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ABSTRACT 

DNA serves as a major target for mainstream drugs used in the treatment of cancer, but current 

DNA-targeted drugs have significant issues due to their poor selectivity giving rise to adverse effects. 

Recent research on targeting DNA has focused on DNA interactive compounds with novel mechanisms 

of action and new cancer-related DNA molecular targets. An understanding of molecular level details 

of small molecule interactions with their DNA targets is critical for understanding the molecular 

mechanisms of action and for structure-based rational drug design. This dissertation presents two 

studies focused on gaining a structural understanding of DNA-targeted small molecules, one with a 

novel mechanism of action and the second with a cancer-specific DNA molecular target. 

XR5944 is potent anticancer drug and a novel mechanism of action, DNA bis-intercalation with 

a major groove binding. It is able to recognize and bind the estrogen response element (ERE) sequence 

via the major groove to inhibit estrogen receptor-α activity. This mechanism of action may be useful for 

overcoming drug resistance to currently available antiestrogen treatments for breast cancer, all of which 

target the hormone-receptor complex. We determined the nuclear magnetic resonance solution structure 

of the 2:1 complex of XR5944 with the naturally occurring TFF1-ERE, which exhibits important and 

unexpected features. In the determined structure, each bis-intercalating XR5944 molecule is strongly 

bound at one of its intercalating site, but weakly at the other. Our results show the sites of intercalation 

within a native promoter sequence appear to be context and sequence dependent. The binding of one 

drug molecule influences the binding site of the second. The structure underscores the fact that the 

DNA binding of a bis-intercalator is directional and differs from the simple addition of two single 

intercalation sites. Our results provide insights toward future structure-based rational drug design of 

DNA bis-intercalators to modulate ERα-induced transcriptional activity, as well as for designing bis-

intercalators with major groove binding modes in general. 
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Human telomeric DNA G-quadruplex secondary structures have emerged as an attractive 

molecular target for anticancer drugs. G-quadruplex formation in human telomeres inhibits telomerase, 

which plays a key role in maintaining the malignant phenotype by stabilizing telomere length and 

integrity. Under physiologically relevant conditions, human telomeric DNA sequences form two 

equilibrating G-quadruplex structures, with the hybrid-2 structure being the predominant in an 

extended sequence Thus, the hybrid-2 human telomeric G-quadruplex is considered to be a potential 

target for anticancer drugs targeting telomere biology and telomerase. We discovered that epiberberine, 

a naturally occurring isoquinoline alkaloid, can specifically bind the hybrid-2 telomeric G-quadruplex 

and induce the conversion of hybrid-1 telomeric G-quadruplex to the hybrid-2 structure. We 

determined the structure of the hybrid-2 G-quadruplex in complex with epiberberine by NMR in K+ 

solution. This NMR solution structure shows an unexpected, large, drug-induced conformational 

change in the flanking and loop regions, creating a very well-defined “induced intercalated quasi-triad 

pocket” with an extensive capping structure. Our result demonstrates the importance of ligand shape 

as well as the G-quadruplex folding topology and flanking and loop sequences in small molecule 

targeting the intramolecular hybrid-2 human telomeric G-quadruplex. Our result also indicates that 

asymmetric compounds containing a crescent-shaped moiety are more likely to bind in a specific 

manner to an intramolecular G-quadruplex. 
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CHAPTER ONE 
INTRODUCTION 

 
DNA is well recognized for its ability to store and transfer genetic information. It also serves as 

a major target for mainstream drugs used in the treatment of cancer. Small molecule compounds can 

interact with DNA through various mechanisms, including covalent binding [1, 2], non-covalent 

binding such as intercalation [3, 4] and minor groove [5-7] and major groove binding [8]. The biggest 

issue with DNA-interactive chemotherapeutics today is their adverse effects due to poor selectivity. 

Although there has been a significant effort towards the development of targeted therapeutics such as 

kinase inhibitors [9], these agents are not without their limitations [10]; such drugs generally require a 

well-defined small molecule binding pocket on their target protein and are prone to failure due to the 

development of drug resistance. Thus, DNA-targeted small molecule agents remain the major form of 

therapy for many cancers. Moreover, there is reason to believe that a therapeutic advantage remains to 

be gained from DNA-targeted drugs with novel mechanisms of action, improved toxicity profiles, and 

different spectra of anti-tumor activity. 

One class of DNA-interactive therapeutics seen in clinical use today is comprised of the 

covalent binding agents. These compounds, which include chemotherapeutic agents such as the 

nitrogen mustards [11] and platinum compounds [12, 13], form chemical bonds to DNA (Figure 1.1A 

and B), causing DNA damage and interfering with DNA transcription and replication by either 

alkylating the DNA or forming cross-links between DNA strands. For example, the nitrogen mustard 

cyclophosphamide binds to the N7 nitrogen of two separate guanine bases to form intra-strand and 

inter-strand crosslinks [11]. The resulting DNA damage leads to cell apoptosis [14]. Unfortunately, 

these compounds bind all DNA equally and act to inhibit cell division, which results in a small 

therapeutic window between cancer cells and normal cells that is defined solely by their respective 

growth rates. 

Another class of DNA interactive agents focuses on the DNA intercalators [3], which include 
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topoisomerase II inhibitors such as the anthracycline compounds doxorubicin[15-17] (Figure 1.1C) 

and topoisomerase I inhibitors such as camptothecin [18-20]. These compounds are characterized by 

their polycyclic aromatic ring systems, which allow them to insert between nucleotide pairs in DNA to 

form favorable pi-stacking interactions. DNA intercalation requires an expansion in distance between 

the flanking nucleotide pairs, which results in the topological distortion of the DNA helix. The insertion 

of a small molecule functions by inhibiting DNA-interactive proteins, such as topoisomerase II, and 

thereby eventually leads to cell apoptosis. However, these drugs have limited sequence selectivity in 

general, as their binding mode restricts their DNA interactions to the adjacent two to four base pairs, 

resulting in a greater number of non-specific and off-target effects. 

While these compounds have proven themselves in the clinic, they have limited selectivity, 

showing greater impact on rapidly dividing cells over slow-growth cells rather than selecting for cancer 

cells over normal cells and leading to their well-known adverse effects such as anemia, nausea, and 

alopecia. There has been significant interest in improving the selectivity of these potent anti-cancer 

compounds to reduce these adverse effects. Recently, antibody-drug conjugates have been developed to 

specifically target cancer cells, utilizing a monoclonal antibody to recognize and deliver a cytotoxic 

payload [21]. Several such conjugates have been approved for therapeutic use and many more are in 

clinical trials [22]. For example, the daunorubicin-linked antibody-drug conjugate Milatuzumab 

doxorubicin [23] recently completed Phase I/II trials for multiple myeloma. However, these treatments 

are significantly more expensive than traditional small molecule chemotherapeutics due to the need for 

a biological antibody component. 



16 
 

 
 
Figure 1.1 The chemical structures of example DNA interactive compounds. Cyclophosphamide, a 
nitrogen mustard (A), cisplatin, a platinum-containing cross-linker  (B), the DNA intercalator 
doxorubicin, (C) and a minor-groove binding pyrrole-imidazole polyamide oligomer  (D) 
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One such effort in the development of sequence-specific DNA-interactive small molecules has 

focused on compounds that bind to the grooves of the DNA [5, 24, 25]. Targeting the DNA grooves 

imparts improved sequence selectivity, as the topology of the grooves is defined by the primary DNA 

sequence. The minor groove is comparatively narrower and deeper than the major groove, so it is more 

favorable to small molecule binding [26]. In contrast, the wider and shallower DNA major groove is 

more optimal for protein binding. The binding of a small molecule in the minor groove can cause the 

allosteric inhibition of protein binding by disturbing the major groove topology. Most notable among 

the minor groove binders are the pyrrole-imidazole polyamide oligomers [6] (Figure 1.1D), which can 

distinguish between the four Watson-Crick base pairs and may be designed to specifically target any 

given sequence. However, therapeutic use of these oligomers is limited, as they are not effective 

anticancer drugs due to their unfavorable size and pharmacokinetic properties, preventing cell uptake. 

More recent research on targeting DNA has focused on two fronts – DNA interactive 

compounds with novel mechanisms of action, and new cancer-related molecular targets. An 

understanding of small molecule interactions with their DNA targets and molecular mechanisms of 

action is critical for the specific targeting of DNA and required for the further development of new 

drugs in both these directions. The research described here is focused on gaining a structural 

understanding of DNA as a target beyond the traditional modes of DNA interaction, towards the 

development of agents with novel mechanisms of action or directed at novel, anti-cancer molecular 

targets.  

The first part of this dissertation investigates the binding of XR5944 with a naturally occurring 

estrogen response element. The bis-phenazine anti-cancer drug XR5944 is a potent DNA-targeted 

compound which originally was developed as a dual topoisomerase I/II inhibitor [27, 28]. Later studies 

have shown that it has a novel mechanism of action – transcription inhibition [29, 30]. This novel 

mechanism of action is achieved by its novel binding mode, DNA bis-intercalation with major groove 
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binding [31]. Specifically, XR5944 can recognize and bind the estrogen response DNA element to 

inhibit estrogen receptor (ER) binding and activity in transcriptional control. This mechanism of ER 

inhibition may be used to overcome common modes of resistance to current antiestrogen treatments for 

breast cancer, all of which target the ER protein-ligand complex with estrogen [32, 33]. We determined 

the 2:1 complex structure of XR5944 with the naturally occurring estrogen response element found in 

the trefoil factor 1 promoter (TFF1 ERE) [34]. Solving the structure of this complex of XR5944 with 

TFF1-ERE DNA by NMR allowed us to determine the basis for specific molecular recognition between 

XR5944 and the TFF1-ERE DNA. We found that intercalation sites within a native promoter appear to 

be context- and sequence-dependent, and that the DNA binding of a bis-intercalator is directional and 

differs from the simple addition of binding at two non-interactive intercalation sites. Understanding the 

precise binding mode provided insights for future structure-based rational drug design of DNA bis-

intercalators to modulate ERα-induced transcriptional activity, as well as for designing bis-intercalators 

with major groove binding modes in general. 

The second part of this dissertation investigates the specific interactions of an isoquinoline 

alkaloid with the hybrid-2 human telomeric G-quadruplex. DNA G-quadruplexes, secondary structures 

which form in specific G-rich sequences, have been shown to form in regions of biological significance 

such as in human telomeres [35, 36]. Consequently, telomeric DNA G-quadruplexes have emerged as 

novel molecular targets for anticancer drugs [36-41]. In human telomeres, G-quadruplex formation 

inhibits telomerase, a protein activated in 80–85% of human cancer cells [42] with a key role in 

maintaining the malignant phenotype, and has been suggested to play a key role in maintaining the 

malignant phenotype by stabilizing telomere length and integrity[43]. In biologically relevant 

potassium solution, human telomeric DNA sequences form two equilibrating G-quadruplex structures 

[44, 45]  – hybrid-1 [46] and hybrid-2 [47]. Of these, the hybrid-2 structure is predominant in an 

extended sequence under physiological conditions [44]. Therefore, the hybrid-2 human telomeric G-
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quadruplexes are considered to be attractive targets for anticancer drugs targeting telomere biology and 

telomerase. Understanding the specific interactions of small molecules with the hybrid-2 telomeric G-

quadruplex is crucial for designing anticancer drugs with this type of action. However, no ligand has 

been reported to date to specifically recognize the hybrid-2 telomeric G-quadruplex. Recently, we 

discovered that epiberberine, a naturally occurring isoquinoline alkaloid [48], can not only recognize 

and specifically bind the hybrid-2 telomeric G-quadruplex, but also induce the conversion of hybrid-1 

telomeric G-quadruplexes to the hybrid-2 structure. We determined the structure of the hybrid-2 G-

quadruplex in complex with epiberberine by NMR in K+ solution. This NMR solution structure shows 

EPI bound at the 5’ end of the hybrid-2 telomeric quadruplex, with an unexpected large drug-induced 

conformational change in the flanking and loop regions, creating a very well-defined “induced 

intercalated quasi-triad pocket” with an extensive capping structure. The complex structure provides 

important insights into specific targeting of the physiologically relevant hybrid-2 human telomeric G-

quadruplex by a small molecule compound. The complex structure demonstrates the importance of 

ligand shape as well as the G-quadruplex folding topology and flanking and loop sequences in 

determining binding specificity. Our result also indicates that asymmetric compounds containing a 

smaller stacking moiety, in particular the crescent-shaped moiety, are more likely to bind in a specific 

manner to an intramolecular G-quadruplex. 
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CHAPTER TWO 
MATERIALS AND METHODS 

2.1 Synthesis of DNA Oligonucleotides and NMR Sample Preparation 

The DNA oligonucleotides were synthesized on an Expedite 8909 Nucleic Acid Synthesis 

system (Applied Biosystem, Inc.) in the 3’ to 5’ direction, using β-cyanoethylphosphoramidite solid 

phase chemistry (phosphoramidites purchased from Glen Research). Synthesis occurs in the DMT 

(4,4’-dimethoxytrityl)–on mode and in each cycle one nucleoside is added to the growing DNA chain. 

During each synthetic cycle the DMT protecting group is removed from the 5’- hydroxyl group with 

2% trichloroacetic acid (TCA) and the next nucleoside phosphoramidite is activated by tetrazole, so 

that the protecting diisopropylamino group on the phosphorus atom leaves as the 5’-hydroxyl of the 

previous nucleoside attacks the phosphorus of the next phosphoramidite. Thus, a phosphite triester is 

formed from the newly created phosphorus-oxygen bond. Any oligonucleotides that have exposed 5’-

hydroxyl groups due to failed addition of a nucleoside are capped by acetylation using a mixture of 

acetic anhydride and N-methylimidazole to prevent deletions in the final DNA sequence. The delicate 

phosphite bond is then oxidized by iodine in water and pyridine to a more stable phosphate bond, 

resulting in a phosphotriester backbone still protected by a 2-cyanoethyl group. After this first coupling 

cycle, the 5’-hydroxyl DMT of the newly added nucleoside is removed so that the next nucleoside can 

be added to the growing chain. Each coupling is approximately 99.5% efficient and can be monitored 

by the yield of DMT cation after each cycle. Because removal of the 5-hydroxyl protecting group 

results in the cleaved bright orange DMT, which absorbs at 495 nm, the amount of DMT, and thus of 

the cycle’s yield, is measured by release of the chromophore. 

The synthesized DNA oligonucleotides were subsequently processed off of the solid support. 

During synthesis, the 3’-hydroxyl group of the first nucleoside in the 3’ direction is bound to the resin 

with a succinyl linker. The DNA was cleaved from the chemical linker by pushing concentrated 

ammonium hydroxide through the column at least eight times with syringes connected to both sides of 
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the column with push-together junctions, and incubating the sample for one hour at room temperature. 

This process was repeated and then the sample was transferred to a cap-locked microfuge tube and 

incubated in a 55° C water bath for fourteen to sixteen hours. Application of heat to the samples in 

ammonium hydroxide cleaves off the aforementioned 2-cyanoethyl group on the ester triphosphate 

DNA backbone as well as the N(6)-benzoyl protecting group on the adenine base and the N(2)-

isobutyryl protecting group on the guanine base. 

Using a GeneVac SF50 system, the ammonium hydroxide was removed from the DNA samples 

after chilling at −20° C for approximately twenty minutes to reduce sample pressure. After twenty 

minutes, the samples volumes concentrated to about 0.5 mL. Using Micropure II columns (BioSearch 

Technologies Inc.), the samples were purified following the manufacturer’s recommended protocol. 

The Micropure II columns are reverse phase columns and the DMT protecting group of the last 5’ 

nucleoside binds to the resin, while any capped, truncated terminated oligonucleotides are eluted since 

they lack DMT groups. Next, the samples were dialyzed using dialysis tubing with a molecular weight 

cutoff of 3.5 kDa (Spectrum Labs), first against MilliQ H2O, then against 10 mM NaOH for one hour, 

followed by 150 mM NaCl for two hours, and lastly by two rounds against MilliQ H2O to remove salt. 

The NaOH denatures the DNA, while the NaCl flexes the DNA to remove any remaining TEAA 

contaminant. The samples are then lyophilized and the powder is stored at −20 °C until ready to use. 

The TFF1 DNA NMR samples were prepared by dissolving DNA oligonucleotide powder into 

50 mM sodium phosphate buffer at pH 7 in either pure D2O (98%) or D2O/H2O (10%/90%). The D2O 

samples were lyophilized and resuspended in 99.98% D2O for two more cycles to minimize residual 

H2O. The TFF1 duplex sample was prepared by titrating one strand into the solution of the 

complementary strand. The titration was monitored through the DNA imino signals in 1D 1H NMR 

spectra. The DNA-drug complexes were prepared by adding an appropriate amount of drug stock 

solution to the DNA sample, followed by lyophilization and re-dissolution in D2O. The final 
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concentrations of DNA oligonucleotides were 1-2 mM. 

For homogenous G-quadruplex formation for structure studies by NMR, the lyophilized DNA 

samples are dissolved in 10 to 20 mM potassium phosphate buffer (pH 7.0) containing 50 to 100 mM 

KCl. Samples are annealed for 5 minutes at 95 °C and allowed to gradually cool to room temperature. 

2.2 NMR Experiments 

NMR spectroscopy has a unique strength in studying DNA secondary structures. In B-DNA, 

imino peaks associated with guanines in B-DNA give rise to characteristic chemical shifts around 12-

13ppm while imino peaks give rise to characteristic chemical shifts from 13-13.5ppm. Imino protons 

involved in G-tetrad formation give rise to characteristic chemical shifts around 10.5–12 ppm. These 

chemical shift regions are well isolated from imino chemical shifts from any other DNA conformation. 

Therefore, the imino regions of guanines and thymines provide a direct and clear monitoring system for 

not only the formation of DNA secondary structures but also its drug binding interactions.  

NMR experiments were performed on a Bruker DRX-600 MHz spectrometer as reported earlier 

[1-5]. The 1D GE-JRSE HMQC experiments were used to measure 15N- and 13C-edited spectra. 

Standard homonuclear 2D NMR experiments, including DQF-COSY, TOCSY and NOESY, were used 

to assign the non-exchangeable proton chemical shifts of the free TFF1-ERE DNA and both complex 

structures. Experiments were run at temperatures of 5, 15, and 25 °C in both H2O and D2O to resolve 

ambiguity from overlapping peaks caused by the complexity of the experimental systems.  The mixing 

times were set from 50-250 ms for NOESY and at 30ms and 80ms for TOCSY. The acquisition data 

points were set to 4096x512. The 45- or 60-degree shifted sine bell functions were applied to both 

dimensions of NOESY and TOCSY spectra. The fifth-order polynomial functions were employed for 

the baseline corrections. The final data points were 4096x1024. The NMR experiments for samples in 

water solution were performed with WATERGATE or jump-return (NOE11) water suppression 

techniques. The relaxation delay was set to 2s in 2D experiments. Peak assignment and integration 
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were achieved using Sparky (UCSF). Distances between non-exchangeable protons were calculated 

based on the NOE cross-peaks integrated at 50-250 ms mixing times. The peak volumes were 

referenced using the distance H5-H6 of cytosine (2.45Å) or HMe-H6 of thymine (2.99 Å) with limits 

on distance restraints set to 20% variance. When appropriate, spin diffusion adjustments were made 

based on variable mixing time experiments. Unsolved protons were replaced by pseudo-atoms and the 

appropriate correction was applied to the measured distance. 

2.2.1 Titration of DNA with Small Molecule Compounds by One Dimensional 1H NMR 

NMR spectroscopy is a powerful method for obtaining high resolution structural information 

about biologically important molecules and their interaction with ligands in solution, and the sizes of 

DNA oligonucleotides studied here offer an excellent molecular system for NMR structural study. In 

addition, the well-separated characteristic imino regions provide a direct and unambiguous detection 

system for small-molecule binding interactions. Furthermore, NMR allows for direct analysis of these 

interactions with DNA such as the determination of binding stoichiometry and binding kinetics, with 

direct monitoring of solution conditions such as temperatures and salt concentrations. To study small-

molecule interactions with DNA, DNA sequences which form a single major structure should be used. 

This sequence should have good NMR spectral properties so that its drug interactions can be 

unambiguously characterized. In our cases, the TFF1 ERE sequence is a standard double-stranded 

DNA duplex, whereas the molecular structure of the wtTel26 G-quadruplex formed by the unbound 

DNA was previously determined and serves as the structural basis for studying its drug interactions.  

For compound binding studies, concentrated stock solutions (20–40 mM) were prepared in H2O 

or DMSO-d6. Then, the DNA sample (0.1-0.5mM) in solution containing 25 mM phosphate, 95 mM 

potassium, pH 7.0 is checked for proper secondary structure formation by 1H-NMR. The complex is 

prepared by stepwise additions of a small volume of concentrated compound stock solution into the 

DNA sample to achieve DNA–drug ratios of 1:0.5, 1:1, 1:2, and 1:3. The complex sample is annealed if 
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needed. The change in chemical shifts of complex at various drug equivalences is monitored by 1D 1H-

NMR spectra. As the imino proton regions of DNA are well-separated from nonexchangeable protons, 

they can be used in monitoring binding interactions and line width changes in titration profiles. Specific 

binding to a particular DNA sequence with sufficient affinity will result in an NMR spectrum with 

well-resolved peaks upon complex formation. In the case of a slow-exchange binding regime, two sets 

of peaks of the free DNA and the bound DNA can both be observed at a lower drug equivalence, e.g., 

0.5; signals from the free DNA disappear once all the binding sites are occupied. In the case of a 

medium-to-fast exchange binding regime, only one set of peaks is observed for DNA and drug. In this 

case, some information on binding sites can be obtained. Compounds that do not bind 

tightly/specifically are readily discerned, as they do not lead to any shifts or cause spectral line 

broadening. 

2.2.2 Assignment of Guanine and Thymine Imino and Aromatic Protons using Isotopically Labeled 

DNA 

The guanine H1 and thymine H3 imino protons are one-bond coupled to N1/N3 respectively, 

and thymine H6 aromatic protons are one-bond coupled to C6. Therefore, these protons can be 

unambiguously assigned by 1D 15N- or 13C-edited HMQC experiments respectively [6]. For this 

purpose, site-specifically labeled DNA synthesis with 6% or higher 15N-labeled-guanine 

phosphoramidite or 15N-, 13C- double-labeled phosphoramidite [7] was used. The HMQC experiments 

were used for measuring 15N-edited spectra [6] to identify imino and guanine H8 protons. For a sample 

containing a single, uniform species, a single resulting peak can be observed, corresponding to the 

imino or base proton of the labeled nucleotide. 

2.2.3 Complete Spectral Assignment of Two-Dimensional NMR Spectra 

After the site-specific assignment of base protons, the complete assignment of the base and 

sugar protons of a DNA sequence can be accomplished with 2D-NMR experiments. Standard DNA 
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sequential assignments were used for the assignment of non-exchangeable protons in both B-DNA and 

G-quadruplex DNA. In a G-quadruplex system, unambiguous assignment of base protons H8/H6 and 

imino protons give rise to the assignment of H1–H1 and H1–H8 crosspeaks, which can be used for the 

determination of the folding topology of a G-quadruplex. The assignment of guanine H1 and H8 

protons can also lead to the assignment of the base proton H2/H8 of adenine residues that stack with 

the G-tetrads. The assignment of the aromatic H6/H8 protons can lead to the direct assignment of H1’ 

and H2’/H2’’ protons, which are then used to assign the H3’, H4’, and H5’/H5’’ protons. Sequential 

NOEs can be assigned for the neighboring residues in a DNA sequence. For example, Gn/H8 – Gn-

1/H1’/H2’/H2’’ NOEs allow for the assignment of nucleotide bases in sequence. Assignment of the 

thymine and cytosine bases can also be obtained through their respective H6-HMe or H6-H5 cross-

peaks in COSY/TOCSY and NOESY spectra. Assignment of protons corresponding to a binding small 

molecule is achieved through the chemical shift pattern observed in COSY/TOCSY and NOESY 

spectra, with precedence given to any small molecule protons appearing in regions isolated from DNA 

protons. Finally, critical long-distance NOEs and intermolecular cross-peaks can be assigned. These 

cross-peaks are essential to define the overall topology of the DNA structure as well as the position and 

binding orientation of a bound small molecule. 

2.3 Distance Restrained Molecular Dynamics Calculations 

Structure calculations were performed using NOE-restrained molecular dynamics simulation in 

the program XPLOR (version 3.851) [25]. The starting models of the 2:1 XR5944-TFF1 and 1:1 

wtTel26-EPI complexes were constructed in Insight II 2000.1 (Accelrys, CA), with the binding site 

conformations deduced from the NOE data. The partial charges were obtained from X-PLOR or from 

the representative fragments in Insight II. The CHARMM force field was used for the calculation. The 

skewed bi-harmonic energy function was used for distance constraints from NOE data. A total of 669 

distances were included in the XR5944-TFF1 NOE-restrained dynamics calculations. For the wtTel26-
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EPI complex, a total of 348 distances were included. A distance-dependent dielectric constant was 

applied in the calculations to simulate the aqueous environment. Dihedral angle restraints were used to 

restrict the glycosidic torsion angle (c) for the experimentally calculated syn and anti configurations. 

The system was first equilibrated at 300 K for 20 ps, with the force constants of 1 kcal/mol·A2 

for all restraints. The resulting structures were then equilibrated at 1000 K for 3 ps. The force constants 

were gradually scaled to the final values of 30 and 60 kcal/mol·A2 for NOE and hydrogen bond 

restraints, respectively, during the subsequent 24 ps simulation. Further restrained molecular dynamics 

and cooling simulation was carried out at temperatures reduced by 25 K with 1000 time steps of 3 fs 

for each cycle until the final temperature reached 300 K. The system was then equilibrated for an 

additional 3 ps. The coordinates saved during the last 3.0 ps were averaged. The resulting structures 

were further subjected to 250 steps of energy minimization, and the 10 best molecules were selected 

based on their minimal energy terms and minimal number of NOE violations. 

Aqueous phase molecular dynamics calculations were performed in Insight II using periodic 

boundary conditions. The 10 best molecules were selected on the basis of both their minimal energy 

terms and number of NOE violations and were further subjected to 350 ps of NOE distance restrained 

molecular dynamics simulation with time steps of 1 fs at 300 K in explicit solvents in Insight 

II/Discover using CFF force field. The system first underwent energy minimization at 300 K for 1000 

steps. The complex was soaked into water solvent using a 10 Å water layer. Hydrogen-bond restraints 

were applied to the structure using a quadratic energy function with a force constant of 200 kcal / 

(mol1Å2). Distance restraints were then applied for an additional 1000 steps of energy minimization. 

Molecular dynamics simulations were then run for 5 ps at 300 K. This was repeated to generate a 

separate ensemble of structures, which were compared with XPLOR results to confirm the structure 

features. 
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2.4 Fluorescence Intercalator Displacement Assay 

Binding of XR5944 to the TFF1-ERE can displace intercalated ethidium bromide (EtBr) and 

quench the fluorescence from the EtBr-DNA complex, thus allowing the measurement of its binding 

fraction. DNA (20 µM, 5 mM sodium phosphate buffer, pH 7) was incubated with EtBr (1 mM in 

MilliQ water) for 1 hour. Samples were then transferred to a 96-well plate, and XR5944 (5 mM stock in 

MilliQ water) and water were added into the EtBr-DNA solution to get a final DNA concentration of 

16.7 µM and final XR5944 concentrations between of 0 and 100 µM in 120 µL total volume per well. 

Three samples were prepared per XR5944 concentration. The fluorescence intensities were obtained 

using a microplate reader (Molecular Devices Gemini XS) at 25ºC. Samples were excited at 510 nm, 

and the fluorescence was measured at 590 nm six times per sample. Fluorescence readings were 

corrected for baseline fluorescence of free EtBr and the fluorescence of XR5944 in complex with 

DNA.  

2.5 Fluorescence Binding Assay 

Binding of EPI to the wtTel26 G-quadruplex induces the fluorescence of EPI, thus allowing the 

measurement of its binding curve. Fluorescence spectra were acquired with a FLSP920 

spectrofluorometer (Edinburgh Instruments Ltd., Livingston, UK) at 18 ± 1 °C, which was equipped 

with a temperature-controlled circulator (Julabo Labortechnik GmbH, Seelbach, Germany). To prepare 

the G-quadruplex solution, the DNA was annealed in a thermocycler (first at 92 °C, then slowly cooled 

to room temperature) in 25 mM Tris-HCl buffer (pH 7.5) containing 1 mM ethylenediaminetetraacetic 

acid disodium salt (EDTA) and 100 mM KCl or NaCl. The alkaloid was added into the DNA solution 

to the specified concentration, and the resulting solution was allowed to incubate for 15 min before 

fluorescence measurement was performed. The resulting solution was examined within 2 h. Alkaloids 

were titrated with DNAs for measurement of the binding constants, and the fluorescence intensity was 

plotted as a function of the aptamer concentration. The data were fitted by KaleidaGraph (Synergy 
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Software) according to a 1:1 binding model. The titration experiments were carried out by keeping the 

alkaloid concentrations at 0.5 μM or 20 nM. 
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CHAPTER THREE 
MOLECULAR RECOGNITION OF XR5944 WITH THE NATURALLY OCCURING TFF1 

GENE ESTROGEN RESPONSE ELEMENT 
 

3.1 Introduction 

3.1.1 XR5944: A Potent Anticancer Drug with a Novel DNA Binding Mode of Bis-Intercalation and 

Major Groove Binding 

The bis-phenazine anticancer drug XR5944 (Figure 3.1A) is a DNA-targeted compound that 

reached phase I clinical trials for breast and ovarian cancers [29]. It was originally developed as a 

topoisomerase inhibitor [27] like its parent compounds, the phenazine carboxamides, and the related 

acridine carboxamides which are dual DNA topoisomerase I/II inhibitors [49-51]. While early reports 

indicated that XR5944 may interfere with normal topoisomerase I and II function in vitro [28], later 

studies have indicated that the mechanism of XR5944 action is primarily topoisomerase-independent 

and is related with transcription inhibition [29, 30]. XR5944 has shown exceptional activity, both in 

vitro and in vivo, against human and murine tumor models, having greater potency than well-known 

topoisomerase inhibitors such as TAS-103, topotecan and doxorubicin [28]. XR5944 had 40- to 300-

fold greater potency than other cytotoxic agents tested in ex vivo systems [52]. In combination with 

carboplatin or doxorubicin in non-small-cell lung carcinoma, or in combination with 5-fluorouracil and 

irinotecan in colon cancer cell lines, XR5944 showed additive potency in vitro and in vivo [53, 54]. 

As XR9544 demonstrated high affinity for DNA with a preference for GC-containing 

sequences, it was surprising that its biological mechanism of action appeared independent of 

topoisomerase I and II. Our group suspected that XR5944’s unique mechanism of action may originate 

from its DNA binding mode. Thus, we proceeded to determine the solution structure of XR5944 in 

complex with its preferred binding sequence. 
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Figure 3.1 (A) Chemical structure of XR5944 with the atom numbering system. (B) The preferred 
DNA oligonucleotide with numbering and binding site shown schematically.  
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Our group tested the binding of XR5944 to a series of palindromic DNA sequences and found a 

strong sequence-specific binding to the DNA duplex d(ATGCAT)2 (Figure 3.1B). The 1D 1H NMR 

titration data at pH 7 indicates that XR5944 forms a stable 1:1 complex with d(ATGCAT)2 and that the 

binding equilibrium is in the slow-exchange range at on the NMR time scale. The melting temperatures 

of the DNA-drug complex is increased to ~45°C from ~30°C for the free DNA, and the imino proton 

G3HN1 is detectable at 25°C in the complex, whereas it is not observable even at 15°C in the free 

DNA, implying a more stable DNA duplex upon drug binding. 

All proton resonances of the free DNA and 1:1 XR5944/DNA complex were assigned by using 

2D-NOESY, TOCSY and COSY. Many intermolecular NOE crosspeaks are observed between 

XR5944 and DNA in the drug-DNA complex. We determined the NMR-refined structure of the 1:1 

XR5944-d(ATGCAT)2 complex (PDB ID 1X95, Figure 3.2). The two phenazine rings of XR5944 bis-

intercalate at the two symmetric T2pG3:(C4' pA5') and C4pA5:(T2'pG3') steps (Figure 3.2A-C), with 

each phenazine ring parallel to the flanking DNA base pairs (Figure 3.2D) and the aminoalkyl linker 

lying in the DNA duplex major groove (Figure 3.2A). The 2-fold symmetries of both DNA and drug 

are retained. The linker is positioned diagonally across the major groove, giving the drug the 

appearance of a backwards ‘Z’ when viewed from the major groove (Figure 3.2A). The drug exhibits a 

left-handed twist in contrast to the right-handed twist of the DNA. The two central G3:C4 base pairs are 

pulled toward the major groove via interactions with the drug linker (Figure 3.2C), making the major 

groove significantly shallower compared to that of the regular B-DNA. The DNA duplex is kinked by 

~10° towards the minor groove. The DNA double-helix of the DNA hexamer is unwound throughout 

the drug complex. While regular B-DNA has an average helical twist of 36° per step, the overall extent 

of unwinding of the DNA hexamer in the drug complex is 48°, with that of the TpG step at the 

intercalation site being 10° and the terminal ApT step being 13°. The kinking and unwinding of the 
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DNA in the complex induce a broad and shallow minor groove as well, when compared to the regular 

B-DNA. 

In the intercalation pocket, the rise between two intercalated T2:A5 and G3:C4 base pairs is ~6.32 

Å, much larger than the rise of perpendicular intercalation sites, as seen in anthracycline drugs [55, 56]. 

The central G3pC4 steps, wrapped between the two phenazine rings of XR5944, maintain relatively 

good base-pair conformation and hydrogen bonding interactions as observed in regular B-DNA. In 

contrast, conformational distortions at the intercalation site T2pG3 and C4pA5 steps are more significant, 

with the T2:A5' base pairs displaying a significant large negative roll angle (-13°), propeller twist (-8°), 

and buckling (6°). This is consistent with the fact that the TpG:CpA steps are particularly flexible [57, 

58].  

The XR5944 molecule adopts an unexpected conformation and side-chain orientation. The N10 

of the phenazine ring of XR5944 (Figure 3.1A) is protonated in the DNA complex at pH7, as observed 

in the NMR spectra. The carbonyl group of carboxamide forms an internal hydrogen bond to the 

protonated phenazine ring N10 (HN-O distance of 2.0 Å). It is interesting that the XR5944 phenazine 

ring is protonated at pH7, since the pKa value of the N10 is only 1.0-1.3[59](personal communication 

with Dr. William Denny, University of Auckland). This unexpected drug phenazine conformation, 

which could not possibly exist in the bulk solution, is clearly induced and stabilized by the 

microenvironment of the DNA binding pocket.  

The phenazine chromophores of XR5944 are deeply inserted between the flanking DNA base 

pairs (Figure 3.2D). The XR5944 phenazine A ring end inserts more deeply towards the DNA minor 

groove and is closer to the DNA sugar backbone, whereas the drug C ring end is positioned farther 

from the DNA sugar backbone and more towards the DNA major groove. At each intercalation site, the 

drug phenazine ring is well stacked with the central G:C base pair and the T2 (or T2’) base of the 
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T2:A5’ (or T2’:A5) base pair (Figure 3.2D). The long axis of the phenazine chromophore of XR5944 

is almost completely aligned with that of the central G:C base pair. The six-membered ring of the 

guanine G3 (or G3') base is stacked on the drug phenazine A ring, while its base pair partner, cytosine 

C4’ (or C4), is stacked on the drug C ring. On the other side of the intercalation pocket, the thymine T2 

(or T2') is completely stacked over the phenazine ring A, whereas the adenine A5' (or A5) base is 

unstacked with the drug chromophore. In addition to a strong pi-stacking interaction between the T2 

base and ring A of XR5944, the electronegative O4 group of thymine T2 is positioned right above the 

protonated, electropositive N10 imide edge of the XR5944 phenazine chromophore, and the 5-methyl 

group of thymine T2, which is known to increase hydrophobic interactions and stabilize ligand binding, 

is stacked right over the carboxamide group of XR5944 (Figure 3.2D).  

The two γ-amino groups of the carboxamide aminoalkyl linker of XR5944 are protonated at pH 

7 and therefore positively charged as γ -NH2(+) (Figure 3.1A), which facilitates the binding of the drug 

linker in the normally very electronegative DNA major groove. XR5944 binding dramatically changes 

the electrostatic distribution of the DNA major groove to a more electropositive potential [31]. As the 

A ring end of XR5944 is deeply inserted into the intercalating pocket and is in close proximity to the 

DNA sugar backbone, the site-specific interactions of the drug carboxamide aminoalkyl linker with the 

two central guanines, G3 and G3’, are facilitated. The two γ -amino groups of the linker are positioned 

very close to the O6 and N7 of the two symmetrically related guanine residues for strong hydrogen-

bonding interactions. Specifically, the hydrogens of each γ-amino group are 1.7 Å from G3/O6 and 2.3 

Å from the G3/N7, respectively, to form two potential hydrogen bonds (Figure 3.2C).  

The parallel base-stacking intercalation binding mode has been observed in a number of drugs 

[60-63]. Even though the chromophore structure of XR5944 is similar to that of the acridine 

carboxamides such as 9-amino-DACA, the base-stacking interactions of the two drugs with DNA base 

pairs is somewhat different [60, 61]. The phenazine ring of XR5944 is shifted more towards the major 
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groove side of DNA compared to the acridine ring of DACA. The long axis of the phenazine ring is 

almost completely aligned with that of the central G:C base pair, whereas the acridine ring in 9-amino-

DACA bisects the angle between the long axes of the intercalated base pairs. In addition, the protonated 

conformation of the drug phenazine ring, which occurs unexpectedly in the microenvironment of the 

DNA, indirectly induces a favorable side-chain orientation to form a site-specific hydrogen bond 

interaction with the two central guanines (Figure 3.2C). In contrast to the carboxamide plane of 9-

amino-DACA being co-planar with the acridine chromophore, the plane of the XR5944 carboxamide 

group is about 15° off the phenazine plane. Both the distance between amide proton HN from the N7 of 

guanine G3 (or G3’) and the N-H….N angle favor hydrogen-bond formation [64]. 

The favorable stacking and hydrophobic interactions at the TpG intercalation site, and the 

favorable hydrogen bonding and electrostatic interactions in the DNA major groove, may be important 

determinants in specific recognition of the preferred binding site 5'-TGCA by XR5944. 
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Figure 3.2 A) and (B) Representative models of the refined XR5944-DNA complex as seen 

from the (A) major groove and (B) minor groove. (C) Sequence-specific hydrogen bonds between 
XR5944 and the DNA binding site are shown in dashed lines in stereo view. Nitrogen atoms are 
colored blue, oxygen atoms are red, phosphorus atoms are orange, and hydrogen atoms are white 
(XR5944 only). Carbon atoms of XR5944 are salmon and those of DNA are green. (D) Base-stacking 
interactions between XR5944 and the intercalation site. Carbon atoms of DNA are green and cyan by 
base pair.
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3.1.2 XR5944 Binds ERE Sequences to Inhibit ERα Activity  

In spite of significant improvements in treatment over the past two decades, breast cancer, the 

most prevalent cancer in women, remains a leading cause of cancer mortality. Estrogens are steroid 

hormones with critical roles in the genesis, development and metastasis of breast cancer and ovarian 

[65]. Estrogen receptor-α (ERα), a ligand-activated transcription factor, is the predominant mediator of 

estrogen (E2) responses in breast cancer cells[66].  ERα regulates transcription of target genes through 

direct binding to estrogen response elements (EREs), its cognate recognition sites, or by modulating 

other transcription factors which bind at alternative DNA sequences [67]. Modulating ERα using 

endocrine therapy is the primary mechanism of treatment for ERα-positive breast tumors today [68]. 

Antiestrogen treatments utilize selective ER modulators (SERMs) such as tamoxifen, which inhibit E2-

ERα complex formation [69], and aromatase inhibitors (AIs) such as anastrazole, which inhibit E2 

biosynthesis [70, 71]. Unfortunately, many ERα-positive breast tumors (~20-50%) are unresponsive to 

[72], or in the end develop resistance to, antiestrogen treatments [73].  

Estrogen receptor α (ERα) binds to a DNA sequence known as the estrogen response element 

(ERE), 5’-AGGTCAnnnTGACCT. This consensus sequence contains two inverted repeat half-sites 

separated by a tri-nucleotide spacer, “nnn” [74-76]. ERα binds and recognizes EREs through the DNA 

major groove using two zinc-finger motifs [77]. The binding site of XR5944, (TpG):(CpA), is 

contained in each consensus ERE half-site. We tested the inhibition of ER-DNA binding and ER 

transcriptional activation by XR5944 in vitro and in cultured cells [33].  In a dose-dependent manner, 

XR5944 inhibited the DNA binding of both recombinant ERα protein and ER from nuclear extracts in 

electrophoretic mobility shift assays. Luciferase reporter assays showed that XR5944 inhibited gene 

expression from an ERE-containing promoter, but not from a basal promoter. In contrast, actinomycin 

D, an RNA polymerase inhibitor, inhibits the transcription from both promoters. XR5944 seems to 

have a certain degree of specificity to ERα, as data shows that XR5944 neither inhibited transactivation 
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of the Sp1 consensus binding site 5’-GGGGCGGGGC [33], nor blocked the binding of transcription 

factor NF-κB to its consensus promoter sequence 5'-GGGACTTTCC, both sequences lacking 5’-TG 

motifs. Thus, it is suggested that XR5944 is able to specifically inhibit ER binding to its consensus 

DNA sequence as well as its subsequent activity. This novel mechanism of action has the potential to 

overcome the tendency toward drug resistance of currently available antiestrogen treatments, which all 

target the hormone-receptor complex and are susceptible to drug resistance due to mutations in ERα or 

to post-translational modifications which render it constitutively active in the absence of ligand [32]. 

In the consensus ERE sequence, AGGTCAnnnTGACCT, the “nnn” is known as the tri-

nucleotide spacer [74]. The spacer was once thought to be unimportant to ERα-DNA binding. 

However, recent studies indicate that the tri-nucleotide spacer sequence affects both ERα-ERE binding 

affinity and ligand-mediated transcriptional responses [78, 79]. We examined the ability of XR5944 to 

bind with consensus EREs with variable spacer sequences (Figure 3.3A) and with natural, non-

consensus EREs (Figure 3.3B) using 1D 1H NMR titration studies, to better explain its mechanism of 

ERα-ERE binding inhibition [80]. Our results demonstrated that the tri-nucleotide spacer sequence 

greatly affects XR5944 binding to EREs. Of the tested sequences, EREs containing CGG and AGG 

spacers had the most specificity in binding with XR5944, while those with TTT tri-nucleotide spacers 

showed the least specific binding (Figure 3.3C-F). The binding stoichiometry of XR5944 with EREs is 

2:1. Functional studies using consensus EREs with tri-nucleotide spacers CGG, CTG, and TTT in 

reporter constructs indicated that XR5944 was more effective in inhibiting the activity of CGG- than of 

TTT-spaced EREs [80]. Therefore, XR5944 binding specificity is correlated with its efficacy in 

inhibiting the ERE-mediated transactivation by ERα. In the promoters of estrogen-responsive genes, 

the anti-estrogenic effect of XR5944 depends on both ERE half-site composition and the tri-nucleotide 

ERE spacer sequence. 
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Figure 3.3 (A) and (B) The ERE sequences studied for interactions with XR5944. (A) Consensus ERE 
sequences. (B) Natural ERE sequences with variable tri-nucleotide spacer sequences. (C) – (F) Binding 
of XR5944 with consensus ERE sequences containing different tri-nucleotide spacers by NMR. The tri-
nucleotide spacers tested (C) CGG, (D) AGG, (E) CTG, and (F) TTT were titrated with XR5944 at 
drug equivalences from 0 (bottom) to 2 (top). Imino proton peaks of the free ERE DNAs started to 
vanish upon XR5944 addition, and imino proton peaks representing the ERE–drug complexes emerged 
in a dose-dependent fashion, peaking at a drug equivalence of 2. Some of the peaks from the drug–
DNA complex were upfield-shifted, e.g., those observed at 10–11 ppm. For the DNA sequences to 
which XR5944 binds with high specificity, the imino protons of the free DNAs almost completely 
vanished at a drug:DNA equivalence of 2:1, as indicated by asterisks (*) and dashed lines (—) for 
isolated imino proton peaks of the free DNA with CGG- and AGG-spacers. 
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However, the preferred bis-intercalating sequence 5’-T|GC|A (| denotes the drug intercalation 

site) for XR5944 is not present in the ERE sequence, thus the binding characteristics of XR5944 to 

ERE sequences could be different. We found that XR5944 binds the ERE in the promoter of the 

estrogen-responsive target gene trefoil factor 1 (TFF1, previously designated PS2) (Figure 3.3A, 3.4A) 

with high affinity. This makes TFF1-ERE a promising candidate for structural characterization of the 

XR5944 binding with ERE.  

3.2 Results 

3.2.1 XR5944 Binds TFF1-ERE DNA Duplex at a 2:1 Ratio 

It has been shown previously that the preferred binding sequence of XR5944 (Figure 3.1B) is 

5’-(T|GC|A), with the two phenazine chromophores bis-intercalating at the two (TpG):(CpA) site, 

sandwiching two G:C base pairs [31]. The 15-mer TFF1-ERE sequence 5’-

(AGGTCACGGTGGCCA):(TGGCCACCGTGACCT)-3’ (Figure 3.4C) contains one 5’-CpA and one 

5’-TpG site. Each Watson-Crick base pair contains one imino proton, i.e., guanine H1 for G:C/C:G 

base pairs and thymine H3 for T:A/A:T base pairs. Imino protons of TFF1-ERE DNA were detectable 

for all non-terminal base pairs, with three thymine H3 protons for three non-terminal T:A/A:T base 

pairs (13.2-13.6 ppm) and ten guanine H1 protons for ten G:C/C:G base pairs (12-12.8 ppm) (Figure 

3.4B). The imino protons of the two terminal A:T base pairs are not detectable because of their rapid 

exchange with water due to the end-fraying effect [31, 81]. Upon addition of XR5944, a new set of 

imino proton peaks from the drug-bound DNA started to emerge, whereas imino proton peaks from the 

free DNA started to vanish (Figure 3.4A). The observation of two sets of imino peaks, one from the 

free DNA and another from the complex DNA, indicates that XR5944 binds the TFF1-ERE at a 

medium-to-slow exchange rate on the NMR time scale. The upfield-shifting of imino protons of the 

bound DNA (Figure 3.4B-ii) is characteristic of an intercalating drug binding mode [31, 55]. The 

binding stoichiometry of XR5944 with the TFF1-ERE DNA appeared to be 2:1, as no further spectral 
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change was observed at higher drug equivalence (Figure 3.4A). At the drug equivalence of 2, the 

imino proton peaks from the free DNA almost completely vanished, leaving the new set of imino 

proton peaks from the drug-DNA complex (Figure 3.4B-ii). The imino protons from the two terminal 

A:T base pairs, T30 and T16, respectively, are observed in the XR5944-DNA complex (Figure 3.4B-

ii), indicating that the binding of XR5944 reduced the end-fraying effect by stabilizing the TFF1-ERE 

DNA duplex. 
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Figure 3.4 (A) The imino regions of 1D 1H NMR spectra of the free TFF1-ERE DNA duplex (i) and 
the 2:1 XR5944:TFF1 complex (ii) with proton assignments. Conditions: 25°C, pH7, 50 mM sodium 
phosphate. (B) Imino proton region of the 1D 1H NMR titration spectra of TFF1-ERE (C) The TFF1 
ERE DNA sequence with numbering. The binding sites of the two XR5944 molecules are shown 
schematically, with the strong binding sites of the XR1-2 phenazine and the XR2-1 phenazine shown in 
darker outlined boxes, and the weak binding sites of XR1–1 and XR2–2 shown in lightly outlined 
boxes. The ERE half-sites are marked with solid lines. 
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3.2.2 Base Proton Assignment Using Site-Specific 15N-labeling 

We prepared DNA samples labeled site-specifically at each guanine and thymine, respectively, 

of TFF1-ERE with low-enrichment (6%) incorporation of 15N-labeled bases. The guanine base H1 and 

H8 protons and the thymine base H3 and H6 protons can be detected by 1D 15N-edited HMQC 

experiments [82] (Figures 3.5A, C). As each base pair contains one imino proton, it can be 

unambiguously assigned using site-specifically labeled DNA (Figure 3.4B-i, Table 3.1). We then 

prepared 2:1 XR5944-TFF1 complexes with each labeled DNA and detected guanine H1 imino protons 

and T4H3, as well as guanine H8 and T4H6 protons by 15N-edited HMQC (Figure 3.5B, 3.5D, Table 

3.1). The missing proton assignments of several thymines were obtained using the sequential 

assignment method (see below). 

3.2.3 Proton Assignment of the Free TFF1 DNA and the 2:1 XR5944-TFF1 Complex. 

We collected complete sets of 2D-NOESY, TOCSY and COSY NMR data in both water and 

D2O for both the free TFF1 DNA duplex and 2:1 XR5944-TFF1 complex (Figure 3.6). Starting from 

the assignments of the imino protons and G-H8/T-H6 protons obtained from 15N-labeled experiments 

(Figure 3.5), complete proton assignments of the free TFF1 DNA duplex and the 2:1 XR5944-TFF1 

complex were achieved using a sequential assignment method (Figures 3.6A-B, Table 3.1).  Free 15-

mer TFF1 DNA forms a regular B-type double helix in solution, as indicated by standard sequential 

connectivities (Figure 3.6A-B) and intra-sugar interactions in NOESY and COSY spectra. The spectral 

linewidth of the 2:1 XR5944-TFF1 complex is in general broader than that of the free TFF1 DNA 

(Figure 3.4B), suggesting a higher degree of internal motion of the drug-DNA complex. The 

glycosidic torsion angles of all nucleotides in the 2:1 XR5944-TFF1 complex are in the anti 

configuration, as indicated by the intraresidue H6/H8-H1' NOE intensities (Figure 3.6A). However, the 

sequential NOE connectivities of the (n) aromatic H6/H8 protons to the (n+1) H1'/H2'/H2" protons 

typical for double-helical B-DNA are interrupted at several steps. Specifically, the connectivities at 
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C7pG8:C23pG24 and G9pT10:A21pC22 steps are missing, while the connectivities at C5pA6:T25pG26 and 

G11pG12:C19pC20 steps are very weak (Figure 3.6A). This indicates that the two bis-intercalation 

binding sites of XR5944 are C5|pA6C7|pG8:C23|pG24T25|pG26 and G9|pT10G11|pG12:C19|pC20A21|pC22 

(Figure 3.4C), as the intercalation of XR5944 at these positions breaks the normal base-stacking 

interactions by pushing the two adjacent base pairs apart.  

The protons of the two XR5944 molecules were assigned using NOESY in combination with 

COSY and TOCSY (Table 3.1). The drug phenazine ring proton H8 (Figure 3.1A) was assigned by a 

strong NOE crosspeak with the drug C9 methyl group. This led to the assignment of its vicinal proton 

H7, and then of H6. The drug H3 proton was identified by having two COSY crosspeaks with both H2 

and H4, while H2 was confirmed by a number of NOE crosspeaks with its flanking DNA bases.  
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Figure 3.5 (A-B) The imino proton assignments obtained using 1D 15N-edited HMQC experiments on 
site-specific-labeled TFF1 DNA for (A) free TFF1-ERE DNA, and (B) 2:1 XR5944:TFF1 complex. 
(C-D) The aromatic base H8/H6 proton assignments using 1D 15N-edited HMQC experiments on site-
specific labeled TFF1 DNA for free TFF1-ERE DNA (C) and 2:1 XR5944:TFF1 complex (D). 
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Table 3.1 – 1H NMR Chemical Shifts (ppm) of the 2:1 XR5944-TFF1 Complex and 
the Free TFF1 DNA (in parentheses) at 25 oC 
 

 H1' H2' H2'' H3' H4' H5', H5'' H2 / H5 / 
HMe 

H6 / H8 H1 / H3 

A1 5.85 
(5.85) 

2.28 
(2.27) 

2.47 
(2.46) 

4.71 
(4.70) 

4.26 
(4.25) 

3.59, 4.08 
(3.95, 4.08) 

7.83 
(7.87) 

7.87 
(7.87) 

 
 

G2 5.48 
(5.47) 

2.61 
(2.61) 

2.64 
(2.65) 

4.87 
(4.86) 

4.26 
(4.26) 

4.00, 4.09 
(3.98, 4.08) 

 
 

7.73 
(7.74) 

12.52 
(12.69) 

G3 5.90 
(5.91) 

2.45 
(2.45) 

2.67 
(2.68) 

4.79 
(4.79) 

4.32 
(4.33) 

4.04, 4.11 
(3.96, 4.09) 

 
 

7.58 
(7.59) 

12.45 
(12.75) 

T4 5.93 
(5.96) 

2.01 
(2.01) 

2.39 
(2.41) 

4.76 
(4.78) 

4.13 
(4.14) 

4.04, 4.05 
(4.05, 4.13) 

1.16 
(1.19) 

7.15 
(7.16) 

13.35 
(13.46) 

C5 5.41 
(5.42) 

1.88 
(1.95) 

2.23 
(2.27) 

4.74 
(4.75) 

4.31 
(4.14) 

3.98, 4.04 
(3.99, 4.03) 

5.49 
(5.56) 

7.36 
(7.40) 

 
 

A6 5.93 
(6.05) 

2.55 
(2.60) 

2.66 
(2.75) 

4.90 
(4.83) 

4.27 
(4.31) 

3.98, 4.03 
(3.98, 4.03) 

8.03 
(7.54) 

8.08 
(8.16) 

 
 

C7 5.79 
(5.43) 

2.28 
(2.15) 

1.89 
(1.71) 

4.66 
(4.91) 

4.04 
(4.00) 

4.00, 4.01 
(4.01, 4.12) 

5.11 
(5.13) 

7.14 
(7.05) 

 
 

G8 5.46 
(5.52) 

2.36 
(2.55) 

2.41 
(2.62) 

4.74 
(4.85) 

4.10 
(4.21) 

3.99, 4.02 
(3.94) 

 
 

7.51 
(7.68) 

10.83 
(12.78) 

G9 5.93 
(5.81) 

2.03 
(2.37) 

2.40 
(2.61) 

4.77 
(4.78) 

4.14 
(4.27) 

4.00, 4.02 
(3.99, 4.06) 

 
 

7.14 
(7.52) 

10.80 
(12.65) 

T10 5.20 
(5.65) 

2.06 
(1.82) 

2.28 
(2.25) 

4.64 
(4.73) 

4.14 
(4.02) 

3.96, 4.01 
(4.00, 4.08) 

1.61 
(1.22) 

7.20 
(6.97) 

10.92 
(13.43) 

G11 5.51 
(5.52) 

2.54 
(2.50) 

2.62 
(2.57) 

4.87 
(4.87) 

4.25 
(4.22) 

4.05, 4.09 
(4.03, 4.07) 

 
 

7.67 
(7.70) 

12.18 
(12.72) 

G12 5.76 
(5.79) 

2.46 
(2.46) 

2.59 
(2.60) 

4.87 
(4.85) 

4.29 
(4.30) 

3.99, 4.10 
(3.95, 4.08) 

 
 

7.60 
(7.62) 

12.76 
(12.84) 

C13 5.78 
(5.82) 

1.86 
(1.88) 

2.26 
(2.27) 

4.66 
(4.68) 

4.29 
(4.30) 

4.02, 4.13 
(4.03) 

5.20 
(5.22) 

7.21 
(7.24) 

 
 

C14 5.67 
(5.70) 

1.93 
(1.94) 

2.20 
(2.21) 

4.67 
(4.69) 

4.13 
(4.05) 

3.95, 4.05 
(3.91, 3.97) 

5.55 
(5.58) 

7.36 
(7.37) 

 
 

A15 6.24 
(6.26) 

2.39 
(2.39) 

2.59 
(2.58) 

4.60 
(4.60) 

4.10 
(4.09) 

3.97, 4.00 
(3.97, 4.01) 

7.74 
(7.74) 

8.17 
(8.17) 

 

T16 5.76 
(5.76) 

1.67 
(1.66) 

2.11 
(2.11) 

4.51 
(4.50) 

3.94 
(3.93) 

3.55, 3.56 
(3.91) 

1.49 
(1.50) 

7.24 
(7.24) 

12.75 
 

G17 5.51 
(5.52) 

2.63 
(2.64) 

2.69 
(2.70) 

4.86 
(4.86) 

4.23 
(4.23) 

3.86, 3.93 
(3.86, 3.93) 

 
 

7.84 
(7.86) 

12.61 
(12.92) 

G18 5.77 
(5.80) 

2.27 
(2.30) 

2.51 
(2.58) 

4.87 
(4.87) 

4.23 
(4.23) 

3.89, 4.12 
(4.08) 

 
 

7.68 
(7.70) 

12.71 
(12.89) 

C19 5.78 
(5.88) 

1.94 
(1.97) 

2.28 
(2.36) 

4.86 
(4.88) 

4.08 
(4.12) 

3.90, 4.04 
(3.96, 4.03) 

5.12 
(5.21) 

7.22 
(7.26) 

 
 

C20 5.28 
(5.31) 

1.53 
(1.94) 

2.05 
(2.25) 

4.65 
(4.71) 

3.91 
(3.95) 

3.89, 3.96 
(3.96, 3.98) 

5.31 
(5.50) 

7.15 
(7.36) 

 
 

A21 5.96 
(6.12) 

2.77 
(2.62) 

2.73 
(2.79) 

5.05 
(4.92) 

4.24 
(4.32) 

3.97, 4.04 
(3.97, 4.04) 

7.05 
(7.63) 

8.11 
(8.16) 

 
 

C22 5.65 
(5.70) 

1.96 
(1.87) 

2.29 
(2.28) 

4.53 
(4.66) 

4.11 
(4.06) 

3.86, 4.03 
(3.96, 4.03) 

5.59 
(5.15) 

7.35 
(7.14) 

 
 

C23 5.86 
(5.82) 

2.19 
(2.48) 

2.46 
(2.61) 

4.75 
(4.70) 

4.07 
(4.04) 

3.98, 4.04 
(3.95, 3.97) 

5.15 
(5.37) 

7.16 
(7.26) 

 
 

G24 5.69 
(5.83) 

2.38 
(2.48) 

2.60 
(2.63) 

4.76 
(4.73) 

4.29 
(4.24) 

3.99, 4.09 
(3.99, 4.09) 

 
 

7.70 
(7.75) 

10.54 
(12.61) 

T25 5.45 
(5.61) 

1.77 
(1.78) 

2.18 
(2.21) 

4.67 
(4.85) 

4.01 
(4.10) 

3.97, 4.10 
(4.00, 4.07) 

1.14 
(1.33) 

6.88 
(6.96) 

11.15 
(13.35) 

G26 5.39 
(5.39) 

2.54 
(2.57) 

2.63 
(2.64) 

4.88 
(4.86) 

4.20 
(4.22) 

3.99, 4.09 
(3.92, 4.00) 

 
 

7.69 
(7.75) 

12.05 
(12.44) 

A27 6.07 
(6.10) 

2.55 
(2.57) 

2.76 
(2.76) 

4.89 
(4.89) 

4.33 
(4.35) 

4.10, 4.19 
(4.02, 4.10) 

7.73 
(7.71) 

8.01 
(8.04) 

 
 

C28 5.70 
(5.71) 

1.88 
(1.88) 

2.28 
(2.28) 

4.65 
(4.67) 

4.17 
(4.17) 

4.00, 4.03 
(4.01, 4.04) 

5.10 
(5.13) 

7.12 
(7.13) 

 
 

C29 5.99 
(6.00) 

2.19 
(2.19) 

2.38 
(2.38) 

4.71 
(4.71) 

4.08 
(4.07) 

3.96, 4.06 
(4.02, 4.05) 

5.54 
(5.56) 

7.49 
(7.49) 

 
 

T30 6.16 
(6.16) 

2.19 
(2.19) 

2.20 
(2.21) 

4.46 
(4.46) 

3.99 
(3.99) 

3.97, 4.02 
(3.97) 

1.66 
(1.67) 

7.49 
(7.49) 

12.03 
 

 
 H2 H3 H4 H6 H7 H8 HMe Hα Hβ Hγ 

X1-1 7.46 7.28 7.8 6.76 6.584 7.05 2.34 3.46 3.24 3.1 

X1-2 7.51 7.4 7.76 6.71 6.542 6.988 2.29 3.303, 
3.857 

3.19 3.08 

X2-1 7.41 7.21 7.68 7.06 6.716 6.73 2.28 3.287, 
3.645 

3.23 3.09 

X2-2 7.52 7.33 7.82 6.74 6.577 7.025 2.33 3.47 3.25 3.08 
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3.2.4 Each XR5944 has One Strong Intercalation Site and One Weak Site Within TFF1-ERE DNA. 

Interestingly, while protons of the bound DNA are well defined and can be unambiguously 

assigned, only one intercalating phenazine ring of each XR5944 molecule, i.e., XR1-2 and XR2-1 

(Figure 3.4C), is well-defined with all proton resonances being unambiguously assigned (Figure 

3.7A). Protons of the second intercalating phenazine rings of the two XR5944 molecules, i.e., XR1-1 

and XR2-2, are much broader and less well defined (Figure 3.7A). This data indicates that, for each 

XR5944 molecule, only one phenazine moiety binds strongly at the intercalating site, whereas the 

second phenazine binds weakly and is more dynamic at the intercalating site. This result was supported 

by the intermolecular NOE crosspeaks between XR5944 and TFF1-ERE DNA. Clearly defined 

intermolecular NOE crosspeaks were only observed for the XR1-2 and XR2-1 strong binding sites of 

the first and second XR5944 molecules, respectively (Figure 3.7B, Figure 3.8A). These intermolecular 

drug-DNA NOEs defined the binding sites and modes of XR5944.  

For the first strong binding site XR1-2 (Figure 3.5C), the ring C aromatic protons, i.e., H6, H7, 

and H8, showed clear NOEs with DNA base and sugar protons of C23 and G24, while the ring A 

aromatic protons, i.e., H2, H3, and H4, showed NOEs with DNA C7 and G8 protons (Figure 3.8), 

indicating that XR1-2 intercalates at the (C7pG8):(C23pG24) step. In particular, C23/H5 (major groove 

side) showed a very strong NOE crosspeak with H8 of XR1-2, a medium NOE with H7, and a weak 

NOE with H6. In contrast, C23/H1' (minor groove side) showed a weak NOE with H8 of XR1-2, a 

strong NOE with H7, and a medium strong NOE with H6 (Figure 3.7B, 3.8). XR1-2 H6 also showed a 

clear NOE with G24/H1' (minor groove side) (Figure 3.8). These NOE interactions placed the 

carboxyamide linker, which is at the same side of ring C H8, in the major groove of the TFF1 DNA 

duplex. Consistently, H4 (and H3) of ring A showed clear NOEs with G8H1' in the minor groove of 

DNA, whereas H2 of ring A, located at the same side of the carboxyamide linker, showed clear NOE 

with C7H6 in the DNA major groove (Figure 3.8). Thus the intermolecular NOEs suggested a parallel 
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base-stacking intercalation of XR1-2, with the long axis of its phenazine parallel to the long axes of the 

flanking DNA base pairs and its aminoalkyl linker in the major groove of the DNA duplex.  

For the second strong binding site XR2-1 (Figure 3.1C), intermolecular NOEs suggested a 

parallel base-stacking intercalation at the (G9pT10):(A21pC22) step, with the linker in the major 

groove of the DNA duplex. For example, H6 of ring C showed strong NOEs with both the C22/H1' and 

A21/H1' (minor groove) (Figure 3.7B, 3.8), while H8/H7 of ring C showed strong NOEs with C22/H5 

and A21/H8 (major groove) (Figure 3.7B, 3.8); H2 of ring A showed a strong NOE with G9H8 (major 

groove) (Figure 3.8).  

The bis-intercalation of XR5944 at the C5|pA6C7|pG8:C23|pG24T25|pG26 and 

G9|pT10G11|pG12:C19|pC20A21|pC22 sites of TFF1-ERE sequence (Figure 3.4C) were also 

supported by NMR titration data (Figure 3.4A) and proton chemical shift changes between the free and 

bound DNA (Figure 3.4B). In the XR5944-TFF1 complex, the imino protons of base pairs A6:T25, 

C7:G24, G8:C23, G9:C22, and T10:A21, were the most affected by drug binding (Figure 3.4B-ii) and 

showed large upfield shifts (2.2, 2.07, 1.95, 1.85, 2.51 ppm, respectively, (Figure 3.8B). Such upfield 

shifts, induced by the ring-current effects of the intercalating XR5944 phenazine, are characteristic of 

an intercalative mode of drug binding. The large chemical shift changes were also observed for other 

protons at the binding sites (Figure 3.8). However, chemical shift change patterns appeared to be 

different at different binding sites, suggestive of diverse binding positions of phenazine rings. The 

chemical shift changes at C5|pA6:T25|pG26 were smaller as compared to other binding sites (Figure 

3.8), while the G11 imino proton was not shifted much by drug binding (Figure 3.4B), consistent with 

the weak binding sites of XR2-2 and XR1-1.  
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Figure 3.6 The expanded aromatic-H1' region of the 2D-NOESY spectrum of the (A) 2:1 
XR5944:TFF1 complex and (B) the free TFF1-ERE duplex. The sequential assignment pathways are 
shown for the DNA sense strand (A1-A15) (left) and complement strand (T16-T30) (right). The intra-
residue TFF1 DNA H8/H6-H1' NOEs are labeled with residue names. The missing (asterisks) or weak 
connectivities are labeled in red.  
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Figure 3.7 The expanded aromatic-aromatic (A) and H1'/H5-aromatic region (B) of the 2D-NOESY 
spectrum of the 2:1 XR5944:TFF1 complex. Assignments are shown for the intra-XR5944 NOEs (C) 
and for the intermolecular drug-DNA NOEs. 
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Figure 3.8 (A) Schematic diagrams of intermolecular NOEs between TFF1 DNA protons and the two 
strong intercalating drug moieties: XR1-2 of the first XR5944 molecule and XR2-1 of the second 
XR5944 molecule. Bold solid lines, solid lines, and dashed lines correspond with strong, medium, and 
weak NOE interactions, respectively. (B) The chemical shift difference of DNA protons between the 
free TFF1-ERE DNA duplex and the 2:1 XR5944:TFF1 complex at 25 °C. The corresponding residues 
are shown in Figure 1.1C.
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3.2.5 NMR Structure Calculation 

A starting model of the 2:1 XR5944-TFF1 complex was constructed using the above-mentioned 

information in INSIGHT-II. The intermolecular drug-DNA NOEs clearly defined that the aminoalkyl 

linkers of the two XR5944 molecules were positioned in the major groove of the DNA duplex. For the 

two strong binding sites, i.e., XR1-2 and XR2-1, the orientation and stacking position of the XR 

phenazine rings were well defined by drug-DNA intermolecular NOEs (Figure 3.7B, 3.8) and used for 

model construction. For the two weak binding sites, i.e., XR1-1 and XR2-2, however, drug-DNA 

intermolecular NOEs were not well-defined, thus the drug intercalation sites were constructed based on 

the observed chemical shift changes (Figure 3.8). The starting model of the XR5944-TFF1 complex 

was subjected to NOE-restrained molecular dynamics (RMD) and simulated annealing (SA) 

calculations in X-PLOR [83]. A total of 669 distance restraints, of which 56 are intermolecular drug-

DNA NOEs, were incorporated into the RMD calculation to create a family of NMR-refined structures 

(Figure 3.9A, PDB ID 2mg8). The statistics of the structures are summarized in Table 3.2. While no 

intermolecular NOEs were used for the two weak binding sites, the DNA conformations at the binding 

sites were well defined based on clear intra-DNA NOEs; the drug conformations at the two weak 

binding sites are mainly determined by molecular dynamics and energy minimization calculations. As 

shown in Figure 3.9A, the orientations and intercalation positions of the two strong binding sites were 

converged and well-defined, while a much higher conformational flexibility was shown for the XR 

phenazine rings at the two weak binding sites. 
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Table 3.2 - Structural statistics for 10 refined structures a 

Number of distance restraints  669 
 DNA 
        Intraresidue   357 
        Sequential  153 
        Hydrogen bonds 24 
 Drug   79 
 DNA-Drug 56 
 
Structure statistics 
  NOE violations 
       Number  > 0.2Å    2.38 ± 0.99 
       R.m.s.d. of violations (Å) 0.024 ± 0.002 
 
Deviations from ideal geometry 
       Bond length (Å)  0.007 ± 0.0007 
       Bond angle  (°)  1.83 ± 0.25 
       Impropers   (°)   0.82 ± 0.01 
 
Pairwise r.m.s.d of heavy atoms  (Å)        0.78 ± 0.16 

 a. Structures are selected based on least number of restraint violations and lowest energy 
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Figure 3.9 (A) Superimposed 10 final structures of the 2:1 XR5944:TFF1 complex ( PDB ID 2mg8). 
(B) A representative model of the NOE-refined 2:1 XR5944:TFF1 complex structure (right).  The 
XR5944 molecules are shown in CPK model. Adenine, thymine, guanine, and cytosine are red, blue, 
green, and yellow, respectively. (C-H) The binding interactions within the two XR5944 complexes. 
The binding of the first XR5944 molecule XR1 (C) and the second XR5944 molecule XR2 (D) in the 
2:1 XR5944:TFF1 complex, viewed from the major groove (left) and the minor groove (right). The 
XR5944 molecules are shown in CPK. DNA strands are colored by atom, with carbon atoms of one 
strand in green, and the other strand in light blue. (E) and (F) Base-stacking interactions of XR1-2 (E) 
and XR2-1 (F) intercalation sites. Carbon atoms of XR5944 are colored salmon, whereas carbon atoms 
of DNA are colored by base pair. Nitrogen atoms are blue, oxygen atoms are red, phosphorus atoms are 
orange, and hydrogen atoms are white. (G) and (H) H-bonding interactions (black dashed lines) 
between the DNA major groove and the carboxamide aminoalkyl linker of XR1 (G) and XR2 (H) in 
stereo view. Carbon atoms of XR5944 are colored salmon. DNA strands are colored by atom, with 
carbon atoms in green. 
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3.2.6 Asymmetric Bis-Intercalation Interactions of XR5944 Molecules with TFF1-ERE DNA. 

A representative model of the NMR-refined complex structure of the XR5944-TFF1 complex is 

shown in Figure 3.9B. The bis-intercalation binding of the two XR5944 molecules are shown in more 

detail in Figure 3.9C-D. The first XR5944 molecule XR1 bis-intercalates at the 

C5|pA6C7|pG8:C23|pG24T25|pG26 site (Figure 3.9C), with the C7|pG8:C23|pG24 being the strong binding 

site for XR1-2; and the second XR5944 molecule XR2 bis-intercalates at the 

G9|pT10G11|pG12:C19|pC20A21|pC22 site (Figure 3.9D), with the G9|pT10:A21|pC22 being the strong 

binding site for XR2-1. The strong binding sites of the two XR5944 drugs are adjacent to each other, so 

that the XR1-2 and XR2-1 phenazine chromophores are only separated by two base pairs G8:C23 and 

G9:C22, within the CGG spacer in the TFF1-ERE sequence (Figure 3.4C).  

At the strong binding sites, i.e., XR1-2 and XR2-1 of the two XR5944 molecules, both bind in a 

parallel intercalation mode, with the phenazine rings well stacked with the flanking base pairs (Figure 

3.9 E-F). For the XR1-2 intercalation site, C7|pG8:C23|pG24, the drug phenazine ring is closer to the 

sugar backbone of C23pG24 than that of C7pG8 and intercalates more within the C23pG24 step (Figure 

3.9E). H6/H7/H8 of ring C showed clearly stronger NOE interactions with DNA C23/G24 residues than 

those between H2/H3/H4 of ring A and C7/G8 residues (Figure 3.7B, 3.8). The base H5/H6 protons of 

C23 are more clearly upfield shifted as compared to those of C7 (Figure 3.8), consistent with the more 

extensive stacking of the drug phenazine with the C23 base (Figure 3.9). This asymmetric stacking 

interaction was not observed for the second strong binding site, i.e., XR2-1 at G9|pT10:A21|pC22 (Figure 

3.9F). The intercalation of the XR2-1 phenazine is more symmetric, as reflected in the more evenly 

distributed NOE interactions of the XR2-1 phenazine ring protons with the A21pC22 step and G9pT10 

step (Figure 3.8). The base protons H6/H5/Me of C22 or T10, respectively, were similarly downfield 

shifted (Figure 3.8), indicating their positions outside the stacking drug phenazine ring. Indeed, the 

phenazine ring appears to better stack with the 6-member rings of the two purine residues at the XR2-1 
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intercalation site, i.e., A21 or G9 (Figure 3.9F).  

The intercalation conformations of the two weak binding sites, i.e., XR1-1 and XR2-2, are less 

well defined and exhibit higher conformational flexibility (Figure 3.9A). The intercalation site XR1-1 

of the first XR5944 molecule appears to be better defined than that of XR2-2 of the second drug, as 

shown by the more extensive upfield shifting of the imino proton of the A6:T25 base pair than that of 

the G11:C20 (Figure 3.8). XR1-1 appears to intercalate more evenly within the (C5pA6):(T25pG26) step, 

giving rise to upfield shifting to the base protons of T25/H6, T25/H6, A6/H8, C5/H6, C5/H5, and 

G26/H8 (Figure 3.8). In contrast, XR2-2 appears to intercalate more extensively in between the 

C19pC20 step versus its base-paired G11pG12, as shown by larger chemical shift changes observed for the 

C19pC20 step, as well as the much smaller upfield shifting observed for the G11H1 imino proton (Figure 

3.4A, 3.8).  

For the two strong intercalation sites, the rise between the two intercalated base pairs is ~6.01 Å 

at the XR1-2 intercalation site (C7|pG8):(C23|pG24) (Figure 3.9G), and is ~6.34 Å at the XR2-1 

intercalation site G9|pT10:A21|pC22 (Figure 3.9H). The rise for the two weak intercalation sites, i.e., 

(C5|pA6):(T25|pG26) and (G11|pG12):(C19|pC20), is 5.95 Å and 5.86 Å, respectively (Figure 3.9G-H). All 

four intercalation sites have a rise larger than that of the perpendicular intercalation binding site, as 

exemplified by anthracycline drugs [55, 56], but smaller than the minor-groove binding bis-

intercalators such as echinomycin (7.25 Å and 6.81 Å) [84] and triostin A (7.25 Å and 6.99 Å)[85]. The 

DNA double-helix is unwound at both XR5944-DNA complexes, with the overall extent of unwinding 

being 32° for the first drug (XR1) 3-step binding site of C5A6C7G8, and 28° for the second drug (XR2) 

binding site of G9T10G11G12 (Figure 3.9B), as compared to regular B-DNA with an average helical 

twist of 36° per step. The DNA unwinding of about 4-5° extends to the ±1 steps adjacent to the 

intercalation site. The unwinding at the G8pG9:C22pC23 step between the two XR5944 complexes is 

larger, i.e., ~7°, likely due to the combined influence of the two adjacent drug binding sites. In 
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comparison, the unwinding observed for triostin A was more significant, with an average twist of 20° 

at the intercalation site and 15° at the spanned step [85]. 

3.2.7 Major-Groove Interactions of the Two Linkers of XR5944 with TFF1-ERE DNA Duplex 

The carboxamide aminoalkyl linkers of both XR5944 drugs are positioned in the major groove 

of the TFF1-ERE DNA duplex. The two linker γ-amino groups of XR5944 are protonated and 

positively charged at pH 7 (Figure 3.1C), interacting favorably with the electronegative DNA major 

groove. Specifically, the H-bond acceptors thymine O4 and guanine O6 in the DNA major groove can 

readily form H-bonding interactions with the linker γ-amino γ-NH2(+) and amide NH groups. For the 

first XR5944 molecule XR1, potential H-bonds appeared to form between T25/O4 and G24/O6, and 

the amide and γ-amino groups of XR1-1 and XR1-2, respectively (Figure 3.9G).  For the second 

XR5944 molecule XR2, potential H-bonds appeared to form between T10/O4 and G11/O6, and the 

amide and γ-amino groups of XR2-1 and XR2-2, respectively (Figure 3.9H). Interestingly, the 

carboxamide aminoalkyl linkers of the two XR5944 molecules in the TFF1-ERE DNA complexes 

adopt different conformations. The linker of XR1 drug runs diagonally across the major groove with a 

right-handed twist, such that the drug has the appearance of a Z when viewed from the major groove 

(Figure 3.9C). In contrast, the linker of XR2 drug runs across the major groove more vertically 

(Figure 3.9D) (see Discussion below). 

3.2.8 Binding Affinity of XR5944 to TFF1 DNA Determined by FID Assay 

The binding constant of XR5944 was determined by FID assay based on previously established 

methods using ethidium bromide (EtBr)[86, 87]. Binding of XR5944 to TFF1-ERE can displace 

intercalated EtBr and quench the fluorescence from the EtBr-DNA complex, thus allowing the 

measurement of the binding fraction. Based on the NMR titration data (Figure 3.4A), the binding 

constants of XR5944 at the two binding sites appeared to be very similar, as the new peaks from both 

drug binding sites emerged together. With the approximation of KD1 = KD2, the equation [X2T]/[T0] = 
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B[X]/(KD+[X]) can be used to determine the KD value (see Supplementary Information). Binding 

fraction data and corresponding free XR5944 concentrations were fit to this equation using SigmaPlot 

8.0 software (SPSS Inc.), to obtain an KD value of approximately 9.65 × 10-7 M (Figure 3.10). This KD 

value appears to be consistent with the previous data on XR5944 [27].  
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Figure 3.10 Determination of the binding constant of XR5944 with TFF1-ERE DNA using EtBr FID 
assay. The concentrations of DNA and ethidium bromide are 16.7µM and 1mM, respectively. Binding 
is presented as the fraction of TFF1-ERE bound vs. the concentration of free XR5944. Data were fit to 
the equation [X2T]/[T0] = B[X]/(KD+[X]). 
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3.3 Discussion 

We have previously shown that XR5944, a DNA bis-intercalator with potent anticancer activity, 

is capable of inhibiting ERα-mediated transcriptional responses via its ability to block the binding of 

ERα to the ERE sequence [33]. This novel mechanism of action of targeting ERE DNA may be used to 

overcome the drug resistance of currently available antiestrogen treatments, which all target the 

hormone-receptor complex [32]. Solving the structure of a 2:1 complex of XR5944 with TFF1-ERE 

DNA by NMR allows us to address two important questions. First, what are the specific molecular 

recognition determinants between the two XR5944 molecules and the TFF1-ERE DNA? Also, what 

insights does this structure provide for future structure-based rational drug design of bis-intercalator 

molecules that target the ERE sequences to modulate ERα -induced transcriptional activity? The 

structure of the 2:1 complex of XR5944 with TFF1-ERE is the first complex structure of a bis-

intercalator with a naturally occurring ERE sequence. The overall structures of the two XR5944 

complexes exhibit some important and unexpected differences.  

3.3.1 Both Bis-Intercalation Sites of the Two XR5944 Molecules with the ERE Involve the Tri-

Nucleotide Spacer 

The consensus ERE is an inverted repeat comprised of two ERE half-sites separated by three 

bases: AGGTCAnnnTGACCT [31]. Historically, the tri-nucleotide “nnn” spacer was considered to be 

irrelevant to ERα-DNA binding; however, recently we demonstrated that the sequence of the spacer is 

non-random and modulates receptor-mediated transcriptional response [78, 79]. Furthermore, we found 

that the tri-nucleotide spacer plays a clear role in determining the binding affinity of XR5944 to ERE 

sequences, which is correlated with XR5944 inhibitory effects on ERα-mediated transcriptional activity 

[80]. In particular, we found that XR5944 prefers consensus ERE sequences with the tri-nucleotide 

spacer sequence CGG for better binding affinity. The ERE element of the naturally occurring estrogen-

responsive TFF1 gene contains a 5’ consensus ERE half-site, a non-consensus 3’ half-site, and a CGG 
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spacer (Figure 3.4C). XR5944 binds with high affinity to TFF1-ERE, thus TFF1-ERE appears to be an 

ideal candidate for drug complex structural determination to understand the specific binding 

characteristics of XR5944 with EREs. Our NMR solution structure reported in this study showed that 

two XR5944 molecules bis-intercalate the TFF1-ERE DNA at two adjacent sites (Figure 3.4C), both 

involving the tri-nucleotide spacer. It is thus not surprising that the tri-nucleotide spacer sequences can 

affect the XR5944 binding to EREs. 

3.3.2 Unexpected Bis-Intercalation Sites of XR5944 

Previously, we have showed that the preferred bis-intercalating sequence of XR5944 is the 5’-

T|GC|A with two symmetric 5’-(TpG):(CpA) binding sites in a 6-mer palindromic DNA [31]. The 

TFF1-ERE sequence contains a 5’-CpA and a 5’-TpG site at each of the half-sites 5’-

(AGGTCACGGTGGCCA). However, the preferred bis-intercalating sequence 5’-TGCA of XR5944 is 

not present in the ERE sequence. It needs to be noted that while the 5’-CpA and 5’-TpG sites are 

equivalent for a single intercalating site, they are not equivalent in a bis-intercalation binding, which is 

directional due to the presence of the linker. For example, the different arrangements of 5’-CpA and a 

5’-TpG would result in completely different bis-intercalation binding of XR5944. At 5’-TGCA, the two 

intercalating phenazine moieties wrap around two central G:C base-pairs, whereas at 5’-CATG, the two 

intercalating phenazine moieties wrap around two central A:T base-pairs. Indeed, our results showed 

that the binding characteristics of XR5944 to the TFF1-ERE sequence were different from those of its 

preferred bis-intercalating sequence 5’-TGCA. Specifically, in each drug-DNA complex within the 

TFF1-ERE DNA, XR5944 binds strongly at one intercalation site but weakly at the second 

intercalation site (Figure 3.4C). For the first XR5944 molecule (XR1), the 5’-C7pG8 appeared to be the 

strong intercalation site for XR1-2; the 5’-C5pA6, which is not equivalent to 5’-TpG due to the linker 

direction in a bis-intercalator, appeared to be the weak intercalation site for XR1-1. It is noteworthy 

that the 5’-CpG has been indicated to favor XR5944 binding [88].  
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Surprisingly, the bis-intercalation site of the second XR5944 molecule (XR2) is 5’-

G9T10G11G12, with the XR2-1 binding site 5’-G9pT10 being the strong binding site (Figure 3.4C). The 

G9pT10 and G11pG12 sites are both purine-N steps that have been shown not to favor intercalation 

binding as they are less flexible in accommodating the structure distortion induced by drug 

intercalation [57, 58, 89, 90]. It was thus surprising that the second XR5944 didn’t bind at the 5’-

T10G11G12C13 site, which is one base downstream, but contains a preferred intercalation site of 5’-TpG 

(Figure 3.4C). One explanation is that the second binding site is dependent on the position of the first. 

In this case, 5’-C5pA6C7pG8 is likely to be the more stable and first-occupied binding site of XR5944, 

given its favorable intercalation interactions. Binding of XR5944 at this first binding site results in a 

negative supercoiling (unwinding) of DNA, which propagates to the adjacent steps, but disappears or 

even becomes positive supercoiling at a more distant site, thus disfavoring the second drug binding at 

the farther site, 5’- T10G11G12C13. The DNA unwinding induced by XR5944 has been observed in a 

topoisomerase I DNA unwinding/intercalating assay, using negatively supercoiled pBR322 DNA [30]. 

It is noteworthy that the sequence of the first binding site in TFF1-ERE is the consensus ERE half-site 

(Figure 3.4C); it is thus expected that XR5944 binds at the same sites in the consensus ERE with a 

CGG spacer. Indeed, this was supported by our NMR titration data, which showed very similar spectral 

patterns between the consensus ERE with a CGG spacer and the TFF1-ERE at 2 equivalents of 

XR5944 (Figure 3.3C). 

3.3.3 Diverse Intercalation Modes of the XR5944 Phenazine Rings 

In the present complex structures with TFF1-ERE DNA, both XR5944 molecules bind in a 

parallel base-stacking intercalation mode at the strong binding sites (Figure 3.9C-D). However, in 

contrast to the previously observed symmetric bis-intercalation of XR5944 at the preferred 5’-TGCA 

sequence [31], the binding positions of the XR5944 phenazine rings appear to be diverse and are not 

always symmetric within the intercalation sites (Figure 3.9E-F). For the first strong binding site 
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(C7pG8):(C23pG24), the XR1-2 phenazine chromophore stacks more extensively within the C23pG24 step 

than the C7pG8 step and is positioned clearly closer to the C23pG24 sugar backbone (Figure 3.9C, E, 

G). At the second strong binding site, (G9pT10):(A21pC22), a more symmetric intercalation was 

observed for the XR2-1 (Figure 3.9D, F, H). While the intercalation conformations of the two weak 

binding sites were not as well defined, XR1-1 appears to more extensively intercalate within the 

(C5pA6):(T25pG26) step as compared to XR2-2 at the (G11pG12):(C19pC20) binding site (Figure 3.9G, 

H). More remarkably, the intercalating phenazines adopt different orientations in the three drug 

complexes, i.e., XR1, XR2, and XR with the preferred 5’-TGCA sequence. In the XR5944 complex 

with the ideal 5’-TGCA binding site (17), the XR phenazine intercalates with its ring A (where the 

linker connects) close to the DNA strand running down as viewed from the major groove; therefore, the 

linker connecting the two phenazine rings adopts a left-handed twist (Figure 3.11C). In contrast, in the 

XR1 complex with the TFF1-ERE sequence, the two phenazine rings adopt an opposite intercalation 

orientation, with the ring A close to the opposite DNA strand (ascending strand), and thus results in a 

different linker conformation, a right-handed twist (Figure 3.11A). For the XR2 complex, although the 

tight binding phenazine XR2-1 intercalates with a similar orientation to that of XR at the ideal binding 

site 5’-TGCA, the poor phenazine intercalation at the weak binding site of XR2-2 results in a linker 

conformation running more vertically across the major groove (Figure 3.11B). Therefore, it appears 

that the different intercalation orientations of the XR phenazine rings determine the linker 

conformation in the major groove. 
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Figure 3.11 Binding interactions within the two XR5944 complexes in the 2:1 XR5944–TFF1 complex 
structure. (A) and (B) ideal XR-DNA complex; (C-E) The major groove (left) and minor groove (right) 
views of the binding of the first XR5944 molecule XR1 (C) and second XR5944 molecule XR2 (D) 
with the TFF1 ERE and XR5944 with its ideal binding site (E) Molecules are shown in CPK. 
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3.3.4 Major Groove DNA-Linker Interactions of XR5944 

Two H-bond acceptors are present in the DNA major groove, i.e., thymine O4 and guanine O6, 

which can form H-bonds with the linker γ-amino groups of XR5944. In the ideal binding site 5’-

TGCA, the two XR phenazine rings wrap around the two central G:C base pairs, whose H-bond 

acceptors, guanine O6, are located on the different DNA strands (Figure 3.11D); guanine O6 has been 

known to be better accessible for major groove H-bonding interactions. In contrast, in both XR1 and 

XR2 binding sites within the TFF1-ERE DNA, the major groove H-bond acceptors are located on the 

same DNA strand, i.e., G24/O6 and T25/O4 of the first binding site, and T10/O4 and G11/O6 of the 

second binding site (Figure 3.4C), which are not as well accessible for the major groove H-bonding 

interactions. The location of the major groove H-bond acceptors at the non-ideal XR1 and XR2 binding 

sites appear to determine the asymmetric positioning of the phenazine moieties at the intercalation 

sites. For example, in the XR1 binding site (C5|pA6C7|pG8):(C23|pG24T25|pG26) (Figure 3.9C), both 

XR1-1 and XR1-2 phenazines are closer to the C23|pG24T25|pG26 strand (Figure 3.9E), to facilitate H-

bond interactions with G24/O6 and T25/O4. The location of the major groove H-bond acceptors at the 

non-ideal XR1 and XR2 binding sites may also determine the different phenazine orientations at the 

intercalation sites (see last section). For example, in the XR2 binding site 

(G9|pT10G11|pG12):(C19|pC20A21|pC22), the two H-bond acceptors T10/O4 and G11/O6 are located on 

the opposite strand from the XR1 binding site, and the XR2 likely adopts a different phenazine 

orientation to facilitate better access of its linker to the major groove H-bond acceptors (Figure 3.9D). 

It is noted that, while the O6 atoms of the two adjacent guanines on the complementary strands 

provide the most favorable major groove hydrogen bonding interactions, the O6 atoms of the two 

adjacent guanines on the same DNA strand are much less accessible, so a bis-intercalation sandwiching 

a central GpG sequence would be disfavored. Instead, a thymine O4 and guanine O6 on the same DNA 

strand may be better accessible to the linker H-bonding interactions, as observed in the XR1 and XR2 
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complexes. This may be another reason to disfavor the binding of XR2 at the 5’-T10G11G12C13 site, 

which contains a central GpG sequence (Figure 3.4C). Thus it appears that the combined linker major 

groove interactions and phenazine intercalation interactions determine the binding sites of XR5944 at a 

non-ideal binding sequence; to accommodate better major groove hydrogen bonding interactions of the 

linker, the phenazine moiety may deviate from ideal intercalation interaction, resulting in different 

orientations, asymmetric positioning, as well as weak and strong binding sites.  

3.3.5 Design of Better Bis-Intercalator Compounds Targeting ERE Sequences 

Understanding the binding mode of XR5944 to a naturally occurring ERE sequence could 

provide a useful basis for the design of XR5944 derivatives targeting ERE. Our results suggest 

improved XR5944-derived DNA bis-intercalators may be obtained through optimization of aminoalkyl 

linker and intercalation at the weak binding sites. Amine hydrogen bonding appears to be a stabilizing 

factor for both binding sites. However, XR-1 and XR-2 show differing hydrogen bonding to their 

respective recognition sequences, which may be optimized by linker modifications. Flexible linkers 

have long been known to improve binding affinity at the cost of sequence selectivity [91], so greater 

sequence recognition may be achieved through utilization of a rigid linker, as previously utilized in 

several DNA intercalators [15, 92, 93]. In addition, the length of the aminoalkyl chain may be modified 

to optimize hydrogen bonding interactions to a specific targeted sequence such as ERE. Moreover, 

neither XR1-1 nor XR2-2 exhibits strong intercalation interactions at their respective binding site, 

which may be improvable by substitution of the weakly binding phenazine moiety with other known 

intercalating moieties to achieve a stronger intercalation interaction.  

The two XR5944 complex structures within the TFF1-ERE sequence indicated that the binding 

site and mode of XR5944 within a native DNA promoter sequence is context- and sequence- 

dependent, and can be different from its ideal binding site shown in artificially designed short 

palindromic sequences. In addition, a drug bis-intercalation at one site can influence the binding of the 
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second drug at an adjacent intercalation site. Furthermore, it is important to note that a bis-intercalation 

site is directional, with properties that are different from the simple addition of the two single 

intercalating moieties.  

These results highlight XR5944’s ability to bind at locations beyond its preferred binding site, 

which may correlate to its unpredictable toxicities in clinical trials [94], indicating that improvements 

in XR5944’s targeting specificity are still necessary for targeting the ERE sequence. The individual 

properties of both intercalating moieties and their linker could be important considerations for 

designing of ERE-specific DNA bis-intercalators as well as of DNA bis-intercalators in general. 

3.5 Conclusion 

We determined the NMR solution structure of the 2:1 complex of XR5944 with TFF1-ERE 

DNA. To our knowledge, this is the first bis-intercalator complex structure with a naturally occurring 

promoter sequence. Interestingly, the binding sites of XR5944 are different from those previously 

predicted and show some highly unexpected features. Our results show that, in each drug-DNA 

complex, XR5944 binds strongly at one intercalation site but weakly at the second intercalation site. In 

addition, our results explain why the spacer sequences of ERE can affect the XR5944-DNA binding.  

A major mechanism of de novo or acquired resistance to antiestrogen therapy involves estrogen-

independent receptor activation but still requires ERα-ERE binding to control the expression of 

estrogen-regulated target genes [95, 96]. A small molecule that binds ERE, occupies the ERα binding 

site, and inhibits ERα-DNA binding may be a useful therapeutic and may represent a novel mechanism 

to bypass resistance to current therapies as seen in a significant percentage of ER-positive patients [97]. 

Understanding the precise binding mode of XR5944 to a naturally occurring ERE sequence would 

provide an important basis for the design and development of DNA bis-intercalators which specifically 

target ER-ERE interactions for new breast cancer therapeutics. 
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CHAPTER FOUR 
MOLECULAR BASIS FOR SPECIFIC RECOGNITION OF THE BIOLOGICALLY 

RELEVANT HYBRID-2 TYPE HUMAN TELOMERIC G-QUADRUPLEX BY 
EPIBERBERINE 

 
4.1 Introduction 

4.1.1 Telomeres and Telomerase in Cancer 

Human telomeric DNA consists of tandem repeats of d(TTAGGG)n extending 5-20 kb in length 

and terminating with a 3' single-stranded overhang 35-600 bases in length at chromosome ends[98]. In 

conjunction with its associated proteins, telomeres have critical roles in cancer, aging, and genetic 

stability[99, 100]. Telomeres and their associated enzymes prevent chromosomal end-to-end fusion and 

nuclease attacks, as well as the deterioration of genetic information. Telomere DNAs protect the 

chromosome ends from the “end replication problem” [101], in which up to 600 bases are lost during 

each cycle of DNA replication [102, 103]. In normal somatic cells, telomeres provide a temporal buffer 

for the chromosome until critical shortening of the telomere leads to cell apoptosis [102]. In cancer 

cells, however, the reverse transcriptase telomerase extends telomere length, stabilizing the cancer cell 

genome [104]. Telomerase has been shown to be active in 80-85% of human cancers [42] and plays a 

critical role in maintaining malignancy through its inhibition of apoptosis [43]. 

4.1.2 G-Quadruplex Nucleic Acid Secondary Structures 

While DNA is best known as a double helical structure discovered by Watson and Crick, it is 

also capable of forming globular nucleic acid secondary structures known as G-quadruplexes [35, 105]. 

Unlike in duplex DNA, which is built on A-T and G-C base pairs, G-quadruplexes are built upon the G-

tetrad – a square planar arrangement of four guanines connected by Hoogsteen hydrogen bonding 

[106]. These G-tetrads stack to form G-quadruplexes. G-quadruplexes readily form under physiological 

conditions from one or more nucleic acid strands (Figure 4.1), and their formation depends on their 

stabilization by a monovalent cation such as Na+ or K+ which coordinate with the electronegative 

guanine O6 atom at the center of the tetrad [107] (Figure 4.1A). Of these cations, K+ is considered to 
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be more physiologically relevant due to its high concentration, at ~140mM, inside cells, compared to 

Na+ which is at ~10mM [108]. 

G-quadruplex secondary structures were first observed in 1910 [109], but their structure was not 

identified until 1962, when a gel-like aggregate formed from a concentrated guanylic acid solution was 

thought to arise from four guanines arranged in a cyclic hydrogen bonding pattern [107]. Since then, G-

quadruplexes have been found to form in the single-stranded 3’ overhang of human telomeres [110-

112] and in the proximal promoter regions of human oncogenes [36, 113-115]. More recently, RNA G-

quadruplexes have been identified in mRNA and in both 5’- and 3’-UTRs [116-118]. G-quadruplex 

structures have been visualized in human cells on chromosomes using a G-quadruplex-specific 

antibody [119]. 

4.1.3 Structural Characteristics of G-Quadruplexes 

DNA G-quadruplexes can be formed from one or more strands of DNA, and are known to have 

many different topologies [35]. (Figure 4.1B) Most biologically relevant G-quadruplexes are 

monomeric, or intramolecular, G-quadruplexes which form from a single DNA strand [35, 36]. 

Generally, these quadruplex-forming sequences contain four or more G-tracts, or runs of at least three 

consecutive guanine bases, which associate to form stacked G-tetrads. Intramolecular (monomeric) G-

quadruplexes fold readily under physiological conditions and are known to adopt a wide variety of 

folding topologies and loop/flanking conformations, which depend on their DNA sequence. In 

intramolecular G-quadruplexes, loop and flanking structures are formed from the nucleotides 

interspersed between the G-tracts and those beyond the 5’- and 3’- G-tracts, respectively. Most 

commonly, intramolecular G-quadruplexes are formed from four G-tracts with three loops and two 

flanking sequences. The G-tracts of a quadruplex can be parallel or antiparallel, as defined by the 

orientation of their adjacent strands. Loops are known to adopt three different conformations based on 

the position and orientation of their connecting strands. (Figure 4.1B) Parallel G-tracts are connected 
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by strand-reversal, or propeller, loops. Adjacent anti-parallel G-tracts are connected by lateral, or 

edgewise, loops; anti-parallel strands on opposite sides of a G-tetrad plane are connected by diagonal, 

or bridging, loops. The glycosidic conformations of the sugars relative to the base can be anti or syn as 

defined by the position of the guanine H8 and H1’ protons; tetrad guanines in parallel G-tracts have the 

same, usually anti, conformations, while guanines in anti-parallel G-tracts have different glycosidic 

conformations. 

While G-quadruplex structures are defined by their nucleotide sequences, a single DNA 

sequence may give rise to several different folding topologies with low energy differences, thus 

imparting an inherent structural polymorphism, such as in human telomeric DNAs. While extensive 

study has clarified some rules on their folding, it remains difficult to predict folding patterns for G-

quadruplexes from their sequences alone, and structural characterization remains a critical aspect for 

determining G-quadruplex topologies. 
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Figure 4.1 (A) Schematic illustration of a G-tetrad, a square planar alignment of four guanines 
connected by cyclic Hoogsteen hydrogen bonding of guanine bases. The H1-H1 (red) and H1-H8 
(green) connectivity patterns detectable in NMR nuclear Overhauser effect spectroscopy (NOESY) 
experiments are also shown. (B) An example of a G-tetrad structure. The guanines in a G-tetrad can 
adopt either syn or anti glycosidic conformations. The guanines from parallel G-strands adopt the same 
glycosidic conformations and guanines from antiparallel G-strands adopt opposite glycosidic 
conformations. (C) A schematic illustration of tetrameric and dimeric G-quadruplexes composed of 
three G-tetrads. Cations (K+ or Na+), shown as blue spheres, are needed to stabilize G-quadruplexes by 
coordinating with the eight electronegative O6 carbonyl oxygen atoms of the adjacent G-tetrads. (D) 
Examples of monomeric (unimolecular) G-quadruplexes with parallel-stranded, mixed 
parallel/antiparallel, and antiparallel folding. 
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4.1.4 Structural Polymorphism of Telomeric G4s 

G-quadruplexes formed in human telomeric DNAs with the TTAGGG repeats are structurally 

polymorphic by nature [120], with folding topologies varying with different conditions (Figure 4.2). 

The human telomeric sequence was first found to adopt a basket-type G-quadruplex in Na+-containing 

solution [121] (Figure 4.2A). Later, the human telomeric sequence was found to adopt a parallel G-

quadruplex in crystalline state in the presence of K+ [122] (Figure 4.2B). More recently, the human 

telomeric sequences were determined to form predominantly hybrid-type G-quadruplexes in solutions 

containing K+ [45] (Figure 4.2C and D). Two hybrid-type G-quadruplex structures were identified in 

K+ containing solution, which have been termed hybrid-1 [46] and hybrid-2 [47],  with the hybrid-2 

conformation being the major conformation in the extended human telomeric DNA sequences under 

physiologically relevant ion conditions. NMR studies have demonstrated human telomeric G-

quadruplex sequences adopt a mixture of hybrid-1 and hybrid-2 structures in K+ solution depending 

primarily on their 3’-flanking sequences. For example, wtTel26, a sequence containing four TTAGGG 

human telomeric repeats and a 3’-TT flanking sequence (Figure 4.3), forms mainly the hybrid-2 

structure (Figure 4.2 B-C). In contrast, wtTel23, which contains no 3’-flanking sequence (Figure 4.3), 

forms mainly the hybrid-1 structure (Figure 4.2 B-C). Tel26, a sequence containing a 3’-AA flanking 

sequence (Figure 4.3), also forms the hybrid-1 structure (Figure 4.2 B-C). While both structures adopt 

a hybrid-type folding topology, the arrangements of their strand-reversal and lateral loops differ, 

resulting in distinct capping and loop conformations (Figure 4.2B); the hybrid-2 structure involves a 

T:A:T triplet capping the 3’-external G-tetrad [47] (Figure 4.2C right), while the hybrid-1 structure, 

such as the one formed in Tel26, possesses an adenine triplet capping the 5’-external G-tetrad  [45] 

(Figure 4.2C left).  
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Figure 4.2 (A) Folding structures of the basket-type human telomeric G-quadruplex formed in buffers 
with Na+ (top) and the parallel-stranded human telomeric G-quadruplex formed in the presence of K+ in 
crystalline state (bottom). (B-C) Folding structures (B) and molecular models (C) of hybrid-1 (left) and 
hybrid-2 (right) human telomeric G-quadruplexes present in equilibrium in K+-containing buffers. Red 
box = anti guanine, magenta box = syn guanine (top). (D) A model showing a DNA secondary structure 
composed of compact-stacking multimers of hybrid-type G-quadruplexes in human telomeres with the 
hybrid-2 form being predominant. 
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Figure 4.3 (A) Four-G-tract human telomeric sequences with different flanking sequences. The 
numbering system is shown at top. (B-D) The imino proton region of the 1D 1H NMR of wtTel26 (B), 
Tel26 with assignment (C), and wtTel23 with assignment (D) in K+ solution. 



75 
 

It is important to note that the hybrid folding topologies indicated a straightforward means for 

multimer formation in the human telomere 3’ overhang, as effective packing of the structures along the 

DNA strand is facilitated by the 5’ and 3’ ends being positioned on opposite ends of the G-quadruplex 

and the sequence being an extended repeat [45, 47, 123]. (Figure 4.2D)  

The two hybrid-type structures were determined to have little energy difference in their 

stability, which suggests the two structures exist in equilibrium [124]. However, the interconversion 

between the two hybrid forms is kinetically slow, suggesting a high-energy intermediate [124]. Based 

on NMR structural studies, a strand-reorientation model has been proposed, involving partially 

unfolded triplex-type and two-tetrad intermediates (Figure 4.4). More recently, several studies yielded 

evidence and insights on the intermediate steps of G-quadruplex folding, which include the G-hairpin 

and G-triplex [123, 125].  

Structural polymorphism appears to be intrinsic to the human telomeric DNA sequence, and 

particularly to the TTA loop sequence. This TTA sequence enables the formation of distinct capping 

structures between the hybrid-1 and hybrid-2 structures. For example, the hybrid-2 capping structure 

involves a T:A:T triplet [47], while the hybrid-1 structure possesses an adenine triplet [45]. As the 

human telomeric DNA sequence is highly conserved in higher eukaryotes, it may have been 

evolutionarily selected for its polymorphism, enabling specific recognition by proteins, which may, in 

turn, bind to one of the two hybrid structures. Also, this polymorphism presents an opportunity for 

small molecule targeting, as small molecule binding and stabilization of the telomeric G-quadruplex 

structure may provide sufficient energy to induce the conversion of one hybrid form to another. 
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Figure 4.4 A strand-reorientation model of the interconversion between different forms of human 
telomeric G-quadruplexes, likely through the two-tetrad and G-triplex form intermediates. 
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4.1.5 Telomeric G-Quadruplexes as Potential Anticancer Drug Targets 

Biologically relevant G-quadruplexes were first discovered in chromosomal telomeric DNA, 

where they form in the single-stranded 3’ overhang. The formation of G-quadruplexes in telomeres has 

been demonstrated to inhibit telomerase [126], and the specific targeting of these structures has been a 

subject of heavy investigation. Small molecule compounds which stabilize the intramolecular DNA G-

quadruplex formed in human telomeric DNA have been shown to inhibit telomerase activity and 

disrupt telomere capping and maintenance, resulting in apoptosis [127]. Thus, the human telomeric G-

quadruplexes are considered potential anti-cancer therapeutic target through inhibiting a hallmark 

mechanism of cancer [39].  

Because K+ is considered the more biologically relevant ion due to its higher cellular 

concentration, the hybrid-type G-quadruplexes are considered to be the most biologically relevant 

target for therapeutic purposes. However, to date there has been no small molecule reported to 

specifically recognize the hybrid-type, or more particularly hybrid-2, human telomeric G-quadruplexes. 

While numerous structures have been reported for intramolecular G-quadruplexes [105, 128], few G-

quadruplex – small molecule complexes have been reported despite the multitude of known G-

quadruplex-interactive compounds [35, 129]. Such structures are expected to demonstrate the 

fundamental basis for the specific molecular recognition of physiologically relevant human telomeric 

G-quadruplexes, as well as for further development of telomeric G-quadruplex-targeted compounds 

with sequence and structure specificity, critical properties for safe and efficacious G4-interactive 

anticancer drugs. Thus far, telomeric G-quadruplex – small molecule complexes have been reported for 

multimeric telomeric G-quadruplexes formed by two or four DNA strands [130-132], or for the 

unimolecular parallel-type telomeric G-quadruplex that was only observed in crystalline state [133-

135]. These systems are unlikely to share features which allow for structure- or sequence-specific small 

molecule targeting hybrid-1 and -2 telomeric G-quadruplexes. Only one complex structure has been 
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reported for hybrid-type telomeric G-quadruplexes – a complex involving a derivative of telomestatin 

[136], which is known to be a non-specific G-quadruplex-ligand and binds to the G-tetrad common to 

all G-quadruplexes rather than to a unique feature. Thus, structural data remains lacking for specific 

small molecule recognition of the physiologically relevant hybrid-type human telomeric G-

quadruplexes. 

4.1.6 Promoter G-quadruplexes  

G-quadruplex-forming regions have also been identified in gene promoters, generally with 

genes associated with cell growth and proliferation [113]. Genome-wide analyses indicate that these 

sequences are clustered in close proximity (within 1 kb) to the transcriptional start sites of their 

respective genes, and that these gene proximal promoters are typically TATA-less with G-rich 

sequences [115, 137]. Such genes include c-MYC [115, 137], VEGF [138], BCL-2 [139, 140], 

PDGFR-β [141], HIF-1α [142], KRAS [143], c-KIT [144, 145], and RET [146]. Unlike telomeric G-

quadruplexes, these structures form in regions of double-stranded DNA. Studies with c-MYC have 

demonstrated in vivo that active transcription can induce negative superhelicity behind the 

transcriptional machinery, and that this superhelicity leads to the occurrence of single-stranded DNA, 

which can spontaneously fold into G-quadruplex structures [147-149]. Unlike telomeric G-

quadruplexes, promoter G-quadruplex-forming regions greatly vary in sequence, with numerous 

combinations and lengths of G-tracts, loop sequences, and flanking sequences [35, 36, 113]. Often, 

these sequences have more than four G-tracts, most with three or more consecutive guanines, and give 

rise to multiple G-quadruplex structures by utilizing different combinations of G-tracts. Loop isomers 

may also arise from utilizing different guanine nucleotides originating from the same G-tract. In 

contrast to telomeric G-quadruplexes, different structures arising from a given promoter G-quadruplex-

forming sequence often have differing stabilities, with at least one major folding topology and several 

less stable minor ones. Three-G-tetrad quadruplexes are most common, but two- and four-tetrad G-
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quadruplexes have also been identified. 

A prevalent feature found in many G-quadruplex-forming promoter sequences is the G3NG3 

motif, which readily forms a parallel-stranded motif with a single-molecule strand reversal loop [35, 

36].  The single-nucleotide loop is also highly favored for parallel-stranded G-quadruplex structure 

formation due to the right-handed twist of the adjacent parallel strands. The common occurrence of this 

motif suggests that it may be naturally selected for its G-quadruplex forming tendency. The first and 

best-studied example of this G3NG3 motif was in the G-quadruplexes formed from the c-MYC 

promote r[150]. The G-quadruplex-forming region of the c-MYC promoter is a 27-nuclotide nuclease 

hypersensitive element NHE III(1) which controls approximately 85% of c-MYC transcriptional 

activity[151, 152]. It contains five tracts of three or more consecutive guanines. Mutational analysis, 

DMS footprinting, and luciferase reporter assays demonstrated that four consecutive tracts are involved 

in forming a parallel-stranded G-quadruplex, the most predominant fold of which had consecutive loop 

lengths of 1:2:1 [153, 154]. In fact, all identified folding topologies formed in the c-MYC promoter 

contained at least one G3NG3 motif, with structural, thermodynamic, and kinetic analysis showing 

differences in their stabilities caused by varying loop sizes and arrangements [155, 156]. Since the 

determination of the c-MYC G-quadruplex structures, parallel stranded G-quadruplexes have been 

identified in numerous other human gene promoters [35, 36]. Notably, most of these structures contain 

three G-tetrads with single-nucleotide first and third loops, similar to c-MYC. 

4.1.8 Small Molecule Targeting of Promoter G-Quadruplexes 

Targeting G-quadruplexes found in human promoters may provide a means for transcriptional 

modulation [36, 114]. With mounting evidence of their biological significance, significant interest has 

arisen towards the development of G-quadruplex-interactive compounds [40]. Notably, the G-

quadruplex-interactive drug Quarfloxin reached phase 2 clinical trials as a prospective anti-cancer 

agent with low cytotoxicity. NMR spectroscopy is a powerful method for studying small molecule – G 
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quadruplex interactions [157], while X-ray crystallography and biophysical methods such as circular 

dichroism, UV, and fluorescence spectroscopies have also been used to define G-quadruplex ligand 

interactions [158, 159]. 

Early understanding of G-quadruplex-interactive small molecules promoted and advanced 

compounds with large, planar, and cyclic ring systems such as TMPyP4 (tetra-(N-methyl-4-

pyridyl)porphyrin) and telomestatin [160, 161] (Figure 4.5 A). These compounds are designed to 

maximize pi-stacking interactions with the external G-tetrads of G-quadruplexes. However, these 

compounds have limited selectivity for intramolecular G-quadruplexes [157]. For instance, while 

TMPyP4 binds to the c-MYC promoter G-quadruplex [162], it has limited selectivity, also binding to 

duplex DNA [163], triplex DNA [164], RNA [165], and DNA-RNA hybrids [165]. The compound 

telomestatin can bind to G-quadruplex structures preferentially over non-quadruplex structures [166], 

however, it is unable to distinguish between specific G-quadruplex structures, as it recognizes the G-

tetrad common to all G-quadruplexes and is used as a pan-G-quadruplex binding ligand. NMR 

spectroscopy indicates that telomestatin does not have a specific binding mode, but instead binds 

purely through its stacking interactions. 

Our group recently determined the NMR solution structure of the 2:1 complex of quindoline 

and c-MYC G-quadruplex (Figure 4.5 B-C). Quindoline (Figure 4.5A right), derivative of the natural 

product cryptolepine, has a crescent-shaped ring system and a diethylaminoside chain, and has been 

shown to stabilize the c-MYC promoter G-quadruplex and lower c-MYC protein levels [167]. Our 

determined NMR solution structure [168] shows one quindoline bound at each end of the quadruplex, 

with an unexpected drug-induced conformational change in the flanking sequences at both ends of 

DNA, creating a “induced intercalated triad pocket” [169] (Figure 4.5 B). Instead of binding within a 

preformed pocket provided by the flanking bases, both quindoline molecules bind to the c-Myc 

quadruplex in an “induced-fit” manner in that, upon drug binding, the conformation of flanking 
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segments is changed dramatically so that a new drug-binding pocket is formed. With the −1 or +1 

flanking residue, each quindoline molecule forms an additional plane, stacking over a total of three of 

the four guanines in the external G-tetrads. The +2 and −2 flanking residues then wrap over the newly-

formed quindoline base planes at each end. While the quindoline complexes at both ends show similar 

overall features, there are notable differences to emphasize the importance of both stacking and 

electronic interactions. The 5’ complex involves more hydrophobic and stacking interactions, whereas 

the 3’ surface is more hydrophilic and the 3’ complex involves a hydrogen-bonding interaction that is 

dependent on salt concentration (Figure 4.5 C).  

Our result provides important insights into specific G-quadruplex targeting by a small molecule 

compound [168]. The complex structures demonstrate the importance of ligand shape as well as the 

two flanking bases in determining binding specificity. Our result indicates that, unlike the previously 

recognized paradigm, asymmetric compounds containing a smaller stacking moiety, in particular the 

crescent-shaped moiety, with appropriate functional groups, are more likely to bind in a specific 

manner to an intramolecular G-quadruplex.  
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Figure 4.5 (A) Structures of G-quadruplex-interactive small molecules; (B) a representative model of 
the NMR solution structure of the 2:1 complex of quindoline and c-MYC G-quadruplex. The 
quindoline molecules are shown in space-filling models in magenta and blue. Guanine = red, adenine = 
green, thymine = blue; (C) axial view of the two drug-induced binding pockets at the (left) 5′-end and 
the (right) 3′-end. 
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4.1.9 Isoquinoline Alkaloids Bind to Telomeric G4s 

Natural isoquinoline alkaloids, especially those of the protoberberines and 

benzophenanthridines groups (Figure 4.6A), are abundant in medicinal plants and are a well-studied 

class of natural products with a wide range of pharmacological activities [48, 170, 171]. Berberine, the 

most widely distributed of these alkaloids, has an extensive history of medicinal use in China as a 

traditional remedy for gastroenteritis and as an antibiotic [172]. Furthermore, berberine appears to 

possess many other functions, including antiviral [173], anti-fungal [174], anti-diabetic [175], anti-

inflammatory [176], and anti-cancer [177] functions as an inhibitor of telomerase [178, 179]. 

The activities of protoberberines are believed to be partially due to their binding with nucleic 

acids [171], and these alkaloids are known to have binding interactions with G-quadruplex DNA. The 

structure-dependent interactions with DNAs (ds-DNA [180, 181], G-quadruplexes [130, 182-185], 

DNA  triplexes [186],) and RNAs [187]  have been extensively investigated, but the molecular level 

understanding of specific recognitions of these biologically important isoquinoline alkaloids to their 

DNA targets have not been previously reported.  

4.2 Results and Discussion 

4.2.1 Epiberberine Binds TelG4 with High Affinity compared to Other Protoberberines 

The protoberberine and benzophenanthridine alkaloids (Figure 4.6A) share a similar 

heterocyclic structure. The alkaloids are weakly fluorescent in aqueous solution, with moderate 

fluorescence enhancement or fluorescence decrease upon binding to nucleic acids, dependent on the 

nucleic acid sequence and identity of the alkaloids [48, 171, 184]. In a fluorescence-based study 

performed by our collaborator Dr. Yong Shao, a set of protoberberine alkaloids (Figure 4.6A) was 

screened for binding with human telomeric G-quadruplex DNA [188]. Epiberberine (EPI) was found to 

exhibit fluorescence enhancement of up to 45 times when binding to a human telomeric G-quadruplex-

forming DNA sequence in potassium solution. Furthermore, EPI induced a much higher fluorescence 
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response in human telomeric G-quadruplex DNA than other alkaloids (Figure 4.6B). In the presence of 

a telomeric G-quadruplex in 0.1 M K+, EPI displayed emission intensities 5 to 300 times greater than 

other alkaloids. Fluorescence titration of alkaloids was used to determine the binding strength of the 

isoquinoline alkaloids. Remarkably, EPI has a much tighter binding with a binding constant of (2.8 ± 

0.6 ) ×10-7 M−1 (disassociation constant Kd = 37 ± 8 nM) compared to the other compounds (Figure 

4.6C).  

4.2.2 Epiberberine is Selective for Telomeric G-quadruplexes over other G-quadruplexes and DNA 

Structures 

The DNA sequence specificity of EPI fluorescence enhancement was then investigated (Figure 

4.7) by screening it against a diverse set human telomeric DNA sequences as well as with promoter G-

quadruplexes, double-stranded DNA and single stranded DNA in K+ solution. Results demonstrated 

that EPI fluorescence, and in turn EPI binding, was highly dependent on the topology and sequence of 

the interacting DNA. EPI appeared to bind with much greater affinity to the hybrid-type telomeric G-

quadruplexes (Figure 4.7, #1-15) over parallel-stranded promoter G-quadruplexes, double-stranded 

DNA, and single-stranded DNA (Figure 4.7, #16-23).  

Epiberberine also exhibited variation in binding affinity among the hybrid-type human 

telomeric G-quadruplexes. Based on the observed fluorescence intensities, EPI binding required a 5’-

flanking sequences with an adenine immediately adjacent to the 5’-tetrad (Figure 4.7, #4, 6, 8-13); 

human telomeric sequences without a 5’-flanking adenine did not show strong EPI binding (Figure 4.7, 

#1, 3, 5, 7, 14, 15). In addition, a 5’-flanking segment of at least two bases appear necessary to stabilize 

the binding interaction. 
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Figure 4.6 (A) Structure schematic of the protoberberine alkaloids and benzophenanthridines berberine 
(BER), palmatine (PAL), epiberberine (EPI), coptisine (COP), jatrorrhizine (JAT), worenine (WOR), 
sanguinarine (SAN), chelerythrine (CHE), and nitidine (NIT). (B-C) The fluorescence enhancement 
(B) and binding curves (C) of the protoberberine alkaloids and benzophenanthridines. 
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Figure 4.7 Dependence of EPI (1 µM) fluorescence intensity at 540 nm upon binding with G-
quadruplex sequences (1 µM) (1-15) The human telomere derived sequences (1)Tel21 (5′-G3(TTAG3)3-
3′), (2) A-Tel21, (3) T-Tel21, (4) TA-Tel21, (5) AT-Tel21, (6) AA-Tel21, (7) TT-Tel21, (8) TA-Tel21-A, 
(9) TA-Tel21-T, (10) TTA-Tel21, (11) TTA-Tel21-TT, (12) AAA-Tel21-AA, (13) TA-Tel21-TT, (14) 
Tel21-T, (15) Tel21-TA, (16-17) the c-Myc G quadruplexes (16) mPu22 and (17) 1XAV, (18) a G4 
DNAzyme PS2.M, (19) an HIV integrase inhibitor T30695, (20) the c-Kit G4 2O3M , and (21-23) the 
Oxytricha telomere derived sequences (21) T3TT, (22) T3TT3, and (23) T3T3T3. 



87 
 
4.2.3 NMR Study of EPI Reveals Preference for the Hybrid-2 Telomeric G-quadruplex Structure 

1D 1H NMR titration experiments are a useful method to monitor drug–DNA binding 

properties. The well-separated region of imino protons of a DNA G-quadruplex provides a direct and 

unambiguous detection of drug binding interactions; imino protons of guanines involved in G-tetrad 

formation appeared between 10.5-12.5 ppm in the 1H NMR spectra, which is isolated from other peaks 

and is characteristic of G-quadruplex formation, and evolution of these imino peaks can shed insight on 

the molecular interactions of the G-quadruplex interactive compounds. 

 We conducted 1D 1H NMR titration studies to investigate the interaction between epiberberine 

and various telomeric G-quadruplex sequences (Figure 4.8A) in 0.1 M K+ solution. Human telomeric 

DNA sequences were selected to represent the two hybrid-type G-quadruplex folding topologies; the 

selected sequences were wtTel26, Tel26, wtTel23, and wtTel24, which adopt predominantly hybrid-2, 

hybrid-1, hybrid-1, and mixed hybrid-1/hybrid-2 configurations, respectively (Figure 4.3).  For each 

telomeric G-quadruplex sequence, twelve major peaks corresponding to the major G-quadruplex fold 

were observed, except for wtTel24, for which peaks were observed corresponding to both hybrid 

conformations. 

Upon addition of EPI to the DNA solution, the imino proton peaks of the DNA first broaden at 

lower EPI equivalence (0.5 N) and then become sharper at higher EPI equivalence (Figure 4.8B), 

indicating a medium exchange rate of EPI binding on the NMR time-scale. The observation of a 

relatively well-resolved imino proton peak suggests a rather specific EPI binding. The upfield-shifting 

of the DNA imino proton peaks indicates an EPI binding mode of the tetrad stacking. Interestingly, a 

peak corresponding to complex formation appears at 13.5 ppm in the titrations for each G-quadruplex 

sequence. 
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Figure 4.8 (A) The DNA sequences titrated with EPI using 1D NMR, and their folding topologies. (B-
E) The 1D 1H NMR titration of EPI with (B) wtTel23, (C) Tel26, (D) wtTel26, and (E) wtTel24. 
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The NMR titration results indicated that epiberberine binds to the differing folding topologies 

with varied specificity. Epiberberine appears to prefer binding wtTel26 that forms the biologically 

relevant hybrid-2 structure (Figure 4.8B). In the titration of wtTel26 with epiberberine (Figure 4.8B), a 

well-defined complex is apparent at one equivalent with the wtTel26 sequence as seen by the sharp, 

well-resolved peaks in its spectrum. Peaks corresponding to G5 and G18 are most clearly shifted due to 

their isolated positions in the free DNA spectrum. Addition of EPI also leads to the emergence of 

several new G-tetrad imino peaks at 10.6 and 11.7 ppm, until a set of well-defined imino peaks is 

observed at one equivalence. The observation of this well-defined spectrum indicates that EPI forms a 

well-defined complex with wtTel26. Further addition of EPI leads to the broadening of the complex 

peaks, which is characteristic of additional non-specific binding sites. In the case of the hybrid-1Tel26 

(Figure 4.8C), initial addition of EPI results in the broadening or shifting of peaks from the free G-

quadruplex; further addition of EPI results in further broadening of the peaks, until at higher 

equivalence of 3, when peaks become sharper again. However, the NMR peaks are not as sharp and 

well-defined as those observed for wtTel26, indicating less-optimal binding of EPI. In the titration with 

hybrid-1 wtTel23 (hybrid-1, Figure 4.8D), peaks of the free G-quadruplex broaden upon initial 

addition of EPI. As additional EPI is added, e.g., at 2 equivalence, a new set of sharper peaks emerge, 

indicating the formation of a rather well-defined complex. The titration with wtTel24, which forms a 

mixture of hybrid-1 and hybrid-2 structures, is very interesting (Figure 4.8E). Upon increasing 

additions of EPI, the two sets of imino protons corresponding to the two folding topologies disappear 

and a single set of peaks corresponding to one complex emerges; the set of peaks looks quite similar to 

that of wtTel26. This suggests that the wtTel24-EPI complex adopts a single folding topology, and that 

EPI may select for a single topology and induce G-quadruplex strand rearrangement. 
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4.2.4 Unambiguous Proton Assignment by 15N Labeled HMQC (H1/H3) 

We concluded that EPI (Figure 4.9A) binds the hybrid-2 wtTel26 G-quadruplex (Figure 4.9B) 

at a 1:1 ratio. The peak sharpness, spectral resolution, and sample uniformity indicate that the wtTel26-

EPI complex is of sufficient quality for detailed NMR structure determination. We prepared 

individually site-specifically labeled DNA samples at each guanine of wtTel26 with low-enrichment 

(6%) incorporation of 15N-labeled- G, and their EPI complexes at drug equivalence of 1 in pH 7 100 

mM K+ solution. Using 15N-edited experiments, the imino (one-bond connection to N1, Figure 4.1A) 

and base aromatic H8 (two-bond connection to N7, Figure 4.1A) protons of guanines were 

unambiguously assigned (Figure 4.10). On the basis of this assignment, the NMR titration data 

indicated that epiberberine covers the top G-tetrad as indicated by the chemical shift changes between 

the imino protons of the free and bound DNA (Figure 4.9C).   

We then prepared site-specifically labeled DNA samples at each of the four 5’-end thymine 

bases of wtTel26 (i.e. T1, T2, T13, and T14) with 10% incorporation of 15N-13C-labeled-T and their 

epiberberine complexes at drug equivalence of 1 in pH 7, 100 mM K+ solution. Using 15N- and 13C-

edited experiments at 5 and 25 °C, the respective imino protons (one bond coupled to N3) (Figure 

4.11) and aromatic H6 protons (one bond coupled to C6) were unambiguously assigned. 
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Figure 4.9 (A) The chemical structure of EPI with proton numbering. (B) The folding topology of 
wtTel26 in complex with EPI (C) The imino region of the 1H NMR spectrum of free wtTel26 (top) and 
its complex with EPI (bottom) with proton assignments. 
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Figure 4.10 The imino proton assignments obtained using 1D 15N-edited HMQC experiments on site-
specific-labeled wtTel26 DNA for the wtTel26-EPI complex. 
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Figure 4.11 The thymine imino proton assignments obtained using 1D 15N-edited HMQC experiments 
at 0°C on site-specifically labeled wtTel26 DNA for the wtTel26-EPI complex. 
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4.2.5 Complete Proton Assignment of the 1:1 wtTel26-EPI Complex 

A complete set of 2D-NMR data for the 1:1 wtTel26:EPI complex, which included 2D-NOESY, 

TOCSY and COSY NMR data in both water and D2O, was collected using pH 7, 100 mM K+ at 

temperatures of 0, 5, 15, 25, and 35 °C. Due to the complexity of this molecular system, NMR 

experiments at multiple temperatures are necessary to achieve complete spectral assignment. Starting 

from the assignments of the imino protons and G-H8 and T-H6 protons obtained from labeled 

experiments, complete proton assignments of the wtTel26-EPI complex were achieved using a 

sequential assignment method (Figure 4.12, Table 4.1). The spectral linewidth of the wtTel26:EPI 

complex was generally broader than that of the previously published free wtTel26 G-quadruplex [47], 

indicating a molecular system with greater dynamic motion. The H6/H8-H1’ NOE intensities indicate 

that the glycosidic torsion angles of most nucleotides in the complex are in the anti configuration, 

whereas G4, G10, G11, G16, and G22, are in the syn configuration. These are the same glycosidic 

conformations observed in the free wtTel26 G-quadruplex, which demonstrates that the wtTel26 G-

quadruplex in the EPI-complex remains in the hybrid-2 conformation as observed in the free wtTel26 

G-quadruplex. 

Sequential NOE connectivities of the (n) H6/H8 aromatic protons with the (n-1) H1’/H2’/H2’’ 

sugar protons, typical of DNA with a right-handed twist, are interrupted at several steps (Figure 4.12). 

First, the syn conformation guanines G4, G10, G11, G15, and G22 do not show the standard 

connectivities due to their reversed glycosidic angle. Instead, some of these guanines show H8 

connectivity with the (n+1) H1’ proton. The G18-T19 sequential connectivity is interrupted by the 

strand reversal loop of the hybrid-2 folding topology. Finally, NOE connectivities are broken for the 

G12-T13 and A15-G16 steps at the EPI binding site. This indicates EPI binding disrupted the standard 

sequential connectivity found in the free wtTel26 G-quadruplex by pushing T13 and A15 apart from 

G12 and G16. 
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Figure 4.12 The expanded aromatic-H1' region of the 2D-NOESY spectrum of the wtTel26-EPI 
complex. The sequential assignment pathways are shown for the DNA strand (T1-T26). The intra-
residue H2-H1' NOEs are labeled in blue. The missing or weak connectivities are labeled with red 
asterisks. 
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Table 4.1 wtTel26 1H NMR chemical shifts (ppm) of the wtTel26-EPI complex and 
the free wtTel26 DNA (in parentheses) at 15 oC 

Base H1/H3 H2/HMe  H6/H8 H1' H2', H2” H3' H4' H5', H5” 
T1 10.55* 

1.39 
(1.53) 7.02 (7.25) 

5.62 
(5.74) 

1.94, 1.43 (1.40, 
2.05) 

4.70 
(4.30) 3.71 (3.70) 4.18, 4.18 (3.49, 3.40) 

T2 10.61* 
0.70 

(1.18) 7.06 (6.92) 
5.62 

(5.49) 
1.98, 1.94 (2.10, 

1.93) 
4.53 

(4.24) 3.79 (3.77) 4.24, 4.04 (3.21, 3.49) 
A3  7.84 7.83 (8.18) 

6.29 
(6.00) 

2.43, 1.70 (2.90, 
2.52) 

4.87 
(4.65) 3.91 (4.02) 4.24, 4.24 (4.04, 3.62) 

G4 11.58 (11.47)  7.86 (7.39) 
5.57 

(5.93) 
3.23, 2.90 (2.32, 

3.43) 
4.86 

(4.76) 4.20 (4.29) 4.17, 4.07 (4.09, 4.18) 
G5 11.49 (11.69)  7.86 (7.83) 

5.96 
(5.64) 

2.43, 2.35 (2.21, 
2.58) 

4.90 
(4.90) 4.19 (4.17) 4.17, 3.97 (4.08, 4.23) 

G6 10.86 (10.78)  7.68 (7.64) 
5.82 

(5.85) 
2.35, 2.21 (2.05, 

2.24) 
4.83 

(4.86) 4.08 (4.26) 4.04, 4.04 (3.94, 4.08) 
T7  

1.68 
(1.72) 7.56 (7.57) 6.11 (6.11) 

1.97, 2.40 (1.82, 
2.40) 

4.62 
(4.60) 4.24 (4.21) 3.90, 4.09 (3.78, 4.10) 

T8  
1.76 

(1.64) 7.61 (7.32) 
6.62 

(5.56) 
2.38, 2.26 (1.85, 

2.05) 
4.87 

(4.46) 4.26 (3.88) 4.01, 3.84 (3.91, 3.82) 
A9  

7.20 
(7.48) 7.56 (7.68) 

5.59 
(5.67) 

2.04, 2.38 (3.61, 
2.34) 

4.83 
(4.53) 4.14 (4.01) 4.02, 3.84 (3.97, 3.42) 

G10 10.94 (11.02)  7.11 (7.20) 
5.85 

(5.94) 
3.47, 2.92 (2.44, 

3.05) 
4.78 

(4.72) 4.16 (4.29) 4.08, 4.00 (4.17, 3.97) 
G11 10.76 (10.96)  7.26 (7.27) 

5.61 
(5.65) 

2.44, 2.32 (2.45, 
2.33) 

4.81 
(4.88) 4.00 (4.09) 4.07, 4.21 (4.03, 4.20) 

G12 11.42 (11.47)  7.66 (7.62) 
5.58 

(5.79) 
2.54, 2.35 (2.15, 

2.25) 
5.01 

(4.93) 4.21 (4.24) 4.10, 3.94 (3.99, 4.03) 
T13 12.57 

1.66 
(1.78) 7.47 (7.60) 

6.05 
(5.97) 

2.10, 2.00 (1.99, 
2.45) 

4.84 
(4.74) 4.10 (4.27) 4.07, 3.91 (3.87, 4.09) 

T14 10.46* 
1.59 

(1.55) 7.25 (7.28) 
5.61 

(5.81) 
1.99, 1.78 (2.83, 

1.59) 
4.68 

(4.63) 4.17 (4.08) 3.93, 3.73 (3.75, 3.87) 
A15  8.03 8.32 (8.16) 

6.31 
(6.12) 

2.83, 2.18 (2.84, 
2.68) 

4.75 
(4.90) 4.20 (4.26) 4.14, 4.02 (4.17, 3.89) 

G16 10.54 (11.06)  7.52 (7.00) 
5.58 

(5.85) 
2.39, 2.25 (2.57, 

3.33) 
4.84 

(4.85) 3.93 (4.35) 4.06, 4.06 (4.24, 4.17) 
G17 11.05 (11.34)  7.20 (7.52) 

5.57 
(5.72) 

2.50, 2.42 (2.45, 
2.24) 

5.03 
(4.80) 4.06 (4.11) 4.04, 4.04 (3.93, 4.24) 

G18 10.47 (10.49)  7.41 (7.52) 
5.84 

(6.05) 
2.41, 2.16 (2.39, 

2.36) 
4.86 

(4.86) 4.09 (3.92) 3.92, 3.92 (3.87, 3.77) 
T19  

1.80 
(1.82) 7.62 (7.67) 

6.24 
(6.27) 

2.25, 2.38 (2.26, 
2.28) 

4.83 
(4.62) 4.27 (4.32) 4.01, 3.81 (4.01, 4.08) 

T20  
1.90 

(1.93) 7.67 (7.71) 
6.33 

(6.24) 
2.53, 2.34 (2.67, 

2.45) 
4.82 

(4.81) 4.26 (4.19) 4.12, 3.85 (4.06, 4.07) 
A21  8.32 8.46 (8.29) 

6.62 
(6.32) 

2.98, 2.48 (2.77, 
2.67) 

4.97 
(4.91) 4.40 (4.33) 4.00, 3.86 (4.22, 4.02) 

G22 10.93 (11.48)  7.44 (7.03) 
6.01 

(5.74) 
2.48, 2.92 (2.55, 

2.95) 
4.85 

(4.72) 4.25 (4.28) 4.13, 3.93 (4.13, 4.22) 
G23 11.32 (11.30)  7.89 (7.80) 

5.67 
(5.66) 

2.54, 2.47 (2.59, 
2.42) 

4.92 
(4.90) 4.23 (4.21) 4.37, 4.24 (4.07, 4.06) 

G24 11.06 (11.18)  7.66 (7.69) 
6.05 

(6.04) 
2.22, 2.55 (1.98, 

2.39) 
4.84 

(4.79) 4.32 (4.34) 4.21, 3.92 (4.10, 4.12) 
T25  

1.30 
(1.30) 7.23 (7.24) 

5.94 
(5.96) 

2.00, 2.27 (1.85, 
2.29) 

4.62 
(4.63) 4.08 (4.11) 4.06, 3.93 (3.93, 3.98) 

T26  
1.37 

(1.38) 7.13 (7.14) 
5.54 

(5.55) 1.84, 1.84 (1.85) 
4.25 

(4.25) 3.68 (3.68) 3.90, 3.79 (3.81) 
 
* Measured at 0°C 
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Protons of the EPI molecule were assigned using NOESY experiments (Figure 4.13). The 

compound methoxy peaks (HA and HB) are isolated from the DNA protons and readily identifiable. 

Their assignments were determined based on the number and chemical shifts of their respective NOE 

connectivities. This led to the assignment of the H1, H13, H12, and H11 protons through HA and the 

H4 proton through HB. The EPI H5, H6, and H8 protons were identified by the NOE cross-peaks with 

the flanking DNA bases. The complete chemical shift assignment of EPI protons is listed in Table 4.2. 

4.2.6 The Binding Site Interactions of Epiberberine with the Hybrid-2 hTelG4 

The EPI-bound wtTel26 G-quadruplex was found to adopt the same hybrid-2 folding topology 

as that observed in the free DNA (Figure 4.9), with two lateral loops formed from T7 to A9 and T13 to 

A15 and a strand reversal loop formed from T19 to A21. The NOE connectivities are broken for the 

G12-T13 and A15-G16 steps, indicating that EPI binding pushes T13 and A15 apart from G12 and 

G16, thus identifying the binding site of EPI.  

Peaks corresponding to the EPI protons were generally sharp and well-defined, indicating that 

EPI binds with a single, stable binding mode. These clearly defined NOE cross-peaks (Figures 4.13- 

4.15, 4.16, Table 4.3) and the observed chemical shift changes (Figure 4.17) between the free wtTel26 

G-quadruplex and EPI complex help define the specific binding site of EPI in the wtTel26-EPI 

complex. The intermolecular NOEs between EPI and wtTelG4 are summarized in Figure 4.16, clearly 

identifying the binding site and interactions of EPI with wtTel26.  Numerous intermolecular NOE 

connectivities were observed between EPI and DNA imino protons of the 5’-tetrad (Figure 4.14, 4.16), 

with the H1 protons of G4, G12, G16, and G22 each having well-isolated NOE cross peaks with the 

EPI H1, H4, H51, H61, H62, H8 and HA (Figure 4.14) and confirming that EPI stacks on the 5’-tetrad. 

This is further supported by chemical shift changes; imino protons corresponding to the 5’-tetrad 

guanines are the most greatly shifted (Figure 4.9, 4.17) 
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Table 4.2 EPI 1H NMR chemical shifts (ppm) of the wtTel26-EPI complex and the free wtTel26 DNA 
(in parentheses) at 25 oC 
 

Proton Complex (Free) 
HA 3.49 (3.20) 
HB 3.57 (3.20) 
H1 6.81 (7.50) 
H4 6.38 (7.00) 

H51 1.87 (2.10) 
H52 2.55 (2.10) 
H61 2.92 (3.90) 
H62 3.73 (3.90) 
H8 8.42 (9.50) 
H11 5.97 (7.70) 
H12 5.51 (7.80) 
H13 7.88 (8.50) 
HC 6.25 (6.40) 
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Figure 4.13 The expanded aromatic-H2’/H2’’ region of the 2D-NOESY spectrum of the wtTel26-EPI 
complex. Assignments are shown for the intra-EPI NOEs (blue) and for the intermolecular wtTel26-EPI 
NOEs (red). 



100 
 

 
 
Figure 4.14 Expanded imino regions of the 2D-NOESY spectrum of the wtTel26-EPI complex. 
Assignments are shown for the intermolecular wtTel26-EPI NOEs (red). 
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Figure 4.15 Expanded aromatic regions of the 2D-NOESY spectrum of the wtTel26-EPI complex. 
Assignments are shown for the intra-EPI NOEs (blue) and for the intermolecular wtTel26-EPI NOEs 
(red). 
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Figure 4.16 Schematic diagram of intermolecular NOEs between wtTel26 protons and the EPI 
molecule and the intramolecular 5’-capping NOEs of wtTel26 in the wtTel26-EPI complex. Bold solid 
lines, solid lines, and dashed lines correspond with strong, medium, and weak NOE interactions, 
respectively. 
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Figure 4.17 The chemical shift difference of DNA protons between the free wtTel26 G-quadruplex and 
the wtTel26-EPI complex at 25 °C. (Inset) The chemical shift difference of EPI protons between the 
free compound and the wtTel26-EPI complex at 25 °C. The corresponding residues and protons are 
shown in Figure 4.4B-C. 
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Table 4.3 Observed interresidue and intermolecular NOE cross peaks of EPI and A3 

 G4 G12 G16 G22 T13 A15 A3 
H1 H1 H8 H1' H2' H3' H1 H8 H1 H3 HMe H6 H2 H8 H2 

EPI H11        W     M S  
H12       W M     W M  
H13       S W  M   W   
H1   M    W   M   M   
H4  M         S W    
H8 W    M M   M      M 
HA   S W W  M   M W W    
HB    M  W     S S    
H51 W W         W    S 
H52               M 
H61               M 
H62 W W             M 

 
 G4 G12 G22 T2 T13 

H1 H1 H8 HMe H6 H1' H2' H2'' HMe 
A3 H2 W W   M W M  S W 

H8   M M M   M  
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Additional NOE evidence of the EPI binding orientation was observed in the aromatic regions 

of the 2D NOESY spectra (Figure 4.15). Observed NOE connectivities (Figure 4.9, 4.12) between 

H11 and H12 of epiberberine with the G16/H8 and A15/H2 and H8, in addition to the EPI/H13-A15/H2 

(Figure 4.15) define the binding position of EPI with its D ring (Figure 4.9A) in proximity to A15 and 

G16. The proximity of A15 and G16 are likewise supported by their significant chemical shift change 

(Figure 4.17) .Also, protons on the opposite side of EPI show connectivities with G12 and T13. The 

binding position of the EPI A ring is defined by cross-peaks involving the HA and HB methoxy protons 

in addition to the EPI/H1 and EPI/H4 protons.  

Connectivity of the A3/H2 with EPI H5 and H6 protons further define the binding orientation of 

EPI. NOE connectivities were found between EPI/H5 and H6 and the A3/H2 (Figure 4.16), which 

indicates that the EPI H5, H6, and H8 are positioned toward the center of the G-tetrad, whereas the H1, 

H11, H12, and H13 protons are oriented toward the groove. Altogether, these NOE interactions reveal 

the binding position of epiberberine at the top G-tetrad (Figure 4.4B, 4.15, 4.16). 

Other observed NOE peaks serve to clarify the binding mode of EPI. Most notably, 

intermolecular cross-peaks corresponding to T13 and A15 indicate that these two nucleotides are 

positioned over the EPI. For example, the T13/H3 and A15/H2 protons have cross-peaks with the EPI 

H1, H12, and H13 protons, which are positioned at the center of the EPI structure. Likewise, the 

T13/H6 and T13/HMe protons show clear connectivity with the EPI/H4 and EPI/HB, whereas the 

A15/H8 has a cross peak with the EPI/H12 (Figure 4.16). Furthermore, chemical shift differences 

between the free wtTel26 G-quadruplex and the wtTel26-EPI complex support that the epiberberine is 

well stacked between G12 and G16 of the 5’-tetrad and T13 and A15 of the 5’-lateral loop, as these 

residues show the most significant chemical shift perturbations, reflecting their close proximity with 

the compound. EPI inserts between the wtTel26 5’-tetrad G12 and G16 and T13 and A15 of the 

neighboring lateral loop. 
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4.2.7 Capping Structure Interactions at the EPI Binding Site  

The binding of EPI appears to induce a complete rearrangement at the drug binding site at the 

5’-end of the Hybrid-2 hTelG4 (Figure 4.16). EPI in the complex displaces T13 and A15 from their 

original positions in the free wtTel26 structure. In addition to the rearrangement observed in the lateral 

loop, observed chemical shift changes also suggest that the 5’ flanking strand is rearranged. Like the 

EPI moiety, the position of nucleotides proximal to the binding site is likewise defined by observed 

NOE connectivities. As demonstrated above, an adenine base directly flanking the 5’ tetrad is critical 

for specific EPI binding. In the wtTel26-EPI complex, A3 has limited sequential connectivity with G4 

of the 5’-tetrad due to the G4 being in syn conformation. However, connectivity was observed between 

the A3/H2 and EPI/H5 and EPI/H6 protons. Connectivity between A3/H2 and tetrad imino protons plus 

connectivity between A3/H8 and G22/H8 show that the A3 is also stacked over the 5’ tetrad on the 

same plane as EPI. 

Likewise, T13 and A15 have their sequential connectivities interrupted by EPI binding. 

However, additional NOE connectivity is instead observed between T13 and A15 and EPI. Cross-peaks 

between the T13 and A15 aromatic protons show clear connectivity with protons of the EPI, 

demonstrating that they are well stacked over the EPI. Most notably, a strong NOE cross-peak is 

observed between the T13/H3 and A15/H2 (Figure 4.16), which is a peak characteristic of a Watson-

Crick hydrogen bond. 

 Inter-base NOE connectivities were observed for the 5’-T1T2A3 flanking segment (Figure 4.12, 

Table 4.4), suggesting that the 5’-flanking strand adopts a stacked conformation. In the case of T2, 

cross-peaks between T2/H2’ and T2/H2’’ protons and A3/H2 and the absence of a T2/H1’-A3/H8 peak 

indicate that the T2 is extended towards the center of the G-quadruplex. The T2/H1’-H6 and the 

observed T2/HMe-A3/H8 cross-peaks defines the T2 glycosidic angle as in the anti conformation. This 

T2 position and orientation puts the T2 base close proximity with the A15 (Figure 4.16, Table 4.4)  
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 T1 T2 A3 T13 T14 A15 

HMe H6 H2'' HMe H6 H2 H8 H3 HMe H6 HMe H1' H2' H2'' H2 H8 
T1 HMe    W            M 

H6    M M            
H2''     M            

T2 HMe W M    W M          
H6  M M    S          
H1'      M           
H2'      S M          
H2''      S M          

T13 H3           W   M S  
HMe           M      
H6           M      

T14 HMe        W M M       
H1'               M  
H2'               M  
H2''        M       M  

A15 H2        S    M M M   
H8 M                

 
Table 4.4 Observed interresidue NOE cross peaks of binding pocket and 5’-capping nucleotides 
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Finally, T1 and T14 also appear to be well stacked over the T2, T13 A15 plane and involved in a 

stable capping conformation (Figure 4.16, Table 4.4). T1 exhibits some NOE connectivity with T2, 

indicating that it remains stacked with the T2 base. In addition, an unexpected T1/HMe-A15/H8 cross 

peak was identified, positioning the T1 more centrally over the triad than would be expected from a 

standard DNA twist. As T14 is positioned in a lateral loop, it does not exhibit standard sequential 

connectivity. Instead, cross-peaks are observed between the T14/H6 and T14/HMe with T13/H6 and 

T13/HMe help define its position and orientation above the T13:A15 pair. 

4.2.8 Structure Features of the EPI Complex with Hybrid-2 Human Telomeric G-quadruplex 

Using our established NMR methods, we were able to determine the solution molecular structure of the 

1:1 wtTel26-EPI complex using a NOE-restrained distance geometry and molecular dynamics 

approach. Stereo representations of the complex are presented in Figure 4.18, while representative 

models are presented in Figure 4.19. In the complex structure with EPI, the wtTel26 G-quadruplex 

adopts the same folding topology as it forms in its unbound structure, a hybrid-2 folding topology 

(Figure 4.9B), in which the first TTA loop (T7-T8-A9) adopts a lateral loop covering the 3’-end of the 

quadruplex, the second TTA loop (T13-T14-A15) adopts a lateral loop covering the 5’-end of the 

quadruplex, and the third TTA loop (T19-T20-A21) adopts a strand-reversal loop conformation in the 

groove (Figure 4.18). The glycosidic angles of tetrad guanines were identical to those of the free 

wtTel26 quadruplex, as previously discussed. In addition, the 3’end flanking segment 3’-TT and the 

first TTA lateral loop forms the same T8:A9:T25 triad capping structure, as is observed in the free 

wtTel26 G-quadruplex structure, covering the 3’-external G-tetrad. The formation of this triad is 

confirmed by NOE connectivity patterns which match previous data observed for the free wtTel26 G-

quadruplex [47]. 
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Figure 4.18 Stereo views of the (A) front and (B) side of the 1:1 wtTel26-EPI complex.  
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Figure 4.19  (A-B) Side views of the wtTel26-EPI complex structure. The EPI molecule is shown in 
magenta CPK model and the wtTel26 molecule in stick representation. (C-D) Representative models of 
the wtTel26-EPI complex structure. The EPI molecules are shown in CPK model and adenine, thymine, 
and guanine bases are colored red, blue, and green, respectively.  
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 In the wtTel26-EPI complex structure, EPI induced complete rearrangement of the 5’ flanking 

segment 5’-TTA (T1-T2-A3) and the second TTA lateral loop (T13-T15-A15), to form a very well-

defined binding pocket with two layers of capping (Figure 4.19 and 4.20). EPI stacks very well over 

the 5’-external G-tetrad, with its A-B ring on top of G12 and its C-D-E ring completely covering G16 

(Figure 4.20 and 4.21A). A3 of the 5’-flanking segment also stacks over the 5’-external G-tetrad, 

covering the G4-G22 edge, and together with EPI forms a quasi-triad plane covering the 5’-external G-

tetrad. While G4 of the 5’tetrad is in syn glycosidic configuration, A3 adopts an anti glycosidic 

configuration. A3 appears to be very well paired with the EPI molecule, as indicated by the NOE 

interactions of the A3/H2 proton and EPI ring protons H8, H61, H62, and H51, with the formation of a 

potential H-bond between A3/NH62 and the O9 methoxy oxygen of the EPI ring E (Figure 4.21A). 

This perfect pairing scheme between the EPI and A3 explains the requirement of the 5’-adenine for the 

specific EPI binding. It also explains why EPI is the best binding molecule among all the 

protoberberine alkaloids to the human telomeric G-quadruplex; as it has the ideal positioning of the 

methylenedioxy ring. The EPI-A3 quasi triad plane is covered by a H-bonded T:A:T triad-capping 

structure involving T13 and A15 of the second lateral loop, and T2 of the 5’-flanking region (Figure 

4.21B). T13 and A15 pair very well and stack over EPI, almost completely covering the EPI molecule; 

T2 is well stacked over A3. The A15:T13 pair appears to be very nicely H-bonded, as shown by the 

clear observation of T13/H3 imino proton peak (Figure 4.11), and the strong NOE between T13/H3 

and A15/H2 (Figure 4.16, Table 4.4). The imino H3 proton of T2 can also be observed but weaker 

(Figure 4.11), indicating that T2 is also involved in a H-bonding interaction, but not as strong as those 

between T13 and A15. The strong stacking between T13 and A15 over the EPI molecule is shown 

clearly by the observed NOE interactions (Figure 4.16, Table 4.3); while the clear stacking of T2 and 

A3 of the 5’-flanking strand is shown by the connectivity of T2 sugar protons with the A3/H2 proton 

(Figure 4.16, Table 4.4). An additional layer of capping structure is formed with 5’-T1 and T14 of the 
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second TTA lateral loop, i.e., the T1:T14 pair, with T1 shifted towards T14, as evident from the 

T1/HMe cross-peak with the A15/H8 (Figure 4.16, Table 4.4). Thus, the binding of EPI appears to 

completely rearrange the 5’-flanking region and the second TTA lateral loop to form a perfect and well-

defined binding pocket, with the EPI:A3 quasi triad plane profoundly intercalated between the 

5’external G-tetrad and the two layers of capping structures which include a T13:A15:T2 triad plane, 

and a T14:T1 pair (Figure 4.20).  
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Figure 4.20 Stereo views of the EPI binding pocket. Probable hydrogen bond interactions are indicated 
with black dashes. Adenine, thymine, guanine, and EPI are colored green, cyan, gray, and magenta, 
respectively. 
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Figure 4.21 (A) Stacking of the EPI-A3 drug-DNA “intercalating pair” over the 5’-tetrad. (B) Stacking 
of the T2T13A15 capping triad over the EPI-A3 pair. Adenine, thymine, guanine, and EPI are colored 
green, cyan, gray, and magenta, respectively. 
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4.2.9 Potential Hydrogen Bonding Interactions 

The structure of the wtTel26-EPI complex suggests the formation of numerous hydrogen bonds 

(Figure 4.20). First, the close proximity between the A3/HN and the EPI/O9 atoms, at a distance of 

1.8A, indicate that a hydrogen bond likely forms between the two, further stabilizing their relative 

positions. This likely contributes to the favorability of a 5’-flanking adenine for EPI binding. 

The involvement of the multiple thymines of the 5’-flanking and second TTA loop in a 

hydrogen-bonded capping structure is supported by the observable imino protons corresponding to 

these thymine residues (Figure 4.11).  A clear example is the likely hydrogen bonding arrangement 

between T13 and A15 as evident from the strong T13/H3 peak in 1D NMR and its strong cross-peak 

with the A15/H2 (Figure 4.16). In order to confirm the hydrogen-bonding partner of T13, wtTel26 

samples were prepared with site-specific adenine-to-2-aminopurine mutations for each of the four 

adenines (i.e. A3, A8, A15, and A21). This mutation at T13’s hydrogen-bond partner was expected to 

disrupt the T13 hydrogen bond by altering the optimal hydrogen-bonding conformation and result in 

the disappearance of the imino proton at 12.7 ppm in the corresponding 1D NMR spectrum. Results of 

this experiment demonstrated that neither A9 nor A21 were specifically involved in Watson-Crick H-

bonding, as their respective spectra (Figure 4.22) do not deviate significantly from the wtTel26 sample 

in the imino region. In contrast, both A3 and A15 to 2-AP mutations resulted in significant degradation 

of the wtTel26-EPI complex spectral quality (Figure 4.22), demonstrating that both are crucial for the 

specific binding of epiberberine, consistent with our structural data that A3 hydrogen-bonded with EPI 

to form an “intercalating plane”, while A15 with its hydrogen-bond partner T13 provide a capping 

above the “intercalating plane”. This explains why an adenine flanking the 5’-tetrad is critical for EPI 

binding in the previous fluorescence data (Figure 4.7). 
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Figure 4.22 1D NMR of EPI in Complex with 2-aminopurine Substituted wtTel26 
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The proximity of the T2/H3 and A15/N7, at a distance of 1.7A, along with the T2/O2 and 

A15/HN1, at a distance of 1.5A, suggest that they adopt a Hoogsteen hydrogen-bonding conformation. 

These, in conjunction with its observed H3 imino peak in the 15N-edited NMR experiments, suggest the 

formation of a T:A:T triad with T13, A15, and T2 with four shared hydrogen bonds. Finally, T1 and 

T14 may form a non-standard T:T base pairing with two hydrogen bonds between the T1 and T14 O2 

and H3 atoms. This is suggested by the close proximity of their respective H3 and O2 protons, at a 

distance of about 1.8 angstroms, and their observable imino protons at low temperature despite their 

being exposed to solvent. 

4.2.10 Molecular Basis for the Recognition of Hybrid-2 hTelG4 by EPI  

Solving the structure of a 1:1 EPI–hybrid-2 hTelG4 G-quadruplex complex by NMR allows us 

to address two important questions:  (1) what are the specific molecular recognition determinants 

between the EPI and the hybrid-2 human telomeric G-quadruplex? and (2) what insights does this 

structure provide for future structure-based rational drug design of molecules that recognize the 

physiologically relevant hybrid-2 human telomeric G-quadruplex? The 1:1 wtTel26-EPI complex 

structure provides a clear insight into the molecular basis for EPI’s specific molecular recognition of 

the hybrid-2 G-quadruplex formed in wtTel26. The structure also provides several insights towards 

structure-based rational design of telomeric G-quadruplex targeted therapeutics. 

Instead of binding within a preformed pocket provided by the flanking bases, the EPI molecules 

bind to the wtTel26 hybrid-2 quadruplex in an “induced-fit” manner such that the conformations of 5’ 

flanking segment and the second TTA loop are changed dramatically so that a new drug-binding pocket 

is formed upon drug binding. The determined NMR solution structure of the 1:1 EPI–wtTel26 G-

quadruplex complex shows an unexpected drug-induced conformational change in the 5’-flanking 

region and the second TTA lateral loop, creating a very well-defined drug binding pocket, a “induced 

intercalated triad pocket”. There is clear evidence of a defined overlay of the EPI molecule with two of 
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the four guanines from 5’ external tetrad and recruitment of the flanking –1 adenine to form a quasi-

triad plane that is intercalated between the external 5’ tetrad and capping structures. In contrast to the 

G-tetrad interactions, both the 5’-flanking TTA sequence and the TTA lateral loop undergo unexpected 

large conformational changes to assemble an extensive new two-layer capping structures. Thus the 

binding of EPI causes the formation of a very well defined “induced intercalated triad pocket” 

involving induced rearrangement of the flanking sequence and lateral loop with the external tetrad so 

that the recruited –1 adenine is aligned in the same plane as EPI (which stacks over two guanines), and 

they combine to intercalate between the 5’ external tetrad and the two layers of capping structures. The 

perfect pairing between EPI and the 5’ flanking –1 adenine in the quasi-triad intercalating plane 

explains why fluorescence-based EPI binding experiments showed higher readings in the presence of a 

5’-flanking adenine, and why substitution of this adenine with 2-aminopurine resulted in significantly 

reduced spectral quality in 1D NMR. The removal of A3 as a pairing partner for EPI results in both the 

loss of binding energy from hydrogen bonding as well as reduced binding energy from tetrad stacking. 

 Another striking aspect of the wtTel26-EPI complex is the rearrangement observed in the 5’-

capping structure. In addition to pairing with the flanking adenine, EPI induced a binding site capping 

structure with nucleotides of the 5’-flanking segment and second TTA lateral loop. T13 and A15 form a 

Watson-Crick base pair in the complex which is not observed in the free G-quadruplex; the T13:A15 

pair further connects with T2 from the 5’-flanking segment to form a very stable triad structure capping 

the EPI-A3 plane. The T13:A15:T2 triad is further covered by the additional T14:T1 pair. Notably, the 

well-defined EPI-induced multi-layer “intercalated quasi-triad” binding-site arrangement is only 

possible in the hybrid-2 folding topology of telomeric DNA, as in the hybrid-1 fold, the second TTA 

lateral loop would be at the 3’-end of the G-quadruplex.  

 Significantly, EPI appears to convert the hybrid-1 structure to the hybrid-2 structure, as shown 

in the NMR titration data with the hybrid-1 sequence wtTel23 and wtTel24 (Figure 4.8). wtTel24, 
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which forms a mixture of hybrid-1 and hybrid-2 structures, clearly shifts to one complex structure upon 

addition of EPI (Figure 4.8E). The complex spectra of wtTel23 and wtTel24 are very similar to that of 

wtTel26, which is determined to be in hybrid-2 form. In particular, each of the spectra shows an imino 

proton peak at 12.6 ppm, which corresponds to the T13 imino proton in the specific induce binding 

pocket formed in wtTel26-EPI complex. The presence of this A:T Watson-Crick imino proton at 

identical chemical shifts across all the telomeric sequences strongly suggests that the same 

conformation and binding site are formed in all of these sequences, which all contain a 5’-flanking 

adenine. It therefore appears that EPI is capable of inducing the conversion of telomeric G-

quadruplexes from hybrid-1 to hybrid-2 forms in order to form its preferred binding pocket. 

Our structure provides insights into specific recognition of small molecules with the hybrid-2 

human telomeric G-quadruplex structure that is the predominant form of human telomeric DNA in K+ 

solution. Our structure shows that ligands such as EPI described here, which are inherently asymmetric 

and contain a smaller stacking moiety, in particular the crescent-shaped moiety, are much more likely to 

bind in a specific manner to an intramolecular G-quadruplex. It is important to note that the crescent-

shaped EPI provides an optimal overlay of two guanines of a G-tetrad. Unlike the symmetrical cyclic 

ligand typified by TMPyP4 and telomestatin, specific binding and selectivity of EPI are determined by 

both folding topology of the wtTelG4 and the loop and flanking bases in telomeric DNA. For this 

“induced intercalated triad pocket” to form, a suitable single-stranded flanking segment containing the 

right sequence and a TTA lateral loop at the right position must exist. This is somewhat similar to our 

quindoline complex structure with the parallel-stranded c-MYC promoter G-quadruplex [168], 

however, the binding pocket and capping structure observed here in the EPI-wtTel26 complex is far 

more extensive and better defined, indicating the importance of the hybrid-2 folding and the loop and 

flanking region size and sequence for a selective binding. This is in sharp contrast to the complex 

structure of a telomestatin derivative with a hybrid-type telomeric G-quadruplex in potassium solution, 
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where telomestatin binding displaces all the neighboring loop and flanking bases out to the solvent 

[136].  Telomestatin, a pan-G-quadruplex ligand, contains symmetric cyclic fused rings and overlaps 

equally with all four guanines in the external tetrad, and is thus unable to distinguish between specific 

G-quadruplex structures as it recognizes the G-tetrad common to all G-quadruplexes. 

4.3 Conclusions  

The hybrid-2 structure is the most physiologically relevant human telomeric G-quadruplex as it 

is the major structure formed in the extended human telomeric DNA sequences in potassium solution. 

We determined the NMR solution structure of the 1:1 complex of EPI and hybrid-2 human telomeric 

G-quadruplex. Our determined NMR solution structure shows EPI bound at the 5’ end of the hybrid-2 

telomeric quadruplex, with an unexpected large drug-induced conformational change in the flanking 

and loop regions, creating a very well-defined “induced intercalated quasi-triad pocket” with extensive 

capping structures. Instead of binding within a preformed pocket provided by the flanking bases, the 

EPI molecule binds to the hybrid-2 telomeric G-quadruplex in an “induced-fit” manner in that, upon 

drug binding, the conformation of 5’ flanking segment and the second TTA lateral loop is changed 

dramatically so that a new drug-binding pocket is formed. With the 5’ flanking adenine, the EPI 

molecule forms an additional plane, stacking over the 5’ external G-tetrads. The T13 and A15 of the 

second lateral TTA loop, together with the −2 flanking thymine residue, form a well-paired triad 

structure wrapping over the newly-formed EPI-A3 plane. The T14 of the second lateral TTA loop, 

together with the −3 flanking thymine residue, form an additional layer of capping structure, further 

covering the T13:A15:T2 triad. 

Our result provides an important insight into specific targeting of the physiologically relevant 

hybrid-2 human telomeric G-quadruplex by a small molecule compound. The complex structure 

demonstrates the importance of ligand shape as well as the folding topology and flanking and loop 

sequences in determining binding specificity. Our result indicates that, unlike the previously recognized 
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paradigm, asymmetric compounds containing a smaller stacking moiety, in particular the crescent-

shaped moiety, are more likely to bind in a specific manner to an intramolecular G-quadruplex. 
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APPENDIX B 
ABSTRACTS 

 
The Major G‑Quadruplex Formed in the Human BCL‑2 Proximal Promoter Adopts a Parallel 
Structure with a 13-nt Loop in K+ Solution 
Prashansa Agrawal, Clement Lin, Raveendra I. Mathad, Megan Carver, and Danzhou Yang 
 
The human BCL-2 gene contains a 39-bp GC-rich region upstream of the P1 promoter that has been 
shown to be critically involved in the regulation of BCL-2 gene expression. Inhibition of BCL-2 
expression can decrease cellular proliferation and enhance the efficacy of chemotherapy. Here we 
report the major G-quadruplex formed in the Pu39 G-rich strand in this BCL-2 promoter region. The 
1245G4 quadruplex adopts a parallel structure with one 13-nt and two 1-nt chain-reversal loops. The 
1245G4 quadruplex involves four nonsuccessive G-runs, I, II, IV, V, unlike the previously reported bcl2 
MidG4 quadruplex formed on the central four G-runs. The parallel 1245G4 quadruplex with the 13-nt 
loop, unexpectedly, appears to be more stable than the mixed parallel/antiparallel MidG4. Parallel-
stranded structures with two 1-nt loops and one variable-length middle loop are found to be prevalent 
in the promoter G-quadruplexes; the variable middle loop is suggested to determine the specific overall 
structure and potential ligand recognition site. A limit of 7 nt in loop length is used in all quadruplex-
predicting software. Thus, the formation and high stability of the 1245G4 quadruplex with a 13-nt loop 
is significant. The presence of two distinct interchangeable G-quadruplexes in the overlapping region 
of the BCL-2 promoter is intriguing, suggesting a novel mechanism for gene transcriptional regulation 
and ligand modulation. 
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