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1 Introduction

1 Introduction

Many diseases are directly related to the mutation of single genes or the presence of exogenous nucleic acids
associated with the formation of inactive or pathological forms of proteins with far-reaching consequences for
the function of the cell and the cellular information flow. Usually, therapeutic approaches target proteins as the
end products of gene expression, but potentially interesting targets are also the transcribed mRNA or the
genomic DNA itself. Since DNA being the storage of genetic information represents the highest hierarchical
level, it offers far fewer targets in comparison to the strongly amplified amount of mRNA and proteins
produced from transcription and translation. Such a therapeutic application would drastically reduce the

necessary drug dose and thus minimize harmful side-effects.

The double-helical structure of DNA was first described by Watson and Crick [7]. According to this
structural model two polynucleotide strands wind around each other forming specific Watson-Crick-type
hydrogen bonds between the bases attached to the backbone of the two strands. The bases may be either
purines or pyrimidines. The backbone consists of deoxyribose sugars connected through a negatively charged
phosphodiester. The spiral organization of the double-helical DNA results in a major and a minor groove
twisting around the surface of the double helix and presenting sequence-dependent proton donor and
acceptor groups for potential interactions. The arrangement of DNA strands is antiparallel. Because of its
intrinsic polarity, a DNA strand has two distinct termini referred to as the 5’- and 3-end. In addition to the
specific hydrogen bonds between bases, the duplex structure is stabilized by hydrophobic and electrostatic
forces as well as stacking interactions between the base pairs. The DNA arrangement allows for different
binding sites (see Fig. 1.1) for the interaction with low molecular weight compounds that may target the major-
and/or minor groove, intercalate between base pairs or simply coordinate via external electrostatic interactions

with the charged phosphodiester backbone [2].

Specificity in the recognition of a given nucleic acid sequence is of particular importance for
introducing sequence modifications and/or manipulating gene expression. Particularly impressive biological
examples are represented by regulatory proteins (e.g. transcription factors), able to bind with high selectivity
to a target nucleic acid sequence by specific peptide sequence motifs (e.g. zinc-finger, helix-loop-helix) and
thus enable efficient structural or transcriptional regulation [3]. The high degree of specificity achieved by

those DNA binding proteins can be equated only with nucleic acids themselves. In contrast, many naturally
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and synthetically available small-molecule drugs only provide for a limited area of contact with the target DNA

sequence and thus do not allow for the specific recognition of a more extended DNA segment.

Figure 1.1: (A) X-ray structure of the DNA intercalator ellipticine (PBD ID: 1Z3F) [4]; (B) NMR solution structure of a minor groove
binding pyrrolobenzodiazepine conjugated to an intercalating naphthalimide moiety in the complex with a target DNA (PBD ID: 2KY7)
[5]; (C) NMR structure of a triple-helical DNA complex with the TFO bound in the major groove forming 5'- and 3'-triplex-duplex
junctions (PDB ID: 1BWG) [6].

In 1957, only four years after Watson and Crick introduced the model of the DNA double helix,
Felsenfeld and Rich [7] reported a new triple-helical variant of nucleic acids (see Fig. 1.1C). UV-mixing curves
and X-ray diffraction of synthetic polyribonucleotides polyA and polyU in a 1:2 mixture indicated the formation
of a helical structure with an additional third strand binding in the helical groove. The hydrogen-bonding
pattern in these triple helices, initially suggested on the basis of the availability of hydrogen donor and
acceptor groups, was confirmed by X-ray data of 1-methylthymine and 9-methyladenine and referred to as
Hoogsteen hydrogen bonds [8]. In general, the formation of a triple-stranded DNA is based on Hoogsteen
hydrogen bond interactions between bases of the triplex-forming oligonuclectide (TFO) and available

hydrogen bond donor and acceptor sites of purine bases on one strand in the double-helical DNA target

directed towards its major groove [for a review see 9].

Two types of triple helices have been described depending on the orientation of the third strand. In

the pyrimidine motif (see Fig. 1.2A) a homopyrimidine strand binds to a homopurine stretch of the duplex DNA
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in a parallel orientation with the formation of isomorphous T-AT and C*-GC triplets. Because cytosine bases in
the third strand have to be protonated in order to form two Hoogsteen hydrogen bonds to a guanine base, a
low pH value is generally required for stable triplex formation. Hydrogen bonding interactions of inosine and
guanine in the third strand are possible, but the formed base ftriplets are not isomorphous and thus
energetically unfavorable due to backbone distortions. A second triplex motif is represented by the pH
independent purine motif (see Fig. 1.2B). Here, the third strand may contain purine bases and the orientation
towards the oligopurine strand of the underlying duplex is antiparallel. The G:GC and A-AT triplets are formed
via reverse Hoogsteen hydrogen bonds. An antiparallel triplex can also be realized with the inclusion of T-AT
and C+GC triplets but its stability strongly depends upon the particular base sequence. This is probably one
of the reasons why the parallel arrangement is preferred and has been more extensively studied.
Nonetheless, the ability of TFOs to bind complementary duplex DNA sequences with a defined base-base

recognition code places them among the most specific DNA binding ligands.
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Figure 1.2: (A) Arrangement of bases in C*-GC and T-AT triplets of the pyrimidine motif, (B) and base triplets G-GC, A-AT and T-AT
of the purine motif with arrows indicating the orientation of the sugar-phosphate backbone.
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Initially, triple helices were solely considered as being artificial and exotic structural motifs lacking
any physiological relevance. This changed with the finding, however, that an intramolecular triple helical
structure called H-DNA can also be formed in vivo by homopurine-homopyrimidine sequences when
organized in mirror repeats and promoted by negatively supercoiled DNA [10]. Here, one of the single strands
folds back to form a triple helix and the other strand is left unpaired and can be targeted by single strand
binding proteins. This alternative DNA secondary structure has been shown to be involved in the regulation of
DNA replication and in the activation of the cell repair machinery, which may result in DNA translocations,

rearrangements and in the worst case cell lysis [for a review see 11].

In recent years, two strategies for selectively inhibiting gene expression through the use of
oligonucleotides have been developed: the triplex-based antigene strategy and the antisense approach
[12,13]. The antisense strategy utilizes oligonucleotides that specifically bind complementary mRNAs via
conventional Watson-Crick base pairing mostly resulting in arrested translation. The antigene strategy on the
other hand makes use of triplex-forming oligonucleotides (TFOs) and target the gene itself rather than its

mRNA product.

Unfortunately, triplex formation is often hampered by the low thermodynamic stability of the formed
complexes, especially under physiological conditions. Therefore, efforts aimed at the stabilization of triplexes
under physiological conditions are prerequisite for a successful and more general application of an antigene-
based strategy [for a review see 14]. Thus, a modified non-ionic backbone as within peptide nucleic acids
(PNA) decreases the high negative charge density resulting from the association of three anionic strands.
There is also considerable interest in finding base analogues that could replace the positively charged
cytosine in a third homopyrimidine strand to form stable triplexes without the necessity of a low pH. Besides,
various sodium salts and divalent cations as Mg#* are known to stabilize pyrimidine triplexes [15]. Especially
polyamines like the physiologically relevant spermine [16] and the aminogylcoside neomycin [17] are able to
interact electrostatically with the negatively charged nucleic acid backbone and demonstrate increased triplex
stabilities without affecting the overall secondary structure. Another common approach to stabilize triplexes
makes use of triplex-specific binding agents. Whereas numerous natural and synthetic drugs are known to

bind double-helical DNA, only a limited number of triplex-specific agents have been described and
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characterized to date [18]. The latter have been found to enhance stabilities of DNA triplexes mostly through
intercalation. Examples are illustrated in Figure 1.3 and 1.4 and include various benzopyridoindoles (BPI) with
a carboline substructure [19-21], benzopyridoquinoxalines (BPQ) [22] as well as benzoquinoquinoxalines
(BQQ) [23]. Also, substituted anthraquinones [24,25], dibenzophenanthrolines [26,27], coralyne [28] and
naphthylquinoline [29] have been studied as triplex-stabilizing drugs. In an attempt to further increase the
triplex stability as well as selectivity, the best triplex-recognizing compounds have also been combined. Thus,
BQQ-neomycin conjugates combine the features of one of the best triplex-specific intercalators with the

negative charge compensating neomycin that selectively binds within the triplex groove [30,31].
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Figure 1.3: Chemical structures of some triplex-stabilizing ligands.
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The increasing number of available high-resolution three-dimensional structures and the
development of high-throughput analytical techniques facilitate a structure-based design by virtual ligand
screening, limiting the number of potentially interesting ligands and allowing for an efficient synthesis strategy
[for a review see 32]. Nevertheless, a rational design of a triplex-specific intercalator by molecular modeling
only provides for limited information on the thermodynamic aspects and specific interactions and fails to fully
replace an experimental characterization of the ligand binding properties in vitro and especially in vivo.
Particularly noteworthy examples related to the elucidation and characterization of the major structural
requirements for triplex-specific DNA binders are investigations on carboline-based structures (see Fig. 1.4)
by Héléne and coworkers, especially on benzopyridoindole B[e]PI, a y-carboline, and on its structural isomers

BIfIPI and B[g]P! [20].

Generally, a DNA triplex-intercalating ligand should possess a large crescent-shaped aromatic
surface area to optimize the stacking interactions with neighboring base triplets by matching the non-linear
geometry of the base triads [33]. Furthermore, an increased torsional flexibility of an unfused aromatic ring
system with free rotation around a single bond has been found advantageous for an intercalator to
accommodate non-planar base triads, as reported for the triplex-binding naphtylquinoline [34]. Similar effects
were demonstrated for a naphthalene diimide intercalator tethered to a phenyl-based linker construct,
providing additional base stacking interactions with a concomitant stabilizing effect [35]. Likewise, cationic
substituents or side chains attached to the aromatic ring system of a ligand have been shown to significantly
promote binding and triplex stabilization by compensating the negative repulsive charge density within the
triple-stranded complex [36]. Besides, flexible substituents able to occupy and to adapt to a triplex groove
have been shown to also influence the binding mode of an intercalator [37]. In the same way, positively
charged nitrogen heterocycles are advantageous but an interaction is often accompanied by sequence
selective binding due to charge repulsion when intercalating between positively charged third strand

cytosines.

Currently, TFO-based strategies in biotechnological and potential gene therapeutic applications focus
on the specific regulation of gene expression at the transcriptional level [38] including interference with DNA

transcription factors [39,40], site-directed mutagenesis or cleavage [41,42]. The majority of these strategies
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makes use of TFOs to deliver an agent of choice to a specific DNA sequence, stabilizing the formed triple
helical construct and/or enhancing the overall binding affinity [for a review see 43]. As an added advantage,
these agents might also be employed for the chemical modification of DNA, e.g. by photocleavage [for a
review see 44), or as fluorescent sensor signaling a particular structure or sequence. One such agent is
psoralen, a mutagen shown to intercalate and to introduce interstrand crosslinks in duplex DNA upon UV
irradiation in vivo and thereby to induce mutations, that in turn stimulate the gene repair mechanisms to
ensure genomic stability [45,46]. Surprisingly, even 3'-protected TFOs without photoactivated or covalently
attached psoralen are reported to increase the frequency of mutations at specific genomic sites in somatic
cells of mice and provide the first evidence for a triplex strategy in vivo [47]. However, the relatively low
mutation frequency due to several highly developed repair mechanisms in eukaryotes led to the strategy of
radionuclides (e.g. %) as DNA damaging agents to induce complex lesions (e.g. double-strand breaks) that
are repaired with lower fidelity [48]. There are even efforts to elucidate the various transport mechanisms and
cellular binding factors of TFOs upon cellular uptake and their conjugation to a nuclear localization sequence
peptide (NLS) to enhance the delivery of TFOs into the nucleus [for a review see 49]. So far, there are strong
indications that TFO-mediated targeted gene repair involves the homologous recombination repair pathway
[50]. Another common approach makes use of conjugates with triplex-stabilizing fluorophores (e.g. cyanine
dyes [57]) which exhibit strong fluorescence enhancement upon triplex formation and thus act as sensors for
specific nucleic acid sequences. Recently, DNA methyltransferase-TFO conjugates have been shown to
down-regulate gene expression by specific methylation of targeted CpGs located downstream of the triplex-
forming site [562]. Generally, TFOs represent an attractive tool for the control of gene expression by arresting
transcription through the formation of a non-functional pre-initiation complex [53]. However, the exclusive TFO
binding to purine bases on one strand of the duplex limits effective triplex formation to the presence of
oligopyrimidine -oligopurine sequences which are found to be overrepresented especially in promoter regions

of the human genome [54).

The discovery of new DNA-recognizing lead compounds that already demonstrate pharmacological
potency like antibacterial, antifungal, antitumoral or antiviral activity has shown great promise in recent years.
Among those compounds, natural and synthetic indoloquinolines have attracted much interest due to their

varied pharmacological potential. Indoloquinolines are characterized by an indole and quinoline fused ring
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system with a protonated indole nitrogen under physiological conditions and a less basic quinoline nitrogen.
This class of natural alkaloids is found in the West African climbing shrub Cryptolepis sanguinolenta and their
general spectrum of activity for the treatment of infections and fevers is already established in the traditional
African medicine. We know today, that the plant and its components constitute effective antitumor,

antibacterial, antithrombotic and particularly antimalarial therapeutics [55].

Carboline-based structures

Cryptolepine Neocryptolepine Isocryptolepine Isoneocryptolepine

z (D

Phenyl-substituted Benzo[f]pyridoindole Benzo[g]pyridoindole Benzo[e]pyridoindole
Indolo[3,2b]quinoline

Figure 1.4: Carboline-based structures including the natural cryptolepine and its isomers, the phenyl-substituted indolo[3,2-b]quinoline
(PIQ) and structurally related benzopyridoindoles.

Cryptolepine, the major and most studied indoloquinoline alkaloid belongs to the é-carboline family
and has already been used as a lead compound for the synthesis of novel pharmacologically active
compounds. The naturally occurring isomers, isocryptolepine, a y-carboline, and neocryptolepine, an
a-carboline, are minor alkaloids from the same plant source as cryptolepine. Because of the considerable
interest for these alkaloids, the missing non-natural S-isomer, isoneocryptolepine, was chemically synthesized
recently [56]. Unfortunately, the relationship between their diverse biological activities and their molecular
structure is still uncertain but they are suggested to target or at least to interact with genomic DNA. It is
known, that cryptolepine itself behaves as a DNA intercalator with a strong preference for GC-rich sequences
containing non-alternating CC sites [57]. Also, cryptolepine-TFO conjugates demonstrate enhanced DNA
binding affinities [58]. Its cytotoxic effects were reported to result from interactions with topoisomerase Il and

in general from inhibition of DNA synthesis [59]. The isomer neocryptolepine reacts similarly but less effective
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than its parent compound [60]. Interestingly, both compounds have been shown to preferentially bind triplex
structures over quadruplex and duplex DNA [67]. Given their binding selectivity and their structural similarity
with the well established triplex binder B[e]PI, the indoloquinolines may be considered promising scaffolds for

the development of novel triplex-selective drugs.

Novel derivatives of cryptolepine with an unfused phenyl substituent at the 11-position, namely 4,9-
dimethyl- and 4,9-dimethoxy-11-(4-methyloxycarbonylphenyl)-10H-indolo[3,2-b]quinoline, were synthesized in
the recent past for the first time by a sequential cyclization-electrocyclization reaction of nitriles with
bis(imidoyl) dichlorides [62]. Preliminary UV melting experiments with the 4,9-dimethyl-substituted compound,
representing a benzoannulated 6-carboline, demonstrated increased stability of an intramolecular triplex upon
ligand binding by around 4 °C [62]. Also, both methyl- and methoxy-substituted compounds modified with
cationic aminoalkyl chains to enhance solubility in aqueous solution were evaluated for their biological activity
against 6 human cancer cell lines, exhibiting a significant anticancer activity in vitro [63]. Prompted by their
low water solubility and their poorly defined binding with only moderate triplex thermal stabilizations in the
presence of drug, subsequent efforts were directed to the covalent coupling of the ligand to a TFO. A covalent
linkage to form an oligonucleotide-drug conjugate is expected to significantly enhance the drug binding due to
a more favorable binding entropy and also allows for a 1:1 stoichiometry in a well-defined complex. Moreover,
directed by the sequence-specific binding of the TFO, the drug is guided to a clearly defined binding site
which should enable detailed structural studies of the formed triple-helical complex. Accordingly, Todorovi et
al. reported the covalent attachment of the methyl-substituted derivative by a flexible hydrocarbon linker to
either the 5’- or 3'-end of a 7mer TFO and reported the formation of DNA triplexes of the pyrimidine motif after
mixing the conjugate with a DNA hairpin [64]. In fact, the 5™-linked conjugate showed a noticeable triplex
stabilizing effect of up to 7.5 °C whereas the 3'-linked conjugate was shown to very significantly stabilize a
triplex by up to 22 °C at pH 5.0. Unfortunately, these previous investigations on conjugate binding were
hampered by the low yield of coupling product that did not exceed 10% (< 1 OD), limiting studies to thermal
denaturation experiments. Hence, we focused on an optimization of the coupling reaction between NHS-
activated indoloquinoline and amino-modified oligonucleotide, aiming at increasing the yield of conjugate.
Based on the latter approach, we have recently synthesized a 7mer TFO conjugate tethered to the phenyl-

substituted indolo[3,2-b]quinoline (PIQ) that is able to form and to significantly stabilize triple helical structures
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with a DNA duplex by up to 23 °C. From sequence variations in the target duplex we suggested an
intercalative mode of binding for the polyaromatic ligand at the triplex-duplex junction [65]. Also, considerably
increased yields for the conjugate (>50%) allowed for additional temperature-dependent CD and
fluorescence experiments which supported well-defined interactions of the PIQ moiety with the triple-helical

DNA.

The present thesis aims to broaden our knowledge of the interactions between triplex-selective
ligands and nucleic acids in the context of an antigene strategy. In particular, it should form the basis for a
better rational design and the development of second-generation indoloquinoline-based ligands that promote
triplex formation and/or constitute sensitive probes for this secondary structural motif. This includes a better
understanding concerning the impact of ligand substituent effects, the length and positioning of the linker, the
DNA sequence as well as pH conditions on the ligand binding. Based on our previous results, we decided to
focus on the synthesis of novel PIQ-TFO conjugates with methyl- or methoxy-substituted indoloquinolines
covalently tethered to 5-, 3 -, or internal positions of various TFO sequences by different linker constructs and
to examine their ability to form and stabilize intermolecular triplexes employing different target duplexes and
buffer conditions. By performing various UV melting, fluorescence and circular dichroism (CD) experiments,
the strength, the preferred binding mode and the ligand binding site should be investigated to map the ligand
affinity and selectivity as a function of structural and environmental parameters. Ultimately, a detailed
thermodynamic characterization of the complex formation with the help of calorimetric techniques is desirable
and a prerequisite to fully understand the major driving forces for PIQ binding to a formed triple-helical
structure. Although additional insight into individual molecular interactions is an important complement to
thermodynamic parameters of binding, no X-ray or NMR derived high-resolution structure of a drug
complexed with triple-helical DNA has become available up to now. Thus, NMR structural studies facilitated
by the use of a better defined triplex-drug conjugate and further supported by specific isotope labeling should

also be employed to provide for a detailed high-resolution picture of potential drug-DNA contacts.
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2 General Concepts
2.1 Physicochemical Methods in Nucleic Acids Research

In the past, a variety of physicochemical methods have become available for nucleic acids research and have
nowadays in most cases become standard in the laboratory. In particular, structural aspects of DNA like
alternative secondary structure formation and conformational changes upon ligand interactions are of great
interest. To analyze the formation of ligand-DNA complexes and to clearly understand the interactions driving
this process, investigations must focus on the DNA sequence selectivity and binding energetics of small
organic molecules or drugs and proteins. This chapter briefly summarizes the basic principles and subject-

related characteristics of the analytical techniques applied in the present thesis.

2.1.1 UV-Vis Spectroscopy
Ultraviolet and visible (UV-Vis) absorption spectroscopy is a method which measures the amount of light
absorbed at a defined wavelength. At low concentrations the absorbance is directly related to the
concentration of the absorbing compound as expressed in the Lambert-Beer law: A = e c d [66]. The
equation combines the molar extinction coefficient & (L/mol cm), the path length of the sample cell d (cm) and
the concentration ¢ (mol/L) of the compound. The absorbance and the extinction coefficient of nucleic acids
are most often given at 260 nm and the absorption of a solution with a 1 mL volume is defined as optical

density (OD unit).

Within nucleic acids the electronic properties of the nucleobases allow for absorption of photons at a
wavelength around 260 nm and the amount of absorbed light sensitively depends upon the formation of an
ordered polynucleotide structure. Thus, temperature-dependent UV measurements may provide information
about the thermal stability of a certain nucleic acid secondary structure and likewise about the tendency of
oligonucleotide strands to hybridize. Typically, DNA consists of two separate strands arranged in a double
helix. Upon heating, this double helix will denature or melt, i.e. it separates into single strands (see Fig. 2.1A).
In the native duplex, the organized nucleic acid structure is characterized by a smaller absorption per base
when compared to the unstacked nucleotides in a disordered or denatured state. This so-called
hypochromicity must be attributed to different extinction coefficients of folded and unfolded DNA which arises

from the coupling of electric dipole transition moments when bases stack or pair [67]. The denaturation of
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DNA and the corresponding equilibrium between the native and random coil state can be written as followed:
ds 2 ss1+ ss2. The midpoint of the melting transition is called the melting temperature Tw of a nucleic
acid structure and marks the point where half of the DNA exists in the ordered and the other half in the
unfolded state. Certainly, the melting profiles of nucleic acid structures are significantly influenced by the
buffer conditions (e.g. salt, pH), the DNA concentration, the formed secondary structures and the presence of
binding ligands. In case of triple-helical DNA, where the underlying duplex is mostly more stable than the
formed triplex, the melting profile may involve two separated transitions (see Fig. 2.1B). The inflection point at
lower T, values can be assigned to triplex melting (Tm1) and at higher temperature to the duplex-to-single
strand transition (Tm2). The binding of a ligand to double- or triple-helical nucleic acids can either stabilize or
destabilize the helical structures with respect to the dissociated single strands and this can be conveniently
studied by the UV melting experiments. Depending on the affinity of the ligand towards the triplex, duplex or
single-stranded DNA, the equilibrium between folded and unfolded DNA will be changed, affecting the
measured melting temperature. For this reason, melting experiments can be used to evaluate the strength of

drug-nucleic acid interactions.
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Figure 2.1: Characteristics of temperature-dependent UV melting experiments of (A) a typical DNA duplex and (B) DNA triple helix.

2.1.2 CD Spectroscopy
Circular dichroism (CD) is a spectroscopic technique that is based on the differential absorbance of left- and
right-handed circularly polarized light of a chiral molecule or structure. It is thus only observed at wavelengths

where electronic absorption bands occur [68].
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In DNA, the planar bases responsible for a measurable UV absorbance below 300 nm do not exhibit
an intrinsic CD effect by themselves. However, the required asymmetry is induced by the covalently attached
intrinsically chiral pentose sugar. Additionally, the helical arrangement of DNA strongly adds to the
asymmetric environment of DNA bases [69]. Therefore, CD measurements are the method of choice for
obtaining information on the global secondary structure of nucleic acids, and the CD spectrum can be
qualitatively assigned to one of the structural motifs (e.g. duplex, triplex, quadruplex DNA) [70]. B-DNA is
characterized by a positive CD band around 260-280 nm depending on the exact nucleotide sequence and a
negative CD band around 240 nm. A direct comparison with Z-DNA even allows for a distinct differentiation of
right- and left-handed DNA helices by CD spectroscopy. Even triple-stranded DNA displays significantly
different CD spectral features compared to double-helical B-DNA. The parallel oriented third strand in
Py-Pu-Py sequences is characterized by a large positive CD band at 279 nm and two negative bands at
242 nm and 212 nm, with the latter thought to be characteristic for triplexes [77]. Also, achiral chromophores
interacting with DNA may experience a chiral environment upon binding, resulting in an induced CD effect

(ICD). The observation of an ICD is therefore a valuable indication of drug-DNA interactions.
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Figure 2.2: CD spectra of (curve a) a DNA triple helix, (curve b) hairpin duplex, (curve c) single strand and (curve d) the difference
between triplex and the sum of non-interacting hairpin duplex and single strand [taken from 71].
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2.1.3 Fluorescence Spectroscopy
Fluorescence spectroscopy detects the light emission (fluorescence) after electronic excitation of a
fluorescent moiety, being of lower energy and thus longer wavelength compared to the excitation light [72)].
Certainly, this analytical technique requires either natural fluorophores (intrinsic fluorescence) or alternatively,
non-fluorescent molecules are labeled with an extrinsic fluorophore to track and/or to analyze them.
Unfortunately, the intrinsic fluorescence of natural DNA is only very small. Hence, fluorescence
measurements for detecting nucleic acid structures rely on extrinsic fluorescent probes (e.g. ethidium
bromide) or fluorescent nucleoside analogues (e.g. 2-aminopurine) [72]. Fluorescence spectroscopy can also
be used to monitor the binding process between a fluorescent ligand molecule and a nucleic acid due to
altered fluorescence properties observed upon binding. Note, that the intensity of fluorescence emission of the
bound drug can be either enhanced or quenched. If the ligand-DNA interaction involves a reversible
mechanism and changes in the fluorescence intensity can be correlated to the amount of bound and free
drug, the equilibrium binding constant can be determined for the fluorescent ligand and provide insight into its

DNA binding affinity [73].

+«» 2-Aminopurine - Fluorescent Probe in Nucleic Acids Research

The most commonly used and commercially available fluorescent base analogue in nucleic acid research is
2-aminopurine (2Ap). The analogue of the purine bases adenine and guanine allows for Watson-Crick type
base pair formation with thymine and cytosine in a B-type duplex DNA structure [74-77]. 2-Aminopurine has a
higher fluorescence quantum yield compared to natural nucleobases and, most importantly, the fluorescence
intensity is sensitive to the local environment and quenches upon base stacking [78]. The observed
fluorescence intensity strongly depends on the interactions with nearest neighboring bases and on the
location of the 2Ap in the nucleic acid sequence [79]. Therefore, the base analogue is widely employed as a
site-specific probe of conformational changes in DNA [80-83]. Several DNA-based strategies involve the
monitoring of duplex DNA as well as quadruplex formation via 2-aminopurine, that has been shown to result in
a duplex destabilization of about 2-4 °C upon substitution of a single adenine [75,84]. Certainly, the
substitution of adenine with 2-aminopurine affects the recognition pattern through the modified proton donor

and acceptor functionalities (see Fig. 2.3). A relevant structural difference which does not prevent the
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formation of regular duplex DNA through base-pairing with thymine arises from the relocation of the amino
group in 2Ap facing the minor groove instead of the major groove as shown in Figure 2.3B. But the loss of the
hydrogen bond donor in the major groove of the duplex DNA has obviously a dramatic effect for the

Hoogsteen binding of third strands in parallel and antiparallel triplexes (see Fig. 2.3C).
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Figure 2.3: (A) Proton donor and acceptor sites in adenine and 2-aminopurine and (B) hydrogen bond pattern in Watson-Crick and (C)
Hoogsteen hydrogen bonds.

2.1.4 Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) is the only analytical technique that allows for the direct determination of

the binding enthalpy AH* for any macromolecule-ligand interaction [85,86].

Typically, an ITC experiment directly measures the heat absorbed or released upon interaction of two
binding partners at a fixed temperature and at constant pressure. Normally, a ligand is injected in aliquots to
the macromolecule in the sample cell, but in the reversed ITC procedure titrand and titrate can also be

reversed. Integration of the raw data (heat bursts) and the model-dependent fitting of the binding isotherm

15



16

2 General Concepts

yields the binding enthalpy AH®, the stoichiometry of binding partners n and the binding constant K. To
complete the thermodynamic profile, the free energy AG ° and the entropy AS ° of binding are calculated from

the determined binding constant and binding enthalpy (see Experimental Part 5.2.8).

Another valuable technique is the excess-site method which directly measures the binding enthalpy
without resorting to binding models or fitting procedures [87]. The approach is based on a titration under
conditions where the added ligand completely binds to the host molecule being present in large excess. This

yields a constant value of heat per injection and directly AH° when divided by added moles of ligand.

2.1.5 NMR Spectroscopy of Nucleic Acids
Besides the typical double-helical DNA, alternative hydrogen bonding arrangements resulting in three- and
four-stranded structures can be characterized by multi-dimensional NMR techniques [6,88]. However, the
spectral complexity of large nucleic acids and/or multi-stranded structures is often the limiting factor for a

complete assignment of resonances and for a high-resolution NMR structure determination.

NMR structural studies of nucleic acids mostly rely on the characteristic chemical shift of
exchangeable and non-exchangeable protons in the nucleotides and in their NOE-derived intra- and
internucleotide proton-proton distances [89,90]. Especially, NOESY connectivities provide spatial information
of neighboring residues and thus enable a sequential assignment. Moreover, the spin-coupled sugar and base
protons within each residue can be identified by COSY spectra and their assignment verified by TOCSY
spectra showing crosspeaks among all protons within a particular spin system. Since hydrogen bonding
between nucleobases constitutes a direct probe for the secondary structure formation in B-type and other
multi-stranded DNA, the assignment of the exchangeable imino and amino protons and their connectivities is
essential. The approach utilizes NOESY spectra acquired in 90% H».0/10% D-O to observe exchangeable
protons under conditions of slow exchange with the solvent on the NMR timescale. Usually, the assignment of
non-exchangeable protons employs experiments performed in 100% D.O to avoid additional solvent

suppression techniques for the huge water signal.

The assignment strategy for triple-helical DNA of the pyrimidine motif can be adopted from double-

helical B-DNA provided that a B-type helix with C2'-endo sugar conformation and anti-glycosidic torsion
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angles is present. Additional signals result from nucleotides of the third strand binding in the major groove and
forming Hoogsteen hydrogen bonds to the purine-rich strand of the target duplex. As already discussed in
former paragraphs, the formation of stable Hoogsteen hydrogen bonds within pyrimidine-type triplexes

requires a low pH that in general also slows down the exchange rate of exchangeable protons.

Also, 3P chemical shifts are particularly valuable in NMR of nucleic acids as they provide additional
information about the phosphodiester backbone conformation between the nucleotide residues. But a full
assignment of the backbone phosphorous atoms depends on the assignment of critical sugar protons in close

proximity along the backbone scalar coupled to 3'P.

The utility of 13C and "N nuclei is limited due to their low natural abundance and low sensitivity. But
as these nuclei occupy central positions in nucleotides, the effort of isotope enrichment and in particular of
specific labeling proved to be very useful for the NMR structural analysis of large complexes with severe
signal overlap, often simplifying the nucleic acid assignment procedure. Assignments based on scalar
couplings to the heteronuclei can be performed through heteronuclear correlation experiments (e.g. HSQC,
HMBC). Furthermore, technical developments allow triple-resonance experiments of isotope enriched nucleic
acid molecules with the direct and indirect detection of 'H, "*C and N, while sensitivity has been greatly

enhanced by the introduction of the cryoprobe technology.

In the following, some of the employed pulse sequences that in most cases have been modified to satisfy

the needs of NMR experiments on ®N- and 3C-labeled nucleic acids are presented.

% Solvent Suppression

Typically, proton observation in nucleic acids is performed in H,O, which makes certain suppression
techniques for the intense water signal essential. Sample preparation in D,O minimizes the large proton signal
of water but the labile protons like NH or NH. will exchange with the deuterated solvent and are not detectable
anymore. Hence, various water suppression techniques such as simple presaturation, WATERGATE or
Excitation Sculpting have to be applied [97]. Figure 2.4 illustrates a typical 1D proton pulse sequence with a
W5 element to suppress the strong water resonance very efficiently [92]. This doubled WATERGATE

(WATER suppression by GrAdient Tailored Excitation) sequence is also called Excitation Sculpting. It has

17



18

2 General Concepts

advantages in the elimination of baseline distortions and phase problems. The 1D experiment presented in
Figure 2.4 is sligthly modified by the introduction of a >N decoupling scheme during acquisition to eliminate

the ®N-'H scalar coupling (J1 = 90 Hz), e.g. for the imino protons of labeled nucleotides.

GRS (AT T
field gradients Q ()02 92

Figure 2.4: Pulse sequence of the 1D 'H NMR experiment with Excitation Sculpting for water suppression.

+¢+ 2D and 3D NMR Experiments for *N-,13C-labeled DNA

The NOESY (Nuclear Overhauser Enhancement SpectroscopY) spectrum maps through-space (dipolar
coupling) interactions of nuclear spins that give rise to the nuclear Overhauser effect (NOE) [93,94]. As the
intensity of the NOE crosspeak is proportional to r¢, distance information can be extracted from the observed
crosspeak intensity if there is spatial proximity (distance smaller than 5 A) between mutually dipolar coupled
protons. As shown in Figure 2.5A, the pulse sequence starts with a 90° pulse followed by an evolution time t1.
The systematic incrementation of the delay t1 provides the chemical shift information in F1 after Fourier
transformation. Another 90° pulse followed by a mixing period allows the exchange of magnetization
(polarization transfer) through chemical exchange or relaxation processes (dipole-dipole mechanism) known
as NOE. A final 90° reading pulse is followed by the acquisition period. The correlation of dipolar coupled
protons is indicated by the observation of crosspeaks in the final Fourier-transformed 2D spectra. Again, the
schemes in Figure 2.5 allow for heteronuclear decoupling in both frequency domains suitable for >N and 3C
labeled oligonucleotides. The NOESY experiment is an important tool for conformational studies of unlabeled
and labeled nucleic acids and enables the sequential assignment of DNA protons through crosspeaks
observed between imino and imino, imino and amino, imino and non-exchangeable as well as among non-

exchangeable protons. Additionally, information on base pairing and hydrogen bonding can be extracted.
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Figure 2.5: Pulse sequence of a 2D NOESY experiment in (A) D20 and in (B) H20 using a flip-back and WATERGATE pulse (with
selective pulses on water) for solvent suppression.

The ROESY (Rotating-frame Overhauser Effect SpectroscopY) sequence detects homonuclear NOE
effects under spin-locked conditions [95]. The spin-lock period is the mixing time where spin exchange occurs
among spin-locked magnetization components of different nuclei. The spin-lock as illustrated in Figure 2.6
consists of 180x-180.« pulses and uses the WATERGATE (with W3 elements) sequence for water
suppression. Depending on the particular sample the introduction of a ®N or 3C decoupling scheme is
essential. Contrary to the 2D NOESY experiment where the observed NOE is positive for small molecules,
negative for large molecules and close to zero for medium-sized molecules, the NOE in the rotating frame is
always positive. In particular, the discrimination of crosspeaks originating from NOE and chemical exchange is
of considerable importance for the structure elucidation of nucleic acid complexes. Unfortunately, the
observation of DNA imino protons in H,O requires the carrier frequency to be set to the water resonance for
effective solvent suppression but the observation of potential imino-imino chemical exchange crosspeaks in
the spectral range between 10-15 ppm and thus associated with large offsets is limited by the strength of the

spin-lock pulse. Therefore, a modified version of the pulse sequence was applied, the off-resonance ROESY
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block [96] which is based on the use of a spin-lock pulse shifted some kHz off-resonance from the center of
the spectrum with a change in the transmitter frequency (FQ) during the NMR experiment. The frequency is
reset after the spin-lock period on-resonance to water to allow the application of conventional water

suppression techniques before detection.

R 1
FQ FQ
. dec
optional 5N/ 13C ﬂ I
field gradients ﬂ n
g1 92

Figure 2.6: Pulse sequence of a 2D ROESY experiment using a WATERGATE pulse (W3 element) for water suppression.

The basic 2D HSQC (Heteronuclear Single Quantum Coherence) experiment results in a
2-dimensional spectrum which correlates the '™H chemical shift with the chemical shift of a scalar coupled
heteronucleus (e.g. 13C, '5N) [97]. The possibility to increase the resolution of two overlapped proton signals
by the addition of a second frequency dimension due to the heteronucleus is clearly advantageous. Moreover,
in case of a specifically "®N-,'3C-labeled sample the experiment can serve as a filter, e.g. for protons scalar
coupled to BN nuclei (NH, NH), and thus simplifies NMR spectra of large biomolecules by reducing the
problem of signal overlap. To interpret the HSQC spectra and thus correlate the specific NMR crosspeaks to a
particular residue (e.g. nucleotide), the proton chemical shifts should have been partially assigned from

2D homonuclear correlation experiments.

The 2D HSQC displayed in Figure 2.7 consists of an initial polarization transfer step from the
sensitive 'H to the insensitive N spins. During t1 the N magnetization evolves whereas the 'H-"®N coupling
is refocused by a 180° pulse on protons at the center of this period. Additionally, the use of a specifically
5N-,13C-labeled sample requires an 180° adiabatic shaped pulse on 3C to refocus the ¥C-15N scalar coupling
during t1 evolution. Subsequently, the heteronuclear 1SN magnetization is transferred back to 'H
magnetization for detection in the presence of heteronuclear decoupling. For the detection of exchangeable

protons such as iminos or aminos, a water suppression technique has to be applied. A water flip-back element
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preceding the basic HSQC provides for a further sensitivity gain for the labile NH and NH2 groups while
avoiding saturation of the water magnetization. Prior to the detection period, the water signal is sufficiently

suppressed by selective 90° pulses within a WATERGATE sequence.
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Figure 2.7: Pulse sequence of the 2D 'H-1"N HSQC experiment using a water flip-back and WATERGATE pulse (with selective pulses
on water) for water suppression.

The 5N-edited 3D NOESY-HSQC displayed in Figure 2.8 is a combination of 'H-'H NOESY and
H-15N HSQC [98]. Besides, the implemented HSQC sequence can be utilized as a filter in a 2D version of the
experiment enabling the detection of NOESY crosspeaks solely arising from protons directly bound to N
nuclei. Such an NMR spectrum reduced to the vicinity of the *N-labeled sites in the biomolecule allows a very

straightforward investigation of local changes, e.g. through ligand binding.
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Figure 2.8: Pulse sequence of the "*N-edited 3D NOESY-HSQC experiment.
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3 Results and Discussion

3.1 Synthesis of the Indoloquinoline-TFO Conjugates
The present studies focus on two phenyl-substituted indolo[3,2-b]quinoline (PIQ) derivatives, the 4,9-dimethyl-
and the 4,9-dimethoxy-11-(4-methyloxycarbonylphenyl)-10H-indolo[3,2-b]quinoline (see Fig. 3.1). They were
prepared according to previously published procedures [62] and are characterized by a tetracyclic
indoloquinoline carrying an additional unfused phenyl ring and substituted by either two methyl or methoxy
groups at the indole C7 as well as the quinoline C8. The two different substitutions are distinguished in the

following by a (R1 = -CHs) and b (R1 =-OCHs).

3.1.1 Chemical Activation of the Indoloquinoline Derivatives
The following synthesis scheme for the preparation of compounds 1-3, differing in their para-carbonyl

functionality of the unfused phenyl ring was applied for both indoloquinoline derivatives.

Because the methyl ester in the starting compounds does not provide for a highly reactive functional
group for the efficient attachment to an oligonucleotide, the ester derivative 1 was initially hydrolyzed and
activated. Methanol in the methyl ester was cleaved off by alkaline hydrolysis (saponification) at 85 °C and

product 2 was isolated by precipitation of the free acid after acidification with 10% HCI followed by a final

filtration.
a:Ry=-CH;
b: R1 = 'OCH3

Figure 3.1: Synthesis scheme of 4,9-dimethyl- (3a) and 4,9-dimethoxy-substituted (3b) 11-(4-succinimido-carboxyphenyl)-10H-
indolo[3,2-b]quinoline. Reagents: (/) 2 N NaOH, 10% HCI; (i) N-hydroxysuccinimide, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride, DMF.
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After hydrolysis, the carboxylic acid 2 was activated through the formation of an NHS-ester 3. The
carbonyl carbon of an NHS-ester has increased electrophilicity, thus facilitating a nucleophilic attack by an
amine nucleophile. The methyl-substituted indoloquinoline intermediates were prepared in good yields of
about 72% for 2a and 93% for 3a, respectively. Likewise, the methoxy-substituted indoloquinolines were
prepared with yields of 76% for the carboxylic acid functionalized derivative 2b and 96% for the NHS-ester

derivative 3b.

3.1.2 Formation and Characterization of Indoloquinoline-TFO Conjugates
Since primary amine nucleophiles easily attack NHS-esters in a nucleophilic substitution reaction, one
strategy to functionalize an oligonucleotide is the covalent attachment of a linker construct containing a
primary amine. All PIQ-TFO conjugates were synthesized by coupling the NHS-activated indoloquinolines to
the various aminoalkyl-functionalized triplex-forming oligonucleotides. This led to the formation of an amide

bond and the release of N-hydroxysuccinimide.

In the present study, we have covalently tethered methyl- or methoxy-substituted indoloquinoline
derivatives 3a and 3b to 5-terminal, 3’-terminal or internal sites of the TFO with different linkers. The four TFO
sequences termed S, A, N and E only differ in their two 5-located nucleotides and are able to form pyrimidine-
type triplexes with their complementary duplex structures. Figure 3.2 illustrates the basic principles employed
in the conjugate’s nomenclature which must differentiate between various linker constructs and their position
within the oligonucleotide. The capital letter refers to the sequence of the triplex-forming oligonucleotide. The
first number indicates the position of the attached linker starting from the TFO 5-end. The internal attachment
located at the seventh nucleotide position was accomplished by introducing the linker at C5 of the thymine
base. The second number denotes the number of carbon atoms within the linker and consequently the linker
length. Note, however, that the 3’-attached C7 linker refers to a branched alkyl chain and due to its effective
length rather corresponds to a C6 linker construct. As an example, the conjugate named S16a contains the
TFO sequence 5-TTCTCCTTT (8), the ligand is covalently attached to the TFO at its 5’-terminus (1) through

a C6 linker (6) and bears methyl substituents at the indoloquinoline (a).
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Nomenclature of PIQ-TFO Conjugates
Linker Constructs: Indoloquinoline Analog (PIQ):

attachment at the 5-end:
S16a (R =PIQa)

Af6a(R=Pl0a) R~ -~ _~_O.
N16a (R = PIQa) N o
E16a(R =PIQa) O TUTFO-3
$16b (R= PIQb)

a: R1= 'CH3

b: R1= 'OCH3

attachment at the 3-end:

s97a(R=Pla) 2 TFOg O

H
$97b (R= PIQb) O/,P\O/j/\/\/N\R TFO Sequence Variants:
HO 80 5-TTC TCCTTT
$9%a(R=PlQa) ~ 5-TFO., O A0 5- CCC TCCTTT
</
o~ R NO 5- TCC TCCTTT
o]
H E0 5- CTC TCCTTT
attachment at the interior: 5-TTCTCC XTTT o o
HN AN N/(CH2)n\N/R
5-TFO.. O | H H
O. 7/ )\
P 9N
0
S72a(n =2, R = PIQa) 0
S76a(n =6, R =PlQa) ?
O=P-O
O1ro. 3

Figure 3.2: Formation of PIQ-TFO conjugates by the coupling of indoloquincline derivatives 3 with amino-modified TFO sequence
variants at 5'-, 3- or internal positions. Coupling conditions: DMF, H20, phosphate buffer (pH 8.2).

For the coupling, an excess of the activated compound 3a or b was dissolved in a small volume of
DMF and added to about 5 OD of the oligonucleotide dissolved in 0.1 M sodium phosphate buffer, pH 8.2,
with the addition of 0.05 M lithium chloride. The reaction as originally described by Todorovi et al. [64] was
modified by the addition of lithium chloride to the reaction buffer in order to increase the modest yields of
products. Lithium chloride is known to be more soluble in polar organic solvents such as methanol and
acetone than sodium or potassium chloride [99]. Certainly, the major problem of this synthesis strategy is the
different solubility of the hydrophobic indoloquinoline and the water soluble oligonucleotide. At the beginning
of the reaction the reactants are separated between two phases but become a one-phase mixture as the
reaction proceeds, depending on the solubility and reactivity of each indoloquinoline derivative. As already
assumed, the methyl-substituted PIQa is more hydrophobic compared to the methoxy-substituted PIQb with
its additional oxygen atoms capable to act as hydrogen bond acceptors with their two lone pairs of electrons.

In the coupling reaction with PIQb an increased NHS-ester hydrolysis was observed and the formed acid
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hampered the conjugate formation. This was counteracted by the step-wise addition of additional NHS-ester.
Because the formed PIQ-TFO conjugates are highly soluble in water, other solubility-enhancing co-solvents
like DMSO as required with the free indoloquinoline could be omitted for subsequent studies in aqueous

buffer.

Ultimately, all reaction mixtures were applied to HPLC using a reverse phase column in order to
separate unreacted TFO from conjugate. The polarity of the hydrophilic aqueous solvent used as mobile
phase was gradually decreased by adding acetonitrile. This resulted in the initial elution of all polar
components (i.e. salts). Oligonucleotides with their negatively charged phosphates are also highly polar
making their separation by this method impossible without further additives. Therefore, the elution buffer
contains additional hydrophobic triethylammonium counterions. The different components, i.e. unreacted
NHS-ester, free amino-modified oligonucleotide and PIQ-TFO conjugate were distinguished by their
characteristic absorbance at different wavelengths and by their different retention times on the reverse phase
column. Whereas the free drug and the formed conjugate show absorbance at all four wavelengths employed
(260 nm, 281 nm, 347 nm, 407 nm), the unreacted TFO only absorbs light in the typical DNA absorption
region at 260 nm and 281 nm. Finally, the conjugate and free drug were differentiated based on the ratio of
their absorbance at 260 nm and 347 nm that amounts to 3:1 for free drug and around 6:1 for the conjugate.
Thus, the conjugate fraction can unambiguously be identified by the added absorbance of the DNA moiety to
the drug’s absorbance at 260 nm. HPLC profiles with the conjugates of PIQa showed distinct peaks for the
unreacted TFO eluted after 12 minutes, the PIQ-TFO conjugates at around 25-27 minutes and the free drug
that is washed off from the column after 29 minutes. Unfortunately, the well established separation was not
directly transferrable to PIQb as a result of the increased water solubility of the free drug. The excess of NHS-
ester 3b used during synthesis could not be sufficiently removed with simple water/dichloromethane extraction
and caused altered elution properties. Additional peaks at a retention time of 26-29 minutes hampered the
whole separation process and were assigned to the NHS-ester 3b and its hydrolyzed acidic form 2b. The
conjugate, eluted after 25 minutes, could only be separated in a very time-consuming process because the

analytical HPLC had to be loaded with even smaller amounts of the synthesis product mixture.

Generally, the synthesis of 5’-conjugates gave yields up to 70% whereas the 3'-attachment reaches

only 40% (see Tab. 3.1). As the linker construct S97 exhibits an additional hydroxyl group, a possible steric
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influence during the coupling reaction may be assumed. Compared to PIQa, conjugate formation with PIQb
provides for less product. Furthermore, an internal linker construct (S76a) lacks efficient coupling reactivity
and is further deteriorated when shortened as in S72a. The yields are generally reduced by 50% with
shortening of the linker from C6/7 to C3/2 (S76a to S72a, $97a to S93a). This effect must be due to steric
hindrance during the coupling reaction. As expected, the coupling is hardly influenced by the TFO sequence

as shown with conjugates S16a, A16a, N16a and E16a but strongly depends on the linker and its positioning.

Table 3.1: Molar extinction coefficients, synthesis yields and mass spectral data for the various PIQ-TFO conjugates.

_— £260nm average yield MS (m/z)
[M1 cm] [%] found caled
5'- attachment to the TFO
S16a 97618 70.8 3158.7 3156.6
A16a 95118 62.8 3126.2 3126.6
N16a 96718 59.8 31413 31416
E16a 96018 62.7 31417 31416
S16b 94720 54.6 3188.8 3188.6
3- attachment to the TFO
S93a 97618 22.8 3116.2 3114.6
S97a 97618 44.3 3188.8 3186.6
S97b 94720 36.9 3218.2 32186
attachment at the interior:
S72a 97618 19.9 3077.2 3077.6
S76a 97618 36.7 31322 3131.8

All PIQ-TFO conjugates were analyzed by Maldi-TOF mass spectrometry and are in full agreement
with the calculated masses (see Tab. 3.1). The concentrations had to be estimated based on the determined
extinction coefficient of the free carboxylic acid functionalized derivatives 2a (26,818 M' cm') and 2b
(23,920 M-' cm) at 260 nm in water with 6% DMSO and on the extinction coefficient of the free
oligonucleotide calculated by a nearest neighbor model of Tataurov et al. [100]. To a first approximation the

sum represents the extinction coefficient of the corresponding conjugate and is also presented in Table 3.1.
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3.2 Triple Helical Constructs
Results already published on a 7mer TFO and various hairpin duplex constructs showed, that the triplex
strategy with PIQ-TFO conjugates is a promising approach to stabilize triplexes [65]. In an attempt to limit the
size of the triplex but to nevertheless allow for the formation of a stable pyrimidine triplex at pH 6.0 close to
physiological conditions, we employed a 9mer TFO sequence targeted against a 15mer DNA duplex. Yields of
conjugated product during the coupling reaction benefit from using shorter oligonucleotides due to less side
reactions. The homopyrimidine TFO binds the homopurine tract of the duplex in a parallel orientation with the
formation of T-AT and C*-GC base triplets. The two all-CG duplex overhangs on either side of the formed
triplex strongly stabilize the underlying duplex and clearly separate the onset of triplex and high-temperature
duplex denaturation. In addition to their effects on triplex stability [701], 3- and 5-overhang sequences
provide for triplex-duplex junctions that are known to constitute a strong binding site for many intercalators
[102,1083]. Furthermore, the stability of triplexes in the pyrimidine motif strongly depends on the positioning of
the protonated cytosine bases within the third strand. The TFO sequence modifications as discussed earlier
are expected to influence the thermal stability of the overall triple-helical structure and the conjugate binding
through different charge distributions. It is reported, that cytosines in a central position of the triplex are
protonated even at neutral pH but the protonation is disfavored for adjacent cytosines or cytosines at the

triplex termini [104].

Table 3.2 shows the investigated TFO sequences and their corresponding target duplexes. The
duplex sequences are termed D1-4 depending on the base sequence in the triplex stem as a result of the
altered TFO sequence. D1s refers to a shortened duplex overhang compared to D1 and was introduced to
better cope with requirements of an NMR structure elucidation. DNA sequence variations only concerning the
duplex overhang at the 5'-triplex-duplex junction as shown for construct D4 are differentiated by an added
capital letter denoting the changed nucleotide in the purine-rich strand. The non-natural 2-aminopurine (2Ap)
base was inserted in sequence D4A, separately exchanging two neighboring adenine nucleotides at the
5'-triplex-duplex junction for the fluorescent base surrogate to give D4at with the 2Ap located in the terminal
base triad and D4ad with 2Ap in the duplex overhang. Furthermore, the nomenclature of the formed triplexes
and conjugate complexes follows the duplex terminology by just exchanging the capital D (Duplex) for T

(Triplex). Additionally, the designation of the conjugate complexes is complemented by the already
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established PIQ-TFO nomenclature (see Fig. 3.2). Table 3.2 summarizes all conjugate complexes derived

from a particular triplex construct.

Table 3.2: TFO sequences, their corresponding target duplexes and the formed triplexes and conjugate complexes.

TFO target duplex triplex conjugate
construct complex
S0 5-TTCTCCTTT D1 5-CGC AAGAGG AAACGC T1 T1-S16a
3-GCG TTCTCC TTT GCG T1-S16b
T1-S97a
T1-S97b
T1-S93a
T1-S72a
T1-S76a
D1s 5-GC AAGAGG AAAC Tis T1s-S16a
J-CGTTCTCCTTTG
A0 5-CCCTCCTTT D2 5-CGC GGG AGG AAACGC T2 T2-A16a
3-GCG CCC TCC TTT GCG
EO0 5-CTCTCCTTT D3 5-CGC GAG AGG AAACGC T3 T3-E16a
3-GCG CTC TCC TTTGCG
NO 5-TCC TCCTTT D4 5-CGCAGG AGG AAACGC T4 T4-N16a
3-GCGTCC TCC TTTGCG
D4G 5-CGGAGG AGG AAACGC T4G T4G-N16a
3-GCCTCC TCCTTTGCG
DAT 5-CGTAGG AGG AAACGC T4T T4T-N16a
3-GCATCC TCCTTTGCG
D4A 5-CGA AGG AGG AAACGC T4A T4A-N16a
3-GCTTCC TCCTTTGCG
D4ate 5-CGA AGG AGG AAACGC T4ata T4at-N16a2
3J-GCTTCC TCCTTTGCG
D4ad? 5-CGAAGG AGG AAACGC Tdad? T4ad-N16a?

3-GCTTCC TCC TTT GCG

@ DNA sequences derived from duplex D4A with a single 2-aminopurine modification (marked A).
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3.3 Studies on Triplex Formation and PIQ Binding

3.3.1 Targeting DNA with PIQ-TFO Conjugates
The interaction between a ligand and a specific DNA secondary structure (e.g. duplex, triplex) is most often
characterized by temperature-dependent UV measurements (see part 2.1.1).The melting temperature of the
triplex Tm1 and/or duplex Tmg is @ measure of the thermal stability of the respective DNA structure and may
likely be altered upon ligand binding. Besides, the formation of a specific secondary structural motif can be
qualitatively probed by CD spectroscopy (see part 2.1.2) and the observation of an induced CD effect (ICD) in
the presence of an achiral ligand is a valuable indicator for an interaction in a chiral environment and thus
ligand binding. Finally, the binding process of a fluorescent ligand to nucleic acids can be monitored by
fluorescence spectroscopy (see part 2.1.3) provided that the fluorescence properties of the ligand changes

upon binding.

To study the ability of the different PIQ-TFO conjugates to form and stabilize triplexes, UV-, CD- and
fluorescence spectroscopic studies were performed with the 15mer target duplex D1 and corresponding PIQ-

TFO conjugates.

3.3.1.1 Effect of Polyamines on Triplex Formation
lonic strengths and additives are known to potentially have significant effects on the stability of double- and
triple helical DNA structures by compensating the highly negative charge density of the phosphodiester
backbones [105]. Thus, the polyvalent cation spermine present under physiological conditions has been
shown to considerably stabilize triplexes [16]. To probe its effect on the conjugate binding, two different
cacodylate buffers with and without the addition of 1 mM spermine were prepared and used in initial UV
melting experiments. As expected, Tm1 values for triplexes with the unmodified TFO S0 and conjugate S16a
increased by 8 and 11 °C in the presence of spermine, respectively (see Tab. 3.3). Interestingly, however, as
shown by the difference in AT of 3 °C, triplex thermal stabilization by the PIQ ligand in S16a was further
promoted by spermine. Moreover, the underlying duplex D1 was generally stabilized by around 6 °C upon
addition of spermine irrespective of the TFO or PIQ-TFO conjugate. Thus, a buffer with 1 mM spermine was
therefore employed for its triplex-stabilizing effect for all subsequent measurements, facilitating the analysis of

melting profiles with higher triplex transition temperatures.
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3.3.1.2 Influence of Linker and PIQ Covalent Attachment Site
In order to assess the influence of type and positioning of the PIQ linker in the TFO conjugate on triplex
formation and triplex stability, the duplex T1 was used as target for the following experiments. Typical UV
melting curves of triple helices formed by the duplex with conjugate S16a as well as with unmodified third
strand S0 used as a reference are shown in Figure 3.3A. The results of all measurements are summarized in

Table 3.3.

Table 3.3: Thermal melting data of triplex T1 and corresponding conjugate complexes.

TFO Tm [°C] Tm2[°C] ATmi1[°C] ATm2 [°C] H (%)b
S0 89+04a 58.8 £0.52 - - nd.
17107 65.6 £ 0.57 - - 34
5-attachment to the TFO:
S16a 206 £0.32 59.5£0.22 11.7+£0.5° 0.7+0.53 nd.
31.5+£0.6 65.4 £0.63 14.4£0.92 -02+0.84 37
S16b 309+£0.3 66.2 +£0.26 13.8+0.76 0.6 £0.62 37
3- attachment to the TFO:
S97a 315+£0.2 65.0 £ 0.68 144 +£0.72 -0.6+0.88 31
S97b 294 £0.1 66.3 £ 0.41 123105 0.7+£0.70 29
$93a 295+1.2 65.1£0.15 124 £1.38 -0.5+0.58 20
internal linkage 5- TTCTCCXTTT:
S72a 285+1.2 654 +0.15 11.4+£1.38 -0.2+0.58 24
S76a 185+1.8 65.4 £0.11 14+1.93 0.2+0.58 20

All T values are given as averages with standard deviations from three independent measurements. Error margins of ATm are
calculated using a Gaussian error propagation.

a Without sperminein 0.1 M NaCl, 0.02 M cacodylate, pH 6.0.

b For definition and calculation see Experimental procedures.

n.d. = not determined

Generally, all conjugates formed more stable triplexes compared to the unmodified third strand S0.
At the same time, the second high temperature melting transition around 65.5 °C is independent of the type of
third-strand conjugate as expected from duplex melting into single strands. The highest triplex thermal
stabilization was observed in the presence of third-strand oligonucleotides with the ligand attached to either
the 5- or 3-end. Thus, TFO S16a, S16b, and S97a form triplexes with melting temperatures of around 31 °C,
increasing Tmt by 14 °C compared to the unmodified reference triplex. The other two 3 -modified conjugates
$97b and S93a only show a slightly reduced stability with a AT value of around 12 °C. Most noticeably,
however, oligonucleotide S72a with the ligand attached to the interior also exhibits substantial stabilizing

effects on the triplex with a melting temperature of 28 °C and a AT of 11 °C.
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Whereas a shortening of the linker length in the conjugate in case of a 3'-attachment has only small
effects on the thermal stabilization (compare S97a and S93a with a C6 and C3 linker, respectively), extending
the linker for the internal attachment to thymine C5 by (CH.)s has a dramatic effect on the ligand induced
triplex stabilization and the increase in Tm1 nearly vanishes for conjugate S76a when compared to the
unmodified triplex. Thus, a potential intercalation of the thymine C5 tethered ligand within the triplex interior

seems to be disfavored by an elongated linker with its increased flexibility.
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Figure 3.3: (A) UV melting curves showing a low-temperature triplex-duplex and high temperature duplex-single strand transition for
the cognate duplex in the presence of conjugate S16a and the unmodified TFO S0 in 0.1 M NaCl, 0.02 M cacodylate, 1 mM spermine,
pH 6.0. (B) CD spectra of unmodified TFO (black) and of the TFO conjugates S72a (red) and S76a (green) with added target duplex in
a 1:1 molar ratio at 10 °C.

It has to be noted, however, that in addition to the typical signature of a triple-stranded structure
found in the circular dichroism (CD) spectra on mixtures of the target duplex with the various conjugates at
10 °C, another negative, albeit weak induced CD band centered at the long-wavelength absorbance
maximum of the indoloquinoline at about 380 nm is observed for both internally modified conjugates (see Fig.
3.3B). Such induced CD effects are indicative of ligand binding in an asymmetric environment and based on

their negative sign together with their low intensity suggest a partial intercalative mode of binding even for

conjugate S76a [65,706]. Consequently, differences in triplex thermal stabilizations may not only reflect
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variable stacking interactions within the triplex, but also at least partially arise from a variable extent of ligand

stacking with bases in the dissociated TFO.

The effect of substituents on the triplex stability can be examined by melting data for PIQa and b.
Surprisingly, substituting methyl by methoxy groups has no or only a small effect on triplex stabilization in the
case of ligand attachment at the 5'- and 3'-end, respectively. The two substituents differ in hydrophobicity, and
theoretical calculations on the HF-6-31G* optimized geometries of the two indoloquinoline chromophores also
indicate different dipole moments (3.0 vs. 2.5 D for PIQa and b, respectively). In the case of intercalation,
stacking interactions with nucleic acid bases are expected to be modulated by the different charge distribution.
Also, a different degree of the ring nitrogen protonation in the indoloquinoline structure is likely to have an
impact on the binding affinity for the two ligands. Consequently, the lack of a noticeable influence of the

substituent on binding may also result from partial compensation of different effects.

There have been few comparative studies on the relative triplex stabilization of intercalators coupled
to either a terminal or internal position of the TFO. Except for a strongly triplex-stabilizing benzo[e]pyridoindole
[107) and a benzo[flpyridoquinoxaline [108] attached through an internucleotide pentamethylene and
tetramethylene containing linker in the interior of the TFO, respectively, conjugates with a centrally positioned
ligand seem generally less effective in triplex stabilization compared to conjugates with terminal modifications
[109,710]. In addition to the ligand structure, favorable interactions of internally attached intercalators have
also been found to be particularly sensitive to the type and length of the linker in line with the present data.
Clearly, ligand orientation and thus steric requirements greatly differ in the case of an internucleotide linkage
or a direct coupling to a nucleobase. However, unlike the considerable triplex-stabilizing effects of the
internally modified S72a, UV melting studies reported on benzo[e]- and benzo[g]pyridoindoles similarly
tethered via a flexible linker to the 5-position of a modified 2’-deoxyuridine indicate enhanced third-strand
binding to a target duplex only when located at the 5’-end of the TFO, but no stabilization was observed with
ligands fixed at internal positions [109]. In contrast to previous reports that the highest affinity is obtained by
intercalators attached to the 5-end of the triplex-forming oligonucleotide [171], the present data show only

minor effects on the thermal stabilization from the ligand attachment to either the 5 - or 3 -terminus of the TFO.
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More significant differences are revealed by looking at hyperchromicities for the triplex-to-duplex
transition mainly arising from base stacking interactions also including the ligand chromophore. With the TFO
in excess, a relative triplex hyperchromicity was defined with respect to the sum of triplex-to-duplex and
duplex-to-single strand hyperchromicities to eliminate any additional influence of concentration (see Tab 3.3).
Note, that in all cases triplex and duplex melting transitions are well-separated, but due to baseline effects a
considerable uncertainty has to be taken into account. Nevertheless, the calculated relative triplex
hyperchromicities enable the arrangement of the conjugates into three clearly defined groups: S$16a,b >
S97a,b > §93a, S72a, S76a. With the exclusion of any noticeable effects of the different linker moieties on the
hyperchromicity, these data are consistent with enhanced stacking interactions for a 5 -conjugate compared to
3-conjugates as a result of the structurally different 5- and 3 - triplex-duplex junctions [102,112] and also with
more noticeable structural distortions in the case of a shorter or internal linker. However, persisting stacking of
the ligand especially at an internal position with the bases of the dissociated TFO may again contribute to the

considerable variation in hyperchromicity upon triplex melting.
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Figure 3.4: Fluorescence emission spectra of PIQ-TFO conjugates S16a, S16b, S72a and S76a titrated with the target duplex at
10 °C; addition of duplex to the conjugate (1.7 uM) results in progressively decreased fluorescence.
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Because a triplex bound benzoannulated &-carboline has previously been shown to exhibit a strong
fluorescence enhancement upon triplex melting [65], changes in fluorescence properties of the PIQ
fluorophore were used to monitor DNA-ligand interactions with the conjugates S$16a, S16b, S72a, and S76a.
With an excitation wavelength set to 350 nm for maximum fluorescence emission of all conjugates,
fluorescence of free methoxy-substituted PIQb conjugate S16b was found to be noticeably weaker compared
to the intensities observed with methyl-substituted PIQa conjugates $16a, S72a, and S76a under the same
conditions. In contrast, the methyl-substituted ligands in the free conjugate exhibit only small differences in
their fluorescence quantum yields as expected (see Fig. 3.4). Addition of the target duplex with concomitant
triplex formation induced a modest shift in the emission wavelength but a significant degree of fluorescence
quenching for all conjugates. Thus, a small hypsochromic shift in the emission maximum from 467 to 466 nm
for PIQa and 477 to 473 nm for PIQb must be attributed to the change in the local environment of the ligand
upon triplex formation. Most noticeably, however, $16a, S16b, S72a, and S76a conjugates were quenched by
67%, 75%, 71%, and 44% upon saturation with duplex, respectively. The fluorescence emission intensity of
the indoloquinolines is expected to be influenced by neighboring bases and their solvent accessibility and may
thus be taken as indicator for base-ligand interactions within a formed triple-helical complex. Correspondingly,
indoloquinoline fluorophores in conjugates $16a, $16b, and S72a displaying a high degree of quenching
( 70%) are likely to be in close contact to DNA bases and efficiently screened from the aqueous solvent in
the triple-helical DNA. In contrast, conjugate S76a experiencing a considerably smaller degree of quenching
(44%) suggests weaker DNA-ligand interactions within the triple helix, possibly resulting from hindered
intercalation of the indoloquinoline between base triads in line with the UV melting experiments. However,
without detailed knowledge of the quenching mechanism for these ligands, fluorescence data do not provide

further information in support of a particular binding mode.



3 Results and Discussion

3.3.2 Sequence Selectivity of PIQ-TFO Conjugates
A pharmacologically interesting DNA binding compound should feature some sequence selectivity to avoid
harmful side effects. Yet, a ligand which strongly binds to a target duplex sequence as already demonstrated

for PIQ-TFO conjugates does not necessarily also imply a high sequence selectivity.

To evaluate the sequence selectivity of the PIQ-TFO conjugates in binding to their target duplexes
we focused on TFO sequence variants modified at the 5'-terminus with the PIQ attachment site. Note, that
geometric considerations indicate that the C6 linker length enables the attached PIQ to directly interact from
the major groove up to two base pairs and/or triads next to the covalent attachment site at the 5’-junction.
Considering these structural constraints, it is conceivable that a conjugated indoloquinoline faces the triplex
stem, the triplex-duplex junction or the duplex overhang. Therefore, DNA sequence modifications (marked X,
see Fig. 3.5) were limited to the section one base pair in front (-7) and two base triads after (+1, +2) the
5'-triplex-duplex junction including nucleotides in the duplex as well as in the TFO. The observation of
sequence selective binding of the PIQ-TFO conjugates may enable conclusions about the preferred binding

site and binding mode of the covalently attached indologuinoline moiety.

triplex-duplex
junction
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5-PIQ- XX C TCC TTT
5-CGX XX G AGG AAA
3-GCX XXC TCC TTT
4 +1+42
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duplex triplex stem
overhang

CGC
GCG

Figure 3.5: Designation of the triplex modification sites based on the positioning of the covalently attached indoloquinoline PIQ with
respect to the triplex-duplex junction.
3.3.2.1 Influence of Target Sequence on Triplex Formation

In an attempt to better characterize sequence dependent effects in the triplex formation upon conjugate
binding, the following investigations make use of four TFO sequence variants with thymine to cytosine
nucleotide substitutions in positions +1 and +2 of the TFO. Note, that the nucleotide exchange in the TFOs
requires corresponding modifications for the complementary target duplexes D1-4. The triplex construct T1
has two adjacent T-AT triads at position +7 and +2, whereas both of these T-AT triads have been replaced by

two C*-GC triads in its counterpart T2. Sequence T3 features a 5-terminal C*-GC (+7) followed by a
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T-AT (+2) base triplet and the modification in triplex T4 finally uses the reversed 5-TC TFO sequence for
positions +1 and +2 (see part 3.2). All sequence dependent measurements were performed in a buffer system
at pH 6.0. As shown in Table 3.4, the thermal stabilities of the unmodified triplexes decrease from 18.9 °C
(T3) to 17.1 °C (T1) and indicate a considerable destabilization for triplex T4 (9.4 °C) and T2 (8.6 °C). These
data demonstrate that neither the higher amount of cytosines in the TFO sequences nor the presence of a
terminal C*-GC triad in T2 and T3 is solely responsible for this Tw1 trend. Instead, a major effect rather results
from adjacent cytosines in the TFO which apparently act in destabilizing triplexes T2 and T4. In sharp contrast
to the corresponding triplex melting, the duplex melting point increases with a higher GC base pair content
resulting in the lowest value for target duplex D1 (65.6 °C) and the highest value for D2 (70.3 °C) as
expected. The two sequences with equal GC content, D3 and D4, display similar duplex melting temperatures
of 68.4 and 67.4 °C, respectively. This is also true for the PIQ-TFO conjugate complexes where the melting
behavior of the duplexes remains essentially unaffected by the preceding conjugate dissociation. However,
although stabilized through PIQ interactions in all cases, a change in the order of triplex thermal stability for
the PIQ-conjugated triplexes clearly demonstrate a sequence dependent indoloquinoline binding. Different
strengths of PIQ interactions are most noticeable on comparing the unmodified reference triplexes showing
similar Tt values. Thus, triplex melting temperatures of around 18 °C (T1, T3) and 9°C (T2, T4) change to
yield significant variations in the corresponding PIQ-TFO conjugate complexes. For the respective triplex pairs
any temperature dependence of the association constant can be neglected and the effect on AT can be
directly related to the sequence dependent PIQ binding affinity. As illustrated in Figure 3.6, the ligand
stabilization as expressed in AT amounts to 14.4 °C for complex T1-S16a and to only 4.1 °C for T3-E16a.
A similarly large difference is also observed between T4-N16a (14.7 °C) and triplex T2-A16a (7.1 °C) (see
Tab. 3.5). Obviously, the thermal stabilization generated through PIQ binding strongly depends on the 5'-
terminal base triad suggesting a PIQ binding preference for an uncharged thymine at this position. On the
other hand, a cytosine located at the 5'-terminus of the TFO is expected to be partially charged at pH 6.0
especially if there is a thymine at the adjacent position within the TFO sequence as in T3-E16a. Adjacent
cytosines as in triplex T2-A16a were shown to have a lowered pK, value and thus expected to be less
protonated at pH 6 [104]. The observed trend in stability is completely compatible with charge-charge

repulsion between a protonated ligand and protonated third strand cytosines as described for several triplex-
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binding ligands [for a review see 18]. In fact, an apparent pK. of 6.2 was determined for a non-conjugated and
soluble methyl-substituted PIQ derivative bound to triplex DNA, suggesting partial protonation under the
present buffer conditions [174]. As the degree of cytosine protonation influences the PIQ-DNA interaction, a
charged or at least partially charged indoloquinoline at pH 6.0 may suggest a direct protonation of the ligand

as a major contributor to triplex-specific binding.

Figure 3.6: ATm1 values for the dissociation of the various PIQ-TFO conjugates from the corresponding target duplexes at pH 6.0.

Disregarding indirect effects of adjacent cytosines, there is no noticeable influence on the PIQ
stabilization by the second base triad, making a PIQ intercalation in the triplex stem unlikely. If we assume,
that inevitably there will be repulsion between a protonated ligand and protonated third strand cytosines, a
C*-GC triad at position +2 should be considerably destabilizing if the ligand intercalates between the first and
second base triplet. However, T4-N16a did not show such an effect. A potential intercalation within the duplex
overhang can mostly be excluded based on the dramatic changes in triplex stability accompanied by
sequence variations in the triple helical part of the DNA. Nevertheless, if the PIQ intercalates at the triplex-
duplex junction and is able to discriminate between C*-GC and T-AT triads present at the junction, then the
influence of the adjacent base pair should also be investigated. Furthermore, pH-dependent measurements
as described in the following could provide evidence that the sequence selective binding of PIQ can be

attributed to charge repulsion between the protonated ligand and the terminal cytosine in the third strand.
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3.3.2.2 Influence of Duplex Overhang on Triplex Formation
Based on the former UV melting experiments, showing that conjugate N16a formed the most stable triplex
construct, corresponding triple helical sequences with a different duplex overhang were employed for further
studies on the sequence selective conjugate binding. The already established target duplex sequence was
modified by the exchange of the base pair located at the -7 position next to the 5'-terminal base triad. All four
possible base pair combinations were investigated (see part 3.2). UV melting experiments at pH 6.0 with
unmodified reference constructs and conjugate N16a were performed to assess the influence of the present
triplex-duplex junction on PIQ binding (see Tab. 3.4 and 3.5). As expected, the overall duplex stability is again
associated with the amount of GC base pairs and therefore D4 and D4G display duplex melting points 2-4 °C
higher compared to D4T and D4A. Interestingly, the triplex stability of all four reference constructs involving
the same TFO (NO) demonstrates a similar Tr1 of around 9.5 °C except for T4T exhibiting a small increase by
1.5 °C. The degree of stabilization experienced in all PIQ-TFO complexes through conjugate N16a is about
14 °C and shows no binding selectivity for a particular base pair in the duplex overhang sequence at the
triplex-duplex junction (see Fig. 3.7). This corroborates the finding, that the sequence selectivity is primarily
guided by the absence or presence of charge repulsion with the positively charged indoloquinoline. It has to
be noted, however, that these data neither exclude that the duplex overhang is targeted by the indoloquinoline
nor can be directly related to the intercalative binding mode of the indoloquincline. Also, former experiments at
pH 5.0 where the indoloquinoline and the third strand cytosines are expected to be fully protonated indicated

no sequence specific interaction with different base pairs, however in this case at the 3'-triplex-duplex junction
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Figure 3.7: ATm1 values for the dissociation of PIQ-TFO conjugate N16a from the modified target duplexes at pH 6.0.
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3 Results and Discussion

Table 3.5: Influence of PIQ binding (ATm) on the thermal stability of the various triplexes.

triplex pH 5.0 pH 5.25 pH 5.55 pH 5.65 pH5.75 pH 5.85 pH 6.0 pH 6.25 pH 6.5
songhrst TFO  ATw  ATme  ATwi ATz AT ATme ATwt ATw2 ATt ATm2 ATt ATme ATt ATma ATm ATz ATwt AT
[°C] [°C] [°C] [°C] [°C] [°Cl [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C]
T S16a  19.6° 22.3b 18.00 173 08 144 02 120 02 89 03
+2.14 i +162 i +2.39 i i i +116  +077 i i +093 +084 +151 +056 +306 +0.64
S16b 15.9 04 138 06 19 07 9.0 0.1
) i i i i i i i +150 +042 i i +083 +062 +145 +138 +334 +050
T2 A16a 43 A3 12.3 09 134¢ 0% 139 15 7.5 0.3 7.4 05
i i +087 +066 +109 +198 +201  +091 +111  +052 i i i i
T3 E16a 8.9 05 9.9 0.6 8.0 15 93 0.3 7.1 03 41 0.1 2.8 1.0
i i +131  £104 +078 +095 068 +112 +098 +073 £035 +053 +£123 +118 +088 +0.89 i i
T4 N16a 147 01
) i i i i i i i i i i i +015 +0.78 i i i i
TAT N16a 149 03
) i i i i i i i i i i i +093 +043 i i i i
T4G N16a 141 18
) i i i . i i i i i i i +0.77  +0.86 i i i i
T4A N16a  14.0° 14.9 1.0
i i i i i i i i i i i +083 +0.76 i i i i

All error margins calculated using a Gaussian error propagation.
asingle measurement
b calculated from Tm1 values derived from temperature dependent fluorescence of conjugate complexes
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3 Results and Discussion

3.3.3 Influence of pH on Conjugate Binding
In vivo applications of triplex-forming oligonucleotides directed against double-helical DNA require strong and
selective binding at physiological pH and temperature. Therefore, the effect of pH on triplex stabilization by
the attached ligand has been examined in the following by UV melting experiments with the 5’-conjugates
S16a and S$16b. Note, that the buffer system with 20 mM sodium cacodylate at 25°C, having a pK, of 6.2, can

be effectively applied within a pH range from 5.0 to 7.4. [115]

Preliminary UV melting experiments with conjugate S16a and the resulting assessment of the overall
thermal stability of the formed triple-helical complex showed, that only a limited pH range is experimentally
accessible. Whereas a well-defined UV melting of the unmodified reference triplex T1 is detected from
pH 5.0-6.5, the triplex melting using the conjugate complex T1-S16a could not be analyzed below pH 5.75.
Lowering the pH stabilizes the triplex and caused the merging of triplex-to-duplex and duplex-to-single strand
melting transitions which hampers an accurate determination of Tmi. To nevertheless allow for a
comprehensive understanding of the pH-dependent effects on triplex melting with conjugate S16a, the data
were supplemented by fluorescence melting experiments. Here, the excitation of the PIQ at 350 nm results in
a fluorescence emission with a maximum at 466 nm that is strongly quenched upon triplex formation. The
approach is based on earlier studies with 3'-conjugated methyl-substituted PIQ at pH 5.0, which indicated that
the TFO and the indoloquinoline dissociate simultaneously from the target duplex allowing detection of the
melting transition by fluorescence [65]. Clearly, this strategy does not enable the determination of the duplex-

to-single strand transition since the fluorescent sensor is already dissociated in the preceding triplex melting.

The pH-dependent melting profile of T1-S16a was initially tested for its reliability with UV- and
fluorescence measurements and the Tn1 values derived by both methods are displayed in Figure 3.8.
Obviously, the triplex melting temperatures derived from UV spectroscopy and from the temperature
dependent PIQ fluorescence emission are inherently consistent. We suggest that small differences arise from
the application of two analytical methods exploiting different properties of the conjugate complexes.
Fluorescence measurements make use of the covalently attached indoloquinoline fluorophore which is
sensitive towards its environment and displays changes in its fluorescence behavior upon binding to DNA.
Additionally, the degree of protonation for free and bound PIQ in the ground and excited state changes with

pH and may thus significantly change fluorescence properties through its influence on the dipole moment. On
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the other hand, the absorbance of the DNA bases and of the PIQ ligand at 260 nm is measured in UV melting
experiments and the temperature dependent changes are directly attributed to the loss of base stacking upon
melting of the secondary structure. Because the onset of processes such as PIQ dissociation, TFO
dissociation, PIQ protonation/deprotonation and TFO unstacking may not occur simultaneously it can’t be
taken for granted, that UV- and fluorescence melting experiments display exactly the same Tn values.
However, as shown in Figure 3.8 the UV- and fluorescence data complement each other in this case and
result in a comprehensive pH-dependent triplex melting profile. Note, that melting points for T1-S16a as

displayed in Table 3.4 are derived from fluorescence melting between pH 5.0-5.55 and from UV melting

between pH 5.75-6.5.
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Figure 3.8: Tm1 values for the T1-S16a triplex as a function of pH derived from temperature dependent UV (black squares) and
fluorescence experiments (red circles). Data are given with error margins based on two or three independent measurements.
3.3.3.1 pH-Dependent Binding of Conjugates with Differently Substituted PIQ Ligands

For both 5-conjugates S16a and S16b carrying a methyl- and methoxy-substituted ligand melting
experiments have been performed as a function of pH. While duplex melting is essentially unaffected, triplex
melting temperatures increase for the unmodified reference triplex from 10 °C to 41°C upon lowering the pH
from 6.5 to 5.0 due to a larger extent of third-strand cytosine protonation required for a stable Hoogsteen base
pairing within the pyrimidine triplex motif (see Tab. 3.4). Interestingly, at all investigated pH values the PIQ
ligands lead to additional thermal stabilization and form more stable triplexes compared to the unmodified T1.
However, as shown by Figure 3.9 ligand stabilization strongly depends on the particular pH of the solution

ranging from a AT of about 17 °C at pH 5.75 to only 9 °C at pH 6.5 for conjugate S16a and is expected to
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further decrease above neutral pH. For the methoxy-substituted S16b the thermal stabilization was
determined in the same pH range and corresponding data in Figure 3.9 are connected by a solid line to better
visualize the rather small differences to S16a. With the 5'-attached ligand separated from the nearest cytosine
by two thymine bases any influence of ligand interactions through cytosine protonation is anticipated to only

result from long-range effects.

204

5.6 6.0 6.4 6.8
pH

Figure 3.9: Plot of ATm1 values of S16a (black squares) and S16b (blue circles) illustrating the effect of different substituents on the
pH dependent triplex stabilization.

With apparent pKa values of 6.2 and 6.7 determined for two non-conjugated and soluble derivatives
of the methyl- and methoxy-substituted indoloquinolines [174] in the presence of excess triplex DNA,
respectively, protonation must be coupled to ligand binding and a strongly pH dependent but different degree
of protonation is expected for the ligand in S16a and S16b within the experimentally accessed pH range. With
its higher pKa value, the methoxy-substituted ligand of conjugate S16b being slightly less stabilizing at pH
5.75 compared to $16a becomes more stabilizing at pH 6.5 in line with its significantly higher degree of
protonation at the applied pH. Apparently, triplex binding is only modest under physiological conditions for the
present indoloquinolines being mostly deprotonated and uncharged. The introduction of suitable substituents
is expected to considerably increase the pK, of the indoloquinoline structure beyond 7 when bound to a
triplex, resulting in compounds with the propensity to strongly bind triplexes even at higher pH. Most of the
best triplex-stabilizing ligands are ring-protonated close to physiological conditions, pointing to the importance
of a high pKa value. Thus, for B[e]PI a pKa of approximately 8 increases by 1 pH unit upon binding to DNA

[21], and the quinoline ring nitrogen of naphthylquinoline compounds (pKa = 7.1) is reported to be protonated
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3 Results and Discussion

in the intercalation complex [37]. Consequently, protonation of the ligand must play a major role in the ligand-

induced triplex stabilization.

3.3.3.2 pH-Dependent Binding of Conjugates to Different Target Sequences
The pH dependence of the ligand-induced triplex stabilization with S16a as reported above is essentially
attributed to the degree of indoloquinoline protonation. However, the pyrimidine triplex motif requires
protonated third strand cytosines to form stable Hoogsteen hydrogen bonds and the latter results did not allow
more detailed conclusions about the ligand interactions associated with protonation of cytosines in the TFO.
Therefore, the modified TFO sequences already employed to characterize the sequence dependent effects on

triplex formation with the conjugate were examined at varied pH values (see part 3.3.2.1).

A 45

pH

Figure 3.10: (A) Plot of the pH-dependent stability of unmodified triplexes T1 (black squares), T2 (red triangles) and T3 (green
diamonds). (B) pH-Dependent ATm1 values of conjugate complexes T1-S16a (black squares) and T3-E16a (green diamonds) with
black and green lines for better visualization of the general trend; also included in the corresponding color code is the abbreviated
triplex sequence faced by the indoloquinoline upon binding.
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Of particular interest are TFOs with cytosines directly located at the 5'-triplex-duplex junction,
expected to be involved in direct interactions with the bound indoloquinoline as suggested by the previous
melting experiments. Therefore, triplex constructs T3 and T3-E16a featuring a terminal C*-GC triad (+1)
followed by a T-AT triad (+2) and triplexes T2 and T2-A16a with two adjacent 5'-C*-GC base triplets were
also elucidated by pH-dependent melting experiments in a pH range from 5.25 up to 6.25 and compared to
the extensively characterized T1 and T1-S16a triplexes. In general, duplex-to-single strand melting points
derived from UV experiments are almost unaffected by the changes in pH and differences within 2 °C are
mostly within experimental error (see Tab. 3.4). In contrast, the already discussed sequence dependent triplex
melting shows a considerable pH dependence. As displayed in Figure 3.10A, triplexes with three third strand
cytosines in a row (TFO A0) are the least stable over the entire pH range. The results are in full agreement
with the expectation that adjacent cytosines have a lower pK, value and therefore a lower degree of
protonation which destabilizes the triplex [104]. This is different with triplexes formed by EO and S0, which
exhibit higher but similar melting temperatures over the whole pH range. In general, the thermal stability of all
unmodified triplexes increases upon lowering the pH. Moreover, the differences observed between A0 and EO
or S0 become smaller under acidic pH due to fully protonated third strand cytosines, clearly demonstrating the
pH dependence of triplex formation.

Although the unmodified reference triplexes with E0 and S0 display about equal stability, the degree
of ligand stabilization observed for the corresponding conjugates is noticeably different (see Tab. 3.5). S16a
stabilizes the triplex to a larger extent than E16a as shown in Figure 3.10B. Also, the degree of stabilization
depends on pH and we expect accumulating effects from PIQ and cytosine protonation. As already discussed,
the apparent pKa of the ligand depends on its microenvironment and the free ligand is expected to have a
lower pKa value compared to the triplex-bound ligand [174]. This follows from the higher triplex affinity of a

protonated ligand and the coupled equilibria of ligand protonation and ligand binding as illustrated in Figure

3.11.
K 1
L+T ;SS LeT
K1 I 1 K72
LH*+ T = LHte T
Ko

Figure 3.11: Equilibria describing the binding of uncharged (Z ) and protonated (ZH+) ligand to triple-helical DNA (7).
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Here, the triplex (T) binding constant of the nonprotonated form of the indoloquinoline derivative is
termed K, whereas the affinity of the cationic form (LH™) is expressed as K,.>. The respective
equilibrium constants for protonation of the free and complex-bound ligand are represented by K,;! and K2,

respectively. Note, that the coupled equilibria form a thermodynamic cycle with an overall change of the

AG°
standard free energy YAG®° =0 and consequently I1K,, = e ”rr = 1. As a result, the equilibrium

2
Kass

constants are related by z—“i = —%2- . Because the interaction of the protonated ligand with the triplex is

Kass

stronger compared to its unprotonated form (K, > > K,.s'), the protonation equilibrium for the bound
ligand must be further shifted towards the protonated form K2 > K. However, an additional repulsive
interaction arises if the triplex-bound protonated ligand comes in close contact to a fully or partially protonated
cytosine, counteracting ligand protonation and thus expected to result in a slightly decreased pKa of PIQ. Both
effects, i.e. charge repulsion and/or a decreased pK, with an associated smaller degree of protonation will
decrease the overall PIQ-mediated stabilization for the triplex T3-E16a (see Fig. 3.10B). On the other hand,
the stabilizing effect of both conjugates levels off at low pH with full third strand cytosine and PIQ protonation,

reaching a maximum limiting value AT below about pH 5.3 irrespective of the oligonucleotide sequence.

The sequence-dependent thermal stabilization of complex T3-E16a and T1-S16a by the PIQ ligand
may also be discussed in view of previous observations, that the most stable pyrimidine triplexes are formed
by alternating charged (i.e. C* or ligand LH*) and uncharged bases (i.e. T or ligand L) within the sequence.
These triple-helical constructs of high thermal stability are difficult to be additionally stabilized by triplex-
binding ligands [176]. Accordingly, the unmodified triplex construct T3 containing alternating C*-GC and T-AT
triplets at the 5’-end is found to be more stable than triplex T1 at the lowest pH of 5.25 where all third strand
cytosines are fully protonated (see Fig. 3.10A) [117]. Interestingly, a lower thermal stabilization was detected
upon interaction with PIQ in complex T3-E16a, although the UV melting data revealed that both triple-helical
constructs T1 and T3 display almost similar Tm1 at higher pH values. Overall, our results seem to support the
assumption that a more stable triplex is less stabilized by a bound ligand compared to a less stable triplex.
One must consider, however, that those previous investigations on sequence dependent ligand binding were
limited to a soluble and positively charged B[e]PI and naphthylquinoline ligand as well as to an uncharged

anthraquinone derivative. It can be expected, that these compounds bind to their DNA targets with different
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affinity, stoichiometry and with different steric requirements compared to the present PIQ-TFO conjugates.
Thus, the covalent attachment of the PIQ moiety at the 5’-end of the TFO and the linker-restricted interactions
may force the ligand to partially intercalate independently of the neighboring sequence context. Moreover, the
triplex-duplex junction presented to the PIQ ligand clearly represents a different interaction site compared to
an intercalation between two base triads in the triplex stem. Consequently, due to the considerable
differences in the type of systems employed, the present results neither prove nor disprove the assumptions

on sequence selective triplex binding and ligand-mediated triplex stabilization.

Taken together, all pH-dependent effects on triplex formation and triplex thermal stabilization
correlate with the degree of third strand cytosine protonation in the corresponding triplex construct and with
the pKa of the indoloquinoline ligand that is influenced by its substituent (-CHs or -OCHs) and the sensed
environment. Possible implications for improved second-generation ligands strongly depend on the potential
objective. One strategy may aim at an increased binding affinity of the ligand at physiological pH, requiring a
larger pKa value. For example, the introduction of an electron donor such as an amino group could increase
the electron density of the endocyclic quinoline nitrogen, facilitating its full protonation at physiological pH.
A different application may require a broader spectrum of DNA targets and thus a decreased sequence
selectivity. Introducing an electron-withdrawing group like a nitro substituent decreases the electron density
and destabilizes a protonated quinoline nitrogen, resulting in a lower pK, with the ligand unprotonated at the
pH range employed. In the latter case, the ligand is expected to lose its strong preference for uncharged T-AT

triads at the junction.
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3.3.4 2-Aminopurine - Fluorescent Probe for Triplex Formation?
2-Aminopurine (2Ap) as an adenine substitute is a commonly employed fluorescence sensor for DNA
secondary structure formation [74,75]. Hence, the question arouse whether the 2-aminopurine fluorescence
can also be applied to monitor triplex formation when 2Ap is incorporated within the duplex. Unfortunately,
there is a lack of information for triple-helical DNA applications with 2Ap located in the target duplex probably
as a result of limited proton donor capacity at the Hoogsteen binding site (see Fig. 2.3). To the best of my
knowledge, a single publication deals with 2Ap effects on triplexes of the pyrimidine motif, assessing the
position-dependent dynamics at the 5’- and 3'-triplex-duplex junction through insertion of 2-aminopurine in the

purine-rich strand [118].

Our research strategy focused on the already established target duplex D4A which was already
shown to form stable triplexes with unmodified TFO N0 and 5'-conjugate N16a at pH 6.0 (see Tab. 3.4). To
further increase the triplex melting point and to allow for a robust and simple fluorescence measurement at
higher temperature (without nitrogen purging), the pH dependence of triplexes was exploited as discussed
earlier in part 3.3.3. A major disadvantage of this strategy of elevating the triplex thermal stability at pH 5.0
was the inability to unambiguously detect the dissociation of the PIQ-TFO conjugate from triplex T4A-N16a
with UV melting experiments as a result of merged triplex-to-duplex and duplex-to-single strand transitions
(data not shown). Therefore, temperature-dependent fluorescence measurements of the PIQ fluorophore
were applied to only detect the triplex melting point based on the assumption that the indoloquinoline
dissociation occurs simultaneously with the dissociation of the triplex-forming oligonucleotide from the target

duplex as has already been shown for 3'-conjugates [69].

Of great interest in this investigation was the 5'-triplex-duplex junction, which is known to be peculiar
in terms of structure and additionally represents the potential indoloquinoline intercalation site. Thus, two
adenine locations adjacent to the 5'-junction of the purine-rich strand were chosen for a 2Ap substitution in a
comparative analysis (for a graphical compendium and information to the nomenclature of the DNA
sequences, see part 3.2). In the triplex construct T4ad, the adenine in the 5'-duplex overhang was substituted
and in triplex T4at, the adenine located within the terminal base triad involved in additional Hoogsteen

hydrogen bonding to the TFO was replaced by 2-aminopurine.
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Fluorescence titration experiments were performed with the 2Ap-modified single strands placed in
the cuvette and titrated with the complementary strand to form a double helix and finally with the NO or N16a
third strand to form a triplex in a stoichiometric molar ratio (see Fig. 3.12). To monitor the predominant
secondary structure during the titration process, parallel CD measurements were performed and compared to
a titration yielding unmodified triplex T4A. The CD spectroscopic data in Figure 3.12 (right) demonstrate that
all samples formed duplex and subsequently triplex structures during the titrations at 20°C. Note, that the

spectra color-coded in grey, red and green refer to single strand, duplex and triplex, respectively.
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Figure 3.12: 2-Aminopurine fluorescence (left) and CD spectra (right) during titration of the 2-aminopurine single strand (grey
spectrum) with the complementary Watson-Crick strand to form duplexes (A) D4ad and (B) D4at (red spectra) followed by titration with
the corresponding PIQ-TFO conjugate to form triplexes (A) T4ad-N16a and (B) T4at-N16a (green spectra). The arrows indicate the
course of the 2-aminopurine fluorescence quenching upon titration with the duplex (red) and triplex forming oligonucleotides (green);
Css =3 uM, T=20 °C.

As displayed in Figure 3.12, the initial fluorescence intensity of both 2Ap-modified single strands at
370 nm strongly depends on the positioning of the 2Ap in the respective oligonucleotide sequence being

almost twice as high with the 2Ap located in the terminal base triad. Interestingly, upon titration of the

complementary single strand and subsequently the PIQ-TFO conjugate, the relative decrease in fluorescence
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intensity of both 2Ap-modified constructs is found to be about 5 times larger for duplex than for triplex
formation. These data on the quenching of 2-aminopurine fluorescence indicate only minor influences of third
strand binding with N16a. Even a smaller decrease upon triplex formation with non-conjugated N0 is observed
for the 2Ap fluorescence in both aminopurine-modified duplexes (data not shown). Thus, monitoring changes
in the 2Ap fluorescence directly correlates with the DNA secondary structure formation and most notably with
duplex formation. Hence, temperature-dependent fluorescence experiments of 2Ap-modified triplexes may

provide for melting profiles which correspond to the duplex dissociation.

Table 3.6: Melting temperatures Tm (°C) from temperature-dependent UV and fluorescence experiments of triplexes
formed from reference T4A and 2-aminopurine-modified T4ad and T4at target duplexes.?

UV melting fluorescence melting
triplex sa0iim Jec3dnm dedomm  opt AT
consguet O Tm T2 Jem=370nM  Am=466nm  Aem=466nm el el
'Cl °cl Tm2[°C] Tmt [°C] Tmt [°C]
T4A NO 409 62.3 - - -

T4A-N16a  N16a - - - - 54.9 14.0
~ Tdad  NO 36.8 58.7 57.6

T4ad-N16a  N16a - - 56.3 55.1 57.1 20.3 13
T4t NO 318 58.9 55.6

T4at-N16a  N16a - - 545 476 49.2 174 A4

@ Because all data are derived from a single measurement the standard deviation is estimated to be £1 °C.

b ATt values of conjugate complexes were calculated from fluorescence melting experiments at Aex = 350 nm (Aem = 466 nm) and the
corresponding UV-derived melting temperature of the reference triplexes.

¢ ATmz values of conjugate complexes were extracted from fluorescence melting experiments at Aex = 304 nm (Aem = 370 nm) and
corresponding melting points from fluorescence experiments of the reference.

UV melting experiments for the two 2Ap-modified triplexes T4ad and T4at at pH 5.0 display a high-
temperature duplex melting point of 59 °C, whereas the reference construct T4A is slightly more stable and
melts 3 °C higher (see Tab. 3.6). The modest thermal destabilization through substitution of adenine by 2Ap is
already documented with duplex as well as quadruplex structures [75,84]. A modified melting behavior was
also observed for the triplex-duplex melting transition being 41 °C for reference T4A, 37 °C for T4ad and
further decreases to 32 °C for T4at. A triplex melting point lowered by 4 °C compared to the reference
construct through the positioning of a 2Ap in the duplex overhang cannot be attributed to direct impacts on the
TFO binding but rather seems to result from indirect structural and dynamical changes at the 5'-triplex-duplex

junction. As expected, triplex destabilization was even larger with the T4at triplex (9 °C). Here, the 2Ap in the

terminal base triad is directly involved in the TFO binding and the loss of a second Hoogsteen hydrogen bond
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to the third strand thymine may act in addition to structural and dynamical changes of the bases at the
junction. Interestingly, a slight disparity of 3 °C (T4at) and of less significant 1 °C (T4ad) was observed for the
duplex melting point derived by the temperature dependent UV absorption involving all constituent
nucleobases and by fluorescence melting experiments with the detection of the fluorescence emission at
370 nm solely due to the 2-aminopurine. This phenomenon must be attributed to the solvent exposure of 2Ap
during a localized premelting structural change at the modified site within the duplex sequence [75]. In

contrast, UV spectroscopy simply measures the melting of the averaged global conformation [119,120].

For triplexes with a PIQ-conjugated third strand, temperature dependent changes in the PIQ
fluorescence emission at an excitation wavelength of 350 nm and an emission maximum of 466 nm showed,
that the indoloquinoline dissociation from the target duplex occurs simultaneously with the TFO melting
process [65]. Using both 2Ap and PIQ fluorophores as independent probes for duplex and triplex melting,
fluorescence melting experiments were also performed at the excitation wavelength of the 2Ap (304 nm) to
simultaneously observe 2Ap as well as PIQ fluorescence in the modified triplexes. Indeed, at Aex = 304 nm two
distinct emission maxima were detected and melting points extracted, one for 2Ap at 370 nm and another at
466 nm due to the indoloquinoline fluorescence (see Fig. 3.13). Data analysis for the T4ad-N16a complex
gives a Tr, of 56 °C at 370 nm and 55 °C at 466 nm. With the T4at-N16a complex a Tr of 55 °C from the 2Ap
fluorescence signal and 48 °C for the fluorescent indoloquinoline moiety is observed. As an additional control,
the PIQ melting was also measured at Aex = 350 nm, only exciting the indoloquinoline ligand and resulting in a
single fluorescence signal. A direct comparison of the indoloquinoline melting temperatures derived from the
measurements at 304 nm and 350 nm showed a small deviation of about 2 °C. Suboptimal excitation of the
PIQ moiety at Aex = 304 nm and thereby a reduced signal intensity may contribute to the different melting
point. The adenine triplex T4A-N16a lacking the 2Ap fluorescence emission was only monitored at
Aex=350 nm and shows a thermal stabilization of 14 °C through interaction of the DNA with the covalently
attached indoloquinoline moiety. Also, a AT of 20 °C with the T4ad-N16a complex and of 17 °C with T4at-
N16a indicate varying interactions of the indoloquinoline with the two differently positioned 2Ap bases. Most
noticeably, however, the enhanced triplex thermal stabilization through PIQ in the 2Ap-modified constructs not
only points to stronger 2Ap-ligand interactions but also to PIQ binding at the triplex-duplex junction with the

2Ap bases.
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Figure 3.13: Temperature dependent fluorescence spectra (left) of (A) T4ad-N16a and (B) T4at-N16a. Arrows indicate the course of
fluorescence emission from 20-90 °C at the wavelengths of 2Ap fluorescence (red) at Aem = 370 nm and PIQ fluorescence (green) at
Aem=466 nm used for the construction of the melting profiles (right); ctip = 3 zM.

As expected, the duplex melting points of 2Ap-modified triplexes with or without PIQ attached to the
TFO and extracted from fluorescence melting experiments at the 2Ap emission wavelength (370 nm) are with
a corresponding AT of about 1 °C within the limits of uncertainty. Clearly, the binding of conjugate N16a to
the 2Ap-modified target duplex does not affect the duplex-single strand equilibrium. However, a stronger
decrease in 2Ap fluorescence observed upon triplex formation with the PIQ conjugate points to additional
2Ap-ligand interactions with additional static and/or dynamic quenching by the PIQ ligand, e.g. by means of

fluorescence resonance energy transfer (FRET).

FRET is a transfer of the excited-state energy from an initially excited donor to an acceptor
fluorophore in close proximity [121]. A spectral overlap of the emission wavelength of the donor with the
excitation wavelength of the acceptor is a prerequisite for FRET to occur. A fluorescence energy transfer from
DNA bases to bound ligands has previously been observed for duplex and triplex intercalators like ethidium
bromide and B[e]PI [21,122]. With 2-aminopurine incorporated into a base triad or base pair at the triplex-

duplex junction of T4at-N16a and T4ad-N16a, a corresponding excitation energy transfer from the
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2-aminopurine base to PIQ can also be expected in case of intercalation of the ligand at the triplex-duplex
junction based on a more than one order of magnitude higher fluorescence quantum yield of 2Ap when
compared to its adenine analogue [119]. Fortunately, the absorbance maximum of 2Ap in DNA at 304 nm is
separated from the m-m* absorbance of the major DNA bases centered at about 260 nm and allows for
selective excitation of the fluorophore above 300 nm (see Fig. 3.14). It must be noted, however, that energy
transfer efficiencies may be small due to the relatively low oscillator strength of PIQ with Asso ~ 5000 M- cm!
in the wavelength region of spectral overlap between the 2Ap emission and the absorption of bound PIQ (see

Fig. 3.14).
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Figure 3.14: Superposition of the fluorescence emission spectrum of 2-aminopurine in triplex T4at with an excitation wavelength
Aex=304 nm and of the excitation spectrum of the PIQ ligand in triplex T4at-N16a recorded at the fluorescence emission maximum
Aem=466 nm. The latter is mostly identical in shape to the corresponding absorption spectrum but benefits from a better sensitivity.

To evaluate the amount of potential energy transfer from 2Ap to PIQ in the triple-helical
oligonucleotides, fluorescence excitation spectra were recorded for T4A-N16a, T4ad-N16a and T4at-N16a.
Initially, optical properties of PIQ in T4A-N16a and in the two 2Ap-modified triplexes were found to be equal
within experimental error at excitation wavelengths > 340 nm, indicative of a negligible impact on the
absorbance and fluorescence properties from minor structural changes caused by the 2Ap substitutions.
Absorbance of triplex bound ligand in the region of DNA absorption was previously determined assuming, that
the extinction coefficient of DNA does not change on ligand binding. However, in our case of a PIQ ligand

conjugated to the TFO, a reliable separation of the ligand absorbance from the DNA absorbance at lower

wavelengths is hardly feasible. Assuming an unchanged ligand extinction coefficient upon 2Ap incorporation
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below ~340 nm as can be expected from the invariant PIQ absorbance at longer wavelengths, any change in
the emission intensity measured for an excitation wavelength A can thus be attributed to energy transfer
processes from 2Ap or other DNA bases to the ligand. Because only PIQ shows absorption at wavelengths
above 340 nm, fluorescence excitation spectra of T4A-N16a, T4ad-N16a and T4at-N16a, acquired under the
same experimental conditions at the emission maximum of PIQ at 466 nm, were normalized with respect to

the intensity at an excitation wavelength of 350 nm and plotted in Figure 3.15.
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Figure 3.15: (A) Excitation spectra of PIQ in triplexes T4A-N16a (black), T4ad-N16a (green) and T4at-N16a (red) with Aem = 466 nm
and (B) excitation spectrum of 2Ap in T4at with Aem = 370 nm. The latter is mostly identical in shape to the corresponding absorption
spectrum but benefits from a better sensitivity and the elimination of high DNA absorbance at A< 300 nm.

Apparently, both 2Ap-modified triplexes exhibit an increased fluorescence intensity at lower
wavelengths while being unaffected within experimental error above ~340 nm. With no DNA absorption from
standard bases above 300 nm, the small but noticeable intensity increase in the range 300-330 nm coincides

with the 2Ap absorption and must be attributed to some energy transfer from the 2-aminopurine. On the other

hand, an increase in fluorescence intensity below 300 nm may also involve enhanced transfer efficiency from
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the natural DNA bases in the presence of 2Ap. It has to be noted, however, that DNA in the samples had a
significant absorbance at 260 nm of up to 0.8, making the measured fluorescence intensity in this wavelength
region less reliable. No attempt to correct for the absorption of excitation light in the 1 cm cells was made

because in the wavelength range from A = 300 nm maximum absorbances were < 0.05.
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3.4 Binding Thermodynamics
A detailed characterization and understanding of drug-DNA interactions that includes thermodynamic as well
as structural data is a prerequisite for the elucidation of the molecular forces that drive the complex formation
and finally for the rational drug design process. Furthermore, the detailed knowledge of the thermodynamic
profile of a binding reaction enables the improvement of binding affinity and selectivity and thus an

optimization of ligand binding.

In order to obtain a thermodynamic profile of the PIQ ligand upon binding to triplex DNA,
spectroscopic as well as calorimetric techniques were employed to derive thermodynamic parameters and to

analyse the energetic contributions.

3.4.1 Thermodynamics of PIQ-DNA Interactions
Preliminary fluorescence titration experiments of construct T1-S16a (see Fig. 3.4) with the observation that
the fluorescence of the PIQ ligand changes upon binding to DNA can be used to follow the drug association.
Thus, binding isotherms can be constructed that enable the determination of the association constant Ka. For
this purpose the relative fluorescence intensity of $16a at 466 nm taken from the corresponding emission
spectra is plotted against the duplex concentration (see Fig. 3.16B). By using a 1:1 binding model for the
triplex formation [113], a fit of the titration data from five independent experiments yielded an average binding
constant of K = 6.2 x 10" M' at 10°C (see Tab. 3.7), resulting in a favorable free energy term of -10.1

kcal mol-* for the binding reaction by using equation 5 (see part 5.2.8).

In addition, isothermal titration calorimetry (ITC) allows for an almost complete thermodynamic profile
for a binding interaction in a single experiment enabling the direct determination of the molar binding enthalpy
[123,124]. Although ITC has become increasingly popular for the thermodynamic analysis of biomolecular
interactions in general and drug-DNA interactions in particular, binding of triplex-selective ligands to a duplex
target has only rarely been scrutinized by direct calorimetric methods. This is particularly true for ligands
covalently attached to the TFO and known to result in more efficient triplex stabilization compared to free
ligand apparently due to more favorable entropic contributions on binding. Whereas the formation of a regular
triplex of the pyrimidine motif has been thermodynamically characterized by ITC titrations in the past

[125,126], no detailed quantitation of enthalpic and entropic effects of bound ligands in a TFO conjugate
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through direct calorimetric measurements has been reported so far to the best of our knowledge. Clearly,
problems with such studies are associated with the significantly varied stability of triplexes under specific
conditions and with the rather high accuracy required to reliably quantify the mostly small contribution of the

bound ligand on the overall free energy of conjugate binding in particular.

Here, we focused on the ITC thermodynamic analysis of the unmodified reference triplex T1 and of
the triplex formation with conjugate S16a available in sufficient quantities by its efficient coupling to the 5’-end
of the TFO. To ensure an intact duplex target and TFO binding with a free energy of association suitable for
accurate ITC measurements, we chose a temperature of 10 °C for all titration experiments based on the UV
melting temperatures. All thermodynamic parameters obtained from initial ITC experiments on the triplex
formation with unmodified TFO S0 are given in Table 3.7. Binding isotherms are constructed by integration of
the power output for each injection with respect to time and corrected for the heats of dilution. Through a fit of
the observed binding isotherms based on a model with a single set of identical binding sites, the equilibrium
binding constant K, the binding stoichiometry n, and the molar binding enthalpy AH® were determined to be
2.8 x 108 M, 1.02, and -43.3 kcal mol!, respectively (see Fig. 3.16A). Note that triplex formation involves
binding of the 9mer TFO within the major groove of the 15mer duplex target and should result in a well-

defined 1:1 complex in line with the ITC data.

Table 3.7: Thermodynamic parameters for the binding of conjugate S16a and the unmodified TFO S0 to the target

duplex at 10 °Ca
TFO method n Ka AR° TAS® AG°
(M) (kcal mol') (kcal mol) (kcal mol)
S0 UV melting - 6.8 x 108 - - 8.8
ITC 1.02 2.8 x 108 -43.3 - 8.3
+0.05 +0.75x 108 +26
model-free ITC - - -44.2 -35.9¢
+13
S16a UV melting - 2.7 x108b - - -10.9
fluorescence titration - 6.2 x 107 - - -10.1
+24x107
model-free ITC - - -44.9 -34.8¢
+0.1
AAH° A(TAS®) AAG°
-0.74 1.1 -1.8¢

a Average values with standard deviations from three or five (fluorescence titrations) independent experiments at 10 °C.
b Calculated for 10 °C with a constant AH° obtained from “model-free” ITC titrations.

¢ Calculated with AG° as obtained from ITC or fluorescence titrations.

? Calculated with AH° obtained from “model-free” ITC titrations.
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In an attempt to further increase its accuracy, the binding enthalpy was directly measured in a model
independent fashion through the excess-site method [85,87]. In this protocol, a high concentration of the
duplex DNA is placed in the cell and titrated with very low amounts of ligand to ensure complete ligand
binding to the target duplex after each injection. Under such excess duplex conditions, the integration of each
injection peak yields the heat released per injection and its normalization per mole of added ligand directly
results in the molar binding enthalpy without the requirement to resort to specific binding models or fitting
procedures (see Fig. 3.16C). As shown in Table 3.7, the determined enthalpy value of -44.2 kcal mol-' for the
unmodified triplex is in good agreement with the value determined by the standard ITC titration protocol.
Moreover, the high accuracy and good reproducibility of AH® is indicated by its rather small standard deviation
calculated for different independent experiments. The model-free excess-site method was also employed for a
direct determination of binding enthalpies for the PIQ-TFO conjugate S16a (see Fig. 3.16D). Here, a similar
and highly reproducible enthalpy value of -44.9 kcal mol-' is obtained for binding (see Tab. 3.7). As seen from
Figure 3.16D (S16a) and 3.16C (S0) in the upper panel, the blank titration with the conjugate sample shows
larger effects in the endothermic heat of dilution compared to the unmodified TFO at equal concentrations as
a consequence of the attached hydrophobic ligand. With an association constant close to 108 M- already
determined by fluorescence titrations and the limitations imposed by the ITC method, a standard ITC titration
protocol is expected to yield less reliable binding constants in the case of the conjugate, and these were
therefore not employed for a subsequent evaluation. In addition, corresponding experiments highlight another
potential source of error arising from slow kinetics of triplex formation with the conjugate especially toward the
equivalence point under the low-temperature and small concentration conditions required for the experimental
setup. Thus, fitting of the isotherms for the conjugate binding consistently underestimated binding enthalpies
and association constants. In fact, raw ITC data reveal the influence of slow conjugate association on closer
inspection, e.g., through baseline distortions, and it also becomes apparent in corresponding fluorescence

titrations requiring delay times between titration steps of up to 30 min in some cases for full equilibration.

In addition to the association constants as determined by fluorescence titrations and ITC titrations, K
was calculated at 10 °C from the UV melting data (see Tab 3.3) and is also given in Table 3.7 for ligand-

modified and unmodified triplex. Neglecting any temperature dependence of AH®, the van't Hoff equation was
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solved with the calorimetric binding enthalpy from model-free ITC measurements and applied to the

association constant given at the melting temperature to

1
Kq(Ty) = rro (1)

crro(Tm) = CPpo — Ecguplex (2)

with the concentration of free TFO crro and the total TFO and duplex concentration c7ro and cgypiex

respectively. As shown by Table 3.7, these calculated binding constants K. deviate by a factor of about
2and 4 in the case of unmodified and modified TFO and translate to differences in the free energy of
association of 0.5 and 0.8 kcal mol, respectively. Discrepancies between calorimetric enthalpy changes and
thermodynamic analyses based on the van't Hoff relationship have been extensively discussed and may
involve coupled processes during association [125]. In particular, stacking interactions within the unbound
single-stranded TFO, especially involving stacking of the polycyclic ligand with the nucleobases, may
contribute to a significant temperature dependence of the overall binding enthalpy. Nevertheless, the data as
obtained from the different methods are in good agreement given the various approximations and confirm the

consistency and reliability of the thermodynamic parameters.

Interestingly, triplex formation for different triple helices under various conditions is driven by a large
negative enthalpy change and partly balanced by an unfavorable entropy of association for both unmodified
and modified TFO. Molecular forces that drive the binding reaction and counteract the negative entropy term
include intermolecular Hoogsteen hydrogen bond formation, base stacking and hydrophobic interactions. On
the other hand, the reduction of structural flexibility of the TFO upon triplex formation is thought to significantly
contribute to the negative AS® [125]. With a molar binding enthalpy for the unmodified third strand of -44.2
kcal mol!, the calorimetric enthalpy change upon triplex formation amounts to -4.9 kcal mol-* per base being
within the range typically observed for a pyrimidine-type triplex [125,127]. Thus, a value of -4.9 kcal mol-' per
base has also been reported for a similar 15mer triplex construct of the pyrimidine motif at 15 °C and pH 4.8
[125]. Note, as a result of their higher apparent pK, value in a triplex [128], cytosine bases as well as the

ligand attached to the TFO are expected to become partly protonated at pH 6 upon association and the
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measured AH® involves contributions from the deprotonation of buffer and from the protonation of cytosines,

as well as ligand in the conjugate.
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Figure 3.16: (A) ITC binding isotherm of the triplex formation with unmodified TFO S0. The upper panel shows the heat burst for every
injection step, and the lower panel represents the corresponding normalized heat signals versus molar ratio. The data points reflect
the experimental data, while the solid line represents the calculated fit. (B) Plot of fluorescence intensity at 466 nm and linear least-
squares fit of the data points to derive association constant Ka; the data were taken from fluorescence emission spectra of T1-S16a
complex formation (see Fig. 3.4). (C) The model-independent ITC titration with unmodified TFO S0 and (D) with conjugate S16a
representing the blank titration in the upper panel and the blank-corrected ITC data used for the calculation in the lower panel.

Contributions to triplex stability from the tethered indoloquinolines can be evaluated by the
differences in enthalpy and entropy changes as determined for the binding of unmodified TFO and ligand-
bearing conjugate (see Tab. 3.7). It has to be noted that these values do not exclusively reflect direct ligand-

DNA interactions but may also include indirect effects through structural distortions even at distant triple- or

double-helical regions caused by the accommodation of the chromophore. Most noticeably, the attached
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ligand only adds a very small amount of -0.7 kcal mol-' to the overall negative binding enthalpy. This may be
partly attributed to the covalent attachment that hampers maximization of interactions within the triplex. On the
other hand, tethering the indologuinolines to the TFO considerably reduces entropic penalties upon binding
resulting in a positive entropy change that mostly contributes to the ligand binding affinity. Clearly, even taking
into account experimental uncertainties as expressed by the standard deviations, both enthalpy and entropy
contributions are small but add to an overall free energy of -1.8 kcal mol' at 10 °C for the ligand interactions

comprising almost 20% of the total standard free energy of triplex formation.

To better assess the triplex affinity of the 5-attached ligand within the conjugate S16a, its
thermodynamic profile for triplex binding was compared with corresponding profiles previously reported for a
strongly triplex-stabilizing and intercalating benzopyridoquinoxaline B[h]PQ covalently attached to the 5-end
of a 15mer TFO [108]. Note, that in contrast to the calorimetric enthalpies for PIQa the thermodynamic
parameters for the B[h]PQ ligand have been derived from UV melting curves by a van’t Hoff analysis. Also
included for comparison are thermodynamic parameters on triplex binding that have been reported for two
nonconjugated triplex-selective ligands through calorimetric measurements, namely, an intercalating
2,6-disubstituted anthracene-9,10-dione [25] and the groove binding aminoglycoside neomycin [17]. After the
varied experimental conditions on data collection are disregarded, the profiles as shown in Figure 3.17 reveal

significant differences for the triplex-stabilizing contributions at 25 °C.
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Figure 3.17: Thermodynamic profiles with enthalpic and entropic contributions AH® and -TAS® to the overall free energy AG® for the
triplex interaction of 5-TFO attached PlQa (see Table 3.7) and B[h]PQ [108], as well as of the nonconjugated triplex-selective
2,6-bis(w-aminopropionamido)-substituted anthracene-9,10-dione [25] and neomycin [17]. For comparison, all parameters were
calculated for 25 °C if determined at different temperatures assuming temperature-independent binding enthalpies and entropies.
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Triplex binding for conjugated B[h]PQ and the two free anthracene and neomycin ligands is largely
enthalpy-driven associated with a significant negative binding enthalpy. Such a thermodynamic profile seems
to be typical for most DNA intercalators (e.g. ethidium bromide) [129]. In contrast, with only a small change in
enthalpy but favorable changes in entropy, binding of the TFO attached PIQ is essentially entropy-driven. This
suggests rather weak DNA-ligand interactions but significant hydrophobic contributions to the binding free
energy for the latter. The binding affinity toward triple-helical DNA as reflected by the free energy of binding
AG® is found to be significantly more exergonic for the nonconjugated free ligands compared to the TFO-
attached intercalators. It has to be noted, however, that weaker triplex binding is compensated by a much
better discrimination of triplex against duplex for the TFO-conjugated ligands making these generally more
effective for a triplex thermal stabilization. In fact, they may be considered truly triplex specific in line with

spectroscopic data suggesting a one step dissociation of the TFO conjugate from the triplex upon melting [65].

3.4.2 pH-Dependent Thermodynamics
Among other contributions changes in the protonation state of the ligand and/or macromolecule upon pH
variation must play an important role as already demonstrated by pH-dependent melting experiments of PIQ-
DNA complexes (see part 3.3.3). Therefore, thermodynamic parameters were semiquantitatively evaluated as
a function of pH by non-linear least squares fitting of UV melting data (for an example see Fig. 3.18). Such a
data analysis is based on a two-state model and assumes, that enthalpy (AH®) and entropy (AS®) remain
constant over the whole temperature range of the melting process [130]. Also, extinction coefficients of the
individual DNA species (triplex, duplex and single strand) are thought to be linear functions of temperature,

resulting in linear baselines outside the transition regions.

To assess the pH-dependence of PIQ binding, differences in thermodynamic contributions for the
binding of unmodified TFO (S0) as well as for the PIQ-TFO conjugate (S16a) at two different pH settings were
determined from UV thermal melting data. Note, that only UV melting curves with clearly separated duplex-to-
single strand and triplex-to-duplex transitions are applicable for the fitting program as a consequence of the
two-state approximation and the requirement for a defined baseline region between transitions. Thus, data

analysis of the employed triplex construct as presented in Table 3.8 is limited to pH 6.0 and pH 5.75.
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Table 3.8: Thermodynamic parameters for the binding of conjugate S16a and the unmodified TFO S0 to the target
duplex from the fitting of UV melting curves obtained at pH 5.75 and 6.0.

pH 6.0 pH 5.75
TFO AH° TAS® @ AG° AH° TAS° @ AG°
(kcal mol') (kcal mol) (kcal mol') (kcal mol) (kcal mol') (kcal mol)
S0 -34.1 -26.3 -7.8 -26.6 -18.3 8.3
S16a -56.2 44 4 -11.8 -50.5 -37.3 -13.2
AAH° A(TAS?) AAG° AAH° A(TAS®) AAG°
221 -18.1 4.0 -23.9 -19.0 4.9

a TAS® calculated at 10 °C.
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Figure 3.18: Temperature-dependent absorbance at 260 nm of duplex D1 in the presence of conjugate S16a and the unmodified TFO
S0 (1.45 mM) in 100 mM NaCl, 20 mM cacodylate, 1 mM spermine at pH 5.75. The solid line corresponds to the fitted curve.

Clearly, there are large discrepancies in the thermodynamic parameters when compared with
calorimetrically derived data (see Tab. 3.7) due to the various simplifications of the analysis, especially for the
enthalpic and entropic contributions. However, in line with the calorimetrically derived data triplex formation
with unmodified and modified TFO is driven by an overall large negative enthalpy change and this is partially
counteracted by an unfavorable entropic contribution at both pH settings. The sum of those opposing factors
results in a more favorable free energy of triplex formation AG® upon lowering the pH and is associated with
an increased binding affinity in agreement with other binding data. Interestingly, thermodynamic parameters
that are directly related to PIQ binding, i.e. AAH®, A(TAS®), and AAG®, show a more favorable free energy by
-0.9 kcal mol-" upon lowering the pH from 6.0 to 5.75 as a result of a more favorable enthalpy (-1.8 kcal mol').
This is only partly balanced by a more unfavorable entropic contribution A(TAS®) with decreasing pH by
-0.9 kcal mol-'. The more negative enthalpy at pH 5.75 that contributes to the increased binding affinity of PIQ
is expected to be directly related to the shift of the equilibrium towards the protonated ligand. Since the

apparent pKa, value of PIQ upon complex formation suggests at least partial protonation at pH 6.0, the
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calculated enthalpy should also involve contributions from protonation/deprotonation of the solvent. Moreover,
changes in the protonation state of the ligand may affect its overall dipole moment which influences stacking

interactions with base pairs and base triads, significantly adding to the enthalpic term.

In summary, the pH-dependent thermodynamic profile of PIQ-DNA interactions accessible by fitting
of UV melting data point to a more exothermic binding for a protonated ligand as being responsible for its

higher affinity at lower pH.
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3.5 NMR Structural Studies on the PIQ-DNA Complex
NMR in drug discovery is a valuable analytical method to gain information on the structural details and the
nature of molecular binding. Although a comprehensive insight into PIQ-DNA interactions has been acquired
by various spectrophotometric and calorimetric techniques, a structural characterization of the formed
complex as obtained from NMR data is a prerequisite for verifying the proposed intercalative binding mode

and for a better understanding of the binding selectivity.

The present NMR structural studies are based on the triplex construct T1 shown to form a stable
triplex and already extensively discussed in former chapters. As an additional advantage, the corresponding
conjugate S16a was available by high synthesis yields. To better cope with the requirements of an NMR
structure elucidation, duplex overhang sequences were shortened by three base pairs without changing the
DNA sequence of the triplex stem. The shortened construct was termed T1s and is shown in Figure 3.19. As
the indoloquinoline is covalently attached to the 5'-terminus of the TFO in the conjugate $16a, the potential
ligand interaction site on the DNA is restricted to the vicinity of the 5'-triplex-duplex junction, the latter being
the proposed intercalation site of the indoloquinoline moiety. Therefore, the duplex overhang sequence at the
5-end of the TFO was shortened by only one CG base pair to still allow for a defined triplex-duplex junction

whereas the duplex overhang at the 3'-end was not considered to be a critical determinant of the structure.

T1s T1s-S16a

5- Ty To6C37T28C34C30 31 T3 Tas S0 5-PIQ- TpsT6C5T26C56C30T31 T52 Tas S16a
5- Gy Cy A3 Ay Gs As Gr Gg Ag AjpACyp  Ds_pu 5- Gy Cy A Ay G5 Ag G7 Gg Ag AjpAyyCrp  ™°N-7°C-DTs_pu
3- C15G1aT15T16C7T15C1oCo0T21 To T23Gos  DTs_py 3- C18G14T15T16C7T18C19C20T21 T2 To3Gos  "°N-"2C-D1s_py

Figure 3.19: Numbering of residues in intermolecular triplex constructs T1s and 'N-,'3C-labeled T1s-S16a. The uniformly
15N-,13C-labeled nucleotides are marked in red.

Preliminary UV melting experiments with T1s provide for information about the triplex stability under
more favorable NMR solution conditions, i.e. with reduced salt and lowered pH. As expected, the shortened
duplex sequence lacking three base pairs has a large effect on the duplex-to-single strand melting point at
pH 6.0 (T1s: Tmz = 50.5 °C, T1: T2 = 65.6 °C) but only a modest impact on the triplex-to-duplex melting
temperature (T1s: Tmt = 19.9 °C, T1: Tt = 17.1 °C) (see Tab. 3.9 and Tab. 3.3). Interestingly, the triplex

thermal stability is increased for T1s by 2.8 °C although the sequence of the triplex stem has not been
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changed. Apparently, the dynamics and structure of the 3'- and 5’-triplex-duplex junctions are influenced by

the modified 3'- and 5’-duplex termini and affect TFO binding.

Table 3.9: UV melting temperatures of the triplex T1s under different buffer conditions.2

pH6.0 pH5.0
tripl
co:ztfxct 20 mM sodium cacodylate, 100 mM NaCl, 20 mM sodium cacodylate, 100 mM NaCl
u 1mM spermine
Tm1 [°C] Tm2 [°C] Tm1 [°C] Tm2 [°C]
Tis 19.9 50.5 255 38.0
+0.1 +0.3 +05 +0.1

@ The UV melting data are derived from duplicate measurements.

Upon lowering the pH and omitting the polycationic spermine, the duplex is thermally destabilized by
12 °C while the triplex is even stabilized by about 5 °C in construct T1s. It can be assumed, that third strand
cytosines are fully protonated at pH 5.0 and significantly stabilize the triple helix, outperforming the
destabilizing effect of the missing cationic additive. The effect of spermine on duplex and triplex structure was
discussed for T1 in section 3.3.1.1 and is not further elaborated for construct T1s. Overall, the melting
experiments at pH 5.0 in buffer without spermine indicate, that T1s can form a stable triplex under the
conditions of the NMR experiments, simplifying the NMR measurements through a reduced set of signals
when compared to the full sequence T1. But this should not obscure the fact, that NMR resonance
assignments for this three-stranded DNA structure will nevertheless be considerably hampered by excessive

spectral overlap.

3.5.1 Resonance Assignment of Triple-Helical DNA
Proton resonances of the triple-helical construct T1s were assigned using established assignment strategies
for pyrimidine-type triplexes [6,731-133] and B-type duplex DNA [89,90] based on similarities in the overall

conformation.

Initially, the formation of a triplex from three single strands in an equimolar ratio, its stability and
appropriate solvent conditions (e.g. salt, pH) could be easily assessed by one-dimensional proton NMR
experiments and in particular by NMR titration experiments in H2O. The most important indicators for the DNA
secondary structure formation are the labile imino protons participating in hydrogen bonds and thus slowing

down their exchange rate with the solvent. In addition to their central role in DNA secondary structure, the
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imino resonances exhibit a characteristic chemical shift in the range 14.5-12.5 ppm as shown on top in
Figure 3.20 for the investigated target duplex. Generally, the same holds for triplexes where the Watson-Crick
and Hoogsteen hydrogen-bonded iminos and aminos can be followed upon titration of the third strand. Note,
that during titration the pH of the unbuffered system shifted from 5.0 towards 6.0 and had to be monitored and

readjusted in order to fully drive the equilibrium toward the triplex structure and to avoid over-titration of the
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Figure 3.20: One-dimensional proton spectra showing the imino-, C* amino and methyl spectral regions for the duplex D1s upon
titrating the triplex-forming oligonucleotide S0 with the formation of triplex T1s at 10 °C. The final sample conditions were 0.65 mM
triplex in 90% H20/10% D20, 100 mM NaCl, 1 mM NaNjs, pH 5.0.

The formation of a well defined intermolecular triplex without significant amounts of remaining target
duplex was accomplished by observing the imino resonances until their intensities remain constant and typical
signals for the duplex structure disappear. Moreover, within the triplex T1s the three protonated cytosines in
the pyrimidine-rich third strand necessary to form stable Hoogsteen hydrogen bonds to the purine-rich strand
of the target duplex can easily be recognized due to their well-separated and significantly downfield shifted
iminos (15-16 ppm) and aminos (8.5-10.5 ppm). Certainly, upon TFO titration the methyl groups of the third
strand thymines add to the number of signals observed in the chemical shift range between 1.6 and 1.8 ppm.
As Watson-Crick as well as Hoogsteen base pairing includes one imino signal each, we expect 12 imino
signals for the underlying 12mer target duplex and 9 imino signals for the Hoogsteen hydrogen-bonded 9mer
TFO in triplex T1s. As shown at the bottom of Figure 3.20 for a 1:1 duplex to TFO ratio, the 1D proton

spectrum reveals 18 imino signals nicely separated with only very minor and negligible signals of possibly
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duplex or other secondary structures. If fraying effects accompanied by the disappearance of fast-exchanging
imino signals for the 3'- and 5'-terminal base pairs are taken into account, the observed well-resolved set of
imino signals serves as an excellent basis for the NMR assignment of the triplex. Due to the pronounced
sequence dependence, the imino signals of the relatively large triplex system show a surprisingly good

dispersion.

syn
3'-endo
di8;1)=22A

anti
2'-endo
di(8,1)=3.7A

Figure 3.21: Pictorial representation of the C2-endo and C3'-endo sugar conformation with bases in anti- and syn-configuration,
respectively. The sequential assignment of an oligonucleotide based on dipolar connectivities between the nonexchangeable protons
of a B-type DNA [taken from 89].
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Figure 3.22: Internucleotide NOE connectivities between imino and amino protons in (A) T-AT and (B) C*-GC base triplets.

Once the suitability of the triplex construct for NMR structure elucidation was confirmed by simple 1D

proton spectra in H;O, the attention was focused on the assignment of the exchangeable and
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nonexchangeable protons from COSY and NOESY spectra. Qualitative structural information on the sugar
conformation was indirectly obtained from relative NOE crosspeak intensities in 90% H20/10% D-O or in
100% D20. An anti-glycosidic torsion angle as indicated by the more intense H6/H8-H2'/H2” crosspeaks
compared to H6/H8-H1’' crosspeaks is consistent with a regular helix. (spectra not shown). Furthermore, the
H6/H8-H3' crosspeaks are generally less intense than H6/H8-H2'/H2” crosspeaks implying, that the

2'-deoxyribose residues mostly adopt a C2'-endo conformation as within a B-type helix (see Fig. 3.21).
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Figure 3.23: Sequential imino-imino connectivities between Watson-Crick hydrogen-bonded iminos (green lines) and the Hoogsteen

hydrogen-bonded iminos (red lines) in triplex T1s (0.65 mM). NOESY spectrum acquired at 10 °C in 90% H20/10% D20, 100 mM
NaCl, 1 mM NaNs, pH 5.0 with a mixing time of 200 ms. Intratriplet crosspeaks of the third strand iminos to the Watson-Crick iminos of
the underlying duplex are marked by black arrows.

The chemical shift region from 12-16 ppm of a NOESY spectrum exhibiting imino-imino contacts of
the triplex T1s at 10 °C is shown in Figure 3.23. With the exception of the terminal base pairs G1C13 and

C12G24 due to fraying effects, two sets of continuous sequential imino-imino connectivities are observed,

namely between the Watson-Crick hydrogen-bonded iminos (green lines) as well as between the Hoogsteen
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hydrogen-bonded imino protons from Tos until Ts3 (red lines). Furthermore, some of the Hoogsteen-bonded
thymine iminos show weak intratriplet NOE crosspeaks to the corresponding Watson-Crick thymine imino
protons and are marked by black arrows. The characteristic downfield shifted C* imino and amino protons
provide a useful starting point for the sequential assignment of exchangeable and nonexchangeable protons
along the Hoogsteen-paired strand. Thus, the most downfield shifted signals could be unambiguously
identified as imino protons in C*3, C*27 and C*y by intrastrand crosspeaks to the adjacent thymine iminos,
strong intranucleotide crosspeaks to the most downfield shifted amino signals and a weak imino-imino
crosspeak between the two adjacent third strand cytosines. Moreover, each of the C* imino protons show a
strong NOE crosspeaks to H8 of guanine within a Hoogsteen pair (see Fig. 3.22). Intertriplet connectivities
were observed between the well-resolved C* aminos and the imino protons of adjacent Watson-Crick

guanines and thymines (see Fig. 3.24).
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Figure 3.24: Intrabase third strand C* imino-amino contacts and intertriplet connectivities between the characteristic C* amino signals
and adjacent thymine and/or guanine iminos in triplex T1s (0.65 mM). NOESY spectrum acquired at 10 °C in 90% H20/10% D20,
100 mM NaCl, 1 mM NaNs, pH 5.0 with a mixing time of 200 ms.

Starting from this initial assignment, the guanine imino shows another strong intra-base pair
crosspeak to the cytosine amino protons. Here, the most downfield shifted amino proton is involved in
Watson-Crick hydrogen bonding. In contrast to the sharp signals observed for each of the NH; protons in

cytosine, the faster rotation of the amino group in guanine generally results in a single broad crosspeak for the

amino proton pair and hampers their assignment. Thus, the weak imino-imino crosspeak between G14 and the
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adjacent T1s was verified by additional crosspeaks of G1sNH to the hydrogen-bonded amino proton NH (1) of
C» within the corresponding base pair and to the non-hydrogen bonded amino NH: (2) of the adjacent C3in

3'-direction.
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Figure 3.25: Region of a 2D NOESY spectrum of T1s (0.65 mM) showing intratriplet crosspeaks between thymine iminos of the
Watson-Crick and Hoogsteen strand to the corresponding adenine aminos (red lines). The spectrum was acquired at 10 °C in 90%
H20/10% D20, 100 mM NaCl, 1 mM NaNs, pH 5.0 with a mixing time of 200 ms. Indicated in green are crosspeaks of the Hoogsteen
TNH to AH8 and highlighted in red are crosspeaks of the Watson-Crick TNH to AH2.

The sequential assignment based on the imino-imino connectivities allowed identifying almost all
thymine imino protons. Both Hoogsteen- and the Watson-Crick hydrogen-bonded imino protons in T-AT
triplets show strong crosspeaks to the shared adenine NH, resonances as shown in Figure 3.25. Here, the
usually fast rotation rate of the adenine amino group is slowed down due to the involvement of both NH,
protons in hydrogen-bonding and the reduced solvent accessibility in the triplex structure. Therefore, adenines
located in the purine-rich strand of pyrimidine triplexes exhibit two amino protons with uncommonly small
chemical shift differences when compared to B-DNA. Additionally, a strong crosspeak is observed between
the Watson-Crick hydrogen-bonded TNH and AH2 as well as between the Hoogsteen-bonded TNH and AH8
protons. Candidates for the adenine H2 protons could be verified by additional inversion recovery experiments

with different delays (0.001 s — 24 s) due to their longer T relaxation time compared to other protons in the

sample (spectra not shown).
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Figure 3.26: Sequential assignment (red lines) of nonexchangeable protons within the TFO of triplex T1s (0.65 mM): H6-HT’
(5.7 - 6.5 ppm), H6-H3' (4.6 - 5.1 ppm) and H6-CHs (1.6 — 2.0 ppm). The spectrum was acquired at 20 °C in 100% D20, 100 mM
NaCl, 1 mM NaNs, pH 5.0 with a mixing time of 200 ms. The superimposed DQF-COSY spectrum displays the scalar coupled cytosine

H5-H6 and thymine CH3-H6 protons.

Additional NOE crosspeaks from dipolar coupling are observed between the amino protons of C*y
and Ct*y and methyl-protons of the adjacent thymine in the 5'-direction. Moreover, some of the TCH3 protons

show NOE crosspeaks to their own and/or to the neighboring imino protons.

Using adenine H8 resonances from the NOESY spectra in H,O as starting points, nonexchangeable
base and sugar protons are assigned based on a combination of COSY and NOESY spectra of the triplex T1s
in 100% D,0 at 20 °C. Although the overlapping of signals hampered a full assignment especially for the

Watson-Crick strands, the assignment of H6, H1" and H3' protons of the third strand could be almost
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completed based on continuous base-sugar proton connectivity networks. Figure 3.26 illustrates the proton
assignment strategy for the triplex-forming oligonucleotide. Here, the scalar coupled thymine CHs-H6 and
cytosine H5-H6 are identified by COSY crosspeaks. Furthermore, the NOESY spectra exhibit a doublet fine
structure for NOE crosspeaks of cytosine H6 and H5 in w, due to their partly resolved scalar coupling,
simplifying their identification. On this basis the sequential assignment of the nonexchangeable protons can
be continued. It makes use of NOE contacts observed between the H8 or H6 protons to the sugar H1’ proton
within the same nucleotide and to the H1’ proton of the adjacent nucleotide in 5’-direction provided that there
is a B-type DNA conformation (see Fig. 3.21). Equivalent connectivity networks are present between the base
protons and H2'/H2" as well as H3’ sugar protons, confirming and complementing the sugar as well as the
overall sequential assignment. Unfortunately, the assignment of most sugar protons, especially H2', H2”, H4',

H5', and H5", was limited due to unresolved crosspeaks and severe spectral overlap.

Interestingly, the 5'-triplex-duplex junction is characterized by an interstrand NOE crosspeak from the
terminal TosH6 of the TFO to the C,H5 and H6 located in the base pair adjacent to the junction. This contact
may indicate partial stacking interactions of the terminal Hoogsteen residue on the neighboring base in the
duplex overhang of the purine-rich strand. However, observed sequential NOEs between C2G14 and Tas-AsT1s
point to a regular helical arrangement without significantly increased flexibility and no considerable geometric
aberrations at the 5'-junction [102]. Other sequential and interstrand crosspeaks among the base pairs and
triads at the 5'-junction include G1H8-T1sH6 and AsH8-TxsH1' contacts, the latter being typical for triple-
stranded DNA. Accordingly, sequential NOEs were found between almost all purine H8 and the H1’ protons of

the 3'-neighboring Hoogsteen nuclectide.

All proton assignments are summarized in Table 3.10. Whereas most of the exchangeable and
nonexchangeable base protons (imino, amino, H2, H8, H5, H6, CH3) could be assigned in triplex T1s, only a
partial assignment of sugar protons was possible. Although additional 3'P spectra are very useful for
information about the phosphodiester backbone conformation, 3'P assignments were not possible due to the

lack of H5’, H5” and H4’ proton resonance assignments (spectrum not shown).
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Table 3.10: Chemical shifts & (in ppm) of exchangeable' and nonexchangeable? protons for the intermolecular triplex
T1s.3

amino

D1s_pu imino NH: (1) NH: (2) H1¢ H3¢ H5/H2/CH; H6/H8
5-G1 n.d. n.d. n.d. 6.00 491 - 7.86
C2 - 8.17 6.57 5.54 4.72 5.14 7.09
Az - 7.79 7.54 6.27 5.04 7.36 7.95
A4 - 7.87 7.55 n.d. 4.86 7.39 7.27
Gs 12.89 n.d n.d. n.d. nd. - 740
As - 7.84 742 n.d. nd. n.d. 717
Gy 13.37 n.d. n.d. n.d. n.d. - 7.33
Gs 12.70 n.d. nd. n.d. nd. - 7.39
Ag - 7.66 7.63 n.d. nd. 719 7.25
A1 - n.d. nd. n.d. nd. n.d. 7.62
A1 - n.d. n.d. n.d. n.d. nd. 7.82
Ci2 - 8.02 6.85 n.d. nd. 5.22 7.35

Dispy  imino 1)am'"°NH2 2 H1* H3  H5MH2ICHs  H6/H8
3-Cr3 - 8.14 6.83 n.d. n.d. 5.59 7.60
G4 12.54 n.d. n.d. 5.80 497 - 7.86
Tis 13.52 - - 5.98 4.92 1.67 7.30
T16 14.42 - - 6.08 nd. 1.71 7.56
Cir - 8.27 7.25 n.d. n.d. 5.53 7.61
T1s 14.12 - - n.d. nd. 1.68 7.50
C19 - 8.52 7.18 n.d. nd. 5.53 7.61
Ca0 - 8.25 6.68 n.d. n.d. 5.63 7.57
Ta1 14.10 - - n.d. nd. n.d. n.d.
T2 14.46 - - nd. nd. n.d. n.d.
Tas 14.40 - - n.d. nd. n.d. n.d.
G n.d. n.d. n.d. n.d. n.d. - nd.
S0 imino 1)am'“°NH2 2 H1¢ H3  H5M2CH;  H6
5-Tos 13.73 - - 6.09 4.81 1.94 7.94
Ta6 13.33 - - 6.31 4.95 1.72 777
Ctr 15.23 9.99 9.26 6.01 4.69 5.77 7.86
Tas 13.47 - - 6.38 497 1.76 7.83
Ct 15.10 9.99 8.82 5.95 4.82 5.84 7.70
C* 15.74 10.10 9.46 6.15 4.84 5.79 7.92
T31 13.82 - - 6.23 4.90 1.74 7.67
T3 12.74 - - 6.10 n.d. 1.64 7.50
Tss 12.62 - - n.d. nd. n.d. n.d.

n.d. = not determined

Tat 10 °Cin H20

23t 20 °C in D20

30.65 mM triplex in 100 mM NaCl, 1 mM NaNs, pH 5.0
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3.5.2 Resonance Assignment of the PIQ-DNA Complex
Several therapeutically relevant compounds are suggested or are known to have DNA as the major target.
Therefore, structural details on these interactions should help clarify their mode of action and to promote a
more rational drug design. In general, there are two common binding modes, intercalation and groove binding,
but also less specific ionic interactions with the negatively charged phosphodiester backbone are conceivable.
Here, the covalently attached phenyl-substituted indoloquinoline provides the main features of a typical
intercalator: a large planar aromatic surface area for stacking interactions with triplex bases in an intercalation
complex, a positive charge upon protonation at low pH, and torsional flexibility provided by the unfused
phenyl-substituent to accommodate to the triple-helical arrangement of the nucleotides [34]. In order to
elucidate the proposed binding mode of PIQ upon interaction with the employed triple-helical sequence, an
NMR assignment strategy comparable to the one already outlined for unmodified triplex T1s was applied to
the PIQ-DNA complex T1s-816a. Since a complete proton assignment of the relatively large complex was
hardly to be expected, a specific introduction of '5N-,'3C-labeled thymidine and adenosine at the proposed
drug intercalation site at the 5'-junction was employed to help in the assignment of those proton resonances in

proximity to the labeled site (for DNA sequence and labeled sites see Fig. 3.19).

+«+ Resonance Assignment of the '5N-,"*C-labeled Triplex

Upon titrating conjugate S16a to the target duplex, the observation of the imino proton region in a 1D NMR
spectrum and especially the appearance of the characteristic most downfield shifted third strand C* iminos
indicated the formation of a triple-helical secondary structure for the complex T1s-S16a. Figure 3.27 displays
two 1D proton spectra to directly discriminate the "*N-labeled thymine iminos based on their singlet signals in
the N decoupled spectrum (top) and their splitting into doublets under spin-spin coupling conditions with a
coupling constant of around 90 Hz (Jx+) in the non-decoupled spectrum (bottom). Clearly, the overall large
number of imino signals in both 1D spectra suggest the coexistence of multiple structures in solution.
Especially, the presence of at least four different '>N-labeled imino protons instead of two for T1s and T1s
indicate that at least two complex species are present. Note, that the assignment of '>N-labeled thymine

iminos is based on proton assignments using 2D NOESY experiments.
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Figure 3.27: One-dimensional spectra showing the region of labile protons of the complex T1s-S16a at 10 °C without (bottom) and
with '5N-decoupling (top). Black dots mark the exchangeable resonances of the PIQ moiety. The assignment of PIQ protons and
15N-labeled thymine imino protons is based on 2D NOESY experiments. The final sample conditions were 0.76 mM complex in
90% H20/10% D20, 85 mM NaCl, 1 mM NaNs, pH 5.0.

In order to better assess the formation of coexisting complexes and the influence of conjugate
binding on the "N chemical shift of the 'N-,1°C-labeled T1sA3 and TiAs base pairs, we performed a
H-"N HSQC experiment. The experiment allows for the correlation of the N nucleus with its one-bond
scalar coupled proton and thus limits the detection to thymine imino and adenine amino nitrogens in complex
T1s-S16a. As these nitrogen atoms are involved in Watson-Crick as well as Hoogsteen hydrogen bonds, they
are especially useful as a direct probe for hydrogen bonding and for potential changes in the hydrogen bond
geometries. Initial NMR measurements on the labeled target duplex D1s (spectra not shown) revealed, that
imino functions of both thymines exhibit the same proton and nitrogen chemical shifts and are isochronous
although not chemically equivalent (see Tab. 3.11). Upon the formation of triplex T1s, both nitrogen atoms

experience a change in their chemical environment and two distinct resonances with N chemical shifts of

-221.9 and -220.9 ppm, characteristic of a thymine imino nitrogen are observed (see Fig. 3.28) [134].

In agreement with the existence of multiple species, the formation of the PIQ-DNA complex T1s-
S16a results in the appearance of more than two different 'H-*N imino crosspeaks with variable intensities in
the "H-"SN HSQC spectrum. The signal intensities point to one major complex and to at least one minor
complex (see Fig. 3.28). Based on the imino-imino connectivities in a 'H-'H NOESY spectrum in 90%
H,0/10% D0 (see Fig. 3.30), the corresponding >N chemical shifts can be unambiguously associated with

T1s, T15 and a second T15* species. Table 3.11 summarizes the chemical shift differences of the *N-labeled
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imino nitrogens of T1s and T+e in triplex T1s and in the T1s-S16a complexes. The highest impact on the N
chemical shift by -1.7 ppm is observed for the T+s* in the minor complex, but T1s in the major complex also
experiences a noticeable upfield shift of -1.0 ppm. It has to be mentioned, that in addition to a triplex
concentration of 0.76 mM measurements were also performed with a triplex concentration of 0.42 mM.
Because the unassigned ®N-labeled imino (T-) is only detected in the higher concentrated solution it can be
assumed, that its even lower populated than the T1s* species. Interestingly, the chemical shift change of +0.1
ppm for Teis insignificant given the small differences in the sample and buffer conditions. On the other hand,
the considerable changes in the chemical shift of the T1s imino nitrogen suggests its location at the binding
interface and an interaction of the PIQ moiety at the 5'-junction adjacent to the terminal T5-AsT1s triad in both

of the assigned complexes.

Table 3.11: 5N imino chemical shifts of the labeled thymidines in duplex D1s, triplex T1s and in the PIQ-TFO complex
T1s-S16a at 10°C. Chemical shift differences A6 refer to differences 6(T1s) — 6(T1s-S16a).2

6 (ppm)
D1s_py D1sP T1s¢ T1s-S16a¢ AS (ppm)
15NH 15NH 15NH
T1s -221.0 -221.9 -222.9 -1.0
Tis* - - -223.6 1.7
T - - 2234 n.d.
T -221.0 -220.9 -220.8 0.1

n.d. = not determined

a15N chemical shifts referenced to nitromethane

b 0.42 mM D1s in 90% H20/10% D20, 84 mM NaCl, 1mM NaNs, pH 5.0
¢0.67 mM T1s in 90% H20/10% D20, 50 mM NaCl, 1mM NaNs, pH 5.0
40.76 mM T1s-S16a in 90% H20/10% D20, 84 mM NaCl, 1mM NaNs, pH 5.0
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Figure 3.28: Imino region of the H-'SN HSQC spectrum of specifically 15N-labeled triplex T1s (red) and complex T1s-S16a (blue) at
10 °C. The spectrum of T1s (0.67 mM) was acquired in 90% H20/10% D20, 50 mM NaCl, 1 mM NaNs, pH 5.0 and of T1s-S16a (0.76
mM) in 90% H20/10% D20, 85 mM NaCl, 1 mM NaNjs, pH 5.0.

77



78

3 Results and Discussion

The spectral region of the amino nitrogens between -290 and -300 ppm in the 'H-N HSQC
spectrum shows four pairs of crosspeaks correlating four amino nitrogens to their directly attached amino
protons with different chemical shifts (see Fig. 3.29A). The assignment of the two rather intense pairs of
crosspeaks to AsNH. and AsNH; was accomplished through NOESY crosspeaks of the Watson-Crick and
Hoogsteen hydrogen-bonded thymines. Comparing the 'H chemical shifts of T1s-S16a with T1s, both amino
protons of As experience a significant upfield shift of -0.76 ppm for NH2 (1) and -0.88 ppm for NH2 (2) on PIQ
binding. In contrast, the amino protons of As exhibit only a modest shift of -0.17 ppm for NH. (1) and
-0.19 ppm for NH2 (2). Again, these results point to an interaction of the PIQ ligand at the 5’-junction in line
with the N chemical shift data of the imino nitrogen in the Ta5-AsT+s triad. Moreover, corroborating the
presence of a second minor species two additional amino proton pairs are observed. Being weaker in intensity
both aminos seem to be related to either AsNH, or AsNH; due to their chemical shift and thus As*NH; and

A+*NH> in the minor complex as indicated in Figure 3.29A appeared to be the most reasonable assignment.
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Figure 3.29: (A) Amino region of the 'H-15N HSQC spectrum of complex T1s-S16a at 10 °C in 90% H20/10% D20. Amino protons
attached to the same nitrogen atom are linked by red lines. (B) Methyl region of the 'H-'3C HSQC spectrum of complex T1s-S16a at
20 °Cin 100% D20. The final sample conditions were 0.76 mM complex, 85 mM NaCl, 1 mM NaNs, pH 5.0.

For spectral simplification of the specifically labeled DNA, the 2D version of a 'N-edited
3D NOESY-HSQC experiment with the HSQC block working as a filter to only detect NOE crosspeaks arising
from protons directly bound to ®N nuclei was employed. Unfortunately, only already assigned imino signals

and their NOE contacts to some unknown resonances in the aromatic chemical shift region were observed

and did not further support the assignment process (spectra not shown).

Likewise, the analysis of H-'3C 2D NMR experiments to only monitor the '3C-labeled AsT+s and AsT1s

base pairs upon T1s-S16a formation were hampered by broadened and/or unresolved crosspeaks due to
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signal overlap of various coexisting complexes. However, the resolution of the H-'3C HSQC allowed for the
determination of some aromatic base protons and four distinct methyl groups, again indicating that at least
2 complexes are formed. Note, that only T1sCHz with 6 (*H) = 1.41 ppm and 6 (*C) = 11.2 ppm as well as

T16CHs with 6 (*H) = 1.71 ppm and 6 ("3C) = 11.7 ppm could be unambiguously assigned (see Fig. 3.29B).
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Figure 3.30: Sequential imino-imino NOE connectivities between Watson-Crick hydrogen-bonded iminos (green lines) and the
Hoogsteen hydrogen-bonded iminos (black lines) in the PIQ-DNA complex T1s-S16a (0.42 mM) at 10 °C in 90% H20/10% D20,
84 mM NaCl, 1 mM NaNs, pH 5.0. Two NOESY spectra with a 200 ms mixing time with (red spectrum) and without 15N-decoupling
(blue spectrum) are superimposed to facilitate the assignment of 15N-labeled T1s and T+6. Red arrows indicate NOE crosspeaks
between iminos of a minor species. The 1D proton spectrum without **N-decoupling on top shows the imino resonance assignments
with the signals of the second minor species marked in red.

2D NOESY experiments without and with **N-decoupling were acquired in 90% H.0/10% D,0O and
the characteristic imino-imino connectivities for the predominant complex of T1s-S16a are depicted in

Figure 3.30. Clearly, the superposition of 2D NOESY spectra acquired with and without 'N-decoupling
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enables a very straightforward assignment of the ®N-labeled T4s and T+s iminos. Based on the crosspeak
pattern of the imino protons, the formation of a regular triple helix in the presence of the covalently attached
PIQ is evident. Thus, two sets of sequential imino-imino connectivities are observed with conjugate complex
T1s-S16a, namely the Hoogsteen hydrogen-bonded imino protons and the Watson-Crick hydrogen-bonded
iminos (green lines) lacking only the terminal base pairs GiCi3 and C1,Gy4 that are not observable due to
fraying effects. Whereas a continuous sequential walk between Hoogsteen imino protons can be followed
from Tas until Tss (black lines), a noticeable interruption disconnects the C2Gi4 base pair located in the duplex
overhang at the 5’-junction from the Watson-Crick imino-imino connectivity network. Note, that as a result of
the exclusion principle and based on the assignment of all exchangeable PIQ and DNA resonances, the two
remaining most upfield shifted imino protons in a 2:1 intensity ratio were assigned to G14 and Gi4* in a major
and minor complex, respectively. Additionally, intratriplet imino-imino crosspeaks are observed between To-
Tao, To-Ts1 and T1s-T2s and corroborate the sequential assignment of the Hoogsteen and Watson-Crick

iminos.

Interestingly, some rather strong crosspeaks of already assigned imino protons in the NOESY
spectrum do not fit to the sequential assignment of complex T1s-S16a as outlined above, but rather point to
chemical exchange processes between multiple coexisting species in line with the 1D proton NMR spectra.
For example, in addition to the NOE contact with labeled T+, an intense chemical exchange imino-imino
crosspeak between the ®N-labeled thymine T1s with a T4s* in another complex is easily recognized in the non-
decoupled NOESY spectrum by its coupling pattern due to Jus. Clearly, the existence and observation of
chemical exchange crosspeaks implies slow exchange on the NMR chemical shift time scale between the
different complex species and should allow a clear discrimination of NOE and exchange crosspeaks by their
different sign in a ROESY spectrum. As shown in Figure 3.31, ROESY crosspeaks in the imino proton region
due to chemical exchange have the same sign as the diagonal and enable their unambiguous identification
based on the already assigned imino protons of the major complex. Interestingly, exchange peaks only
involve nucleotides Cor*, T2s, T2s, T1s and G4 located in the vicinity of the 5'-junction and include all remaining
imino proton resonances located outside the sequential NOE connectivity pattern of the major complex T1s-
S$16a. Since the signal intensity in the 1D proton spectrum noticeably differs between imino proton pairs

T1s/T15* and Tae/Tas*, @ 2:1 population ratio of the two complexes at 10 °C is indicated and associated with a
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major and minor complex. For the lower populated minor complex, a weak NOE crosspeak between TasNH*
and T26NH*, T1sNH* and T16NH*, as well as between C,7*NH* and T2sNH is observed, further verifying the
assignments for this coexisting species. Note, that additional NOE connectivities within the minor complex are
expected to mostly coincide with the sequential walk of the major species due to the small and therefore non-

resolved chemical shift differences for the other imino protons more distant from the 5’-junction.
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Figure 3.31: Imino proton spectral region of a 2D off-resonance ROESY spectrum of complex T1s-S16a (0.76 mM) with a 50 ms
spinlock duration at 10 °C in 90% H20/10% D20 with 84 mM NaCl, 1 mM NaNs, pH 5.0. Resonances connected by chemical
exchange crosspeaks are indicated.

NOE crosspeaks connect the Hoogsteen (Tas-Tas, Tos*Tos*) and Watson-Crick (T15-T1s, T15*-T16")
hydrogen-bonded iminos of the two 5'-terminal base triads in the major and minor complex. Additionally, Tas
and T1 show crosspeaks to the methyl groups of the adjacent thymidines Tzs and Tis in the predominant
species, respectively. With only one noticeable disruption of imino-imino connectivities observed for T15-G14
and T*-Gu* in both complexes, the 5'-triplex-duplex junction is again suggested to be the potential
intercalation site. Because the insertion of the large aromatic PIQ heterocycle between adjacent base pairs at
the 5'-junction leads to an unwinding of the phosphodiester backbone [135], the associated increase in
distance between C,G14 and Ta5-AsT1s prevents the observation of a distant-dependent dipolar coupling by the
NOE. Taken together, these findings clearly demonstrate, that the indoloquinoline intercalates at the 5'-triplex-
duplex junction in both the major and minor complex rather than within the triplex stem between adjacent base

triads.
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Table 3.12: Proton chemical shifts & (in ppm) of the selectively 15N-, '3C-labeled intermolecular triplex T1s-S16a
(0.42 mM) in 84 mM NaCl, 1 mM NaNs, pH 5.0) at 10 °C in 90% H20/10% D20. The uniformly 5N-,'3C-labeled
nucleotides are marked by bold letters.

. amino
D1s_pu imino NH: (1) NH:(2) H5/H2/CH; H6/H8
5-Gy n.d. n.d. n.d. - n.d.
C2 - 8.05 6.67 4.99 7.02
Az - 7.03 6.66 nd. n.d.
As* - 7.22 6.96 nd. nd.
A4 - 7.62 7.35 nd. n.d.
A - 7.79 743 nd. nd.
Gs 12.71 n.d. n.d. - n.d.
As - n.d. n.d. n.d. n.d.
Gr 13.32 n.d. n.d. - n.d.
Gs 12.69 n.d. n.d. - n.d.
Ag - n.d. n.d. nd. n.d.
A1o - n.d. n.d. nd. nd.
A1t - n.d. n.d. nd. n.d.
Cr2 - 7.96 6.74 5.10 7.27
Dtspy imino 1)am'"°NH2 @ HOMZCH  HeM
3-C3 - 7.87 6.64 5.35 743
G 11.70 n.d. n.d. - n.d.
Gs* 11.76 nd. n.d. - nd.
Tis 12.50 - - 1.41 n.d.
T1s* 12.00 - - 1.17 n.d.
T16 14.27 - - 1.71 n.d.
T16* 14.28 - - 1.63 n.d.
Cr7 - 8.10 7.05 5.45 7.59
T1s 14.11 - - n.d. n.d.
Ciy - 8.49 717 547 7.60
Ca0 - 8.22 6.68 5.61 7.55
T21 14.05 - - nd. n.d.
Ta2 14.44 - - n.d. n.d.
Ta3 14.38 - - nd. nd.
G nd. n.d. n.d. - n.d.
S16a imino 1)am'"°NH2 @ HoM2CH  He
5-Tos 13.66 - - 1.60 n.d.
Tos* 13.45 - - n.d. n.d.
Ta 13.03 - - n.d. n.d.
Ta26* 13.17 - - n.d. n.d.
Ctar 15.17 9.89 9.23 577 7.86
Chor* 14.87 n.d. n.d. n.d. n.d.
Tos 13.45 - - n.d. n.d.
Cta9 14.93 9.96 8.80 5.84 7.70
C*s 15.76 10.07 9.43 578 7.92
Ts1 13.80 - - nd. nd.
Ts2 12.71 - - n.d. n.d.
T3s 12.57 - - n.d. n.d.

n.d. = not determined
* minor complex (second binding mode)
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In general, the proton resonances of the oligonucleotides in the two complexes were mainly assigned
based on '®N-decoupled and non-decoupled 2D NOE spectra in 90% H20/10% DO and on a DQF-COSY
spectrum acquired in 100% D0 following the strategy already described for the reference triplex. Although
severe spectral overlap and unresolved crosspeaks hampered the proton assignment, the characteristic
chemical shift of third strand cytosine protons, the scalar coupled cytosine H5-H6 proton pair and the
specifically labeled nucleotides helped to identify at least some of the other exchangeable and
nonexchangeable base proton resonances in complex T1s-S16a (see Tab. 3.12). Even though an assignment
of sugar protons was not feasible, the relative crosspeak intensity between base protons and sugar protons
(H1’, H2’, H2”, H3') implies a mostly C2'-endo sugar pucker and an anti-glycosidic torsion angle as has also

been observed for the reference triplex (spectra not shown).

The additional '>N-labeled thymine imino proton observed in the 'H-'"N HSQC spectrum at
11.21 ppm (see Fig. 3.28) showed only intense exchange crosspeaks with water but no other NOE contacts to
other protons in the 2D NOESY spectra. Consequently, no conclusion about its affiliation to one of the

assigned complexes or rather to an additional undefined species could be drawn.

Noticeable NOE effects are observed in the region showing contacts between assigned iminos and
aromatic base protons. Whereas the imino crosspeaks of nucleotides located at the ligand interaction site are
rather sharp and well separated, nucleotides at the averted side show broadened and/or mostly unresolved
crosspeaks (see Fig. 3.37). This suggests that the broadened resonances are associated with the coexisting
species. In particular, the nucleotides close to the opposite 3'-junction may experience only very small
chemical shift differences in the minor and major complex, resulting in unresolved crosspeaks and
heterogenous linebroadening. On the other hand, intermediate exchange rates between protons further
remote from the ligand binding site with their similar chemical shift in the complexes may also lead to

homogenous linebroadening effects.

In general, intermolecular interactions may strongly influence the proton chemical shift of base and
sugar residues in nucleic acids. Following the proton resonance assignments for unmodified and PIQ-modified
triplexes, chemical shift changes can be mapped upon the DNA structure to reveal the ligand binding site. For

example, intercalation of large aromatic ring systems typically results in an upfield shift of up to 1.0 ppm for
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DNA protons above or below the intercalation site due to drug-induced shielding effects [135-140]. In addition
to contributions from hydrogen bonding, stacking due to ring current effects caused by the intercalator may
lead to significant chemical shift pertubations of imino protons. Since the proton assignment of complex T1s-
S$16a is mainly restricted to the chemical shift of the labile imino protons, we followed chemical shift changes
of corresponding triplex protons upon formation of the two complexes with the PIQ-TFO conjugate (see
Fig. 3.32). A negative sign relates to a highfield shift of the imino proton signal in the presence of the PIQ
ligand. Although the 5’-duplex overhang is not fully characterized, it is quite obvious that upon binding of the
PIQ moiety the DNA imino protons at the 5'-triplex-duplex junction experience the strongest shielding effect of
up to -1.5 ppm for the T15* imino in the minor complex. A significant highfield shift of T1sNH and G14NH imino
protons is observed for both the major as well as the minor complex. On the other hand, the chemical shift
perturbation of +0.15 for the adjacent Tis imino is only modest. Clearly, those findings demonstrate an
interaction of the drug moiety at the 5'-junction between the terminal Tos-AsT1s triad and the C,G+4 base pair in
both complexes. Interestingly, the Watson-Crick hydrogen bonded imino in the Tas-AsT+s triad is considerably
more perturbed when compared to the Hoogsteen imino proton in both complexes, indicating less stacking

interactions between the intercalated ligand and the third strand base.
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Figure 3.32: Chemical shift differences Ad (in ppm) of imino resonances between triplex T1s and T1s-S16a in the major complex
(red) and in the minor complex (green). The two panels display the Hoogsteen iminos (top) and the Watson-Crick iminos (bottom).
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% Resonance Assignment of the PIQ Ligand

The covalent attachment of the PIQ dye to the TFO and its purity were investigated by initial proton NMR

spectra of conjugate S16a.
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Figure 3.33: Portion of a 2D NOE spectrum of conjugate S16a (0.62 mM) in 100% D20 acquired with a mixing time of 450 ms. The
phenyl AA'XX' spin system (black lines) is clearly separated from the two sets of three aromatic protons (green and red lines) each
exhibiting a scalar coupling to methyl protons. The inset displays the chemical structure of the color-coded PIQ ligand correlating the
spectrum with the final proton assignment.

A DQF-COSY spectrum confirmed the presence of 6 thymines due to their typical scalar coupling
between CHs; and H6 base protons, and crosspeaks observed between H5 and H6 protons revealed
3 cytosines compatible with the covalently attached TFO sequence 5-TTCTCCTTT (spectrum not shown).
Moreover, the corresponding 6 methyl resonances are identified in the chemical shift region between
1.6-1.8 ppm in the 1D proton spectrum (not shown). As the conjugate with its all-pyrimidine strand is not
expected to form hydrogen bonds or to fold into a defined secondary structure, the characteristic
exchangeable protons are not observable due to their accessibility and their fast exchange with the solvent.
Therefore, measurements with free S16a were only performed in 100% DO without added salt, further

reducing the possibility of some random secondary structure formation. Unfortunately, the absence of

exchangeable protons clearly hampers an unambiguous PIQ assignment within free S16a because the
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missing indole NH and its potential dipolar coupling to other aromatic protons of the indoloquinoline moiety
may allow for an unambiguous assignment of the two separated proton spin systems of the indoloquinoline
moiety. Hence, only two similar sets consisting of three scalar coupled aromatic protons were identified with
one proton in each spin system showing another coupling to the corresponding methyl substituent (see Fig.
3.33). Due to the structural similarity on both sides of the indoloquinoline part, the assignment to one of the
two specific spin systems was done according to results from proton NMR chemical shift predictions and
previous assignments on free PIQ derivatives. All chemical shift values are summarized in Table 3.13 (for the
numbering scheme see also Fig. 3.34). Moreover, the tetracyclic indoloquinoline carries an unfused phenyl

ring resulting in a characteristic set of signals typical for an AA’XX’ spin system.

Table 3.13: Chemical shift of PIQ protons in free conjugate $16a and in
the conjugated triplex T1s-S16a.

S16a T1s-516a
PIQ major complex minor complex
protons  'Ho(ppm)  Ho(ppm)  'Ho(ppm) - Ho(ppm)  'H 5(ppm)
D202 H20P D20¢ H200 D20°
1 7.64 713 713 n.d. n.d.
2 747 6.86 6.88 nd. nd.
3 7.67 7.01 7.02 n.d. n.d.
4 2.92 2.18 219 2.41 n.d.
5 - 11.21 - - -
6 8.47 8.00 8.00 7.38 n.d.
7 7.19 6.65 6.67 6.86 n.d.
8 743 6.88 6.88 7.05 n.d.
9 241 2.25 2.2 1.80 nd. Figure 3.34: Numbering scheme for the
10 - 10.75 - 10.36 -

methyl-substituted indoloquinoline covalently

linker-NH - 9.00 - 8.88 - ;
phemytH  TTT(AA), 791799, 789,801, 797812 796,813 ochedbyaCblinkertothe TFO. Red arrows
mark the scalar coupling correlations and

8.08 (XX) 7.36,799 739,800 7.71,nd. 772,820
green arrows mark the observed NOE

linker-CHz n.d. 3.65, 3.39, n.d. 3.79, 3.34, n.d. o
380 364 connectivities for the complex T1s-S16a.

n.d. = not determined
20.62 mM S16ain100% D20 at 293K
b0.42 mM T1s-S16a in 90% H20/10% D20, 84 mM NaCl, 1mM NaNs, pH 5.0 at 10 °C
¢0.42 mM T1s-816a in 100% D20, 84 mM NaCl, 1mM NaNs, pH 5.0 at 20 °C

After the assignment of all exchangeable imino and amino resonances for the complex T1s-S16a in
90% H20/10% D-0, the remaining exchangeable resonances were assigned to NH of the indole and the
amide bond between the linker and the PIQ moiety. Whereas the amide NH shows strong NOE connectivities
to the adjacent a-methylene protons of the C6 linker resonating between 3 and 4 ppm, the indole NH is

identified by its dipolar coupling to the 9-methyl protons between 1.8 and 2.3 ppm (see Fig. 3.16). As seen in

Figure 3.35, both exchangeable protons exhibit additional NOE contacts to resonances of the unfused phenyl
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substituent. Fortunately, both resonances occur in less crowded spectral regions with almost no other DNA
resonances. Interestingly, strong NOESY crosspeaks in the spectral region from 8.5-11.0 ppm are clearly
identified as being due to chemical exchange between a second minor species and the predominant complex
through a superimposed ROESY spectrum. Consequently, as expected from the triplex assignment there are
also two distinct PIQ species associated with the triple-helical T1s-S16a species and differences in the

chemical environment of the ligand are reflected in different proton chemical shifts in the two complexes.

A single unassigned exchangeable proton observed at 11.21 ppm (see Fig. 3.27) only exhibits a
strong exchange crosspeak with water in the 2D NOE spectrum and is suggested to originate from a
protonated pyrido-NH at pH 5.0 [114]. Note, that the chemical shift is about the same as found for the
unassigned '“N-labeled thymine imino, but can be clearly distinguished by the non-decoupled 1D spectrum

displaying a doublet for the '>N-labeled thymine imino and a singlet for the proposed pyrido NH*.

Starting with the assignment of the PIQ exchangeable protons, the aromatic and methyl protons can
be directly identified via corresponding NOE crosspeaks. The proton assignment of both complexes
summarized in Table 3.13 was supplemented by DQF-COSY and TOCSY spectra in 100% D,O (spectra
not shown). Interestingly, almost all PIQ proton resonances in both complexes exhibit a highfield shift with
respect to the unbound TFO conjugate, pointing to stacking effects influencing all PIQ protons. Due to the loss
of symmetry upon binding to DNA likely associated with a restricted rotation of the phenyl ring, all four phenyl
protons become chemically nonequivalent with different chemical shifts in the complex. Furthermore, the
phenyl group is suggested from simple energy minimizations to be almost perpendicular to the plane of the
indoloquinoline ring system (see Fig. 3.36). Because interproton distances strongly depend on the exact PIQ
conformation and the phenyl ring orientational preference, a strictly unambiguous assignment of the phenyl
protons was not possible despite their mutual scalar coupling and the crosspeaks observed between some of
the phenyl protons and amide as well as indole NH protons. Based on scalar and dipolar couplings, almost all
proton resonances of bound PIQ could be assigned for the major complex. The assignment of ligand
resonances in the minor complex is hampered by their low intensity. However, some of the signals, especially
for the linker amide NH, indole NH, methyl substituents and their coupling partners can be unambiguously

identified by the observation of chemical exchange crosspeaks.
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Figure 3.35: Portion of a 2D NOE spectrum of triplex T1s-S16a (0.42 mM) acquired at 10 °C with a mixing time of 200 ms in 90%
H20/10% D20, 84 mM NaCl, 1 mM NaNs, pH 5.0. To better identify crosspeaks of the PIQ protons in case of extensive spectral
overlap with intra-DNA contacts of lower intensity, corresponding spectral regions are displayed with a higher threshold level as
indicated in the figure. In the spectral region from 8.5-11.0 ppm a superimposed ROESY spectrum confirms chemical exchange
crosspeaks between PIQ protons within the two complexes. The intramolecular NOE connectivities of the PIQ moiety in the minor and
the major complex are highlighted by green and red lines, respectively.

To complete the extraction of structural details after having started with proton assignments of the

15N-,"3C-labeled T1s-S16a, having directly observed a major and a minor species coexisting in solution, and

finally having obtained a clear idea of the PIQ binding mode and binding site, the search for intermolecular

crosspeaks are of particular importance for a highly resolved structural model. Here, a good starting point for
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the detection of potential intermolecular NOE contacts is based on a combination of **N-decoupled and non-
decoupled NOESY spectra (see Fig. 3.37). Note, that the binding sites targeted by the ligand are limited due
to the linker length and the disruption of the continuous triplex imino-imino NOE network upon PIQ binding
clearly points to an intercalation at the 5'-triplex-duplex junction. Unfortunately, the presence of multiple
complexes, severe spectral overlap and only a partial assignment of the triplex resonances restricts the
detection and unambiguous identification of a larger number of NOE crosspeaks between protons of the
ligand and the DNA (see Tab. 3.14). However, one of the two well-separated resonances attributed to the
methyl protons of the indoloquinoline moiety in the major complex and resonating at 2.18 ppm exhibits
crosspeaks with T2sNH and G1sNH DNA protons. Likewise, the characteristic indole NH shows a crosspeak to
T1sCHs in the 'N-decoupled NOESY and the linker amide NH exhibits an NOE contact to TsCHs. NOE
contacts between some phenyl protons of the PIQ moiety and imino protons of Tis, T2s and G4 again
demonstrates that the indoloquinoline intercalates at the 5’-junction in the major complex. The second binding
mode, characterized by a lower number of observable NOEs, exclusively involves the two well-defined methyl
groups of the indole (1.80 ppm) and the quinoline subunit (2.41 ppm). Interestingly, the connectivity pattern is
strikingly different from that of the major complex. Whereas G1sNH* and T1sNH* show contacts to the 4-methyl
protons of the quinoline moiety, TsNH* exhibits an NOE contact to the 9-methyl substituent of the indole

structural unit.

< T
;&g@ﬁ(\\f

Figure 3.36: Energy-minimized structural model (MMFF molecular mechanics) of the PlQa moiety suggesting conformational
preferences of the unfused phenyl-substituent.

Because the intensity of the NOE is proportional to r in a first approximation, crosspeaks are only
observed between protons close in space (< 5 A) within the tertiary structure. However, spin diffusion effects
at long mixing times result in the breakdown of the r interproton distance dependence of the NOE and

therefore to incorrect distance estimations. Therefore, additional NOESY experiments with reduced mixing
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times (100 ms, 50 ms) were acquired to better assess distances based on the NOE buildup. Whereas NOE
contacts between the PIQ phenyl protons and the G1sNH and T2sNH already disappear upon reducing the
NOESY mixing time to 100 ms, intermolecular crosspeaks between G1NH and the PIQ ligand become
unobservable in both complexes at a mixing time of 50 ms. Overall, PIQ-DNA crosspeak intensities in the 2D

NOE experiments suggest interproton distances larger ~3.5 A.

Table 3.14: Intermolecular NOE contacts observed between DNA and PIQ resonances for the major and minor complex.

T1s-S16a intermolecular NOE connectivities
mode | of binding G14NH -4
(major complex) G14NH - phenyl-H

T1sNH - phenyl-H
T15CHs- 10 (indole-NH)
TasNH - 4

T2sNH - phenyl-H
T25CHs- linker-NH

mode Il of binding G1aNH* - 4*
(minor complex) T1sNH* - 4*
TosNH* - 9*
TpsNH* G, NH* .
T NH* 14 indole-NH*
ToNH TNH O TNH ™ G NH indole-NH | linker-NH
— \ 0.5
2573 — : — S {- = F15
9* (PIQ-CH,) == -~~~ s 5 = ﬁf&.
4 (PIQ-CH,) 3
4* (PIQ-CH,) . F 28 o
" - o
=3 X W g
3 6.5
4 &3 P
phenyl-H -\ & .
phenyl-H
14.0 13.0 12.0 11.0 10.0
'H (ppm)

Figure 3.37: Portions of superimposed **N-decoupled (red) and non-decoupled (blue) 2D NOE spectra of triplex T1s-S16a (0.76 mM)
acquired at 10 °C with a mixing time of 200 ms in 90% H20/10% D20, 84 mM NaCl, 1 mM NaNs, pH 5.0. Intermolecular PIQ-DNA
connectivities are marked with solid lines for the major complex and broken lines for the minor complex.

In summary, there are at least two complexes in solution with a stoichiometry of 2:1 upon binding of
conjugate S16a to the target duplex with the formation of complex T1s-S16a. For both complexes, major and
minor complex, the PIQ moiety intercalates at the 5'-triplex-duplex junction between the terminal Tas-AsT1s

triad and the C,G14 base pair of the duplex overhang.
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3.5.3 Construction of Molecular Models
The resonance assignments of the PIQ-DNA complexes and the observed intermolecular NOE contacts can
be used as restraints to orientate the PIQ ligand with respect to the stacked T2s-AsT+s triad and the C.G14 base
pair within the intercalation pocket at the 5'-triplex-duplex junction. In order to exclude any ambiguities that
could possibly result in erroneous ligand-DNA contacts within the formed triplex, only the few but
unambiguously assigned drug-DNA NOE crosspeaks in the less crowded regions of the spectrum were used
(see Tab. 3.14). These included contacts to DNA imino as well as to PIQ indole NH and linker amide protons,
that were mostly observed in NOE experiments acquired with longer mixing times. Consequently, only seven
and three NOE connectivities for the major and minor complex were employed for the structure evaluation,
respectively, the latter only involving resolved 4-methyl and 9-methyl protons of the indoloquinoline. Also, no
attempt was made to quantify NOE intensities in terms of interproton distances because the isolated spin pair
approximation is expected to be violated at the mixing times employed and NOE contacts involve
exchangeable protons in all cases. Rather, all interproton distances were conservatively estimated to be
within a range of 3.5 A < dwx < 5.5 A. It must be noted, that in contrast to expectations the ligand orientation is
surprisingly well defined even for the minor complex given the rigid indoloquinoline structure. The evenly
distributed NOE-derived constraints fix the intercalated ligand by connecting PIQ protons on either side with
base protons in the adjacent base triplet and base pair at the 5'-triplex-duplex junction. Excluding additional
major conformational readjustments of the base triad and Watson-Crick base pair bordering the intercalation
site, any more noticeable reorientations of the drug will ultimately result in a considerable increase of at least
one of the critical interproton distances and thus is a severe violation of the observed NOE data. It is
noteworthy, that although no NOE restraints were imposed for the final geometry optimizations of the
manually docked intercalated ligand, the resulting final complex geometries exhibited an excellent agreement
with the experimental data with all NOE-associated DNA-ligand interproton distances being in a range 3.9 A <

du < 5.3A.

The Energy-minimized structures of the major and minor complex with the PIQ ligand intercalated at
the 5'-triplex-duplex junction are illustrated in Figures 3.38 and 3.39. For the sake of clarity, the
phosphodiester backbone and linker were omitted in Figure 3.39 to better show the observed intermolecular

NOE contacts between ligand and DNA protons that are depicted by dotted lines (top spectra) and clearly
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define the geometry of the intercalation complex. However, it can be assumed that the nucleic acid base pair
and base triad at the intercalation site become separated by about 6.8 A to accommodate the intercalating
ligand, requiring significant changes in the torsion angles of the phosphodiester backbone with local
unwinding of the helix [2]. Typically, those intercalation-induced structural perturbations of the DNA result in
changes of the helical twist directly at the intercalation site or at adjacent base pair steps but cannot be further

evaluated for the present PIQ-DNA complexes.

Figure 3.38: Final energy-minimized structure of a fragment of the PIQ-TFO conjugate bound to the target duplex (grey). The TFO
(orange) bound in the major groove of the Watson-Crick duplex allows for the formation of a 5™-triplex-duplex junction as intercalation
site for the PIQ ligand (red) in both the (A) major and (B) minor complex.

As shown in Figure 3.38 the four-membered indoloquinoline ring system occupies an area of
approximately the same size as a typical DNA base pair. Its orientation parallel to the Watson-Crick base pair
and its asymmetric shape enhances corresponding stacking interactions. However, in line with the significant
upfield shifts experienced by the Watson-Crick imino proton of the Tas-AsT1s base triad and the G1C, base
pair, the polycyclic indoloquinoline only exhibits significant stacking interactions with the corresponding
Watson-Crick base pairs but not with the Hoogsteen bound base in both complexes. In contrast, molecular
modeling of the triplex-specific intercalator B[f|PQ suggested, that the chromophore nearly exclusively stacks
with the Hoogsteen pair [23]. The positive impact of a large planar aromatic surface able to accommodate the
shape of the entire base triad on triplex stability was also exploited by the extension to a five-membered ring

system as seen for the BQQ ligand. In fact, based on molecular modeling BQQ allows for optimized stacking



3 Results and Discussion

with the Watson-Crick as well as the Hoogsteen strand in line with the further increased triplex thermal
stabilization [23]. Obviously, size and shape of the intercalator affects interactions between ligand and triplex

and exploiting the full surface of a base triad upon intercalation maximizes the favorable stacking interactions.

Figure 3.39: Final energy-minimized structures of the (A) PIQ-DNA major complex and (B) minor complex; (top) view into the major
groove illustrating the orientation of the ligand (red) located between the flanking base pair and base triad at the 5'-triplex-duplex
junction; NOE constraints are indicated by dotted lines; (center and bottom) projections down the helix axis from the 5'-end of the
purine rich strand of both T1s-816a complexes showing PIQ (red) stacked on either the T25-AsT1s base triad or the G14C2 base pair.
As can be directly inferred from the comparison of corresponding NOE contacts for the major and the
minor species, the indoloquinoline ring system is rotated by 180° within the intercalation pocket. Due to the
large tetracyclic PIQ ring system this rotation is expected to require the dissociation of the ligand from the

intercalation site, associated with the observed slow dynamics of exchange between major and minor species.

In fact, the presence of exchange crosspeaks in the ROESY spectrum (tmix = 50 ms) points to an exchange
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rate in the range 20 s-'at 10 °C. On the other hand, a chemical shift difference of 0.01 ppm as observed for
the two slowly exchanging protons TwNH and T1sNH* even supports a slower exchange between the two
complexes under the assumption of two equally populated species. In a similar way, a flipping motion by 180°
was reported for an intercalating naphthalimide moiety upon binding to DNA with exchange rates determined
to be around 2-20 s at 25 °C [141,142]. Interestingly, the ring rotation of the smaller naphthalimide

intercalator was proposed to take place inside the intercalation pocket.

Whereas the detailed conformation of the linker moiety is not defined by experimental data, an NOE
connecting the linker amide proton with TosCHs protons in the major complex shows that the ligand penetrates
the junction from the major groove. This also implies that the phenyl-substituent must reside within the major
groove. NOE distance restraints observed for the major complex suggest that the phenyl-substituent is rotated
by around 66° with respect to the indoloquinoline plane upon DNA binding. However, a corresponding almost
perpendicular orientation of the phenyl ring seen in the final structure of the minor complex is not based on
experimental data. A rotated phenyl-substituent that does not stack with the flanking base pair and/or base
triad was also observed for the intercalation of ethidium bromide into duplex DNA as seen in Figure 3.40A
[143]. In contrast, calculations on the triplex intercalator naphthylquinoline docked into the intercalation site
between two T-AT triads suggested, that the flexible naphthyl-substituent contributes to the stacking
interactions, again pointing to more favorable interactions with an increased aromatic surface (see Fig. 3.40B)
[34]. It should be noted, however, that an unprotonated endocyclic nitrogen of the quinoline moiety in the
naphthylquinolines reduces steric hindrance in case of a coplanar orientation of the flexible aromatic naphthyl-
substituent and contrasts with the situation of the 11-phenyl-substituent in the indoloquinolines. Nevertheless,
the intercalation of PIQ between two base triads within the triplex stem may also involve almost coplanar
phenyl and indoloquinoline ring structures to increase the overall surface area. This may also provide for
favorable stacking interactions with the Hoogsteen hydrogen-bonded base, counteracting higher energetic
penalties from the separation of two stacked base triads upon intercalation. However, without any more
detailed structural data with respect to the PIQ binding for internally modified conjugates or conjugates without
a duplex overhang it is not clear, if other potential PIQ interactions as, for example, intercalation between two
base triads or capping on a terminal base triad benefit from additional stacking interactions due to the unfused

phenyl-substituent or are energetically less favorable in line with slightly reduced thermal triplex stabilizations.
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Clearly, additional restraints as imposed by the linker length and shown for the internally modified conjugates

also significantly influence intercalation of the ligand.

Ethidium Bromide

Naphthylquinoline

Figure 3.40: (A) Crystal structure of the intercalation complex between ethidium and iodoCpG (NDB ID: DRBB12) [taken from 143].
(B) Molecular modeling-based structure of an intercalation complex with naphthylquinoline stacked between two T-AT triads; (top)
view into the major groove illustrates the proposed planar conformation of the naphthylquinoline; (bottom) top view of the intercalation
site [taken from 34].

Overall, the structural models of the PIQ-DNA complexes are in full agreement with the experimental
NMR data. Although only less defined by NOE crosspeaks, the observed strong highfield shift experienced by
the indoloquinoline 9-methy! in the lower populated minor complex can be attributed to its stacking on the Tos
ring system as indicated by the final geometry. Also, the models indicate the rather close proximity of the
protonated PIQ quinoline nitrogen and an N3-protonated cytosine within a potential C*-GC neighboring base
triad in both complexes, providing an explanation for the sequence selectivity of PIQ due to charge-charge
repulsions. However, pH dependent triplex stabilities also demonstrate factors other than direct electrostatic

interactions between charged bases that contribute to the PIQ-mediated stabilization and base selectivity.

This is corroborated by the binding of 5-PIQ-TFO conjugates to the 2-aminopurine-modified duplexes with the
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observation of an enhanced triplex stabilization. Here, stacking with the Watson-Crick base pair is likely
altered due to a relocation of the amino group in 2Ap now facing the minor groove. In addition to steric effects
imposed by the structural change, modified dipole-dipole interactions are expected to be important

contributors of the observed change in interaction energies.

To the best of my knowledge no X-ray or NMR-derived structures of triplex intercalators have been
reported yet and structural models derived by calculations exclusively refer to non-covalently linked drugs
intercalated between base triads. Although several studies have pointed out that the triplex-duplex junctions
and especially the 5'-junction represent strong intercalation sites for intercalating ligands like ellipticine or
acridine due to some kind of structural discontinuity [103,744], a detailed structural interpretation is not
available. It can be suggested, that the linker directs the binding to the corresponding junction if an intercalator
is conjugated to either the 5'-end or the 3'end of a TFO [111,144]. Generally, the 5'- and 3'-triplex-duplex
junctions have been reported to be structurally non-equivalent and to exhibit DNA sequence-dependent
variations [6,102]. Thus, the asymmetry of the 3'- and 5'-junction was suggested to be directly related to
differences in binding affinity for intercalators. In contrast, the present studies on 3'-PIQ-TFO conjugates have
shown, that they still allow for sufficient triplex stabilization and indicate strong interactions of the attached
polycyclic ligand with the triple-helical structure similar to corresponding 5-intercalation complexes. These
data clearly suggest that PIQ covalently attached to the 3'-terminus of the TFO will target the 3'-triplex-duplex

junction.
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Triple helix-forming oligonucleotides (TFOs) are one of the most specific DNA duplex binding agents and offer
new perspectives towards oligonucleotide-mediated gene regulation and manipulation. However, the poor
thermodynamic stability of DNA triplexes under physiological conditions limits a successful application in the
antigene strategy. Thus, the conjugation of TFOs with small triplex-specific binding ligands is a promising
approach to stabilize the formed complexes and to enhance their overall binding affinity. In addition, such
ligands might also be employed as fluorescent sensors signaling a particular DNA structure or sequence, and
as reagents for the chemical modification of DNA, e.g. as photo-inducable crosslinkers, radioactive agents or

alkylating compounds.

The present study focused on the synthesis of novel TFO conjugates with triplex-binding
indolo[3,2-b]quinoline derivatives (PIQ), attached at the oligonucleotide termini or at an internal thymine
position with different linkers, and on their ability to form and stabilize intermolecular triplexes through their
recognition of a duplex target. Given its efficient coupling to third strand oligonucleotides associated with the
easy accessibility of corresponding conjugates, the PIQ moiety presented here is a promising lead compound
for a further optimization of this type of triplex-selective agents. During the course of the work the
thermodynamics of conjugate binding and structural aspects of drug-DNA interactions have been

characterized by a variety of spectroscopic and calorimetric techniques.

Conjugates with 5™-, 3'- and internal modifications interact with their corresponding target duplexes in
a well defined 1:1 binding stoichiometry and form triplexes with increased thermal stability that is sensitive to
the attachment site and the type of linker. Furthermore it was demonstrated, that ring protonation of the PIQ
moiety imparts an additional sequence selectivity which is associated with a strong preference for uncharged
T-AT triads. Interestingly, the fluorescent properties of the indoloquinolines can be used to reliably monitor
dissociation of the ligand from its DNA interaction site and thereby also act as an independent indicator for

triplex melting.

Binding studies on the ligand-oligonucleotide conjugates using UV and fluorescence spectroscopy as
well as direct calorimetric methods showed that tethering the indoloquinoline derivatives to the TFO

considerably reduces entropic penalties upon binding. In contrast to the few typical DNA intercalators where
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detailed thermodynamic profiles have been established, the 5'-conjugates exhibit a positive entropy change
that significantly contributes to the enhanced duplex binding affinity of the ligand. Although enthalpy and
entropy contributions are rather small, they both add to an overall favorable free energy upon ligand binding.
Also, studies on the pH dependence of triplex formation point to the importance of ring protonation for the PIQ
ligand to achieve efficient triplex binding. Consequently, having a relatively low pKs the present
indoloquinoline structures suffer from only partial protonation under neutral solution conditions. Thus,
introduction of appropriate indoloquinoline substituents such as amino groups should allow for a higher
basicity associated with apparent pK; values above 7 and will be promising future candidates for an effective

triplex recognition and triplex formation even under physiological conditions.

As an important complement to the thermodynamic analysis of binding, NMR structural studies of a
5-PIQ-TFO conjugate were employed for a detailed structural characterization of PIQ binding in the formed
triple-helical complexes. Based on the few but unambiguously assigned intermolecular NOE contacts between
PIQ and DNA bases at the 5'-triplex-duplex junction, the experimental data unequivocally demonstrate
intercalation of the tethered ligand at the 5'-junction. Interestingly, two intercalation complexes are formed in a
2:1 molar ratio which only differ in the orientation of the indoloquinoline moiety within the intercalation site.
Favorable stacking interactions between the intercalated indoloquinoline chromophore and the adjacent
Watson-Crick bases at the 5'-triplex-duplex junction are suggested to mainly account for the formation of
these complexes. Whereas the linker seems to direct the ligand insertion at the neighboring 5’-junction, the
unfused phenyl-substituent in the major groove is rotated out of the plane of the indoloquinoline moiety and
does not stack with the flanking base pair or base triad. In this context an NMR structural characterization of
conjugates with internally attached ligand would be of particular interest for the future to also evaluate
potential stacking contributions from the flexible phenyl-substituent in case of an intercalation site within the

triplex stem, i.e. between two base triads.

Having for the first time determined a detailed structure of a triplex-intercalating ligand through NMR-
derived data allows for a general assessment regarding geometric requirements of the ligand including
positioning of its substituents. Combined with the detailed thermodynamic characterization of binding by
calorimetric methods, the present results most likely constitute the most comprehensive account on the

formation and the geometry of triplex intercalation complexes that has been reported so far. Clearly, the data
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for these first-generation PIQ-TFO conjugates provide an experimental and theoretical basis for a more
general understanding of triplex binding of small molecules. It is hoped that they will support a more efficient
structure-based design for the optimization of triplex-selective ligands, more accurately predicting their mode
and strength of binding. Thus, the rational design of second-generation ligands may involve the introduction of
functional groups or substituents (e.g. sugar moieties, alkylamine side chains) which form additional favorable
non-covalent interactions such as hydrogen bonding or hydrophobic interactions, affecting the sequence
specificity, the thermodynamic stability and the orientation of bound ligand. Ultimately, the discovery and
further development of new triplex-recognizing lead compounds in combination with TFOs may also

encourage their future applications.
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5.1 Materials

All chemicals listed in Table 5.1 were either purchased from Sigma-Aldrich (Steinheim, Germany), Roth

(Karlsruhe, Germany) or Euriso-Top (Saarbriicken, Germany). Solvents were distilled prior to use. Buffer

solutions were prepared using deionized water (Millipore Simplicity 185). All reactions were monitored by TLC

using Merck silica gel plates 60F2s4. Silicagel (0.063-0.2 mm, Mallinckrodt Baker, Netherlands) was used for

normal-phase column chromatography under atmospheric pressure. Chemicals were weighed on a Sartorius

ME235P-OCE balance (Sartorius, Gottingen, Germany) with an uncertainty of £0.02 mg.

Table 5.1: Alphabetical list of used chemicals.

chemicals manufacturer
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (98+%) Sigma-Aldrich
Acetic acid : triethylamine 2 M:2 M concentrate (puriss. p.a. for HPLC; in water) Fluka
Acetonitrile (Rotisolv HPLC) Roth
Chloroform-d + 1% TMS 99.8% D, HDO+D20 < 0.01% Euriso-Top
Deuterium oxide (99.97% D) Euriso-Top
Deuterium oxide (99.994% D) Aldrich
Dimethyl sulfoxide (for UV spectroscopy) Fluka
Dimethyl sulfoxide-d6 + 0.03% TMS, HDO + D20 < 0.02% Euriso-Top
Disodium hydrogen phosphate dihydrate (Ultra for molecular biology) Fluka

Ethanol absolute (G Chromasolv) Sigma-Aldrich
Lithium chloride anhydrous (Ultra > 99.0% (AT)) Fluka
Magnesium chloride hexahydrate (99.0-102.0%) Sigma-Aldrich
Methanol (for gradient elution) Sigma-Aldrich
N,N-Dimethylformamide (puriss.; 99.5% (GC)) Fluka
N-Hydroxysuccinimide (97%) Aldrich
Sodium azide (Ultra; > 99.5% (T)) Fluka

Sodium cacodylate trihydrate (98.0% (T)) Fluka

Sodium chloride (purriss.p.a.; > 99.5% (AT)) Fluka

Sodium hydroxide (Sigma Ultra, min 98%) Sigma-Aldrich
Sodium phosphate monobasic dihydrate (Ultra for molecular biology) Fluka
Spermine tetrahydrochloride (Ultra; > 99.5% (AT)) Fluka

Unmodified and amino-functionalized oligonucleotides were purchased from TIB MOLBIOL (Berlin, Germany)

and Eurofins MWG Operon (Ebersberg, Germany). The oligonucleotides were stored at 4 °C and their

extinction coefficient as given in Table 5.2 was calculated based on the nearest-neighbor model of Tataurov
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etal. [100]. "®N-,"3C-labeled 2’-deoxyadenosine and thymidine phosphoramidites were purchased from

Cambridge Isotope Laboratories, Inc. (Andover, USA).

Table 5.2: Purchased oligonucleotide sequences and their corresponding calculated extinction coefficients. The duplex

sequences (D1-4) consist of a purine-rich strand (pu) and a pyrimidine-rich stand (py).

sequence extinction coefficient oligonucleotide sequence
name [M-* cm1]
S0 70800 5-TTCTCCTTT
A0 68300 5-CCCTCCTTT
NO 69900 5-TCCTCCTTT
EO 69200 5-CTCTCCTTT
D1 D1_pu 153100 5-CGC AAG AGG AAA CGC
D1_py 125800 5-GCG TTT CCT CTT GCG
D1s D1s_pu 129900 5-GCA AGA GGA AAC
D1s_py 98500 5-GTT TCC TCT TGC
D2 D2_pu 148500 5-CGC GGG AGG AAA CGC
D2_py 124600 5-GCG TTT CCT CCC GCG
D3 D3_pu 151600 5-CGC GAG AGG AAA CGC
D3_py 125500 5-GCG TTT CCT CTC GCG
D4 D4_pu 151200 5-CGC AGG AGG AAA CGC
D4_py 124900 5-GCG TTT CCT CCT GCG
D4G D4G_pu 155100 5-CGG AGG AGG AAA CGC
D4G_py 123200 5-GCG TTT CCT CCT CCG
DAT DAT_pu 154500 5-CGT AGG AGG AAA CGC
DAT_py 129000 5-GCG TTT CCT CCT ACG
D4A D4A_pu 157000 5-CGA AGG AGG AAA CGC
D4A_py 124100 5-GCG TTT CCT CCT TCG
D4ata D4at_pu 157000 5-CGA AGG AGG AAA CGC
D4ad? Dé4ad_pu 157000 5-CGA AGG AGG AAA CGC

a DNA sequences derived from duplex D4A with a single 2-aminopurine modification (marked A). The corresponding complementary
pyrimidine-rich strand equals the D4A_py oligonucleotide sequence. 2-Aminopurine was treated like an adenine nucleotide and no

specific extinction coefficient for 2Ap was used for the calculations.

The 4,9-dimethyl- and 4,9-dimethoxy-substituted 11-(4-methyloxycarbonylphenyl)-10H-indolo[3,2-b]quinolines

1a and 1b were prepared by Rita Schroeder according to previously published procedures [62].

1a: 4,9-Dimethyl-11-(4-methyloxycarbonylphenyl)-10H-indolo[3,2-b]quinoline

M(CzsNzOszo) =380.42 g/mol
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Spectroscopic data: 'H-NMR (600 MHz, CDCls): 6 (ppm) = 9.30 (s, 1H, NH), 8.39 (d, J = 7.4 Hz, 1H,
ArH), 8.31 (d, J = 8.1 Hz, 2H, ArH), 7.71 (d, J = 8.1 Hz, 2H, ArH), 7.63 (d, J = 8.3 Hz, 1H, ArH), 7.52
(d, J=7.3 Hz, 1H, ArH), 7.37 (m, 2H, ArH), 7.25 (t, J = 7.3 Hz, 1H, ArH), 4.00 (s, 3H, OCHjs), 3.03 (s,

3H, CHs), 2.47 (s, 3H, CH).

1b: 4,9-Dimethoxy-11-(4-methyloxycarbonylphenyl)-10H-indolo[3,2-b]quinoline

M(C25N204H20) = 412.42 g/mol

Spectroscopic data: 'H-NMR (600 MHz, CDCls): & (ppm): 9.90 (s, 1H, NH), 8.40 (d, J = 7.9 Hz, 1H,
ArH), 8.32 (d, J = 7.9 Hz, 2H, ArH), 7.72 (d, J = 8.2 Hz, 2H, ArH), 7.38 (d, J = 8.5 Hz, 1H, ArH), 7.12
(t, J=7.9Hz, 1H, ArH), 7.08 (d, 1H, ArH), 6.99 (t, J = 7,5 Hz, 1H, ArH), 6.92 (d, J = 8.2 Hz, 1H, ArH),

4.21 (s, 3H, OCHs), 4.01 (s, 3H, OCHs), 3.97 (s, 3H, OCHs).

5.2 Methods

5.2.1 Syntheses
e Preparation of 4,9-Dimethyl- and 4,9-Dimethoxy-substituted 11-(4-carboxyphenyl)-10H-indolo[3,2-

b]quinolines 2a and 2b.

The educt 1a (326.8 mg, 0.859 mmol) or 1b (301.2 mg, 0.731 mmol) was dissolved in methanol and stirred at
85 °C to improve the solubility. A solution of sodium hydroxide (2 N, 20 mL) was added slowly. After 2 hours
the pale yellow solution was placed on ice and hydrochloric acid (10%, 40 mL) was added with precipitation of
colored product. The product was filtered off and dried in a vacuum desiccator. The preparation of the

methoxy-substituted indoloquinoline 2b was realized by Fanny Riechert-Krause.

2a: 4,9-Dimethyl-11-(4-carboxyphenyl)-10H-indolo[3,2-b]quinoline

Yield: 225.5 mg (71.6%)

M(C24N202H1g) = 366.44 g/mol

Spectroscopic data: 'H-NMR (600 MHz, DMSO): & (ppm) = 8.29 (d, J = 7.8 Hz, 1H, ArH), 8.23 (d, J =

8.0 Hz, 2H, ArH), 7.71 (d, J = 8.0 Hz, 2H, ArH), 7.58 (d, J = 7.2 Hz, 1H, ArH), 7.51 (d, J = 7.9 Hz, 1H,
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ArH), 7.43 (d, J = 7.1 Hz, 1H, ArH), 7.40 (t, J = 7.9 Hz, 1H, ArH), 7.23 (t, J = 7.2 Hz, 1H, ArH), 2.95

(s, 3H, CHa), 2.54 (s, 3H, CHa).

2h: 4,9-Dimethoxy-11-(4-carboxyphenyl)-10H-indolo[3,2-b]quinoline

Yield: 221 mg (75.9%)

M(C2sN204H1g) = 398.44 g/mol

Spectroscopic data: 'H-NMR (600 MHz, DMSO): & (ppm): 11.53 (s, 1H, COOH), 9.89 (s, 1H, NH),
8.35 (s, 1H, ArH), 8.21 (d, J = 8.2 Hz, 2H, ArH), 7.69 (d, J = 8.4 Hz, 2H, ArH), 7.56 (t, J = 7.9 Hz, 1H,
ArH), 7.38 (m, 1H, ArH), 7.32 (t, J = 8.3 Hz, 1H, ArH), 7.31 (d, J = 7.4 Hz 1H, ArH), 7.27 (d, J = 8.7

Hz 1H, ArH), 4.15 (s, 3H, OCHs), 3.97 (s, 3H, OCHs).

e Preparation of 4,9-Dimethyl- and 4,9-Dimethoxy-substituted 11-(4-succinimidocarboxyphenyl)-10H-
indolo[3,2-b]quinolines 3a and 3b.
The carboxy-functionalized indoloquinoline 2a (112.7 mg, 0.3 mmol) or 2b (140.9 mg, 0.354 mmol) was
dissolved in DMF. N-Hydroxysuccinimide (95 mg for 2a, 111 mg for 2b) and N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (157 mg for 2a, 184 mg for 2b) were added and the mixture was stirred for
2-3 days. The reaction was monitored by TLC (CH.Clo/CH3OH 9:1). The solvent was removed under vacuo
and the solid yellow residue dissolved in methylene chloride. The solution was washed three times with water
and another three times with a concentrated solution of sodium chloride until the water phase became almost
colorless. The organic phase was dried using sodium sulfate and the solvent was removed by rotary
evaporation. The products 3a and 3b were purified by column chromatography and flash chromatography
(CH2Clo/CH30H 9:1). The preparation of the methoxy-substituted indoloquinoline 3b was realized by Fanny

Riechert-Krause.

3a: 4,9-Dimethyl-11-(4-succinimidocarboxyphenyl)-10H-indolo[3,2-b]quinoline
Yield: 130 mg (93.3%)

M(C28N304H21) =463.48 g/mol
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Spectroscopic data: 'H-NMR (600 MHz, DMSO): & (ppm) = 10.63 (s, 1H; NH), 8.07 (d, J = 8.1 Hz,
2H, ArH), 8.23 (d, J = 7.5 Hz, 1H, ArH), 7.86 (d, J = 8.1 Hz, 2H, ArH), 7.56 (d, J = 6.7 Hz, 1H, ArH),
7.50 (d, J = 8.5 Hz, 1H, ArH), 7.42 (d, J = 7.5 Hz, 1H, ArH), 7.39 (dd, J = 8.5 Hz, J = 6.7 Hz, 1H,
ArH), 7.23 (t, J = 7.5 Hz, 1H, ArH), 2.96 (s, 3H, CHs), 2.95 (s, 4H, 2x CH_), 2.53 (s, 3H, CHs). 13C-
NMR (600 MHz, DMSO): ¢ (ppm): 170.39 (C), 161.82 (C), 144.99 (C), 143.49 (C), 142.61 (C),
141.98 (C), 136.42 (C), 131.76 (CH), 130.66 (CH), 130.49 (CH), 130.18 (C), 126.23 (CH), 125.13
(CH), 124.45 (C), 124.33 (C), 122.21 (CH), 121.33 (C), 119.88 (CH), 118.68 (CH), 25.63 (CH.),

18.57 (CH), 17.18 (CHs). MS (ESI-TOF): m/z: 464,16 [M+H]*

3b: 4,9-Dimethoxy-11-(4-succinimidocarboxyphenyl)-10H-indolo[3,2-b]quinoline

Yield: 168.3 mg (96%)

M(C2sN30gH21) = 495.48 g/mol

Spectroscopic data: 'H-NMR (600 MHz, DMSO): & (ppm): 11.08 (s, 1H, NH), 8.33 (d, J = 8.4 Hz, 2H,
ArH), 7.96 (d, J = 8.0 Hz, 1H, ArH), 7.79 (d, J = 8.4 Hz, 2H, ArH), 7.41 (t, J = 8.0 Hz, 1H, ArH), 7.26
(t, J=7.8Hz, 1H, ArH), 7.21 (d, J = 8.1 Hz, 1H, ArH), 7.19 (d, J = 7.4 Hz, 1H, ArH), 712 (t, J=7.5
Hz, 1H, ArH), 4.06 (s, 3H, OCHs), 3,95 (s, 3H, OCHs), 2,94 (s, 4H, 2x CH,). *C-NMR (600 MHz,
DMSO0): & (ppm): 170.49 (C), 161.99 (C), 155.71 (C), 146.09 (C), 144.46 (C), 141.91 (C), 135.88 (C),
134.46 (C), 131.72 (CH), 130.73 (CH), 130.62 (C), 125.7 (C), 125.48 (CH), 124.77 (C), 124.34 (C),
122.81 (C), 120.58 (CH), 115.98 (CH), 113.61 (CH), 110.45 (CH), 104.8 (CH), 55.81 (OCHs3), 55.68

(OCHs), 25.69 (CH2). MS (ESI-TOF): miz: 496,15 [M+H]*

e  Preparation of the PIQ-TFO Conjugates.

The amino-modified oligonucleotide (5.0 OD, 0.07 umol) was dissolved in water (150 pL) and the solution
mixed with a 0.1 M sodium phosphate buffer (pH 8.2, 65 uL) containing 50 mM lithium chloride. The NHS-
ester functionalized indoloquinoline dissolved in DMF (1 mg/100 wL, 2.1 umol 3a and 2.0 umol 3b,
respectively) was added. The solution was stirred for 5-8 days at 50 °C and checked by TLC (n-propanol/H.0
5:3). Reaction batches showing only modest product formation after 3-4 days (especially reactions with the 3b

analog as a result of increased NHS-ester hydrolysis) were additionally mixed with another portion of
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NHS-ester (0.5 mg/50 uL, 1 umol). After completion of the reaction, the product mixtures were dried in vacuo
and the residue dissolved in water. Excessive NHS-ester was extracted three times by dichloromethane. The
PIQ-TFO conjugates were finally purified by HPLC and desalted by using Sep-Pak C18-Cartridges (Waters
Corporation, Milford, USA). Purified products were characterized by Maldi-TOF mass spectrometry (see
Tab. 3.1). Synthesis yields, total amounts in optical density units (OD) and in nanomoles are summarized in

Table 5.3 together with the average reaction time.

Table 5.3: Parameters for the conjugate syntheses.

TFO average reaction time average yield [%] amount [OD] n [nmol]
5'- attachment to the TFO

S16a 7 days 70.8 4.87 49.6

A16a 7 days 62.8 3.75 39.2

N16a 7 days 59.8 3.55 36.6

E16a 5 days 62.7 3.73 384

S16b 5 days 546 3.64 38.2
3- attachment to the TFO

S93a 7 days 22.8 1.07 10.9

S97a 8 days 443 3.05 31.0

S97b 5 days 36.9 246 25.8
attachment at the interior:

S72a 8 days 19.9 1.37 14.0

S76a 7 days 36.7 2.52 257

5.2.2 Mass Spectrometry

Mass spectra were recorded on a Bruker Microflex Maldi-TOF with Flexcontrol and Flexanalysis software.
Alinear detection method and negative ion mode was employed. The measurements were performed with
400 shots. The HPLC-purified conjugates and the matrix solution (saturated 3-hydroxypicolinic acid in water)
were desalted via ammonium-activated cation-exchange resin beads (Dowex 50 W x 8 100-200 mesh; Fluka)

and applied on a target plate. The main peak is equivalent to m/z M-1.

5.2.3 Flash Chromatography
For purifications through flash chromatography, a Yamazen Al-580 system (Yamazen, Osaka, Japan)
equipped with a UV-detector at a fixed wavelength (254 nm) and with prepacked flash chromatography

columns from Yamazen (Hi-Flash size L, Inject size M) was used.
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5.2.4 High Pressure Liquid Chromatography (HPLC)
HPLC separations were carried out with a Hitachi/Knauer system. The purification was performed on a
reverse column (Kromasil 100 A C18 5 um, 4.6 x 250 mm, Wicom GmbH, Heppenheim, Germany). A
gradient was applied using buffer A (0.1 M triethylammonium acetate/CHsCN 1:1, pH 6.8) and buffer B (0.1 M
triethylammonium acetate/CHsCN 98:2, pH 6.8) as eluent (Tab. 5.4). A flow rate of 1.2 mL/min was used and

the fractions were detected simultaneously at 260, 281, 347, and 406 nm.

Table 5.4: Gradient profile used for HPLC.

time (min) % A % B
0 10 20
20 40 60
25 100 0
34 10 90
41 end

5.2.5 UV Measurements
All UV measurements were performed on a Cary 100 spectrophotometer equipped with a temperature control
unit (Varian Deutschland, Darmstadt). Melting curves were recorded with 1 data point/°C at 260 nm in a
temperature interval from 1 to 90 °C. To prevent water condensation at temperatures below 25 °C on the
1 cm cuvettes, the sample chamber was constantly flushed with nitrogen gas. The lyophilized unmodified or
conjugated TFO (1.7 uM) and target duplex (1.45 uM) were dissolved in cacodylate buffer pH 6.0 (0.02 M
cacodylate, 0.1 M NaCl, 1 mM spermine) and annealed prior to each melting experiment by heating to 90 °C
followed by slow cooling to room temperature. For pH-dependent melting experiments, the cacodylate buffer
was adjusted with HCI or NaOH within the pH range 5.0-6.5. Measurements included one cooling ramp
(0.5 °C/min) followed by a heating period (0.5 °C/min). Heating and cooling curves showed small hysteresis
effects due to slow kinetics of 0.5-3 °C depending on the particular TFO conjugate. The melting temperature
was determined by the maximum of the first derivative plot of the final heating curve after appropriate
smoothing. The relative hyperchromicity H for the triplex-to-duplex transition was calculated from the melting

curve and given as percentage according to H = (AAwqg X 100)/(AA¢ss).
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5.2.6 CD Measurements
CD spectra were recorded with a Jasco J-810 spectropolarimeter equipped with a Peltier element (Jasco,
Tokyo, Japan). Quartz cuvettes (Hellma, Deutschland) of 1 cm path length were used. Wavelength scans of
the various TFO conjugates (1.7 uM) were acquired with 20 accumulations, a scanning speed of 50 nm/min, a
response time of 4 s and a bandwidth of 1 nm. CD measurements of 2-aminopurine-modified single strands
(3 uM) were carried out with a scanning speed of 100 nm/min, a response time of 1 s and a bandwidth of
1 nm. To obtain a better S/N ratio, five spectra were accumulated for each measurement. CD spectra of
unmodified TFO and PIQ-TFO conjugates were acquired with added target duplex in a 1:1 molar ratio at
10 °C or at 20 °C for 2-aminopurine-modified oligonucleotides, respectively. Experiments were carried out in
cacodylate buffer pH 6.0 (0.1 M NaCl, 0.02 M cacodylate, 1 mM spermine) except for 2Ap-modified constructs

(0.1 M NaCl, 0.02 M cacodylate, 1 mM spermine, pH 5.0). All spectra are blank corrected.

5.2.7 Fluorescence Measurements
Fluorescence measurements were performed with a Jasco FP-6500 spectrofluorometer (Jasco, Tokyo,

Japan). Quartz cuvettes (Hellma, Deutschland) of 1 cm path length were utilized.

e Fluorescence Titration Experiments with Various PIQ-TFO Conjugates.

Using an excitation wavelength of 350 nm, emission spectra were acquired from 360 to 650 nm with a
scanning speed of 50 nm/min, emission and excitation bandwidths of 5 nm, and a response time of 1 s. The
sensitivity was manually adjusted by setting the photomultiplier tube voltage (PMT) to 350 V (400 V for
conjugate S$16b). Fluorescence measurements were carried out with a conjugate concentration between 0.7
and 1.7 uM in cacodylate buffer pH 6.0 (0.1 M NaCl, 0.02 M cacodylate, 1 mM spermine). Relative
fluorescence intensities were followed during the addition of the duplex solution (100 pM) in 20 steps to the
conjugate to reach a final duplex-to-TFO molar ratio of 2:1. All data were blank and volume corrected. Binding
curves of conjugate S16a were constructed by recording the fluorescence emission at 466 or 463 nm after
each titration step and were fitted to a single-site binding model. The mathematical description of this model is
represented by

F _ Fup X Kg x[L]+ 1
[Mo] % fo Ko x[L]+ 1
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1

(L2 + (Mo] = Lo + ) X [4] -

[Lo]
Ka

=0 @)

where F is the fluorescence intensity at each titration point, [My] and [L] are the total concentration of the
conjugate and the concentration of free duplex DNA, respectively, F),; is the fluorescence enhancement
factor, f, the molar fluorescence of the PIQ-TFO conjugate, and K, the binding constant. Solving the

quadratic equation 4 with the total duplex concentration [L] gives the free duplex concentration [L] [113].

o  pH-Dependent Fluorescence Melting Experiments.
Fluorescence measurements were carried out with concentrations of 1.45-1.75 uM in single strand within the

pH range 5.0-6.0 in cacodylate buffer (0.1 M NaCl, 0.02 M sodium cacodylate, 1 mM spermine).

Temperature dependent fluorescence experiments were acquired at temperatures from 20 °C up to
90 °C to monitor changes in the fluorescence intensity of methyl-substituted PIQ upon DNA melting. Every
2 °C a data point was extracted at Aem = 466 nm in the indoloquinoline emission region. The melting point was
determined from the first derivative of the sigmoidal curve of the temperature dependent fluorescence using
Origin software. During all measurements the emission and excitation bandwidths were set to 5 nm, the
response time to 1 s and data points were taken every nanometer. The parameters in Table 5.5 summarize

the different settings for triplexes with fluorescent PIQ. All data were blank and volume corrected.

Table 5.5: Parameter settings for the fluorescence melting experiments with PIQ-TFO complexes.

pH temperature Aex Aem sensitivity  scanning speed cycle
fluorescence melting:
T1-S16a 6.0 20-60 °C 350 nm 360-650 nm medium 200 nm/min 1
5.75 20-60 °C 350 nm 360-650 nm medium 200 nm/min 1
5.55 20-70 °C 350 nm 360-650 nm medium 200 nm/min 1
5.25 30-80 °C 350 nm 360-650 nm medium 200 nm/min 1
50 40-80 °C 350 nm 360-650 nm medium 200 nm/min 1
T4A-N16a 50 40-70 °C 350 nm 360-650 nm medium 200 nm/min 1

o  Fluorescence Melting and Fluorescence Titration Experiments with 2-Aminopurine as Fluorescent Probe.
Fluorescence measurements were carried out with a concentration of 2-aminopurine-modified single strand of
3 uM in cacodylate buffer pH 5.0 (0.1 M NaCl, 0.02 M sodium cacodylate, 1 mM spermine). Relative

fluorescence intensities were followed during the stepwise addition (5 steps) of the complementary duplex-
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forming strand and the unmodified or PIQ-conjugated triplex-forming oligonucleotide up to a 1:1 molar ratio,
respectively. Fluorescence titration experiments were generally performed at 20 °C. To obtain a better S/N

ratio, five spectra were accumulated for each measurement.

Temperature dependent fluorescence experiments were acquired at temperatures from 20 to 90 °C
to monitor changes in the fluorescence intensity upon DNA melting. Every 10 °C a data point was extracted at
370 nm and/or 466 nm associated with the 2-aminopurine and the indoloquinoline emission, respectively. The
melting point was extracted from the first derivative of the sigmoidal curve of the temperature dependent

fluorescence emission using Origin software.

During all measurements the emission and excitation bandwidths were set to 5 nm, the response
time to 1 s and data points were taken every nanometer. The parameters in Table 5.6 summarize the different
settings for triplexes with fluorescent PIQ and 2Ap and complexes incorporating only 2Ap. All data were blank
and volume corrected. The quenching of the fluorescence signal was calculated by setting the relative
fluorescence intensity of the completely melted complex in temperature-dependent measurements and of the

free 2Ap-modified single strands in fluorescence titrations to 100%.

Table 5.6: Parameter settings for the fluorescence titration and fluorescence melting experiments with 2Ap-modified
triplexes.

Aex Aem sensitivity scanning speed cycle
fluorescence titration: 20 °C

T4ad, T4at 304 nm 320-500 nm high 100 nm/min 5
T4ad-N16a, T4ad-N16a 304 nm 320-600 nm high 100 nm/min 5
350 nm 360-650 nm medium 100 nm/min 5

fluorescence melting: 20-90 °C
T4ad, T4at 304 nm 320-500 nm high 200 nm/min 1
T4ad-N16a, T4ad-N16a 304 nm 320-600 nm medium 200 nm/min 1
350 nm 360-650 nm medium 200 nm/min 1

e Fluorescence Emission and Excitation Spectra to Analyze the FRET-Transfer between 2-Aminopurine
and PIQa.

Fluorescence measurements were carried out with 2-aminopurine-modified triplexes (3 uM) in cacodylate

buffer pH 5.0 (0.1 M NaCl, 0.02 M cacodylate, 1 mM spermine). Emission spectra were measured at a fixed

excitation wavelength (304 nm for 2Ap and 350 nm for PIQa). The excitation spectra were recorded while
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keeping the emission wavelength set to 370 nm for 2Ap and 466 nm for the indoloquinoline. Since even very
small differences in concentration have a large impact on the fluorescence intensity, the data were normalized
for a direct comparison. All experiments were performed at 20 °C and three spectra were accumulated each.

All data were blank and volume corrected. The different parameter settings are summarized in Table 5.7.

Table 5.7: Parameter settings for fluorescence emission and excitation spectra of 2Ap-modified triplexes.

Aex Aem sensitivity scanning speed cycle

fluorescence emission: 20 °C
T4ad, T4at 304 nm 320-650 nm high 100 nm/min 3
T4ad-N16a, T4ad-N16a 304 nm 320-650 nm high 100 nm/min 3
350 nm 360-650 nm high 100 nm/min 3

fluorescence excitation: 20 °C
T4ad, T4at 250-350 nm 370 nm high 100 nm/min 3
T4ad-N16a, T4ad-N16a 250-350 nm 370 nm high 100 nm/min 3
250-450 nm 466 nm high 100 nm/min 3

5.2.8 Isothermal Titration Calorimetry
ITC experiments were performed with a MicroCal VP-ITC instrument (MicroCal, Northampton, USA), and the
final data were analyzed with the Origin software. All samples were dissolved in cacodylate buffer pH 6.0
(0.1 M NaCl, 0.02 M cacodylate, 1 mM spermine). The smaller first injection volume (4-5 L) was rejected
before data analysis. Subsequent titration steps involved injections with 7-10 uL each and a delay between
injections of 4 min. All ITC titrations were performed in triplicate with a reference power of 8 ucalls at 10 °C.
For the ITC experiments on the reference triplex, concentrations of 11-12 uM for the duplex and 140-150 uM
for the third-strand oligonucleotide were employed. For the direct determination of binding enthalpies by the
excess-site method with modified and unmodified third-strand oligonucleotides, buffer solutions of 130 uM
duplex and 136 uM TFO conjugate as well as 130 uM third-strand oligonucleotide were employed,
respectively. Blank titrations were conducted by injecting the TFO into buffer under otherwise identical
experimental conditions. The blank-corrected titration curves of the reference triplex were fitted to a model
with a single binding site yielding the binding constant K, and the molar binding enthalpy AH®. In case of the
model-independent protocol, the final binding enthalpy was directly determined by peak integration of the

power output following each injection, normalization by the number of moles of added ligand, and averaging
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from three independent experiments with 10 titration steps each. The Gibbs free energy AG° was calculated
according to the relationship

AG° = —RT In K, (5)
The entropic contribution TAS® was calculated from the free energy of binding and the binding enthalpy as
determined by the ITC measurements according to the standard thermodynamic relationship

AG®° = AH°® — TAS® (6)

5.2.9 NMR Spectroscopy
NMR experiments were carried out on a Bruker AVANCE 600 MHz spectrometer equipped with 5 mm probes
including a quadruple "H/'3C/'5N/3'P cryoprobehead. All experimental data were processed using the Topspin

V2 software.

NMR samples of synthesis products 1-3 were dissolved in 500 uL of an appropriate deuterated
solvent (CDCls, DMSO-ds). To visualize correlations between scalar and dipolar coupled protons and to allow
for an unambiguous proton resonance assignment of synthesis product 3 (NHS-ester), a COSY and NOESY
experiment with a mixing time of 350 ms were performed. A total of 512 FIDs in F1 with 16 or 32
accumulations, a delay time of 2 s between cycles and 2k data points were acquired. After zero-filling to
obtain a final data matrix of 2k x 1k data points, a sine (COSY) or squared sine bell (NOESY) window function
was applied in both dimensions prior to Fourier transformation. The proton assignment was complemented by
heteronuclear NMR experiments (HSQC, HMBC) and the assignment of corresponding '3C resonances. All

spectra were acquired at room temperature.

Conjugate S16a was dissolved in 500 pL DO for NMR measurements. Varied sample
concentrations were used for the DQF-COSY (1.2 mM) and the NOESY experiment (0.62 mM) at 20 °C.
A total of 800 spectra with 32 accumulations and a delay time of 2 s between cycles in F1 and 2k (DQF-
COSY) and 4k (NOESY) data points in F2 were acquired. The NOESY mixing time was set to 450 ms. After
zero-filling to obtain a final data matrix of 2k/4k x 1k data points, a sine (COSY) or squared sine bell (NOESY)

window function was applied in both dimensions prior to Fourier transformation.
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Aqueous NMR samples of T1s and T1s-S16a contained 100 mM and 84 mM NaCl, respectively,
1 mM NaNs and the pH of the unbuffered solutions was adjusted to 5.0 by the addition of aliquots of HCI.
NMR measurements were acquired in 90% H20/10% D,0 at 10 °C and in 100% D0 at 20°C using the water
signal as chemical shift reference (4.95 ppm at 10 °C, 4.84 ppm at 20 °C). One- and two-dimensional spectra
in 90% H20/10% D0 solution were recorded by using the WATERGATE (with w5 element) or the Excitation
Sculpting water suppression technique. NMR titrations were performed by the stepwise addition of the TFO
S0 or conjugate S16a to the corresponding target duplexes D1s and *3N-,'3C-D1s, respectively. Typically,
spectra were acquired with 32, 64 or 128 transients per t1 increment and a delay time of 2 s. NOESY
experiments in 90% H20/10% D0 were performed with mixing times of 30-300 ms and a spectral width of up
to 25 ppm. 2k x 800 data points were collected in the two dimensions that were subsequently zero-filled to
give a 2k x 1k data matrix. A squared sine bell window function was applied in both dimensions prior to
Fourier transformation. For measurements in D,0O, the sample was lyophilized twice and re-dissolved in
99.994% D,0. NOESY experiments in 100% D20 were recorded using a smaller spectral width of typically
10 ppm with 32 transients per t1 increment and a recycle delay of 2s. Mixing times of 100 and 200 ms were
applied, 4k x 1k data points collected and data processed by applying squared sine bell functions in both
dimensions. Zero-filling gave a matrix of 4k x 2k data points. In the case of 100% DO solutions, the residual

water signal was suppressed by presaturation.

Proton scalar coupling connectivities were determined by DQF-COSY and TOCSY spectra to allow
for unambiguous proton resonance assignments with similar settings as given for the NOESY experiments.
For the DQF-COSY spectra 1024 t1 increments with 2048 complex data points were acquired and zero-filled
to give a final 4k x 2k data matrix. TOCSY experiments using the DIPSI2 isotropic mixing scheme and field
strengths of 7.14 kHz (T1s) and 10.0 kHz (T1s-S16a) were recorded with spin lock times of 80 ms. NOESY
crosspeaks originating from chemical exchange were investigated by ROESY spectra acquired at 20 °C with
a spin-lock field applied for 60 ms at a field strength of 2.5 kHz. An off-resonance ROESY experiment in 90%
H,0/10% D,0O was acquired with a spinlock pulse of 4.16 kHz at a mixing time of 50 ms and the spin-lock
pulse applied 3.6 kHz off-resonance (downfield) from the center of the spectrum. A 1D inversion recovery
experiment in DO (delay time 40 s) was recorded with 32k complex data points, a sweep width of 10 ppm, 8

scans and variable delays between 24 s and 1 ms.
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2D 'H-N HSQC and 'N-edited NOESY-HSQC experiments on the DNA-drug complex were
acquired with a sweep width of 25 ppm (*H) and 120 ppm ('*N) and the "*N chemical shifts referenced to
nitromethane. A 'H-13C HSQC was acquired with a sweep width of 11 ppm ('H) and 165 ppm (**C). The 13C
chemical shifts are reported relative to TMS by using the indirect referencing method. 2k x 256 and 2k x 512
data points were collected in the two dimensions for the 'H-'SN HSQC and the 'H-13C HSQC experiments with
128 ('H-5N) and 64 ('H-'3C) accumulations per t1 increment, respectively. The data were subsequently zero-
filled to give a 2k x 1k data matrix. The 'H-'"N 3D NOESY-HSQC experiment was used to serve as a 2D
5N-edited NOESY with an HSQC filter and was acquired to give a 4k x 512 data matrix with the number of
increments in the third indirect "*N dimension set to 1. All heteronuclear experiments were acquired with a
recycle delay of 1.5 s and the data were zero-filled to a final matrix of 4k x 1k. A squared sine bell window

function was applied in both dimensions prior to Fourier transformation.

5.2.10 Molecular Modeling
A fragment of the triplex conjugate that was studied by NMR spectroscopy and which consists of the two-base
pair overhang, the first three base triads of the triplex stem and the covalently attached PIQ ligand was
constructed starting with the published coordinates of a pyrimidine triplex with an intercalating non-natural
base determined by NMR spectroscopic methods in solution (PBD ID: 1WAN) [145]. The intercalating
nucleotide analog and additional 5™-linked nucleotides of the third strand were removed and the N5-protonated
PIQ ligand was attached through the C¢ amino linker to the TFO at the intercalation site with the model builder
of Spartan’08 (Wavefunction Inc., Irvine, CA). Also, to allow for the correct sequence, base triplets and base
pairs were exchanged where necessary. Distortions and excessive strain in the resulting complex were
initially removed by a simple energy minimization keeping hydrogen bonds of the Watson-Crick and

Hoogsteen base pairs constrained.

The PIQ ligand was manually positioned within the intercalation site at the newly created triplex-
duplex junction to give drug-DNA interproton distances for all observed NOE crosspeaks of < 6 A. Following a
molecular mechanics geometry optimization with the MMFF94s force field without any restraints imposed on
the structure, a final semi-empirical optimization with the AM1 model in Spartan’08 was employed for the

intercalated ligand and the linker while keeping the oligonucleotide fixed.
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2Ap

A

A
Ble]PI
C

CD
COSY
DMSO
DNA

d

EtBr

G
HPLC
HMBC
HSQC
Hz

ICD

m
MALDI-TOF
mRNA
NMR
NOESY
oD

PIQ
PNA

s

SIN
ROESY
t

T

TFO
TLC
UV-Vis
WATERGATE

2-aminopurine

angstrém

adenine

benzo[e]pyridoindole

cytosine

circular dichroism

correlation spectroscopy

dimethyl sulfoxide

deoxyribonucleic acid

doublet

ethidium bromide

guanine

high performance liquid chromatography
heteronuclear multiple bond correlation
heteronuclear single quantum coherence
Hertz

induced circular dichroism

multiplet

matrix-assisted laser desorption ionization — time of flight
messenger ribonucleic acid

nuclear magnetic resonance

nuclear Overhauser enhancement spectroscopy
optical density

11-phenyl-indoloquinoline

peptide nucleic acid

singlet

signal-to-noise

rotating-frame Overhauser effect spectroscopy
triplet

thymine

triplex-forming oligonucleotide

thin layer chromatography
ultraviolet-visible

water suppression by gradient tailored excitation
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Table 8.1: Proton chemical shifts 6 (in ppm) for the intermolecular duplex D1s (1.13 mM in 100 mM NaCl, 1 mM NaNs,
pH 5.0) at 10 °C for nonexchangeable protons in D20 and at 10 °C for exchangeable protons in H20.
amino

D1s_pu imino NH: (1) NH: (2) H1* H3* H5/H2/CH3 H6/H8
5 -Gy n.d. n.d. n.d. 5.96 n.d. - 7.92
Cz - 8.51 6.51 5.53 n.d. 5.43 743
As - n.d. n.d. 5.84 n.d. 7.28 8.25
Aq - n.d. n.d. n.d. n.d. 7.39 n.d.
Gs 12.58 nd n.d. n.d. n.d. - n.d.
As - n.d. n.d. n.d. n.d. 7.58 n.d.
Gr 12.85 n.d. n.d. n.d. n.d. - n.d.
Gs 12.57 n.d. n.d. n.d. n.d. - nd.
Ay - n.d. n.d. n.d. n.d. 7.22 n.d.
A - n.d. n.d. 5.88 5.03 7.20 7.62
A1 - n.d. n.d. 6.12 4.96 7.78 8.01
Cir2 - n.d. 6.65 5.99 443 5.14 7.23
Dispy imino 1)am'"°NH2 2 HA* H3  H5MH2ICHs  H6/H8
3-C3 - 8.22 6.70 6.13 4.49 5.43 7.45
G4 12.85 n.d. n.d. 5.92 4,98 - 7.92
T1s 14.02 - - 5.77 4.86 1.71 7.35
T16 14.05 - - n.d. n.d. 1.66 7.46
Cr7 - 8.37 7.06 n.d. 4.78 5.63 7.62
T1s 13.80 - - 6.03 4.87 1.62 7.48
Crg - 8.35 6.91 5.84 4.72 5.56 7.55
Ca - 8.35 6.87 5.93 4.85 5.64 7.58
Ta1 13.88 - - 6.11 n.d. 1.63 7.46
T2z 14.10 - - 6.21 n.d. 1.62 7.53
Tas 14.19 - - 6.22 4.92 1.33 7.49
G n.d. n.d. n.d. 6.02 4.80 - 7.94

n.d. = not determined
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