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ABSTRACT

In this dissertation, we explore the transcriptional regulatory roles of G-

quadruplex-forming motifs and the involvement of specific transcriptional factors, which

interact with the same elements, in the control of human c-myc and bcl-2 gene

expression.

The G-quadruplex structures within the NHE III1 region of the c-myc promoter

and their ability to repress transcription has been well established.  However, a

longstanding unanswered question is how these stable DNA secondary structures are

transformed to activate c-myc transcription.  NDPK-B has been recognized as an

activator of c-myc transcription via interactions with NHE III1 region of the c-myc gene

promoter.  Through the use of RNAi, we confirmed the transcriptional regulatory role of

NDPK-B.  We demonstrate that NDPK-B has DNA binding activity and the nuclease

activity results from a contaminating protein.  NDPK-B preferentially binds to the single-

stranded guanine-rich strand of the c-myc NHE III1.  Potassium ions and G-quadruplex-

interactive agents, which stabilize G-quadruplex structures, had an inhibitory effect on

NDPK-B DNA binding activity.  Based on our studies, we have proposed a stepwise

trapping-out of the NHE III1 region in a single-stranded form, thus allowing single-

stranded transcription factors to bind and activate c-myc transcription.  This model

provides a rationale for how the stabilization of G-quadruplexes within the c-myc gene

promoter region can inhibit NDPK-B from activating c-myc transcription.

Similarly, the human bcl-2 gene contains a GC-rich region within its promoter region,

which is critical in the regulation of bcl-2 expression.  We demonstrate that the guanine-
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rich strand within this region can form three intramolecular G-quadruplex structures.

Based on NMR studies, the central G-quadruplex forms a mixed parallel/antiparallel

structure with three tetrads connected by loops of one, seven, and three bases.  The G-

quadruplex structures in the bcl-2 promoter extends beyond the ability to form any one of

three separate G-quadruplexes to each having the capacity to form either three or six

different loop isomers.  This suggests that targeting these individual structures could lead

to different biological outcomes.  We also found that Telomestatin upregulates bcl-2 gene

expression, which we propose is a result of inhibiting the binding of the WT1 repressor

protein by the formation of a drug-stabilized G-quadruplex structure.
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CHAPTER 1

INTRODUCTION

1.1 Elements Involved in the Regulation of Gene Transcription

In 1970 Francis Crick enunciated the fundamental dogma of molecular biology,

which dictated the one-way flow of genetic information from DNA to RNA to protein

(1).  This view implies that proteins, which produce the observable physical and

biochemical characteristics of an individual (phenotype), are determined by an

individual’s genome or DNA sequence (genotype).  In decoding DNA, information-

carrying RNA intermediary molecules are copied from DNA in a process called

transcription (2).  Transcription is a major determinant of gene expression that allows

cells to proliferate, differentiate, and maintain proper homeostasis.  This process serves as

a major molecular “on/off” switch for the expression of genes (3).  Thus, a failure to

generate the initial RNA transcript renders unnecessary all regulatory steps that follow,

such as transcript processing and transport, and translation of the RNA transcript into

protein.  There are actually several distinct levels of gene transcription.  A so-called

“basal level,” which typically refers to the constitutive or low-level expression of a given

gene, may increase or decrease, attaining activated or repressed states, which are

commonly referred to as “on” and “off” states, respectively.

Transcription involves synthesis, catalyzed by RNA polymerases, of an RNA

molecule identical in sequence to one strand of the DNA duplex (termed the coding

strand).  There are three classes of eukaryotic RNA polymerases (I, II, and III), each

consisting of two large subunits and 12–15 smaller subunits.  Of special importance is
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RNA polymerase II (RNAP II), which is responsible for the transcription of all protein-

coding genes.  A simplified conception of transcription is that DNA, in the presence of

RNAP II and ribonucleoside triphosphates, is transcribed into RNA molecules.  However,

this minimal representation does not account for the intricacies in getting the transcription

of a particular gene to take place only at particular times and in specific cell types.

RNAP II alone is incapable of initiating in vitro transcription from DNA, because it lacks

a subunit equivalent to the σ subunit of prokaryotic RNA polymerases that functions in

the recognition of gene promoter regions.  In its place, eukaryotes have a group of

general transcription factors, which are independent of RNAP II, that assist in the

recruitment and positioning of RNAP II at the gene promoter and in the initiation and

elongation of the transcriptional process (4).  However, gene promoters tend to be

modular in architecture and can be very complex if they are differentially regulated in

different tissue types, during tissue differentiation, or in response to endogenous or

exogenous cellular signals.  The estimated number of about 30,000 protein-encoding

genes in the human genome (5) implies the existence of an equivalent number of gene

promoters.  How then is the transcriptional process regulated to allow genes to be

transcribed at the right time and at the proper level in particular cell types?  For example,

precursors of mature erythrocytes must transcribe globin genes at a high rate, whereas

cells of the pancreas are required to specifically express excreted digestive enzymes.
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1.1.1 Gene-specific Transcription Protein Factors

Precisely timed cell-specific gene expression is attained mostly through the action

of gene-specific transcription protein factors.  These factors function as activators or

repressors of gene expression by respectively increasing or decreasing the rate of

transcription.  Trans-acting activators bind cis DNA sequences to designated enhancer

sites, whereas repressors bind to silencer sites.  The interaction of these trans-acting

factors with the DNA cis elements is a major contributor to the regulation of the

transcriptional process (6).  A case in point of such cooperative action is displayed in

genes whose transcription is increased in response to elevated temperature.  These genes

contain a common cis-acting regulatory sequence known as the heat shock element that is

recognized and bound by a heat shock trans-acting transcription factor upon elevation of

temperature.  The binding of this protein to the heat shock DNA motif enhances

transcription (7).  Moreover, transferring the heat shock element to a non-heat-inducible

gene renders the recipient gene heat inducible (8).

1.1.2 Chromatin Remodeling

An additional cardinal regulatory mechanism of differential control of gene

expression is chromatin structure.  In eukaryotic cells, DNA is not “naked” but is

packaged into nucleosomes, subunits of chromatin in which short tracts of DNA are

wrapped around a core of histone proteins (9).  As a consequence, accessibility of RNAP

II and regulatory transcription factors to DNA is limited.  More often than not, in the

presence of a stable, inaccessible chromatin structure (heterochromatin), transcription is
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repressed, whereas the formation of an open accessible chromatin structure (euchromatin)

is transcribed (10).  Transition between heterochromatin and euchromatin is mediated by

chromatin remodeling enzymes, which alter the folding, flexibility, and basic structure of

chromatin.  There are two classes of chromatin remodeling enzymes:  those that

covalently modify nucleosomal histone proteins through acetylation, phosphorylation, or

methylation, and those that use the energy of ATP hydrolysis to disrupt histone-DNA

interactions (11).  The emerging view is that chromatin remodeling complexes and

histone acetyltransferase complexes cooperate with sequence-specific binding factors to

enable productive interaction between the transcriptional machinery and the promoter of

a given gene.

1.1.3 DNA Methylation

A chromatin modification that constitutes an additional level of regulation of gene

transcription is DNA methylation by DNA methyltransferases.  In the mammalian

genome, this process consists of the covalent addition of a methyl group to the 5-position

of the cytosine base predominantly when it is located 5´ to a guanosine in a CpG

dinucleotide (12).  Genomic DNA methylation patterns are nonrandomly distributed.

Rather, distinct regions, including most repetitive and transposable elements, are

hypermethylated, whereas other regions, such as CpG islands in regulatory regions of

house-keeping genes, are hypomethylated (13).  In general, hypermethylation of CpG

islands adjacent to regulatory elements is associated with gene silencing, whereas

hypomethylation in these sequences is linked to gene activation.  The importance of
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methylation as a mechanism for gene silencing is underlined by the observation that one

of the two X chromosomes in female mammals is inactivated as a result of methylation

(14).  Further, aberrant gene silencing or activation is associated with disruption of

normal DNA methylation patterns in tumors (15,16) as well as in human disorders such

as ATRX, Fragile X, and ICF syndromes (17).  Yet, while methylation can affect gene

activity, it alone is insufficient to repress transcription.

1.1.4 Torsional Forces and DNA Secondary Structure

Finally, as expounded in this dissertation, torsional forces generated by positive or

negative superhelical stress in DNA contribute to transcriptional regulation by

modulating the structural transition of B-DNA into non-B-DNA structures (18-21).  Such

conformational alterations can occur under specific conditions.  In general, negative

supercoiling takes place when histones are stripped from chromatin or subsequent to the

progression of the transcription machinery along the template DNA, which entails

generation of negative supercoiling behind the enzyme complex.  Negative supercoiling

destabilizes DNA and often results in local DNA unwinding at the proximal promoter

region of both prokaryotic and eukaryotic genes.  This conformational change is believed

to enhance open promoter complex formation and to lead to transcriptional activation

(18-21).  Such a structural transition within B-DNA was discovered by the appearance of

nuclease hypersensitive elements (NHEs) and has been reported in a number of TATA-

less mammalian genes (22-26).  NHEs are believed to represent regions that lack

canonical nucleosomal structure that exposes the DNA, which then becomes accessible to
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nucleases.  Most of the time altered conformational alteration takes place along

polypurine/polypyrimidine stretches, which tend to easily adopt non-B-DNA

conformations such as melted DNA, hairpin structures, or slipped helices.

1.1.5 G-quadruplex Structures

Of special interest are tetrahelical structures of guanine-rich sequences (G-

quadruplexes or tetraplexes) that are readily generated in vitro under physiological-like

conditions.  At the core of G-quadruplex DNA structures are two or more G-tetrads that

require for their stabilization coordinate bonding of monovalent cations, most commonly

Na+ or K+ (27,28).  G-quadruplex structures can vary in several different ways, including

strand stoichiometry, strand orientation, and loop connectivity (intramolecular).  Several

examples of such structures are shown in Figure 1.1.  In many regards, the folding of

single-stranded DNA into G-quadruplex structures is analogous to the folding of peptides

into proteins, as the primary base sequence is the main determinant of the folded G-

quadruplex structure (29).  Direct evidence for the existence of G-quadruplexes in vivo is

just beginning to emerge, and the ability of guanine-rich promoter sequences to form very

stable G- quadruplex structures in vitro suggests that these DNA formations may play a

role in transcriptional regulation.

It has recently been shown that there are many hundreds of thousands of DNA

sequences in the human genome that potentially could form G-quadruplex structures (30).

With the exception of telomeres, all of these sequences are in duplex regions of the

genome.  Thus, a major impediment to the formation of G-quadruplexes is the stability of
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double-stranded DNA.  The requirement for the generation of negative superhelicity

during the progression of the transcriptional machinery could severely limit the

emergence of these structures from duplex DNA.  Therefore, unwinding of DNA and the

formation of single-stranded tracts during transcription or replication may provide the

necessary conditions for the formation of G-quadruplex structures.  G-quadruplexes seem

uniquely suited to be biological signaling molecules, and the occurrence of G-quadruplex

binding proteins and proteins that facilitate their formation, or unwinding, adds further

weight to their role as mediators of important biological processes, such as transcription

(31).  We will now take a closer look at some specific examples of how genes can be

controlled by the formation of G-quadruplex structures within their specific regulatory

regions.
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Figure 1.1.  G-quadruplex structural diversity.  (A) Four-stranded, (B) two-stranded, and
(C) single-stranded G-quadruplex structures.
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1.2 Examples of DNA Secondary Structure in the Regulation of Gene Transcription

1.2.1 Promoter Regions of Mammalian Genes

a. Chicken β-Globin Gene

Studies of the chicken β-globin gene offered the earliest evidence for a

relationship between DNA secondary structure formation and transcription based on an

observed correlation between changes in chromatin structure and gene activity.  During

chick erythrocyte development, chromatin structure in the vicinity of the β-globin gene

becomes altered prior to gene expression.  The timing of these changes suggests that they

are associated with transcription activation rather than with the process of transcription

itself (32,33).  Larsen and Weintraub detected these changes by the presence of

preferential hypersensitivity to nuclease digestion in the 5´-flanking region of a

transcriptionally active chicken β-globin gene.  This hypersensitivity was absent in cells

whose β-globin gene was inactive (34,35).  Gene activity associated nuclease sensitivity

was independently demonstrated by Wood and Felsenfeld with both nonspecific

nucleases and restriction endonucleases (36).  Comparable nuclease hypersensitive sites

were observed in intact cells, isolated nuclei, and supercoiled plasmids, while linear or

relaxed plasmids were not susceptible to nuclease digestion (37).  Specifically, a 115-

base-pair fragment within the nuclease hypersensitive region could be excised from

nuclei by MspI digestion at a greater than 50% yield, of which one-third behaved as

nucleosomal-free DNA (38).  In a supercoiled plasmid, this region was also sensitive to

the chemical probe bromoacetaldehyde, which reacts with unpaired adenines and

cytosines (37), suggesting that this region existed in a partially denatured form.  On the
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basis of these results it was proposed that the association of nuclease hypersensitivity

with gene activation is related to the conversion of some fraction of the DNA sequence

into an altered DNA secondary structure, which is dependent on superhelical strain and

chromatin structure.

The nuclease hypersensitive region was mapped to the chicken β-globin gene

promoter, wherein it extends roughly –60 to –260 base pairs 5´ to the start of mRNA

transcription (38).  Examination of this 200-base-pair segment revealed a number of

unusual features of nucleotide sequence that might affect the local conformation of the

DNA.  Most notably, this region is highly GC-rich (70%), including a stretch of 16

consecutive guanine residues (Table 1.1).  It also exhibits short runs of alternating

purines and pyrimidines, which are classical motifs of left-handed Z-DNA.  Last,

methylation sites within this region are in high abundance, present at approximately six

times the average genomic frequency.  Yet, subsequent in vitro investigation of this

region using supercoiled plasmids revealed that there was no conversion of any

measurable segment of DNA to left-handed Z-DNA.  Moreover, cytosine methylation

had no effect on the supercoiling properties or the DNA conformation of a plasmid

containing this region (39).  Nevertheless, in vitro mapping at higher resolution of this

200-base-pair β-globin hypersensitive domain demonstrated that the stretch of

consecutive guanine residues within this region was sensitive to bromoacetaldehyde and

was cut preferentially by S1 nuclease (39,40).  In vivo high-resolution mapping revealed

that this element was protected from nuclease attack in cells expressing the β-globin

gene, whereas this region was accessible to nuclease attack in cells that did not express
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Table 1.1.  G-quadruplex-forming sequences and their proximity to the transcriptional
start site (n = number of repeats).
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this gene (41).  The protection within this guanine tract was also reproducible in vitro

using partially purified chicken erythrocyte nuclear factors.  These results were

contradictory to the previous studies in which widespread nuclease hypersensitivity

within this 200-base-pair region was associated with chicken β-globin gene activity.

Still, they attracted considerable attention to the oligoguanine tract in part because of its

unusual physical properties and potential regulatory role in transcription.

Initial studies proposed that the guanine-rich region within the promoter of the

adult chicken β-globin gene could adopt a supercoil-dependent triplex structure (42).

However, further analysis suggested a more complex DNA conformation within this

region.  For instance, this DNA stretch contains several runs of contiguous guanines,

conforming to the general motif capable of assembling into an intramolecular G-

quadruplex structure.  Subsequent to sequence analysis, Woodford et al. provided the first

indication for the formation of a G-quadruplex structure within the chicken β-globin gene

promoter region (43).  Using a primer extension assay, they showed that a template

containing the sequence G16CG(GGT)3, which corresponds to the guanine-rich region of

interest, was necessary and sufficient to arrest DNA synthesis in vitro under

physiological conditions.  In addition, these authors demonstrated that the polymerase

arrest site consisted of three successive blocks to DNA synthesis opposite the successive

thymidine residues in the template, suggesting that this oligonucleotide tract forms three

individual, yet potentially similar, DNA secondary structures.  This result on its own

could not establish the existence of a G-quadruplex structure, since the propensity to

block DNA synthesis has been implicated in the formation of other structures, such as
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hairpins (44) and triplexes (45,46).  That these DNA secondary structures were, in fact,

intramolecular G-quadruplexes was verified by Howell et al. through an examination of

the reaction conditions under which these polymerase arrest sites were generated (47).

First, they demonstrated that the polymerase arrest sites were only observed using the

single-stranded G-rich strand as a template.  Second, they showed that the arrest sites

where generated only in the presence of K+ ions, which are required for the formation and

stabilization of G-quadruplex structures.  Third, the intrastrand nature of these structures

was confirmed by demonstrating that generation of the arrest sites was independent of

template concentration, indicating zero-order kinetics of the formation of unimolecular

quadruplex DNA.  Finally, specific guanine residues were substituted with 7-deaza-

dGTP, which lacks a guanine N7 position and thus is incapable of forming the

guanine·guanine Hoogsteen hydrogen bonds that are the hallmark of G-quadruplex

structures.  As a result, all three DNA synthesis arrest sites were eliminated.  These

results provided substantial support for the proposal that primer extension was arrested at

three template domains that folded into intramolecular G-quadruplex structures.

Evaluation of the relative potencies of the three polymerase arrest sites revealed

that the major molecular blocking structure was located at the 3´-most thymine residue,

whereas the two other sites blocked polymerase progression more weakly.  By employing

the chemical probes dimethyl sulfate and OsO4, Howell et al. identified residues involved

in tetrad formation as well as residues that were displaced from the core structure (Figure

1.2A) (47).  These results were used to construct a model of the G-quadruplex structure

as shown in Figure 1.2B.  This model was further corroborated by the introduction of



29

specific mutations that affected the structural stability of the G-quadruplex, as assessed

by the formation of blocks to DNA synthesis.  Specifically, it was found that the structure

formed differed from canonical G-quadruplex structures in some respects, including the

presence of only one classical tetrad configuration, while the other tetrads were

incomplete and contained non-guanine bases.  The authors suggested that the hydrogen-

bonding interactions between the loop bases and the bases within the flanking regions,

which are illustrated in their model (Figure 1.2B), counteract the loss in G-quadruplex

stability due to incomplete tetrad formation.  In addition, the base pairing between bases

3´ and 5´ to the G-quadruplex-forming region creates a molecular “cinch,” which further

stabilizes this unique G-quadruplex structure.  These findings, together with those that

describe the triplex-forming ability of the same sequence, indicate the variety of complex

structures that can be formed by the chicken β-globin promoter sequence.

Prior to the recognition of the formation of a DNA secondary structure within the

chicken β-globin promoter, a poly(dG)-binding protein called BGP1 was discovered that

was later found to bind specifically to the β-globin G-tract and to activate gene

expression (48).  This protein is found only in chicken erythroid cells and is most

abundant in the cells at a time of maximum expression of the β-globin gene.  In addition,

BGP1 expression becomes elevated at the same time, or shortly before, the changes in

chromatin structure appear (49).  These characteristics are indicative of a relationship

between the previously described in vivo nuclease protection pattern within the G-tract of

an active β-globin gene and the binding of BGP1 to this same region.  Conversely, when
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Figure 1.2.  (A) Chemical modification of the chicken β-globin G-quadruplex-forming
sequence G16CG(GGT)2GG with dimethyl sulfate and OsO4 in the absence (O) and
presence (K+) of 40 mM KCl.  The lanes labeled C represent control reactions to which
no dimethyl sulfate or OsO4 was added.  (B) Proposed structural model of the “cinched”
intramolecular G-quadruplex formed by the chicken β-globin sequence G16CG(GGT)2GG
in the presence of K+.  The G residues shown in red are those modified by dimethyl
sulfate.  Reprinted with permission from reference (47), Copyright © 1996 The American
Society for Biochemistry and Molecular Biology, Inc.
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the β-globin gene is inactive, this region is sensitive to nuclease digestion and exhibits a

non-B-DNA conformation, which suggests a relationship between gene silencing and the

formation of a DNA secondary structure.  Taken together, these data suggest a model in

which BGP1 activates gene expression through its binding to the DNA and the induction

of subsequent DNA structural transactions.  In other words, the G-quadruplex-forming

region within the chicken β-globin gene promoter could act as a conformational switch,

which is subject to modulation by BGP1.

b. Muscle-specific Genes

Myogenesis involves the coordinated transcriptional activation of multiple genes.

The components of this regulation were elucidated by the identification and

characterization of four myogenic regulatory factors that activate muscle tissue

differentiation by specifically binding to regulatory elements of genes that encode

muscle-specific proteins, thus stimulating their transcription (50).  These transcription

factors belong to a subgroup within the superfamily of basic helix-loop-helix proteins

(51).  Initially, these muscle cell–specific transcription factors were reported to bind

specifically to the major groove of the double-stranded sequence motif CANNTG, or E-

box, that is present in several copies within promoter and enhancer regions of muscle-

specific genes (52,53).  Further investigation by Santoro et al. revealed that a major

member of the myogenic transcription factors, MyoD, could also bind to single-stranded

DNA probes (54).  Specifically, MyoD bound in a sequence-specific manner to the DNA

single-strand d(GGGGGTTGTGGACGACGGACT), an E-box-containing (bold) portion
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of the mouse muscle creatine kinase (MCK) non-coding enhancer strand.  By contrast,

MyoD did not form a complex with the complementary coding strand of this motif.  The

sequence specific binding of MyoD to the guanine-rich DNA tract suggested potential

recognition by this protein of a specific DNA conformation whose nature remained

unidentified in this early work.

Serendipitously, while assaying the interactions of basic helix-loop-helix proteins

with the single-stranded MCK sequence, Walsh and Gualberto identified a slower

mobility band in the absence of protein that was made up of less than 2% of the total

DNA (55).  Through further investigation these authors showed that MyoD bound

preferentially to the slowly migrating DNA species.  Methylation protection analysis

revealed that the 3´-end of the MCK sequence at each of the five consecutive guanines

(underlined in the sequence above) remained protected in both the free DNA and in the

MyoD–DNA complex.  These results led the authors to propose that the slower mobility

DNA form represented an intermolecular G-quadruplex structure.  This hypothesis

gained support from the observation that mutations of residues included in the cluster of

protected guanines resulted in loss of the slower mobility band.  An affinity of MyoD for

tetrahelical DNA was also demonstrated by its binding to a G-quadruplex form of the

Tetrahymena telomeric DNA.  Last, measurement of dissociation constants indicated that

MyoD had a significantly higher affinity for the G-quadruplex structure of the E-box

sequence than for its double-stranded form (55).  Together, these data suggested that

through their high affinity binding of MyoD, DNA G-quadruplex structures could

possibly play a role in the transcriptional regulation of muscle-specific genes.
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In extending the described studies, Yafe et al. searched regulatory regions of other

muscle-specific genes for sequences with a propensity to form altered DNA structures

that could potentially interact with MyoD (56).  Significantly, these authors detected a

disproportionately high frequency of clusters of contiguous guanine residues in promoter

and enhancer regions of multiple muscle-specific genes.  In addition to the previously

studied mouse MCK enhancer region, sequences derived from promoter regions of both

human mitochondrial creatine kinase (sMtCK) and mouse α7 integrin genes (Table 1.1)

were investigated for their ability to adopt an altered DNA conformation.  Using non-

denaturing gel electrophoresis, dimethyl sulfate footprinting, and CD spectroscopy, it was

demonstrated that all three single-stranded guanine-rich sequences had the ability to form

bimolecular G-quadruplex structures.  Additionally, the sMtCK and the α7 integrin

sequences were capable of adopting hairpin and intramolecular G-quadruplex structures,

respectively (56).  In analogy to previous studies with the guanine-rich MCK enhancer

sequence, MyoD was shown to bind to all three bimolecular G-quadruplex structures at

high affinity (Kd values of ~2.5–5.0 nM), whereas it did not detectably bind to the

double-stranded forms of the sMtCK and α7 integrin sequences or the hairpin or

unimolecular DNA structures of their guanine-rich strand (57).  Further, the affinity of

MyoD for the biomolecular G-quadruplex structures of the sMtCK and α7 integrin

sequences, as reflected by measured Kd values, was higher by ~20–40-fold than its

affinity for the MyoD E-box duplex DNA target.  As noted by Etzioni et al., the observed

bimolecular G-quadruplex structures cannot be formed in vivo because each sequence is

represented by a single copy in genomic DNA (57).  It was thus proposed that
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bimolecular G-quadruplex structures could potentially be generated in vivo by the

association of two adjacent hairpin structures of two neighboring G-rich sequences within

single-stranded DNA.  This model was supported to some degree by the demonstration

that two representative G-rich oligonucleotides from the mouse α7 integrin promoter,

which were located 85 base pairs apart, adopted a heterodimeric G-quadruplex structure

(57).

By virtue of its helix-loop-helix motif, MyoD is able to form homodimers, as well

as heterodimers, with other ubiquitously expressed helix-loop-helix proteins, such as E12

and E47.  MyoD-E-protein heterodimers bind to E-box DNA more tightly than MyoD

homodimers and act as stronger activators of transcription (58,59).  MyoD-E47

heterodimers were found to bind to bimolecular G-quadruplex structures more weakly

than MyoD homodimers (57).  Specifically, MyoD heterodimers bound more tightly to E-

box DNA than to bimolecular G-quadruplex structures of promoter sequences of the

sMtCK and α7 integrin, as reflected by 7–19-fold lower Kd values of the heterodimer–E-

box complexes.  Etzioni et al. hypothesized that the preferential binding of the relatively

transcriptionally inactive MyoD homodimers to bimolecular G-quadruplexes may repress

untimely activation of muscle-specific genes (57).  Thus, properly timed activation of

myogenesis takes place only upon formation of heterodimers that lose their affinity for

the G-quadruplex DNA domains and gain increased binding affinity for E-box DNA.  A

model for switched DNA targets as a mechanism for the regulation of timed myogenic

gene activation is shown in Figure 1.3.
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Figure 1.3.  A model for switched DNA targets as a mechanism for the regulation of
timed myogenic gene activation (see text for details).
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1.2.2 DNA Tandem Repeat Sequences

Tandemly repetitive DNA sequences are found ubiquitously in the genomes of

nearly all eukaryotic species (60).  Approximately 25% of the human genome consists of

repetitive DNA (60,61).  These repetitive elements differ by their position in the genome,

sequence, size, number of copies, and content or lack thereof of coding regions.  These

sequences were originally referred to as “junk DNA” because it was believed they had no

biological functions (62).  However, accumulating evidence now indicates that at least

some of these repeat sequences are functionally significant within the genome.

Depending on the repeat sequence composition, some guanine-rich repeat sequences are

archetypical candidates for the formation of G-quadruplex structures.  Several studies

have shown that the biological function of particular DNA repeat sequences may depend

on their capacity to form such structures.

In general, these DNA repeat sequences can be classified into two categories

based on their locations within the genome (63).  The first class includes those DNA

repeats that possess a biological function but are not associated with genes.  For instance,

a hairpin structure formed by the human centromere pentanucleotide repeat d(AATGG)

has been proposed to provide specific recognition sites for the kinetochore during mitosis

(64).  Also, the hexanucleotide repeat d(TTAGGG)n at the 3´-end DNA overhang of the

human telomere readily folds into G-quadruplex structures, which are believed to be

involved in the maintenance of chromosomal integrity (65).  The second category of

DNA repeat sequences consists of sequences that are located in regulatory regions of

genes.  These repeats are generally referred to as microsatellites or minisatellites,
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depending on the repeat unit length.  Recently there has been increased interest in

sequences of these types because of their propensity to expand, leading to abnormal

expression of the associated gene.  Coupled alterations in repeat length and gene

expression are associated with more than 40 human diseases (66,67).  Two well-studied

examples, which will be discussed in more detail, are the expansion of the trinucleotide

d(CGG)n repeat sequence located at the transcribed but untranslated 5´-end of the FMR1

(fragile X mental retardation 1) gene and the ILPR (insulin-linked polymorphic region)

consensus repeat sequence d(ACAGGGGTGTGGGG), located in the 5´-flanking region

of the human insulin gene (Table 1.1).

a. Human FMR1 Gene

Fragile X syndrome is the most common form of inherited mental retardation

disorder (68).  It is associated with dynamic expansion of a d(CGG) trinucleotide repeat

located in the 5´-untranslated region of the first exon of the FMR1 gene (69-71).  The

number of d(CGG) repeats in normal alleles is 2 to 52 repeats, whereas asymptomatic or

minimally affected bearers of a premutation have 55 to 200 repeats, and affected

individuals with a full mutation have >200 to 2000 repeats (72).  A full mutation of the

d(CGG) repeat element is accompanied by hypermethylation of adjacent CpG islands in

the promoter and in the repeat region itself and by histone deacetylation, leading to the

suppression of FMR1 transcription (73,74).  Initial indication of an altered chromatin

structure at the 5´-end of the FMR1 gene was derived from the loss of acetylation of

histones H3 and H4 (75) and the gain of nuclease sensitivity (76) in fragile X patient cell
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lines containing the d(CGG) repeat expansion.  Indeed, treatment of fragile X cells with

inhibitors of histone deacetylase and demethylation of the DNA by 5-aza deoxycytidine

led to partial restoration of FMR1 mRNA synthesis, although its protein product (FMRP)

remained minimal (77).  However, these results suggested that full reactivation of FMR1

expression and FMRP synthesis requires the removal of at least one additional inhibitory

level of regulation.

The potential for the formation of unusual DNA structures in the FMR1

trinucleotide repeat has been recognized and suggested as a contributing factor in the

expansion of fragile X syndrome and, accordingly, the silencing of the FMR1 gene.

Several lines of evidence reveal that d(CGG)n oligomers can fold into unimolecular

hairpins (78-82).  In addition, d(CGG)n oligomers have been shown to assemble into

bimolecular and tetramolecular G-quadruplex structures (83-85).  These types of DNA

secondary structures were found to block the progression of DNA polymerase in vitro

(83,86), raising the prospect that they may trigger polymerase slippage or displacement

synthesis of an Okazaki fragment, resulting in expansion of the trinucleotide repeat

sequence.  Subsequent to expansion, the stabilization of these unusual DNA structures

could facilitate the impediment of FMR1 transcription, the activation of

hypermethylation, and the clinical phenotype of fragile X syndrome.

Genotypically, the fragile X trinucleotide repeating unit is d(CGG), yet the

presence of stable and unstable alleles of similar sizes led to the proposal that a feature

other than repeat length may be involved in stability and repeat expansion.  Stable alleles

were found to have d(AGG) triplets at an average periodicity of 10 repeats, whereas
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interspersed d(AGG) triplets have been shown to be partially or completely missing in

individuals with premutation and are completely absent in patients with full mutation

(87,88).  Further analysis suggested that a threshold of approximately 33 uninterrupted

d(CGG) repeats denotes the start of instability (89).  In addition, d(CGG) repeats

containing interspersed d(AGG) triplets reduced the formation of slipped-strand DNA

structures compared to uninterrupted d(CGG) repeats (90), suggesting the existence of

pure d(CGG) repeats as a precursor to repeat expansion.  These results demonstrate

dependence on both the repeat length and its monotony for repeat expansion and

instability.  This additional dependency on the composition of the trinucleotide repeat

sequence initiated the investigation of the affect of interspersed d(AGG) triplets on the

formation and stability of d(CGG)n quadruplex structures.  Usdin reported that d(CGG)20

and d(AGG)20 oligomers could adopt intramolecular G-quadruplex structures with

comparable stability; in contrast, the d(CGG)20 oligomer formed much more stable

hairpin structures than the d(AGG)20 oligmer (91).  Additional studies showed that there

was a reduction in the formation and the thermal stability of bimolecular G-quadruplex

structures utilizing oligomers containing interspersed d(AGG) within d(CGG)18 at

intervals greater or equal to the average physiological frequency compared to an

uninterrupted d(CGG)18 oligmer (92).  Therefore, due to their G-quadruplex destabilizing

effect, the interfering d(AGG) triplets could potentially prevent repeat expansion and the

ensuing transcriptional repression of FMR1.

The final event in the transmission of fragile X syndrome is the abnormal

methylation of the FMR1 promoter and correlated gene inactivation (93).  The rate of
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methylation is determined by the initial substrate-enzyme recognition.  DNA

methyltransferases are remarkably better at recognizing and methylating DNA sites

undergoing local conformational changes, such as hairpins or G-quadruplex structures,

relative to B-form duplex DNA (94,95).  Methylation at the 5 position of cytosine has

been shown to stabilize G-quadruplex structures by producing a “flipped out” cytosine,

unstacked from its normal position in B-DNA (96).  Specifically, methylation of cytosine

residues in a short d(mCGG)n tract has been shown to stabilize the formation of a

tetramolecular G-quadruplex structure (85).  Therefore, if formed, these DNA secondary

structures could provide a greater number of high affinity methylation sites for

methyltransferases, resulting in hypermethylation of the fragile X repeat and subsequent

suppression of the FMR1 gene.  By this token, instability or complete absence of

secondary structures of the shorter d(CGG)n tracts in normal or premutation alleles

prohibits methylation.

Supplementary support for the existence in vivo of G-quadruplex structures of the

d(CGG)n repeat sequence was provided by the discovery of proteins with the ability to

stabilize or destabilize G-quadruplex forms of this repeat sequence.  Specifically, human

Werner syndrome DNA helicase (97) and two hnRNP murine telomeric DNA binding

proteins (98,99) have been shown to unwind d(CGG)n bimolecular G-quadruplex

structures and potentially alleviate the blocking of replication and/or transcription of the

FMR1 gene.  In addition, the G-quadruplex-interactive agent TMPyP4 (Figure 2.1),

which had previously been shown to stabilize G-quadruplex structures of telomeric DNA,

has been shown to conversely destabilize in vitro bimolecular G-quadruplex structures of
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d(CGG)n (100).  In contrast, the human Ku antigen was reported to bind to and stabilize

bimolecular G-quadruplex structures of d(CGG)n and to protect them from digestion and

unwinding by nucleases and destabilizing proteins, respectively (101).  The discovery of

proteins that stabilize or destabilize G-quadruplex structures of d(CGG)n adds to the

complexity in the regulation of the expression of the FMR1 gene.  Overall, controversy

still remains whether hairpins or G-quadruplexes constitute the predominant secondary

structure of the d(CGG)n sequence.  However, there is an agreement that secondary

structures formed by this repeat sequence are at the root of its expansion and the ensuing

silencing of FMR1 transcription.

b. Human Insulin Gene

Insulin-dependent diabetes mellitus (IDDM) is associated with a deficiency in

insulin production or ineffective insulin.  Susceptibility to IDDM is complex, involving

both genetic and environmental factors.  Intriguingly, one of the genetic components

implicated in IDDM susceptibility is the insulin minisatellite located on chromosome

11p15, 363 base pairs upstream from the human insulin gene transcription start site (102).

The location of the ILPR element at the proximal promoter region of the insulin gene

suggested that it functions as a transcriptional regulator involved in the regulation of

normal insulin production and its deterioration in IDDM.  This element is highly

polymorphic in human populations, displaying variations in both length and sequence

(103).  Human ILPRs are grouped into three classes according to length:  class I (~40

repeats), class II (~85 repeats), and class III (~150 repeats) (104).  Moreover, at least
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eleven different minor sequence variants related to the ILPR consensus sequence

d(ACAGGGGTGTGGGG) have been reported and termed “a” through “k.”(105)  The

genomic location of the ILPR element as well as its guanine-rich sequence raised the

possibility that the transcriptional activity of the insulin gene may be modulated by the

quaternary DNA topology of the ILPR.

Preliminary evidence of an altered DNA structure within the ILPR element was

first discovered by Hammond-Kosack et al. through the use of supercoiled plasmids

containing a 5-kb genomic insulin insert and employment of probes to query DNA

structure (106).  The chemical probe bromoacetaldehyde and the enzymatic probe S1

nuclease produced multiple hypersensitive sites within the insulin fragment, with the

major site corresponding to the ILPR.  It is noteworthy that the generation of these

hypersensitive sites depended on torsional stress in the DNA such that no nuclease

reactivity was observed in linearized plasmids.  Further evidence for an altered DNA

structure at this region was provided by electron microscopic homoduplex analysis.

Results revealed looping-out of the two strands in 30% of the sequences tested following

denaturation and renaturation of ILPR-containing DNA fragments.  Specifically, one

strand within this looped-out region was consistently 50% the length of the other strand,

suggesting that one strand adopted a compact structure (Figure 1.4A).  In a more

physiological system, in which the DNA was assembled into chromatin in vitro using

histones and a Xenopus laevis unfertilized egg extract, a single P1 nuclease

hypersensitive site was created within the ILPR, suggesting that nucleosomal structure
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formation was inhibited in the ILPR region, supposedly because of the formation of an

unusual DNA structure (107).

In view of the existence of two contiguous runs of four guanines per repeat and

the nature of the repeat length of the ILPR consensus sequence, it is anticipated that the

guanine-rich strand within the ILPR has the capacity to form multiple G-quadruplex

structures.  Premature pausing of DNA polymerase upstream to every guanine tract and

resistance of the guanine residues to methylation by dimethyl sulfate are in line with the

formation of intramolecularly folded G-quadruplex structures within the G-rich strand of

the ILPR (106).  NMR-based modeling of two consecutive repeats of the ILPR consensus

motif d(ACAGGGGTGTGGGG) confirmed the formation of an antiparallel

intramolecular G-quadruplex structure containing four stacked G-tetrads and three lateral

loops, consisting of three residues each (108).  NMR analysis, CD spectroscopy, and

nondenaturing gel electrophoresis demonstrated that the intramolecular structure is very

stable, with a melting temperature of 85 °C.  This DNA species required a minimum

number of two ILPR repeats to produce an individual folded structure (108).  Conversely,

in an in vitro replication assay in the presence of the complementary cytosine-rich strand,

replication was completely arrested using a unit number of ≥ 6, whereas two repeats

produced only a minor arrest.  This result suggested that individual G-quadruplex

structures assembled into higher-order structures or intermolecular G-quadruplex

structures (63).  Such structures had previously been shown to exist in two- and four-

stranded forms of a single ILPR repeat unit (109).  With a model NMR structure

available of the ILPR G-quadruplex structure, the analysis of key interactions that
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stabilize or destabilize the structure became feasible.  Thus, the relation between the

stability of the ILPR G-quadruplex structure in vitro and its effect on transcriptional

activity in vivo was investigated.

Initial studies to examine the ILPR element as a transcriptional regulatory region

in the human insulin gene indicated that it affected only minimally the total

transcriptional activity of the 5´-flanking region and that other sequences played a much

larger role (110).  However, these studies were carried out using the only human insulin

gene available at the time, which was an allele containing a class I ILPR sequence.  Upon

the discovery of expanded ILPR repeats, studies carried out by Kennedy et al. revealed

that a class III ILPR allele exhibited more than two-fold the transcriptional activity of a

class I ILPR allele (111).  These results were reproducible and were amplified using

heterologous promoters.  In addition, co-transfection of ILPR constructs with the

transcription factor purine-rich element binding protein A (Pur-1), which has been shown

to bind to ILPR at a high affinity (112), resulted in greater activation of transcription.  All

the described experiments were carried out using the ILPR consensus motif, yet sequence

heterogeneity can also occur between individuals.  At least eleven different variants

containing single, double, or even triple nucleotide changes have been shown to exist.

Kennedy et al. discovered that these ILPR variants were bound by Pur-1 with different

affinities (111).  This could potentially lead to a differential effect on transcription.

Similar to the ILPR length heterogeneity studies, these authors performed co-transfection

experiments to examine if transcriptional activation by the different ILPR variants was

consistent with the respective in vitro–measured Pur-1 binding affinities.  For most of the
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repeat variants, it was found that in vivo transcriptional activity was positively correlated

with the tightness of Pur-1 binding in vitro.  However, such positive correlation did not

exist at all for some repeat variants, such as “h” and “k.”  It was postulated, therefore,

that other factors, such as the propensity of ILPR variants to form G-quadruplex

structures, might contribute to the overall transcriptional activity of the ILPR.

The ability of the ILPR to form an inter- or intramolecular G-quadruplex structure

is dependent on the repeat sequence composition.  Therefore, the nucleotide changes

observed within some of the ILPR repeat variants may affect their ability to adopt stable

DNA secondary structures.  This proposition was tested directly and indirectly using

native gel electrophoresis and NMR analysis, respectively.  Interestingly, repeat variants

that were predicted in silico and demonstrated in vitro to destabilize the G-quadruplex

structure were shown to be associated with the level of transcriptional activity in vivo

(Figure 1.4B) (108,113).  For example, any repeat variant containing an interruption

within the G-tracts of the ILPR sequence resulted in both destabilization of the G-

quadruplex structure and a decrease in transcription.  In addition, NMR studies revealed

that the guanine residue in the TGT loop contains loop–loop and loop–tetrad interactions,

and in fact, mutations within this loop also decreased the transcriptional activity (108).

Consequently, introduction of counteracting mutations into low transcriptional ILPR

repeat variants, which restored the ability of the repeats to adopt a G-quadruplex structure

and bind to Pur-1, resulted in the regeneration of high transcriptional activity of the

mutated ILPR repeats (113).
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Figure 1.4.  (A) Electron microscopic homoduplex analysis of DNA fragments
containing the ILPR.  A, B, and C refer to the three different fragments used (106).  (B)
Transcriptional activity of individual ILPR polymorphic repeats.  Reprinted with
permission from (108,111), Copyright © 1996 Elsevier.
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In contrast to the negative regulatory function of G-quadruplex formation in the

repeat element of the FMR1 gene, inter- or intramolecular G-quadruplexes in the ILPR

element serve as positive cis-acting transcriptional regulators of the human insulin gene

through recognition by Pur-1.  The length and sequence heterogeneity of the ILPR

contributes to the overall transcriptional activity based on the quantity (number) and

quality (stability) of the G-quadruplexes formed.  In addition, these studies have provided

a specific model of the interplay between chromatin structure and torsional stress, as well

as the G-quadruplex-forming ability and the binding of transcription factors in the

regulation of gene expression, although it is still not clear if there is a relationship

between transcriptional activity and genetic susceptibility to IDDM.  These studies

demonstrated that both inter- and intramolecular G-quadruplex formation in the ILPR can

influence transcriptional activity of the human insulin gene and thus may potentially

contribute to that portion of diabetes susceptibility attributed to the ILPR minisatellite

locus.

1.2.3 Perspective

A bioinformatics search of the human genome for the simplest G-quadruplex-

forming motif exposed a vast number of sequences that can potentially fold into G-

quadruplex structures (114).  However, no similar genome-wide search has yet been

conducted for G-quadruplex-forming motifs located in gene promoter, enhancer, and

silencer regions.  Nevertheless, in addition to the examples described here in detail, the

existence of polypurine/polypyrimidine tracts has been identified in several other
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mammalian gene promoter regions, such as androgen receptors (115), Hmga2 (22), c-Src

(26), TGF-β (25), c-Ki-Ras (23), PDGF-A-chain (116), VEGF (117), Hif-1α (118), c-kit

(119), and bcl-2 (120,121).  For most of these genes, however, the formation of a G-

quadruplex structure and its function in gene transcription have not been investigated.  In

general, G-quadruplexes formed in promoter regions of genes such as ILPR have very

high melting points.  This suggests that once they form, these structures will prevail

unless there are specific helicases or G-quadruplex-destabilizing proteins that convert

them back to single- and double-stranded structures.  A second consequence of the

formation of tetrahelical structures by guanine-rich DNA strands is that the cytosine-rich

strands should loop out, a phenomenon observed with the ILPR sequence (Figure 1.4A).

If these cytosine-rich strands are able to form DNA secondary structures, such as i-

motifs, then they could also act as transcriptional modulating elements.  All in all, the

insight gained from the fundamental properties of the diverse molecular topologies of

DNA in comparison to duplex DNA has made them appealing potential contributors to

the selective modulation of gene transcription and possible targets for drug design.
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CHAPTER 2

MATERIALS AND METHODS

Human Cell Lines.  HeLa S3 (cervical carcinoma metastasis), CaCo-2 (colorectal

adenocarcinoma), HT-29 (colorectal adenocarcinoma), HCT116 (colorectal carcinoma),

SW480 (colorectal adenocarcinoma, primary tumor site), SW620 (colorectal

adenocarcinoma, lymph node metastatic site), Daoy (cerebellar medulloblastoma), MCF7

(breast adenocarcinoma), and K562 (chronic myelogenous leukemia) cell lines were

obtained from ATCC.  Each cell line was cultured according to ATCC guidelines

(http://www.atcc.org).  The Ftc133 (follicular thyroid carcinoma) cell line was supplied

by Dr. Michael Demeure of the Arizona Cancer Center and cultured in Dubecco’s

modification of Eagle’s Medium (DMEM, Cellgro) with 10% FBS, 50 U/ml penicillin G

sodium, and 50 U/ml streptoycin sulfate.

Drugs.  TMPyP2, TMPyP4, and Se2SAP were synthesized in our laboratory.

Telomestatin was kindly provided by Dr. Kazuo Shin-ya (University of Tokyo, Japan).

Structures are shown in Figure 2.1.

Drug Treatment.  Cell cultures were permitted to reach ~50% confluency before drug

was added.  Drug concentrations and time points are specified in figures.  Cells were

harvested after initial treatment, concurrently with untreated cells.
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Figure 2.1.  Structures of the G-quadruplex-interactive compounds TMPyP4,
telomestatin, and Se2SAP, and the control compound TMPyP2.
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In Vitro Transcription.  In vitro transcription assays were performed using the

HeLaScribe Nuclear Extract In Vitro Transcription System (Promega) following the

manufacturer's protocol, with one exception: the DNA template used was negatively

supercoiled plasmid DNA containing the c-myc promoter region (gift from Dr. Bert

Vogelstein at Johns Hopkins University).  Briefly, 25 μl reaction mixtures containing 1

μg of template DNA, 1x reaction buffer, 3 mM MgCl2, 0.4 mM rATP, 0.4 mM rUTP, 0.4

mM rCTP, 0.016 mM rGTP, and 10 μCi [α-32P]rGTP (Amersham Biosciences) were

assembled on ice.  Transcription was initiated by adding 8 U (50 μg) of HeLa nuclear

extract and subsequently allowed to incubate for 60 min at 30 °C.  The reactions were

then terminated with 175 μl of stop solution, which was supplemented with a 127-bp

radioloabeled oligonucleotide to be used as a internal control.  After phenol/chloroform

extraction, RNA transcripts were ethanol precipitated, dried, and redissolved in

formamide loading buffer.  RNA transcripts were resolved by denaturing gel

electrophoresis (10% PAGE, 1x TBE).  Radioactive transcription products were detected

by autoradiography.

siRNA Treatment.  Commercially available nm23-H2 siRNA SMARTpool and siRNA

SMARTpool non-targeting control were purchased from Dharmacon.  Both siRNAs were

transiently transfected into HeLa cells at a final concentration of 10 nM using siLentFect

reagent (Bio-Rad) according to manufacturer's instructions.  Cells were harvested 24 and

48 hr post-transfection.  Real-time RT-PCR and western blot were used to determine

transcript and protein levels, respectively.
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Quantitative Real-time Reverse Transcriptase-PCR.  Total RNA was extracted from

cultured cells using the Nucleospin RNA extraction kit (Clontech) according to

manufacturer's instructions.  First-strand cDNA synthesis was then performed with 1 μg

of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad).  Quantitative real-time

PCR was performed in triplicate in 16 µl reaction volumes containing iQ SYBR-Green

Supermix (Bio-Rad), 200 nM of each primer, and 1 µl cDNA using the iCycler MyiQ

real-time PCR detection system (Bio-Rad).  The primers are listed in Table 5.1.  For each

set of primers, melting curve analysis yielded a single peak consistent with one PCR

product.
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Table 2.1.  Primers for quantitative real-time reverse transcriptase-PCR and expected
product sizes.
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Protein Extraction and Quantification.  Cells were lysed in 100-150 Nonidet-P40 lysis

buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.02% sodium azide, 100 μg/ml PMSF,

1% Nonidet-P40), the lysates were centrifuged at >14,000x g, and the supernatants were

collected and stored frozen at –80 ˚C.  Protein was quantified in 96-well plates using the

BCA Protein Assay (Pierce).

Western Blot.  Equal amounts of protein (50 μg/lane) were resolved on a 4–15% Tris–

HCl Ready Gels (Bio-Rad) under reducing conditions (SDS-PAGE).  The proteins were

then transferred to nitrocellulose membranes and probed with human anti-NDPK-B

antibody (1:1000; Seikagaku).  Signal detection was carried out using a secondary

antibody conjugated to horseradish peroxidase (1:3000; Bio-Rad) and an enhanced

chemiluminescence kit (Cell Signaling Technology).

Recombinant Protein Expression and Purification.  Both the wild type and R88A

mutant NDPK-B expression vectors were provided by Dr. Edith Postel’s laboratory.

The expression and purification of recombinant proteins was carried out by Dr. William

Montfort’s laboratory.  Proteins were expressed and purified as previously described by

Postel et al.(122).  An additional gel filtration step was added for further purification of

the proteins.  Briefly, fractions containing NDPK-B from a Hydroxyapatite Column were

concentrated to 1 ml and injected onto the Gel Filtration FPLC column (Hiprep 26/60

Sephacryl S100 HR column from Amersham Bioscience) that was previously

equilibrated with 100 mM NaCl and 100 mM KPO4 (pH 7.1).  The eluent of the column
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was monitored by UV absorption at 280 nm.  The fractions containing the NDPK-B

protein were concentrated and exchanged into 20 mM Tris (pH 7.5).  Aliquots of protein

were frozen at -80 °C.

Heparin Affinity Column Chromatography.  A column was packed with heparin

(Sigma) and equilibrated with buffer B (25 mM Tris-HCl, pH 7.6, 50 mM NaCl, 0.5 mM

MgCl2, 1 mM EDTA, 5 mM β-mercaptoethanol, 1 mM DTT, and 10% glycerol).  A

sample of recombinant NDPK-B in buffer B was applied to the column, which was then

washed 2x with 1 ml of buffer B.  Elution of the protein was carried out using a linear

gradient of 0 to 1.0 M NaCl in buffer B.  Fractions (0.25 ml) were collected and analyzed

by SDS-PAGE.  DNA binding activity and DNA cleaving activity were analyzed using

EMSA and the DNA strand breakage assay, respectively.

SDS-PAGE and Silver Staining.  Heparin column fractions were separated by

electrophoresis on 4–15% Tris–HCl Ready Gels (Bio-Rad) and run under reducing

conditions (SDS-PAGE).  Mark12 MW standard (Invitrogen) was applied to each gel to

determine molecular weights.  Protein bands were visualized by silver staining (Silver

Stain Plus Kit, Bio-Rad).

Molecular Modeling.  Molecular modeling studies were performed by Vijay Gokhale in

our laboratory.  The modeling of NDPK-B with the single-stranded DNA sequences

corresponding to the G-rich strand of the c-myc NHE III1 were based upon the known
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crystal structure of NDPK-B bound to GDP (1NUE) (123).  The single-stranded DNA

sequences were built using Biopolymer module with Insight II molecular modeling

software.  Electrostatic potential maps for NDPK-B were calculated using Delphi

program and displayed using GRASP.  The model for complex between NDPK-B and the

single-stranded DNA was built using manual docking and Discover_3 minimization

program within Insight II.  The complex was soaked in TIP3P water layer of 10Å

thickness and then subjected to molecular dynamics simulations with equilibration for 40

picoseconds and simulation for 100 picoseconds.  Trajectories were collected at every 0.1

picoseconds.  Low potential energy frames were minimized using 3000 steps of

Discover_3 minimization.  Minimized structures of the complex were used to analyze the

interactions.

Preparation and Purification of End-labeled Oligonucleotides.  Oligonucleotides

were either 5’-end labeled using T4 polynucleotide kinase and [ -32P] dATP (Perkin

Elmer) or 3’-end labeled using terminal deoxynucleotidyl transferase (TdT) and [α-32P]

ddATP (Amersham Biosciences).  Unincorporated radioactive nucleotides were removed

using a Bio-Spin 6 chromatography column (Bio-Rad) after inactivation of the kinase or

TdT by heating for 5 min at 95 °C.  Labeled single-stranded oligonucleotides were

purified using denaturing gel electrophoresis (16% PAGE, 1x TBE).  For construction of

double-stranded oligonucleotides, labeled single-stranded oligonuceotides were annealed

with their complementary strands and then purified using non-denaturing gel

electrophoresis (16% PAGE, 1x TBE).
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Gel Mobility Shift Assay.  Labeled DNA substrates were mixed with varying amounts

of recombinant NDPK-B (as specified in figures) in reaction buffer (12 mM HEPES, 4

mM Tris-HCl pH 7.4, 1 mM EDTA, 5% glycerol, 1 mM DTT, 0.5 μg BSA, and 1.5 mM

MgCl2) for ~20 min. at 4° C in a total volume of 20 μl.  Reactions containing G-

quadruplex-interactive agents or KCl were incubated 1 hr at 25° C prior to the additional

of NDPK-B.  To separate the protein-DNA complexes from free DNA, the reactions were

run-out on 5% nondenaturing polyacrylamide gels in the presence of 0.5x TBE at 4° C

for ~1 hr at 150 V.

DNA Strand Breakage Assay.  Reactions were prepared identical as previously

described for gel mobility shift assays.  After incubation, the reactions were terminated

by adding an equal volume of alkaline stop buffer (95% formamide, 10 mM EDTA, 10

mM NaOH, 0.1% xylene cyanol, 0.1% bromphenol blue).  The samples were

subsequently heated to 95° C for 5 min and analyzed using denaturing gel electrophoresis

(16% PAGE, 1x TBE).

Filter Binding Assay.  Reactions were prepared identical as previously described for gel

mobility shift assays.  After incubation, samples were then applied to a 96-well dot blot

vacuum apparatus containing a pre-soaked nitrocellulose membrane (Bio-Rad) layered on

top of a positively charged DEAE membrane (Whatman).  Next, the filters were washed

once with 200 μL of the binding buffer to remove any unbound DNA substrate.  Finally,

filters were dried, and radioactivity corresponding to free and bound states was quantified
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by phosphorimaging (Molecular Dynamics).  The apparent dissociation constants (Kd)

were calculated as the protein concentration at which 50% of the DNA bound at

saturation was retained on the nitrocellulose filter.

Polymerase Stop Assay.  The 5´-end [γ-32P]-labeled primer d[TAATACGACTCACTA

TAGCAATTGCGTG] was annealed to a cassette DNA, d[TCCAACTATGTATAC(G-

quadruplex-forming insert)TTAGCGGCACGCAATTGCTATAGTGAGTCGTATTA],

containing the G-quadruplex-forming sequence of interest.  DNA formed by annealing

the primer to the template sequence was purified using gel electrophoresis on an 8%

nondenaturing polyacrylamide gel.  The purified primer-template complex was mixed

with a reaction buffer (50 mM Tris-HCl, pH 7.6,10 mM MgCl2, 0.5 mM DTT, 0.1 mM

EDTA, 1.5 g/L BSA), 0.2 mM deoxynucleotide triphosphates, and KCl (concentrations

specified in figures).  Following incubated for 1 h at 25 °C, the Taq DNA polymerase

was then added (5 U/reaction) and allowed to extend the primer for 30 min at 37 °C.  The

reactions were stopped by adding an equal volume of stop buffer (95% formamide, 10

mM EDTA, 10 mM NaOH, 0.1% xylene cyanol, 0.1% bromphenol blue) and analyzed

using denaturing gel electrophoresis (16% PAGE, 1x TBE).  For the drug stabilization

experiments, drugs were added and incubated an additional 1 h at 25 °C before primer

extension by Taq DNA polymerase.

Dimethyl Sulfate Footprinting.  Labeled DNA oligonucleotides were denatured by

heating to 95 °C for 5 min and then slowly cooled to 4 °C in 10 mM Tris-HCl with or
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without 100 mM KCl.  The reactions were then subjected to nondenaturing gel

electrophoresis (16% polyacrylamide in 1× TBE and 10 mM KCl for 15 h at 4 °C).

Briefly, each band of interest was excised and the DNA species eluted by soaking in

running buffer (1× TBE and 10 mM KCl) overnight at 4 °C.  DNA solutions were then

used to perform the DMS footprinting.  Following the addition of 1 µg of calf thymus

DNA, the DNA solutions were subjected to dimethyl sulfate (0.5% DMS in 50% ethanol)

for 10 min.  Each reaction was quenched by adding 18 µL of stop buffer.  After ethanol

precipitation and treatment with piperidine, the cleaved products were separated using

denaturing gel electrophoresis (16% PAGE, 1x TBE).

Circular Dichroism.  CD spectra were recorded on a Jasco-810 spectropolarimeter

(Jasco, Easton, MD), using a quartz cell of 1 mm optical path length, an instrument

scanning speed of 100 nm/min, with a response time of 1 s, and over a wavelength range

of 200–320 nm.  All DNA samples were dissolved in Tris-HCl buffer (50 mM, pH 7.6)

containing 100 mM KCl or 100 mM NaCl to a strand concentration of 5 µM.  The DNA

oligonucleotides were then denatured by heating to 95 °C for 5 min and slowly cooled to

25 °C over several hours.  The CD spectra are representations of three averaged scans

taken at 25 °C and are baseline corrected for signal contributions due to the buffer.

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

Imaging and quantification were performed using a Storm 820 PhosphorImager and

ImageQuant 5.1 software (Molecular Dynamics).
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CHAPTER 3

DEFINING THE ROLE OF NDPK-B IN THE TRANSCRIPTIONAL
ACTIVATION OF C-MYC AND ITS INHBITION BY DNA SECONDARY

STRUCTURE STABILIZATION

3.1 Introduction

3.1.1 Human c-myc Gene

a. Deregulation in Cancer

The c-myc oncoprotein is a transcription factor that targets an estimated 10-15%

of genes within the human genome, which in turn control several cellular processes,

including proliferation, differentiation, and apoptosis (124,125).  Accordingly, loss of

regulation resulting in overexpression of c-myc is associated with a significant number of

human cancers, such as lymphoma, leukemia, lung, cervical, ovarian, breast, and gastric

cancers (126,127).  The c-myc gene can be converted into its oncogenic form through

several different mechanisms, including, but not limited to, proviral insertion,

chromosomal translocation (128), gene amplification (multiple copies of the gene) (129),

or through simple upregulation of transcription.  It has been estimated as much as one-

seventh of U.S. cancer deaths per year are associated with changes in the c-myc gene or

its expression.  In the words of Dr. David Levens of the NCI, “c-myc is a high-ranking

member of the gang of molecular thugs that hijacks cells and perpetrates cellular terror”

(130).  As a result, extensive efforts have been directed toward understanding the function

of the c-myc in cancer biology with the hope that therapeutic insights will emerge.
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3.1.2 The Role of the NHE III1 in the Transcriptional Regulation of the c-myc Gene

a. The Dynamic Character of the c-myc NHE III1 Region

The first step to c-myc transcriptional activation is change of chromatin structure,

which is required to allow access of the transcriptional machinery to the promoter (131).

Several NHEs have been shown to play important roles in this process (125).  Notably,

one of these, the NHE III1, has been the focus of considerable research over the past two

decades (131-134) because of its major role in controlling about 75–85% of the total c-

myc transcription (135,136).  This element is a 27 base-pair sequence, positioned -142 to

-115 bases relative to the P1 transcription initiation site, that is cytosine-rich on the

coding strand and guanine-rich on the non-coding strand (Figure 3.1).  In vitro

characterization of the DNA within this region revealed that it is capable of engaging in a

slow equilibrium between a typical Watson-Crick base-paired double helix and both

single-stranded and atypical DNA secondary structures (137).  Accordingly, the dynamic

character of this region resulted in the first attempts to inhibit the activation of c-myc

transcription through the use of a guanine-rich oligonucleotide that was targeted to the

coding strand of the NHE III1.  It was demonstrated that this oligonucleotide could reduce

c-myc transcription in HeLa cell extracts (138) as well as in live HeLa cells (139).

However, the proposed mechanism of transcription factor binding inhibition through the

formation of an NHE III1 triplex structure could not be established under physiological

conditions.  Additional in vitro analysis suggested that the inability to form triplex

structures in vivo was due to a competing equilibrium wherein the guanine-rich
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Figure 3.1.  Promoter structure of the c-myc gene; shown in inset is the 27-bp sequence
of the NHE III1 (red) (125).  Polypurine and polypyrimidine tracts are shown in boxes.
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oligonucleotides formed aggregates involving G-quadruplex structures at physiological

K+ concentrations (140).

As indicated previously, an intramolecular G-quadruplex structure can be formed

in a DNA sequence that contains four runs of at least two or more contiguous guanines

separated by one or more bases.  As shown in Figure 3.1, the noncoding guanine-rich

strand within the c-myc NHE III1 region consists of five runs of three or four contiguous

guanines separated by a single adenine or thymine and, therefore, theoretically can form

five possible G-quadruplex structures, based on the number of different combinations of

four G-tracts.  Simonsson et al. proposed the first intramolecular G-quadruplex structure

within the c-myc NHE III1 region (141).  They suggested a model of an antiparallel-

stranded structure involving three G-tetrads formed by the two 5´- and 3´-end G-tracts

(1–2, 4–5; see Figure 3.2)  consisting of two lateral loops and a central diagonal loop.

However, further examination by one of our laboratories revealed that the c-myc NHE

III1 could form at least two distinct intramolecular G-quadruplex structures, which were

in equilibrium in K+-containing solution (142).  Using chemical probing, we proposed

two models of intramolecular G-quadruplexes, in which both structures used a unique set

of four G-tracts.  The proposed predominant structure was an antiparallel-stranded G-

quadruplex, which was formed by the four 3´-end G-tracts (1–4; see Figure 3.2)  and

involved three G-tetrads and three lateral loops, while the minor species was similar to

the structure proposed by Simonsson et al.  These models were based solely upon

chemical probing, which can only identify the guanines that are involved in G-tetrad

formation and not the orientation of the strands within a given G-quadruplex structure.



64

Therefore, further investigation was required to define the structural complexity of the G-

quadruplexes formed within the c-myc NHE III1 region.

Comparative circular dichroism revealed that the spectra of the HIV aptamer

T30695 and a 27-base-pair oligonucleotide corresponding to the G-rich strand of the c-

myc NHE III1 (Pu27-mer) were relatively comparable, while the thrombin-binding

aptamer resulted in a different CD signature (143).  Specifically, the thrombin-binding

aptamer had an absorbance maximum at 295 nm, which is in agreement with an

antiparallel structure, while the T30695 and the c-myc Pu27-mer exhibited maxima at 262

nm, which is consistent with a parallel structure (144).  The tentative conclusion from the

CD spectra examination was the existence of parallel-type G-quadruplex structures

within the c-myc NHE III1 region.  Next, NMR studies by Phan et al. were employed to

define the folding of the G-quadruplex structures within the wild-type c-myc Pu27-mer

sequence (145).  Initial spectra showed broad envelopes of proton signals, which

indicated the presence of multiple G-quadruplex forms.  However, a truncated sequence

using the four 3´-end G-tracts (1–4) gave a well-resolved spectrum from which a parallel

folding pattern was determined (145).

For a given set of G-tracts an additional level of complexity can occur, which is

derived from a particular set of four G-tracts containing disproportionate numbers of

guanine bases.  For example, the intramolecular G-quadruplex structure formed by the

four 3´-end G-tracts (1–4) is limited to having only three G-tetrads, due to the occurrence

of two G-tracts containing only three guanine bases.  The remaining two G-tracts

containing four guanine bases can lead to redundancy and four possible loop isomers,
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based on the principle that the guanines located at the 3´- or 5´-ends of these redundant

G-tracts could assume either loop or tetrad positions.  Therefore, to obtain defined loop

isomers, dual G-to-T mutations within these two redundant G-tracts are required.  This

led to an NMR spectrum from which a structure of a single-loop isomer was attained for

the four 3´-end G-tracts (1–4) of the truncated Pu27-mer (146).  Last, a parallel-type

folding pattern for the previously described minor species was obtained through four

specific G-to-T mutations to the central G-tract of the full-length Pu27-mer (145).

Notably, both of these structures were consistent with the previously reported chemical

probing data.  Overall, these results provided convincing evidence for the presence of two

parallel-stranded G-quadruplex forms within the c-myc NHE III1 region.  Specifically, the

structure formed by the four 3´-end G-tracts (1–4), which is in dynamic equilibrium

between different loop isomers, is the kinetically favored structure, while the

thermodynamically favored structure is that formed by the two 3´- and 5´-end G-tracts

(1–2, 4–5) containing a large six-nucleotide central loop (Figure 3.2).
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Figure 3.2.  (A) Nondenaturing gel analysis of Pu27 sequence.  (B) DMS footprinting
(lanes 4-6) of band 2 from (A).  Controls (lanes 1-3) show the result of DMS treatment of
the denatured Pu27.  The Pu27 sequence is shown to the left of the gel.  (C) As in (B), but
for band 1 from (A).  (D) Folding pattern of G-quadruplex from band 2.  (E) Sequence of
the NHE III1, showing the numbering of guanine runs in B-D and F.  The numbers 1-5
represent the individual runs of guanines, numbered 5’ to 3’ in the Pu27.  (F) Folding
pattern of the G-quadruplex from band 1.  Reprinted with permission from reference
(142), Copyright © 2002 National Academy of Sciences.
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b. DNA Secondary Structure Formation within the NHE III1 Region and Its Role in

Repressing c-myc Expression

Prior to structural determination, in vivo studies by Michelotti et al. suggested that

the c-myc NHE III1 region assumes at least three different states, two that are

transcriptionally active forms and a third that has a topologically distinct open but

repressed form (147).  Consequently, the observation that G-quadruplex structures were

readily generated by the single-stranded guanine-rich strand within the c-myc NHE III1

region led to the proposal that these structures could assume the role of a silencer element

to repress c-myc transcription.  In order to test this hypothesis, potential destabilizing

mutations were introduced into the G-quadruplex-forming region and evaluated them for

both promoter activity and their ability to form G-quadruplex structures (142).  It was

found that two specific G-to-A single-base mutations, which destabilized the kinetically

favored G-quadruplex structure, resulted in a 3-fold increase in c-myc promoter activity.

To further link the repressing properties and the ability to form a G-quadruplex structure

within the NHE III1 region of the c-myc promoter, our lab demonstrated that the G-

quadruplex-interactive agent TMPyP4 (Figure 2.1) was able to decrease c-myc expression

both at the mRNA and protein levels, as well as lower the level of several c-myc-

regulated genes (148).  By contrast, TMPyP2 (Figure 2.1), a structural isomer of

TMPyP4, which lacks the ability to interact with the silencer element (149), had a much

reduced effect on c-myc transcription.  Last, our lab assessed the requirement for the

NHE III1 region for the down regulation of c-myc by TMPyP4 through the use of the two

Burkitt’s lymphoma cell lines Ramos and CA46, which respectively have retained or lost
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the NHE III1 region because of different translocation break points (142).  As predicted,

when the NHE III1 was deleted, as in the CA46 cell line, TMPyP4 had no effect on c-myc

expression, whereas in the Ramos cell line, in which the NHE III1 was present, TMPyP4

lowered c-myc transcriptional activation (Figure 3.3).  Taken together, these results

provided convincing evidence that specific G-quadruplex structures within the NHE III1

of the c-myc promoter represent the silenced state of the gene.
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Figure 3.3.  (A) Diagram of the rearrangements involved in the Ramos and CA46
Burkitt’s lymphoma cell lines.  Vertical arrows indicate the breakage and rejoining points
between chromosomes 14 and 8 for each translocation.  (B) RT-PCR for c-myc and β-
actin in Ramos (lanes 1–3) and CA46 (lanes 4–6) cell lines after no treatment (lanes 1
and 4) and treatment with 100 µM TMPyP2 (lanes 2 and 5) and TMPyP4 (lanes 3 and 6)
for 48 hr.  The experiment was repeated, with comparable results.  Reprinted with
permission from reference (142), Copyright © 2002 National Academy of Sciences.
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c. Protein Factors that Bind to the c-myc NHE III1 Region

In addition to the DNA structural transitions within the NHE III1, many human

protein factors that recognize this element either in vitro or in vivo have also been

documented, including hnRNP A1, A2, and B1 (150), hnRNP K (150-152), NDPK-B

(122,132), CNBP (153), NSEP-1 (154), Sp1 (155,156), Sp3 (155,157), CTCF (158),

MAZi (159), THZif-1 (134,160), and c-MYB (161,162).  It is interesting to note that only

a small number of these proteins exclusively recognize the duplex B-DNA conformation

of the NHE III1, while the majority of these proteins bind sequence specifically to either

the purine-rich or the pyrimidine-rich strand in unwound or non-B-DNA conformations.

Based on these and several other observations, many models have been suggested to

explain the details of c-myc transcription with respect to the NHE III1 region, however;

none of these models have been confirmed as of yet.
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3.1.3 PuF/NM23-H2/NDPK-B

a. Enzymatic Activity and Cellular Phenotypes Associated with NDPK-B

NDPK-B (from the list above) comes from a family of proteins that have been

known for decades as housekeeping enzymes that catalyze the transfer of a γ-phosphate

between nucleoside triphosphates and diphosphates, thus, playing a primary role in the

equilibration of intracellular nucleotide concentrations (reviewed in (163)).  The genes

encoding nucleoside diphosphate (NDP) kinases have been sequenced and cloned from

bacteria to humans and all have displayed significant sequence (approx. 44% from E.coli

to human) and structural homology.  From both crystal and solution structures, every

NDP kinase has been shown to be oligomeric consisting of 17-20 kDa subunits (164).  In

addition, each subunit possesses an independent active site intended for nucleotide

binding as well as exhibits a common βαββαβ motif or ferredoxin fold, similar to that of

the “palm domain” of DNA polymerases (164).  However, despite their similarity in

sequence and monomeric structure, variations occur in the tertiary structures of NDP

kinases.  Most bacterial enzymes are tetrameric, whereas all known eukaryotic enzymes

have been shown to form hexamers (163,164).  In general, NDP kinases have been

acknowledged as a large family of highly conserved proteins that participate in nucleotide

metabolism, yet the actual biological significance of their enzymatic activity has

remained elusive.

Over the past decade, extensive experimental evidence has suggested that the

biological activities of NDP kinases extend beyond their originally described enzymatic

means as phosphotransferases, functioning in several other unrelated regulatory functions
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including, but not limited to, development and differentiation, proliferation, metastasis,

and apoptosis.  For example, in Drosophila melanogaster, mutations in the gene

encoding NDP kinase (awd) are involved in the abnormal development of wing disc cells

(165,166).  Also, an NDP kinase knockout strain in Saccaromyces pombe has been shown

to display developmental abnormalities (167).  In humans, eight different NDP kinases

genes, designated nm23-H1 to nm23-H8, have been sequenced and characterized

(reviewed in (168)).  The most studied and most abundant isoforms in human cells are

NDPK-A and NDPK-B, which are encoded by the genes nm23-H1 and nm23-H2,

respectively.  The nm23-H1 gene was cloned by Steeg et al. based on its potential as a

metastasis suppressor gene (169), whereas nm23-H2 was isolated as a result of sequence

homology to nm23-H1 (170).  Since their discovery, a variety of metastasis model

systems have demonstrated that expression levels of nm23-H1, and to a lesser extent,

nm23-H2 inversely correlate with metastatic potential (171-175).  In addition,

overexpression of either nm23-H1 or nm23-H2 has been shown to inhibit the metastatic

phenotype (176,177).  However, subsequent studies have demonstrated that both nm23-

H1 and nm23-H1 may also play a role in proliferation and tumor pathogenesis (178-180).

In general, it appears that nm23 expression varies over a wide spectrum of human cancers

and that the biological consequences of nm23 gene expression depend on the type of

cancer tissue examined.  Therefore, considerable research has focused on the biochemical

mechanisms of NDP kinases that mediate these various phenotypes.
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b. Identification of NDPK-B as an Activator of c-myc Transcription

A potential explanation for some of the observed regulatory properties of NDP

kinases was initially described when the purine-binding transcription factor (PuF), which

activates transcription of the c-myc oncogene via the NHE III1 region, was unexpectedly

identified as NDPK-B (122).  Subsequently, NDPK-B was shown to possess equivalent

DNA binding properties to that of PuF as well as the ability to stimulate transcription

from the c-myc promoter both in vitro and in cell transfection assays (122,135,181).  Both

of these activities are independent from the originally discovered phosphotransferase

activity of NDPK-B, since the DNA binding and transcriptional activation properties are

retained in a catalytically inactive mutant of NDPK-B (H118F) (182).  In addition,

NDPK-B has been shown to be localized within the nucleus and associated with

chromatin, which is in agreement with its putative role in transcriptional regulation

(183,184).  However, negative results from a study by Michelotti et al. suggested that an

NDPK-B fusion protein was unable to act as a conventional transcription factor both

because it lacks a characteristic transcriptional activation domain and the ability to

stimulate c-myc transcription on its own (183-185).  Nevertheless, a similar picture is also

beginning to emerge in the PDGF-A gene, in which recognition of c-myc NHE-like

regions within the PDGF-A promoter by both NDPK-A and NDPK-B has been shown to

correlate with transcriptional repression (186).  All together, these data suggest that

NDPK-A and NDPK-B may not have a direct role in regulating the molecular “on/off”

switch of gene transcription, but play an accessory role which results in an activated or

repressed transcriptional state.
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c. Controversy Surrounding the Interaction of NDPK-B with DNA

Despite the many reports, controversy still remains in terms of the molecular

mechanisms behind the activation of c-myc transcription by NDPK-B.  Thus far, the

DNA binding properties of NDPK-B have been somewhat perplexing, given that

disparity occurs depending on the DNA sequence, the enzyme source, and the assay

employed.  Indeed, both in vitro and in vivo footprinting experiments have demonstrated

sequence specific interactions between NDPK-B and the c-myc NHE III1 (132,181),

which is suggestive of a defined consensus binding sequence for NDPK-B.  However, on

the other hand, NDPK-B has also been shown to bind to both single-stranded and duplex

portions of the c-myc NHE III1 (187,188), as well as bind with high affinity to single-

stranded DNA in a non-sequence specific manner (189-191).  In addition, the affinity of

NDPK-B for the NHE III1 has been shown to depend on the length of the DNA element

in that longer c-myc NHE III1 containing DNA fragments bind better than shorter

fragments (187).  These results indicate that the DNA recognition properties of NDPK-B

may be related to the structural conformation of DNA rather than a specific DNA

sequence.  To further complicate matters, in the course of DNA binding studies, it

became evident that NDPK-B also exhibited an intrinsic nuclease activity, wherein

NDPK-B reversibly cleaves duplex DNA substrates containing the c-myc NHE III1 and

produces sequence specific double-stranded breaks within the repeated

polypurine/polypyrimidine sequence of the NHE III1.  This has been proposed to be an

active site directed reaction in which a covalent protein-DNA complex is formed between

Lys12, a residue located in the nucleotide-binding site of NDPK-B, and the DNA
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phosphodiester backbone (192,193).  Moreover, in relation to c-myc transcription, it has

been proposed that NDPK-B, through the breaking and rejoining of DNA strands, might

be involved in the alteration or removal of unusual DNA conformations within the c-myc

NHE III1 (187).  At present, two closely related models of how genes are regulated by

NDPK-B have been proposed.  Both allow for DNA topological changes or the

elimination of DNA secondary structures through protein-DNA interactions, however;

the mechanisms governing these transformations differ given that one involves DNA

local unwinding, while the other entails DNA strand cleavage.
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3.2 Results

3.2.1 Activation of c-myc Transcription In Vitro by NDPK-B

Initially, we found it necessary to repeat previous studies because of the

inconsistency in the literature.  For example, some reports have demonstrated that

NDPK-B is capable of activating c-myc transcription via the NHE III1 region both in vitro

and in cell transfection assay (122,135,181), while others have reported negative results,

such as Michelotti et al., which have shown that NDPK-B is not a conventional

transcription factor and is unable to stimulate c-myc transcription (185).  Thus, utilizing a

supercoiled plasmid under the control of the c-myc promoter (Figure 3.4A), we

investigated the amount of RNA transcripts produced in the presence and absence of

NDPK-B using in vitro transcription system.  As shown in Figure 3.4B, there was an

increase in transcription using a HeLa extract supplemented with one microgram of

recombinant NDPK-B in comparison to the HeLa extract alone.  In addition,

quantification of the RNA transcripts revealed a >2-fold increase in RNA transcripts in

the presence of NDPK-B (Figure 3.4C).
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Figure 3.4.  Activation of c-myc transcription in vitro by NDPK-B.  (A) Diagram of the
Del-4 plasmid (a gift from Bert Vogelstein) showing the location of the two major c-myc
promoters (P1 and P2).  (B) Analysis of the RNA transcripts generated from the Del-4
plasmid in the presence of HeLa cell extract, rNTPs, and [α-32P]GTP.  Rnase I was used
to verify the production of RNA transcripts.  Arrows indicate the major RNA transcripts
and the loading control.  (C) Quantification of the two major RNA transcripts from (B)
normalized to the loading control.
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3.2.2 Knockdown of Endogenous nm23-H2 Expression by siRNA Results in

Repression of c-myc Transcription

Since several studies have previously demonstrated that overexpression of nm23-

H2 augments the levels of c-myc transcription, we decided to expand on these studies and

examine whether depletion of endogenous nm23-H2 decreases such transcription

reactions.  To answer this question, we took advantage of RNA interference technologies,

which have proven to be an effective tool for identifying transcription factor target genes.

First, to verify the optimal silencing conditions, we transiently transfected increasing

concentrations of an nm23-H2 small interference RNA (siRNA) pool into HeLa cells and

determined the minimal amount needed to achieve maximal reduction of nm23-H2.  At

all concentrations, >80% knockdown of nm23-H2 expression was observed whereas no

effect was detected on the expression of nm23-H1, a homologue of nm23-H2 (data not

shown).  Therefore, the effects of siRNA-mediated knockdown of nm23-H2 on c-myc

expression were examined in HeLa cells following 24 and 48 hours of treatment.  Within

24 hours of transfection of the nm23-H2-siRNA, the mRNA and protein levels of nm23-

H2 were reduced to nearly undetectable levels, which were maintained for the duration of

the experiment (Figure 3.5A and B).  More interestingly, knockdown of nm23-H2

resulted in a reduction of c-myc expression of approximately 40% after 24 hours (p <

0.05), which increased to almost 50% after 48 hours (p < 0.001).  In addition, there was

no effect on either nm23-H2 or c-myc expression in the untreated cells or the cells treated

with a control non-targeting siRNA pool (Figure 3.5A and B).  These results add to
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previous finding as well as strengthen the evidence for the involvement of NDPK-B in

the transcriptional activation of the c-myc gene.



80

Figure 3.5.  Effect of siRNA-mediated knockdown of nm23-H2 on c-myc transcription.
(A) The mRNA expression levels of nm23-H2 (yellow bars) and c-myc (green bars)
measured by real-time PCR, 24 hr and 48 hr after the different treatments shown (*, p <
0.05 , ** p > 0.001).  (B) Corresponding protein levels of NDPK-B measured by western
analysis.
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3.2.3 Relationship Between nm23-H2 and c-myc Expression in Colon Tumor Cell

Lines

It has been demonstrated that nm23-H2 mRNA levels are among the most

abundant in colorectal cancers (194).  Likewise, the c-myc gene is overexpressed in

nearly 70% of colorectal cancers (195).  Therefore, in a straightforward attempt to link

NDPK-B to regulation of the c-myc gene, we analyzed the expression levels of both

genes in four colorectal cell lines (SW480, SW620, CaCo, HT29, and HCT116).  Total

RNA from normal colon tissue was utilized as a control.  As anticipated, there was a clear

positive correlation (R2 = 0.856) between nm23-H2 and c-myc expression in the small

number of cell lines analyzed (Figure 3.6).  Such a correlation is in line with the

involvement of NDPK-B in the activation of c-myc transcription in colorectal cancer.

However, despite several efforts, the molecular basis for this relationship has remained

elusive.
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Figure 3.6.  The mRNA expression levels of nm23-H2 (yellow bars) and c-myc (green
bars) in human colon cancer cell lines versus normal colon measured by real-time PCR.
Positive correlation between nm23-H2 and c-myc (R2 = 0.856) is shown in inset (x-axis;
nm23-H2, y-axis; c-myc).  SW480 and SW620* are cells lines from the same patient,
such that SW480 is from the primary colon tumor and SW620* is from a lymph node
metastasis site.
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3.2.4 Nuclease Activity Associated with NDPK-B

It has been proposed that NDPK-B has the ability to catalyze a topoisomerase-like

reaction involving site-specific breakage and religation of the DNA strands within the c-

myc NHE III1 region via a covalent enzyme-DNA complex (192); yet, subsequent studies

have been unable to detect such activities (190).  Therefore, we have repeated and

extended earlier studies, relating to the intrinsic nuclease-like activity of NDPK-B, in an

effort to explain some of these contradictory results.  Utilizing a similar duplex

oligonucleotide comprised of the c-myc NHE III1 region, together with recombinant

NDPK-B that was expressed and purified identical to previous reports (192), we

identified a comparable DNA strand breaking activity, which was dependent on the

presence of NDPK-B (Figure 3.7A).  In addition, the results were consistent from both

3’- and 5’-end labeling of each strand, showing cleavage took place at three distinct sites

within the pyrimidine-rich (C-rich) strand and the purine-rich (G-rich) strand of the c-myc

NHE III1 (Figure 3.7A); although the locations of these DNA strand breaks differed from

earlier reports.  For example, it was previously proposed that DNA strand breaks on the

G-rich strand occurred between adjacent guanines based upon a 5’-end labeled substrate.

However, our 3’-end labeling of the same strand clearly showed that the cleavage is one

base nearer to the 3’-end between the A and G.  In addition, this 3’-end labeled substrate

allowed us to discover another apparent cleavage site on the G-rich strand, which was not

detected previously (IG in Figure 3.7B).  Overall, our more complete data suggests that

the NDPK-B induced cleavage sites occur site-specifically between a 5’-C and a 3’-A or
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between a 5’-A and a 3’-G on the C-rich and G-rich strands, respectively (Figure 3.7B)

leaving a 5’-phosphate and 3’-hydroxyl.
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Figure 3.7.  Site-specific DNA strand breaks induced by NDPK-B within the c-myc NHE
III1 region.  (A) Cleavage products from a 47-bp duplex containing a 5’-end label or 3’-
end label on the C-rich strand.  (B) Cleavage products from a 47-bp duplex containing a
5’-end label or 3’-end label on the G-rich strand.  (C) Summary of DNA strand breaks
induced by NDPK-B.  Arrows indicate the sites of cleavage.
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Further examination of the locality of the NDPK-B induced cleavage sites

revealed that all six of the DNA strand breaks took place adjacent to adenine residues

albeit the 5’-side on the C-rich strand and the 3’-side on the G-rich strand (Figure 3.7B).

This distinct feature suggested that the adenines might play a role in directing the site-

specific DNA strand cleavages produced by NDPK-B.  To investigate this hypothesis, we

designed a series of duplex substrates, which contained single base mutations at the

adenine residue that was adjacent to IIC (Figure 3.8A); one of the previously determined

NDPK-B induced cleavage sites on the C-rich strand.  These mutations to the C-rich

strand were accompanied by single base mutations on the opposite strand to facilitate the

formation of complementary duplex substrates.  Following their design, these different

mutant substrates were 5’-end labeled on the C-rich strand or the G-rich strand and

subsequently incubated with NDPK-B.  The resulting DNA strand breaks produced by

NDPK-B are shown in Figures 3.8B and 3.8C.  Specifically, the duplex substrates

containing a 5’-end labeled C-rich strand and an A18-to-T18, -C18, or -G18 mutation, all

caused a decrease in the three previously determined NDPK-B induced cleavage sites on

the C-rich strand in comparison to the wild-type sequence (Figure 3.8B, compare lanes 2-

4 with lane 1).  In contrast, the complementary T18-to-A18, -G18, or -C18 mutant

substrates had a somewhat lesser effect on the DNA cleaving activity of NDPK-B at the

previously determined sites on the G-rich strand (Figure 3.8C, compare lanes 2-4 with

lane 1).  However, upon further inspection of the cleavage sites induced by NDPK-B

within these different mutant substrates, we discovered that the T18-to-A18 mutation on

the G-rich strand produced an extra DNA cleavage site, which occurred between the new
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adenine residue, A18, and G17 (* in lane 2 of Figure 3.8C).  This new DNA cleavage site

was undetectable in the wild-type sequence and in the substrates containing a T18-to-G18

or T18-to-C18 mutation on the G-rich strand (Figure 3.8C, lanes 1, 3, and 4).  In addition,

the dinucleotide sequence context of new cleavage site was identical to that of the three

previously determined cleavage sites for the wild-type sequence (i.e. between a 5'-A and

a 3'-G), which strongly suggest that NDPK-B recognizes and cleaves predominantly at

5’-AG-3’ steps of DNA on the G-rich strand.

The next question was whether there was a similar dinucleotide on the C-rich

strand that was specifically recognized and cleaved by NDPK-B?  In an attempt to

answer this question, we created an additional mutant substrate wherein we introduced an

A-T base pair at position 11 so as to create an extra 5’-CA-3’ step of DNA (Figure 3.9A)

in addition to the three naturally occurring 5’-CA-3’ steps on the C-rich strand that have

already been shown to be cleaved by NDPK-B.  As predicted, an additional NDPK-B

induced cleavage site was detected in our test mutant at the location of the new 5’-CA-3’

step of DNA on the C-rich strand (* in lane 2 of Figure 3.9B), while no change in the

DNA cleaving activity of NDPK-B on the G-rich strand was observed (Figure 3.9C).

These results are in accord with the effects seen on the G-rich strand in which a

consensus dinucleotide step of DNA directs the site-specific cleavage of NDPK-B on the

C-rich strand.  Taken together, these results reveal that NDPK-B independently cleaves

each DNA strand within the NHE III1 sequence through the recognition of specific

dinucleotide steps.
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Figure 3.8.  Effect of mutating an adenine adjacent to one of the previously determined
cleavage sites produced by NDPK-B.  (A) Location of the base pair effected by mutation
(red).  (B) Comparison of cleavage products induced by NDPK-B in a wild-type substrate
versus a substrate containing an adenine mutation at position 18 (5’-end label on the C-
rich strand).  (C) Comparison of cleavage products induced by NDPK-B in a wild-type
substrate versus a substrate containing an thymine mutation at position 18 (5’-end label
on the G-rich strand).  Arrows in the sequences to the left of the gels in (B) and (C)
indicate the previously determined site-specific cleavage sites in a wild-type substrate.
The asterisk (*) in (C) indicates the location of an additional cleavage site.
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Figure 3.9.  Effect of introducing a new cleavage recognition site for NDPK-B.  (A)
Location of the base pair effected by mutation (red).  (B) Comparison of cleavage
products induced by NDPK-B in a wild-type substrate versus a substrate containing a C-
to-A mutation at position 11 (5’-end label on the C-rich strand).  (C) Comparison of
cleavage products induced by NDPK-B in a wild-type substrate versus a substrate
containing a G-to-T mutation at position 11 (5’-end label on the G-rich strand).  Arrows
in the sequences to the left of the gels in (B) and (C) indicate the previously determined
site-specific cleavage sites in a wild-type substrate.  The asterisk (*) in (B) indicates the
location of an additional cleavage site.
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3.2.5 Nuclease Activity Does Not Associate with NDPK-B During Heparin Affinity

Chromatography

In general, the ambiguity surrounding the possible DNA cleavage activity of

NDPK-B is attributable to the differing sources as well as the purity of the recombinant

protein.  It is important to note that the above DNA cleavage experiments were done

using NDPK-B that was expressed and purified as previously described by Postel et al.

In addition, while we did observe DNA cleavage products in the presence of this

recombinant NDPK-B protein, we were unable to detect any gel retardation signal

corresponding to a protein-DNA complex in native polyacrylamide gel analysis.  These

results are inconsistent with previous studies, which have shown the presence of three

separate species, which included a protein-DNA complex, free DNA, and cleaved DNA.

Thus, when the recombinant NDPK-B was subjected to further purification by gel

filtration, we unexpectedly found that the protein was relieved of its nuclease activity

(Figure 3.10).  As a result, in an attempt to further determine whether the apparent

nuclease activity was associated with NDPK-B, the recombinant protein that displayed

the DNA cleaving activity was applied to a heparin affinity column and eluted with a

linear gradient of 0 to 1.0 M NaCl.  As shown in Figure 3.11A, the major protein peak

was eluted at approximately 0.3 M NaCl.  SDS/PAGE of the fractions across this peak

revealed a single band corresponding to a polypeptide with a molecular mass of ~17 kDa

(Figure 3.11B), which is in agreement with the molecular mass determined from the

NDPK-B amino acid sequence.  The DNA binding activity and DNA cleaving activity of

the eluted fractions were analyzed using a gel mobility shift assay and a DNA cleavage
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assay, respectively.  Interestingly, the DNA binding activity co-eluted with the NDPK-B

protein peak, while the DNA cleaving activity was associated with the 1.0 M NaCl

fractions (Figure 3.11A).  These results suggest that the DNA cleaving activity might be a

consequence of either a contaminating nuclease or a NDPK-B associated protein.

However, the identity of this nuclease remains elusive in view of the fact that proteomic

analysis of the fractions containing the nuclease activity was unable to identify any

proteins with the ability to cause DNA strand breaks.  Nevertheless, these observations

clearly demonstrate that the nuclease activity detected was not associated with NDPK-B.
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Figure 3.10.  Effects of purification of the DNA cleaving activity of recombinant NDPK-
B.  Arrows indicate cleavage products.
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Figure 3.11.  Heparin affinity column elution profile of recombinant NDPK-B.  (A) The
NaCl concentration gradient (orange diamonds), protein concentration (blue squares),
DNA binding activity (red triangles), and DNA cleaving activity (green circles) of each
eluted fraction are shown.  (B) 4-15% SDS/PAGE of eluted fractions.  The molecular
weight standards are indicated on the left side of the gel; an arrow shows the location of
the NDPK-B band on the right side.
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3.2.6 DNA Binding Activity of NDPK-B

Having demonstrated that NDPK-B does not display an inherent nuclease activity,

the next step was to examine its ability to interact with DNA.  However, due to mixed

reports pertaining to the DNA binding specificity of NDPK-B for the c-myc NHE III1

region, we found it necessary to reevaluate some of the previously described studies.

Initially, in order to directly assess the relative affinity of NDPK-B for single-stranded

versus duplex portions of the c-myc NHE III1 region, we carried out gel mobility shift

assays under essentially the same conditions as Hildebrandt et al. (190), with the

exception of the addition of a nonspecific DNA competitor and the use of slightly longer

DNA substrates (47-bp).  As shown in Figure 3.12A, protein-DNA complexes were

formed between NDPK-B and the single-stranded oligonucleotides corresponding to the

pyrimidine-rich (Py47) and the purine-rich (Pu47) strands of the c-myc NHE III1 region (-

152 to –105) as evidenced by the occurrence of gel retardation bands; however, no such

complex was observed with a duplex oligonucleotide of the same sequence (ds47).  In

addition, an antibody against NDPK-B caused no supershifted band of the complex

between the protein and the Pu47 sequence, but did disrupt the original protein-DNA

complex, which suggests that the antibody sequesters the DNA binding domain of

NDPK-B (data not shown).  More interestingly, we found that NDPK-B significantly

favored the Pu47 sequence over the complementary Py47 sequence, yet the noticeable

smear of radioactivity in the gel shift employing the Py47 sequence could represent

dissociation of the bound complex during electrophoresis, which is indicative of the

formation of an unstable complex with this substrate.
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Further demonstration of the binding specificity of NDPK-B for the Pu47

sequence was shown using competition experiments.  Briefly, protein-DNA complexes

were equilibrated for approximately 30 minutes, and then incubated an additional 30

minutes with unlabeled competitor oligonucleotides corresponding to the Pu47 sequence

or an unrelated sequence.  Figure 3.12B shows the experimental results in which the

complex between Pu47 and NDPK-B is competed by the addition of only 5-fold excess of

unlabeled Pu47 oligonucleotide, but not by a random oligonucleotide sequence up to 50-

fold excess.  In addition to the specificity of NDPK-B for the Pu47, these results also

suggest that NDPK-B might only transiently bind to the G-rich strand of the c-myc NHE

III1 given that the pre-formed protein-DNA complex is easily disrupted by the presence

of a minor amount of specific competitor.  This observation is in agreement with the

previously suggested role of NDPK-B as an accessory protein, which temporarily binds

to and prepares the DNA for interactions with specific transcription factors.

In order to provide a more quantitative description of the protein-DNA

interaction, we employed a filter-binding assay, similar to that used in previous studies

(189).  Filter-binding assays have an advantage over gel mobility shifts in that no

electrophoresis is involved, which if a protein-DNA complex is unstable may allow

detection of binding on filters versus electrophoresis.  The DNA binding curves of

NDPK-B for the single-stranded Pu47 and Py47 sequences as well as apparent

dissociation constants (Kd), which were calculated as the protein concentration whereby

50% of the DNA bound at saturation was retained on the nitrocellulose filter, are shown

in Figure 3.12C.  Interestingly, the binding affinity of NDPK-B for the Pu47 sequence in
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the filter binding assay markedly resembled that of the gel mobility shift assay; however,

this relationship was not observed with the complementary Py47 sequence, which

supports our proposed instability of the protein-DNA complex with this substrate.  In

general, these two independent methods (gel mobility shift and filter binding) clearly

demonstrated a preference of NDPK-B for binding to the single-stranded G-rich strand of

the c-myc NHE III1, while the affinity of NDPK-B for the complementary strand was

much weaker, which is possibly due to the formation of an unstable protein-DNA

complex.



97

Figure 3.12.  DNA binding specificity of NDPK-B to oligonucleotides corresponding to
the c-myc NHE III1 region.  Gel mobility shift assay of NDPK-B (0 to 800 ng of protein)
binding to the single-stranded guanine-rich strand (Pu47), the single-stranded cytosine-
rich strand (Py47), and the duplex (ds47).  (B) Competition of NDPK-B (300 ng) binding
to the Pu47 sequence.  Ranges of 5-fold to 50-fold excess of single-stranded
oligonucleotides corresponding to the Pu47 sequence or a random sequence were used as
competitors.  Arrows in (A) and (B) indicate the protein-DNA complex and free DNA.
(C) DNA binding curves and dissociation constants (Kd) for the binding of NDPK-B to
the Pu47 and Py47 sequences determined by filter binding assays.
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3.2.7 Stabilization of G-quadruplex Structures Inhibit the Binding of NDPK-B to

the c-myc NHE III1

Both the preferential binding of NDPK-B to the single-stranded form of the c-myc

NHE III1 G-rich strand and the capacity of this sequence to adopt intramolecular G-

quadruplex structures suggested that NDPK-B might act as a G-quadruplex-binding

protein.  In order to test this hypothesis, we performed gel mobility shift assays under

conditions that favored the formation of G-quadruplex structures (i.e. potassium ions or

G-quadruplex-interactive agents).  We reasoned that such conditions might stabilize the

G-quadruplex conformation, thus resulting in enhanced NDPK-B binding.  Unexpectedly,

we found that the addition of potassium ions resulted in a concentration-dependent

decrease in NDKP-B binding to the G-rich strand of the c-myc NHE III1 (Figure 3.13A).

These results were further confirmed using a filter binding assay (Figures 3.13C and

3.13D).  More interestingly, we found that the G-quadruplex-interactive agent, TMPyP4

(Figure 2.1), which has been shown to reduce c-myc expression (142), had a similar

inhibitory effect to that of the potassium ions, whereas, TMPyP2 (Figure 2.1), a structural

isomer of TMPyP4, which lacks the ability to interact with G-quadruplex structures and

to inhibit c-myc expression (142), was unable to effect the DNA binding activity of

NDPK-B (Figure 3.13B).  Taken together, these results provide a rationale for how the

stabilization of the DNA secondary structures formed within the NHE III1 region of the c-

myc gene promoter inhibit NDPK-B from binding and activating c-myc gene expression.
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Figure 3.13.  Inhibition of NDPK-B DNA binding activity through the stabilization of
the c-myc G-quadruplex structure(s).  (A) The effect of KCl (0, 25, and 50 mM) on
NDPK-B binding to the single-stranded guanine-rich strand (Pu47) using a gel mobility
shift assay.  (B) The preferential effect of TMPyP4 (0.1 μM) versus TMPyP2 (0.1 μM)
on NDPK-B binding to the single-stranded guanine-rich strand (Pu47) using a gel
mobility shift assay (C) The effect of KCl (0, 25, and 50 mM) on NDPK-B binding to the
single-stranded guanine-rich strand (Pu47) using a filter binding assay.  (D) Graphical
representation of the DNA binding curves from (C).
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3.2.8 A Mutation Within the Active Site of NDPK-B Results in a Decrease in

Single-stranded DNA Binding

Prior studies have shown that various nucleotide substrates can inhibit the DNA

binding activity of NDPK-B (189).  Inversely, single-stranded oligonucleotides have also

been shown to be competitive inhibitors of the NDP kinase activity of NDPK-B (196).

Therefore, it has been suggested that one of the DNA bases within a given

oligonucleotide may have a similar binding mode to that of a mononucleotide substrate

(197).  In order to determine whether the DNA and the nucleotide substrates involved in

the catalytic reaction of NDPK-B share a common binding site, we created an active site

mutant protein, which contained an arginine to alanine mutation at position 88 (R88A)

within the primary amino acid sequence of NDPK-B.  The rationale for investigating this

mutant was based on previous studies that have shown that the R88A mutation

completely abolishes the NDP kinase activity of NDPK-B.  These results were confirmed

from the crystal structure of NDPK-B in complex with GPD, which revealed that Arg88

forms critical contacts with the β-phosphate of the nucleotide.  Using isothermal titration

calorimetry (ITC), we also show that the R88A mutant is incapable of interacting GDP,

while the wild-type NDPK-B convincingly interacts with GDP giving a dissociation

constant of 5.20 ± 0.84 μM (data not shown).  Therefore, because of the inability of the

R88A mutant to interact with GDP, together with the suggestion that the binding sites for

mononucleotides and polynucleotides within NDPK-B are mutually exclusive, we

reasoned that the R88A mutant would also be defective in DNA binding activity.  The

earliest recognition of the low DNA binding affinity of the R88A mutant was derived
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from its low retention in a heparin affinity column during the initial purification of this

protein.  The structure and negative charge of heparin enable it to mimic DNA in its

overall binding properties, thus, if the R88A mutant and the wild-type NDPK-B have

similar DNA binding affinity then both ought to have similar retention times on a heparin

column.  However, while the wild-type protein was eluted at approximately 0.3 M NaCl

(Figure 3.11A), the R88A mutant protein was in one of the first fractions eluted from the

column (data not shown), which was indicative of its inability to bind to DNA.  The low

DNA binding affinity associated with the R88A mutant was further confirmed using a gel

mobility shift assay (data not shown) and a filter-binding assay (Figure 3.14A).  DNA

binding curves from the filter-binding assay showed that the apparent Kd value of the

R88A mutant protein for the single-strand Pu47 sequence is approximately 3-fold lower

than that of wild-type protein (Figure 3.14B).  These results further confirm that the six

corresponding active sites for the phosphotransferase reaction within NDPK-B also serve

as binding sites for single-stranded DNA.
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Figure 3.14.  DNA binding activity of the wild-type NDPK-B versus the R88A mutant.
(A) Binding of the wild-type and the R88A mutant NDPK-B proteins for the single-
stranded guanine-rich strand (Pu47) using a filter binding assay.  (B) Graphical
representation of the DNA binding curves and dissociation constants (Kd) from (A).
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3.2.9 Molecular Modeling of Single-Stranded DNA Bound to NDPK-B

Two different models have been proposed for the binding of DNA to NDPK-B.

The first describes the binding of a duplex DNA molecule at the equatorial region of

NDPK-B, which was derived from mutational studies that identified three essential

residues for DNA binding located on the surface of the hexamer at the 2-fold axis (i.e.

Arg34, Asn69 and Lys135) (198).  The second describes the binding of a 11-mer single-

stranded oligonucleotide with the α4 and the αA helices (also known as H4 and HA

helices) (196), which was based on in vitro cross-linking experiments as well as clues

taken from NDPK-B crystal structures (123,199,200).  In addition, this model suggested

an active site directed binding mode for the single-stranded DNA wherein a guanine at

the 3’-end of the oligonucleotide binds to the active site (196) in a similar manner to that

of the GDP in complex with NDPK-B (123).  Furthermore, it has been shown that this

oligonucleotide containing a 3’-end guanine results in a 6-fold increase in binding affinity

for NDPK-B in comparison to an oligonucleotide without a guanine at the 3’-end (196).

Indeed, several lines of evidence have demonstrated that the catalytic efficiency of

NDPK-B is dependent on the nucleotide of the substrate (201).  For instance, at least two

independent studies have shown a relative specificity with an order of G > T = A > C

(189,196,201) with an approximate difference between G and C of 50-fold (189).

Supplementary support for this specificity has also been derived from the crystal

structures of NDP kinases bound to different nucleotide substrates, wherein all the

nucleobases have been shown to possess similar hydrophobic interactions with specific

Phe and Val residues within the active site, while only guanine nucleobases form a
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specific hydrogen bond between their N2 amino group and the δ-carboxylate of a Glu

residue (123,202,203).  The latter model is in agreement with both our observed

preferential binding of NDPK-B to the single-stranded G-rich strand of DNA and our

studies with the active site R88A mutant protein.  Thus, based on available in-house

binding data, we have expanded the latter model to describe the interaction of a 27-mer

sequence corresponding to the G-rich strand of the c-myc NHE III1 with NDPK-B.

As revealed by the calculated electrostatic potential maps for NDPK-B in Figure

15A, positive ion channels exist that link the individual active sites along the surface of

each trimer.  We reasoned that these paths of electropositive potential could

accommodate the anionic backbone of DNA and thus allow a single-stranded DNA

molecule to interact with all three active sites within a given trimer of NDPK-B.  In

addition, we envisage that the binding of a single base to each active site could be used to

anchor the single-stranded DNA to the trimeric surface of the protein.  Based on the

preferred binding of guanine to the active sites of NDPK-B and the optimal number of

bases which could be accommodated by the electropositive channels, we have selected

the three guanines residues positioned at the 3’-ends of the runs of four guanines within

the G-rich strand of the c-myc NHE III1 region, which are equally spaced at intervals of

eight bases, to interact with three active sites within a given trimer of NDPK-B (Figure

3.15D).

Initially, the single-stranded 27-mer sequence corresponding to the c-myc NHE

III1 was docked analogous to the model proposed by Raveh et al. (196), in which the 5’-

end of the DNA molecule entered NDPK-B by interacting with the equatorial region or
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trimer interface.  The DNA molecule was then extended between the α4 and αΑ helices

so as to allow the first guanine residue to interact with the active site of a given monomer

unit.  Following binding to the first active site, the DNA molecule was further extended

to the second and third active sites along the surface of trimer unit by way of the

electropositive channels.  Finally, the 3’-end of the single-stranded DNA molecule exited

the protein through interactions with the residues of the α2 helix.  The resulting model of

the single-stranded G-rich strand docked onto a single trimer unit of NDPK-B is shown in

Figure 3.15B.  This model reveals that the intervening bases stack readily with the

deoxyribose backbone in the positive ion channels, with a favorable eight-base interval

distance between the guanine bases, which were docked in the active sites (Figure 3.15B

and C).  In addition, although highly unlikely based upon the poor affinity of NDPK-B

for both cytosine nucleotides and the C-rich strand of the c-myc NHE III1, a symmetrical

binding mode could also be assumed by the C-rich strand on the opposite trimer.
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Figure 3.15.  Molecular modeling of NDPK-B and single-stranded DNA.  (A) Calculated
electrostatic potential maps for NDPK-B.  Red circles indicate the active sites and yellow
lines indicate channels of electropositivity.  (B)  Model of c-myc G-rich sequence with
NDPK-B.  The DNA strand is shown as capped sticks in green, with flipped guanines
shown in magenta.  A trimer of NDPK-B is shown as a backbone ribbon (sidechains not
shown).  (C) DNA strand alone docked on the NDPK-B.  (D)  The c-myc G-rich sequence
with arrows indicating the positions of the guanines docked within the active sites of
NDPK-B.
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3.3 Summary and Discussion

Of all the transcriptional factors involved in c-myc activation, NDPK-B has been

the most controversial.  In this study, we set out to alleviate some of this controversy by

both evaluating as well as expanding on previous studies relating to the biochemical

mechanisms of how NDPK-B activates c-myc transcription through the NHE III1

regulatory element.  The first step was to confirm the regulatory role of NDPK-B, due to

the fact that some reports have demonstrated that NDPK-B is capable of activating c-myc

transcription via the NHE III1 region, while others have reported negative results.

Utilizing an RNAi approach, we discovered that knockdown of endogenous nm23-H2

expression results in approximately a 50% reduction in c-myc transcription in HeLa cells

(Figure 3.5).  The incomplete reduction in c-myc expression substantiates the previously

described function of NDPK-B as a possible accessory protein as opposed to a classic

transcription factor.  In addition, it is noteworthy that this level of reduction in c-myc

expression has been shown to be sufficient to induce apoptosis and regression of tumors

(204,205).

It is well demonstrated that c-myc is overexpressed in the majority of colorectal as

well as many other malignancies (125,127).  However, until recently it has been less

certain how NDPK-B is involved in colorectal cancer.  More recently there has been an

impressive number of studies (using tumors taken directly from patients) demonstrating

increased nm23 expression as a predictor of metastasis and of poorer survival (206-208).

Specifically, a very recent study measuring protein levels in colon tumors and colon

mucosa taken directly from patients using two-dimensional gel electrophoresis and SEIDI
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mass spectroscopy demonstrated that NDPK-B was differentially expressed in colon

cancer tissue versus normal colon mucosa (from the same patient) (209).

Correspondingly, we have also shown that nm23-H2 gene expression is elevated in

several human colon cancer cell lines as well as demonstrated that there is a direct

correlation between nm23-H2 and c-myc gene expression within the same cell lines

(Figure 3.6).  Taken together, these studies corroborate previous findings and add to the

growing evidence that NDPK-B plays a role in the activation of c-myc transcription.

However, most of the controversy surrounding NDPK-B is attributable to the

variable reports concerning NDPK-B-DNA substrate specificity and strand cleavage

activity.  We initially envisioned that the unprecedented mechanism involving reversible

covalent attachment of NDPK-B to DNA at six specific sites within the c-myc NHE III1

could result in unfolding of the G-quadruplex and i-motif structures for subsequent

capture by DNA binding proteins involved in transcriptional activation.  However, we

unexpectedly discovered that this previously detected DNA cleaving activity was

unassociated with NDPK-B and was related to inadequate purification of the recombinant

protein.  Specifically, the results of this investigation demonstrated that the peak of DNA

binding activity and that of DNA cleaving activity were not coincident during heparin

affinity chromatography (Figure 3.11), which provides evidence against the former

proposition that NDPK-B possessed an inherent nuclease activity and suggested that the

NDPK-B preparation of Postel et al. (122) contained a yet to be identified contaminating

nuclease.  However, it is interesting to note that the DNA cleavage reaction generates

double-stranded products with a four nucleotide 5' overhang, which is reminiscent of that
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proposed for type II topoisomerase-like enzymes.  In addition, while we have determined

that the DNA strand breaks occurred at specific, yet dissimilar, dinucleotide steps within

the individual DNA strands of the c-myc NHE III1 region, it is unlikely that the double-

strand breaks are formed by any of the known E.coli endonucleases.  Studies are ongoing

to identify the protein associated with this unique pattern of DNA double-strand breaks

within the c-myc NHE III1 sequence.

After excluding the mechanism of covalent attachment of NDPK-B to DNA as a

basis for c-myc activation, we next explored the DNA binding activity of NDPK-B as a

potential regulatory mechanism.  Utilizing the additionally purified NDPK-B, we

observed that NDPK-B preferentially bound to the single-stranded guanine-rich strand of

the c-myc NHE III1, while having only minimal affinity to the cytosine-rich strand and

the least affinity to the duplex form (Figure 3.12).  In addition, we found that NDPK-B

binding to the guanine-rich strand could be easily reversed, based on the observation that

the addition of unlabeled oligomer to the preformed complex reverses the binding, while

a random sequence has no effect (Figure 3.12B).  These findings suggested that NDPK-B

potentially functioned in transcription through the recognition of DNA structural features

within the target sequence (e.g., G-quadruplex structures) and subsequent remodeling

and/or trapping-out of the c-myc NHE III1 region in a single-stranded form, which would

allow single-strand specific transcription factors to recognize their DNA binding sites

more efficiently.  Moreover, both gel mobility shift and filter binding assays revealed that

potassium ions, which stabilize G-quadruplex structures within the c-myc NHE III1

region, had an inhibitory effect on the DNA binding activity of NDPK-B (Figure 3.13A,
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C, and D).  More importantly, we found that TMPyP4, but not TMPyP2, prevented

binding of NDPK-B to the guanine-rich strand of the NHE III1 (Figure 3.13B).  Taken

together, these results suggest that stabilization of the G-quadruplex structures within the

NHE III1 region hinder the recognition and remodeling functions of NDPK-B in relation

to the G-rich strand.

Prior to these studies, it was clear that the NHE III1 regulatory element in the

promoter region of the c-myc gene was not a static matrix but was in equilibrium between

at least three different DNA structural populations: two that cause activation and one that

results in repression of c-myc transcription (147).  One of the transcriptionally active

complexes binds the single-stranded binding proteins CNBP (purine-rich strand) and

hnRNPK (pyrimindine-rich strand), whereas the second most likely binds duplex binding

transcriptional factors, such as Sp1 (147).  The third and final transcriptionally silent

form is an open, repressed form involving the formation of G-quadruplex structures and

possibly equivalent i-motif structures on the complementary strand within the NHE III1,

leading to a quite distinct appearance from that of the active, attenuated, or vacant

promoter forms described earlier (142).  At present, one major question still remains to be

addressed relating to this model: how does the NHE III1 region transition between the

silenced form and the transcriptionally active forms?  Based on the data presented herein,

we have answered this question by inserting NDPK-B into our working model, whereby

it assumes the role of an accessory or transacting factor, functioning in the removal of

repressive DNA secondary structures and subsequently preparing the DNA within the c-

myc NHE III1 region for activating factors of c-myc transcription.  Since the silencer



111

element in the c-myc promoter is extremely stable (i.e. the G-quadruplex having a

melting temperature of 85 °C) and is not the substrate for any known transcription

factors, it is not surprising that specific proteins are required for transcriptional activation

of c-myc, which must reorganize and resolve these structures.

The cartoon in Figure 3.16 illustrates the proposed transitions from the

nonnucleosomal form (A) of the NHE III1 region in the c-myc promoter to the silenced

form (B), its subsequent remodeling by NDPK-B to the unfolded form (C), and its

ultimate capture by specific single-stranded DNA binding protein to give a

transcriptionally active form (D).  Recent in vitro footprinting studies of a supercoiled

plasmid containing the c-myc promoter region have revealed that the transition of the

duplex DNA into atypical secondary structures is accompanied by the local unwinding of

the regions neighboring the NHE III1 region (unpublished results).  Based on these

finding, we propose that NDPK-B might initially recognize these contiguous single-

stranded regions through interactions with the DNA binding domain located along the

equatorial region of the protein.  Subsequently, the unfolding or trapping-out of the c-myc

NHE III1 in a single-stranded form would occur in a stepwise manner wherein

consecutive binding of the equally spaced guanine residues within the active sites of a

given trimer unit of NDPK-B, resulting in a stepwise pinning back of the G-quadruplex

structure.  In addition, since the NDPK-B-DNA complex is highly reversible, we propose

that the replacement by CNBP is facile (D).  Furthermore, we speculate that upon NDPK-

B binding the already unstable i-motif structure becomes destabilized and is subsequently

captured by hnRNP K to mediate transcriptional activation (D).  Lastly, Figure 3.16
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provides a structural basis for how compounds, which stabilize the DNA secondary

structures formed within the NHE III1 region of the c-myc gene promoter, inhibit NDPK-

B from activating c-myc transcription (E).  Thus, without the intermediate involvement of

NDPK-B in remodeling the silencer element, it renders unnecessary all regulatory steps

that follow.

In conclusion, we believe that we have provided the first comprehensive model of

how NDPK-B can activate c-myc transcription by recognition of the structural and

function features of the c-myc NHE III1, resulting in subsequent remodeling and trapping

the c-myc silencer element in an unfolded form.  We have also established a new proof or

principle that the c-myc lowering effect can be achieved through drug stabilization of the

G-quadruplex and consequent interference with the interaction of NDPK-B with the

silencer element in the c-myc promoter.  However, further exploration into the

interactions between the c-myc NHE III1 and NDPK-B is of interest as both present

potential molecular targets for the development of novel pharmacological agents.
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Figure 3.16.  Proposed mechanism for the transcriptional activation of c-myc via the
NDPK-B-DNA complex.
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CHAPTER 4

STRUCTURAL AND DRUG-RECOGNITION COMPLEXITY OF THE G-
QUADRUPLEX-FORMING REGION UPSTREAM OF THE BCL-2 P1
PROMOTER AND ITS INVOLVEMENT IN THE REGULATION OF

BCL-2 TRANSCRIPTION

4.1 Introduction

4.1.1 Human bcl-2 Gene

a. Deregulation in Cancer

The bcl-2 (B-cell CLL/lymphoma 2) gene product is a mitochondrial membrane

protein that exists in delicate balance with other related proteins and is involved in the

control of programmed cell death, functioning as an apoptosis inhibitor (210,211).  The

bcl-2 gene was originally discovered for its involvement in the t(14;18) chromosomal

translocation frequently found in lymphomas (212).  This translocation causes

deregulated expression of the bcl-2 gene, leading to elevated levels of bcl-2 mRNA and

protein (213).  Since its initial discovery, the bcl-2 gene has been classified as a proto-

oncogene because of its overexpression in a wide range of human cancers, including B-

cell and T-cell lymphomas (214), breast (215), cervical (216), non-small cell lung (217),

prostate (218), and colorectal (219).  However, in contrast to other proto-oncogenes, the

oncogenic potential of bcl-2 is not achieved by promoting cell proliferation, but by

reducing the rate of cell death.  In addition, bcl-2 overexpression has been found to

interfere with the therapeutic action of current cancer treatment regimes, which act by

inducing apoptosis in tumor cells (199).  Because of its broad expression in a variety of

tumors, together with its function in the resistance to chemotherapy-induced apoptosis,

the interest in blocking bcl-2 activity has strongly increased in recent years, leading to
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multiple approaches to discover selective bcl-2 inhibitors.  Two current strategies include

the use of antisense oligonucleotides (220) or peptidomimetics (221) and small

molecules, both of which recognize the hydrophobic surface pocket of the bcl-2 protein

and interfere with its protein–protein interactions (222,223).  Recently, ABT-737, a small

molecule inhibitor of bcl-2 protein–protein interactions was identified using NMR-based

screening and structure-based design, which exhibits activity alone and in combination

with chemotherapy or radiation in vivo (222).

b.  Deregulation in Neurodegenerative Disease

In contrast, bcl-2 has also emerged as an attractive target for neuroprotective

therapy to prevent apoptotic neuronal cell death in neurodegenerative disorders of aging,

such as Alzheimer’s disease, Parkinson’s disease, and stroke.  For instance, in neuronal

cells the overexpression of bcl-2 has been shown to prevent cell death induced by diverse

apoptotic stimuli (224,225).  Likewise, the overexpression of bcl-2 in transgenic mouse

models results in an excess of neurons in selected regions of the brain, indicating that bcl-

2 protects neurons from natural occurring cell death during development (226,227).

Conversely, bcl-2 knockout mice have significant degeneration of motor, sensory, and

sympathetic neurons, suggesting that bcl-2 is necessary for the maintenance of neuronal

populations (228).  Thus far, targeted delivery treatments are being sought that increase

intracellular levels and function of bcl-2 by employing the use of non-pathogenic viral

vectors constructed to transport plasmids encoding bcl-2 inside neurons of affected brain

regions (229,230).  Although encouraging, the neuroprotection observed by means of
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targeted delivery of bcl-2 is limited in that they employ dosing regimens that may be

unrealistic for human use (231).

4.1.2 Control and Regulation of bcl-2 Transcription

a. bcl-2 Promoter Region

The human bcl-2 gene has two promoters, designated P1 and P2, which control its

transcriptional initiation (Figure 4.1).  The major promoter, P1, located 1386 to 1423 base

pairs upstream of the translation start site, is a TATA-less, GC-rich promoter containing

multiple transcription initiation sites (232).  The P2 promoter contains both a canonical

TATA element and a CCAAT box, yet is only responsible for a minor fraction of the bcl-

2 transcripts in most cell types (233).  Thus far, the mechanisms involved in the

transcriptional regulation of the bcl-2 gene are not well understood, although a number of

trans-acting and cis-acting elements that take part have been identified.  For example,

one major contributor to P1 promoter activity is a cAMP response element, which is

necessary for bcl-2 deregulation in t(14;18) cells, the activation of mature B cells, and the

rescue of immature B cells from calcium-dependent apoptosis (234,235).  In addition,

NF-κB has been shown to act through interactions with the camp response element site

and activate bcl-2 in t(14;18) lymphoma cells (236).  The P1 promoter also contains WT1

bindings sites, which function to silence the normal bcl-2 allele in t(14;18) cells (237), as

well as repress bcl-2 transcription in HeLa cells (238).  C/EBPα and A-Myb have been

demonstrated to act through a binding site for the homeodomain protein Cdx and activate

P2 promoter activity in t(14;18) cells (239,240).  Also described is the existence of a
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negative response element upstream of the P2 promoter through which p53 may either

directly or indirectly transcriptionally downregulate bcl-2 expression (241).

b. The GC-rich Element Upstream of the bcl-2 P1 Promoter

One region of particular interest is the GC-rich region located adjacent to the 5´-

end of the bcl-2 P1 promoter (Figure 4.1).  Multiple transcription factors have been

described to bind or regulate bcl-2 gene expression through this region, such as Sp1

(232), WT1 (237), E2F (242), and NGF (nerve growth factor) (243).  Additionally,

deletion or mutation of this region has been shown to increase promoter activity by 2.1-

fold or 2.6-fold compared with the full-length wild-type promoter, respectively (237).

This GC-rich element is located in the proximity of a nuclease hypersensitive region,

(244) which has been shown to be dynamic in nature and capable of adopting paranemic

structures or non-B-DNA conformations (245).  Interestingly, the guanine-rich DNA

strand in the bcl-2 P1 promoter region contains seven runs of at least two contiguous

guanines separated by two or more bases (Figure 4.1), which is consistent with the

general motif capable of folding into at least one intramolecular G-quadruplex structure.
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Figure 4.1.  Promoter region of the human bcl-2 gene; shown in inset is the 39-mer
sequence of the purine/pyrimidine-rich element upstream of the P1 promoter.  Runs of
guanines are underlined and numbered.  Reprinted with permission from (120),
Copyright © 2006 The American Chemical Society.
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4.2 Results

4.2.1 In Vitro Evidence for the Formation of G-Quadruplex Structures Within the

GC-rich Element Upstream of the bcl-2 P1 Promoter

To initially test our hypothesis of the occurrence of intramolecular G-quadruplex

structures within the guanine-rich strand of the bcl-2 P1 promoter region, a DNA

polymerase stop assay was used.  This assay provides a straightforward approach to

identifying guanine-rich DNA sequences that have the ability to form stable G-

quadruplex structures in vitro, based on the assumption that a DNA polymerase is

incapable of transversing a stable DNA secondary structure (246,247).  A cassette DNA

sequence containing the G-quadruplex-forming sequence of interest, or in this case, the

39-mer guanine-rich strand (Pu39WT, Table 4.1) from the bcl-2 P1 promoter region, was

annealed with a [γ-32P]-labeled primer, which subsequently was extended with Taq DNA

polymerase in the presence of increasing concentrations of KCl.  A full-length product

was synthesized in the absence of KCl (Figure 4.2A, lane 3); however, upon the addition

of KCl to the reaction, three premature primer arrest sites were produced (Figure 4.2A,

lanes 4–6).  The DNA polymerase arrests sites (1, 2, and 3) occurred directly upstream of

G1, G5, and G8, respectively (see numbering in Figure 4.1).  All three arrest sites

increased in a K+-dependent manner.  In addition, the G-quadruplex-interactive agents

TMPyP4 and Se2SAP (Figure 2.1), two cationic porphyrins, had the ability to stabilize

the three G-quadruplex structures formed in the Pu39WT sequence in the presence of

minimal K+ (20 mM), whereas TMPyP2 (Figure 2.1), a structural isomer of TMPyP4,

which lacks the ability to interact with G-quadruplex structures (149), had a negligible
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effect on the arrest products (Figure 4.2B).  Taken together these results suggest that the

Pu39WT sequence has the capacity to form three separate intramolecular G-quadruplex

structures, which are stabilized by K+ or G-quadruplex-interactive agents.
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Table 4.1.  bcl-2 G-quadruplex-forming sequences.  Specific G-to-T mutations are shown
in red.  Reprinted with permission from (120), Copyright © 2006 The American
Chemical Society.
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Figure 4.2.  Determination of the ability of the Pu39WT sequence to form multiple G-
quadruplex structures.  (A) DNA polymerase stop assay showing three K+-dependent
DNA polymerase arrests.  Lane 1 shows a guanine sequencing reaction, lane 2 is a
negative control containing no Taq DNA polymerase, and lanes 3–6 contain 0, 25, 50,
and 100 mM KCl, respectively.  Arrows point to the positions of the full-length product
of DNA synthesis, the DNA polymerase arrest sites (1, 2, and 3), and the free primer.  (B)
Concentration-dependent inhibition of Taq polymerase DNA synthesis by stabilization of
the bcl-2 G-quadruplex structures with TMPyP4 and Se2SAP (0.5 and 2.5 µM) compared
to TMPyP2 (0.5 and 2.5 µM).  All lanes contain 20 mM KCl.  Reprinted with permission
from (120), Copyright © 2006 The American Chemical Society.
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Further evidence for the presence of multiple intramolecular G-quadruplex

structures in the bcl-2 P1 promoter region was obtained from native polyacrylamide gel

electrophoresis of the 5´-end-labeled Pu39WT in the presence of 100 mM KCl.  This gel

showed a more rapidly moving band than the expected electrophoretic mobility of an

unstructured oligonucleotide (band 2 in Figure 4.3A).  Several minor bands of slower

electrophoretic mobility were also seen, likely corresponding to two- or four-stranded

higher-order G-quadruplex structures.  The broadness of the high mobility band is likely

attributable to the potential of this sequence to form an equilibrium mixture of multiple

intramolecular G-quadruplex structures, as observed previously in the DNA polymerase

stop assay (Figure 4.2A).  The guanine bases involved in the formation of the G-tetrads

can be deduced by DMS footprinting, which probes the accessibility of the N7 position of

guanines to alkylation by DMS.  Since the N7 position of guanine is involved in

Hoogsteen bonding to form the G-tetrad of a G-quadruplex structure, they are

inaccessible to DMS methylation (142).  Therefore, bands 1 and 2 corresponding to the

species formed without and with KCl were isolated and subjected to DMS treatment and

piperidine cleavage (Figure 4.3A).  The N7 guanine methylation pattern produced by

band 1 was consistent with a single-stranded, unstructured form of DNA (Figure 4.3B,

lane 2).  For band 2, several guanine bases within the G-quadruplex forming region were

either partially or fully protected from DMS methylation; however, the cleavage pattern

was fairly indefinite in that no specific structure prevailed (Figure 4.3B, lane 3).  It is

significant to note that the run of two guanines (G13 and G14) in the middle of Pu39WT

were hypersensitive to methylation, suggesting that they are in an external loop region
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and not involved in the G-tetrads.  In addition, the run of five guanines (G8–G12)

provides some evidence for sequence ambiguity in that only partial DMS protection is

observed in the two guanines at the 5´-end of this guanine tract, compared to full

protection of the remaining three guanine bases.
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Figure 4.3.  Determination of the ability of the Pu39WT sequence to form multiple G-
quadruplex structures.  (A) Nondenaturing gel analysis of Pu39WT sequence
preincubated in the absence or presence of 100 mM KCl.  (B) DMS footprinting of band
1 (lane 2) and band 2 (lane 3) from (A).  Lane 1 shows a purine sequencing reaction.  The
protected guanines from DMS are indicated with filled circles, partial protection with
half-filled circles, no protection with open circles, and hypersensitive guanines with
arrowheads.  Reprinted with permission from (120), Copyright © 2006 The American
Chemical Society.



126

CD provides additional support for the existence of intramolecular G-quadruplex

structures, also specifically assisting in the determination of DNA strand orientation and

the conformation of the guanine glycosyl bonds within a given G-quadruplex structure.

However, caution is advised when analyzing CD spectra since oversimplification of

structure-spectrum relationships may lead to misinterpretation of G-quadruplex CD

spectra (144).  Signature CD spectra have been determined for several novel G-

quadruplex structures in the presence of monovalent cations (248,249).  In general,

antiparallel-type G-quadruplexes containing alternating syn- and anti-glycosyl bond

conformations have been shown to have a CD spectrum characterized by a positive

ellipticity maximum at 295 nm and a negative minimum at 265 nm, whereas, parallel-

type G-quadruplexes composed of all anti-glycosyl bond conformations have a positive

maximum at 264 nm and a negative minimum at 240 nm (249).  Comparative CD

analysis was performed between different types of known G-quadruplex structures, the c-

myc promoter NHE III1 region (parallel), the thrombin binding DNA aptamer

(antiparallel), the telomeric repeat of Tetrahymena (mixed parallel/antiparallel in NaCl),

and the unknown Pu39WT sequence (Figure 4.4).  The CD spectrum for the Pu39WT

resembles most closely that of the Tetrahymena telomeric sequence, displaying an

absorption maximum at 264 and a shoulder at 295 nm.  These results infer the formation

of a mixed parallel/antiparallel G-quadruplex structure in the bcl-2 P1 promoter

sequence; however, based upon the results from the electrophoretic mobility analysis,

DMS footprinting, and the polymerase stop assay, the appearance of these two undefined
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peaks may possibly occur because there is a mixture of more than one G-quadruplex

structure in solution.
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Figure 4.4.  Comparative CD spectra of three known G-quadruplex-forming sequences
with the unknown bcl-2 promoter Pu39WT sequence.  Line colors:  green = c-myc
promoter sequence (parallel G-quadruplex in 100 mM KCl); blue = thrombin binding
aptamer (TBA) sequence (antiparallel G-quadruplex in 100 mM KCl); red =
Tetrahymena telomeric repeat sequence (mixed parallel/antiparallel G-quadruplex in 100
NaCl); orange = bcl-2 promoter Pu39WT sequence (100 mM KCl).  All CD data were
obtained with a 5 μM strand concentration at 25 °C.  Reprinted with permission from
(120), Copyright © 2006 The American Chemical Society.
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4.2.2 Isolation, Identification, and Characterization of the Guanine-Tracts

Involved in the Formation of Each of the Three Different G-Quadruplex Structures

a. Mutational Analysis of the Seven Guanine Tracts Identifies the Sequences Involved

in the Formation of Each of the Three G-Quadruplex Structures.

To extend the study and evaluate which of the seven G-tracts are responsible for

the formation of the three different G-quadruplex structures within the bcl-2 P1 promoter

region, oligomers containing mutations within each of the seven G-tracts were designed

and synthesized.  The actual mutations selected were devised with the intention of

knocking-out each tract of guanines independently and thus preventing their participation

in G-quadruplex formation.  For this reason, single or double G-to-T base mutations were

made to the central guanine base(s) of each G-tract of Pu39WT (see asterisks in Figure

4.5) based on the assumption that the central guanine base(s) participate(s) in the

formation of the critical core G-tetrad of any G-quadruplex produced.  Use of these G-

tract knockout sequences in the DNA polymerase stop assay resulted in reduced or

complete disappearance of one or more of the three polymerase arrest sites (Figure 4.5).

Mutation of any of the three 5´-end G-tracts (A, B, and C) inhibited the formation of the

5´-end G-quadruplex structure at arrest site 3.  Arrest sites 1 and 2 were only eliminated

upon mutation of the two 3´-end G-tracts (G and F, respectively).  Knocking-out the run

of five guanines (E) was detrimental to all three of the G-quadruplex structures, while

mutation of the central G-tract (D) consisting of a run of only two guanines produced a

small but comparable reduction of all three of the DNA polymerase arrest sites.  This

result is in agreement with the hypersensitivity of these two guanines to DMS
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methylation and an indication of their peripheral involvement in all three G-quadruplex

structures formed.  Overall the mutational analysis strengthens the hypothesis that three

intramolecular G-quadruplex structures can form in the guanine-rich region of the bcl-2

P1 promoter.  In addition, it provides insight for a more focused deletion study in order to

isolate and identify the three individual G-quadruplex-forming sequences within the bcl-2

P1 promoter region.
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Figure 4.5.  DNA polymerase stop assay to analyze the effect on stability of the three
individual G-quadruplex structures formed by the Pu39WT sequence by knocking-out
each G-tract with mutations.  In the sequence below the gel, letters (A–G) indicate which
G-tract contains the mutation(s) and asterisks indicate G-to-T mutations.  The three DNA
polymerase arrest sites (1, 2, and 3) are identified with arrows.  KCl concentrations are 0,
50, and 100 mM.  Reprinted with permission from (120), Copyright © 2006 The
American Chemical Society.
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b. Isolation of Three Individual G-quadruplex-forming Sequences.

In general, an intramolecular G-quadruplex structure can arise from a DNA

sequence that contains four runs of at least two or more contiguous guanines separated by

one or more bases ([G≥2Nn]4).  In the case of the Pu39WT sequence, there are a total of

six runs of three or more uninterrupted guanines, each with an equal likelihood to

participate in G-quadruplex formation.  The utilization of basic combination probability

analysis reveals the possibility of fifteen different G-quadruplex structures consisting of

any four G-tracts without regard to their position in the Pu39WT sequence.  However, the

majority of these hypothetical G-quadruplex structures are formed from four

nonconsecutive G-tracts, which would generate an unstable structure in view of the

existence of lengthy external loops (250).  If the locality of the G-tracts is taken into

consideration, given that only arrangements of four successive G-tracts are allowed, then

the number of potential G-quadruplex structures is decreased to three, two external and

one internal located at the 5´-end, 3´-end, and middle of the Pu39WT sequence,

respectively.

As a result of the mutational and sequence examination, three truncated sequences

were designed (5´G4, MidG4, and 3´G4; Table 4.1) consisting of each of the four

consecutive G-tracts existing in the Pu39WT sequence and placed in the primer extension

cassette sequence for analysis using the DNA polymerase stop assay.  Figure 4.6, shows

the results of Taq DNA polymerase primer extension using these substrates in the

presence of increasing concentrations of KCl.  Each of the three substrates gave rise to a

single premature polymerase arrest site in the presence of K+.  The individual arrest sites
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in the three truncated sequences, 5´G4, MidG4, and 3´G4, occurred at G8, G5, and G1,

respectively, which is in full agreement with the three arrest sites observed using the

Pu39WT sequence (Figure 4.6).  In addition, the internal four G-tracts (MidG4) produces

a G-quadruplex structure that is remarkably more stable then either the 3´ or 5´ G-

quadruplexes, based on the minimal amount of K+ required to produce a DNA

polymerase arrest, suggesting that it could be the predominant structure within the bcl-2

P1 promoter region.
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Figure 4.6.  Isolation and identification of the three individual G-quadruplex-forming
sequences.  DNA polymerase stop assays comparing the Pu39WT sequence (top) with
the 5´G4, MidG4, and 3´G4 sequences (bottom) (see Table 4.1).  Arrows point to the
positions of the K+-dependent DNA polymerase arrest sites (G8, G5, and G1).  KCl
concentrations are 0, 25, 50, and 100 mM.  Reprinted with permission from (120),
Copyright © 2006 The American Chemical Society.
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c. DMS Footprinting Identifies the Guanines Involved in Each G-quadruplex

Structure

To determine the guanines involved in each of the G-tetrads of these three

isolated G-quadruplex structures, electrophoretic mobility shift and DMS footprinting

methods were used.  The three oligonucleotides 5´G4, MidG4, and 3´G4 were denatured

at 95 °C for 5 min and slowly cooled to 4 °C over several hours in the presence or

absence of 100 mM KCl.  The samples were then subjected to native polyacryamide gel

electrophoresis to separate the intramolecular G-quadruplexes from unstructured single-

stranded DNA.  Incubation of the oligonucleotides 3´G4 and MidG4 in the absence of K+

resulted in the formation of one primary band (band 1 in insets of Figure 4.7B and C);

however, two discrete bands were produced in the presence of K+, one major band (band

2 in insets of Figure 4.7, left) with a faster mobility than that of band 1 and one minor

band that ran similar to the K+-deficient DNA, suggesting that not all the DNA was

converted to the higher mobility species.  In the case of the 5´G4 oligonucleotide, two

bands were seen in the absence (bands 1 and 2 in insets of Figure 4.7C) and the presence

of K+ (bands 3 and 4 in inset of Figure 4.7C), with band 4 shifting to a more rapid

mobility than all the other bands.  All the numbered bands in the insets of Figure 4.7A-C

were excised, subjected to DMS treatment and piperidine cleavage, then separated on

sequencing gels.  The results of DMS footprinting are shown in Figure 4.7, as well as

graphical illustrations of the relative band intensities for each lane.  The internal MidG4

sequence, which is the most stable, based on low K+-dependence, was the only sequence

to conform to a specific intramolecular G-quadruplex structure derived from its cleavage
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pattern, in which four runs of three guanines were partially or fully protected from DMS

methylation (Figure 4.7B).  Derivations of the G-tetrads formed in sequences 5´G4 and

3´G4 are not so straightforward.  The 3´G4 N7 methylation pattern showed protection of

at least three guanines in the three 3´-end G-tracts; however, the fourth G-tract only

displayed protection of two guanines (Figure 4.7C).  This suggests that the adjacent

adenine or the central run of two guanines, which did show some degree of DMS

protection, may contribute to the formation of a unique intramolecular G-quadruplex

structure in the 3´G4 sequence.  For the 5´G4 sequence, the footprinting patterns of bands

2 and 4 were compared, since a mobility shift was observed, whereas no appreciable shift

occurred between bands 1 and 3.  Several guanine bases within the G-tracts were either

partially or fully protected from DMS methylation in the 5´G4 sequence (Figure 4.7A);

however, the unclear N7 methylation pattern did not allow for determination of specific

G-tracts involved in G-quadruplex formation.  Significantly, this is the only sequence to

show full protection of the run of two guanines, which may be attributable to another

unique G-quadruplex structure reminiscent of the 3´G4 sequence.
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Figure 4.7.  Characterization of the three individual G-quadruplex-forming sequences.
DMS footprinting and graphical representation of autoradiograms of isolated bands from
the nondenaturing gels (insets).  Nondenaturing gel analysis of (A) 5´G4, (B) MidG4, and
(C) 3´G4 sequences preincubated under the conditions specified in the figure.  The
guanines protected from DMS are indicated with filled circles, partial protection with
half-filled circles, no protection with open circles, and hypersensitive guanines with
arrowheads.  Reprinted with permission from (120), Copyright © 2006 The American
Chemical Society.
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d. Circular Dichroism Analysis Shows the Three G-quadruplexes are Mixed

Parallel/Antiparallel Structures

Comparative circular dichroism studies were also carried out on the three

truncated sequences and the full-length Pu39WT sequence.  As shown in Figure 4.8A, all

the sequences had similar CD signatures, each comprising a major and minor positive

peak at 264 and 295 nm, respectively.  Based on the intensity and sharpness of the peaks

at 264 nm and 295 nm, the 5´G4 and 3´G4 sequences had more parallel character with

less defined antiparallel character.  In contrast, a well-defined peak at 295 nm was

observed in the CD spectrum of the MidG4 sequence, which is quite analogous to that of

the Na+-stabilized Tetrahymena telomeric sequence (Figure 4.8B).  This implies that the

G-quadruplex formed in the MidG4 sequence has a similar folding topology to the

Tetrahymena G-quadruplex structure in Na+, which consists of two lateral loops and one

double-chain reversal.  Overall, these results are consistent with the presence of mixed

parallel/antiparallel G-quadruplex structures for all the sequences; however, the most

convincing evidence is seen with the MidG4 sequence.
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Figure 4.8.  Characterization of the three individual G-quadruplex-forming sequences.
(A) Comparative CD spectra of the bcl-2 full-length and truncated G-quadruplex-forming
sequences in the presence of 100 mM KCl.  Line colors: orange = Pu39WT; purple =
5´G4; black = MidG4; cyan = 3´G4.  (B) Compares the Tetrahymena telomeric repeat
sequence with the bcl-2 MidG4 sequence.  Line colors:  red = Tetrahymena telomeric
repeat sequence (mixed parallel-antiparallel G-quadruplex in 100 NaCl); black = MidG4
(100 mM KCl); orange = bcl-2 promoter Pu39WT sequence (100 mM KCl).  All CD data
were obtained with a 5 μM strand concentration at 25° C.  Reprinted with permission
from (120), Copyright © 2006 The American Chemical Society.
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4.2.3 Characterization of Three Possible G-quadruplex Loop Isomers in the

MidG4 Sequence

Even though three specific G-quadruplex-forming sequences were isolated, it is

possible for each of these sequences to have the ability to form alternative loop isomers.

For example, because the MidG4 sequence has three G-tracts, each consisting of only

three guanines, this limits the G-quadruplex to having three G-tetrads; therefore, only

three guanines are needed from the run of five guanines to participate in the formation of

the three G-tetrads, and the remaining two guanines are forced into loop regions.  There

are three possible loop isomers due to the different combinations of three adjacent

guanines in the run of five guanines.  To test our hypothesis of loop isomers within the

MidG4 sequence, dual G-to-T mutations were designed within the run of five guanines

(Table 4.1; MidG4-mut1, -mut2, and -mut3) to determine the selection of guanines

involved in the G-tetrads.  These unambiguous mutated sequences were then compared

for stability to the wild-type sequence using the DNA polymerase stop assay.  The results

revealed that the mutant sequences were less stable than the wild-type sequence based on

arrest site intensities (Figure 4.9).  Moreover, utilization of the three guanines at either

the 5´-end or 3´-end (mut1 and mut2) of the run of five guanines in G-quadruplex

formation appeared to be more favorable than the central three guanines (mut3).

Mutation of the two 5´-end guanines generated the most stable structure based on the

minimal amount of K+ required to produce a DNA polymerase arrest.  These results

indicate that loop isomerization can occur within the MidG4 sequence, and since this run

of five guanines, as well as an additional run of four guanines, is also present in the 5´G4
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and 3´G4 sequences, this phenomenon is likely to be even more exaggerated in these G-

quadruplexes.
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Figure 4.9.  DNA polymerase stop assay showing the difference in stability of the three
possible loop isomers in the MidG4 sequence in comparison to the wild-type sequence.
The wild-type MidG4 sequence is shown below the gel.  MidG4-mut1, MidG4-mut2, and
MidG4-mut3 contain dual G-to-T mutations within G5 (see Table 4.1).  KCl
concentrations are 0, 25, 50, and 100 mM.  Reprinted with permission from (120),
Copyright © 2006 The American Chemical Society.



143

4.2.4 NMR Structure Determination of a Single Loop Isomer Formed by the

MidG4 Sequence

The G-quadruplex structure formed by the internal four consecutive runs of

guanine (MidG4-WT in Figure 4.10A) was previously shown to be the most stable and,

as a result, suggested to be the major G-quadruplex structure formed in the bcl-2

promoter region (Figure 4.6).  This sequence also contains a run of five guanines that

gives rise to the possibility of three different loop isomers, which can each be isolated by

specific dual G to T mutations, as shown earlier in Figure 4.9.  Of the three loop isomers,

the G15T/G16T dual mutant (MidG4-mut1 in Figure 4.10A) was the most stable.  In

addition, DMS footprinting data showed partial cleavage at G15 and G16 in potassium

solution, suggesting that these two guanines are in an external loop region and not

involved in the G-tetrad formation.  Finally, the CD spectra of the MidG4-WT and

MidG4-mut1 sequences are very similar (Figure 4.10B), which indicates the occurrence

of the same predominant G-quadruplex structure in solution.  For all these reasons, the

MidG4-mut1 sequence was prepared and used for NMR structural analysis.  The

structural study was performed by Dr. Danzhou Yang and her group, but is briefly

summarized here because it provides the first unequivocal evidence for the folding

pattern of this unique G-quadruplex structure and confirms our proposed folding for the

MidG4 sequence.

As anticipated, the 1D NMR spectrum of the MidG4-WT sequence in potassium

solution produced imino protons peaks at 10-12 ppm, which is indicative of G-

quadruplex structure formation (251,252), however; the spectrum showed a broad
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envelope with some fine peaks (Figure 4.10C, top), suggesting the presence of a dynamic

equilibrium of multiple conformers.  The 1D NMR spectrum of the MidG4-mut1

sequence showed much improved line width and better resolution in potassium solution

(Figure 4.10C, bottom).  The twelve imino peaks located between 10.5 and 12 ppm

clearly indicate the formation of a stable G-quadruplex structure and that all 12 guanines

from the MidG4-mut1 sequence are involved in G-quadruplex formation.  The imino and

base aromatic H8 protons of guanine residues were unambiguously assigned by the site-

specific low-concentration (6%) incorporation of 1, 2, 7-15N, 2-13C-labeled guanine at

each guanine position.  The guanine imino H1 proton has one-bond coupling to N1, and

the aromatic H8 proton has two-bond coupling to N7, which are both readily detected by

1D 15N-filtered experiments (Figure 4.11A).  In a G-tetrad plane with the Hoogsteen

hydrogen-bond network, the imino proton H1 of each guanine is in close spatial vicinity

to the H1s of the two adjacent guanines, and to the base H8 of one of the adjacent

guanines.  Thus NOE connectivities of guanine H1-H1 and H1-H8 determine the

arrangement of the G-tetrad planes (Figure 4.11B).  The G-quadruplex alignment can be

further defined based on the inter-tetrad NOE connections from residues that are

positioned far apart in the DNA sequence.  In addition, the guanine glycosidic torsion

angles can be defined by the intraresidue H8-H1′ NOE intensities.  From these data, the

folding topology of the major bcl-2 promoter G-quadruplex was determined, to be an

intramolecular G-quadruplex structure of mixed parallel/antiparallel G-strands that

contains three G-tetrads connected with two lateral loops (CGC and AGGAATT) and a

third single-nucleotide double-chain-reversal side loop (Figure 4.11C).  The first, third
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and fourth G-strands are parallel with each other, and the second G-strand is antiparallel

with the rest of the G-strands.  The first three-nucleotide CGC forms a lateral loop and

appears to largely determine the overall folding of this bcl-2 G-quadruplex.



146

Figure 4.10.  (A) G-quadruplex-forming sequences within the bcl-2 promoter region.
The top sequence is the full-length Pu39WT (Table 4.1).  The bottom sequences are the
MidG4-WT and the MidG4-mut1 (G to T mutations are shown in red).  (B) Comparative
CD spectra of the wild-type (yellow) and mutant(red) MidG4 sequences.  (C) Imino and
aromatic regions of 1D 1H spectra of MidG4-WT (upper) and Mid G4-mut1 (lower) at
7°C, 20 mM potassium phosphate, 40 mM KCl, pH 7.0.  Reprinted with permission from
(121), Copyright © 2006 The American Chemical Society.
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Figure 4.11.  (A) Imino proton assignments of MidG4-mut1 sequence using 1D 15N-
filtered experiments on site-specific labeled oligonucleotides.  The imino proton of G1 is
assigned using elimination method, in combination with the exchangeable proton 2D-
NOESY.  (B) A G-tetrad with showing the H1-H1 and H1-H8 connectivity patterns
detectable in NOESY experiments.  (C) Schematic drawing of folding topology of the
MidG4-mut1 G-quadruplex.  Red boxes represent guanines with anti- configuration and
yellow boxes represent guanines with syn- configuration.  Reprinted with permission
from (121), Copyright © 2006 The American Chemical Society.
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4.2.5 G-Quadruplex-Interactive Agents Bind with Different Affinities to the Three

Different G-Quadruplex-Forming Sequences

The long-term goal of this study is to identify small molecules with the ability to

modulate bcl-2 gene expression through the stabilization and/or modification of these

unique G-quadruplex structures.  Therefore, we next examined the ability of a number of

well-known G-quadruplex-interactive agents (TMPyP4, Se2SAP, and telomestatin -

Figure 2.1) to selectively interact and stabilize the three individual G-quadruplex

structures characterized in our preceding studies.  While TMPyP4 is able to bind to and

stabilize a variety of G-quadruplex structures, TMPyP2 lacks the ability to interact with

these structures (149) and serves as our negative control compound.  Se2SAP is a

synthetic, core-modified, expanded porphyrin that was first synthesized in our laboratory

with the specific aim of targeting a subset of G-quadruplex structures (253).

Telomestatin is a natural product (254), which has been shown to inhibit telomerase

through its strong G-quadruplex interaction with the human telomeric sequence (255).

DNA polymerase stop assays were preformed with this series of compounds together

with the three individual G-quadruplex-forming sequences (5´G4, MidG4, and 3´G4) to

test whether selective stabilization of specific G-quadruplexes was achievable (Figure

4.12).  Surprisingly, the results revealed that two of the compounds (TMPyP4 and

Se2SAP) did have a sequence or structural selectiveness for the different G-quadruplexes.

The negative control, TMPyP2, was unable to stabilize any of the three G-quadruplex

structures, whereas telomestatin had the ability to stabilize all three structures.

Telomestatin interacted most strongly with the MidG4 sequence, increasing the arrest
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sites 6-fold above the no-drug control at a concentration of 0.1 μM, whereas the 3’G4 and

5’G4 sequences increased the arrest sites 4- and 5-fold above the no-drug control at the

maximum concentration tested (1 μM), respectively.  In addition, telomestatin induced

the formation of another arrest site (2 in lower-panel gel of Figure 4.12) or G-quadruplex

structure in the 3´G4 sequence.  TMPyP4 and Se2SAP intensified all three arrest sites

when employing the Pu39WT sequence, yet when examining their binding to the

individual G-quadruplexes they were selective to the 3´G4 and MidG4 sequences,

respectively.  These results suggest that it is possible to selectively target with different

G-quadruplex-interactive molecules the three constitutive G-quadruplexes within the bcl-

2 promoter, which could lead to different biological outcomes.
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Figure 4.12.  Stabilization of the three individual G-quadruplex structures formed by the
5´G4, MidG4, and 3´G4 sequences with the addition of increasing concentrations of
TMPyP2 (0.1, 0.25, 0.5, 1, and 2.5 µM), TMPyP4 (0.1, 0.25, 0.5, 1, and 2.5 µM),
Se2SAP (0.05, 0.1, 0.25, 0.5, and 1 µM), and Telomestatin (0.05, 0.1, 0.25, 0.5, and 1
µM) in the presence of 20 mM KCl.  Quantification of autoradiograms is shown in right
panels.  Reprinted with permission from (120), Copyright © 2006 The American
Chemical Society.
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4.2.6 Effect of Telomestatin on bcl-2 Expression

Consequently, having shown the ability of G-quadruplex-interactive molecules to

selectively interact with the three G-quadruplex structures within the bcl-2 promoter, we

desired to determine whether these molecules had an effect on bcl-2 gene expression in

vivo.  Therefore, human tumor cell lines, including Daoy (medulloblastoma), Ftc133

(follicular thyroid carcinoma), MCF7 (breast cancer), and K562 (leukemia), were treated

with TMPyP2, TMPyP4, and Telomestatin, and the levels of bcl-2 mRNA were measured

by real-time PCR.  Preliminary studies employing the porphyrin molecules produced

ambiguous results in that bcl-2 mRNA levels were neither consistently activated nor

repressed (data not shown).  In contrast, Telomestatin repeatedly induced clear activation

of bcl-2 gene expression in all four cell lines (Figure 4.13A).  Further evaluation revealed

dose-dependent and time-dependent upregulation of the bcl-2 expression by Telomestatin

in the Ftc133 cell line (Figure 4.13B).  This activation of bcl-2 gene expression by

Telomestatin is very intriguing, as the G-rich region upstream of the P1 promoter of bcl-2

gene contains a binding site for the WT1 protein, which has been shown to be a negative

regulator of bcl-2 gene expression (237).  Thus we hypothesize that Telomestatin

upregulates the transcription of the bcl-2 gene by facilitating and stabilizing the formation

of the bcl-2 promoter G-quadruplex structure(s), thereby inhibiting the binding of the

negative regulator WT1 protein (Figure 4.14).
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Figure 4.13.  Effect of Telomestatin on bcl-2 gene expression assayed by real-time PCR.
(A) Fold changes in bcl-2 mRNA expression in Daoy (medulloblastoma), Ftc133
(follicular thyroid carcinoma), MCF7 (breast cancer), and K562 (leukemia) cell lines
treated with Telomestatin (1 or 2 μM) for 48 hours.  (B) Fold changes in bcl-2 mRNA
expression in Ftc133 cell line treated with staurosporine (0.01 μM) or Telomestatin (0.01,
0.1, 1 μM) for 24 or 48 hours.
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Figure 4.14.  Possible mechanism for the transcriptional modulation by the G-
quadruplexes formed in the bcl-2 promoter and Telomestatin.
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4.3 Summary and Discussion

In this chapter we explored a candidate G-quadruplex-forming sequence located

in the proximity of a nuclease hypersensitive element within the promoter region of the

human bcl-2 gene that may possibly function as a regulator of bcl-2 transcription.  We

demonstrate that the G-rich strand within this region, which contains seven runs of two or

more contiguous guanines (Figure 4.1), has the propensity to form three individual

intramolecular G-quadruplex structures (Figures 4.2).  Isolation of the three individual G-

quadruplex-forming sequences within this G-rich region revealed that the structure

formed from the central four runs of guanines (MidG4) was the most stable (Figure 4.6).

DMS footprinting (Figure 4.7B) and CD spectroscopy (Figure 4.8B) suggested that this

major bcl-2 G-quadruplex formed a mixed parallel/antiparallel type structure similar to

that of the Na+-stabilized Tetrahymena telomeric sequence.  NMR structural analysis

confirmed the existence of a mixed parallel/antiparallel type structure through the use of

an appropriate mutant sequence (MidG4-mut1).  This structure consisted of three G-

tetrads, one double-chain-reversal loop of one nucleotide in length, and two lateral loops

containing three and seven nucleotides (Figure 4.11).

It is interesting to note that the bcl-2-MidG4 sequence exhibits rather apparent

similarity to other G-quadruplex-forming sequences within selected gene promoters

(Figure 4.15).  Specifically, both the c-myc(a) and c-myc(b) sequences have been shown

to produce parallel-type G-quadruplex structures containing three double-chain-reversal

loops of 1, 2, and 1 and 1, 6, and 1 nucleotide in length, respectively (145,146).

Likewise, the promoter regions of VEGF (117) and Hif1-α (118) have been suggested to
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form parallel-stranded G-quadruplex structures.  Albeit some degree of sequence

similarity, the bcl-2-MidG4 G-quadruplex has a different folding pattern as compared to

these other G-quadruplex-forming sequences.  This difference in folding pattern is likely

caused by the variation in the number of nucleotides present in the 5´-end loop region,

wherein the bcl-2 sequence contains three nucleotides instead of one (Figure 4.15).

Therefore, it appears that the three nucleotide 5’-end loop determines the overall folding

topology of the bcl-2-MidG4 G-quadruplex, namely the mixed parallel/antiparallel G-

quadruplex, as opposed to the parallel stranded G-quadruplex.  In addition, it is important

to note that the 3´-ends of all five sequences in Figure 4.15 are composed of an identical

motif (G3NG3) capable of forming a single nucleotide double-chain-reversal loop, which

may serve as a stable foundation for the formation of each G-quadruplex structure.
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Figure 4.15.  Comparison of truncated G-quadruplex-forming sequences within selected
gene promoters.  Reprinted with permission from (120), Copyright © 2006 The American
Chemical Society.
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Comparison of putative G-quadruplex-forming sequences reveals variable degrees

of complexity based on sequence composition.  Both the full-length bcl-2 and c-myc G-

quadruplex-forming sequences are composed of more than four G-tracts and are capable

of forming multiple G-quadruplex structures, based on the assumption that each G-tract

has an equal probability of participating in G-quadruplex formation.  Specifically, the

wild-type c-myc promoter sequence is composed of five G-tracts and theoretically has the

potential to form five different G-quadruplex structures, based on the number of

combinations of four G-tracts; however, nondenaturing gel analysis shows only two

intramolecular species (142).  These two species have been shown to be two distinct

parallel-type intramolecular G-quadruplex structures, which can exist within the c-myc

promoter sequence.  The first predominant structure determined by NMR involves three

G-tetrads, two single nucleotide double-chain-reversal loops, a central double-chain-

reversal loop containing two nucleotides and utilizes the four 3´-end G-tracts (145,146).

Even though the minor species, which utilizes the two 5´- and 3´-end G-tracts, has not

been shown by NMR to be a similar all-parallel structure, a mutant (c-myc(b) in Figure

4.15) in which the middle G-tract is substituted by a T-tract does form a parallel structure

with three double-chain reversal loops (145).  When an additional G-tract is present, such

as in the bcl-2 promoter sequence, the number of combinations of four G-tracts

significantly increases to fifteen and continues to increase exponentially with more G-

tracts.  This concept of multiple combinations of four G-tracts within a given sequence

represents the first level of complexity within G-quadruplex-forming sequences.  A

second level of complexity occurs when a G-quadruplex-forming sequence is composed
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of G-tracts containing unequal numbers of guanines.  This is represented by the bcl-2

MidG4 sequence in Figure 4.9, in which an individual G-quadruplex structure has the

ability to form three different loop isomers.  Similarly, the G-quadruplex structure formed

by the four 3´-end G-tracts in the c-myc promoter sequence has been shown to exist as a

mixture of four different loop isomers (143).  Therefore, besides the choice of G-tracts,

there is a option among the guanines within a given G-tract that ultimately leads to the

complexity found in most G-quadruplex-forming sequences.  These layers of complexity

for the G-quadruplex-forming regions in the bcl-2 promoter are illustrated in Figure 4.16.

This unexpected degree of complexity is probably important from at least

two perspectives.  First, it gives rise to an enhanced degree of stability, and second, it

provides alternative G-quadruplex structures and duplex regions for differential binding

of proteins and drugs.  Intriguingly, in both the c-myc and bcl-2 promoter regions in

which multiple runs of guanines occur, there is only one predominant G-quadruplex

species in each case, i.e. the parallel 1:2:1 loop isomer for c-myc and the MidG4-mut1

sequence for bcl-2.

The inability to selectively target a specific G-quadruplex structure was one of the

initial criticisms of G-quadruplexes as drug targets.  However, a number of studies have

established that small molecules can be designed that have varying degrees of selectivity

to different G-quadruplex structures (253,256-258).  For example, cationic porphyrins

and sapphyrins have been shown to bind to and stabilize a number of different types of

G- quadruplexes (149,253,259,260).  In addition, together with its strong G-quadruplex

interaction with the human telomeric sequence, Telomestatin has been shown to interact
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Figure 4.16.  Proposed equilibrium between the multiple G-quadruplex structures formed
within the bcl-2 promoter region (red = anti conformation; yellow = syn conformation).
The G-quadruplex folding pattern is as determined by an NMR.  Reprinted with
permission from (120), Copyright © 2006 The American Chemical Society.
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with several other G-quadruplex structures (254,255,259).  Specifically, TMPyP4 and

Telomestatin are less discriminating compared to Se2SAP, which has been shown to

specifically stabilize one of the c-myc G-quadruplexes (253), as well as the parallel

stranded telomeric G-quadruplex structure (259).  Interestingly, in this study the two

cationic ligands demonstrated selective stabilization of two of the three G-quadruplex

structures formed within the bcl-2 promoter (Figure 4.12).  Telomestatin was less

selective being able to interact with all three G-quadruplex structures; however, it did

bind more avidly to the G-quadruplex formed by the MidG4 sequence of the bcl-2

promoter than to the other two G-quadruplexes (Figure 4.12).

Surprisingly, unlike the inhibitory effect of G-quadruplex-interactive agents on c-

myc gene expression, our preliminary studies in vivo showed that Telomestatin induced a

dose-dependent upregulation of bcl-2 gene expression in multiple cell lines (Figure 4.13).

These contrasting effects observed on c-myc and bcl-2 gene expression after treatment

with G-quadruplex-interactive agents may stem from the ability of these small molecules

to stabilize specific G-quadruplex structures formed within these two different promoter

regions and, thus inhibit specific transcriptional activators or repressors from properly

regulating gene expression.  Specifically, the putative Wilm’s tumor suppressor gene

product, WT1 protein, has been shown to bind to a site within the G-quadruplex-forming

region upstream of the bcl-2 P1 promoter (-1459 to –1467 in Figure 4.1) and to be a

negative regulator of bcl-2 gene transcription (237).  Therefore, the activation of bcl-2

transcription by Telomestatin may result from the inhibition of the WT1 protein binding

by the formation of a drug-stabilized G-quadruplex structure.  However, we cannot
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completely exclude the possibility of interaction of other transcription factors, such as

Sp1, Egr-1, and Ap1, since these transcriptional factors are also known to bind to the GC-

rich sequence of the mammalian bcl-2 proximal promoter region.  Figure 4.14 provides a

possible mechanism for the transcriptional modulation by the G-quadruplexes formed in

the bcl-2 promoter and Telomestatin.

Overall, the multiple G-quadruplex structures identified in the promoter region of

the bcl-2 gene are likely to play a similar role to that of the G-quadruplexes in the c-myc

promoter in which their formation could serve to modulate gene transcription, however,

the complexity of the G-quadruplex structures in the bcl-2 promoter is significantly

higher than in the case of the c-myc promoter.  The presence of different interchangeable

G-quadruplexes overlapping in the region of the G-rich strand is likely to be important

for the precise regulation of bcl-2 gene transcription.  Depending on which of the three

G-quadruplex structures is present in vivo, this will provide different binding sites for

transcriptional factors and/or drugs, which could lead to differential gene expression.

This is analogous to the genetic switch controlled by the interactive Cro and Repressor

proteins in the bacteriophage lambda, in which the operator region of one protein

overlaps with the others promoter region and thereby inhibits its transcription.  Therefore,

further insight into the structures and interconversion of different G-quadruplexes formed

in the bcl-2 promoter will be essential to fully deconvolute the complexity and the

biological role of bcl-2 promoter G-quadruplexes.
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CHAPTER 5

CONCLUSIONS

Unwound or non-B-form regions of DNA, termed paranemic structures by

Watson and Crick (245), have been shown repeatedly to be associated with either

activation or repression of transcription in eukaryotic genes (261).  However, the amount

of transcriptional control bestowed upon a single DNA regulatory region is derived from

both the DNA conformation and the specific factors available to interact with a given

sequence.  As demonstrated by the c-myc NHE III1 region (see Chapter 3), the capacity of

an individual segment of DNA to interact specifically with both single strand- and

duplex-dependent transcription factors suggests the notion of regulating gene expression

through a specific DNA conformational switch, which may perhaps be modulated by

protein binding (152).  With the research described herein, we provide proof of principle

that the formation and/or stabilization of distinct DNA conformations (i.e. G-quadruplex

structures) within regulatory regions of given genes can yield both activation and

repression of gene transcription.

The original rationale for the design of G-quadruplex-interactive molecules was

the inhibition of telomerase through the sequestration of the single-stranded telomeric

DNA as a G-quadruplex structure, which consequently eliminated the substrate required

for the reverse transcriptase activity of telomerase.  Although unrelated to the regulation

of gene expression, this example demonstrates how G-quadruplex structures are likely to

function as barriers to the binding of specific protein factors.  It is interesting to note that

the majority of the DNA fragments within gene promoter regions, which are capable of
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adopting G-quadruplex structures, are also comprised of a surplus of binding sites for

regulatory proteins.  Therefore, the propensity of G-quadruplex structures to increase or

decrease expression of a given gene is expected to be contingent upon the nature of these

specific proteins as either activators or repressors.  The data presented in this dissertation

gives credence to this concept by providing two specific examples of G-quadruplex-

forming sequences within two separate gene promoter regions (i.e. c-myc and bcl-2),

which are capable of inhibiting the binding of either a specific activator (NDPK-B) or

repressor (WT1) following the stabilization of the G-quadruplex within the same

sequence.  The consequence of this inhibition results in an opposite effect on gene

transcription, albeit repression of c-myc and activation of bcl-2.  Thus, we propose that

these unique DNA conformers offer an auxiliary means of regulating gene expression,

whereupon the stabilization of these structures by proteins or small molecules can render

the binding of specific transcription factors to their consensus binding sequences

ineffective.

In summary, we have evoked a general model, which is shown in Figure 5.1,

explaining how the stabilization of G-quadruplex structures by proteins and/or small

molecules can modulate gene transcription.  This model could also be applied to the

stabilization of other DNA conformations, such as i-motif structures.  In essence, the

transition from normal B-DNA to G-quadruplex formation most likely occurs through

contributions from specific protein factors or negative superhelical stress, which is

normally present throughout the genome.  Once formed, most G-quadruplex structures

exhibit high melting temperatures, thus there is a need for energy and/or the assistance of
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specific protein factors to resolve these thermodynamically favored structures.  A

pertinent example of such a requirement is shown in Chapter 3 in which NDPK-B

assumes the role of a remodeling protein in the transaction of the c-myc G-quadruplex

structure into single-stranded conformations.  On the other hand, the equilibrium shown

in Figure 5.1 can also be dramatically shifted to the right in the presence of G-quadruplex

stabilizing agents and/or G-quadruplex stabilizing proteins resulting in a constitutively

active or inactive promoter state, which is dependent on the nature of the regulatory

factors that bind to the given G-quadruplex-forming sequence.  In general, if the

mechanisms of how G-quadruplex-interactive agents modulate transcription are to be

elucidated, an obvious starting point is an understanding of the specific protein factors

that bind to the DNA segment of interest.
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Figure 5.1.  Theoretical model of how the formation and/or stabilization of G-quadruplex
structures within gene promoter regions can give rise to activation (i.e. c-myc) or
repression (i.e. bcl-2) of gene transcription.
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ABSTRACTS

Defining the role of NM23-H2 in transcriptional activation of c-myc and its
inhibition by G-quadruplex-interactive agents.

Thomas S. Dexheimer, Vijay Gokhale, Daekyu Sun, and Laurence H. Hurley. Presented
at the 2005 AACR-NCI-EORTC International Conference on Molecular Targets and
Cancer Therapeutics: Discovery, Biology, and Clinical Applications. Philadelphia, PA.

A model for how G-quadruplex-interactive agents inhibit the ability of NM23-H2 to
recognize and remodel the silencer element in the nuclease hypersensitive element III1
(NHE III1) of the c-myc promoter region, a process that results in transcriptional
activation, is provided in this contribution.  NM23-H2 has been identified as a
transcriptional regulator that binds to and cleaves DNA via covalent bond formation in
the NHE III1 region of the c-myc gene promoter.  We demonstrate that NM23-H2 retains
its DNA binding activity; however, it lacks detectable covalent attachment or nuclease
activity after additional purification of the protein utilizing a heparin column.  In
addition, gel shift and circular dichroism analysis of the DNA binding activity of NM23-
H2 to several oligonucleotides mimicking the NHE III1 region of the c-myc promoter,
including modifications in sequence, structure, and length, reveal selective binding to
single-stranded DNA.  This selectivity suggests that NM23-H2 recognizes the single-
stranded structures formed by the guanine-rich and cytosine-rich strands within the c-myc
silencer element.  The guanine-rich strand has been shown to adopt two different G-
quadruplex structures involving three G-tetrads, two single nucleotide double-chain-
reversal loops, and a central double-chain-reversal loop containing two or six nucleotides
as a result of either utilizing the four 3’-end G-tracts or the two 5’-end and two 3’-end G-
tracts, respectively, whereas the cytosine-rich strand can adopt an i-motif structure
consisting of intercalated, hemiprotonated cytosine-cytosine base pairs.  Potassium ions
and/or G-quadruplex-interactive agents, both of which stabilized the G-quadruplex
structures, have an inhibitory effect on NM23-H2 binding activity.  Furthermore, small
interfering RNA (siRNA) targeted to the NM23-H2 gene resulted in a 50% decrease in c-
myc transcription, while the addition of NM23-H2 to an in vitro transcription assay of a
luciferase reporter plasmid under the control of the c-myc promoter resulted in an
increase in transcription.  Together, these results implicate the involvement of NM23-H2
in the activation of c-myc transcription.  Significantly, this model provides a rationale for
how the stabilization of the G-quadruplex structures formed within the NHE III1 region of
the c-myc gene promoter inhibit NM23-H2 from activating c-myc gene expression.
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Evidence for G-quadruplex formation in the promoter region of the bcl-2 gene.

Thomas S. Dexheimer and Laurence H. Hurley. Presented at the 2005 Annual Meeting
of the American Association for Cancer Research. Anaheim, CA.

The bcl-2 (B-cell CLL/lymphoma 2) gene product is a mitochondrial membrane protein
that functions as an inhibitor of apoptosis and has been classified as a proto-oncogene.
Overexpression of bcl-2 has been reported in follicular lymphoma and most solid tumors,
including lung, breast, and prostate cancer.  The bcl-2 gene contains a highly GC-rich
region upstream of the P1 promoter and deletion or mutation of this region has been
shown to increase promoter activity by 2.1-fold and 2.6-fold, respectively.  This GC-rich
element is a 39-bp sequence containing seven polypurine (guanine) tracts separated by
one or more bases, which corresponds to the general motif capable of forming an
intramolecular G-quadruplex structure.  Initial studies revealed that incubation of the G-
rich strand of this element in 100mM K+ resulted in a band that runs anomalously on a
nondenaturing gel.  We further demonstrate, using DMS footprinting and polymerase
stop assays that the bcl-2 G-rich sequence can form three distinct G-quadruplex
structures, which are further stabilized by G-quadruplex-interactive agents, such as
TMPyP4, Se2SAP, and telomestatin.  Specific mutations within the G-tracts lead to the
disappearance of one or more of these G-quadruplexes formed within this region.
Comparative CD spectroscopy and DMS footprinting predict a core bcl-2 G-quadruplex
structure consisting of three stacked G-tetrads formed by at least two parallel G-stretches
connected through at least two double-chain-reversal loops.  Our collective results
suggest that the multiple G-quadruplex structures identified in the promoter region of the
bcl-2 gene are likely to play a similar role to the c-myc G-quadruplex in that their
formation could serve to modulate gene transcription.
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How NM23-H2 recognizes the silencer element in the c-myc promoter.

Thomas S. Dexheimer, Tiffanie J. Powell, Daekyu Sun, and Laurence H. Hurley.
Presented at the 2004 Annual Meeting of the American Association for Cancer Research.
Orlando, FL. Late Breaking Abstract.

A longstanding unsolved problem is how NM23-H2 transforms the silencer element in
the c-myc promoter to activate transcription.  The first insight into this process involving
specific recognition by NM23-H2 of six flipped-out adenines in the silencer element is
provided in this contribution.  NM23-H2 has been identified as a DNA binding protein
with high affinity for the nuclease hypersensitive element III1 (NHE III1) of the c-myc
gene and acts as a transcriptional activator of c-myc through the interaction with the same
element.  In addition, NM23-H2 has a nuclease activity that cleaves DNA site
specifically, presumably involving a covalent protein-DNA complex, supporting a model
in which NM23-H2 unfolds, realigns, and mediates the conversion of a silencer element
in the NHE III1 of the c-myc promoter region to one or more transcriptionally active
forms.  As an initial effort to elucidate the molecular mechanism of NM23-H2-mediated
transcriptional activation of c-myc, we have investigated how NM23-H2 interacts with
the silencer element in the NHE III1 of the c-myc promoter region by accurate mapping of
the six DNA cleavage sites by NM23-H2.  Incubation of NM23-H2 with a 47-mer duplex
containing the    c-myc NHE III1 region results in cleavage at the 3’-phosphate adjacent to
all adenines on the purine-rich strand, whereas cleavage occurs at the adjacent 5’-
phosphate of the adenines on the pyrimidine-rich strand.  When each of these adenines on
the purine-rich or pyrimidine-rich strand within the NHE III1 region is mutated to a
thymine, guanine, or cytosine, NM23-H2 cleavage activity at the mutated adenine is
knocked out and reduced at the two additional non-mutated adenines within the silencer
element.  Furthermore, the complementary mutation of thymine to adenine in unpaired
regions also results in a new NM23-H2-induced cleavage site.  Adenines mutated outside
of the NHE III1 region do not affect the cleavage pattern of NM23-H2.  We propose the
NHE III1 region folds into a misaligned duplex containing a parallel-type G-quadruplex
and a chair-type i-motif interrupted by a four-base-pair spacer element, where all six
adenines remain unpaired within these DNA secondary structures.  Fluorescence studies
using site specifically substituted 2-aminopurine for adenine confirm the presence of
unpaired or flipped-out adenines within this NHE III1 region.  Significantly, our data
suggests that the six unpaired adenines within this NHE III1 region are important for the
recognition, subsequent cleavage, and remodeling of the c-myc silencer element for
transcriptional activation by NM23-H2.
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How NM23-H2 transforms the paranemic silencer element of c-myc for
transcriptional activation by hnRNPK and CNBP.

Thomas S. Dexheimer, Daekyu Sun, Yong Qin, Vijay Gokhale, William R. Montfort,
and Laurence H. Hurley. Presented at the 2003 AACR-NCI-EORTC, International
Conference on Molecular Targets and Cancer Therapeutics: Discovery, Biology, and
Clinical Applications. Boston, MA.

A model, supported by experimental evidence, is presented for how NM23-H2 unfolds,
realigns, and prepares the silencer element in the NHE III1 of the c-MYC promoter
region for binding of the single-stranded DNA binding proteins hnRNPK and CNBP, a
process that indirectly results in transcriptional activation.  We have recently
demonstrated that the purine-rich strand of the silenced form of the NHE III1 of c-MYC
is a chair-form G-quadruplex structure.  Mutations that inactivate this silencer result in
overexpression of c-MYC and are found in 30% of colorectal tumor samples.  Incubation
of a 127-mer duplex containing this NHE III1 region in 100 mM K+ results in a band that
runs anomalously on a nondenaturing gel.  CD data suggests that both the purine- and
pyrimidines-rich strands adopt secondary DNA structures, most probably chair-type G-
quadruplex and i-motif structures.  These results allow us to propose how the NHE III1
folds into a misaligned duplex interrupted by a four-base-pair spacer element and the
chair-forms of a G-quadruplex and i-motif structure, where the 5´ runs of guanines and
cytosines constitute the spacer element.  This leaves two unpaired adenines on the purine-
rich strand and two unpaired cytosines on the pyrimidines-rich strand.  Upon addition of
NM23-H2, the phosphates 3´ to the unpaired bases, together with two additional discrete
phosphates, are proposed to undergo reversible covalent attachments to the six e-NH2
Lys12-active sites in hexameric NM23-H2, which then can be chemically converted to
strand cleavage products.  3´- and 5´-labeling of both strands demonstrated that the
chemically induced strand breakages are concurrent.  The successive covalent
adductation between the six Lys12-active sites and the phosphates results in unfolding of
the G-quadruplex and i-motif structures and concomitant disruption of the four-base-pair
spacer element.  Covalent reversal of the labile phosphoamidite linkages between the
protein and DNA is potentially fueled by the reannealing of base pairs on either side of
the looped-out regions.  The released purine and pyrimidine single-stranded regions are
then available for binding of the single-stranded binding proteins CNBP and hnRNPK
and subsequent c-MYC transcriptional activation.  Significantly, this model provides a
rationale for how the G-quadruplex-interactive drugs, which lower c-MYC gene
expression, inhibit NM23-H2-catalyzed unfolding of the chair-type G-quadruplex
structure.
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