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DNA is  the  molecular  target  for  many  of the alkylating agents  that are 

used in the clinic and which have significantly increased the survival rate of 

cancer patients.  Unfortunately, these drugs are not generally selective against 

tumor cells and adversely affect certain critical cellular functions of normal and 

tumor cells alike. In contrast to these non-specific DNA alkylating agents,  agents 

that interact with protein-DNA complexes and secondary DNA structures have a 

 vi



greater selectivity for cancer cells over normal cells. The aims of this study are to 

provide the rationale for designing novel anticancer agents that target protein-

DNA complexes and to provide insight into the molecular mechanism of action of 

telomestatin, a natural product that targets secondary DNA structures.  

A-62176 and psorospermin were used as a basis for the design of two 

series of novel potent anticancer agents that target protein-DNA complexes.  A-

62176 is a fluoroquinolone analogue that shows good activity against a number of 

cancer cell lines. In the current study four new fluoroquinoanthroxazines were 

designed and evaluated. From this study, two fluoroquinoanthroxazines with 

contrasting profiles of either potent G-quadruplex interaction with weak 

topoisomerase II poisoning effect or vice versa were identified. Also, a second 

series of psorospermin/A-62176 hybrid compounds that make irreversible DNA 

adducts with the topoisomerase II-DNA complexes was designed on the basis of 

the similarity of the psorospermin and A-62176 with respect to their structure and 

interaction with DNA. Psorospermin, a natural product isolated from the African 

plant Psorospermum febrifugum.  These novel hybrid compounds showed 

enhanced DNA alkylating activity and exhibited significant activity in vitro 

against various tumor cell lines.  

Telomestatin is a natural product isolated from Streptomyces anulatus 

3533-SV4. Although telomerase is considered to be the target for telomestatin, the 

precise mechanism of action of this compound has not yet been elucidated. The 
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present study demonstrates that telomestatin interacts quite specifically with the 

human telomeric intramolecular G-quadruplexes, and thereby inhibits telomerase 

activity. The importance of the selectivity of telomestatin and TMPyP4 for 

intramolecular versus intermolecular G-quadruplex structures in mediating the 

corresponding biological effects was also investigated. 
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I. TOPOISOMERASE II: AN IMPORTANT CELLULAR TARGET FOR 

ANTINEOPLASTIC DRUGS 

Topoisomerases are enzymes that catalyze changes in the tertiary structure 

of DNA without changing its primary structure, which is determined by the DNA 

sequence (1,2). These enzymes play several key roles in nearly all events relating 

to DNA metabolism, including replication, transcription, recombination, 

chromosome condensation, and segregation of newly replicated chromosomes to 

daughter cells (3).  Recent studies have led to the discovery of several novel 

topoisomerases, and two classes of human enzymes have been well characterized 

(1,4). Type I topoisomerase (topoisomerase I) introduces single-stranded breaks 

into DNA, then passes an intact single strand of DNA through the broken strand, 

and finally ligates the nicked DNA. During the single-stranded cleavage step, 

topoisomerase I forms covalent bonds with 3’-termini of the broken single 

strands.  On the other hand, type II topoisomerases (topoisomerase II) catalyze 

changes in the topology of DNA via a mechanism that involves transient double-

strand breaking and rejoining of phosphodiester bonds in DNA. There are two 

highly homologous isoforms of topoisomerase II in human beings: topoisomerase 

IIα and topoisomerase IIβ.  The two isozymes have different expression patterns 

(4). Topoisomerase IIα is preferentially expressed in proliferating cells, while 

topoisomerase IIβ is expressed at equal levels in proliferating and quiescent cells. 
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The two enzymes show considerable amino acid conservation through most of the 

protein-coding region. The dependency on the cell-cycle phase of topoisomerase 

IIα expression supports the concept that this enzyme plays a major role in cell 

proliferation.  

Anticancer drugs that use topoisomerase II as a primary target can be 

divided into two groups: topoisomerase II poisons and catalytic inhibitors. A 

number of potent anticancer drugs, such as the anthracyclines (e.g., adriamycin 

and daunorubicin), epipodophyllotoxins (e.g., etoposide and teniposide), and 

anthracenedione (e.g., mitoxantrone and m-AMSA), are classified as 

topoisomerase II poisons, since the enzyme is converted into a DNA-cleaving 

toxin with the aid of these compounds (4-10). Thus, the poisoning results in 

cleavage stimulation that is potentially lethal in growing cancer cells. Other 

agents, called catalytic inhibitors, that are known to inhibit the catalytic activity of 

topoisomerase II without cleavage stimulation have also been reported (4,5). They 

include anthracyclines (e.g., aclarubicin) and bisdioxopiperazines (e.g., 

sobuzoxane and dexrazoxane).  

 

II. G-QUADRUPLEX STRUCTURES AS POTENTIAL DRUG TARGETS  

DNA is most often regarded as a duplex structure in which two self-

complementary strands are held together by Watson–Crick base pairing. 
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However, certain DNA sequences can form unique secondary DNA structures. 

Most notably, intermittent runs of guanines can readily form G-quadruplex 

structures in vitro under physiological conditions (11). G-quadruplex structures 

can vary in several different ways, including their molecularity and strand 

orientation (12,13). DNA sequences containing two or more G-rich repeats have 

been shown to form G–G hairpins, which in turn dimerize to form several types of 

stable dimeric quadruplexes. DNA sequences with either four G-rich repeats or 

long G tracts can fold upon themselves to form intramolecular quadruplexes. 

Also, consecutive repeats of G-rich sequences on a single DNA strand can give 

rise to formation of intermolecular quadruplexes. The existence of chaperone 

proteins that facilitate the formation of G-quadruplexes, proteins that recognize 

and bind the G-quadruplexes, and helicases that selectively unwind G-

quadruplexes make their existence in vivo in human cells a real possibility (14-

17).  Recently their in vivo existence has been supported by antibody studies in 

the telomere of Stylonychia macronuclei (18). It has been suggested that G-

quadruplex structures are involved in many cellular events, such as chromosomal 

alignment, replication, and recombination (11).  A specific G-quadruplex 

structure has also been demonstrated as a transcriptional repressor element in the 

oncogene c-MYC promoter (19). 

Telomeres are structures on the ends of chromosomes that are required for 

chromosomal stability (20,21). Telomeric DNA that contains a single-stranded G-
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rich overhang is known to adopt intramolecular G-quadruplex structures, which 

can inhibit the telomerase activity through a primer sequestering mechanism (22).  

The ribonucleoprotein telomerase elongates telomeres fairly uniquely in cancer 

cells by catalyzing the addition of nucleotide repeats (23). Thus, the unique 

structural features of G-quadruplex structures, together with the facile 

interconversion of telomeric DNA into G-quadruplex structures under 

physiological conditions, make these G-quadruplex structures attractive targets 

for the design of telomerase inhibitors (11,24). Indeed, a number of G-

quadruplex-interactive compounds, including the anthraquinones, cationic 

porphyrins, perylenes, ethidium derivatives, quinolones, piperazines, 

pentacyclicacridinium salts, and fluoroquinophenoxazines, have been shown to 

inhibit telomerase, most probably by this telomeric primer sequestration 

mechanism (25-40).  

 

III. SPECIFIC AIMS OF THIS STUDY 

This dissertation will focus on the rational design and biological 

evaluation of two novel classes of antitumor agents: fluoroquinoanthroxazines 

and psorospermin/quinobenzoxazine hybrid compounds, and also on the 

mechanism of action and biological effects of telomestatin, a novel telomerase 

inhibitor. 

The specific aims of this research are: 

 5



(1) The design and biological evaluation of novel fluoroquinoanthroxazines with 

respect to G-quadruplex interactions and topoisomerase II inhibition. 

(2) The design and biological evaluation of novel psorospermin/ 

quinobenzoxazine hybrid compounds that form irreversible adducts with 

topoisomerase II-DNA complexes. 

(3) The investigation of the mechanism of telomestatin and the importance of the 

selectivity of telomestatin and TMPyP4 for intramolecular versus 

intermolecular G-quadruplex structures in mediating biological effects.  

 

IV. STRUCTURE-BASED EVOLUTION OF FLUOROQUINO-

ANTHROXAZINES AND PSOROSPERMIN/QUINOBENZOXAZINE 

HYBRID COMPOUNDS THAT SELECTIVELY TARGET THE 

TOPOISOMERASE II-DNA COMPLEX AND/OR G-QUADRUPLEX 

STRUCTURES  

Fluoroquinolones, such as norfloxacin and ciprofloxacin, are best known 

therapeutically as antibacterial agents that normally target bacterial DNA gyrase 

or topoisomerase IV (1), but more recently, some fluoroquinolone analogous have 

also been demonstrated to be active against eukaryotic topoisomerase II (3). The 

quinobenzoxazine A-62176 (1-(3-aminopyrrolidin-1-yl)-2-fluoro-4-oxo-4H-

quino[2,3,4-ij][1,4]benzoxazine-5-carboxylic acid; Figure 1.1) is a 
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fluoroquinolone analogue that shows good activity against a number of human 

and murine cancer cell lines, including the multidrug-resistant P388/ADR line in 

vitro and several murine and human tumors in vivo (41-43). An initial study has 

revealed that A-62176 belongs to the class of topoisomerase II targeting drugs 

that act as catalytic inhibitors (44). However, Kwok et al. have demonstrated that 

A-62176 also acts as a topoisomerase II poison under certain conditions and with 

specific DNA sequences (45). A self-assembly model has been proposed for A-

62176 on the basis of the results from previous biophysical and biochemical 

studies (46). In this model, a 2:2 drug:Mg2+ dimer binds to DNA, with one drug 

molecule intercalated into the DNA base pairs and the second drug molecule 

externally bound through two-chelated Mg2+ ions. The two magnesium cations 

link the two drug molecules in a head-to-tail fashion, such that the bidentate 

ligand of the β-keto acid moiety and the primary amino group of the 

aminopyrrolidine side chain are the head and tail, respectively. Each magnesium 

cation also binds with one phosphate oxygen of the DNA backbone and two water 

molecules to form an octahedral complex.  On the basis of this model, a series of 

pyridobenzophenoxazine analogues were previously synthesized where a single 

benzene ring extension was introduced with the aim of enhancing the intercalation 

ability (47). Some of these pyridobenzophenoxazine analogues showed potent 

inhibitory effects against human topoisomerase II compared to A-62176, leading 

to increased cytotoxicity against tumor cells.  Recently, Duan et al. have found 
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that the planar tetracyclic ring structure of A-62176 enables it to interact with G-

quadruplex structures better than typical antibacterial fluoroquinolones that have 

bicyclic ring systems, and thereby A-62176 possess weak telomerase inhibitory 

activity in addition to its topoisomerase II inhibition. On the basis of this result 

QQ58 (Figure 1.1), a fluoroquinophenoxazine, was designed and synthesized 

(40). The extended planar phenoxazine ring of QQ58 selectively enhanced its 

stacking interactions with G-quadruplex structures and increased its telomerase 

inhibition. The 1H NMR results from that study demonstrated that QQ58 interacts 

with telomeric G-quadruplexes by external stacking to the G-tetrad of both the 

unimolecular fold-over and the parallel G-quadruplex structures. However, QQ58 

did not retain the topoisomerase II poisoning activity of A-62176 because of the 

loss of interaction with the topoisomerase II–DNA complex. 

Topoisomerase II poisons typically show better clinical activity than 

catalytic inhibitors. In the current study, we have designed a series of 

fluoroquinoanthroxazines (FQAs) on the basis of previously established SARs for 

compounds that possess varying degrees of topoisomerase II or G-quadruplex 

interactions (Figure 1.1). Specifically, we have identified and then directed our 

research effort toward two FQAs with contrasting profiles of activity as 

topoisomerase II poisons and G-quadruplex-interactive compounds. These two 

compounds are FQA-CR, which has potent G-quadruplex interactions with weak 

topoisomerase II poisoning effects, and FQA-CS, which has strong topoisomerase 
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II poisoning effects with weak G-quadruplex interactions. These novel 

compounds with a dual mechanism of action show potent cytotoxicity against 

cancer cell lines. Furthermore, these compounds seem to have an important 

advantage against cancer cells that already have resistance mechanisms against 

topoisomerase II inhibitors. 

Anticancer agents that alkylate DNA are some of the most effective drugs 

in the clinic and have significantly increased the survival rate of cancer patients.  

Unfortunately, these drugs are not selective against tumor cells and serve to 

adversely affect certain critical cellular functions of normal and tumor cells alike. 

In contrast to these non-specific DNA alkylating agents, anticancer agents that 

interact with the topoisomerase II-DNA complex have greater selectivity for 

cancer cells over normal cells (24). Topoisomerase II poisons bind to and stabilize 

the transient topoisomerase II-DNA complex, which is then stabilized as a ternary 

topoisomerase II-DNA-drug complex (4). The residence time of drugs in this 

ternary complex is very important for their efficacy as anticancer agents (24). 

Thus the compounds that trap the topoisomerase II–DNA complex irreversibly are 

likely to have the greatest anticancer potency and selectivity for cancer cells. 

Psorospermin is a novel antitumor antibiotic that intercalates into the DNA helix 

and alkylates N7 of guanine through its weakly reactive epoxide moiety (48,49).  

Importantly, the alkylation reactivity of psorospermin is significantly increased in 

the presence of topoisomerase II, and A-62176 can compete with psorospermin 
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for binding with the topoisomerase II-DNA complex (50). In the current study we 

have designed a series of new psorospermin/quinobenzoxazine hybrid compounds 

(Figure 1.1) that make irreversible DNA adducts, especially at the topoisomerase 

II binding sites. The hybrid compounds showed stable binding with duplex DNA 

at the topoisomerase II binding site, and their reactive moieties are in close 

proximity to the nucleophilic N7 of guanine, resulting in strong DNA alkylating 

activity. These novel hybrid compounds exhibited significant activity against all 

the cancer cells tested at submicromolar concentrations and were 10- to 20-fold 

more potent than the parent compound, psorospermin, against most cancer cell 

lines tested. 

 

V. MECHANISM OF ACTION OF TELOMESTATIN AND ITS 

BIOLOGICAL EFFECTS  

Telomestatin is a natural product isolated from Streptomyces anulatus 

3533-SV4 (51). Although telomerase is considered to be the target for 

telomestatin, the precise mechanism of action of this compound has not yet been 

elucidated. The structural similarity between telomestatin and a G-tetrad (Figure 

1.2) suggested to us that the telomerase inhibition might be due to its ability either 

to facilitate the formation of or trap out preformed G-quadruplex structures, and 

thereby sequester single-stranded d[T2AG3]n primer molecules required for 

telomerase activity (22).  Indeed, a number of other G-quadruplex-interactive 
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compounds have been shown to inhibit telomerase (25-40), most probably by this 

telomeric primer sequestration mechanism.  In the current study we have 

demonstrated that telomestatin interacts quite specifically with the human 

telomeric intramolecular G-quadruplexes. We have also elucidated the biological 

consequences of telomestatin that preferentially interact with intramolecular G-

quadruplex structures.  TMPyP4, a compound that preferentially facilitates the 

formation of intermolecular G-quadruplex structures, was used as a control. On 

the basis of biological and biochemical studies, we have demonstrated that 

stabilization of intramolecular G-quadruplex structures induces telomerase 

inhibition and accelerates telomere shortening, whereas facilitation of the 

formation of intermolecular G-quadruplex structures induces the formation of 

anaphase bridges. 

 11



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Norfloxacin          
                       

Quinobenzoxazine     
(A-62176) 

Pyridobenzophenoxazines

Psorospermin         
                

Psorospermin/quinobenzoxazine  
Hybrids     

      

Fluoroquinoanthroxazines 

Fluoroquinophenoxazine 
(QQ58) 

(FQA-CS) (FQA-CR) 

Antibacterial 
activity 
                        

Topo II poison 
Topo II catalytic 
inhibition 
G4 interaction 

DNA 
alkylation 

Topo II catalytic 
inhibition 
G4 interaction 

DNA alkylation 
Topo II poison 

Topo II  
inhibition

Predominantly 
Topo II poison 

Predominantly 
G4 interaction 

Figure 1.1. Structure-based evolution of fluoroquinoanthroxazines and 
psorospermin/quinobenzoxazine hybrid compounds that selectively target the 
topoisomerase II-DNA complex and/or G-quadruplex structures. 
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VI. ORGANIZATIONS OF DISSERTATION 

This dissertation is divided into five chapters. THIS CHAPTER provides a 

general introduction to topoisomerase II, illustrates the biochemical and structural 

features of A-62176 and psorospermin, and summarizes the characteristic G-

quadruplex structures as potential drug targets.  CHAPTER TWO describes the 

rationale for the design of a novel series of fluoroquinoanthroxazines. The 

biological profiles of the four new compounds are determined with respect to G-

quadruplex interaction and topoisomerase II inhibition, alongside cytotoxicity 

tests in matched pairs of topoisomerase II resistant and sensitive cells, and 

telomerase (+) and ALT (+) cell lines. CHAPTER THREE examines the 

molecular mechanism for the site-directed alkylation of psorospermin in the 

presence of human topoisomerase II under physiological conditions. Based on this 

study, the rationale for the design of a novel series of 

psorospermin/quinobenzoxazine hybrid compounds is then described. The 

biological activities of the new hybrid compounds are described with respect to 

DNA alkyaltion activity, in vitro cytotoxicity against various cancer cell lines. In 

CHAPTER FOUR, the mechanism of action of telomestain as a G-quadruplex-

interactive agent is proposed. The determinations of selectivity of telomestatin for 

the intramolecular G-quadruplex structure over intermolecular structure, and also 

for the G-quadruplex structures over duplex DNA, are described.  Importance of 

the selectivity of telomestatin and TMPyP4 for intramolecular versus 
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intermolecular G-quadruplex structures in mediating biological effects is 

examined. CHAPTER FIVE summarizes the conclusions derived from this 

research and provides some insight into future perspectives.  
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I. INTRODUCTION 

The fluoroquinolones (e.g., norfloxacin; see Figure 2.1 for structures) are 

well-known antimicrobial agents that inhibit bacterial DNA gyrase (1,2), but more 

recently some tetracyclic quinolone analogues have shown good antineoplastic 

activity, which is most probably mediated by interaction with eukaryotic type II 

topoisomerase (topoisomerase II).  Topoisomerase II is an enzyme that catalyzes 

changes in the topology of DNA via a mechanism involving the transient double-

strand breaking and rejoining of phosphodiester bonds in DNA (3,4).  This 

enzyme plays several key roles in the DNA metabolism and chromosome 

structure, and it is the primary cytotoxic target for a number of potent anticancer 

drugs, including the anthracyclines, acridines, and epipodophyllotoxins (5,6).  On 

the basis of their mechanism of action, the topoisomerase II inhibitors are 

classified into two groups:  topoisomerase II poisons, which interfere with the 

breaking–rejoining reaction of the enzyme by trapping the covalent reaction 

intermediates, known as the cleaved complexes, and catalytic inhibitors that 

inhibit the activity of topoisomerase II at a step prior to the formation of the 

cleaved complex (7). 

The quinobenzoxazine A-62176 (1-(3-aminopyrrolidin-1-yl)-2-fluoro-4-

oxo-4H-quino[2,3,4-ij][1,4]benzoxazine-5-carboxylic acid; Figure 1) is a 

fluoroquinolone analogue that shows good activity against a number of human 

and murine cancer cell lines, including the multidrug-resistant P388/ADR line in 
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vitro and several murine and human tumors in vivo (8–10).  Permana and co-

workers have shown that A-62176 belongs to the class of catalytic inhibitors of 

topoisomerase II (11).  Our experimental results are in accord with the Permana 

study, but we also demonstrate that A-62176 acts as a topoisomerase II poison 

under certain conditions with specific DNA sequences (12).  The planar 

tetracyclic ring structure of A-62176, in contrast to the bicyclic ring system of a 

typical antibacterial fluoroquinolone, enables it to interact with duplex DNA and 

the more expansive planarity of G-quadruplex structures (13).  G-quadruplex 

structures are known to inhibit telomerase activity by sequestration of the 

substrate required for enzyme activity (14), and therefore small organic molecules 

that stabilize or induce G-quadruplex structures have been suggested as potential 

anticancer therapeutic agents (15,16). Indeed, a number of G-quadruplex-

interactive compounds have been demonstrated to not only inhibit telomerase 

activity in cell-free and in vitro systems but also to cause effects such as telomere 

shortening, anaphase bridge formation, and cell crisis in cancer cells (13,17–20)   

Previously, A-62176 has served as the starting point for the design of 

QQ58 (Figure 2.1), a fluoroquinophenoxazine (13).  The extended phenoxazine 

ring of QQ58 selectively enhances its stacking interactions with G-quadruplex 

structures, thereby increasing telomerase inhibition.  Moreover, QQ58 loses the 

topoisomerase II poisoning effects of its parent drug.     Topoisomerase II poisons 
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Figure 2.1. Chemical structures of fluoroquinolone analogues and FQAs. 
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typically show better clinical activity than catalytic inhibitors, most probably 

because of their downstream effects.  In order to increase the G-quadruplex 

interactions while still maintaining the topoisomerase II poisoning effects, we 

have now designed and synthesized a series of FQAs on the basis of previously 

established SARs for compounds that possess varying degrees of topoisomerase II 

or G-quadruplex interactions (13,21).  The overall objective was to identify two or 

more compounds with contrasting topoisomerase II poisoning abilities and G-

quadruplex interactions such that one compound would possess primarily 

topoisomerase II poisoning abilities and the other primarily the ability to interact 

with G-quadruplex.  We have analyzed this series of FQAs for G-quadruplex and 

topoisomerase II inhibitions using polymerase stop assays, photocleavage studies, 

DNA cleavage assays, and kDNA decatenation assays.  Biological assays, i.e., 

assays that measure cytotoxicities in topoisomerase II–resistant and 

topoisomerase II–sensitive cells and activities in telomerase (+) and ALT (+) cell 

lines, have also been conducted to establish the basis for the biological activity of 

the FQAs.  We have successfully identified two FQAs that have appropriate 

contrasting activities as topoisomerase II poisons and G-quadruplex-interactive 

compounds for further studies. 
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II. MATERIALS AND METHODS 

A. Materials, Enzymes and Drugs. 

Compound solutions were prepared as 1 mM stock solutions in dimethyl 

sulfoxide and stored at –20 °C.  These stock solutions were diluted to working 

concentrations in distilled water immediately before use.  Electrophoretic reagents 

(acrylamide/bisacrylamide solution and ammonium persulfate) were purchased 

from BioRad, and N,N,N´,N´-tetramethylethylenediamine (TEMED) was 

purchased from Fisher.  T4 polynucleotide kinase, Taq DNA polymerase, and 

human topoisomerase II were purchased from New England Biolabs, Promega, 

and TopoGen, respectively.  [γ-32P] ATP was purchased from NEN Dupont. 

 

B. Preparation and End-Labeling of Oligonucleotides. 

Oligonucleotides were synthesized on an Expedite 8909 nucleic acid 

synthesis system (PerSeptive Biosystems, Framingham, MA) using the 

phosphoramidite method.  The oligonucleotides were eluted out of the column by 

using aqueous ammonia and deprotected by heating at 55 °C overnight, followed 

by 15 % denaturing polyacrylamide gel purification.  Prior to the experiment, all 

oligonucleotides were treated in 10 mM NaOH for 30 min at 37 °C followed by 

neutralization with 10 mM HCl and ethanol precipitation in order to disrupt the 

self-associated structures.  The 5´-end-labeled single-strand oligonucleotide was 
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obtained by incubating the oligomer with T4 polynucleotide kinase and [γ-

32P]ATP for 1 hr at 37 °C.  Labeled DNA was purified with a Bio-Spin 6 

chromatography column (Bio-Rad) after inactivating the kinase by heating for 8 

min at 70 °C. 

 

C. Polymerase Stop Assay. 

The DNA primer d[TAATACGACTCACTATAG] and template DNA 

HT4, d[TCCAACTATGTATAC(TTAGGG)4TTAGCGGCACGCAATTGCTAT 

AGTGAGTCGTATTA], or PQ74, d[TCCAACTATGTATAC(TTGGGG)4TTAG 

CGGCACGCAATTGCTATAGTGAGCGTATTA], were synthesized and 

purified as mentioned above.  Labeled primer (15 nM) and template DNA (10 

nM) were annealed in a reaction buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 

0.5 mM DTT, 0.1 mM EDTA, and 1.5 µg/µL BSA) with 0.1 mM dNTP by 

heating to 95 °C and then slowly cooled to room temperature (22).  Sixty mM of 

KCl and NaCl each were added to the reaction with DNA containing a human 

telomeric sequence, and 5 mM of each salt was added to the reaction with DNA 

containing a Tetrahymena telomeric sequence.  Taq DNA polymerase was added 

and the mixture was incubated at 55 °C for 20 min.  The polymerase extension 

was stopped by adding 2× stop buffer (10 mM EDTA, 10 mM NaOH, 0.1% 

xylene cyanole, 0.1% bromophenol blue in formamide solution) and loaded onto a 

12 % denaturing gel. 
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D. Methylation Protection. 

A methylation protection experiment was performed after the incubation 

of oligonucleotides with compounds, as described above.  For each reaction, 10 

µL of sample was mixed with 200 µL of reaction buffer (50 mM sodium 

cacodylate, pH 8.0, 1 mM EDTA) and 1 µL of 100 % dimethyl sulfate (DMS).  

The reaction was stopped with 50 µL of DMS stop buffer (1.5 M sodium acetate, 

pH 7.0, 1 M β-mercaptoethanol, 100 µg/mL calf thymus DNA).  DNA samples 

were then subjected to ethanol precipitation, piperidine treatment, and 12 % 

denaturing polyacrylamide gel electrophoresis.  

 

E. Photomediated Strand Cleavage Reaction. 

Ten nM of labeled template PQ74 was heated to 95 °C and slowly cooled 

to room temperature in a buffer (50 mM Tris-HCl, pH 7.5, 5 mM NaCl, 5 mM 

KCl, 10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, and 1.5 µg/µL BSA).  One 

µM final concentration of FQA was added and transferred to a 24-well Titretek 

microtiter plate (ICN).  This plate was placed on top of a Pyrex glass shield and 

irradiated for 2 h with an 85-watt xenon lamp placed under the Pyrex glass.  Pyrex 

glass was used to filter the UV light under 300 nm, thereby eliminating DNA 

damage caused directly by UV irradiation.  During the irradiation, the Titretek 

plate was rotated 3 times to eliminate light heterogeneity.  Reactions were 

terminated by the addition of 10 µg of calf thymus DNA, followed by phenol-
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chloroform extraction and ethanol precipitation.  The resulting samples were 

subjected to treatment with 0.1 M piperidine.  The samples were then loaded onto 

a 12 % sequencing gel.  

 

F. kDNA Decatenation Assay. 

kDNA (0.25 µg) was incubated with various concentrations of FQA or A-

62176 in 10 µL of reaction buffer (50 mM Tris-HCl, pH 8.0, 120 mM KCl, 10 

mM MgCl2, 0.5 mM ATP, and 0.5 mM dithiothreitol) for 10 min.  Two units of 

human topoisomerase II were added to the mixture, which was then incubated at 

37 °C for 30 min.  The reaction was terminated with 0.1 volume of stop buffer (5 

% sarkosyl, 0.025 % bromophenol blue, 50 % glycerol).  The decatenation 

products were analyzed on 1 % agarose gels and run with 0.5 µg/mL ethidium 

bromide. 

 

G. Topoisomerase II Cleavage Reaction. 

Oligomers A1, d[CGATGGGGAAGATCGGGCTCGTATACATTGAT 

ACGGGGCTCATGAGCGCTTGTTTCGGCG], and A2, d[CGCCGAAACAAG 

CGCTCATGAGCCCCGTATCAATGTATACGAGCCCGATCTTCCCCATCG]

, were synthesized as mentioned above.  The 5´-end-labeled A1 was annealed 

with the complementary strand (A2) by heating to 95 °C and slowly cooled to 

room temperature.  Labeled double-stranded DNA was purified on an 8 % native 
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polyacrylamide gel.  DNA was incubated with 20 units of human topoisomerase 

II in 20 µL of reaction buffer (30 mM Tris-HCl, pH 7.6, 3 mM ATP, 15 mM β-

mercaptoethanol, 8 mM MgCl2, 60 mM NaCl) at 30 °C for 10 min in the presence 

of various concentrations of compounds.  Reactions were terminated by adding 

SDS to 1 % of the final concentration, and topoisomerase II was removed by 

proteinase K digestion (100 µg/mL) at 42 °C for 1 h followed by 

phenol/chloroform extraction and ethanol precipitation.  Samples were loaded 

onto a 12 % denaturing sequencing gel. 

 

H. Imaging and Quantification. 

The dried gels were exposed on a phosphor screen.  Imaging and 

quantification were performed using a PhosphorImager (Storm 820) and 

ImageQuant 5.1 software from Molecular Dynamics. 

 

I. Cytotoxicity Assay. 

MCF7 human breast cancer cells were purchased from the American 

Tissue Culture Collection (Rockville, MD) and cultured according to the 

supplier’s instructions.  8226/S and 8226/DOX1V were kindly provided by Dr. 

William S. Dalton (College of Medicine, The University of Arizona) and cultured 

according to the literature.  Exponentially growing cells (1 ~ 2 × 103 cells) in 0.1 

mL medium were seeded on day 0 in a 96-well microtiter plate.  On day 1, 0.1 mL 
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aliquots of medium containing graded concentrations of compound were added to 

the cell plates.  On day 4, the cell cultures were incubated with 50 µL of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (1 mg/mL in Dulbecco’s 

phosphate buffered saline) for 4 h at 37 °C.  The resulting formazan precipitate 

was solubilized with 200 µL of 0.04 M HCl in isopropyl alcohol.  For 

determination of the IC50 values, the absorbance readings at 570 nm were fitted to 

the four-parameter logistic equation.  

SW39 [telomerase (+)/ALT (–)] and SW26 [telomerase (–)/ALT (+)] were 

generously supplied by Dr. Jerry W. Shay (University of Texas, Southwestern 

Medical Center).  Briefly, IMR90 cells were immortalized by SV40 T-antigen 

oncoprotein and separated into two subtypes:  telomerase (+)/ALT (–) (SW39) 

and telomerase (–)/ALT (+) (SW26).  Cultures were maintained at 37 °C, 5% CO2 

in a 4:1 mixture of Dulbecco’s MEM and medium 199 (CellGro) supplemented 

with 10% fetal bovine serum and 100 units/mL penicillin/streptomycin (Omega 

Scientific).  SW26 and SW39 cells were seeded at 0.4 and 0.2 million cells per 75 

cm2 flask, respectively.  Cells were passaged every 6–7 days, counted by 

hemocytometer, and reseeded at the original concentration. 
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III. RESULTS 

A. Design of the Fluoroquinoanthroxazines. 

As stated previously, A-62176 served as the starting point for the design 

of QQ58 (Figure 2.1).  In contrast to the various modes of action of A-62176, 

which include its targeting of topoisomerase II and the topoisomerase II–DNA 

complex and its modest G-quadruplex interactions, QQ58 was found to exhibit 

enhanced stacking interactions with G-quadruplex structures, and thereby shows 

increased telomerase inhibition and associated biological effects (13).  However, 

QQ58 did not retain the topoisomerase II poisoning activity of the parent drug (A-

62176) because of the loss of interaction with the topoisomerase II–DNA 

complex.  In the current study we have extended the aromatic ring system of A-

62176 by introducing a naphthyl group, with the aim of increasing the stacking 

interactions with G-quadruplex structures or increasing the interactions with 

topoisomerase II–DNA complexes.  It was envisaged that this naphthyl group 

would confer a similar increase in activity against human topoisomerase II, as was 

previously observed when a single phenyl ring extension was introduced in the 

pyridobenzophenoxazines (structures shown in Figure 2.1) in the appropriate 

orientation (21).  The configuration at the 3´-C aminopyrrolidine carbon of QQ58 

determines the disposition of the primary amino group in that ring and, 

consequently, its mode of interaction with the sugar phosphate DNA backbone of 

the G-quadruplex structure (13).  With these insights, the FQAs with two 
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orientations for phenyl extensions were selected (Figure 2.1).  (For ease of 

reference these are classified as either cis (C) or trans (T), depending on the 

orientation of the phenyl extension with respect to the remainder of the structure.)  

Also, the chirality at the 3-C aminopyrrolidine carbon in these compounds gives 

rise to two enantiomers, S and R, for each cis and trans fluoroquinolone, and 

therefore four novel stereoisomeric FQAs were prepared:  FQA-CS, FQA-CR, 

FQA-TS, and FQA-TR. The FQAs were synthesized by Dr. Wenhu Duan based 

on a published method for the synthesis of the quinobenzoxazines, with some 

modification (8).  

 

B. The FQA-CR isomer is the most G-quadruplex-stabilizing compound in 

the FQA series.   

To determine the binding affinity of the FQAs with the intramolecular G-

quadruplex structures, a DNA template containing four repeats of the human 

telomeric sequence TTAGGG was incubated with increasing concentrations of 

FQAs in the presence of Taq DNA polymerase (22).  The principle of the assay is 

shown to the left of the gel in Figure 2.2.  DNA pausing occurs at the G-

quadruplex forming site, the extent of which can be used as a measure of the 

interaction of the FQAs with G-quadruplex structures (23).  However, for the 

human telomeric sequence, the high concentration of monovalent cations required 

to stabilize the G-quadruplex structure (60 mM NaCl and 60 mM KCl) caused 
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nonspecific stops, even in the absence of FQAs (Figure 2.2).  But even in this 

system it was apparent that FQA-CR showed a modest but selective stabilization 

of the G-quadruplex structure.  To increase the sensitivity of this assay, the 

Tetrahymena telomeric sequence, which has four consecutive guanines in each 

telomeric sequence (TTGGGG), was employed in further studies, allowing the 

use of more modest concentrations of salts (5 mM KCl and 5 mM NaCl) (22).  In 

the absence of compounds there is only a slight Taq polymerization pause at the 

G-quadruplex-forming site, while significantly greater pausing is observed at the 

same position in the presence of the higher concentrations of compounds (Figure 

2.3, A and B).  The IC50 values of FQA-CS, FQA-CR, FQA-TS, and FQA-TR for 

the inhibition of enzyme processing were found to be 0.67, 0.06, 5.7, and 2.4 µM, 

respectively.  The pausing of polymerase processing at the primer position in the 

presence of FQA-CR at a concentration of 10 µM is most likely due to the affinity 

of FQA-CR for single- and/or double-stranded DNA.  These results demonstrate 

that FQA-CR has a selectivity of about 90-fold for the G-quadruplex structures 

over single- and/or double-stranded DNA (Figure 2.3C). 

To investigate the role of chromophore extension on G-quadruplex 

interaction, the polymerase stop reaction was carried out with several quinolone 

analogues that have incrementally extended aromatic ring systems.   
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Figure 2.2.  Concentration-dependent inhibition of polymerase DNA 

synthesis by the G-quadruplex structure formed on the DNA template containing 

the human telomeric sequence.  Autoradiogram of a sequencing gel showing 

enhanced polymerase pausing at the G-quadruplex site with increasing 

concentrations of FQAs.  Oligomer HT4 was incubated in reaction buffer (50 mM 

Tris-HCl, pH 7.5, 60 mM NaCl, 60 mM KCl, 10 mM MgCl2, 0.5 mM DTT, 0.1 

mM EDTA, and 1.5 µg/µL BSA) in the presence of Taq DNA polymerase.  

Arrows indicate the positions of the full-length product of DNA synthesis, the G-

quadruplex pause site, nonspecific stop products, and the free primer.  End-

labeled DNA was incubated under the same conditions without compound (lane 

1).  Lanes 2–5, 6–9, 10–13, and 14–17 contain increasing concentrations of FQA-

CS, FQA-CR, FQA-TS, and FQA-TR, respectively.  The cartoon on the left 

illustrates the principles of the assay. 
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Figure 2.3.  Concentration-dependent inhibition of polymerase DNA 

synthesis by the G-quadruplex structure formed on the DNA template containing 
the Tetrahymena telomeric sequence.  (A) Autoradiogram of a sequencing gel 
showing enhanced polymerase pausing at the G-quadruplex site with increasing 
concentrations of FQAs.  Oligomer PQ74 was incubated in reaction buffer (50 
mM Tris-HCl, pH 7.5, 5 mM NaCl, 5 mM KCl, 10 mM MgCl2, 0.5 mM DTT, 0.1 
mM EDTA, and 1.5 µg/µL BSA) in the presence of Taq DNA polymerase.  
Arrows indicate the positions of the full-length product of DNA synthesis, the G-
quadruplex pause site, and the free primer.  End-labeled DNA was incubated 
under the same conditions without compound (lane 1).  Lanes 2–6, 7–11, 12–16, 
and 17–21 contain increasing concentrations of FQA-CS, FQA-CR, FQA-TS, and 
FQA-TR, respectively.  The cartoon on the left illustrates the principles of the 
assay.  (B) Graphical representation of the quantification of the sequencing gel 
shown in A, showing the percentage of stop product at the G-quadruplex site as a 
percentage of the total intensity per lane.  (C) Graphical representation of the 
quantification of the stop products caused by the interaction of G-quadruplex or 
double-stranded DNA with FQA-CR. 
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As shown in Figure 2.4, compounds with more extended chromophores have 

higher G-quadruplex interactions. 

 

C. The (TTGGGG)4 sequence forms a chair-type G-quadruplex in which 

FQA-CR interacts by external stacking within the loop regions.   

A methylation protection assay was conducted to determine the likely G-

quadruplex structure that produces the stop in processivity of Taq DNA 

polymerase (24).  As shown in lane 1 of Figure 2.5, no apparent protection of any 

guanine was detected in the control in which the PQ74 template was incubated 

with dimethyl sulfate (DMS) in Tris buffer.  However, all guanines in the G-

quadruplex-forming site were protected from methylation in the buffer conditions 

of the polymerase stop assay.  This DMS protection pattern is consistent with G-

quadruplex structures in which all guanines participate in G-tetrad formation.  The 

incubation conditions of 20 min with 10 nM of template DNA used in the 

polymerase stop and methylation protection assays favor the formation of 

intramolecular G-quadruplex structures (22), in contrast to the formation of 

intermolecular G-quadruplex structures, which usually require incubation at 

micromolar concentrations of DNA for several hours (25).  In order to 

characterize the binding mode of the FQAs to this intramolecular G-quadruplex 

structure, a photomediated cleavage reaction was carried out.  The photoreactive 

properties  of  the  FQAs  lead to strand cleavage around their binding site(s)  that  
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Figure 2.4. The effect of extending the chromophore in inhibition of the 

polymerase DNA synthesis at the G-quadruplex structure.  (A) Autoradiogram of 

a sequencing gel showing enhanced polymerase pausing at the G-quadruplex site 

with increasing concentrations of FQAs.  Oligomer PQ74 was incubated in 

reaction buffer (50 mM Tris-HCl, pH 7.5, 5 mM NaCl, 5 mM KCl, 10 mM 

MgCl2, 0.5 mM DTT, 0.1 mM EDTA, and 1.5 µg/µL BSA) in the presence of 

Taq DNA polymerase.  (B) Graphical representation of the quantification of the 

sequencing gel in A, showing the percentage of stop product at the G-quadruplex 

site as a percentage of the total intensity per lane. 
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Figure 2.5.  DMS methylation and photocleavage pattern of the PQ74 
template in the presence of A-62176, FQA-CS, and FQA-CR.  (A) DMS 
methylation protection of the PQ74 in Tris buffer (lane 1) or in reaction buffer 
containing 50 mM Tris-HCl, pH 7.5, 5 mM NaCl, 5 mM KCl, 10 mM MgCl2, 0.5 
mM DTT, 0.1 mM EDTA, and 1.5 µg/µL BSA (lane 2).  Brackets I–IV indicate 
the four telomere G-quadruplex repeat sequences.  (B) Photocleavage pattern of 
the PQ74 in Tris buffer (lanes 4–7) or in reaction buffer (lanes 8–11) in the 
presence of fluoroquinolones.  Lane 3 shows DMS cleavage of denatured DNA.  
(C) Proposed model of FQAs binding to the intramolecular chair-type G-
quadruplex structure.  The numbers G1, G4, G7, G10, G13, G16, G19, and G21 
correspond to the cleavage sites in (B), right panel.  The FQA molecules are 
indicated by arrows.  
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can then be used to determine the location of the FQAs in the G-quadruplex–drug 

complex (13).   In contrast to the low level of uniform photocleavage for all 

guanines of the PQ74 in Tris buffer (lanes 5–7 in Figure 2.5B), there is selective 

cleavage at the guanines located in tetrads at both ends of the G-quadruplex (G1, 

G10, G13, G22, and G4, G7, G16, and G19) in the presence of the buffer used in 

the polymerase stop assay (Figure 2.5B, lanes 9–11).  On the basis of the DMS 

and photocleavage results, a model is proposed in which two FQA molecules 

selectively bind to the intramolecular chair-type G-quadruplex structure through 

an end-stacking binding mode (Figure 2.5C). 

 

D. FQA analogues have lost the topoisomerase II catalytic activity of A-

62176.   

The effects of the FQAs on the activity of human topoisomerase II were 

measured by means of a kDNA decatenation assay, which is routinely used to 

screen the inhibitors that specifically block the catalytic activity of topoisomerase 

II (26).  The parent compound, A-62176, was found to inhibit 50 % of 

decatenation activity of topoisomerase II at a concentration of 3.2 µM, while no 

inhibition was observed for the FQAs, even at a concentration of 100 µM (Figure 

2.6).  This result shows that the FQAs have no effect on the catalytic activity of 

topoisomerase II. 
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Figure 2.6.  Inhibition of kDNA decatenation of human topoisomerase II 

by fluoroquinolones.  (A) Catenated kDNA (0.25 µg) was treated with 2 units of 

human topoisomerase II in the presence of A-62176 or FQAs and then analyzed 

on 1 % agarose gel.  Arrows indicate the positions of the catenated and 

decatenated forms of kDNA.  Lane 1 contains catenated kDNA only.  Lanes 2 and 

8 contain only kDNA and topoisomerase II.  Lanes 3–7 contain 0.5, 1, 2, 5, and 

10 µM of A-62176, respectively.  Lanes 9–13 contain 5, 10, 20, 50, and 100 µM 

of FQA-CS, respectively.  Lanes 14 and 15 contain 50 and 100 µM of FQA-CR.  

Lanes 16 and 17 contain 50 and 100 µM of FQA-TS.  Lanes 18 and 19 contain 50 

and 100 µM of FQA-TR.  (B) Intensity of decatenated kDNA was quantitated 

from the gel using ImageQuant software. 
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E. Whereas A-62176 is both a topoisomerase II poison and a catalytic  

      inhibitor, the FQAs are only topoisomerase II poisons.   

During the breaking and rejoining process, topoisomerase II forms a 

covalent bond with the cleaved DNA to maintain the integrity of DNA (2).  

Topoisomerase II poisons increase the amount of DNA breakage by enhancing 

the steady-state levels of the covalent reaction intermediates, termed the 

topoisomerase II–DNA complexes, which are normally short-lived under 

physiological conditions (4,5).  In contrast, catalytic inhibitors decrease the level 

of double-strand breakage because they inhibit the formation of the 

aforementioned complexes.  Additional characterization of the effects of the 

FQAs on the activity of topoisomerase II was determined by a DNA cleavage 

assay.  At higher concentrations of all four FQAs, the intensity of topoisomerase 

II–mediated DNA cleavage was significantly increased (lanes 8 and 9, 13 and 14, 

19 and 20, and 24 and 25 in Figure 2.7A).  The degree of poisoning activity of the 

FQAs was in the decreasing order FQA-CS > FQA-CR > FQA-TS > FQA-TR, 

with FQA-CS being by far the most potent (Figure 2.7B).  The extent of 

topoisomerase II poisoning activity of FQA-CS was compared with that of A-

62176 (Figure 2.7C).  The intensity of DNA cleavage increased in a 

concentration-dependent manner for FQA-CS, whereas for A-62176 the levels of 

DNA  cleavage  initially  were  increased  at  low  concentrations but decreased at   
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Figure 2.7. Effects of FQAs and A-62176 on DNA cleavage activity of 
human topoisomerase II.  (A) Autoradiogram of a denaturing polyacrylamide gel 
showing the topoisomerase II–mediated DNA cleavage pattern in the presence of 
FQAs.  Lanes 4 and 15 contain only DNA and topoisomerase II.  Lanes 5–9, 10–
14, 16–20, and 21–25 contain 0.2, 0.5, 2, 10, and 50 µM of FQA-CS, FQA-CR, 
FQA-TS, and FQA-TR, respectively.  (B) Graphical representation of the 
quantification of the sequencing gel in A, showing the percentage of stop product 
at the G-quadruplex site as a percentage of the total intensity per lane.  (C) 
Autoradiogram of a denaturing polyacrylamide gel showing the topoisomerase II–
mediated DNA cleavage pattern in the presence of FQA-CS or A-62176.  The 
cleavage reaction was performed in the reaction buffer as described in the 
experimental section.  Lanes 4 and 10 contain only DNA and topoisomerase II.  
Lanes 5–8 contain 2, 10, 50, and 250 µM of FQA-CS.  Lanes 11–13 contain 0.5, 
2, and 10 µM of A-62176. 
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higher concentrations of this compound, presumably due to the topoisomerase II 

inhibitor effect of A-62176 (12).   Taken together, the results of the kDNA 

decatenation and DNA cleavage assays demonstrate that the FQAs only retain the 

topoisomerase II poisoning activity of the parent compound, A-62176, in contrast 

to QQ58, which loses the topoisomerase II poisoning effect. 

 

F. G-quadruplex interaction is critically important in determining the 

cytotoxicity of the FQA compounds.   

In the previous sections we have shown that all four FQA compounds can 

act as topoisomerase II poisons and also interact with G-quadruplex structures.  

Importantly, the FQA compounds were found to possess different combinations 

of activity against these two targets.  To compare the overall importance of 

topoisomerase II poisoning and G-quadruplex interaction, the cytotoxicities of the 

FQA compounds were tested against MCF7 breast cancer cells.  All cytotoxicity 

tests were carried out by Ms Mary Gleason-Guzman.  The order of potency was 

FQA-CR > FQA-CS > FQA-TR > FQA-TS, and their IC50 values were 0.46, 1.1, 

4.3, and 14.2 µM, respectively (Figure 2.8).  This order for cytotoxic potency 

corresponds best with the trend found for G-quadruplex interaction rather than 

that found for topoisomerase II poisoning.  Therefore, this result suggests that G-

quadruplex interaction is more important than topoisomerase II poisoning in 

determining the cytotoxicity of new FQA compounds. 
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Figure 2.8. Effect of FQAs on the growth of MCF7 breast cancer cells.  

MCF7 cells were exposed to the indicated concentrations of FQA compounds.  

After three days, the cytotoxicity was assessed and expressed as a percentage of 

the survival of untreated cells (100%).  Each experiment was performed four 

times at each point. 
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G. Because of its potent topoisomerase II poisoning effect, FQA-CS shows 

lower activity against topoisomerase II–depleted cells than topoisomerase 

II–sensitive cells, while FQA-CS shows equal activity against both 

topoisomerase II–sensitive and topoisomerase II–depleted cells.   

To further characterize the role of topoisomerase II interaction in 

determining the overall activity of the FQAs, the cytotoxicities of the FQAs 

against 8226/S (a human multiple myeloma cell line of RPMI 8226) and 

8226/DOX1V (a doxorubicin-resistant cell line of 8226/S) were measured (27).  

Decreased levels of topoisomerase II expression in 8226/DOX1V resulted in less 

drug-induced DNA cleavage and a corresponding decrease in cytotoxicity 

observed for doxorubicin (Table 2.1).  FQA-CS, the strongest topoisomerase II 

poison among the compounds tested, showed a 4-fold decrease in activity against 

8226/DOX1V cells relative to that seen against 8226/S cells.  However, for FQA-

CR, the most favored G-quadruplex-interactive compound, there was much less 

cytotoxicity difference between the two cell lines (1.55-fold).  This implies that 

the overall cytotoxicity of FQA-CR in MCF7 cells is not due to topoisomerase II 

poisoning activity but is presumably due to its G-quadruplex interaction. 

 

H. FQA-CR suppresses the proliferation of both telomerase-positive and 

ALT (+) cells at noncytotoxic concentrations, while FQA-CS has little 

antiproliferative effects.   
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Table 2.1. Cytotoxicities of FQAs and doxorubicin against 8226/S and 

8226/DOX1V cells. 8226/S is a multiple myeloma cancer cell.  8226/DOX1V is a 

doxorubicin-resistant cell line of 8226/S.  Average and standard deviation values 

were calculated from the four sets of experiments. 

 

Drug 8226/S 8226/DOX1V 
Ratio 

(DOX1V/S) 

Doxorubicin 0.037 ± 0.001 0.320 ± 0.039 8.65 

FQA-CS 0.690 ± 0.074 2.775 ± 0.242 4.02 

FQA-CR 0.324 ± 0.013 0.501 ± 0.039 1.55 

FQA-TS >10 >10 ND 

FQA-TR 5.46 ± 0.411 >10 ND 
(Average ± standard deviation; unit:  µM) 
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The effects of FQA-CR and FQA-CS against SW39 [telomerase (+)/ALT 

(–)] and SW26 [telomerase (–)/ALT (+)] (28) were analyzed in order to evaluate 

the contribution of G-quadruplex interactions (Figure 2.9).  Unlike telomerase 

inhibitors, G-quadruplex-interactive compounds are expected to suppress the 

proliferation of both telomerase (+) cells and ALT (+) cells, which maintain their 

telomeres through the ALT mechanisms (29).  Long-term cytotoxic effects were 

compared for control cells and cells that had been treated for 5 weeks with 

noncytotoxic concentrations of FQA-CR and FQA-CS (0.1 µM).  In both 

telomerase (+) and ALT (+) cells, we observed the suppression of cell 

proliferation within 1–2 weeks with FQA-CR, while cells treated with FQA-CS 

showed a similar growth curve to that of the control cells (Figure 2.9). 

 

IV. DISCUSSION 

The objective of this study was the identification of new compounds with 

contrasting profiles of mixed topoisomerase II poisoning effects and G-

quadruplex interactions.  The initial lead compound was a quinobenzoxazine (A-

62176), which is structurally related to the well-known class of fluoroquinolone 

antibiotics, e.g., norfloxacin.  It was previously demonstrated that this 

quinobenzoxazine was a mammalian cytotoxic agent, shown to be both a 

topoisomerase II poison and catalytic inhibitor as well as a weak G-quadruplex- 
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Figure 2.9.  Effect of long-term exposure with nontoxic concentrations of 

FQA-CS and FQA-CR on the culture growth of SW39 [telomerase (+)/ALT (–)] 

and SW26 [telomerase (–)/ALT (+)].  SW39 and SW26 cells were exposed to a 

0.1-µM concentration of FQA-CS or FQA-CR.  Pools of cells were passaged 

every 7 days by seeding ~105 cells into a new 75-cm2 flask.  After counting the 

number of cells, the culture growth was plotted as a cumulative number of cells 

versus weeks in culture.  Each experiment was performed four times at each 

point. 
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interactive compound.  A-62176 then served as a template for the design of the 

fluoroquinophenoxazine compound QQ58, which has an expanded ring system 

and demonstrates enhanced stacking interactions with G-quadruplex structures but 

has lost the topoisomerase II poisoning activity of A-62176.  The FQAs in this 

study were designed to combine the biological effects of G-quadruplex-interactive 

compounds with more established cytotoxic agents that act as topoisomerase II 

poisons.  The polymerase stop and DNA cleavage assays provided important cell-

free signatures of G-quadruplex interaction activity and topoisomerase II 

poisoning activity, respectively.  Among the new FQAs synthesized, FQA-CS and 

FQA-CR fulfilled the required mix of the different types of activity (Table 2.2).  

The FQAs containing an additional naphthyl ring in the cis orientation, are able to 

recognize and bind quite specifically to G-quadruplex structures and 

topoisomerase II–DNA complexes.  Within the cis group, FQA-CR showed a 

higher G-quadruplex interaction, while FQA-CS showed more potent 

topoisomerase II poisoning activity.  The results from this study are consistent 

with there being common molecular features of A-62176 and FQA molecules that 

appear critical for the recognition of their receptors.  These include the 

amphoteric nature of both molecules, the same intramolecular separation of the 

positive and negative charges, and the planar nature of both molecules.  The 

extension of the naphthyl ring in the cis direction serves to increase the planar 

aromatic system while retaining the amphoteric nature of these compounds, and 
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thus it enables the FQAs to interact strongly with G-quadruplex structures and 

topoisomerase II–DNA complexes.  The parent compound, A-62176, has minimal 

stacking interactions, which results in insufficient π–π stacking interactions to 

adequately stabilize G-quadruplex structures.  The R-enantiomer of the FQAs 

containing a cis phenyl extension interacts with G-quadruplexes to a greater 

extent than does the S-enantiomer.  This result is due to the amino hydrogen(s) of 

the aminopyrrolidine ring in the R-enantiomer being more favorably disposed 

than the corresponding S-enantiomer to facilitate the formation of a stabilizing 

hydrogen bonding interaction with the 5´ phosphate group in the G-tetrad(s) of G-

quadruplexes (13).  In contrast, the S-enantiomer is more favored for binding with 

topoisomerase II–DNA complexes (12,30).  Indeed, the results of the Taq 

polymerase assay (Figure 2.3A) show that FQA-CR is more selective for the G-

quadruplex than double-stranded DNA. 

Telomeres are specialized functional DNA–protein complexes that protect 

the ends of eukaryotic chromosomes.  The telomeric DNA is capped by a number 

of bound proteins, including TRF1 and TRF2 (31–33).  Griffith and co-workers 

have demonstrated, using electron microscopy, that the human telomeric binding 

protein TRF1 can remodel telomeric DNA into a “T-loop,” which is a large 

duplex loop-back structure most likely formed through the invasion of the single-

stranded telomeric 3´-overhang into the duplex telomeric repeat (34). Disruption 

of this T-loop by depletion of proteins involved in telomere binding (e.g., TRF2) 
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leads to chromosomal end-to-end fusions in presenescence cells, implying that 

telomeric function is more likely to depend on structure, rather than on length 

alone (35). G-quadruplex-interactive compounds also induce the end-to-end 

fusions of chromosomes in embryo cells, presumably by facilitating the formation 

of inappropriate telomeric end structures (13).  For example, the stabilization of 

dimeric G-quadruplex structures from two 3´ telomeric overhangs may lead to 

end-to-end fusion of chromosomes.  Among the four new FQA compounds, FQA-

CR and FQA-CS were found to induce apparent end-to-end adherence of 

anaphase and telophase chromosomes in sea urchin embryos after relatively short 

periods of time (unpublished data).  The abnormal chromosomes, including end-

to-end fusions, would likely break during mitosis, resulting in severe damage to 

the genome and the activation of DNA damage checkpoints.  This in turn should 

lead to cell senescence or the initiation of the apoptosis cell death pathway (35).  

The induction of anaphase bridges could be a more important mechanism for 

FQA-CR and FQA-CS in killing cancer cells than the inhibition of telomerase 

activity. 

FQA-CR suppressed the proliferation of both telomerase-positive and 

ALT-positive cells, an effect that occurs within one or two weeks at noncytotoxic 

concentrations.  Unlike telomerase inhibitors, G-quadruplex-interactive 

compounds would be expected to affect cells that maintain telomeres by 

telomerase-dependent as well as telomerase-independent ALT mechanisms (29), 
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since during the recombination process of the ALT mechanism, two chromosome 

ends need to be in close proximity.  Therefore, G-quadruplex-interactive 

compounds can easily trap out or stabilize intermolecular G-quadruplexes and 

thereby cause the activation of DNA damage check points.  G-quadruplex-

interactive compounds, when bound to intermolecular G-quadruplexes, have been 

found to inhibit helicases such as Sgs1, which normally are able to clear G-

quadruplex structures from DNA (36). 

Using crystallography, the Neidle laboratory recently has reported an 

alternative intramolecular G-quadruplex structure (37) for the human telomeric 

sequence to that reported by Patel (38).  In the case of the Patel NMR study, a 

basket-type structure was found using Na+ ions.  The Neidle structure is a 

propeller type, but the crystallization conditions were quite different, involving K+ 

in place of Na+, and, significantly, in the presence of a G-quadruplex-interactive 

molecule, although the ligand did not appear in the final structure.  All the 

experimental results reported here are consistent with target G-quadruplexes 

involving chair- or basket-type structures, although we certainly cannot rule out 

the involvement of the propeller type, even though there is little resemblance 

between the FQA compounds and the G-quadruplex ligand included in the Neidle 

crystallization study. 

In conclusion, a novel group of FQAs has been designed and synthesized 

on the basis of previously established SARs for DNA–topoisomerase II and G-
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quadruplex interactions.  Among them, FQA-CS and FQA-CR produce 

contrasting profiles of mixed topoisomerase II and G-quadruplex interactions and 

show potent inhibitory activity against tumor cell lines (Table 2.2).  These 

compounds are under further evaluation to determine the consequences of a dual 

mechanism of action against topoisomerase II and G-quadruplexes and to 

determine the optimum combination of these modes of action for activities in 

vivo. 

In the cytotoxicity studies with topoisomerase II–sensitive and 

topoisomerase II–resistant cell lines, FQA-CS showed a significant decrease in 

activity in resistant cells.  However, FQA-CR showed a similar level of potency 

against the topoisomerase II–resistant cells compared to topoisomerase II–

sensitive cells.  This might be an important advantage of drugs with a dual 

mechanism of action for treating tumors that already have resistance mechanisms 

for one specific target. 

These results, taken together with the results from biological studies of G-

quadruplex and topoisomerase II interactions, suggest that although both FQA-CS 

and FQA-CR show good in vitro activity against cancer cells, they have 

contrasting profiles of activity: FQA-CR has the potent G-quadruplex interaction 

with the weak topoisomerase II poisoning effect, and FQA-CS has strong 

topoisomerase II poisoning effect with weak G-quadruplex interaction. 
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Table 2.2.  Summary of biological activities of FQA-CS and FQA-CR. 
 
 

 

 
 FQA-CS FQA-CR 
G-quadruplex interaction   

Polymerase stop assay (IC50) 0.67 µM 0.06 µM 
Long-term effectsa No effect Senescence 

   
Topoisomerase II inhibition   

Topoisomerase II poison effects +++ + 
Cytotoxic ratio topoisomerase II-S/-
R cellsb 

4.02 1.55 

   
Overall cytotoxicity   

MCF7 breast cells (IC50) 1.1 µM 0.46 µM 
   
Major mechanism of action Topoisomerase 

II poison 
G-quadruplex-

interaction 
a Effects of long-term exposure with nontoxic concentrations of FQA-CS and 
FQA-CR on the culture growth of SW39 [telomerase (+)/ALT (–)] and SW26 
[telomerase (–)/ALT (+)]. 
b The ratio of cytotoxicity of FQA-CS and FQA-CR against 8226/S 
(topoisomerase II–sensitive) and 8226/DOX1V (topoisomerase II–resistant) 
cells. 
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I. INTRODUCTION 

Psorospermin (see Figure 3.1A for structure) is a novel antitumor 

antibiotic isolated from the roots and stembark of the tropical African plant 

Psorospermum febrifugum (1,2). Superficially psorospermin appears to be 

mechanistically related to another class of antitumor antibiotics, the pluramycins 

(3,4) (see Figure 3.1B for structure). Like the pluramycins, psorospermin 

intercalates into the DNA helix and the epoxide undergoes electrophilic attack by 

the N7 of guanine located to the 3' side of the drug molecule, creating a lesion that 

is cationic in nature and therefore may depurinated inside cells (5) (Figure 3.1C). 

However, in order to achieve maximum stabilization within the DNA helix, 

psorospermin intercalates parallel to the helix axis while the pluramycins 

intercalate perpendicularly (5).  In contrast to the pluramycins, psorospermin has 

no carbohydrate substituents, and thus shows a poor sequence specificity and low 

reactivity toward duplex DNA. However, psorospermin has at least equal in vitro 

cytotoxic potency to that of pluramycins in the NCI 60-panel screen.  This 

apparent paradox was rationalized by the observation that the alkylation reactivity 

of psorospermin is significantly increased in the presence of topoisomerase II 

under certain conditions with specific DNA sequences (6).  On the basis of this 

observation, a model was previously proposed in which topoisomerase II induces 

the structural distortion at its binding sites, allowing the reactive epoxide ring of 
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psorospermin to become more proximal to the N7 of guanine.  This leads to the 

selective DNA alkylation by psorospermin of N7 guanine within the 

topoisomerase II-DNA gate sites (6). 

Topoisomerase II is an enzyme that catalyzes changes in the topology of 

DNA via a mechanism that involves the transient double-strand breaking and 

rejoining of phosphodiester bonds in DNA (7,8). This enzyme plays several key 

roles in the DNA metabolism and chromosome structure (9), and it is the primary 

molecular target for a number of potent anticancer drugs.  Most of the 

topoisomerase II inhibitors, known as poisons, interfere with the breaking-

rejoining reaction of the enzyme by trapping the reaction intermediate, called the 

topoisomerase II-DNA complex and this complex is normally short-lived under 

physiological conditions (10-16). The efficacy of a drug is highly dependent on its 

residence time within the ternary complex because once the drug dissociates from 

the complex the reaction proceeds unhindered to its fruition. Thus compounds that 

trap the topoisomerase II–DNA complex irreversibly might have a clinical 

advantage with potent activity for cancer cells (17).  

A-62176 (see Figure 3.1A for structure) is a fluoroquinolone analogue that 

shows good activity against a number of cancer cell lines (18-20). A self-assembly 

model has been proposed for A-62176 on the basis of the results from previous 

biophysical and biochemical studies (21,22). In this model, a 2:2 drug-Mg2+ dimer 

binds to DNA, with one drug molecule intercalated into DNA base pairs and the 
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second drug molecule externally bound through two-chelated Mg2+ ions. In this 

proposal, the two magnesium cations link the two drug molecules in a head-to-tail 

fashion, such that the bidentate ligand of the β-keto acid moiety and the primary 

amino group of the aminopyrrolidine side chain are the head and tail, respectively. 

Each magnesium cation also binds with one phosphate oxygen of the DNA 

backbone and two water molecules to form an octahedral complex.  Previously, 

Kwok et al. demonstrated that A-62176 interacts with the topoisomerase II-DNA 

complexes at the same position of DNA as found with psorospermin (23). These 

results suggested to us that psorospermin and A-62176 might overlap within the 

intercalate site in the duplex DNA (see ovals in Figure 3.1A) and interact 

similarly with the topoisomerase II-DNA complex.  

On the basis of chemical structures of psorospermin and A-62176, and 

molecular modeling studies of these compounds bound to duplex DNA, we have 

designed and synthesized a series of new DNA-interactive agents that make 

irreversible DNA adducts more efficiently than the source molecules at 

topoisomerase II binding sites. The biological activity of the new compounds was 

determined with respect to in vitro cytotoxicity against a variety of cancer cell 

lines.  
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Figure 3.1. Structures of psorospermin, A-62176 (A), and pluramycin (B). 

(C) Proposed mechanism of covalent modification of DNA by psorospermin to 

form the psorospermin-(N7-guanine)-DNA adduct. 
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II. MATERIALS AND METHODS 

A. Materials for Biochemistry. 

Compound solutions were prepared as 1 mM stock solutions in dimethyl 

sulfoxide and stored at –20 °C. Hybrid epoxide-3 (a diastereomeric mixture of 1-

(3(S)-Aminopyrrolidin-1-yl)-2-fluoro-4-oxo-4H-pyrido[3,2,1-kl]-2(R)-(1(R)-

methyloxiranyl)-1,2-dihydrofurano[h]phenoxazine-5-carboxylic acid and 1-(3(S)-

Aminopyrrolidin-1-yl)-2-fluoro-4-oxo-4H-pyrido[3,2,1-kl]-2(S)-(1(S)-methyloxir 

anyl)-1,2-dihydrofurano[h]phenoxazine-5-carboxylic acid ) and hybrid chloro 

hydrin-4 (a diastereomeric mixture of 1-(3(S)-Aminopyrrolidin-1-yl)-2-fluoro-4-

oxo-4H-pyrido[3,2,1-kl]-2(R)-(2(R)-hydroxy-1-chloropropan-2-yl)-1,2-dihydrofu 

rano[h]phenoxazine-5-carboxylic acid and 1-(3(S)-Aminopyrrolidin-1-yl)-2-

fluoro-4-oxo-4H-pyrido[3,2,1-kl]-2(S)-(2(S)-hydroxy-1-chloropropan-2-yl)-1,2-

dihydrofurano[h]phenoxazine-5-carboxylic acid were synthesized by Dr. 

Younghwa Na from the University of Arizona. These stock solutions were diluted 

to working concentrations in distilled water immediately before use.  

Electrophoretic reagents (acrylamide/bisacrylamide solution and ammonium 

persulfate) were purchased from BioRad, and N,N,N´,N´-

tetramethylethylenediamine (TEMED) was purchased from Fisher.  T4 

polynucleotide kinase, Taq DNA polymerase, and human topoisomerase II were 

purchased from New England Biolabs, Promega, and TopoGen, respectively.  [γ-

32P] ATP was purchased from NEN Dupont. 
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B. Preparation and End-Labeling of Oligonucleotides. 

Oligonucleotides were synthesized on an Expedite 8909 nucleic acid 

synthesis system (PerSeptive Biosystems, Framingham, MA) using the 

phosphoramidite method.  The oligonucleotides were eluted out of the column by 

using aqueous ammonia and deprotected by heating at 55 °C overnight, followed 

by 15% denaturing polyacrylamide gel purification.  The 5´-end-labeled single-

strand oligonucleotide was obtained by incubating the oligomer with T4 

polynucleotide kinase and [γ-32P]ATP for 1 hr at 37 °C.  Labeled DNA was 

purified with a Bio-Spin 6 chromatography column (BioRad) after inactivating 

the kinase by heating for 8 min at 70 °C. 

 

C. DNA Alkylation Assay.  

Oligomers A1, d[CGCCGAAACAAGCGCTCATGAGCCCCGTATCAA 

TGTATACGAGCCCGATCTTCCCCATCG], and A2 d[CGATGGGGAAG 

ATCGGGCTCGTATACATTGATACGGGGCTCATGAGCGCTTGTTTCGGC

G], were synthesized as mentioned above.    The 5´-end-labeled A1 was annealed 

with the complementary strand (A2) by heating to 95 °C and slowly cooled to 

room temperature.  Labeled double-stranded DNA was purified on an 8% native 

polyacrylamide gel.  DNA was incubated with 20 units of human topoisomerase 

II in 20 µL of reaction buffer (30 mM Tris-HCl, pH 7.6, 3 mM ATP, 15 mM β-

mercaptoethanol, 8 mM MgCl2, 60 mM NaCl) at 30 °C for 20 min in the presence 
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of various concentrations of compounds (27). The reaction was terminated by 

adding 5 µg of calf thymus DNA followed by phenol/chloroform extraction and 

ethanol precipitation. DNA samples were then subjected to piperidine treatment 

and 12% denaturing polyacrylamide gel electrophoresis. For the experiment with 

higher pH conditions, 10 mM Glycine-NaOH buffers were used.  

 

D. Topoisomerase II-Mediated Cleavage Reaction. 

The same double-stranded DNA with alkylation assay was used. DNA 

was incubated with 20 units of human topoisomerase II in 20 µL of reaction 

buffer (30 mM Tris-HCl, pH 7.6, 3 mM ATP, 15 mM β-mercaptoethanol, 8 mM 

MgCl2, 60 mM NaCl) at 30 °C for 10 min in the presence of various 

concentrations of compounds (27).  Reactions were terminated by adding SDS to 

1% of the final concentration, and topoisomerase II was removed by proteinase K 

digestion (100 µg/mL) at 42 °C for 1 h followed by phenol/chloroform extraction 

and ethanol precipitation.  Samples were loaded onto a 12 % denaturing 

sequencing gel. 

 

E. Imaging and Quantification. 

The dried gels were exposed on a phosphor screen.  Imaging and 

quantification were performed using a PhosphorImager (Storm 820) and 

ImageQuant 5.1 software from Molecular Dynamics. 
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F. Cytotoxicity Assay. 

Cancer cells were purchased from the American Tissue Culture Collection 

(Rockville, MD) and cultured according to the supplier’s instructions. 

Exponentially growing cells (1 ~ 2 × 103 cells) in 0.1 mL medium were seeded on 

day 0 in a 96-well microtiter plate.  On day 1, 0.1 mL aliquots of medium 

containing graded concentrations of compound were added to the cell plates.  On 

day 4, the cell cultures were incubated with 50 µL of 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-tetrazolium bromide (1 mg/mL in Dulbecco’s phosphate 

buffered saline) for 4 h at 37 °C.  The resulting formazan precipitate was 

solubilized with 200 µL of 0.04 M HCl in isopropyl alcohol.  For determination 

of the IC50 values, the absorbance readings at 570 nm were fitted to the four-

parameter logistic equation. 

 

G. Molecular Modeling. 

Molecular graphics, structural manipulations, energy minimization, 

molecular docking and MD simulations were carried out with Silicon Graphics 

Indigo2 workstation using Biopolymer, Discover_3, CFF, AMBER, Affinity 

implemented with in the Insight II software (28-33). The high-resolution crystal 

structure (1.50 Å) coordinates published for doxorubicin bound to d[CGTACG] 

duplex DNA (PDB entry 2DES) was used as template to build the molecular 

model of DNA-drug as described detail in supplement.   
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H. UV-Spectrophotometric Assay. 

Absorbance spectra were recorded as described previously using a Cary 

UV-visible spectrophotometer. Sequential aliquots of DNA solution containing 

A-62176 and hybrid chlorohydrin-4 at a concentration of 20 µM were added to 20 

µM of drug solution containing 10 mM Tris buffer (pH 7.6) with or without 10 

mM MgCl2 in a 1 cm cuvette.  The total drug concentration was thus maintained 

at a constant value. After addition of each aliquot, the absorption spectrum (290-

500 mm) was recorded.  

 

 

III. RESULTS 

A. A-62176 and psorospermin exhibit structural similarity.  

Previously, Kwok et al. demonstrated that A-62176 competes with 

psorospermin for binding with Drosophila topoisomerase II-DNA complex at the 

same DNA intercalation sites (6,23), suggesting that psorospermin and A-62176 

may have similar binding modes that involve direct interactions with 

topoisomerase II-DNA complexes. In order to determine the structural similarity 

of psorospermin and A-62176, the three-dimentional structures of these two 

compounds were compared using field fit atom-atom superposition. All molecular 

modeling studies were carried out by Dr. Hariprasad Vankayalapati from the 

University of Arizona.  The superimposition of these two molecules revealed that  
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Psorospermin A-62176

 

 

 

 

Figure 3.2. Structures of psorospermin and A-62176, and view of the field 

fit alignment model of psorospermin (color-by atom) and A-62176 (yellow). 

 

 70



  

Figure 3.3. Effect of human topoisomerase II on the extent of alkylation 

of DNA by psorospermin. (A) Autoradiograms of denaturing polyacrylamide gels 

showing the DNA strand-breakage patterns of DNA produced by psorospermin. 

Lanes 1 and 2 contain the Maxam–Gilbert sequencing reactions of AG and TC. 

Lane 3 is control DNA without heat treatment. Lanes 4–6 contain 0, 1, and 10 µM 

of psorospermin in the absence of topoisomerase II. Lanes 7–9 contain 0, 1, and 

10 µM of psorospermin in the presence of topoisomerase II. (B) Competition 

assay between psorospermin and A-62176. The topoisomerase II–DNA complex 

was formed as described in Materials and Methods in the presence of various 

concentrations of A-62176. Psorospermin (10 µM) then was added to the reaction 

mixture, and the reaction continued for another 20 min followed by piperidine 

treatment. Lane 1 contains the Maxam–Gilbert sequencing reaction of G. Lanes 2-

5 contain 0, 1, 10, and 100 µM A-62176 in the presence of 10 µM psorospermin 

and topoisomerase II. (C) Effects of psorospermin on DNA cleavage activity of 

human topoisomerase II. Autoradiogram of a denaturing polyacrylamide gel 

showing the topoisomerase II–mediated DNA cleavage pattern in the presence of 

psorospermin. Lane 1 contains the Maxam–Gilbert sequencing reaction of AG. 

Lanes 2–7 contain 0, 0.2, 0.5, 2, 10, and 50 µM of psorospermin. (D) Oligomers 

used for DNA alkylation and topoisomerase II-mediated DNA cleavage assays. 

To precisely define the location of the bases at the topoisomerase II cleavage site, 

positive and negative numbers (...+4, +3... for site A and ... +2', +1', -1', -2' for 

site B) are used to indicate the bases at the 3' and 5' termini of the cleaved 

phosphodiester bonds by topoisomerase II on the bottom strand. In all of the 

experiments, the bottom strand was 5' end-labeled, as indicated by asterisks.  The 

enhanced cleavage bands detected in the current experiments correspond to the 

topoisomerase II –mediated cleavage site at site B.   
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there is substantial overall of both molecules and in particular their aromatic rings 

and H-bond acceptors such as 6-oxo atom of A-62176 and xanthone oxygen of 

psorospermin are in good alignment (Figure 3.2). The field fit alignment yield a 

similarity function of 0.57 Å rmsd, reflecting minimized structural variation 

between the two molecules.    This result suggests that A-62176 and psorospermin 

present a common pharmacophore to their intracellular target, presumably the 

topoisomerase II-DNA complex. 

 

B. Human topoisomerase II enhances the DNA alkylating activity of 

psorospermin under the physiological conditions and A-62176 competes 

with psorospermin for this reaction. 

Previously Kwok et al. found that the DNA alkylating activity of 

psorospermin is significantly increased at specific sites of DNA in the presence of 

Drosophila topoisomerase II (6). On the basis of these results it was envisaged 

that the topoisomerase II can change the conformation of the duplex DNA and 

thereby create a site that is favorable for alkylation by psorospermin. However, 

these previous studies were carried out with Drosophila topoisomerase II in acidic 

condition (pH, 6.0). Thus in the current study, experiments were designed to 

verify the mechanism of DNA alkylation by psorospermin in the presence of 

human topoisomerase II at pH 7.6, conditions which are more analogous to those 

in the intracellular environment.    A sixty base pair duplex DNA,  which contains 
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two sets of topoisomerase II cleavage site (Figure 3.3D), was incubated with 

increasing concentrations of psorospermin in the presence or absence of human 

topoisomerase II for 20 min at 30oC (6).  Then piperidine-heat treatment of the 

samples was used to generate strand-breakage products that result from 

depurination of the N7-alkylated guanine.   In the absence of topoisomerase II 

there was only a weak non-specific alkylation of DNA by psorospermin (Figure 

3.3A, lanes 5,6).  However, in the presence of human topoisomerase II 

significantly greater DNA alkylation was observed at one specific guanine site 

(Figure 3.3A, lanes 8,9), which is located at the one of the topoisomerase II-

mediated cleavage sites (+4’ position of site B in Figure 3.3D). These results are 

consistent with the results from the previous experiments using Drosophila 

topoisomerase II under acidic condition (6).  

In the previous section, we suggested that psorospermin and A-62176 

might present a common pharmacophore to the topoisomerase II-DNA complex. 

To test this hypothesis, a competition study between psorospermin and A-62176 

was carried out in the presence of human topoisomerase II. As the concentration 

of A-62176 was increased, the amount of psorospermin-mediated DNA alkylation 

was decreased significantly (Figure 3.3B, lanes 2-5), demonstrating that A-62176 

competes with psorospermin for binding within the same topoisomerase II-DNA 

target site. 
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In order to determine whether it was the binding of topoisomerase II, 

which enhanced the DNA alkylating activity of psorospermin at the specific DNA 

site, a topoisomerase II-mediated DNA cleavage assay was carried out using SDS 

and proteinase K (23).  During the DNA breaking and rejoining process, the 

topoisomerase II enzyme is known to form a covalent bond with the cleaved 

DNA, resulting in the formation of a transient topoisomerase II-DNA complex 

(7,8).  If psorospermin does indeed bind to the topoisomerase II-DNA complex, it 

would then alkylate the DNA at its binding site and therefore interfere with the 

DNA rejoining reaction of topoisomerase II. This would result in increased 

amounts of DNA cleavage product at this enzyme’s binding site, which can then 

be trapped and quantified using SDS and proteinase K treatment. We found that 

the intensity of topoisomerase II-mediated DNA cleavage increased in a 

concentration dependent manner for psorospermin at a cytosine (Figure 3.3C, +1’ 

position in Figure 3.3D), which is located in proximity to the guanine (+4’ 

position in Figure 3.3D) that was found to be preferentially alkylated by 

psorospermin in the presence of topoisomerase II. Therefore, taken together these 

results are consistent with the enhanced DNA alkylating activity of psorospermin 

being due to the topoisomerase II binding at the specific DNA site, which induces 

a structural distortion around its binding site. 

 

C. Structural docking of psorospermin and A-62176 with duplex DNA. 
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In the previous sections, we have demonstrated that human topoisomerase 

II binds to specific DNA sites and induces the DNA alkylating activity of 

psorospermin under physiological conditions, which suggests that this activation 

mechanism of psorospermin is likely to occur inside human cells. Thus the 

aforementioned model for activation of psorospermin can now served for the 

design of new DNA alkylating agents. The detailed analysis of the interaction of 

psorospermin with the topoisomerase II-DNA complex requires a crystal structure 

of ternary topoisomerase II-DNA-drug complex, but neither the crystallographic 

structure of the ternary complex nor that of the topoisomerase II-DNA complex is 

available.  Thus the high-resolution crystal structure (1.50 Å) of doxorubicin 

bound to d[CGTAC5G6/C7G8TACG] was used as a starting structure for building 

the initial model of psorospermin-DNA complex (24). Psorospermin was 

manually inserted into the doxorubicin-intercalation site at C5pG6 by field fit 

alignment affinity docking experiment. The structure of complex was then 

submitted for series of simulated annealing (SA) docking experiments as detailed 

in methods and supplemental information. The most stable dynamic trajectory 

reveals that the xanthone ring of psorospermin intercalates into DNA base pairs in 

a parallel orientation, in which the A-ring of psorospermin (Figure 3.1A) exhibits 

a stable stacking interaction with G8, and its –OH group has a close contact with 

–C=O oxygen of G8 (Figure 3.4A).   The xanthone ether oxygen and carbonyl 

oxygen of B-ring show charge-charge interactions with 2-amino group of G8, and 

 76



the –OCH3 group in C-ring is involved in several van der Waals contacts with G6 

(distance 3.4 Å). In this model the stacking interactions of benzofuran oxygen 

atom and 3’R methyl group with G8 base are probably unfavorable due to local 

twist at the 2-substituted oxiranyl moiety to 25o angle. The proximity of the –CH2 

of epoxide ring to the N7 of G6 was calculated since the N7 of guanine would 

attack this methylene group to form a DNA adduct. The distance between two 

groups was found to be 4.82 Å. In order to confirm the stability of the 

psorospermin-DNA complex, we further undertook molecular dynamics (MD) 

simulation at 100 ps in the presence of hydrated system. It was found that the 

position and orientation of psorospermin was similar to that observed in previous 

SA docking simulation. The only difference identified was that the binding energy 

is increased from -46.71 kcal/mol to -49.81 kcal/mol. This suggests that the SA 

docking simulations could be used to predict the stable drug-DNA complex 

structure.  

Also, the binding mode of A-62176 was analyzed using the psorospermin-

DNA complex structure. A-62176 shows good stacking interaction at the same 

DNA binding site of psorospermin (Figure 3.4B). The presence of an additional 

ring at the N1 position and 7-(3-aminopyrrolidine) ring gives additional stacking 

interaction with C5pG6 step, in which the N1 substitution is located in the major 

groove and N7 substituent is in the minor groove between C5 and G8. The 3-

carboxylic acid moiety of A-62176  further  stabilizes  the complex through Mg2+  
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Figure 3.4. Molecular models of the view from the top at C5pG6 

depicting the stacking of psorospermin (A), A-62176 (B), hybrid epoxide-3 (C), 

and hybrid chlorohydrin-4 (D).  N7 of guanine 6 was colored by blue. The 

distance between N7 of guanine 6 and –CH2 of functional groups (white dashed 

line) was found to be 4.82 Å, 4.68 Å, and 3.58 Å for psorospermin, hybrid 

epoxide-3, and hybrid chlorohydrin-4, respectively. 
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ion coordination.  In the case of A-62176, the distances of Mg2+ ion with 4-C=O 

and 3-carboxylic acid were 4.74 Å and 7.26 Å, respectively. 

 

D. Design of new hybrid compounds based on the molecular modeling studies 

On the basis of results from SA docking and MD simulation of 

psorospermin described in the previous section, we propose that upon binding to 

the duplex DNA, topoisomerase II induces a structural distortion at its binding 

site. This structural distortion in duplex DNA allows the planar portion of 

psorospermin to form more favorable π-π stacking interactions with the DNA 

base pairs. As a result the distance between the –CH2 of epoxide ring of 

psorospermin and the N7 of guanine is reduced to less than 4.82 Å, which serves 

to greatly increases the DNA alkylation of N7 guanine by psorospermin within 

topoisomerase II-DNA gate sites.  On the basis of this model, we have designed a 

series of psorospermin/quinobenzoxazine hybrid compounds with the aim of 

combining the selectivity imparted by the topoisomerase II induced alkylation of 

DNA and the Mg2+ dependency of A-62176. The epoxydihydrofuran of 

psorospermin was appended as a DNA alkylating moiety to the 

pyridobenzophenoxazine ring of A-62176 at the three possible positions (Table 

3.1), and the binding of these compounds with DNA was investigated using SA 

docking and MD simulation. In the case of hybrid epoxide-1 (Table 3.1), the 

epoxydihydrofuran moiety  had strong steric clash with sugar phosphate group of  
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Table 3.1. Computed energies for C5pG6-complexes of psorospermin, A-

62176, and hybrid compounds. 

4.82

- 49.81
Binding energy

(kcal/mol)

6.96

- 46.19

6.51

- 29.83

4.68

- 61.23

Distance (Å)
-CH2 * and G-N7

*

Hybrid epoxide-1

Hybrid epoxide -2 Hybrid epoxide-3

Psorospermin A-62176

*

*
*

-

- 43.78

3.58

- 73.86

Hybrid chlorohydrin-4

*

Binding energy
(kcal/mol)

Distance (Å)
-CH2 * and G-N7
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C5.  The distance between the -CH2 of epoxide of hybrid epoxide-1 and the N7 of 

guanine was 6.96 Å, which was an increase of 2.14 Å in comparison with that of 

psorospermin (Table 3.1). Hybrid epoxide-2 also showed increase in the distance 

between two groups (6.51 Å) due to the position of epoxide ring. In contrast to 

hybrid epoxide-1 and -2, hybrid epoxide-3 exhibited a reduced distance between 

the -CH2 of epoxide ring and the N7 of guanine (4.68 Å). The tricyclic 

phenoxazine ring of hybrid epoxide-3 intercalated between C5pG6 and its 6-

fluorophenyl ring had stacking interactions with G8 (Figure 3.4C). The central 6-

oxo ring is positioned within 3.5-4.2 Å distance of C5 and G6 bases, and the 

oxygen atom in benzofuran ring showed three van der Waals contacts with 3, 7, 9 

nitrogen atoms of G6. The distance of Mg2+ ion to the 4-C=O and 3-carboxylic 

acid was 4.19 and 6.27 Å, indicating a strong coordination compared to A-62176. 

Such metal coordination suggested an additional feature for stabilization of the 

complex in the case of hybrid epoxide-3. Unlike psorospermin, the -CH2 group of 

epoxide in hybrid epoxide-3 does not involve in steric interactions with G6. 

Hence, hybrid epoxide-3 showed a higher binding energy with DNA base pairs (-

61.23 kcal/mol) compared to psorospermin, which would extend the resident time 

of compound in the molecular target, and thereby increases the chance of 

alkylation.  

The reactive epoxide attached at the furan ring of hybrid epoxide-3 was 

then substituted with a chlorohydrin group, which would be anticipated to display 
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different accessibility and nucleophilicity toward the N7 of guanine. The 

chlorohydrin and phenoxazine ring of the hybrid chlorohydrin-4 showed 

increased stacking interactions with C7pG8 bases, and these stacking interaction 

slightly changed the position of the benzofuran ring which is planar to C5, which 

is located within the 3-4 Å distance (Figure 3.4D).  Thus the chlorohydrin is in 

close proximity to G6, and therefore the hybrid chlorohydrin-4 has a decreased 

distance between –CH2 of chlorohydrin and the N7 of G6 (3.58 Å) in comparison 

to both psorospermin and the hybrid epoxide-3. 

 

E. Hybrid epoxide-3 shows enhanced DNA alkylation but less selective 

topoisomerase II induced alkylation. 

The DNA alkylating activity of hybrid epoxide-3 was compared with that 

of psorospermin in the presence and absence of topoisomerase II.  Piperidine heat 

treatment was used to generate the strand-breakage products resulting from 

depurination of the N7-alkylating guanine (6). In the absence of topoisomerase II, 

there was only a weak alkylation of DNA by psorospermin (lane 4 in Figure 3.5A, 

B).  However, significantly greater DNA alkylation was observed at most 

guanines by the hybrid epoxide-3 (e.g., all sites except E and H in Figure 3.5C).  

In the presence of topoisomerase II, psorospermin shows just one site of 

preferentially induced DNA alkylation at the guanine (site F in Figure 3.5B).  
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Figure 3.5. DNA alkylating activities of prorospermin, A-62176, and 

hybrid epoxide-3. (A) Autoradiograms of denaturing polyacrylamide gels 

showing the DNA alkylation patterns produced by hybrid epoxide-3, 

prorospermin, and A-62176. Lane 1 contains the Maxam–Gilbert sequencing 

reaction of G. Lanes 2-3 contain no drug. Lanes 4-5, 6-7, and 8-9 contain 10 µM 

of psorospermin, hybrid epoxide-3, and A-62176, respectively. Lanes 3, 5, 7, and 

9 contain topoisomerase II. (B,C) Graphical representation of the quantification of 

the gel shown in A.  
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In contrast, the presence of topoisomerase II served to increase 

significantly the DNA alkylating activity of hybrid epoxide-3 at all the guanines 

(Figure 3.5C). 

The observations that hybrid epoxide-3 has a strong DNA alkylating 

activity even in the absence of topoisomerase II may simply be due to the greater 

intrinsic binding interactions of this compound.  In contrast to psorospermin, the 

hybrid epoxide-3 shows fairly indiscriminant DNA alkylating activity at guanines, 

showing that hybrid epoxide-3 has less topoisomerase II–induced alkylation 

specificity than psorospermin. 

 

F. Hybrid chlorohydrin-4 shows enhanced DNA alkylation at higher pH 

conditions. 

The DNA alkylating activity of hybrid chlorohydrin-4 was also measured.  

The hybrid chlorohydrin-4 did not induce the DNA alkylation relative to that of 

the control group (Figure 3.6A, lanes 6,7). To further characterize the DNA 

alkylating activity of hybrid chlorohydrin-4, the experiment was carried out at 

higher pHs, conditions which are more favorable for nucleophilic displacement of 

the chloride. At pH 9.0 the alkylation was observed for the hybrid chlorohydrin-4, 

and the intensity increased in a pH dependent manner (Figure 3.6B).  
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Figure 3.6. DNA alkylating activities of hybrid compounds at various 

pHs. (A) Lane 1 contains the Maxam–Gilbert sequencing reaction of G. Lanes 2-3 

contain no drug. Lanes 4-5 and 6-7 contain 10 µM of hybrid epoxide-3 and hybrid 

chlorohydrin-4, respectively. Lanes 3, 5, 7, 9, and 11 contain topoisomerase II. 

(B) Effect of pH on the topoisomerase II-mediated DNA alkylation. Lanes 1, 2, 

and 3 were incubated for 1 h at Tris buffer (pH 7.6), Glycine-NaOH buffer (pH 

9.0), Glycine-NaOH buffer (pH 9.5), respectively. 
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G. Hybrid chlorohydrin-4 does not show Mg2+ dependency for DNA binding. 

Previously Fan et al. had shown that the ability of A-62176 to bind to 

DNA is dependent upon the presence of Mg2+ (21). In order to compare the 

potential Mg2+ dependency of binding of A-62176 and hybrid chlorohydrin-4 to 

duplex DNA, a spectrophotometric assay was used (21).  Free A-62176 showed 

an absorption peak at 315 nm.  Upon addition of DNA to a solution of A-62176, 

there was very little change in the intensity of this absorption peak; however, in 

the absence of Mg2+, a significant decrease in the absorption peak was observed 

(Figure 3.7A, B), presumably due to intercalation.  In contrast, the incremental 

addition of DNA to hybrid chlorohydrin-4 solution caused a significant reduction 

in the absorption peak of compound in both the absence and presence of Mg2+ 

(Figure 3.7C,D).  These results suggest that hybrid chlorohydrin-4 does not 

require Mg2+ for binding with duplex DNA, which may be because of the higher 

intrinsic binding energy of hybrid chlorohydrin-4 to DNA (-73.86 kcal/mol) 

compared to that of A-62176 (-43.78 kcal/mol).  

 

H. The hybrid compounds show more potent cytotoxicity than psorospermin 

and A-62176 against various cancer cell lines. 

The antiproliferative activity of hybrid compounds was compared to those 

of psorospermin and A-62176 against ten different cancer cell lines. Cytotoxicity 

test was carried out by Ms. Mary Guzman from the University of Arizona. 
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Figure 3.7. Effects of increasing DNA concentrations on the UV 

absorption of A-62176 and hybrid chlorohydrin-4 in the absence and presence of 
10 mM Mg2+. A-62176 was incubated with increasing concentrations of the 
60mer duplex DNA in the absence (A) and presence (B) of Mg2+. Hybrid 
chlorohydrin-4 was incubated with increasing concentrations of the 60mer duplex 
DNA in the absence (C) and presence (D) of Mg2+. The percent of absorbance 
changes of A-62176 at 315 nm as a function of increasing concentrations of DNA 
in the absence and presence of Mg2+are shown in panel E.  The percent of 
absorbance changes of hybrid chlorohydrin-4 at 310 nm as a function of 
increasing concentrations of DNA in the absence and presence of Mg2+are shown 
in panel F.   The arrows of figures indicate the change of spectrum by increasing 
the concentrations of DNA. 
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Table 3.2. Cytotoxicities of A-62176, psorospermin, and hybrid 

compounds against various cancer cells. Each experiment was performed four 

times at each point. 

 

Hybrid epoxide-3 Hybrid chlorohydrin-4A-62176

HT29 (Colon)

DU145 (Prostate)

Hela (Cervical)

MCF7 (Breast)

H522 (NSCLS)

8226 (Myeloma)

8226/Dox40 (Dox-Re)

U937 (Lymphoma)

Granta (Lymphoma)

Mia PaCa (pancreas)

0.09

0.03

0.13

0.08

0.02

0.05

0.03

0.02

0.002

0.04

0.45

0.47

0.80

0.66

0.30

0.27

0.27

0.31

0.09

0.42

0.14

0.08

0.29

0.24

0.07

0.09

0.05

0.03

0.004

0.09

Psorospermin

1.11

0.21

1.46

0.57

0.77

0.29

0.23

0.27

0.04

0.38

(Unit : µM)

Cell lines (origin)
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Hybrid compounds showed significantly more potent activity than the 

parent compounds, psorospermin and A-62176. Hybrid chlorohydrin-4 was 

slightly more active than hybrid epoxide-3 (Table 3.2). Hybrid epoxide-3 and 

hybrid chlorohydrin-4 displayed potent activity against all the cancer cells at 

submicromolar concentrations, particularly against Granta lymphoma, U937 

lymphoma, DU145 prostate, and H522 NSCLS cancer cells. Hybrid chlorohydrin-

4 was almost 10- to 20-fold more potent than the parent compound, psorospermin, 

against most cancer cell lines tested. 

 

IV. DISCUSSION 

Anticancer agents that alkylate DNA are some of the most effective drugs 

in the clinic and have significantly increased the survival rate of cancer patients.  

Unfortunately these drugs are not selective against tumor cells and serve to 

adversely affect certain critical cellular functions of normal and tumor cells alike 

(25). In contrast to these non-specific DNA alkylating agents, anticancer agents 

that interact with the protein-DNA complexes (for example, topoisomerase II 

poisons) have greater selectivity for cancer cells over normal cells (17). 

Topoisomerase II is an enzyme that catalyzes changes in the topology of DNA via 

a mechanism that involves the transient double-strand breaking and rejoining of 

phosphodiester bonds in DNA (7,8). This enzyme plays several key roles in the 

 89



DNA metabolism and the maintenance of chromosome structure (9), and it is the 

primary cytotoxic target for a number of potent anticancer drugs, such as 

doxorubicin and mitoxantrone (10). DNA interacting drugs that target 

topoisomerase II-DNA complexes have greater selectivity for cancer cells 

because elevated levels of the topoisomerases II are associated with higher rates 

of replication of tumor cells (10). These drugs bind to and stabilize the transient 

topoisomerase II-DNA complex, which is then stabilized as a ternary 

topoisomerase II-DNA-drug complex. The residence time of drugs in this ternary 

complex is very important for their efficacy as anticancer agents (17). Thus the 

compounds that trap the topoisomerase II–DNA complex irreversibly are likely to 

have the greatest anticancer potency and selectivity for cancer cells.  

The objective of this study was the design, synthesis, and evaluation of 

new DNA alkylation agents that form irreversible DNA adducts with the 

topoisomerase II-DNA complex. Psorospermin and A-62176 served as templates 

for the design of the new agents. SA docking and MD simulation of psorospermin 

and A-62176 within the complex have enabled the identification of structures that 

possess optimal π-π stacking interactions and alkylating properties. Hence, an 

initial series of novel hybrid compounds (hybrid epoxide-1, -2, and -3) that have 

an epoxydihydrofuran ring of psorospermin as a DNA alkylating moiety and the 

pyridobenzophenoxazine ring of A-62176 as a pharmacophore were designed. 

Hybrid epoxide-3 compound was expected to have the best accessibility to the N7 
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of guanine and the stable binding among this series of hybrid compounds, and 

hence this compound was synthesized and analyzed for DNA alkylating activity 

and cytotoxicity.  Hybrid epoxide-3 showed potent DNA alkylating activity and 

an enhanced cytotoxicity compared to the parent compounds, psorospermin and 

A-62176. The results from this study are consistent with specific molecular 

features of psorospermin and hybrid epoxide-3 being critical for optimal activity.  

These include the planar nature of both molecules and their reactive epoxide 

moieties. Psorospermin has insufficient π-π stacking interactions to enable its 

epoxide ring to alkylate the N7 of guanine. However, hybrid epoxide-3 shows 

stable binding with duplex DNA, and its reactive epoxide moiety is in close 

proximity to the nucleophilic N7 of guanine, resulting in stronger DNA alkylating 

activity than psorospermin in the presence of topoisomerase II. 

Hybrid chlorohydrin-4 was also designed and synthesized by modifying 

the functional epoxy group of hybrid epoxide-3 with chlorohydrin with the aim of 

enhancing both nucleophilicity and accessibility to the N7 of guanine. Hybrid 

chlorohydrin-4 showed more potent cytotoxicity than hybrid epoxide-3 against 

various cancer cell lines. However, our initial assays for DNA alkylating activity 

at pH 7.6 showed that hybrid chlorohydrin-4 containing a chlorohydrin had no 

activity and this result seemed to be at odds with our proposal that the cytotoxic 

effect of the hybrid compounds is primarily due to their DNA alkylating activity. 

However it is likely that the chlorohydrin containing hybrid is converted into 
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DNA-reactive intermediates inside cells where nucleophilic displacement of the 

chloride can occur either by the adjacent hydroxyl group of the compounds, 

which would result in the formation of an epoxide ring, or by the N7 of guanine 

directly attacking the chloride (Figure 3.8). The resulting covalent DNA adducts 

are similar to that for hybrid epoxide-3.  To test this hypothesis, the hybrid 

compounds were analyzed for DNA alkylating activity at higher pHs, conditions 

which are more favorable for nucleophilic displacement of the chloride. Under 

these conditions, the DNA alkylating activity of hybrid chlorohydrin-4 was 

significantly increased.   

In conclusion, the structures of psorospermin and A-62176 were used as a 

basis for the rational design of novel DNA alkylating agents.  Some of the more 

promising of these compounds were identified using molecular modeling, and 

these were synthesized and tested for their DNA alkylating activity under various 

conditions. The novel hybrid compounds showed enhanced DNA alkylating 

activities in the presence of topoisomerase II, and exhibited significant activity in 

vitro against various tumor cell lines. However hybrid compounds may have lost 

some of the topoisomerase II and Mg2+ dependency for reaction with DNA that 

were associated with psorospermin and A-62176 (6,21,22), which are most likely 

by the stable binding of hybrid compounds to DNA even in the absence of 

topoisomerase II and Mg2+. While additional studies are necessary to develop a 

further understanding, these preliminary results are very encouraging. 
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Figure 3.8. Proposed activation mechanism of hybrid chlorohydrin-4 

inside cells. 
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I. INTRODUCTION 

Telomeres are specialized functional DNA–protein structures that consist 

of a long stretch of double-stranded tandem repeats, d[TTAGGG/CCCTAA]n, and 

a short, single-stranded guanine-rich (G-rich) 3´-overhang (1, 2).  Griffith and co-

workers have shown that mammalian telomeres are arranged into large duplex 

loop-back structures (T-loops) in vivo, which are formed through the invasion of 

the single-stranded telomeric 3´-overhang into the duplex telomeric repeat (3).  

Their recent studies demonstrated that some portion of the cytosine-rich (C-rich) 

strand of the telomeric junction might also invade the duplex, resulting in the 

formation of a Holliday junction–like structure (4).  In addition, Karlseder and co-

workers demonstrated that overexpression of TRF2, a telomeric DNA binding 

protein, protects critically short telomeres from fusion and repressed 

chromosome-end fusions in presenescent cultures, which explains the ability of 

TRF2 to delay senescence (5).  These results suggest that the ends of telomeres 

are structurally more complex than generally acknowledged.  In normal cells, 

telomeres are progressively shortened by 50–200 bases after each round of cell 

division, owing to the inability of endogenous DNA polymerase to fully replicate 

the lagging telomeric DNA strand (6, 7).  Critically short human telomeres cannot 

form secondary structures and thereby induce senescence either by activating p53 

or by inducing the p16/RB pathway, a process that initiates growth arrest and cell 

death (8, 9).  Under rare circumstances a cell can escape this stage and become 
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immortal by stabilizing the length of its telomeres, usually through the activation 

of the enzyme telomerase (10).  Telomerase consists of two major components, a 

functional or template RNA (hTR) and a human telomerase reverse transcriptase 

(hTERT) catalytic subunit, and is responsible for the maintenance of telomere 

length by adding a telomeric repeat onto the 3´-ends of chromosomes.  Active 

telomerase has been detected in a majority of human cancer cells but not in 

normal somatic cells, which has made telomerase an attractive target for the 

design of anticancer drugs.  There have been a number of reports on different 

strategies for inhibiting telomerase activity in human cells (11, 12). 

Sequestering the substrate of telomerase, which is a single-stranded 

telomeric DNA, as a G-quadruplex is a reasonable approach to inhibition of 

telomerase activity (13, 14).  The noncoding repeat sequences of 

guanine/thymine-rich (GT-rich) DNA, which contain the 3´-overhang of human 

telomeres, have been shown to form tetra-stranded DNA structures termed G-

quadruplexes.  Wang and Patel reported that a DNA oligomer with a human 

telomeric sequence forms an intramolecular basket-type G-quadruplex structure 

(Figure 4.1A) in the presence of sodium (15).  More recently, Parkinson and co-

workers have reported an intramolecular propeller-type G-quadruplex structure 

(Figure 4.1A), which is preferentially formed in the presence of a G-quadruplex-

stabilizing compound and is also stabilized by potassium (16).  Other forms of G-

quadruplex structures exist in vitro (Figure 4.1A) and can be classified in terms of 
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strand stoichiometry and strand orientation (17, 18).  DNA sequences containing 

two or more G-rich repeats have been shown to form G–G hairpins, which in turn 

dimerize to form several types of stable dimeric quadruplexes, and a single G-rich 

repeat within a DNA sequence allows formation of intermolecular quadruplexes 

(Figure 4.1A).  The identification of chaperone proteins that facilitate the 

formation of G-quadruplexes, as well as proteins that recognize and bind to G-

quadruplexes and helicases that selectively unwind G-quadruplexes, strongly 

support the existence of G-quadruplexes in vivo (19–22).  Recently, the in vivo 

existence of G-quadruplexes in telomeres has been demonstrated by antibody 

studies in Stylonychia macronuclei (23). 

It has been proposed that small organic molecules that stabilize or induce 

G-quadruplex structures are likely to inhibit telomerase activity by sequestration 

of the substrate required for this activity, although the biological effects of these 

molecules may be more directly related to telomere disruption (12–14).  Indeed, a 

number of G-quadruplex-interactive compounds have been reported to inhibit 

telomerase activity, and some of them have shown encouraging data beyond 

telomerase inhibition, including telomeric disruption and short-term biological 

effects, such as formation of anaphase bridges, apoptosis, and in vivo activity in 

mouse xenograft models (24–26).  TMPyP4 (Figure 4.1B) has been shown to 

inhibit telomerase activity in MCF7 breast tumor cells (27) and stabilization of 

anaphase bridges (24).  A 9-anilino proflavine derivative has been optimized to 
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interact with the intramolecular G-quadruplex from human telomere and to 

minimize interaction with duplex DNA.  This compound has 60 to 100 nM 

potency in a modified TRAP assay (28).  The triazines have been demonstrated to 

produce telomere shortening, which is associated with delayed growth arrest and 

cell senescence (29).  A novel pentacyclic acridine has been shown to inhibit 

telomerase activity in 21NT cells, which was accompanied by an increase in cells 

in the G2/M phase of the cell cycle and a lower expression of the hTERT gene.  

This compound also induced a cessation of growth of GM847 cells, which 

maintain telomeres by an ALT mechanism (30).  The fluoroquinophenoxazines 

are redesigned topoisomerase II poisons that now interact more specifically with 

G-quadruplex structures (31). A subsequent generation of fluoroquino-

anthroxazines has also been designed and synthesized to have selectivity for 

either topoisomerase II or G-quadruplex interactions (32). 

Telomestatin (Figure 4.1B) is a natural product isolated from Streptomyces 

anulatus 3533-SV4 and has been shown to be a very potent telomerase inhibitor 

(33).  Significantly, telomestatin appears to be a more potent inhibitor of 

telomerase (5 nM) than any of the previously described molecules.  The structural 

similarity between telomestatin and a G-tetrad suggested that the telomerase 

inhibition (33) might be due to the ability of telomestatin to interact directly with 

G-quadruplex structures and thereby sequester single-stranded d[TTAGGG]n 

primer molecules required for telomerase activity.  
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In this study we provide the experimental evidence that telomestatin 

facilitates the formation of or stabilizes the G-quadruplex structures. Subsequently 

we demonstrate the preference of telomestatin for the intramolecular rather than 

the intermolecular G-quadruplex structure, and also its selectivity for the G-

quadruplex structure over a single-stranded or duplex DNA structure.  The 

kinetics of binding of telomestatin to the intramolecular structure, the stability of 

the complex, and its susceptibility to S1 nuclease are also measured.  On the basis 

of the selectivity of telomestatin for intramolecular G-quadruplex structures and 

TMPyP4 for intermolecular G-quadruplex structures, cellular studies were 

designed to determine the corresponding biological effects. 
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Figure 4.1. (A) Various types of intra- and intermolecular G-

quadruplexes. (B) Structures of a G-tetrad and the G-quadruplex interactive 

compounds telomestatin and TMPyP4. 
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II. MATERIALS AND METHODS 

A. Materials, Enzymes and Drugs. 

A stock solution of telomestatin (1 mM) was dissolved in 

dimethylsulfoxide and diluted to working concentrations with distilled water 

immediately before use.  Acrylamide/bisacrylamide solution and ammonium 

persulfate were purchased from Bio-Rad and N,N,N´,N´-

tetramethylethylenediamine was purchased from Fisher.  T4 polynucleotide kinase 

and Taq DNA polymerase were purchased from New England Biolabs and 

Promega, respectively.  [γ-32P]ATP was purchased from NEN Dupont. 

 

B. Preparation and end-labeling of oligonucleotides.   

Oligonucleotides were synthesized on an Expedite 8909 nucleic acid 

synthesis system (PerSeptive Biosystems, Framingham, MA) using the 

phosphoramidite method.  The oligonucleotides were eluted from the column with 

aqueous ammonia and deprotected by heating at 55 °C overnight, followed by 

15% denaturing polyacrylamide gel purification.  Prior to the experiments, all 

oligonucleotides were treated in 10 mM NaOH at 37 °C for 30 min, followed by 

neutralization with 10 mM HCl and ethanol precipitation in order to disrupt the 

self-associated structures.  The 5´-end-labeled single-strand oligonucleotide was 

obtained by incubating the oligomer with T4 polynucleotide kinase and [γ-
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32P]ATP at 37 °C for 1 h.  Labeled DNA was purified on a Bio-Spin 6 

chromatography column (Bio-Rad) after inactivation of the kinase activity by 

heating at 70 °C for 8 min. 

 

C. Electrophoretic mobility shift assay.   

End-labeled oligomer (5 nM) was incubated in 10 µL of buffer (50 mM 

Tris–HCl, pH 7.5, 10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, 1.5 µg/µL BSA) 

at 20 °C for 10 min.  The incubation was continued for an additional 30 min after 

addition of various concentrations of telomestatin to the mixture.  Samples were 

analyzed by 12% native polyacrylamide electrophoresis with 1× TBE as a running 

buffer.  For the time-course experiment, the samples were taken at the times 

specified in the figures and loaded onto a 12% native polyacrylamide gel.  For the 

experiment with double-stranded DNA, the labeled strand was annealed with the 

complementary DNA and purified on an 8% native polyacrylamide gel.  The 

labeled double-stranded DNA was incubated in the same buffer at 37 °C and 55 

°C for 15 h.  To measure the effects of telomestatin and TMPyP4 on the 

formation of intermolecular G-quadruplexes, 2 µM of oligomer was used. 

 

D. Competition assay.   

End-labeled oligomer Hu4, d[TTAGGG]4, (5 nM) was incubated with 

0.05 µM of telomestatin at 20 °C for 30 min, as described above.  The G-
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quadruplex–drug complex was purified from the unbound telomestatin using a 

Bio-Spin 6 chromatography column and incubated with various concentrations of 

unlabeled Hu4 for an additional 40 min at 20 °C.  Samples were mixed with 

glycerol solution (5% final) and loaded onto a 12% native polyacrylamide gel. 

 

E. Methylation protection.   

A methylation protection experiment was performed after incubation of 

oligonucleotides with telomestatin, as described above.  For each incubation, 10 

µL of sample was mixed with 200 µL of reaction buffer (50 mM sodium 

cacodylate, pH 8.0, 1 mM EDTA) and 1 µL of 100% dimethyl sulfate (DMS).  

The reaction was stopped by adding 50 µL of DMS stop buffer (1.5 M sodium 

acetate, pH 7.0, 1 M β-mercaptoethanol, 100 µg/mL calf thymus DNA).  Samples 

were then subjected to ethanol precipitation, piperidine treatment, and 12% 

denaturing polyacrylamide gel electrophoresis. 

 

F. Polymerase stop assay.   

The DNA primer and templates (Table 4.1) were synthesized and purified 

as described above.  Labeled DNA primer (15 nM) and templates (10 nM) were 

annealed in buffer (50 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 0.5 mM DTT, 0.1 

mM EDTA, 1.5 µg/µL BSA) with 0.1 mM dNTP by heating to 95 °C and slowly 

cooled to room temperature (32, 34).  Taq DNA polymerase (5 units) was added 
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and the mixture was incubated for 20 min at 55 °C.  The polymerase extension 

was stopped by adding 2× stop buffer (10 mM EDTA, 10 mM NaOH, 0.1% 

xylene cyanole, 0.1% bromophenol blue in formamide solution) and loaded onto a 

12% denaturing polyacrylamide gel. 

 

G. Electrophoresis and quantification.   

Electrophoresis proceeded for 4 h (350 V) for the native gel and for 2 h 

(1900 V) for the denaturing gel.  The dried gels were exposed on a phosphor 

screen.  Imaging and quantification were performed using a PhosphorImager 

(Storm 820) and ImageQuant 5.1 software from Molecular Dynamics. 

 

H. Short-term cytotoxicity assay.   

SW39 (telomerase-positive/ALT-negative) and SW26 (telomerase-

negative/ALT-positive) were generously supplied by Dr. Jerry W. Shay 

(University of Texas, Southwestern Medical Center).  Briefly, IMR90 cells were 

immortalized by SV40 T-antigen oncoprotein and separated into two subtypes:  

telomerase-positive/ALT-negative (SW39) and telomerase-negative/ALT-positive 

(SW26).  Exponentially growing cells (1~2 × 103 cells) in 0.1 mL medium were 

seeded on day 0 in a 96-well microtiter plate.  On day 1, 0.1 mL aliquots of 

medium containing graded concentrations of telomestatin and TMPyP4 were 

added to the cell plates.  On day 4, the cell cultures were incubated with 50 µL of 
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (1 mg/mL in 

Dulbecco’s phosphate buffered saline) for 4 h at 37 °C.  The resulting formazan 

precipitate was solubilized with 200 µL of 0.04 M HCl in isopropyl alcohol.  For 

determination of the IC50 values, the absorbance readings at 570 nm were fitted to 

the four-parameter logistic equation.  

  

I. Long-term cytotoxicity assay.   

Cultures were maintained at 37 °C, 5% CO2 in a 4:1 mixture of 

Dulbecco’s MEM and medium 199 (CellGro) supplemented with 10% fetal 

bovine serum and 100 units/mL penicillin/streptomycin (Omega Scientific).  

SW26 and SW39 cells were seeded at 0.4 and 0.2 million cells per 75 cm2 flask, 

respectively.  Cells were passaged every 6–7 days, counted by hemocytometer, 

and reseeded at the original concentrations. 

 

J. Anaphase bridge study.   

Lytechinus pictus sea urchins (Marinus Inc., Long Beach, CA) were 

maintained at 15 °C in refrigerated aquaria containing Instant Ocean artificial 

seawater. Spawning, fertilization, drug treatment, and embryo processing were 

done as described previously (24). Briefly, 10 min after insemination, the 

fertilized eggs were allowed to settle, and the supernatant was aspirated and 

replaced with fresh artificial seawater. The embryos were cultured at 18 °C.  
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Twenty minutes after fertilization, the agents were added to 1% embryo 

suspensions.  Ten hours after insemination, the embryos were pelleted by 

centrifugation.  Video images of the embryos were captured with a Zeiss standard 

research microscope interfaced with a Javelyn video camera and a Panasonic 

time-lapse video recorder.  The nuclei were stained by the Feulgen reaction, and 

the chromatin was visualized and photographed with an Olympus BH2 

photomicroscope equipped with fluorescence optics. 

 

K. S1 nuclease digestion.   

End-labeled oligomer Hu4 (5 nM) was incubated with various 

concentrations of telomestatin and TMPyP4 and then digested with S1 nuclease (4 

units) for 20 min at 25 °C in the reaction buffer (50 mM sodium acetate, pH 4.5, 

280 mM NaCl, 4.5 mM ZnSO4, 0.5 mM DTT, 0.1 mM EDTA, 1.5 µg/µL BSA).  

After phenol/chloroform extraction and ethanol precipitation, samples were 

dissolved in loading buffer (10 mM EDTA, 10 m NaOH, 0.1% xylene cyanole, 

0.1% bromophenol blue in formamide solution) and loaded onto a 12% 

denaturing polyacrylamide gel. 
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Table 4.1.  Oligonucleotides used in this study. 

Designation Sequence

Hu4
Hu-Mut
29G6
28G5
27G4
26G3
29G6-Mut
Hu6
Primer
Temp (TTAGGG)

Temp (TTAGAG)

5’- (TTAGGG)4-3’
5’- (TTAGAG)4-3’
5’- CCACTTTTTAAAAGAAAAGGGGGGACTGG-3’
5’- CCACTTTTTAAAAGAAAAGGGGGACTGG-3’
5’- CCACTTTTTAAAAGAAAAGGGGACTGG-3’
5’- CCACTTTTTAAAAGAAAAGGGACTGG-3’
5’- CCACTTTTTAAAAGAAAAGGGGGGTTTGG-3’
5’- (TTAGGG)6-3’
5’- TAATACGACTCACTATAG-3’
5’- TCCAACTATGTATAC(TTAGGG)4TTAGCCACGCAATTGCTATAGT
     GAGTCGTATTA-3´
5’- TCCAACTATGTATAC(TTAGAG)4TTAGCCACGCAATTGCTATAGT
     GAGTCGTATTA-3´
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III. RESULTS 

A. Telomestatin facilitates the formation of and/or stabilizes the 

intramolecular G-quadruplex structure.   

The role of telomestatin in the formation of intramolecular G-quadruplex 

structures was investigated using an electrophoretic mobility shift assay.  DNA 

oligomers with telomeric sequences form intramolecular G-quadruplex structures 

that migrate faster than non-structured single-stranded DNA (35, 36).  Oligomer 

Hu4, which contains four repeats of the human telomeric sequence d[TTAGGG]4, 

was incubated with increasing concentrations of telomestatin, at 20 °C for 30 min 

in the absence of both Na+ and K+.  At 10 nM concentrations of telomestatin a 

new high-mobility band appears and its intensity increases in a dose-dependent 

manner (Figure 4.2A, lanes 3–5).  The EC50 value that indicates the concentration 

of telomestatin required to achieve 50% conversion of linear DNA to the high-

mobility complex was found to be 0.03 µM.  In a parallel experiment with a 

mutated oligomer (Hu-Mut; see Table 4.1) that contains four repeats of TTAGAG 

instead of TTAGGG, conversion of linear DNA to the high-mobility complex 

formed by telomestatin was not found (Figure 4.2A, lanes 6–10), indicating that 

the contiguous guanine stretches play a key role in the formation of the high-

mobility complex.   
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Figure 4.2. Effects of telomestatin and TMPyP4 on the formation of 

intramolecular G-quadruplex from the human telomeric sequence d[TTAGGG]4 

and its mutant sequence d[TTAGAG]4.  (A) End-labeled oligonucleotides were 

incubated for 30 min with various concentrations of telomestatin in reaction 

buffer. Two bands corresponding to linear DNA and G-quadruplex were 

identified. (B) A methylation protection experiment was performed after 

incubation of oligonucleotides with telomestatin. (C) The end-labeled 

oligonucleotide d[TTAGGG]4 was incubated with TMPyP4 as described in (A). 
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To further probe the structure of the high mobility complex, a DMS 

protection experiment was carried out.  N7 of guanine is critical for the formation 

of a Hoogsteen hydrogen bond with the hydrogen atom at N2 of another guanine 

in a G-quartet (Figure 4.1B).  Therefore, the formation of G-quadruplex structures 

should effectively protect N7 guanines against methylation by DMS.  As shown 

in lane 3 of Figure 4.2B, all guanines in oligomer Hu4 were protected from 

methylation in the presence of telomestatin.  This DMS protection pattern is 

typical of G-quadruplex structures in which all guanines participate in G-

quadruplex formation.  In contrast, protection of guanines was not detected in a 

control group in which the mutated oligomer was incubated with DMS in the 

presence of telomestatin (Figure 4.2B, lanes 4–6).  

A comparison of the activity of telomestatin with TMPyP4, another G-

quadruplex-interactive compound, was made under the same experimental 

conditions.  For TMPyP4, conversion of oligomer Hu4 to an intramolecular G-

quadruplex structure was not detected, even at a concentration of 20 µM (Figure 

4.2C).  Thus, telomestatin is much more efficient than TMPyP4 in converting the 

single-stranded Hu4 into an intramolecular G-quadruplex structure.  The altered 

mobility of the linear DNA in Figure 4.2C is due to its association with the 

cationic porphyrin. 
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B. Telomestatin binds to the diagonal and lateral loops of the human 

telomeric intramolecular G-quadruplex structure. 

A simulated annealing (SA) docking approach was used to study the 

binding interactions of telomestatin with the intramolecular antiparallel G-

quadruplex structure. Molecular modeling studies were carried out by Dr. 

Hariprasad Vankayalapati from the University of Arizona. Each intramolecular G-

quadruplex molecule was found to bind two telomestatin molecules.  A 2:1 model 

for the telomestatin bound in the external stacking mode in an energy minimized 

complex with the human telomeric basket-type G-quadruplex is shown in Figure 

4.3.  Four different telomestatin G-quadruplex structures were modeled.  Each of 

the two possible 1:1 end-stacked complexes and then the 2:1 complex was 

evaluated together with a 1:1 complex in which the telomestatin was intercalated 

between two tetrads.  The binding energies were –186.2 (1:1 diagonal loop), –

93.6 (1:1 lateral loop), –191.6 (2:1 diagonal and lateral loops), and –63.1 kcal/mol 

(1:1 intercalated).  During the SA docking of the 1:1 diagonal loop complex, the 

telomestatin–G-quadruplex complex underwent a large conformational 

rearrangement that led to significant changes in the relative position, orientation, 

and potential energy of both the telomestatin and the G-quadruplex–DNA 

complex. The eight centrally positioned ring nitrogens of telomestatin point into 

the central carbonyl channel of the G-tetrad and were observed to form strong 

electrostatic interactions with the guanines of this tetrad.      Telomestatin-induced 
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Figure 4.3. Structure of the most stable docking model from the single-

frame snapshot of a last run of MD simulations of telomestatin (stick model in 

color coded by atom type) bound to the diagonal and lateral loops of the human 

telomeric repeat. 
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 rearrangements corresponding to local changes in G-quadruplex structure were 

observed in the diagonal loop corresponding to the T11 and T12 base regions. 

We have also studied the binding mode of the second telomestatin 

molecule located in the lateral loop region of the 1:1 telomestatin 

d[AG3(T2AG3)3] G-quadruplex using SA docking.  The presence of the first 

telomestatin molecule in the diagonal loop region favored change in the lateral 

loop binding and sugar–phosphate backbone region; thus only a few 

translations/rotations were sufficient to dock the second molecule.  In the final 

minimized complex structure, the two methyl-substituted oxazole rings of 

telomestatin are oriented into the minor groove and exhibit steric interactions with 

the phosphate backbone of G20.  Analysis of dynamic trajectories reveals that the 

presence of a second telomestatin molecule further increases the overall binding 

energy of the 1:1 complex from –186.2 to –191.6 kcal/mol in the 2:1 complex. 

 

 

C. TMPyP4 is more efficient than telomestatin in facilitating the formation of 

intermolecular G-quadruplex structures. 

To compare the effects of telomestatin and TMPyP4 on the formation of 

intermolecular G-quadruplex structures, a 29-mer oligonucleotide containing six 

consecutive guanines (29G6), which has been previously demonstrated to form 

interstrand G-quadruplexes (37), was incubated with increasing concentrations of 

telomestatin.  For telomestatin, the intensity of two low-mobility complexes  
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Figure 4.4. Effects of telomestatin and TMPyP4 on the formation of 

intermolecular G-quadruplexes.  (A) The end-labeled oligonucleotide 29G6 was 
incubated for 2 h with various concentrations of telomestatin. Two bands 
corresponding to antiparallel and parallel G-quadruplexes were identified. (B) The 
end-labeled oligonucleotide 29G6 was incubated with various concentrations of 
TMPyP4.  (C) The end-labeled oligonucleotides 26G3, 27G4, and 28G5 were 
incubated with increasing concentrations of telomestatin.  (D) Schematic 
representation of the oligonucleotides and probable alignments.  (E) The end-
labeled oligonucleotides 29G6 (WT) and 29G6-Mut (Mut) were incubated with 
increasing concentrations of telomestatin.  29G6 was used for the reaction of 
lanes 1, 3, and 5, and 29G6-Mut was used for the reaction of lanes 2, 4, and 6.  
Lanes 1 and 2 were incubated in water.  Lanes 3 and 4 were incubated in the 
reaction buffer.  Lanes 5 and 6 were incubated with 50 µM of telomestatin in the 
reaction buffer.  (F) The end-labeled oligonucleotide Hu6 was incubated for 2 h 
with increasing concentrations of telomestatin. 
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increased in a dose-dependent manner, with the faster complex appearing only 

when the telomestatin concentration was 10 µM or greater (Figure 4.4A, lanes 5–

7).  Under the same experimental conditions, TMPyP4 was found to increase the 

formation of a low-mobility complex at a concentration of 0.01 µM or greater 

(Figure 4.4B, lanes 3–7).  These results demonstrate that TMPyP4 is more 

efficient then telomestatin at facilitating formation of intermolecular G-

quadruplex structures. 

To determine the structures of the various complexes formed in the presence of 

telomestatin and TMPyP4, a mobility assay was carried out with several modified 

oligomers containing various numbers of guanine bases.  The oligomer with five 

consecutive guanines (28G5; see Table 4.1) showed a pattern of complex 

formation similar to that for 29G6, while the oligomers with three and four 

consecutive guanines (26G3 and 27G4, respectively; see Table 4.1) could not 

form either of the two low-mobility complexes (Figure 4.4C).  Since 26G3 and 

27G4 have the same DNA sequence as 29G6, except for the number of guanines, 

the low-mobility complexes formed in the presence of telomestatin (Figure 4.4A) 

were a result of the specific interaction of telomestatin with the DNA structures in 

which guanines play important roles and most likely correspond to the 

intermolecular four-stranded G-quadruplex structures.  The low-mobility 

complexes formed in the presence of TMPyP4, corresponding to the bands 

between the linear DNA  and  antiparallel  G-quadruplex bands,  are  most  likely 
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hairpin dimers (Figure 4.4B, lanes 5–7).  The complex that shows the lowest 

mobility in the presence of TMPyP4 is most likely a DNA aggregate formed from 

the binding of several G-quadruplexes to each other by shared G-tetrads (Figure 

4.4B, lanes 4–7). 

To further characterize these intermolecular G-quadruplex structures, the 

two flanking bases on the 3´-side of the six consecutive guanines were mutated 

from the wild-type AC motif to a TT motif (i.e., 29G6-Mut; see Table 4.1).  

Under these experimental conditions, 29G6 can form both parallel and antiparallel 

G-quadruplex structures.  However, for 29G6-Mut the antiparallel alignment of 

the intermolecular G-quadruplex is more thermodynamically favored than the 

parallel alignment, due to the four additional Watson-Crick base-pairings on both 

sides of the guanine tract (Figure 4.4D).  Correspondingly, we observed that 

29G6-Mut formed one G-quadruplex structure even in the absence of salt and 

telomestatin (Figure 4.4E, lane 2).  Hence we have identified this slower mobility 

band as the antiparallel intermolecular G-quadruplex and the faster band of the 

two low-mobility complexes as the parallel intermolecular G-quadruplex. 

A comparison of the formation of intramolecular (Figure 4.2A) and 

intermolecular (Figure 4.4A) G-quadruplex structures shows that telomestatin is 

more efficient at converting linear DNA to the intramolecular rather than the 

intermolecular species.  However, the two oligomers that were used to compare 

the preference of telomestatin for intramolecular or intermolecular G-
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quadruplexes have different DNA sequences.  Thus, a more direct comparison 

was made in an experiment using oligomer Hu6 containing six repeats of the 

human telomeric sequence, which can form both intramolecular and 

intermolecular G-quadruplexes.  At higher concentrations of telomestatin, the 

intensity of new high-mobility bands, which correspond to intramolecular G-

quadruplexes, was significantly increased, while there were no bands observed 

that would correspond to intermolecular G-quadruplex structures (Figure 4.4F).  

This result provides additional evidence that telomestatin interacts preferentially 

with intramolecular G-quadruplexes over intermolecular G-quadruplexes.  

TMPyP4 does not induce either of the intramolecular or intermolecular G-

quadruplexes from this sequence (data not shown). 

 

D. Telomestatin can replace the need for sodium or potassium to stabilize G-

quadruplex structures 

Monovalent cations, notably sodium and potassium, have been shown to 

stabilize human telomeric G-quadruplex structures, presumably by coordinating 

with the eight carbonyl oxygen atoms present between stacked tetrads (36).  To 

determine the importance of monovalent cations for the formation of G-

quadruplex structures by telomestatin, the oligomer Hu4 was incubated with 

increasing concentrations of telomestatin in the presence and absence of sodium 

and potassium.  Samples were run on a native polyacrylamide gel with 1× TBE 
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buffer without the addition of salt.  Sodium and potassium ions were both found 

to act in synergy with telomestatin to stabilize the formation of intramolecular G-

quadruplex structures, and the effect of sodium was slightly stronger than that of 

potassium, most notably at a concentration of 60 mM (Figure 4.5).  EC50 values 

for the formation of the G-quadruplex structure were found to be 0.015 µM (no 

salt), 0.011 µM and 0.012 µM (10 mM NaCl and KCl), and < 0.010 µM and 

0.012 µM (60 mM NaCl and KCl).  It is important to note that telomestatin is 

apparently able to convert linear DNA into a G-quadruplex structure, even in the 

absence of monovalent cations.  This demonstrates that telomestatin can replace 

the need for the monovalent cations in facilitating the formation of intermolecular 

G-quadruplex structures.  This is a unique property among G-quadruplex-

interactive compounds so far examined. 

 

E. Telomestatin binds strongly to G-quadruplex structures and is not easily 

dissociated from this G-quadruplex–drug complex. 

A time-course experiment was used to determine the kinetics of formation 

of the telomestatin–G-quadruplex complex.  The incubation of oligomer Hu4 with 

0.1 µM of telomestatin was stopped at various times, and aliquots were loaded 

onto a native polyacrylamide gel.  It was found that 69% of the linear DNA was 

converted into G-quadruplex structures in the first minute, after which the rate of 

G-quadruplex formation remained constant, although markedly lower relative to  
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Figure 4.5. Effects of telomestatin on the formation of intramolecular G-

quadruplexes in NaCl and KCl.  The end-labeled oligonucleotide Hu4 was 

incubated for 30 min with increasing concentrations of telomestatin in the absence 

and presence of NaCl and KCl.  Lanes 1–4 contain no monovalent cations, lanes 

5–8 contain 10 mM NaCl, lanes 9–12 contain 10 mM KCl, lanes 13–16 contain 

60 mM NaCl, and lanes 17–20 contain 60 mM KCl. 
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the apparent initial rate (Figure 4.6, A and B).  The apparent rate of conversion in 

the presence of 0.1 µM of telomestatin, which was derived by plotting the linear 

DNA concentration to total DNA concentration (C/Co) versus time, was found to 

be 0.69 min–1 for the first minute and 0.0046 min–1 thereafter, i.e., a difference of 

150-fold (Figure 4.6B).  One possible explanation for this dramatic rate difference 

is that telomestatin traps out the preformed G-quadruplex structure in the first 

phase that is not normally stable enough to survive during subsequent 

electrophoresis.  In the second phase, telomestatin then binds to the newly 

available G-quadruplex structures as the remaining linear DNA converts to these 

structures.  Thus, we propose that the fast reaction represents telomestatin binding 

to preformed G-quadruplex structures that exist at equilibrium and the slow 

reaction represents the real rate of conversion of linear DNA to intramolecular G-

quadruplex structures. To determine the stability of the telomestatin–G-

quadruplex complex, a competition assay was performed.  The preformed 

telomestatin–G-quadruplex complex was incubated with increasing 

concentrations of cold competitor Hu4 oligomer.  If telomestatin is reversibly 

bound to the G-quadruplex DNA, the telomestatin that dissociates from the 

labeled oligomer can bind to either the labeled or unlabeled oligomer.  Thus, as 

the relative concentration of the unlabeled oligomer increases, the chance that the 

labeled oligomer is replaced with unlabeled DNA in the bound complex increases.  
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Figure 4.6. Kinetics of telomestatin-assisted G-quadruplex formation.  (A) 

Time course of G-quadruplex formation.  The end-labeled oligonucleotide Hu4 

was incubated with 0.1 µM of telomestatin.  The reaction was stopped at various 

time points and loaded onto a native polyacrylamide gel.  (B) Graphical 

representation of the quantification of the gel in (A), showing the ratio of the 

linear DNA against the total intensity per lane.  (C) Competition assay.  The end-

labeled oligomer Hu4 was incubated with 0.05 µM of telomestatin at 20 °C for 30 

min.  The G-quadruplex–drug complex was purified from the unbound 

telomestatin using Bio-spin 6 chromatography column, and incubated with 

various concentrations of unlabeled oligomer for an additional 40 min at 20 °C.  

Samples were mixed with glycerol solution and loaded onto a native 

polyacrylamide gel.  (D) Competition assay.  The end-labeled oligomer Hu4 and 

various concentrations of unlabeled oligomer Hu4 were incubated with 0.05 µM 

of telomestatin.   

 126



The results show that, even in the presence of a 20-fold excess of cold competitor 

DNA, no loss of the preformed complex was observed (Figure 4.6C, lane 7).  

Therefore, telomestatin binds to the G-quadruplex structure very tightly and is not 

easily dissociated from it.  In contrast, in a control experiment in which an excess 

of cold competitor oligomer was preincubated with labeled oligomer and unbound 

telomestatin, the cold competitor oligomers were able to compete with the labeled 

DNA for telomestatin (Figure 4.6D, lanes 5 and 6). 

 

F. Telomestatin is able to trap out a G-quadruplex structure from duplex 

DNA. 

The potential role of telomestatin in facilitating the formation of G-

quadruplex structures from Watson-Crick base-paired telomeric duplex DNA was 

also examined.  A double-stranded DNA fragment that consists of oligomer Hu4 

and its complementary strand was incubated with increasing concentrations of 

telomestatin at 37 °C for 15 h.  In this experiment the 5´-end of the G-rich strand 

of the duplex DNA was radio-labeled.  At the highest concentration of 

telomestatin, a small amount of high-mobility complex, which corresponds to the 

intramolecular G-quadruplex structure, was observed (Figure 4.7, lane 6). 

The conversion of duplex DNA into a G-quadruplex structure by 

telomestatin may be thermodynamically more favorable in chromosomal DNA 

because the energy for strand separation can originate from the free energy (∆G) 

inherent in negative DNA supercoiling.  To artificially mimic this situation in the  
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Figure 4.7. Effects of telomestatin on the conversion of telomeric duplex 

DNA into a G-quadruplex structure.  The end-labeled oligomer Hu4 was 

incubated at 37 °C for 15 h (lanes 1 and 2).  Watson-Crick telomeric duplex 

DNA, d[TTAGGG/CCCTAA]4, was incubated with increasing concentrations of 

telomestatin at 37 °C (lanes 3–6) or 55 °C (lanes 7–10) for 15 h.  The G-rich 

strand was 5´-end-labeled where indicated by an asterisk. 
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reaction, duplex DNA was incubated at an elevated temperature (55 °C) with 

increasing concentrations of telomestatin.  Under these conditions the amount of 

the intramolecular G-quadruplex bands was significantly increased, and almost all 

the DNA molecules were converted to intramolecular G-quadruplex structures in 

the presence of 0.5µM telomestatin after 15 h (Figure 6, lane 10). 

 

G. Telomestatin has a 70-fold selectivity for G-quadruplex structure over 

duplex DNA.  

In the previous sections, we have shown that telomestatin binds to 

intramolecular G-quadruplexes quite specifically and with high affinity.  The 

specificity of telomestatin binding to intramolecular G-quadruplex structures 

versus single-stranded or duplex structures was investigated using the polymerase 

stop assay (34).  A 72-mer DNA template (Temp [TTAGGG]; see Table 4.1) 

containing four repeats of the human telomeric sequence was incubated with a 

primer that has a complementary sequence to the 3´-end of the 72-mer template 

and increasing concentrations of telomestatin in the presence of Taq DNA 

polymerase.  The principle of the assay is shown to the left of the gel in Figure 

4.8A.  The amount of polymerase pausing at the G-quadruplex site is a direct 

measure of the degree of stabilization by telomestatin of the intramolecular G-

quadruplex structures (34).  In the absence of telomestatin there is only a slight 

pausing of Taq polymerization at the G-quadruplex-forming site, while 

significantly greater pausing is observed at the same position in the presence of  
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Figure 4.8. (A) Concentration-dependent block of polymerase DNA 

synthesis by telomestatin of the G-quadruplex-stabilized structure formed on the 
DNA template containing the human telomeric sequence (Temp [TTAGGG] or 
the DNA template containing the mutant sequence (Temp [TTAGAG].  Lanes 1–
6 contain Temp [TTAGGG] and lanes 7–12 contain Temp [TTAGAG].  Arrows 
indicate the positions of the full-length product of DNA synthesis, the G-
quadruplex stop site, and the free primer.  (B) Graphical representation of the 
quantification of the left-hand panel of the gel in A, showing the percent of the G-
quadruplex stop product versus the total intensity per lane. 
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increasing concentrations of telomestatin.  At a concentration of 0.074 µM, 

telomestatin was found to inhibit 50% of the DNA synthesis by Taq polymerase 

at the G-quadruplex-forming site (Figure 4.8, A and B).  In a parallel experiment 

with a mutated template DNA that contains four repeats of TTAGAG (Temp 

[TTAGAG]; see Table 4.1), which cannot form G-quadruplex structures, there 

was no increase in pausing, even in the presence of high concentrations of 

telomestatin (Figure 4.8A).  Thus, the inhibition of polymerase activity is not due 

to the inhibition of its catalytic activity by direct interact of telomestatin with the 

enzyme, but presumably is due to inhibition of Taq polymerase processivity by 

telomestatin interaction with the intramolecular G-quadruplex in the template 

DNA.  The inhibition of polymerase processivity at the primer position in the 

presence of 10 µM telomestatin is most likely due to the affinity of telomestatin 

for single- and/or double-stranded DNA.  These results demonstrate that 

telomestatin has a high selectivity (about 70-fold) for G-quadruplex structures 

over single- and/or double-stranded DNA (Figure 4.8B). 

 

H. Telomestatin suppresses the proliferation of telomerase-positive cells at 

noncytotoxic concentrations, while TMPyP4 suppresses that of ALT-

positive cells.  

In the previous sections, we have shown that telomestatin interacts 

preferentially with intramolecular G-quadruplexes, while TMPyP4 interacts with 
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intermolecular G-quadruplex structures.  To investigate the relative importance of 

these two different types of G-quadruplex interactions in producing the overall 

biological activity, the cytotoxicities of telomestatin and TMPyP4 was determined 

against telomerase-transformed (SW39) and ALT-transformed (SW26) cell lines, 

respectively.  These cells maintain their telomeres either through the telomerase 

(telomerase-positive) and alternative lengthening of telomeres (ALT-positive) 

mechanisms (38, 39).  Cytotoxicity tests were carried out by Ms. Mary Gleason-

Guzman from the University of Arizona. As shown in Figure 4.9A, IC50 values 

were found to be 4.1 µM (telomestatin against SW39), 1.8 µM (telomestatin 

against SW26), 56.3 µM (TMPyP4 against SW39), and 62.9 µM (TMPyP4 

against SW26). 

To further characterize the role of the two different types of G-quadruplex 

interactions, the long-term cytotoxic effects were compared for untreated cells 

and cells that had been treated for 8 weeks with noncytotoxic concentrations of 

telomestatin (SW39, 0.5 µM; SW26, 0.15 µM) and TMPyP4 (1 µM for both cell 

lines).  In SW39 (telomerase-positive/ALT-negative) cells, we observed the 

suppression of cell proliferation within 3 weeks with telomestatin, while cells 

treated with TMPyP4 showed the suppression of cell proliferation only after 6 

weeks of treatment (Figure 4.9B).  In SW26 (telomerase-negative/ALT-positive) 

cells,  TMPyP4  induced  the  suppression  of  cell proliferation after two weeks,  
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Figure 4.9. Effects of telomestatin and TMPyP4 on the growth of SW39 

and SW26 cell lines. (A) short-term cytotoxicity: Cells were exposed to the 

indicated concentrations of compounds.  Three days later the cytotoxicity was 

assessed and expressed as a percentage of the survivals of untreated cells (100 %).  

Each experiment was performed four times at each point.  (B) long-term exposure 

with nontoxic concentrations: SW26 cells were exposed to 0.15 µM or 1 µM 

concentrations of telomestatin or TMPyP4, respectively. SW39 cells were 

exposed to 0.5 µM or 1 µM concentrations of telomestatin or TMPyP4, 

respectively. Each experiment was performed four times at each point. 
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while the presence of telomestatin did not affect the growth curve relative to that 

of the control cells. 

 
 
I. TMPyP4 induces anaphase bridges in sea urchin embryos, while 

telomestatin does not have this effect 

Chromosome-specific effects of telomestatin and TMPyP4 were 

determined in sea urchin embryos using high-power fluorescence microscopy.  

During anaphase, the chromosomes of cells separate and move to opposite poles 

clearly with very little “tailing” of chromosome arms on the mitotic spindle.  

Telophase chromosomes are observed as two small, dense concentrations of 

mitotic chromosomes at opposite poles, where they will condense into interphase 

nuclei. Anaphase bridge study was conducted by Dr. Elzbieta Izbicka from the 

Institute for Drug Development, San Antonio, TX. The control group and the 

samples treated with 2.5 µM of telomestatin show the normal, tight mitotic 

chromosomes among a large number of nuclei (Figure 4.10, A and B).  On the 

other hand, in the TMPyP4-treated (10 µM) embryos, the mitotic chromosomes 

are more diffuse and segregate abnormally, and end-to-end fusions are often 

observed (Figure 4.10C). 
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Figure 4.10. Chromosomal effects in sea urchin embryos. The embryos 

were cultured in the presence of 2.5 µM of telomestatin or 10 µM TMPyP4 for 10 

h.  The nuclei were stained by Feulgen reaction and the chromatin was visualized. 

Anaphase bridges are indicated by arrows. 
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J. Telomestatin but not TMPyP4 increases DNA cleavage by S1 nuclease at 

both loop regions in an asymmetric way in the G-quadruplex structure. 

S1 nuclease degrades single-stranded DNA and RNA endonucleolytically 

to yield 5´-phosphoryl-terminated products, and it also cleaves double-stranded 

nucleic acids at nicks and small gaps.  This enzyme reacts less efficiently with 

double-stranded DNA, double-stranded RNA, DNA:RNA hybrids, and secondary 

DNA structures (40, 41).  The effect of telomestatin and TMPyP4 on the S1 

endonuclease cleavage activity of the drug-modified G-quadruplex structure was 

investigated.  After incubation with two different concentrations of telomestatin, 

the oligomer Hu4 was exposed to S1 nuclease for 10 min at 25 °C.  At higher 

concentrations of telomestatin, the intensity of S1 nuclease–mediated DNA 

cleavage increased significantly, especially at the DNA sequences that correspond 

to the two loop regions of the intramolecular G-quadruplex, while no apparent 

increase of DNA cleavage was detected with TMPyP4 (Figure 4.11).  

Significantly, the cleavage was asymmetric, suggesting that the G-quadruplex 

structure and its telomestatin-modified form were also asymmetric, i.e., the basket 

form rather than the propeller form. 

 

 136



 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Effect of telomestatin and TMPyP4 on the S1 nuclease 

cleavage of the human telomeric G-quadruplex.  (A) The end-labeled oligomer 

Hu4 which was preincubated with different concentrations of telomestatin or 

TMPyP4, was digested with S1 nuclease in the reaction buffer, as described in the 

experimental section.  After phenol/chloroform extraction and ethanol 

precipitation, samples were loaded onto a 12% denaturing gel.  Lane 1 is DMS 

sequencing for guanine.  Lanes 2–4 were incubated with increasing 

concentrations of telomestatin in the absence of S1 nuclease.  Lanes 5–7 and 8–10 

were incubated with increasing concentrations of telomestatin and TMPyP4, 

respectively, in the presence of S1 nuclease.  (B) The positions of increased DNA 

cleavage by S1 nuclease in the intramolecular basket-type G-quadruplex structure 

are indicated by an asterisk. 

 137



IV. DISCUSSION 

DNA is most often regarded as a duplex structure in which two self-

complementary strands are held together by Watson–Crick base pairing.  

However, certain DNA sequences can form unique secondary DNA structures.  

Most notably, simple repetitive DNA sequences with a guanine-rich composition 

can readily form G-quadruplex structures under physiological conditions in vitro.  

It has been suggested that G-quadruplex structures are involved in many cellular 

events, such as chromosomal alignment, replication, and recombination (14).  

They may also act to regulate important genes, such as the oncogene c-myc.  

Recently, we have demonstrated that a specific G-quadruplex structure formed in 

the c-MYC promoter region functions as a transcriptional repressor element (42).  

Furthermore, we established the principle that c-MYC transcription can be 

controlled by ligand-mediated G-quadruplex stabilization (42).  G-quadruplex-

forming sequences are also found in several other regulatory regions of important 

oncogenes, including c-MYB, c-FOS, and c-ABL, suggesting that G-quadruplex 

structures might more generally play important roles in transcriptional regulation 

(43).  The facile interconversion, under physiological conditions, between double- 

or single-stranded DNA and G-quadruplex structures, together with their unique 

structural features, makes these G-quadruplex structures attractive targets for 

anticancer drug design (14, 43). 
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It is known that the formation of most G-quadruplex structures is a slow 

process that takes at least several hours in the presence of high concentrations of 

monovalent cations (44), although there are exceptions (45).  However, 

telomestatin is able to facilitate the formation of and/or stabilize preformed 

intramolecular G-quadruplex structures within several minutes, even in the 

absence of monovalent cations.  Moreover, once telomestatin binds to 

intramolecular G-quadruplex structures, it is not easily displaced.  In contrast to 

other G-quadruplex-interactive compounds, such as TMPyP4, telomestatin is 

more selective and more tightly bound to intramolecular G-quadruplexes.  

Previously, Shin-ya and co-workers reported that telomestatin is a potent 

telomerase inhibitor (33).  They also reported that telomestatin accelerates the rate 

of telomere shortening to a greater extent than was expected by the number of 

population doublings alone and that this is accompanied by cell growth arrest and 

senescence-associated morphological changes (46).  It is presumably the 

formation and stabilization of intramolecular G-quadruplex structures from 

single-stranded telomeric DNA in the presence of telomestatin that results in 

telomerase inhibition, due to sequestration of single-stranded d[TTAGGG]n 

primer molecules in a similar way to K+ (47).  Telomestatin also increases DNA 

cleavage by S1 nuclease at the loop regions of intramolecular G-quadruplex 

structures formed with human telomeric sequences.  Thus, the effect of 

telomestatin on both the activities of telomerase and S1 nuclease and similar DNA 
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nucleases may play a key role in accelerated telomere shortening in cancer cells.  

In this study we have demonstrated, using a polymerase stop assay, that the 

specific binding of telomestatin with intramolecular G-quadruplex structures 

causes the inhibition of DNA polymerase processivity at the human telomeric 

sequence, which might be an additional mechanism for accelerated telomere 

shortening by telomestatin. 

It has been demonstrated that telomeric function is more likely to depend 

on structure, rather than on length alone (5).  The maintenance of normal 

telosome structure is important for cell survival; consequently, the loss of normal 

telomere capping leads to apoptosis and cell death (3, 8).  The selective 

interaction of telomestatin with intramolecular G-quadruplex structures would 

also be anticipated to have an influence on telomeric structure.  For example, 

sequestration of the single-stranded 3´-overhangs of telomeres as an 

intramolecular G-quadruplex structure would prevent the formation of appropriate 

telomeric structures, such as T-loops (Figure 4.12). 

Telomestatin suppresses the proliferation of telomerase-positive cells at 

noncytotoxic concentrations.  Unlike telomestatin, TMPyP4 suppresses the 

proliferation of ALT-positive cells as well as telomerase-positive cells within 

several weeks at noncytotoxic concentrations.  The unique activity of TMPyP4 

against ALT-positive cells is most likely due to its ability to facilitate the 

formation of and stabilize these structures formed from adjacent telomeric ends of 
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sister chromatids.  Accordingly, in sea urchin embryo cells, TMPyP4 induces the 

end-to-end adherence of anaphase and telophase chromosomes, while 

telomestatin lacks this effect.  This difference can therefore be rationalized as the 

selectivity of compounds for either the intramolecular (telomestatin) or 

intermolecular (TMPyP4) G-quadruplex structures. 

In conclusion, the biological effects of G-quadruplex-interactive 

compounds, which interact quite preferentially with intramolecular or 

intermolecular G-quadruplex structures, have been investigated.  Telomestatin 

induces and stabilizes intramolecular G-quadruplex structures and prevents them 

from being disassembled, while TMPyP4 preferentially facilitates the formation 

of and then interacts with intermolecular G-quadruplex structures.  As 

summarized in Figure 4.12 stabilization of intramolecular G-quadruplex 

structures results in severe damage to the telomere maintenance mechanisms 

through inhibition of telomerase activity and induction of S1 nuclease activity, 

while stabilization of intermolecular G-quadruplex structures induces the 

formation of anaphase bridges.  The results from this study provide strong 

evidence to support our previous suggestion (43, 48) that highly specific and 

potent G-quadruplex-interactive agents could be promising agents for cancer 

chemotherapy. 
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Figure 4.12. Suggested action mechanism of telomestatin and TMPyP4 

inside cells. Stabilization of the intramolecular G-quadruplex structures by 

telomestatin results in severe damage to the telomere maintenance through 

inhibiting the telomerase activity and inducing the S1 nuclease activity, while that 

of intermolecular G-quadruplex structures by TMPyP4 induces the formation of 

anaphase bridges. 
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I. DESIGN AND BIOLOGICAL EVALUATION OF A SERIES OF 

FLUOROANTHROXAZINES WITH CONTRASTING DUAL 

MECHANISMS OF ACTION AGAINST TOPOISOMERASE II AND G-

QUADRUPLEXES  

Topoisomerase inhibitors are important and clinically effective drugs, 

while G-quadruplex-interactive compounds that disrupt telomere maintenance 

mechanisms have yet to be proven useful in the clinic.  If G-quadruplex-

interactive compounds are to be clinically useful, it will most likely be in 

combination with more established cytotoxic agents.  We have previously 

reported on a family of topoisomerase II inhibitors that also interact with G-

quadruplexes.  On the basis of previously established structure–activity 

relationships (SAR) for compounds that are able to inhibit topoisomerase II or 

interact with G-quadruplex to varying degrees, we have now designed and 

synthesized four new fluoroquinoanthroxazines (FQAs) that have different 

profiles of mixed topoisomerase II poisoning effects and G-quadruplex 

interactions.  The biological profiles of the four new compounds were determined 

with respect to G-quadruplex interaction (polymerase stop and photocleavage 

assays) and topoisomerase II interaction (DNA cleavage and kDNA decatenation 

assays), alongside cytotoxicity tests with matched pairs of topoisomerase II–

resistant and topoisomerase II–sensitive cells and with telomerase (+) and ALT 

(+) cell lines (ALT = alternative lengthening of telomeres).  From this study, we 
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have identified two FQAs with sharply contrasting profiles of potent G-

quadruplex interaction with a weak topoisomerase II poisoning effect, and vice 

versa, for further evaluation to determine the optimum combination of these 

activities in subsequent in vivo studies. 

 

II. DESIGN AND BIOLOGICAL EVALUATION OF A SERIES OF 

PSOROSPERMIN/QUINOBENZOXAZINE HYBRID COMPOUNDS 

FOR ANTITUMOR ACTIVITY  

Topoisomerase II, an enzyme that catalyzes changes in the topology of 

DNA, plays several key roles in the DNA metabolism and chromosome structure 

and it is the primary cytotoxic target for a number of potent anticancer drugs. It is 

possible that if topoisomerase II poisons are successfully combined with DNA 

alkylating agents, they will have a clinical advantage with potent activity and 

selectivity for cancer cells. On the basis of insights into the mechanisms of action 

of psorospermin and A-62176, and molecular modeling studies of these 

compounds with duplex DNA, we have designed and synthesized a series of 

novel DNA-interactive agents that alkylate DNA most efficiently at sequences 

directed by topoisomerase II.  The epoxydihydrofuran ring of psorospermin was 

used as a DNA alkylating moiety and this was fused to the 

pyridobenzophenoxazine ring of A-62176. The chlorohydrin ring opened form of 
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the epoxide was also prepared and tested.  The hybrid compounds showed 

enhanced DNA alkylating activity in the presence of topoisomerase II but lacked 

the Mg2+ dependency of A-62176 for binding to DNA. These novel hybrid 

compounds exhibited significant activity against all the cancer cells tested at 

submicromolar concentrations and were 10- to 20-fold more potent than the 

parent compound, psorospermin.  However, the biochemical assays indicated they 

may have lost some of the topoisomerase II and Mg2+ dependency for reaction 

with DNA that were associated with psorospermin and A-62176. 

 

 

III. MOLECULAR MECHANISM OF ACTION OF TELOMESTATIN AS 

A G-QUADRUPLEX-INTERACTIVE AGENT AND IMPORTANCE 

OF TELOMESTATIN AND TMPYP4 FOR INTRA VERSUS 

INTERMOLECULAR G-QUADRUPLEX STRUCTURES IN 

MEDIATING BIOLOGICAL EFFECTS  

Telomestatin is a natural product isolated from Streptomyces anulatus 

3533-SV4 and has been shown to be a very potent telomerase inhibitor. The 

structural similarity between telomestatin and a G-tetrad suggested to us that the 

telomerase inhibition might be due to its ability either to facilitate the formation 

of or trap out preformed G-quadruplex structures, and thereby sequester single-

stranded d[T2AG3]n primer molecules required for telomerase activity. 
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Significantly, telomestatin appears to be a more potent inhibitor of telomerase (5 

nM) than any of the previously described G-quadruplex-interactive molecules. 

The current study provides the first experimental evidence that telomestatin 

selectively facilitates the formation of or stabilizes intramolecular G-

quadruplexes, in particular, that produced from the human telomeric sequence. 

Significantly, telomestatin interacts preferentially with intramolecular versus 

intermolecular G-quadruplex structures and also has a 70-fold selectivity for 

intramolecular G-quadruplex structures over duplex DNA. Telomestatin was able 

to stabilize G-quadruplex structures that are formed from duplex human telomeric 

DNA as well as single stranded DNA. Importantly, telomestatin could stabilize 

these G-quadruplex structures in the absence of monovalent cations, and this is a 

unique characteristic amongst G-quadruplex interactive compounds. The 

biological effects of telomestatin have been investigated. Telomestatin suppressed 

the proliferation of telomerase-positive cells within several weeks at noncytotoxic 

concentrations. Whereas TMPyP4, a compound which preferentially facilitates 

the formation of intermolecular G-quadruplex structures, suppressed the 

proliferation of ALT-positive cells as well as telomerase-positive cells. We have 

also demonstrated that TMPyP4 induced anaphase bridges in sea urchin embryos, 

while telomestatin did not have this effect. We conclude that selectivity of 

telomestatin and TMPyP4 for intramolecular versus intermolecular G-quadruplex 

structures is important in mediating different biological effects; stabilization of 
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intramolecular G-quadruplex structures induces the telomerase inhibition and 

accelerated telomere shortening, whereas facilitation of the formation of 

intermolecular G-quadruplex structures induces the formation of anaphase 

bridges.  

 

IV. PERSPECTIVES 

Anticancer agents that target DNA are some of the most effective drugs in 

clinical use and have produced significant increases in the survival of cancer 

patients when used in combination with drugs that have different mechanism of 

action. Unfortunately, these drugs are not selective against tumor cells and serve 

to adversely affect certain critical cellular functions of normal and tumor cells 

alike. In contrast to these non-specific DNA targeting agents, anticancer agents 

that interact with protein-DNA complexes and secondary DNA structures have a 

greater selectivity for cancer cells over normal cells. In the current study, the 

rationales for designing two series of novel anticancer agents that target protein-

DNA complexes (esp. topoisomerase II-DNA complex) and/or secondary DNA 

structures (esp. G-quadruplex structures) are presented.  The new 

fluoroquinoanthroxazines showed enhanced cytotoxicity against cancer cell lines 

with mixed topoisomerase II poisoning effects and G-quadruplex interactions. 

The novel psorospermin/quinobenzoxazine hybrid compounds had enhanced 
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DNA alkylating activities, and exhibited significant activity in vitro against 

various tumor cell lines and in vivo in a mouse tumor model. The data presented 

do not only provide structural and mechanistic insight of newly synthesized 

compounds, but also provide a direction for the design of new compounds, which 

will aid in the generation of more effective therapies against human cancers.  The 

present study also elucidates the precise mechanism of action of telomestatin. The 

data presented here put forth a body of evidence, which lays the foundation for 

understanding how telomestatin exerts its activity as a G-quadruplex-interactive 

agent and what are the biological effects of this drug inside cells. An 

understanding of the role of telomestatin can serve as a guide for future design of 

anticancer drugs that are tailor-made to have enhanced targeting specificity. 
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