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ABSTRACT
INTERACTIONS BETWEEN PLATINUM–INTERCALATOR HYBRID AGENTS
AND THE HUMAN TELOMERIC G-QUADRUPLEX
Lu Rao
Dissertation under the direction of
Ulrich Bierbach, Ph.D., Associate Professor of Chemistry

Telomeres are stretches of non-coding DNA sequences in complex with
multifunctional proteins, which form the termini of the chromosomes in most eukaryotic
organisms. Two important roles of the telomeres are to prevent chromosome end-to-end
fusion and loss of genetic information. While the gradual (natural) erosion of the
telomeric DNA in somatic cells has been implicated in the processes of aging and cell
death, the telomeric DNA in tumor cells, ironically, is efficiently restored by upregulated
telomerase, a mechanism rendering cancer cells immortal. The human telomeric DNA
consists of tandem repeats of the guanine-rich sequence 5´-TTAGGG, which end in
single-stranded 3´ overhangs that can fold into a non-duplex secondary DNA structure
known as G-quadruplex. Because this form of DNA cannot be processed by telomerase,
small molecules that induce and/or stabilize the G-quadruplex structure have potential
applications in cancer chemotherapy.
In this dissertation, the interactions of two novel platinum-intercalator-based
small molecules with the human telomeric G-quadruplex were studied to explore the
possibility of generating a telomere-targeted platinum-based chemotherapeutic agent.

XVI

Chapter 1 summarizes the current status of research into the structures and properties of
G-quadruplexes, in particular the human telomeric G-quadruplex. It also provides an indepth review of the various classes of quadruplex-binding small molecules, including
organic ligands and reversibly binding metallointercalators, as well as adduct-forming
metal complexes, such as platinum anticancer drugs.
The experiments reported in Chapter 2 were designed to test the interactions of a
platinum–acridine hybrid agent, PT-ACRAMTU ([Pt(en)(ACRAMTU-S)Cl](NO3)2: en =
ethane-1,2-diamine, ACRAMTU = 1-[2-(acridine-9-ylamino)ethyl]-1,3-dimethylthiourea,
acridinium cation), with the human telomeric repeat. PT-ACRAMTU is the prototype of
a class of cytotoxic agents developed for the treatment of chemoresistant cancers. The
“covalent” interactions of this drug were studied in the 24- and 22-base-pair sequences
d(TTAGGG)4 (G4-24) and

d(AGGG(TTAGGG)3) (G4-22) mimicking the folded

intramolecular human telomeric quadruplex, along with the double-stranded form,
d(AGGG(TTAGGG)3)/d((CCCTAA)3CCCT) (ds-22) and the single-stranded fragment,
d(TTAGGG) (ss-6). Enzymatic digestion of platinum-treated DNA in conjunction with
in-line liquid chromatography–electrospray mass spectrometry (LC–ESI–MS) and an
exonuclease I (exo I) footprinting assay were used to demonstrate that PT-ACRAMTU
produces an unusually high level of adenine adducts (> 50% of all adducts) in the Gquadruplex form.

Most strikingly, adenine-N7, and not guanine-N7 (the most

nucleophilic donor group in double-stranded DNA), proved to be the kinetically preferred
binding site for PT-ACRAMTU (kAN7,37°C = 1.58 × 10-4 s-1, kGN7,37°C = 0.488 × 10-4 s-1;
quantitative LC analysis). Adenine in the TTA loops proved to be a major target of
platination.

XVII

In Chapter 3, the reversible interactions of a newly designed platinum-containing
perylene derivative, Comp. 1 ([{Pt(dien)}2(μ-L-S,S')](NO3)4 (dien = diethylenetriamine,
L = N,N'-bis(1-(2-aminoethyl)-1,3-dimethylthiourea)-3,4,9,10-perylenetetracarboxylic
acid diimide), with the human telomeric repeat (TTAGGG) were investigated. The study
was performed with model DNA fragments that form a diverse array of structures in K+containing solution to mimic the polymorphic nature of the telomeric G-quadruplex.
These include a tetramolecular (dG-8), two bimolecular (dG-12 and dG-13), and a
unimolecular (dG-24) G-quadruplex and its RNA counterpart (rG-24). A combination of
UV/visible spectroscopy, CD spectropolarimetry, ESI-MS, and isothermal titration
calorimetry (ITC) was used to demonstrate that Comp. 1 selectively recognizes the
antiparallel form of the telomeric G-quadruplex (dG-24), to which it binds with a 2:1
stoichiometry and nanomolar affinity. Compared with telomeric DNA, the first binding
event of Comp. 1 in titrations with the telomeric RNA (rG-24) is at least an order of
magnitude weaker. This observation can be explained with the lack of conformational
flexibility of the RNA. The structure invariably exists in a parallel form because the
transition from a parallel to an antiparallel strand orientation is energetically prohibitive.
Molecular dynamics (MD) simulations using the CHARMm27 force field were
performed for selected ligand–DNA complexes to gain insight into potential binding
modes. In conclusion, based on the cumulative data acquired in Chapters 2 and 3, the
platinum–intercalator technology shows considerable promise as a novel approach for the
design of telomere-targeted agents and chemical probes for detecting G-quadruplexes in
live cells.
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CHAPTER ONE
An Introduction to G-Quadruplex DNA as a Therapeutic Target

1.1

The G-quadruplex is a non-canonical DNA secondary structure
Cellular functions in biological systems are maintained by macromolecules,

which are assembled from small building block units.1 Proteins, RNA, and DNA are the
fundamental macromolecules that form the central dogma of living cells.1 DNA stores
genetic information, which is transcribed into RNA by RNA polymerase in a highly
regulated fashion. RNA is then transported to the cytosol where it will be translated into
proteins by the ribosome.1 Proteins are a structurally diverse family of biomolecules
involved in various biological functions, including enzymatic catalysis, structural support,
and transportation of molecules.1 RNA also adopts various forms, such as mRNA, tRNA,
and rRNA. It functions as a template and structural support, and participates in reaction
catalysis and gene regulation.1 Unlike proteins and RNA, DNA shows little topological
variability. This relatively low degree of structural flexibility can be explained with the
DNA’s critical role in storing genetic information and transferring it error-free to
daughter cells.
The commonly observed DNA secondary structure is the right-handed doublehelical B-form, which was first observed by X-ray fiber diffraction by Rosalind Franklin2
and Maurice Wilkins3 more than fifty years ago. In 1953, James Watson and Francis
Crick postulated the famous double-stranded helical DNA secondary structure based on
the diffraction data and the Chargaff rule.4 Following this groundbreaking discovery, two

1

variant structures of DNA have been observed and characterized, namely A-form5 and Zform DNA,6 both of which adopt a double-helical structure (Figure 1.1). The A-form
exists in dehydrated and crowded environments and is more compact than B-DNA.1 The
Z-form is dramatically different from the A- and B-form as it shows left-handed helicity.
Some characteristic helical parameters for these three forms of DNA are listed in Table I.

A-DNA

B-DNA

Z-DNA

Figure 1.1:
The three double-stranded helical forms of DNA. The complementary strands in each
form are highlighted in green and orange. B-DNA (in the middle) is the classical canonical structure;
A-DNA (on the left) is a more compact structure, which forms in dehydrated environments; Z-DNA
(on the right) is a left-handed double helix.

The building blocks of DNA are the four 2´-deoxyribonucleotides: adenosine,
guanosine, cytosine, and thymidine monophosphate.1 Each deoxyribonucleotide consists
of a deoxyribose (often casually referred to as “sugar”), a phosphate group, and a base
which is either a purine or a pyrimidine derivative. The phosphate group and the sugar
ring form the backbone of DNA, while complementary bases recognize each other via
Watson-Crick hydrogen bonding to form base pairs, which leads to the formation of
double strands.1

2

Following the discovery of the classical DNA structures, other non-canonical
DNA structures have been observed and characterized. For instance, it has been found
that DNA can assemble into secondary structures containing more than two strands.7 In
triplex DNA, for instance, a guanine (G) and adenine (A) rich duplex accommodates a
third strand containing the pyrimidine bases cytosine (C) and thymine (T), which are
hydrogen-bonded to the Hoogsteen face of the purine bases in the major groove.8 Another
unusual DNA secondary structure is the G-quadruplex, a four-stranded DNA
conformation formed by guanine-rich sequences.9 Unlike other non-classical DNA
structures, which usually require “unnatural” conditions to form, G-quadruplexes form
readily under physiological conditions and thus may be the only biologically relevant
non-B-form DNA.

Figure 1.2:
Structure of a G-quartet. Left: CPK model of the G-quartet (black: C; blue: N; red:
O); right: structural details of the G-quartet. As shown in the right figure, four guanine bases are
linked via Hoogsteen hydrogen bonding. Each guanine base has a donor face and an acceptor face: the
donor face has O6 and N7, which provide lone pairs of electrons, while the acceptor face contains
protonated N1 and N2. One lone pair on each O6 is directed toward the core of the quadruplex, which
would be electrostatically unfavorable and destabilize the G-quartet. Hence, a monovalent cation (M+)
is needed to stabilize the G-quartet through electrostatic interactions.

It has been known for four decades that guanine bases can self-assemble into
highly ordered helical structures,10 and the phenomenon that G-rich DNA is able to

3

spontaneously form a unique DNA secondary structure was observed twenty years ago.1113

The building block of this secondary structure, the G-quartet (also known as G-tetrad),

is similar to Watson-Crick base pairs (Figure 1.2). However, instead of two bases, which
are either AT or GC in Watson-Crick base pairs, the G-quartet contains four bases in a
symmetrical planar array. Hence, the size of a G-quartet is approximately twice the size
of a base pair (Figure 1.3). These four guanine bases are linked “head-to-tail” by
Hoogsteen hydrogen bonding in a planar fashion. Each guanine in the G-quartet has a
donor face and an acceptor face. The O6 and N7 atoms in the acceptor face form hydrogen
bonding with the protons on N1 and N2 in the donor face (Figure 1.2).9 The G-quartet is
not stable in solution by itself, due to the lone pair on O6 of each guanine pointing toward
the center of the tetrad, which creates electrostatic repulsion. Usually an alkali cation
(Na+, K+) is required in the cavity to stabilize the G-quartet through electrostatic
interactions with the four O6 atoms.9 The cation can be detected in the solid state by Xray crystallography14,

15

and in solution16,

17

by nuclear magnetic resonance (NMR)

spectroscopy. Depending on its size, the cation is either located in the plane of the Gquartet, or is sandwiched between stacked G-quartets. A single G-quartet is not observed
in solution. Typically, at least two quartets

stack with each other to decrease the

solvation area of the relatively hydrophobic base surface.9

4

Table I:
Parameters for the three forms of double-helical DNA and two common forms of Gquadruplex DNA. (adapted from Neidle, S. and Balasubramanian, S.: Quadruplex Nucleic Acids, 1st
ed, Royal Society of Chemistry Publishing, 2006)

Structural
parameter

A-DNA

B-DNA

Z-DNA

Parallel Gquadruplex

Antiparallel
G-quadruplex

Rise (Å)

2.90

3.4

3.7

3.13

3.30

Twist (°)

32.7

36.7

-10/-50

30.0

30.0

Groove width (Å)

2.7/11

5.7/11.7

8.5

10.2

8.9/12.2

Width (Å)

26

18

N/A

23

21-23

Sugar pucker

C3´

C2´

C2´/C3´

C2´

C2´

5

M+

Figure 1.3:
Comparison between double-stranded helix and G-quadruplex. Left: a double-helical
B-form DNA structure, ball-and-stick representation of GC and AT base pairing, and hydrogen
bonding within Watson-Crick base pairs. Right: corresponding structural details for the G-quartet.
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1.2

The polymorphism of the G-quadruplex structure
DNA and RNA sequences that contain consecutive guanines can potentially fold

into G-quadruplex structures, which contain the G-quartet building blocks. Several rules
have been proposed in an attempt to predict the formation of a certain type of Gquadruplex structure solely based on nucleic acid sequence.9 However, the G-quadruplex
structure is highly polymorphous and flexible, which makes it difficult to delineate
“sequence–conformation relationships”. Hence, one major goal in this research field has
been to determine high-resolution structures of G-quadruplexes formed by biologically
relevant DNA (and RNA) sequences. Until now, more than 100 G-quadruplex structures
have been deposited with the Brookhaven Protein Data Bank (http://www.rcsb.org/pdb/).
Several conformational parameters are used to describe and distinguish these Gquadruplex structures. These are discussed in the following sections.

1.2.1

Dimensions of the G-quartet
The dimension of a G-quartet is approximately twice that of a Watson-Crick base

pair. The distances between two adjacent guanines in a G-quartet are shown in Figure
1.4.18 Additional structural parameters are listed in Table I, along with parameters for
double-helical DNA.
At least two stacked G-quartets are required to form a stable G-quadruplex
structure in solution.9 Neighboring G-quartets are π-stacked at a van der Waals distance
of ~3.4 Å, similar to the distance between two Watson-Crick base pairs in B-form
double-stranded DNA.9 The groove width depends on the conformation of the sugar
pucker and the orientation of the strands. The four grooves may have similar width if the
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G-quadruplex is highly symmetrical (as shown in the column for the parallel Gquadruplex in Table I), or may be alternating wide and narrow (as shown in the column
for the antiparallel G-quadruplex in Table I).9
12.7-13.0 Å

10.8-11.8 Å

Figure 1.4:
The dimensions of the G-quartet. The distance from C1´ of one guanine to C1´ of the
adjacent guanine is 10.8 – 11.8 Å; the distance from O4´ of one sugar pucker to another O4´ in the
adjacent sugar pucker is 12.7 – 13.0 Å. Note that the top two residues adopt an anti conformation
while the bottom two Gs are in a syn conformation, indicating an antiparallel strand arrangement.

1.2.2

Molecularity (number of strands)
G-quadruplex structures can be assembled from one single strand or from

multiple strands (Figure 1.5). One strand with consecutive guanines can fold into an
intramolecular G-quadruplex, while multiple strands form intermolecular structures.9 As
a consequence, the concentration of G-rich strands does not affect the formation of
intramolecular G-quadruplex, but plays an important role in the assembly of
intermolecular structures.19, 20 The kinetics of G-quadruplex formation will be elaborated
on in more detail in Section 1.2.8.
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1.2.3

Strand orientation (polarity)
In double-stranded DNA, the two strands run in opposite directions from 5´ to 3´,

in other words, they are antiparallel to each other. For G-quadruplex structures, more
complex strand polarities are observed (Figure 1.5). The four strands can have the same
orientation, which means they are parallel to each other. If the strands are pairwise
antiparallel to each other, a structure with antiparallel strand polarity results. In another
type, known as the (3+1) hybrid structure, one strand is of opposite polarity relative to the
other three strands.9

edge-wise

diagonal

3’ٛ

3’

double-chain
reversal

3’
5’

5’

5’

Figure 1.5:
Representations of various G-quadruplex structures. The yellow filled circles
represent guanine deoxyribonucleotides. The blue rectangles represent anti guanine base, while the
yellow rectangles indicate a syn conformation. The gray lines are the DNA backbones and arrows
represent the orientation of the DNA strands. Left: Four strands fold into an intramolecular parallel Gquadruplex. Middle: Two strands assemble into an antiparallel structure with diagonal loops. Right: A
single strand folds into an intramolecular hybrid-type G-quadruplex structure with a double-chain
reversal loop and two edge-wise loops.

1.2.4

Syn or anti conformation of guanine base
The relative orientation of the guanine bases with respect to the deoxyribose

moiety is determined by the glycosidic torsion angle, χ (Figure 1.6).7 Rotation about the
glycosidic bond allows the nucleobase to adopt two distinct conformations, one in which
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the six-membered ring is positioned above the sugar (syn) and one conformation in which
this ring points in the opposite direction (anti) (Figure 1.6).7 The energy difference
between these two conformations is small for the 2´-deoxyribonucleotide, but
significantly larger in the corresponding ribonucleotide, for which the anti conformation
is favored over the syn conformation.7

Figure 1.6:
The anti (left) and the syn (right) conformations of guanine in 5´-d(GMP). The
dihedral angle χ (O4´-C1´-N9-C4) is used to describe the conformations.

In G-quadruplexes, the anti/syn orientation of the guanine base is tightly linked to
strand polarity. While parallel G-quadruplex DNA contains exclusively G bases in the
anti conformation, antiparallel and hybrid structures (Figure 1.5) require specific
guanines to adopt syn or anti conformations.9 Because the syn conformation is disfavored
in ribonucleotides, G-quadruplex RNA exists exclusively in the parallel form (Figure 1.5).
For quadruplex DNA, parallel and antiparallel conformations may co-exist in solution
depending on the experimental conditions and factors such as DNA sequence, type of
cation, and crowding conditions (experimental conditions that mimic the tight packing of
nucleic acids in the cell’s nucleus).9
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1.2.5

Loop structure
The loop regions in G-quadruplexes are relatively flexible, and usually no specific

hydrogen bonding is present between bases in this part of the structure. Depending on the
strand orientation, the loop connectivity can be classified into three categories (Figure
1.5).9 If two adjacent strands are antiparallel, the loop connecting them is an edge-wise
loop. If they are parallel, the loop is a double-chain reversal loop, and if the strands are
antiparallel and not adjacent, the loop is diagonal.9 The loop length has a strong influence
on the stability of G-quadruplex structures.9 If the loop has only one deoxynucleotide, it
exclusively forms a double-chain reversal loop, and if the loop is too long, the stability of
the whole structure is compromised dramatically. Bioinformatics approaches have used
the loop length as one criterion to predict possible G-quadruplex formation in genomic
DNA.9

1.2.6

Cation
The cations at the center of the G-quadruplex stabilize the G-quartet and hence

the whole G-quadruplex structure. The type of cation present affects the stability of the
G-quadruplex and the conformation into which a specific sequence assembles.21,
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Common cations are monocations such as Na+, K+, and NH4+. The radius of sodium is
relatively small and this ion fits into the plane of the G-quartet, while the larger
potassium resides between two G-quartets and coordinates eight carbonyl oxygen atoms
of guanine bases instead of four.9 G-quadruplexes containing potassium are usually more
stable than those containing sodium.9
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Although the cations have strong electrostatic interactions with the G-quartet,
they are exchangeable with cations in the solvent, which has been demonstrated by NMR
spectroscopy using NH4+ ions.23-26 Other (non-physiological) divalent cations, such as
Sr2+,27 have also been shown to bind to the G-quartet and stabilize the G-quadruplex.

1.2.7

Polymorphism
Unlike double-stranded DNA, which does not spontaneously separate into two

strands under physiological conditions unless the process is catalyzed by enzymes, Gquadruplex is a fairly dynamic structure. It is thermodynamically stable (sometimes even
more stable than double-stranded DNA),28 but one sequence may assemble into different
G-quadruplex structures. The energy barriers of interconversion between different
structures may be low at room temperature. They may give rise to equilibria of multiple
conformations in solution, which can be shifted in either direction by changing the
solution conditions.9
The most intensely studied G-quadruplex structure is the intramolecular telomeric
G-quadruplex, owing to its potential biological functions in cell proliferation. Single
molecule fluorescence resonance energy transfer (FRET) experiments have demonstrated
that the structure of the telomeric G-quadruplex in solution is extremely complicated.29
To date, three different structures (parallel, antiparallel and hybrid structure) have been
solved by NMR spectroscopy or X-ray crystallography. The parallel structure has been
observed in the solid state but may also exist under crowded conditions.30 The antiparallel
structure forms in sodium-containing solution,31 while the hybrid structure is the
dominant form in potassium solution.32, 33 Circular dichroism (CD) spectropolarimetry

12

and differential scanning calorimetry (DSC) studies showed that the energy differences
between these structures are relatively small (1.4–2.4 kcal/mol).34 The co-existence of
multiple structures often complicates high-resolution structural studies. On the other hand,
the conformational flexibility provides a great opportunity for tuning the secondary
structures by various methods such as introducing base mutations or adding Gquadruplex-specific small molecules.

1.2.8

Folding and unfolding kinetics
The folding of intramolecular G-quadruplexes has not been studied in much detail,

but it is generally believed to follow first-order kinetics and to be independent of strand
concentration. A recent biophysical study using stopped-flow UV spectroscopic methods
suggests that the formation of the intramolecular structure critically depends on the cation
concentration and proceeds via several intermediates.35 By contrast, the rate of formation
of intermolecular G-quadruplex structures depends on sequence concentration, since
multiple strands are required to assemble into a G-quadruplex structure.19 Hence, the
folding of the intermolecular structures is not a first-order process and requires longer
reaction time. For example, the formation of the tetramolecular G-quadruplex from single
strands may take several days at room temperature.19 The unfolding of the intermolecular
quadruplex is a first-order process. Various methods, such as NMR, FRET, and surface
plasmon resonance (SPR), have been used to study the kinetics of the folding and
unfolding process.20

13

1.3

Biological relevance as therapeutic target
G-quadruplex structures exist in vitro under physiological conditions, but their

biological relevance remains elusive. Bioinformatics research suggests that sequences
that have been demonstrated to fold into G-quadruplex structures ex vitro are prevalent in
the human genome:36 one of the most guanine-rich regions in chromosomal DNA is
telomeric DNA, which consists of repeats containing guanine triplets (see Section 1.3.1).
Furthermore, the promoter regions of approximately 40% of all genes contain at least one
potential G-quadruplex forming sequence.37 Single-stranded RNA containing multiple
consecutive guanines also shows a high propensity to form G-quadruplexes. It has been
proposed that G-quadruplexes at the RNA level may in fact be of higher physiological
significance than G-quadruplex DNA due to its high abundance levels (e.g., mRNA).38
Owing to its dynamic and transient properties, to this date no direct evidence has been
provided that G-quadruplex forms in living cells. However, a growing body of
circumstantial evidence suggests that G-quadruplexes do have biological functions,36 and,
even more importantly, may be exploited as therapeutic targets, such as oncogene
promoters and the telomere/telomerase pathway in cancer chemotherapy.18, 39-49

1.3.1

Telomeres
The telomeres are a nucleoprotein complex located at the ends of the

chromosomes, which serves multiple biological functions.50 Telomeres consist of G-rich
repeats, such as d(TTAGGG)n in mammals.51 At the very end of the telomeres, there is a
3´ single-stranded overhang (Figure 1.7), which has been shown to fold into an
intramolecular G-quadruplex in vitro.31
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1.3.1.1 Telomere function
Since Watson and Crick postulated the double-helical structure of DNA, the
replication mechanism has been unveiled as a semi-conservative process.1 DNA is
replicated from the 5´ to the 3´ end, which generates a leading strand and a lagging strand
template. Watson52 and Olovnikov53 became aware of the “end replication problem”,
which states that due to the binding of RNA primer (used to initiate replication) to the
lagging strand, the end of DNA cannot be fully replicated. This inspired studies into the
replication mechanism at the end of the chromosome54 which is critical for cell survival,
since the gradual loss of chromosomal DNA with each replication cycle results in an
unwanted loss of genetic information and premature cell aging.
2-10 kb
5'

TTAGGG

50-100 nt
3'

Figure 1.7:
Telomeres (yellow rectangular shapes) consist of a double-stranded segment, 2-10 kb
in length, and a 3´ single-stranded overhang of approximately 50-100 nt.

Blackburn et al. demonstrated that the ends of the chromosomes in eukaryotic
cells consist of tandem repeats that are rich in guanines55 (Figure 1.7). In mammalian
cells the repeat is d(TTAGGG).56 Human telomeric DNA consists of approximately 2–10
kilobases of the double-stranded sequence d(TTAGGG)/d(CCCTAA) and a singlestranded 3´ overhang of the G-rich strand, which is approximately 50–100
deoxynucleotides57 long (Figure 1.7). These repeats form a complex with proteins of a
wide range of functions.58 The DNA–protein complex is referred to as the telomeres
(Figure 1.8).
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Figure 1.8:
The telomeres of human chromosomes. Left: Telomeres (in red) visualized by
fluorescence in situ hybridization (FISH). The chromosomes and centromeres are shown in blue and
green, respectively. Right: The telomeres consist of telomeric DNA, which associates with various
proteins. TRF1 and TRF2 (telomeric repeat factor 1 and 2) bind to the double-stranded DNA, and they
recruit other proteins such as Ku and ATM. POT1 (protection of telomeres 1) binds to the singlestranded DNA. (Telomeres: Cancer to Human Aging. Sheila A. Stewart & Robert A. Weinberg, Annu.
Rev. Cell Dev. Biol., 2006, 22, 531-557; reproduced with permission from the publisher).

The telomeres have many important biological functions. One of them is to
prevent the chromosomes from undergoing end-to-end fusion.50 Nuclear DNA is
constantly exposed to exogenous and endogenous electrophiles and to damaging
radiation.59 The most severe form of damage caused by these factors are DNA doublestrand breaks. When double-strand breaks are detected by the cell, two forms of DNA
repair are triggered: the non-homologous end joining repair pathway,60 which re-joins the
disrupted ends of the DNA, or the homologous recombination repair which recruits the
sister chromosome as a template.61 The chromosome ends, if not well-protected, will be
falsely recognized as double-strand breaks. The cells would attempt to fix the “breaks”,
which will cause chromosomal end-to-end fusion and lead to genomic instability.50
Another important function of the telomeres is to prevent the loss of genetic information.
The ends of the chromosomes will shorten with each cell replication. Since the telomeric
DNA itself does not contain any genetic information, its loss will not affect cell viability
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until a critical minimum length is reached.
Greider et al. demonstrated that the telomeres are indeed shortened during each
cell replication.62 Somatic cells can only replicate 40–60 times, which is known as the
“Hayflick limit”.63 There is a correlation between the replication ability of a cell and the
length of its telomeric DNA. When telomeres reach a critical short length, the cell will
enter the senescence stage, in which the cell is still viable but loses its ability to divide.64
The length of the telomeric DNA can not be maintained since the 3´ overhang
cannot be extended by DNA polymerase. Without a compensatory mechanism, the 3´
telomeric overhang gradually erodes. However, unlike in somatic cells, in cancer cells the
telomeres are short but maintain a constant length. They are maintained either by a
reverse transcriptase, namely telomerase,65, 66 or by an alternative telomere lengthening
(ALT) mechanism.67
Telomerase is up-regulated in 85% of cancer cells, while it is undetectable in
somatic cells. The enzyme was discovered by Blackburn et al.68 Telomerase is a reverse
transcriptase, which uses RNA as a template to retro-replicate DNA. Human telomerase
consists of two parts:51 the protein hTERT, and an RNA moiety known as hTERC. The
RNA serves both as a structural support and as a template for the synthesis of the singlestranded telomeric overhang.69 Telomerase recruits the single-stranded telomeric DNA,
and then uses the RNA template in its active site to add TTAGGG repeats to the single
strand.69 After the overhang has reached a critical length, DNA polymerase continues the
replication process by synthesizing the opposite strand using the newly added TTAGGG
overhang as a template. Due to its unique status in cancer cells, telomerase has become
an important target for anticancer drug development.70
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1.3.1.2 Therapeutic relevance
Up-regulated telomerase is a unique phenotypical abnormality which renders
cancer cells immortal.71, 72 Interestingly, elevated levels of telomerase have been shown
to increase the life span of normal cells.73 Hence, inhibiting telomerase has become an
appealing anti-cancer therapeutic approach.70,

74-76

Several telomerase inhibitors have

been developed to block the telomerase active site.77 In particular, anti-sense
oligonucleotides are being explored that target the template region of hTERC.78-80
Another approach in telomere-targeted chemotherapeutic intervention is to target
the substrate of telomerase, the single-stranded telomeric DNA, instead of the enzyme
itself. For telomerase to catalyze the elongation of the d(TTAGGG) overhang, it requires
the DNA to be in its single-stranded form. Since the 3´ single-stranded overhang can fold
into a G-quadruplex, small, drug-like molecules that stabilize this secondary structure, or
help induce it from the random-coil form, may prevent telomerase from elongating the
overhang and, ultimately, disrupt the limitless proliferation of cancer cells.81

1.3.1.3 Telomeric G-quadruplex structure
Structural details of the telomeric G-quadruplex are of great interest since it is a
promising anti-cancer target. An NMR solution structure of a model sequence mimicking
the telomeric repeat in sodium solution was published by Patel et al. in the early 90s.31 In
this structure, the 22-mer (four-repeat) sequence d(AGGG[TTAGGG]3) adopts an
antiparallel conformation. Interestingly, in the solid state, the same sequence exists in the
parallel (“propeller-type”) form.82 The loop arrangement, the guanine glycosidic
conformation, and the overall shape of the parallel form are distinctly different from the
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solution structure, as can be seen in Figure 1.9.

Figure 1.9:
High-resolution structures of the G-quadruplex formed by the telomeric repeat. Left:
NMR solution structure (PDB ID: 143D) of a 22-mer d(AGGG[TTAGGG]3) in Na+-containing
solution, showing antiparallel strand polarity. It is an antiparallel structure, which contains a stack of
three G-quartets. Middle: X-ray crystallographic structure of the same sequence with K+ as the
monocation (PDB ID: 1KF1). It is a parallel and highly symmetrical conformation, with all four
grooves showing the same width and the loops in a double-reversal orientation. Compared to the
overall globular nature of the antiparallel conformation, this parallel structure appears flattened and has
a larger diameter. Right: NMR solution structure of the 23-mer d(TAGGG[TTAGGG]3) in K+containing solution (PDB ID: 2JSM). Several conformations coexist in solution, and the structure
shown is dominant. It shows a (3+1) hybrid arrangement, which means that one strand runs in the
opposite direction to the other three. It also adopts a globular shape similar to the antiparallel NMR
solution structure.

There has been a lot of controversy about the “true” structure of the telomeric Gquadruplex.83-86 Chaires et al. demonstrated using biophysical methods, such as
fluorescence quenching and sedimentation experiments, that the telomeric G-quadruplex
in solution, indeed, differs from the crystal structure.87 It was argued that the structure in
the solid state may be affected by crystal packing forces and thus not reflect the structure
under physiological conditions. On the other hand, the first NMR solution structure was
solved under the conditions of high sodium salt, rather than potassium cation, which
would have been biologically more relevant.88 The type of cation present affects the Gquadruplex conformation, which has been demonstrated using CD spectropolarimetry.35
In sodium solution, the intramolecular antiparallel conformation is the major structure,
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while the situation is more complicated in the presence of potassium cation. A FRET
study showed that the four-repeat sequence folds into various conformations in potassium
solution, including long-lived and short-lived species.29 Apparently, the G-quadruplex
structure is intrinsically dynamic, and several conformations co-exist in solution, with
one structure dominating. Using NMR spectroscopy, two groups (Patel et al.32 and Yang
et al.33) independently found the dominant structure of the telomeric G-quadruplex in the
presence of K+ to be the (3+1) hybrid conformation (Figure 1.9, right). Since then,
additional conformations, which are in equilibrium with the major form in solution, have
been discovered by high-resolution NMR spectroscopy.89-93 Recently, a detailed review
has been published that discusses the complex topology of the telomeric G-quadruplex.94
Under crowding conditions, in K+-containing buffers the intramolecular telomeric
G-quadruplex formed by the sequence d(GGG[TTAGGG]3) adopts the parallel
conformation.30 When the telomeric sequence is long enough to form multiple
intramolecular G-quadruplexes, the DNA assembles into a “bead-on-a-string” structure,
in which the G-quadruplexes are head-to-head or head-to-tail stacked, with the TTA
loops serving as flexible linkers.95
Recently, an interesting discovery demonstrated that the telomeres, which
previously were considered transcriptionally silent, are also transcribed into RNA.96, 97
The biological function of the transcripts is unclear.

1.3.2

Promoter regions of genes
Bioinformatics studies have demonstrated that G-rich sequences exist across the

entire human genome.98, 99 Interestingly, they are not randomly distributed, but seem to
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be localized to the promoter regions of genes.37 Such a distribution suggests that these Grich sequences have been selected during evolution for certain biological functions, such
as gene regulation.100-105 The fact that the exon of RNA rarely contains sequences that
can potentially fold into G-quadruplexes further supports this hypothesis. The exon
sequence is translated into proteins, and its folding into a G-quadruplex would impede
enzymes involved in its processing.9 The G-rich promoter region of several protooncogenes, such as c-MYC,106-112 c-KIT,113-116 BCL-2,117-120 PDGF-A,121 and K-RAS122-124
have been studied in detail. A 27-nt sequence in the nuclease hypersensitive element
(NHE) in the P1 promoter region of c-MYC for instance, has been demonstrated by NMR
spectroscopy to fold into a parallel G-quadruplex structure.110 When the promoter
sequence is in its duplex form, the guanine-rich strand is unable to fold into a Gquadruplex, because the double-stranded DNA is the thermodynamically more stable
secondary structure. However, during replication and transcription, the double-stranded
DNA is transiently separated into single strands, which might favor formation of a Gquadruplex in the G-rich strand. It has been proposed that the transient formation of this
secondary DNA structure may play a role in gene regulation by stalling DNA processing
enzymes.125 Because many quadruplex-forming sequences are found in cancer-related
gene promoters, small molecules that stabilize the G-quadruplex may have applications
as chemotherapeutic agents by inhibiting oncogene expression.

1.3.3

5´ and 3´- untranslated region (UTR) of mRNA
RNA is another likely candidate for intracellular G-quadruplex formation. RNA

G-quadruplexes are considerably more stable than DNA G-quadruplexes,126 and the
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tendency of RNA to exist as single strands is ideal for G-quadruplex formation.
Bioinformatics studies have demonstrated that the 5´ and 3´ untranslated regions of
mRNA are G-rich.127 It has been speculated that the guanine-rich UTRs can fold into Gquadruplexes, which may play a role in the regulation of translation and degradation of
RNA.128, 129
It was assumed that the end of telomeric DNA is not transcribed since it does not
contain genetic information. However, a recent study reported the existence of telomeric
repeat-containing RNA (TERRA) in mammals and fungi, which is transcribed from the
end of chromosomes.97 It is possible that TERRA plays important roles in regulating
telomerase and in chromatin remodeling during cell development.97 Both NMR130 and
crystallography131 methods revealed that TERRA folds into a parallel G-quadruplex
conformation in solution. Moreover, the parallel RNA G-quadruplex tends to associate
and form higher-order structures. For example, two G-quadruplexes, which are formed by
a 10-nt sequence r(GGGUUAGGGU), have been demonstrated to form stacked
multimers in solution.130
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1.4

Organic molecules targeting G-quadruplexes
G-quadruplexes may serve important biological functions, some of which have

been proposed to have potential applications in gene regulation and chemotherapy. This
has prompted an extensive search for molecules that target this secondary structure with
high specificity, including natural products and synthetic agents.18, 132 Quadruplex binders
share several common features: 1) they usually contain a large planar aromatic moiety
which can π-stack with the G-quartet. The large size of the moiety and/or pendant groups
attached to it usually produces selectivity for G-quadruplex over double-stranded DNA.
2) They often contain positively charged groups which produce favorable electrostatic
interactions between the ligand and the carbonyl oxygen of the guanine bases or the
negatively charged phosphodiester DNA backbone. 3) Some of the ligands are modified
with side chains that are able to interact with the quadruplex grooves.

1.4.1

Binding modes
Initially, there has been a major controversy over the exact binding mode of G-

quadruplex binders. It has been proposed that the small molecules could either stack with
the outermost G-quartets at both “ends” of the G-quadruplex, or intercalate between two
G-quartets, thereby ejecting the cation from the G-quadruplex core.9 Non-specific
binding to the backbone or grooves of the G-quadruplex was also proposed. However,
biophysical studies and molecular modeling demonstrated that intercalation between two
G-quartets is energetically extremely unfavorable, and no experimental data supports this
binding mode.133 In addition to intercalator-type molecules, DNA groove binders have
also shown quadruplex binding properties.134, 135 Recently, an NMR solution structure of
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distamycin

bound to an intermolecular G-quadruplex has been published.136 The

structure confirms that this molecule binds with the G-quadruplex grooves in the form of
head-to-tail stacked dimers, similar to its binding mode in double-stranded DNA.

1.4.2

Classes of G-quadruplex binders
Both synthetic organic compounds and natural products have been studied for

their G-quadruplex interactions. Among the natural products, telomestatin showed the
highest efficiency in inhibiting telomerase activity.137-140 The compound consists of seven
oxazole rings and one thiazoline ring which form an aromatic platform that matches the
dimensions of a G-quartet (Figure 1.10). Synthetic organic compounds are advantageous
for targeting specific G-quadruplex structures, since various modifications can be made
to tune their binding properties. Porphyrins have been widely used as a quadruplexbinding motif. Various side chains have been attached to the scaffold in order to promote
groove interactions and add positive charge to the (otherwise insoluble) molecules.141
One example is TMPyP4 in which four N-methyl-4-pyridine groups are linked to the
porphyrin (Figure 1.10).109, 142-144 Acridines and acridones have also been explored as
scaffolds for developing G-quadruplex-specific binders.145 Since these planar molecules
intercalate into double-stranded DNA, multiple side chains are usually added to the core
structure to disfavor this binding mode and enhance the G-quadruplex specificity.146 One
example is BRACO-19, which has demonstrated anticancer activity in vivo (Figure
1.10).147, 148
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Figure 1.10:
Organic molecules that have been extensively studied for their interactions with Gquadruplex DNA.

Another G-quadruplex-affinic class of ligands is based on the perylenediimide
chromophore, which contain extended aromatic moieties that promote π–π stacking.
Because of the perylenes’ propensity to undergo self-stacking in solution and the solid
state, compounds containing this chromophore have been widely used for designing
supramolecular assemblies of π-conjugated systems, which have applications as
semiconducting materials.149 Unfortunately, self-aggregation has major disadvantages in
drug development, since it decreases the solubility of the compound, and may interfere
with the DNA binding of the ligands. Thus, to prevent self-aggregation of perylenes and
to improve their water solubility, charged (usually cationic) side chains are attached to
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the polyaromatic scaffold.150-152 Various perylenediimide-based compounds have been
designed and synthesized to target G-quadruplexes. For example, PIPER in Figure 1.10, a
selective G-quadruplex binder, is able to induce G-quadruplex structures from duplex
DNA of sequences mimicking the c-myc NHE promoter region.153 This particular
derivative has been demonstrated to accelerate the assembly of intermolecular human
telomeric G-quadruplexes.154

1.4.3

Biological effects of organic G-quadruplex binding ligands
Many G-quadruplex binders have been shown to inhibit telomerase activity or to

affect the structural integrity of the telomeres. Telomestatin has been shown to facilitate
the formation of G-quadruplex structures from the single-stranded telomeric sequence,
and to induce the dissociation of important proteins, such as POT1155 and TRF2,156 from
the telomeres. PIPER down-regulates the transcription of the oncogene c-myc by
inducing the NHE in the P1 promoter region into a G-quadruplex structure.107 The
promoter regions of other proto-oncogenes have also been tested against various Gquadruplex binders.18
At the cellular level, several G-quadruplex binders, such as BRACO-19,147, 148
RHPS4,157-159 and telomestatin,160 are able to induce senescence and apoptosis, and
appear to trigger cell death via DNA double-strand break repair signaling.161 However,
the exact molecular mechanism by which G-quadruplex binders kill cells is unknown.
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1.5

Interactions between platinum-based drugs and G-quadruplexes

1.5.1

Advantages of developing metal-based agents
As described above, organic compounds with various scaffolds have been

developed in order to target G-quadruplex structures with high specificity, yet other
approaches have also been proposed for the discovery of novel G-quadruplex-binding
molecules, such as metal-containing compounds.162 There are several unique aspects to
introducing metals into organic quadruplex binders: 1) metal centers produce geometries
that cannot be generated with organic compounds. For example, the coordination
geometry of Pt(II), Ni(II) and Cu(II) is square planar, which can help constrain flexible
organic compounds into a planar geometry and improve their affinity for the G-quartet;
2) the positive charge on metal ions produces favorable electrostatic interactions between
the ligand and the DNA and increases the solubility of hydrophobic aromatic
chromophores in biological media; 3) metal centers withdraw electron density from
aromatic organic moieties,163 which improves their π–π stacking interactions with the Gquartet; 4) metal-containing compounds often show luminescence or fluorescence
properties not observed for the organic ligands alone, hence providing a valuable tool for
probing G-quadruplex conformation. 5) Finally, metal coordination to G-quadruplex
nucleophilic sites may lead to (irreversible) adducts that trap the secondary structure and
prevent it from unfolding and being processed by nuclear enzymes.

1.5.2

Platinum complexes
Platinum is a well-known DNA binding metal. A platinum-based compound,

cisplatin (cis-diamminedichloroplatinum(II)), is a major clinical anti-cancer drug which is
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used in the treatment of various malignancies.164-166 It shows anti-proliferative properties
by inducing cross-links in DNA that, if not repaired, lead to apoptotic cell death.167-169
Platinum exists mainly in two oxidation states, +II and +IV. In biological media Pt(II) is
more stable than Pt(IV) because the latter can be easily reduced to Pt(II) by cysteine
sulfur.164 Pt(II) has a square-planar coordination, while Pt(IV) forms octahedral
complexes.
Various platinum-containing complexes have been studied for their G-quadruplex
interactions, some of which have shown irreversible binding,170 while others have
demonstrated reversible DNA interactions.171-173 The irreversible binders take advantage
of the purine-binding ability of the platinum center, while the reversibly binding
molecules are positively charged, planar metallointercalators.

1.5.3

Rationale for developing platinum-based irreversible binders
Platinum(II) complexes with labile leaving groups show a high affinity for purine

nitrogen, in particular guanine-N7 (GN7).174 Cisplatin, for instance, binds to the N7
positions of adjacent guanine bases in the major groove of double-stranded DNA to
produce intrastrand cross-links at d(GpG) sites.175, 176 The drug also binds to adenine-N7
(AN7) to induce cross-links at 5´-d(ApG) sites, but at a reduced frequency.
It is interesting to study how platinum-based compounds react with telomeric Gquadruplex DNA (TTAGGG repeats). As stated above, platinum(II) has a natural high
affinity for GN7 in double-stranded DNA, compared with other available binding sites,
such as AN7. The question why cisplatin prefers GN7 over AN7 has been addressed by
theoretical calculations.177 The results of density functional theory (DFT) calculations
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demonstrated that GN7 is not only thermodynamically favored by cisplatin, but, from a
kinetic standpoint, is more reactive than AN7. The question may be raised if platination of
G-quadruplex DNA is dominated by GN7 binding as well. The hydrogen bonding network
in a G-quadruplex is very different from that in double-stranded DNA. In doublestranded B-form DNA, both GN7 and AN7 are exposed to nucleophiles in the major groove,
while AN1 is involved in Watson-Crick base pairing, and AN3 is buried in the minor
groove.1 In G-quadruplex DNA, GN7 is involved in Hoogsteen hydrogen bonding within
the G-quartets, while AN1, AN7 and AN3 are relatively exposed because the adenine bases
in the loops are disordered and not involved in any specific kind of hydrogen bonding.9
Even though the adenines associate with the thymines in the loop regions, the interaction
is highly dynamic. Thus, the differences in hydrogen bonding patterns in the two DNA
secondary structures may result in distinctly different platinum binding properties.

1.5.4

Interactions of classical bifunctional platinum-based drugs with telomeric

DNA

Cisplatin and transplatin
Cisplatin is a widely used anti-cancer drug, while transplatin does not have
obvious effects on tumors.174 Cisplatin bears two leaving groups in a cis-configuration,
while transplatin has two leaving groups trans to each other (Figure 1.11).174 Both
compounds were first tested against the Tetrahymena telomeric sequence d(T2G4)4.178
This sequence folds into an intramolecular structure which features a stack of three Gquartets.
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Different models of how this G-quadruplex conformation might fold have been
proposed (Figure 1.12).13, 178, 179 The exact folding pattern in this sequence determines
which guanines are involved in G-quartet formation and which guanines reside in the
loops. This study did not only shed light onto the binding affinity of cisplatin and
transplatin to this non-canonical DNA structure, but also provided insight into its
structure in solution. Thus, the platinum complexes used in this study can be considered
chemical probes of DNA secondary structure.
Since there are non-hydrogen-bonded guanine bases in the loop regions in this
sequence, it was speculated that both cisplatin and transplatin might attack these residues
at their N7 position. Initially, a monofunctional platinum complex, [Pt(NH3)3Cl]+, which
has only one reactive leaving group, was used to determine the reactivities of the guanine
bases. The result of a dimethyl sulfide (DMS) footprinting assay showed that four
guanine bases react with platinum (G3, G9, G15, and G21, Figure 1.12), while the others
are relatively inert to platination, which indicates they are involved in the Hoogsteen
hydrogen bonding. Among the platinated guanines, G9 and G15 are much more reactive
than G3 and G21, which suggests the sites of cross-link formation are in different local
environments.
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Figure 1.12:
Schematic representation of transplatin binding to Tetrahymena telomeric Gquadruplex structure. The grey rectangular shapes and the filled yellow circles represent the guanine
bases, while the filled light green circles represent the thymines. Three different G-quadruplex
conformations were proposed. From left to right are shown the structures proposed by William at al.
(12), Patel et al. (178), and Redon et al. (179). The four guanines most susceptible to platination by
monofunctional platinum were, in the order of their reactivities, G9>G15>>G3>G21. Cisplatin and
transplatin (the [Pt(NH3)2]2+ fragment is depicted as orange and blue circles) were found to cross-link
G3-G15 and G9-G21 (or G9-G24) (the latter binding site is highlighted by arrows for clarity).

Bifunctional cisplatin and transplatin were reacted with this sequence, and similar
adduct profiles were observed. Both cisplatin and transplatin cross-link the reactive
guanines in the loop regions. Molecular simulations were performed to model the
structures of the Tetrahymena quadruplex modified with transplatin at 1:1 or 2:1
stoichiometries (Figure 1.12). Platination does not disrupt the core of the G-quadruplex.
The results support the hypothesis that Hoogsteen hydrogen bonding protects GN7 from
platination and produces a kinetic preference for GN7 sites that are more accessible to the
platinum center. This result supports the leftmost conformation in Figure 1.12. There
appears to be minor cross-link formation at G9-G24, which leads to the conclusion that
the rightmost conformation in Figure 1.12 co-exists with the major conformation in
solution.
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Figure 1.13:
When cisplatin forms a monofunctional adduct with a guanine base of the G-quartet
(right: the platinum atom and the unreacted chloro leaving group are depicted as dark blue and green
spheres, respectively), it attaches to the N7 position and thus disrupts the Hoogsteen hydrogen
bonding present in the intact G-quartet (left).

Cisplatin and transplatin have also been tested for their reaction with the telomeric
G-quadruplex.180 In this study, all guanine bases are involved in the hydrogen bonding
network of the G-quartet, whereas the adenine bases are “exposed” in the loop regions. It
has been shown that cisplatin and transplatin are able to induce cross-links between a
guanine base in the outmost quartet and a loop adenine.180 This binding mode destabilizes
the (intramolecular) quadruplex because it disrupts the Hoogsteen hydrogen bonding
interactions within the G-quartet (Figure 1.13). As mentioned before, the telomeric Gquadruplex adopts different conformations depending on the type of monocation present
in solution. However, the results of this study suggest that the adducts formed by cisplatin
and transplatin with the telomeric G-quadruplex were the same in Na+ and K+ solution.
These findings may indicate that the structure is indeed very dynamic in nature, and
platinum, which reacts relatively slowly compared to the rate of DNA conformational
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changes, may “see” an average G-quadruplex structure in solution.
Recently, a study181 using thermal melting experiments demonstrated that
cisplatin indeed compromises the thermodynamic stability of the human telomeric Gquadruplex, while it stabilizes the sequence of the NHE of c-myc promoter region by
cross-linking the guanines in the loops. These results further support the notion that
cisplatin and transplatin are not suitable for targeting the telomeric G-quadruplex. Thus
carefully designed platinum-based agents are needed to produce high selectivity for this
DNA secondary structure.

Dinuclear platinum-based drugs
The reactivity of two trans dinuclear platinum-based drugs182 (Figure 1.11,
compound 3, with n = 2 or 6) with the telomeric G-quadruplex has been studied. The
adduct profile was found to be similar to that produced by cisplatin and transplatin,
although the flexible polymethylene linkers in these drugs allow the formation of longrange cross-links. A DMS/piperidine cleavage assay and mass spectrometry were used to
determine the sites of platination. These two dinuclear platinum complexes do not show
any preference for a particular purine base, and they cross-link various adenines in the
loops and guanines of the G-quartets (Figure 1.14).
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Figure 1.14:
Schematic representation for the cross-links formed by dinuclear platinum-based
drugs in the telomeric G-quadruplex. Red arrows indicate common binding sites for both n = 2 and n
= 6 complexes, while blue arrows represent cross-links specifically formed by the n = 6 compound.
(Note: when the paper was published, the (3+1) hybrid structure has not been solved yet, and the
antiparallel and parallel structures were used as models for the telomeric G-quadruplex.)

1.5.5

Newly designed platinum-based agents targeted at G-quadruplexes
Classical platinum-containing complexes are simple in structure and promiscuous

in reactions with nucleophilic sites in G-quadruplexes. They do not show selectivity for
G-quadruplex structures over double-stranded DNA, and in some cases, they disrupt the
G-quartet in order for platinum to reach its thermodynamically preferred binding site, GN7.
Only a few approaches have been reported attempting to target platinum to G-quadruplex
DNA. Three major types of complexes have been studied: 1) planar complexes
containing polypyridyl-type ligands and a labile chloride; 2) classical substitution-inert
metallointercalators; 3) platinum complexes flexibly tethered to G-quadruplex-affinic
ligands. The first two types are reversible binders: the first type forms kinetically labile
adducts with DNA, which is due to the trans-effect of the aromatic amine ligand in the
trans position to the leaving chloride; the second type does not have available binding
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sites on platinum and allows π–π stacking only. Only the third type induces permanent
adducts with G-quadruplex DNA.

1.5.5.1 Planar complexes containing a labile ligand
Terpyridine derivatives
Platinum–terpyridine complexes have been studied since the 1970s for their
interactions with double-stranded DNA.183-185 Terpyridines are tridentate ligands, which
allow one to introduce a fourth ligand, such as chloride, into the square planar Pt(II)
complex. However, the terpyridine shows a strong cis and trans labilizing effect, which
weakens the fourth coordinative bond, rendering the complex kinetically labile. In other
words, even though the platinum–terpyridine complexes form coordinative bonds with
nucleobases, the adducts are labile and dissociate from DNA. Hence, the platinum–
terpyridine compounds usually bind to double-stranded DNA by intercalation186 rather
than covalent adduct formation with purine bases.
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Vilar et al. synthesized three platinum(II)–terpyridine complexes172 (Figure 1.15,
4-6), which were designed to target G-quadruplex DNA. Since the platinum–terpyridine
complexes are typical B-DNA intercalators, suitable protonable side chains (alkylene
piperidine, pyrrolidine, and morpholine) were introduced to prevent this binding mode
and to enhance groove binding with G-quadruplex DNA. The crystal structures of these
ligands confirm the planar geometry of the molecules, which allows π–π stacking with
the G-quartet. SPR and CD studies were performed to demonstrate that these complexes
interact with telomeric and c-myc G-quadruplexes. However, the selectivity towards Gquadruplex DNA in the presence of double-helical DNA was not as high as expected,
which suggests the side chains do not efficiently prevent duplex intercalation.
Teulade-Fichou et al. also developed platinum–terpyridine complexes187 (7-9 in
Figure 1.15) for targeting telomeric G-quadruplex DNA. Since 7 is a double-helix
intercalator, they used a tolyl group as a substituent on terpyridine (8) to improve Gquadruplex binding. 9 was designed with the goal of increasing G-quadruplex selectivity
by extending the terminal pyridine groups into quinolines. G4-FID assays demonstrated
that 8 and 9 indeed show better selectivity towards G-quadruplexes compared to 7.
Another important observation was that 8 seems to bind exclusively to adenines in the
loop regions. However, the results were inconclusive and the yield of these adducts was
very low, which may be due to the trans effect of terpyridine.

Phenanthroline derivatives
Two cationic platinum(II)–phenanthroline complexes have been synthesized and
characterized by Reed et al. (Figure 1.16).188 Both complexes showed high affinity for G-
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quadruplex DNA in a FRET assay, and moderate inhibition of telomerase process in a
TRAP assay. Complex 11 containing an ethylpiperidine ether substituent instead of the
OH group shows better G-quadruplex binding properties, which underscores the
importance of groove interactions in the binding process.
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Structure of two platinum(II)–phenanthroline complexes.

1.5.5.2 Classical metallointercalators
Another group of platinum complexes studied for their G-quadruplex interactions
are metallointercalators which lack suitable leaving groups and do not coordinate with
DNA nitrogen donors. Platinum(II) has a square-planar coordination geometry which can
form planar complexes with certain aromatic ligands (similar to the situation discussed
for the terpyridine complexes in the previous section). The metal introduces positive
charge that stabilizes the G-quartet, and it also increases the water solubility of the metalorganic complexes.

Dipyridophenazine (dppz) derivatives
A series of dipyridophenazine (dppz) based platinum complexes has been
synthesized171 (Figure 1.17). Analogous Ru-dppz complexes are double-strand specific
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DNA intercalators. G-quadruplex binding dppz complexes can be generated by replacing
octahedral ruthenium(II) with square-planar platinum(II). These complexes are able to
induce the folding of intermolecular or intramolecular G-quadruplex structures from
single-stranded DNA. Unlike the dppz ligand itself, the platinum-containing complexes
significantly decrease telomerase activity. These complexes may also have applications
as probes of this DNA secondary structure, since their emission intensities are greatly
enhanced when they are bound to G-quadruplex DNA.
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Phenanthroimidazole derivatives
Platinum(II)–phenanthroimidazole

complexes189

(Figure

1.18)

have

been

synthesized and characterized. CD melting experiments indicated that both 19 and 20
increased the thermal stability of G-quadruplex DNA. Competition dialysis assays
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demonstrated that they have moderate preference for G-quadruplex DNA in the presence
of double-stranded DNA.
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Salphen derivatives
A series of platinum–Schiff-base complexes have been synthesized by Wu et
al.173 The design was based on the rationale that the platinum would act as an inert
cationic center that constrains the Schiff base ligands into a planar conformation. The
mixed N,O-donor chelate ligands form kinetically inert complexes with platinum(II).
When platinum is chelated by N and/or O, the dissociation of the ligand is slow. Similar
to the platinum–dppz complexes, the platinum complexes in Figure 1.19 containing πconjugated ligands also show photoluminescence properties which may be used for
probing G-quadruplex binding. Compounds 21-26 in Figure 1.19 decreased the
replication of a 43 bp sequence of the NHE in the promoter region of c-myc, presumably
through the formation of a G-quadruplex induced by the platinum complexes. Complexes
27 and 28 were originally designed to enhance groove interactions by adding dendritic
side chains. However, their water solubility turned out to be too low for further biological
characterization. Virtual screening was performed with the lead compound to generate 29.
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This derivative contains protonable side chains and showed 10-fold increase in binding
affinity.
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Supramolecular assemblies
A platinum-based metallointercalator (Figure 1.20) was synthesized via
supramolecular self-assembly. [Pt(en)(4,4'-dipyridyl)]48+ (30) showed G-quadruplex
binding and telomerase inhibition properties.190 It increases the melting temperature of
the G-quadruplex by 34.5 °C at submicromolar concentrations. Molecular dynamics
simulations demonstrated that the ethylene diamine groups on platinum form hydrogen
bonds with the oxygen of phosphate groups in the DNA backbone. However, details of
the binding mechanism are unknown.
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Figure 1.20:

Structure of the highly charged complex, [Pt(en)(4,4'-dipyridyl)]48+.

Conclusions
Reversible G-quadruplex binders based on platinum–organic metallointercalators
show promises as G-quadruplex-specific agents. They generally possess good water
solubility and G-quadruplex affinity. Various scaffolds have been attached to the
platinum centers to modulate the DNA–ligand interactions.

1.5.5.3 Platinum complexes that form permanent adducts with G-quadruplexes
Quinacridine derivative
The binding properties of organic quinacridine derivatives towards G-quadruplex
DNA have been studied in detail.191, 192 This type of chromophore increases the melting
temperature of G-quadruplexes, suggesting a stabilizing end-stacking binding mode that
prevents the dissociation of the outermost G-quartets. Thus, the quinacridine moiety has
been introduced into a platinum-containing compound to enhance the binding affinity of
the monofunctional platinum center with G-quadruplex DNA.
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Structure of the platinum(II)–quinacridine complex, Pt-MPQ.

In the study by Bertrand et al.,170 a monofunctional platinum-based quinacridine
complex (Pt-MPQ, 31) was synthesized and characterized (Figure 1.21).

Pt-MPQ

contains a quinacridine moiety that can stack with the G-quartet through π–π interactions,
a flexible ethylene glycol linker and a monofunctional chloro-triamine platinum moiety,
which can be expected to induce irreversible adducts with the purine bases of the Gquadruplex. Incubation of this complex with the telomeric G-quadruplex results in three
major adducts formed with G2, G10, and G22 (in the sequence d(AGGG[TTAGGG]3)),
which were detected by chemical and enzymatic footprinting experiments. These results
suggest that Pt-MPQ traps the antiparallel structure of the 22-mer telomeric Gquadruplex, since G2, G10, and G22 belong to the same G-quartet in the antiparallel
structure, while in the parallel and the hybrid structures they are in distinctly different
local environments. Hence, unlike cisplatin which induces adducts in the telomeric Gquadruplex rather randomly, and the reversible and labile metallointercalators, Pt-MPQ
appears to be a dual non-covalent/covalent quadruplex binder with enhanced base
selectivity.
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Conclusions
Platinum-based compounds form adducts with guanine and adenine bases in DNA.
The base selectivity and binding efficiency seems to be modulated by DNA secondary
structure. In duplex DNA, classical platinum drugs bind to GN7 in an intra- or inter-strand
cross-linking fashion. In a G-quartet, the GN7 position is protected by Hoogsteen
hydrogen bonding, and the platinum drugs tend to be more reactive with loop residues.
However, the guanine bases in the outermost G-quartets are susceptible to platination by
classical platinum drugs. There are two reasons for this phenomenon: 1) the Gquadruplex is a dynamic structure that exists as mixture of different conformations in
solution. When one conformation converts to another, the G-quartets are transiently
disrupted, which exposes the GN7 position to electrophilic platinum; 2) the classical
platinum drugs do not possess specificity for DNA secondary structure but their reaction
with nucleobases is driven by electrostatics and steric factors. The quinacridine derivative,
Pt-MPQ, is an example of how structural modifications can modulate the base selectivity
of platination in G-quadruplex DNA by adding a ligand that recognizes this DNA
secondary structure.

1.5.6

Other metal-based drugs
Other transition metal complexes have also been extensively studied. Transition

metal ions mainly serve as the central cation in macrocyclic organic compounds in order
to increase the electrostatic interactions of the otherwise neutral ligand with the
negatively charged G-Quadruplex. Porphyrin compounds, such as TMPyP4, have shown
excellent G-quadruplex binding affinity.109, 144 Thus, porphyrin derivatives were the first
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Metalloporphyrins containing Mg(II), Mn(III), Fe(III), Co(II), Ni(II), Cu(II), and Zn(II)
have been reported that bind to G-quadruplex DNA with varying affinities.162 A
pentacationic Mn(III) porphyrin complex with four flexible cationic side chains showed
104-fold selectivity towards G-quadruplex over duplex DNA.193 Phthalocyanine
derivatives have larger extended aromatic scaffolds than porphyrins, and they are able to
bind large Zn(II) and Ni(II) ions.194, 195 One metallophthalocyanine complex containing
Zn(II) shows luminescence properties which can be exploited for probing G-quadruplex
structures.196 Another interesting complex is an Fe(II)-modified perylene diimide
derivative, which selectively binds to G-quadruplex DNA and induces oxygen-dependent
DNA strand cleavage.197, 198, 162

1.5.7

Biological effects
Both the dipyridophenazine derivatives171 and salphen derivatives173 show

moderate cytotoxicity in cancer cell. Interestingly, both compounds were relatively nontoxic to normal lung fibroblast cells. Derivatives 4 and 5 of the platinum–terpyridine
complexes in Figure 1.15 showed moderate activity in several types of cancer cells.187
Complex 5 was more cytotoxic than 4. Whether their cell-kill mechanism involves
intracellular G-quadruplex formation remains to be investigated.
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1.6

Goals of the doctoral research
Telomeric G-quadruplex has become a promising anti-cancer therapeutic target.

Compared to classical DNA-targeting agents, which can not distinguish between normal
cells and cancer cells, telomeric G-quadruplex-specific agents may show cancer cell
specific effects due to the specific telomere status in abnormally proliferating cells. The
majority of the G-quadruplex targeting compounds are reversible binders, which may not
be the most efficient way of targeting biologically relevant forms of this DNA secondary
structure, especially if one wants to induce a damage response on a pharmacologically
relevant time scale. Thus, the goal of the research described in this dissertation was to test
the effects of intercalator-driven formation of irreversible adducts by a platinum–acridine
hybrid agent [Pt(en)(ACRAMTU-S)Cl](NO3)2 (en = ethane-1,2-diamine, ACRAMTU =
1-[2-(acridine-9-ylamino)ethyl]-1,3-dimethylthiourea,

acridinium

cation)

(PT-

ACRAMTU) within the human telomeric repeat and to design and test a secondgeneration platinum-based binder that specifically recognizes telomeric G-quadruplex
DNA.

1.6.1

Interactions between the telomeric G-quadruplex and a non-classical

platinum-based anticancer drug
The first part of the doctoral research focuses on how a non-classical platinumbased drug, PT-ACRAMTU, which was developed in the Bierbach lab several years ago,
interacts

with

the

G-quadruplex

structure

formed

by

short

model

oligodeoxyribonucleotides mimicking the human telomeric repeat. PT-ACRAMTU
showed a unique DNA damage profile in previous binding studies performed with
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double-stranded DNA. Its unusual base, groove, and sequence specificity distinguishes
this compound from other classical platinum drugs. Based on previous DNA binding
studies of PT-ACRAMTU, it was proposed that this hybrid agent would recognize the Gquadruplex secondary structure differently than classical platinum-containing drugs. The
first goal of this study, therefore, was to determine the base specificity and sequence
context (or, more appropriately, the region-specificity within the folded secondary
structure) of adduct formation of PT-ACRAMTU in the G-quadruplex form of the human
telomeric DNA. Enzymatic and acidic digestion assays in conjunction with in-line liquid
chromatography–electrospray mass spectrometry (LC–ES–MS), as well as exonuclease I
digestion of platinum-modified DNA were used to achieve this goal. A kinetic assay was
also developed in order to gain insight into the kinetics of platinum adduct formation.

1.6.2

Targeting telomeric G-quadruplex with a newly designed platinum–perylene

agent
The observations made in the study of the G-quadruplex interactions of PTACRAMTU (Section 1.6.1) led to the development of a platinum–intercalator agent in
which the acridine moiety has been exchanged with a perylene chromophore. The goal
was to generate a hybrid agent that recognizes and stabilizes the G-quartets in the human
telomeric G-quadruplex to deliver platinum selectively to the loop adenines in this
secondary structure. The most critical event in the binding mechanism of such an agent
would be the reversible, first binding step. Thus, a suitably modified reversible binder
was studied in order to shed light onto the recognition of the G-quadruplex structure by
this type of conjugate. Global changes in DNA secondary structure induced in model
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sequences mimicking the telomeric G-quadruplex by the perylene-platinum complex
were monitored by circular dichroism (CD) spectropolarimetry. Electrospray mass
spectrometry was used to study the stoichiometry of the complex formed between this
agent and the telomeric G-quadruplex. In order to design a platinum–perylene that acts as
a G-quadruplex-specific agent, it was important to determine the thermodynamic
parameters governing ligand binding and the binding affinity for a specific form of Gquadruplex.

This was achieved by isothermal titration calorimetry (ITC).

Finally,

molecular mechanics/molecular dynamics (MM/MD) calculations were performed to
study potential DNA–ligand binding modes in this system.
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CHAPTER TWO
Interactions of a Platinum–Acridine Hybrid Agent (PT-ACRAMTU) with the
Human Telomeric G-Quadruplex

2.1

How do classical platinum-based drugs recognize DNA?

2.1.1

DNA interactions of classical platinum drugs
Soon after Rosenberg’s serendipitous discovery199 of cisplatin’s inhibitory effect

on cell division in E. coli, the agent was shown to shrink tumors in mice,200 and in 1978 it
was approved by the FDA for the treatment of genitourinal cancers. Cisplatin was the
first drug that showed clinical efficacy in solid tumors, especially in testicular and
ovarian cancers.165
Like many cytotoxic agents, cisplatin targets nuclear DNA,201 and DNA damage
is believed to be the major mechanism by which this drug causes cancer cell death.201
Thus, the focus of research into the mechanism of cisplatin has been on the drug’s DNA
binding properties at the atomic level174 and the effects of the DNA damage on DNArelated cellular processes. 168, 201, 202 These studies, along with an improved understanding
of cisplatin metabolism,169, 203 have resulted in the development of new generations of
platinum-based drugs.164, 204, 205 Here, the DNA binding properties of cisplatin will be
discussed in detail.
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Cisplatin has two labile chloro leaving groups. In aqueous solution, the chloro
ligands are susceptible to substitution by water molecules (Figure 2.1).174 The aquated
cationic species are more reactive with biological nucleophiles than cisplatin itself. When
these metabolites reach DNA, they form coordinative bonds with the N7 position of
purine bases in the major groove.174 Because cisplatin contains two cis-oriented labile
ligands, it can bind to two purine bases to form interstrand or intrastrand cross-links. The
major cross-link is formed at d(GN7pGN7) in the major groove (~ 60% - 65%).206 A highresolution structure of cisplatin bound to a double-stranded DNA fragment was obtained
by X-ray crystallography.176 As shown in Figure 2.2, the 1,2-d(GpG) intrastrand crosslink produces a sharp kink in the platinated duplex. To a lesser extent, cisplatin also binds
to d(AN7pGN7) (~ 20% - 25%).174

Figure 2.2:
Structure of intrastrand d(GpG) cross-link formed by cisplatin. (Left) The crystal
structure of cisplatin bound to the double-stranded DNA fragment (reproduced from PDB file 1AIO).
(Right, top) Ball-and-stick representation of cisplatin cross-linking two consecutive guanines. (Right,
bottom) Schematic representation of this platinum adduct.
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2.1.2

Cellular processing of cisplatin-induced DNA damage
Cisplatin that reaches the nucleus binds to chromosomal DNA in a non-sequence

selective fashion. It mainly binds to the electron-rich GN7 sites for which platinum has the
highest affinity, to form intra- and inter-strand cross-links, as well as monoadducts.174
The bifunctional adducts interfere with DNA-processing enzymes.201 They stall DNA and
RNA polymerases resulting in inhibition of replication and transcription of the genome.
Failure of the enzymes to bypass the damage sites leads to apoptotic cell death, which is
mediated by a p53-dependent signaling pathway.202
An indirect mechanism thought to contribute to the cytotoxic effect of cisplatin is
the recognition of the platination sites by certain DNA-binding proteins. High-mobility
group protein 1 (HMGB1) is a highly conserved nuclear protein involved in chromatin
remodeling.207 It has been demonstrated that HMGB1 binds to the intrastrand cross-links
formed by cisplatin, and hence shields the damage sites from DNA repair enzymes.202
Another example of protein interacting with the 1,2-d(GpG) cross-linked site is TATAbinding protein (TBP). TBP is a transcription initiation factor that binds to the TATA box
in the promoter regions of eukaryotic genes.208 It binds in the minor groove and bends the
duplex DNA towards the major groove, which creates a distortion similar to the bending
produced by cisplatin.202 It has been shown that cisplatin damage, indeed, interferes with
the transcription process initiated by TBP in vitro.202
Cancer cells may be intrinsically resistant to cisplatin, or may develop resistance
during the treatment with cisplatin. Although cisplatin forms adducts that stall DNA and
RNA processing enzymes,202 cells have developed defense mechanisms that are able to
repair various types of DNA damage. About 70% of cisplatin forms 1,2-d(GpG)
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intrastrand cross-links which severely distort DNA. This distortion can be detected and
the lesions repaired by the nucleotide excision repair (NER) mechanism.202 Cancer cells,
such as non-small cell lung cancer cells, which have intrinsic high NER expression levels,
are chemoresistant and do not respond to cisplatin-based treatments. Error-prone DNA
polymerases that are able to by-pass the cisplatin damaged sites are another defense
mechanism allowing (cancer) cells exposed to DNA-damaging agents to survive.205

2.1.3

Second- and third-generation platinum-based drugs
Although cisplatin has been a successful drug in the treatment of solid tumors,

there are various limitations to its broader application. It is very toxic to normal cells, and
cancer cells may show either intrinsic or acquired resistance to cisplatin.205 It is not very
water soluble which limits the dose, and the administration of cisplatin to patients is
intravenous.205 While cisplatin treatment may result in a cure of certain types of cancer,
the therapeutic spectrum of this drug is limited. Hence, after the approval of cisplatin as
an anticancer therapeutic, extensive efforts were made to develop new platinum-based
drugs that are able to overcome these drawbacks. Thousands of platinum-based drugs, the
vast majority of which are direct cisplatin derivatives, have been synthesized and
characterized against various tumor cells, but only a few analogues have made it into
clinical trials.164
Most cisplatin derivatives were designed to reduce the systemic toxicity and
improve the bioavailability (solubility) of the prototype.164 Some of the clinically relevant
compounds and their design rationale are summarized in Figure 2.3 and Table II. Like
cisplatin, these agents are cross-linking agents that form the same array of DNA adducts

51

as the parent compound.164 Because these compounds act through the same mechanism at
the DNA level as cisplatin, they trigger downstream events that lead to the same type of
cancer cell kill. Thus, it is not surprising that most of these derivatives share the same
limited spectrum of biological activity as that observed for cisplatin.
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Cisplatin and its second- and third-generation analogues.

Table II:
Summary of the design rationale for several second- and third-generation platinumbased drugs. (see reference 164) Their structures are shown in Figure 2.3.

Drug

Design rationale

Carboplatin1

Reduced systemic toxicity due to the relatively inert
dicarboxylate leaving group

Oxaliplatin2

Increased solubility; increased cellular uptake by OCT3
mediated by the DACH4 moiety

Picoplatin5

Reduced detoxification by slowing the reaction rate of
platinum with glutathione

Satraplatin6

Oral administration of platinum(IV) complex as pro-drug

1

[1,1-cyclobutanedicarboxylato(2-)]-O,O'-platinum(II)
1R,2R-diaminocyclohexane oxalatoplatinum(II)
3
organic cation transporter
4
1,2-diaminocyclohexane
5
cis-amminedichloro(2-methylpyridine)platinum(II)
6
(OC-6-43)-bis(acetato)amminedichloro(cyclohexylamine)platinum(IV)
2
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2.1.4

Novel platinum-based compounds
A major dilemma in platinum drug development, identified in the late 1980s,

early 1990s, is that direct cisplatin derivatives, while providing some pharmacological
advantages, suffer from the same resistance mechanisms at the DNA level as the parent
drug. In order to overcome this problem, novel platinum drugs should be designed that
react with DNA radically differently than cisplatin. To achieve this goal, several types of
non-classical platinum drugs have been investigated. The first interesting case of such
outliers are trans-platinum complexes,209 which initially were considered inactive in
cancer cells. Transplatin, trans-[PtCl2(NH3)2], reacts much faster than its cis-isomer. It is
not only rapidly detoxified by glutathione (GSH), but its monofunctional adducts can be
easily removed from DNA due to the strong trans effect of GSH sulfur.204 Moreover, the
damage sites of platination by transplatin are repaired efficiently by cells.210 However,
recently several cases have been reported that demonstrate that through careful design,
trans-platinum drugs can be turned into cytotoxic agents as well.164 Multinuclear
platinum complexes have also been synthesized and studied. In this type of compounds, a
flexible linker is used to link two or multiple platinum centers.164 These complexes
induce adducts different from those formed by mononuclear platinum drugs. Among
them, BBR 3464, which was developed by Farrell et al., is the most potent complex.211 It
is a trinuclear platinum complex (Figure 2.4), which shows activity in cisplatin-resistant
cancer cells.202 Since DNA is the main target for platinum complexes in the cell, the
unique long-range cross-links formed by BBR 3464 are considered responsible for this
agent’s non-cisplatin-type anti-cancer properties.211
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Figure 2.4:

Structure of a trinuclear platinum complex, BBR 3464.
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2.2

Brief introduction of PT-ACRAMTU
Classical platinum-based drugs, such as cisplatin, have a limited spectrum of anti-

cancer activity and severe side effects, among other disadvantages.205 They platinate
consecutive guanine bases in the major groove of double-stranded DNA to form
intrastrand cross-links.174 The lesions produced in chromosomal DNA are considered the
major cause of cytotoxicity. To overcome cellular resistance mechanisms at the DNA
level and to broaden the spectrum of anti-cancer activity, developing drugs that are able
to produce DNA adducts different from the classical cross-links has become an attractive
approach. Two such classes, trans-platinum and polynuclear platinum complexes, have
been discussed in Section 2.1.4. In another approach, a cisplatin moiety has been linked
to the DNA minor groove binder distamycin in an attempt to direct platinum into the
DNA minor groove and change the sequence selectivity of the platinum center.212, 213
DNA intercalators have also been linked to cisplatin to increase the DNA affinity of the
cross-linking agent. However, in both types of compounds the platinum moieties of the
conjugates dominate the DNA interactions leading to the formation of GG cross-links. To
address the problem of undesired cross-link formation, a monofunctional, intercalatortethered platinum drug has been designed in the Bierbach lab. It differs in many ways
from cisplatin, such as its sequence and base selectivity, groove specificity, as well as the
DNA structural perturbations produced by its adducts.

2.2.1 Structure of PT-ACRAMTU
PT-ACRAMTU ([Pt(en)(ACRAMTU-S)Cl](NO3)2: en = ethane-1,2-diamine,
ACRAMTU = 1-[2-(acridine-9-ylamino)ethyl]-1,3-dimethylthiourea, acridinium cation)
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(Figure 2.5) was developed as a non-classical platinum-based drug.214 It has several
unique features that clinical platinum drugs do not possess. (1) The acridine moiety that
is tethered to the platinum center can intercalate between duplex base pairs, which
enhances the affinity of the compound for DNA. (2) Under physiological conditions, the
nitrogen of the acridine is protonated. Therefore, besides the permanent charge on
platinum, another positive charge is added to the molecule, which contributes to the
electrostatic interactions with the negatively charged DNA phosphate backbone. (3) The
platinum center, unlike cisplatin, has only one labile chloro ligand, which means PTACRAMTU can only bind to a single purine base rather than cross-link bases like
bifunctional platinum drugs. The linker used to tether the acridine chromophore to
platinum is semi-rigid, which gives the drug certain flexibility while on the other hand
restricts binding of platinum to bases adjacent to the intercalation site.
2+

H 2N
H
N
+

S
N

HN

H
N

N
H

HN

N

NH 2
Cl

N
H

PT-ACRAMTU

ACRAMTU
Figure 2.5:

S

Pt

Structures of ACRAMTU and PT-ACRAMTU.

2.2.2 Reactivity of PT-ACRAMTU towards double-stranded DNA
PT-ACRAMTU’s base selectivity is different from that of cisplatin. More than
90% of cisplatin binds to GN7, due to the “natural” affinity of platinum for this electronrich site.174 Approximately 80% of PT-ACRAMTU binds to GN7 as well; however, a
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considerable amount (~20%) induces monofunctional adducts with adenine bases, which
is not a common feature of platinum drugs (Figure 2.6).215 An unprecedented feature of
this compound is that in ~7% of its adducts, platinum binds to AN3, which is located in
the DNA minor groove.

Figure 2.6:
Classical and non-classical binding sites for platinum drugs in double-stranded DNA.
Top: Watson-Crick base pairs with donor sites and DNA groove highlighted. Bottom: Adduct
distribution for PT-ACRAMTU in guanine (G) and adenine (A) bases in double-stranded DNA.

The interactions between cisplatin and DNA are driven by the electrostatic effects
of the platinum center. Theoretical studies also indicate that electron-rich GN7 is not only
the most nucleophilic donor site, but binding to GN7 is favored over AN7 by hydrogen
bonding between O6 of guanine and ammine-NH of cisplatin.177 By contrast, AN3 in the
minor groove is sterically hindered and not favored by classical platinum-based drugs.
PT-ACRAMTU is the first platinum-based drug that shows a high binding affinity for
AN3.216
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The source of PT-ACRAMTU’s AN3 reactivity is not well understood and is still
subject to biophysical and theoretical studies in the Bierbach lab. The carrier ligand
ACRAMTU has been shown to intercalate into DNA base pairs from the minor groove
and to prefer 5´-TA/TA, 5´-CG/CG and 5´-GA/TC bases pair steps.217 The platination of
AN3 indicates that the ACRAMTU ligand alters the natural base selectivity of platinum
by hijacking the metal into the minor groove. In other words, the groove specific
intercalation of ACRAMTU positions the metal in close proximity to AN3 to promote the
nucleophilic attack of this donor group. Whether the labile chloride in PT-ACRAMTU is
directly replaced by AN3, or if the mechanism requires aquation of the chloro ligand
remains to be determined.
As a gel mobility shift assay218 and an NMR solution study219 showed, PTACRAMTU unwinds the DNA by 21° per adduct, which is indicative of an intercalative
binding mode. PT-ACRAMTU does not bend duplex DNA. The platination by PTACRAMTU therefore does not impose great distortion on double-stranded DNA, and
may not be recognized as cisplatin-type damage and therefore escape the repair
mechanisms.219 PT-ACRAMTU and its derivatives showed enhanced anticancer activity
in certain cisplatin-resistant cancer cell lines, such as non-small cell lung cancer and
ovarian cancer.214 Although details of the mechanism at the cellular level are still
unknown, it seems the hybrid binding mode of PT-ACRAMTU with DNA contributes to
the compound’s unique spectrum of anti-cancer activity.
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2.3

Rationale for studying the interaction between PT-ACRAMTU and the

human telomeric G-quadruplex
Targeting the telomeric G-quadruplex has become a novel therapeutic approach
for triggering apoptosis cancer cell specifically. The majority of G-quadruplex binders
are reversible binders,81 and only little attention has been paid to agents capable of
modifying nucleobases in this DNA structure covalently. The former non-covalent
interactions have the potential to cause slow erosion of the telomeres by inhibiting
elongation of the overhang by telomerase, which, after a certain number of cell divisions,
will lead to cell death. By contrast, the irreversible damage produced by electrophiles,
such as platination agents, may induce cell death more rapidly because it may trigger a
DNA damage response leading to apoptosis.205 Indeed, reversible G-quadruplex binders
have been shown to kill cancer cells with a lag time of several weeks,81 which could be a
problem in rapidly growing tumors. From this standpoint, instantaneous cell death due to
permanent lesions caused by platinating agents would provide a major pharmacological
advantage. It will be of great interest to develop irreversible binders that both recognize
the G-quadruplex structure and permanently attach to it.
PT-ACRAMTU has shown enhanced adenine binding affinity in double-stranded
DNA. Approximately 20% of the drug forms monofunctional adducts with the N7, N1
and N3 positions of this purine base. In telomeric G-quadruplex structure, the guanine N7
is protected by Hoogsteen hydrogen bonding from platination, while the adenine bases
are accessible in the loop regions. Hence, despite the high guanine content in the human
telomeric sequence, PT-ACRAMTU may prefer adenine bases over guanine bases. The
acridine moiety in PT-ACRAMTU provides another advantage in G-quadruplex binding.
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Acridine-based reversible binders, such as BRACO-19, showed excellent G-quadruplex
affinity. Stacking of the acridine moiety in PT-ACRAMTU onto the G-quartet would not
only position the platinum in close proximity to the adenine residue in the loop regions of
the G-quadruplex, but the π–π interactions of the acridine may stabilize the G-quartet and
prevent it from opening, which might protect the guanine bases from attack by the GN7
affinic metal and favor modification of adenine. The study presented in this chapter was
designed to explore how PT-ACRAMTU interacts with the telomeric G-quadruplex. It
sheds light on the mechanism of how DNA secondary structure alters the base selectivity
of intercalator-driven platination and provides insight into the structural requirements for
G-quadruplex-specific platinum-based compounds.
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2.4

Methods of studying the interactions of PT-ACRAMTU with the human

telomeric G-quadruplex

Various methods have been used to study G-quadruplex structures and how
ligands and proteins interact with them. High-resolution methods such as X-ray
crystallography220 and NMR spectroscopy221 have been used to obtain structural details at
the atomic level. Molecular dynamic studies have been used to simulate the structures of
minor conformations in solution and drug-DNA complexes222 that cannot be easily
crystallized or refined from NMR solution data.
Biophysical methods are important for studying the thermodynamic and kinetic
properties of G-quadruplexes. UV/visible spectroscopic and fluorometric thermal
denaturation experiments have been used to study the thermodynamic properties of Gquadruplex DNA,223 while circular dichroism (CD) spectropolarimetry is routinely used
to determine the secondary structures of the macromolecules and the binding mode of
various small molecules with the DNA.224 Surface plasmon resonance (SPR) can be used
to investigate the association/dissociation kinetics of small molecule or protein binding
with G-quadruplexes.225 In this study, several biophysical methods were employed to
study how ACRAMTU and PT-ACRAMTU interact with the telomeric G-quadruplex
DNA. In addition, bioanalytical methods, namely liquid chromatography in conjunction
with electrospray mass spectrometry (LC–ESI–MS) and footprinting techniques were
used to study the “covalent” interactions of PT-ACRAMTU with G-quadruplex forming
model sequences.
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2.4.1 UV/visible spectroscopy
UV/vis melting assays are a well-established tool for studying the stability of
double-stranded DNA.226 The absorbance at 260 nm increases (hyperchromic effect)
when double-helical DNA is denatured at high temperature. Plots of absorbance v.s.
temperature can be used to determine the melting temperature (Tm) of a particular DNA
secondary structure. Tm is defined as the temperature at which 50% of the DNA exists in
its duplex (or folded) form and 50% in its random-coil, single-stranded form.227 Small
molecules that stabilize duplex and quadruplex DNA typically increase the melting
temperature of the particular secondary structure. Unlike duplex DNA, G-quadruplex
DNA does not show a significant change at 260 nm (~ 4%) when it is thermally
denatured into the random-coil form. Instead, a dramatic decrease in absorbance is
observed at 295 nm upon denaturation (50–80%), which can be used to extract
thermodynamic information for G-quadruplexes.223, 226
Since the extinction coefficient of DNA at 295 nm is low, usually a large
concentration of G-quadruplex DNA is required to collect reliable data. In a typical
experiment, the DNA will be slowly heated at a rate of 0.5–1 °C per step, and a UV
spectrum will be recorded after proper equilibration of the sample. The first derivative of
the absorbance vs. temperature plot will be calculated and the maximum (steepest slope)
indicates the Tm. UV melting assays can also be used to determine the Tm of ligand-DNA
complexes, which can be used as an indicator of how well the drug stabilizes the DNA
secondary structure, and how tightly (Kb) it binds.
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2.4.2

Circular dichroism (CD) spectropolarimetry
Circular dichroism spectropolarimetry is fundamentally based on UV/vis

spectroscopy.228 It records the difference in absorption between right and left circularly
polarized light after passing through a sample solution (ΔA = AL - AR).228 If the molecules
in solution are not chiral, the absorbance of the right-handed and left-handed light will be
equal, hence no CD signal will be observed.228 If the molecules are chiral, which is the
case for biological macromolecules, the two forms of radiation will interact with the
molecules differently and CD signals will be generated, either positive or negative
depending on the properties of the chiral molecules.228
Although CD spectropolarimetry does not give information about the exact
structures of (bio)molecules in solution, it is a powerful tool for determining higher-order
structure of DNA and proteins, since most forms of these macromolecules show
characteristic CD spectral features.228 Although G-quadruplex structures are highly
polymorphous and usually several conformations coexist in solution, CD spectra have
been recorded for different structures or the same sequence under different conditions.
For instance, the parallel G-quadruplex usually shows a positive band at ~260 nm, while
the antiparallel conformation has a signature peak at ~290 nm.224,

229

CD

spectropolarimetry is widely used to determine the global conformation and the folding
topologies resulting from the various combinations of strand polarities in G-quadruplexes.
CD spectropolarimetry can also be used to confirm that a given DNA sequence
indeed folds into a G-quadruplex structure in solution.224 If the DNA is not in its Gquadruplex form, weak CD bands will be observed since random-coil single-stranded
DNA dose not generate strong CD signals. It also can be used to detect conformational
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changes within G-quadruplexes due to small-molecule binding or changed conditions.224
Finally, CD spectropolarimetry can also be used to determine the thermal stability of Gquadruplexes and quadruplex-ligand complexes.223

2.4.3 Enzymatic and acidic digestion assay in conjunction with LC–ESI–MS
Enzymatic digestion assay of platinum–treated DNA in conjunction with liquid
chromatography separation and electrospray mass spectrometry (LC–ESI–MS) detection
was originally developed to study the sequence and base specificity of PT-ACRAMTU in
double-stranded DNA.215 A similar setup was used to study the interactions of PTACRAMTU with DNA sequences containing the human telomeric repeats. Furthermore,
based on this method, a kinetic assay was designed that allowed the simultaneous
determination of rate constants for PT-ACRAMTU binding to GN7, and the three
endocyclic adenine nitrogen atoms, AN7, AN1 and AN3. Likewise, acidic digestion in
conjunction with the mentioned bioanalytical techniques proved to be a valuable tool for
studying PT-ACRAMTU binding to the three adenine sites, AN1, AN3, and AN7.216 The
assay was based on a protocol developed for double-stranded DNA.216 It is based on the
different behavior of platinated guanine and adenine in acidic media in order to
selectively liberate and collect adenine adducts (Figure 2.7). At low pH, the purine bases
are protonated and cleaved off the DNA strands at high temperature via a β-elimination
mechanism (depurination). If the GN7 is modified with platinum, it cannot be protonated.
Thus platinated GN7 is stable at low pH. By contrast, an adenine base has three protonable
sites, and it can be depurinated even if platinum binds to one of them.
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Figure 2.7:
Platinated adenine bases will be depurinated at low pH since the protonation at any
available nitrogen can cause β-elimination, leading to cleavage of the C1'-N9 glycosidic bond.
Platination of the GN7 prevents the protonation event and hence the depurination of guanine bases.

2.4.4

Exonuclease I assay
Enzymatic and acidic digestion assays were used to study the overall reactivity of

PT-ACRAMTU with the telomeric G-quadruplex. To gain insight into the sequence and
secondary structural context of adduct formation, an exonuclease I (exo I) digestion assay
was designed.
Exo I is a nuclease that digests single-stranded DNA from the 3´ to the 5´ end in
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the presence of Mg2+.230 It hydrolyzes the 3´-oxygen–phosphorous bond to produce 5´nucleoside monophosphates.230 It completely degrades the DNA with the exception of the
last dinucleotide at the 5´ end.230 Exo I has been used to evaluate how small molecules
stabilize G-quadruplexes231 and to detect platination sites in telomeric G-quadruplexes.170
In the first study, in which single-stranded DNA was folded into a G-quadruplex, either
spontaneously in the presence of stabilizing cations or with the help of small molecules,
digestion of the DNA by exo I was inhibited.231 In the latter study, the rate of enzymatic
cleavage was decreased at the platination sites. Inspired by the latter study, an exo I assay
was designed to detect the platinum adducts in telomeric G-quadruplex formed by PTACRAMTU.170

2.4.5

Kinetic studies based on enzymatic digestion
The rate with which platinum complexes, such as the drug cisplatin, react with

DNA nitrogen and S-containing proteins has a major impact on the cytotoxic potential of
a platinum drug.204 Carboplatin, for example, shows reduced toxicity compared to
cisplatin because of its slower reaction with proteins. By contrast, complexes based on
Ni2+ and Pd2+, which are isoelectronic with Pt2+, are not active in cancer cells.204 This is
mainly due to the fast ligand exchange rates of these metal ions. Ni2+ or Pd2+ DNA
adducts are reversible and weak nucleophiles, such as water, are able to displace the
purine base from the metal before the adducts formed can interfere with cellular
processes.204
The rate-limiting step in the reaction of cisplatin with DNA is the aquation of one
of the two chloride leaving groups.232 As stated in the previous section, in the case of
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cisplatin, binding to GN7 is both kinetically and thermodynamically favored over binding
to AN7.177 The NH3 group linked to platinum center forms hydrogen bonding with O6 of
guanine, which lowers the transition state energy.177 Furthermore, theoretical calculations
indicate that the platinum(II) center forms a stronger bond with GN7 than with AN7.177
PT-ACRAMTU appears to have a much higher adenine affinity than cisplatin in doublestranded DNA, and the binding mechanism is more complicated than that of cisplatin. 1H
NMR and two-dimensional [1H,

15

N] heteronuclear single quantum coherence (HSQC)

spectroscopy method demonstrated that, unlike cisplatin, the rate of the second binding
step of PT-ACRAMTU with dG is comparable to the first hydrolysis step.233 An assay
was designed to probe the effects of DNA secondary structure on the (kinetic) nucleobase
preference of PT-ACRAMTU. In this assay, incubations of the telomeric G-quadruplex
with the hybrid agent were quenched at appropriate time points, the samples
enzymatically digested, and the adducts of interest identified and quantified by LC–ESI–
MS.
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2.5

Experimental Section

2.5.1

Materials
The DNA sequences were synthesized and desalted by IDT (Integrated DNA

Technologies, Coralville, IA) and were used without further purification except for DNA
used in the exonuclease I digestion assay, which was purified by HPLC. Several buffer
solutions were used in this study: K120 (5 mM KH2PO4, 1 mM Na2EDTA, 120 mM KCl),
Tris20 (20 mM Tris-HCl), K20 (20 mM Tris-HCl, 20 mM KCl), and K10 (20 mM TrisHCl, 10 mM KCl). All buffers were adjusted to pH 7.2. The DNA sequences were
dissolved in the appropriate buffer solution and stored at –20 °C.

The hexamer,

d(TTAGGG) (ss-6) was dissolved in Tris20 buffer without annealing. Incubation of this
sequence with platinum was done immediately after preparation of the solution in the
absence of Na+ and K+ salts to avoid the (slow) formation of the intermolecular
quadruplex, d[TTAGGG]4. The single-stranded 22- and 24-mers, d(AGGG[TTAGGG]3)
and d(TTAGGG)4 were annealed into the G-quadruplexes G4-22 and G4-24 by heating
the samples at 90 °C for 5 min, followed by slow cooling to room temperature. The
duplex ds-22 was generated by annealing the G-rich strand (G4-22) with the
complementary strand, d([CCCTAA]3CCCT). The secondary structures of the sequences
G4-22, G4-24, and ds-22 were confirmed by circular dichroism (CD) spectropolarimetry
and thermal denaturation experiments.

The concentration of DNA was calculated

applying Beer’s law using the extinction coefficients (260 nm) ε = 61,300 M-1·cm-1,
196,479 M-1·cm-1, 282,128 M-1·cm-1, and 244,600 M-1·cm-1 for ds-6, G4-22, ds-22, and
G4-24, respectively. PT-ACRAMTU ([Pt(en)(ACRAMTU-S)Cl](NO3)2: en = ethane1,2-diamine,

ACRAMTU

=

1-[2-(acridine-9-ylamino)ethyl]-1,3-dimethylthiourea,
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acridinium cation) was synthesized according to the published procedure.214 Stock
solutions of PT-ACRAMTU were prepared in water and stored at –20 °C in the dark.
Final drug concentrations were determined spectrophotometrically (ε413 = 9452 M-1·cm1 214

).

HPLC-grade solvents were used in all chromatographic separations, and Millipore

water was obtained from a Milli-Q A10 synthesis water purification system. All other
chemicals were molecular biology grade and purchased from Aldrich or Fisher. DNase I
(RNase-free) from bovine pancreas, calf intestinal alkaline phosphatase (CIP), and
exonuclease I from E. coli were supplied by New England BioLabs (Ipswich, MA).
Nuclease P1 from penicillium citrinum was purchased from Sigma and was dissolved in
nuclease P1 buffer provided by the manufacturer (40 mM sodium acetate, 10 mM ZnCl2,
100 mM NaCl and 50% glycerol, pH = 5.3).

T4 polynucleotide kinase (cloned) was

obtained from Epicentre Biotechnologies (Madison, WI). All enzymes were stored at –
20 °C.

2.5.2

Thermal denaturation/renaturation of G-quadruplex DNA monitored by

UV/visible spectroscopy
Thermal denaturation experiments were carried out on a Hewlett-Packard HP
8453 spectrophotometer equipped with a Peltier temperature-controlled cell holder and an
external temperature probe. Stock solutions of the annealed G-quadruplex sequences G422 and G4-24 were diluted to 100 μM (nucleotides) in K10 and K20 buffer, respectively.
Heating and cooling traces were recorded over the range 15 °C→70 °C→15 °C in 0.5 °C
increments and a hold time of 2 min. The monitoring wavelength was 295 nm. Melting
temperatures (Tm) were calculated from the first derivative of the traces using an
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algorithm provided in the HP thermal denaturation software.

2.5.3

Circular dichroism
Temperature dependent CD spectra were recorded on an AVIV Model 215

spectrophotometer equipped with a thermoelectrically controlled cell holder.

The

scanning wavelength ranged from 220 to 350 nm with scanning speed of 1 nm/s and
response times of 2 to 5 s. CD profiles were base-line adjusted by subtracting buffer
background. Samples contained 100 μM (nt) DNA.

2.5.4 Incubation and digestion
The DNA sequences (200 μM (nt)) were incubated with PT-ACRAMTU at a
platinum–to-nucleotide ratio (rb) of 0.2 at 37 °C for 24 h in the dark. After incubation, the
samples were dialyzed against Millipore water in a 28-well dialysis apparatus at 4 °C for
24 h in the dark to remove unreacted drug. The molecular-weight cut-off (MWCO) of
the dialysis membrane (regenerated cellulose, Spectrum Laboratories, Rancho
Dominguez, CA) was 2000 Da. In acidic digestion assays, the pH of the samples was
adjusted to ~2.4 using formic acid. Acidified samples were digested at 55 °C for 16 h in
the dark, centrifuged for 10 minutes at 13,400 rpm, and the supernatant collected and
immediately injected into the HPLC system. In enzymatic digestions the following
protocol was applied: i) addition of 70 units of DNase I and 10 μL DNase I stock buffer
solution (100 mM Tris-HCl, 2.5 mM MgCl2, and 0.5 mM CaCl2; pH = 7.6); incubation at
37 °C for 3 h; ii) addition of 40 units of DNase I, and incubation at 37 °C for 3 h; iii)
addition of 40 units of nuclease P1 and incubation at 55 °C for 3 h; iv) addition of 30
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units of nuclease P1 and incubation at 55 °C for 18 h; v) addition of 40 units of alkaline
phosphatase and 100 μL of 10 x buffer 3 provided by New England Biolabs (1 M NaCl,
500 mM Tris-HCl, and 10 mM dithiothreitol; pH 7.9) and incubation at 37 °C for 3 h; vi)
addition of another 40 units of alkaline phosphatase and incubation at 37 °C for 3 h. The
samples were centrifuged for 10 min at 13,400 rpm; the supernatant was collected and
dialyzed for 6 h against Millipore water using a 100 Da MWCO membrane.

2.5.5

Chromatographic separations
The mixtures resulting from acidic and enzymatic digestion assays were separated

by reverse-phase HPLC using the LC module of an Agilent Technologies 1100 LC/MSD
Trap system equipped with a multi-wavelength diode-array detector and autosampler. A
4.6 x 150 mm reverse-phase Agilent ZORBAX SB-C18 (5 µm) analytical column was
used in all of the assays, which was maintained at 25 °C during separations. Two
wavelengths, 254 nm and 413 nm, were used to monitor unmodified nucleic acid and
ACRAMTU containing fragments, respectively. The following eluents were used for the
separations:

solvent

A,

degassed

water/0.1%

formic

acid,

and

solvent

B,

acetonitrile/0.1% formic acid. The gradient for acidic digestion assays was solvent A
changing from 95% to 81% over 28 min at a flow rate of 0.5 mL/min; the gradient for
enzymatic digestion was 95% solvent A decreasing to 85% over 30 min at a flow rate of
0.5 mL/min. The integration of peaks was done using the LC/MSD Trap Control 4.0 data
analysis software.
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2.5.6

Mass spectrometry
Mass spectra were recorded on an Agilent 1100 LC/MSD ion trap mass

spectrometer. After separation by in-line HPLC, adducts were infused into the
atmospheric-pressure electrospray source. Ion evaporation was assisted by a flow of N2
drying gas (325 °C) at a pressure of 55 psi and a flow rate of 10 L/min. For enzymatic
digests, positive- and negative-ion mass spectra and tandem mass spectra (MS/MS) were
recorded. During MS experiments in positive-mode, a capillary voltage of 2800 V was
applied and the mass-to-charge scan range was from 200 to 2200 m/z; in negative-mode,
the capillary voltage was 3000 V. Product-ion mass spectra in MS/MS experiments were
generated by collision-induced dissociation (CID) with the assistance of helium gas. The
isolation mass for fragments P2–P4 was 1159.0 m/z for positive mode and 1156.5 m/z for
negative mode, with an isolation width of 4.0 m/z and a fragmentation amplitude of 1.0 V.
For acidic digests, MS experiments were performed in positive mode with a capillary
voltage of 3000 V and a scan range of 100–800 m/z. Mass spectra were recorded in
enhanced scan resolution mode (5500 m/z s-1).

2.5.7

Exonuclease I footprinting assay
The HPLC-purified sequence G4-24 (1 µM/L, strand concentration) was 5´ end

labeled using T4 polynucleotide kinase (EPICENTRE Biotechnologies, Madison, WI)
and [γ-32P]-ATP (Amersham Biosciences, Piscataway, NJ). Labeled G4-24 was mixed
with unlabeled sequence (200 µM, nucleotides) and annealed into the G-quadruplex. PTACRAMTU stock solution was titrated into the DNA to a final rb of 0.08. After 24 h of
incubation at 37 °C in the dark, aliquots were withdrawn from the mixture and digested
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with exonuclease I. The enzyme was added at varying concentrations, and the mixtures
were allowed to digest for 1 h at 37 °C. After the digestion was complete, the enzyme
was deactivated at 80 °C for 20 min. To remove PT-ACRAMTU prior to the
electrophoretic separations, samples were incubated with sodium cyanide at a final
concentration of 1 M at 37 °C for 15-18 h and dialyzed against water at 4 °C for 24 h to
remove excess salt (Harvard Apparatus, Micro DispoDialyzer; MWCO 100 Da).
Samples were heat denatured and separated on 24% polyacrylamide denaturing gels
containing 8 M urea. The gels were dried and analyzed on a BioRad FX-Pro plus
phosphorimager (Hercules, CA). Band intensities were analyzed using the Quantity One
1-D Analysis Software (version 4.1.1., Bio-Rad Laboratories, Hercules, CA).

2.5.8

Kinetic assay
Three 1.5-mL samples of G4-22 [200 μM (nt)] were prepared and equilibrated at

37 °C. PT-ACRAMTU, dissolved in a few μL of water, was added into the samples to a
final rb of 0.1, and the mixtures immediately vortexed. At each time point, 150 μL of
solution were removed from the mixtures, immediately cooled on ice, and combined with
1.5 μL of 100 mM aqueous thiourea. The samples were allowed to react for 5 min on ice
and were dialyzed against 5 mM Tris-HCl buffer (pH = 7.1) in the dark at 4 °C for 12 h
to remove excess thiourea (MINI dialysis units, MWCO = 3500 Da; Pierce
Biotechnology, Rockford, IL). (Note: Under these conditions, the highly charged,
quenched drug ([Pt(en)(ACRAMTU)(tu)]3+) remains strongly associated with the DNA
and cannot be removed by dialysis). After lyophilization, the samples were re-dissolved
in 20 μL of water and enzymatically digested using the above protocol. Data points for
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the calculation of reaction rates were averaged over the three experiments. The data were
processed and plotted with SigmaPlot (version 9.01, Systat Software, Inc.).
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2.6

Results

2.6.1 Confirmation of DNA secondary structures
UV thermal denaturation experiments have been used to determine the thermal
stability of the G-quadruplexes.223 Unlike double-stranded DNA, which shows a
significant change in absorbance at 260 nm when denatured into single-stranded DNA,
G-quadruplex DNA shows a more characteristic decrease in absorbance at 295 nm.226
Therefore, the thermal denaturation of the G-quadruplexes was monitored at this
wavelength.
Before investigating the drug-DNA interactions, it was important to confirm that
the DNA had folded into the desired secondary structure, and the UV melting curves of
the two telomeric sequences, G4-22 (Figure 2.8, top) and G4-24 (Figure 2.8, bottom),
were recorded. Both heating and cooling traces were recorded. Both sequences show
reversible folding/unfolding based on the absence of significant hysteresis behavior (i.e.,
heating and cooling traces overlap). The results also suggest that the formation of the
intramolecular G-quadruplex is relatively fast under the current experimental conditions
(short holding time of 2 min).
The melting temperatures (Tm) for G4-22 in K10 buffer and G4-24 in K20 buffer
were 49.0 °C and 47.7 °C, respectively. This confirms that both sequences existed in their
G-quadruplex secondary structures in the incubation with PT-ACRAMTU at 37 °C.
When two equivalents of the platinum–free ligand ACRAMTU were titrated into the G422 solution, the Tm increased to 62.4 °C (Figure 2.8 top, black trace), which indicates that
stacking of ACRAMTU ligand with the G-quartet stabilizes the G-quadruplex structure.
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Figure 2.8:
Thermal denaturation experiments for telomeric quadruplex sequences. Top: UV
thermal melting profiles for G4-22 in K10 buffer. The blue and red traces are the cooling and heating
curves recorded for the drug-free sequence, respectively. The Tm is 49.0 °C. The black trace is the UV
thermal melting profile for G4-22 in K10 buffer in the presence of 2 equivalents of ACRAMTU
ligand. The Tm is 62.4 °C. Bottom: UV thermal melting profile for G4-24 in K20 buffer. The blue and
red lines are the cooling and heating traces, respectively. The Tm is 47.7 °C.
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Figure 2.9:

CD spectra for G4-24 at varying temperatures in K20 buffer.

CD spectropolarimetry can be used to determine higher-order structures of
macromolecules in solution. The telomeric sequence G4-24 in potassium-containing
solution has been shown to fold into several G-quadruplex structures, with the
parallel/antiparallel (3+1) hybrid structure as the major conformation33,
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(Figure 1.5

right). The CD spectra of G4-24 recorded at 25 °C (Figure 2.9) suggests that the
dominant structure at this temperature in solution has pronounced antiparallel character
with a positive band of highest intensity around 290 nm. The shoulder at 265 nm is either
due to a parallel structural component in the dominant structure, or a parallel Gquadruplex structure that co-exists with the (3+1) form in solution. When the sample
temperature is increased, the G-quadruplex unfolds, based on the decrease in ellipticity
observed in the spectrum. At 70 °C the sequence was completely denatured into singlestranded DNA, which shows a relatively weak positive band at 260 nm. A CD spectrum
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recorded after cooling the sample to room temperature (25 °C) confirms the reversibility
of the denaturation process.

2.6.2 Platination of the human telomeric repeat studied by enzymatic digestion of
modified DNA in conjunction with in-line liquid chromatography electrospray mass
spectrometry (LC–ESI–MS)
Three sequences were used in this study, G4-22, ds-22 and ss-6 (Table III). After
incubation with PT-ACRAMTU (rb = 0.2) for 24 hours and complete digestion with
DNase I, nuclease P1 and alkaline phosphatase, the sample mixtures were separated by
reverse-phase HPLC. HPLC traces were recorded using UV/visible detection at 413 nm
which is the characteristic absorbance resulting from a π–π* transition in the acridine
moiety of PT-ACRAMTU, and at 254 nm where the DNA bases absorb. The adducts
were baseline-separated, and four major platinum-containing DNA fragments (P1, P2, P3
and P4) were identified for all three sequences (Figure 2.10). Peak assignments were
assisted by in-line electrospray mass spectrometry performed in negative-ion mode, and
linkage isomers were assigned bases on fragmentation patterns.

Table III:

Sequences used in enzymatic and acidic digestion assays.

DNA

Sequence

G4-22

d(AGGG[TTAGGG]3)

ds-22

d(AGGG[TTAGGG]3)/d([CCCTAA]3CCCT)

ss-6

d(TTAGGG)
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As shown in Figure 2.10 and Table IV, four adducts were identified in the three
HPLC profiles. The mass spectra showed that adducts that share the same retention time
had the same parent ion peaks and fragmentation patterns. Hence, it was concluded that
P1, P2, P3 and P4 generated from the three DNA sequences were identical species.

Figure 2.10:
Reverse-phase HPLC profiles of the adduct mixtures obtained by enzymatically
digesting PT-ACRAMTU-modified DNA. The red, black, and blue traces were recorded at 413 nm for
digests of platinum-modified sequences G4-22, ds-22 and ss-6, respectively.

From the m/z values and fragmentation patterns observed in the mass spectra, it
was possible to identify each platinated fragment. P1 was found to be the monofunctional
adduct of PT-ACRAMTU formed with 2´-deoxyguanosine (dG). It shows a molecular
ion peak at m/z of 845.2 (Figure 2.11). The high abundance of P1 in all three HPLC
profiles supported this assignment, since platinum can be expected to have an intrinsic
high affinity for GN7.
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Table IV:
The retention times (RT) and the relative abundances of the adducts for sequences
G4-22, ds-22 and ss-6 in enzymatic digestion assay.

DNA

Adduct

RT (min)

Area (%)

17.2

53

P2/dA*N3pG

21.7

3

P3/dA*N7pG

25.0

20

P4/dA*N1pG

26.8

24

P1/dG*N7

17.1

>60

P2/dA*N3pG

21.7

3

P3/dA*N7pG

overlap

overlap

P4/dA*N1pG

26.6

12

P1/dG*N7

17.6

96

P2/dA*N3pG

22.2

<1

P3/dA*N7pG

25.3

1

P4/dA*N1pG

27.0

3

P1/dG*N7
G4-22

ds-22

ss-6

a

a

The asterisk indicates the platinated nucleobase.

The other three adducts, P2, P3 and P4, show the same molecular ion peak at m/z
1158.2 (Figure 2.11, red box). The fragmentation patterns observed in their mass spectra
were very similar, which suggests that these three complexes may be isomers. The m/z
value of 1158.2 can be unequivocally assigned to the molecular ion resulting from PTACRAMTU binding to the undigested deoxy-diribonucleotide d(ApG). Because the same
mass is observed for three chromatographically separable species, it can be speculated
that P2-P4 are three linkage isomers in which platinum is attached to the different
nitrogen atoms of adenine in d(ApG). Additional mass spectrometry experiments were
needed to test this hypothesis.
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Figure 2.11:
Positive-ion mode mass spectra for the four adducts P1, P2, P3 and P4. P1 has the
molecular ion peak at m/z 845.2 (blue box), while the other three adducts share the same molecular
ion peak at m/z 1158.2 (red box).

In order to determine the structures of P2, P3, and P4, tandem mass spectrometry
(MS/MS) experiments were performed. The molecular ion peak of m/z 1158.2 was
isolated and the ion fragmented by collision induced dissociation (CID) (Figure 2.12).
First, the absence of a peak at m/z 730.0 (the molecular mass of PT-ACRAMTU bound
to guanine) in the mass spectra suggested that GN7 in d(ApG) is not modified with
platinum, with contrasts the situation observed for P1. Thus, it was concluded that P2, P3
and P4 are fragments in which PT-ACRAMTU binds to adenine. Three linkage isomers
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are possible for d(A*pG) (the asterisk indicates the site of platination), since adenine has
three accessible binding sites, AN1, AN3, and AN7.
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Figure 2.12:
Positive-ion mode MS/MS spectra showing the fragments for P2, P3 and P4
resulting from ICD (isolated mass: 1159.0 m/z, blue diamonds). The fragment expected for
depurination (red box; m/z 712 indicates platinated adenine base) is absent for P3, which suggests
platination of AN7.

The assignment of the linkage isomers was not a trivial task. In previous studies,
it was demonstrated that AN3 is the least favorable site for platination by PT-ACRAMTU.
As shown in the HPLC profiles (Figure 2.10), P2 is the least abundant adduct across all
the sequences. Thus, P2 was assigned to the linkage isomer d(AN3*pG).
AN1 and AN7 are targeted by platinum complexes with similar affinity (if A is not
involved in base pairing), which is confirmed by the similar abundances observed for P3
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and P4 in enzymatically digested G4-22 (Table IV). MS/MS spectra were used to
distinguish between the isomers d(AN1*pG) and d(AN7*pG) (Figure 2.12). In the MS/MS
spectra of P3, the peak at m/z 712.3, which was assigned to platinated adenine base, was
absent (see red box in Figure 2.12). As stated before, platination of GN7 prevents
protonation of this site. Protonation of GN7 is a mechanistically important step in the
cleavage of the glycosidic bond leading to depurination. Thus, the results are consistent
with assignment of P3 to the fragment d(AN7*pG). In conclusion, P1, P2, P3 and P4 were
assigned to dG*, d(AN3*pG), d(AN7*pG), d(AN1*pG), respectively (Figure 2.13). Details of
the fragment ion analysis for these adducts are give in Figures 2.14-2.17.
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Figure 2.13:

Assignments for adducts P1, P2, P3 and P4.
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Figure 2.14:
Positive-ion mode ESI–MS analysis and summary of fragments for adduct P1. The
inset shows the scheme of fragmentation for adduct P1.
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Figure 2.15:
Positive-ion mode ESI–MS analysis and summary of fragments for adduct P2. The
inset shows the scheme of fragmentation for adduct P2.
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Positive-ion mode ESI–MS analysis and summary of fragments for adduct P3. The
inset shows the scheme of fragmentation for adduct P3.
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Positive-ion mode ESI–MS analysis and summary of fragments for adduct P4. The
inset shows the scheme of fragmentation for adduct P4.
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MS/MS experiments in negative-ion mode were performed to demonstrate that P2,
P3 and P4 are indeed platinated fragments d(A*pG). Previous studies demonstrated that
when the 5´ nucleobase is modified in dinucleotide sequences, the C3´–O bond is
weakened and becomes susceptible to CID, which generates characteristic products
known as w fragments234, 235 (inset in Figure 2.18). This reactivity feature can be used to
demonstrate that A, and not G, is platinated in d(ApG). The profiles of negative-ion mode
MS/MS of P2, P3, and P4, indeed, showed w fragmentation (Figure 2.18, top). A scheme
of the fragmentation pattern of P4 is shown as an example (Figure 2.18, bottom).
From the data in Table IV, which compares the abundances of the adducts in
different DNA sequences, it is obvious that the DNA secondary structure has a significant
effect on the donor site affinity of PT-ACRAMTU. PT-ACRAMTU preferentially binds
to GN7 (> 90%) in single-stranded DNA (ss-6), since the reaction is driven by the natural
high affinity of the platinum center for this electron-rich, highly nucleophilic site. In
double-stranded DNA (ds-22), platinum–nucleobase interactions are dominated by the
groove and sequence preference of intercalator of the ACRAMTU ligand, and a
decreased amount of PT-ACRAMTU was found to target GN7. For the G-quadruplex
conformation (G4-22), approximately 50% of platination occurred with adenine, which is
the first reported case of a platinum-based compound for which binding to adenine truly
competes with binding to guanine as a consequence of the altered recognition of DNA
secondary structure. The protection of GN7 by Hoogsteen hydrogen bonding, the
accessibility of adenine bases in the loops, and the stabilization of G-quartet by the
acridine moiety may all contribute to the unique donor-site specificity.
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Negative-ion mode MS/MS spectra recorded for P2, P3 and P4. The w fragment for
P2 is not observed most likely due to the low abundance of the adduct. The inset shows a schematic of
the w-fragmentation. Bottom: Fragmentation pattern for P4. The peaks assigned to fragments resulting
from cleavage of the C3´–O bond are highlighted with rectangular boxes in the MS/MS spectra.
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2.6.3

Platination of the human telomeric repeat studied by acidic digestion of

modified DNA in conjunction with in-line liquid chromatography–electrospray
mass spectrometry (LC–ESI–MS)
As stated in Section 2.4.3, platinated guanine cannot be easily removed from
DNA at elevated temperature at acidic pH, whereas platinated adenine base undergoes
facile depurination under such conditions. The assay reported here takes advantage of this
distinct difference in reactivity of the two platinated purine bases. Similar to the
enzymatic degradation of platinated DNA, acidic digestion can be expected to yield
quantitative information on the percent distribution of AN1, AN3 and AN7 adducts
depending on the DNA secondary structure tested. After incubation with PT-ACRAMTU,
the DNA samples (the sequences used here were the same as in the enzymatic digestion
assay, see Table III) were incubated under conditions optimized previously for doublestranded DNA to liberate the adenine adducts, which was separated by reverse-phase
HPLC and analyzed by ESI–MS. Three adducts, A1, A2 and A3 are observed in the
HPLC profiles of the three DNA sequences (Figure 2.19). The retention times and
relative abundances are summarized in Table V. The adducts generated from the three
types of DNA show the same retention times and virtually identical mass spectra, which
suggests that the adducts eluting with the same retention time share the same chemical
structures.
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Figure 2.19:
Reverse-phase HPLC separation of the adenine adducts released by acidic digestion
of platinated DNA. The red, black, and blue traces were recorded at 413 nm for digests of platinummodified sequences G4-22, ds-22 and ss-6, respectively.

The structures of platinum–adenine adducts generated from calf thymus DNA and
synthetic duplexes have been determined previously. Crystal structures of A1 and A2
have been solved216, which confirmed the sites of platination predicted from LC–MS and
variable pH NMR data.216 The three peaks labeled, A1, A2 and A3 (Figure 2.20), have
been identified as PT-ACRAMTU-modified adenine base (A*) with the metal attached to
AN7, AN3, and AN1, respectively. The mass spectra of these peaks support the assignments
(Figure 2.20). The abundance of AN7* and AN1* in digests of the sequence G2-22 is about
the same, which is reasonable since platinum has similar affinity for both sites. In the
duplex ds-22, platination of AN1 is significantly reduced compared to platination of AN7
because AN1 is involved in Watson-Crick hydrogen bonding in this form of DNA. In
acidic digestions of platinum-treated ss-6, a significantly higher amount of AN7* is
observed compared to AN1*. A less pronounced difference in reactivity would be expected
for these donor sites. Thorough analysis of the mass spectrum produced by this HPLC
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fraction (A1) indicates the presence of a significant amount of the adduct GN7*, which coelutes with AN7*. The release of platinated guanine base under these conditions is
unexpected and may indicate a higher reactivity of the single-stranded DNA compared to
duplex and folded quadruplex form.

Table V:
The retention times (RT) and the relative abundances of the adducts in acidic
digestion assay for G4-22, ds-22 and ss-6 sequences.

DNA

Adduct

RT (min)

Area (%)

12.1

41

N3

12.6

11

N1

13.0

48

A1/A N7
A2/A*N3
A3/A*N1

12.3
12.7
13.3

63
23
14

A1/A*N7

12.1

73

A2/A*N3

12.6

7

13.1

20

*

A1/A
G4-22

N7

*

A2/A

*

A3/A

a

*

ds-22

ss-6

A3/A*N1
a

3+

The asterisk indicates the fragment [Pt(en)ACRAMTU]

The relative abundances of the three isomers of PT−ACRAMTU−adenine adducts
were similar to those observed in the enzymatic digestion assay. For example, the
abundance of AN1* was slightly higher than that found for AN7* in G4-22, which mirrors
the situation in the HPLC profile of the enzymatic digest (Figure 2.10). Thus, the results
of the acidic digestion assay further confirmed the assignments of the adducts in the
enzymatic digestion study.
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Figure 2.20:
ESI mass spectra recorded in positive-ion mode for depurinated adducts A1, A2, and
A3 after acidic digestion of drug-modified G4-22. A typical fragmentation pattern is shown for adduct
A1.
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2.6.4

Sequence specificity of PT-ACRAMTU binding to the human telomeric

repeat studied by exonuclease I digestion
Both the enzymatic and acidic digestion assays aimed at elucidating the global
base and donor site specificity of PT-ACRAMTU in reactions with the human telomeric
G-quadruplex. Unfortunately, these experiments do not yield any information on the
regioselectivity of platination in the folded quadruplex secondary structure. In order to
determine which specific loop and G-quartet residues are targeted (i.e., the secondary
structural context of adduct formation), a gel-based footprinting assay was designed
based on enzymatic digestion of platinated DNA. The enzyme used, exonuclease I (exo I),
hydrolytically cleaves phosphodiester linkages in single-stranded DNA from the 3´ to the
5´ end to produce 5´-deoxyribonucleotides.230 Normally, exo I digests to the last deoxydiribonucleotide step at the 5´ end of a single-stranded DNA. However, when
encountering bulky adducts, such as platinum adducts formed with purine bases, its
cleavage efficiency may be decreased. Thus, exo I digestion was used to probe the
binding sites of PT-ACRAMTU in the human telomeric G-quadruplex. The folded form
of the sequence G4-24 in K+ solution was incubated with PT-ACRAMTU and then
treated with varying concentrations of exo I. Determining the appropriate concentrations
of enzyme was critical since excessive enzyme will efficiently digest the entire DNA,
whether platinated or un-platinated. The samples were then separated and analyzed by
polyacrylamide gel electrophoresis (PAGE).
The results of this assay are shown in Figure 2.21. The unmodified DNA was
completely digested in an enzyme concentration dependent manner. At the highest
concentration (unmod., third lane), complete digestion up to the 5´-d(T1pT2) linkage was
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observed. At the same enzyme concentration, several stop sites corresponding to
platinum damaged bases are observed in the PT-ACRAMTU-modified DNA (Pt-mod.,
second lane). The most intense bands are observed at the A3G4 and A9G10 steps and at
G24, whereas minor damage is observed at the A15G16 step. The guanine residues of the
central G-quartet appear to be well protected from PT-ACRAMTU (such as G11 and G17
in Figure 2.21, right), while the outermost G-quartets are more susceptible to platination
(such as G10 and G16 in Figure 2.21, right). The adenine bases in the loops are reactive
with PT-ACRAMTU, however, distinctly different band intensities are observed for A3,
A9, A15, and A21, which may be due to their different local environments. These results
are consistent with previous biophysical87 and footprinting studies,86, 236 which showed
that the first two adenines and the outermost guanines are most susceptible to platination
in telomeric G-quadruplexes.
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A9

G10
G11
G17
G16

A15

Figure 2.21:
Results of Exo I digestion assay. Left: Image of the polyacrylamide gel generated in
the exo I assay. Lane assignments: Control, the G-quadruplex DNA; unmod., digestion of unmodified
DNA by exo I at three different concentrations of enzyme; Pt-mod., digestion of platinated DNA by
exo I at two concentrations of enzyme. Strong damage is observed at A3G4, A9G10, and G24. Minor
damage is observed at A15G16. Right: Structure of the hybrid (3+1) human telomeric G-quadruplex
in K+ (PDB: 2JSM) with platinated residues (corresponding to stop sites) highlighted. Strong damage
at adenine is shown in red, while minor adenine damage is shown in pink. Platinated guanine residues
are highlighted in green.
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2.6.5

Kinetic study of the reaction PT-ACRAMTU with the four purine donor sites

in the human telomeric G-quadruplex

2.6.5.1 Assay design and kinetic model
A kinetic assay was developed by which platination of the four relevant
nucleophilic sites in the human telomeric G-quadruplex (GN7, AN7, AN3, and AN1) could
be monitored simultaneously. PT-ACRAMTU was incubated with the DNA, and aliquots
of solution were removed at various time points. The reaction was stopped at each time
point by quenching the platinum with thiourea (tu). Platinum has a very high affinity for
sulfur and will react with thiourea much faster than with DNA bases. It is noteworthy to
mention that, while sulfur binding kinetically outcompetes DNA binding, the DNA
adducts formed by platinum(II) complexes are thermodynamically stable and are not
reversed by thiourea (or other S-containing nucleophiles). The quenched samples were
dialyzed and digested with a mixture of endonucleases and alkaline phosphatase
following the protocol described in Section 2.4.3. LC–ESI–MS was employed to separate
and identify the reaction products. At each time point, an HPLC trace was recorded and
the relative amounts of each of the fragments, i.e., dGN7*, d(AN7*pG), d(AN3*pG), and
d(AN1*pG), were determined from integrated peak intensities. Plotting the relative
abundance of these adducts against time yielded kinetic traces from which rate constants
for the isomers were calculated after least square fitting of the data to a model (integrated
rate laws) describing the binding process. The model was based on the following
assumptions:
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1) The total amount of free (non-DNA-bound) PT-ACRAMTU at each time point
is represented by the quenched form of PT-ACRAMTU, [Pt(en)(ACRAMTU)(tu)]3+,
which could be detected and quantified by LC–ESI–MS (Figure A1).
2) The quenching reaction is rapid, and binding of tu is irreversible and
quantitative. The quenched product does not react with DNA because it lacks a suitable
leaving group.

Incubations with tu were done under conditions that have been

demonstrated to not reverse existing PT-ACRAMTU–DNA adducts.
3) The reaction of PT-ACRAMTU with the four available sites was treated as a
system of parallel, independent pseudo-first order reactions, in which either the pseudofirst-order hydrolysis is rate-limiting step, or the low drug-to-nucleotide ration (rb) of 0.1
produces pseudo-first order conditions.
4) HPLC peak areas were used to represent the concentration of each species,
which is reasonable because each fragment contains one acridine chromophore and the
monitoring wavelength is acridine-specific (413 nm).
In order to calculate the pseudo-first-order rate constants (k) for each reaction as
shown in the reaction scheme below, it was necessary to extract kobs for PT-ACRAMTU
consumption, with kobs = kG7 + kA7 + kA3 + kA1. (For the derivation of the integrated rate
laws, see Appendix A.)
kA 7
k G7
PT-ACRAMTU
+ G4-24

kA 1
kA 3
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Pt -AN7
(P3)
Pt -GN7
(P1)
Pt -AN1
(P4)
Pt -AN3
(P2)

The reaction of PT-ACRAMTU with the four purine donor sites was treated as a
system of parallel pseudo-first order reactions. The relative abundances of the four
adducts and unreacted PT-ACRAMTU are plotted in Figure 2.22. Non-linear regression
analysis was performed to fit the data to the proposed pseudo-first order reaction scheme
and to extract the kinetic data. The rate constants calculated for the four parallel reactions
are listed in Table VI.

Figure 2.22:
Progress of the reaction of PT-ACRAMTU with G4-22 monitored by quantitative
HPLC analysis of enzymatic digests. The solid lines are non-linear (exponential) curve fits based on
the model of four parallel pseudo-first order reactions. Trace assignments are as follows: black circles:
quenched, unreacted drug; red open squares: AN3 adduct; red open triangles: AN1 adduct; red full
circles: AN7 adduct; blue full circles: GN7. Error bars represent ± standard deviations for a set of three
independent incubations/digestions.

The order of binding rates for the four reactions is kAN7 > kGN7 > kAN1 > kAN3. The
data unambiguously demonstrate that AN7 is the kinetically preferred binding site for
intercalator driven platination of the telomeric G-quadruplex. The most striking feature of
these results is that the reaction of PT-ACRAMTU with AN7 (kA7 = 7.68 × 10-5 s-1) was
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significantly faster than the binding with GN7 (kG7 = 4.88 × 10-5 s-1).

Table VI:
The rate constants for the consumption of PT-ACRAMTU and the four parallel
reactions monitored by quantitative HPLC analysis.

Value ( × 10-5 s-1)
kobs
kA7
kG7
kA1
kA3

15.8
7.68
4.88
2.31
0.96

PT-ACRAMTU appears to damage G-quadruplex DNA by a novel mechanism
involving stabilization of the G-quartet and kinetically preferred platination of loop
adenine. Although binding to AN7 is thermodynamically disfavored for platinum(II)
complexes, the quadruplex secondary structure is able to direct the metal to this site,
rendering it the kinetically preferred nucleobase nitrogen. Interestingly, based on the kobs
determined in this study, PT-ACRAMTU reacts with G-quadruplex DNA at virtually the
same rate (t1/2;37°C = 76 min) as with double-stranded DNA (kobs = 14.0 × 10-5 s-1; t1/2;37°C
= 83 min).233 PT-ACRAMTU was originally designed as a double-strand-specific DNAtargeted drug, and therefore, cannot be expected to show selectivity for G-quadruplex
DNA. Thus, in order to take full advantage of the enhanced adenine selectivity of
intercalator-driven platination, introduction of a G-quadruplex-selective carrier ligand
would be necessary. The design and biophysical characterization of such an agent, based
on the perylenediimide chromophore, is reported in Chapter Three of this thesis.
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2.7

Conclusions
In this study, we demonstrated that PT-ACRAMTU has an unusual high affinity

for adenine bases in the human telomeric G-quadruplex. When comparing the distribution
of adducts formed by PT-ACRAMTU in single-stranded, double-stranded, and Gquadruplex DNA, we found that the DNA secondary structure has a major influence on
the nucleobase selectivity of adduct formation. Approximately 50% of the adducts
formed by PT-ACRAMTU in the G-quadruplex structure, G4-24, occur with adenine,
while the agent modifies almost exclusively guanine bases in the short, single-stranded
form, ss-6, of the same repeat (same base composition). Both the reduced nucleophilicity
of the GN7 sites in the H-bonded G-quartets and the accessibility of adenine nucleophilic
sites in the loop regions of the quadruplex may contribute to this effect. On the other
hand, the DNA secondary structure alone does not explain the extent of adenine
modification. Cisplatin readily reacts with guanine bases in the outermost G-quartets of
the same G-quadruplex sequence and does not show this dramatic enhancement in
adenine binding.180 These observations suggest that PT-ACRAMTU’s non-covalent
interactions with the telomeric G-quadruplex are a major source of the high adenine
binding levels. In Section 2.6.1 we demonstrated that ACRAMTU increases the thermal
stability of the G-quadruplex, most likely by associating with the outermost G-quartets
through π–π stacking. This binding mode, which is not feasible for the classical platinum
drugs, stabilizes the Hoogsteen hydrogen bonding network, effectively preventing
platinum binding with the GN7 positions.
The sequence selectivity of this drug was determined by an exonuclease I
footprinting assay. The adenine sites in the loops and some guanines of the G-quartets
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were found to be targets of intercalator driven platination. The first two adenine bases in
the sequence were particularly susceptible to platination. Perhaps the most striking
feature of PT-ACRAMTU’s G-quadruplex binding properties proves to be its kinetic
preference for the nucleobase donor site AN7 over the classical target, GN7, which is a
groundbreaking discovery since this demonstrates that DNA secondary structure can alter
the kinetics of platinum–DNA adduct formation.
The research described in this chapter also contributed to bioanalytical
methodology and assay development. HPLC in conjunction with ESI–MS/MS has been
demonstrated to be a powerful tool for the detection and structural elucidation of
coordinative platinum–DNA adducts. It was used to distinguish and assign three platinum
adduct isomers and to determine the exact site of platination in a d(ApG) deoxydiribonucleotide sequence, in which both purine bases are potential targets of
electrophilic divalent platinum. This method may have a broad range of applications in
studying the interactions between metal-based drugs and DNA. Furthermore, we
developed a kinetic assay that allows the rate constants of platinum binding to four purine
base nitrogens to be determined simultaneously and with high accuracy.
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CHAPTER THREE
Biophysical Studies of a Novel Platinum–Perylene Agent Designed to Target the
Human Telomeric G-Quadruplex

3.1

Design rationale
PT-ACRAMTU was designed to target double-stranded DNA. Although it

possesses unique binding properties in reactions with the human telomeric G-quadruplex,
as demonstrated in Chapter Two, this compound does not show selectivity for this DNA
secondary structure. Thus, to engineer a platinum–intercalator agent that recognizes Gquadruplex DNA, modifications are necessary. Our interest in a G-quadruplex-selective
platinating agent is two fold: Such a compound may show great potential as a cancer-cellspecific cytotoxic agent because it can be expected to effectively prevent telomerase from
elongating the 3´ overhang, but also trigger rapid apoptotic cell death by inducing
permanent damage within the telomeres. On the other hand, irreversible G-quadruplex
binders may have applications as cellular probes of this (transient) DNA secondary
structure.
Perylene-based aromatic systems have been used previously for the design of Gquadruplex-targeted organic ligands. PIPER (Figure 1.10), for instance, is a
perylenediimide derivative with two protonable side chains that binds strongly to the Gquadruplexes formed by the telomeric repeat and the c-myc promoter sequence.237
Moreover, PIPER has also been demonstrated to induce G-quadruplex DNA from
double-stranded DNA of the c-myc promoter sequence.153 In the current study, we
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substituted the acridine moiety in PT-ACRAMTU with a perylenediimide scaffold
(Figure 3.1). The surface area of perylenes is significantly larger than that of DNA base
pairs, which should prevent the compound from intercalating into double-helical DNA.
Perylenediimide ligands have been demonstrated to bind to double-stranded DNA nonspecifically by forming aggregates in the DNA groove.238 This binding mode is unlikely
to position platinum in a way that promotes efficient platination of nucleobases. Instead,
the perylenediimide motif is compatible with the size of a G-quartet, and, unlike acridine,
may promote selective recognition and stabilization of this secondary structure.
Unlike acridine in PT-ACRAMTU, the perylenediimide moiety allows the
introduction of two platinum centers into the G-quadruplex binder (Figure 3.1). The
presence of two platinum centers may allow cross-link formation within the loop regions
of the telomeric G-quadruplex. Such a binding mode can be expected to prevent
unfolding of the G-quadruplex most efficiently and completely inhibit telomerase from
processing the 3´ overhang.
The proposed mechanism of a G-quadruplex specific platinating agent involves
rapid (kon > 103 M-1·s-1) reversible binding and subsequent slow (kPt ≈ 10-4 s-1) formation
of adducts with loop adenine by the electrophilic metal.239 To study the critical DNA
recognition event without interference from irreversible reactions of the metal, we
designed a model compound containing substitution inert platinum moieties:
[{Pt(dien)}2(μ-L-S,S')](NO3)4 (dien = diethylenetriamine, L = N,N'-bis(1-(2-aminoethyl)1,3-dimethylthiourea)-3,4,9,10-perylenetetracarboxylic acid diimide) Comp. 1 (J. D.
Dworkin, Honors Thesis May 2007, Wake Forest University). The lack of chloro leaving
groups on the platinum centers (both thiourea and the dien chelate are not replaced by
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DNA nitrogen) renders Comp. 1 a suitable model for mimicking the reversible
interactions of a perylene derivative of PT-ACRAMTU.

Figure 3.1:
Design rationale for the novel platinum-based G-quadruplex-targeting compounds.
The small acridine moiety in PT-ACRAMTU (yellow ellipse) was substituted by a larger aromatic
platform perylene (red ellipse). Two platinum centers (blue circles) are linked to the perylene. Before
studying how the PT-ACRAMTU derivative reacts with G-quadruplex DNA, the reversible binding
properties of the perylene moiety were studied, which led to the design of Comp. 1, which contains
two substitution-inert metal centers.
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3.2

Introduction to methods used in this study
In this chapter, optical spectroscopic methods, mass spectrometry, isothermal

titration calorimetry and molecular modeling were used to study the interaction between
the platinum-based G-quadruplex-specific complex Comp. 1 and the human telomeric
DNA/RNA G-quadruplexes.

3.2.1

UV/visible (UV/vis) spectroscopy
UV/vis spectroscopy is used to determine the concentration and extinction

coefficient (ε) of chromophores or nucleic acids in solution. For double-stranded DNA,
the maximum wavelength of absorption (λmax) is around 260 nm. In combination with
thermal denaturation experiments, UV/vis spectroscopy can be used to determine the
DNA melting point (Tm), the temperature at which 50% of the DNA is thermally
denatured into its single-stranded form. Usually due to the un-stacking of base pairs
during heating, the absorbance of DNA at λmax increases, which is referred to as the
hyperchromic effect. As stated in Section 2.4.1, the absorbance changes at 260 nm for Gquadruplexes during denaturation are not as pronounced, and hence the monitored
wavelength is 295 nm instead.
The situation is more complicated in the presence of chromophores. In order to
quantitatively study the DNA–ligand interaction, it requires that the concentration and the
absorbance of the chromophore studied show a linear relationship. In other words, the
extinction coefficient, ε, of this ligand should be a constant, at least in the applied
concentration range. If the small molecules tend to self-aggregate, a non-linear
concentration vs. absorbance plot may be observed. In this study, UV/vis spectra of
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Comp. 1 were used to determine if the extinction coefficient at a specific wavelength is a
constant over a wide range of concentrations.
When a ligand is titrated into a DNA solution, usually two phenomena are
observed in the UV/vis spectra of the DNA-binding portion of the chromophore. The
absorbance at λmax decreases, which is referred to as hypochromic effect, while at the
same time the λmax shifts to a longer wavelength, which is known as bathochromic shift.
If the ligand binds to DNA with high specificity, giving rise to two-state equilibria,
isosbestic points may be observed during DNA–ligand titrations.
Although UV/vis spectroscopy may provide useful quantitative information, it is
not used to distinguish between different DNA binding modes of small molecules, as
intercalation, groove-binding and non-specific association may lead to the same spectral
changes. Therefore, UV/vis spectra were used for preliminary binding studies of Comp.
1 with the human telomeric G-quadruplex.

3.2.2 Fluorescence spectroscopy
Fluorescence spectroscopy is routinely used in G-quadruplex-related studies.
Förster Resonance Energy Transfer (FRET) experiments, for instance, have applications
in studying G-quadruplex formation, equilibria between double-helical and G-quadruplex
structures, and interactions between G-quadruplexes and ligands.240 Fluorescence
properties of small molecules have been utilized in broad range studies of biomolecules.
For example, ethidium bromide does not fluoresce in solution. However, when it
intercalates between DNA base pairs, it shows strong fluorescence.241 This property is
routinely exploited for detecting and visualizing DNA in gel electrophoresis.241 Ethidium
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is also used in competition titrations to determine the DNA binding affinity of various
intercalators and groove binders.241 If a ligand possesses fluorescence properties that are
different for the bound and unbound states, it can be used as a probe of DNA–ligand
interactions.171, 242 As discussed before in Section 1.5.5.1, a series of platinum-based dppz
complexes (Figure 1.18) show enhanced fluorescence intensity when they bind to Gquadruplexes.171 Since Comp.1 contains a perylenediimide moiety, which is known to
possess fluorescence properties,238 it lends itself to fluorescence spectroscopic studies.

3.2.3

CD titration assay
Circular dichroism (CD) spectropolarimetry has a wide range of applications in

studying G-quadruplexes. It can be used to detect the formation of this secondary
structure and to distinguish different conformations, such as parallel and antiparallel
structures.224 CD melting assays are used to determine the thermal stability of Gquadruplexes under various conditions229 (see Chapter Two). CD also has applications in
determining the kinetics of folding and unfolding processes of G-quadruplexes.243
CD titration assays can shed light onto DNA–ligand interations.224 The CD
spectra in the DNA region (between 220–350 nm) provide global secondary structural
information. When the ligand is added into the G-quadruplex solution, the CD signal
produced by the DNA may change due to conformational changes induced by the small
molecules.244 UV/vis-active ligands do not possess CD activity if they are achiral.
However, when they interact with chiral macromolecules, such as DNA and RNA, they
may become optically active by coupling with the electronic transition moment of the
DNA. This is known as induced CD (ICD). ICD can be used to determine the binding
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mode of ligands in complexes with DNA/RNA secondary structures.228 Although it is
sometimes difficult to distinguish between groove binding and intercalation, non-specific
association can be easily indentified since this type of interaction does not generate
strong ICD signals.228 Hence, CD titration assays can be used to gain insight into the
interactions of Comp. 1 with telomeric G-quadruplexes. Examining the changes in the
CD signal of both the DNA/RNA and the ligand UV/vis region has been helpful in
determining how Comp. 1 binds to specific secondary structures.

3.2.4

Mass spectrometry
In previous studies (Chapter Two), electrospray ionization mass spectrometry

(ESI–MS) was used in conjunction with HPLC to determine the structures of various
platinated adducts. Here, ESI–MS was used to study the non-covalent DNA–ligand
complexes formed by Comp. 1. ESI is a low-energy “ionization” method which causes
only minor fragmentation of DNA or DNA–ligand complexes.245
ESI–MS has been applied in mechanistic studies of the non-covalent interactions
between small molecules with G-quadruplexes, such as platinum-based reversible
binders246 and perylenediimide derivatives.247, 248 It is also useful in probing the formation
and the folding mechanisms of G-quadruplexes.249 Recently, Collie et al. used ESI–MS
to study the higher-order structure formed by telomeric RNA G-quadruplexes.250

3.2.5

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) is widely used in thermodynamic studies of

interactions between small molecules and macromolecules, such as DNA and proteins. It
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allows reaction heats to be measured, and from the change in enthalpy (ΔH), the Gibbs
free energy (ΔG), entropy (ΔS), binding stoichiometry (n), and binding constant (Kb) can
be calculated.251
In an ITC experiment, small aliquots of a ligand are titrated into a sample cell
containing the solution of a macromolecule. When the molecules associate, heat will be
either released or absorbed in the sample cell. The change in temperature caused by the
reaction in the sample cell relative to a reference cell is recorded for each addition of
titrant and converted to μcal/sec. For each aliquot of added ligand (which is known), the
molar heat of ligand binding (kcal/mol) can be calculated by integrating the “spikes” over
time and by plotting them as a function of the ligand-to-macromolecule molar ratio. The
integrated data can then be analyzed using non-linear curve fitting to gain insight into the
binding mechanism. Several binding models, such as a simple one-site binding mode and
a binding mode involving consecutive, independent binding events, are available in the
curve-fitting routine, which is integrated into the ITC software. The current status of
applications of ITC in biochemical and biophysical studies has been extensively
reviewed.252, 253
ITC has been used to investigate the stoichiometry and binding affinity of
TMPyP4144 and distamycin136 with G-quadruplex DNA. The results were in agreement
with NMR and CD titration studies, which demonstrated that ITC is a powerful method
for studying the binding mechanism of G-quadruplex interactive ligands.

3.2.6

Molecular modeling
Molecular modeling has wide applications in chemistry and biology. It simulates
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the behavior of single molecules in silico, and provides information which cannot be
readily obtained experimentally.254 Several techniques are used in computational
chemistry:254 quantum mechanics (QM), which is based on ab initio calculations and
does

not

require

experimental

parameters

as

the

starting

point;

molecular

mechanics/molecular dynamics (MM/MD) uses forcefields which are generated from
empirical experimental parameters and potential energy functions; hybrid methods, such
as QM/MM, combine QM and MM to maximize the advantages of both approaches. For
large biomolecules, QM requires enormous computational power, which is unrealistic for
most simulations. Hence, MM/MD is the common method applied in macromolecular
studies.222 Basically, a single macromolecule is immersed in a simulated solvent system,
and molecular dynamics is then performed to obtain information on the conformational
perturbations for this molecule within the time elapsing. Another method to sample
conformations is the Monte Carlo (MC) method, which is not suitable for
macromolecules because it is computationally prohibitive. In the absence of highresolution structural information, MM/MD simulations proved to be a useful tool to study
potential binding modes of Comp. 1 in complex with model sequences mimicking the
human telomere repeat.

3.2.6.1 Potential Energy Surface
One of the most interesting calculable properties of a biomacromolecular system
is its energy-minimized structure. The potential energy surface is used to describe the
total inner energy of a set of atoms in space.254 It is based on the Born-Oppenheimer
approximation, which separates the motion of electrons from the movement of the
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nucleus.254 The potential energy surface is a hypersurface on which the wells represent
minimum-energy structures, while the saddle points are the transition states between
energy minima.254
Molecular mechanics treats atoms as charged spheres and the bonds that link
connect them as harmonic springs.255 To determine the possible structures of a molecule,
a set of potential energy functions and force field parameters are required. The set of
energy functions and empirical parameters is referred to as the forcefield.255 The potential
energy includes bond energies and energies resulting from non-bonded interactions. Bond
energies are calculated from terms describing bond stretching, angle bending, and
dihedral torsion.255 Non-bonded interaction energies contain van der Waals interactions,
electrostatic interactions, and hydrogen bonding interactions.255
Different forcefields serve different purposes. Some are suitable for organic
compounds, while some were designed to simulate macromolecules. Nucleic acids are
difficult to model due to the multiple charges on the backbone. Careful parameterization
is required in order to correctly model nucleic acid structure. The AMBER (Assisted
Model Building with Energy Refinement) forcefield is well-established and widely
applied in nucleic acids modeling.256 Another widely used force field for macromolecules
is CHARMm (Chemistry at Harvard Macromolecular Mechanics), which is based on a
functional form similar to that of AMBER. The variant CHARMm27 was used in this
study because it has been explicitly parameterized for MM/MD studies of nucleic
acids.257
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3.2.6.2 Solvent systems
To mimic the behavior of biomolecules in solution, a single molecule is usually
immersed into a water box whose dimensions should be twice as large as the cut-off
range for long-distance interactions.254 Implicit solvent models (simulated dielectrics)
were also developed and widely applied in molecular modeling, such as protein folding
dynamics, to decrease the calculation expense.258, 259 However, explicit solvent models
are preferred whenever the consumption of calculation power is manageable. Several
explicit solvent models have been developed, among which the TIP3P water model is the
most widely used.260
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3.3

Experimental section

3.3.1

Materials
The desalted and HPLC-purified DNA and RNA sequences were purchased from

IDT (Integrated DNA Technologies, Coralville, IA). Five telomeric sequences were
analyzed:

dG-8

(d[TAGGGTTA]),

dG-12

(d[TAGGGTTAGGGT]),

dG-13

(d[AGGGTTAGGGTTA]), dG-24 (d[TTAGGG]4), and rG-24 (r[UUAGGG]4). A
double-stranded ds-22 (d[AGGG[TTAGGG]3/d[CCCTAA]3CCCT]) was also studied. A
summary of the sequences is listed in Table VII. The nucleic acids were dissolved in
small amounts of Millipore water which was obtained from a Milli-Q A10 synthesis
water purification system and stored at -20 °C. The concentrations of the stock solutions
were determined using Beer’s law, using the extinction coefficients provided by IDT,
which were 84,500 M-1·cm-1, 122,800 M-1·cm-1, 137,600 M-1·cm-1, 244,600 M-1·cm-1, and
255,800 M-1·cm-1 for dG-8, dG-12, dG-13, dG-24, and rG-24 at 260 nm, respectively.
The

sequence

ds-22

was

generated

from

the

complementary

strands

d(AGGG[TTAGGG]3) (ε = 228,500 M-1·cm-1) and d([CCCTAAA]3CCCT) (ε = 193,700
M-1·cm-1). Stock solutions of Comp. 1 in water were stored in the dark at -20 °C.
Concentrations of this agent (nitrate salt, MW = 1495.3 g/mol) were determined by
UV/visible spectroscopy using ε504nm = 44,000 M-1·cm-1.

3.3.2

UV/vis spectroscopy experiments
UV/vis spectroscopy experiments were performed on a Hewlett-Packard HP 8453

spectrophotometer. UV/vis spectra of Comp. 1 at concentrations ranging from 1 – 200
μM were recorded in phosphate buffer (20 mM phosphate, 20 mM KCl, pH 7.2).
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Variable temperature experiments were performed at concentrations of 1 μM and 10 μM
in the same buffer. The 1 μM sample was heated from 20 to 35 °C, while the 10 μM
sample was heated from 10 to 75 °C. Spectra were recorded in 5 °C increments. For the
UV titration experiment, Comp. 1 was titrated into the solution of dG-24 (200 μM nt, 20
mM Tris buffer, 20 mM KCl, pH 7.2) at 1:1 and 2:1 ligand-to-DNA ratios.

3.3.3

Fluorescence spectroscopy experiments
Fluorescence spectra were recorded on a Perkin Elmer luminescence spectrometer.

A 10 μM solution of Comp. 1 was prepared in water. An excitation wavelength of 504
nm was used. The fluorescence emission spectra were recorded. In another set of
experiments, sodium dodecyl sulfate (SDS) (10 μM) was added to the drug solution, and
the same procedure was followed.

3.3.4

Circular dichroism thermal denaturation experiment
CD thermal denaturation experiments were performed on an AVIV Model 215

spectrophotometer equipped with a thermoelectrically controlled cell holder. The stock
solution of 24-mer was added into 1.2 mL of Tris buffer (20 mM Tris, 20 mM KCl, pH =
7.2) to provide a final concentration of 200 μM (nt). The sample was heated from 25 °C
to 90 °C in 2 °C increments with a hold time of 0.5 min and an averaging time of 10 s.
The monitored wavelength was 290 nm. The thermal denaturation experiment for the
annealed 24-mer G-quadruplex (200 μM nt) with 2 equiv. of Comp. 1 followed the same
procedure.
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3.3.5

Circular dichroism titration experiments
CD spectra were recorded on an AVIV Model 215 spectrophotometer equipped

with a thermoelectrically controlled cell holder to maintain samples at 25 °C. The
wavelengths scanned ranged from 210 nm to 650 nm. Spectra were recorded with 1-nm
wavelength steps and a 1 s averaging time. The baselines of the CD spectra were adjusted
by subtracting the spectrum of a blank solution containing buffer. Reported here is the
procedure for the titration of dG-8 with Comp. 1, which is representative of the
experiments performed with dG-12, dG-13 and dG-24. The stock solution of dG-8 was
added into 1.2 mL of Tris buffer (20 mM Tris, 20 mM KCl, pH = 7.2) to achieve a final
concentration of 200 μM (nt). The sample was heated to 90 °C and slowly cooled to room
temperature and kept at 4 °C for 24 h to allow dG-8 to anneal into an intermolecular Gquadruplex structure. Formation of this structure is very slow, and complete folding
requires the solution to be stored for at least 8 h.261 During the titration, aliquots of the
drug stock solution were added into the sample to increase the ligand-to-DNA ratio (i.e.,
the ratio between Comp. 1 and the folded/assembled DNA secondary structure) by 0.2 or
0.25 with each addition. Titrations with dG-24 were also performed in K+-free Tris
buffer. In all experiments, titrations were continued until the ligand-to-DNA ratio reached
4.0 (or 3.0 in the case of dG-8). CD spectra in the DNA region (210 – 350 nm) and the
ICD (induced CD) region (450 – 650 nm) were recorded. The intensity of the ICD signal
at 563 nm was plotted against the drug-to-DNA ratio. A titration of Comp. 1 (ligand-toDNA ratios of 1:1 and 2:1) into double-stranded ds-22 was conducted. The 2:1 complex
was incubated for 24 h and a CD spectrum was recorded. The original data generated by
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the CD instrument, which is CD signal intensity (ellipticity) measured in mdeg, was
converted to molar ellipticity using the equation [θ] = θ/(c × l) (deg·cm2·dmol-1).228

3.3.6

Mass spectrometry experiments
Samples of the 1:1 and 2:1 ligand–quadruplex complexes were prepared by

combining appropriate volumes of solutions of thoroughly annealed dG-24 and Comp. 1
in 50 mM ammonium acetate (pH 7.2). Ammonium ions rather than potassium ions were
chosen to stabilize the quadruplex structure since ammonium salts are amenable to ESI–
MS analysis due to their volatility.262 The final G-quadruplex concentration was 3.4 μM.
ESI–MS analyses were performed using an Agilent 1100 model SL LC/MSD ion trap
system equipped with an electrospray ionization source. Samples were introduced via
direct injection from an in-line LC unit at a flow rate of 0.2 mL/min using 85%
water/15% methanol as mobile phase. The injection volume was 10 μL. Desolvation in
the source was achieved using N2 drying gas (325 °C, nebulizer pressure 20 psi) at a flow
rate of 10 L/min. The mass spectrometer settings were as follows: capillary voltage, 3.5
kV; capillary exit, −200 V; skimmer, 0 V; trap drive, 150. Mass spectra were acquired in
negative-ion mode using a 13,000 m/z s−1 scan rate over a 200–2,200 m/z range.

3.3.7

Isothermal titration calorimetric analysis
ITC experiments were carried out at 25 °C using a VP-ITC Microcalorimeter

(MicroCal, LLC, Northhampton, MA). Titrations were performed in potassium phosphate
buffer (pH 7.2, 35 mM K+) for sequences dG-24 and rG-24 (strand concentration 10 μM).
All solutions were thoroughly degassed for 5 min at 25 °C using the ThermoVac unit.
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The reference cell was filled with degassed phosphate buffer. A working volume of 1.412
mL of the DNA/RNA solutions was injected into the cell and equilibrated for 30 min. 5μL aliquots of a 0.5 mM solution of Comp. 1 were then titrated into the cell with the
automated microsyringe at 6-min intervals during which the system was allowed to reach
equilibrium. The change in heat was recorded and integrated to provide the heat produced
per mole of injected ligand. Titrations of Comp. 1 into phosphate buffer were performed
to correct for the background heat of dilution and ligand deaggregation prior to
calculating the binding enthalpy. The integrated heat data were analyzed and fitted to the
sequential binding site model using the nonlinear curve fitting routine in Origin 7.0, with
the exception of the first binding event in dG-24, which was fitted to a non-standard
model containing a DNA pre-equilibrium step (see Appendix B) by self-consistent leastsquares optimization using the Simplex minimizer in MATLAB (version R2008b, The
MathWorks, Inc., Natick, MA). No constraints were applied to the fitting parameters ΔH°
(binding enthalpy, kJ mol−1), Kb (binding constant, M−1), and n (number of sites). The
standard Gibbs free energy, ΔG°, and standard entropy, ΔS°, for each binding event were
calculated from ΔG° = −RT lnKb and ΔG° = ΔH° − TΔ S°, respectively. Titrations for
each sequence were performed in triplicate.

3.3.8

Molecular modeling
All structural manipulations and molecular simulations were performed with the

Discovery Studio software package (version 2.1, Accelrys, San Diego, CA, 2008). The
CHARMm27 force field for nucleic acids was used for all molecular mechanics (MM)
and molecular dynamics (MD) simulations.257
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Models of the G-quadruplexes formed by dG-12 (d(TAGGGTAGGGT)) and dG24 (d[TTAGGG]4) were generated using published atomic coordinates available for highresolution structures of relevant quadruplexes. The parallel and antiparallel forms of dG12

were

generated

from

the

crystal

structure

of

the

telomeric

sequence

d(AGGG[TTAGGG]3) (PDB ID: 1KF1)82 (Figure 3.2) and the NMR solution structure of
d(TAGGG[TTAGGG]3) (PDB ID: 2JSM; residues G3–G11),92 respectively. Both models,
which displayed pseudo-two-fold symmetry, were built from appropriately truncated or
extended segments of the experimental structures.
unimolecular

hybrid

((3+1),

mixed

The starting coordinates for the

parallel/antiparallel)

quadruplex

dG-24

(d[TTAGGG]4) were adopted from the solution structure of the 23-mer (PDB ID: 2JSM),
and a dT residue was added to the 5´ end of the sequence to produce dG-24. A model of
Comp. 1 was built with Discovery Studio (Appendix C). Force field parameters and
partial charges for the platinum-modified dimethylthioureaethyl moieties were derived
from a published AMBER force field developed for PT-ACRAMTU,219 which has been
demonstrated to accurately reproduce solid state structural geometries of this
pharmacophore (newly introduced atom types and parameters not available in CHARMm
are provided in Appendix D).
The DNA starting geometries were energy minimized with the CHARMm27
force field to a final RMS gradient of 1 kcal/(mol·Å) using a distance-dependent
dielectric to remove bad contacts and conformational strain prior to the molecular
dynamics simulations. Minimizations were performed with four K+ ions (+1 charge, 1.33
Å) placed along the quadruplex stem and distance constraints between Hoogsteen
hydrogen bond donors and acceptors (2.95–3.00 Å, with force constants kmin and kmax of
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100 and 200 kcal/(mol·Å2), respectively). The two external K+ ions were then removed
and two molecules of Comp. 1 (minimized, C2 symmetry) were manually docked with
the outermost G-tetrads of each G-quadruplex such that the perylene was at π-stacking
distance and the platinum-modified side chains were positioned in opposite grooves. The
ligand–DNA complexes were then energy minimized as described above.

Figure 3.2:
The schematic representations for the two dG-12 G-quadruplex structures and a
(3+1) hybrid G-quadruplex conformation formed by a 23-mer sequence. Left: the parallel structure of
the dG-12 which could be generated from a 22-mer parallel crystal structure. Middle: the antiparallel
structure of the dG-12 which is in pseudo C2 symmetry and could be derived from a 23-mer NMR
solution structure (G3-G11). Right: the NMR solution structure of a 23-mer sequence which is in a
(3+1) hybrid form.

Molecular dynamics (MD) simulations of the DNA–ligand complexes were
performed in a TIP3P water box containing 0.2 M KCl.260 Long-range electrostatics were
treated using the Particle Mesh Ewald (PME) method.263 Hydrogen bonds were
constrained with the SHAKE algorithm.264 The pre-minimized systems (100–200
iterations) were then subjected to molecular dynamics simulations. A typical protocol
consisted of 5 ps (1-fs steps) of heating from 50 K to 300 K, an equilibration period of 10
ps (1-fs steps) at 300 K and constant pressure, and a production stage of 1 ns (2-fs steps).
The conformational space was sampled along the dynamics trajectory during the last
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200–500 ps of the simulation with snapshots taken every 20 or 50 ps. Ten conformations
of each ligand–DNA complex were minimized in the water box with all constraints
gradually removed to a final maximum RMS derivative of 0.1 kcal/(mol·Å). After the
water box was removed, the free energy for each structure was calculated using the MMPBSA method.265

Table VII:

Sequences used in this study.

DNA

Sequence

dG-8

d(TAGGGTTA)

dG-12

d(TAGGGTTAGGGT)

dG-13

d(AGGGTTAGGGTTA)

dG-24

d(TTAGGG)4

rG-24

r(UUAGGG)4

ds-22

d(AGGG(TTAGGG)3)/d((CCCTAA)3CCCT)
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3.4

Results and Discussion

3.4.1 Photophysical properties of Comp. 1 in solution
The extinction coefficient, ε, was calculated for Comp. 1 at the maximum
wavelength (λmax) of 504 nm using Beer’s law. However, we were aware of the selfstacking properties of perylene derivatives, which may cause the extinction coefficient to
vary with concentration. Hence, UV/vis spectra were recorded for Comp. 1 at
concentration ranging from 1 μM to 200 μM, and the absorbance at 504 nm and 563 nm
was plotted as a function of concentration (Figure 3.3).

Figure 3.3:
Plots of absorbance versus concentration of Comp. 1. Top: plot for low
concentration range. Bottom: plot for high concentration range. Circles are absorbances measured at
504 nm. Triangles are absorbances measured at 563 nm. The data were fit by linear regression.

122

In both the low (Figure 3.3, top) and high concentration range (Figure 3.3,
bottom), the absorbance of Comp. 1 changes linearly, which suggests ε is a constant.
Nevertheless, it is possible that the ligand forms dimers or multimers across the entire
concentration range tested, and the effect is not noticed because the monitored bands are
insensitive to the aggregation state of Comp. 1. It is also possible that the large dilution
error introduced at the lowest concentrations masks the effects of ligand aggregation.

0.65

↑ 10 μM Comp. 1, 10 – 75 °C
0.55

0.45

Absorbance

0.35

0.25

0.15

1 μM Comp. 1, 20 – 35 °C
0.05

-0.05
400

450

500

550

600

650

Wavelength (nm)
Figure 3.4:
UV/vis spectra of Comp. 1 at two different concentrations and varying temperatures.
Two concentrations of Comp. 1 were tested, 1 μM (red traces) and 10 μM (blue traces). The 1 μM
sample was heated from 20 to 35 °C, while the 10 μM sample was heated from 10 to 75 °C.
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To test if aggregation occurs in solution, variable-temperature UV/vis
experiments were carried out (Figure 3.4). At low concentrations (1 μM), the UV/vis
spectrum of Comp. 1 does not change with temperature. In the UV/vis spectra recorded
of Comp. 1 at a concentration of 10 μM, a pronounced hypsochromic shift (blue shift)
and a hyperchromic effect (increase in absorbance) at ~550 nm is observed as the
temperature is increased (as indicated by the blue arrow in Figure 3.4). The spectra also
show distinct isosbestic behavior. These observations suggest that Comp. 1 exist in
solution as an equilibrium mixture of monomers and stacked dimers. The degree of selfassociation is temperature- and concentration-dependent. Thus, it can be concluded that
Comp. 1, at this particular ionic strength exists as monomers at a concentration of 1 μM,
which facilitates the interpretation of the biophysical data acquired in this chapter. The
data also confirm that the absorbance at 504 nm is appropriate for quantifying Comp. 1
in solution over a broad concentration range.
Comp. 1 contains a fluorescent aromatic perylene moiety, which might have
applications in probing G-quadruplex structure. A 10-μM sample of Comp. 1 was excited
at 504 nm and the emission spectrum was recorded (black trace in Figure 3.5), which
demonstrated that the self-aggregated ligand shows weak fluorescence. However, when
sodium dodecyl sulfate (SDS) was added into the solution, enhanced fluorescence was
observed (Figure 3.5 red line). SDS is an anionic organic surfactant with a non-polar
“tail” and a polar “head”. It can disrupt non-covalent interactions, such as hydrogen
bonding and π–π stacking, between molecules in solution. We speculated that the
presence of the heavy metal platinum and the formation of dimers might be responsible
for the weak fluorescence of Comp. 1, and that SDS may disrupt the stacked perylene
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dimers and shield the cationic platinum centers from the chromophores. Both effects
would explain the recovery of fluorescence after addition of SDS to Comp. 1. When Gquadruplex DNA was titrated into the solution of Comp. 1, no fluorescence emission was
observed (data not shown). As a conclusion, Comp. 1 is not a suitable fluorescent probe
for the detection of (telomeric) G-quadruplex DNA.

Figure 3.5:
Fluorescence spectra of Comp. 1. When excited at 504 nm, Comp. 1 shows weak
fluorescence (black line). However, after adding sodium dodecyl sulfate (SDS), the ligand shows
enhanced fluorescence intensity (red line).

3.4.2

Binding of Comp. 1 to the intramolecular G-quadruplex formed by dG-24

monitored by UV/visible spectroscopy
When Comp. 1 was titrated into annealed dG-24 G-quadruplex (d[TTAGGG]4) at
ligand-to-DNA ratios of 1:1 and 2:1, a bathochromic shift (red shift) was observed in the
UV/vis spectra of the perylene (Figure 3.6). The vibrational fine structure of the ligand
band also changes: the band at 550 nm shows the highest intensity when Comp. 1 is
bound to the G-quadruplex, whereas the band of 500 nm shows the highest intensity for
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the unbound ligand. This change in λmax was also observed in the UV/vis variabletemperature experiment of performed with Comp. 1 (Figure 3.4). This result indicates
non-covalent interactions occur between the ligand and the DNA. However, UV/vis
spectroscopy, in general, can not provide unambiguous information about the binding
mode, and additional biophysical techniques are required to determine structural details
of the ligand–DNA complex formed.

Figure 3.6:
UV/vis spectra of Comp. 1 titrated into the dG-24 G-quadruplex solution. Black: Gquadruplex only; blue: Comp. 1 only; red: 1:1 Comp. 1–DNA complex; green: 2:1 Comp. 1–DNA
complex.
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3.4.3

Binding of Comp. 1 to G-quadruplex-forming sequences monitored by CD

spectropolarimetry

3.4.3.1 Interactions of Comp. 1 with dG-8, dG-12, and dG-13
Initially, NMR experiments were proposed to study the interactions between
Comp. 1 and the telomeric G-quadruplex. However, the 1H NMR spectrum of dG-24 is
too complicated due to the polymorphism of this structure in solution and unsuitable for
unambiguous peak assignments, especially in the presence of bound ligand, which can be
expected to broaden the signals significantly. Hence, three short telomeric sequences
were selected instead of dG-24 to simplify the system: dG-8, dG-12 and dG-13. The
octanucleotide dG-8 (d[TAGGGTTA]) was used in NMR studies of the complex formed
by PIPER.266 It provides a simple model in which PIPER showed a 1:1 binding
stoichiometry with the G-quadruplex formed by the four strands of this short sequence.
Initial NMR spectroscopic data acquired for the titration of Comp. 1 into a solution
containing the parallel G-quadruplex formed by dG-8, indeed, suggested that our
platinum-modified perylene may bind to this sequence in a similar fashion as PIPER
(data not shown). However, this intermolecular parallel structure is very different from
the telomeric intramolecular conformation. This model most likely will not reflect the
interactions between Comp. 1 and the telomeric G-quadruplex, since the intramolecular
hybrid structure is the biologically relevant form of the human telomeric G-quadruplex
(see Section 1.3.1). Therefore, longer telomeric sequences, dG-12 and dG-13, were
chosen to mimic the “natural” structural features of the folded human telomeric repeat.
These two-repeat sequences, which adopt unique structures in solution, provide the
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opportunity to test the effects of strand orientation, loop structure, and flanking sequence
on the G-quadruplex binding of Comp. 1. Structural details of the G-quadruplex formed
by dG-12 (d[TAGGGTTAGGGT]) were revealed in previous NMR studies, which
demonstrated that two major structures, the parallel and the antiparallel form, co-exist in
solution.84
The sequence dG-13 (d[AGGGTTAGGGTTA]) was designed to terminate in
adenine at both the 5´ and the 3´ end. This sequence can be used to mimic the spatial
separation of adenines in the telomeric G-quadruplex. The positioning of the adenine
bases is critical, since the ultimate goal is to design a platinum-based complex that is able
to cross-link two adenines in the loop regions. Although it is difficult to draw definitive
conclusions about the conformation of dG-13 in the absence of a high-resolution
structure, it seems to form a mixture of structures similar to dG-12 based on CD data (see
Figure 3.8 A and 3.9 A).
The sequences dG-8, dG-12 and dG-13 were annealed and titrated with Comp. 1.
Both the DNA CD region and the ligand ICD region were recorded. Addition of Comp.
1 to the parallel G-quadruplex formed by the sequence dG-8 in K+-containing buffer
causes a distinct increase in intensity and a shift from 258 nm to 265 nm of the positive
band (Figure 3.7 A). This observation suggests that the binding of Comp. 1 to this
secondary structure causes a conformational change in the DNA without effecting a
transition from the parallel to the antiparallel form.
An entirely different situation is observed for the sequences dG-12 and dG-13
under the same conditions. In the absence of Comp. 1, both sequences give rise to CD
spectra characterized by a positive band consisting of two components, a maximum at
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265 nm and a maximum (shoulder in case of dG-12) at 286 nm. This two-component
feature is in agreement with previous studies reporting that these sequences form two coexisting structures, a parallel and an antiparallel conformation, in solution (Figure 3.8 A
and 3.9 A). When Comp. 1 is titrated into these solutions, the feature at 265 nm
disappears and the feature at 286 nm is enhanced, indicating that the ligand has caused a
conversion of the parallel form to the antiparallel form. In other words, Comp. 1 has
shifted the equilibrium that exists between the two forms in solution toward the
antiparallel G-quadruplex, to which it binds selectively.
As stated in Section 3.2.3, when achiral small molecules bind to DNA, their
chromophores may couple with the transition dipoles of the chiral biomolecule and
acquire chiral properties, which manifests as induced CD (ICD) signals in their CD
spectra. Comp. 1 is symmetrical and thus CD transparent. However, when it interacts
with G-quadruplex DNA, ICD signals are observed. As shown in the Figure 3.7 B, the
ICD intensity at 563 nm for the titration of dG-8 increases steadily with the amount of
Comp. 1 added without an obvious saturation point, while the negative signal at around
502 nm also intensifies. A plot of the signal intensity at 563 nm vs. the ligand-to-DNA
ratio (Figure 3.7 C) illustrates this trend. This behavior implies that, perhaps due to the
highly symmetrical and flattened structure of the parallel G-quadruplex, molecules of
Comp. 1 tend to non-specifically aggregate with one or both of the outermost G-quartets,
which leads to the gradual increase in intensity of both the positive and negative peaks.
The close proximity between the stacked molecules of Comp. 1 on the G-quadruplex can
be expected to promote exciton coupling between the guest chromophores. Bisignate
ICD signals are a hallmark of exciton-coupled chromophores. The fact that an intense
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ICD band at 502 nm develops during the titration of dG-8 with Comp. 1 suggests that
non-specific ligand-ligand self-aggregation, indeed, occurs in this system.
The intensity of the ICD band at 563 nm in spectra recorded for the titration of
dG-12 also increases with the addition of Comp 1. However, unlike dG-8, this sequence
gives rise to distinct saturation behavior when a 2:1 binding stoichiometry is reached
(Figure 3.8 B and C). Another difference is that the negative peak around 500 nm for dG12 is much less pronounced than for dG-8 and appears to develop only after the addition
of the first two equivalents of ligand. The saturation behavior suggests that Comp. 1
forms a 2:1 complex, in which the ligands most likely stack with the outermost Gquartets. The ICD signal also suggests that this sequence shows a relatively small degree
of non-specific binding, such as aggregation with dG-12-bound Comp. 1 or aggregation
in the G-quadruplex grooves.
The plot of ICD intensity vs. ligand–DNA ratio generated for the titration of dG13 show that the ICD intensity at 563 nm plateaus after two equivalents of Comp. 1 have
been added to the DNA, similar to the situation observed for dG-12 (Figure 3.9 B and C).
However, by contrast to the latter sequence, the intensity increases again when the DNA
is titrated with an additional two equivalents of ligand. Likewise, the intensity of the
negative peak around 500 nm increases, indicating non-specific ligand aggregation on the
G-quadruplex. While the Comp. 1 appears to bind to the dG-13 G-quadruplex
specifically in the first two binding events, its non-specific interactions with this structure
are more pronounced than those observed for dG-12. This result suggests that a very
minor change in DNA sequence may lead to conformational changes in the G-quadruplex,
which apparently has a major effect on the binding mode of the ligand.
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The changes in CD intensity and sign of the ICD signatures of the ligand–DNA
complexes observed during the titrations of dG-8, dG-12, and dG-13 suggest that Comp.
1 undergoes high-affinity structure-specific binding (saturation behavior) but also forms
non-specific DNA-associated aggregates (exciton coupled chromophores).

Spectral

changes in the DNA regions of the CD spectra suggest that the specific interactions
require the sequences to adopt an antiparallel conformation. Comp. 1 interacts with Gquadruplex structures which fold by similar sequences, different binding modes are
observed. The polymorphism of G-quadruplex structures, the small energy differences of
various conformations, and low energy barrier of conformational conversion may all
contribute to this phenomenon. Comparing the CD titration spectra of these short
telomeric sequences with dG-24 (Section 3.4.3.2), dG-12 behaves most similarly to dG24, and hence it was chosen as the simplified model to substitute the dG-24 for NMR
study of Comp. 1 binding to telomeric G-quadruplexes. However, the peaks in 1H NMR
spectra of the DNA–ligand complex were too broadened to be clearly distinguished,
which may be because of the slow sliding of the ligands at the binding sites. CD titration
assays have been proved to be valuable tools to understand the binding modes of small
molecules to G-quadruplex structures.
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Figure 3.7:
CD titration spectra of Comp. 1 with dG-8 G-quadruplexes in Tris buffer (20 mM
Tris, 20 mM KCl, pH = 7.2). A: DNA region. B: ICD region. Red lines indicate integer titration ratio,
while black lines represent other ratio. Red arrows indicate the increment of the peaks. The numbers
indicate the peak wavelengths. C: plot of ICD ellipticity at 563 nm vs. ligand-to-DNA ratio.
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Figure 3.8:
CD titration spectra of Comp. 1 with dG-12 G-quadruplexes in Tris buffer (20 mM
Tris, 20 mM KCl, pH = 7.2). A: DNA region. B: ICD region. Red lines indicate integer titration ratio,
while black lines represent other ratio. Red arrows indicate the increment of the peaks. The numbers
indicate the peak wavelengths. C: plot of ICD ellipticity at 563 nm vs. ligand-to-DNA ratio.
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Figure 3.9:
CD titration spectra of Comp. 1 with dG-13 G-quadruplexes in Tris buffer (20 mM
Tris, 20 mM KCl, pH = 7.2). A: DNA region. B: ICD region. Red lines indicate integer titration ratio,
while black lines represent other ratio. Red arrows indicate the increment of the peaks. The numbers
indicate the peak wavelengths. C: plot of ICD ellipticity at 563 nm vs. ligand-to-DNA ratio.
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3.4.3.2 Interactions of Comp. 1 with dG-24
CD-based thermal melting experiments are a useful tool to study the thermal
stability of G-quadruplexes alone or in complex with ligands. Unlike UV/visible
spectroscopy, CD spectropolarimetry also detects changes in secondary structure with
temperature, and can be used to evaluate how well the small molecules stabilize a
specific conformation. In this experiment, the unmodified telomeric sequence dG-24 and
the same sequence in the presence of one equivalent of Comp. 1 were slowly heated from
25 to 90 °C, and their spectra at various temperatures were recorded.
dG-24

dG-24 + Comp. 1

Figure 3.10:
CD spectra recorded for the DNA region of dG-24 and the 1:1 G-quadruplex-ligand
complex at 25 °C, 40 °C, 50 °C, 60 °C (red), and 70 °C (trace at 90 °C not shown). Top: dG-24.
Bottom: dG-24 + 1 eq. Comp. 1. Red arrows indicate that the positive peak at around 290 nm
decreases when the temperature is increased.
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The intensity of the positive peak at 290 nm decreases when the temperature is
increased (red arrows in Figure 3.10). As can be clearly seen from a comparison of the
CD spectra of the DNA alone (Figure 3.10 top) and the DNA–ligand complex (Figure
3.10 bottom) at 60 °C, the CD feature of the latter shows only minor changes at this
temperature (~20% decrease in intensity at 290 nm, appearance of a shoulder at 260 nm),
while the band at 290 nm for dG-24 virtually disappears. The disappearance of the CD
signal at 290 nm is an indication that the DNA secondary structure has been disrupted by
heating, resulting in the random-coil single-stranded form, which shows a weak positive
CD band at 260 nm. Thus, it can be concluded that Comp. 1 stabilizes the G-quadruplex
formed by dG-24. Unfortunately, attempts to extract the change in melting temperature
(ΔTm) from these experiments failed due to the thermal instability of Comp. 1 at high
temperatures, at which the “substitution-inert” platinum begins to react with the DNA. In
these cases, irreproducible hysteresis behavior (heating and cooling curves do not
overlap) is observed, which makes it difficult to extract meaningful Tm values.
It is worthwhile to mention at this point that the CD signature observed for dG-24
in K+-containing buffer, which exhibits a positive band at ~290 nm and a shoulder at 265
nm (Figure 3.10, top), is consistent with the formation of a hybrid (“[3+1]”) Gquadruplex structure (see Section 1.3.1.3) . By contrast, the CD signal observed for the
DNA in complex with Comp. 1 is more symmetrical because it lacks the low-wavelength
shoulder (Figure 3.10, bottom). This interesting feature may indicate that Comp. 1 binds
to one specific type of G-quadruplex of the equilibrium mixture, or causes a
conformational switch within the hybrid structure to produce an all-antiparallel (basket or
chair) form (see Section 1.3.1.3).
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CD titrations were also used to determine how Comp. 1 binds to the telomeric Gquadruplex formed by dG-24. In each titration step, 0.2 equivalents of Comp. 1 (total 4
equivalents) were added into the solution of folded dG-24 in Tris buffer containing K+
ions. Here, CD spectra were recorded in the ICD region (450–650 nm) (Figure 3.11 A).
The CD intensity at 563 nm increased with the addition of ligand (red arrow in Figure
3.11 A). The plot of the ICD signal intensity at 563 nm vs. ligand-to-DNA ratio suggests
the binding of Comp. 1 to dG-24 occurs in two phases, one specific binding event which
is complete at a ligand-to-DNA ratio of 2:1 (Figure 3.11 B). When the ratio exceeds 2:1,
a negative peak appears around 500 nm. This behavior is strikingly similar to the
situation observed for the bimolecular G-quadruplex formed by dG-12. Based on these
findings, a binding mechanism is proposed in which two molecules of Comp. 1 π-stack
with the G-quartets of the G-quadruplex. The stack of three G-quartets provides two large
planar surfaces to which aromatic molecules will preferably bind because this binding
mode maximizes van der Waals forces and reduces the hydrophobic surface areas
exposed to solvent. In the presence of excess Comp. 1, non-specific aggregation with
bound ligand or with loops and grooves likely occurs. Based on the spectroscopic data, a
two-site binding model can be proposed for Comp. 1, according to which two molecules
of Comp. 1 π-stack end-on with the outermost G-quartets of the G-quadruplex core
(Figure 3.11, bottom scheme). In the 2:1 complex formed this way the 2+ charged
platinum-modified side chains in Comp. 1 may form hydrogen bonds in the loop regions
and the DNA grooves, or interact with the phosphodiester backbone electrostatically to
stabilize the structure.
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A

dG-24

B

Figure 3.11:
CD spectra recorded for the titration of Comp. 1 with dG-24 in Tris buffer (20 mM
Tris, 20 mM KCl, pH 7.2). A: ICD region. B: Plot of ICD ellipticity at 563 nm v.s. ligand-to-DNA
ratio. Red lines indicate integer titration ratio, while black lines represent other ratio. Red arrows
indicate the increment of the positive peaks, and blue arrow represents the increment of the negative
peak. Bottom: Schematic presentation of the proposed 2:1 binding mode. The red arrows represent the
two molecules of Comp 1.
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In the previous section Comp. 1 was shown to interact with various folded forms
of the telomeric G-quadruplex. One interesting question is whether the interactions of
Comp. 1 with dG-24 itself would provide a driving force that promotes the folding of the
random-coil sequence into a G-quadruplex form. To answer this question, a CD titration
experiment was performed with Comp. 1 and the sequence ds-24 in a buffer lacking K+
and Na+ ions.
A

dG-24

B

Figure 3.12:
CD titration spectra of Comp. 1 with the telomeric sequence dG-24 in the absence of
K+ and Na+ in solution. The sequence in this experiment was titrated with 2.6 equivalents of Comp. 1.
A: DNA region. B: ICD region. Red traces are spectra recorded at titration ratios of 1:1 and 2:1. Red
arrows indicate the spectral changes with increasing amounts of Comp. 1.
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The sequence dG-24 was dissolved in alkaline ion-free Tris buffer, which
prevents efficient formation of the G-quadruplex. As shown in Figure 3.12 A, the CD
spectrum recorded for the DNA in the absence of Comp. 1 shows two relatively weak
CD bands at 260 and 290 nm, indicating inefficient, or incomplete, folding of the singlestranded form into the G-quadruplex form. When Comp. 1 was titrated into the sample,
the band at 260 nm disappeared and the positive peak around 290 nm dramatically
increased in intensity (red arrows in Figure 3.12 A). The changes are accompanied by
the appearance of a strong positive ICD band in the ligand region (Figure 3.12 B). The
CD spectra recorded for the 2:1 complex show essentially the same features as those
observed for the same stoichiometry in the presence of K+. This important observation
suggests that Comp. 1 induces the same G-quadruplex structure and forms the same
complex in the absence of monovalent cations, which challenges the widely accepted
requirements for G-quadruplex formation.

3.4.3.3 Interactions of Comp. 1 with ds-22
Previous studies have demonstrated that the perylene derivative PIPER is able to
induce the G-quadruplex conformation from double-stranded DNA in the promoter
region of the oncogene c-myc.153 Thus, we were interested in testing if Comp. 1 might
show the same reactivity and induce the G-quadruplex form of the human telomeric
repeat from the corresponding duplex form of the DNA. To address this question, one
and two equivalents of ligand were titrated into ds-22 and CD spectra were recorded
immediately after each addition of ligand (Figure 3.13). The spectra indicate that the CD
signature of the duplex ds-22, which shows a positive band at 267 nm and a negative
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band at 242 nm characteristic of a B-form duplex, persists in the presence of Comp. 1
while there is a noticeable decrease in intensity of the positive CD band. Unlike CD
spectra recorded for Comp. 1 in complex with the G-quadruplex, the spectra recorded for
ds-22 in the ligand region show only a weak ICD signal (Figure 3.13). The weak negative
ICD band at ~580 nm observed for the 2:1 complex can be attributed to the formation of
exciton-coupled stacked dimers of Comp. 1 in the DNA minor groove. Finally, to test if
G-quadruplex formation in this system might be kinetically unfavorable, the 2:1 complex
was incubated at 37 °C for 24 h. Prolonged incubation at elevated temperature had no
effect on the CD spectrum (blue trace in Figure 3.13). Thus, it can be firmly concluded
that the induction of telomeric G-quadruplex DNA from double-stranded DNA is
unfavorable under biologically relevant conditions.

ds-22

Figure 3.13:
Interaction of Comp. 1 with the double-stranded telomeric sequence ds-22
monitored by CD spectropolarimetry (20 mM Tris, 20 mM KCl, pH 7.2). Note that the green and
blue traces overlap.
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3.4.3.4 Comparative study of titrations with dG-24 and rG-24 in potassium
phosphate buffer
Unlike DNA, RNA exists as a single-stranded biopolymer in many of its
biological functions. This makes G-rich RNA sequences more susceptible to Gquadruplex formation than analogous DNA sequences (see Section 1.3.1.3). Recent
studies have provided evidence that telomeric DNA is transcribed into telomeric RNA
(TERRA) in cells, although the function of the transcription remains elusive.97 Thus we
were interested in testing the interactions of Comp. 1 with the telomeric RNA Gquadruplex alongside its DNA counterpart. The following sequences were selected for
this study: the DNA fragment dG-24 (d[TTAGGG]4) and the analogous RNA fragment
rG-24 (r[UUAGGG]4). The sequence dG-24 folds into several co-existing conformations,
with a (3+1) hybrid form as the dominant structure, while rG-24 forms a parallel Gquadruplex structure, as a consequence of the all-anti conformation of the guanine bases
in (oligo)ribonucleotides (see Section 1.2.4). CD titration assays were performed for both
sequences in a buffer containing 20 mM potassium phosphate ([K+]tot = 35 mM) to allow
for a direct correlation of the CD data with the ITC data (Section 3.4.5) acquired in the
same buffer. Since Comp. 1 shows a distinct preference for the antiparallel form of the
telomeric G-quadruplex (see previous sections), it was hypothesized that the inability of
the telomeric RNA to adopt this conformation might allow the ligand to discriminate
between the two nucleic acids and recognize the telomeric DNA with higher affinity.
The results of the titrations for dG-24 are shown in Figure 3.14 and are in
agreement with that data generated for the same sequence in Tris buffer (Section 3.4.3.2).
Briefly, the positive band in the DNA region around 290 nm steadily increased while
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adding the drug, while the shoulder around 260 nm disappeared after titration of one
equivalent of the compound (Figure 3.14 A). At a ligand-to-DNA ratio of 2:1 the CD
signal at 290 nm reaches its maximum intensity, and a negative ICD band at 500 nm
appears when the sequence is titrated with additional equivalents of Comp. 1, indicating
two specific and two nonspecific binding events. These results confirm that Comp. 1
stabilizes the antiparallel G-quadruplex and forms a 2:1 complex with this structure.
The CD spectra recorded for the titration of sequence rG-24 with Comp. 1 are
very different from those recorded for dG-24. Based on the highly symmetric CD signal
in the RNA region (Figure 3.15 A), the telomeric G-quadruplex RNA adopts only one
conformation in solution. The positive band at around 265 nm is a characteristic feature
of the parallel conformation.131 When Comp. 1 is added, the positive peak of 265 nm
decreases (Figure 3.15 A). The opposite scenario was observed during the titration of
DNA sequence. The decrease in ellipticity in the RNA region of the spectrum suggests
that Comp. 1 perturbs, and possibly destabilizes, the RNA G-quadruplex structure,
without causing a transition from one conformation to another.
The ligand region of the CD spectra provides important clues both about the
structure of the sequence rG-24 in solution and the binding mode of the Comp. 1.
Unlike in titrations of dG-24, Comp. 1 in the presence of rG-24 produces a pronounced
bisignate ICD signal with an intense negative band at 500 nm. Interestingly, this band
appears at an early stage of the titration when the ligand-to-RNA ratio exceeds 0.5:1. This
observation suggests that the first half equivalent of Comp. 1 binds to rG-24 in a unique
geometry. The appearance of the negative peak in the ICD region after the first half
equivalent has been added indicates that additional ligand molecules may not stack
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directly with the G-quartet but most likely form end-stacked ligand–ligand aggregates,
giving rise to exciton coupling (Figure 3.15 B). This interesting observation can be
explained with the fact that telomeric G-quadruplex RNA has a high tendency to form
dimers in solution. This has recently been demonstrated using ESI–MS.250 The parallel
RNA G-quadruplex has a flattened, propeller-type structure and does not contain
diagonal loops that span across the G-quartet. This facilitates inter-quadruplex 5´-5´ or
3´-3´ stacking interactions between G-quartets from different G-quadruplexes.250 When
the RNA G-quadruplexes dimerize, the effective concentration becomes half of the
original concentration, and the first binding event observed in titrations of rG-24 with
Comp. 1 involves association of one ligand molecule with a G-quadruplex RNA dimer.
In conclusion, the structures of the telomeric G-quadruplexes DNA and RNA in
solution and their interactions with Comp. 1 show critical differences. When Comp. 1
binds to the sequence dG-24 it stabilizes one conformation of the telomeric G-quadruplex
DNA with a binding stoichiometry of 2:1. The interactions of Comp. 1 with rG-24 are
more complicated, since the RNA G-quadruplexes associate to form dimers, which
affects the binding of Comp. 1. One possible binding mode that would explain the
spectroscopic data would be intercalation of the ligand between two stacked Gquadruplex RNA molecules. This unique mechanism appears to be a likely scenario
based on the modeling of the ITC data described in Section 3.4.5.
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A

dG-24

B

Figure 3.14:
CD titration spectra of Comp. 1 with dG-24 G-quadruplexes in phosphate buffer (20
mM potassium phosphate, pH 7.1). A: DNA region. B: ICD region. Red lines indicate integer titration
ratio, while black lines represent other ratio. Red arrows indicate the trend of peaks with increased
ligand concentration.
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rG-24

B

Figure 3.15:
CD titration spectra of Comp. 1 with rG-24 G-quadruplexes in phosphate buffer (20
mM potassium phosphate, pH = 7.1). A: DNA region. B: ICD region. Red lines indicate integer
titration ratio, while black lines represent other ratio. Red arrows indicate the trend of peaks with
increased ligand concentration.

3.4.4 Stoichiometry of the complexes formed between Comp. 1 and dG-24 studied
by electrospray mass spectrometry
Electrospray mass spectrometry (ESI–MS) is a useful analytical tool for the
detection of non-covalent complexes formed between small-molecule ligands and
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biomolecules. ESI–MS has previously been used to study G-quadruplexes and the
complexes of perylene derivatives formed with G-quadruplex DNA.247 Since the
backbone of DNA carries a high negative charge, ESI–MS experiments are usually
performed in negative-ion mode.
Solutions of dG-24 and the 1:1 and 2:1 ligand–DNA complexes were generated in
NH4+-containing buffer and introduced into the ESI–MS system via direction injection.
Ammonium ions have been shown to stabilize G-quadruplex DNA and show enhanced
volatility in mass spectrometry experiments compared to Na+ ad K+. The negative-ion
electrospray mass spectra recorded for dG-24 and dG-24 titrated with one and two
equivalents of Comp. 1 are shown in Figure 3.16. For the unmodified G-quadruplex
DNA, a major peak at m/z 1514.0 is observed, which can be assigned to the mass of the
DNA with z = 5 (Figure 3.16, bottom). The two minor peaks at m/z 1892.9 and m/z
1261.1 correspond to the DNA in its 4– and 6– charge states, respectively. The mass
spectrum of the solution containing one ligand molecule per DNA shows a molecular ion
peak at m/z 1762.6 (Figure 3.16, middle), which can be assigned to the 1:1 ligand–DNA
complex carrying a charge of 5–. A minor peak for the 6– ion at m/z 1468.6 is also
observed. At this stoichiometry, small amounts of the 2:1 ligand–DNA complex exist in
solution, in agreement with the observed molecular ion peaks at m/z 2011.4 (z = 5) and
m/z 1676.0 (z = 6). Free DNA is also present (m/z 1513.9). In the mass spectrum recorded
for the 2:1 ligand–DNA mixture (Figure 3.16, top), the molecular ion peak at m/z 2011.4
(z = 5) assigned to the 2:1 complex shows the highest intensity. In this spectrum minor
molecular ion peaks assigned to the DNA and the 1:1 complex are also observed. The
m/z values are summarized in Table VIII.
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The ligand–DNA complexes are stable in the gas phase and could be detected in
the ESI–MS system. This result suggests that the interaction between Comp. 1 and the
telomeric G-quadruplex is strong. The data also support the formation of two complexes
with distinct 1:1 and 2:1 stoichiometries, which is in agreement with the previously
proposed two-site binding model. Uncomplexed DNA and both complex stoichiometries
seem to coexist in solution, which supports the reversible nature of the binding mode and
suggests that a dynamic equilibrium among the three species exists in solution.

dG-24 + 2 eq Comp. 1

2011.2

1676.0
1762.5

1937.0

1614.0

dG-24 + 1 eq Comp. 1

1762.6

1468.6 1513.9 1676.0

2011.4
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1514.0

dG-24

1892.9
1261.1
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Figure 3.16:
Negative-ion electrospray mass spectra recorded for solutions containing dG-24, dG24 + 1 eq. Comp. 1, and dG-24 + 2 eq. Comp. 1. Molecular ions are labeled with m/z values. Ions
with z = 4, 5, and 6 are labeled in blue, red, and green, respectively. The “tailing” of peaks is due to
association of ammonium ions with the DNA/complexes in the gas phase.
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Table VIII: Assignment of fragments observed in mass spectra recorded for the G-quadruplex
formed by dG-24 and the corresponding DNA–ligand complexes.

Species

dG-24

Charge (z)

m/z

-4

1892.5

-5

1513.9

-6

1261.4

-5

1762.6

-6

1468.6

-5

2011.4

-6

1676.0

dG-24 + 1 eq. Comp.1

dG-24 + 2 eq. Comp. 1
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3.4.5

Isothermal titration calorimetry experiments
The spectroscopic methods used in this study indicated that Comp. 1 interacts

with the human telomeric DNA and RNA in unique ways. The differences in binding
observed for the two biopolymers are a consequence of the unique conformations they
adopt in solution. We were interested in the thermodynamic properties of these binding
events. Isothermal titration calorimetry (ITC) is a powerful method for studying the
thermodynamics of molecular interactions. Thermodynamic data, such as ΔH, ΔG, ΔS, as
well as binding constants and binding stoichiometries, can be determined in a single
experiment.
The ITC experiment was performed as described in Section 3.3.7 and in the
experimental section. Briefly, concentrated drug solution was titrated into a sample cell
containing micromolar solutions of the annealed sequences dG-24 and rG-24, and the
change in reaction heat was recorded during the titration using a microcalorimeter and
integrated using the appropriate software. Finally, the data were fit to models describing
the binding processes using a non-linear least-squares routine. The ITC profiles for dG24 and rG-24 are shown in Figures 3.17 and 3.18, respectively. In both figures, the top
panels represent the direct output plot of the heat change over time. The bottom panels
are plots of integrated heat vs. the ligand-to-DNA/RNA ratio.
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Figure 3.17:
ITC profiles for titration of dG-24 with Comp. 1 in phosphate buffer. Top panel:
plot of the heat change against time (raw data). Bottom panel: plot of integrated data points of the heat
per mole of added ligand against the ligand-to-DNA molar ratio. The red and black traces are the
simulated data generated with the sequential binding model and the modified pre-equilibrium model,
respectively.
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Figure 3.18:
ITC profiles for titration of rG-24 with Comp. 1 in phosphate buffer. Top panel: plot
of the heat change against time (raw data). Bottom panel: plot of integrated data points of the heat per
mole of added ligand against the ligand-to-DNA molar ratio. The red trace represents the simulated
data generated with the sequential binding model.
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As can be seen in Figures 3.17 and 3.18, the ITC profiles recorded for the
telomeric DNA and RNA show pronounced differences. The integrated ITC data were fit
to a model known as the sequential binding model (see Appendix B), which assumes that
Comp. 1 binds to the G-quadruplexes in distinct, consecutive binding events to nonidentical sites. This model produced the best fit for the data sets generated for dG-24 and
rG-24. The results of the data fitting routines are shown as red traces in the bottom
panels of Figures 3.17 and 3.18. As can be seen in Figure 3.18, the curve fit generated
for rG-24 using the sequential binding model describes the experimental data (black
circles) well. By contrast, the same model did not produce a good fit for the first
equivalents of added Comp. 1 in case of dG-24. The calculated trace deviates
significantly from the experimental data points at the beginning of the titration (dashed
red trace in Figure 3.17), but is able to predict the data well in the later stages of the
titration (solid red trace in Figure 3.17). To account for this discrepancy, the simple
sequential binding model was modified to include a G-quadruplex pre-equilibrium step in
the binding process (Appendix B). This was based on the following reasoning: as
demonstrated by CD spectropolarimetry in this chapter, the sequence dG-24 folds into
co-existing G-quadruplex structures in solution. The results of the CD titrations indicate
that two major conformations exist, to one of which Comp. 1 binds selectively. This
provided a good fit of the data to the modified model (black trace in Figure 3.17).
As can be seen in Figure 3.17, the telomeric sequence dG-24 binds five
equivalents of Comp. 1. The first two binding events can be distinguished easily based
on their differences in heat production, which is manifest as distinct up- and downward
sloping of the titration curve at ligand-to-DNA ratios of 1 and 2. Three additional
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molecules associate with dG-24 until saturation is reached at a ligand-to-DNA ratio of 5.
The distinct shape of the titration curve suggests that the first two equivalents of ligand
bind strongly to specific sites, whereas additional ligand at ligand-to-DNA ratios of 3–5
associates with the G-quadruplex nonspecifically.
By contrast, the telomeric RNA sequence rG-24 shows saturation behavior after
addition of three equivalents of Comp. 1 (Figure 3.18). According to the changes in
reaction heat plotted for this titration, the binding process seems to involve one specific
and two nonspecific events. Unfortunately, none of the binding models available in the
ITC/Origin software, including the sequential binding model, was able to fit the
experimental data. This problem was solved after taking into account the results of the
CD titration of rG-24, which suggested that Comp.1 binds to the dimerized form of the
RNA G-quadruplex (Section 3.4.3). This led to a model in which the first binding event
occurs with one ligand molecule per RNA dimer, which corresponds to a ligand-to-RNA
ratio of 0.5. According to this scheme the rG-24 dimer binds two ligands with high
specificity (see curve shape at ligand-to-RNA ratios of ≤ 1) and 4 additional ligands
nonspecifically (at ligand-to-RNA ratios of 1–3).
For the first two (specific) binding steps (n = 2 and 3) the thermodynamic
parameters Kb, ΔH, ΔG, and ΔS were calculated (Table IX). A comparison of the binding
constants for the first binding step (Kb1) determined for dG-24 and rG-24, Comp. 1 has
an approximately 25-fold higher affinity for the G-quadruplex DNA than for the RNA,
whereas the Kb2 for the second binding event for the two sequences are of similar
magnitude. Thus, Comp. 1 binds to the telomeric G-quadruplex DNA with nanomolar
affinity and good selectivity. A comparison of the thermodynamic data calculated for the
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interactions of Comp. 1 with the telomeric DNA and RNA shows that the
thermodynamic driving forces for ligand binding to the two sequences are very different.
When the ligand interacts with dG-24, both the increase in entropy and the decrease in
enthalpy contribute to the change in free energy. For the binding of Comp. 1 to rG-24,
the decrease in enthalpy is the major driving force for the RNA–ligand association, while
the entropy change is unfavorable for the binding process.

Table IX:
Thermodynamic data for the interaction of Comp. 1 with dG-24 and rG-24. The unit
for ΔH and ΔG is kJ/mol, and the unit for ΔS is J/(mol·K).

dG-24

rG-24

Kb1
Kb2

1.84 × 109
6.55 × 107

7.78 × 107
2.71 × 107

ΔH1
ΔH2

–24.9
–31.5

–55.3
–75.1

ΔG1
ΔG2

–52.8
–44.4

–45.0
–42.2

ΔS1
ΔS2

93.8
43.5

–34.5
–110.3
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3.4.6

Molecular mechanics/molecular dynamics modeling

3.4.6.1 Structural aspects
To study possible binding modes and structural details of Comp. 1 in complex
with G-quadruplex DNA, molecular mechanics/molecular dynamics (MM/MD) modeling
was performed. When generating the 2:1 complexes formed by Comp. 1 with different
forms of G-quadruplex DNA, two molecules were docked at van der Waals distance with
the outermost G-quartets such that the long perylene dimensions were perpendicular to
each other in order to avoid steric clashes in the grooves. In other words, each groove
was allowed to only accommodate one platinum moiety. In this arrangement, the stack of
three G-quartets of the G-quadruplex structure is sandwiched between two molecules of
Comp. 1. Two sequences, dG-12 (parallel and antiparallel bimolecular G-quadruplexes)
and dG-24 (intramolecular hybrid conformation) were used as model of the DNA
secondary structure (Figure 3.19). Unlike both forms of dG-12, which show internal C2
symmetry and therefore only one possible ligand orientation, the (3+1) hybrid form of
dG-24 does not show internal symmetry. The four grooves in the latter G-quadruplex are
slightly different from each other. Therefore, two different orientations of Comp. 1 in
complex with dG-24 were generated (Figure 3.19).
The distance between the two nitrogen atoms in the perylene diimine derivatives
is approximately 11 Å, which is close to the dimensions of the G-quartet (Figure 1.4).
The perylene chromophore therefore seems to be a perfect fit for the G-quartet. However,
in all of the models generated (Figure 3.19) the center of the flat aromatic plane does not
align with the axis of the guanine core, which may be due to electrostatic repulsion
between the central oxygen atoms and the aromatic π-electron system. The perylene

156

slightly slides to the side to avoid the electrostatic repulsion without compromising the π–
π interactions with the guanine bases. Using simulated annealing protocols without
distance restraints in molecular dynamics studies, it was demonstrated that the two
molecules of Comp. 1 form stable non-covalent aggregates with the G-quadruplexes. No
disruption of the Hoogsteen hydrogen bonding network was observed.

Figure 3.19:
Simulated conformations of DNA-ligand complexes. The DNA backbone is
represented by green ribbons. The DNA is colored gray in stick style; the gray spheres in the Gquadruplex core are K+ ions. The ligand molecules are shown in CPK space filling style and colored
by elements. The top two models are dG-12 in complex with Comp. 1 (left: parallel form; right:
antiparallel form). The bottom two models show the intramolecular G-quadruplex in complex with
two molecules of Comp. 1 in two orientations.
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The semi-rigid platinum-containing side chains are sufficiently flexibility to insert
into the grooves of the G-quadruplexes and form hydrogen bonding networks with the
DNA backbones (Figure 3.20). The platinum centers introduce a 2+ charge that favors
electrostatic interactions with the negatively charged DNA backbones. Several ligand–
DNA hydrogen bonds involving the dien ligand on platinum and DNA phosphate are
observed (black arrow in Figure 3.20).

Figure 3.20:
The hydrogen bonding network between the side chains in Comp. 1 and the groove
of the parallel G-quadruplex formed by dG-12. The DNA backbone is represented by gray ribbons,
and the DNA bases are represented in stick style (green: guanine; red: adenine; cyan: thymine). The
black arrow indicates Pt-dien--NH⋅⋅⋅O-phosphate hydrogen bonding.

In the models generated for the dG-24 intramolecular telomeric G-quadruplex
structure certain adenine and thymine bases in the loops were found to form hydrogen
bonds to form AT “base pairs” that stack with the G-quartet to increase the stability of Gquadruplexes during the heating periods of the MD simulations (Figure 3.21 left). When
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Comp. 1 was docked on top of the G-quartet, the interaction between the A and the T
persisted, and they were found to stack with the perylene moiety of Comp. 1 in the
energy minimized models instead to maximize π–π interactions (Figure 3.21 right).

Figure 3.21:
The adenine and thymine bases in the loop regions of the intramolecular Gquadruplex are hydrogen bonded. The A and T that participate in hydrogen bonding are highlighted in
red and cyan, respectively. Comp. 1 is highlighted in green. On the left is shown the NMR solution
structure of the telomeric G-quadruplex formed by a 23-mer (PDB ID: 2JSM). On the right is shown
the simulated structure of the complex formed between dG-24 and two molecules of Comp. 1. Note
the base-pairing between the highlighted bases in both structures.

3.4.6.2 Energy calculations
One important application of molecular modeling is to estimate the free energy of
a certain molecule or system. In Section 3.4.3 we demonstrated that Comp. 1 favors the
antiparallel over the parallel G-quadruplex structure formed by the sequence dG-12.
Hence, we were interested in determining the factors that contribute to the preference of
one form of G-quadruplex over the other. To achieve this goal, molecular dynamics
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simulations and energy minimizations were performed, and the resulting average
structures of the DNA–ligand complexes were then used in energy calculations.
Specifically, the Molecular Mechanics–Poisson-Boltzmann surface area (MM-PBSA)
method was used to calculate the free energy of the systems by combining classical
bonding and non-bonding energies (MM) with solvation energies (PBSA). The latter is
based on the solvent-exposed surface area of the models. The results of these calculations
are summarized in Table X. Both the van der Waals and solvation energy terms seem to
favor the antiparallel form. However, overall, the antiparallel form of dG-12 is
disfavored relative to the parallel form when modified with Comp. 1 by 10 kcal/mol,
which contradicts our experimental findings. One reason for the shortcomings of the
MM-PBSA method is that it partially relies on the quality of the force field parameters
and the charge distribution scheme. While the (force field independent) solvation energy
seems to be in agreement with the experimental data, the non-optimized set of ad hoc
parameters may be responsible for the limitations of the MM–PBSA method to predict
the energetically favored DNA secondary structure in this system.

Table X:
Thermodynamic data resulting from energy calculations using the MM–PBSA
method for two simulated DNA-ligand complexes.

Modela

Potential
Energyb

Van der
Waals
Energy

Electrostatic Solvation
Energy
Energy

Nonpolar
Term

Free
Energy

dG-12
AP

-2052.2
± 26.1

-37.9
± 5.9

-3224.4
± 22.1

-2542.7
± 21.2

28.6 ± 0.5

-4566.3
± 9.6

dG-12
P

-2217.5
± 32.2

-12.4
± 8.2

-3398.4
± 32.1

-2388.6
± 30.7

30.1 ± 0.3

-4576.0
± 13.4

a

dG-12 AP: antiparallel structure of the dG-12 G-quadruplex complexed with 2 molecules of Comp. 1;
dG-12 P: parallel structure of the dG-12 G-quadruplex complexed with 2 molecules of Comp. 1 bEnergies
are given in kcal/mol.
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3.5

Conclusions
A combination of spectroscopic and biophysical techniques, as well as computer-

based modeling was used to study the interactions of a platinum–perylene agent (Comp.
1) with various nucleic acid sequences mimicking human telomeric DNA and RNA.
Comp. 1 was designed as a model compound to study the reversible G-quadruplex
interactions of analogous DNA-reactive cross-lining agents. The high cationic (4+)
charge introduced by the two platinum centers renders the agent not only highly soluble
in water (water soluble perylene derivatives are rare!) but can be also considered a major
driving force in its interactions with G-quadruplex DNA. Comp. 1 shows a high
preference for the antiparallel form of the telomeric G-quadruplex to which it binds with
nanomolar affinity. The high affinity for a specific conformation of this polymorphic
nucleic acid secondary structure also produces a high degree of selectivity for telomeric
DNA over telomeric RNA. Thus, suitably modified analogues of Comp. 1 containing
DNA-reactive platinum moieties should be interesting candidates for telomere-targeted
chemotherapeutic applications. Given the shortcomings of computer-based molecular
simulations and the lack of structural resolution of solution techniques, future studies
should be also concerned with the X-ray crystallographic characterization of the complex
formed between Comp. 1 (and its derivatives) and the human telomeric quadruplex.
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CHAPTER FOUR
SUMMARY

The research presented in this thesis was concerned with the interactions between
platinum-based compounds and telomeric G-quadruplexes. Targeting telomeric Gquadruplexes with platinum-intercalator hybrid agents was introduced as a novel anticancer approach. The approach taken in this research was aided by a detailed review of
small molecules that interact with G-quadruplexes (Chapter 1). Two platinum-containing
compounds were studied: a “covalent” binder, PT-ACRAMTU ([Pt(en)(ACRAMTUS)Cl](NO3)2: en = ethane-1,2-diamine, ACRAMTU = 1-[2-(acridine-9-ylamino)ethyl]1,3-dimethylthiourea, acridinium cation) and a non-covalent agent, Comp. 1
([{Pt(dien)}2(μ-L-S,S')](NO3)4 (dien = diethylenetriamine, L = N,N'-bis(1-(2-aminoethyl)
-1,3-dimethylthiourea)-3,4,9,10-perylenetetracarboxylic

acid

diimide)).

Studies

performed with the covalent binder PT-ACRAMTU addressed the thermodynamic and
kinetic preference for nucleophilic sites in telomeric G-quadruplexes (Chapter 2).
Intercalator-mediated reactions of platinum with G-quadruplexes compared with other
forms of DNA are unique and suggest that targeting telomeric G-quadruplexes with
platinum-based compounds is a feasible approach. Based on the prototype, a noncovalent G-quadruplex-specific binder was designed. Biophysical and spectroscopic
studies of Comp. 1 were performed to determine how this complex interacts with various
G-quadruplex conformations, both from a structural and thermodynamic standpoint
(Chapter 3). Comp. 1 shows strong affinity for telomeric G-quadruplex DNA and a 2:1
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binding stoichiometry for the intramolecular antiparallel conformation. The results
inspired future studies of a covalent binder based on Comp. 1.
PT-ACRAMTU is a novel monofunctional DNA-platinating agent that targets
double-stranded DNA. Its unusually high affinity for adenines in duplex DNA prompted
a study of its interactions with the human telomeric G-quadruplex. Its aromatic moiety
may stack with G-quartets, while its platinum center covalently binds to the adenines in
the loops. Liquid chromatography in conjunction with electrospray mass spectrometry
was used to detect adducts formed by PT-ACRAMTU with the telomeric G-quadruplex.
A kinetic assay based on enzymatic digestion was performed to study the kinetics of
formation of these adducts, and enzymatic footprinting assay was used to study the
sequence selectivity of platination. PT-ACRAMTU shows enhanced adenine affinity
(~50% adenine binding), compared to classical guanine-affinic platinum drugs (<10%
adenine binding). The high affinity for adenines is unprecedented in platinum-based
compounds. The fact that PT-ACRAMTU mostly binds to guanines in the single-stranded
fragment TTAGGG shows that the recognition of DNA secondary structure by the
platinum–intercalator is the most critical step in adenine targeting. In telomeric Gquadruplexes, adenine bases are more exposed to solvent, while guanine bases are
protected by Hoogsteen hydrogen bonding, which renders adenines extremely
“vulnerable” to electrophiles. PT-ACRAMTU has an acridine moiety which stabilizes the
G-quartet and prevents guanines in G-quartets from being platinated. The kinetics study
indicates that platination of AN7 is kinetically more favorable than platination of GN7. As
far as the overall damage profile is concerned, PT-ACRAMTU favors the adenines in the
loop regions and the guanines in the out most G-quartets. From this study, it was
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concluded that DNA secondary structure has a major influence on the coordination
properties of a platinum complex, and it should be feasible to develop platinum-based
compounds that target telomeric G-quadruplexes with high specificity.
PT-ACRAMTU was originally designed as an agent targeted to double-stranded
DNA. To develop a G-quadruplex-specific platinum-based prototype, the acridine moiety
was replaced with a larger aromatic platform–perylene. In the design of a direct perylene
derivative of PT-ACRAMTU, two platinum moieties are attached to the perylenediimide
scaffold. Such an agent would be able to cross-link two adenines in the loop regions of
the G-quadruplex to trap the conformation. Here, we focused on the reversible
interactions, and all available binding sites on platinum were blocked. Comp. 1 has a
large polyaromatic chromophore and two positively charged platinum centers. It was
used to study the reversible association step of this type of complex with G-quadruplex
DNA, which may be considered the key event in the recognition of this structure.
Variable-concentration and variable-temperature UV/vis spectroscopy and fluorescence
spectroscopy assays were performed to study the spectroscopic properties of Comp. 1.
CD titration assays were used to study the interactions of Comp. 1 with various telomeric
G-quadruplex structures and double-stranded DNA. Electrospray mass spectrometry was
used to determine the stoichiometry of the DNA–ligand complexes. Isothermal titration
calorimetry titrations were performed to study the thermodynamics of the binding events
of Comp. 1 with telomeric DNA and RNA G-quadruplexes.

Finally, molecular

dynamics simulations were used to study the structural details of the DNA–ligand
complexes.
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Comp. 1 tends to self-aggregate to form dimers at concentrations higher than 1
μM, which affects its UV/vis and fluorescence properties. When it interacts with various
G-quadruplex conformations, it shows different binding modes depending on the DNA
structures. Comp. 1 was able to shift the equilibrium between two co-existing
conformations. It also induces the formation of G-quadruplex DNA from single-stranded
DNA in the absence of monocations. However, it cannot induce G-quadruplexes from
duplex DNA. The interactions of Comp. 1 with intramolecular telomeric DNA and RNA
G-quadruplexes are dramatically different. In reactions with intramolecular telomeric
DNA G-quadruplexes, Comp. 1 shows a distinct 2:1 binding stoichiometry. For the RNA
sequence, interestingly, the results support that the RNA G-quadruplexes associate in
solution to form end-stacked dimers. The first binding step of Comp. 1 likely involves
intercalation between two RNA molecules in the G-quadruplex dimer. The
thermodynamics of the binding events support the proposed mechanisms. Most
importantly, the binding constant of the first binding step shows that Comp. 1 has higher
affinity for DNA than RNA G-quadruplexes.
In conclusion, two platinum-based complexes, an irreversible and a reversible
binder, were studied for their interactions with telomeric G-quadruplexes. The studies
performed with PT-ACRAMTU demonstrate that by tethering an aromatic chromophore
to a monofunctional platinum moiety it is possible to develop platinum-containing agents
that are able to target and stabilize the G-quartet in G-quadruplexes and bind covalently
to nucleophilic sites in the loops. Comp. 1 shows that substituting the acridine with a
large aromatic moiety perylene alters the binding properties of the prototype. It
recognizes the G-quadruplex more specifically than double-stranded DNA and shows an
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unusual ability to structurally discriminate between parallel and antiparallel quadruplex
conformations. Such an agent provides a promising platform for the development of Gquadruplex-targeted chemotherapies and as a biochemical probe for the detection of this
unusual nucleic acid secondary structure in vitro and in vivo.
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APPENDIX A
Calculations for Kinetic Study

To calculate kobs for PT-ACRAMTU, we used the first-order kinetic equation (eq
1), where [PT-ACRAMTU] = [Pt(en)(ACRAMTU)(thiourea)]:

d [ PT − ACRAMTU ]
= −k obs [ PT − ACRAMTU ] (eq 1)
dt
ln

[ PT − ACRAMTU ]0
= k obs t (eq 2)
[ PT − ACRAMTU ]

According to eq 2, the data set for PT-ACRAMTU was fit with the equation y =
ae-bx, where y represents the percentage of free PT-ACRAMTU
(

[ PT − ACRAMTU ] [ PT − ACRAMTU .thiourea]
=
), and x the time (min). Since this
[ PT − ACRAMTU ]0
[ PT − ACRAMTU ]0

reaction is considered pseudo-first-order, we restricted a = 1. After regression, the value
of kobs is given by the slope b.
The average of the three determinations gave:kobs = 1.58 × 10-4 s-1; t1/2 = 1.2 h
Based on this kobs value, we calculated the k values for P1, P2, P3, and P4
formation as follows:
−

d [ PT − ACRAMTU ]
= (k A7 + k G 7 + k A1 + k A3 )[ PT − ACRAMTU ]
dt
( kobs = k A7 + kG 7 + k A1 + k A3 )
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d [ PT − AN 7]
= k A7 [ PT − ACRAMTU ] = k A7 [ PT − ACRAMTU ]0 e −kobs t
dt
[ PT − AN 7 ]

∫

0

d [ PT − AN 7] = ∫ k A7 [ PT − ACRAMTU ]0 e −kobst dt
t

0

k
[ PT − AN 7]
= A7 (1 − e − kobs t ) (eq. 3)
[ PT − ACRAMTU ]0 k obs

We have used eq 3 for P3 (kN7) as an example. The peak areas for P3 were fit with the
equation y = a(1-e-bx), where y is the percentage of P3 and x the time (min); b is restricted
to kobs and a is the ratio (

Intens.
x104

k A7
).
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APPENDIX B
Calculations for ITC Studies
A: DNA dG-24

Equations:
K0
M ' ⎯⎯→
M
K1
M + L ⎯⎯→ ML
K2
ML + L ⎯⎯→
ML2

A pre-equilibrium of the two conformations of the telomeric G-quadruplex was
included in the list of equations. M' stands for the dominant structure of the two forms,
while M represents the structure that Comp. 1 favors. K0 was arbitrarily fixed as 0.428,
since the ratio between these two conformations is approximately 70%/30%. L represents
Comp. 1, and the following two equations describe the interaction between the small

molecule and the G-quadruplex.
Calculations:

[ M 0 ] = [ M ' ] + [ M ] + [ ML] + [ ML2 ]
[ L0 ] = [ L] + [ ML] + 2[ ML2 ]
[M ]
K0 =
[M ' ]
[ ML]
K1 =
[ M ][ L]
[ ML2 ]
K2 =
[ ML][ L]
[M0] is the total concentration of the DNA, and [L0] is the total concentration of
Comp. 1.
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[M 0 ] =

[M ]
+ [ M ] + K 1 [ M ][ L] + K 1 K 2 [ M ][ L] 2
K0

1
[M 0 ]
[M 0 ]
K1 K 2
[M ] =
=
1
1
1
1
2
(
(
[ L] + [ L] 2
+ 1) + K 1 [ L] + K 1 K 2 [ L]
+ 1) +
K1 K 2 K 0
K2
K0
[ L0 ] = [ L] + K1[ M ][ L] + 2 K1 K 2 [ M ][ L]2
1
[ M 0 ][ L]
2[ M 0 ][ L] 2
K2
[ L0 ] = [ L] +
+
1
1
1
1
1
1
(
+ 1) +
[ L] + [ L] 2
(
+ 1) +
[ L] + [ L] 2
K1 K 2 K 0
K2
K1 K 2 K 0
K2
To simplify this equation, we set:
1
1
(
+ 1)
K1 K 2 K 0
1
b=
K2
x = [ L]
b[ M 0 ]x
2[ M 0 ]x 2
+
[ L0 ] = x +
a + bx + x 2 a + bx + x 2
a=

This leads to a cubic equation for x.
x 3 + px 2 + qx + r = 0
p = b + 2[ M 0 ] − [ L0 ]
q = a + b([ M 0 ] − [ L0 ])
r = − a[ L0 ]
Q represents the total heat generated by the DNA–ligand interactions, and ΔQ is

the heat generated in each addition.
Q = V0 (ΔH 0 ([ M ] + [ ML] + [ ML2 ]) + ΔH 1 ([ ML] + [ ML2 ]) + ΔH 2 [ ML2 ])
ex 2 + dx + c
Q = V0 [ M 0 ] 2
x + bx + a
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c=

ΔH 0
K1 K 2

d=

ΔH 0 + ΔH 1
K2

e = ΔH 0 + ΔH 1 + ΔH 2
dV Q + Qi −1
ΔQ = Qi + i ( i
) − Qi −1
V0
2

The other binding events were treated as sequential binding events, for which a
fitting routine is available in the Origin software of the ITC program. The detailed
equations are listed in the RNA rG-24 section below.
K3
ML2 + L ⎯⎯→
ML3

K4
ML3 + L ⎯⎯→
ML4
K5
ML4 + L ⎯⎯→
ML5

B: RNA rG-24
Equations:
K0
2 M ' ⎯⎯→
M
K1
M + L ⎯⎯→ ML
K2
ML + L ⎯⎯→
ML2

K3
ML2 + L ⎯⎯→
ML3
K4
ML3 + L ⎯⎯→
ML4

K5
ML4 + L ⎯⎯→
ML5
K6
ML5 + L ⎯⎯→
ML6

The telomeric RNA G-quadruplex in solution associates into a dimer, which is
represented in the first equation. M' stands for the monomer, while M stands for the dimer.
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The interaction between the ligand (L) and the dimer was treated as sequential binding
events.
Sequential binding sites calculations:

[ ML]
[ M ][ L]
[ ML2 ]
K2 =
[ ML][ L]
[ ML3 ]
K3 =
[ ML2 ][ L]
...

K1 =

P = 1 + K 1 [ L] + K 1 K 2 [ L] 2 + L + K n [ L] n
1
F0 =
P
K [ L]
F1 = 1
P
K 1 K 2 [ L] 2
F2 =
P
...
K K L K n [ L] n
Fn = 1 2
P
n

[ L0 ] = [ L] + [ M 0 ]∑ iFi
i =1

Q = V0 [ M 0 ](ΔH 1 F1 + [ΔH 1 + ΔH 2 ]F2 + L + [ΔH 1 + ΔH 2 + L + ΔH n ]Fn )

ΔQ = Qi +

dVi Qi + Qi −1
(
) − Qi −1
V0
2
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APPENDIX C
Simulated Structure of Comp. 1

Figure C.1:
Lowest-energy model (C2 symmetry) of Comp. 1 generated with CHARMm27 in
Discovery Studio. A: the stick representation of Comp. 1. B: the CPK representation of Comp. 1. The
atoms are colored by element. This pre-minimized structure, in which the platinum–containing side
chains are located on the same side of the perylene moiety, was used in docking experiments.
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APPENDIX D
Force Field Parameterization for Comp. 1

Figure D.1:
half is shown.

The assigned atom types for Comp. 1. Since Comp. 1 has C2 symmetry, only one

Table D.I:

Definitions of newly introduced atom types.

atom type atom definition
MPT

platinum(2+)

N3c

nitrogen trans to each other

N3t

nitrogen cis to sulfur

SK

sulfur in thiourea

CZ

carbon in thiourea

MK

potassium(1+)
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Table D.II:

Parameters for connected bonds.

reference value
1.402
1.75
2.3
1.32
2.0
2.07
0.92
1.012
1.48
1.5

NX-CZ
CZ-SK
SK-MPT
NP-CZ
MPT-N3c
MPT-N3t
N3c-H
N3t-H
N3c-CT
N3t-CT
Table D.III:

force constant (kcal/(mol Å))
488
222
182.705
488
182.705
182.705
434
434
337
337

Parameters for bond angles.

CT-NX-CZ
NX-CZ-NP
NX-CZ-SK
NP-CZ-SK
CZ-NP-CT
CZ-NP-H
CZ-SK-MPT
N3c-MPT-SK
H-N3c-MPT
CT-N3c-MPT
N3c-CT-CT
N3c-CT-HA
N3c-MPT-N3t
N3c-MPT-N3c
N3t-MPT-SK
H-N3t-MPT
CT-N3t-MPT
N3t-CT-CT
N3t-CT-HA
MPT-SK-CZ
H-N3t-H
H-N3c-H
H-N3t-CT
H-N3c-CT

reference value (°)
118.305
120
120
120
119.842
120.18
110.3
99.6
109.6
110.2
107.2
110.3
82.2
174.9
174.8
109.5
110.6
108.7
110
110.3
109.5
109.5
109.5
109.5
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force constant (kcal/(mol Å))
66.0909
50
50
50
68.6667
26.4667
42
42
80
60
70
35
42
42
42
80
60
70
35
42
35
35
35
35

Table D.IV:

Parameters for torsion angles.

barrier 1
CT-NX-CZ-NP
NX-CZ-NP-H
NX-CZ-SK-MPT
CT-NX-CZ-SK
SK-CZ-NP-CT
NP-CZ-SK-MPT
CT-NX-CZ-SK
SK-CZ-NP-CT
NP-CZ-SK-MPT
NX-CZ-NP-CT
SK-CZ-NP-H
NX-CZ-NP-CT
SK-CZ-NP-H
CT-NX-CZ-NP
NX-CZ-NP-H
NX-CZ-SK-MPT
Table D.V:

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

phase 1
(°)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

barrier 2

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

barrier 3

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

phase 3
(°)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Parameters for improper torsion angels.

reference value (°)
SK-MPT-N3c-N3t
N3c-MPT-SK-N3c
N3c-MPT-N3t-N3c
N3c-MPT-N3c-N3t
Table D.VI:

Phase 2
(°)
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

10
10
10
10

force constant
(kcal/(mol Å))
180
180
180
180

periodicity

2
2
2
2

Parameters for non-bonding interactions.

minimum distance (Å)

minimum energy (kcal/mol)

CZ

1.55

0.05

N3t

1.75

0.16

N3c

1.75

0.16

MPT

2.44

0.4

MK

1.33

0.0003

SK

2.0

0.25
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Table D.VII:

Assignment of partial charges.

atom type partial charge

0.65
-0.25
0.6
-0.55
-0.45
0.35
0.05

CZ
SK
MPT
N3c
N3t
H on N
H on C
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