out under similar conditions, but it resulted in the formation of a mixture of products.
Therefore, we opted to reverse the sequence of the reactions, first carrying out the N-
benzoyl deprotection by treating 8d with an aqueous ammonia solution at 55 ◦C and then
performing hydrogenation under the same conditions, isolating the drug zalcitabine (9c)
with a 70% yield (Scheme 4).

Additionally, the drug didanosine (9f) was obtained via enzymatic deamination of
adenosine analogue 9e (Scheme 5) [46]. Treatment of 9e with adenosine deaminase (ADA)
in a 0.10 M phosphate buffer (pH 7) and 3% DMSO provides the 2′,3′-dideoxynucleoside 9f
in an almost quantitative yield (95%) after 3 h of reaction.
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The structure of the synthesized compounds was determined by NMR spectroscopy.
The signals of the 1H and 13C-NMR spectra of the nucleoside derivatives are fully assigned
on the basis of 1H and 13C chemical shifts, proton coupling constants, and two-dimensional
1H-1H (COSY) and 1H-13C spectra (HSQC and HMBC). As an illustrating example, the
identification of zalcitabine (9c) was performed as follows. The protons H1′, H4′, H5′, H5
and H6 are assigned by 1H-NMR. Subsequent analysis of the 1H-13C HSQC experiment
leads to identification of the corresponding carbons. Several multiplets at 1.6–2.5 ppm in
the 1H-NMR spectrum are assigned, but not identified, to the hydrogens H2′ and H3′. In
addition, the signals at 24.7 and 31.9 ppm in the 13C-NMR spectrum are assigned to C2′ and
C3′. A correlation cross-peak in the 1H-13C HMBC experiment between the H5′ protons
and the carbon at 24.7 ppm allows the assignment of C3′. This has been corroborated
by a correlation cross-peak between H1′ and C3′. Further analysis of the 1H-13C HSQC
experiment leads to unambiguously identification of H2 and H3. Finally, a correlation cross-
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peak between H1′ and the signal at 157.3 ppm in the 1H-13C HMBC experiment allows the
assignment of C2, being the signal of the 13C-NMR spectrum at 165.9 ppm, which does not
appear in the DEPT-135 experiment, identified as C4. The COSY experiment validates the
assignment made. It is worth mentioning the three-bond correlation of H1′ with the two
hydrogens H2′, but not with H3′, as well as the three-bond correlation of H4′ with the two
hydrogens of H3′, but not with H2′.

3. Materials and Methods
3.1. General

All chemical reagents were purchased from Aldrich, Sigma, Merck, Acros or Alfa
Aesar, and used without further purification. Thin-layer chromatography (TLC) was carried
out on aluminum-backed Silica-Gel 60 F254 plates. The spots were visualized with UV light.
Column chromatography was performed using Silica Gel (60 Å, 230 × 400 mesh).

Candida antarctica lipase type B (CAL-B, Novozyme 435, immobilized by adsorption
in Lewatit, 9120 PLU/g) was purchased from Novozymes. Adenosine deaminase (ADA,
2–5 units/mg, intestinal bovine source, lyophilized) was purchased from Creative Enzymes.

NMR spectra were measured on Bruker DPX-300 (1H 300.13 MHz and 13C 75.5 MHz).
High resolution mass spectra (HRMS) were recorded on a Bruker MicrOTOF-Q mass
spectrometer under electron spray ionization (ESI). Melting points were recorded on a
Gallemkamp apparatus with samples in open capillary tubes. Full analytical data for new
compounds are available in the Supporting Information.

The structure of the synthesized compounds was determined by NMR spectroscopy.
The signals of the 1H and 13C-NMR spectra are fully assigned on the basis of 1H and
13C chemical shifts, proton coupling constants, and two-dimensional 1H-1H (COSY) and
1H-13C spectra (HSQC and HMBC). Full NMR data are available in the Supporting Infor-
mation. The level of purity is indicated by the inclusion of copies of 1H, 13C, DEPT and 2D
NMR spectra.

3.2. General Procedure for Enzymatic Acylation of 1 Synthesis of 2

Anhydrous THF was added to an Erlenmeyer flask containing ribonucleoside 1
(0.2 mmol), acetonoxime levulinate and CAL-B (acylating agent equiv, enzyme ratio, con-
centration, temperature, and reaction time are indicated in Table 1) under nitrogen. The
reaction was stirred at 250 rpm and followed by TLC (10% MeOH/CH2Cl2). Next, the
enzyme was filtered and washed with CH2Cl2 and MeOH, and the solvents were removed
under reduced pressure. The reaction crude was purified by column chromatography (gra-
dient eluent: 2–5% MeOH/CH2Cl2), obtaining the corresponding acylated ribonucleosides
2a–f (yields are indicated in Table 1).

5′-O-Levulinyl-β-D-uridine (2a). White solid, mp: 60–62 ◦C. Rf: 0.32 (10% MeOH/CH2Cl2).
HRMS (ESI+, m/z): Calcd. for C14H19N2O8 [M + H]+: 343.1136. Found: 343.1131.

5′-O-Levulinyl-β-D-5-methyluridine (2b). White solid, mp: 134–136 ◦C. Rf: 0.33
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C15H21N2O8 [M + H]+: 357.1292.
Found: 357.1279.

5′-O-Levulinyl-β-D-cytidine (2c). White solid, mp: 53–55 ◦C. Rf: 0.35 (20% MeOH/CH2Cl2).
HRMS (ESI+, m/z): Calcd. for C14H20N3O7 [M + H]+: 342.1296. Found: 342.1295.

N4-Benzoyl-5′-O-levulinyl-β-D-cytidine (2d). White solid, mp: 193–195 ◦C. Rf: 0.47
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C21H24N3O8 [M + H]+: 446.1563.
Found: 446.1564.

5′-O-Levulinyl-β-D-adenosine (2e). White solid, mp: 116 ◦C (decompose). Rf: 0.26
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C15H20N5O6 [M + H]+: 366.1408.
Found: 366.1406.

5′-O-Levulinyl-β-D-inosine (2f). White solid, mp: 54–56 ◦C. Rf: 0.44 (20% MeOH/CH2Cl2).
HRMS (ESI+, m/z): Calcd. for C15H19N4O7 [M + H]+: 367.1248. Found: 367.1253.
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3.3. Synthesis of 5

To a solution of ribonucleoside 1 (0.4 M for 1a,b and 0.2 M for 1c–f) in anhydrous DMF
were added imidazole (2.4 equiv) and TBSCl (1.2 equiv). The mixture was stirred at rt for
12 h. Then, the residue was poured into EtOAc and washed with water. The organic phase
was dried, filtered and evaporated under reduced pressure. Compounds 5 were obtained
with sufficient purity for the next step and the following yields: 93% for 5a, 85% for 5b,
91% for 5c, 80% for 5d, 85% for 5e and 80% for 5f. If desired, a chromatographic column
could be performed (gradient eluent: 5–10% MeOH/CH2Cl2).

5′-O-(tert-Butyldimethylsilyl)-β-D-uridine (5a). White solid, mp: 94–96 ◦C. Rf: 0.41
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C15H27N2O6Si [M + H]+: 359.16329.
Found: 359.16332.

5′-O-(tert-Butyldimethylsilyl)-β-D-5-methyluridine (5b). White solid, mp: 197–198 ◦C.
Rf: 0.35 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C16H29N2O6Si [M + H]+:
373.1789. Found: 373.1790.

5′-O-(tert-Butyldimethylsilyl)-β-D-cytidine (5c). Colorless foam. Rf: 0.52 (10% MeOH/
CH2Cl2). HRMS (ESI+, m/z): Calcd. for C15H28N3O5Si [M + H]+: 358.1798. Found: 358.1791.

N4-Benzoyl-5′-O-(tert-butyldimethylsilyl)-β-D-cytidine (5d). White solid, mp: 86–88 ◦C.
Rf: 0.47 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C22H31N3O6Si [M + H]+:
462.2055. Found: 462.2048.

5′-O-(tert-Butyldimethylsilyl)-β-D-adenosine (5e). White solid, mp: 178–179 ◦C. Rf:
0.33 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C16H28N5O4Si [M + H]+: 382.1911.
Found: 382.1902.

5′-O-(tert-Butyldimethylsilyl)-β-D-inosine (5f). White solid, mp: 229–230 ◦C. Rf: 0.17
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C16H27N4O5Si [M + H]+: 383.1745.
Found: 383.1743.

3.4. Synthesis of 6

To a solution of 5′-O-silyl protected ribonucleosides 5 and CS2 (7 equiv) in DMF (0.4 M)
at 0 ◦C, an aqueous 3 M NaOH solution (3 equiv) was added dropwise. After being stirred
for 30 min at this temperature, bromoethane (15 equiv) was added dropwise, and stirring
continued for 20 min at rt. Then, the residue was poured into EtOAc and washed with
water. The organic phase was dried, filtered, and evaporated under reduced pressure. The
resulting solid was thoroughly washed with heptane to afford compounds 6 with suitable
purity, avoiding chromatographic purification. Yields: 82% for 6a, 81% for 6b, 75% for 6c,
72% for 6d, 90% for 6e and 70% for 6f.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-bis-O-[(ethylthio)thiocarbonyl]-β-D-uridine (6a).
White solid, mp: 102–104 ◦C. Rf: 0.45 (40% EtOAc/hexane). HRMS (ESI+, m/z): Calcd. for
C21H35N2O6S4Si [M + H]+: 567.1142. Found: 567.1133.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-bis-O-[(ethylthio)thiocarbonyl]-β-D-5-methyluridine
(6b). White solid, mp: 131–132 ◦C. Rf: 0.50 (40% EtOAc/hexane). HRMS (ESI+, m/z): Calcd.
for C22H37N2O6S4Si [M + H]+: 581.1298. Found: 581.1292.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-bis-O-[(ethylthio)thiocarbonyl]-β-D-cytidine (6c).
White solid, mp: 99–101 ◦C. Rf: 0.35 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for
C21H36N3O5S4Si [M + H]+: 566.1302. Found: 566.1295.

N4-Benzoyl-5′-O-(tert-butyldimethylsilyl)-2′,3′-bis-O-[(ethylthio)thiocarbonyl]-β-D-cytidine
(6d). White solid, mp: 140–141 ◦C. Rf: 0.25 (40% EtOAc/hexane). HRMS (ESI+, m/z): Calcd.
for C28H40N3O6S4Si [M + H]+: 670.1564. Found: 670.1558.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-bis-O-[(ethylthio)thiocarbonyl]-β-D-adenosine (6e).
White solid, mp: 164–165 ◦C. Rf: 0.18 (50% EtOAc/hexane). HRMS (ESI+, m/z): Calcd. for
C22H36N5O4S4Si [M + H]+: 590.1414. Found: 590.1409.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-bis-O-[(ethylthio)thiocarbonyl]-β-D-inosine (6f).
White solid, mp: 201–203 ◦C. Rf: 0.36 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for
C22H36N4O5S4Si [M + H]+: 591.1254. Found: 591.1239.
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3.5. Synthesis of 7
3.5.1. Method A: Bu3SnH

To a solution of 6 in anhydrous MeCN (0.13 M) at reflux was added dropwise a
solution of Bu3SnH (4 equiv) and AIBN (0.4 equiv) in anhydrous MeCN (0.5 M). After
being stirred for 1 h at this temperature, the solvent was removed under vacuum, and the
residue was purified by column chromatography (gradient eluents: 40–50% EtOAc/hexane
for 7a,b; 70% EtOAc/hexane-EtOAc for 7d; 2–5% MeOH/CH2Cl2 for 7c,e) to afford 7a, 7b,
7d and 7e in 60% yield and 7c in 35% yield.

3.5.2. Method B: (Me3Si)3SiH

To a solution of 6 in anhydrous MeCN (0.13 M) at reflux, was added dropwise a
solution of (Me3Si)3SiH (4 equiv) and 1,1′-azobis(cyclohexanecarbonitrile) (0.4 equiv) in an-
hydrous MeCN (0.5 M). The mixture was stirred for 1 h (6a–e) or 6 h (6f) at this temperature.
Next, the solvent was removed under vacuum, and the residue was purified by column
chromatography (gradient eluents: 40–50% EtOAc/hexane for 7a,b; 70% EtOAc/hexane-
EtOAc for 7d; 2–5% MeOH/CH2Cl2 for 7e,f) to afford 7 (65% for 7a, 75% for 7b, 40% for
7d, 77% for 7e and 80% yield for 7f).

5′-O-(tert-Butyldimethylsilyl)-2′,3′-didehydro-2′,3′-dideoxy-β-D-uridine (7a). White
solid, mp: 166–168 ◦C. Rf: 0.16 (40% EtOAc/hexane). HRMS (ESI+, m/z): Calcd. for
C15H25N2O4Si [M + H]+: 325.1578. Found: 325.1573.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-didehydro-3′-deoxy-β-D-5-thymidine (7b). White
solid, mp: 169–171 ◦C. Rf: 0.29 (40% EtOAc/hexane). HRMS (ESI+, m/z): Calcd. for
C16H27N2O4Si [M + H]+: 339.1735. Found: 339.1729.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-didehydro-2′,3′-dideoxy-β-D-cytidine (7c). White
solid, mp: 176–178 ◦C. Rf: 0.52 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for
C15H26N3O3Si [M + H]+: 324.1738. Found: 324.1743.

N4-Benzoyl-5′-O-(tert-butyldimethylsilyl)-2′,3′-didehydro-2′,3′-dideoxy-β-D-cytidine
(7d). White solid, mp: 137–138 ◦C. Rf: 0.19 (40% EtOAc/hexane). HRMS (ESI+, m/z): Calcd.
for C22H30N3O4Si [M + H]+: 428.2000. Found: 428.1993.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-didehydro-2′,3′-dideoxy-β-D-adenosine (7e). White
solid, mp: 118–120 ◦C. Rf: 0.48 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for
C16H26N5O2Si [M + H]+: 348.1850. Found: 348.1848.

5′-O-(tert-Butyldimethylsilyl)-2′,3′-didehydro-2′,3′-dideoxy-β-D-inosine (7f). White
solid, mp: 178–180 ◦C. Rf: 0.36 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for
C16H25N4O3Si [M + H]+: 349.1690. Found: 349.1690.

3.6. Synthesis of 8
3.6.1. Method A: TBAF

TBAF (2 equiv, 1.0 M in THF) was added dropwise to a stirred solution of 7 (1 equiv)
in anhydrous THF (0.1 M) at 0 ◦C. After 5 min, the ice bath was removed, and the reaction
mixture was stirred at rt for 1 h. Next, the solvent was removed under vacuum, and
the residue was purified by column chromatography (5% MeOH/CH2Cl2 for 8a,b,d; 15%
MeOH/CH2Cl2 for 8e,f) to afford 8a,e in 95%, 8b,d in 90%, and 8f in 75% yields.

3.6.2. Method B: (–)-CSA

(–)-CSA (1 equiv) was added to a solution of 7 in anhydrous MeOH (0.1 M) at 0 ◦C,
and the reaction was stirred at rt for 1 h. Solid NaHCO3 was then added, and the mixture
was stirred for a further 5 min. Next, the solvent was removed under vacuum, and the
residue was purified by column chromatography (5% MeOH/CH2Cl2) to afford 8a in 92%
and 8b in 95% yields.

2′,3′-Didehydro-2′,3′-dideoxy-β-D-uridine (8a). White solid, mp: 154–155 ◦C. Rf: 0.40
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C9H10N2NaO4 [M + Na]+: 233.0533.
Found: 233.0537.
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2′,3′-Didehydro-3′-deoxy-β-D-5-thymidine (8b). White solid, mp: 165–166 ◦C. Rf: 0.42
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C10H13N2O4 [M + H]+: 225.0870.
Found: 225.0873.

N4-Benzoyl-2′,3′-didehydro-2′,3′-dideoxy-β-D-cytidine (8d). White solid, mp: 280 ◦C
(decompose). Rf: 0.66 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C16H16N3O4
[M + H]+: 314.1135. Found: 314.1140.

2′,3′-Didehydro-2′,3′-dideoxy-β-D-adenosine (8e). White solid, mp: 185–186 ◦C. Rf:
0.24 (10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C10H12N5O2 [M + H]+: 234.0986.
Found: 234.0984.

2′,3′-Didehydro-2′,3′-dideoxy-β-D-inosine (8f). White solid, mp: >300 ◦C. Rf: 0.19
(10% MeOH/CH2Cl2). HRMS (ESI+, m/z): Calcd. for C10H11N4O3 [M + H]+: 235.0826.
Found: 235.0826.

3.7. Synthesis of 9

A flask containing 8 and 10% Pd/C (0.1 equiv) was exposed to a positive pressure
of hydrogen gas (balloon). Anhydrous MeOH (0.02M) was added, and the mixture was
stirred vigorously for 2 h under a hydrogen atmosphere. The suspension was filtered on
Celite®® and washed with MeOH, and the solvent was removed under vacuum. The crude
was purified by column chromatography (gradient eluent 2–10% MeOH/CH2Cl2) to afford
9a in 82%, 9b in 87%, 9e in 88%, and 9f in 80% yields.

2′,3′-Dideoxy-β-D-uridine (9a). White solid, mp: 116–117 ◦C. Rf: 0.42 (10% MeOH/CH2Cl2).
HRMS (ESI+, m/z): Calcd. for C9H13N2O4 [M + H]+: 213.0870. Found: 213.0875.

3′-Deoxy-β-D-5-thymidine (9b). White solid, mp: 155–156 ◦C. Rf: 0.44 (10% MeOH/
CH2Cl2). HRMS (ESI+, m/z): Calcd. for C10H15N2O4 [M + H]+: 227.1026. Found: 227.1032.

2′,3′-Dideoxy-β-D-adenosine (9e). White solid, mp: 186–188 ◦C. Rf: 0.33 (10% MeOH/
CH2Cl2). HRMS (ESI+, m/z): Calcd. for C10H14N5O2 [M + H]+: 236.1142. Found: 236.1148.

2′,3′-Dideoxy-β-D-inosine (9f). White solid, mp: 160–163 ◦C. Rf: 0.28 (10% MeOH/CH2Cl2).
HRMS (ESI+, m/z): Calcd. for C10H13N4O3 [M + H]+: 237.0982. Found: 237.0989.

3.7.1. Synthesis of Zalcitabine (9c)

A suspension of 8d (50 mg, 0.16 mmol) in an aqueous 32% NH3 solution (2.5 mL) was
stirred at 55 ◦C for 12 h. The solvent was removed under vacuum. Then, a mixture of the
resulting residue and 10% Pd/C (17 mg) was exposed to a positive pressure of hydrogen
gas (balloon). Anhydrous MeOH (8 mL) was added, and the mixture was stirred vigorously
for 2 h under a hydrogen atmosphere. The suspension was filtered on Celite®® and washed
with MeOH, and the solvent was removed under vacuum. The crude was purified by
column chromatography (20% MeOH/CH2Cl2) previously packed with silica gel using a
10% Et3N solution in MeOH:CH2Cl2 (2:8, v:v). Compound 9c was isolated in 70% yield.

2′,3′-Dideoxy-β-D-cytidine (9c). White solid, mp: 208–210 ◦C. Rf: 0.27 (20% MeOH/
CH2Cl2). HRMS (ESI+, m/z): Calcd. for C9H14N3O3 [M + H]+: 212.1030. Found: 212.1034.

3.7.2. Synthesis of Didanosine (9f)

To a suspension of 9e (40 mg, 0.17 mmol) in a phosphate buffer solution pH 7 (0.8 mL)
and 3% of DMSO, to promote dissolution, 2 mg of adenosine deaminase dissolved in the
same buffer (0.2 mL) was added. The reaction was stirred at 250 rpm and 30 ◦C for 3 h.
The crude was purified by column chromatography (10% MeOH/CH2Cl2) to afford 9f in
95% yield.

4. Conclusions

We report an economical and green synthesis of 2′,3′-dideoxynucleoside and 2′,3′-
didehydro-2′,3′-dideoxynucleoside derivatives of uracil, thymine, cytosine, adenine and
hypoxanthine through deoxygenation of the corresponding 2′,3′-O-bisxanthate ribonucle-
osides. This protocol involves the use of tris(trimethylsilyl)silane [(Me3Si)3SiH] instead
of Bu3SnH, which is toxic, expensive and difficult to remove from the reaction mixture,
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as a radical-based reducing agent. We also replaced potentially explosive AIBN with
1,1′-azobis(cyclohexanecarbonitrile) (ACHN) as a safer alternative. In addition, for the
deprotection of silyl ethers at the 5′-position of the nucleosides, we were able to substitute
TBAF for camphorsulfonic acid as a more sustainable reagent, in pyrimidine derivatives.
The use of (Me3Si)3SiH in the deoxygenation of bisxanthate hypoxanthine derivative allows
easy access to 2′,3′-didehydro-2′,3′-dideoxyinosine, an antiviral agent. As an alternative
synthesis, this nucleoside was also obtained in excellent yield via enzymatic deamination
of 2′,3′-dideoxyadenosine with adenosine deaminase. It is important to emphasize that
these protocols may have potential industrial application for the synthesis of three of the
most demanding anti-HIV drugs: stavudine (d4T), zalcitabine (ddC) and didanosine (ddI).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27133993/s1, 1H and 13C-NMR data with their as-
signment for all compounds. Level of purity is indicated by the inclusion of copies of 1H, 13C, and
DEPT NMR spectra; in addition, some 2D NMR experiments are shown, which were used to assign
the peaks.
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Abstract: The development of oligonucleotide conjugates for in vivo targeting is one of the most excit-
ing areas for oligonucleotide therapeutics. A major breakthrough in this field was the development of
multifunctional GalNAc-oligonucleotides with high affinity to asialoglycoprotein receptors (ASGPR)
that directed therapeutic oligonucleotides to hepatocytes. In the present study, we explore the use of
G-rich sequences functionalized with one unit of GalNAc at the 3′-end for the formation of tetrameric
GalNAc nanostructures upon formation of a parallel G-quadruplex. These compounds are expected
to facilitate the synthetic protocols by providing the multifunctionality needed for the binding to
ASGPR. To this end, several G-rich oligonucleotides carrying a TGGGGGGT sequence at the 3′-end
functionalized with one molecule of N-acetylgalactosamine (GalNAc) were synthesized together
with appropriate control sequences. The formation of a self-assembled parallel G-quadruplex was
confirmed through various biophysical techniques such as circular dichroism, nuclear magnetic
resonance, polyacrylamide electrophoresis and denaturation curves. Binding experiments to ASGPR
show that the size and the relative position of the therapeutic cargo are critical for the binding of
these nanostructures. The biological properties of the resulting parallel G-quadruplex were eval-
uated demonstrating the absence of the toxicity in cell lines. The internalization preferences of
GalNAc-quadruplexes to hepatic cells were also demonstrated as well as the enhancement of the
luciferase inhibition using the luciferase assay in HepG2 cell lines versus HeLa cells. All together, we
demonstrate that tetramerization of G-rich oligonucleotide is a novel and simple route to obtain the
beneficial effects of multivalent N-acetylgalactosamine functionalization.

Keywords: G-quadruplex; N-acetylgalactosamine; antisense; oligonucleotide conjugates; asialoglyco-
protein receptor; luciferase gene; gapmers

1. Introduction

The development of oligonucleotides for therapeutic use has entered an expansive
phase with an arsenal of more than a dozen drugs based on synthetic oligonucleotides [1,2].
This is especially evident in the last three years, with an increase of new oligonucleotide
approvals per year being one of the most prominent biomolecules approved for human
use [3]. Most of these therapeutic drugs are antisense oligonucleotides [4] or siRNA
duplexes [5] that target overexpressed messenger RNA (mRNA). Others are aptamers that
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target overexpressed proteins, such as pegaptanib that target vascular endothelial growth
factor (VEGF) [6]. However, soon it is expected that new oligonucleotides will be used for
modulating other important RNA targets such as microRNA [7] and long non coding (lnc)
RNA [8].

In order to achieve the desired therapeutic action, oligonucleotides should penetrate
inside the cells and bind readily to their complementary sequence before exonuclease
activity degrades them. A large research activity is being made to design modified oligonu-
cleotides with enhanced nuclease resistance and cellular uptake as well as higher selectivity
to target tissues [1,5]. However, the delivery of modified DNA and RNA is the major
bottleneck in the development of nucleic acids as drugs [9]. The importance of this issue
can be demonstrated in the newly approved siRNAs, Givosiran [10] and Inclisiran [11],
which are functionalized with triantennary N-acetylgalactosamine (GalNAc) allowing the
drug to maintain their silencing properties for 6 months [11]. In these conjugates, the 3′

terminus of the siRNA sense strand is linked to three molecules of GalNAc that have a
high binding affinity to the asialoglycoprotein receptor [12], or by successive additions of a
GalNAc monomer [13,14]. The asialoglycoprotein receptor is mainly found in hepatocytes
exhibiting a high affinity for galactose glycoproteins and trivalent GalNAc oligonucleotides
with a rapid internalization rate via the clathrin-mediated pathway [12,15].

Another potential interest of oligonucleotides is the possibility of using their singular
non-canonical structures for protein binding, especially guanine-rich oligonucleotide that
may form G-quadruplex, as some of them have antiviral, anticancer and anticoagulant
properties [16–18]. The antiviral properties usually result from the binding of the quadru-
plex to viral proteins [19]. These aptamers have also been used for targeted drug delivery
as they have affinity to proteins that are overexpressed in cancer cells, such as AS1411 that
binds nucleolin [18,20]. Recently, antisense oligonucleotides were attached to simple G-rich
sequences to form parallel G-quadruplex structures. These simple DNA scaffolds were effi-
cient in delivering the antisense oligonucleotide cargo inside the cells without the presence
of cationic lipids as transfecting reagents [21,22]. Moreover, parallel G-quadruplexes have
been used for increased delivery of antiproliferative floxuridine oligonucleotides upon
tetramerization of G-rich sequences [23], as some cancer cells have abundant G-quadruplex
binding proteins.

In the present study, we explore the use of G-rich sequences functionalized with
one unit of GalNAc at the 3′-end for the formation of tetrameric GalNAc nanostructures
upon formation of parallel G-quadruplex. This study was aimed to provide an alterna-
tive method to obtain multifunctional GalNAc-oligonucleotides with a more simplified
synthetic method (Scheme 1, Figure S1). To this end, we prepare G-rich oligonucleotides
carrying a TGGGGGGT sequence at the 3′-end functionalized with one molecule of N-
acetylgalactosamine (GalNAc). These compounds are easier to synthesize than the “stan-
dard” triantennary GalNAc. We aim to study if the association of four strands produces
G-quadruplex tetrameric GalNAc derivatives that may provide a similar affinity to AS-
GPR than the “standard” triantennary-GalNAc. The formation of self-assembled parallel
G-quadruplexes is studied through various biophysical techniques such as circular dichro-
ism, nuclear magnetic resonance, polyacrylamide electrophoresis and denaturation curves.
Binding experiments to ASGPR show that the size and the relative position of the thera-
peutic cargo are important for the binding of these nanostructures to ASGPR. All together
we demonstrate that tetramerization of G-rich sequences is a novel strategy to facilitate
specific cellular uptake of short single-stranded oligonucleotides to hepatocytes including
antisense gapmers directed against luciferase.
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Scheme 1. Chemical schemes of potential multifunctional GalNAc derivatives including
(A) tetrameric G-quadruplexes studied in this work and (B) the triantennary GalNAc.

2. Results
2.1. Oligonucleotides

Tables 1 and 2 show the oligonucleotides prepared in this study indicating the back-
bone and the presence or absence of N-acetylgalactosamine modification at the 3′-position.
The first group of derivatives is derived from a 17 mer (TTGGGGGGTACAGTGCA) se-
quence (Table 1). This sequence is present in the HIV-1 genome [24,25]. Lipid-modified
oligonucleotide derivatives or lipoquads have antiviral properties (both against HIV [26]
and HCV [17]) as inhibitors of viral entry. These sequences contain natural phosphodiester
backbone (H2–H4). Two different GalNAc derivatives with different length were stud-
ied (L193 (longer), and L235 (shorter), Scheme 2). The synthesis of the appropriate solid
supports functionalized with these GalNAc derivatives has been reported [13]. Some of
these oligonucleotides (H5, H6) were fluorescein labeled to visualize cellular uptake by
flow cytometry. Control oligonucleotides include unmodified control sequence (H1) and
A-rich analogues (H3, H5). Finally, some oligonucleotides contained two phosphorothioate
linkages at the terminal 3′ and 5′-ends (H8–H11). The A-rich oligonucleotide H12 carrying
the “classical” triantennary GalNAc ligand L96 was also made for comparison purposes
during the evaluation of the binding of G-rich oligonucleotides to the asialoglycoprotein
(ASGPR) receptor.

The second group of oligonucleotides combined a gapmer sequence against Renilla lu-
ciferase (5′-CsGsUsUsTsCsCsTsTsTsGsTsTsCsUsGsGsA-3′) [27] carrying 2′-O-methyl-RNA
modifications at the last four positions of the 3′- and 5′-ends (underlined) and phosphoroth-
ioate linkages with a G-quadruplex forming TG6T sequence. These include two different
spatial distributions. In one oligonucleotide, gapmer was located at the 5′-end and TG6T
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sequence was near the 3′-end (L3), and in another oligonucleotide, TG6T sequence was
located at the 5′-end and the gapmer sequences were located near the 3′-end (L4). In addi-
tion, we prepared a fluorescein labeled oligonucleotide (L7), an oligonucleotide carrying
a scrambled sequence instead of the luciferase sequence (L6), unmodified antisense (L1)
and gapmer (L2) antisense control sequences and control T-rich oligonucleotides unable to
form G-quadruplex (L5, L8). All these sequences except L8 contained phosphorothioate
linkages in the antisense/gapmer moiety, but they contained the natural phosphodiester
linkages in the TG6T or T4 sequence.

Table 1. Oligonucleotide derivatives from 17 mer antiviral sequence.

N Name Sequence (5′-3′) Backbone GalNAc

H1 control TTGGGGGGTACAGTGCA PO -

H2 G-PO-HCV-L235 TTGGGGGGTACAGTGCA-L235 PO L235

H3 A-PO-HCV-L235 TTGAAAGGTACAGTGCA-L235 PO L235

H4 G-PO-HCV-L193 TTGGGGGGTACAGTGCA-L193 PO L193

H5 A-PO-HCV-L193 TTGAAAGGTACAGTGCA-L193 PO L193

H6 FAM-G-PO-HCV-L235 FAM-TTGGGGGGTACAGTGCA-L235 PO L235

H7 FAM-G-PO-HCV-L193 FAM-TTGGGGGGTACAGTGCA-L193 PO L193

H8 A-PS-HCV-L235 TsTsGAAAGGTACAGsTsGsCsA-L235 PO/PS L235

H9 A-PS-HCV-L193 TsTsGAAAGGTACAGsTsGsCsA-L193 PO/PS L193

H10 G-PS-HCV-L235 TsTsGGGGGGTACAGsTsGsCsA-L235 PO/PS L235

H11 G-PS-HCV-L193 TsTsGGGGGGTACAGsTsGsCsA-L193 PO/PS L193

H12 A-PO-HCV-L96 TTGAAAGGTACAGTGCA-L96 PO L96
s indicates the position of the phosphorothioate linkages.

Table 2. Oligonucleotide derivatives carrying anti-luciferase sequence.

N Name Sequence (5′-3′) Backbone GalNAc

L1 ASO control CsGsTsTsTsCsCsTsTsTsGsTsTsCsTsGsGsA PS -

L2 Gapmer control CsGsUsUsTsCsCsTsTsTsGsTsTsCsUsGsGsA PS -

L3 Luc-G6-GalNAc CsGsUsUsTsCsCsTsTsTsGsTsTsCsUsGsGsATGGGGGGT-L193 PO,PS L193

L4 G6-Luc-GalNAc TGGGGGGTCsGsUsUsTsCsCsTsTsTsGsTsTsCsUsGsGsAs-L193 PO,PS L193

L5 Luc-T4-GalNAc CsGsUsUsTsCsCsTsTsTsGsTsTsCsUsGsGsATTTT-L193 PO,PS L193

L6 Scr-Luc-G6-GalNAc CsUsGsUsCsTsGsAsCsGsTsTsCsTsUsUsGsUsTGGGGGGT-L193 PO,PS L193

L7 FAM-Luc-G6-
GalNAc

FAM-sCsUsGsUsTsCsCsTsTsTsGsTsTsCsUsGsGsAsTTGGGGGGT-
L193 PO,PS L193

L8 T8 TTTTTTTT PO -

s indicates the position of the phosphorothioate linkages. Underline nucleotides are 2-O-methyl-RNA derivatives.

A third group of oligonucleotides (Table S2) were derived from the therapeutic siRNA
against the mouse transthyretin (mTTR) gene [12]. In this case, they were a pair of RNA
strands that were highly modified with 2′-O-methyl-RNA and 2′-fluoro-RNA nucleotides
as well as two phosphorothioate linkages at the two last 5′-terminal positions. The TG6T
sequence was added to the 3′-position of the sense strand ending with the L193 GalNAc
ligand in oligonucleotide R2. Oligonucleotide R1 was a control sense sequence carrying
the sense strand and the triantennary GalNAc (L96) ligand. The oligonucleotide R3 was
the antisense strand complementary to R1 and R2 oligonucleotides to obtain the double-
stranded form.
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2.2. Characterization of G-Quadruplex Formation

First of all, the formation of a parallel G-quadruplex was studied by biophysical
techniques, such as circular dichroism (CD), gel electrophoresis and nuclear magnetic
resonance (NMR).

2.2.1. Characterization of G-Quadruplex Formation by CD

Figure 1A shows the CD spectra of the G–quadruplex sequence H2 (G-PO-HCV-L235)
compared with the A-rich sequence H3 (A-PO-HCV-L235) from 205 to 310 nm. The CD
spectra of control oligonucleotides TG6T (tetrameric G-quadruplex) and T8 (single stranded)
were added for comparison. The G-rich oligonucleotides (H2 and TG6T) showed intense
positive bands at around 210 and 261 nm characteristic of a parallel G-quadruplex [28],
while the A-rich sequence (H3) and T8 presented a maximum at 274 nm. In addition the
CD spectrum of the G-rich sequences H2, H4, H10 and H11 maintain the same shape
unaltered up to 90 ◦C (Figure S2) indicating that the parallel G-quadruplex structure is
thermally stable at all studied temperatures. This thermal stability is in agreement with the
reported values for the well-studied tetrameric parallel G-quadruplex obtained with TGnT
oligonucleotides [21–23,29]. TG4T melting can only be observed in sodium buffers, but not
in potassium buffers [21–23,29]. The melting temperatures of the six tetrads quadruplex
(TG6T derivatives) cannot be measured because they do not melt even at temperatures
higher than 80 ◦C [29]. For example, TG4T melts at 59.4 ◦C, but TG6T cannot be measured
(>80 ◦C) in 10 mM sodium cacodylate buffer with 0.15 M NaCl (pH 7.2) [21,22]. For
the modified TG6T oligonucleotides carrying an antisense oligonucleotide with lipids, or
floxuridine or positively charged ligands, we cannot observe any melting behavior as
G-quadruplex were stable up to 80 ◦C [21–23].
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Figure 1. (A) CD spectra of G-rich sequence (G−PO−HCV−L235, H2) versus A-rich sequence 
(A−PO−HCV−L235, H3). The CD spectra of TG6T and T8 are included for comparison. Buffer con-
ditions PBS 1×. (B) CD spectra of G-rich sequences carrying the antiluciferase sequence (L3, L4, L6) 
versus the control T-rich sequence (L5) Buffer conditions PBS 1×. 
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resulting solution was heated at 90 °C and cooled down to room temperature. Several 
NMR spectra were taken at different times. Figure 2a shows the NMR spectra of the 
imino protons region. In all of them, the presence of the imino protons characteristic of a 
G-quadruplex formation can be observed. The presence of these signals is observed just 
dissolving the sample. The formation of a G-tetrad gives rise to characteristic guanine 
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Figure 1. (A) CD spectra of G-rich sequence (G-PO-HCV-L235, H2) versus A-rich sequence (A-PO-
HCV-L235, H3). The CD spectra of TG6T and T8 are included for comparison. Buffer conditions PBS
1×. (B) CD spectra of G-rich sequences carrying the antiluciferase sequence (L3, L4, L6) versus the
control T-rich sequence (L5) Buffer conditions PBS 1×.

CD spectra of the rest of the G-rich oligonucleotides show similar positive bands at
265 nm and negative bands near 240 nm (Figures 1B, S2 and S3) characteristic of a parallel
G-quadruplex. Oligonucleotide L5 carrying T’s instead of G’s showed a maximum at
around 272 nm (Figures 1B and S3).

2.2.2. Characterization of G-Quadruplex Formation by NMR

Oligonucleotide H2 (G-PO-HCV-L235) was dissolved in PBS buffer, pH 7.4 and the
resulting solution was heated at 90 ◦C and cooled down to room temperature. Several
NMR spectra were taken at different times. Figure 2a shows the NMR spectra of the
imino protons region. In all of them, the presence of the imino protons characteristic of a
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G-quadruplex formation can be observed. The presence of these signals is observed just
dissolving the sample. The formation of a G-tetrad gives rise to characteristic guanine
imino protons (H1), which exhibit their chemical shifts within the range of 10–12 ppm, as
compared to 13–14 ppm for those involved in Watson–Crick base pairing. Guanine imino
protons in a G-quadruplex also exchange more slowly with solvent than the counterparts
in a Watson–Crick duplex. The imino protons of guanines in the center G-tetrad exchange
very slowly with the solvent and remain detected long after dissolving the sample in
D2O solution [30]. Annealing (heating and cooling) the solution shows the presence of
imino protons all the time, indicating that the formation of the G-quadruplex in the short
17 mers is very fast, as they do not change with the time (Figure 2). The guanine protons
displayed the characteristic sequential imino H1/H1 and H1/H8 NOE interactions [31],
thus confirming the formation quadruplex structure (Figure 2b).

Molecules 2022, 27, x FOR PEER REVIEW 7 of 20 
 

 

in a Watson–Crick duplex. The imino protons of guanines in the center G-tetrad ex-
change very slowly with the solvent and remain detected long after dissolving the sam-
ple in D2O solution [30]. Annealing (heating and cooling) the solution shows the presence 
of imino protons all the time, indicating that the formation of the G-quadruplex in the 
short 17 mers is very fast, as they do not change with the time (Figure 2). The guanine 
protons displayed the characteristic sequential imino H1/H1 and H1/H8 NOE interac-
tions [31], thus confirming the formation quadruplex structure (Figure 2b). 

A similar experiment was done with the longer oligonucleotide L3, but in this case 
the signals at the imino protons regions were too small to analyze (data not shown). 

 
 

(a) (b) 

Figure 2. (a) Imino proton NMR spectra of oligonucleotide H2 (G−PO−HCV−L235). (1) Sample be-
fore heating. (2) Sample after heating at 90 °C for 1 min and move the sample to the magnet for 
NMR acquisition (approx. at 50 °C) (3) after 13 min, (4) after 30 min, (5) after 50 min, (6) after 65 
min, and (7) after 5 months. (b) Imino and methyl protons region of 2D-NOESY spectrum of H2 
(G−PO−HCV−L235) at 25 °C in H2O/D2O (9:1), PBS buffer (pH 7.4). 

2.2.3. Characterization of G-quadruplex Formation by Gel Electrophoresis 
Next, the G-quadruplex sequences were analyzed by native gel electrophoresis. 
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Figure 2. (a) Imino proton NMR spectra of oligonucleotide H2 (G-PO-HCV-L235). (1) Sample before
heating. (2) Sample after heating at 90 ◦C for 1 min and move the sample to the magnet for NMR
acquisition (approx. at 50 ◦C) (3) after 13 min, (4) after 30 min, (5) after 50 min, (6) after 65 min, and (7)
after 5 months. (b) Imino and methyl protons region of 2D-NOESY spectrum of H2 (G-PO-HCV-L235)
at 25 ◦C in H2O/D2O (9:1), PBS buffer (pH 7.4).

A similar experiment was done with the longer oligonucleotide L3, but in this case the
signals at the imino protons regions were too small to analyze (data not shown).

2.2.3. Characterization of G-Quadruplex Formation by Gel Electrophoresis

Next, the G-quadruplex sequences were analyzed by native gel electrophoresis. Figure 3
shows the presence of single bands in the lanes with G-rich sequences that are retarded
from the single-stranded control sequences in agreement with G-quadruplex formation
(Figure 3A,B).
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Figure 3. Native 12% PAGE of TBE 1X supplemented with 100 mM KCl using the same running
buffer at 150 Watts maintaining a 20 ◦C for 4–5 h; stained with SYBR Green. (A) Short HIV G-rich
sequences (H1, H2, H4, H10, H11) versus A-rich control sequences (H3, H5, H8, H9). (B) G-rich
sequences carrying antiluciferase sequence (L3, L4, L6, L7) versus control single stranded sequences
(L1, L2, L5) compared with short G-rich sequences (H6, H7).

2.3. ASGPR Receptor Binding Studies

Next, the affinity binding of G-rich oligonucleotides to asialoglycoprotein receptors
(ASGPR) were analyzed by a flow cytometry based competitive binding assay using mouse
hepatocytes [12,14] and determining the inhibitory constant (KI). For comparison the
oligonucleotide H12 (A-PO-HCV-L96) carrying the triantennary GalNAc was included
in addition to G-rich oligonucleotides (G-PO-HCV-L193 (H4), G-PO-HCV-L235 (H2), G-
PS-HCV-L193 (H10) and G-PS-HCV-L193 (H11) and a control A-rich sequence that is
not able to form tetrameric G-quadruplex (A-PO-HCV-L193, H5). Figure 4 shows the
displacement curves of all the GalNAc oligonucleotides from where a KI is estimated
(Figure 4 and Table 3). The best affinity was found for the triantennary GalNAc (A-PO-L96,
10.4 nM) followed by the G-rich oligonucleotides carrying the shorter GalNAc linker (L235)
(31.3 and 39.9 nM). Then, the G-rich oligonucleotides carrying the longer GalNAc linker
(L193) followed with a KI of 42.8 and 47.2 nM. In both cases the oligonucleotide carrying
phosphorothioate linkages had a slight better affinity. The affinity to ASGPR of the control
single-stranded A-rich sequence was not possible to determine at concentrations tested.
These results demonstrate the benefit of tetramerization by increasing ASGPR binding close
to the affinity values observed for the triantennary GalNAc using G-rich oligonucleotides
carrying a single monomeric GalNAc ligand.

Table 3. Binding affinity to ASGPR using a mouse primary hepatocytes fluorescence-based
assay [12,14].

N Name KI (nM) Stdev

H4 G-PO-HCV-L193 47.2 7.3

H2 G-PO-HCV-L235 39.9 3.2

H11 G-PS-HCV-L193 42.8 7.6

H10 G-PS-HCV-L235 31.3 7.2

H12 A-PO-HCV-L96 10.4 3.2

H5 A-PO-HCV-L193 N/D 1 N/D 1

1 N/D = not determined at concentrations tested.
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Figure 4. Affinity binding to ASGPR in primary mouse hepatocytes. Oligonucleotides derived from
17 mer antiviral sequence.

The binding affinities to ASGPR of GalNAc-functionalized gapmers and RNA oligonu-
cleotides linked to a TG6T sequence are shown in Figure 5 and Table 4. In this case we
observed a loss of the affinity to ASGPR. Single-stranded and double stranded RNA carry-
ing the TG6T sequence and one single monomeric GalNAc ligand have very low affinity
to ASGPR (Sense-TG6T-L193 696 nM, Duplex-TG6T-L193 N/D). Gapmers (L3 and L4)
have slightly better affinity especially L4 (G6-Luc-L193, 121 nM), but still far from the
RNA carrying a triantennary GalNAc ligand R1 (sense-L96, 8.8 nM). There is a clear loss
in binding affinity when the G-quadruplex sequence is next to the GalNAc ligand (L3,
Luc-G6-L193, 357.8 nM) becoming of the same magnitude that the T-rich sequence that
cannot form a quadruplex (L5, Luc-T4-L193, 300.7 nM). These results may indicate that
when the oligonucleotide attached to the TG6T sequence becomes longer and complex the
tetramerization becomes more difficult and the G-quadruplex structure dissociates rapidly
to trimeric, dimeric and monomeric species that have less affinity for ASGPR. Although
the gel retardation data show G-quadruplex formation, these quadruplexes may undergo
to dissociation upon dilution.
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Table 4. Binding affinity to ASGPR using a mouse primary hepatocytes fluorescence-based assay [12,14].

N Motif KI (nM) Stdev

R1 Sense-L96 8.8 2.2

R2 Sense-TG6T-L193 696.0 37.2

R2 + R3 Duplex-TG6T-L193 N/D 1 N/D 1

L5 Luc-T4-L193 300.7 23.9

L3 Luc-G6-L193 357.8 48.5

L4 G6-Luc-L193 121.1 17.6
1 N/D = not determined at concentrations tested.

2.4. Toxicity Assays

Prior the evaluation of internalization and antisense inhibition of luciferase, we evalu-
ate the potential toxicity of GalNAc-oligonucleotides by using MTT assay at 60 nM, 120 nM
and 300 nM oligonucleotide concentration after 24 h. Results are shown in Figure S5. Most
of the compounds were not toxic, as all the MTT values were 80% or higher in HeLa cells
(cervix cancer cells) and HepG2 (hepatic cells).

2.5. Analysis of the Stabilityof Oligonucleotides towards Snake Venom Phosphodiesterase and
10% FBS

Selected G-rich oligonucleotides (H6, H7, L4 and L7) were incubated with a solution
of snake venom phosphodiesterase and a 10% FBS solution (experimental conditions
used in cell studies). Results are shown in supplementary materials (Figure S4A,B). H6
(FAM-G-PO-HCV-L235) and H7 (FAM-G-PO-HCV-L193) G-rich oligonucleotides incubated
with snake venom phosphodiesterase show some stability as the spots corresponding
to the full length H6 and H7 are clearly visible, but disappeared between 8–24 h. In
10% FBS two groups of spots are seen: one having the mobility of the spots seen in the
treatment snake venom phosphodiesterase and a retarded band that may correspond to
the oligonucleotide complexed with serum proteins that are unchanged over the time of
incubation (Figure S4A).

In the snake venom phosphodiesterase treatment of L4 (G6-Luc-GalNAc) and L7 (FAM-
Luc-G6-GalNAc), the spots corresponding to the full length L4 and L7 are clearly visible
after 24 h confirming the stability of these highly modified oligonucleotides (gapmers with
full phosphorothioate linkages). In 10% FBS, only a main retarded band is seen that may
correspond to the oligonucleotide complexed with serum proteins that are unchanged
over the time of incubation (Figure S4B). These data indicate that these oligonucleotides
are more stable than the H series because they carry phosphorothioate and 2′-O-methyl
residues and these modifications increase binding of oligonucleotides to serum proteins
that may protect oligonucleotides from degradation.

2.6. Internalization Assay

The internalization of fluoresceine (FAM)-labelled G-rich GalNAc-oligonucleotides
(H6, H7 and L7) were measured with a cell cytometer. Results are shown in Figure 6.
Oligonucleotide L7 is the oligonucleotide whose internalization is higher in both HeLa and
HepG2 cell lines. In fact, the internalization magnitude in HepG2 cells of the G-quadruplex
compound is by a factor of 3 higher than in HeLa cells at same conditions so, this secondary
structure push up the internalization process in HepG2 cells.
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Figure 6. Cytometry assay evaluating the internalization of H7 (L193), H6 (L235), L7 (FAM-G6-Luc,
FAM derivative of L3) at 60, 120 and 300 nM in HeLa and HepG2 cell lines.

Independently analyzing the three compounds, on the one hand, oligonucleotide H7 in
HeLa cells go from 1% green fluorescence intensity internalization to around 5% at 300 nM.
On the other hand, in the HepG2 cell line, the green fluorescence intensity is slightly higher
by going from around 2% to 6%. Oligonucleotide H6, a shorter linker than H7, it slims the
internalization down in HeLa cells, but in HepG2 cells it can be seen a blip between low
concentrations and the higher concentration of the compost. Finally, looking deeper on the
results obtained with the FAM-G6-Luc (L7) compound, the differences between the two
cell lines are very large. In HeLa cells, percentage of internalization goes from 3% at 60 nM
to 10% at 300 nM. Then, in HepG2 cells goes from 7% to 30%.

2.7. Antisense Studies

Next the luciferase silencing activity of antisense oligonucleotides was evaluated in
HeLa and HepG2 cell lines. G-rich oligonucleotides carrying the antiluciferase gapmer
sequence L3 (Luc-G6-L193) and L4 (G6-Luc-L193) were compared to T-rich oligonucleotide
L5 (Luc-T4-L193) and the scrambled G-rich sequence L6 (Scr-Luc-G6-L193). As a positive
control we used L1 (ASO) and L2 (Gapmer) transfected with Lipofectamine 2000. In the
following graphs (Figure 7), the luciferase inhibition assay is represented in gymnotic
conditions for the GalNAc-oligonucleotides. In HeLa cells (Figure 7a), the luciferase
inhibitory effect of the G-rich oligonucleotides (L3 and L4) is low compared with the ASO
and Gapmer controls transfected with Lipofectamine that inhibits around 70%. In Hela
cells the product that has the best inhibitory properties is the L5 that is not able to form a
G-quadruplex. This is in agreement with the lack of ASGPR as cellular uptake that is more
favorable for the smallest oligonucleotide (L5) without the possibility of G-quadruplex
tetramerization.

On the contrary the analysis of the luciferase assay results in HepG2 cell line (Figure 7b)
shows the reverse situation. In this case the G-rich oligonucleotide L3 (Luc-G6-L193) is the
most efficient antisense luciferase inhibitor, followed by L4 (G6-Luc-L193) that near 50%
luciferase inhibition at 300 nM in gymnotic conditions reaching a very significant difference
(p < 0.001) at 120 nM. In HepG2 cells, the smaller oligonucleotide has low inhibitory
properties presenting an erratic shape from 60 nM to 300 nM concentration.
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Figure 7. Luciferase inhibitory assay of [L1–L5] in HeLa (a) and HepG2 (b) cell lines, using L6 as a
scrambled negative control and L1 (ASO) and L2 (Gapmer) transfected with lipofectamine as the
positive control. Oligonucleotides carrying GalNAc are administrated without transfecting agent.
* corresponds to t-test results with * p ≤ 0.1, ** p ≤ 0.05, *** p ≤ 0.01 significantly different within each
indicated pair.

Comparing the inhibitory data in HepG2 cells with the results on ASGPR affinity data
in mouse primary hepatocytes, a reverse effect is observed. Specifically, L3 (Luc-G6-L193)
has higher inhibitory properties in HepG2 cells than L4 (G6-Luc-L193), but a lower ASGPR
affinity in mouse primary hepatocytes. On the other, the luciferase inhibition data are in
agreement with the cytometry assays that evaluate the internalization of L7 (FAM-Luc-
G6-L193) that is the fluorescent version of L3. Figure 6 clearly demonstrated the high
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internalization efficacy of L7 in HepG2 cells in agreement of the high luciferase inhibitory
properties of L3.

3. Discussion

The last five years have witnessed the approval of several oligonucleotides for human
use [1,2]. A major success in this field is the development of the active targeting system
based in the use of the triantennary GalNAc ligand directly conjugated to the nucleic acid
part [32]. This ligand directs the therapeutic oligonucleotides to hepatocytes [12]. For these
reasons, there is an interest for the synthesis of these valuable oligonucleotides. It has been
proposed that a potential simplification on the synthesis of tri-GalNAc oligonucleotides is
the stepwise addition of three monomeric GalNAc units at the 3′-end [13,14]. In this work,
we have studied an alternative method aiming to simplify the synthetic process that consists
in the use of the tetramerization of individual monomeric GalNAc-oligonucleotides by
adding a short G-rich sequence (TGGGGGT) that form a parallel G-quadruplex. Monomeric
GalNAc-oligonucleotides are easier to prepare than the triantennary GalNAc and the
addition of eight extra deoxynucleotides will still be a clear simplification of the preparation
of these valuable oligonucleotide conjugates. We hypothesized that the formation of the
tetramer will have a similar effect to the addition of a triantennary GalNAc derivative. In
addition, the presence of the G-quadruplex may also have a beneficial effect in cellular
uptake as it has been hypothesized that G-quadruplex may bind to serum proteins and to
certain protein membrane receptors overexpressed in cancer cells [18–20].

For these reasons we have previously studied the gene inhibitory properties of antisense
oligonucleotides linked to lipid-modified G-quadruplex forming oligonucleotides [21,22].
Analysis of gene expression showed that the formation of self-assembled G-quadruplex
nanostructures did not disrupt the antisense mechanism and flow cytometry analyses
confirmed that antisense G-quadruplex nanostructures were efficiently taken up by cancer
cells. In addition we found that some lipid–functionalized G-quadruplexes are effective
antiviral compounds against Hepatitis C [17]. Moreover, floxuridine oligomers linked
to parallel G-quadruplex were able to deliver fluoropyrimidines to cancer cells acting as
prodrugs [23].

In this work, we studied the generation of parallel G-quadruplex functionalized with
a monomeric GalNAc unit at the 3′- end and their potential in the selective targeting
of antisense oligonucleotide against Renilla luciferase gene. To this end, two types of
sequences were selected. First, we incorporated a GalNAc unit at the 3′- end of the 17 mer
HIV-1 sequence [17] instead of the lipid moiety. The formation of a self-assembled parallel
G-quadruplex was confirmed through various biophysical techniques such as circular
dichroism, nuclear magnetic resonance, polyacrylamide electrophoresis and denaturation
curves. In this work, we did measure the NMR spectra of the GalNAc-17 mer before
and after annealing, observing that the NMR signals assigned to the imino protons of
the G-quadruplex were present all the time, indicating the presence of quadruplex in all
conditions. This is contrasted with the slow formation kinetics of parallel G-quadruplexes
described by several authors [17,29]. The kinetics of tetramolecular quadruplex formation
has mainly been studied in TG4T oligonucleotides [29]. These studies have also shown
that association is slow and concentration-dependent as well as some other factors [29]. In
addition, it has been described that the association rate can be accelerated by the presence
of 8-modified guanine derivatives such as 8-bromo-G [33] or 8-amino-G [34]. There are
no studies with TG6T in NMR experimental conditions because it is harder to quantify
the kinetic parameters, as TG6T does not dissociate at 90 ◦C [29]. However, Mergny et al.
described that the longer the G-tract, the faster the association and that the addition of
one tetrad from TG4T introduces a 10-fold larger association rate [29]. One should expect
that the association rates of TG6T will become 100-fold larger than TG4T. In addition,
we have to consider that NMR experiments use relatively high concentrations compared
with UV studies. The observed acceleration of quadruplex formation observed in our
NMR experiments may also respond to the high concentration used in the experimental
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conditions, or because of the higher stability of the TG6T quadruplex. Finally, the effect of
the presence of the extra nucleotides or the linkers with GalNAc has never been studied.
Therefore, our study may indicate that there is an interesting story to be revealed. From the
practical view in the biological experiments, we prepared a concentrated solution a couple
of days before to make sure that all the quadruplex is formed without taking into account
the faster association rates of the G-rich oligonucleotides presented in this work.

As expected for the formation of tetramers, the affinity binding of GalNAc-G-rich-17
mers to ASGPR (KI: 31.3–47.2 nM) were found to have a lower affinity than a single-
stranded oligonucleotide functionalized with the triantennary GalNAc (A-PO-L96, KI
10.4 nM), but higher than the affinity to ASGPR of a control single-stranded A-rich sequence
that was not possible to determine at concentrations tested. This result confirmed that
tetramerization of monofunctionalized GalNAc G-rich sequences does indeed increase the
affinity to ASGPR most probably by emulating the rapid internalization via the clathrin-
mediated pathway described for the multifunctional triantennary oligonucleotides [12,15].
We have prepared two different GalNAc derivatives with different length (L193 and L235)
as well as oligonucleotides carrying two phosphorothioate linkages at the terminal 3′ and
5′- ends, but the analysis of the ASGPR binding affinity resulted in values of the same
range (KI: 31.3–47.2 nM). Although a slight higher affinity is observed for oligonucleotides
carrying phosphorothioate linkages (KI: 31.3 and 42.8 vs. 39.9 and 47.2 nM) and carrying
the shorter linker L235 (31.3 and 39.9 vs. 42.8 and 47.2).

Next we prepared a series of oligonucleotides that combined a gapmer sequence
against Renilla luciferase carrying 2′-O-methyl-RNA modifications at the last four positions
of the 3′- and 5′-ends and phosphorothioate linkages with a G-quadruplex forming TG6T
sequence with phosphodiester linkages. In these cases, the characterization of the G-
quadruplex is more challenging due to the complexity of the molecules, but the analysis of
polyacrylamide electrophoresis clearly showed the presence of the G-quadruplex as a major
species. Unfortunately, the affinity binding of GalNAc-G-rich oligonucleotides to ASGPR
decrease more than one order of magnitude (KI: 8.8 vs. 121 and 357 nM). In addition, duplex
formation abolishes binding of GalNAc-G-rich oligonucleotides to ASGPR, precluding the
potential use of tetramerization for GalNAc active hepatocyte targeting for siRNA and
other double-stranded oligonucleotides such as microRNA mimetics.

The biological properties of the hybrid gapmer/G-quadruplex molecules were evalu-
ated in two cell lines (HepG2, HeLa) demonstrating the absence of toxicity. The analysis of
the stability of hybrid gapmer /G-quadruplex molecules towards degradation in 10% PBS
indicates that these oligonucleotides are more stable than the H series because they carry
phosphorothioate and 2′-O-methyl residues and these modifications increase binding of
oligonucleotides to serum proteins that may protect oligonucleotides from degradation.

The internalization preferences of GalNAc-quadruplexes to hepatic cells were also
demonstrated and specifically the cellular uptake of oligonucleotide carrying the antisense
sequence (FAM-Luc-G6-GalNAc, L7) and the G-rich sequence goes from 9% in HeLa cells
to 30% in HepG2 cells (at 300 nM concentration). Consequently, to the good internalization
properties of the gapmer-G-quadruplex hybrid molecules L3 and L4, we observed an
enhancement of the luciferase inhibition in HepG2 cell lines versus HeLa cells, L3 being
the more active gapmer in HepG2 cells.

All together, we have demonstrated the possibility of obtaining multifunctional
nanoassemblies by simple hybridization of monofunctionalized oligonucleotides. This
approach has been extensively studied in the bibliography and holds promise for future
developments [35]. For example, three oligonucleotides designed to form a triplex were
functionalized with a short coiled peptide that interacts between them, stabilizing the
triplex structure [36]. Similarly, G-quadruplex formation has been shown to direct the as-
sembly of two peptide strands generating two-loop structures on top of the G-quadruplex.
This approach can be used with homo and hetero peptide sequences [37]. G-rich oligonu-
cleotides designed to form parallel G-quadruplex functionalized with hydrophobic group
are able to tetramerize resulting in multifunctionalized G-quadruplex with affinity to viral
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proteins [17,38] and/or cell membranes [21–23]. The strategy here described can be ex-
tended for the hepatic delivery of antiproliferative and antiviral nucleosides by the prodrug
strategy described recently [23].

4. Materials and Methods

Lipofectamine 2000 was purchased from Invitrogen. Dulbecco’s Modified Eagle’s
Medium (DMEM) was supplemented with 10% heat-inactive fetal serum bovine (FBS).
DMEM, PBS buffer and distilled water (DNAse/RNAse free) were purchased from Gibco
(Waltham, MA, USA). Luciferase assay kits were acquired from Promega (Madison, WI,
USA). Luminescence was measured in a Promega Glomax Multidetection System instru-
ment. Flow cytometer analyses were carried out in a Guava® easyCyte. Luciferase plasmids
(p-GL3 and p-RL) were extracted of growing up E. coli transfected previously with the
corresponding plasmid and purified with Qiagen Giga plasmid purification kit purchased
from Qiagen.

4.1. Synthesis of GalNac Oligonucleotide Conjugates and Controls

Control oligonucleotides were synthesized on an Applied Biosystems DNA synthe-
sizer using solid-phase phosphoramidite chemistry. These oligonucleotides were 5′-TG6T-
3′, 5′-T8-3′ the anti-luciferase phosphorothioate oligonucleotide 5′-CsGsTsTsTsCsCsTsTsTsGs
TsTsCsTsGsGsA-3′, and the gapmer sequence 5′-CsGsUsUsTsCsCsTsTsTsGsTsTsCsUsGsGsA-
3′ where the underlined nucleotides are 2′-O-methyl-RNA and contain phosphorothioate
linkages. The antisense phosphorothioate and the gapmer oligonucleotides are complemen-
tary to the mRNA of the Renilla luciferase gene which target to a predominant accessible
site between 20 and 40 nt of the luciferase gene [27].

Oligonucleotides carrying N-acetylgalactosamine (GalNAc) shown in Tables 1 and 2
have been synthesized using solid-phase phosphoramidite chemistry. For the introduction
of the GalNAc at the 3′-end two special solid supports were prepared functionalized
with O-tetraacetyl-N-acetyl galactosamine connected to 4-hydroxyprolinol through alkyl
chains of different lengths (L235 and L193) (Scheme 1). The synthesis of solid supports
functionalized with these GalNAc derivatives has been reported in detail previously [13].
All oligonucleotides were purified by HPLC, and the major peak was characterized by
mass spectrometry (Table S1).

4.2. G-Quadruplex Formation

All G-rich and control oligonucleotides were treated in the same conditions to reduce
the differences between samples. First, oligonucleotides were quantified, aliquoted appro-
priately for the different experiments and concentrated to dryness. Oligonucleotides used
in CD, gel electrophoresis and in cell experiments were dissolved in 100 mM PBS (pH 7.4).
In all cases, solutions were annealed by heating at 93 ◦C for 2 min in a thermo-block and
slow cooling down to room temperature (2–3 days). The resulting oligonucleotide solutions
were stored at 4 ◦C until used.

4.3. Circular Dichroism

CD spectra of the annealed solutions were registered between either from 205 to 320 nm
or from 220 to 320 nm at 20 ◦C in PBS 1× buffer. CD thermal denaturation experiment of
the G-quadruplex-forming oligonucleotide (G-PO-HCV-L235, H2) (4–5 µM) was performed
in a range of temperature between 20 and 85 ◦C using a heating rate of 0.8 ◦C min−1 and
monitoring the ellipticity at 263 nm.

4.4. Nuclear Magnetic Resonance (NMR) Experiments

The NMR sample of H2 (G-PO-HCV-L235, 2 mg in 0.55 mL, 0.63 mM) was prepared
in of PBS buffer (0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl) (H2O:D2O
9:1), pH 7.4. The oligonucleotide was heated to 90 ◦C for 1 min and then cooled at room
temperature overnight. 1H-NMR spectra were acquired at 25 ◦C at different times after

170



Molecules 2022, 27, 3944

the heating with a Bruker AV600, 600 MHz spectrometer, equipped with a TXI probe with
z-gradient, and processed with TOPSPIN 2.1 software. Two-dimensional NOESY spectra
were acquired with mixing time of 300 ms and 2D TOCSY spectra with mixing time of
60 ms.

4.5. Polyacrylamide Electrophoresis Assays

A native polyacrylamide gel electrophoresis (PAGE) was carried out using 12% (v/v)
acrylamide to characterize the mobility of the assembled oligonucleotides. Samples were
dissolved in PBS and the gel was run in 1× TBE buffer supplemented with 100 mM KCl at
150 V (12% PAGE) for approximately 4–5 h maintaining a fixed temperature of 20 ◦C. SYBR
green (20 µL in 200 mL 1× TBE) was used to stain the DNA bands and then images were
taken using Fujifilm LAS-1000 Intelligent Dark Box II as well as IR LAS-1000 Lite v1.2. The
ladder used was a solution containing Bromophenol Blue and Xylene Cyanol for visual
tracking of oligonucleotides migration during the electrophoretic process.

4.6. Affinity Binding to ASGPR Receptors in Primary Mouse Hepatocytes

ASGPR competitive binding was evaluated as previously described [14]. Briefly, 20 nM
triantennary GalNAc-conjugated, Alexa647-labeled siRNA, described previously [12], and
3 µM to 1.4 nM of relevant oligonucleotide were premixed and then co-incubated with
1× 105 of viable plateable primary mouse (CD-1) cryopreserved hepatocytes (ThermoFisher
Scientific, Waltham, MA, USA) in Dulbecco’s Modified Eagle Medium (DMEM) with 2%
bovine serum albumin (BSA). Samples were incubated at 4 ◦C for 15 min, then washed
twice with 2% BSA in Dulbecco’s Phosphate-Buffered Saline with magnesium and calcium
(DPBS). Cells were suspended in a solution of 2% BSA in DPBS with 2 µg/mL propidium
iodide and analyzed on a BD LSRII flow cytometer. Hepatocytes were gated by size
using forward scatter and side scatter, and dead cells stained with propidium iodide
were excluded from analysis. Median fluorescence intensity of the Triantennary GalNAc-
conjugated, Alexa647-labeled siRNA was quantified (A647 MFI). Data were analyzed
using FlowJo and KI was calculated in GraphPad Prism using a derived Michaelis-Menten
equation for competitive inhibition.

4.7. MTT Assays

HeLa and HepG2 cells were regularly passaged to maintain exponential growth and
proprieties. Cells were seeded for 8000 cells into each well of a 96-well cell culture plate.
Then, cells were incubated overnight at 37 ◦C and 5% CO2 in DMEM supplemented with
10% FBS. After that, the oligonucleotide conjugates were added and the cells incubated
for 24 h at increasing concentrations (60, 120 and 300 nM) in 200 mL of new DMEM (10%
FBS). PBS buffer was used as a control. Before that time, growth medium was removed and
cells were washed with PBS (200 mL), so all compounds not internalized were removed
and 200 mL of fresh DMEM (10% FBS) was added to incubated the cells again for 12 h
more at 37 ◦C. Next day, using a MTT dye solution (25 mL; 5 mg mL−1) was added per
well and cells were incubated for two additional hours. Medium was removed and DMSO
(100 mL) was added to dissolve formazan crystals formed and the absorbance of the
solution was measured in a plate reader. Data was analyzed in a excel sheet. The MTT
assay was repeated 12 times in six independent experiments in Hela cells and 10 times in 5
independent experiments in HepG2 cells.

4.8. Flow Cytometry

HeLa and HepG2 cells (80,000 and 100,000 cells per well, respectively) were seeded
on 24-well cell culture plate. Then, they were incubated overnight at 37 ◦C and 5% CO2 in
DMEM supplemented with 10% FBS. Next day, fluorescein-labelled oligonucleotides were
added and the cells were incubated for 24 h. After that time, cells were washed with PBS
(500 µL) and harvested with trypsin (200 mL) at 37 ◦C for some minutes. DMEM (800 µL)
was added and cells were centrifuged (3.0 rcf 8 min). DMEM supernatants were removed
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and pellets were washed with 800 µL of PBS to analyze them in a cytometer instrument. For
each sample, 5000 events were collected in a selected gate (R1) that corresponds to the cell
population (each line was analyzed with a different template). Guava soft software Incite
surface was used to analyze the relationship between fluorescently labeled and unlabeled
cell populations and quantify the percentages of each type of cells.

4.9. Luciferase Assays

HeLa and HepG2 cells were seeded in the same 24-well plate as the previous ex-
periment, but in a confluence of 100,000 and 200,000 cells per well, respectively. After
overnight incubation at 37 ◦C and 5% CO2 in DMEM + 10% FBS, cells were transfected with
a solution of two luciferase plasmids Renilla and Firefly luciferase (pRL (10 ng/µL) and
pGL3 (100 ng/µL)) in Optimem buffer (without plasma proteins) using lipofectamine 2000
to internalize the plasmids into the different cell lines. After 4 h of incubation, cells were
thoroughly washed, and the incubation with the Luc-oligonucleotides at 60–120–300 nM
was done without lipofectamine, so differences between cells will affect to the internaliza-
tion of the drug. All these experiments were done in a final volume of 600 µL. An ASO
as control at the same concentration was used for comparison purposes. Transfections
were performed in triplicate and for 24 h. After this time, cells were washed again to
eliminate all the Luc-compound not internalized and frozen. Finally, lysates were analyzed
by comparing the luminescence of both Firefly and Renilla luciferase protein according to
manufacturer’s protocol. The luciferase assay was repeated 30 times in 12 independent
experiments in Hela cells and 30 times in 8 independent experiments in HepG2 cells.

4.10. Analysis of the Stability of Oligonucleotides towards Snake Venom Phosphodiesterase and
10% FBS

Briefly, 10 µL of the oligonucleotide at 5 µM were dissolved in 100 µL of a mixture
of Tris·HCl buffer (100 mM), MgCl2 solution (100 mM) and 1 µL of phosphodiesterase I
from Crotalus adamanteus venom (USB) was added and incubated in 37 ◦C. Then, 5 µL of
the solution was removed (every certain time) and added to 15 µL of urea solution (8M)
and heated to 85 ◦C for 5 min and stored at the freeze. Finally, the different samples were
analyzed by denaturing (8M urea) 12% polyacrylamide gel electrophoresis. Similarly, 10 µL
of the oligonucleotide at 5 µM were dissolved in 10% FBS and incubated at 37 ◦C. As before,
5 µL of the solution was removed and added to 15 µL of urea solution (8M) and heated
to 85 ◦C for 5 min and stored at the freeze. Then, the different samples were analyzed in
denaturing (8M urea) 12% polyacrylamide gel electrophoresis.

5. Conclusions

There is a large interest in the development of defined DNA nanostructures carrying
multifunctional ligands that are recognized by membrane receptors to achieve more effi-
cient delivery systems for the fast-growing field of therapeutic oligonucleotides. To this
end, we addressed the potential use of the tetramerization of G-rich sequences to build
novel methods to achieve the multivalency of the well-known GalNAc ligands using simple
oligonucleotides carrying a single GalNAc ligand. To this end, several G-rich oligonu-
cleotides carrying the TGGGGGGT sequence were prepared carrying one GalNAc molecule
per oligonucleotide. The synthesis of these monofunctionalized GalNAc-oligonucleotides
is easier than the standard triantennary GalNAc derivatives due to the complexity of the
synthesis of the triantennary GalNAc ligand. We studied three potential tetrameric G-
quadruplexes carrying four GalNAc molecules by tetramerization of monofunctionalized
GalNAc G-rich oligonucleotide: I. Tetravalent GalNAc linked to the HVC sequence (H
series, Table 1). II. Tetravalent GalNAc linked to an antisense oligonucleotide against
luciferase gene (Gapmer, L series, Table 2). III. Tetravalent GalNAc linked to a siRNA
(R series, Table S2). The study show that structures I and II can be observed and may
be responsible for an increased affinity to ASGPR and an increased antisense activity in
hepatocytes while structure III most probably is not formed (Figure S1). The formation of a
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self-assembled parallel G-quadruplex in structures I and II was confirmed through various
biophysical techniques. Binding experiments to asialoglycoprotein receptors (ASGPR)
show that structure I achieve the best affinity binding to ASGPR and clearly better than
single-stranded control oligonucleotides that cannot form G-quadruplex demonstrating
that powerful advantages of multifunctionality. Binding experiments to ASGPR in struc-
tures II show a less efficient ASGPR binding, but still better than single-stranded control
oligonucleotides. In addition some differences are observed depending of the relative
position of the therapeutic cargo. The internalization preferences of GalNAc-quadruplexes
to hepatic cells were also demonstrated by cell cytometry. As well as the enhancement of
the luciferase inhibition under gymnotic conditions using the luciferase assay in the HepG2
cell line. All together demonstrates that tetramerization of G-rich oligonucleotides can be
used to obtain the beneficial effects of multivalent GalNAc functionalization although in
long oligonucleotides as well as duplex siRNA tetramerization is less efficient probably by
competing duplex formation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27123944/s1, Figure S1. Schematic representation of
the potential tetrameric G-quadruplexes. Table S1: Sequences and mass spectra of oligonucleotide
derivatives prepared in this work. Table S2: Oligonucleotide RNA derivatives carrying anti-mTTR
siRNA sequence. Figure S2: Melting curves on Gquadruplex sequences. Figure S3: CD spectra of
G-rich and control oligonucleotides. Figure S4: Analysis of stability of G-rich oligonucleotides to FBS
and phosphodiesterase. Figure S5: MTT assay in HeLa (a), and HepG2 (b) cells.
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Abstract: Trans-polydatin (tPD), the 3-β-D-glucoside of the well-known nutraceutical trans-resveratrol,
is a natural polyphenol with documented anti-cancer, anti-inflammatory, cardioprotective, and im-
munoregulatory effects. Considering the anticancer activity of tPD, in this work, we aimed to explore
the binding properties of this natural compound with the G-quadruplex (G4) structure formed by the
Pu22 [d(TGAGGGTGGGTAGGGTGGGTAA)] DNA sequence by exploiting CD spectroscopy and
molecular docking simulations. Pu22 is a mutated and shorter analog of the G4-forming sequence
known as Pu27 located in the promoter of the c-myc oncogene, whose overexpression triggers the
metabolic changes responsible for cancer cells transformation. The binding of tPD with the parallel
Pu22 G4 was confirmed by CD spectroscopy, which showed significant changes in the CD spec-
trum of the DNA and a slight thermal stabilization of the G4 structure. To gain a deeper insight
into the structural features of the tPD-Pu22 complex, we performed an in silico molecular docking
study, which indicated that the interaction of tPD with Pu22 G4 may involve partial end-stacking
to the terminal G-quartet and H-bonding interactions between the sugar moiety of the ligand and
deoxynucleotides not included in the G-tetrads. Finally, we compared the experimental CD profiles
of Pu22 G4 with the corresponding theoretical output obtained using DichroCalc, a web-based server
normally used for the prediction of proteins’ CD spectra starting from their “.pdb” file. The results
indicated a good agreement between the predicted and the experimental CD spectra in terms of the
spectral bands’ profile even if with a slight bathochromic shift in the positive band, suggesting the
utility of this predictive tool for G4 DNA CD investigations.

Keywords: Pu22; G-quadruplex; c-myc; phytochemicals; circular dichroism; in silico simulations;
molecular docking; CD prediction

1. Introduction

Among the noncanonical secondary structures of DNA, G-quadruplex (G4) is an
appealing therapeutic target being found in specific regions of the genome such as telomeres
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and the regulatory regions of many oncogenes including c-kit, c-myc, and bcl-2 [1–14].
Remarkably, the promoter region of c-myc—an oncogene over-expressed in the majority
of solid tumors and closely associated with cancer cell apoptosis, proliferation, invasion,
cell-cycle arrest, and metastasis—can form a parallel G4 structure via Hoogsteen hydrogen
bonds under specific conditions, and has been proposed as an effective target for antitumor
drugs [15–23]. Particularly, it was found that molecules capable of binding and stabilizing
this type of G4 downregulate the expression of c-myc, finally resulting in the apoptosis of
cancer cells with great benefit in anticancer therapy [24–26].

Trans-polydatin (tPD, Figure 1a), the 3-β-D-glucoside of the well-known nutraceu-
tical trans-resveratrol [27], is a natural polyphenol with documented anti-cancer, anti-
inflammatory, cardioprotective, and immunoregulatory effects [28,29]. In a recent work,
the G4-binding of tPD was explored toward three cancer-related G-rich DNA sequences,
including c-myc, in comparison with a model duplex [30]. Interestingly, tPD displayed
a clear binding ability with all the G4s and a higher ability, with respect to its aglycone
derivative trans-resveratrol, to discriminate G4 over duplex DNA. Moreover, in vitro as-
says on melanoma cells proved that tPD significantly reduced telomerase activity, and
inhibited cancer cell proliferation [30]. However, the adopted experimental conditions
did not allow the detection of any significant conformational changes of the analyzed
G4 DNA upon binding with tPD. Moreover, it was not possible to estimate the thermal
stability of both c-myc and its complex with tPD, as needed for evaluating any stabilizing or
destabilizing effects of the polyphenol on the G4-folded c-myc promoter [30]. On the other
hand, other studies clearly indicated that the anticancer effects (including inhibition of cell
proliferation and metastasis) of tPD took place through suppressing the c-myc expression,
as proven in a model of human cervical cancer [31]. Therefore, conscious of the role of
G4-structure binding and stabilization by ligands in c-myc deregulation [32], we decided to
examine in more detail the molecular recognition of c-myc G4 by tPD through an approach
differing from that previously reported in the literature from both experimental and in
silico perspectives. To this aim, the interaction of tPD with c-myc DNA was studied in the
present work focusing on the G4 structure formed by the Pu22 region having the sequence
5′-TGAGGGTGGGTAGGGTGGGTAA-3′, a mutated and shorter analog of the sequence
known as Pu27 located in the promoter of the c-myc oncogene and associated with the
regulation of promoter activity and gene transcription.

Circular dichroism (CD) spectra of Pu22, either unliganded or in complex with the
tPD, were recorded at variable temperatures in a buffer containing a lower concentration
of potassium ions than previously reported [30]. CD spectroscopy is a technique typically
employed to verify the formation of several secondary structures of nucleic acids and
their analogs [33–36], including the G4 structure in G-rich DNA sequences [37–41], which
also allows one to determine whether the denaturing temperature of a DNA secondary
structure is affected by potential ligands [42]. Being aware of the utility of molecular
docking in identifying DNA ligands [43,44] through verification of the favored binding
sites in a complex, and in the estimation of the binding affinity, we decided to further
characterize the molecular recognition of the G4 by tPD, by docking experiments of the
tested polyphenol against the c-myc G4. The CD spectrum of the parallel G4 structure of
Pu22 was further predicted by DichroCalc software [45], with the aim to verify whether the
experimental profile could be reproduced by simulation as described below.
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Figure 1. (a) Chemical structure of tPD; some atoms are numbered as in the docking program.
(b) CD spectra of Pu22 2.5 µM (black) and its complex with tPD (red) at 40 ◦C. Inset shows the
“difference” CD spectrum (tPD-Pu22 (mdeg)–Pu22 (mdeg)). (c) CD thermal denaturation curves
(CD265 (mdeg) vs. T (◦C)) and (d) their first derivatives vs. T plots for Pu22 (2.5 µM, black) and its
complex with tPD (red). All experiments were run in PBS, pH 7.4 (optical path length = 0.1 cm).

2. Results

The effective binding of polydatin to Pu22 had been unequivocally shown by some
of us by using various techniques including fluorescence [30]; however, with our work,
we aimed to explore some biophysical characteristics of the complex, such as its thermal
stability, and give more insights into the molecular aspects of the interaction by using in
silico approaches. Our combined experimental and computational work started with the
examination of the CD spectral features of Pu22 DNA and its complex with tPD. Moreover,
a thermal denaturation study was conducted with both unliganded Pu22 and tPD-Pu22.
The observations from CD spectroscopy were then interpreted in the light of the docking
experiments performed by us on tPD-Pu22, but also on (tPD-Pu22)-Pu22, (Pu22)2, and
tPD-(Pu22)2 molecular systems.

2.1. CD Spectroscopic Analysis of the Binding of Pu22 by tPD

With the aim to shed light on the possible mechanisms underlying the previously
reported anticancer activity of tPD [31], we evaluated the potential of this polyphenol in
binding Pu22. In our CD study, we observed a spectrum for Pu22 corresponding to a G4
with parallel topology, as identified by the characteristic positive band at ~265 nm and
the negative one at 240 nm (Figure 1b, black line) [46]. In the presence of the polyphenol,
we observed an increase in the positive CD signal at 263 nm accompanied with a 1 nm
red-shift in the band maximum, and a concomitant reduction in the CD minimum at 240 nm
(Figure 1b, red line). In addition, some differences in the CD spectra were evidenced in the
280–300 nm region. Overall, in the studied conditions, tPD induced a greater degree of
structuration in the Pu22 G-quadruplex, as evidenced by the “difference” CD spectrum
obtained by subtracting the CD spectrum of the Pu22 G4 to that of the tPD-Pu22 complex
(inset of Figure 1b).
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Then, we studied the effect of tPD on the stability of this G4 DNA by recording,
for Pu22 and its mixture with the polyphenol, the CD values at 265 nm as a function of
temperature (Figure 1c). We found a slight thermal stabilization in the presence of tPD,
detectable by the increased value of the G4 melting temperature (Tm = 64 ◦C) with respect
to the unliganded Pu22 G4 reference (Tm = 62 ◦C), leading to a ∆Tm of +2 ◦C (Figure 1d
and Table 1). Furthermore, the overall variation in the CD signal at the λmax upon heating,
i.e., between 40 (folded state) and 90 ◦C (unfolded), for Pu22 alone or in complex with
tPD, was 1.99 and 2.23, respectively, again confirming a higher structuration degree of
the quadruplex when bound by the ligand. Specifically, the highest difference in the ∆CD
for the two systems was evidenced between 40 and 50 ◦C (Figure 2, black-line dashed
squares, and Table 1). Some differences between the two systems were also detected in
the CD spectra recorded at the various temperatures in the 280–300 nm spectral region
(Figure 2a,c).

Table 1. Summary of the CD and CD melting data for Pu22 and the complex tPD-Pu22. ∆Tm is the
variation in the melting temperature of the complex with respect to the Pu22 reference; ∆CDmax 40–90

is the difference in the CD value at the λmax between 40 (folded state) and 90 ◦C (unfolded), whereas
∆CDmax 40–50 is the one between 40 and 50 ◦C.

Entry ∆Tm * (◦C) ∆CDmax 40–90 ◦C
(mdeg)

∆CDmax 40–50 ◦C
(mdeg)

Pu22 0 1.99 0.54
tPD-Pu22 +2 2.23 0.15

* Tm Pu22 = 62 ◦C.

Molecules 2022, 27, x FOR PEER REVIEW 4 of 14 
 

 

temperature (Figure 1c). We found a slight thermal stabilization in the presence of tPD, 
detectable by the increased value of the G4 melting temperature (Tm = 64 °C) with respect 
to the unliganded Pu22 G4 reference (Tm = 62 °C), leading to a ΔTm of +2 °C (Figure 1d and 
Table 1). Furthermore, the overall variation in the CD signal at the λmax upon heating, i.e., 
between 40 (folded state) and 90 °C (unfolded), for Pu22 alone or in complex with tPD, 
was 1.99 and 2.23, respectively, again confirming a higher structuration degree of the 
quadruplex when bound by the ligand. Specifically, the highest difference in the ΔCD for 
the two systems was evidenced between 40 and 50 °C (Figure 2, black-line dashed squares, 
and Table 1). Some differences between the two systems were also detected in the CD 
spectra recorded at the various temperatures in the 280–300 nm spectral region (Figure 
2a,c). 

 
Figure 2. CD spectra of Pu22 (2.5 μM) (a) and its complex with tPD (c) recorded in the 40–90 °C 
temperature range. Plots of the CD signal at λmax (in mdeg) vs. temperature (in °C) for Pu22 (b) and 
its complex with tPD (d) derived from panels a and c. All experiments were run in PBS, pH 7.4 
(optical path length = 0.1 cm). 

Table 1. Summary of the CD and CD melting data for Pu22 and the complex tPD-Pu22. ΔTm is the 
variation in the melting temperature of the complex with respect to the Pu22 reference; ΔCDmax 40–90 
is the difference in the CD value at the λmax between 40 (folded state) and 90 °C (unfolded), whereas 
ΔCDmax 40–50 is the one between 40 and 50 °C. 

Entry ΔTm * (°C) ΔCDmax 40–90 °C (mdeg) ΔCDmax 40–50 °C (mdeg) 
Pu22 0 1.99 0.54 

tPD-Pu22 +2 2.23 0.15 
* Tm Pu22 = 62 °C. 

2.2. Molecular Docking Studies 
The importance of phytochemicals in drug discovery [47] prompted the scientific 

community to investigate the potential of a plethora of natural products in anticancer 
strategies by using in silico approaches for a rapid screening or to corroborate and de-
scribe at a molecular level in vitro observations. In this context, we used herein in silico 
methods, and more specifically molecular docking, in analogy to other recent literature 
examples using polyphenols as anticancer drug candidates [48,49], to deeper analyze the 
interaction between tPD and the target Pu22 G4, whose sequence is located in a regulatory 

Figure 2. CD spectra of Pu22 (2.5 µM) (a) and its complex with tPD (c) recorded in the 40–90 ◦C
temperature range. Plots of the CD signal at λmax (in mdeg) vs. temperature (in ◦C) for Pu22 (b) and
its complex with tPD (d) derived from panels a and c. All experiments were run in PBS, pH 7.4
(optical path length = 0.1 cm).

2.2. Molecular Docking Studies

The importance of phytochemicals in drug discovery [47] prompted the scientific
community to investigate the potential of a plethora of natural products in anticancer
strategies by using in silico approaches for a rapid screening or to corroborate and describe
at a molecular level in vitro observations. In this context, we used herein in silico methods,
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and more specifically molecular docking, in analogy to other recent literature examples
using polyphenols as anticancer drug candidates [48,49], to deeper analyze the interaction
between tPD and the target Pu22 G4, whose sequence is located in a regulatory region of the
c-myc oncogene. More in detail, we exploited the Hdock software [50,51] for the computa-
tional studies involving DNA. Hdock is used for both macromolecule–macromolecule [50]
and small molecule–macromolecule [52] dockings, including those involving DNA and
RNA G4s [53,54]. It is worth noting that the docking software provides dimensionless
scores (Hdock scores) that are correlated to binding affinities [55]. This allows the compari-
son to made of the binding affinity of ligands for a given target by simply comparing their
docking scores, with the most negative values being associated with the highest affinity
ligands [55]. We found by Hdock docking that tPD bound the G4 target in proximity of
the G4, G8, G13, and G17 nucleotides (Figure 3, Table 2). Comparing the Hdock scores for
the top-1 poses, we can predict that the ligand bound Pu22 with a lower affinity than its
aglycone resveratrol (tRES, Table 2), as experimentally shown in the literature [30].
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with aromatic rings involving the tPD H1 (Figure 1a) and the guanine residues 4 (3.15 Å, 
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Figure 3. The docked structures of the tPD-Pu22, with the Pu22 PDB ID: 6AU4, corresponding to the
top-1–3 ranked poses: (a,b) pose 1; (c) pose 2; (d) pose 3. Note how in poses 1 and 3, tPD seems to
interact by end-stacking and H-bondings with the nucleotides represented in yellow in panels (b,d).
Panel (e) reports a different depiction of pose 2 in which the backbone of Pu22 is represented as a
white arrow and the base pairs as ladders for clarity.
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Table 2. HDOCK docking scores (for the top-ranked pose and mean value from the top-1–3 poses).
The interface nucleotide residues within 5.0 Å from the ligand in the top-1–3 complexes are reported
in the last column.

Complex HDOCK Score *
Top-1 Ranked Pose

HDOCK Score
Mean Value

(Top-1–3 Poses) ± SD
Interface Residues

tPD/Pu22 –112.1 –111.7 ± 0.3
G4, G6, G8, G10, G13,
G15, T16, G17, G19,

T20, A21

tRES/Pu22 –120.6 –112.9 ± 7.3 G6, T7, G10, G15, T16,
G19, T20, A21

tPD/(Pu22)2 –103.2 –102.7 ± 0.5

G6, G10, T11, G15,
T16, G19, T20, A21,

G’14, G’15, T’16, G’17,
G’18, G’19, T’20, A’21

* The docking energy scores.

The interactions that emerged by analyzing the top-1–3 poses are held by H-bondings
with aromatic rings involving the tPD H1 (Figure 1a) and the guanine residues 4 (3.15 Å,
ligand H1–G-ring; π donor H-bond) and 8 (3.05 Å, ligand H1–G ring; π donor H-bond), re-
spectively, in poses 1 and 3 (Figure 3b,d). In pose 2, a H-bond between ligand H2 (Figure 1a)
and the O6 (2.14 Å) of guanine residue 10 was also detected (Figure 3c). Interestingly, unlike
pose 2 (Figure 3c,e), poses 1 and 3 show the tPD aromatic moieties laying almost parallel to
the terminal quartets of the quadruplex (Figure 3), thus suggesting a partial end-stacking
interaction of the polyphenol to the G4.

The dimerization of Pu22 G4 was described in the literature under some conditions;
for example, a quadruplex dimer was clearly evidenced in the solid state [56], whereas in
solution, this G4 is present mainly as a monomer [57]. Nonetheless, Jana and Weisz [58]
using nondenaturing polyacrylamide gel electrophoresis showed that in solution, MYC-
∆1,6 and, albeit to a much lesser extent, Pu22 (indicated by them as “MYC-∆1,6[1.2.1]”,
carrying two G replacements by T with respect to MYC-∆1,6) presented dimeric forms
corresponding to slower migrating bands, more evident in the former case and somewhat
faint, but still detectable, in the case of Pu22 [58]. Similarly, the electrophoretic assays of
Moriyama et al. showed for Pu22 (indicated by them as c-myc) a main band and two slower
migrating bands [59]. The presence of dimeric Pu22 in solution was suggested also by size
exclusion chromatography (SEC), revealing two main SEC peaks for the Pu22 solution that
led to the hypothesis of the coexistence of monomeric and dimeric forms in solution [60].
Therefore, we hypothesize that Pu22 in solution is found mainly as a monomer, which
justifies its usage in biomolecular studies as a model of G4 DNA not prone to undesirable
multimerization, but also, albeit at a much lesser degree, as a dimer. G4 DNA dimer binding
by ligands could, in principle, alter the monomer-dimer equilibrium, and importantly, some
ligands can induce dimerization of truncated parallel c-myc G-quadruplexes [61].

With all the above considerations in mind, we decided to explore by molecular dock-
ing also the propensity of tPD to bind the (Pu22)2 dimer model. We found for the top-
ranked pose, as well as poses 1–3 of this docking, less negative Hdock scores (−103.2 and
−102.7 ± 0.5, respectively; Table 2) with respect to those found in the case of the docking
of the same ligand with the monomeric G4 (−112.1 and −111.7 ± 0.3), suggesting a slightly
higher affinity of tPD for the most abundant monomeric form of the Pu22 G4 structure.

We also performed DNA–DNA dockings to explore the dimerization of Pu22 G-
quadruplex to obtain (Pu22)2 and the effects of tPD on this process. To this scope, in the
first case, we docked Pu22 G4 to a second Pu22 G4 unit, set as the target (Figure 4a), while
in the second docking, we used the pre-docked tPD-Pu22 G4 for docking to a second Pu22
G4 unit (Figure 4b). We found that tPD-Pu22 G4 binds Pu22 G4 with an affinity 1.3 times
lower than that showed by unliganded Pu22 G4 with the same target (Hdock scores (mean
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of top-1–3 values): −460.1 ± 14.1 vs. −601.3 ± 7.3, respectively). In other terms, it seems
that tPD hinders Pu22 G4 dimerization that, in its absence, is more favored (Figure 4a,b),
and binds the Pu22 G4 monomer with slightly higher affinity than the dimeric (Pu22)2 G4
(Figure 4b,d).
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Figure 4. Docking of Pu22 (a) or tPD-Pu22 (b) to another Pu22 unit. Docking of tPD to Pu22 monomer
(c) or dimer (d). Hdock scores (mean of top-1–3 values) were also indicated.

Remarkably, the dimeric form of Pu22 G4 with tPD (Figures 4b and 5a) was predicted
to show considerable structural differences with respect to the unliganded (Pu22)2 G4 dimer
(Figure 4a). In this regard, it is worth noting how 18 hydrophobic/π–π stacking Pu22-Pu22
intermolecular interactions (pink, Figure 5b) along with six intermolecular H-bonds (green)
are predicted to sustain the trimeric complex structure.
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Figure 5. (a) Detailed pose view of the trimeric complex (tPD-Pu22)-Pu22 of Figure 4b; tPD structure
is indicated. (b) Enlargement of the area delimited by the blue rectangle.

2.3. CD Predictions and Comparison with Experimental Spectroscopic Data

Furthermore, the solution NMR structure of the monomeric model of Pu22 G4 formed
in human c-myc promoter [57] was used to simulate its CD spectrum by DichroCalc [45].
This software is routinely used for obtaining simulated CD spectra of proteins starting from
their PDB structure files. In our approach, we applied the method to the prediction of the
spectroscopic profile of the G4 structure object of our study. In particular, a positive band
at 268 nm and a negative one at 244 were predicted by DichroCalc (Figure 6a), which were,
to some extent, in analogy to what we experimentally found by CD (Figure 6b) and was
previously described in the literature for the parallel G4 structure of Pu22, though with a
bathochromic shift in the bands by about 5 nm.
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1XAV, compared with the experimental counterpart (b) obtained for Pu22 at 2.5 µM in PBS.

3. Discussion

With this investigation, we aimed to give more insights into the interaction of the
natural polyphenol tPD with the G4-forming DNA model of the c-myc promoter Pu22,
as the anticancer effects of this phytochemical compound were previously associated to
c-myc deregulation [31]. Specifically, a possible mechanism of anticancer activity could be
the stabilization of a G4 structure within a regulatory region of this oncogene. Previous
attempts [30] in this regard failed to show any stabilization effects of tPD due to the
experimental conditions used and notably because of the particularly K+-rich buffer [30]. In
this work, we decided to substitute the previously used buffer with PBS, which corresponds
to an overall 4.5 mM K+ concentration. The binding of tPD with the parallel Pu22 G4 was
confirmed by CD spectroscopy, which showed changes in the CD spectrum of this DNA
secondary structure under our experimental conditions, especially in the characteristic
positive band centered at 263 nm (Figure 1b). The overall variation in the CD spectrum of
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Pu22 when bound by tPD was significant and evidenced by the “difference” CD spectrum
(inset of Figure 1b). The thermal denaturation profiles in PBS revealed for both Pu22
and tPD-Pu22 sigmoidal shapes with transition midpoint temperatures (Tms) of 62 and
64 ◦C, respectively (Figure 1c,d, Table 1), denoting a stabilization effect of tPD on the G4.
Furthermore, by examining the variations in the CD curves upon heating, we observed that
tPD in the complex slowed down the unfolding process of the G4 structure, especially in
the 40–50 ◦C range. Then, to give a tentative interpretation of the experimental findings, we
conducted a molecular docking study on different systems including Pu22 monomeric and
dimeric G4s and tPD. The most interesting docking results revealed that tPD may bind the
monomeric G4 c-myc model (PDB ID: 6AU4 [56]) used in our CD experiments by partial
stacking to the terminal G-quartet of the 22-mer sequence Pu22 (Figure 3). The binding
involves a region similar to that described previously [30] for the 24-mer G4 structure (PDB
ID: 2A5P), in the proximity of nucleotides common to both computational studies, such as
G13 [30] (Table 2). The tPD-Pu22 complex is held also by H-bonding interactions with the
aromatic rings [62] between the tPD hydrogen H1 and the guanines in positions 4 and 8.
There is also an H-bond between ligand H2 and the O6 of guanine 10 (pose 2), but we cannot
exclude that other intermolecular forces (for instance, hydrophobic interactions) contribute
to the complex formation. Interestingly, the tPD aromatic moieties in two poses out of three
lay almost parallel to the quartets of G4 (Figure 3), thus suggesting a partial π–π stacking of
the polyphenol to the terminal G4 quartet (end-stacking). In our hypothesis, the partial end-
stacking of tPD to the G-quartet could have a role in the experimental CD thermal behavior
observed, as this interaction could reinforce the G4 stabilizing it. Our docking suggests that
polydatin could bind the G4 structure by end-stacking as reported in the literature for other
stilbene derivatives [63]. Interestingly, Esaki et al. [64] found that naphthalene derivatives
are able to stack with the quadruplex G-quartet and afforded thermal stabilizations similar
to those observed by us with polydatin, which are also comparable to those recorded for
polydatin and resveratrol with the G4s tel26 and hTERT [30]. When tPD is bound to Pu22, it
leads to the formation of a complex in which 18 hydrophobic/π–π stacking intermolecular
interactions along with six intermolecular H-bonds sustain a trimeric structure of polydatin-
(Pu22)2, although it prevents Pu22 G4 dimerization with a full eight-floor coplanar system
(Figure 4a). In this regard, other ligands of G-quadruplex DNAs were able to induce
dimerization in monomeric G4-forming sequences, such as truncated c-myc promoter
DNAs [61], leading also to G4 thermal stabilization [65].

4. Materials and Methods
4.1. Materials

All the reagents and solvents were of the highest commercially available quality and
were used as received from Sigma-Aldrich (Merck S.r.l., Milan, Italy). Pu22 DNA sequence
d[TGAGGGTGGGTAGGGTGGGTAA], purchased by Eurofins (Turin, Italy) in lyophilized
and desalted form, was dissolved in nuclease-free bidistilled water and quantified by UV
measurements of the absorbance at 260 nm at 95 ◦C using as extinction molar coefficient of
228,700 M−1 cm−1 (ssDNA, nn model, https://atdbio.com/tools/oligo-calculator, accessed
on 3 March 2022). The DNA stock solution had a 200 µM concentration. Stock solutions of
tPD ligand (kind gift of Prof. G Ravagnan) were prepared at 8 mM concentration in DMSO.

4.2. CD Studies

Circular dichroism (CD) spectra were registered with procedures similar to previous
literature reports [66] on a Jasco J-810 (Jasco Europe S.R.L., Cremella, Italy) spectropolarime-
ter, equipped with a Peltier ETC-505 T temperature controller, in a Hellma (Milan, Italy)
quartz cell with a light path of 0.1 cm. The spectra were recorded within the 240–320 nm
wavelength range and corrected by subtracting the contribution of the solvents. All experi-
ments were performed in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and
1.8 mM KH2PO4, pH 7.4; Sigma Aldrich, Milan, Italy), using 2.5 µM DNA (Pu22), diluted
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from the stock solution in water, and 125 µM tPD (50 equiv. respect to the DNA), diluted
from the stock solution in DMSO.

4.3. CD Denaturation Studies

All G4-containing solutions were annealed by heating them at 95 ◦C for 5 min and
then letting them slowly cool down to room temperature (over 16 h). The presented
melting curves (obtained by recording CD265nm vs. T in the 40–90 ◦C temperature range)
are representative of three independent experiments. Melting temperature (Tm) values
were determined as the temperatures relative to the minima of the 1st derivative plots of
the denaturation curves. All experiments were repeated at least three times and all spectra
were recorded in triplicate.

4.4. Molecular Docking

We conducted our blind molecular docking with the program HDOCK [50,51] using
default parameters for all dockings and the PDB entry 6AU4 that is suitable for studies in-
volving dimerization (selecting one of the two G4 monomers) of the Pu22 G4 structure [56].
The HDOCK server uses the iterative knowledge-based scoring function ITScore-PP to
rank the top-ten poses provided after each docking run. The HDOCK score furnished
by the program is an energy score whose values are listed as dimensionless, and larger
negative numbers of the HDOCK score indicate stronger binding interactions between the
interacting ligand/macromolecules, which was reported to correlate well to experimental
binding affinities.

We used the 3D structure of the Pu22 DNA with the PDB (Protein Data Bank) ID:
6AU4 [56]. The 3D structure, including H-atoms, for the natural compound trans-polydatin,
was retrieved by us from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/,
accessed on 8 November 2021). More details on the HDOCK docking server and on
the procedures for docking experiments can be found at http://hdock.phys.hust.edu.cn/
(accessed on 9 November 2021). We analyzed the top-ranked pose (Top-1) and the top-
three ranked poses for the complexes predicted by HDOCK according to the energy scores
provided by the program as explained in the Results section. Ligand/DNA complexes
were visualized by Discovery Studio 2021 software (Accelrys, San Diego, CA, USA) [67]
that was used also for analyzing H-bonding between tPD and G4 DNA.

4.5. CD Predictions

The prediction of the CD spectrum of the monomeric Pu22 G4 structure was performed
using the DichroCalc [45] web server starting from the PDB file of the NMR structure
deposited with PDB ID 1XAV. At first, the 1XAV.pdb file was manually edited by replacing
the unrecognized “DA, DC, DG, DT” text for deoxyribonucleotides with “A, C, G, T”. Then,
the edited PDB file was uploaded as the input file in DichroCalc obtaining the predicted CD
spectrum file, which was edited with SpectraGryph 1.2 [68]. The predicted CD spectrum
from the “ds” format was finally visualized in Jasco Spectra Manager (JASCO Corporation,
Sendai, Japan).

5. Conclusions

Here, we described a combined approach including in silico (molecular docking) and
experimental (CD binding assay/CD thermal denaturation) analyses, through which we
verified that tPD can interact with Pu22, a G4-forming sequence related to the promoter
region of the c-myc oncogene, stabilizing this DNA structure. The tPD anticancer activity
previously observed in vitro correlates with its stabilizing effects on this cancer-related
target. The interaction of tPD with the parallel quadruplex has been proven by CD, showing
changes in the CD spectrum of this DNA secondary structure under our experimental
conditions, especially in the characteristic positive band centered at 263 nm. Moreover,
slight thermal stabilization effects on the G4 by tPD have been revealed by CD melting
studies. The binding with the DNA structure has been described in more detail in silico by
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molecular docking, which suggests that the interaction of tPD with Pu22 G4 may take place
through partial end-stacking to the terminal quartet involving deoxynucleotides placed in
the external regions of the G4 and the sugar moiety of the ligand. Finally, the exploitation
of the DichroCalc web-based server, normally used for the prediction of CD spectra of
proteins, for the computation of CD spectra of Pu22 revealed the feasibility of the method
for the predictions of CD spectra of G4 DNA.
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