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Single-stranded secondary structures have been of increasing importance. 

Until this past year, the study of the i-motif was far less investigated compared to the 

G-quadruplex. However, the discovery of in vivo i-motif formations in telomeric DNA 

has resurged investigations.  

The premier chapter of this dissertation, provides a background of the i-motif.  

The hierarchy of hemi-protonated dimers, constraints of loop length, importance of 

ionic environment, steric media, and pH all play significant roles in the formation and 

stabilization of the i-motif.  Finally, a brief introduction to the biophysical techniques 

presented in this manuscript is provided. 
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The second chapter concerns an array of small molecule interactions 

encompassing hydrogen bonding, intercalation, and phosphate interactions. The 

Morton laboratory has created novel compounds to interact with this structure. Each 

compound was halted in its study for different reasons, but the ground work provided 

allowed for future explorations. 

The penultimate chapter delves into the structure elucidation for the c-MYC 

coding region which creates the i-motif. As of this writing, the interactions of coding 

regions have not been explored. Due to the importance of superhelicity and the direct 

disruption of transcription, the coding region of such a prominent oncogene is of 

interest. Using mostly NOESY and TOCSY NMR experiments the structure of this i-

motif can be gathered. It is important to note the structure does not provide the same 

level of detail that is often found within structural literature. However, the DNA bases 

in the unstructured loops, the hemi-protonated dimers of the core, and isomerization 

of the i-motif structure can be garnered. 

The final chapter utilizes the structural and biophysical information that has 

been explored and details the interaction of aplysinopsins with the DNA i-motif. In this 

exploration, it was found that the E and Z isomers of these products interact differently 

with the DNA i-motif. The interaction of the E isomer was tighter overall, but the 

interaction of the Z isomer seemed to bind in a specific way to the i-motif.  An induced 

chirality, fluorescence increases/quenching, 31P NMR, and multi-dimensional NMR all 

point to an interaction with the i-motif that is trackable and can be manipulated.  
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Chapter 1:  

Discovery and Exploration Methods of the 

DNA i-motif. 
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1.1. Discovery of i-motif and G-quadruplex.  

In 1874 Johann Friedrich Miescher, explored a compound which was 

observed to precipitate from biological samples under acidic conditions and which 

dissolved again in alkaline environments.1 In 1881 German biochemist Albrecht 

Kossel named this material deoxyribonucleic acid (DNA), after discovering it was 

composed of different nucleotide bases.2 Kossel received the 1910 Nobel Prize in 

medicine for his work in discovering Adenine, Thymine, Cytosine, Guanine, and 

Uracil in such natural macromolecules.  Ever since the double helix model, 

presented by Watson and Crick in 1953, scientists have examined the structure 

and properties of these biological 

polymers. The inquisitive nature of 

science caused many to investigate 

more unconventional binding of DNA 

bases to one another besides the 

double helix. In 1963, Gellert et al. first 

discovered the structure of the G-

tetrad, shown in Figure 1.1.3 The G-

tetrad is a structure formed through 

hydrogen bonding of four guanine 

residues via their Hoogsteen and 

Watson-Crick faces.4 It wasn’t until 

Figure 1.1: A derived representation of a G-

tetrad. Hydrogen bounding with the Hoogsteen 

face and the Watson-Crick face are shown with 

dotted lines. 
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1987 that the first biologically relevant G-quadruplex was discovered and later (in 

1993) the cytosine rich complement, known as the i-motif, was formulated.5,6 

Although the association of cytosine with its conjugate acid had been known for 30 

years, that association was between paired strands.7 The paired strands 

demonstrate that an antiparallel orientation could be achieved through 

intercalation.  

 Research into the G-quadruplex increased when in vivo evidence of 

chromatin immunoprecipitation (ChIP) assays with an antibody demonstrated its 

existence outside of telomeric DNA.8 Since then, many have investigated the role 

of this structure in biological species. A number of investigations have devoted a 

significant amount of research into the nature of the G-quadruplex, the i-motif, and 

the relationship they share. An obvious objective of such research would be to 

determine the role that these structures have in cellular function. However, the 

applicability of targeting such structures, aside from theoretical curiosity, may not 

be readily apparent. Although when one considers the rarity, uniqueness, and 

association these structures have with oncogenes the justification become clearer.  
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 Both the G-quadruplex and the i-motif are single-stranded, self-

associating secondary structures composed of a high succession of guanine and 

cytosine residues, respectively. Regions of the genome, such as telomers, have 

the ability to single strand self-associate, because one strand overhangs the other. 

It is also theorized that areas of negative supercoiling may exhibit similar 

constructions.9 Events of negative supercoiling appear transiently in the course of 

biological activities such as transcription and replication of DNA. It is in these areas 

that DNA sequences have enough strand separation to form the G-quadruplex and 

Figure 1.2: The complimentary relationship between a G-quadruplex and i-motif. When 

duplex DNA unravels and allowed to strand separate the two negatively super-coiled 

sequences have potential to convert into these two structures.  
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the i-motif. The relationship between these two structures can be seen in Figure 

1.2. 

1.2. The structural aspects of the G-quadruplex and i-motif. 

As previously stated, the G-quadruplex is a structure composed of single 

stranded DNA bound by the Hoogsten and Watson-Crick faces of guanine 

residues, often with a cation (K+ is most common) in the center. This results in a 

flat tetrad from these residues. Then two or more tetrads stack on top of one 

another to form the G-quadruplex. The regions outside of the guanine hydrogen 

bonds are called loop regions. There are five topological variants for the G-

quadruplex when one ignores the variety of the loops as shown in Figure 1.3.10 

The loop regions of this structure tend to consist of an extensive variety of options 

based upon many factors, including length.11 Another wide contribution to the 

Figure 1.3: Five variations of the G-quadruplex structure. A, B, and C are single stranded 

self-associated structures while D and E are composed of multiple DNA sequences.  
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formation of these structures is a cationic component. Since biological 

environments tend to have a higher concentration of potassium and sodium, those 

are the metals most commonly focused upon when studying these species. 

However, there are a vast number of ions that contribute to structural rigidity of the 

complex. Single charged ions (and many multiply charged ions) have a hexavalent 

coordinate structure.10 The locations of these ions depend upon their size and 

coordination number, but the majority are found in a coplanar arrangement to the 

guanine tetrad, sandwiched between two tetrads, or oscillating between these two 

options. The wide number of options in loop region, loop size, cationic stabilizer, 

strand orientation (parallel and antiparallel), and tetrad number provide the G-

quadruplex with a diverse topology and may contribute to its existence in biological 

systems.  

  The i-motif is a dynamic and unique DNA self-association. The core 

of the i-motif consists of hemi-protonated dimers of cytosine residues. The gas 

phase calculation of such an interaction is estimated to be 18 kcal/mol more stable 

Figure 1.4: The DNA i-motif is constructed via hemi-protonated cytosine dimers. Two 

such pairs can stack orthogonally until an i-motif is created. The overall number of dimer 

stacks and loop region base sequences can change drastically from i-motif to i-motif. 
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than the classic three-point hydrogen bond found between a cytosine and 

guanine.12 The dimers rest orthogonally above one another at approximately a 3.5 

Å distance. An example of this formulation can be seen in Figure 1.4. Interestingly 

(and regardless of dimer number or loop number) an inverse topology and parallel 

connection is formed. The consequence of this formation is a lower number of 

possibilities for the i-motif in comparison to the G-quadruplex. An explanation into 

the biological significance of the i-motif was recently published and closely follows 

many thought points in this chapter.13  

 The pKa of cytosine is about 4.4 and therefore is near the optimal pH for 

this hemi-protonated dimer to exist.14 It was therefore speculated that the i-motif 

cannot exist under physiological conditions, because of the slightly alkaline nature 

of biological systems.  However, like the G-quadruplex, the i-motif is subject to 

cationic environment; ions like K+ and Li+ are damaging to the i-motif, whereas for 

the G-quadruplex the ions are stabilizing or neutral respectively.10,15 It has also 

been shown that i-motif structures exist in environments more alkaline than 

physiological pH with the contribution of Ag+ ions.16    

Fleming et al. found that polycytosine sequences composed of a 4n-1 

pattern of monomers create more stabilized i-motifs compared to other cytosine 

polymers of similar lengths.17 Some of these sequences were stable above 

physiological pH in potassium buffers. Furthermore, a change of nucleotide base 

in a loop region effects the stability of the overall structure.18 Telomeric i-motifs, 

complimentary to the guanine rich sequences, have a thermodynamic and kinetic 
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relationship due to an adenine-thymine hydrogen bond within the loop region. 

Therefore, the added base pair effectively helps to extend the i-motif core and 

provide an extra enthalpic component.18 Additionally, the number of hemi-

protonated dimers can alter the thermal stability of the overall structure.18 Some 

non-traditional isomers of promoter-region oncogenic sequences have 

demonstrated a 2x2 or 3.5x3 dimer i-motif hierarchy.10  

1.2.1.  Elusive nature of the i-motif. 

A genome wide survey has identified approximately 376,000 sequences of 

DNA that have the potential to form the G-quadruplex, and by extension, the i-

motif.19 This rarity (about 0.1% of human DNA) is likely due to the specific 

parameters needed for these structures to exist. Both need a successively high 

number of guanines or cytosines in order to be formed while sequencing and 

spacing of non-bonding bases plays an intrinsic role in stability. As a result, both 

structures are subject to their surrounding conditions. In addition to their rarity and 

individual properties, there is a higher probability of these structures within 

oncogenic sequences. It is here that the role of the G-quadruplex and i-motif are 

most interesting and are the subjects of drug targeting approaches to cancer 

therapy.20  

There are many arguments as to why the i-motif has been more elusive in 

molecular systems. One such argument is that the G-quadruplex itself acts as a 

steric deterrent.21 The basis for this argument was determined by tethering strands 

of DNA between two polystyrene beads, then immersing the strands into 
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environments necessary to induce the desired structures. A pH 5.5 LiPi, a pH 7 

KPi, and a pH 5.5 KPi buffer were used to make the i-motif, G-quadruplex, or 

mixture respectively. Finally, using laser tweezer mechanical methods, the force 

needed to denature the structures was determined.15 It was concluded that these 

two structures block the formation of the complimentary structure based the bulkier 

environment created by its existence.21 

A more recent publication helps to support the claim of strand separation 

and negative superhelicity as driving forces of i-motif existence.22 DNA strands 

were again placed between polymer beads, but here only a single magnetic bead 

instead was used. With the application of a rotating magnet, the DNA strand was 

able to be torqued in a clockwise or counterclockwise direction.22 This would 

implement either negative or positive superhelicity based upon the rotation 

direction. Bovine serum albumin (BSA) was introduced as a means of adding steric 

bulk to the surrounding environment. Other studies have demonstrated a stark 

increase in thermal stability of the i-motif with steric environments.23 It was found 

that pH > superhelicity > steric bulk > ionic environment in terms of stabilizing 

factors for the i-motif. As for the G-quadruplex, ionic environment > superhelicity > 

steric bulk > pH in terms of stabilizing factors.  

A different explanation for the exclusivity of these structures has been the 

subject of recent study: both structures perform complimentary tasks. When 

Platelet-Derived Growth Factor Receptor β (PDGFR-β) is targeted, decreased 

tumor growth, lower angiogenesis and metastasis, as well as an increase in 
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survival rate is noticed.23 The method of interaction for this sequence was the 

targeting of a regulatory region of the sequence known as the nuclease 

hypersensitive element (NHE). The removal of this sequence results in a drastic 

change in PDGFR-β formation tracked by luciferase activity within the cell.15 It was 

found that the G-quadruplex and the i-motif have key and opposite roles in the 

regulation of PDGFR-β.23 The G-quadruplex binds to a receptor protein signaling 

that the production of PDGFR-β be halted, whereas the i-motif is suggested to bind 

to a regulatory protein activating PDGFR-β production. Additionally, Hurley has 

worked with Hecht to determine the activity of an on/off switch approach to 

interactions with these types of structures.24, 25   

1.2.2. Locations of i-motif existence and drug targeting considerations. 

Due to the uniqueness of these compounds, oncogenic sequences that 

exhibit certain characteristics tend to be the focus of study although telomeric 

sequences have been shown to have significant importance. Telomeric sequences 

tend to follow a 5’ – (GGG ATT)x -3’ pattern on the guanine rich sequences.  This 

offers predictable and well-studied G-quadruplexes and i-motifs. Other interesting 

sequences of focus are from KRAS, c-MYC, VEGF, and HIF-1α.  

 

  

Figure 1.5: Nitidine (NSC146397) is a heterocyclic alkaloid that destabilizes the hairpin 

and hybrid structures in i-motif forming sequences. 
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KRAS is an essential protein used for tissue signaling, but mutations often 

lead to a variety of cancers.26 Like other GTPase enzymes KRAS is responsible 

for the hydrolysis of guanine triphosphate (GTP) to guanine diphosphate (GDP). 

Although RAS proteins crop up in different locations, KRAS is implanted in the 

cellular membrane.27 It’s most applicable function in oncology is the proliferation 

of the Warburg effect.28 Therefore, the disruption of KRAS is of key interest to 

many involved with pharmaceutical research. Many focus on the deactivation of 

the protein itself, often by the allosteric interaction of GDP to KRAS29, 30, 31. The 

transcriptional sites of KRAS have provided regulatory information where the i-

motif structure plays a significant role.32 Through this investigation NSC146397, 

also known as Nitidine, was discovered that would disrupt the formation of the 

hairpin structure and interact competitively with hnRNP K.32 As an added benefit 

the same compound was shown to increase the stability of the G-quadruplexes on 

the complimentary strand as well and lead to a down regulation of KRAS. The 

structure of Nitidine can be seen in Figure 1.5.  

The Morton laboratory studies of KRAS have utilized a 5’- CCT CCC CCT 

CTT CCC TCT TCC CAC ACC GCC CT-3’ DNA sequence.33 Although the first 

hemi-protonated dimer that this sequence can form has the potential to place 

cytosine bases in loop 1, it cannot form anything greater than a 3x3 i-motif.    

Another gene of interest in i-motif study is c-MYC, as it is responsible for 

encoding proteins that function in cellular processes such as apoptosis.34 An unruly 

influx in c-MYC activity increases the number of proteins responsible for cell 
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proliferation and stem cell reformation.35 In a specific example of oncogenic 

importance, the SUMO-activating enzyme (SAE) helps to repair DNA. In cases of 

MYC hyperactivation, SAE impedes on the natural mitosis processes and destroys 

the cell as a result.36 In addition to promoter and other outer regions of the DNA 

sequence, sections of the sequence undergoing transcription in exon sites may be 

of interest. As far as writing this thesis, no others have published data examining 

the interactive role of the i-motif in an exon coding region. In order to accomplish 

this goal a mutated c-MYC sequence was found and the sections of a single strand 

were downloaded into a text format that amounted to over 5,366 DNA bases.37, 38 

From this a sequence of c-MYC was used for study: 5’ – TGC CCA CCC CGC 

CCC TGT CCC CTA -3’.39    

 A similar gene, vascular endothelial growth factor (VEGF), also 

behaves as a vital protein in cellular signaling pathways. Also, like the previous 

two oncogenes, VEGF’s role in cancer is imperative, as it is the gene responsible 

for the growth of new blood vessels.40 When tumors need a greater supply of 

chemical energy, VEGF is overexpressed to allow new blood vessels to act and 

as an import carrier of extracellular carbohydrates.40 These essential signaling 

proteins function by binding to the cell surface to tyrosine kinase receptors and 

activating them.40 Once activated these receptors provide the signal for ATP to 

phosphorylate a protein at a tyrosine amino acid, this passes along a chemical 

signal down a transduction pathway.41 Most cases of drug design have been 

directed towards small molecule research, but in 2005 a new type of therapeutic 
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gained recognition. The aptamer is a small oligonucleotide sequence used to 

interact with a biological target.42 A study done by Landes et al. explores the use 

of an aptamer to interact directly with VEG-F DNA.43 By using a 25-base single 

stranded sequence, 5’ – CCG TCT TCC AGA CAA GAG TGC AGG G – 3’, a 

nanomolar binding affinity towards VEGF was found43.  

 The last gene of interest for this dissertation is hypoxia-inducible 

factor 1 (HIF-1), as it is responsible for transcriptional regulation in hypoxia 

conditions.44 Hypoxia, when tissue is deprived of adequate oxygen, can arise in a 

localized area, entire organ systems, or even the entire organism.45 In areas of 

insufficient oxygen levels, HIF-1 will promote transcription of other genes such as 

VEGF.46 Due to the drastic nature of HIF-1, its regulation is monitored closely by 

processes of the organism.47 In cancer, HIF-1’s role in promotion of angiogenesis 

and providing nutrients to overcome hypoxia are the truly dangerous 

consequences of overexpression. Polyamide compounds have shown 

considerable interaction with HIF genes, prompting the idea of polyamide structural 

elements in our own drug design.48 Additionally, G-quadruplexes for HIF-1α are 

well known and there are unusually stable i-motif counterparts.49 One such 

sequence studied was 5’-TCC CGC CCC CTC TCC CCT CCC C-3’.50 This i-motif 

presents an interesting option to show a single loop region base, although that 

possibility is unlikely. 
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1.3. Biophysical techniques. 

To fully determine the types of interactions the i-motif possess and how 

small molecules alter those process, a variety of techniques are utilized. The most 

common experimental techniques used to probe DNA structures and interactions 

are ultraviolet to visible spectroscopy (UV-Vis), circular dichroism (CD) 

spectroscopy, NMR spectroscopy, mass spectrometry (MS), infrared spectroscopy 

(IR), Raman spectroscopy, and fluorescence spectroscopy.  

 CD spectroscopy is a tool that analogously combines UV-Vis spectroscopy 

and optical rotation. CD techniques utilize the Beer-Lambert law for absorbance 

information but utilizing circularly 

polarized light. Using either right-

handed or left-hand 

representations of the spin 

angular momentum of a photons, 

the optical rotation of chiral 

species can be observed in a 

graphical way across a 

wavelength range. The G-

quadruplex, i-motif, duplex 

DNA, and random coil DNA will 

have similar λmax absorbances, but each will have a unique CD spectrum. In the 

case of the i-motif, DNA will have a λmax at approximately 260nm but will show a 

Figure 1.6: CD construction of a random coil 

(black), an i-motif (blue), and a G-quadruplex 

(red).  
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positive CD spectrum at 290nm. Figure 1.6 represent the types of curves expected 

between an i-motif, G-quadruplex, and random coil.51  

CD spectroscopy is based upon the left and right-handed polarization’s 

speed, extent of absorbance and wavelengths of absorbance.52 The inequality in 

wavelengths absorbed is because as an electron precesses, it moves in a helical 

motion due to electrical dipole shifts. The shifts are caused by the electronic 

absorbance of the light and the magnetic dipole created from the circular charge.52 

Since the molecular species is chiral, the electronic movements will change based 

on the absorbance of the rotating light. The difference between these absorbances 

provide the degree rotation recorded in a CD spectrum. This idea changes the 

Beer-Lambert law to what is shown in Equation 1.1. The results of CD 

experimentation with the DNA sequences taken from KRAS and c-MYC are shown 

in Figure 1.7.  
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Figure 1.7: CD of k-RAS duplex (at optimal i-motif and duplex pHs) and c-MYC (slightly 

acidic) to illustrate the difference between duplex and i-motif ellipticity location.  
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ΔA=(εL-εR)cL 

Thermal stability can be tracked using either CD or UV-Vis experiments. In 

the simpler case of CD, as a macromolecular species loses its characteristic 

structural motifs and is returned to a random coil the CD spectra can be mapped 

at different stages of this process. In UV-Vis experiments the base-stacking forces 

that were aiding in the overall stability of the DNA structure are lost, and the 

electrons that were used in that intermolecular force are then free. This increases 

the absorbance values at the λmax because of the increase in the number of 

accessible electrons in a phenomenon known as hyperchromicity.53 Figure 1.8 

provides a construction of helix vs. random coil DNA tracked by UV-Vis to gather 

a Tm 

value.  

 

Equation 1.1: A = absorbance at a given wavelength, εL and εR = extinction coefficient 

from left handed or right-handed rotation, c = concentration, and L = path length. 

Figure 1.8: Representation of how hyperchromicity allows structured objects to be tracked 

by temperature, experiments while random coil structures follow a more linear path.  
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This technique was used to gain base line stability of our DNA sequences 

as seen in Figure 1.9. For some sequences, as an i-motif random coil is cooled 

and returned base stacking returns the Tm values will be the same for the 

temperature heating and cooling. Therefore, only one type of structure with only 

one stability exists. If, however the sample Tm changes between heating and 

cooling it is likely due to structural isomers in the case of a single stranded DNA 

sample. Figure 1.10 shows the difference concentration has on the structures seen 

when a random coil is cooled. 

Figure 1.9: Tm values of different DNA sequences illustrate the structural aspects that 

contribute to stability of different i-motifs. 
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The size of a biological species effects NMR techniques in a way not usually 

observed in small molecule chemistry. Relaxation of a nuclei is dependent upon 

the solvent, the viscosity of the sample, the size of the molecule, the number of 

neighboring nuclei, the number of proximal nuclei, and the electronic 

characteristics of the nuclei.54 Longitudinal relaxation (T1) occurs when the energy 

of the spin state is dispersed in neighboring molecules and transverse relaxation 

(T2) occurs when the aligned spin vectors dissipate from entropic considerations.54 

Due to the massive size of biological molecules the T2 relaxation begins to slow 

because of slower molecular tumbling and longer correlation times.  

Figure 1.10: Tm curves of HIF-1α sequence. The two conditions are identical aside from 

DNA concentration. This suggests that as the sample returns to room temperature the 

sample creates a dimer of the two strands rather than an i-motif, since the i-motif Tm is 

preserved at low concentrations.  



 

19 

 

The longer correlation time and adjustment to these relaxations make 

multidimensional NMR experiments like Nuclear Overhauser effect spectroscopy 

(NOESY) powerful techniques to elicit structural information. Correlation 

spectroscopy (COSY), Total correlation spectroscopy (TOCSY) are also useful 

multidimensional techniques, although the relaxation is through bonds.  This can 

be particularly useful in elucidation of sugar moieties in DNA NMR.  The relaxation 

of two nearby protons, as with a NOESY experiment, is shown in Figure 1.11. The 

flipping of one spin system to another by an expressed W1 mode is usually 

governed by T1 relaxation, while W2 is often governed by T2 relaxation. In the case 

of drug discovery, a NOESY of a small molecule will result in negative off-diagonal 

cross peaks due to W1. When that same molecule is bound with a large biological 

species (and does not undergo a W0 transition) then the same cross peaks can be 

Figure 1.11: Relaxation modes for two protons near each other in space. W0 represents 

a nil result and W2 represents a cross peak without a sign change.  
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positive. One likely explanation for this change in sign is because the larger total 

molecular weight means those nuclei will undergo a W2 transition. Figure 1.12 

shows this phenomenon of noraplysinopsin bound to the DNA i-motif.  

Figure 1.12: NOESY NMR of the natural product noraplysinopsin (A) and NOESY NMR 

of noraplysinopsin and c-MYC mixture (B). The sign of the peaks changed due to a 

change in molecular weight in the case of binding to the i-motif. NMRs were recorded at 

283 K with 2mM DNA and 0.5mM small molecule in a pH 5.5 1mM KPi buffer with 30% 

MeOH – d4 added. 
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Another commonly used technique to asses binding of small molecules is 

MS. Hard ionization techniques tend to create a large number of fragmented ions 

due to the high amount of charge energy. Whereas soft ionization uses a low 

charge energy and therefore results in less fragmentation.54 The most commonly 

used ionization techniques used for biological samples include electron ionization, 

chemical ionization (CI), desorption ionization, and spray ionization. Matrix-

assisted laser desorption ionization (MALDI) is a technique utilizing desorption 

ionization particularly well suited for biological samples. A sample is placed into a 

matrix that is usually made of organic acids or bases depending upon ionization 

requirements.55 The matrix is then irradiated by a laser pulse and the matrix 

transitions to a gaseous state. Within that gas, a charge transfer occurs to the 

desired compound and the ions are recorded. An example of a MALDI spectrum 

with a DNA sample is shown in Figure 1.13.  

Figure 1.13: MALDI of HIF-1α. From here, the lack of 5’ or 3’ phosphates can be 

determined. 
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Another useful biological MS method utilizes electrospray ionization (ESI). 

Here a liquid sample is aerosolized, and the evaporation of these aerosols result 

in ions from the injected solution undergoing a process called coulombic fission.55 

Once the ions are bare they can be analyzed by a wide number of mass selection 

techniques. After ionization the charged species are usually filtered by either time-

of-flight (TOF) or quadrupole analyzers.  

One such use of mass spectrometry data is to determine dissociation 

constants (Kd) from binding experiments. Because mass spectrometry determines 

the counts of ions that are detected, a representation of the solution ratios can be 

gathered. Once the ratio is determined to correlate with changes in concentration, 

a trace curve is applied and fitted by an expression similar to that of Equation 1.2. 

This gas-phase evidence can offer accurate Kd information from 10-3 to 10-7 M 

concentrations while only requiring micrograms of sample.56 In the case of the i-

motif, and other single stranded DNA molecules, there is a large concentrated 

charge within the structure. An ionization method like ESI may cause a biological 

molecule to denature under certain conditions.57 Many of those conditions can be 

controlled and accounted for, but it is good practice to access binding constants 

with a solution phase technique like NMR or UV-Vis to confirm values. These types 

of experiments lend evidence for the results of biological experimentation. 
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Equation 1.2: I(PL)/I(P)= bound/free intensity, [P]0 & [L]0= initial DNA & ligand 
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2.1 General Introduction. 

Compounds that interact with DNA sequences are often plagued with 

undesired side effects. This is particularly true for cancer drugs with a good 

academic example being cisplatin. Cisplatin is a compound well studied for its 

structure, uptake and mode of action as they are easily laid out. First the compound 

enters the cell as a neutral complex, then concentration dynamics promote the loss 

of the two cis chlorides, finally the positively charged complex is attracted to the 

DNA which contains a strong negative charge.1 By interacting with adjacent 

guanines, the drug compound creates structural abnormality and cellular 

processes are disrupted as a result.1 Unfortunately, many normal-healthy cellular 

DNA contains many adjacent guanine residues. As a result, active cells undergo 

the same disruptions as cancerous ones. Therefore, many patients will commonly 

lose their hair because of treatment.2   

This is, of course, not the worst side effect of contemporary cancer 

treatments. As such, it is the pharmaceutical industry’s ‘holy grail’ to have a miracle 

drug that interacts with afflicted components but leaves healthy tissue unaffected. 

It is in the sense that binding to polycytosine or polyguanine DNA sequences, that 

interactions with the i-motif and G-quadruplex are very similar to the ideas of 

cisplatin. As discussed, these structures are rare in healthy adult tissue, but 

become far more prolific in the regulatory processes of many oncogenes. The goal 

of the Morton laboratory was to primarily discover compounds that interact and 
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stabilize the i-motif. An additional consideration for many of the molecules tested 

is the relative benign nature they exhibit to healthy tissue. As a result, many of the 

molecules made have similar interactive strategies. Although never directly 

expressed, it seems compounds would bind to the i-motif analogously to induced 

fit binding rather than lock and key binding. The ability to bind in a moderate way 

allows for errors to be corrected. Common types of such interactions with nucleic 

acids are hydrogen bonding and base stacking as they mimic the interactions that 

DNA naturally possesses. Broadly, this chapter will be broken down by a 

molecule’s mode of interaction with biological species. The compounds discussed 

in this section are characterized by phosphate binding, intercalation within the i-

motif core of hemi-protonated dimers, and hydrogen bonding at different locations 

of the structure.  

2.2.  Arcaine and the importance of phosphate interactions. 

2.2.1.  Background and binding properties. 

Arcaine is a small molecule shown in Figure 2.1A. Guanidyl groups (or 

chemically similar groups) have significant biological importance as seen with 

biguanide drugs used in type II diabetes medications and the DNA binding proteins 

that use arginine groups in their interactions.3,4 Due to the high affinity interaction 

between guanidyl species and phosphates, much work has been done to explore 

the interaction of polyamines with DNA.5 Arcaine can span over the 12Å distance 

of the minor groove in duplex DNA.6 In fact, protein enhancement has been 

demonstrated with spermine compounds since the seventies.7 As the distance 
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between the two loop regions of the i-motif are quite far in space, with respect to 

the sugar backbones, it was conceived that perhaps arcaine could bind across 

those loop regions. In theory, this would provide enhanced structural integrity and 

keep the structure from denaturing. Figure 2.1A shows the arcaine molecule and 

Figure 2.1B demonstrates the concept of binding the two loop regions. 

 

 

2.2.2. Gas phase interaction. 

Arcaine has been shown to bind to the backbone phosphates in duplex 

DNA. This suggested that an interaction with the i-motif was possible and the 

distance between the loops were possible for a connective interaction.  To 

determine if arcaine bound to the i-motif ESI MS experiments were done. Figure 

Figure 2.1: (A) The structure of arcaine with guanidyl functional groups represented by 

dodecagonal shapes. (B) Hypothesized interaction of exposed phosphates of the i-motif.  

A B 
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2.2 shows the ESI-MS spectrum of arcaine’s interaction with the telomeric i-motif 

(followed by the 4- ion of the DNA). A crude estimation of the Kd is approximately 

150µM with the DNA sequence.  

 

2.2.3. Solution phase interaction. 

There is little surprise that arcaine has an interaction with the DNA i-motif in 

the gas phase. Similarly, a strong interaction is seen between the telomeric i-motif 

and arcaine in the solution phase. When testing the Tm of the telomeric sample 

Figure 2.2: Negative ion ESI-MS spectrum of arcaine sulfate mixed with a telomeric i-

motif.  
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with arcaine there was at least a 10 oC shift in stability. It seems that the complexed 

structure barely exists at room temperature. Figure 2.3 shows the overlay Tm 

curves of the telomeric i-motif (20µ/mL) alone and mixed with arcaine (1µM). Since 

this experiment was done using a water thermostat cell holder and lacked N2 gas 

flow in the cuvette chamber, the temperature limits were from about 10-15 oC to 

90 oC. Therefore, it is difficult to determine an accurate Tm of the arcaine and 

telomeric i-motif complex on the available equipment, but it is without question far 

less stable than the DNA structure without the presence of arcaine.  

2.2.4. Conclusions. 

In both the gas and solution phase arcaine exhibits a strong interaction with 

the i-motif. The only mystery is determining the reason that the compound may 

have caused such a drastic destabilizing of structure. Given that arcaine binds to 

two phosphates across DNA it seems reasonable that a random coil, over the i-

Figure 2.3: Tm curves of telomeric i-motif alone (blue) and with arcaine (red). 
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motif, would have more possibilities for phosphate interactions. It seems there are 

only a few sections of the i-motif which would have the ~12Å distance to interact 

appropriately with arcaine.8 Other small molecules that bare similar structural 

aspects to arcaine do have favorable interactions.  Therefore, it is likely that the 

two guanidyl groups bind quite well to two phosphate groups. 

2.3. Hydrogen bonding compounds. 

2.3.1. Background and binding properties. 

The telomeric sequence of the i-motif is arguably the most important in the 

study in the i-motif. It is extraordinarily well studied including recent influential 

studies outlying its persistence in living cell by NMR and antibody evidence.9,10 

Schwalbe et al.’s work on telomeric i-motifs outlines that the additional adenine 

and thymine hydrogen bond can provide a stabilizing influence on the structure as 

a whole.11  It is this idea that provides the hypothesis of research done in the 

Morton group: hydrogen bonding to loop region bases should increase the overall 

stability of i-motif structure.  

As the inherent nature of this research is to hydrogen bond with free DNA 

bases, the exclusivity of such compounds is up for debate. The goal is to bind 

tighter to cytosine, than other bases in an attempt to make the compounds more 

selective to the i-motif as opposed to generic DNA sequences. It may seem odd to 

hydrogen bond to cytosine as the structure is composed of hemi-protonated dimers 

of cytosine. When one considers the sheer number of hydrogen bonding options 

in biological systems it makes sense for a drug to have a preference to interact 
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with i-motif containing species – which have an unusually high concentration of 

cytosine bases. The intention is not to compete with the hydrogen bonding already 

present, but to add additional hydrogen bonding components. It is also important 

to emphasize that in kinetically driven processes, such as two separate species 

interacting in space, the quickest exchanges occur first. It is therefore not difficult 

to imagine that an unbound cytosine within a loop region would bind first to a 

molecular species rather than the structure unfolding first to accommodate such a 

molecule. In essence, the choice of cytosine as a target is due to a high 

concentration of cytosines and interaction with an unbound base can possess a 

stabilizing effect.  

The molecules outlined in this section were all developed with that goal in 

mind.  The molecules discussed are N,N'-Dihydroxy benzamidine (DHB), and 

monoguanidylated rings bound to cytosine and isocytosine derivatives. Each set 

of molecules was developed by a different student within the Morton group and 

each boasts a different strategy to demonstrate an interaction with open loop-

region nucleotide bases. DHB bears two hydroxy groups which participate in a 

hydrogen bond to cytosine bases where the aromatic rings are nearly 

perpendicular to one another. Whereas the monoguanidylated compounds were 

set to have multiple hydrogen bonding options to interact with different charge 

states on cytosine, both molecules represent interesting approaches and results 

with cytosine bases.  
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2.3.2. DHB. 

2.3.2.1.  Molecular structure and synthetic strategies. 

 

The chemical structure of DHB is shown in Scheme 2.1 and has a pKa of 

about 3.8. This would indicate that a complex with cytosine would result in the 

stronger acid remaining the neutral partner in a cationic hydrogen bond, however 

DFT calculations demonstrate that the interaction of cytosine and DHB has the 

cation on DHB. This complex has a 159 kJ/mol more favorable binding energy, 

while the anionic, neutral and cytosine charged cationic complexes have 46 

kJ/mol, 50 kJ/mol and 117 kJ/mol energies respectively. As with other hydroxy 

benzamidines, it is not inconceivable to think that the molecule will behave in an 

amphoteric manner. A substitution on the aromatic ring to increase carbocationic 

stability would promote a more basic nature of the amine residues and offer a 

similar coulombic attraction to DNA found in drugs like cisplatin. Unfortunately, too 

high of a pKa can result in a weaker ability to act as a hydrogen bond donor of the 

hydroxyl groups as desired.  

2.3.2.2.  Gas phase interaction. 

Prior to testing DHB with biological systems it was pertinent to determine 

the interactions of the molecule with a 1-methylcytosine to determine if such 

Scheme 2.1: Synthetic route used to make DHB (shown on the right). 
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binding interactions could exist as expressed in the theoretical cases above. 

Cationic gas phase interactions were explored as that demonstrated the optimal 

binding situation in theoretical experiments. In general MS is a poor method to 

analyze binding interactions. True, it offers binding strength properties in the sense 

that fragmentation counts correlate linearly to concentration, so dissociation 

constants are possible to determine, but functional group effects are largely 

unknown with mass spectra. Infrared multiple photon dissociation (IRMPD) is a 

technique that offers IR spectra levels of determination, with the isolating power of 

various MS experiments. Once a mass spectrometric experiment isolates a 

desired complex, it is then irradiated with infrared light12. The first photon is 

absorbed and causes molecular vibrations, analogues to what would be seen in a 

standard spectroscopy experiment12. Further excitation of the parent ion causes 

dissociation and fragmentation, the culmination of which is often Fourier 

transformed to provide a spectrum similar to that of an IR experiment12. Overall, it 

is possible to use this technique to take IR experiments within a mass 

spectrometer.  
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Figure 2.4 shows the IRMPD spectrum of DHB with 1-methyl cytosine. The 

two prominent peaks at ~3,400 and ~3,580 wavenumbers represent the two NH 

stretches, but the expected OH stretches are not observed with this spectrum. The 

OH shifts are below 2,600 wavenumbers which the laser was unable to achieve. 

Like the effects of hyperconjugation, systems involved in hydrogen bonding 

decrease the observed wavenumber from the original species13. This means that 

the OH residues are responsible for the hydrogen bonding.    

Given the interesting molecular connections with a simple 1-methylcytosine 

case, the next step was to determine the behavior of DHB with i-motif samples. 

Solutions of DHB were tested among the telomeric, VEGF, and HIF-1α. Adduct 

formation was only observed with the HIF-1α sequence. This was a rather 

disappointing result as VEGF should have demonstrated an interaction with DHB, 

Figure 2.4: IRMPD spectrum of DHB and 1-methylcytosine m/z of 278. 
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but the telomeric sequence was a positive nil result as it does not bare a loop 

region cytosine. This does add credence that hydrogen binding compounds will 

not necessarily disrupt i-motif formation to interact with core cytosines. No matter 

the significance of the result, the compound was further titrated with HIF-1α to 

determine the behavior of the complex. Figure 5 shows that as the concentration 

of DHB increased, the adduct intensities increased. Unfortunately, the number of 

adducts do not warrant an interaction that is unique to cytosine residues. 

Determination of its stabilizing effect in solution was still a pertinent discovery as 

evidence for binding was found.  
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2.3.2.3.  Solution phase interaction. 

As the gas phase evidence did not seem to hold the cytosine specific 

interaction as anticipated, it was then appropriate to determine if such a compound 

was capable of stabilizing the i-motif. As a thermally induced hydration was of 

concern for DHB a Tm control had 

to be done. For a controlled Tm 

curve, one would expect that the 

absorbance would increase as 

the density of water decreases, 

then would return to its original 

position as it returned to room 

temperature. This would 

provide a linear ramp up and 

Figure 2.5: Tm curve of DHB with HIF-1α DNA i-motif. 

Figure 2.6: Tm changes caused by potassium 

concentration of complexed vs standard i-motif.  
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ramp down. After it was determined that the small molecule alone does not change 

its absorbance in a significant manner as noted in chapter 1, the Tm of mixtures of 

DHB and HIF-1α were performed. Figure 2.5 shows that with 30µM DHB, to 

roughly a 20 nM concentration of DNA, only a 1 oC increase in Tm was observed. 

Figure 2.7 demonstrates that other DNA sequences provide a more notable 

increase of initial melting point, but then provides a surprising secondary structure 

with the random coil sequences. This is more evidence that such binding to the i-

motif is not specific. Furthermore, Figure 2.6 represents the effectiveness of DHB 

with the HIF-1α sequence as potassium concentrations are increased closer to 

physiological conditions. It seems that the increased stability of DHB/ i-motif 

complex is easily overcome by potassium ions in solution.  

Figure 2.7: DHB’s effect on i-motif stability for VEG-F (orange and gray) and telomeric i-

motifs (yellow and blue). Classic melting behavior is lost as an additional structural aspect 

is seen at higher temperatures. This may suggest that DHB interacts with random coil. 
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2.3.2.4.  Conclusions. 

DHB’s interaction with the i-motif is based upon classical hydrogen bonding, 

but the extension of the hydroxyl amine perturbs the planarity. Unfortunately, there 

is no evidence of unique interactions with cytosine.  It also seems that the 

interactions of DHB with i-motif samples does not exhibit an overarching stability 

in the solution phase, as potassium concentrations demonstrated a lack of stability 

in a more physiological environment. At a certain point, one must begin to question 

if the increase in stability is caused by the chemical interaction of the compound, 

or the steric environment the DNA sample exists within.14 It is for the lack of a 

specific or stabilizing interaction that DHB’s study was halted.   

2.3.3. Monoimidazoline isocytosine. 

2.3.3.1.  Molecular structure and synthetic strategies. 

A similar tactic to that of DHB was to create a heterocyclic molecule (C) that 

could hydrogen bond to loop region cytosine residues via a molecule that could 

offer a versatile hydrogen bonding face.15 Unlike DHB, these molecules are 

synthesized with a cytosine core. As theoretical calculations have demonstrated, 

a protonated cytosine binds best to a neutral cytosine than any other nucleotide 

base. It was hypothesized that this chemical would achieve i-motif stability via 

similar methods as DHB, but with the added benefit of an increased stability. The 

compounds that were created in its pursuit were tested. The compounds tested 

are shown in Figure 2.8 and compound A can still hydrogen bond in the same 

theorized manner.15   
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Figure 2.8: Compounds synthesized in an attempt to chemically bond the two rings in 

compound A. Compound B has lost its ability to create a three-point hydrogen bond with 

a single face of a nucleotide base.   
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2.3.3.2.  Gas phase interaction. 

In gas phase experimentations, it was shown that compound A does show 

an appreciable adduct with telomeric i-motif sequences as seen in Figure 2.9. This 

adds support to the argument that the compound can still hydrogen bond to 

exposed loop region bases. Additionally, the existence of multiple adducts as seen 

with DHB experiments seem absent. At first glance, this seems more promising 

than DHB until one considers that telomeric i-motifs do not bear a loop region 

cytosine. This means that due to the compound being a versatile hydrogen 

bonding partner, indiscriminate hydrogen bonding is likely observed. Perhaps with 

a larger loop region more adduct formation would be seen.    

Figure 2.9: ESI-MS of a telomeric i-motif sample mixed with compound A. The hydrogen 

bonding options are the likely source for adduct formation. 
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2.3.3.3.  Solution phase interaction. 

Compound A was tested among DNA samples that bear the i-motif. Unlike 

DHB, there is no evidence to suggest any increase structural stability as the Tm of 

the mixture was about 53 oC, which is the same as HIF-1α alone. Figure 2.10 

shows the Tm graph of compound A with the HIF-1α DNA sequence. Since the 

control Tm is shown in Figure 2.5 it is omitted here, it is important to note that the 

instrument was interfered with during the end of the experiment and the plot only 

goes to 65 oC as a result. Due to the ineffectiveness of the molecule on the DNA 

sequence, the experiment was not repeated.  

 

2.3.3.4.  Conclusions. 

Compound A behaves very similar to that of DHB. Both exhibit adduct 

formation with the DNA i-motif that suggests a lack of binding specificity. Rather 

than demonstrating many adducts, compound A represents binding to bases other 
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Figure 2.10: Melting curve of HIF-1α and compound A. Although the experiment did not 

finish, the plateauing can be argued to begin around 62 oC.  
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than cytosine. The interaction with additional loop region bases gives credence to 

an argument against the propensity of this compound to interact with DNA strands 

that have an unusually high amount of cytosine residues. Furthermore, the inability 

of this compound to provide a significant increase in i-motif stability disqualifies this 

compound to behave as an i-motif interacting drug.   

2.4. Bisimidazoline cytosine. 

2.4.1. Molecular structure.  

Often undesired products are created that exhibit interesting properties. 

Figure 8, shows an interesting bisguanidylated compound (B). The additional 

imidazoline ring negates the desired hydrogen bonding effect as the face is 

blocked. This molecule instead boasts possible binding interactions similar to that 

of arcaine and other guanidyl 

systems a cartoon of which can 

be seen in Figure 2.11. Unlike 

arcaine, there is no literature 

president to support if this 

compound demonstrates 

binding to DNA sequences. 

Additionally, this compound lacks the same theoretical binding considerations as 

previously mentioned compounds. Despite these shortcomings, the molecule 

exhibits a striking effect with the i-motif and prompts the idea of an interaction that 

has not been previously addressed.   

Figure 2.11: Possible interactions of compound B 

with the i-motif.  



 

48 

2.4.2. Gas phase interaction. 

Unlike arcaine, this compound does not demonstrate strong adduct 

formation with the telomeric i-motif as shown in Figure 2.12. Where it was logical 

to imagine that arcaine destabilizes the DNA strand and causes the arcaine-bound 

random-coil to be shown by the spectrum, the same understanding of this 

compound is inadequate without solution phase evidence.   

2.4.3. Solution phase interaction. 

Given that the adduct formation of this species had such a drastic incubation 

time, it is surprising that the solution phase interactions were observed within 

minutes. Similar to other Tm experiments already shown, this compound was mixed 

with i-motif forming samples and shows a significant increase in thermodynamic 

stability of telomeric and HIF-1α i-motifs. Figure 2.13 shows Tm curves of these 

compound mixtures compared to the DNA samples alone.  

Figure 2.12: ESI-MS of compound B and telomeric i-motif. A significant decrease in 

adduct formation supports that hydrogen bonding has been disrupted. 
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2.4.4. Conclusions. 

Although the additional ring has disrupted the hypothesized hydrogen 

bonding to loop region cytosines as noted by the ESI-MS, there is a significant 

increase in thermal stability suggesting a different yet significant interaction. From 

arcaine studies we know that the guanidyl functional group interacts quite well to 

the phosphate backbone of DNA. Unfortunately, such an interaction should be 

exhibited by ESI-MS experimentations and the lack of adduct formation does not 

bode well for this argument. Although no Kd measurements have been made due 

Figure 2.13: Tm evaluations of the telomeric and HIF-1α i-motifs mixed with the 

bisimidazoline compound.  
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to stronger adduct formation after a long enough incubation time, it is possible that 

the binding is just weak. Perhaps base stacking interactions between the bases 

across loops 1 & 3 of the i-motif are causing the increase in structure stabilization 

and would not provide a strong enough binding affinity to survive ion formation in 

the gas phase. This possibility too does not adequately describe why adduct 

formation is eventually observed.   

2.5. Intercalating Compounds. 

 

 

 

 

2.5.1. Background and binding properties. 

An interaction that has been explored with the i-motif has to do with the idea 

of inserting a porphyrin ring into the core part of the i-motif.16 An illustration of such 

a binding interaction is shown in Figure 2.14. Such an interaction allows for 

Figure 2.14: Illustration of the proposed intercalating of porphyrin rings and the hemi-

protonated dimers of cytosine in an i-motif.   
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fluorescence studies to be far more informative in comparison to other methods of 

detection. Molecular oxygen is responsible to the relaxation of species in time 

dependent fluorescence experiments. Many studies look to this fact as a means to 

determine if the face of a molecule is blocked and cannot as easily undergo oxygen 

relaxations.16 This provides an extended time decay and suggests that 

intercalation via base stacking interactions are at work. It was shown that not only 

can porphyrin rings show significant fluorescence delays but can also show 

induced chirality changes upon the small molecule.16 Base stacking interactions 

play a large role in stabilizing the interface of small molecule and macromolecular 

interactions from hydrophobic interactions in proteins to the incorporation of 

charged species in an aromatic cage or cavitand system.17, 18 It is therefore an 

interesting research endeavor to create novel compounds that take advantage of 

those stabilizing features.  
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2.5.2. Molecular structure and synthetic strategies. 

 

In that same vein, a compound was synthesized with the intension of 

hydrogen bonding to a cytosine, as in the i-motif, and intercalate the core19. The 

quinoline core provided a significant synthetic challenge, but also gave the 

compound interesting fluorescent and pharmaceutical properties. This molecule 

demonstrates an interesting anionic homodimer and promising theoretical binding 

towards guanine as shown in Figure 2.15. The latter is relatively unsurprising as it 

was developed synthetically to resemble the hydrogen bonding face of cytosine.     

2.5.3. Gas phase interaction. 

IRMPD is used to determine the way in which this compound hydrogen 

bonds as a dimer and with itself to give rise to the structure from Figure 2.15.19 As 

Figure 2.15: dimerization (left) and hydrogen bonding (right) of an anionic quinoline based 

isocytosine compound designed to intercalate with the hemi-protonated dimer core of the 

i-motif and further participate in hydrogen bonding stabilization.   
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the homodimer was well studied, it was worth exploring if the molecule gave any 

adducts with guanine, as predicted, or with an i-motif forming DNA sequence. 

Unfortunately, the compound did not show any positive ion adducts with the DNA 

sequence nor did it show a dimer with guanine.    

2.5.4. Conclusions. 

Gas phase data demonstrates an interesting arrangement of hydrogen 

bonding options within this molecule but does not demonstrate any significant 

interactions with biological species. Although, the 19F NMR does demonstrate 

chemical shifts from the CF3 group, the solution environment and concentrations 

of the materials made it difficult to test the species any further then already 

examined.20 Unfortunately, the DMSO needed to the compound to be soluble in 

water mixtures and the overall poor solubility disqualifies it from further analysis 

such as fluorescence experimentations.   

2.6. Materials and methods. 

2.6.1. Mass spec experiments. 

Arcaine experiments:  

A 70µM solution of commercially available arcaine sulfate was prepared in 

a pH 6 1mM KPi buffer (30:70 MeOH:H2O). This was mixed with a 2.5mM solution 

of telomeric i-motif sample. DNA was purchased through IDT and purified via 2 

kilodalton dialysis tubing to achieve the above concentration in a pH 6 1mM KPi 

buffer. 1 µL of the mixture was then injected into a 6530 Accurate-Mass Q-ToF 

LC/MS instrument (Agilent Technologies, Les Ulis, France). 
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Guanidylated cytosine and isocytosine compounds:  

A 225µM solution of the novel synthesized compound were prepared in a 

pH 6 1mM KPi buffer (30:70 MeOH:H2O). This was mixed with a stock solution of 

i-motif containing DNA oligomers. DNA was purchased through IDT and purified 

via 2 kilodalton dialysis tubing to achieve a pH 6 1mM KPi buffer. 1 µL of the 

mixture was then injected into a 6530 Accurate-Mass Q-ToF LC/MS instrument 

(Agilent Technologies, Les Ulis, France). 

2.6.2. UV-Vis experiments. 

Melting point experiments:  

Stock solutions of small molecules were dissolved in 1mM pH 6 KPi buffers. 

Mixtures of stock DNA and small molecule solutions were made and diluted to 

applicable concentrations to come to a 1.5 mL final volume of indicated solution 

concentrations of small molecule and a 14µg/mL concentration of DNA. Utilizing 

the unique λmax for each individual DNA sequence (between 265 and 275nm), the 

Tm values were determined by increasing the temperature ramp by 1oC/min from 

15 to 90 oC unless otherwise specified.   Absorbances were tracked by a Varian 

Cary 500 double beam scanning UV/Vis/NIR spectrophotometer (175nm-

3000nm). 
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Chapter 3:  

A Coding Region of the c-MYC 

Oncogene and its Structural Properties 
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3.1 General Introduction. 

As discussed in Chapter 1, c-MYC is responsible for encoding proteins that 

function in cellular processes such as apoptosis.1 As the gene is mutated in 

cancers and overexpressed, the suppression or manipulation of c-MYC becomes 

of paramount importance. Explorations into promoter regions of the DNA 

sequences from oncogenes have proven to be extremely powerful therapeutic 

targets. An argument that was explored previously was the exclusivity of the i-motif 

and G-quadruplex. However, strand separation renders this argument invalid in 

transcriptionally active DNA.  

As of writing this thesis, no one has published data examining the interactive 

role of the i-motif in an exon coding region. Coding regions do not suffer from 

exclusivity of these complexes due to the vast distance between strand partners 

under physiological processes. For example, during transcription, the DNA is 

negatively supercoiled, and the two strands separate and interact as if they were 

single-stranded.2 Aside from pH and ionic environment, which can vary drastically 

from cell nucleus to cell nucleus, this is the optimal location for these single 

stranded secondary structures to exist.3,4 In order to study if an i-motif sequence 

has potential to exist, a sequence of 24 bases was synthesized from 2nd exon 

coding region from the c-MYC oncogene: 5’ – TGC CCA CCC CGC CCC TGT 

CCC CTA -3’.5 A mutation, found in cases of Burkitt’s lymphoma, alters two bases 

of this sequence to give: 5’ – TGT CCA CCG CGC CCC TGT CCC CTA -3’.5 This 

Burkitt sequence lost two key cytosines and may stop i-motif formation as a result.  
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One exploration into the role of these single-stranded secondary structures 

determined how the G-quadruplex and i-motif act in a regulatory fashion towards 

MYC.6 It was discovered that the nuclease hypersensitive element III (NHEIII) 

could create these structures once negative superhelicity reached this segment. 

The removal of NHEIII from the genomic sequence significantly diminished the 

production of the MYC gene.6 Once the importance of NHEIII was identified, the 

roles that both the G-quadruplex and i-motif play on production of MYC were 

addressed. Molecules that stabilized either the G-quadruplex or the i-motif had 

different physiological roles. This indicates that these structures seemed to be 

mutually exclusive and act as an on/off switch for gene promotion.6 The exploration 

of a coding c-MYC sequence should bolster research into these more applicable 

areas of cancer therapy, as study of the i-motif will predictably increase. 

Recently, two notable discoveries have been made to increase the 

development in i-motif structures. Prior to these reports, it was debated as to 

whether the i-motif could exist within a biological system. The characteristics of the 

i-motif include hemi-protonated cytosine dimers, an inverse and parallel topology 

composed of hydrogen bonded bases, and loop regions of varying sizes. Many 

have argued that the i-motif cannot exist under physiological conditions, although 

extensive studies have found that i-motifs can exist in such an environment.7, 8, 9, 

10 The most notable, in terms of spectroscopic biophysics, came from Dzatko et al. 

Here, i-motif molecules were injected and tracked inside of a cell to assure that the 

molecule went to the nucleus.10 Afterword, the cellular NMR was recorded and the 
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resonant peaks at approximately 15.5 ppm prevailed. As these peaks are from the 

i-motif species injected, it was confirmed that the i-motif can in-fact exist in the 

conditions of the cell nucleus.10 Zeraati et al. discovered, by using antibody 

fragments, that the i-motif does exist in vivo.11 These two discoveries have put the 

debate to rest as to whether the i-motif can exist and has shifted the discussion to 

the importance of its role. Although it is important to note that both studies included 

well studied, telomeric i-motif sequences.  

3.2 Structural aspects of c-MYC i-motif. 

 

3.2.1 i-motif confirmation of c-MYC sequence. 

The first task when studying a new DNA structure is to confirm that it exists. 

Luckily, there are relatively simple methods to confirm i-motif structure. The easiest 

Figure 3.1: CD (left) and Tm (right) for the c-MYC coding i-motif. Both solutions began at 

pH 6 1mM KPi buffer.  The Tm solution was made with 14 µg/mL c-MYC and the CD 

solution was made with 3.125 µM c-MYC. 
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way is to determine the UV characteristics of the species. Figure 3.1 depicts a pH 

titration experiment tracked by circular dichroism and Tm determination tracked by 

the λmax of the coding region of c-MYC. The peak near 290nm blue shifts and 

decreases in intensity as the pH is raised from 6 to 8. This demonstrates the pHT 

(approximately 6.9) of the i-motif formed by the coding region of c-MYC, while the 

melting experiment shows that the Tm (approximately 53oC). Both pieces of data 

suggest that this structure has the potential to form in physiological environments.    

 

Additionally, the one-dimensional NMR is a conformational tool for i-motif 

structure. The hemi-protonated cytosine dimers have a proton that is considerably 

downfield due to its high acidity and position between two aromatic bases. Figure 

3.2 shows an expansion of this region of the spectrum. Together with the UV-Vis 

data, conformation of a sequence derived from the coding exon of c-MYC creates 

Figure 3.2: One dimensional NMR spectrum of c-MYC in pH 5.5 1mM KPi 30% MeOH-

d4. The existence of the 15.5 ppm peaks are indicative of i-motif formation. 
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an i-motif in vitro. With a thermal stability and pH threshold that may have 

physiological existence.    

3.2.2 Number of hemi-protonated dimers. 

 

The coding region of c-MYC used (5’ – 

TGCCCACCCCGC*CCC*TGTCCCCTA -3’) indicated that the highest number of 

cytosines within the core could compose a 3.5x3 i-motif (four north-south dimers 

and three east-west dimers according to an orthogonal overlap of the hydrogen 

bonding faces). At least one of the cytosine residues marked in red would remain 

Figure 3.3: NOE cross peaks of imido protons of hemi-protonated cytosines and the 

aromatic (H5) protons on the same cytosines.  Here the four most stable protons are 

labeled. 
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in a loop region if a 3.5x3 i-motif existed. It is therefore important to discuss the 

range of possible isomers based on spectroscopic evidence.  

The NOESY NMR demonstrates that the downfield protons (approx. 

15.5ppm) of the hemi-protonated dimers have cross peaks with one of the aromatic 

protons of the cytosine bases to which they are nearest. This means that it is not 

uncommon to miss one of the two H5 protons within a single hemi-protonated 

dimer.  It is extraordinarily uncommon that the hemi-protonated imido proton will 

interact with the H5 of a cytosine which is not implicated into the dimer.  In other 

words, it is unlikely that a column will have any H5 protons outside of its dimer.  

Therefore, the number of columns can add insight into the number of total dimers 

in the major structure.  Figure 3 presents these NOE interactions. Figure 3.3 shows 

that there are at least six distinct cross sections between the acidic dimer protons 

and aromatic protons of the closest cytosines (with the four most intense imido 

protons are annotated A-D). This idea is corroborated by the relative intense peaks 

observed in the one-dimensional spectrum illustrated in Figure 3.2. Later in the 

assignment, it is shown that there cannot be a seventh hemi-protonated dimer as 

needed in a 3.5x3 structure. This is because one of the two cytosines indicated in 

red that is needed to produce such a structure, displays no amide protons 

downfield as far as 15.5 ppm. It is more likely that we observe excess peaks in the 

15.5 ppm range due to 3’E and 5’E isomerization or folding dynamics12. Since there 

are six dimers, there is a 3x3 i-motif.  
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3.2.3 Structure of the c-MYC coding region’s i-motif. 

The overall structure of the coding region c-MYC i-motif is shown in Figure 

3.4.  The 2:2:4 i-motif was determined through a variety of multidimensional NMR 

experiments (NOESY and TOCSY). Two-dimensional phase-sensitive 1H Clean-

TOCSY with 70 ms spin lock, and NOESY experiments with 200 ms mixing times 

were recorded at 10°C. Experiments were done in 1mM KPi 30% MeOH – d4 while 

pH values were either pH 5.5, 6, or 6.75. These alterations in pH allowed for spin 

systems to shift and more adequately separate overlapping peaks. Although a 

well-organized structure is depicted in Figure 3.4a-c, it is an estimation of the 

structure to more clearly demonstrate the interactions discussed in structure 

elucidation. It is a minimized energy structure derived from the sequence of the i-

motif, rather than an incorporation of NMR distances. An accurate structure is 

extraordinarily difficult without the use of altering mixing times on NOESY 

experiments or heteronuclear NMR experiments to determine sugar angles, 

phosphate assignments, purine proton assignments, and rotations of DNA bases.  

Utilizing known i-motif structures and the information gathered from the NMR 

experiments, the known primary structure was able to be adapted to the 2:2:4 

cartoon shown in Figures 3.4d and 3.4e. 
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As seen in the structural work from Schwalbe et al. on the telomeric i-motif, 

the most intense peaks will likely be core i-motifs while weaker peaks correspond 

to flanking dimers.12, 13 Given that the four peaks previously labeled in Figures 3.2 

and 3.3 are the most intense peaks within the 15.5 ppm region it is likely that those 

peaks constitute the four most stable protons and that those cytosine dimers are 

Figure 3.4: Structures of the i-motif formed from the coding region of the c-MYC 

oncogene.  (A-C) minimized energy structures of the proposed i-motif structure at different 

angles to aide with visualization. (D-E) cartoon of structure without improper sugar, base, 

and phosphate locations.  
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formed nearest loop 1 and 3.13 Utilizing the NOESY cross peaks it is clear that 

protons A and D are near each other in space while peaks B and C are as well. 

Given that A and B are more intense it is reasonable to assume that they are the 

interior protons from this group. This conclusion provides two possibilities for i-

motif formation: D, A, B, C or C, B, A, D. Figure 3.5 shows the noted cross peaks 

and Figure 3.6 shows the two options for the hemi-protonated dimer organization. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: NOESY cross peaks representing the four most stable hemi-protonated 

cytosine dimer interactions. 
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3.2.4 Key spin system designations. 

It will be impossible to determine any structure without first having a clear 

idea of which peaks belong to which nucleotide base. As a result, it is important to 

find as many spin systems as possible. Spectroscopic techniques, like NMR, 

provide an average description of a molecule’s behavior. This means that multiple 

isomers, conformations, and rotations of nucleotide bases can all add ambiguity to 

structural assignments. The i-motif is a unique structure with unique characteristics 

allowing a biophysicist to use some of these structural characteristics to 

understand many interactions that would seem impossible in more common DNA 

structure determinations. To help with the nomenclature used in the rest of this 

assignment, Figure 3.7 shows the proton labeling which will be used in this 

document14. Additionally, Figure 3.8 shows the assignment of the aromatic protons 

to act as a map of a spin system assignment.  

Figure 3.6: Options of dimer organization for the four more stable hemi-protonated dimers. 
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Figure 3.7: Nomenclature of protons for the sugar (E) and DNA bases (A-D).  

Figure 3.8: Spin system labels needed for structure elucidation of the i-motif formed from 

the coding region of c-MYC.  
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The existence of structural and conformational isomers can make the 

elucidation of the i-motif structure difficult. By using the NOEs of the 15.5 ppm 

protons it can be assumed that any spin system connections to these protons will 

be based upon the structure of the i-motif and not a random coil or different 

structural element. Figure 3.9 shows the associated protons for the spin system 

labels used in structure elucidation. Although not all 12 cytosines located within 

the i-motif can be accounted for, the noted peaks are sufficient to provide a 

structure that can determine how the 24 bases of the coding region create an i-

motif. Unfortunately, detailed positions of these bases, as one might find in 

structures found within the protein data bank, is not achieved. In Figure 3.9 it is 

shown that {C2}, {C3}, {C5}, {C6}, {C11}, {C13}, and {C14} are the necessary labels to 

Figure 3.9: Hemi-protonated dimer acidic proton interactions with nearby amines. 
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understand the construction of the stable dimers nearest loops 1 and 3. Only the 

partner to C2 is missing from a complete assignment of those peaks.    

3.2.5 Loop region interactions assist with structure assessment. 

The easiest method to determine which dimer proton is nearest to loop 1 

and 3 is to determine the nearest bases to the hemi-protonated dimers within C 

and D. This is because C and D are the weakest and one of them is closest to 

those loop regions compared to the other 3 cytosine dimers. Two cytosine spin 

systems that account for the hemi-protonated dimer of D, are {C5} and {C13}. Since 

the four most stable cytosines are nearest to loop 1 and 3, then the indicated 

cytosines cannot be part of these four dimers: 5’ – TGC1 CCA CCC C7GC8 CCC 

TGT CCC C15TA -3’ as they are closest to the tails and loop 2.  

 

 

 

 

Figure 3.10: Minimized energy structure showing the NOE possible between the loop {C4} 

and the hemi-protonated dimer {C5}. 
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An NOE between {C4}H6 and {C5}H5 indicate proximity, but not exact 

positions. Since the amines of {C4} do not have any NOEs with the amides of the 

15.5 ppm peaks, it is therefore a loop region cytosine. Because {C4} is in a loop, 

and {C5} is within dimer D, then dimer D has to be nearest to loop 1 and 3. This 

interaction is shown in Figure 3.10 and the NOE evidence is shown in Figure 3.11. 

Given this, the proper sequence of the four stable protons is: D, A, B, and C from 

nearest loops 1 and 3 to furthest. Furthermore, {C4}H6 has an NOE with the 

backbone sugars of {T3} (H3’, 4’, or 5’/5”). From all of this we know that {C4} is in a 

loop 1 or 3 and {T3} is remarkably close. As {T3} can only be in loop 3 with such 

proximity, it is important to determine if {T3} is 5’ or 3’ to the location of {G3}. From 

there, we can decide if {C4} is in loop 1 or loop 3. The interactions of {C4} and {T3} 

are shown in Figure 3.12 while Figure 3.13 shows the NOESY evidence.   

Figure 3.11: Aromatic cross peaks illustrating the interactions of aromatic cytosines of a 

loop and hemi-protonated dimer.   
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Figure 3.12: Interactions across loops 1 ({C4}) and ({T3}).  Given the interactions of {C4} 

it is likely that it is buried in the loop region rather than {A1} as the minimization has shown. 

Figure 3.13: NOE interaction of the aromatic of loop region cytosine {C4} with loop region 

thymine {T3}. 
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Figure 3.14: Interaction of {G3}H8 with {T2}H1’ indicating that the thymine is 5’ to the 

guanine. 

Figure 3.15: NOE interaction of {G3}H8 and {T2}H1’ to indicate that {T2} is 5’ to {G3}. 
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A strong NOE of {G3}H8 and {T2}H1’ indicates {T2} is 5’ to {G3} which then 

is 5’ to {T3} as shown in Figure 3.14 while the evidence is shown in Figure 3.15.  

Overall this evidence strongly suggests that loop region 3, is 5’ – T2G3T3C – 3’ and 

therefore {C4} is in loop 1 so it can be closer to {T3}. There are two adenine 

assignments and the {A1}H8 and {A1}H1’ have an NOEs with both {C13}H6 & 

{C12}H1’ and {C13}H1’ respectively. Therefore {A1} is in loop 1 and closer to {C13} 

than to {C5}. Figures 3.16 and 3.17 show the interaction on the model and NOE 

evidence respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Interaction of {A1}H8 and H1’ with {C13}H1’ and H6 indicating that they are 

across the loop from one another. 
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Finally, an NOE between {C12}H1’ and {C13}H6 gives the final piece of 

information needed to gather the loop region assignments as {C12} has to be 5’ to 

{C13}. A diagram of these assignments with interaction arrows can be seen in 

Figure 3.18. Because of the cylindrical nature of the molecule, it is certainly 

feasible to switch the positions of {C4} and {C5} with {C12} and {C13} respectively. 

This assignment was chosen when comparing distances to known i-motif 

structures and when one considers that a four-base loop region sequence will 

behave more like a generic DNA sequence. If it does behave more like generic 

DNA, then the existence of {C12}H1’↔{C13}H6 and no such evidence of a 

{C4}H1’↔{C5}H6 gives more credence to the assignments laid out in Figure 3.18.  

Figure 3.17: NOEs that describe loop interactions connecting loops 1 and 3.  
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3.2.6 Completing the construction. 

There are many proximity interactions that help to cement the assignments 

in loops 1 and 3 although they are unneeded for structural confirmation: 

{T2}H6↔{C5}H6, {T2}H6↔{G3}H8, {T2}CH3↔{G3}H8, {A1}H1’↔{A1}NH2, and 

{A1}NH2↔{G3}H1’. The inverse topology forces the sugar protons (H1’, H2’, and 

H4’) to point upward towards the loop in strands 1 and 3 but down in strands 2 and 

4 as they are pointed towards the 3’ direction. Therefore, the interaction of the 

aromatic protons of {C13} with {A1} indicate that {C13} should have its sugars 

pointing downward.  

Figure 3.18: Cartoon of the summation of the loop region data. Across strand interactions 

are shown in red while dotted lines represent interactions on the {C5} side while undashed 

lines are in front on the {C13} side. 
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Because the hemi-protonated dimers are organized as D, A, B, and C and 

we know the composition of loops 1 and 3, it is worthwhile to explore other 

structural aspects of the i-motif using this known information. The first piece of 

information needed is the composition of the other cytosine dimers. Unfortunately, 

with the dynamic nature of this structure, it is very difficult to gather all of the pieces 

of this structural puzzle. It is known that A is composed of {C3} and {C11}, while B 

includes {C14} and {C6}, and C includes one known spin system {C2}. Placing the 

remaining cytosines in the i-motif dimer was completed leaning heavily on the 

published structures of the protein databank, where the interaction of {C14}H6 and 

{C3}H1’ suggest that {C14} is directly below {C3} only achieving this interaction if the 

3’E isomer (shown in Figure 3.19) exists making that isomer more likely.  

Figure 3.19: Construction of c-MYC i-motif based upon NOE peaks within loop regions. 
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Although the structure is too dynamic to find a proper NOE between {C8} 

and a hemi-protonated dimer, it is notable that the H5/H6 cross peak from the 

TOCSY places {C4} and {C8} significantly different from the i-motif cytosines. 

Therefore, it is logical to place {C8} in loop 2 without the same dimer interactions 

used to place {C4} and {C12} in loops 1 and 3. This is supported by the {C8}H1’ and 

{G2}H2’/2” NOE. It is very possible that {G2} was incorrectly assigned because the 

position of {G1} may be quite close. The assigned {G2} cannot be {A1} or {G3} as 

they exhibit interactions that fit them well into loops 1 and 3, nor can it be {A2} as 

{A2} and {T1} show many isomers and are likely the 3’ and 5’ ends respectively. 

Furthermore, {A2}H8 has an NOE with {T4} H2’/2” suggesting that {T4} is 5’ to {A2}. 

This leaves that G1, C1, C7, C9, C10 and C15 as unassigned spin systems. However, 

the full assignment of loop 1, loop 3, as well as the known assignments of the i-

motif dimers and the suggestion of loop 2 are enough to provide the structure of 

the c-MYC i-motif that is provided here. The relevant cross peaks described from 

structural determination are shown in Figures 3.20 and 3.21.  

Figure 3.20: NOESY (red) and TOCSY (green) to emphasize the {C8} that is buried under 

the {G3} peak. 
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3.3 Comparison of Burkitt lymphoma mutation with native c-MYC coding 

sequence. 

3.3.1 Structural differences. 

It is suggested that the longer a loop region (to a certain extent) will provide 

the i-motif with a greater stability.15 That idea is in contention with a convincing 

argument in 2017 where a 4x4 i-motif had strong evidence of a single thymine 

loop16. Although a strong NOE with {A1} to {C4}, {C4} to {C5}, {A1} to {C12}, and {C12} 

to {C13} cement the notion that the cytosines {C4} and {C12} are in loop and not i-

motif construction. This lead to the construction of loops 1 and 3 as AC and TGTC 

respectively. Furthermore, the evidence of {G2} and {C8} suggest loop 2’s make-

up, but the lack of an i-motif interaction adds a degree of ambiguity.  

Figure 3.21: NOE interactions of {G2} and {C8}.  Although weak it supports the claim of a 

GC label in loop 2.  
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In the case of Burkitt’s lymphoma (BL), two key cytosines in the i-motif 

structure have been mutated to a T and G which would destroy the i-motif structure 

presented above. This would likely disqualify the structure from forming a 3x3 

single-stranded complex, however a 2x2 or weaker i-motif is possible. It is 

therefore a good comparison tool to confirm the characteristics of the native c-MYC 

sample.  

The initial experiment to determine if i-motif formation is possible for the BL 

sample is a CD spectrum. If it demonstrates a 290nm ellipticity maximum, then it 

forms the i-motif. Figure 3.22 shows the CD spectrum of the BL sample. The CD 

spectrum has a degree of mystery to it as it does not have a 290 nm peaks as with 

other i-motifs, nor does it have a 265 to 270nm ellipticity maximum as in the case 

of a random coil. With this sample there is a peak at 283nm, almost directly 

between 270 and 290 so choosing one or the other is not believable. This means 

that the structure is something different, a hairpin for example, or it is a mixture of 

random coil and i-motif thus averaging the spectrum.   
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Figure 3.22: CD spectrum of BL sample. The 283nm ellipticity maximum suggests that 

the sequence is neither random coil, nor is it i-motif.  
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To determine the more likely scenario, an NMR experiment is required. The 

one-dimensional spectrum suggests that the sample forms hemi-protonated 

dimers consistent with the i-motif, and classical A=T and G≡C hydrogen bonds 

(supported by 13.5, 14.5 ppm peaks respectively). Another idea, supported by the 

rudimentary estimation of i-motif concentration compared to the rest of the sample, 

suggests that there is a lower population of structured DNA. Here the peaks around 

15.5 ppm were integrated against the remainder of the spectra and a proportion 

was given. From this, the most liberal estimates give the BL sample a 5.1% 

structure concentration while the native c-MYC sample offers at least 35%. These 

values are not as quantitative as first suggested, as water suppression, exchange, 

solvent residues, and impurities all add error that cannot be ignored. The overlay 

of the c-MYC and BL sample are shown in Figure 3.23.  
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The most likely situation is that the BL sample is adapting a small amount 

of a hairpin type structure or parallel duplexing utilizing hemi-protonated dimers for 

connectivity. The bulk of the one-dimensional NMR shows much narrower peaks 

compared to the c-MYC case. This is because most of the DNA is structured in c-

MYC. As base stacking, hydrogen bonding, and other intermolecular forces cause 

an increase in rigidity to the structure such that the DNA is less dynamic and results 

in peak broadening14.   

Figure 3.23: 1H NMR of c-MYC (top) and BL (bottom). The broadening of the c-MYC 

peaks represents a structure, while the BL sample have much narrower peaks and lower 

intensity hydrogen bonding peaks.   
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3.3.2  Future work. 

Since the i-motif and G-quadruplex can behave as gene controllers in 

promoter regions, a change to one structure in that region can alter the amount of 

a selected gene produced by the cell. Other than broad statements towards the 

link between protein mutations caused by DNA alterations and cancer, there is 

little discussion as to the importance of DNA structures within a coding region in 

oncology. It is therefore important to understand the structural aspects of an i-motif 

formed in a coding region and how that structure changes with a known mutation. 

Perhaps an investigation may show that the destruction of such an i-motif would 

have a profound increase in carcinogenic activity and justify the mutation. In order 

to have that discussion, a more reliable structure of the c-MYC i-motif would be 

helpful. Although the structure elucidation discussed here is grounded in logical 

arguments, it is impossible to confirm to the high standards of structural sites like 

the protein data bank. Additionally, understanding the mystery of the 15.5 ppm 

peak of the BL sample on the 800MHz spectrum is of interest. If a weak i-motif or 

hairpin exist it would have ramifications to biological activity.  

3.4 Materials and methods. 

3.4.1 DNA purification. 

DNA samples, purchased from IDT, were dissolved in an amount of 

deionized water to warrant the desired concentration based upon the 

manufactured amount. Once in solution, the samples were loaded into two 

kilodalton dialysis tubing and clipped to prevent leaking. After the samples were 
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stirred in the desired buffer gently over an 8 to 12-hour period while cooled in an 

ice bath. The buffers were discarded and refilled midway through the dialysis. 

Solutions were clear to slightly cloudy and frothed when disturbed drastically. 

Common buffer solvents were altered by pH (5.5, 6, 7.3, 9, or 10) or potassium 

concentration (1, 5, 10, 20, 25, 50, or 100 mM) depending upon the needs for the 

experiment. Samples that needed to undergo further manipulations were done so 

from the stock solutions made from the dialysis processed here. 

3.4.2 UV-Vis experiments. 

Stock solutions of small molecules were dissolved in 1mM pH 6 KPi buffers. 

Mixtures of stock DNA and small molecule solutions were made and diluted to 

applicable concentrations to come to a 1.5 mL final volume of indicated solution 

concentrations of small molecule and a 14µg/mL concentration of DNA. Utilizing 

the unique λmax for each individual DNA sequence (between 265 and 275nm), the 

Tm values were determined by increasing the temperature ramp by 1oC/min from 

15 to 90 oC unless otherwise specified.   Absorbances were tracked by a Varian 

Cary 500 double beam scanning UV/Vis/NIR spectrophotometer (175nm-

3000nm).  

3.4.3 CD experiments. 

Stock solutions of DNA were diluted in 1mM pH 6 KPi (or whatever 

specifications were needed) buffer to a final volume of 500 µL. Then the samples 

were loaded into a black walled, 1 cm path length quartz cuvette and placed in a 

Jasco – 815 circular dichroism spectrometer.  The samples were run from 200 to 
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350 nm under a N2 gas flow and scanned at a rate of 50 nm/min with a culmination 

of 25 repetitions. Finally, the data was corrected through a subtraction with buffer 

and a baseline correction.   

3.4.4 NMR experiments. 

600/700 one-dimensional: 

Stock solutions of DNA were diluted to 2mM in 1mM pH 5.5 KPi buffer to a 

final volume of 500µL. Then the samples placed into either a Bruker Avance 600 

liquids/solid (4 channel triple axis gradient spectrometer) or a Bruker Avance III 

700 (4 channel z-axis gradient spectrometer). The samples were run using an 

excitation/sculpting water suppression technique and optimized for the individual 

samples 90o pulse and location of solvent. All samples were done at 283 K to 

ensure consistency and optimization of structure among all solvents. The data was 

phased, prior to inclusion, using TopSpin or MasterNova. 

800 one-dimensional 

Stock solutions of DNA were diluted to 2mM in 1mM pH 5.5 KPi buffer to a 

final volume of 200µL. Then the samples placed into an 800 MHz Bruker Avance 

III Liquid at the ICSN-CNRS building in Gif-sur-Yvette.  The samples were run 

using an excitation/sculpting water suppression technique and optimized for the 

individual samples 90o pulse and location of solvent. All samples were done at 283 

K to ensure consistency and optimization of structure among all solvents. The data 

was phased, prior to inclusion, using TopSpin. 

Multidimensional NMR experiments:  
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Stock solutions of DNA were diluted to 2mM in 1mM pH 5.5 KPi buffer to a 

final volume of 200µL. Two-dimensional phase-sensitive 1H Clean-TOCSY with 70 

ms spin lock, and NOESY experiments with 200 ms mixing times were recorded 

at 10°C.  Samples were recorded on an AVANCE Bruker spectrometer operating 

at 800.13 MHz, with a spectral width of 9615 without sample spinning, with 2k real 

points in t2 and 512 t1-increments. The data was processed using TopSpin 3.2 

software. A π/6 phase-shifted sine bell window function was applied prior to Fourier 

transformation in both dimensions (t1 and t2). Assignments and overlays were 

done using CcpNMR analysis version 2.4.2.  

3.5 Conclusion. 

As discussed, the role of promoter and telomeric regions of DNA have been 

explored in their single-stranded structure. The coding region has not received as 

much attention. This is unfortunate, because a debate in i-motif stability surrounds 

the notion that the G-quadruplex and i-motif are mutually exclusive, due to steric 

restraints21. It does not seem that the existence of a G-quadruplex would have any 

bearing onto the i-motif in the case of DNA replication processes as the two strands 

are separated by a significant distance.  

It was discovered that the 3x3 c-MYC i-motif found within the coding region 

of exon 2, has pH and thermal stability that might allow it to survive in physiological 

conditions. It is likely that this i-motif preferentially exists in the 3’E isomer and has 

a 2:2:4 loop region population composed of AC, GC, and TGTC. An important note, 

as it applies to a common hypothesis of the compounds synthesized by the Morton 
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lab, is that there is no evidence of an AT or GC hydrogen bond between loops 1 

and 3 as hydrogen bound imides tend to be between 12-13 for GC and from 13-

15 for AT/AU14. The single dimensional NMR of the native sample is void of any 

such interactions, while the BL sample shows small peaks at 13.25 and 14.75 

aside from the suspected hemi-protonated cytosine dimer peaks. Native c-MYC 

has the potential for an AT or GC interaction between loops 1 and 3, but it 

ultimately does not interact in such a manner, even when NOEs exist between 

complimentary bases in those loops. In the telomeric i-motif, the supporting AT 

interaction is placed directly above a hemi-protonated dimer and that type of 

interaction is impossible for the native c-MYC sample to create. This increase in 

stability for telomeric i-motifs is likely due to the increase in hydrogen bonding 

interactions, and of base stacking effects. Interactions that would be placed 

adjacent to the hemi-protonated dimers of the i-motif would be more logical 

placements for drug design to follow this hypothesis. Alternatively, a different 

location entirely on the structure may be more appropriate.  

 

 

 

 

 

  

 



 

88 

3.6 References. 

1. Hall, Z.; Ament, Z.; Wilson, C. H.; Burkhart, D. L.; Ashmore, T.; Koulman, 
A.; Littlewood, T.; Evan, G. I.; Griffin, J. L. “Myc expression drives aberrant 
lipid metabolism in lung cancer” Cancer Res., 2016, 76, 4608-4618. 
 

2. Liu, L.F.; Wang, J.C. “Supercoiling of the DNA template during transcription” 
Proc. Natl. Acad. Sci., 1987,84, 7024–7027. 
 

3. Dick, D.A. “The distribution of sodium, potassium and chloride in the 
nucleus and cytoplasm of bufo bufo oocytes measured by electron 
microprobe analysis” J Physiol., 1978, 284, 37–53. 
 

4. Palmer, L.G.; Civan, M.M. “Distribution of Na+, K+ and Cl− between nucleus 
and cytoplasm in chironomus salivary gland cells” J. Membrain Biol., 1977, 
33, 41-61. 
 

5. e!Ensemble “MYC gene chromosome 8: 127,735,314-127,741,554” 
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;g=ENSG0
0000136997;r=8:127735314-127741554. 
 

6. Sutherland, C.; Cui, Y.; Mao, H.; Hurley, L.H. “A mechanosensor 
mechanism controls the G-quadruplex/i-motif molecular switch in the MYC 
promoter NHE III” J. Am. Chem. Soc., 2016, 138, 14138–14151. 
 

7. Yang, B.; Rodgers, M. T. “Base-pairing energies of proton-bound 
heterodimers of cytosine and modified cytosines: implications for the 
stability of DNA i-motif conformations” J. Am. Chem. Soc., 2014, 136, 282–
290. 
 

8. Kim, S. E.; Lee, I.; Hyeon, C.; Hong, S. “Destabilization of i-motif by 
submolar concentrations of a monovalent cation” J. Phys. Chem., 2014, 
118, 4753–4760. 
 

9. Day, H. A.; Huguin, C.; Waller, Z. A. E. “Silver cations fold i-motif at neutral 
pH” Chem. Comm., 2013, 49, 7696-7699. 
 

10. Dzatko, S.; Krafcikova, M.; Hänsel‑Hertsch, R.; Fessl, T.; Fiala, R.; Loja, T.; 
Krafcik, D.; Mergny, J.; Foldynova‑Trantirkova, S.; Trantirek, L. “Evaluation 
of the stability of DNA i‑motifs in the nuclei of living mammalian cells” Angew 
Chem Int Ed Engl., 2018, 57, 2165–2169. 
 

http://www.ensembl.org/Homo_sapiens/Location/View?db=core;g=ENSG00000136997;r=8:127735314-127741554
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;g=ENSG00000136997;r=8:127735314-127741554


 

89 

11. Zeraati, M.; Langley, D.B.; Schofield, P.; Moye, A.L.; Rouet, R.; Hughes, 
W.E.; Bryan, T. M.; Dinger, M.E.; Christ, D. “I-motif DNA structures are 
formed in the nuclei of human cells” Nature Chemistry, 2018, 10, 631–637. 
 

12. Lieblein, A.L.; Frtig, B.; Schwalbe, H. “Optimizing the kinetics and 
thermodynamics of DNA i-motif folding” Chem. Bio. Chem., 2013, 14, 1226 
– 1230. 
 

13. Lieblein, A.L.; Buck, J.; Schlepckow, K.; Fürtig, B.; Schwalbe, H. “Time‑
resolved NMR spectroscopic studies of DNA i‑motif folding reveal kinetic 
partitioning” Angew. Chem. Int. Ed., 2012, 51, 250 –253. 
 

14. Wüthrich, K. “NMR of proteins and nucleic acids” Wiley-Blackwell, 2008 
 

15. Gurung, S.P.; Schwarz, C.; Hall, J.P.; Cardina, C. J.; Brazier, J.A. “The 
importance of loop length on the stability of i-motif structures” Chem. 
Commun., 2015, 51, 5630-5632. 
 

16. Kshirsagar, R.; Khan K.; Joshi, M.V.; Hosur, R.V.; Muniyappa, K. “Probing 
the potential role of non-β DNA structures at yeast meiosis-specific DNA 
double-strand breaks” Biophys J., 2017, 112, 2056-2074. 

  



 

90 

 

 

 

 

 

 

 

 

 

 

Chapter 4:  

The Aplysinopsin Family of Natural 

Products Display Interactions with the DNA 

i-motif. 
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4.1 General Introduction. 

Individualistic interactions with the i-motif are highly desired given the 

correlation between these structures and oncology. There are numerous small 

molecules and macromolecules that have demonstrated such interactions to 

varying degrees of success. Chemical probes are a way in which biophysical 

chemists can seek out a particular interaction in the complex mixture of biological 

systems. Research groups have used fluorinated chemical markers to probe 

everything from a protein’s folding, environment, and structural hierarchy utilizing 

19F NMR.1 Given that recent studies have used one dimensional NMR experiments 

to confirm that the i-motif structure does persist in a cellular environment, the 

creation of a chemical probe tracked via 19F NMR is of interest.2 This would be an 

important stepping stone to expand the number of known instances that the i-motif 

exists natively inside of a cell. An alternate to complex antibodies, are NMR 

probing experiments which are far less time consuming.3 In this section, an 

interaction of the Aplysinopsin (Aply) small molecule family with the i-motif is 

addressed. 

Aplys are marine natural products produced from sponges, scleractinian 

corals, one species of sea anemone and one nudibranch.4 Aply was first isolated 

by Kazlauskas et al. and has since been studied by many groups focusing on 

interactions, structural aspects, dimerization, and its ability as a drug.5 A few key 

uses of such compounds discovered entail their abilities to act as anticancer drugs, 
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antimicrobials, and antiplasmodial compounds.6,7,8,9 The natural product can be 

altered in many ways as outlined in Figure 4.1. Although 1,600 naturally occurring 

monobrominated Aply products exist, in this section, three new alterations to these 

products are described.5   

The structural aspects of these compounds have been extensively 

explored. The most basic isomerization of these compounds arises from their E/Z 

isomerization. These isomers can be easily tracked by multidimensional NMR 

experiments and altered by substitution of the R groups via a combination of 

steric and electronic constrains. 

The diamide, rather than guanidyl 

as shown in Figure 4.1. This 

version of Aply resulted in a 95:5 

mixture of E:Z isomers.5 This 

isomeric ratio can be changed by 

photon excitation. Solutions of 

these molecules tend to 

equilibrate under exposure to 

light, while heat can return them 

to the thermodynamically stable 

isomer. In general, the methyl 

Figure 4.1: Core structure of Aply compounds. 

The blue tryptophan ring is separated from the 

creatinine face and each R group can be 

modified. In Aply R1-R5, and R7 = H while R6 &R8 

= CH3. Nor is the same but R6 is also an H.  
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groups attached at the R8 position tend to warp the planarity of the molecule 

when placed cis to the tryptophan ring as in the Z isomer.  

The idea of using these compounds to interact with the i-motif arises from 

the major component of the i-motif interaction itself. As stated, the i-motif is 

composed of multiple hemi-protonated dimers of cytosine bases. Figure 4.2 

shows the hydrogen bond between Noraplysinopsin (Nor) and cytosine. The 

neutral interaction is more stable than a neutral cytosine dimer interaction, but 

weaker than neutral guanine-cytosine hydrogen bonding (17.9 kcal/mol vs. 23 

kcal/mol).10 The cationic Nor with cytosine complex offers about 100 J/mol 

increase in stability. In theory, the hydrogen bonding with an open loop region 

cytosine can be easily achieved with such a compound.      

The idea of DNA interactions with small molecules can be altered by the 

isomers and tautomers of the DNA bases. Each of these modifications can alter 

the hydrogen bonding face, and life has used non-Watson/Crick hydrogen 

bonding faces. As 

peptides are produced 

from tRNA triple base 

“codes” of DNA 

information, this 

combination indicates 

which amino acid will be 

selected for peptide 

Figure 4.2: Optimized geometry of cationic Nor hydrogen 

bound to neutral cytosine at the B3LYP/cc-pVTZ level. 
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synthesis. Since there are 64 combinations from rearrangement of the four 

nucleotide bases in triple base codes, and only 20 amino acids, tRNA has 

developed a structural attribution to alleviate the number of possibilities Drug 

compounds, similarly, can alter the possible hydrogen bonding interactions with 

DNA bases. In the case of Nor compounds (which lack an interrupting methyl 

group on the creatinine face) different tautomers can influence the hydrogen 

bonding face of creatinine. A lack of tautomerization in Aply may show effects 

which alter spectroscopic properties. Figure 4.3 shows the compounds 

synthesized and Table 4.1 has the DFT results of the different isomers and 

tautomer energies for those compounds.  

 

 

 

 

 

Figure 4.3: Compounds synthesized utilizing the strategies below.  The named 

compounds that are red represent novel molecules.   
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The results from the DFT calculations demonstrate that the E isomer is 

more stable in every case.  This is likely because the E isomer maintains its 

planarity while the Z isomer has steric interactions between methyl and aromatic 

protons causing a rotation. Such an observation is expected for the different 

isomers, but the difference between two tautomers, as shown in Figure 4.4, 

suggests that the imino tautomer is preferred. Such effects may be seen in the IR 

spectra of such compounds.  

 

 

Compound Enthalpy kJ/mol 

7-Fluoronoraplysinopsin Z isomer 37.95 

7-Fluoronoraplysinopsin E isomer 15.67 

7-Fluoronoraplysinopsin E isomer imido 
tautomer 0 

6-Fluoronoraplysinopsin Z isomer 32.40 

6-Fluoronoraplysinopsin E isomer 11.92 

5-Fluoronoraplysinopsin Z isomer 33.61 

5-Fluoronoraplysinopsin E isomer 11.39 

4-Fluoronoraplysinopsin Z isomer 35.91 

4-Fluoronoraplysinopsin E isomer 8.774 

Table 4.1: Resulting free energies using B3LYP/cc-pVTZ OPT FREQ ab initio 

calculations with a disabled symmetry. Enthalpy values are arranged such that the 

lowest enthalpy obtained is 0 and all others are the difference from that original value. 

Figure 4.4: Tautomerization of Nor.  DFT calculations suggest that the Imido form is more 

stable. 
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4.2 Synthesis of Aply compounds. 

4.2.1 Solvent based condensation. 

The condensation of the indole-3-carboxyaldehyde with a creatinine-based 

compound seems relatively straightforward as a synthetic process. Using the 

creatinine enolate as a nucleophile to the carboxyaldehyde is similar to any aldol 

condensation. This process works extremely well for Nor and its brominated 

derivative. As with any nucleophilic carbonyl interaction, there are both basic and 

acidic catalytic mechanisms. A base catalyzed reaction scheme is shown in 

Scheme 4.1. 

One such base-catalyzed synthetic method refluxes a sodium methoxide 

solution to create the enolate. Because the nucleophile becomes aromatic, a high 

heat is needed to overcome the needed activation energy with a weaker 

nucleophile. This temperature is dependent upon the electrophile used in the 

reaction. Afterwards, the insoluble material can be collected, the solvent removed 

Scheme 4.1: Reaction scheme of base catalyzed aldol condensation of indole-3-

carboxaldyhde with the creatinine enolate. 

 



 

97 

via rotary evaporation and resulting powder purified with relative ease using 

recrystallization and/or silica chromatography. 

This synthesis was used to create Nor by placing 1H-indole-3-

carboxaldehyde (1 mmol) and creatinine (1.2 mmol) together in a 50 mL round 

bottom flask with a magnetic stir bar. In a different container a stock solution of 

sodium methoxide was diluted to 25mL in methanol to provide a 1.5 molar 

equivalent. The clear to straw-yellow solution was allowed to reflux overnight. Then 

the insoluble material was filtered from the red-orange solution. After it was cooled 

to room temperature, rotary evaporation removed the solvent. The crude material 

was purified by washing with 1 mL boiling water then filtered, followed by a wash 

with 1mL boiling acetone then filtered. Initially the compound was recovered at a 

49% yield and 73 % purity. Afterwards, the material can be further purified through 

a silica column with 100% ethyl acetate then with 100% methanol.  

The other solution phase synthesis done produced 6-bromonoraplysinopsin 

(6BrNor) following the same procedure. There are some observational differences 

between the two reactions as the starting material for 6BrNor was a more brilliant 

yellow and the final product had a much richer red color. The solution also changed 

color much quicker upon heating. The purpose of 6BrNor synthesis was to 

determine if the same synthetic method would translate to a tetrafluorinated 

compound.  

Applying the same method to 4,5,6,7-tetrafluoroindole-3-carboxaldehyde 

did not produce the desired tetrafluoronoraplysinopsin (F4Nor) product. This was 
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a surprising result because the solution went from a straw yellow to a bright orange 

as with the other examples noted above. TLC analyses also suggested that a spot 

different from the two starting materials implied that the product was produced. 

However, each NMR done on the isolated material rendered only aldehyde starting 

material. After some thought, a basic solution of the starting aldehyde was made 

and a similar color to the final solution was obtained. It appears that the tetrafluoro 

indole aldehyde is deprotonated and the reaction did not proceed under solution 

conditions. Many attempts and variations to this method were tried to facilitate a 

sufficient amount of product. The use of different bases to lower the deprotonation 

of carboxaldehyde, altering concentrations of basic solutions, using bulkier 

alkoxides, and an increase of creatinine to facilitate product formation via Le 

Chatelier's principle were all implemented to the general procedure and did not 

produce product.  

When surveying the literature another promising solution-based method 

was attempted to create the desired product. By using a refluxing NaOAc/AcOH 

solution a higher temperature can be achieved and the pH of the solution was less 

likely to deprotonate the tetrafluoroaldehyde.11 The method used followed the 
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literature precedent with properly adjusted amounts of material but did not create 

the desired product.  

4.2.2 Solvent-less condensation. 

Other studies have used solvent-less conditions to prepare Aply 

compounds.12 In general, under an inert atmosphere a one-to-one mixture of the 

indole carboxaldehyde and creatinine are melted together, and water is released 

as condensation occurs. This causes steam and frothing of the mixture. Once the 

reaction is returned to room temperature the crude product is extracted with 

methanol and purified either by recrystallization or silica chromatography. Figure 

4.5 shows the off white solid starting materials placed in a sealed round bottom 

flask and the blood orange final product.  

A slight adaptation to the literature procedure was used for syntheses of 

Noraplysinopsin species. Here, 4,5,6,7-tetrafluoro-1H-indole-3-carboxaldehyde 

(1mmol) and creatinine (1mmol) were ground together in a crucible until 

Figure 4.5: Visualization of the solvent-less condensation of indole carboxaldehyde and 

creatine starting materials (A) to produce Nor compounds (B).  
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homogenous. The mixture was then added to a 10mL round bottom flask and 

covered in an argon atmosphere. A flame was introduced to the outside of the flask 

and the two white solids melted together, forming a blood-orange liquid with 

significant foaming due to water release. The heat was removed prior to burning 

and the resulting compound was left to return to room temperature. The solid was 

washed with 1 mL boiling water then filtered, followed by a wash with 1mL boiling 

acetone and filtered. Initially the compound was recovered at an 82% yield and 

91% purity with a 9:1 ratio of (E/Z)-2-amino-5-[(4,5,6,7-tetrafluoro-1H-indol-3-

yl)methylene]-1-methyl-1H-imidazol-4(5H)-one. After, the crude mixture could be 

further purified through a silica column with 100% ethyl acetate then with 100% 

methanol or by a water/DMF recrystallization depending upon the type of impurity 

and amount. 

In addition to a novel F4Nor, two other novel fluorinated Nor compounds 

were synthesized: 4-fluoroNoraplysinopsin (4FNor) and 7-fluoroNoraplysinopsin 

(7FNor). The synthesis of Nor, 6BrNor, 4FNor, 5-fluoroNoraplysinopsin (5FNor), 

6-fluoroNoraplysinopsin (6FNor), and 7FNor were all done using the same manner 

described above, and used for future experimentation.  

4.2.3 Nor compounds synthesized. 

As stated, Nor is hypothesized to hydrogen bond to exposed loop-region 

cytosine bases. Although this may seem counter intuitive as competition with hemi-

protonated dimer binding may arise as a consequence to targeting loops. The 

fundamental idea is to interact with a free base within a loop of an already formed 
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i-motif. To increase the interaction of Nor with the i-motif, fluorine atoms decorating 

the tryptophan ring may increase the intramolecular interactions between natural 

product and DNA due to fluorine’s greater lipophilicity. This would mean that the 

fluorine would prefer to interact with the DNA while also increasing the polarity of 

Nor molecules and aiding in its overall solubility. Unfortunately for the case of the 

F4Nor, the additional decorations had the inverse effect on solubility. The 

compound was far less soluble than the parent Nor natural product, which made 

the interactions with DNA nearly impossible to determine. The other mono FNor 

compounds did show an increase in solubility and binding to the i-motif.   

A large area of research interest with Nor compounds is in its manipulation 

of E and Z isomerism. DFT calculations of the mono FNor compounds show that 

the E isomer is quite flat; maintaining its aromaticity. On the other hand the Z 

isomer places an aromatic proton in close proximity to the creatinine methyl group 

and results in a rotation out of the plane. The electronics of the 7FNor system, 

which provides no obvious steric reasons, is of particular curiosity as the 

conjugated indole-alkene is flipped from an s-cis conformation to almost an s-trans 

conformation. The geometries of the DFT calculations of 4FNor and 7FNor are 

shown in Figure 4.6. 
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4.2.4 Structural and isomeric analyses of Nor compounds. 

4.2.4.1 Noraplysinopsin. 

Noraplysinopsin was synthesized and purified to give an 47% yield and 83% 

purity from starting materials, after recrystallization. The 1H NMR, in methanol-d4, 

is congruent with literature precedent13 at 600 MHz: 3H (s, 3.37), 1H (s, 6.87), 1H 

(td, 7.30, J = 8 Hz, 1 Hz), 1H (td, 7.34, J = 7.2 Hz, 1 Hz), 1H (dd, 7.59, J = 7.2 Hz, 

1 Hz), 1H (dd, 7.90, J = 8 Hz, 1 Hz) and 1H (s, 8.82). Peaks for water and methanol 

impurities are found, as is a small amount of creatinine starting material.  When 

placed into water, the E:Z isomeric ratio is roughly 4:1. Figure 4.7 shows the 1H 

NMR of the same sample in a 70:30 aqueous methanol solution. Figure 4.8 shows 

the NOESY of the compound in methanol- d4, to confirm the assignment of the 

protons. As the other compounds synthesized are very similar in structure, the 

proton assignments of the mono FNor compounds are analogues to Nor. As stated 

in Chapter 1, the sign of the crosspeaks on a NOESY spectrum (either positive or 

Figure 4.6: Optimized geometries of 4FNor E (A), 4FNor Z (C), 7FNor E (B), and 7FNor 

Z (D).  
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negative) is vital to determine if the compound predominately undergoes a W1 or 

W2 process. Such information can be used to indicate molecular weight directly.  

 

 

Figure 4.7: 1H NMR of Nor in a pH 5.5 1mM KPi 30% methanol-d4 solution. The E:Z ratio 

changes considerably compared to solutions found in the literature in DMSO or DMF 

solutions.   
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4.2.4.2 4-Fluoronoraplysinopsin. 

The 4FNor compound was synthesized and purified to give a 35% yield and 

99% purity from starting materials, after recrystallization. The 1H and 19F NMR, in 

DMSO-d6, shown below in Figures 4.9 and 4.10 respectively. 1H NMR at 400 MHz: 

3H (s, 3.21), 1H (s, 6.65), 1H (dd, 6.85, J = 8 Hz, 12 Hz), 1H (ddd, 7.11, J = 8Hz, 

7.6 Hz, 5.2 Hz), 1H (d, 7.28, J = 8 Hz), 2H (bs, 7.73) and 1H (d, 9.13, J = 2.4 Hz). 

Figure 4.11 shows the 13C NMR in DMSO-d6 and Figure 4.12 the 1H NMR when 

placed into an acidic aqueous media is displayed. The impurities are far more 

soluble and abundant on the NMR spectrum. It is also evident that isomerization 

of E to Z occurs. The E:Z ratio is roughly 3:2 in this more polar protic media.  

Figure 4.8: 1H:1H NOESY of Nor in methanol-d4. The labeled protons correspond to the 

peaks suggested for the E isomer as the one-dimensional NMR in methanol is 

predominately E.  
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Figure 4.9: 1H NMR of 4FNor in DMSO-d6. The DMSO solvent peak is at 2.50 ppm while 

Methanol (3.33 ppm) and DMF (2.74, 2.90, and 7.96 ppm) are visible from purification 

processes. Finally, the tautomerization of the creatinine is evident by the 2H (bs, 7.73) 

suggesting the amine tautomer is prevalent over the imide. 
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Figure 4.10: 19F NMR of 4FNor in DMSO-d6. JHF = 12 Hz, 5.2 Hz 

Figure 4.11: 600 MHz 13C NMR of 4FNor in DMSO-d6. A small amount of starting 

materials can be observed. Peak c: J = 966.6 Hz, Peak d: J = 48 Hz, Peak g: 30 Hz, Peak 

k: J = 6 Hz, Peak l: 78 Hz 
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4.2.4.3 5-Fluoronoraplysinopsin. 

The 5FNor compound was synthesized and purified to give a 53% yield and 

purified by a silica column. The 1H NMR, in DMSO-d6, match with literature 

precedent14 at 400 MHz: 3H (s, 3.38), 1H (s, 6.70), 1H (td, 6.95, J = 9.2 Hz, 2.4 

Hz), 1H (dd, 7.39, J = 8.8 Hz, 4.4 Hz), 1H (dd, 7.56, J = 11 Hz, 2.4 Hz), and 1H 

(s, 9.09). The peaks for water and methanol are found as is a trace amount of 

aldehyde starting material. When dissolved in water, this peak becomes more 

pronounced as it is likely more soluble than the 5FNor product.  The 19F NMR 

Figure 4.12: 1H NMR of 4FNor in pH 5.5 1mM KPi 30% Methanol-d4 solution. The E:Z 

ratio is 3:2 and the peaks are labeled as such.  DMF from can be seen at approx. 7.95 

ppm. 
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at 400 MHz has a doublet of triplets centered at -129.24 ppm for the E isomer 

with JHF = 12 Hz, 4.8 Hz. The E:Z ratio is roughly 5:2. Figure 4.13 shows the 1H 

NMR of the same sample in a 70:30 aqueous methanol solution.  

 

 

 

Figure 4.13: 1H NMR of 5FNor in pH 5.5 1mM KPi 30% methanol-d4 solution (S.M. is 

staring material). 
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4.2.4.4 6-Fluoronoraplysinopsin. 

The 6FNor compound was synthesized and purified to give a 57% yield and 

was purified from starting materials, after recrystallization. The 1H and 19F NMR, in 

DMSO-d6, match with literature precedent14: 1H NMR at 400 MHz gives a 3H (s, 

3.28), 1H (s, 6.51), 1H (td, 6.97, J = 9.6 Hz, 2 Hz), 1H (dd, 7.21, J = 9.6 Hz, 2Hz), 

2H (bs, 7.69), 1H (dd, 7.91, J = 9.8 Hz, 5.6 Hz), 1H (d, 9.06, J = 2.4 Hz), and 1H 

(s, 11.48). Peaks for DMF and methanol impurities are found as is the aldehyde 

starting material. Creatinine peaks are not found in the DMSO spectrum. The 19F 

NMR has a doublet of triplets centered at -119.85 ppm for the E isomer, while the 

Z isomer – although less than 1% population – has a doublet of triplets centered 

Figure 4.14: 1H NMR of 6FNor in pH 5.5 1mM KPi 30% methanol-d4 solution. 
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at -122.43 ppm. The starting material has a doublet of triplets centered at -123.04 

ppm, all have JHF = 10 Hz, 5.6 Hz. When placed into water, the starting materials 

are far more soluble and are shown to be about 50% of the total solution. The E:Z 

ratio is roughly 6:5. Figure 4.14 shows the 1H NMR spectrum in a 70:30 aqueous 

methanol solution.  

4.2.4.5 7-Fluoronoraplysinopsin. 

The 7FNor compound was synthesized and purified to give a 59% yield and 

purified from starting materials, after a silica column. The 1H and 19F NMR, in 

DMSO-d6, are shown below in Figures 4.15 and 4.16. 1H NMR at 400 MHz: 3H (s, 

3.33), 1H (s, 6.51), 1H (dd, 7.00, J =  11.2 Hz, 7.6 Hz), 1H (ddd, 7.08, J = 8 Hz, 

7.6 Hz, 5.2 Hz), 2H (bs, 7.73), 1H (d, 7.74, J = 8 Hz), 1H (d, 9.13, J = 2.4 Hz), and 

1H (s, 11.92). In Figure 4.17 the 13C NMR in DMSO-d6 is displayed. When placed 

Figure 4.15: 1H NMR of 7FNor in DMSO-d6. The creatinine impurity is present at roughly 

4% to the product and is represented by 2H (s, 3.94) and 3H (s, 3.05). Methanol (3.28ppm) 

and DMSO (2.51) are also present.  



 

111 

into water, the minimal impurities are more soluble and E to Z isomerization can 

occur. Figure 4.18 shows the 1H NMR of the same sample in a 70:30 aqueous 

methanol solution. Here the E:Z ratio is roughly 10:1 while the creatinine starting 

material is much more abundant.  

 

Figure 4.16: 400 MHz 19F NMR of 7FNor in DMSO-d6. The doublet of doublets about -

134.48 ppm correspond to the E isomer (JHF = 12 Hz, 5.2 Hz), while the same pattern at 

-133.19 ppm is the starting material. 
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Figure 4.18: 1H NMR of 7FNor in pH 5.5 1mM KPi 30% Methanol-d4 solution. 

Figure 4.17: 600 MHz 13C NMR of 7FNor in DMSO-d6. Peak c: J = 967.2 Hz, Peak d: J = 

17.4 Hz, Peak g: 58.2 Hz, Peak h: J = 24 Hz, Peak k: 64.8 Hz 
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4.2.4.6 Tetrafluoronoraplysinopsin. 

Initially, F4Nor was recovered at an 82% yield and 91% purity with a 9:1 

ratio of E:Z isomerism. After, the crude mixture was further purified through a silica 

column with 100% ethyl acetate then with 100% methanol. The 1H and 19F NMR, 

in DMSO-d6, are shown below in Figures 4.19 and 4.20. When placed into water, 

the minimal impurities are more soluble and E to Z isomerization can occur. 

Additionally, the 1H, 19F HOESY, 19F COSY, 19F-13C HSQC NMR, and 13C NMR 

were useful tools to determine absolute placement of the fluorine and carbon 

residues and shown in Figures 4.21 - 4.24.  

 

Figure 4.19: 1H NMR of F4Nor in DMSO-d6. Methanol and DMSO peaks are present. 
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Figure 4.20: 400MHz 19F NMR of F4Nor in DMSO-d6. 1F (dd, -154.80, J = 22.8 Hz, 5.6 

Hz), 1F (td, -161.09, J = 16.8 Hz, 3.6 Hz), 1F (t, -168.50, J = 22.4 Hz), 1F (td, -171.56, J 

= 22. 8 Hz, 2.8 Hz) 

Figure 4.21: 1H: 19F HOESY NMR of F4Nor in DMSO-d6. The sample was allowed to 

isomerize to confirm the placement of E and Z peaks. DMF (*) from purification can be 

seen in the 1H spectrum. 
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Figure 4.22: 19F COSY to fully assign the fluorine backbone after the placement of Fa 

using the HOESY NMR in Figure 4.21. 

Figure 4.23: 19F-13C HSQC to assign the carbons directly attached to fluorines in F4Nor in 

DMSO-d6.  
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4.3 Gas phase interactions. 

4.3.1 Noraplysinopsin vs. Aplysinopsin with i-motif DNA.  

Chemists, biochemists, and biophysicists alike utilize many mass 

spectrometric techniques when determining interactions of ligands with biological 

macromolecules. Although many DNA strands were tested with MALDI 

spectrometry to confirm the formula provided from commercial companies, the 

main gas phase technique used was ESI MS. A lower pH is favorable for 

theoretical formations of the i-motif, but pH values lower than 4.4 (pKa of cytosine) 

Figure 4.24: 600 MHz 13C NMR of F4Nor in DMSO-d6. Peak c: dd (J = 970.2 Hz, 43.2 Hz), 

Peak d: dt (J = 955.8 Hz, 54 Hz), Peak e: ddd (J= 990.6 Hz, 118.8 Hz, 46.8 Hz), Peak i: t 

(J = 42 Hz), Peak j: dd (J = 58.8 Hz, 12.6 Hz), Peak l: d (J = 16.8 Hz) 
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might alter the hydrogen bonding moieties and result in random coil formation. 

MALDI is too difficult to verify i-motif structure prior to experimentation while 

solutions used in ESI techniques, on the other hand, can be done with aqueous 

media in buffered solutions. In most of the experiments outlined here, the NMR 

and ESI solutions are identical in components including aqueous percentage, pH, 

buffer strength and DNA concentration. Therefore, it was very easy to know exactly 

which structures were present prior to a solution being aerosolized.  

An experiment to assess Nor as a hydrogen bonding drug compound 

compared adduct formation with an i-motif to Aply. As shown in the cationic 

complex of Figure 4.2, Nor makes a strong hydrogen bond to cytosine through its 

creatinine face. With Aply, a methyl group attached to both amides of the guanidyl 

residue greatly perturb the hydrogen bonding options of the creatinine face. Many 

i-motif sequences do not show adduct formation with Aply and the few that do have 

far fewer adduct peaks than the same experiment with Nor. Figure 4.25 shows the 

adduct formation of Aply and Nor with sequences of c-KIT. In the case of c-KIT, 

virtually no adduct formation with Aply is shown, while c-MYC does show adducts 

with Aply and Nor. This suggests that Nor’s hydrogen bonding face provides an 

affinity with unbound bases in the DNA sequences. In the specific case of the c-

MYC i-motif, the two molecules also have different numbers of adduct formation.  

Nor shows up to four adducts while Aply only shows 2 as seen in Figure 4.26.  This 
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information may indicate that Nor simply binds better, or it might indicate that Aply 

cannot have the same types of binding as seen with Nor.    

 

4.3.2 Titration experiments and binding. 

After initial assumptions of binding between small molecule and DNA are 

addressed via calculations and simple mixing experiments it is important to 

quantify and correlate the binding in a meaningful way. It is a reasonable 

assumption that the counts seen on a mass spectrum are directly proportional to 

the concentration of a species. Therefore, the use of ESI can be a powerful tool to 

quantify the dissociation constant (Kd) of a small molecule with a biological 

species. In fact, many researchers have utilized ESI - MS to gather biological 

binding information.15  

Figure 4.25: ESI MS of Aply (top) and Nor (bottom) with c-MYC. 
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Because the structure of c-MYC was determined and the importance of the 

coding region is paramount, it was decided to track the binding of these molecules 

to that DNA sequence. A saturated solution of Aply, Nor, monofluoroinated Nor 

molecules, and Aply dimers were added to a c-MYC solution containing the DNA 

i-motif. Based on the ratio of adduct to free DNA, the concentrations of free and 

bound species can be determined. By using the manipulations outlined in Chapter 

1, the Kd values can be determined for gas phase interactions. Overall, the binding 

of the small molecules tested is summarized as E:E dimer of Aply < E:Z dimer of 

Aply < Aply < Nor < 4FNor < 6FNor < 5FNor < 7FNor.  

Figure 4.26: ESI MS with Nor (top) and Aply (bottom) mixed with c-KIT. A monoadduct 

dimer is observed (approx. 1616 [4-] at bottom).  
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4.3.2.1 Aplysinopsin and dimers. 

In the gas phase, Aply seems to bind differently compared to Nor as 

suggested with the c-KIT sample. However, adduct formation occurs immediately 

with c-MYC and Kd titrations could be performed. Although not explicitly expressed, 

the hypothesis is that Aply does not interact with the DNA in the same manner as 

Nor, but the strength of such binding will still be explored in the gas phase.  

A study by Duchemin et al. found that DNA can be used to catalyze a [2+2] 

cycloaddition to dimerize Aplysinopsin.15 Figure 4.27 shows the structure of the 

dimers from the E homodimer and E:Z heterodimer. The dimers were placed into 

solutions of the same concentration as Aply and titrated against c-MYC as well. 

From this data, insights as to the effects of E and Z isomerism can be gathered. 

Figure 4.28 shows the Kd plots with Aply, its fit, and the dimers. Here the Kd is 

Figure 4.27: Structures of the homo (right) and hetero (left) dimers synthesized from Aply. 

The homodimer is composed two E isomers of Aply while the heterodimer is composed of 

one E and one Z Aply. 



 

121 

approximately 465 µM for Aply with a Bmax of .06. The two dimers are qualitatively 

lower in their Kd values but did not converge to give sensible answers. As such, 

they are not reported, but it is clear that the homodimer composed of E isomers 

binds weaker than the E:Z heterodimer. This may be due to steric contributions to 

the binding of the two species, or it could indicate that Z isomer binding undergoes 

an interaction that does not include hydrogen bonding across the face inhibited by 

the methyl group present in Aply. Due to the lower abundance of the Z isomer in 

solution phases, it is unlikely to see a homodimer composed of Z isomers.  

Figure 4.28: Scatter plot of the titration experiments of Aply (blue), the homodimer 

(green), the heterodimer (red), and the Kd fit is in purple. Aply bound tighter than either 

dimer and the heterodimer bound tighter than the homodimer. This could indicate that the 

Z isomer provides stronger binding compared to the E isomer. All small molecules and 

DNA were at a 2mM stock within a pH 5.5 1mM KPi with 30% MeOH buffer. 
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4.3.2.2 Noraplysinopsin. 

In the gas phase, Noraplysinopsin binds more weakly compared to the 

fluorinated compounds. As seen in section 4.2.4, aqueous Nor has a more even 

mixture of E and Z isomers compared to DMSO solutions. Because these ESI MS 

experiments are done in aqueous media, the titration experiments are 

combinations of both isomers binding to the i-motif and random coil. Figure 4.29 

shows the plot of the adduct intensities vs concentration ratio to determine the Kd 

while Figure 4.30 shows the spectra of ESI MS titrations of Noraplysinopsin with 

the c-MYC i-motif sample. The Kd for Noraplysinopsin in the gas phase is 325 µM, 

with a Bmax of 0.2.  

Figure 4.29: Scatter plot of the titration experiments of Nor (blue) and its fit (red). 2mM 

stocks of both DNA and Nor within a pH 5.5 1mM KPi 30% MeOH buffer. 



 

123 

4.3.2.3 4-Fluoronoraplysinopsin. 

The 4FNor compound does not seem to converge at an asymptote like the 

Nor sample in the same conditions. Figure 4.31 shows the plot of the adduct 

intensities vs concentration ratio to determine the Kd while Figure 4.32 shows the 

results of the titration experiment of Nor with c-MYC. The Kd for 4FNor in the gas 

phase is 263 µM with a Bmax of 0.55.  

 

Figure 4.30: Titration of Nor into the c-MYC i-motif, tracked by ESI MS with stock solutions 

of 4.18 mM c-MYC and 350µM Nor in pH 5.5 1mM KPi with 30% MeOH buffer. 
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Figure 4.31: Scatter plot of the titration experiments of 4FNor (blue) and its fit (red). 2mM 

stocks of both DNA and 4FNor within a pH 5.5 1mM KPi 30% MeOH buffer. 

Figure 4.32: Titration of 4FNor into the c-MYC i-motif, tracked by ESI MS with stock 

solutions of 4.18 mM c-MYC and 350µM 4FNor in pH 5.5 1mM KPi with 30% MeOH buffer. 
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4.3.2.4 5-Fluoronoraplysinopsin. 

The 5FNor compound bound tighter than that of the 4FNor compound. Like 

the other samples, the E:Z ratio changes in a more polar-protic solvent. Figure 

4.33 shows the plot of the adduct intensities vs. concentration ratio to determine 

the Kd while Figure 4.34 shows the results of the titration experiment of 5FNor with 

c-MYC. The Kd for 5FNor in the gas phase is 46 µM, with a Bmax of 0.45. 

 

Figure 4.33: Scatter plot of the titration experiments of 5FNor (blue) and its fit (red). 2mM 

stocks of both DNA and 5FNor within a pH 5.5 1mM KPi 30% MeOH buffer. 
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4.3.2.5 6-Fluoronoraplysinopsin. 

Like the 4FNor compound, 6FNor does not seem to converge at an 

asymptote. The findings that the 4F and 6F compounds behave similarly suggest 

an electronically driven component to binding. Also like the other samples, the E:Z 

ratio changes in a more polar-protic solvents. Figure 4.35 shows the plot of the 

adduct intensities vs concentration ratio to determine the Kd while Figure 4.36 

shows the results of the titration experiment of 6FNor with c-MYC. The Kd for 6FNor 

in the gas phase is 110 µM with a Bmax of 0.5. 

 

Figure 4.34: Titration of 5FNor into the c-MYC i-motif, tracked by ESI MS with stock 

solutions of 4.18 mM c-MYC and 350µM 5FNor in pH 5.5 1mM KPi with 30% MeOH buffer. 
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 Figure 4.35: Scatter plot of the titration experiments of 6FNor (blue) and its fit (red). 

2mM stocks of both DNA and 6FNor within a pH 5.5 1mM KPi 30% MeOH buffer. 

Figure 4.36: Titration of 6FNor into the c-MYC i-motif, tracked by ESI MS with stock 

solutions of 4.18 mM c-MYC and 350µM 6FNor in pH 5.5 1mM KPi with 30% MeOH buffer. 
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4.3.2.6 7-Fluoronoraplysinopsin. 

The 7FNor compound bound tighter than the others listed above in the gas 

phase. Like the other samples, the E:Z ratio changes in a more polar-protic solvent, 

but it had the greatest E:Z ratio.  This might be a contributing factor to the strength 

of binding observed. Figure 4.37 shows the plot of the adduct intensities vs 

concentration ratio to determine the Kd while Figure 4.38 shows the results of the 

titration experiment of 7FNor with c-MYC. The Kd for 7FNor in the gas phase is 

2.12 µM, with a Bmax of 0.26.  

 

Figure 4.37: Scatter plot of the titration experiments of 7FNor (blue) and its fit (red). 2mM 

stocks of both DNA and 7FNor within a pH 5.5 1mM KPi 30% MeOH buffer. 
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4.3.3 Conclusions and limitations. 

The Nor molecules follow a general trend: the addition and position of a 

fluorine to the base structure increases binding. The results of the fluorinated Nor 

molecules binding to DNA species more tightly than natural Nor is likely due to the 

increased lipophilicity of fluorine additions to compounds. Does the binding 

increase based on electronics, steric effects, E:Z ratio, or something else? True, 

the one dimensional NMRs of the monofluorinated compounds does offer some 

insight into the E:Z ratio based upon fluorine location, but mass spectrometry alone 

cannot distinguish between isomeric interactions. The benefit to having the ESI-

Figure 4.38: Titration of 7FNor into the c-MYC i-motif, tracked by ESI MS with stock 

solutions of 4.18 mM c-MYC and 350µM 6FNor in pH 5.5 1mM KPi with 30% MeOH buffer. 
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MS titration binding is that, the 7FNor binds the tightest. To determine why, solution 

phase experimentations are needed. 

Aply binding by the gas phase offers a slightly better insight into the 

behavior of E and Z isomers with DNA. As discussed, the existence of new DNA 

dimerization, a lower to complete lack of adduct formation depending on DNA 

sequence, and the interruption of the hydrogen bond face all indicate that the 

interaction of Aply with the DNA species may be based upon backbone 

interactions. Here the disruption of the hydrogen bonding face would matter less 

(depending upon the way in which it binds to the backbone phosphates) and might 

explain why DNA dimers are held together with this small molecule in the gas 

phase.  The best evidence to backbone binding behavior arises from the results of 

the homodimer vs heterodimer binding with c-MYC. Without the massive number 

of solution effects with an MS experiment, a hypothesis that the dimers would bind 

tighter to the DNA as they were larger and therefore may have a higher probability 

of collisions. Clearly, this is not the case and suggests that steric interactions play 

a non-negligible role.  A possibility is that the E:Z dimer has one face of the shared 

four membered ring completely blocked. Another possibility is that the E and Z 

isomers bind differently to the DNA sequence. Again, solution phased interactions 

would help to affirm some of these ideas.  
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4.4  Solution phase interactions. 

4.4.1 Circular dichroism experimentations. 

DFT calculations support the idea that the imido tautomer is favored over 

the amine tautomer.  This multiple tautomer effect is a possible reason by the UV 

absorption of Aply and Nor are slightly different. Aply is slightly blue shifted than 

Nor (~382 nm vs. ~380 nm) as seen in Figure 4.39 while the fluorescence spectra 

of the novel Nor compounds alone and mixed with i-motif are shown in Figures 

4.40 and 4.41. This is a surprising result as normally methyl groups added to 

conjugated systems tend to red shift the UV absorption as the HOMO-LUMO gap 

is shortened.  The reason why Nor may be more red shifted then is likely due to 

it’s more favorable tautomerization.  This idea is further shown in the NMR results 

later in this chapter when many of the Nor molecules contain a 2H broad singlet 
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Figure 4.39: UV-Vis spectra of the Aply natural product family. All samples were at 55 µM 

in MeOH. 
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for the NH2 peak. This may also explain the IR spectra of the novel Nor molecules, 

shown in Figure 4.42. Although impurities in the solid material may contribute to 

such peaks, it is more likely that the tautomerization in the solid phase is the cause 

for the IR peak at 3500 cm-1 as the known impurities from NMR experiments cannot 

explain this peak. 

  

 

Figure 4.40: UV vs. Fluorescence data of novel Nor molecules in spectral grade methanol 

at the same concentration of the UV experiments in Figure 4.39. 
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Figure 4.42: IR spectra of novel compounds and the gas phase DFT predicted IR of 7FNor 
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Figure 4.41: Fluorescence comparison of 4FNor and 7FNor with the DNA i-motif.  7FNor 

gains an additional fluorescence peak around 575nm. Both 7FNor fluorescences are 

quenched upon mixture with the DNA i-motif. On the other hand, the 4FNor fluorescence 

signal increases upon mixture with DNA. This suggests that the 4FNor and 7FNor bind 

differently where the 4FNor may not be able to relax via a rotation as easily.  
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As with determining the structure of the DNA i-motif, CD spectroscopy can 

be a biophysical tool to determine binding and interactions. Unfortunately, the 

shifts of the i-motif (approx. 290nm) with the small molecules are too weak to have 

substantial merit.  Therefore CD experiments would be most useful near the 

absorbance ranges of the small molecule. Figure 4.39 shows the UV-Vis spectra 

of the Aply species tested, minus the dimer molecules. The blue shift of the 

fluorinated compounds is not surprising given the addition of an electron 

withdrawing group. The difference between Nor and Aply is a bit subtler. A simple 

explanation would be the addition of the electron donating methyl group red shifts 

the small molecule. Although another cause for the blue shift of Nor is the 

increased number of tautomer options as electronic composition and 

tautomerization are intrinsically linked. In either event, a surprising observation is 

made with the CD of mixtures between these molecules and the i-motif.   

Figure 4.43: CD spectra of c-MYC mixed with Aply (red) and Nor (blue). Both were at 125 

µM with 550 µM c-MYC in a pH 5.5 1mM KPi 30% MeOH buffer.  
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Figure 4.43 shows the CD spectra of Nor and Aply with the c-MYC i-motif. 

The most important conclusion made from these results of the CD experiments, 

are that chirality is induced. Both natural products are almost entirely sp2 

hybridized, and the DFT calculations suggest that the E isomer is planar. Even if 

rotamers exist for the Z isomer, it was synthesized in an achiral fashion and would 

be in a racemic mixture. The presence of the i-motif induces a chirality of this 

compound, likely due to binding. In fact, only i-motif destruction leads to destruction 

of the signal. Figure 4.44 shows that Nor has a different induced chirality based 

upon i-motif sequence, but will disappear in the case of duplex structure. Figure 

4.45 is a pH titration experiment of Nor with the c-MYC i-motif.  
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Figure 4.44: CD spectra of Nor with KRas, VEGF, and KRas duplex DNA. Induced chirality 

of the rotamers are demonstrated with VEGF and KRas. The lack of signal in duplex 

mixing suggests a specific binding interaction with the i-motif.  
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Two important pieces of information are seen in Figure 4.43: the signal 

decreases as the i-motif concentration decreases, and the signal remains far past 

the pHT of the c-MYC i-motif. To support that this is a phenomenon of the small 

molecule’s interaction with the i-motif and not with a random coil, a separate 

titration experiment was done. Here, the small molecule was titrated into the i-motif 

solution, but the pH was not corrected. This meant that the basic nature of 

compound was allowed to increase the pH (theoretically lowering i-motif 

concentration) and the higher concentration of Nor would increase the induced 

signal. This gives three possibilities, signal can decrease as a function of pH as 

we have seen in Figure 4.45 (signal is dependent only on i-motif concentration), 

signal can continue to increase, plateau, then decrease (indicating maximum 

Figure 4.45: CD spectra of Nor with c-MYC as the pH is increased. The induced chirality 

is observed past the pHT limits of c-MYC and extreme fluctuations near the λmax of Nor is 

seen as the pH increases. This suggesting an increase in the unbound Nor.  
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binding to i-motif then lowering concentration due to dilution or random coil 

formation), or signal can increase as a function of small molecule concentration 

(signal is solely based upon small molecule concentration). Figure 4.46 

demonstrates the CD results for the described titration experiment and the signal 

increases to a plateau value (with another repetition not shown). Unfortunately, the 

signal becomes too strong to be accurately traced to see if signal would decrease 

as i-motif decreases.  In any case, because the signal does not continually 

increase it is reasonable to assume that binding to random coil does not affect the 

induced signal.  

Figure 4.46: Titration of Nor with the c-MYC i-motif. Nor is basic and when the pH is not 

controlled (as in previous experiments), it is allowed to increase. Alkaline conditions would 

theoretically destroy the i-motif, while the increase in small molecule would increase 

signal. The two conflicting dynamics cause an increase on the 430 nm peak until it 

plateaus near 0.125 mM of small molecule. Unfortunately, the concentration of small 

molecules is too great for accurate signal acquisition on the spectrometer used.  
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The induced chirality of the monofluorinated compounds is most drastic for 

the 4FNor and 6FNor cases. Figure 4.47 displays the CD spectra of the four 

monofluorinated compounds with c-MYC. In a contrasting trend to the binding data 

in the gas phase data already discussed, the 4FNor > 6FNor > 7FNor > 5FNor in 

terms of a 430nm signal. The interaction that causes the induced chirality is 

stronger with the 4 and 6 positions, and the location of the 4F (perhaps a 

lipophilicity with the DNA) may exaggerate this effect.  

 

Figure 4.47: CD spectra of monofluorinated Nor molecules with the c-MYC i-motif. The 

overwhelming increase of 4FNor over the others suggests that the position of the fluorine 

is important with induced chirality. Similarly, the 4 and 6 positions having a higher intensity 

over the 5 and 7 which may indicate electronic considerations to rotamer binding.  
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4.4.2 Titration experiments and binding. 

4.4.2.1 Noraplysinopsin. 

The Nor titration experiments did not lead to a convergence of either the E 

or Z isomers to provide an accurate Kd. This is because the Z isomer was weakly 

bound and did not reach an asymptotic limit, and the E isomer peaks diminished 

with no quantitative conclusions available under the current experimental 

conditions. Qualitatively, the results do suggest that the E isomer does not shift as 

quickly as any of the monofluorinated compounds and therefore it is inferred that 

Nor binds weaker.  This idea is emphasized as all of the monofluorinated 

compounds have larger adduct formation in the gas phase Nor. The mode of 

binding however, cannot be gathered from one-dimensional proton NMRs and 

other experiments have to be included to understand the placement of the 

interaction.  The titration experiment began with a 2mM stock solution of Nor in a 

pH 5.5 1mM KPi buffer with 30% MeOH-d4 and a stock solution of 2mM of c-MYC 

in the same solution was added into the Nor solution until [Nor] = 1.1 mM and [c-

MYC] = 1.5.  The final titration result is the solution used for the NOESY 
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experiments (same buffers and stock solutions) which had [Nor] = 0.5 mM and [c-

MYC] = 2mM. 

An additional one-dimensional experiment to help understand binding 

location was a 31P NMR mixing experiment (same solution conditions as the 

NOESY experiment). Unfortunately, the 22 phosphates of the 24-nucleotide DNA 

sequence cannot be individually accounted for (IDT samples do not have a 3’ or 5’ 

phosphate as confirmed by the ESI and MALDI experiments), but there is a 

noticeable emergence of two peaks upon mixing DNA with Nor. This suggests that 

the phosphate backbone may be a possible binding location for some Nor 

Figure 4.48: 1H NMR of Nor. Here the peak around 6.90 ppm (E isomer) does bind more 

drastically than the peak around 7.10 ppm (Z isomer). Spectra were taken on an 800 MHz 

with initial 2mM stock solution of Nor and 4.179mM stock of c-MYC was added all in a pH 

5.5 1mM KPi and 30% MeOH-d4 buffer. 
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molecules. In Figure 4.48, the NMR titration results are given while Figure 4.49 

illustrates the two 31P NMRs.   

 

4.4.2.2 4-Fluoronoraplysinopsin. 

The 4FNor case was different among the monofluorinated Nor species in that 

the E isomer bound quite weakly in comparison to the Z isomer. This indicates that 

the method of interaction for the Z isomer is subject to steric and/or solubility effects 

as all of the other compounds had tighter E binding (including the 6FNor which has 

comparable electronics). There are two different simple arguments for the 4-

position disrupting E isomer interaction: it is either that the clash of the fluorine with 

Figure 4.49: 31P NMR of c-MYC alone (red) and with Nor (blue). Most of the spectra is 

identical except for two new peaks (0.5 and -2.5 ppm) in the mixing experiment.  
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the DNA disrupts binding or the fluorine’s higher lipophilicity prefers to face the 

DNA sequence. Figure 4.50 shows the NMR results to the titration experiment 

(same conditions as with Nor) and Figure 4.51 is the Kd graph obtained. The Kd for 

the Z isomer was 44 µM while the E isomer did not have a converging plot and the 

Bmax is 0.019.  

 

 

Figure 4.50: 1H NMR titrations of 4FNor. Here the peak at 7.26ppm (Z isomer) and the 

7.22 ppm (E isomer) react quite differently with the DNA i-motif. Final ppm movements 

were confirmed on the NOESY spectra. Spectra were taken on an 800 MHz with initial 

2mM stock solution of 4FNor and 4.18 mM stock of c-MYC was added all in a pH 5.5 1mM 

KPi and 30% MeOH-d4 buffer. 
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4.4.2.3 5-Fluoronoraplysinopsin.  

The 5FNor case has tight E binding, and only slight Z binding. It does 

appear, qualitatively speaking, that the 5FNor Z isomer binds tighter than the 

4FNor E isomer based on the movement of the relevant NMR peaks. Since the 

two values (4FNor E and 5FNor Z) do not converge to provide a Kd, only a 

qualitative discussion can be had with the given data. The NMR results of the 

titration experiment (same conditions as previously addressed) are shown in 

Figure 4.52 and the resulting Kd graph is in Figure 4.53. The Kd for the E isomer 

was 8.9 µM while the Z isomer did not have a converging plot with a Bmax of 0.31. 

Figure 4.51: Scatter plot of the titration experiments of 4FNor (blue) and its fit (red). NMR 

data was taken on a Brucker 800 MHz with a 4.18 mM and 2mM stock of DNA and 4FNor 

respectively within a pH 5.5 1mM KPi 30% MeOH-d4 buffer. 
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Figure 4.52: 1H NMR titrations of 5FNor. Here the peak at 6.9 ppm (E isomer) shifts and 

dissipates rapidly unlike the peak at 7.1 ppm (Z isomer).  The same tracking and NOESY 

confirmations were used as with the 4FNor case. Spectra were taken on an 800 MHz with 

initial 2mM stock solution of 5FNor and 4.18 mM stock of c-MYC was added all in a pH 

5.5 1mM KPi and 30% MeOH-d4 buffer. 

 

Figure 4.53: Scatter plot of the titration experiments of 5FNor (blue) and its fit (red). NMR 

data was taken on a Brucker 800 MHz with a 4.18 mM and 2mM stock of DNA and 5FNor 

respectively within a pH 5.5 1mM KPi 30% MeOH-d4 buffer. 
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4.4.2.4 6-Fluoronoraplysinopsin. 

The 6FNor case had both isomers converged so both Kd values could be 

calculated. The E isomer binds tighter than the Z isomer, but the 6FNor E isomer 

binds weaker than that of the 5FNor E isomer. Given that the 4FNor E isomer did 

not demonstrate any E isomer binding, it can be gathered that both electronics and 

sterics play a significant role in E isomer binding. Similarly, the 6FNor and 4FNor 

Z isomers bind while the 5FNor Z does not. This also suggests that the Z isomer 

requires the opposite electronic considerations than the E with respect to binding. 

The NMR titrations (same conditions as above) and the Kd plot of E and Z are 

given in Figure 4.54, 4.55, and 4.56 respectively. The Kd for the E isomer was 11.8 

µM while the Z isomer was 31.8 µM with a Bmax of 0.15 for E and 0.06 for Z.  

Figure 4.54:  1H NMR titrations of 6FNor. Here both isomers show binding to the i-motif.  

The same tracking and NOESY confirmations were used as with the 4FNor case. Spectra 

were taken on an 800 MHz with initial 2mM stock solution of 6FNor and 4.18 mM stock of 

c-MYC was added all in a pH 5.5 1mM KPi and 30% MeOH-d4 buffer. 
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Figure 4.55: Scatter plot of the titration experiments of 6FNor (blue) and its fit (red) tracker 

by the E isomer. NMR data was taken on a Brucker 800 MHz with a 4.18 mM and 2mM 

stock of DNA and 6FNor respectively within a pH 5.5 1mM KPi 30% MeOH-d4 buffer. 

 

 

Figure 4.56: Scatter plot of the titration experiments of 6FNor (blue) and its fit (red) tracked 

by the Z isomer. The data was extrapolated from the same experiment as in Figure 4.50.  
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4.4.2.5 7-Fluoronoraplysinopsin.  

Similar to the gas phase experiments, the NMR titrations supported the idea 

that 7FNor bound tighter to the DNA sequence than the other isomers of 

monofluorinated compounds. 7FNor is different as the E:Z ratio is most 

exaggerated among the monofluorinated isomers. This means that rather than 

having the gas phase results act as a statistical mixture, they more accurately 

correlate with the solution phase behavior of the compound. The E isomer displays 

the tightest binding among the compounds tested, while the Z isomer qualitatively 

displays weak binding. The NMR titrations (same conditions as above) are shown 

in Figure 4.57.  Figure 4.58 shows the Kd graph obtained. The Kd for the E isomer 

was 3.2 µM with a Bmax of 0.11, while the Z isomer did not have a converging plot.  

 

Figure 4.57: 1H NMR titrations of 7FNor. The peak at 7.03 ppm (E isomer) changes 

drastically. NMR data was taken on a Brucker 800 MHz with a 4.18 mM and 2mM stock 

of DNA and 7FNor respectively within a pH 5.5 1mM KPi 30% MeOH-d4 buffer. 
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4.4.2.6 One-dimensional and solution phase conclusions. 

The Nor natural products exist in either E or Z isomers. The ratio of these 

isomers is different depending upon the location of the fluorine substituent in 

monofluorinated species and the solvent. This is seen by the isomerization of the 

compounds from DMSO to pH 5.5 1mM KPi 30% aqueous methanol solutions. In 

DMSO they were almost exclusively in the E isomer, but in the more polar-protic 

solvent isomerization occurred (likely through reversible protonation of the alkene).  

From the NMR titrations the binding strength goes as follows: 7FNor E > 5FNor E 

> 6FNor E > 6FNor Z > 4FNor Z > 7FNor Z > 5FNor Z > 4FNor E. The isomers 

indicated in bold are inferred qualitatively as the data did not converge to precisely 

Figure 4.58: Scatter plot of the titration experiments of 7FNor (blue) and its fit (red). NMR 

data was taken on a Brucker 800 MHz with a 4.18 mM and 2mM stock of DNA and 7FNor 

respectively within a pH 5.5 1mM KPi 30% MeOH-d4 buffer. 
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calculate the Kd. When compared to the gas phase evidence the binding strength 

went according to the following: 7FNor > 5FNor > 6FNor > 4FNor.  

The ratio and binding of the different isomers combine to give some 

justification to the gas phase observations. The CD spectra suggests that the 

ellipticity maxima go as follows: 4FNor > 6FNor > 5FNor > 7FNor. Because the Z 

isomer is non-planar, a single rotomer can interact with the i-motif in a different 

way to that of the E isomer. It is possible that the interaction of the Z isomer is what 

determines the induced chirality seen in CD experiments.  Le Chatelier’s principle 

would explain the non-racemic nature of the Z isomer as the unbound Z would 

likely racemize and give an e.e. to one rotamer over another. On the same idea as 

the 6FNor and 4FNor have good binding with the Z isomer and the 4FNor has 

more available Z isomer to bind (6FNor E binds while 4FNor E doesn’t) the CD 

result is higher peak for the 4FNor in aqueous solutions as the remaining 4FNor E 

can isomerize and bind to unbound DNA – thus increasing the CD signal even 

though the 6FNor Z has a lower Kd than the 4FNor Z.  

Now a hypothesis can begin to form: Nor type compounds can bind to the 

i-motif with either the E or Z isomers, but the Z isomer binds in such a way that a 

chiral rotomer binds to the i-motif structure. This suggests that the sites and/or 

modes of interaction for the two isomers are different with the DNA i-motif.  As 

neither the CD results of Nor with random coil nor with duplex DNA indicate a 

single Z rotomer interaction, it is likely that the Z isomer uniquely (and perhaps 

selectively) binds to the i-motif rather than other DNA species. Z isomer 
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compounds from the Nor natural product family might therefore be used as a probe 

to identify the i-motif. Alternatively, Nor based compounds can be optimized for 

binding as a potential drug compound which is unique to i-motif interactions. The 

only remaining question is where on the i-motif do these E and Z isomers interact? 

4.4.3 Multidimensional NMR mixing experimentations with c-MYC i-motif. 

In order to determine the locations of E and Z isomer binding, NOESY 

experiments were done with the c-MYC i-motif and the assortment of natural 

products. Previously addressed NOESY experiments were done with 2mM c-MYC 

and 0.5 mM Nor compounds in a pH 5.5 1mM KPi 30% methanol-d4 buffer.  By 

focusing on the shifts of the spin systems from the structure outlined in Chapter 3, 

information can be obtained about the locations of interactions and types of 

interactions. Intercalation of the aromatic systems may show NOEs of two aromatic 

systems, hydrogen bonding might be seen from the extreme shifts in amine, 

amide, or imide protons, and proximity information can be gleaned by determining 

if localized spin systems show greater shifts than other spin systems in the i-motif 

structure.  

4.4.3.1 Noraplysinopsin. 

Nor has the subtlest shifts of all of the compounds tested in mixing 

experimentation.  This is likely due to its weaker binding.  As with the 5FNor and 

6FNor case, there is evidence of both E and Z isomer interaction with the i-motif. 

With that information it is easy to see more precisely which spin systems are of 

interest when analyzing the monofluorinated cases.  The key shifts noted in Figure 
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4.59 suggest that an interaction occurs near loops 1 and 3. The shifts of {C13} and 

{C14} are the strongest shifts of the hemi-protonated dimers of cytosine.  {C13}-{C5}, 

{C11}-{C3} are the closest hemi-protonated dimers to loops 1 and 3, so it is not 

unlikely that {C13} has shifted.  Given that the distance between two phosphates 

on adjacent cytosines in other i-motif structures is about 6.9 – 7.15 Å and the 

distance between the amine on creatinine to the indole heterocyclic nitrogen is 

6.98 Å according to DFT measurements it is likely that {C13} and {C14} are the sites 

of phosphate interaction with the Z isomer.15, 16, 17  

 

Figure 4.59: c-MYC (red) and Nor mixed with c-MYC (green) illustrates the movements 

expected with binding of Nor type compounds.  Most of the movement is centered near 

loops 1 and 3. The NOESY spectra were recorded on an 800 MHz with a 200ms mixing 

time, 2mM c-MYC and 0.5 mM Nor in a pH 5.5 1mM KPi with 30% MeOH-d4 buffer. 
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4.4.3.2 4-Fluoronoraplysinopsin. 

The 4FNor Z isomer has a distinctly stronger interaction with the i-motif than 

the E isomer. From the overlay of the 4FNor and the c-MYC i-motif, two notable 

spin systems {C13} and {C14} shift in the presence of 4FNor more so than the other 

monofluorinated Nor samples.  Additionally, {T2}, {G3}, and {A1} indicate that the 

interaction of 4FNor on the i-motif nearest loops 1 and 3. No evidence of massive 

amine, amide, and imide shifts indicate no visible hydrogen bonding between DNA 

and the small molecule. The amine peak of {A1} does move downfield about .04 

ppm, but the aromatic proton of {A1} moves about .015 ppm downfield. The fact 

that Nor and 4FNor show the strongest ellipticity maxima and the 31P NMR of Nor 

with c-MYC indicates that it has phosphate interactions, then it can be gathered 

that the Z isomer binds to the phosphates nearest loop 3 on {C13} and {C14}. This 

interaction of the Z isomer makes sense of the CD spectra from kRas vs. c-MYC 

i-motifs, in that DNA sequence determines the rotamer that is induced by binding 

of the i-motif. If binding occurs between two cytosines incorporated in i-motif 

structure, then it stands that the specific position of the phosphates (either by 

isomeric fluctuations on the sugar or 3’E/5’E isomerism of the whole structure) 

impact the induced chirality seen in the CD spectrum. Figure 4.60 shows a section 

from the NOESY overlay.  
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Figure 4.60: c-MYC (red) and 4FNor mixed with c-MYC (green).  The larger shifts of {C13} 

and {C14} suggest an interaction at those locations. The NOESY spectra were recorded 

on an 800 MHz with a 200ms mixing time, 2mM c-MYC and 0.5 mM 4FNor in a pH 5.5 

1mM KPi with 30% MeOH-d4 buffer. 
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4.4.3.3 5-Fluoronoraplysinopsin. 

The 5FNor has a significant resemblance to the 7FNor compound in both 

the solution and gas phase interactions.  Because there is a clearer discussion in 

the 7FNor section (less isomerism) only a few interactions are noted in the 5FNor 

mixing experiment found in Figure 4.61.   

 

 

 

Figure 4.61: c-MYC (red) and 5FNor mixed with c-MYC (green).  The larger shifts of the 

bases found in loops 1 and 3 indicate locations of interaction.  The smaller movement of 

{G3} may suggest that the base is either not bound or is more stable to surrounding 

changes. The NOESY spectra were recorded on an 800 MHz with a 200ms mixing time, 

2mM c-MYC and 0.5 mM 5FNor in a pH 5.5 1mM KPi with 30% MeOH-d4 buffer. 
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4.4.3.4 6-Fluoronoraplysinopsin. 

The 6FNor mixing illustrates both E and Z isomer binding to a significant 

extent.  All of the shifts and changes found in the 4FNor mixing described above 

are found as are all of the alterations in the 7FNor experiment described below.  

Key spin system alterations are noted in Figure 4.62. The upfield hydrogen bond 

shift matches {C4} and the angle of hydrogen bonding with the creatinine face may 

increase the donor-hydrogen distance and account for the drastic peak shift.18     

 

Figure 4.62: c-MYC (red) and 6FNor mixed with c-MYC (green).  This is the most chaotic 

mixing spectra as both isomers bind relatively well.  It therefore exhibits shifts associated 

with the 7FNor and 4FNor experiments.  The NOESY spectra were recorded on an 800 

MHz with a 200 ms mixing time, 2mM c-MYC and 0.5 mM 6FNor in a pH 5.5 1mM KPi 

with 30% MeOH-d4 buffer. 
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4.4.3.5 7-Fluoronoraplysinopsin. 

The 7FNor E isomer has a distinctly stronger interaction with the i-motif than 

the Z isomer. From the overlay of the 7FNor and the c-MYC i-motif, two notable 

spin systems {C4} and {A1} demonstrate significant shifts of one amine proton in 

the presence of 7FNor. This drastic shift in amine protons suggest that the 7FNor 

E isomer participates in hydrogen bonding with those exposed loop region bases. 

A vastly shifted spin system with its aromatic proton at 7.93ppm (where no other 

distinct systems fell) shows proximity to {G3}, {A1}, and {T2}. This was assigned as 

the hydrogen bonded {A1} amine, but the indiscrimination of the amine protons 

makes it difficult to confirm that assignment. The 7FNor and 4FNor cases are the 

most different as they exhibit the most extreme E or Z isomer interactions 

respectively, while the other isomer binds hardly at all. In addition to the two loop-

region bases noted above, a spin system of {A2} seems to show a significant 

change in its peaks. This is difficult to confirm as {A2} is assigned as the 3’ end 

base. As such, it will be far more dynamic than the other bases. Evidence for an 

interaction in this area is further supported by large shifts in {T1} and {T4}. Although 

no direct evidence of hydrogen bonding was found on those thymine spin systems, 

it is not out of the realm of possibilities. The drastic shifts of the spin systems 

indicate a change from the nucleotide’s original positions. Additionally, {T2} has 

significant spin system shifts while {G3} hardly seems to move.   Virtually none of 

the cytosine bases implicated in the i-motif core move. Although, the bases closest 

to the loop regions shift more so than other hemi-protonated dimers as is expected 
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from loop interactions. The 5FNor and 7FNor hemi-protonated dimers also shift 

the least when compared to the other molecules tested here.  This is likely due to 

their bearing the smallest Z isomer interaction, and thusly interact with those 

dimers far less than the other monofluorinated isomers. This cements the idea that 

the E isomer binds to exposed bases on the i-motif. Many new peaks arise that 

are more prominent in the 7FNor spectra that share spin systems with many amine 

protons.    Figure 4.63 shows a section from the NOESY overlay.  In Figure 4.64 

demonstrates the changes on {C13}H6,H5 crosspeak of all the mixing experiments 

to emphasize Z isomer interactions. 

Figure 4.63: c-MYC (red) and 7FNor mixed with c-MYC (green).  The larger shifts of the 

amine protons suggest hydrogen bonding to those bases from the small molecule.  The 

extreme number of peaks that fit within the same spin system suggest that the NOESY is 

derived from many DNA samples bound at different places. The NOESY spectra were 

recorded on an 800 MHz with a 200 ms mixing time, 2mM c-MYC and 0.5 mM 7FNor in 

a pH 5.5 1mM KPi with 30% MeOH-d4 buffer.  
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4.5 Materials and methods. 

4.5.1 Mass spectrometry experiments. 

Mass spectrometry experiments were done with stock solutions of DNA or 

small molecule.  Those solutions were at 2mM unless otherwise specified.  The 

solution conditions were a pH 5.5 1mM KPi buffer in 30% methanol solutions so 

they can be more accurately correlated with solution phase experimentations.  0.5 

µL of the mixtures were then injected into a 6530 Accurate-Mass Q-ToF LC/MS 

Figure 4.64: {C13}H6,H5 crosspeak area.  The blue circle is the origin of the original peak 

from c-MYC alone.  4FNor (green), 5FNor (black), 6FNor (yellow), and 7FNor (red) all 

show movement of the peak at the same intensity.  The 4F and 6F cases show how the 

Z isomer shifts the H6 proton upfield, while the E isomer shifts the same proton slightly 

downfield.  This is likely due to Z isomer interactions on the phosphates of the cytosine 

and E isomer interactions with nearby hydrogen bonding bases. 
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instrument (Agilent Technologies, Les Ulis, France) in triplicate unless extra data 

points were needed. 

4.5.2 CD experiments. 

Stock solutions of DNA were diluted in 1mM pH 5.5 1mM KPi in 

30%methanol (unless otherwise specified) to a final volume of 500 µL.  Samples 

that measured 430 peaks were 0.125mM small molecule and .52mM DNA while 

experiments to access a 293nm peaks were done with .3125µm DNA.  Then the 

samples were loaded into a black walled, 1 cm path length quartz cuvette and 

placed in a Jasco – 815 circular dichroism spectrometer.   The samples were run 

from 200 to 350 nm or from 500nm to 350nm under a N2 gas flow and scanned at 

a rate of 50 nm/min with a culmination of 25 repetitions.  Finally, the data was 

corrected through a subtraction with buffer and a baseline correction. 

4.5.3 NMR experiments. 

400MHz one-dimensional: 

Small molecule synthesis and purity were tracked using 1H and 19F NMR 

experiments.  These samples were saturated solutions (about 15mM) of small 

molecule in DMSO D6.  Samples were run at room temperature on a Bruker 

Avance NEO 400, 2 channel z- axis gradient spectrometer.   

800 MHz one-dimensional: 

Stock solutions of DNA were diluted to 2mM in 1mM pH 5.5 KPi buffer to a 

final volume of 200µL.  Small molecule stock solutions were made in the same 

buffer environment and placed at 2mM concentrations unless otherwise specified.  
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Then the samples placed into an 800 MHz Bruker Avance III Liquid at the ICSN-

CNRS building in Gif-sur-Yvette.   The samples were run using an 

excitation/sculpting water suppression technique and optimized for the individual 

samples 90o pulse and location of solvent.  All samples were done at 283 K to 

ensure consistency and optimization of structure among all solvents.  The data 

was phased, prior to inclusion, using TopSpin. 

Multidimensional NMR experiments:  

Stock solutions of DNA were diluted to 2mM in 1mM pH 5.5 KPi buffer to a 

final volume of 200µL.  Small molecule stock solutions were made in the same 

buffer environment and placed at 2mM concentrations unless otherwise specified. 

Then the samples placed into an 800 MHz Bruker Avance III Liquid at the ICSN-

CNRS building in Gif-sur-Yvette.  The samples were run using an 

excitation/sculpting water suppression technique and optimized for the individual 

samples 90o pulse and location of solvent.  TOCSY and NOESY parameters were 

set up to allow for experimentations to occur over a two to three-day period.  Thus, 

the number of dummy scans, total number of scans and spectral window were 

altered according the needs of the sample.  All delay times were set to 200ms with 

the exception of distinguishing peaks from one another.  All samples were done at 

283 K to ensure consistency and optimization of structure among all solvents.  The 

data was phased, prior to inclusion, using TopSpin.  Assignments and overlays 

were done using CcpNMR analysis version 2.4.2. 
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HOESY and COSY experiments done to small molecules were done with 

15mM solutions of small molecule, unless otherwise specified, in DMSO-d6. Delay 

times matched that of NOESY experiments outlined above.  Samples were run at 

room temperature as the one-dimensional spectra previously done were recorded 

at room temperature.  The HOESY was run on a Bruker Avance 600, 4 channel 

triple axis gradient spectrometer.  The COSY was run on a Bruker Avance NEO 

400, 2 channel z- axis gradient spectrometer. 

4.6  Conclusion. 

DFT calculations suggest that cationic hydrogen bonding of Nor with 

cytosine is promising, but the Z isomer of Nor is rotated out of the plane. The CD 

spectra of Nor, 4FNor, and 6FNor show an induced chirality. It also appears that 

the 430 nm CD signal changes sign depending upon the DNA sequence, although 

that signal’s disappearance indicates that no binding to random coils nor to duplex 

DNA is taking place. The same CD signal decreases as pH increases in 

accordance with i-motif denaturation, but when the drug itself is used to increase 

the pH the CD signal plateaus.  The signal itself is therefore not a manifestation of 

just the small molecule in a chiral environment. The existence of the CD signal at 

pH values much higher than expected indicate that the molecule is able to detect 

miniscule amounts of the i-motif structure or stabilize the complex.  

The ESI MS titrations suggest that the addition and placement of a fluorine 

alters the binding affinity. The Kd values obtained from these experiments are 

averages of i-motif & random coil, the ratio of E & Z isomerization, and the strength 
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of binding of those isomers. The 31P NMR does not show detail of the 22 

phosphates on the bases on the DNA backbone, but when mixed with Nor two new 

peaks arise (or have shifted). The one-dimensional NMR titrations show that the 

position of the fluorine effects the binding strength such that 4FNor and 6FNor bind 

stronger with their Z isomers compared to 5FNor and 7FNor.  

Finally, the NOESY mixing experiments suggest that the Z isomer binds to 

the phosphates of the two cytosines nearest loops 1 and 3. The binding of the Z 

isomer is likely the reasoning for the observed CD signals and isomeric changes 

to the DNA i-motif are the most likely cause for the sign change in the CD spectrum. 

Extensive hydrogen bonding to the exposed bases on the i-motif with the E isomer 

suggest non-specific interactions and may account for the large number of adducts 

found in gas phase data.  

From this data, a compound can be theorized that could either act as a 

probe to detect i-motifs or to create a drug compound with specific i-motif 

interaction. As a probe, this compound has demonstrated it will interact with a small 

population of the i-motif, and the E to Z isomerism is easily trackable by 19F NMR. 

Such a probe, or an i-motif specific drug, would only require alterations to the base 

structure to increase water solubility, increase the Z:E ratio, and disrupt the 

hydrogen bonding associated with the E isomer.    
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