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CONSPECTUS:

DNA G-quadruplex secondary structures formed in guanine-rich human telomeres and oncogene
promoters are functionally important and have emerged as a promising new class of cancer-
specific drug targets. These globular intramolecular structures are stabilized by K* or Na* and
form readily under physiological solution conditions. Moreover, G-quadruplexes are epigenetic
features and can alter chromatin structure and function together with interactive proteins. Here,
we discuss our efforts over the last two decades to understand the structures and functions

of DNA G-quadruplexes formed in key oncogene promoters and human telomeres and their
interactions with small molecules. Using high-field NMR spectroscopy, we determined the high-
resolution structures of physiologically relevant telomeric G-quadruplexes in K* solution with a
major form (hybrid-2) and a minor form (hybrid-1), as well as a two-tetrad intermediate. The
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intrinsic structural polymorphism of telomeric DNA may be important for the biology of human
telomeres, and we proposed a model for the interconversion. More recently, we have worked

on G-quadruplexes of MYC, BCL2, PDGFR-g, VEGF, and k-RAS oncogene promoters. We
determined the structure of the major G-quadruplex formed in the MY C promoter, a prototype
for parallel G-quadruplexes. It is the first example of the parallel-stranded G3NGg3 structure motif
with a 1-nt loop, which is prevalent in promoter sequences and likely evolutionarily selected

to initiate folding. Remarkably, the parallel MY C promoter G-quadruplexes are highly stable.
Additionally, we determined the molecular structures of G-quadruplexes formed in human BCL2,
VEGF, and PDGFR-g promoters, each adopting a unique structure. For example, the BCL2
promoter contains distinct interchangeable G-quadruplexes in two adjacent regions, suggesting
precise regulation by different proteins. The PDGFR-4 promoter adopts unique “broken-strand”
and vacancy G-quadruplexes, which can be recognized by cellular guanine metabolites for a
potential regulatory role.

Structural information on G-quadruplexes in complex with small-molecules is critical for
understanding specific recognition and structure-based rational drug design. Our studies show
that many G-quadruplexes contain unique structural features such as capping and loop structures,
allowing specific recognition by drugs and protein. This represents a paradigm shift in
understanding DNA as a drug target: Rather than a uniform, nonselective binding site in duplex
DNA, the G-quadruplex is being pursued as a new class of selectively targetable drug receptors.
We focus on targeting the biologically relevant MYC promoter G-quadruplex (MycG4) with small
molecules and have determined its first and additional drug complex structures. Very recently, we
have discovered clinically tested indenoisoquinolines as strong MycG4 binders and potent MYC
inhibitors. We have also discovered drugs targeting the unique dGMP-bound-vG4 formed in the
PDGFR-g promoter. Moreover, we determined the complex structures of the first small molecules
that specifically recognize the physiologically relevant human telomeric G-quadruplexes. Unlike
the previously recognized dogma that the optimal G-quadruplex ligands are large aromatic or
cyclic compounds, our results suggest that smaller asymmetric compounds with appropriate
functional groups are better choices to specifically bind G-quadruplexes. This body of work lays a
strong foundation for future work aimed at understanding the cellular functions of G-quadruplexes
and G-quadruplex-targeted drug design.
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INTRODUCTION

The DNA G-quadruplex has become one of the most exciting nucleic acid secondary
structures. They are noncanonical structures formed in guanine-rich sequences that are
functionally important, most prominently in human telomeres and key oncogene promoter
regions. G-quadruplexes are amenable to small molecule targeting and have emerged as a
promising new class of cancer-specific molecular targets for drug development.5-2

Our laboratory has been fascinated by G-quadruplex structures and functions and started this
exciting journey in 2002 to study the biologically relevant intramolecular G-quadruplexes
formed in human telomeres and oncogene promoters.10-24 In 2005 and 2006, we described
the potassium solution structures of the G-quadruplexes formed in the c-Myc oncogene
promoter and in human telomeres.19.11 Since then, we have described the potassium
solution structures and functions of G-quadruplexes formed in several other oncogene
promoters, such as BCL2, VEGF, and PDGFR-.12-19 Toward G-quadruplex-targeted small
molecules, we have characterized the recognition of biologically relevant human telomeric
G-quadruplexes and promoter G-quadruplexes, particularly c-Myc.134:25-32 One of our
primary approaches, high-field nuclear magnetic resonance (NMR) spectroscopy, represents
a major method for the determination of high-resolution G-quadruplex structures under
physiologically relevant solution conditions.

DNA G-quadruplexes are four-stranded secondary structures stabilized by cellular
monovalent cations such as K* or Na*. Most biologically relevant G-quadruplexes are
intramolecular (monomeric) structures with a three-tetrad core (Figure 1). Intramolecular
G-quadruplexes are specifically determined by nucleotide sequences and can readily form in
solution under physiological conditions. Unlike duplex DNA, one important feature of DNA
G-quadruplexes is their globular structure. Intramolecular G-quadruplexes exhibit great
structural diversity such as folding topology, loop conformations, and capping structures
(Figure 1).
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In this Account, we survey the structural and functional studies in our lab related to

the biologically relevant DNA G-quadruplexes formed in human telomeres and oncogene
promoters as well as their interactions with small molecules and proteins. We also present
critical insights and conceptual advances that were pivotal to our understanding of G-
quadruplex structures, functions, and drug targeting.

G-QUADRUPLEXES IN HUMAN TELOMERES

Physiologically Relevant Human Telomeric G-Quadruplexes

We started this exciting journey driven by our curiosity about the G-quadruplexes formed in
human telomeres under physiologically relevant K* solution conditions. Human telomeres
consist of d(TTAGGG) tandem repeats terminating in a single-stranded 3”-overhang.33-35
Telomeric G-quadruplexes were the first biologically relevant G-quadruplexes found in

the human genome. Telomeric G-quadruplexes are considered attractive anticancer drug
targets because their formation renders the telomeres inadequate for extension by the cancer-
specific telomerase and alternative lengthening of telomere (ALT) pathways.36-39

A 22-nt human telomeric DNA sequence was reported to form a basket-type three-tetrad
G-quadruplex in Na* solution in 1993.40 In 2002, the same sequence was reported to form

a parallel-stranded G-quadruplex in crystalline form in the presence of K*.41 After we

saw the crystal structure at the 2002 AACR annual meeting in San Francisco, we were
curious about the solution structure in the presence of K* and decided to conduct an NMR
structural study. To our surprise, this 22-nt human telomeric sequence forms neither the
parallel nor the basket structure in K* solution. Instead, the human telomeric DNA forms a
mixture of two three-tetrad hybrid-type G-quadruplexes in K*-solution, that is, a major form
(hybrid-2) (Figure 2A) and a minor form (hybrid-1) (Figure 2B), and we determined their
high-resolution NMR structures.1120.21 Both hybrid-type structures contain three G-strands
co-directional (parallel) and one anti-directional (antiparallel) G-strand; however, the two
structures differ in strand and loop arrangements as well as capping structures. Moreover, we
determined the high-resolution NMR structure of a two-tetrad basket-type G-quadruplex in a
truncated telomeric sequence without 5”-flanking in K* solution (Figure 2C).22 Notably, the
two-tetrad structure can be seen as a three-tetrad quadruplex with a G-vacancy (vG4) (Figure
2 bottom).

Structure Polymorphism and Interconversion of Human Telomeric G-Quadruplexes

The DNA sequence d(TTAGGG),, is highly conserved in higher eukaryote telomeres.
While lacking sequence diversity, we demonstrated the structural polymorphism of the
human telomeric DNA sequence in physiologically relevant K* solution, with a major

form (hybrid-2) and a minor form (hybrid-1), and a two-tetrad intermediate (Figure
2).11.20-22 oyr physiologically relevant solution structures together with other forms
suggest that structure polymorphism is an intrinsic property of the human telomeric DNA
sequence.*0-42 The three-guanine runs generate three-tetrad G-quadruplexes, while the 3-nt
asymmetric TTA adenine-containing loop can form lateral, diagonal, and propeller loops

at different positions and provides a basis for distinct loop and capping structures (Figure
2). Interestingly, while the coexistence of two hybrid G-quadruplexes indicates a small
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energy difference, the interconversion between the structures is Kinetically slow, suggesting
a high-energy intermediate.2! Based on the folding structures and insights that the 3-nt
propeller loop is more dynamic,19-14 we proposed the first folding model with a strand-
reorientation mechanism for interconversion of hybrid and basket forms of human telomeric
G-quadruplexes assuming the 3-nt propeller loop unfolds first and folds last (Figure
3A).11.2242 Notably, the hybrid-type structures allow effective packing of G-quadruplex
multimers in human telomeres (Figure 3B);11:21 however, the presence of a less-favored 3nt-
loop in the parallel motif appears to contribute to the structure dynamics and polymorphism.
The hybrid-type G-quadruplexes have been shown by others to form in cells,*344 and the
packed multimer conformation has been studied by Chaires and Trent.4> Evolution possibly
selected the specific telomeric sequence for its intrinsic structural polymorphism allowing
for unique protein recognition and biological function.

HUMAN ONCOGENE PROMOTER G-QUADRUPLEXES

Since the seminal study of the MYC promoter G-quadruplex by Laurence Hurley in 2002,46
DNA G-quadruplexes have been found to form in the proximal promoters of a number of
key oncogenes and act as transcriptional regulators. Both negative and positive regulatory
roles have been proposed, and the underlying complexity has yet to be fully understood.
Unlike telomeric DNA, the promoter G-rich sequences are significantly more diverse.
They often contain more than four guanine runs, separated by one or more non-guanine
bases, and can form multiple G-quadruplexes. Moreover, G-quadruplex formation in gene
promoters needs to compete with the formation of B-DNA. Transcription-induced negative
supercoiling has been proposed as the driving force;*” however, it is still under debate.48:49
Over the last 20 years, we have worked on G-quadruplexes formed in the oncogene
promoters of MYC, BCL2, PDGFR-g, VEGF, and k-RAS.10.12-19,23,24,50

The MYC Oncogene Promoter

The Major G-Quadruplex Formed in the MYC Oncogene Promoter Is a Parallel-
Stranded Structure with the G3NG3 Motif.—In 2002, Laurence Hurley discovered that
the G-quadruplex formed in the MYC proximal promoter nuclease hypersensitive element
(NHE) 1114 functions as a transcriptional silencer.#6 The 28-nt G-rich strand of the MYC
NHE I11; (Pu28) consists of five consecutive runs of guanine, with three G4 runs and

two G3 runs each separated by a s/ingle non-guanine nucleotide, and can form multiple
G-quadruplexes (Figure 4A).4651 The major G-quadruplex formed in K* solution involves
the 3" four consecutive G runs, 11, 111, 1V, and V, as shown using dimethyl sulfate (DMS)
footprinting in conjunction with mutational analysis,*® and adopts parallel structures.52:23
DMS footprinting reveals the residues involved in the G-tetrads because they are protected
from methylation by DMS and subsequent cleavage. We determined the high-resolution
NMR structure of the major G-quadruplex formed in the MY C promoter in K* solution,
which is a parallel-stranded three-tetrad G-quadruplex with a 1:2:1 loop-length arrangement
(Myc2345 or Myc121, Figure 4B-D).10 This was the first promoter G-quadruplex structure
and the first example of the three-tetrad G3NG3 parallel-stranded structure motif with a 1-nt
loop. Remarkably, we found that the 1-nt loop within the parallel GsNG3 motif is highly
favored because of the right-handed twist of the DNA strands, and that the major MYC
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G-quadruplex, Myc121, is highly stable with a 7y, over 85 °C in 100 mM K* solution.10.54
Since then, the parallel GsNG3 motif has been found to be a robust structural motif and
highly prevalent in promoter G-quadruplexes.>®

All Other MYC Promoter G-Quadruplexes Adopt Parallel Structures in K* Solution.

The MYC promoter NHE 111, can form a minor species involving G runs I, 1, IV, and V
with a longer central loop (Figure 4B) as shown by DMS footprinting data.*6 Recently, we
found that the nucleolin protein preferably binds this G-quadruplex, and we determined its
NMR structure in K* solution, which is a parallel-stranded structure with 1:6:1 loop-length
arrangement (Myc1245 or Myc161, Figure 4C,D).24 Interestingly, the 6-nt middle loop of
Myc161 stretches over the 5”-tetrad to form a unique capping structure with the 5’-flanking
segment.

An additional G-quadruplex was found to form with the G runs I, I1, 111, and IV (Myc1234,
Figure 4) in a supercoiled plasmid system,>® and we determined its NMR K* solution
structure.2 Myc1234 also adopts a parallel structure with 1:2:1 folding like Myc2345 but
different loop sequences. However, both Myc1234 and Myc1245 are notably less stable than
Myc2345, indicating a connection between the stabilities of parallel G-quadruplexes and
loop length and composition.23:54

Remarkably, the MY C promoter sequence is unique in that all its G-quadruplexes

adopt parallel structures with two 1-nt loop parallel-stranded GsNG3z motifs, which are
thermodynamically and kinetically highly favorable. In fact, we found ourselves very
fortunate that the MY C promoter sequence, the first G-quadruplex-forming gene promoter
we studied, appears to be one of the simplest but most robust G-quadruplex-forming
sequences. The robustness of the parallel G-quadruplexes formed in the MYC promoter

is likely associated with the prevalence of MYC promoter G-quadruplex observed in cancer
cells.57

BCL2 Promoter Contains Two Adjacent G-Rich Regions That Form Interchangeable G-
Quadruplexes

G-quadruplex-forming promoters can be more complex with more than one G-quadruplex-
forming regions, which may form multiple interchangeable G-quadruplexes. During our
collaboration with Laurence Hurley in 2006, we found a 39-nt G-rich region in the BCL2
proximal promoter with six G runs separated by one or more bases (Bcl2Pu39, Figure 5A)
that is involved in transcriptional regulation.>® We identified a stable G-quadruplex formed
by the middle four consecutive G runs (11-V) and determined its NMR structure in K*
solution (Bcl2-Mid; Figure 5B).12:14 Bcl2-Mid quadruplex adopts a three-tetrad hybrid-2
structure (Figure 5C, right). Bcl2-Mid’s 1-nt third propeller loop makes it significantly more
stable than the hybrid-2 telomeric G-quadruplex, indicating the preference for the 1-nt loop
in the parallel motif (Figure 6, bottom).

In further studies, we found that the full length Bcl2—Pu39 sequence forms a more stable
G-quadruplex involving the 5" nonconsecutive G runs, that are, 1, 11, 1V, and V (Bcl2—
1245; Figure 5B) in K* solution using a combination of DMS footprinting and NMR.1°
The determined Bcl2-1245 structure is a three-tetrad parallel G-quadruplex with two 1-nt
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G3NG3 motifs and a long 13-nt middle loop. This study reveals that having two 1-nt loops
can lead to a stable three-tetrad parallel G-quadruplex with a long middle loop (13-nt).

This is remarkable because 7-nt had been considered the maximum loop length in a stable
G-quadruplex and was used in the available quadruplex-predicting software at the time.59-61

To our surprise, a functional study of the human BCL2 promoter activity in 2014 led us

to discover an additional 28-nt G-rich region immediately upstream of the P1 promoter,
which functions as a transcription repressor (Bcl2-P1G4, Figure 5A,B).16 P1G4 is located
13-nt downstream of Pu39 and appears to play a more dominant role in transcriptional
repression. G-quadruplexes from P1G4 and Pu39 were shown to form independently within
the extended BCL2 P1 promoter region. Using NMR spectroscopy, we determined that

in K* solution the P1G4 sequence adopts an equilibrium of two three-tetrad parallel G-
quadruplexes with a unique hairpin structure adopted by the long middle-loop (Figure 5C,
left). This unique loop structure of P1G4 may provide a specific recognition site for small
molecules or proteins. Notably, both P1G4 parallel G-quadruplexes contain two or three 1-nt
G3NG3 motifs.

Intriguingly, the presence of two G-quadruplex forming sequences, P1G4 and Pu39, in
adjacent regions of the BCL2 promoter that can each adopt two different conformations
suggests a potential mechanism for precise regulation of gene transcription by protein
interactions.

VEGF Gene Promoter and Parallel G-Quadruplexes

Since the discovery of the MYC and BCL2 promoter G-quadruplexes, the list of G-
quadruplexes found in oncogene promoters has been growing. For example, a G-quadruplex
formed in the proximal promoter region of the vascular endothelial growth factor (VEGF)
gene is involved in transcription regulation.52:63 We determined the NMR structure of the
major VEGF promoter G-quadruplex in K* solution, which is a parallel-stranded structure
with a 1:4:1 loop-length arrangement (Figure 4C,D right).13 This major VEGF promoter
G-quadruplex again contains the 1-nt GsNGz motif in its first and third loop and a 4-nt
middle loop and forms a unique capping structure.

Together with the parallel G-quadruplexes formed in the MYC and the BCL2 promoters, our
studies have elucidated that parallel-stranded G-quadruplexes with three tetrads are common
in the human promoter sequences. Most of these parallel structures contain a 1-nt first and
third loop, and a middle loop of variable length (Figure 6). Notably, a three-tetrad parallel
G-quadruplex with two 1-nt loop motifs can contain a long middle loop as shown by our
Bcl2-1245 and Bcl2-P1G4 structures with a 13-nt and 12-nt middle loop, respectively. The
robust GaNGg3 parallel-structure motif is highly prevalent in promoter G-quadruplexes and
may be evolutionarily selected as a stable foundation and to initiate folding for the parallel
G-quadruplexes.54 Although parallel G-quadruplexes with short loops have a similar basic
structure, they often form unique capping and loop structures determined by the specific
central loop and flanking sequences. As parallel structures are common to the promoter

and RNA G-quadruplexes, our studies suggest that the variations in parallel G-quadruplexes
give rise to different structure features, allowing specific recognition by proteins or small
molecules.
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PDGFR-B Gene Promoter Forms Broken-Strand Parallel G-Quadruplexes

Another variation in parallel structures comes from the broken-strand and vacancy
G-quadruplexes. In 2010, Laurence Hurley’s group found a highly GC-rich nuclease
hypersensitive element (NHE) in the proximal promoter of the human platelet

derived growth factor receptor beta (PDGFR-p), which forms G-quadruplexes that are
transcriptional repressors.9 The 39-nt G-rich strand contains seven guanine runs, with one
Gy run, one G4 run, three G3 runs, and two Gruns, and can form multiple G-quadruplexes.
Among these, the most stable G-quadruplex is formed by G runs I1-V (PD-5Mid, Figure 7).
Using NMR in combination with DMS footprinting and mutational analysis, we determined
that PD-5Mid adopts a novel “broken-strand” three-tetrad parallel G-quadruplex in K*
solution (Figure 7).1° Intriguingly, this novel “broken-strand” paralle/ structure maximizes
the number of 1-nt loops (three).

The less stable PDGFR-BNHE 3’-end G-quadruplex sequence (G runs I11-VII) can

be selectively targeted by the small molecule GSA1129 for gene downregulation.”®
Interestingly, we found using NMR spectroscopy and DMS footprinting that the 3"-end G-
quadruplex sequence forms two coexisting end-insertion (or broken-strand) intramolecular
structures in K* solution (PD-3End, Figure 7C, bottom left).1” The G run VII shifts up or
down to accommodate an inserted distal guanine within the 3’- or 5’-tetrad.

Notably, the novel “broken-strand” structures formed in the PDGFR promoter appear to be
a variation of parallel-stranded G-quadruplexes with a 1-nt loop parallel-stranded GsNG> or
GoNG3 motif, a variant of the G3NG3 motif (Figure 6). The novel broken-strand structures
expand our understanding of sequence requirements for stable quadruplexes. Thus, parallel
G-quadruplexes can exist in various forms, such as broken-strands, end-insertions, or with
an additional hairpin motif.

The Broken-Strand PDGFR-g Promoter G-Quadruplexes Are Able to Form vG4s That Can
Be Filled-In by Guanine Metabolites

It is intriguing that the broken-strand structures appear to be a general feature of the
PDGFR-g promoter G-quadruplexes. Broken-strand G-quadruplexes have the potential to
form vacancy G-quadruplexes (vG4) if the intramolecularly filled-in guanine becomes more
dynamic and vacates its G-tetrad. We were curious whether the PDGFR- broken-strand
structures could form vG4s and whether these could be filled-in with external guanine

or guanine derivatives. Amazingly, using NMR and other biophysical and biochemical
methods, we found that the PD-5Mid sequence can form two coexisting 3'- and 5”-end
vG4s that can be readily filled-in and stabilized by guanine metabolites, such as dGMP,
GMP, and cGMP, as well as guanine-derivative drugs such as acyclovir and ganciclovir
(Figure 7C).18 Interestingly, all guanine metabolites and drugs prefer the 5"-end fill-in,
except for cGMP, which can equally bind at both ends. We determined the NMR structure
of the PDGFR-B dGMP-fill-in vG4 in K* solution, which shows specific vG4 recognition by
guanine metabolites involving Hoogsteen hydrogen-bonding and sugar’ phosphate backbone
interactions. This was the first example of a guanine-metabolite-fill-in vG4 formed by

a human gene promoter sequence, suggesting potential regulatory effects of cellular
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endogenous guanine metabolites on gene transcription through interactions with the unique

vG4s, a new role of quadruplexes similar to RNA riboswitches.

TARGETING DNA G-QUADRUPLEXES WITH SMALL MOLECULES

DNA G-quadruplexes formed in promoter regions of key oncogenes and human telomeres
have become a promising new class of cancer-specific molecular targets for drug
development.”:36.37.71 Qur high-resolution structures of G-quadruplexes in complex with
small molecules reveal structural features that are specifically recognizable by ligands

and provide a structural basis for rational drug design. Importantly, our studies show that
G-quadruplexes can contain unique capping and loop structures determined by their specific
sequence.

Small Molecule Recognition of Physiologically Relevant G-Quadruplexes in Human

Telomeres

Recognition of the Hybrid-2 Human Telomeric G-Quadruplex.—Human telomeric
G-quadruplex is an attractive anticancer drug target and has been intensively pursued
because small molecules stabilizing telomeric G-quadruplex can stall cancer-specific
telomerase/ALT pathways and lead to apoptosis of cancer cells. 36-32 Although we
determined the human telomeric G-quadruplex structures in K* solution in 2006 and 2007,
it was not until 2015 when we discovered in collaboration with Yong Shao the first small
molecule that binds specifically to the human telomeric DNA in K* solution, the medicinal
natural isoquinoline alkaloid epiberberine (EPI).”2

We determined the NMR solution structure of EPI in complex with the hybrid-2 structure
formed by the wild-type 26-nt telomeric DNA (wtTel26) in K* solution (Figure 8A).1 EPI
specifically binds the 5”-end of the hybrid-2 telomeric G-quadruplex and induces extensive
rearrangement of the flanking segment and the second TTA loop to form a well-defined,
four-layer binding pocket (Figure 8A). EPI covers two guanines and recruits the 5’ -flanking
A3 to form a hydrogen-bonded “intercalative quasi-triad” ligand—base plane stacking over
the 5”-external-tetrad. The positively charged N7 atom of EPI is positioned above the central
pore of the 5-tetrad. The ligand—base plane is capped by a T2:T13:A15 triad layer and
another T1:T14 base-pair layer. Surprisingly, other structurally similar berberine alkaloids,
such as berberine, palmatine, or coptisine (Figure 8A), are unable to bind the hybrid-2
structure well. Our determined structure reveals that the closed methylenedioxy ring E of
EPI provides an appropriate hydrogen-bond acceptor for the recruited adenine, while the
open methoxy moieties at ring A avoid a clash with the DNA backbone, demonstrating the
critical insights that are only provided by high-resolution atomic structures.

The EPI binding pocket is specificto the hybrid-2 folding and human telomeric sequence.
Remarkably, the preference of EPI binding for the hybrid-2 form is so strong that it converts
other human telomeric G-quadruplex forms to this conformation, such as hybrid-1 and
basket-type structures, as well as the unfolded form (Figure 8B). EPI is the only known
compound that can convert other telomeric G-quadruplexes to the hybrid-2 structure and
thus presents a valuable chemical probe to investigate the protein binding and biology of
human telomeric G-quadruplexes, whose intrinsic polymorphism often presents a challenge.
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Recognition of the Hybrid-1 Human Telomeric G-quadruplex.—In collaboration
with Zong-wan Mao, we discovered the first-in-class Pt(I1)-based Pt-tripod compound that
specifically recognizes the hybrid-1 human telomeric G-quadruplex (Figure 8C).2” The
Pt-tripod contains a nonplanar central tertiary amine with three symmetric arms each
containing two aromatic rings and a terminal positively charged platinum complex. At

1:1 ratio, Pt-tripod binds to the 5”-end of the hybrid-1 structure to form a monomeric
complex; at higher ratio, a second Pt-tripod binds the 3"-end and induces the formation

of a 4:2 dimeric complex. We determined the NMR structures of both complexes in K*
solution (Figure 8C). Pt-tripod binding induces a complete conformational rearrangement
at both the 5”- and 3"-end. A unique feature of the selective G-quadruplex recognition by
Pt-tripod is anchoring the three arms into three G-quadruplex grooves to enable specific
hydrogen-bonding, electrostatic, and - rr stacking interactions with the DNA bases and
sugar-backbone.

Targeting the MYC Promoter G-Quadruplex for Drug Discovery—MYC is one of
the most commonly deregulated genes in human cancers. It is the most widely validated
“driver” oncogene in the context of hematologic malignancies, and overexpressed in

most solid cancers.”® However, the MYC protein is often considered undruggable due to
difficulties associated with targeting transcription factors and its disordered structure, 47>
whereas interesting work is being carried out on MYC protein interactors.”® Importantly,
compounds that bind and stabilize the MYC promoter G-quadruplex can lower MYC
levels and induce cancer cell death.3:46:77=79 Therefore, the MYC promoter G-quadruplex
represents a promising target for MY C inhibition and cancer therapeutics. After we
determined the structure of the major MYC promoter G-quadruplex in 2005, we have been
intensively working on understanding its small molecule recognition.

First Ligand Complex Structure with Quindoline.—However, finding small
molecules that bind the MYC G-quadruplex with sufficient affinity and specificity for
structure determination has not been easy. We found those previously recognized optimal G-
quadruplex-interactive compounds with large symmetric cyclic rings, such as telomestatin®
and TMPyP4,81 do not bind G-quadruplexes specifically. In 2008, we found that the
quindoline reported by Zhi-shu Huang binds MycG4 specifically to generate good-quality
NMR spectra.’® We determined the high-resolution NMR solution structure of the 2:1
complex of quindoline and the major MY C promoter G-quadruplex Myc121 (Figure 9), the
first drug complex structure of a biologically relevant promoter G-quadruplex.2> Quindoline
binds at both ends with large conformational rearrangements of the flanking regions to form
specific binding pockets. It specifically recruits the immediate flanking residue to form an
intercalated “quasi-triad” ligand—base plane that covers the external-tetrad. Absolute binding
free energy calculations show that the flanking residues at the two binding sites undergo
significant reorganization as the ligand unbinds.3!

High Affinity Binding of BMVC.—BMVC (3,6-bis(1-methyl-4-vinylpyridinium)
carbazole diiodide) is the first fluorescent probe to detect telomeric G-quadruplexes in
human cells developed by Ta-Chau Chang.82-84 However, we found that BMVC binds

the parallel-stranded MY C promoter G-quadruplex with higher specificity and affinity than
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the human telomeric G-quadruplexes and determined the high-resolution NMR solution
structures of the 1:1 and 2:1 BMVC-Myc121 complexes (Figure 9B).26 The high-affinity
binding of BMVC with Myc121 leads to an unusual slow-exchange rate on the NMR time
scale. At 1:1 ratio, BMVC first binds the 5”-end of Myc121; at higher ratio, BMVC also
binds the 3’-end to form a 2:1 complex. In both complexes, BMVC recruits the immediate
flanking DNA base to lock its position and form a “quasi-triad” ligand—base plane stacking
over the external G-tetrad.

Interestingly, while BMVC binds the more stacking-accessible 5"-end with higher affinity,
it shows a greater sequence selectivity at the weaker-bound 3”-end. Remarkably, in each
complex BMVC adjusts the conformation of its flexible arms to a contracted form to match
the external G-tetrad for an optimal stacking interaction. This is the first structural example
showing the importance of ligand conformational adjustment in G-quadruplex recognition,
which is likely responsible for G-quadruplex-specific strong fluorescence enhancement of
BMVC.

Drug-like PEQ as a Specific MycG4 Binder.—In another fruitful collaboration with
Laurence Hurley, we screened the National Cancer Institute (NCI) chemical diversity
library set using a combination of FRET assay, drug similarity search, and 1D 1H NMR
titration to discover drug-like molecules that can specifically recognize the MYC promoter
G-quadruplex. We found NSC85697, a phenyl-ethenyl-quinoline (PEQ), specifically binds
the major MY C promoter G-quadruplex Myc121. PEQ has low molecular weight and is

less rigid without a large aromatic moiety. These drug-like properties make it a promising
lead compound for future optimization. We determined the high-resolution NMR solution
structures of the 2:1 complex of PEQ with Myc121 with the wild-type and mutant 3’-
flanking GAA or TAA, respectively (Figure 9B).28 Like quindoline, PEQ binds both ends of
the parallel-stranded Myc121 with conformational rearrangements of the flanking regions to
form specific binding pockets using a base-recruiting recognition mechanism. Most previous
studies of Myc121 used a G23-to-T mutation to avoid conformational polymorphism.
Notably, a comparison of the two complex structures shows a different binding interface

of the recruited 3’-flanking wild-type G23 compared to the mutated T23, which will help
design Myc121-selective drugs.

Rational Drug Design Targeting MycG4 and Parallel G-Quadruplexes—Parallel
G-quadruplexes are prevalent in promoter and RNA G-quadruplexes. The major MYC
promoter G-quadruplex Myc121 is the model system for parallel G-quadruplexes with short
loops, whose ligand binding pockets only involve the 5’- and 3’-flanking sequences. Our
ligand complex structures demonstrate the importance of the shape of the ligand and the
two flanking sequences in determining the binding specificity of Myc121.25:26.28.29 Base
recruitment is likely to be the key step for ligand recognition. Intriguingly, our systematic
analysis of the four available NMR structures with Myc121 revealed that the flanking base
is recruited in a conserved residue-specific way (Figure 9B).28 This finding suggests that
MycG4 and more generally parallel G-quadruplexes with short loops can be selectively
targeted based on different flanking sequences. Moreover, the ligand-DNA interface bears
the potential to improve sequence selectivity by optimization of complementary hydrogen-
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bond interactions between the ligand and the recruited base. These insights underline the
important benefit of experimentally determined structures for rational design and in situ
screening of drugs targeting MycG4 and parallel G-quadruplexes.

Notably, in all complex structures, the 5’-flanking residue is more dynamic and adopts
different conformations in the bound and unbound forms. On the other hand, the
recruited 3’-flanking residue appears to be less dynamic upon ligand binding and
adopts similar conformations in the bound and unbound state. Combined with the lower
stacking accessibility of the 3’-tetrad, this finding indicates a more prominent binding
selectivity for the 3’-binding, as observed in binding of BMVC to MycG4 and parallel
G-quadruplexes.26:32

G4 DNA Microarray for Drug Development and Binding Selectivity.—In
collaboration with Charles Vinson at NCI, we designed a custom G4 DNA microarray with
over 15 000 potential G-quadruplex sequences to provide a large-scale and high-throughput
platform for assessing the G-quadruplex-binding selectivities of proteins, antibodies, and
small molecules.8> Remarkably, the large-scale G4 microarray study revealed that BMVC
preferentially binds the parallel MycG4, with a clear sequence selectivity for the 3’-flanking
thymine of MycG4 and parallel G-quadruplexes (Figure 10A),32 consistent with the NMR
study.26 Custom DNA microarrays will be especially useful for G-quadruplex-targeted drug
development as a platform to broadly and unbiasedly assess ligand binding selectivity.

Clinical Indenoisoquinolines Strongly Bind and Stabilize the MYC Promoter G-Quadruplex
and Downregulate MYC.

Very recently, in collaboration with Mark Cushman at Purdue, we have discovered that
clinically tested indenoisoquinolines with excellent drug-like properties are strong MycG4
binders and potent MY C inhibitors.3 Indenoisoquinolines were developed as topoisomerase
I inhibitors, with three compounds in phase I-11 clinical trials (Figure 10B).

However, some indenoisoquinolines lack strong topoisomerase | inhibition despite potent
anticancer activity, suggesting a separate mechanism of action. Using a combination

of biophysical, biochemical, and cellular assays, we demonstrated that many anticancer
indenoisoquinolines strongly bind and stabilize the MycG4 /n vitro and potently lower MYC
mRNA and protein levels in cancer cells. Intriguingly, we found a synergistic effect of MYC
and topoisomerase | inhibition for anticancer activity, suggesting that dual targeting of MYC
and topoisomerase | could be a novel strategy for cancer therapeutics (Figure 10C).

Molecular Recognition of vG4s Formed in the PDGFR-B Promoter

The PDGFR-g gene promoter forms unique vG4s that can be filled-in and stabilized by
endogenous guanine metabolites. An interesting question is whether the novel PDGFR-S
promoter vG4 in complex with endogenous guanine metabolites can be recognized by small
molecules. We found that berberine, a clinically important natural product with anticancer
activity, binds and stabilizes the unique PDGFR-8 dGMP-fill-in vG4. We characterized the
binding of berberine to the vG4-dGMP complex and determined the high-resolution NMR
structure of this ternary complex in K* solution (Figure 11).# The NMR structure provides
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insights and structural basis for designing small molecules targeting the unique vG4s in
the PDGFR-g promoter, particularly using the G-vacancy site as an anchor point to design
guanine conjugates with G-quadruplex ligands.

Insights into Small Molecule Recognition of G-Quadruplexes

Our determined NMR solution structures of ligand—G-quadruplex complexes provide
structural details and insights into targeting MycG4 and parallel G-quadruplexes with short
loops, as well as nonparallel hybrid-type G-quadruplexes in human telomeres. In parallel
G-quadruplexes with short loops, the ligand binding pockets solely involve the 5”- and 3’-
flanking segments. In contrast, loop regions of hybrid-type structures play a pivotal role

in binding pocket formation. The multilayer binding pockets of both hybrid-type telomeric
G-quadruplexes involve the external tetrad, flanking, and loop residues and are markedly
more extensive than those observed with the parallel G-quadruplexes lacking the lateral
loops. This indicates the importance of interactions with flanking segments and various
loops to achieve specific recognition of the nonparallel G-quadruplexes.

Unlike the previously proposed concept that the best G-quadruplex-interactive compounds
are large symmetric cyclic or aromatic molecules that maximize stacking interactions

with the external G-tetrads, our structural studies indicate that a smaller asymmetric
pharmacophore with appropriate functional groups is more likely to bind in a specific
manner to the biologically relevant intramolecular G-quadruplexes. The base-recruitment
is observed in all our ligand complexes in which the ligand—base plane stacks over the
external G-tetrad. Only an asymmetric compound with a smaller pharmacophore, which
does not completely cover the tetrad, can effectively recruit the DNA flanking base to
achieve a specific binding orientation. Our ligand complex structures show that the optimal
small-molecule recognition of G-quadruplexes utilizes stacking, H-bonds, and electrostatic
interactions. It may involve first ligand—base recognition by the shape of the pharmacophore
and the specific flanking residue, and second the groove/loop recognition by functional
groups of the compound, followed by interactions with DNA capping structures.

Our complex structures show that a specific type of electrostatic interaction is important
for ligand recognition of G-quadruplexes. A central positive charge in the aromatic
pharmacophore of the ligand is often positioned above the electron-rich central pore of

the G-quadruplex, resembling the coordinated cations within the G-tetrad core, as observed
for quindoline, EPI, Pt-tripod, PEQ, and berberine (Figures 8, 9, and 11). In addition,
positive charges located at the pharmacophore edges or on side chains often have favorable
electrostatic interactions with the negatively charged DNA sugar-phosphate backbone, as
seen for quindoline, BMVC, and Pt-tripod (Figures 8, 9, and 11).

Although there are common features of G-quadruplex ligand recognition, there are clear
differences in binding interactions as well as binding stoichiometry. Notably, these important
differences related to ligand interactions can only be monitored in solution and are amenable
to NMR studies. For example, the 5’-binding in the quindoline-MycG4 complex is driven
by stacking interactions and is [K*]-independent, whereas the 3’-binding is stabilized by
H-bond interactions and is [K*]-dependent such that a well-defined conformation can only
be achieved at low salt concentration.2> Such a subtle difference in stacking and electronic
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interactions is only observable in solution. For BMVC, the 5"-end binding of MycG4 is
much stronger than the 3”-end binding; however, a clear sequence selectivity is observed

in the 3”-end binding as shown by the NMR study in K* solution.2% In the case of EPI,

it not only specifically binds the hybrid-2 wtTel26 but also is able to convert the hybrid-1
and the basket G-quadruplexes to the hybrid-2 structure in solution.? The Pt-tripod binds the
5’-end of hybrid-1 TelG4 at 1:1 ratio but also binds to the 3"-end at higher equivalences and
induces dimer formation in K* solution.2” Moreover, we have very recently shown by NMR
that the solution binding mode and stoichiometry of berberine to a parallel-stranded G-
quadruplex are substantially different from the crystal structure: berberine binds as monomer
instead of dimer with a reversed orientation.2® Therefore, it is crucial to validate drug-DNA
interactions under physiologically relevant solution conditions for drug development efforts.

CONCLUDING REMARKS

With our growing understanding, G-quadruplexes have developed from a laboratory
curiosity to biologically important regulatory motifs and attractive molecular targets for
cancer therapeutics. Our long-term goal is to understand structure—function relationships

of biologically relevant DNA G-quadruplexes formed in human telomeres and oncogene
promoters and rationally develop G-quadruplex-targeted anticancer drugs. Our studies show
that biologically relevant intramolecular G-quadruplexes exhibit great structural diversity
based on the specific DNA sequences and form readily under physiological conditions
stabilized by cellular monovalent cations. While several principles of G-quadruplex folding
have been recognized, G-quadruplex conformations are difficult to predict and require
experimental structure determination. For small molecule recognition of G-quadruplexes,
the molecular-level information can only be obtained from detailed structural studies. Our
recent systematic evaluation of four commonly used docking programs (AutoDock Vina,
DOCK 6, Glide, and RxDock) showed clear differences in performance, with the docking
success rate of the best performing DOCKG® still notably low compared to protein targets.30
This result suggests that it is challenging to correctly predict small-molecule binding modes
with G-quadruplex by current docking programs. Beyond G-quadruplexes formed natively,
cellular oxidative damage can induce structural changes in genomic DNA G-quadruplexes.86
We very recently demonstrated for the BLM gene promoter that G-oxidation induces

a vacancy G-quadruplex, which subsequently can be filled-in and stabilized by guanine
metabolites, suggesting that oxidative damage and cellular metabolites may work together
through a G-quadruplex-based epigenetic mechanism for gene regulation.8 In addition

to G-quadruplex, the complementary C-rich strands in gene promoters can form imotif
DNA secondary structures, such as those we characterized in the promoters of MYC and
BCL2.56’88’89

Furthermore, we are working on discovering and understanding proteins that interact with
the MYC promoter G-quadruplex to regulate gene transcription (Figure 12). The MYC
promoter G-quadruplex is extremely stable and requires a resolving protein/helicase to
generate the transcriptionally active single-stranded or duplex forms of DNA. We have
very recently discovered that the DDX5 helicase proficiently and actively unfolds MycG4
and activates MYC gene transcription in a MycG4-dependent manner in human cancer
cells.2 DDXS5 is one of the founding members of the DEAD-box RNA helicase family,
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and our study is the first description of a DEAD-box helicase activity on a DNA substrate.
Importantly, the DDX5-mediated MycG4-unfolding and MY C activation can be targeted
by small molecules and thus represents a novel molecular target for MY C silencing. On

the other hand, the nucleolin protein specifically binds and stabilizes the MY C promoter G-
quadruplex and functions as a transcription repressor.2% We are studying the molecular-level
interactions of these proteins with the MY C promoter G-quadruplex to exploit their cellular
functions and the potential for small molecule drug targeting.

We anticipate that the body of work detailed in this Account lays a strong foundation

and provides a critical structural basis for future work aimed at understanding the cellular
functions of G-quadruplexes and G-quadruplex-targeted rational drug design. We expect
continued growth in the G-quadruplex field and a plethora of exciting developments,

such as protein interactions of G-quadruplexes at structural and cellular levels, chromatin
interactions and epigenetic roles, and newly discovered liquid-liquid phase separation. We
anticipate that decades of drug development and ever-improving understanding of small
molecule recognition will result in more drugs entering preclinical and clinical studies and
ultimately offering new hope for cancer patients.
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Figure 1.
G-quadruplex secondary structures. (A) The G-quadruplex core consists of stacked guanine-

tetrads (G-tetrads), with four guanine bases connected with cyclic Hoogsteen hydrogen-
bonding in a square planar platform. G-quadruplexes are stabilized by monovalent cations,
specifically K* or Na*, which coordinate the O6 atoms of tetrad guanines. (B) Based on
G-strand directionality, a G-quadruplex can be parallel with all four G-strands in the same
direction, hybrid or mixed with adjacent strands being both co-directional (parallel) and
anti-directional (antiparallel), or antiparallel with all adjacent G-strands anti-directional to

Acc Chem Res. Author manuscript; available in PMC 2023 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Page 24

each other. Intramolecular G-quadruplexes contain different types of loops, such as propeller
for connecting parallel strands, lateral for connecting adjacent antiparallel strands, and
diagonal for connecting antiparallel strands across the G-tetrad core. (C) The tetrad guanines
can adopt anti or synglycosidic conformation, same for guanines from parallel strands,
different for antiparallel strands.
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Figure 2.
G-quadruplexes formed in human telomeres in K* solution. The folding (top), NMR

structure (middle), and schematics with capping (bottom) of (A) the major form hybrid-2,
(B) the minor form hybrid-1, and (C) the two-tetrad basket-form (or three-tetrad vG4).
Both hybrid structures contain three G-strands in co-directional (parallel) and one in
anti-directional (antiparallel) orientation, but in different order. The hybrid-2 structure has
sequential lateral-lateral—-propeller loops, whereas the hybrid-1 has propeller—lateral-lateral
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loops. Each hybrid-type forms specific capping structures: 3" T8:A9:T25 triad for hybrid-2,
and 5" adenine-triple (A3, A9, A21) and 3" T14:A25 base-pair for hybrid-1.
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Figure 3.

(A) A model for interconversion of different human telomeric G-quadruplexes. Both hybrid-
type telomeric G-quadruplexes likely interconvert through a G-triplex or a three-vacancy
G-quadruplex formed after unfolding of the G-strand connected with the propeller loop.
The three G-strands in the G-triplex are dynamic and can switch Hoogsteen hydrogen-bond
partners. The refolding process likely involves strand insertion of the detached G-strand,

in which our determined two-tetrad structure may represent an intermediate step between
the interconversion of the two possible G-triplexes and hybrid G-quadruplexes, as well

as with the basket-type form. (B) With the 5~ and 3-ends pointing to the opposite
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directions, hybrid-type structures allow effective packing of G-quadruplex multimers in
human telomeres.
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Myc1245 (Myc161) 5 ' -TGGGGAGGGTGGGGAGGGTGGGGAA-3"

VEGF141

5-CGGGGCGGGCCGEGGGCEGGGTC

PDB# 1XAV PDB# 6NEB PDB# 2M27

Figure 4.
(A) Human c-Myc gene promoter. (B) MY C promoter G-quadruplex forming sequences. (C,

D) Folding (C) and NMR structures (D) of parallel promoter G-quadruplexes. (left) Myc121,
the major MYC promoter G-quadruplex. Its 2-nt middle loop is entirely restricted to the
groove, and the capping structures are formed solely by the flanking segments. (middle)
Myc161, the minor MY C promoter G-quadruplex; (right) VEGF promoter G-quadruplex
and sequence. The middle-loops of Myc161 and VEGF stretch over the 5”-tetrad to form a
unique capping structure with the sequence-specific 5’-flanking segment.
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Figure 5.
(A) Human BCL2 gene promoter. (B) BCL2 promoter G-quadruplex forming sequences

for P1G4 and Pu39 regions. (C) (left) Two equilibrating parallel G-quadruplexes formed

in Bcl2-P1G4 with a unique hairpin structure. (right) Two distinct interchangeable three-
tetrad G-quadruplexes formed in Bcl2-Pu39. Bcl2-Mid adopts a hybrid-2 structure, while
Bcl2-1245 adopts a parallel structure. Loop arrangements are shown in parentheses.
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Figure 6.
Comparison of G-quadruplex-forming sequences in human gene promoters and telomeres.

Sequences denoted with an * have been studied by other groups.85-68
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Figure 7.
(A) Human PDGFR-g gene promoter. (B) PDGFR-S promoter G-quadruplex forming

sequences. (C) (top) PD-5Mid forms a novel broken-strand G-quadruplex. Instead of using
four G runs of three or more consecutive guanines, PD-5Mid uses the G, run 11 to form

a “broken” G-strand consisting of guanines from different G runs (left). Two equilibrating
vG4 (middle), which can be filled-in and stabilized by endogenous guanine metabolites, and
the NMR structure of the dGMP complex (right). (bottom) PD-3End forms two equilibrating
broken-strand G-quadruplexes. The G, run VIl moves up or down within the G-core to
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accommodate an inserted guanine from the 3" or 5" nonadjacent flanking regions into the
external tetrad.
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Figure 8.

(A) NMR structure of EPI in complex with the hybrid-2 human telomeric G-quadruplex
showing a well-defined, extensive four-layer binding pocket at the 5”-end. EPI shows
minimal binding at the 3"-end, which forms the same TAT triad as in the unbound hybrid-2
structure. (B) EPI binding converts other human telomeric G-quadruplex forms to a hybrid-2
structure in solution. (C) NMR structure of the 1:1 complex of Pt-tripod and hybrid-1 human
telomeric G-quadruplex. In the complex, Pt-tripod recruits the 5-flanking A21 from the
third lateral loop to form a ligand-base plane covering the external-tetrad, with the aromatic
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moieties of arms 1 and 2 each stacking over a tetrad guanine. The ligand—base plane is
covered with the H-bonded triad A9, A3:T20, replacing the A3:A9:A21 A-triple from the
unbound form.
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Figure 9.
(A) NMR structure of the 2:1 complex of quindoline and the major MYC promoter

G-quadruplex in two views. Quindoline binds at both the 3’- and 5"-end and recruits

the immediate flanking residue to anchor its position and form an intercalated “ligand—
base quasi-triad” plane that covers the external-tetrad, with additional flanking residues
covering the ligand-base plane. (B) Comparison of the binding recognition of four different
compounds of the major MY C promoter G-quadruplex with the wild-type and mutant
3’-flanking GAA or TAA.
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Figure 10.
(A) Large-scale G4 microarray data (left) shows that BMVC preferentially binds the parallel

MycG4, with a sequence selectivity for the 3’-flanking thymine of MycG4 and parallel
G-quadruplexes. (B) Clinically tested indenoisoquinolines are strong MycG4 binders and
potent MY C inhibitors. (C) Synergistic effect of MYC inhibition by transcriptional silencing
and topoisomerase | inhibition for anticancer activity of indenoisoquinolines.
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PDB#7MSV

Figure 11.
NMR structure of the ternary complex of PDGFR-8vG4-dGMP and berberine. Berberine

binding at the 5”-end significantly stabilizes the fill-in dGMP in the 5’-tetrad of the vG4—
dGMP complex. Each berberine recruits the flanking adenine at 5”- or 3"-end to form a
ligand—base plane.
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Figure 12.
Proposed model for the MYC promoter G-quadruplex and the involvement of DDXS5,

nucleolin, topoisomerase |, and a G-quadruplex ligand in modulating transcriptional
activation and silencing. The G-quadruplex formed in the NHE 111, under transcription-
induced negative supercoiling is a silencer element. Topoisomerase | relaxes negative
supercoiling back to the duplex form. DDXS5 helicase unfolds the G-quadruplex to the
transcriptionally active form, whereas binding of nucleolin stabilizes the G-quadruplex in
its silencer form. Stabilization of the G-quadruplex by a small-molecule prevents DDX5-
mediated MycG4 unfolding and MYC activation, and inhibition of topoisomerase | by a
small-molecule preserves the G-quadruplex and transcriptional silencing.
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