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ABSTRACT OF DISSERTATION 

MECHANISM OF ACTION STUDIES ON THE FR-900482 CLASS OF ANTITUMOR 
ANTIBIOTICS 

The interactions of members of the FR-900482 class of antitumor antibiotic agents 

with DNA has been examined. Importantly, the first in vitro demonstration of nucleic acid 

interstrand cross-linking has been reported and the DNA base pair sequence specificity of 

the cross-linking event has been elucidated. These agents demonstrate a high degree of 

selectivity for 5'-CG-3' sequences of DNA. As such, bio-mechanistic analogy between 

these compounds and the clinically employed compound Mitomycin Chas been shown. 

Efforts have also examined extensively the ability of these agents to give rise to orientation 

isomers of each respective cross-link and their different properties. 

DNA-protein cross-linking by these agents has also been examined. A sequence-

specific DNA-peptide binding motif has been identified which undergoes drug-mediated 

DNA-protein cross-linking. This is the first reported instance of a mitosene based-minor 

groove DNA-protein cross-link event. Significantly, the motif examined is characteristic of 

tissues which bear striking similarity to those of cancerous cell lines. 
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Chapter 1- Introduction 

1.1. Ori2in & Biolo2ical Si2nificance 

The double helical structure of deoxyribonucleic acid (DNA) represents the richest 

source of information within a living organism. Importantly, its sequence codes not only 

for protein/enzyme synthesis via the process of translation, but it also codes for RNA 

synthesis, which, in light of the discovery of ribozymes, is likely to play a much larger 

cellular role than previously believed.1 Composed of the four nucleotides deoxyadenosine, 

deoxyguanosine, deoxycytidine, and deoxythymidine (dA, dG, dC, and dT respectively) 

DNA is a rather uniform structure when compared to proteins for which there are 20 amino 

acids to choose from upon translation. The vast majority of naturally occurring DNA is in 

the canonical B-form, consisting of the two polynucleotide strands wound about a common 

axis with a right-handed twist.2 The duplex is roughly 20 A in diameter with the two 

strands running antiparallel to each other.2 The core contains the nitrogenous bases while 

the sugar-phosphate chains occupy the periphery so as to minimize electrostatic repulsions 

between the two strands. 

Major groove Major groove 

Minor groove Minor groove 
R = deoxyribosyl linkage to DNA polymer 

Figure 1-1. Depiction of major and minor grooves within B-DNA as viewed from top to 
bottom of the duplex. Grooves are defined with respect to the glycosyl linkage of each 
base to its respective deoxyribose. See Figure 1-4 (page 8) for base numbering scheme. 
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Two hydrogen bonding motifs exist for DNA; the Watson and Crick model which 

is by far the most relevant in considering B-DNA duplexes; and the Hoogsteen motif 

which is favored under slightly acidic conditions (Fig. 1-2.). 3 Hoogsteen bonding also 

requires multi-valent cations in order to reduce electrostatic repulsions between the 

phosphate backbone of the Watson-Crick duplex and the negatively charged backbone of 

the "triplex" forming polypyrirnidine strand.3 
A. CH3 

__ ... o __ ~· 
H' YT'7 

/ N T N 
AT base pairing ~H N ,H/ '( 'R 

N •· 0 (( IA"_;{ 
N N 
I 

R 

B. CH 3 

R-N;={ _Q CH3 >= ·-. 0 ,1 ;r-N .. H ,, ..... y '7 
0 \ \ /H N N 

H, N / '( ' R 

;,NN~I "~r ····H o TAT base triplet Jl 
/ N 

R 

c+·GC 

Figure 1-2. (A) Watson-Crick A-T and G-C base pairs; and (B) Hoogsteen hydrogen 
bonding motif for pyrimidines bound in the major groove to the Watson-Crick bonded GC 
and AT pairs. 

Hydrogen bonding is crucial to the ability of the two strands to stay annealed to 

each other which, in turn , is critical for a host of macromolecular interactions necessary for 

the survival of the organism. Some such interactions involve the recognition of specific 

DNA duplex structures by proteins responsible for tumor suppression4, transcription 

activations , and DNA repair6, to name just a few. Equally important is the ability of the 

two strands to separate from one another. 

The necessity that DNA be able to undergo strand separation was first hinted at by 

Watson and Crick in the statement: "It has not escaped our notice that the specific pairing 

we have postulated immediately suggests a possible copying mechanism for the genetic 

material."7 Not long after their ground-breaking paper in which this comment appeared, 
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they did indeed demonstrate that one DNA strand could act as the template for synthesis of 

the complementary strand. 8 Since then a great deal has been learned about the intricacies of 

DNA replication. A host of different enzymes are involved and numerous functions must 

be performed. At its most rudimentary level of understanding ( and that most relevant to 

the issue of DNA interstrand cross-linking) DNA is replicated by DNA polymerases which 

utilize single-stranded DNA as a template upon which the complementary strand is 

synthesized.9 This synthesis is dictated by Watson-Crick base pairing of an incoming 

nucleotide with the template strand thus affording a new strand capable of annealing with 

the original template. Absolutely crucial is the progressive separation of the two parental 

strands leading to the synthesis of their complements yielding two semi-conservatively 

replicated "daughter" strands.10 The point at which parental strand separation occurs is 

referred to as the replication fork. The replication fork has held the interest of biologists 

and chemists alike in that its viability is critical to DNA replication. To block it is to halt 

replication thus inflicting a catastrophic event upon the organism. 11 

The vast majority of clinically employed alkylating agents behave as electrophilic 

traps for macromolecular nucleophiles. Such nucleophiles often include amino acids such 

as cysteine, lysine, tyrosine and threonine. Additionally, the nucleobases of DNA and 

RNA represent likely targets. It is often the case that bifunctional alkylating agents may 

give rise to a number of different lesions, including those depicted in Figure 1-3. 12 

Although knowledge of the biological consequences of such lesions is increasing, it is 

generally agreed that the formation of interstrand cross-links represents by far the most 

toxic of all alkylation events, since this results in seizure of the replication fork. 11 



HYDROLYZED 
MONOADDUCT 

OH 

4 

J.H-BONDED NUCLEOBASES 

"' ""' DNA SUGAR-PHOSPHATE 
"""" <== BACKBONE 

DOUBLE-STRANDED 
DNA 

+ A B 

Bl FUNCTIONAL 
ALKYLATING AGENT 

MONOADDUCT 

DNA-PROTEIN 
CROSS -LINK 

INTRASTRAND INTERSTRAND 
CROSS-LINK CROSS-LINK 

B 

INTERHELICAL 
CROSS-LINK 

DNA· BISALKYLATION ADDUCTS 

Figure 1-3. Mechanistic pathway for DNA functionalization by interstrand cross-linking 
agents. A and B represent electrophilic moeities within the compound of interest. 

That interstrand cross-links (ISCs) completely shut down replication has been 

demonstrated on several occasions. In 1969 Lawley et al. found that T7 phage were much 

less infective of an E. coli host after reaction with the sulfur mustard di-2-chloroethyl 

sulfide than by its monohalogenated analog.13 Phage inactivation occurred with an average 

of 7 monoalkylations per phage resulting in 1.3 equivalents of interstrand cross-link ( note 

that not all monoalkylations can result in cross-links due to geometric specificity 

constraints). However, utilizing the singly electrophilic mustard, a total of 280 alkylations 

per phage were required to achieve a similarly low level of infectivity. More recently, 

Patierno and Manning have demonstrated the DNA base-specific arrest of T7 DNA 

polymerase at sites of chromium mediated interstrand cross-linking. 14 Utilizing ascorbate 

reduction of hexavalent chromium to the trivalent state (5-60uM in Cr(Ill)) between 2-40 

chromium adducted sites were formed per 1000 nucleotides (nts .) of substrate DNA. Of 

these lesions 18.5 percent resulted in polymerase arrest. 
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Chromium binds not only the nucleobases, but also the phosphate backbone (giving 

rise to interhelical binding events). However, only the chromium bound bases were 

capable of polymerase arrest and of these, only the interstrand cross-link sites terminated 

polymerase activity, thus accounting for the 18.5 % "arrest ratio". 

DNA interstrand cross-linking agents comprise an extremely important class of 

clinical agents not onJy in the treatment of cancers, but also for diseases such as psoriasis, 

and various anemjas.15 Their ability to induce DNA-protein cross-links has also been 

exploited in molecular recognition studies aimed at understanding DNA-protein 

interactions.I le, 16 The importance of these agents and their biological activities has , in 

many cases, been known for several decades. For example, DNA-DNA interstrand and 

DNA-protein cross-linking was achieved in the early 1960's.17 However, the ability to 

elucidate the functionalities involved at the atomic level has been realized only recently, due 

largely to the advent of solid phase oligodeoxyribonucleotide (ODN) synthesis, and the 

discovery of restriction endonucleases. Arguably , the isolation of drug-DNA complexes 

following enzymatic digestion of large DNAs (bacterial plasmids, calf thymus, etc) 

represents an exception to this statement. However, the inherent instability and extremely 

low yields of many interstrand lesions has hampered characterization via this method. 

Additionally , the enzymatic digestion/isolation route has only provided information 

pertaining to the nucleotide-drug-nucleotide complex but not the influence of flanking 

sequences or tertiary structure of the target DNA. In this vein , solid phase ODN synthesis 

and exploitation of restriction endonucleases has allowed studies aimed at understanding 

the interactions necessary for interstrand cross-linking by many agents about which very 

little was previously known. This knowledge has been used to design more efficient 

and/or selective agents and has also allowed the design of cross-linking agents from the 

simple dimerization of DNA mono-alkylating agents. Triple helix formation has also been 

employed in the design of cross-linking agents vastly more discrimjnating in selectivity 

than the parental compound. Given this, it seems surprising that no reviews have appeared 
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in the literature pertaining to cross-linking agents . This chapter, in addition to providing 

some background regarding the significance of DNA interstrand cross-linking, seeks to 

provide a brief overview of compounds (or classes thereof) capable of DNA cross-linking. 

Particular emphasis has been placed upon the molecular recognition studies of the last ten 

years, a great deal of which has been possible for the reasons stated above. The four 

subsections cover; 1) Inherently labile compounds ; 2) Photoactivated agents; 3) 

Oxidatively activated cross-linkers; and 4) Reductively activated agents. Numerous 

compounds reviewed are structurally similar to those in subsection 1.2. but have been 

modified to fall into one of the other three subsections. In many cases this was done in 

order to increase the clinical utility of the parent compound. 
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1.2. INHERENTLY REACTIVE AGENTS 

1.2.1. The Nitroeen Mustards 

The nitrogen mustards represent the earliest and perhaps most extensively studied 

of the DNA interstrand cross-linking agents . 11 b Despite their long history , 

mechlorethamine 1 and chlorambucil 2 are two of the most heavily employed clinical anti-

cancer agents in use today .18 Along with a number of other mustard based structures (3-

5) , their high degree of cytotoxicity is attributed to their ability to induce DNA interstrand 

cross-links thereby inhibiting replication. In the case of mechlorethamine, this was 

originally inferred from the anomalously fast renaturation kinetics of mustard treated 

DNA.17a Though these compounds have been studied and clinically exploited for over 30 

years, they still provide an area of extremely intense and progressive investigation. 

o Cl 
II 

HO-P-N 
I '------NH2 Cl 

5 

The site specificity of the mustards was originally assigned as being the 5'-GC-3' 

sequence within canonical B-form DNA. This was based on the isolation of the lesion 6 in 

which two guanine residues are bridged via their respecitve N7 atoms by one 

mechlorethamine derived penty lene chain .19 The original isolation involved reaction of 

mechlorethamine 1 with the simple monomer GMP (guanosine monophosphate), and was 

soon followed by experiments involving isolation from mechlorethamine treated yeast 

RNA.20 
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From the RNA experiments it was postulated that 6 was the result of interstrand 

bis-alkylation at the sequence 5'-GC-3'. Assumed to be a uni-molecular reaction with 

respect to the mustard, this assignment was later substantiated by the molecular modeling 

studies of Lewensohn et al. for a closely related compound.21 These studies strongly 

suggested the ideal N7 to N7 distance match of 5'-GC-3 ' for cross-linking by 

mechlorethamine within the interstrand motif. On these grounds alone the mechanistic 

origin of 6 was assigned as being interstrand, although in fact, the possibility of interhelical 

or intrastrand interactions could not be unambiguously dismissed. 
0 NH2 

7N~ 1 7N 5 1 
8 (( Jl.~~ NH 8 (( I "N 

9
1
N 4 N4NH2 9Nf NJ2 

R 3 R 3 
deoxyguanosine (dG) 

NH2 
3 N~5 

O+NJ6 
I 1 

R 
deoxycytosine (dC) 

deoxyadenosine (dA) 

0 31CH3 HN I 5 O+N 6 
I 1 
R 

deoxythymidine (dT) 

Figure 1-4. Deoxynucleotide numbering system where R = deoxyribose. 

The early 1990's represented a time of intense study in the area of molecular 

recognition by the nitrogen mustards. The Grueneberg and Hopkins groups independently 

reported that the distal deoxyguanosines of 5'-GNC-3' (N= dA,dG,dC, or dT) are cross-

linked much more efficiently by 1 than is 5'-GC-3'.22 This discovery revealed the true 

sequence selectivity of the mustards and in doing so, pointed out an important dilemma 

pertaining to the mechanism of ISC formation by the mustards. 

The nitrogen mustards covalently cross-link DNA via a sequence of aziridinium (7) 

formation followed by alkylation (to afford 8) and then presumed repetition of the cycle to 

ultimately afford bis-alkylated material (10).23 



Route A- Monomeric-activation 

Route B- Dlmerizatlon c H3 
I 

c1/"v'~.'-/\ l 
H3C I NH 

\ \ A .t:r·•'' '\. J N NANH 
Cl~(±)~ I 2 

..._____,, R 
7 8 

9 

Mono-adduct 

N-7 to N-7 lnterstrsnd 
cross-link 

:<: ? H3 
H2N 1~ O Q H 0 ) '-'~N(±) N 

- _\ N N;:::-\ \ 0 // H3c )'~)Co 11 '° H3C ~vNH2 

H ~\ Cl I NH N_!/ © \..... N~.....N N 
/) \ I ---- I W""vl L (±) 'L..N 

H:tJ N ~: / N~NH2 R l \ 
R R H~ 13 Cl R 

12 
N-7 to N-7 lnterstrsnd 
cross-link- dlmerlc 

Figure 1-5. Proposed Mechanisms of DNA-DNA interstrand cross-link formation by 
mechlorethamine 1. 

Molecular modeling of the unstrained pentylene tether resulting from such a 

mechanism suggests a "greatest" distance of 5.1 A.20 Given that the planes occupied by 

adjacent base pairs within canonical B-DNA are separated by roughly 3.4 A, to span three 

bases (as in 5'-GNC-3') would require a minimum possible distance (assuming a single 

perpendicular line) of 6.8 A.20 This, in conjunction with the fact that 6 had never been 

unambiguously shown to arise from interstrand linking, led to conjecture involving 

dimerization of 1 enroute to the 5'-GNC-3' cross-link. Such a lesion would easily account 

for this specificity and would result in minimal perturbation of the B-DNA target structure. 



10 

In 1993 the Hopkins group presented results which refuted the possibility of such a 

dimerization manifold enroute to cross-linking by 1.23 Utilizing ODN duplexes of 

differing sizes, it was found that 1 was incapable of interhelical cross-linking as judged by 

the absence of "crossed" adducts in reactions involving multiple DNA substrates. More 

importantly, the isolation and characterization of 6 was repeated using ODNs in which 

predominant cross-linking was relegated to 5'-GNC-3' thus fortifying the monomeric 

cross-linking route depicted in Figure 1-5. That this was the sole lesion isolated strongly 

suggested the inoperability of mechlorethamine dimerization involved in ISC generation. 

Furthermore, the correlation of 6 with the 5'-GNC-3' cross-link points out that the 

nitrogen mustards likely induce a high degree of structural distortion to their DNA targets. 

In doing so, the mustards represent a unique departure from most DNA reactive agents 

whose base pair selectivities are dictated largely by minimization of target distortions. This 

phenomenon will likely account for investigations into the DNA repair pathways necessary 

to repair mustard induced cross-links. Additionally, while the nature of this distortion is 

not currently known, it is likely to exert considerable influence upon DNA:protein 

interactions within the vicinity of the cross-link. This is anticipated to provide valuable 

information pertaining to the cytotoxicity of these and other DNA reactive agents. 

Despite their clinical importance, the usefulness of many DNA-modifying drugs is 

often limited by a number of pharmacological deficiencies resulting from the reactivity of 

the agent. Low affinity for the target molecule of interest (in this case DNA) and rapid 

quenching via hydrolysis prior to DNA alkylation or hydrolysis of the monoadduct, place 

severe restrictions on the potential utility of DNA reactive agents. Efforts to increase the 

target affinity of the mustards have produced a number of successes and continue to 

provide an area of intense interest. 

Utilizing the reactivity of chlorambucil 2, triple helix approaches to genome-

specific cross-linking have been examined. Kutyavin et al. have shown that the 

polypyrimidine ODN 5'-CTTTCCTTCTCTTTTCCCC-3' tethered at either the 3' or 5' end 



11 

with 2, was capable of covalently linking the synthetic ODN to one strand of the target 

duplex or the other.24 Interstrand cross-linking of the target duplex was seen only in the 

case where both 5' and 3' ends of the ODN bore the mustard 2. 

I 3 I TITA'.1-~'""":--~'----.lV"'rTTTTTL. _,_.,,....,....,.....-rv-rrr..-.-rTTV"V....,...,.........,,....d .......,! rrv-v-,.,.,...,.,. 5' 

5' xCITIC'CICICTITI, 
3' 

Figure 1-6. Histogram of observed base labile lesion formation for ODN-2 conjugate 
upon reaction with the strand I/IT Watson-Crick duplex. 

That no interstrand cross-link was observed for a mono-functionalized ODN is 

directly related to the absence of 5'-GNC-3' within the vicinity of either end of the 

functionalized polypyrimidine ODN. Strand II proximal to Y does bear 5'-GNC-3', 

however, the aminohexyl moiety employed to tether 2 places the mustard too far away for 

"normal" interstrand cross-linking to occur. The lesions derived from either mono or bis-

alkylation were attributable to N7 alkylation on one of several possible dG residues 

proximal to the 3' or 5' ODN terminus , as depicted by the histogram resulting from 

piperidine treatment of the alkylation adducts. Chlorambucil functionalization at the ODN 

3' end gives rise to base labile alkylations on both sides of the Watson-Crick duplex. 

Major cleavage sites are seen in strand I while minor cleavage is detected on strand II. This 

is most likely due to a high degree of flexibility imparted by the aminohexyl linker upon the 

ODN-mustard conjugate allowing 2 to inflict DNA damage by folding back over to the 5' 

side of the ODN-2 connection. 

In a much simpler vein, Cohen et al. synthesized the chorambucil-spermidine 

conjugate 14 in hopes that under physiological pH, the polycationic spermidine chain 

would associate with the duplex DNA target thus increasing the target affinity of the 

chlorambucil moiety. 25 Additionally, the observation that many cancer cell lines possess 

polyamine uptake systems made the choice of spermine or spermidine conjugation an 

attractive means of enhancing in vivo drug delivery.26 In fact, what was observed was a 
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much greater efficiency of interstrand cross-linking (in vitro) by 14 versus the parent 

compound 2 although biological activity profiles (in vivo) revealed poor cellular uptake of 

the conjugate. In similar efforts, Stark and Meadows devised the slightly altered conjugate 

15 which also demonstrated unexpectedly low cytotoxicity against BL6 melanoma cells 

and equally poor polyamine uptake.27 

/j Cl 
) NH2 - r-1 

H~~N 
12 (A-Q-N Cl A._3 'L!I \__J 

N 0 
H 

14 

In addition to increasing drug-to-target affinity by attachment to potential hydrogen 

bonding groups or cationic matrices, the appending of DNA intercalating groups has also 

been examined. By tethering an intercalating chromophore to the drug of interest, drug 

affinity for the DNA substrate is considerably increased via the 1t-stacking interactions of 

the nucleobases with the attached chromophore. Prakash and co-workers have recently 

demonstrated this approach by conjugation of aniline mustards to a number of quinazoline 

and 9-aminoacridine chromophores (16-18).28 

16 17 18 

In all cases, the tethered mustards resulted in a much greater degree of 

monoalkylation than that seen with the untethered analogs. On average, only one cross-

link was observed per 20 monoalkylation events. This rate of cross-linking closely 

parallels that of the native mustards and represented a rather disappointing result. It was 

believed that by increasing the inductive electron density of the aniline, facilitation of both 

DNA alkylation events would ensue. This was not the case with interstrand bis-alkylation, 

but to some extent this was in fact observed with the initial monoalkylation. Substitution 
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para to the mustard resulted in the following order of reactivity ; 17 > 18> thioether analog 

of 18 > sulfoxide analog of 18. In fact, the sulfoxide (S02) analog of 18 yielded no 

discernible DNA-drug adducts. Of 17, 18, and the thioether analog of 18, the thioether 

was found considerably less efficient at in vitro interstrand cross-linking than were 17 and 

18 and in vivo activity was much lower as well. It is noteworthy that these three tethered 

compounds showed much higher cytotoxicity values than the untargeted mustards. Drugs 

bearing the core structure of either 17 or 18 (n was variable from 2 to 5) were much more 

potent (optimal dose of 20-30mg/kg) than was the aniline mustard chlorambucil 2 (optimal 

dose 225mg/kg) or any other untethered mustards. On the other hand, the thioether and 

sulfoxide congeners of 18 showed weak in vivo activity. 

The Prakash study also investigated the differential alkylation studies of structures 

17 and 18 from the perspective of tether length (n) alteration and its influence upon DNA 

base selectivity.28 These studies, in conjunction with evaluation of the quinazoline 16, 

revealed that the aminoacridine-mustard conjugates were capable of adenine alkylation. 

This work represented the first demonstration of adenine alkylation by any of the nitrogen 

mustards. Experimental work in addition to evaluation of CPK models indicated that use 

of short tethers (3-4 atoms total) induced a degree of rigidity to the conjugate. This rigidity 

orients the mustard group at right angles to the acridine plane thereby placing the 

electrophilic mustard in line with the guanosine N7 of the sequence 5'-GTA-3' (preferred 

monoalkylation site). Use of longer tethers, however removes this rigidity thus giving rise 

to the observed adenine N7 alkylation on the complementary strand (3'-CAT-5'). Later 

studies by Denny et. al. in 1994 revealed that the lesion previously assigned as adenine N7 

by the Prakash group was in fact not N7 but rather adenine Nl _29 Utilizing a "singly-

armed" (only one chloroethyl group on the aniline nitrogen) version of compound 18 (with 

n = 5) it was demonstrated that connectivity to adenine Nl (demonstrating the first example 

of any agent that selectively alklylates this position) , was formed in greater than 90% yield. 

This amazing selectivity is proposed to result from acridine intercalation with concomitant 
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projection of the mustard-acridine tether into the major groove thus giving rise to base pair 

distortions. Such distortions would likely result in increased access to the normally 

hydrogen-bonded/deactivated adenine N1 adjacent to the site of intercalation. From these 

efforts it becomes clear that initiatives to increase drug:DNA affinity often provide 

frameworks upon which to design and construct new drugs of higher efficacy or altered 

selectivity. Although no examples have appeared in the literature, it seems likely that the 

targeting of new DNA sequences by the aminoacridine-mustard conjugates offers fertile 

ground for research and will no doubt increase the utility of the nitrogen mustards. 

1.2.2. CHLOROETHYLATING AGENTS 

The majority of DNA interstrand cross-linking agents give rise to lesions which 

bear a distinct structural similarity to the DNA reactive starting material (ie- the cross-

linking agent). One such example is that of interstrand cross-linking by mitomycin C in 

which the cross-link bears the indoloquinone core of the original starting materiaI.30 

However, some instances do exist in which the cross-linking agent undergoes dramatic 

O OCONH2 
H~ , H3 

H:,C NH 
0 

H~%O dG 
1) Reductive activation I I .,, d G 
2) oxidation H:,C N 
3) Snake Venom Phosphodiesterase o N H2 

MC + DNA 

Figure 1-7. Generic scheme for DNA cross-linking by reductively activated Mitomycin 
C (MC). Note that ISC lesion retains the majority of the mitomycin core structure. 

decomposition or metabolism thereby releasing the active cross-linking agent (now 

representing only a fraction of the starting material's structure). The lesions generated are 

often very simple in structure and bear little similarity to the transient parent compound. 

Examples include the nitrosoureas, triazenes, and the alkylsulfonates. 
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1.2.2.1. Nitrosoureas 

Chloroethylnitrosoureas (CENU's) are clinical antineoplastic agents employed 

specifically in the treatment of brain tumors. 31 Although these agents are capable of 

inducing numerous alkylation adducts (Figure 1-8), it is the formation of an ethane linkage 

between the Nl of deoxyguanosine and the N3 of its base pairing partner deoxycytosine 

which gives rise to the critical interstrand cross-link.32 The generally accepted mechanism 

by which these agents decompose in aqueous solution to generate the chloroethyl and 

hydroxyethyl nucleotides shown below is depicted by Figure 1-9.33 
Cl1 

Cl~ O 1._0 HO~ O 

0tY'~H t:CN 0;JC~H 
N JLN~ N ~-L N N.;,_ NH N N~ NH:! 
I '~ I 2 / 

R R R 

N7-CI-Et-dG O6-CI-Et-dG N7-OH-Et-dG 

Figure 1-8. Commonly observed adducts resulting from CENU treatments of double-
stranded DNA.34 

Mechanistic uncertainties involve the formation of the active chloroethylating moiety 

and that of the Q6 to N1 chloroethyl group shift (22 to 24) depicted in Figure l-9_32c The 

importance of a chloronium ion in monoalkylation of deoxyguanosine 0 6 has been implied 

though never demonstrated experimentally_32b Alternatively, one may envision the direct 

SN2 attack shown in Figure 1-9 resulting in loss of N2 and water. 
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/ 2) 21 

/ CHLOROETHYLATION ROUTE 
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24 

DNA hydroxyethylation 
adducts 

Tautomeric forms of CNU induced dC-dG interstrand cross-link 

Figure 1-9. Mechanism of chloroethylnitrosourea decomposition resulting in dC-dG 
interstrand cross-link. 

The interstrand lesion had the structure shown in Figure 1-9. However, the 

questionable reactivity of dG N1 (and amide nitrogens in general) led Kohn et al. to 

propose that dG chloroethylation proceeds via initial 0 6 chloroethylation followed by 

rearrangement to the N1 alkylated materiaJ.35 This was substantiated by studies involving 

the DNA repair enzyme Q6-methylguanine-DNA methyltransferase.36 Known to remove 

substituted ethyl groups from dG Q6 and dT 0 4, this enzyme was incapable of CNU 

cross-link reversal. However, when included in the cross-link reaction, the enzyme 

completely shut down cross-link formation. In earlier support of this, Kohn et al. had 

demonstrated that in mammalian cell lines possessing reduced capacity to repair 0 6 

alkylguanosine, CNU induced cross-linking was observed at much higher levels than in 

normal cells.37 This phenomenon has also been demonstrated more recently by the Gold 

group.38 Utilizing conjugates of the general form 26, they found that chloronitrosourea 

induced cross-links were formed preferentially in 9L cell lines lacking 06 methyltransferase 
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activity versus those which possess normal levels of the DNA repau enzyme. 

Interestingly, tethering of CNU to the minor groove binding peptide shown in 26 resulted 

in a decreased level of cross-link formation over that of the untethered CNU. Mismatching 

of the CNU (major groove alkylator) and the polypyrrole peptide (minor groove binding at 

dA rich sites) results in the formation of a new minor groove alkylation (at adenine N3) at 

the expense of major groove alkylation (required enroute to dG-dC cross-linking). That 

adenine N3 alkylation does not give rise to any of the DNA cross-links observed with 26 

has been inferred but not unambiguously demonstrated. As with the acridine tethered 

aniline mustards, attempts to simply increase target-drug affinities resulted in the 

inadvertant design of a new alkylation specificity. Although demonstration of adenine-

dependent cross-linking by 26 or related analogs has not yet appeared, this represents a 

potentially fruitful area for study. 

26 

1.2.2.3. Triazenes 

The chemical decomposition of the 1,3-dialkyl-3-acyltriazenes has received a great 

deal of attention owing to the biological activity of the degradation products involved. 

These compounds result in the transfer of the N 1 and N3 alkyl groups to the the reactive 

deoxyguanosine N7 and Q 6 positions.39 Two degradative routes have been demonstrated 

(Figure 1-10).40 Immediate deacylation followed by tautomerization resulting in transfer of 

the N3 alkyl group represents the minor pathway while heterolytic scission of the N2-to-N3 

bond results in generation of the alkanediazonium. Generation of the diazonium followed 

by DNA alkylation or hydrolysis (also giving rise to dG adducts) ensues and completes the 

major pathway of triazene decomposition. In the case where the Nl alkyl group is 
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chloroethyl, quenching of the diazonium yields chloroethylation at either dG N7 or 0 6. As 

with the nitrosoureas, Q6 chloroethylation ultimately gives rise to the dG - dC interstrand 

cross-link while the N7 event may result in the dG-dG intrastrand lesion should there be 

another deoxyguanosine proximal to the initial N7 lesion.41 

H H 

Deacy1ation 
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Cl~ ''N"'' 'cH3 Cl~0N'1/ 'CH3 
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N 7- Chloroethylguanosine 
dG - dG intrastrand precursor? 

+ 

G O 6- Chloroethylguanosine 

ldC- dG INTERSTRAND CROSS-LJN1 

Hydrolysis 
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N 7 - Hydroxyethylguanosine 

+ 
0 6- Hydroxyethylguanosine 

N 7-Methylguanosine 
+ 

O 6-Methylguanosine 

+ N2 + Cl 
............... NH2 

Figure 1-10. Degradation of 1,3-dialkyl-3-acyltriazenes to afford DNA alkylation 
adducts. 

Kroeger Smith et al. have recently shown that a high degree of control over the 

deacylation route may be obtained by using an N3 attached acyl group bearing a terminal 

methyl ester.42 Enzymatic conversion of the ester to the corresponding acid allows 

cyclization followed by release of the N3 methyl triazene which may then result in 

guanosine alkylation by either the major and to a lesser extent, the minor pathway shown in 

Figure 1-10. 

Using a similar strategy of acyl group functionalization on N3 of the triazene, 

Schmidt and co-workers selectively targeted gastrin receptor (GR) expressing tumor 

cells .43 GR is expressed in a number of human cancers (one example being colon 

adenocarcinoma) and a critical factor in the recognition of gastrointestinal peptides by this 

receptor is the C-terminus sequence Trp-Met-Asp-Phe amide. Using the conjugate N-[3-

benzyl-3-(carboxy-propanoyl)-1-(2-chloroethyl)triazene]-P-Ala-Trp-Met-Asp-Phe amide, 
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cytotoxicity was directed selectively at the gastric AR42J cancer cells. A549 human lung 

cancer cells (not capable of GR expression) were completely unaffected by the conjugate.43 

ESTERAS~ 

33 

$~ 
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+ CH3 
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DNA INTERSTRAND 
CROSS-LIKING 

Figure 1- 11. Enzymatic activation of triazene decomposition enroute to DNA 
interstrand cross-linking. 

Based upon the proposed ring cleavage of the cyclic triazenes under physiological 

conditions, the cyclic triazenylirnidazoles have prompted investigation and have been found 

to closely resemble acyclic triazenes in their DNA cross-linking ability. Representative of 

the cyclic triazenylirnidazoles, mitozolomide 38 (Figure 1-12) is simply a prodrug of 5-(3-

(2-chloroethyl)-1-triazenyl]irnidazole-4-carboxarnide 41 (MCTIC).44a 

42 

j hyd,oiy,;, 

N 
H ---./'cl 

44 

NI-½ 
0
~"'"NJ---./'c1 

~Nr(OH 
0 «> 

+ 

CHLOROETHYLATING SPECIES 

Figure 1-12. Mitozolomide decomposition pathway. 
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Despite enhanced stability relative to MCTIC (and thus less reactive towards cross-

linking), mitozolomide has proven extremely effective against TLX5 lymphoma, B 16 

melanoma, colon 26, colon 38 and L1210 leukemia (resistant to cyclophosphoramide) cell 

lines.44b Indeed a number of very promising DNA cross-linking agents have been 

designed with the general structure of mitozolomide in mind, all of which operate upon the 

basic mechanism of chloroethylation to afford dC-dG cross-links. 

1.2.2.3. Alkyl sulfonates 

As stated earlier, the correlation between biomolecule alkylation and therapeutically 

useful agents relies heavily on the electrophilicity of those agents. This realization was 

brought about no doubt by the nitrogen mustards and was the impetus for the study of 

alkyl sulfonates. Particular emphasis was originally placed upon the potential DNA cross-

linking ability of the "homo-bifunctional" sulfonates many of which consisted of 

sulfonylated cyclic or acyclic alkanes.45 Many of these 

agents are active against numerous cancer cell lines, 

though the exact mechanisms by which they effect 

cytotoxic action has not been thoroughly elucidated.46 

Busulfan 45a and its related congeners 4Sb,d-f represent 

the only di-sulfonyl compounds shown conclusively to 

0 0 
H3C-S-O_/'"'H \ O-S-CH3 8 % 8 

45 

a: n = 4, Busulfan 
b: n =1 
c: n = 2 
d: n = 9 
e: n = 8 
f: n = 6 

effect ISC formation.47 Characterization of the lesion obtained from busulfan treated DNA 

has revealed the generation of 1,4-bis-(7-guanyl)butane as well as, 7-(4-hydroxy-

butyl)guanosine upon hydrolysis of the modified DNA.47 

Concomitant with the development of the bis-(methanesulfonates), monosulfonic 

agents were examined as a means of chloroethyl introduction into DNA. The 2-chloroethyl 

methane-sulfonates received considerable attention but were fraught with low activities in 

the tumor cell lines chosen. So too were the vast majority of 2-chloroethyl alkene/arene 

sulfonates examined. The next generation of sulfonates afforded vast improvements in 

activity against leukemia P388 cell lines over that seen with the 2-chloroethyl 
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methanesulfonates. These agents,the 2-chloroethyl chloroethane-sulfonates in tum, gave 

rise to the development of 2-chloroethyl-(methyl-sulfonyl)-methanesulfonate 

(clomesone,46). Studies by the Kohn, Pegg, and Smith groups have confirmed that 46 

does, in fact chloroethylate dG N1 (via Q6 transfer as per Figure 1-9) enroute to formation 

of the anticipated dC-dG interstrand cross-link.32b,48 Some differences regarding general 

reactivity patterns exist between 46 (the most prevalent 

of the sulfonate chloroethylating agents) and the 

chloronitrosoureas and triazenes. Firstly, 46 is much 

more selective in its DNA specificity. The vastly 

predominant product from reaction of calf thymus 

46, clomesone 

DNA with 46 is N7-chloroethylguanosine whereas both the triazenes and nitrosoureas 

produce a wide array of adducts (many incapable of interstrand cross-linking) as shown in 

Figure 1-8.49a Additionally, 46 , (and all the alkyl sulfonates in general) is devoid of 

carbamoylation activity (a common side reaction seen in chloronitrosourea treated proteins), 

this being a route leading to non-selective toxicities resulting in the therapeutically 

unproductive consumption of drug.49b The chloroethylsulfonates (specifically 46-based 

structures) thus represent the most efficient of the chloroethylating agents owing largely to 

the specificity of alkylation. 

1.2.3. EPOXIDE-CONTAINING AGENTS 

It has been realized for a long time that epoxides represent potent DNA alkylating 

moieties. This reactivity has been demonstrated most vividly by the benzo [a]pyrenes 

which, in mammals undergo oxidative metabolism to the four stereoisomers 47-50 of the 

carcinogenic 7 ,8-dihydroxy-9 , 10-epoxy-7 ,8,9, 10-tetrahydrobenzo[a]-pyrene BPDE. 

Bearing the activated benzylic epoxide, these compounds are highly reactive towards DNA 

forming numerous adducts; the predominant ones (both in vivo and in vitro) resulting from 
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epoxide opening and subsequent connection of the bulky BPDE C-10 to DNA via the 

exocyclic amine N2 of deoxyguanosine. 50 Surprisingly, only the ( + )-anti-BPDE dG 

lesion results in carcinogenic/ mutagenic cellular events while alkylation of the other 

stereoisomers has comparatively little biological significance.51 

OH 

47 
(+)-anti-BPDE 

DNA 

OH 
51 

(+)-trans-anti-BPDE-N2-dG 

The lesion 51 blocks RNA52 and DNA53 polymerases and very recently has been 

shown to inhibit the DNA helicase activity (necessary for replication) of the bacteriophage 

T7 gene 4 protein in addition to blocking dNTPase activities as welJ.54 

The in vivo generation of epoxides via cytochrome P-450 oxidation is a common 

theme in epoxide biochemistry; prime examples being the oxidative activation of aflatoxin B 

alkylation. shown below55 , and the conversion of glycidyl ethers to glycidaldehyde.56 

Much simpler epoxides (not resulting from metabolic activation) are also capable of DNA 

Examples include propylene oxide57, styrene oxide and trichloropropylene oxide.58 The 

DNA residues most susceptible to alkylation by these agents include dG N7, dA N6, and 
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dC N3. It is noteworthy that most examples of DNA modifying epoxides result only in 

monoalkylation adducts. Even more interesting is that review of the literature reveals little 

52 
Aflatoxin 81 

DNA 

[ox) 

53 

54 

Figure 1-13. Oxidative activation of aflatoxin B 1 and ensuing reaction with 
deoxyguanosine. 

or no mechanistic detail pertaining to the mechanism of action of the few known epoxide 

cross-linking agents. One case in point is glycidaldehyde 55. Although it is often reported 

as a DNA cross-linking agent59c, no structure elucidation (of the ISC lesion) 

has been achieved nor has there even been a DNA sequence assignment for 

its preferred ISC site. Its reactions with dA and dG have been thoroughly 

studied but data pertaining to any interstrand events of importance has been 

0 

~CHO 
55 

extremely elusive.59 Given this, glycidaldehyde will not be discussed in this chapter 

though the interested reader is referred to reference 59 for insight into it's ring extension 

reactions (analogous to chloroacetaldehyde) with dA and dG and the importance of 55 in 

probing DNA structure perturbations. 

1.2.3.1. Diepoxybutane 

Diepoxybutane (DEB,56) is the simplest of the epoxide cross-linking agents and 

the first epoxide to be reported as carcinogenic.60 Lawley and Brookes proposed that DEB 

behaves similarly in its cross-linking behavior to the N-mustards.61 This was based upon 

the 1967 isolation of the diol 57 implicating two dG N7 residues as those responsible for 

the interstrand event.61 As with the mustards, the original supposition was that 5'-GC-3' 
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was the preferred DNA sequence targeted by DEB. More recently, Millard and White have 

shown using synthetic ODN's of varying sequences that indeed, the preferred sequence for 

cross-linking by DEB is 5'-GNC-3' thus refuting the proposal put forth by Lawley and 

Brooks.62 

Interesting to note is that diepoxybutane (DEB), unlike the nitrogen mustards, 

cross-links a number of different sequences, the order of reactivity being 5'-GGCC-3' 

>>TGCA, TCGA >CCGG >TATA with the 5'-GNC-3' (ie.- 5'-GGCC-3') predominating 

over the next reactive sequence by 4-fold. Piperidine cleavage of cross-linked material 

confirmed N7 base-labile alkylation at both dG residues involved in the cross-link. This 

finding refutes the original 5'-GC-3' specificity assignment but more surprisingly points 

out a discrepency pertaining to the molecular distances available within B-form DNA. As 

discussed previously with the N-mustards, the N7-to-N7 distance within the targeted 5'-

GNC-3' sequence of B-DNA greatly exceeds that which can be spanned by the cross-

linking agent. A best case scenario dictates that 6.8 A separates the N7 moieties (assuming 

retention of base stacking interactions) while the minimized pentylene chain of 

mechlorethamine affords a distance of only 5.1 A between the terminal electrophilic sites. 

The DEB case is even shorter in that it lacks the central nitrogen present with 

mechlorethamine and all the N-mustards . Thus , the target 5'-GNC-3' must substantially 

distort in order to accomodate the DEB induced cross-link. How this occurs and the 

implications with respect to subsequent DNA-protein (repair?) interactions has yet to be 

addressed and most certainly represents an area of interest with respect to molecular 

recognition of small molecules and the different forms (B-DNA and otherwise) of DNA. 
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1.2.3.2. Carzinophilin/ Azinomycin B 

Considerably more complex than any other epoxide cross-linking agent 

carzinophilin (58, also called azinomycin B) possesses not only the labile epoxide, but also 

bears the novel bicyclic aziridinopyrolidine in conjugation with the C6 amide. Isolated from 

broths of Streptomyces sahachiroi this potent antitumor antibiotic was recently shown to be 

identical in structure to azinomycin B which is isolated from Streptmyces griseofuscus 

S42227.63 

HO 

58, Carzinophilin / Azinomycin B 

To date, the only mechanism of action studies have been carried out by the 

Armstrong group. It has been determined that DNA cross-linking specificity is for 5'-

GNC-3' and 5'-GNT-3' in which the N7 moieties of two deoxyguanosines (in the case 5'-

GNC-3') or the N7 of one deoxyguanosine and the N7 of the neighboring deoxyadenosine 

(the 5'-GNT-3' case) are alkylated.64 These assignments were derived from examination 

of piperidine labile sites of cleavage, as well as the use of ODN substrates bearing the 

modified bases deoxyinosine and 7-deazaguanosine in probing the effects of functional 

group deletions on cross-linking efficiency. Additionally, treatment of cross-linked 

substrates with the chemical nuclease reagent (1, 10-phenanthroline) copper was used to 

confirm connectivity assignments derived from the piperidine reactions. 
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The alkylation sites on DNA have been assigned, but no assignments regarding 

drug connectivities have been reported. Terashima et al. have recently reported the 

generation of ring opened structures 62 and 63 upon treatment of synthetic intermediate 61 

with thiophenol and triethylamine at room temperature.65 This transformation is consistent 

with the anticipated }ability of the epoxide and aziridine rings of the natural product and has 

prompted the mechanism of action proposed by Terashima depicted in Figure 1-14. 

Particularly susceptible to ring-opening is the aziridine, given the preponderance of 62 over 

63 in cases where reaction times were shortened. From this it is anticipated that 63 is 
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derived by way of 62 and thus aziridine cleavage gives rise to the initial monoadduct 

enroute to interstrand cross-linking. This is further supported by the conversion of 

aziridine 64 to the ring-opened adducts 65a-c under extremely mild conditions via 

nucleophilic attack of the aziridine ClO position. Further, in vitro cytotoxicity assays 

against P388 murine leukemia utilizing 61, 62 and 63 demonstrated prominent values for 

61 (ICso = 0.0023µg/mJ ) while 62 and 63 demonstrated much weaker activities (ICso = 
0.035, l.9µg/mJ respectively).65 
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According to the mechanism proposed by Terashima,65 conjugation of the aziridine 

nitrogen with the N5-C6 amide likely activates this position for initial DNA attack at ClO 

leading to the imine monoadduct 66 (Figure 1-14). Tautomerization restores the enamine 

67 which may then undergo attack at epoxide C21 in an intramolecularly assisted fashion 

via deprotonation of amide Nl6. Tautomerization of the resulting imidate 68 back to the 

amide yields the proposed interstrand cross-link. 
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Figure 1-14. Terashima model for DNA interstrand cross-linking by carzinophilin. 
Regiospecificity and reaction ordering derived from synthetic reactivity studies.65 

Despite the compelling nature of this mechanism and its resulting covalencies, the 

amount of supporting evidence has been limited. No DNA-drug lesion has been isolated 

nor have extensive DNA-binding studies been performed aside from the original Armstrong 

findings. As such, carzinophilin represents a novel natural product due not only to its 

complex structure but also due to its relatively unknown mechanism of DNA interaction. 



28 

1.2.4. C/S-DIAMMINEDICHLOROPLATINUM (II) 

Cis-diamminedichloroplatinum (II) (cis-platin or cis-DDP, 70) was originally 

described 150 years ago but has only within the last 30 years been recognized as a potent 

anti-tumor agent. 66 The cytotoxic properties of this and numerous analogues have been 

attributed to its ability to form both inter- and intrastrand cross-links within 

deoxyguanosine-rich runs of DNA. Interestingly, its biological activity was initially 

observed in electrochemical studies involving the effects of electric fields on the growth 

rates of E. coli .. 67 Cells exposed to electric currents (aerobic conditions) in the presence of 

NH4Cl underwent abnormal filament elongation (as much as 300 times the normal length) 

at the expense of cell division. Further investigation of this phenomenon revealed that 
Cl NH3 ~O NH H2 H2 I I o, 1 3 Cl, N Cl, .,,,NJ 

CI-P.tl -NH3 CI-P.t-CI ,,,... . Pt Pt/ ) Pt I /, /........ / ..... 
NH3 NH3 0 NH3 Cl N H2N NH 

0 H2 \_j 
70 71 72 73 74 

cisplatin 

generation of cis-DDP (in addition to the trans-isomer 71) from electrolysis at the platinum 

electrodes was responsible for the abnormal cellular behavior.68 Despite extensive studies 

and clinical trials leading to the drug's FDA approval in 1979 the mechanism of action of 

cis-DDP has continued to provide fertile ground for intense investigations. Particular 

emphasis of late has involved the ability of 70 to induce DNA mutations69 and to radically 

alter DNA-protein binding motifs.70 

Evidence suggests that cis-DDP undergoes sequential chloride displacements via a 

two step hydration process. Studies with [Pt(en)Cb] 73 have shown that chloride 

displacement does not occur in plasma (where chloride ion concentration is about lO0mM) 

but rather, it occurs upon membrane penetration. 71 Once inside the cell the chloride 

concentration drops to around 5mM and bis-aquation of the cis-DDP proceeds with k1 and 
k1 

(EQ 1) 

(EQ 2) 
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neutral cis-DDP to the positively charged hydroxy species which in tum, is attracted to the 

negatively charged DNA target via electrostatic interactions. The rate-limiting hydrolysis is 

then followed by nucleotide binding, for which the rate of dissociation is extremely slow. 

In light of this, binding of cis-DDP to its target sequences has been assigned as a kinetic 

rather than thermodynamically driven process.66a 

More recent studies by the Reedijk and Sadler groups73,74 have shown that thiol 

and thioether containing peptides and proteins may play an equally important role in the 

activation and transport of cis-DDP to its ultimate target. Sulfur ligands possess a much 

higher affinity for Pt (II) than do most nitrogen ligands and this principle has been used to 

great therapeutic advantage in the removal of toxic Pt(II) upon administration of 

therapeutically designed sulfur nucleophiles.73 In contrast to this, the Sadler group has 

recently demonstrated that platinated methionine 75 was capable of selective platinum 

transfer to the N7 of 5'-guanosine monophosphate (5' GMP) to afford 76.74 Attempts to 

effect Pt(II) transfer to any of the other three deoxynucleotides (dA, dT, or dC) yielded no 

conversion of 75 to the unplatinated amino acid. Additionally , reactions involving both 

methionine and 5' GMP showed that generation of 75 was preferred over the direct N7 

platination of 5' GMP but that over time 76 is formed as the thermodynamic product thus 

releasing the unbound thioether. 

5'-GMP 

75 

Reedijk et al. have demonstrated that upon release of methionine in the conversion 

75 to 76, it is likely that platination may occur again and the cycle repeated thus suggesting 

that the process may be catalytic with respect to the thioether.75 This is suggested based 

upon the intramolecular platinum transfer from the sulfur of S-guanosyl-L-homocysteine 
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77 to the guanosyl N7 followed by a second platination at the previously occupied sulfur. 

The initial kinetically driven thioether platination of 77 proceeds with a t112 of 2 hours 

while the isomerization to N7 is considerably slower (t112 = 10 hours). That migration 

proceeds via an associative mechanism (five-coordinate transition state) is supported by the 

PLATINUM BINDING 

© ll )}NH 
N.J__N H2 

c~ H 
OHOH 

77 

second order rate constants observed by Sadler et 

al. in the intermolecular conversion of 75 to 76 and 

is typical of many known substitution reactions of 

square planar Pt(II) complexes.76 

These data taken together comprise a 

meaningful (albeit very recent) picture of how cis-

DDP maybe transported to its nucleic acid target sequences. This mechanism is enticing 

too in that different cell types possess vastly different electrolyte compositions which could 

have bearing on the effectiveness of the bis-aquation route to cis-DDP activation. For 

instance, liver cells possess [CI-] in excess of 150mM which would hinder platinum 

hydrolysis thus limiting DNA adduction.74 The viability of cis-DDP activation via 

sulfhydryl or thioether complexation however, may afford a means of both delivery and 

activation towards DNA binding. Such a motif may involve the platination of select 

cysteines or methionines within a monoclonal antibody targeted to a specific tissue or 

protein. 

Although the intrastrand lesion is by far the major and perhaps the most interesting 

adduct, the induction of interstrand cross-links has also received considerable attention. 

The predominant DNA adducts (intrastrand) obtained upon treatment with cis-platin are the 

cis-[Pt(NH3)2 { d(GpG)-N7(1),-N7(2)} ](G*G*),cis-[Pt(NH3)2 { d(GpNpG)N7(1),N7(3)}] 

, and cis-[Pt(NH3)2{ d(ApG)-N7(1) ,-N7(2) }] (A* G*) accounting for> 90% of the DNA 

platination sites.77a The N7-N7 intrastrand cross-link at 5'-GG-3' comprises roughly 65% 

of the adduction while the N7 atoms of adjacent pyrimidines 5'-AG-3' account for another 

15%.77b The remaining products consist of the intrastrand 1,3 cross-link at 5'-GNG-3' as 
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well as the interstrand lesion between the opposing N7 atoms of the sequence 5'-GC.77c 

Though all intrastrand lesions have been shown capable of inducing mutations in the 

genome, it is widely recognized that the 5'-GG-3' adduct is extremely lethal and is 

probably the source of cis-DDP cytotoxicity. Platination of 5'-GG-3' induces upon the 

DNA polymer a high degree of structural distortion as evidenced by the destacking of these 

adjacent dG residues to afford a dihedral angle between the ring planes of 76-87°.78 Both 

5'-GG-3' and 5'-AG-3' intrastrand lesions bend the helix of duplex DNA by 32-35° and it 

is known that the 5'-GG-3' event bends the helix in the direction of the major groove 

despite retention of the hydrogen bonding network to the complementary deoxycytosine 

residues.78,?9 Helix perturbation is found to be much more profound with respect to the 

5'- side of the principal GG target in that this G undergoes a G to T transversion upon 

introduction of the 5'-GG-3' cis-DDP lesion into bacteriophage substrates.78 That the 3' 

dG inflicts no such mutation in the replication of the original DNA substrate indicates that, 

like apyrimidinic/apurinic (AP) sites in DNA, the platinated 5'-dG represents a 

"noninformational" or rather a "misinformational" site to the DNA polymerase responsible 

for complementary strand synthesis. 80 

Figure 1-15. Mechanism of polymerase driven G to T transversion at 5'dG of cis-DDP 
modified 5'-GG-3'. 
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Polymerase insertion of deoxyadenosine 

at such a site follows with the established default 

mechanism and ultimately results in the net G to 

T transversion.78,80 That the intrastrand 5'-GG 

cis-DDP represents a mutational hot-spot detracts 

from the lesion's ability to halt polymerase 

activity altogether. Polymerase seizure is 

believed to be the source of cytotoxic activity 

while mutational activity is felt to cause 
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development of secondary tumor formation upon therapy with cis-DDP. As such, efforts 

have been focused on the generation Pt(II) agents capable of shutting down polymerase 

and other enzymatic processes while avoiding detrimental mutation events. Emphasis has 

been placed upon the ability to form dinuclear Pt complexes which optimize DNA 

interstrand cross-linking events while avoiding intrastrand distortional processes.Bl 

The high degree of target distortion induced upon DNA modification with cis-DDP 

is not limited to the intrastrand event. The interstrand lesion produced upon binding the 

diagonally displaced N7s of 5'-GC-3' accounts for 5-10 % of the total platination products 

and has been shown to produce significant conformational perturbations within the 

substrate DNA. These distortions have been recently probed with respect to E. coli RNA 

polymerase (prokaryotic) and wheat germ RNA polymerase II (eukaryotic) elongation 

reactions involving the inter- and intrastrand platination events. Leng et al. have shown 

that DNA substrates bearing either the cis-d(G*TG*) intrastrand or cis-d(G*CIG*C) 

interstrand cross-link irreversibly shut down transcription at the site of platination.70a 

Termination was also observed several nucleotides ahead of the interstrand lesion 

suggesting that the presence of the cis-DDP lesion was not the sole reason for transcription 

blockage. That some DNA perturbation was induced by the lesion and was the cause of 

this "pre-lesion" block was supported by the efficient polymerase bypass of the same DNA 

substrate bearing monoadduction with chloro(diethylenetriamine)platinum (II). Severe 

structural distortion at the interstrand 5'-GG cross-link site had been suggested based upon 

molecular modeling, chemical hyperreactivity probes and gel electrophoresis (DNA 

conformational analysis) but had not yet been demonstrated to alter enzymatic processes 

dependent upon the modified DNA.77b,c,82 

Drobny and Hopkins have recently reported the solution structure of the cis-DDP 

interstrand cross-linked substrate [d(CATAGCTATG)z].79 Confirming earlier reports that 

the interstrand lesion induces an 80° unwinding of the DNA target and that considerable 

bending is induced as well, they also uncovered structural features never previously shown 
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to result from small molecule-DNA interactions. Of particular interest was the 

determination that at interstrand cross-linked 5'-GC-3' both cytosines are flipped 

completely out of the duplex leaving each N7 platinated deoxyguanosine completely 

unpaired. Additionally, the NMR data generated indicates that the cis-DDP bridge resides 

in the minor groove of the duplex and that a highly localized change from right-handed B-

DNA to left-handed Z-DNA occurs at this same Pt(II) bridge. This is in stark contrast to 

previous models for the cis-DDP interstrand cross-link which place the bridge in the major 

groove and allows retention of hydrogen bondinght stacking of the modified bases within 

the constraints of B-DNA. Stabilization of the Z-DNA structure induced upon cis-DDP 

binding relies heavily upon electrostatic interactions of the phosphate oxyanions of each 

GC linkage (0-Pt distance= 3.2 A) as depicted by Figure 1-16 below. 
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Figure 1-16. Structural distortion of 5'-GC upon cis-DDP mediated ISC formation 
(Drobny and Hopkins 79). 

In addition to the structural elucidation of the interstrand lesion, the NMR derived 

prediction that DNA bending be in the direction of the minor groove versus the major 

groove (as previously assigned based upon modeling studies placing the Pt(II) core in the 

major groove) was confirmed utilizing a T4 DNA ligase assay. It is known that A tracts 



34 

induce an approximate 20° bend (in the center of the A tract) in DNA towards the minor 

groove and that this distortion gives rise to electrophoretic retardation. 82 In order to 

determine the direction of groove bending induced by cis-DDP the ODN I (Figure 1-17) 

was interstrand cross-linked with cis-DDP and then ligated into both ODN II and ODN III 

each of which bear A tracts. Ligation into ODN II would afford a 17 bp separation 

between cross-link site and the bend site inherent to the A tract while ligation into ODN III 

would yield a 22 bp separation . These account for bends 1.5 and 2 helix 
A TRACT BEND 
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Figure 1-17. T4 DNA Ligase experiment with A tract bends "in phase" or "out of 
phase" with cis-DDP induced helix bending. 

turns removed from each other assuming roughly 10.4 bp per helical turn. Thus, sites of 

interest are either "in phase" with each other (the 22 bp situation) or " out of phase" with 

each other. That cis-DDP mediated DNA bending was in the direction of the major or 

minor groove could thus be ascertained since bending (in phase substrate) in the same 

direction as that known for the A tract would afford a much more bent ( electrophoretically 

retarded) structure than that seen for the " out of phase" case in which the two types of 

bends cancel each other. Additionally, bending towards the major groove would afford 

conformationally "neutral" ligation adducts in the" in phase" case resulting in minimal gel 

retardation or perhaps mobility enhancement depending on the extent of cis-DDP curvature 

induction. Comparison of electrophoretic mobilities between the "in-phase" and "out of 
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phase" ligation adducts revealed that, in fact, the " in phase" products were considerably 

more retarded than the" out of phase" ODN's. The ensuing minor groove assignment was 

thus consistent with the NMR-derived structure and further substantiated its relevance. 

Most importantly, this work points out numerous mechanistic questions pertaining 

to the efficacy of cis-DDP and its analogs. Particularly intriguing, and very relevant to 

DNA cross-linking agents in general, are the issues of 1) the step-wise bond formation 

involved in going from mono-adduct to cross-link; 2) conformational changes within the 

DNA target necessary for this conversion ; and 3) the potential detrimental properties of an 

interstrand lesion or intrastrand lesion owing to perturbed DNA structure (ie- mutational 

events), not inflicted by a simple mono-adduction. 

1.2.5. DIMERIC CROSS-LINKING AGENTS 

Chemical cross-linking of DNA by small molecules suffers from several 

drawbacks. Firstly, most small molecules possess recognition motifs dependent upon only 

2 or 3 bases of the target DNA sequence. 12 This lack of selectivity in many cases means 

that modification may occur not only in a region or genome of interest, but may also inflict 

undesired damage upon an otherwise innocuous substrate. Secondly, the means by which 

these molecules are attracted to their targets is somewhat limited due to the limited number 

of favorable drug: DNA interactions possible owing to the small size of the drug. A vivid 

example of this is the considerably lower binding affinity (ka) of peptide fragments of a 

DNA binding protein versus that of the intact protein for a given DNA operator 

(recognition) domain. 83 Thirdly and most importantly, is the much slower rate of reaction 

for the second DNA modification event versus that of the initial DNA mono-adduction. 84 

A strategy used commonly by nature in increasing site-specificty and binding 

affinity of nucleic acid-binding proteins is that of dimerization, both covalent and non-

covalent. 85 Non-covalent dimerization in proteins often involves a "dimerization domain". 

In addition to the presence of a recognition domain these "domains" are responsible for 
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extremely high binding affinities typically on the order 109 -1012 M-1.85 The concept of 

dimerization has also been exploited by nature enroute to DNA cross-linking agents. 

1.2.5.1. Carzinophilin A & Isochrysohermidin 
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Carzinophilin A (79) is an antitumor antibiotic isolated from Streptomyces 

sahachiroi and bears a distinct similarity to the previously discussed azinomycin B.86 

Particularly striking about both structures is the presence of the substituted naphthalene 

moieties which have been proposed to greatly enchance drug-DNA affinities via 

intercalation. While azinomycin B/carzinophilin benefits from only one aromatic moiety, 

79 possesses two naphthalene moieties spaced 10 A apart thus allowing bis-intercalation at 

contiguous sites in a syn-fashion. 87 The presumed mechanism of cross-linking by 

carzinophilin A involves initial intercalation followed by ring opening of each aziridine 

upon SN2 attack by each strand of the duplex. 86 The exact structure of the lesion has not 

yet been elucidated but degradative studies have confirmed the acid-catalyzed }ability of 

each aziridine (with retention of the peptide backbone) and fluorescence enhancements 

substantiate that bis-intercalation occurs upon titration with calf thymus DNA.86 

Similarly, the lesion resulting from DNA alkylation with isochrysohermidin (80) has not 

been elucidated though mechanistic data has been generated to suggest a likely mechanism 

of action.88 
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Figure 1-18. Proposed mechanism of DNA cross-linking by isochrysohermidin.88 

Boger et al. in presenting a novel total synthesis of isochrysohermidin reported the 

slow pH dependent formation of DNA interstrand cross-links into linearized cpX 17 4 

DNA.88 That d,l- and mesa-isochrysohermidin all demonstrated equivalent cross-linking 

efficiencies under acidic (pH 4.2) or basic (pH 8.7) conditions, which were markedly 

decreased at neutral (pH 6-7) suggests the generation of the ring-opened amido ketones 81 

and 83 as the electrophilic agents. Formation of the acylimminium 85 via dehydration and 

subsequent quenching by a nucleobase is unlikely in that basic conditions would deter such 

a process. 
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Likewise, generation of 86 via methoxy group assistance of one pyrrole to the 

other is unlikely due to the poor leaving group ability of hydroxide and the preferential 

donation into the neighboring amide carbonyl of the same pyrrole unit. Experimentally, the 

pH dependence observed argues against the importance of 86 as a relevant intermediate.88 

That both carzinophilin A and isochrysoherrnidin cross-link DNA via the equivalent 

of two mono-alkylation events has spurred a great deal of interest in the generation of 

synthetic cross-linking dimers . 

1.2.5.2. B iselezin ( U-77,779) and related structures 

The cyclopropylpyrroloindoles (CPls) have received considerable attention as 

extremely potent DNA monoalkylating agents. Of particular notoriety are CC-1065 87, 

duocarmycin 88, and adozelesin 89 all of which induce selective adenine N3 alkylation 

(Fig. 1-19). 

OCHs 

0 ),:_:· OCHs 

HsCO:zC-•. -~ OCHs 
H 3C'"'7-,.~~ 0 

m 
adozelesin 

0 88 
duocarmycin 

It is well established that SN2 attack upon the cyclopropane methylene unit 

generates the phenol adduct 91 (Fig. 1-19). 89a This reversible process in tum, gives rise 

to base- and heat-labile lesions leading to DNA strand scission.89 Exploitation of these 

agents as potential interstrand cross-linkers was originally reported by Mitchell et al. in 

which generation of 93a-k was achieved by reaction of 92 (two equivalents) with one 

equivalent of the bis-imidazole of the required diacid.90 
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Figure 1-19.- Reversibility of DNA alkylation by cyclopropylpyrroloindoles 

Additionally, dimers enantiomeric at one or both CPI units were constructed. Of 

these dimers all enantiomeric derivatives were devoid of cross-linking activity while only 

93 b,d,e and g gave rise to the gel-retarded restriction fragments91 indicative of cross-link 

formation. 
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Notably, 93 b, and d at l.7µM concentrations gave rise to comparable amountsof 

cross-linked material as that achieved with 17µM of trimethylpsoralen. Reaction of the 

restriction fragments of interest with 93 e, and g afforded considerably less cross-linked 

material (as assayed by alkaline agarose gel electrophoresis) but still demonstrated the 

novelty of CPI dimerization in altering the mode of action of the parent structure. 

Bizelesin (94) represents the second generation of dimeric CPI compounds.92 

Unlike the methylene tethered CPI dimers, bizelesin possesses the rigid 

bis(indolecarboxylic acid) linker which allows a 6 to 7 bp span between alkylation sites 

while occupying the intervening minor groove between the terminal alkylation sites. 
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Like CC-1065 (87), the bizelesin CPI units selectively alkylate the adenine N3 of 

the sequence 5'-TTA-3'. As such, bizelesin preferentially cross-links the sequence 5'-

*TAATTA-3' (A indicates one of the cross-linking sites while * indicates the thymine 

opposite the other cross-linked adenine) though other sequences which place the two 

adenines of interest the same distance from each other have been noted.93 Hurley et al. 

have shown that bizelesin may also cross-link the sequence 5'-TTAGTTA-3' at the same 

residues observed with the shorter substrate lacking the central dG-dC base pair.94 

Surprisingly, this sequence undergoes cross-linking preferentially to the shorter 5'-

TAATTA-3' despite a considerably greater distance between the targeted adenine N3 

residues. 

1 H NMR and inosine substitution (for the central dG) experiments reveals that the 

exocyclic N2 hydrogen of guanosine (not H-bonded to the complementary cytosine) allows 

an extremely strong hydrogen bond with the ureylene carbonyl which benefits from 

coplanarity with the dG exocyclic amine.94 Once established, this bond shows quantitative 

occupancy within the duplex adduct (even at 500° K) and essentially locks the bizelesin 

linker moiety within the minor groove. Additionally, twisting of the urenyl linker almost 

90° out of the bis-indole plane was found to induce considerable curvature of the dimer 

thus facilitating the minor groove fit. Given this, it has been postulated that, upon 

monoalkylation, bizelesin undergoes hydrogen bonding to the central dG (via N2 

interactions). This, in tum, pulls bizelesin down into the minor groove allowing distortion 

of the alkylated adenine towards the center of the duplex thus reducing the distance between 

the respective adenine N3 residues. This perturbation in target structure mediated by the 
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urenyl linker affords an N3 to N3 distance in the 7-bp system comparable to that seen with 

the 6-bp target. 

These results, coupled with studies aimed at understanding the principle of 5'-

TAATTA-3 ' recognition point out the importance of the dimerization motif chosen. Within 

the 5'-TAATT A-3' sequence, inherent instability of the central A·T step leads to base pair 

opening. Once opened, hydrogen bonding of the ureylene amido protons and the bases 

stabilize the transient Hoogsteen and open base-pair conformations thus facilitating cross-

link specificity. That the ureylene moiety exerts such a strong influence upon the sequence 

selectivity of bizelesin suggests that dimerization offers enhanced specificity not due just to 

the compounding of monomer-DNA interactions, but also the result of linker-DNA 

interactions as well. Bizelesin represents a novel example of this concept and the 

importance of these interactions is reflected in the efficiency with which bizelesin 

selectively inflicts bis-alkylation upon 5'-TTAGTTA-3'. Hurley and co-workers have 

reported that bizelesin does not form detectable amounts of monoalkylated material upon 

reaction with 5'-TTAGTTA-3'.94 Instead, only the direct conversion of native double-

stranded DNA to covalently cross-linked substrate is observed for reaction aliquots 

analyzed at 0.5,1,2,5, 7,9,12,14,24,34, and 72 hours respectively. That this has not been 

the case for efforts involving the shorter 6 bp substrates lacking the central dG-dC pair 

argues well for the importance of the dG-to-linker contacts observed with 5'-TT AGAA T-

3'. Considerable quantities of monoalkylation adducts have been reported for other target 

sequences93a and thus point out less pharmacologically important targets given the relative 

ease with which monoadducts may be repaired6a and their inability to stop strand separation 

events.9-11 ,13,14 
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1.2.5.3. Pyrrolobenzodiazepine Dimers 

The pyrrolo[2, 1-c ][ 1,4 ]benzodiazepines (PBDs) comprise a class of anti tumor 

antibiotic natural products which includes anthramycin 95, tomaymycin 96, and 

sibiromycin 97_95 

H;,Yh,nt~ ~N½NH2 
95 

anthramycin 

g; 
sibiromycin 

96 
tomaymycin 

Conversion of the carbinolamine at C-11 to the corresponding imine affords 

reversible alkylation in the minor groove of the exocyclic N2 amine of deoxyguanosine 

within duplex DNA. Minor groove binding is promoted by the PBD twist resulting from 

the S configuration at the bicyclic Cl la position and related congeners bearing the phenolic 

9-0H further benefit from hydrogen bonding with the Q2 of the cytosine complementary to 

the alkylated guanosine.96 Sibiromycin lacks the S stereochemistry at C-lla (due to the 

pyrolic nature of this moiety) but the amino-sugar compensates for this by providing 

attractive electrostatic interactions with the anionic backbone of DNA.97 PBD monomers 

are efficient inhibitors of DNA and RNA synthesis98a and have proven to be highly 

sequence selective with a preference for purine-G-purine triplets.98b These agents have 

also received considerable attention as DNA anchoring systems for non-specific DNA 

cleaving agents such as Fe(II)-EDTA.99 Additionally, conjugation to the 5'-AATT-3' 

minor groove-binding agent netropsin has been pursued as a means of enhancing the 

specificity of DNA modification by anthramycin.100 
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Bifunctional PBDs such as 98 have been prepared with the intention of effecting 

bis-alkylation but have met with only minimal success.95 Considerably more fruitful has 

INTERSTRAND TARGETS been the generation of PBD dimers resulting from linker 

connection to the phenolic moeities of two PBC cores . 

Hartley and Thurston have shown that the dimers involving 

PBD linkage through their C8 positions via the flexible 1,3-

alkanediyldioxy ether are extremely efficient interstrand 

cross-linkers . 1 O 1 Particularly effective is the propane-

N/)o ½-:~~ 
0 

98 

diyldioxy ether linked dimer 99. After only 2 hours at 37°C, 99 induces detectable cross-

linking (as assayed by alkaline agarose gel electrophoresis using linearized PBR322 DNA) 

down to lOpM concentration (drug:nucleotide ratio = .025) while at 0.4µM (drug-to-

nucleotide ratio = 1.0) greater than 90% of the linear substrate is cross-linked. By 

comparison, 99 is 50 times more efficient than either mechlorethamine or cis-DDP and 

H H 
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99 

rivals the alkylation efficiency of the CPI dimers described above. More interestingly, 

cross-linking was found to be irreversible. This is in stark contrast to the weaker binding 

C7-linked dimer 100 examined by Suggs et al. 102 Thus, in the case of 99, dimerization 

enhances the efficacy of each PBD monomer not only by increasing drug:DNA affinities, 

but also by preventing loss of the relevant lesion to hydrolytic decomposition. 

Additionally, it is interesting to note that the altered means of dimerization (C7 vs. C8 

connectivities) led to different reactivities with respect to DNA alkylation. 
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Although 99 gave rise to DNA cross-links that migrated analogously to double-

stranded standards, 100 afforded DNA adducts which migrated considerably slower than 

psoralen cross-linked standards. That such adducts were attributable to interhelical events 

seems a likely explanation for thi s phenomenon and points out a potentially useful 

mechanistic difference which is potentiated by the chosen means of dimerization.103 

1.2.5.4. Dinuclear cis-DDP analo2ues 

As mentioned previously, the interstrand lesion resulting from reaction of cis-DDP 

with 5'-GC-3' results in massive distortion of the B-DNA target which very likely limits 

the utility of this compound as an interstrand cross-linking agent. Similarly, the intrastrand 

lesion while forming much more readily than the interstrand lesion, induces mutational 

events via the distortion of its nucleic acid target. These detrimental issues have been 

addressed by the generation of dinuclear Pt complexes which possess two Pt (II) centers 

each of which carries only one chloro ligand thus relegating each Pt (II) capable of only one 

coordination event. 8 la Farrell et al. have recently synthesized the dinuclear complexes 

101,102, and 103 and studied their respective interactions with calf thymus DNA and a 

small 49 bp ODN.8la 

Owing to the presence of the pyridyl ligands, 103 induces a much higher degree of 

DNA unwinding than that seen with either of the ammonia-bound complexes, as well as the 

mononuclear trans-[PtC}i(py)2]. Similarly, 103 stabilizes B-form DNA while the other 
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complexes induce B-Z transitions upon DNA binding. These alterations likely involve the 

ability of 103 to undergo 1t-stacking interactions upon DNA association which in turn, 

disfavors the Z-DNA conformation . Importantly, ISC formation is very efficient for all 

three complexes with yields of 80%, 52%, and 41 % for 101,102,and 103 respectively. 

Further, only 102 (the trans isomer) was capable of intrastrand adduction. That the 

diamine chain in 102 can be rotated around the two Pt square planes to afford simultaneous 

dG N7 binding in the sequence 5'-GGCC-3' is the proposed origin of the intrastrand 

capability of 102.16 The cis placement of the chlorides (as in 101) with respect to the 

diamine linker prohibits (after the initial DNA connection) the butanediamine chain from 

achieving an orientation necessary for the intrastrand connectivity. As such, interstrand 

cross-linking has been very successfully achieved while avoiding the undesired distortional 

processes inherant to the mononuclear complexes.81a Importantly, such dinuclear Pt(Il) 

complexes have been shown to be extremely effective against tumor cell lines which have 

become resistant to monomeric cis-DDP.104 

The ability to form heterodimers of mono- or di-chloro Pt(Il) amine complexes 

and dichloro Ru(II) has allowed the generation of agents which interstrand or intrastrand 

cross-link a given DNA substrate with one end while giving rise to protein adducts at the 

other end. 16a This methodology has been elegantly demonstrated enroute to the formation 

of DNA-protein cross-links between the repair enzymes UvrA and UvrB and a synthetic 

ODN treated with the homodimers 102,104, or, the heterodimeric 105. 16a 

The UvrABC nuclease system acts to initiate the process of nucleotide exicision 

repair leading ultimately to DNA repair of damaged nucleotides.6a UvrA and UvrB form a 

2:1 complex in sol~tion that has been shown to travel along DNA in an ATP-dependent 
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fashion. Arrival at a site of damage induces structural reorganization of the trimeric 

assembly resulting in loss of the UvrA dimer. Retention of the resulting UvrB-DNA 

complex signals to UvrC the precise location of damage. UvrC, in turn, induces dual 

incisions upon the phosphodiester backbone bracketing the lesion of interest. 

Demonstration that both UvrA and UvrB are in intimate contact with the DNA and its 

initially formed Pt(II) lesion (as the recognized site of damage) manifests itself in the 

observed DNA-protein cross-links obtained using 102,104 , and 105. Specifically, 

cross-linking of both the UvrA/UvrB complex and lone UvrB to the ODN was obtained 

upon treatment with either 104 or 105. Cross-linking of the UvrA dimer to the platinum-

modified ODN ensued using any three of the dinuclear complexes thus further 

demonstrating the versatility of this approach. In this fashion, the dimerization of transition 

metal complexes represents a novel means of not only effecting DNA interstrand cross-

links, but of also inducing site-specific suicide DNA lesions enroute to enzyme 

inactivation. 

The versatility of the dinuclear metal complexes brings to light an additional 

strength to the strategy of dimerization; that being diversity. The mixing and matching of 

dimerized moieties not only allows the previously discussed issues to be addressed (with 

respect to ISC formation), but also allows elaboration on the themes of specificity and 

affinity. As evidenced with the metal complexes above, even basic mechanisms of action 

can be radically altered based upon the choice of the monomeric units involved in dimer 

construction. 

1.3. PHOTOACTIVATED CROSS-LINKING AGENTS 

1.3.1. Psoralens 

To date, the psoralens are the only class of compounds known to induce ISCs upon 

photolysis. This naturally occurring class of aromatic compounds consists of a furan ring 

fused to a coumarin. 105 They are found predominantly in plants from the Umbelliferae, 
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Rutacea, and Leguminosae families, but have also been isolated from microorganisms 

including fungi.106 The two most heavily studied psoralens, 8-methoxypsoralen (8-MOP, 

106), and 4,5',8-trimethylpsoralen (Me3psoralen, 107) are found as fungal 

metabolites.106 Clinically, the psoralens are employed in the treatment of psoraisis, 

vitilago, and cutaneaous T-cell lymphoma (CTCL).107 They have also proven efficacious 

for the treatment of diseases associated with autoimmune disorders, organ rejections, and 

the AIDS-Related Complex.107 
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It is proposed that in addition to ISC generation, these agents express favorable 

activity by inducing A to C mutations which enhance immunogenicity in tumor cells. 108,109 

The sequence 5'-GGGATTTCACCC is an essential enhancer motif in murine lymphoma 

cells but not in the host HeLa cells. Its binding to the transcription factor NF-KB results in 

activation of transcription; an action traditionally associated with proliferation of non-

tumorigenic cells. Briegel et al. have shown that in the case of the IL-2 gene of murine 

lymphoma cells, mutation of the boldface A to C in this sequence converts a weak binding 

site (for the T-cell restricted NF-KB) into a strong one resulting in release of NF-KB from 

the inhibiting factor IKB.108 Induction of the transcription factor gives rise to increased 

production of non-tumorigenic cells thus allowing for an increased immunological 

response. This represents a unique application of mutation induction by a DNA reactive 

agent. Unlike cis-DDP which induces detrimental mutations, the psoralens may express 

the majority of their preferred biological activity via a mutational pathway which enhances 

the immune status of host cells. 



48 

In addition to the clinical applications, the psoralens have been used extensively in 

probing the secondary and tertiary structures of DNA and RNA.106 Similarly, psoralen-

DNA monoadducts have been used as probes for DNA-protein interactions via the 

generation of DNA-protein cross-li nks.I 10 Solid phase synthesis of psoralen 

functionalized ODNs has been achieved upon generation of psoralen tethered 

phosphoramiditesll 1 Additionally, biotinylated psoralens have been used for non-isotopic 

labeling of DNA.112 They have also been used to inactivate viruses and other pathogens 

via irreversible nucleic acid interations which spare the function of proteinacious cellular 

subunits.113 

Induction of ISCs into duplex DNA requires three distinct steps. Initially, the 

planar tricycle intercalates into the duplex between the two bases of either 5'-TA or 5'-AT. 

Such binding to synthetic ODNs is particularly strong with dissociation constants (:Kl) on 

the order of 6.6 x 10-6 M. 114 Upon the absorption of a quantum of light, either the 4',5'-

furan double bond or the 3,4-pyrone double bond can undergo photocycloaddition to the 

5,6-double bond of a thymidine. 11 5 Reaction of the pyrone results in destruction of the 

coumarin nucleus resulting in a low lying triplet state for the resulting monoadduct. This 

state is unreactive towards the second photocycloaddition due to its rapid relaxation to the 

cis-syn cis-anti trans-syn 

'--

' 

trans-anti 

'--
' 

Figure 1-20. Representation of the 8 possible configurational isomers for 8-MOP-
thymine monoadducts (enroute to the ISC). The large slabs represent 8-MOP with the 
furan end designated with the black marker and the C8 methoxy group as the shaded 
handle. Thymine is represented by the smaller slabs with the shaded handle representing 
N 1. Isomers on the top row are mirror images of the isomers on the bottom row. 
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ground state. Thus, destruction of the coumarin nucleus abrogates ISC formation. 

However, retention of the pyrone (via the initial photocyclization involving the furan) 

allows the intact coumarin to absorb a second quantum of light leading to local excitation 

of the 3,4-double bond to the excited triplet (7t to 1t* transition) which cyclizes with the 

5,6-double bond of the adjacent pyrimidine thus affording the ISC. 

The photoreaction of thymidine with psoralens may occur from either the 3'-side or 

5'-side of the thymidine base depending upon the displacement of the psoralen (pso). 

Monoadduct formation within either cross-linkable site 5'-TpA (3' face) or 3'-TpA (5' 

face) results in the generation of enantiomeric thymine adducts. While a number of isomers 

is possible, as shown in Figure 1-20, the cis-syn configuration is most readily formed due 

to severe restrictions on the modes of psoralen intercalation imposed by the duplex 

conformation. 
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Chirality of the deoxyribosyl unit renders these monoadducts as a mixture of 

diasteromers. Exemplary in this stereoselectivity is 8-MOP 106. Reaction of 106 with 

5'-TpA or 5'-ApT yields two furan-side monoadducts 108 and 109, with concomitant 

generation of only one pyrone adduct 110 (C-8 methoxy not shown for clarity). 106 

Additionally, thymidine-8-MOP-thymidine cross-links have been isolated as a mixture of 

two diastereomers each of which bears the cis-syn sterochemistry as per 111. This 
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stereochemical relationship has been observed for numerous psoralens and is very likely 

general to all linear furocoumarins. l l6 

Psoralens have been used to non-covalently increase ODN binding affinities enroute 

to triple-helix motifs. Likewise, psoralen specificity has been enhanced via triple-helix 

strategies. Such instances of covalent attachment of a psoralen tethered ODN to a given 

DNA target illustrates the symbiotic relationship between the two halves of the 

conjugate.117 For instance, the Thuong group has demonstrated that psoralen 

conjugation to 5'-TTTTCCTCTCCCCTCT-3' (C=5-methylcytosine) affords an ODN 

capable of inhibition of gene expression.11 8 The functionalized polypyrimidine binds (via 

Hoogsteen base pairing) to the site (operator sequence) normally occupied by the 

transcription factor NF-KB which activates transcription from the IL-2Ra promoter. 

Photolysis at 365nm selectively anchors the ODN proximal to the operator and thus 

increases the localized concentration of the ODN to its target sequence. Inhibition of 

transcription by the ODN-pso conjugate occurred upon in vitro photolytic cross-linking 

followed by electroporation/transfection into HSB2 T-cell tumor lines. Additionally, in 

vitro transcription assays were performed with the cross-linked plasmid (IL-2Ra CAT) as 

were in vivo assays in which the ISC was induced following introduction of the ODN-pso 

conjugate into the cell line. Both assays revealed a high degree of ISC induction (70-80%) 

and subsequent transcription inhibition. 

Thuong et al. have applied a similar approach towards targeted interstrand cross-

linking of HIV proviral DNA.119 Psoralen conjugation to the 5' phosphate of 5'-TTTTC-

TTTTCCCCCCT-3' afforded a conjugate capable of triplex formation with two 16 bp 

homopurine runs of the HIV proviral genome. Each homopurine run overlaps the 

recognition/cleavage site of Dra I restriction endonuclease and subsequently, represented a 

novel target for ODN-pso conjugate binding. Construction of pBTl and pLTR plasmid 

DNAs resulted from insertion of HIVBRUCG proviral fragments into the commercially 

available pUC19 and pBR322 plasmids. The pLTR substrate contained 4 Ora I sites (5'-
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TTT AAA) one of which extends three base pairs into the triplex region. Plasmid pBTl 

contained 14 Dra I sites of which two were within the triplex domain. Efforts involving 

Dra I cleavage of pLTR revealed that the conjugate (unphotolyzed) was capable of slight 

Dra I inhibition at short incubation times, but that over time, complete cleavage of the 

substrate occurred. The reversibility of triple-helix formation responsible for this 

observation was averted upon photolysis. Irradiation at 20, 40, and 330 seconds resulted 

in irreversible ODN-pso binding as evidenced by complete Dra I blockage at the cleavage 

site in question. Similarly, the same phenomenon was observed with the pBTl substrate. 

Additionally, reaction of this substrate with the conjugate (following irradiation) afforded 

an unanticipated Dra I inhibition site resulting from triplex formation involving only 8 

consecutive triplets. This was ultimately attributed to the inability of contiguous cytosines 

to undergo protonation at the experimental pH of 6.9. Thus a plasmid site capable of triple 

helix formation with only the 5'-TTTTCTTT-3 portion of the ODN-pso conjugate was 

detected via unintentional photo-induced ISC formation. 119 

That recent efforts have involved only the conjugation of psoralens to other 

molecules of interest is not the case. The ability to fine tune psoralen reactivity via 

synthetic manipulations has been demonstrated. The general trends observed place 

particular importance upon functionalization at carbons 3,4',5 and 8. Methylation of the 

4,5'-, and 8- position enhances the intercalative binding affinity, as well as, the quantum 

yield of cycloaddition over that of the unsubstituted case. 120 However, methyl ether 

incorporation at C8 dramatically slows the photochemistry, hence, the much slower DNA 

alkylation by 8-MOP versus 107 .120b Methyl group placement at C4 results in near 

quantitative monoadduct formation at the furan side of the chromophore in contrast to 8-

MOP which gives up to 20% pyrone monoadduct. This is attributed to steric clashes 

involving the C4 methyl and the thymidine CS methyl with which the pyrone side would 

normally react. 121 Strong electron donating or withdrawing groups at CS and C8 greatly 

reduces or completely obliterates reactivity with DNA.120b Analogous substitution at C3 
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has a similar result.122 However, positively charged groups placed at the C4' and CS 

enhance both non-covalent DNA associations as well as covalent modification events. 123 

Recent synthetic efforts have focused on generation of psoralens with enhanced 

light absorption properties, longer lived and more easily achieved excited states and greater 

water solubility characteristics.114 This has involved the synthesis of heterocyclic analogs 

in which sulfur or selenium replaces the endocyclic oxygens, 124 as well as, the 

construction of N-methyl azapsoralens of the form 112 (R1 = CH3 or H, R2 = CH3 or H ) 

possessing vastly improved water solubility.125 That these compounds possess the 

attributes which motivated their synthesis has not yet been shown. 

1.4. OXIDATIVELY ACTIVATED AGENTS 

The cyctochrome P450 group of monooxygenases is a superfamily of enzymes 

which consists of more than 153 genes represented in 27 families, 10 of which occur in 

mammals.126 Oxidative transformations catalyzed by cytochrome P450 include carbon 

hydroxylation, heteroatom hydroxylation , heteroatom dealkylations (via aldehyde 

generation), oxidations of 1t-systems, and conversion of aldehydes or alcohols to the 

corresponding acids.1 27 In a general sense, the thermodynamic parameters of the 

oxygenation event may be represented by Eq. 3. 

RH + 02 + NADPH + H+ ROH + NADP+ + H2O ( EQ 3) 

This tranformation involves two extremely high energy barriers, namely, 

dissociation of the di oxygen bond ( 460 kJ/mol), and dissociation of the carbon-hydrogen 

bond of the substrate (420 kJ/mol).128 By breaking down the overall process into several 

discrete steps, cytochrome P450 affords the net transformation requiring only 40-70 



53 

kJ/mol.1 28 This is largely due to the weakening of the 0-0 bond upon binding of 

dioxygen to the heme iron in the active site. As depicted by Figure 1-21, the mechanism 

of substrate oxidation involves (1) binding of the substrate 114 to the enzyme resulting in 

conversion of the low spin six coordinate species 113 to the high spin five coordinate 

115, (2) I-electron reduction of the iron by the flavoprotein NADPH cytochrome P450 

reductase to yield 116, (3) reaction of the ferrous iron with 0 2 to yield the unstable 

(FeO2)+2complex 117, (4) addition of a second electron from either NADPH-cytochrome 

P450 reductase or cytochrome b5 affording 118 (5) heterolytic scission of the FeO-O(H) 

bond to yield the (FeO) compound 119 , (6) oxidation of the substrate (regenerating Fe+3), 

and (7) release of the oxidized substrate 120 from the enzyme.129 Alternatively, binding of 

carbon monoxide instead of 02 may occur in step (3) thus yielding the monoxide bound 

species 121. 
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Figure 1-21. Proposed Mechanism of Xenobiotic oxidation by Cytochrome P450. 
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Significantly, numerous enzymes are capable of oxidative transformations.130 It is 

generally agreed however, that cytochrome P450 is the predominant species responsible for 

hepatic activation of DNA alkylating agents. Resulting from its dual versatility and natural 

abundance, the vast majority of studies dealing with oxidative activation of drugs have 

directly addressed issues pertinent to P450. These include mechanistic issues such as 

substrate stereochemistry and corresponding rates of oxidation, P450 overexpression, and 

P450 inhibition (either by enzyme inactivation or overexpression of competing reductases). 

Detailed below are the three principal classes of interstrand cross-linking agents whose 

efficacy is cytochrome P450 mediated. 

1.4.1. Cyclophosphamide 

Cyclophosphamide (CP, 122) was among the first agents recognized as requiring 

metabolic activation enroute to biomolecule modification. Since its discovery in 1958, it has 

become the most widely used chemotherapeutic of the alkylating class.13 1 

Cyclophosphamide and related oxazaphosphorines undergo oxidation at the C4 position 

(adjacent to the cyclic nitrogen) to yield the corresponding 4-OH-CP 124, which 

spontaneously undergoes reversible ring-opening to afford the biologically active 

aldophosphamide 125 (Figure 1-22). 132 Once generated, the AP intermediate 124 may 

123 

undergo several different transformations. Alcohol dehydrogenase mediated oxidation of 

124 yields the amide 128 and has been shown to be a means by which DNA alkylation is 

shut down. Oxidation (via aldehyde dehydrogenase ALDHl) of the ring-opened 125 to 

the corresponding acid 130 also represents a non-productive metabolic pathway with 

respect to ISC formation . Alternatively, elimination of the phosphoryl moiety from 
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aldehyde 125 affords the mixture of phosphoramide mustard 126 and acrolein. 

Hydrolysis of the phosphoramide mustard yields the secondary amine version of 

mechlorethamine 127 commonly referred to as nor-HN2. 

Elucidation of the interstrand lesion formed upon reaction of activated CP with 

DNA revealed 131 as the relevant interstrand lesion. 133 Originally believed to arise from 

cross-linking by nor-HN2, Colvin et al. have shown that phosphoramide mustard 126 is 

the actual cross-linking agent formed upon CP metabolism.134 Additional studies by 

Hemminki have shown nor-HN2 to be a very poor alkylating agent thereby further 

substantiating the Colvin findings.134 
H 
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Figure 1-22. Mechanism of oxidative degradation of 122 to DNA reactive metabolites. 

In addition to elucidation of the metabolic activation of CP, efforts to define other 

mechanistic aspects of CP's mechanism of action have been undertaken. The specific 

cytochrome P-450 enzymes responsible for the in vivo activation of CP have been 

identified. 135 These include CYP2B 1, CYP2C6, CYP2C 11, and CYP3A 1 in the case of 
I 

adult rat liver.135 Similarly, CYP2B6, CYP3A4, and several of the CYP2C class enzymes 

have been implicated in the human liver activation pathways. 135 Additionally, it is 

proposed that only the oxidized 4-OH-CP can cross cell-membranes whereas the native 
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"pro-drug" cannot. 136 In vivo studies have demonstrated that oxidation/metabolism of the 

S enantiomer of CP proceeds at a faster rate than CP bearing the R configuration at 

phosphorus although ALDHl inactivation of both stereoisomers of 4-OH-CP via 

conversion to the keto form proceeds at the same rate for both isomers.137 
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Recent efforts have focused on the issues of drug resistance and 

activation/deactivation pathways via gene over-expression. It is well established that one 

means of resistance to biological alkylating agents is the increased production of glutathione 

and higher levels of glutathione S-transferase over those seen in normal cells.138 Normally 

present intracellularly at concentrations up to 5-10 mM, this tripeptide very often competes 

with DNA for drug binding. Importantly, increased levels of glutathione S-transferase 

(GST) have been found in tumor cell lines which have developed resistance to CP, as well 

as other alkylating agents such as the N-mustards and cis-DDP. Dirven et al. have shown 

that GSH readily forms the adducts shown below in Figure 1-23.138 Additionally, GST 

enhances the formation 4-glutathionlylcyclophosphamide 2-4 times over that of the 

nonenzymatic rate. These efforts have suggested that CP resistance may likely result from 

overexpression of GST in tumor cell lines. 
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Figure 1-23. Mechanism of cyclophosphoramide inactivation by glutathione/glutathione 
S-transferase. GSH= glutathione, GST= glutathione S-transferase. 
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Studies by the Dalla-Favera group have demonstrated induction of maphosphamide 

resistance upon in vitro overexpression of ALDHl. 139 Cloning of the full-length human 

ALDHl cDNA and introduction via retroviral vectors into human (U937) and murine 

(L1210) hematopoietic cell (HPC) lines endowed these cell lines with resistance to the 

activated CP congener 123. Increases in maphosphamide resistance were 4 to 10 times 

above control transduced HPCs. As such, this gene strategy revealed that the ALDHl 

mediated conversion of 124 to the keto intermediate is likely implicated in the development 

of drug resistance not only to CP, but to other oxidatively activated drugs as well. This 

identifies the ALDHl gene as a previously unidentified member of the drug-resistance gene 

family that includes the DHFRr and MDRl genes. 140 More importantly, this methodology 

may provide a means of increasing CP resistance in cell lines which undergo undesired CP 

reactions upon clinical administration. For instance, the introduction of genetically 

engineered bone marrow cells expressing genes of therapeutic relevance has been 

suggested as a means of inhibiting myelosuppression in CP therapies. 

Gene overexpression techniques have been used to probe the avenues by which CP 

resistance is induced. These same strategies have also been exploited enroute to selective 

drug activation. The effectiveness of the oxazaphosphorines is limited by the 

hematopoietic, renal, and cardiac toxicity that accompanies the distribution of the liver-

activated metabolites. A method of bypassing this problem has been demonstrated by 

Waxman and Chen. 135 Introduction of the liver cytochrome P450 gene CYP2B 1 into 

human breast MCF-7 cancer cells was found to induce a high degree of cytotoxicity 

towards both CP and its analogue ifosfamide (IFA). This is particularly significant since 

MCF-7 cells possess little or no endogenous CYP enzyme activity, but instead express 

high levels of NADPH cytochrome P450 reductase. Cell cycle analysis revealed that CP-

arrested the CYP2B 1 transfected cells but not the CYP2B I-negative cells. That CP 

mediated cell cycle arrest was CYP2B I-mediated was further supported by the loss of 

cytotoxicity upon cell treatment with metapyrone, a known heme binding ligand. 
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Cytotoxicity to adjacent tumor cells lacking the P450 gene was also observed. This anti-

tumor affect was attributed to transfer of toxic CP metabolites through cell-cell contacts as 

well as through the medium. Additionally, this gene expression, when treating MCF-7 

tumors grown in nude mice gave rise to a 15-20 fold greater CP in vivo cytotoxicity. 

In addition to breast cancer cell lines, Chen et al have applied this same strategy 

towards selective targeting of glioblastomas.141 The most common malignant primary 

brain tumor, glioblastoma is considered incurable, with multimodal therapeutic approaches 

(surgery, radiation, chemotherapy) increasing survival times by only a matter of months. 

Overexpression of P450 2B 1 gene (C6-P450) in C6 glioma cells afforded cells highly 

sensitive to CP both in vitro and in vivo. Diffusion/transfer of toxic CP metabolites occurs 

as in the MCF-7 case with CP (500 µM) induced tumor cell death observed after 3 hours. 

This represents a novel tumor killing strategy wherein target selectivity arises not only from 

the drug itself, but also from the selective expression of "activating" enzymes. Still further, 

the Chen studies have shown the relevance of a "bystander" effect by which toxic drug 

metabolites generated in one tumor cell may inflict damage upon another nearby tumor cell. 

Thus, the need for quantitative transfection of the gene to be expressed is not necessary to 

elicit the desired therapeutic response. 

1.4.2. N,N .N' .N' ,N' .N' -hexamethylmelamine and Related Structures 

Hexamethylmelamine (HMM,135) is an antitumor agent shown to be effective 

against a number of different human tumor cell lines. It is active against metastatic breast 

cancer, lymphoma, cervical cancer and bladder cancers.142 Additionally, it has received 

considerable attention in the treatment of ovarian cancer and to a lesser degree, lung 

carcinomas. 
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Upon hepatic oxidation by cytochrome P450, N-demethylation occurs via initial 

hydroxylation followed by dehydration (Figure 1-24).143 The resulting imminium is a 

potent DNA alkylating agent and it is likely that this species undergoes subsequent DNA 

alkylation. Stemming from these observations involved in DNA modification by 

hexamethylmelamine, has been the generation of N2,N4,N6-trimethylmelamine 

(trimelamol, 136).143 

- H2<) 

142 

Figure 1-24. Mechanism of activation of hexamethylmelamine and subsequent DNA 
modifications. 

The tris-hydroxylated analog 136 is much more water soluble than its predecessor 

and circumvents the need for oxidative activation. That trimelamol mimics the mechanism 

of action of hexamethylmelamine and structurally related congeners has been stipulated by 

the known metabolic pathway leading to demethylation of each trimelamine exocyclic 

nitrogen via P450-mediated carbinolamine formation.143 Little is known about the 

mechanism of action of the parent compound HMM, however, some data (in vitro) has 

been generated pertaining to the reaction of trimelamol with linearized plasmid PBR322 

DNA.144 



60 

Hartley and Thurston have addressed the concern that ISC formation by trimelamol 

(and HMM by induction) may result not from covalent attachment of DNA to the drug, but 

rather may involve formaldehyde-mediated cross-linking (resulting from deformylation of 

137 ). 144 That formaldehyde cross-links 5'-AT via methylene bridging of the two N6 
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The viability of interstrand cross-linking via formaldehyde was probed in two 

ways.1 44 Firstly, it was demonstrated that in the presence of thiophenol, trimelamol gave 

rise exclusively to the trisubstituted thioether adduct. No deformylation adducts were 

obtained nor was any methylene-bridged bis-thiophenol product detected. Additionally, 

reactions of the 5'- 32P end-labeled PBR322 with concentrations of formaldehyde 

analogous to those that would be present in trimelamol reactions wherein ISC formation 

was readily detected, were completely devoid of cross-linked material. Taken together, 

these findings strongly implicate trimelamol as the DNA binding agent. Preliminary 

evidence has suggested that the drug-DNA covalency is minor groove-dependent since 

piperidine reactions of cross-linked material failed to reveal any base-labile sites resulting 

from facile depurination or depyrimidation (facilitated by base alkylation). This is in 

contrast to many of the alkylating agents which selectively alkylate the deoxyguanosine N7 
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position (the DNA amine bearing the greatest negative character) thus giving rise to base-

labile lesions in a fashion analogous to that used in Maxam-Gilbert DNA sequencing. 146 

That the two alkylation events leading to ISC generation proceed in rapid succession and 

perhaps simultaneously has been suggested. Like mechlorethamine, the second alkylation 

(typically rate-limiting for many cross-linking agents) appears too fast to be measured thus 

suggesting that monoalkylation brings the highly activated imminium species of the 

"second arm" in close enough proximity to the second strand such that almost immediate 

reaction occurs, presumably with little or no structural perturbation of the target duplex. 

The high degree of efficiency with which trimelamol inflicts ISCs upon duplex 

DNA has provided the impetus for improved delivery systems of this drug. While 

approaches such as anti-sense, triplex and peptide conjugations have received attention with 

other cross-linking agents, these strategies have not yet been applied to trimelamol or its 

oxidative predecessor HMM. 
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An alternative strategy has recently been reported by Miller and Ramurthy wherein 

synthesis of the trimelamol siderophore 146 was achieved.1 47 Iron-sequestering 

siderophores are readily recognized and actively transported into cells which might not 

otherwise allow delivery of the molecule in the absence of the siderophore. Once inside the 

cell, iron is released for use by the organism and the siderophore is likely metabolised and 

discarded.148 As such, the incorporation of a DNA damaging moiety into such a molecule 

allows active transport into the cell followed by nucleic acid modification. Such a strategy 

converts drugs which had previously relied on passive diffusion (and to which resistance 
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maybe developed) into much more interactive agents . Specifically, Miller et al. envisioned 

that once iside the cell, the trimelamol would release the sideophore tether and in so doing 

would generate the DNA reactive imminium 

species 149. Initial studies with 146 have 

revealed that growth delay of E. coli X580 

cells is induced by the siderophore conjugate. 

This is consistent with other siderophore 

conjugates (not ISC agents) studied by the 

Miller group and is suggestive of iron 

149 

complex recognition by the outer membrane receptors followed by transport into the cell 

and subsequent DNA damage. To date, no further details have been reported on this 

pathway to ISC generation. 

1.4.3. Pyrrolizidine Alkaloids 

The pyrrolizidine alkaloids comprise one of the most abundant classes of 

biologically active natural products. As constituents of over 6000 species of plants with 

wide morphological and geographical diversity, these compounds ( of which over 200 

varieties have been reported) express poisonous activities of endemic proportions.149 

Particularly common to tropical regions such as the Carribean and Africa, poisonings have 

not been completely averted in the U.S. An interestingly rich source of poisoning events in 

the U.S. has been through the use of herbal medicines. Despite their poisonous traits, 

these agents have provided a fruitful avenue by which to examine oxidative, selective DNA 

bis-alkylation. An additional means by which these compounds express biological activity 

is through the formation of DNA-protein cross-links.150 Ironically, indicine N-oxide 

possesses potent antitumor activites against acute refractory leukemias and various solid 

tumors, despite the fact that it does not efficiently cross-link DNA.151 That the degree of 
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hepatotoxicity displayed is minimal compared to other P As is likely due to a preference for 

DNA-protein cross-link formation in lieu of ISC formation (after hepatic oxidation). 

Cytochrome P-450 oxidation affords two major products: the reactive, highly toxic 

pyrrole and the less toxic N-oxide. Generation of the pyrrolic moiety is proposed to occur 

as outlined by the oxidative transformation of 150 to 153. This results in electrophilic 

activation at the C-7 and C-9 ester substituents via conjugation with the pyrrole nitrogen 

lone pair. That such a species is extremely reactive was recently evidenced by Niwa et 

a[ . .152 Upon oxidation of monocrotaline 157 to dehydromonocrotaline 166 it was found 

that the pyrrole was completely hydrolyzed within 1 minute in aqueous media at room 

temperature. 

HO PHb 
H3C 

[ox] 

0~ 

0 

151 

153 

Figure 1-25. Mechanism of oxidative PA activation. 

DNA cross-linking has been demonstrated with monocrotaline 157, and its 

oxidation product dehydromonocrotaline 166, as well as the pyrrolic metabolites of 

retronecine 162, senecionine 156 , seneciphylline 150, and ridelline 155 and the 

diacetates 167-169. In general, those PAs bearing the a,~-unsaturated 12-membered 

macrocyclic necic diester are more potent cross-linkers than PAs lacking analogous cyclic 

structure and/or the a,~-unsaturation.151 The origin of this preference is unknown, 

though it is possible that DNA modifications other than those involving C7 and C9 are 
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possible. Particularly intriguing is the possibility for 1 ,4-addition to the a,P-unsaturated 

ester portion of such macrocycles. 
MACROCYCLIC DIESTERS 

HO .9H3 
HsCYnO 

0 (±5° 
150, seneciphylline 154, retrorsine 155, riddelline 

HsC~O HsC,, 0 
HO 9H3 ~HsO~H3 

0~ )_ ~CH H~3 AO O 0 
0 l _t~,f \\ m \_J_) 

156, senecionine 157, monocrotaline 

ACYCLIC DIESTERS 
0 

CH3 HsC:W'•. HsC~- H }-roo.._,~•··· ··•1

CH3 0 t! II OH H 
: 0 

N 
158, heliosupine 159, latifoline 

MONOESTERS 

160, indicine 
161, indicine -N- oxide 

NEC/NE BASE "d)OH 
162, retronecine 

Figure 1-26. Some of the representative biologically active pyrrolizidine alkaloids.151 
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The structural similarities between the mitomycins and pyrrolizidine alkaloids and 

their repercussions on DNA base specificity was first suggested by Iyer and Szybalski 

some 30 years ago. 153 This was in line with the proposed specificity for reductively 

activated mitomycin C for which the alkylating "business end" of the molecule closely 

resembles that of the activated dehydro-PAs. Placement of the carbamate at the 

indoloquinone ClO and the presence of the aziridine at Cl parallels the leaving group 

placements in the activated pyrrolizidine alkaloids. 

i 0 OCONH2 

H2 

H3 NH 
0 

Mitomycin C, 163 164 

Figure 1-27. Structural analogy highlight between the mitomycins and PAs. 

Only recently , however, has data been generated to support the hypothesis that 

activated pyrrolizidine alkaloids target the same sequences of DNA as those targeted by 

mitomycin c.1 s4 Utilizing dehydroretrorsine 165, dehydromonocrotaline 166, 

dehydroretronecine diacetate 167, and 2,3-bis-(acetoxymethyl)-l-methyl pyrrole 168, 

Hopkins et al. have demonstrated that ISC formation by these representative PAs proceeds 

with a high degree of selectivity for 5'-CG-3'.154 
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For 167 and 168, Fe (II)-EDTA footprinting revealed the interstrand cross-links to 

involve drug connectivities involving the adjacent deoxyguanosines of 5'-CG-3' . 

Additionally, 167 was found to be capable of ISC formation at the sequence 5'-GC-3' and 

the 168-mediated cross-linking event showed very little, if any, dependence upon the 

flanking bases of the 5'-CG-3'. For instance, in the case of methyl-pyrrole 168, cross-

linking of 5'-TCGA-3' and 5'-GCGC-3' proceeded with similar efficiencies. This is in 

stark contrast to the sequence preferences observed for mitomycin C wherein only 5'-CG-

3' serves as the template for ISC formation, with a strong dependence upon the base 

sequence on either side of the 5'-CG-3' motif. That 167 and 168 both showed preference 

for 5'-CG-3' suggests similar connectivities for these lesions and those induced by the 

mitomycins. However, the added sequence promiscuity of the simpler agents suggests that 

they lack some of the molecular recognition constituents inherent to the mitomycins. Thus, 

while preferred connectivities may be conserved based on reactivity arguments, the 

molecular recognition elements pertinent to the enhanced specificity of the mitomycins over 

the PA analogs in this study represent candidates for a contribution to, but not solely 

responsible for, the mitomycin lesions formed with 5'-CG-3'. 

More recently Hopkins and Woo have addressed the issue of regiochemistry 

involved in cross-linking of 5'-CG-3' within small synthetic ODNs.155 In addition to the 

methyl pyrrole 168 , the regioisomeric pyrrole 169 was examined as was the di-urethanyl 

compound 170. 

Ac~OAc 

t~ 
N 
I 
CH3 

169 

CONHi-Pr 

Cl 

Utilizing a series of inosine substituted ODNs and large scale preparation of 170 

cross-linked 5'-(ACGT)2 the importance of the exocyclic N2 amines of the dGs contained 

within 5'-CG-3' was revealed. Simply stated, incorporation of inosine at one or both dG 
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residues within the self-complementary ODN 5'-TATAATACGTATIATA-3' complete~y 

abrogated ISC formation upon treatment with 168,169, and 170. In combination with 

the earlier Fe(II)-EDTA fragmentation results , this demonstrated the necessity of dG N2-

drug interactions enroute to DNA bis-alkylation. Alternatively, reaction of 170 with 5'-

(ACGT)2 followed by enzymatic degradation down to the nucleoside-drug adduct followed 

by HPLC mass spectrometry and UV analysis revealed the 169-mediated cross-link to 

result from the lesion 171. Although not a natural product, 170 had been shown to 

possess excellent antitumor activities, likely resulting from structural and mechanistic 

analogies to the pyrrolizidine alkaloids.156 
170 

171 

1) d- (ACGT)2 
2) DNase, Snake Venom Phosphodiesterase, 

Calf intestinal alkal ine phosphatase 
3) Reverse Phase HPLC, 

Spectrophotometric analyses (UV and MS) of the resulting lesion was consistent 

with the structure assignment 171 as verified by comparison to a synthetically derived 

sample of 171. Both the enzymatically obtained material and the synthetic sample 

displayed identical retention times by reverse phase HPLC and migrated as one distinct 

entity following co-injection. Importantly, this represented the first isolation/elucidation of 

the bis-nucleoside adducts responsible for DNA interstrand cross-linking by any members 

(or analogs thereof) of the pyrrolizidine alkaloid class. Further, it substantiates the 

assertion that the pyrrolizidine alkaloids interstrand cross-link DNA in a fashion similar to 

the mitomycins. 
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The elucidation of the mechanistic pathway by which simple pyrroles interstrand 

cross-link DNA serves as a convenient model system for the pyrrolizidine alkaloids. 

Studies directed at the eventual exploitation of these agents via conjugation strategies has 

led to the development of pyrrole conjugates.157 Concomitant with the enzymatic 

degradation and subsequent characterization of cross-linked ODNs bearing the lesion 171, 

was the synthesis of the polypyrrole conjugate 172. Sigurdsson et al. demonstrated that 

conjugation of 168 to the 5'-AATT-3' binding element of distamycin led to a conjugate 

(172) whose rate of ISC induction was 1000 times greater than that of the untethered 1-

methyl pyrrole 168.158 

Figure 1- 27. Binding motif of distamycin-pyrrole conjugate 172 to 5'-(CGAATTh 

Initial studies were performed using Eco RI linearized plasmid pBluescript II KS 

which bears some 27 runs of four sequential A or T residues proximal to 5'-CG-3' boxes. 

Utilizing this substrate, efficient ISC formation was obtained at concentrations as low as 10 

nM ( conjugate:bp ratio of 0.03). Subsequent efforts with several ODNs revealed that the 

sequence 5'-(GATCGAATTCGATCh gave optimal cross-linking with an astounding 67% 

yield of the ISC. Inosine substitution at either dG residue flanking the 5'-AATT-3' 

abrogated ISC formation thus suggesting retention of the known alkylation pathway 
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exerted by the methyl pyrrole. That DNA connectivity to the cross-linking moiety was 

conserved in the conjugate was verified upon scale up and subsequent enzymatic digestion. 

All spectral data generated for the conjugate mediated lesion was consistent with the 

regiochemical assignments previously made with the untethered 168. 

Although the conjugation methodology presented provides a highly efficient and 

selective means of ISC induction, such strategies have not yet been applied to oxidatively 

activated conjugates. This likely represents the next frontier in the selective delivery and 

bioactivation of various drugs . Indeed initial efforts with mitomycin C conjugated 

oligonucleotides have shown this to be a viable means of delivery for redox-activated 

drugs.1 58 
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1.5. HYPOXIA-SELECTIVE AGENTS (REDUCTIVELY ACTIVATED) 

The proposed mode of action for radiation-based therapies (still the most successful 

non-invasive means of treatment for most cancers) relies on the abundance of oxygen 

within the tissue of interest.159 Exposure of oxygenated tissues to ionizing radiation 

affords superoxide which in turn produces the highly reactive hydroxyl radical species via 

iron-mediated dismutation of hydrogen peroxide and subsequent Fenton chemistry .160 

Alternatively, direct generation of hydroxyl radical mediates cellular damage and provides 

another entry to Fenton/Haber-Weiss redox cycling.160 Diffusion of the highly reactive 

hydroxyl radical inflicts damage upon phospholipids, proteins, and most notably, the 

nucleic acids. Reaction with DNA affords a wide array of base-oxidized nucleotides 

(Figure 1-29)161 and leads also to indiscriminate strand scission of the phosphodiester 

backbone.162 

HABER-WEISS CYCLE 

o-• 2y 
02A 

(2) LFe2+ + 02-• 

(3) LFe2+ + H202 

LFe3
+ ?( H202 

(2) 
LFe2+ o;· 

k1 
LFe2+ + 0 2 

LFe3+ + • O H + -o H (FENTON REACTION) 

strand scission 

DNA 1----... 
/ H20 

EDTA-Fe3+ + • 0 H + -o H 

ascorbate or thiol reduction 

Figure 1-28. Fenton/Haber-Weiss redox cycling outline. 
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Superoxide dismutation is facilitated by a wide array of iron complexes and 

represents the only kinetically significant step in the net conversion of dioxygen to 

hydroxyl radical. The most heavily studied Fe(II)-EDTA system possesses a rate-limiting 

k1 of 76 M-1sec- 1 at neutral pH affording a steady state of Fe(Il)-EDTA since k2>k_ 

1>k3>>k1.163 Radiation therapy, though a highly effective means of treating diseases 

inherent to oxygenated tissues , often suffers from decreased efficiency upon the 

development of solid tumors. 

0 0 0 0 ~H, CC°H ~H, :CH HN OH H 1CH3 HN OH HN 'CH3 

O~N ' H O~N ,, OH OH O~N 'H 0 N ·,, 
I DH I H I H I DH 
R R R R 

173 174 175 176 
0 NH2 

HJ,J(}-oH (JC)-OH 
H2N N f"l N \ 

R R 
177 178 

Figure 1-29. Common base oxidized nucleotides resulting from reaction with hydroxyl 
radical. R = deoxyribosyl connection to DNA polymer. 

It is well established that hypoxic cells (those lacking oxygen) exist in solid tumors 

and that these cells are resistant to the cytotoxic effects of ionizing radiation. The gene 

expression and subsequent secretion of angiogenesis factors enroute to the development of 

a solid tumor's own blood suppy is necessary for tumor growth.164 The inefficiency of 

this process mandates that many of the tumor cells are greater than 150µm from the nearest 

blood vessel and are therefore oxygen defficient. This "diffusion-limited" hypoxia results 

from the rapid metabolism of oxygen by cells proximal to the blood vessel thus depleting 

the supply for the more distal tumor cells.165 Alternatively, the closing off of blood 

vessels (either host vessels for tumor generated vessels) by simple constriction due to 

tumor growth leads to "perfusion hypoxia". 165 Importantly, the generation of hypoxia is 

not limited to neoplastic cells. Anaerobic bacteria and other parasitic organisms have been 



72 

proposed targets for hypoxia selective agents (HSAs) which like neoplasms, maintain the 

presence of reductive enzymes such as cytochrome P450 reductase, DT diaphorase and 

others while possesing much lower than normal levels of oxygen.166 

Most HSAs rather than undergoing selective reduction, undergo reduction events in 

all cells which are reversible in the presence of molecular oxygen (via superoxide 

generation). Hence, in the absence of 02, the activated reduction product is long-lived 

enough to inflict macromolecular damage resulting in cytotoxicity. It has been 

demonstrated that agents possessing reduction potentials in the range -300mV to -450mV 

are accessible to enzymatic reduction in viva.167 These can be categorized into three 

classes; (1) nitro- and aza- aromatics, (2), quinone-containing agents, and (3) transition 

metal complexes. Application of these reducible functionalities has been applied to the 

design (both man-made and naturally occuring) of the following "prodrugs". 

1.5.1. Masked Nitro1:en Mustards 

Owing to their structural simplicity and high degree of reactivity with nucleic acids, 

the nitrogen mustards have received considerable attention with respect to prodrug design. 

As with cyclophosphamide (essentially an oxidatively activated N-mustard derivative), the 

tethering of mustard moieties to redox active organic functionalities has allowed the 

generation of highly specific DNA cross-linking agents. Particularly successful has been 

the employment of nitro- and aza-aromatic chemistry. Several reports of nitroaromatic 

alkylating prodrugs have appeared, all of which undergo reduction via the conversion of 

178 to 183_168 

R-NO2 
178 

1 e- R-NO 

180 

1 e- R-NOH 
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1 e- R-NHOH 
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Nitrobenzyl compounds bearing leaving groups at the benzylic position have shown 

hypoxic selectivities in cell culture and are proposed to behave as nucleic acid alkylating 

agents via generation of the iminoquinone methide 186.169 
-OH 

HNJ~ l & ] &'Q ___ I ~ _D_N_A_ 

1~ 1~ 184 187 

Additionally, the conversion of the electron-withdrawing nitro group to the 

donating amine or intermediate hydroxylamine has been used as a means of reductively 

activating substituted nitroimidazoles towards DNA mono- and bis-alkylation.170 

Misonidazole 188 is a known DNA monoalkylating agent whose cytotoxicity is reductively 

driven. Unlike other nitroaromatics, the critical intermediate is not the free amine but rather 
rOCH3 rN--1 

0~ ;-\__ 0~ /\ "" 
]j-~\ 0 H ]j-N OH 
NV N~ 

188 
Misonidazole 

189 
RSU-1069 

the partially reduced hydroxylamine. 171 The identity of the lesion is not known but likely 

involves alkylation of the hydroxylated side chain via assistance from the hydroxylamine 

moiety . Within the realm of ISC generation, RSU 1069 (189) undergoes initial ring-

opening of the aziridine to afford monoadducts under aerobic conditions.170 Once 

anchored to the DNA, reduction of the nitro functionality gives rise to a second electrophilic 

site which undergoes nucleophilic attack by the complementary strand to yield interstrand 

cross-linked materiaJ.170 

With respect to the "protection" of nitrogen mustards, many derivatives of the 

nitroaniline chloromustards have been examined.172 Conjugation of the nitrogen mustard 

lone pair with the p-nitro group abrogates aziridinium formation required for efficient ISC 

formation . 
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However, conversion of the nitro group to either the hydroxylamine or the fully 

reduced amine deconjugates this lone pair thus facilitating the formation of the requisite 

aziridinium. Similarly, the nitroquinoline 194 is an extremely stable compound. Six-

electron reduction of the nitro group considerably alters the electron density of the quinoline 

ring system.173 A reflection of this electronic change is the considerably enhanced basicity 

of the cyclic nitrogen. Intramolecular base-catalyzed rearrangement subsequent to nitro 

group reduction facilitates elimination of phosphoramide mustard which, as discussed 

previously, is the DNA-reactive intermediate involved in cyclophosphoramide cytotoxicity. 
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Figure 1-30. Reductive activation of 194. 
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In addition to nitroaromatic conjugation methodologies, the N-mustards have been 

tethered to aza-aromatics in order to achieve similar results. One such example reported by 

Wilman et al. is depicted by 197.174 Conceptually, reduction of the azo functionality was 

envisioned to yield the free aniline mustard which, by analogy to the nitro systems, would 

effect selective DNA bis-alkylation. This was in fact the case for the Wilman study in 

which 197 and structurally related analogs demonstrated selective liver cytotoxicity. 174 

The design of hypoxia selective N-mustards has not not been relegated only to nitro or aza-

aromatics. 

OH 

The conversion of nitrogen mustards to the corresponding N-oxides has been 

pursued. N-oxidation considerably lowers the pKa of an amine (roughly 5 units) and 

effectively deletes nucleophilic characteristics. In line with this concept, compounds such 

as 198 and 199 have been designed as reductively activated prodrugs of mechlorethamine 

and chlorambucil respectively. Connors et al. have shown that nitromin 198 undergoes 

enzymatic reduction (under anaerobic conditions) with resultant increases in unscheduled 

DNA synthesis of JBl, BL8 and Walker 256 carcinoma cell lines.175 

Additionally, anaerobic enzymatic reduction by rat liver microsomal extracts 

followed by trapping of the bis-electrophilic mustard with diethyldithiocarbamate (DDC) 

afforded the adduct 200. Under aerobic conditions, little, if any , nitromin was DDC 
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derivatized while the DDC-mechlorethamine adduct was obtained in> 90% yield. The 

reducing microsomal system examined can use either NADH or NADPH to effect 

reduction. Analogously, purified cytochrome P450 reductase was able to reduce nitrornin 

in the absence of any other microsomal proteins. 

Taken together, these findings strongly suggest that N-oxide functionalization of 

mechloretharnine provided an effective means of masking the reactivity of the parent 

compound while allowing a reductive "unmasking" route to selective activation. 

Conversely, Shervington and Mann have shown that this strategy fails with the 

chlorambucil analog 199 which shows no hypoxia selectivity enroute to DNA 

modification.176 

1.5.2. Transition Metal Complexes 

Activation of HSAs ensues upon one-electron reduction, but may also follow in the 

case of two-electron reduction. Examples of two-electron reductases include 

NAD(P)H:quinone oxidoreductases (DT diaphorase) and xanthine dehydrogenase both of 

which reduce quinones and nitroheterocycles under aerobic conditions. 177 Such a case is 

deleterious to the reductive selectivity of such agents since the whole concept of selectivity 

is based on the facile reoxidation of the one-electron-reduced species with concomitant 

generation of superoxide. The two-electron reduction scenario bypasses this oxygen-

reversible stage thus abrogating selectivity. 

One means of avoiding inadvertant drug toxicities resulting from irreversible two 

electron reduction processes has involved the construction of transition metal complexes 

which are capable of only one-electron reduction events. Denny et al. have shown that 

Co(III) complexes are particularly attractive in this manifold.178 The d6 low-spin electronic 

configuration of octahedral Co(III) complexes renders them kinetically inert. For instance 

CoIII(NH3)6 possesses a half-life of 6 x 1 Q9 s with respect to aquation.179 However, one 
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electron reduction (reduction potentials typically in the range of -200 to-400m V ) results in 

a highly labile Co(II) complex capable of rapid ligand exchange.180 

1 e--
Figure 1-31. Reduction promoted ligand release from Co(III) complexes. 

However, this process is essentially irreversible since the resulting [Co(H2O)6]2+ is 

extremely stable with respect to back oxidation (E0 = + 1800m V).178b The ability to control 

the substitutionally labile Co(II)L6 relies heavily upon the nature of the ligands used, with 

monodentate ligands demonstrating extremely facile exchange thus giving rise to the 

oxidatively inert hexaqua species. Indeed, initial studies by the Denny group178c revealed 

that the complexes 201 and 202, while capable of reductive activation towards DNA 

alkylation , showed no selectivity for hypoxic cells due to the insufficient stability of the 

Co(II)L6 complex. 

201 

202 

More recent accounts reveal that the use of polydentate ligands stabilizes the 

reduced Co(II) species thus allowing the oxygen-reversibility needed to acheive hypoxic 

selection.178b The design of metal complexes 203 and 204 follows from the concept of 

N-oxidation of reactive mustards in that coordination of the nitrogen lone pair to Co(III) 

shuts down aziridinium formation.178b Variations of the R groups from H, to methyl, 

ethyl or propyl was observed to considerably alter the reduction potentials of the respective 

analogs which in turn influenced the cytotoxicity properties observed. 
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+ + 

203 

Surprisingly , only the parent compound 203 (R=H) possessed a reduction 

potential (E0= -310 mV) within the physiological range previously stated, with the methyl, 

ethyl, and propyl analogs possessing reduction potentials of -42, -460, and -500 mV 

respectively. The methyl , ethyl, and propyl congeners of 204 possessed reduction 

potentials of -305, -350, and -385 mV respectively while the unsubstituted case was well 

outside the potential window with a potential of -235 mV. The hypoxic selectivities of 

these compounds was determined in UV 4 cell cultures. Though 203 possessed minimal 

potency in this assay, the methyl-substituted analog was very selective towards hypoxic 

cells despite possessing a reduction potential outside the physiological window. All 

compounds of the general structure 203 were considerably more potent than the 204-

based compounds likely owing to the ability of the N,N-bis(2-chloroethyl)ethylenediamine 

(DCE) ligand to induce monoadducts and ISCs via the mechlorethamine pathway. 181 That 

this is in fact the case has not been shown and the authors postulate that the enhanced 

cytotoxicities observed are due to more facile DCE release upon Co(III) reduction versus 

that observed with the N,N'-bis(2-chloroethyl)-ethylenediamine (BCE) complexes. In 

either event, the utility of Co(ill)L6 complexes as a means of selectively targeting hypoxic 

cells has been demonstrated and represents a novel approach towards reductive drug 

activation. 
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1.5.3. Anthracyclines 

Possessing the tetracyclic quinophenolic ring system with the tethered aglycone, the 

anthracyclines represent a structurally diverse and clinically important class of antitumor 

antibiotics.182 The investigation of synthetic derivatives of adriamycin (210) alone has 

resulted in the synthesis of more than 2000 compounds over the last 25 years.I 8 3 

Additionally, isolation from fermentation broths continues to reveal the multitude of natural 

products belonging to this class. 

TAN-1120, (205) 

H:,CO 

0 OH 

H:,C,N 
I 

CH 3 OH 

RESPINOMYC/N A1, (206) 

0 

Recently isolated additions to the anthracycline group of compounds include TAN-

1120 (205) (from Streptomyces triangulatus)l83a , respinomycin Al (206)183d (from 

Streptomyces sp. RK-483), cororubicin (207) (from Micromonosporasp. JYJ6)183c, and 

dutomycin (208) (from Streptomyces sp. 1725)183b. All of these compounds demonstrate 

potent cytotoxicities against several tumor cell line, but most striking is the ability of 
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cororubicin to generate superoxide in Nl8-RE-105 hybridoma cells (rat retina x mouse 

neuroblastoma cells) as detected by in vitro nitro blue tetrazolium (NBT) reduction_l83c 

It is clear that the members of the anthracycline class of natural products exhibit vastly 

different chemistries and that these likely potentiate the biological significance of the 

individual anthracyclines. Common to all the anthracyclines, however is the ability to 

intercalate between the base pairs of DNA. 

That the anthracyclines are avid DNA intercalating agents was first described 

crystallographically by Wang et al. in 1987 _ 185 The structure of a 2: I complex between 

daunorubicin 209 and 5'-d(CGTACG)2 was reported at near atomic (1.2A) resolution and 

showed drug intercalation of the extended chromophore between the 5'-CG-3' steps at both 

ends of a distorted B-DNA duplex. The chromophore penetrates the double helix with the 
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OH 
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OH 

cyanomorpholino-adriamycin 

D ring protruding into the major groove and the amino sugar lying in the minor groove. 

Later studies revealed the relevance of this binding motif to several anthracyclines and also 

demonstrated the importance of certain drug-DNA interactions inherent to this mode of 

binding. 186 

Particularly intriguing was the finding that anthracyclines devoid of the 09 

hydroxyl were not biologically active.186 This was proposed to be a reflection of lower 

binding affinity due to the absence of the critical hydrogen bonding network involving the 

09 hydroxyl hydrogen and the N3 and N2 nitrogens of the deoxyguanosine adjacent to the 

aglycone. The importance of an intercalative binding mechanism has been shown by 
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numerous workers and has been suggested as the predominant means of DNA association. 

Additionally, the intercalative mode of binding is very often accompanied by attractive 

DNA contacts involving the tethered aglycones in a fashion reminiscent of enediynes such 

as calicheamicin and other amino-sugar antibiotics such as chromomycin.187 

Evidence suggests that the anthracyclines operate via several different modes of 

action. Impairment of topoisomerase II activity, membrane-related effects and redox-

mediated DNA damage have all been implicated as manifestations of anthracycline 

biological activity.188 Of these, topoisomerase impairment has received the most attention. 

Inhibition of enzyme activity follows from self-inflicted endonucleolytic DNA double-

strand breaks. Binding to a given duplex, topoisomerase II induces strand scission of each 

strand by forming a transient covalent bond with the 5' phosphoryl end of the broken 

strand and a tyrosine of each subunit of the 170kDa homodimeric protein. 189 Formation of 

this "cleavage complex" allows another intact duplex to pass through the opening created in 

the topoisomerase II-bound strand.189 Subsequent ligation of the broken strands ensues 

leading to enzyme release. Stabilization of the cleavage complex by the anthracyclines 

prohibits ligation and thus affords the arrested drug-DNA complex as a dead-end in the 

supercoiling process.188 That this occurs at clinically relevant concentrations has been 

demonstrated for adriamycin and is proposed to be pertinent to the mechanism of action of 

numerous other anthracyclines. 

Membrane effects associated with the anthracyclines result from drug affinities for 

the negatively charged phospholipids and resultant alteration of membrane functions . 

These interactions (not involving radical damage or intercalative processes) at subcytotoxic 

levels serve to promote cell growth in both human and murine tumor cell lines. However, 

higher drug concentrations inhibit growth.190 This has been attributed to excessive growth 

rates resulting from overstimulation of the membrane-mediated signaling mechanism 

responsible for growth ; in effect, out-stripping of the cellular resources results leading to 

ultimate growth inhibition and eventual cell death. Surprisingly, despite some 20 years of 
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clinical use and research, little is known about the specifics of this mechanism of 

cytotoxicity for the anthracyclines. 

Anthracycline mediated oxidative DNA damage has been implied due not only to the 

detection of non-protein-associated strand scission products, but also to the tendency of the 

anthracyclines (specifically adriamycin) to induce severe cardiomyopathy. 188 Heart tissue 

is known to activate adriamycin at several sites including the cytosol, mitochondria and 

sarcoplasmic reticulum.191 Additionally , these tissues possess very low levels of the 

peroxide detoxification enzyme catalase. These facts coupled with the known inactivation 

of glutathione peroxidase (another peroxide-countering enzyme) by adriamycin, 

demonstrate the origin of anthracycline induced cardiomyopathy. Not only does the drug 

stimulate superoxide generation, but it also shuts down (or avoids) the repair mechanisms 

by which oxidative damage is typically averted.191 

Perhaps the most interesting chemistry demonstrated by the anthracyclines lies in 

their ability to undergo redox conversion to quinone methides. The inefficiency of aerobic 

reduction stems from the rate limiting quinone reduction (E0 = -300mV) and the almost 

immediate conversion of this species back to the quinone with concomitant superoxide 

formation (rate constant k = 1Q8mol/L-1/s-l ).188 However, as stated previously, the 

absence of oxygen facilitates retention of the activated species. Elegant studies by Koch et 

al. have shown that anaerobic reduction of daunomycin (209) with sodium dithionite 

affords a wide array of adducts as shown in Figure 1-32.192 This anaerobic chemistry is 

highly substituent-dependent especially with respect to the 11 position. Indeed, the 

quinone methide stemming from reduction of 7, 11-dideoxydaunomycin is considerably 

less reactive with protic solvents than is the analagous compound bearing the C-11 

hydroxyl and is thus much longer lived than the hydroxylated congener. That these 

compounds dimerize upon reduction has been demonstrated and is very often the 

predominant in vitro reaction pathway_ 193 
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Figure 1-32. Product distribution of duanomycin reduction by sodium dithionite. 

Dimerization is proposed to result from one of two mechanisms. The possibility of 

radical generation at C7 followed by recombination has been suggested as has the 

condensation of two activated quinone methides wherein one nucleophilically adds to 

another (Figure 1-33). The ability of these dimeric compounds to induce biological 
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activity has not been disproved. However, that the quinone methide generated upon 

aglycone release is an efficient electrophilic trap (with selective addition to the C7 position) 

for biologically relevant nucleophiles has been shown by several groups. 

OH 0 

0 
212 

OH OH OH OH 0 
0 OH 0 

OXIDATION 

0 OH 0 

216 

Figure 1-33. Mechanism of quinone methide dimerization enroute to duanomycin dimer 
216 (Figure 1-32). 

Fisher and Ramakrishnan have shown that anaerobic reduction of daunomycin with 

substoichiometric amounts of NADPH provides the quinone methide which is efficiently 

trapped by thiolate nucleophiles such as N-acetyl,L-cyteine, N-(t-butoxycarbonyl)-L-

cysteine and 1-thio-~-D-glucose providing the pair of C7 diastereomers for the respective 

products 224 and 225 _ 194 
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The resulting thioethers were typically obtained in 65% yield with the major 

products bearing the S stereochemical configuration at the 7 position. Nucleic acid 

alkylation studies by Koch and Egholm revealed that reduction of manogaril with the one 

electron reducing agent bi(3,5-dimethyl-5-(hydroxymethyl)-2-oxomorpholin-3-yl) ( DHM-

3 dimer, 226) in the presence of deoxyguanosine yields the C7 nucleoside-substituted 

233_195 Interestingly, none of the dG N7 alkylated material was found nor were any of 

0 

2 HO$~c~ 

CH3 
227 228 

the nucleoside hydroxyls tethered to the anthracycline chromophore. Additionally, 

analogous reaction conditions in the presence of the other purine nucleoside 

deoxyadenosine failed to afford any drug-nucleoside conjugates. 
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Recent studies by Skladanowski and Konopa have revealed that numerous 

members of the anthracycline class antibiotics induce interstrand cross-links into DNA. 196 

Incorporation of 14C-methyl-thymidine into the cellular DNA of HeLaS3 cells was used as 

a means of detection for DNAs with abnormal renaturation kinetics following a cell:drug 

incubation period of 3 hours at 37°C. From these studies it was found that members of 

both the class I and class II anthracyclines inflicted ISCs upon HeLa cellular DNA (Figure 

1-34 ). 
CLASS I ANTHRACYCLINES 

Comoound R, R,, R-, RA R1: OJn 1sr. 
Adriamvcin =O OH H OH NH, 72.6 
Daunomycin =O H H OH NH2 53.6 
Eoirubicin =O OH OH H NH,, 50.0 
lodorubicin =O OH H I NH2 76.9 
4'-amino-Adria =O H H NH? OH 10.0 
Rubidazone 0 H H OH NH2 25.0 

)l.. 
=N-~ C5H5 

CLASS II ANTHRACYCLINES 

Compound R1 R2 % ISC 

Aclacinomycin H H3cps::; 66.7 

0 

Cinerubin A OH Ht:Jps::l 35.0 

0 

H H3C~ > 70.0 Marcellomycin 
OH 

OH 

Figure 1-34. Representative class I and class II anthracyclines known to interstrand 
cross-link HeLaS3 cellular DNAs.196 

The class I anthracyclines are nucleolar non-selective, inhibiting both DNA and 

nucleolar precursor ribosomal RNA (NO-RNA) synthesis at approximately equivalent 

concentrations while the class II compounds inhibit NO-RNA synthesis at concentrations 

200-1300 fold lower than those required to inhibit DNA synthesis.197 That members of 
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either class express biological activity via ISC formation has led to intense efforts aimed at 

the elucidation of the resulting lesions and the mechanisms responsible for their generation. 

Reductive quinone methide formation explains the ability of the anthracyclines to 

induce monofunctional binding, but is not obligate for ISC induction by all anthracyclines. 

One case in point originally disclosed by Westendorf et al. and recently elaborated upon by 

Phillips and Cullinane is that of (cyanomorpholino)-adriamycin 211. 198 Utilizing a 

degradative exonuclease III digestion assay, 211 was found to induce intrastrand cross-

links at the sequence 5'-GG-3' on either strand of the alkylated duplex ODN ( enzyme stop 

sites at the sequence 5'-CC-3' was considered diagnostic for alkylation of the 5'-GG-3' of 

the complementary strand).198b The intrastrand lesion is preferentially formed over the 

interstrand (involving alkylation at both dG residues of 5'-GC-3') bis-alkylation by a factor 

of ten and both events have been shown to involve alkylation of the N2 of each 

deoxyguanosine residue.199 Cross-linking of Eco RI linearized plasmid pSP64 with 210 

did not require reductive conditions and afforded heat labile adducts which readily 

decomposed upon heating to 60-70°C for ten minutes. 199 The observed decomposition 

was attributed not to DNA strand scission, but rather to reversible release of the 

anthracycline chromophore from the duplex substrate. More important, was the ability to 

induce ISCs without any exogenous reductants. This substantiated earlier studies by 

Begleiter et al. in which DNA cross-links were isolated from drug-treated L5178Y murine 

lymphoma cells.200 Notably, the in vitro plasmid reactions called for relatively high drug 

concentrations (micromolar) whereas the cellular studies required only nanomolar 

concentrations, thus suggesting the importance of metabolic activation. That the 211-

induced ISCs were obtained without reductive activation and show a high degree of 

reversibility at higher temperatures is suggestive of an adduct resulting from aminal 

formation between the drug and the dG N2. Additionally, retention of both the 

anthracycline chromophore and the morpholino moiety supports the proposal that the ISC 

results partly from cyano displacement followed by addition of dG N2 to the resulting 
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imminium species.199 Although the viability of this mechanism is clear (based on analogy 

to DNA alkylation by Saframycin A), it only accounts for one of the two alkylation events 

necessary for ISC production. The second event remains unclear, but may involve simple 

Schiff base formation involving the C-13 ketone and the N2 of the other deoxyguanosine 

involved in cross-linking. Given that the extended chromophore remains intercalated 

between the bases of interest, it is likely that the drug functionalities responsible for DNA 

alkylation be placed above and below the plane of the tetracycle. This, in combination with 

the relative reactivities of drug functional groups suggests that it is these "side chains" that 

endow 211 with interstrand cross-linking activity. 

Studies by the Phillips group have addressed the ability of adriamycin 210 to 

induce similarly unstable cross-links into synthetic ODN's.183,201 Contrary to the 

morpholino substiuted anthracycline, adriamycin displays the absolute requirement of an 

exogenous reductant in order to efficiently cross-link DNA. Concentrations as high as 5-

lOmM are required with reducing agents such as dithiothreitol, glutathione and ~-

mercaptoethanoI.183 Additionally, the rate of cross-link formation is dependent upon the 

concentration of Fe(III).201b This most likely stems from the inability of intercalated 

anthracyclines to undergo reduction due to steric constraints inherent to the DNA bound 

species.188 However, formation of the extremely stable anthramycin-Fe(l11) complex 

affords a species still capable of intercalation, but now possessing a redox shuttling 

system.188 It is proposed that reduction of the drug bound Fe(III) to Fe(II) gives rise to 

the intramolecularly reduced serni-quinone radical which is then electrophilically activated. 

Adriamycin mediated ISC's have been mapped to the sequence 5'-GC-3' using A-

exonuclease and are dependent upon the exocyclic N2 amines of the deoxyguanosine 

residues on each strand of the duplex.20lb,c However, the structure of the lesion has not 

been solved and more interestingly, no structurally related examples exist for which any 

corresponding ISC lesions have been elucidated. As such, the molecular mechanism by 
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which the anthracyclines interstrand cross-link DNA is largely unknown and thus 

represents a novel area of study given the widespread clinical use of the anthracyclines. 

1.5.4. Aziridinylbenzoquinones 

The aziridinylquinones represent perhaps the simplest of the mitomycin C-like 

prodrugs. Reduction of the quinone results in the transition from a nonaromatic quinone 

to the aromatic semiquinone or hydroquinone (1- and 2- electron reductions respectively). 

The resulting altered electronic distribution no longer invokes conjugation of the nitrogen 

lone pair electrons with the respective carbonyls.202 As such, this substantially enhances 

the basicity of the aziridinyl nitrogens thus facilitating protonation of each tertiary amine. 202 

This activation process vastly enhances aziridine electrophilicity thus affording a species 

capable of facile DNA alkylation. Following alkylation, autoxidation ensues thus restoring 

the quinone moiety. Importantly, autoxidation of the bis-alkylated species back to the 

quinone (as in the anthracycline case) is favored over the parent hydroquinones due to the 

increased electron donation from the acyclic amines into the aromatic hydroquinone as 

opposed to that of the ring-strained aziridinyl case.202 L o NV 2e-/H20 I I 
0 NV 
2.34 Z35 

,....--., 
DNA :-) OH 

LN* ~r 1---::: H 
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0 ~DNA 
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Figure 1-35. Reductive mechanism of DNA interstrand cross-linking by the 
diaziridiny lquinones. 
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Of the diaziridinylquinones, the most heavily studied are the simple 

unfunctionalized diaziridinylquinone 234 (DZQ) and the more clinically promising 2,5-

bis( 1-aziridiny 1)-3 ,6-bis( carboethoxyamino )-1,4-benzoquinone 240 (AZQ). AZQ is 

particularly interesting since it is one of the few therapeutic agents known to be active 

against human brain tumors.203 

~N•O 
I I 

0 NV 
234 

~NvO NHC02'=t 
I I 

EtO:PHN O NV 
240 

Hopkins and co-workers have recently described the lesion structure resulting from 

reaction of various synthetic ODN's bearing the sequences 5'-GNnC-3' (n=O,lor 2) with 

both DZQ and AZQ.204 Enzymatic digestion followed by HPLC, UV, and mass spectral 

analyses reveal the previously assigned structures to be consistent with those of the isolated 

lesions resulting from connectivities to both N7 atoms of the two cross-linked dG residues 

Concurrent with elucidation of these covalencies, studies have been directed at 

understanding the non-covalent interactions inherent to the reaction of these agents with 

DNA. For instance, DZQ (234) when in the quinone oxidation state, demonstrates DNA 

alkylation patterns very similar to most structurally related analogs.205 However, reduced 

234 reacts exclusively at 5'-GC-3' with a particularly strong preference for 5'-TGC-3'.205 

The nature of this radical transition in sequence selectivity has not been unambiguously 

defined. However, the analagous selectivities of DZQ and uracil mustard (242) in which 

both share a high degree of selection for 5'-PyGC-3' has prompted the proposed non-

covalent motif shown in Figure 1-36.205 
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5' 5' 

Figure 1-36. Proposed 5'-GC-3 ' binding motifs for activated uracil mustard (242) and 
activated DZQ (234). 

Both cases involve ISC formation via major groove N7 alkylations of the opposing 

deoxyguanosines on each strand of the duplex and indeed this model is consistent with at 

least one N7 alkylation. That unreduced DZQ (structurally more similar to uracil mustard 

than the reduced form) did not show the same specificity as the reduced form has raised 

questions pertaining to the motif shown in Figure 1-36. An alternative rationale derived 

from molecular modeling studies has shown that the activated DZQ core readily undergoes 

hydrogen bonding between the hydroquinone hydroxyls and the 0 2 and C4-NH2 of the 

cytosine to the 3' side of the guanosine target base as in the complex 243. 205,206 In this 

243 
3' 

5' 

I fashion , the reactive carbon of the aziridine is 

positioned within bond-forming distance of 

the dG N7 above the plane of the 

hydroquinone. That only the hydroquinone of 

DZQ could undergo such a binding 

mechanism suggests the validity of this view, 

though an unambiguous demonstration of this 

motif has not been reported. 
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In addition to alkylation of the major groove N7 of deoxyguanosine, some instances 

of adenine alkylation have been noted.206 Enzymatically reduced DZQ alkylates not only 

deoxyguanosine, but also shows a preference for adenines within 5'-(Aff)AA-3' runs. 

The methylated 2,5-dimethyl DZQ (244) readily monoalkylates 5'-GC-3' in line with most 

DZQ based structures. However, reduction with either ascorbate or DT-diaphorase affords 

a species highly selective for 5'-TAA-3'. The resulting lesion gives rise to base labile sites 

as demonstrated through piperidine digestion. More precisely, it appears that the major 

groove adenine N7 is the modified moiety since the presence of 1 OmM Mg2+ abrogates 

adenine alkylation (via minor groove N3 coordination). The origin of this altered selectivity 

has not been determined, but dG alkylation with such analogs has been found to result 

partly from quinone methide formation.202 

Figure 1-37. Proposed mechanism of 2,5-dimethyldiaziridinylquinone reaction with 
DNA via dual aziridine ring opening followed by oxidation and quinone methide formation . 

Butler et al. have shown that 244 is capable of ISC formation at the sequence 5'-

TGC-3' and that this process requires the initial reduction of the quinone.202 Computer 

modeling has revealed that aziridine ring-opening by the first dG brings the para-situated 

methyl group much closer to the N7 of the opposing dG. Oxidation followed by quinone 
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methide formation ensues and subsequent Michael addition by the second strand affords the 

cross-linked adduct 250 shown in Figure 1-37. That oxidation of the initially formed 

monoadduct is required for ISC generation by 244 strongly supports this theory, although 

structural elucidation of the resulting lesion still has not been reported. Additionally, the 

fate and/or role of the second aziridine ring is not known in this quinone methide route to 

bis-alkylation. 

The diaziridinylquinones have received considerable attention with respect to the 

design of 2,5-substituted analogs, but for the most part, little attention has been paid 

towards the design of peptide or DNA conjugates. As with the anthracyclines, this is likely 

due to the complexity of such a conjugate which requires not only the desired drug-target 

interactions, but which must still be capable of the desired activation process. Surprisingly, 

the mitomycins, for which the diaziridinylquinones may be thought of as mechanistic and 

structural predecessors207, have received attention with respect to such conjugation 

methodologies despite their considerably more complex structures. 158 

1.5.5. Mitomycin C and Related Structures 

The mitomycins display a wide array of substitution patterns inherent to the core 

pyrrolo-[1 ,2a]-indole structure. Originally isolated in Japan by Hata et al. , rnitomycins A 

and B were quickly recognized as potent antibacterial and antitumor agents.208 The 1956 

isolation of these compounds from broths of Streptomyces caespitosis was followed two 

years later by the isolation of rnitomycin C (MC, 163) from the same bacterium at the 

Kyowa Hakko corporation. In 1960, the aziridinyl N-methylated analog of MC , 

porifomycin 253 was isolated from Streptoverticillatium ardus. In 1962 the same four 

compounds were isolated from broths of Streptomyces verticillatus as was the biologically 

inactive pentacyclic rnitiromycin. 
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More recent additions to the mitomycins include N-methylmitomycin A reported in 

1981212a and the equilibrium mixture of isomitomycin A (256) and albomitomycin A 

(257) which ultimately affords mitomycin A (251) as the thermodynamically favored 

isomer.212b 

In addition to the isolation of mitomycin congeners from "native" broths , the 

doping of these broths with biosynthetic "synthons" has yielded a wide array of 

"unnatural" mitomycins. Bush et al. have demonstrated that supplementing the normal 

fermentation medium for Streptomyces caespitosis with various primary amines results in 

two types of mitomycin analogues.213 The first type is analogous to mitomycin C with the 

exception that primary amine incorportation at the quinone C7 position is observed. 

Alternatively, the mitomycin isolated is analogous to mitomycin B with the primary amine 

incorporated once again at the C-7 position. Broth supplementation with methylamine, 

ethylamine, propylamine, propargylamine and 2-methylallylamine gave rise to mitomycin C 

analogues all of which possessed greater activities against L1210 lymphatic leukemia cells 

in mice than the related mitomycin B congeners. 
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Figure 1-38. Proposed biosynthetic pathway to mitomycin c.214 

Outlined in Figure 1-38, biosynthetic studies have shown that the 6 carbon chain 

from ClO to C3 containing the aziridine of the natural product is derived from D-

glucosamine.214a The carbamate derives from citrulline and the 0-methyl group at C9a is 

donated from methionine.214b The quinone is believed to originate from glucose via 

pyruvic acid.214b Importantly mitomycin C is derived by way of mitomycin A via the 

biosynthetic route proposed by Hornemann.215 As such, broth supplementation has been 

viewed as a viable means of continued generation of new mitomycin analogues, particularly 

with respect to C7 functionalization. 

Like the other quinone-containing DNA interstrand cross-linking agents, the 

mitomycins benefit from extraordinary stability in the absence of exogenous reductants. 

However, quinone reduction affords a species capable of facile DNA alkylation as well as 

superoxide production and subsequent oxidative DNA damage. 21 6 The activated 
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"aziridinomitosene" core has been shown to react principally with deoxyguanosine enroute 
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Figure 1-39. Proposed mechanism of DNA cross-linking by one electron reductive 
activation of mitomycin C. 

Preliminary mechanism of action studies revealed that the mitomycins shut down 

DNA synthesis and also induced phosphodiester strand scission within cellular DNAs. 

Particularly interesting were the Iyer and Szybalski studies which demonstrated that cell 

death was not a consequence of the strand scission events. 153 Rather, it was attributed to 

the formation of interstrand cross-links as evidenced by the anomalously fast renaturation 

kinetics of mitomycin C-treated bacterial DNA. 153 Fragmentation studies with mitomycin 

modified DNAs revealed that cross-linking was extremely rare with only one ISC per 
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20,000 base pairs of DNA.153 Additionally, the failure to induce IS Cs in vitro without the 

presence of cell lysates suggested that cellular activation was required for drug action. 153 

Indeed, Iyer and Szybalski demonstrated that the normally inert mitomycin was capable of 

DNA cross-linking upon treatment with chemical reductants such as H2/Pd/C, NaBH4, or 

sodium dithionite and that this reaction demonstrated differing efficiencies with different 

DNA substrates. The different CG content of S. Lutea (a high GC content genome) 

versus C. johnsonii (34 % CG) DNAs led to much more efficient cross-linking of the 

former substrate.153,218 The first adducts isolated from the reductive activation of 

mitomycin C were reported by Tomasz and co-workers.219 Reduction of MC with rat liver 

microsomes and NADPH in phosphate buffered aqueous solutions afforded the aziridine 

ring-opened adducts 268 -270. 

H,NMOC::: 
H3cVN8: 

0 NH2 
268 

O OCONH2 
H~ 

OH 
H:iC 

O NH2 
269 

¼
O OCONH2 

H~ 

~H 
H~ 

0 NH2 
270 

The preference for GC runs of DNA was elaborated upon via the elegant studies of 

Tomasz and Nakanishi in which enzymatic digestions of the mitomycin-modified 

dinucleotide dGC (271) and subsequent HPLC purification revealed 272 as a presumed 

monoalkylated intermediate in the pathway to cross-link formation.220 This represented 

the first documentation of an MC-nucleotide adduct although subsequent studies219 

mandated its regiochemical and stereochemical reassignment as 273. 
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Later studies by Nakanishi et al. 

revealed that MC could alkylate DNA via acid-

catalyzed pathways in addition to the reductive 

methodologies previously demonstrated.30,221 

Acidic activation requiring pH 5 induced 

both monofunctional binding and cross-linking. Generation of 1-substituted-2~,7-

diaminomitosenes was effected with a remarkable change in selectivity from dG N2 

alk.ylation to the dG N7 event. The imidazolium formed upon N7 alkylation gave rise to not 

only the deribosylated lesion 275 (leading to DNA strand scission), but also the N-

formylated adducts arising from hydrolysis at the purine C8 position. Both furanose 

(276,277) and pyranose (278) adducts were found. 
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Figure 1-40. MC-DNA product distribution under acidic activation conditions. 
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Extensive molecular modeling of both interstrand cross-linked 5'-CG-3'-containing 

oligodeoxyribonucleotides and monoalkylated ODNs has been performed. Molecular 

mechanics simulations of the 5'-CG-3 ' cross-link in the computer-generated decamer 

d(GCATCGATGC)2 was carried out by Tomasz and Verdine (Figure 1-41).30 This model 

showed the comfortable fit of the MC derived rnitosene within the minor groove of B-

DNA. No distortions of the sugar-phosphate backbone were detected and all glycosidic 

torsion angles proximal to the cross-link conformed to the ususal anti configuration.30 

Additionally, the C-G base-pairing was maintained in both drug-modified pairs although 

slight alteration of the propeller-twisting of each alkylated base was observed.30 Twisting 

of the ClO tl bound dG was reduced and twisting of the Cl ti bound dG was increased 

relative to B-DNA. This is believed to be a function of the approximate 0.3A difference in 

bonding distances between the mitosene and the intra-duplex dG N2 -dG N2 box resulting 

in slight spreading apart of the duplex at the expense of propeller twisting. 

Within the decamer examined, the rnitosene N2 ammonium function appears to be 

involved in considerable hydrogen bonding interactions with three atoms on the same 

strand to which the CI ti is attached.30 Particularly noteworthy are contacts with the N3 and 

0 3' of the deoxyadenosine residue below and the 0 4' of the deoxythyrnidine residue two 

bases below. The base-pairing interactions of both strands are intact, but some degree of 

reorganization has occurred with respect to the CI ti bound strand. This is facilitated by the 

proximity to the mitosene N2 ammonium group. The minor groove is compressed to 

widths of 8.1 and 9.5 A (as determined by phosphorus-to-phosphorus distances) 

immediately below the cross-link and returns to the normal values of 11.1- 11.9A in the 

rest of the duplex. 30 
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Figure 1-41. Mechanical modeling of MC cross-linked d(GCATCGATGC)2. Only 
partial structure of the DNA duplex is shown and interstrand hydrogen-bonding 
interactions are not shown for the purposes of clarity. Intra-strand DNA-drug contacts are 
highlighted involving the aziridinyl N2.30 

Recent 1H NMR examination of MC cross-linked 5'-d(T1A2C3G4T5A6) has more 

rigorously addressed the solution structure of the MC cross-link than was possible via the 

Verdine modeling study.222 Like the modeling study, interproton distance constraints 

obtained by Tomasz and co-workers verify the retention of all H-bonding interactions 

between the two DNA strands and also confirm the anti conformations of the glycosidic 

bonds.222a Strikingly, the lH derived data suggests that the substrate DNA does, however 

deviate from that of normal B-DNA. The sugar protons on adjacent nucleotides are 5A 
apart in B-DNA and as such NOEs are not found between sugar Hl' protons on adjacent 

residues. However, NOEs were detected between the sugar Hl' protons of G 10 and Tl 1. 
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A similar result was obtained involving the same protons of G4 and T5.222a As such, MC 

cross-link formation was found to be facilitated, in part, by alteration of the phosphodiester 

backbone of the G 10-T 11 and the G4-T5 steps which brings the sugar rings at these 

positions into closer proximity that expected for retention of the B-form structure. 

Strikingly, measurement of phosphorus resonances revealed that MC complex formation 

results in distortions in the phosphate backbone also at the G 10-T 11 step and its 

complementary G4-T5 step.222a This, in combination with the recognized alignment of 

the MC aromatic chromophore toward the GlO-Tl 1 step of the T7-A8-C9-Ql0-TlLA12 

strand rather than with the center of the minor groove, allows for slight widening of the 

minor groove in contrast to preceeding mechanical modeling studies. 

Like the MC interstrand cross-link, the solution structure of MC monoalkylated 

DNA also undergoes non-symmetrical stacking of the chromophore ring system with 

principally one of the two DNA strands. 223 Indeed many of the traits inherent to the 

interstrand cross-link are also observed with the monoadduct. One notable difference is 

that the MC monoadduct displays rapid exchange of the MC dG exocyclic amino 

protons.223 This is in stark contrast to the very slow exchange rate seen for the cross-link. 

As such, it has been reasoned that the MC dG monoadduct is much more solvent 

accessible than in the case of bis-alklated DNA substrates. The monoalkylated MC 

chromophore is positioned in the minor groove and the indoloquinone system lies at an 

approximate 45° angle with respect to the helix axis. The DNA substrate examined (in this 

case a 9-mer self-complementary ODN 5'-d(ICACGTCITh) possessed base-pairs 

displaced by approximately -3 .0 A towards the major groove thus allowing the minor 

groove positioning of the MC derived mitosene. This data is consistent with the interstrand 

structural data in that retention of the hydrogen-bonding network between the two strands 

was observed and that the 0-1 O" atom of the MC carbamate side-chain forms a critical H-

bond with the exocyclic amino group of the non-alkylated dG residue proximal to the 

alkylated deoxyguanosine. 223 
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The vast majority of studies pertaining to interstrand cross-linking by the 

mitomycins have exploited chemical reducing agents such as sodium borohydride or 

sodium dithionite under anaerobic conditions. Such assays have revealed that ISC 

formation proceeds almost exclusively at 5'-CG-3' sequences with some variation in 

efficiency based upon the flanking bases on either side of the two-base sequence.224 

Additionally, cytosine methylation of the 5'-CG-3' enhances the extent of cross-linking.225 

Absolutely critical to mitomycin induced cross-linking is the presence of the two exocylic 

N2 amines of the adjacent deoxyguanosines on either strand.217,218 

Contrary to results utilizing chemical reduction, enzymatic reduction by one-

electron reductants such as xanthine oxidase or NADPH-cytochrome c reductase results in 

monoadduct formation which accounts for more than 90% of the DNA-bound drug.226 

Additionally, aerobic chemical reduction methodologies result in base-labile lesions via 

presumed dG N7 alkylation involving aziridine ring cleavage and persuant Cl 

substitution.227 Gibson and co-workers have shown that dG N7 alkylation occurs not only 

upon acidic activation, but may also be facilitated by DT-diaphorase (DTD)-mediated 

reduction.228 Under aerobic conditions, this two electron reductase has been implicated in 

the DNA mono- and bis-alkylation events, as well as, glutathione conjugation reactions 

with mitomycin C.228 Surprisingly, the major product of DTD metabolism is the 2,7 

diaminomitosene 270. 
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Substrate 270, upon reduction with DTD is capable of only monoalkylation via 

loss of the carboxamide to afford the Michael acceptor 280. No longer capable of cross-

linking (due to a priori destruction of the aziridine) 279 readily alkylates dG N7 moieties 

preferentially within 5'-GG-3' and 5'-GTC-3' sequences thus giving rise to base-labile 

lesions (Fig. 1-42.).228 The reaction requires both DTD and NADH and shows a marked 

dependence upon pH with optimal alkylation observed at pH 5.8. Proton-assisted loss of 

the carbamate has been proposed as the root of the observed pH dependence. 
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+ 

HOH 0 =u=N 
Figure 1-42. Mechanism of depurination followed by base mediated DNA strand 
scission. 

In addition to studies pertaining to sequence selectivities of the mitomycins ( much 

of which will be discussed later), the reactions of mitomycin C with various nucleophiles 

of biological consequence have been explored. Tomasz and Sharma have shown that 

reaction of reductively-activated mitomycin C with glutathione, mercaptoethanol and N-

acetylcysteine affords mono- and bis-thiolated compounds 282-286.229 
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The reactions absolutely required the presence of an additional reducing agent aside 

from the chosen thiols and in fact, the thiols studied were incapable of mitomycin reductive 

activation even at concentrations as high as 50mM in thiol. Unreduced MC (163) was 

completely inert towards thiolation. An interesting observation was that, though incapable 

of MC reduction, glutathione was found to radically accelerate the rate of MC reduction by 

"slow" reductants such as cytochrome c reductases and H2/PtO2.229a Additional studies 

have shown that sodium dithionite reduction of MC in the presence of M. lute us DNA and 

glutathione affords the ternary complex 287.229b The same lesion was isolated following 

PtO2 activation procedures, contrary to the belief that thiol poisoning of the catalyst would 

abrogate MC activation. Additionally, reduction of the monoalkylated ODN 5'-ACACG*T-

CAT-3' (G* denotes the mitomycin bound dG residue) in the presence of 50mM 

glutathione also produced the ternary complex following enzymatic digestion and HPLC 

purification. 229b 
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Concomitant with the thiol alkylation studies, the Tomasz group, in collaboration 

with Fukuyama, demonstrated that the 5'-CG-3 ' selectivity demonstrated by the 

mitomycins is dictated largely by the initially formed Cl" a linkage to the first dG.230 The 

solution structures of synthetic ODN duplexes containing both the 5'-CG-3' interstrand 

cross-link and the monoadduct had been determined by 2-D NMR as well as molecular 

modeling .222,223 Consistent with earlier proposals, the structures revealed that the 

monoadduct assumes an orientation within the minor groove in which the ClO carbamate is 

positioned in the 5'-direction (upstream) from the initially alkylated dG. Given the 

observed orientation of the monoadduct, only that dG N2 of the complementary strand 

would be capable of Cl0 alkylation thus affording the cross-link. The alternative alignment 

wherein the carbamate is directed to the 3'-side (downstream) of the initially alkylated dG 

could give rise to the interstrand cross-link such that 5'-GC-3' specificity was obtained. 

That such specificity had never been observed was attributed to the chirality of the drug 

Cl "-a-linkage to the N2 atom of first alkylated dG though a thorough examination of this 

was lacking. Alternatively, this specificity was proposed to result from favorable hydrogen 

bonding interactions involving the ClO-oxygen atom of the MC ClO-carbamate and the 

exocyclic guanosine N2 in the non-bonding strand at the 5'-CG-3' bonding site (Figure 1-

42).224,226 
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H~~OCH3 
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In order to probe this issue more thoroughly, reactions involving the reductive 

activation and subsequent DNA alkylation chemistry of ent-MC (288) were pursued.230 

Surprisingly, the resulting interstrand cross-link was formed and found to bear the a-

stereochemistry (giving the 1 ",2" cis-product 289) at the Cl" position analogous to that 



106 

seen with the native mitomycins. This refuted the proposal that the aziridine 

stereochemistry of the natural products was responsible for the stereospecific a-face attack 

by the first dG residue. Moreover, it suggests that the quinone methide is the species to 

undergo monoalkylation in an SNl fashion. The chiral minor groove of 5'-CG-3' binds to 

both quinone methides using a similar motif which gives rise to the stereospecific attack 

upon the prochiral quinone methide Cl by deoxyguanosine on the a-face of the 

mitomycins. 
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Importantly, once in place, the Cl" stereochemistry sets the mitosene core within 

the 5'-CG-3' sequence so as to allow only the carbamate upstream positioning. In this 

motif, 5'-CG-3' behaves similarly to an enzyme active site via chirality induction upon an 

achiral center.230 That the proposed carbamate-dG N2 hydrogen bond exists has been 

shown by NMR studies, but equally important is the demonstration that substitution of the 

potential H-bond-donating dG amine with inosine (lacking N2) affords retention of only 

the upstream orientation upon 5'-CG-3' monoalkylation.222a As such, considerable 

evidence has been presented to suggest the importance of the stereospecific first addition to 

the activated mitosene with respect to interstrand cross-linking by the mitomycins. 

The generation of synthetic analogues of the mitomycins has represented a fruitful 

area for study and the immense effort put forth warrants much greater consideration than is 

available within this discussion. The interested reader is referred to the synthetic endeavors 

described in reference 231. 
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Carbamate downstream: 
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Figure 1-43. Non-covalent interactions of "aziridinomitosenes" within 5'-CG-3' leading 
to stereospecific a-face attack at Cl. (Cl "-~-mono or bis-alkylation adducts are not 
experimentally observed)230 

As with many other redox-activated agents, the mitomycins have received little 

attention with respect to bioconjugate chemistry. To date, only two instances of MC 

conjugation to DNA binding ODNs have appeared. Tomasz and Maruenda have 

demonstrated that a number of 5'-functionalized ODNs were capable of reductively 

activated minor groove alkylation events.158a The single-stranded target ODNs underwent 

hybridization with the MC-tethered complements and upon treatment with NADPH-

cytochrome c reductase readily formed the covalently bound duplex. 
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Figure 1-44. MC conjugate binding to single-stranded ODN.158a 

Target alkylation was found to occur exclusively at dG N2 and was relegated to the 

3 dG residues proximal to the MC core. The preferred alkylation site was G 15 ( 3rd from 

the 3' target terminus), though substitution of G-15 with inosine shifted the alkylation 

chemistry to G 16 and G-18 despite the fact that neither one is involved in base pairing with 

the conjugate. 

Kohn et al. have shown that conjugation of various mitomycin core structures to 

phosphorothioate oligodeoxyribonucleotides could be achieved involving conjugation via 

the mitomycin C 10 position to afford a conjugate capable of facile C 1 alkylation.158b This 

was in contrast to the Tomasz study in which the MC unit was tethered through the C7 

position so as to leave the DNA-alkylation chemistry at Cl and ClO intact.158a The use of 

oligodeoxyribonucleotides containing phosphorothioate units instead of the phosphodiester 

backbone was sought as a means of inhibiting exo- and endo-nuclease activities. 

Several strategies were envisioned by which to effect conjugation of the MC 

chromophore to the ODNs of interest. The first involved decarbamoylation of MC (163) 

with sodium methoxide to afford 293. This was followed by functionalization of the 

aziridinyl nitrogen with dimethyl sulfate or methyl chlorothiolformate to yield the N-

substituted mitomycins 294 and 295. Conversion of 294 and 295 to the 

carbonylimidazoles 296-299 was effected upon treatment with either 1, 1 '-

carbonyldiimidazole or 1, 1 '-thiocarbonyl-diimidazole. 
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Alternatively, conjugation of the aminohexyl functionalized oligodeoxy-

ribonucleotides was envisioned to occur via ODN addition to the isothiocyanate 303. 

Substrate 303 was derived from decarbamoyl MC (294) by mesylation of the ClO 

alcohol, displacement with sodium azide and subsequent reduction to the amine (Pt02,H2) 

in pyridine followed by air oxidation to ultimately afford 302. Conversion of 302 to the 

isothiocyanate 303 was effected upon treatment with 2-pyridyl thionocarbonate (DPT). 

Conjugation efforts emphasized the reactions of 297, and 299 with H2N-(CH2)6-

P(S)(OH)-GGCC-CCGTGGTGGCTCCAT. Difficulties associated with these, and the 

other activated carboimidazoles 296 and 298 ultimately led however, to the exclusive use 

of isothiocyanate 303 as the mitomycin of choice for phosphorothioate conjugations. 
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Reaction of 303 with amino-hexyl functionalized ODNs of varying length and 

sequence composition gave rise to the conjugates 304-311 all of which were intended as 

antisense strands to a 30 bp long region from the coding region of the human FGFRl gene. 

Bearing the sequence 5'-AGATGGAAAAGAAATTGCATGCAGTGCCG-3', the sense 

strand of this region was intended as the target for conjugate-mediated inhibition of high-

affinity bFGF binding to smooth muscle cells. This activity was in fact confirmed with all 

mitomycin-bearing conjugates inhibitin the proliferation of culture human aortic smooth 

muscle cells at concentrations as low as 1 µM. Although interstrand cross-linking was 

presumed to not be a likely mechanism of action for these conjugates, it was clear that 

conjugation of 303 to each ODN was capable of endowing the conjugate with inhibitory 

attributes far exceeding those of the untethered oligos. 

ACCTTTTCTTT AACGT ACGTCACGG-P(S)(OH)-(CH2)6NH-M 3 0 4 
TACCTTTTCTTTAACGTACGTCACG-P(S)(OH)-(CH2)~H-M 305 
CTACCTTTTCTTTAACGTACGTCAC-P(S)(OH)-(CH2)~H-M 306 
TCTACCTTTTCTTTAACGTACGTCA-P(S)(OH)-(CH2)6NH-M 307 

0 

ACCTTTTCTTTAACGTACGTCACGG-P(S)(OH)-(CH2)6NH-M 308 

TACCTTTTCTTTAACGTACGTCACG-P(S)(OH)-(CH2)6NH-M 309 

CTACCTTTTCTTT AACGTACGTCAC-P(S)(OH)-(CH2)6NH-M 310 

TCT ACCTTITCTTT AACGT ACGTCA-P(S)(OH)-(CH2)6NH-M 311 

These studies have clearly shown the amenability of the mitomycins with respect to 

bioconjugate approaches to drug delivery. Although the specific mechanism of action of 

the conjugates was not examined, these efforts (in combination with the system examined 
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by Tomasz) represent one of the more progressive aspects of mitomycin research. More 

intriguing however, is the mechanistic and structural analogies between the mitomycins and 

the recently discovered FR-900482 class of drugs detailed in chapters 2 and 3. The 

discovery of the FR-900482 class of compounds may thus be viewed as representing the 

most recent chapter in mitomycin research efforts. 

1.6. CONCLUSION 

The DNA interstrand cross-linking agents represent one of the most potent 

categories of antitumor antibiotics. This is due largely to the ability of such compounds to 

shut down DNA strand separation events crucial to replication and transcription. In 

addition to unique DNA sequence recognition properties resulting from structural 

considerations, many of these agents preferentially target specific regions based upon 

"activation" processes which are unique to a physiological region of interest. In addition to 

synthetic manipulations of the drug core structure aimed at enhancing or changing such 

activation processes, molecular biology has also come to play a role in selective drug 

triggering. The methodology of selective drug activation via protein over-expression is 

perhaps the most progressive field of study with respect to the DNA cross-linking agents. 

Also important has been the design/discovery of cross-linking agents based upon the 

concept of dimerization . The ability of the synthetic chemist to mix and match 

monoalkylating subunits of a dimeric agent clearly represents an important area for future 

research. Despite some thirty years of intense research, the interstrand cross-linking agents 

still represent an area of great therapeutic promise and intense interest. The interstrand 

cross-linking agents discussed herein are summarized below in Table 1-1 . 



112 

Table 1-1. Summation of DNA-DNA interstrand cross-linking agents and their 
interactions within duelex DNA. 
Agent or class agent# interstrand cross-link related DNA groove 
thereof seecificity analogues occueancl 
N-mustards 1-5 dG N7-dG N7 14 - 18 major 
chloroethylnitroso- 19 dC N3-dG Nl 26 major 
ureas (CNU) 
1,3-dialkyl-3- 27 dC N3-dG Nl 38 , 41 maJor 
acyltriazene 
Busulfan 45a dG N7-dG N7 45b - f major 
clomesone 46 dC N3-dG Nl maJor 
glycidaldehyde 55 not known not known 
diepoxybutane 56 dG N7-dG N7 maJor 
carzinophilin/ 58 dG N7-dG N7 major 
azinomycin B dGN7-dAN7 
cis-diammine- 70 dG N7-dG N7 71 - 74 major 
dichloroplatinum (II) 
carzinophilin A 79 not known not known 
isochrysohermidin 80 not known not known 
cyclopropylpyrrolo- 93a-k dA N3- dAN3 mmor 
indole dimers 
Bizelesin 94 dA N3- dA N3 minor 
pyrrolobenzo- 99 ,100 dG N2-dG N2 minor 
diazepine dimers 
dinuclear cis-DDP 101-103 dG N7-dG N7 104,105 major 
dimers 
8-methoxypsoralen 106 dT c 5,6-dT cs,6 major 
4,5',8-trimethyl- 107 dT C5,6_dT cs,6 major 
psoralen 
cyclophosphamide 122 dG N7-dG N7 123 major 
hexamethy Imel amine 135 not known 136 ,146 minor 
pyrrolizidine 150 , dG N2 - dG N2 168-172 minor 
alkaloids 154-162 
RSU-1069 189 not known not known 
aza-aromatic N- 197 dG N7-dG N7 major 
mustards 
nitromin 198 dG N7-dG N7 major 
chlorambucil N- 199 dG N7-dG N7 maJor 
oxide 
Co(III)-mustards 201-204 dG N7-dG N7 major 
daunorubicin 209 dG N2 - dG N2 see Fig. 1-34 minor 
adriamycin 210 dG N2-dG N2 see Fig. 1-34 minor 
cyanomorphilino- 211 dG N2 -dG N2 see Fig. 1-34 minor 
adriamycin 
AZJJ/DZJJ_ 234 , dG N7-dG N7 major 

240 
mitomycins 163 , dG N2 - dG N2 rrunor 

251-254 
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Chapter 2 

DNA Interstrand Cross-Linkin2 by FR-900482 and Related Compounds 

2.1 Back2round 

The recently discovered anti-tumor antibiotics FR-900482 (312) and the dihydro 

congener, FR-66979 (314), obtained from the fermentation harvest of Streptomyces 

sandaensis No. 6897 at Fujisawa Pharmaceutical Co. , Japan, bear close structural 

similarity to the clinically-employed bioreductive alky lating agent mitomycin C (MC, 

163).1 In preliminary clinical studies, it was shown that FR-900482 ( 4-formyl-6,9-

dihydroxy-14-oxa-1, 11-diazatetracyclo[7.4. l .0.0]tetradeca 2,4,6 triene 8-yl-methyl-

carbamate) and the derived triacetate, FK973 (313), are ca three-fold more potent than 

mitomycin C and have significantly lower toxicity .2 FK973 has recently been shown to 

form DNA-DNA interstrand cross-links and DNA-protein cross links in L1210 cells.3 

Even more intriguing is that both FK973 and FR-900482 are active against multidrug-

resistant (including MC) P388 cells .2a,c 

11 

312, FR-900482 ( R=H) 
313 , FK-973 (R=Ac) 

314, FR-66979 

0 10 OCONH2 

R~oMe I I !6 ---- 1 

Me N NH 

0 
163, Mitomycin C (R=NH2) 
251 , Mitomycin A (R=OMe) 

Like the mitomycins, 312-314 also require reductive activation both in vivo and in 

vitro.4 However, in contrast to mitomycin C, these compounds do not produce single-

strand DNA breaks typically associated with superoxide production upon 

bioreduction .2c,d,5 The inability of these agents to take part in Fenton/Haber Weiss 
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chemistry (leading to DNA strand scission) most likely abrogates other damaging events 

such as phospholipid oxidations.6 The relatively low host toxicity of the Fujisawa drugs in 

clinical trials relative to MC may thus be correlated to the incapacity of these substances to 

cause indiscriminate oxidative damage to DNA and other cellular targets.5 Since FK973 

and MC both share the ability to cross-link DNA, it is very clear that the lack of 

adventitious redox cycling chemistry inherent in the bioreductive activation of 312-314 

has not compromised their potential efficacy as antitumor drugs relative to MC. 

The inability to induce DNA single-strand breaks (SSBs) is likely due to the 

absence of the quinone functionality 2d,3a, obligate for the reductive unmasking of the 

potent, bis-electrophilic mitosene from MC.7 In the Fujisawa drugs, it appears that the 

reductively labile functionality is the N-O bond of the unique hydroxylamine hemi-ketal. 

Given the therapeutic potential of the these agents coupled with both their unusual 

structures and relationship to MC, a great deal of effort has been directed towards the 

synthesis of the natural products8,9 as well as preliminary mechanistic studies concerning 

the biological mode of action of these secondary metabolites.10 Both issues have been the 

focus of intense efforts within the Williams group, some of which are detailed herein. 

FR-900482 and FR-66979 both exist as a mixture of diastereoisomers 315a and 

p_ l a The tautomeric equilibrium resulting from the labile hydroxylamine hemiketal at C8 

affords 315a as the major constituent of the FR-900482 mixture. l a The equilibrium 

between 315 a and 315 p for FR-900482 (R = CHO) is sensitive to pH but favors 

315a, particularly at low pH. This results from an intramolecular hydrogen bond between 

the bridged hydroxylamine oxygen and the aziridine NH, which is not allowed in the p 
form. la Conversely, the stereoisomeric mixture of acetates 313a and p equilibrates such 

that the P form is favored in a ratio of 79:7. 
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Table 2-1. 315a:315~ ratios for various pH conditions1a 

pH Buffer system Ratio (315a: 315~) 

1.0 0 .1 N HCI 1:0 

2.0 0 .1 M NaOAc-HCI 12: 1 

4.0 0.1 M NaOAc-HCl 6:1 

7.0 0.1 M KH2PO4 2.3: 1 

9.0 0.1 M Tris-HCl 3: 1 

Prior to the work detailed herein, mechanistic proposals pertaining to how these 

aziridinoepoxybenzazocines interstrand cross-link DNA relied heavily on a mitomycin-like 

pathway.7 Particularly intriguing was the means by which activation to the DNA-reactive 

species might occur. Goto and Fukuyama were the first to propose reductive activation of 

312 enroute to DNA cross-linking (Fig. 2-1) in a preliminary synthetic approach to these 

substances.9i Deriving from the known ability of the mitomycins to undergo electrophilic 

activation via either one or two-electron reduction of the quinone moiety,7 ,1 1 this proposal 

invoked a mechanism of action for the FR class of compounds analogous to that previously 

demonstrated for the mitomycins. Reductive cleavage of the N-O bond was proposed to 

generate aniline derivative 316 which was expected to rapidly cyclize (to 317) and 

dehydrate to aziridonomitosene 318. Related and extensive work 7 on structurally similar 

mitosenes generated from MC provided ample precedent for the expectation that interaction 

of 318 with DNA would afford the bis-alkylated DNA species 319. If this proposal 

proved correct, the 5'-CG-3' cross-linking sequence specificity for mitosenes derived from 

MC would also be anticipated for the FR-900482-generated DNA interstrand cross-links. 
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Figure 2-1. Fukuyama and Goto proposal for reductive activation and subsequent DNA 
interstrand cross-linking by the FR-900482 class of antitumor natural products.9i 

Alternatively, Danishefsky and McClure proposed that activation of the FR-900482 

class of compounds might follow a nucleophilically-triggered motif.9c,l2 Addition of some 

biologically-relevant nucleophile (presumably a proteinaceous thiol or amine) to the 

aromatic C2 was envisioned to induce heterolytic cleavage of the hydroxylamine herniketal 

with concomitant loss of water. Following rearomatization or coinciding with it, the 

expected ring closure would yield carbinolamine 321. Dehydration of 321 would then 

afford the highly reactive aziridinomitosene 322 capable of bis-alkylation at the activated 

Cl and Cl0 positions ( mitomycin numbering system). DNA alkylation by this species 

would yield a lesion similar to that invoked by the Fukuyama proposal with the notable 

exception of substitution at the aryl C2 position (FR-900482 numbering system). 
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Figure 2-2. Danishefsky and McClure proposal for nucleophilic activation pathway to 
DNA interstrand cross-linking by FR900482 and related compounds.9c 

2.2 Results & Discussion 

2.2.1. Activation Studies 

Paramount to efforts aimed at elucidation of the mechanism of action of the FR-

900482 class of drugs was the ability to induce activation in vitro. Efforts by Fujisawa 

demonstrated quite clearly the ability of these agents to form DNA-DNA and DNA-protein 

cross-links in L1210 leukemia and other tumor cell lines .2,3 However, FK973 (313) 

formed no detectable interstrand DNA-DNA or DNA-protein cross-links when isolated 

nuclei of cells were exposed to the drug. This suggested that cytosolic (presumably 

reductive or oxidative) activation was requi red by the FR class compounds in order to 

inflict DNA damage.2c,d,3b The nature of the drug-induced lesions was known in only 

very general terms. Issues such as DNNamino acid specificities and potential activation 

pathways were not addressed in any detail. Consequently, initial efforts focused on the 

ability of FR-900482 and structurally-related compounds to induce interstrand cross-links 

into plasmid DNAs for which the possibility of lesion detection was deemed extremely high 

due to the shear number of potential cross-link sites. Given the mechanistic uncertainties 

pertaining to FR drug activation, we elected to study the more abundant FR-900482 with a 
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variety of reductants and nucleophiles amenable to the aqueous conditions deemed 

physiologically relevant. Hind III linearization of pBR322 DNA from E. coli. afforded a 

substrate for which ISC induction could easily be detected via alkaline agarose gel 

electrophoresis using methodology developed by Cech.13 

The physiological preponderance 14 of thiols and di sulfides prompted the 

investigation of simple thiols such as dithiothreitol (DTT), ~-mercaptoethanol (~-MET), 

and glutathione (GSH) with respect to FR-900482 activation. Thiols are readily converted 

to disulfides in the presence of oxygen, resulting in the concomitant reduction of molecular 

oxygen to superoxide.15 

1) HS-R-S- + Mn HS-R-S· + Mn-1 

s 
o~· 2) HS-R-S· + 0 2 ff_,. I + H+ + ' s 

3) Mn-1 + 0 2 Mn + 02' 

4) 02° 02° 
2H+ 

H202 + + 02 

5) 02° + H202 ·OH + - oH + 0 2 

6) HS-R-S- + ·OH HS-R-S· -OH + 

7) •OH + 02° -OH + 0 2 
s 

8) HS-R-S· + H202 W'I + •OH + - OH ' s 

Figure 2-3. Proposed mechanism for the aerobic oxidation of thiols to disulfides. 

The first step involves metal reduction (typically either Fe3+ or Cu2+) to afford an 

M 0 -1 species along with the resultant thiyl radical. Single electron transfer from the thiyl 

radical to endogenous oxygen yields superoxide and the corresponding disulfide. 15 

Additionally, the M0 -l species may undergo oxidation via reaction with oxygen to produce 

superoxide or it may effect reduction of some other reactant. Particularly well noted are 

Fe3+fFe2+-mediated reductions of nitroaromatics. Miura et al. have shown that catalysts 

324a-d and 325 very efficiently convert a wide array of nitroaromatic compounds to the 

corresponding amines upon the addition of ~-mercaptoethanoI. 16 In addition to 
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nitronaphthalene reduction, these complexes catalyzed the quantitative oxidative conversion 

of thiophenol to diphenyldisulfide in the presence of molecular oxygen. Precipitation of the 

iron-thiol complex and subsequent 57Fe Mossbauer spectroscopy indicated an Fe2+fFe3+ 

ratio of 56:44 thus implicating the thiol-ligated metal complex as the active reductant. This 

suggests that the active species which transfers electrons to the nitro compound is the 

reduced metal catalyst and not the transiently formed superoxide or thiyl radical species. 

Related work by Endo and co-workers17 have addressed similar reactions under aqueous 

conditions using exclusively Fe2+. 

or 
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Our initial efforts involved analysis of cross-linking efficiency by FR900482 in the 

presence of dithiothreitol and ~-mercaptoethanol. Given the vastly different reduction 

potentials of the two 18, we believed that a reductively driven process would benefit from 

the more effective reductant DTT. 

HO,,.(SH 
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0 : H 0 
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As shown in Figure 2-4, comparison of dithiothreitol (DTT) and ~-mercaptoethanol 

(~-MET) containing reactions revealed that, in general, the more potent reductant DTT 

(E0 =-0.36 V) afforded the higher cross-linking efficiency. Reactions 1 mM in FR900482 

demonstrated ;::: 99% interstrand cross-link (ISC) formation in the presence of 10 mM DTT 



143 

as opposed to 72.7% for the analogous mercaptoethanol (E0 = -0.207 V) reaction (Figure 

2-4 lanes 6 and 7). Similar differences in (ISC) induction were observed upon comparison 

of lanes 11 and 12 (53.1 % with DTT and 39.3% with ~-MET respectively), as well as 

lanes 18 and 19 (93.3 % with DTT vs. 58.5 % with ~-MET). These findings substantiated 

a potential redox pathway enroute to DNA cross-linking by FR900482, but did not refute 

potential nucleophilic activation. 

0 n 
(±) 

15 16 17 18 19 20 21 22 23 24 
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¢::::lds 
¢::::Jss 

Figure 2-4. Reactions of 312 with linearized pBR322 in the presence of dithiothreitol 
and ~-mercaptoethanol . All reactions carried out in lOmM phosphate buffer, pH 8.0. 
Reactions were incubated 37°C 24 hours prior to electrophoresis. Lane 1) lmM 312; 
Lane 2) lmM 312 + 0.lmM DTT; Lane 3) lmM 312 + 0.lmM ~-MET; Lane '4) lmM 
312 + lmM DTT; Lane 5) lmM 312 + lmM ~-MET; Lane 6) lmM 312 + 10 mM 
DTT; Lane 7) lmM 312 + 10 mM ~-MET; Lanes 8 - 14 same loadings as lanes 1- 7 
except [312] = 10 mM. Lanes 15-21 same loadings as lanes 1-7 except [312] = 50 
mM. Lanes 22-23) DNA only, DNA + 10 mM DTT, and DNA + 10 mM ~-MET 
controls respectively. ss refers to single-stranded pBR322 whereas ds denotes interstrand 
cross-linked material. Arrows to left side of image denote the direction of electrophoresis. 
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Table 2-2. Summary of FR-900482 reactions with Hind III linearized pBR322 in the 
presence of DTT and ~-mercaptoethanol ( See Figure 2-4 for electrophoretic image) 

Entry [FR-900482] [DTI] [~-MET] %Isca 

1 lmM 
2 lmM lO0µM 
3 lmM l00µM 
4 lmM lmM 20.0 
5 lmM 1 mM 28.0 
6 lmM lOmM 99 
7 lmM lOmM 72.7 
8 lOmM 1 
9 lOmM lO0µM 1 
10 IOmM I00µM 1 
11 IOmM lmM 53.1 
12 l0mM lmM 39.3 
13 IOmM IOmM 99 
14 IOmM IOmM 99 
15 50mM 45.8 
16 50mM l00µM 47.4 
17 50mM lO0µM 66.7 
18 50mM lmM 93.3 
19 50mM lmM 58.5 
20 50mM IOmM 99 
21 50mM IOmM 99 

aDetermined by measurement of respective optical densities for each band of interest 

Reactions with glutathione ( a very nucleophilic reducing agent) revealed that DNA 

cross-linking by FR900482 was slightly favored by glutathione (GSH) over ~-MET (Fig. 

2-5). Substitution of GSH for ~-MET typically afforded a 5-10% enhancement in cross-

linking. This was contradictory to the results of Figure 2-4 wherein the more effective 

reductant effected substantially higher ISC yields than the more nucleophilic (less reducing) 

thiol. Both GSH and ~-MET gave rise to similar yields of cross-linked pBR322 

supportive of a redox mediated process. Drug activation inherant to a nucleophile-triggered 

pathway would have been substantially favored by glutathione (vs. ~-MET). Additionally, 
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glutathione's more potent reducing ability in comparison to ~-MET could offer an 

explanation for the observed difference in ISC induction. As in Figure 2-5 the greatest 

difference in ISC formation between reactions containing glutathione and MET is 20% 

(lane 4 vs . lane 5). On average a difference of 8.2% cross-linking efficiency was observed 

with the two thiols, strongly indicative of reduction potential differences rather than 

nucleophilicity differences. 
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Figure 2-5. Reactions of 312 with linearized pBR322 in the presence of glutathione and 
mercaptoethanol. All reactions carried out as described in Fig. 2-4. Lane 1) lmM 312; 
Lane 2) lmM 312 + lmM ~-MET; Lane 3) lmM 312 + lmM glutathione; Lane 4) 
lmM 312 + 5mM ~-MET; Lane 5) lmM 312 + 5mM glutathione; Lane 6) lmM 312 + 
10 mM ~-MET; Lane 7) lmM 312 + 10 mM glutathione; Lanes 8 - 14 same loadings as 
lanes 1- 7 except [ 312] = 10 mM. Lanes 15-21 same loadings as lanes 1-7 except 
[312] = 50 mM. Lanes 22-24) DNA control, DNA+ 10 mM ~-MET control and DNA+ 
10 mM glutathione control respectively. No slow mobility material was noted in lanes 22-
24. 
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Table 2-3. Summary of FR-900482 reactions with Hind III linearized pBR322 in the 
presence of glutathione and P-mercaptoethanol (Figure 2-5) 

Entry [FR-900482] [P-MET] [glutathione] %!SC 

1 lmM 
2 lmM 1 mM < 1 
3 lmM lmM < 1 
4 lmM 5mM 58.3 
5 lmM 5mM 79 .0 
6 lmM lOmM 17. l 
7 lmM lOmM decomposition 
8 lOmM 16.0 
9 lOmM lmM 61.7 
10 lOmM lmM 66.2 
11 lOmM 5mM 84.9 
12 lOmM 5mM :2:: 99 
13 lOmM lOmM 94.6 
14 lOmM lOmM :2:: 99 
15 50mM 76.1 
16 50mM lmM 75.4 
17 50mM lmM 72.3 
18 50mM 5mM 93 .8 
19 50mM 5mM :2:: 99 
20 50mM lOmM :2:: 99 
21 50mM lOmM decomeosition. 

Given the importance of Fe3+ within Fenton/Haber-Weiss redox cycling and its role 

in the oxidation of thiols to the corresponding disulfides15,l6, a viable means by which to 

probe a possible redox manifold involved alteration of Fe3+ concentrations in the cross-

lin)cjng reactions. As shown in Figure 2-7, reaction of 312 with Fe3+ in concentrations 

ranging from 1 µM to 1 mM produced a marked increase in double-stranded material with 

progressively increasing Fe3+ concentration . This most likely resulted from thiol reduction 

of Fe3+ to Fe2+ followed by FR900482 reduction/activation as per the Fukuyama model. 

This was found for not only those reactions involving P-mercaptoethanol, but was also 
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visible in 312 + Fe(III)-EDTA control reactions. Comparison of drug only (lane 5) and 

drug + thiol (lane 9) reactions (both in the presence of 100 µM Fe(III)-EDTA) revealed 

that the presence of thiol radically increased the extent of cross-linking observed over the 

case not containing thiol and that this increase exceeded simple additive affects. The 

synergism thus witnessed in the thiol + Fe(III)-EDTA reactions offered strong evidence 

that FR-900482 activation followed a reductive pathway. Two facts supported this 

reasoning. First, the thiol mediated reduction of Fe3+ to Fe2+ is known to effect the 

reduction of nitroaromatics to the corresponding aminesJ6,17 Secondly, were nucleophilic 

thiol additions responsible for drug activation, then the addition of F e3 + /EDTA would have 

greatly reduced the amount of !SC induction due to increased conversion of the 

nucleophilic thiol to the "inert" disulfide thereby quenching the activating agent. 
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Figure 2-6. Proposed mechanism by which 312 undergoes Fe(III)-EDTA mediated 
reductive activation. 

The ability of 312 to interstrand cross-link pBR322 in the presence of Fe(III)-

EDTA indicates that FR900482 and structurally related compounds may undergo "self-

activation" in the presence of metal ions. Fe3+ readily undergoes reduction by 

hydroxylamines to afford Fe2+ complexes.19 As discussed previously, Fe2+ complexes 

are capable of facile nitroaromatic reduction. I 6, 17 Thus, a mechanism wherein Fe3+ is 

reduced to Fe2+ which then reduces FR-900482 (see Fig. 2-6) is completely consistent 

with the literature and seems viable based upon the data generated. 
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Figure 2-7. Reactions of 312 with linearized pBR322 in the presence of Fe(IIl)-EDT A 
and/or P-mercaptoethanol (P-MET) (See Table 2-4 for yield quantiations). All reactions 
carried out in lOmM phosphate buffer, pH 8.0. Reactions were incubated 37°C 4 hours 
prior to electrophoresis. Lane 1) control DNA ; Lane 2) 10 mM 312; Lane 3) lOmM 
312 + lOmM P-MET ; Lane 4) lOmM P-MET control ; Lane 5) 10 mM 312 + 1 µM 
Fe(III)-EDT A ; Lane 6) lOmM 312 + 10 µM Fe(l11)-EDTA; Lane 7) lOmM 312 + 100 
µM Fe(IIl)-EDTA; Lane 8) lOmM 312 + 1 mM Fe(IIl)-EDTA ; Lanes 9-12 same 
loadings as lanes 5-8 and contained lOmM P-MET. 

Table 2-4. Summary of reactions of FR-900482 with linearized pBR322 in the presence 
of P-mercaptoethanol and/or Fe(III)-EDT A. ( see Figure 2-7 above for electrophoretic 
ima e). 

Entry [FR-900482] [P-MET] [FeCl3-EDTA] %!SC induction 

1 
2 lOmM 
3 lOmM lOmM 
4 lOmM 
5 lOmM lµM 11.5 
6 lOmM l0µM 33.5 
7 lOmM l00µM 71.6 
8 lOmM lmM 99 
9 lOmM lOmM lµM 54.2 
10 lOmM l0mM l0µM 99 
11 lOmM l0mM lO0µM 99 
12 lOmM lOmM lmM 99 
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In addition to elucidation of Fe3+JFe2+ redox shuttling with respect to FR-900482 

activation, we were also concerned with the findings of Figures 2-4 and 2-5. Strong 

evidence had been generated to support a reductive manifold enroute to DNA cross-linking 

by 312. However, the generation of slow mobility DNA in lanes 8 and 15 of Figure 2-4 

and lane 15 of Figure 2-5 (containing neither thiol or Fe3+) could not be explained. Initial 

hypotheses involved incomplete DTT removal after pBR322 Hind III digestion, however, 

reactions using gel purified pBR322 yielded the same result. 

The critical role of Fe3+ and/or Fe2+ in the activation process suggested that 

adventitious Fe3+ in the reactions may have been responsible for the observed slower 

mobility DNA.20 To probe this possibility, reactions were performed in the presence of the 

iron chelating agent desferal. Desferal forms a hexa-coordinate complex with Fe3+ that 

excludes iron-associated water and uncouples the oxidation of Fe2+ from the Fenton redox 

cycle.21 It possesses a high affinity for Fe3+ (log kr = 30.7) and as such was deemed a 

good candidate for shutting down or inhibiting potential Fe2+JFe3+ redox shuttling.21 

Reactions 10 mM in FR-900482 containing 10 µM desferal suffered a roughly 30% 

decrease in ISC efficiency over the case not involving desferal (see Appendix Figure. 5-1 

and Table 5-1). No exogenous iron (Fe3+ or Fe2+) was used, and neither reaction 

contained added reductants. As such, the implication that 312 at concentrations~ 10 mM 

could act to cross-link DNA by itself was refuted. More likely, it appears that adventitious 

metals (presumably Fe3+ and/or Cu2+) are capable of redox interaction with 312 in a 

fashion leading to the DNA reactive species. The expected low efficiencies of this process 

would explain why those reactions containing a high excess of 312 are affected. 
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2.2.2. Comparison of DNA interstrand cross-linkin2 efficiencies by natural 

products FR-900482 and FR66979 

Concomittant with the section 2.2.1. studies, efforts were directed at examination 

of the other natural product 314. The intention of these studies was to determine the 

importance of the benzylic aldehyde of FR-900482 in facilitating formation of the DNA-

reactive species. Deprotonation at C7 enroute to mitosenes 318 and/or 322 was proposed 

to be greatly enhanced due to the presence of the C12 aldehyde. One means of probing 

this was to compare the relative cross-linking efficiencies of the aldehyde 312 and the 

benzylic alcohol 314_ lOa Due to its low natural abundance from fermentation, FR-66979 

(314) was prepared by reduction of the more available FR900482 (312) by catalytic 

hydrogenation at 1 atmosphere. Experiments involving the two natural products once again 

exploited alkaline denaturing agarose gel electrophoresis as a means of readily detecting 

interstrand cross-linked material. Shown in Figure 2-8, 312 afforded only marginal cross-

linking activity at concentrations 1-10 mM. As discussed previously, this was the likely 

result of adventitious metals. At [312] = 50 mM (lanes 5 & 8) a marked decrease in activity 

both in the presence and absence of thiol was noted as compared to the 1-10 mM cases. 

In line with the findings of section 2.2.1 ., significant cross-link formation became evident 

at [312]= 1-10 mM in the presence of equimolar amounts of thiol (lanes 7,8). FR-66979 

(314) showed significant cross-link formation at concentrations as low as 100 µM in the 

absence of thiol (lane 14). More significantly, the addition of thiol to FR-66979 reactions 

did not result in appreciable enhancement of ISC formation ( lane 10 vs. 14 and 9 vs. 13) 

as evidenced for 312 (lanes 3 vs. 6). At 1-10 mM, 314 (w/o added reductant) completely 

cross-linked the pBR322 substrate (lanes 11 and 12). Additionally, at [drug]=50mM, 

314 resulted in quantitative cross-linking and did not exhibit any of the inhibitory 

characteristics that 312 had demonstrated (lanes 3-5 and 6-8). 
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Figure 2-8. Reactions of 312 and 314 with linearized pBR322 in the presence or 
absence of ~-mercaptoethanol (~-MET). All reactions were carried out at 37°C for 24 h. in 
10 mM phosphate buffered saline (PBS). Lanes 1 and 16 are DNA control lanes. Lanes 
2 and 15 are both lmM ~-MET lanes. Lanes 3-5 are 1.0, 10, and 50 mM FR-900482 
(312) respectively. Lane 6 is lmM 312 + 1.0 mM thiol. Lane 7 is 10 mM 312 + 10 
mM thiol whereas lane 8 is 50 mM 312 + 10 mM thiol. Lane 9 is 1.0 mM FR-66979 + 
1.0 mM thiol. Lane 10 is 0.1 mM 314 + 0.1 mM thiol. Lanes 11-14 are reactions 
involving only 314 in decreasing concentrations. Lane 11 is 50 mM 314; lane 12 is 10 
mM 314; lane 13 is 1.0 mM 314, and lane 14 is 0.1 mM 314. 

From these results, it followed that, 314 did not require exogenous chemical 

activation (such as reduction) to cross-link DNA. On the other hand, 312 was 

comparatively inactive in and of itself and required 1 molar equivalent of reductant to 

significantly cross-link DNA. 

To probe the possible chemical role of the thiol with 312 more closely, reactions 

of 312 with 2-mercaptoethanol; DTT; and glutathione at 37°C for 24 h in D2O (all 5 mM 

in thiol and 5 mM in drug) were followed by 1 H nmr spectroscopy and TLC. Under these 

conditions, no evidence for any reaction was detected. Similarly, incubation of 312 (3.3 

mM) with 2'-deoxyguanosine-5 '-monophosphate (3 .3 mM) in D2O at 37°c for 24 h. in 
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either the presence or absence of stoichiometric thiol resulted in no detectable reaction. 

Parallel experiments with 314 similarly resulted in no detectable reaction products. Similar 

studies have recently been reported by Hopkins and Paz.4a 

Table 2-5. Summary of FR-900482 and FR-66979 reactions with Hind III linearized 
pBR322 in the presence or absence of P-mercaptoethanol (Figure 2-8) 

Entry/lane [FR-900482] [FR-66979] [P-MET] %ISC 

1 
2 lmM 
3 lmM 25.2 
4 lOmM 63.0 

5 50mM 9.1 
6 lmM lmM 96.1 
7 lOmM lOmM :?99 
8 50mM lOmM 28.6 
9 lmM lmM :?99 
10 0.1 mM 0.1 mM 58.7 
11 50mM :?99 
12 lOmM :? 99 
13 l.0mM 93.8 
14 0.lmM 42.4 
15 lmM 
16 

In the context of the mechanisms proposed in Figures 2-1 & 2-2, our results 

indicated that one possible pathway for the activation of 312 may involve two-electron 

reduction to 314 which, as shown above, would directly effect cross-linking; 314 

appeared to possess the correct oxidation state to induce ISCs. This raised the question of 

the inherent reducibility of the N-0 bond (312 to 317, Figure 2-1) in vitro and in vivo.22 

The stability of both 312 and 314 to powerful nucleophilic thiols in the presence or 

absence of the mononucleotide under conditions that led to quantitative DNA cross-links 

once again disfavored the viability of nucleophilic activation (312 to 320, Figure 2-2). 
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Although the conversion of 312 to a mitosene derivative (v ia 314?) was an alluring 

hypothesis, our results indicated that 314 and not 312 represented the more intriguing 

focus of further mechanistic work. Particularly relevant to this reasoning was that 314 

seemed to be more closely related to the DNA reactive species responsible for cross-

linking. Of the two natural products , 314 represents the more reactive substance by a 

factor of about 10 (in the absence of thiol) as shown by comparison of lanes 3 and 14. 

This was confirmed in the presence of thiol as well. Cross-linking of small radiolabeled 

ODNs (template 2-section 2.2.3.) and quantiation via liquid scintiallation counting 

revealed that only 1.9% of the substrate was cross-linked by 312 while the yield for 

cross-linked material resulting from reaction with 314 was 14.3 %. Indeed, the vastly 

greater reactivity of this species was the impetus for its use in sequence specificity studies. 
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2.2.3. Sequence-Specificity Studies: relevance to a mitosene intermediate. 

The minor and major grooves of DNA bear considerably different negative 

potentials. The geometry of the grooves and their location with respect to the helical axis 

has a major influence on this electrostatic potential as well as the steric accessibilities of the 

reactive centers.23 These geometries mandate that for GpC the most negative potential is 

located within the major groove (specifically N7) while for ApT , the minor groove 

possesses the greatest nucleophilic character.24 Steric accessibility also bears considerable 

influence upon the reactivity of these positions with electrophilic agents.24 
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Figure 2-9. Electrostatic potentials and calculated accessibilities of major and minor 
groove moieties within G-C and A-T base pairings. Dark arrows denote major groove sites 
while outlined arrows denote minor groove sites. The first number of each set denotes 
base site potentials in units of kcal/mo! while the second number expresses the base atom 
accessibility in units of A2. These values are applicable only to B-DNA and are as 
calculated by Pullman et al. 23 

The DNA sequence-specificity of the mitomycins derives partially, but not 

completely, from this concept.25 Within 5'-CG-3', the most nucleophilic residue is the N7 

of dG (the result of additive electrostatic potential and accessibility values).23 However, 

placement of the quinone methide (resulting from mitomycin activation) within the major 

groove fails to result in an N7 -mediated interstrand cross-link. Rather, the N7 alkylation 

event (formed in generally high yields upon two electron reduction of the mitomycin)26 

leads only to monoalkylation thus providing a therapeutically insignificant lesion. Despite a 

considerably reduced potential and greater steric encumbrance (Figure 2-9) the less 

nucleophilic minor groove exocylic amine represents the preferred site of DNA 
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modification involved in interstrand cross-linking. This stems from the ideal geometric fit 

of the mitosene within the 5'-CG-3' sequence. The intramolecular distance between the two 

electrophilic centers of the mitosene (3.4 A) and the distance between the two 

deoxyguanosine N2 amines of duplex substrate (3.1 A for 5'CpG, Figure 2-10) are ideally 

matched and thus greatly facilitates the observed 5'CpG specificity observed for the 

mitomycins.25,27 

mitosene core of 
FR900482 

B) 5' CpG 

..... •···~· ........ 

3.1 A 

C) 5' GpG u:,~.:.:.-,., 
~-;(~ 
~ c·J 

4.2 A 

Figure 2-10. Molecular distances of adjacent guanosine N2 amines in sequences of 
interest. View is from the top of sequence looking down. Bold bonded bases are on top 
with the thin-lined bases below. Black balls on DNA bases denote exocylic N2 positions 
while black balls on the FR mitosene core denote electrophilically activated centers in line 
with analogy to the mitomycins.27 

Although other principles of molecular recognition are involved25, this geometric 

matching of the drug and its target sequence is the largest single contributor to the base-pair 

specificity observed for the mitomycins (see section 1.5.5.). 

In the absence of exogenous reducing agents, FR-900482 does not cross-link 

DNA.4,10 As detailed in sections 2.2.4., preparation of FR-66979 from Pd/C catalyzed 

hydrogenation of FR900482 affords a chemically " pre-activated" FR congener most likely 

bearing the carbinolamine structure 317.4a Due to the efficacy with which "over-reduced" 

FR-66979 was found to cross-link both plasmid and synthetic DNAs we opted to 

determine the base pair specificity of this FR-66979 "analog". This was deemed highly 
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significant since no mechanistic data for these compounds had been obtained beyond the 

Fujisawa reports . Additionally, the belief that FR-66979 did not require reductive 

activation posed intriguing mechanistic questions which could be addressed partially by 

assignment of DNA specificity. 

Preliminary efforts toward sequence-specificity assignments involved the 

exploitation of Fe(Il)-EDT A footprinting methodology developed by Tullius and 

Dombroski28 and extended by Hopkins.30 Extension of Fe(Il)-EDTA mediated (via 

hydroxyl radical production) DNA scission towards the development of highly selective 

chemical nucleases has been examined by Dervan and co-workers via conjugation of 

Fe(II)-EDTA to a host of DNA binding ligands.29 The strand scission process relies on 

Fenton/Haber-Weiss redox cycling which produces the highly reactive hydroxyl radical. 

ROaPO~ •OH R03PO~· 
·OH 

R03PO~ -OH 
0 S"'H.___j 

OPO3R OPO3R OPO3R 

332 333 334 

R03~ 
5 

R~PO~ 0 0 ( 0 0 + 

(\ 
(~OH- [ l ~o 

R03P0 H OPO3R 
\__-OH strand scission 

336 337 338 

Figure 2-11. Cl' H-atom abstraction leading to DNA strand scission resulting in 3' 
phosphate formation.6 

Hydrogen abstraction at the DNA sugar C 1' and C4' results from interaction with 

the diffusable hydroxyl radical and leads to the DNA strand scission products outlined in 

Figures 2-11 and 2-12. 6 Recent and extensive work by Giese and co-workers has 

addressed formation of lactone 346 which results also from the C4' H-abstraction event 

(Figure 2-13).6c These workers have also provided evidence that generation of the 3' 
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phosphate and 3' phosphoglycolate may result not only from traditional Criegee 

rearrangement of the C4' hydroperoxide, but may also occur via Grob fragmentation 

(Figure 2-13) of 3'-dephosphorylated nucleotides (347)_6c 
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Figure 2-12. C4' H-atom abstraction leading to 3' phosphate and 3' phosphoglycolate 
adducts.6 
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Figure 2-13. Giese proposals for C4' H-atom abstraction leading to 5' lactone adduct 
346 and 3' phosphate and 3' phosphoglycolate via Grob fragmentation.6c 
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Although applicable only to interstrand cross-linked ODNs, the reports by Hopkins 

et al. provided ample support for our studies employing this radical-based means of DNA 

sequencing.30 This methodology, in conjunction with DNA base substitution efforts 

afforded not only a means of base specificity assignments, but also regiochemical 

determination of the DNA base atoms involved in FR-66979 bis-alkylation. lOb 

The substrate 5'-TTTATTAACGTAATGCTTAATCGCAATGGGATT-3' (ODN 

1) and a modified version bearing inosine (guanosine lacking the N2 exocyclic amine) at 

the G-10 position (ODN 2) and the mutual complement ODN 3 strand were synthesized. 

Cross-linking of 5'-32P-labeled ODNs 1 and 2 to their shared complement followed by 

isolation and Fe(II)-EDT A digestion rendered the cleavage patterns in lanes 7 and 8 of 

Figure 2-14. 

TEMPLATE 1 

TEMPLATE 2 

10 Z3 

{

5 ' TITATIAACJ TAATGCITAATC!CAATGGGATI 3' 

3, AAATAATI.CA TI ACGAA TI Af C•TI ACCCT AA 5• 

25 12 10 

{ 

5 ' TITATIAAOTAATGCITAATCGCAATGGGATI 3 ' 

3 , AAAT AATIGCATI ACGAATI AGCGTIACCCT AA 5' 

¢==QDN1 
¢:==ODN 3 

¢== ODN 2 
¢== ODN 3 

dNH 
R OsPP N)__NH, 

OP03R 
2'-deoxyguanosine 2'-deoxyinosine 2'-deoxy-7-deazaguanosine 

Barring conjugation to DNA site-specific ligands (DNA-binding peptides, triple-

helix forming ODNs, sequence-specific DNA alkylating agents, etc.), the process of 

Fe(II)-EDTA mediated strand scission is a sequence random event.29a Native DNA 

subjected to Fe(Il)-EDT A cleavage affords an equimolar assortment of all fragment sizes up 
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to and including the full-length strand (lane 6, Figure 2-14). Analogous treatment of cross-

linked DNA yields short fragments corresponding to cleavage at or to- the radiolabeled 

side of the alkylated residue. 

As such, the observed cleavage pattern revealed by lane 7 of Figure 2- 14 was 

diagnostic for ODN 1 alkylation at G-10. Conversely, cross-linking and digestion of the 

template 2 (bearing inosine at the ODN 1 G-10 position) revealed G-23 as the primary 

alklation site (lane 8, Figure 2-14) . This "cleavage shift" resulted from deletion of the 

exocyclic amine (N2) at the G-10 residue. Installation of inosine at this position halted 

cross-link formation , thus implicating the N2 residues of adjacent guanosines (within only 

the 5' -CG-3' box) exposed in the minor groove, as the sole functionalities responsible for 

interstrand cross-linking by 314. 

This was in accord with the expectation that bis-alkylation of FR-66979 with DNA 

should occur in the minor groove of DNA and supported the hypothesis that FR-66979 and 

related congeners cross-link DNA via a mitomycin type mechanism. Notably, cross-

linking of ODNs 1 and 2 by FR-900482 and FK973 followed by Fe(II)-EDTA digestion 

afforded the same results thus demonstrating the generality of the disclosed dG N2 

specificity within 5'-CG-3'(Appendix Figure 5-3 )_3 1 

Complementary strand analysis (Figure 2-15) was performed to ensure that indeed 

each cross-linkable site within the respective duplexes involved the adjacent 

deoxyguanosine residues within each 5'-CG-3'. This was accomplished upon 5•_32p end-

labeling of ODN 3 (complementary strand to both ODNs 1 and 2). Cross-linking 

followed by Fe(Il)-EDTA digestion revealed that for the cross-linked template 1, 

cleavage seizure occurred at the dG-25 of ODN 3 (lane 7, Fig. 2-15). This corresponds 

to the dG of 5'-CG-3' previously shown to coincide with cross-link participation of ODN 

1 dG-10. Conversely, cross-linking of template 2, in which the now unlabeled strand 
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¢::i ODN 1 G-23 

¢:J ODN 1 G-10 

1 2 3 4 5 6 7 8 9 10 

Figure 2-14. Autoradiogram of Fe(II)-EDTA footprinting of cross-linked templates 1 
and 2 (labeled at 5' terminus of ODNs 1 and 2 respectively). Lanes 1-3, standard 
DNA, cross-linked template 1, cross-linked template 2; lanes 4 and 9 Maxam-Gilbert 
G; lanes 5,10 Maxam-Gilbert G+A. Lane 6, lmM Fe(II)-EDTA control; Lane 7, 
cross-linked template 1 after lmM Fe(II)-EDTA digestion; Lane 8, cross-linked 
template 2 after lmM Fe(II)-EDTA digestion. Slow mobility cross-link standards in 
lanes 2 and 3 (outside of the sequencing region depicted) maybe seen in Appendix Figure 
5-2. 
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(ODN 2) had inosine at position 10, gave rise to cleavage diagnostic for ODN 3 dG-12 

alkylation of the labeled complement (lane 8 Figure 2-15). Significantly, the pattern 

obtained was completely attributable to dG-12 alkylation of ODN 3 with no detectable 

enhancement in cleavage (see appendix Fig. 5-4) arising from the possible dG-10 

alkylation event (from potential 5'-GC-3' cross-linking). Thus, when confronted with the 

possibility of forming either the 5'-CG-3' cross-link or the 5'-GC-3' cross-link, the active 

species derived from FR66979 was completely selective for the 5'-CG-3' event. 

It is noteworthy that, at the time that these reactions were performed, the ability to 

resolve the different cross-linked species from one another had not yet been achieved. As 

such, the cleavage patterns obtained for template 1 were diagnostic for whichever 5'-CG-

3' box underwent preferential cross-link formation within the "bis"-cross-linkable duplex. 

The cleavage patterns for cross-linked template 1 (Figures 2-14 and 2-15) indicate 

preferential alkylation at the dG-10 5'-CG-3' box of ODN 1 as opposed to the G-23 

residue. Equal cleavage at both sites (assuming equitable cross-link formation at both 5'-

CG-3' boxes) would yield a pattern corresponding to a G-23 fragment or perhaps a 

mixture of the two. Assuming that template 1 suffered alkylation at both 5'dCG boxes, 

this preference would likely result from the effect of flanking bases. Alternatively, should 

two different cross-linked species have resulted ( one from dG-10 and one from dG-23 of 

ODN 1), then that proceeding with the greatest efficiency would be expected to result in 

the predominant cleavage pattern. 

Mitomycin C (163) undergoes preferential cross-link formation in the order 5'-

d(ACGT)>5,-d(TCGA)=5'-d(CCGG).30d Since cross-linking of template 1 in all cases 

gave rise to the dG-10 oriented cleavage pattern, it was concluded that of the two 5'-CG-3' 

cross-linkable sites, the 5'-ACGT-3' site underwent preferential cross-link formation. As 

such, the original interpretation of these results with FR66979 (314) followed the trend 

observed for mitomycin C with respect to flanking sequence preferences thereby 

supporting the intermediacy of a mitosene. 
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¢:l ODN 2 G-25 

¢::i ODN 2 G-12 

1 2 3 4 5 6 7 8 9 10 

Figure 2-15. Autoradiogram of Fe(II)-EDTA footprinting of cross-linked template 1 
and template 2 (32P-labeled at 5' terminus of ODN 3). Lanes 1-3, standard DNA, 
cross-linked template 1, cross-linked template 2; lanes 4 and 5 Maxam-Gilbert G, 
G+A respectively. Lane 6, lmM Fe(II)-EDTA control; Lane 7, cross-linked template 
1 after lmM Fe(II)-EDTA digestion; Lane 8, cross-linked template 1 after lmM Fe(II)-
EDTA digestion. Lanes 9 and 10 Maxam-Gilbert G, G+A respectively. Slow mobility 
cross-link standards in lanes 2 and 3 (outside of the sequencing region depicted) may be 
seen in Appendix Figure 5-4. 
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A final venture investigating the role of the N2 of deoxyguanosine involved 

synthesis of template 1 with G-10 and G-23 substituted with 7-deazaguanosine. As 

shown in Figure 2-16, treatment of this modified template with 314 afforded cross-linked 

material in yields comparable to those seen with the native dG-containing template. This 

verified that N2 and not the N7 of guanosine is responsible for bis-alkylation of the DNA 

duplex. Additionally, these experiments revealed for the first time that the differing 

placement of each cross-linkable 5'-CG-3' within template 1 gave rise to 

electrophoretically-unique adducts. The ability to separate and assign the positioning of 

each cross-link site within template 1 also verified the results of Fe(Il)-EDTA 

footprinting experiments to suggest the preferred cross-linking of 5'-ACGT-3' over 5'-

TCGC-3'. Comparison of the two cross-linked species resulting from reaction of 

template 1 with FR-66979 clearly shows the enhanced yield of 5'-ACGT-3' cross-linked 

material over the corresponding 5'-TCGC-3' bis-alkylated duplex The respective cross-

link yields of 53.7 % for ODN 1 G-10 alkylated material and 8.5% for the G-23 cross-

link were determined by liquid scintillation of each band 

The combination of base-substitution experiments and Fe(II)-EDTA footprinting 

afforded a concise means of not only assigning the DNA base pair specificity for 

interstrand cross-linking by FR66979, but also yielded important information regarding the 

regiochemistry of DNA bis-alkylation. More precisely, the exocyclic N2 moieties of each 

deoxyguanosine of 5'-CG-3' are required and little or no dependence upon any other base 

atoms has been observed (as derived from Fe(Il)-EDTA cleavage patterns). The 

implication based upon analogy to mitomycin C is that the N2 atoms of each 

deoxyguanosine (of 5'-CG-3') undergo drug-mediated alkylation. No covalencies were 

observed with any other bases, although cross-linking efficiency was strongly influenced 

by the flanking bases on either side of the cross-linkable 5'-CG-3' and followed a similar 

trend known for the mitomycins. An interesting observation is the greatly reduced amount 
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of 3'-phosphoglycolate (in comparison to the 3' phosphate) observed for Fe(II)-EDTA 

footprinting lanes at the site of drug attachment. The origin of this phenomenon is 

unknown and to date has not been reported for Fe(II)-EDT A footprinting studies on MC. 

The C4' H-atom abstraction necessary for 3' phosphoglycolate generation (see Figures. 2-

12, 2-13) may undergo either drug-mediated inhibition, or rapid quenching due to 

proximity of the FR-derived rnitosene core. 
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Figure 2-16. FR-66979 (314) reactions with dG10/dG23 substituted and native ODN 1 
duplexes. Base and position substitutions are denoted. Base structures denote base 
incorporation at sites which are noted directly below each base (guanosine, inosine, or 
deazaguanosine) . Lanes 1,4,7,10 are ODN standard lanes, Lanes 2,5,8,11 are 100 
mM DTT controls. Lanes 3,6,9,12 are 10 mM FR66979 + 100 mM DTT reactions. 
Reactions were incubated 16 hours at 25°C prior to electrophoresis. 
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2.2.4. Studies directed at elucidation of a reactive FR-66979 intermediate 

enroute to interstrand cross-linkin2. 

As discussed in section 2.2.2. , we had observed that synthetically derived FR-

66979 did not require the addition of exogenous reductants in order to efficiently cross-link 

(yield of cross-link ~10%) either pBR322 or smaller synthetic ODNs used for sequence 

specificity assignments. Non-reductive instances of interstrand cross-linking had been 

previously shown for the mitomycins but these reactions called for acidic activation 

conditions at pH~ 5.27b As such, the cross-linking activity of FR-66979 observed could 

not be attributed to acidic activation pathways since these reactions called for neutral or near 

neutral pH conditions. Mechanistic proposals concerning a non-reductive route to cross-

link formation could justify the existence of two electrophilic sites within the FR-66979 

structure but suffered from the argument that the DNA-bound core structure could not 

possess an indolic structure due to its incorrect oxidation state. More perplexing was that 

the interstrand cross-link still demonstrated the 5'-CG-3' sequence specificity inherent to a 

mitomycin like lesion (section 2.2.3.) . 

Concomitant with our studies of FR-900482 and related compounds, Hopkins and 

Woo reported that FR-66979 required reductive acbvation contrary to our findings.lOc This 

provided the impetus for insightful studies pertaining to the mechanism of FR66979 

reaction with 5'-CG-3' . 

Due to its low natural abundance from fermentation, FR-66979 (314) had always 

been prepared by reduction of the more available 312 with either NaBH4 or H2/Pd-C. By 

chance, prior to this study, the two laboratories had selected different reductants, and had 

each relied solely upon the one source. Collaborative efforts with Hopkins and Woo 

required that each group repeat, in part, the work of the other, confirming the observations 

previously described, those being that FR-66979 (314) derived from hydrogenation very 
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efficiently cross-linked DNA without an exogenous reductant; while NaBH4 derived 

material was devoid of cross-linking activity without an exogenous reducing agent.4a 

Initial efforts involved verification of the other group's findings. Indeed, NaBH4 

reduction of FR-900482 afforded the dihydro FR-66979 which, upon reaction with 

template 1 (see section 2.2.3.) failed to cross-link the 33 base pair duplex. Additionally, 

the Hopkins group was able to successfully demonstrate that Pd/C reduction yielded 314 

which required no exogenous reductant in order to cross-link the self-complementary 

substrate 5'-TATAATACGTATTATA-3' . Cross-checking of each group's findings gave 

way to intense studies in which the "activated" FR-66979 analog and the lesion resulting 

from its reaction with 5'-CG-3' were examined. 

The hypothesis that Pd/C over-reduction of FR-66979 gave rise to the species 

responsible for the observed cross-linking was substantiated by several findings. First, 

and perhaps most importantly, we observed that exposure to silica (either purification by 

preparative TLC or simply stirring in methanolic silica at room temperature) substantially 

reduced the extent of inherent cross-linking activity. Secondly, it was noted by the 

Hopkins group that monitoring of H2/Pd-C reduction of FR-900482 gave rise to 

substantial changes in the UV spectrum over time. Conversion of FR-900482 (312) to 

FR-66979 (314) was observed within the first 15 minutes of the reaction via UV and 

chromatographic monitoring. However, at time intervals between 1 and 5 hours, a 

considerable increase in UV absorbance was noted above 300nm and a new band was 

observed at approximately 250nm. Correspondingly, Hopkins and co-workers noted a 

sharp decrease in intensity at 215nm representing loss of the FR-66979 chromophore and 

TLC analysis revealed that the major diastereoisomer of FR-66979 was consumed. That 

extended exposure to the hydrogenation conditions converted FR-66979 to some other 

compound was clear based on the dramatic UV changes. The structure and cross-linking 

activity of this new substance/substances was, however, never assayed or analyzed further 

by the Hopkins group.32 



168 

Given this observation, we examined reaction mixtures via HPLC in order to 

visualize and isolate the proposed over-reduction product. Chiral HPLC analysis of 314 

readily afforded separation of the major and minor diastereoisomers of FR-66979 as shown 

in Figure 2-17. However, analysis of crude and PTLC purified synthetic samples of FR-

66979 resulted in essentially identical chromatograms (Fig. 2-17). This was the case for 

314 derived from H2/Pd-C reductions at 1 atm. and 60 psi. Visualization of peaks other 

than those attributed to diastereoisomerism of FR-66969 led to fractionation/collection of 

only the minor and major isomers of FR-66979. Disappointingly, re-injection returned not 

only the other diastereoisomer, but also displayed the presence of what had previously been 

attributed to possible over-reduction products. Concomitant with HPLC studies, PTLC 

was also attempted in which all UV detectable fractions were collected and assayed for 

DNA cross-linking activity. Reaction of each collected fraction with 5'-32P-labeled 

template 1 for 16 h. failed to afford interstrand cross-linked material as assessed by 20% 

DPAGE analysis. This resulted from decomposition of the active species and not due 

simply to separation from the collected fractions (vide supra). 

With potential stability and comigration problems in mind, an alternative means of 

detection of DNA-reactive substances was sought by HPLC/MS. Chiral HPLC was used 

in-line with positive ion electrospray mass spectrometry to scan the entire chromatogram of 

crude FR-66979 prepared by H2 Pd/C conditions for potential masses of interest (indole 

318 rn/e=289, 317 /316 rn/e=307) . 

That FR-66979 over-reduction would afford a DNA-reactive indole of structure 

318 was deemed possible (indeed, the Hopkins group favored 318 as the predominant 

over-reduction product), and would certainly have accounted for the high degree of 

instability observed. However, studies by Danishefsky and Egbertson had shown that in 

the mitomycin series , conversion of the mitomycin A (251) to the leucoaziridinylmitosene 

349 affords an unstable species capable of rapid Cl hydrolysis33,34. On the other hand, 

conversion of mitomycin A to leucomitomycin A (348) in whkh the angular C9a OH is 
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Figure 2-17. Reverse-Phase CHIRALPAK WH HPLC chromatograms of FR-66979. 
A) Crude 314 prepared by Pd/C-H2. B) PTLC purified 314 prepared by hydrogenation 
(mixture of the two diastereoisomers). 5% CH3CN , 2mls./min., Detn. 254nm. 
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retained proceeds in good yields with good stability characteristics observed for 348. 

Indeed reoxidation back to 251 is more facile than C9a elimination to 349. The stability 

of 348 thus suggested 317 (Fig. 2-1) as a more likely structure corresponding to "over-

reduced" FR-66979 than the aromatized 318. 
0 OCON H2 H2/ Pd-C 

H 3C , -~py~r_id_in_e __ 

OH OCONH2 
H3C 

' ------
H3C NH 0 2 H3C NH 

0 OH 

251 348 -OH OCONH2 
H3C O 

H 3C NH 
OH 

349 350 

In line with the Danishefsky findings, LC-MS revealed the presence of substances 

with m/e 307 which comigrated with the major and minor diastereoisomers of FR-66979 

(see differing mass scans in Figure 2-18). The existence of indole 318 would be expected 

to result in signals diagnostic for a compound with m/e = 289. This was, however, not the 

case suggesting that 318 may not be a key player in the previously observed reactions of 

"over-reduced" FR-66979 with DNA. Attempts at fractionation and collection of m/e 307 

substances were complicated by the prominence of FR-66979 (due to comigration) in each 

fraction. Reactions of HPLC fractionated material with DNA traced the majority of 

"activited" FR-66979 to a peak corresponding to the minor diastereoisomer of 314 

(Appendix Fig. 5-5). Importantly, this also supported the assertion that the fast mobility 

material preceeding the minor 314 diastereoisomer (Fig. 2-17.) was devoid of cross-

linking activity. This was consistent with the LC-MS data in which a greater percentage of 

a potential "leuco-FR" compound (m/e=307) was found to comigrate with the minor FR-

66979 diastereoisomer. Significantly, UV-vis analysis of all fractions failed to show 

absorbances in the 230 nm range which would have supported the presence of 318. 
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Figure 2-18. HPLC/MS scans of CHIRALPAK WH chromatography of crude 314; A) 
MS detection of 314; B) MS scanning of m/e = 307 (potential "leuco"-FR-66979 
compound 317 or ring-opened tautomer 316). 

Concomitant with HPLC fractionation studies in our laboratories, the Hopkins 

group had characterized the lesion responsible for the cross-link and found it to be identical 

to that derived from reductively activated FR-66979. The self-complementary 14-mer 5'-

AT AAT ACGT ATTA T-3' was interstrand cross-linked with crude 314 from 

hydrogenation. The interstrand cross-linked product was isolated from DPAGE and 

digested. The resulting mixture was then compared with the corresponding hydrolysate 

from the same DNA cross-linked ODN obtained using dithionite-activated FR-66979 

prepared by sodium borohydride reduction. Rigorous structural characterization had proven 

the latter to contain substance 351, fully consistent with the reductive activation hypothesis 

in Figure 2-1. The lesions from these two sources possessed identical HPLC retention 

times, and gave essentially identical UV spectra and electrospray ionization mass spectra, 

indicating the identity of the covalent structures of the cross-links formed by these two 

preparations.4a These findings substantiated the proposal that DNA cross-linking by FR-
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66979 in the absence of exogenous reductants was attributable to some over-reduction 

product such as 317 or 318 in the DNA reaction mixtures. This also supported our 

Attempts to generate the over-reduction product yielded the ring-opened mitosenes 

352 and 353 (mw = 307). The mixture was observed in quantitative yield upon exposure 

of FR-66979 to IM P-mercaptoethanol at room temperature for 48 hours (Figure 2-19). 

The initial belief that the thiol-generated substance could actually be the putative reactive 

intermediate 317 or 318 was refuted based on DNA cross-linking assays (see Appendix 

Fig. 5-6) and thorough structural characterization. Vastly different HPLC retention times 
/OCONH2 

OH~ 0 QNH 
OH H 316 0 .,,..OCONH2 

~H 

~N~NH 

1 M ~-Mercaptoethanol 
-H20 l l ~::Ha OH 

OH 

314 

OH OCONH2 

318 

--
NH 

OH 

OH OCONH 2 

,OH 
,0 

OH NH2 
352 

317 

353 

Figure 2-19. Thiol mediated reduction of 314 to Cl hydrolyzed mitosenes. 
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(Fig. 2-20) and UV spectra (A. max= 230nm.) suggested that the m/e=307 peak previously 

seen to comigrate with FR-66979 was not obtained from simple hydrolysis of a potential 

aziridinomitosene (m/e = 289), but is more likely the carbinolamine 317 whose mass is 

identical to that of amino alcohols 352 and 353. 
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Figure 2-20. Reactions of PTLC purifed 314 with P-mercaptoethanol . A) FR-66979 
control injection; B) P-MET control injection; C) reaction of FR-66979 with P-MET (lM) 
for 48 hours. The fast peak shown in panel A is the minor diastereoisomer of FR-66979 
and the slow peak is the major diastereoisomer. The two slow moving peaks in panel C 
represent the mixture of ring-opened mitosenes 352 and 353. 
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An alternative approach to effect over-reduction of 314 involved H2/Pd-C 

reduction at increased pressures. As shown below in Figure 2-21, reduction of 312 with 

H2/Pd-C at 90 psi. rather than 1 atm. afforded significantly more active cross-linking 

agent, despite the fact that both reactions produced predominantly FR-66979. 

characterization. 

In light of the results generated regarding the attempted over-reduction of FR-66979 

it is significant that similar reactions of involving DTT and Fe2+ have been recently 

examined by Hopkins and Paz. 4b Electrospray LC-MS and UV absorbance data confirms 

the generation of aziridinyl ring-opened mitosenes 354/355 derived from 314. A 

departure from the data generated in these laboratories is noted in that 354 and 355 

(obtained in the presence of catalytic Fe2+) lack the carbamoyl moiety at ClO (mitomycin 

numbering). Considering that these compounds were generated after only 5 h. , it is 

surprising that decarbamoylation has occured while in our experiments (lacking exogenous 

Fe2+) retention of the carbamate was seen even after 48 hours. This raises interesting 

questions pertaining to metal ion-assisted decarbamoylation of the FR derived mitosenes 

and its potential role in DNA modification by these agents. 

354 355 
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Reactions of crude FR-66979 from H2/Pd-C with template 1 suggested that the 

over-reduction product was consumed (via cross-linking and/or hydrolysis) within 1 hour 

at room temperature under aqueous conditions. This instability, coupled with problems 

experienced in the isolation/purification of over-reduced FR66979 deemed the 

characterization of this proposed DNA-reactive intermediate an issue with limited likelihood 

for success. Also a consideration, was the presumed low yield of over-reduction product 

and severely limited quantities of FR-900482 available with which to pursue this issue. As 

such, complete characterization of the putative cross-linking agent obtained upon H2/Pd-C 

reduction of FR-900482 to FR-66979 was not pursued further. However, a good deal of 

evidence has been generated to suggest that catalytic hydrogenation of FR-900482 

produces carbinolamine 317 which decomposes under aqueous conditions to afford the 

potent DNA cross-linking (and highly unstable) mitosene 318. 

Given that a 200: 1 ratio of drug to DNA duplex was employed in cross-linking 

experiments, a contaminant of only 0.5 mole-% easily overlooked by standard analytical 

methods, could fully account for the observed cross-linking activities observed by both 

groups. 

2.2.5. Verification of orientational isomerism in the FR-66979 mediated 

5'-CG-3' cross-link. 

During collaborative efforts with the Hopkins group, reactions in which the 

preparation and purification methods used to derive 314 from 312 were tested using 32p_ 

5'end-labeled 5'-TGTTGAATACTCATACGTCTCTTGCTGAGGG-3' (ODN 4) 

annealed to its complement (to yield template 3).4a An interesting phenomenon observed 

in these experiments was the presence of two distinct bands corresponding to cross-linked 

DNA possessing only one 5'-CG-3' run (Figure 2-21). Preceeding the collaborative effort 

by two years, Hopkins et al. had observed that cross-linking of 5'-TATAATCCG-

GATTATA-3' with FR-66979 also gave rise to two separate cross-links.lOc Since this 
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"multiple-band" phenomenon seemed somewhat general (312 and 313 followed the same 

trend -Appendix Fig. 5-7) and had not been previously examined, we sought to address its 

structural origin and potential implications relevant to the mechanism of action of the FR 

compounds. 

One plausible explanation for the two band pattern observed with template 3 

invoked an over-alkylation phenomenon giving rise to the slower band. Of particular 

concern was the 5'-GAGGG-3' run at the ODN 3' terminus. By analogy to MC, this 

sequence posed problems entailing not only possible mono-alkylation, but also intrastrand 

bis-alkylation between two neighboring dG residues.25 The presence of another 

interstrand site was considered highly unlikely but, based on the available data, could not 

be ruled out. To probe these issues two additional oligonucleotides (and their 

complements) were synthesized. One substrate (ODN 5) replaced the 5'-GAGGG-3' run 

with 5'-TTAAT-3' while the other (ODN 6) exchanged the cross-linkable 5'-CG-3' with 

5'-TT-3'. These substrates when annealed to their respective blunt-ended complements, 

afforded templates 4 and 5 respectively. As a control , the self-complementary 5'-

TATTAAAATTAATACGTATTAATTTTAATA-3' (ODN 7) was also synthesized. 

Reaction of templates 3-5 with FR-66979 and DTT for 16 h. at room temperature was 

followed by 20% DPAGE analysis. As shown in Fig. 2-22 retention of the two band 

pattern was found not only for template 3, but also for the substrate lacking the dG-rich 

3' terminus (template 4) . The substrate lacking 5'-CG-3' gave no interstrand reaction 

(lane 9, Figure 2-22) thus ruling out the possibility of another interstrand cross-linkable 

site. The self-complementary substrate (ODN 7) yielded only one band, supportive of, 

but not verification for potential dG over-alkylation of the original substrate. Retention of 
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17 

{ 

5' + 3' TGTTGAATACTCATACGTCTCTTGCTGAGGG 
3' ACAACTT ATGAGTATGCAGAGAACGACTCCC 5' 

{ 

5' TGTTGAATACTCATACGTCTCTTGCTTTAAT 3' 

3, ACAACTTATGAGTATGCAGAGAACGAATT A 5, 

{

5' TGTTGAATACTCATATTICTCTTGCTGAGGG 3' 
template 5 3, ACAACTT ATGAGT AT AAAGAGAACGACTCCC 5, 

¢::=::iODN 4 
¢::=::i ODN 4' 

¢== ODN 5 
¢:::==ODN 5' 

¢::=::i ODN 6 
¢::=::i ODN 6' 

the two band pattern between substrates with and without the 5'-GAGGG-3 ' terminus 

suggested that in fact, the observed two band pattern was not due to an over-alkylation 

process, but rather the melting temperature (Tm) dependent separation of orientation 

isomers of the cross-link. That the self-complementary control yielded a single-sharp cross-

link band (Appendix Fig. 5-8) substantiated an orientational isomer phenomenon as both 

possible orientation isomers would be C2 symmetric and thus electrophoretically 

indistinguishable. 
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------~--G=E=L=-=O~R=IG=l~N,_ _____ _ 

1 2 3 4 5 6 7 8 9 

5'-CG-3' 
CROSS-LINKS 

¢== MA 

¢== NATIVE 

Figure 2-22. FR-66979 cross-link adducts formed with templates 3,4, and 5. Lanes 
1,4,7- DNA controls for templates 3,4,5 respectively. Lanes 2,5,8 - DNA + DTT 
controls in the same order as lanes 1,4,7. Lanes 3,6,9- Reactions of reductively 
activated FR66979 with templates 3,4,5 respectively. MA refers to mono-alkylated 5'-
32P-labeled ODNs. 
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FR-66979 alkylation of a residue other than guanosine was considered unlikely, but 

would easily explain the ease of separation of the two cross-linked species. Verification of 

5'-CG-3' involvement in the cross-linking event for template 3 was pursued by Fe(Il)-

EDT A digestion. Each band generated for the ODN 4 cross-link was isolated and 

individually subjected to Fe(II)-EDTA footprinting followed by 20% DPAGE. (Appendix 

Fig. 5.9). Footprinting analysis (Appendix Fig. 5-9) revealed that indeed, each band 

corresponded to the same singly, site-specific 5'-CG-3' cross-link. Connectivity to 5'-

CG-3' was assigned for both strands of the duplex via labeling and analysis of each 

separate selectively 5' labeled duplex (Appendix Fig. 5.9) 

The potential that one of the bands involved dG N7 connectivity as opposed to 

exclusive dG N2 functionalization was investigated by heating to 90°C in lM piperidine. 

Piperidine digestion readily converted cross-linked material to a mixture of monoadducts 

and single-stranded ODNs, but failed to reveal major groove (alkaline-labile) alkylation 

sites on either strand of each cross-linked species. This supported the anticipated 

involvement of both dG N2 residues within 5'-CG-3'for each cross-linked band (data not 

shown). 

Unambiguous quantitation of DNA alkylation by reductively activated 314 was 

ultimately obtained upon mass spectral analysis of each cross-linked adduct. Cross-linking 

followed by 20% DPAGE afforded the cross-linked material as two separable species. 

Isolation of each adduct was achieved by elution into 500mM NH4OAc/lmM EDTA at 

37°C for 1 hour. This was followed by filtration, sample concentration and ion exchange 

(NH4+ for Na+) via repetitive ethanol precipitation from NH4OAc (pH= 5.2). Negative 

ion electrospray mass spectral analysis of each cross-linked product demonstrated that each 

product was a mono-adduct of the duplex with the drug; the faster-eluting band gave a 

molecular ion rn/z = 19,259.73 ± 9.36 and the slower-eluting band gave a molecular ion 

mlz = 19,261.39 ± 10.78; the calculated mass for the singly cross-linked duplex was rn/z 

= 19,259.75. This data ( Figure 2-23 ) was uniquely consistent with these products being 
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835.9 

A: 19259.73±9.36 

Figure 2-23. Negative Ion electrospray mass spectral analysis of each orientation isomer 
of FR-66979 cross-linked template 3. (A) Mass spectrum corresponding to the slower of 
the two isomers. (B) Mass spectrum corresponding to the faster of the two isomers. Note 
that in each spectrum, the number above each signal (preceeded by the letter A) represents 
the number of charges corresponding to the mass signal. As such, each peak corresponds 
to one value for the total mass of the cross-linked template. The mass of each orientation 
isomer was obtained by averaging of all masses obtained(# of charges x mass per signal) 
within a given spectrum. For example the strongest signal in panel B is the A21 peak. The 
mass corresponding to this species was multiplied by 21 to obtain a value of 19,240.2 
Da.for this specific signal. 
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orientational isomers (356 and 357) of the drug cross-linked to the same 5' -CG-3' box 

within template 3. More importantly, it disproved that over-alkylation of templates 3 

and 4 was the origin of the "two-band" pattern observed. In reference to section 2.2.1., 

this result verified that DTI mediated activation of 314 proceeds through a reductive rather 

than nucleophilic route since the mass obtained was exclusive of functionalities other than 

the rnitosene-DNA lesion predicted by Fukuyama and Goto.9i 

As demonstrated in structures 356 and 357, the orientation isomers of 314 cross-

linked ODNs arise from the fact that bis-alkylation of the activated FR core may occur in 

two orientations which are 180° opposite one another. In the case of template 3 bis-

alkylation, ODN 4 may be alkylated by either the Cl or ClO of activated FR-66979 while 

the complementary strand (ODN 4') must be alkylated by the center ( either Cl or ClO) 

not connected to ODN 4. 
OH 

ODN I 

10" N 

5' 

O'J-NH 1" . 

~~N>-~ NH 2 
A C N T C 

,}).. __ 'il q\ 'il o~- 'il o~ 'il o~ 'il = ooN • 
·~ o-P-/00-P-o-lh-P-oY"o-P-ofb-P-o-l-

1 I I I I o_ o_ o- O- O- 3' 

356 
ODN 4' 

O 10" / 
NH 0 N }-N 

I.!.. N H HO 
A C N T C .P. \l 0~. \l 0~ \l Q~- \l 0~ \l > = ODN 4 

·~ o-P-oY-00-P-a--1"'0-P-o_J-'b-P-ofb-P-o-~-
5, I I I I I o_ o_ o_ o_ o_ 

OH 

3' 

3'ST 
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The origin of the vastly different electrophoretic mobilities observed was highly 

speculative although it had been demonstrated with psoralen interstrand cross-links that a 

similar phenomenon is attributable to "differential denaturation" rates of the two psoralen 

orientation isomers.35 Kumarasen et al. had shown that orientation isomers of 4,5' ,8-

trimethylpsoralen cross-linked 5'-AGCTCCTCTCATCCTGGCCTAG-3' ( annealed to its 

complement) were easily separable by 20% DPAGE.35 The degree of electrophoretic 

separation was highly dependent upon the effective Tm of the duplex. Incorporation of 

differing numbers and positions of base pair mismatches within the complementary strand 

was exploited as a means of Tm variation for a given cross-linked species.35 The 

observations that electrophoretic mobility decreased with decreasing Tm and that orientation 

isomer separation decreased with decreasing Tm are both consistent with the trends 

observed in Figure 2-22. As pointed out by these workers, the complementary bases at the 

termini for each cross-link band are essentially hydrogen-bonded prior to migration into the 

gel matrix. ODN hybridization occurs despite heating at 90°C in formamide prior to loading 

of the sample. This stems from the ability of an interstrand cross-link to behave as a site of 

nucleation for rapid DNA hybridization immediately following denaturation. As such, 

slightly different Tm values for each cross-linked species results in different rates of 

conversion from double-stranded material to single-stranded form during the course of 

electrophoresis. This ultimately affords different electrophoretic mobilities for each isomer. 

While the structural origin of the Tm difference observed by Kumaresan et al. was not 

assigned, it was concluded that the different orientation isomers of psoralen cross-linked 

ODNs induce Tm differences upon the target duplex. 

Tomasz and co-workers have shown that reaction of reductively activated 163 with 

small synthetic ODNs affords a mixture of monoalkylation adducts wherein Cl" of the 

indolomitosene (Figure 2- 24) is attached to one of the two dG residues within duplexed 

5'-CG-3' .36 Isolation of each adduct (two separate strands of the duplex) via HPLC and 

subsequent reaction with the necessary complement afforded each orientation isomer of the 
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MC cross-link. These efforts culminated in the formation and reactions of each orientation 

isomer of MC cross-linked template 6 with the restriction endonuclease Alu I.36 

Interestingly, the separation of orientation isomers of MC cross-linked template 6 was 

not possible by electrophoretic means despite a reported36 ~Tm of 3. 1 °C between 360 and 

361. The origin of the differing HPLC retention times for each orientation isomer was not 

elucidated nor was any hypothesis put forth to explain this behavior. Unlike the psoralen 

case where the cross-link induced helix destabilization was different for each isomer ( one 

cross-link allows the native H-bonding of the 5'-AT-3' box while the other doesn't) , the 

cross-link site for 163-modified DNA is proposed to be fully base-paired in both 

orientations. 36 

~MP~~6 { 
5' TITAGCTACGTCATCITATI 3' ODN B 

3, AAA TCGATGCAIT AIA 5· ODN 8' 

3, AAA TC GA Ty:CAIT AJA 5, 
+ 

358 
~NH, 

j 1) ODN 8 + Na,s , o, 

;,(~::, 
10"['(~ 

5' TITAGCTACGTCATCITATI 3' 
3, AAA TCGA Ty:CAIT AJA 5, 

\~NH2 

\N 360 

5' TITAGCTACGTCATCTIATI 3' 

359 

N\ 
H2N~\ 

5' TITAGCTACGTCATCTIATI 3' 
3· AAATCGAT CAITAIA 5 , 

10" 

0 ~-J_ 
H2N 

Figure 2-24. Preparation of each MC orientation isomer of template 6 and connectivity 
assignments based on digestive/HPLC analysis of each monoadduct. Note that diagrams 
for each cross-linked species illustrate the pertinent connectivities to one drug molecule per 
cross-link. Partial structures of mitomycin chromophore included for clarity only. 

Examination of Figure 2-22 reveals that cross-linking by 314 of template 3 and 

template 4 afforded two orientation isomers of each respective duplex. As mentioned, 

cross-linking of template 4 affords orientation isomers much slower in electrophoretic 
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mobility than the corresponding template 3 case. Additionally, the effective separation of 

template 4 isomers was considerably decreased in comparison to the template 3 cross-

links. This substantiated the belief that FR-66979 orientation isomerism was attributable to 

Tm variations between the two orientation isomers of each respective cross-linked duplex. 

Calculation of the theoretical Tm values for templates 3 and 4 using the equation Tm= 

81.5°C + l6.6(log10[Na+]) + 0.41(% C+G) - (600/n) was carried out where [Na+] is the 

sodium concentration of the buffer system and n is the number of nucleotides in the duplex 

substrate. The values obtained revealed the theoretical Tm for template 3 to be 53.9°C, 

whereas the theoretical Tm for template 4 = 48.7°C. This was in line with the previous 

findings of Kumaresan et a[.35 and also corroborated the findings depicted in Figure 2-22. 

Verification of a potentially significant L1Tm between the orientation isomers of 

cross-linked template 3 was sought. In a fashion similar to that used for mass spectral 

analysis, each orientation isomer of FR-66979 cross-linked template 3 was isolated via 

elution into 500mM NH4OAc/lmM EDTA. Following work-up, each sample was 

rigorously desalted using 30 kDa Amicon microconcentrator tubes as per manufacturer's 

specifications. Measurement of each orientation isomer's UV absorbance at 260nm with 

increasing temperature was performed to yield melting curves for each cross-linked species 

from which the points of hyperchromicity were determined (Appendix Fig. 5-10). The 

melting temperatures obtained for each orientation isomer revealed the slow isomer to have 

a Tm of 77.56°C while the fast isomer had a Tm of 79.90°C . The Tm for native duplex 

template 3 was also determined and found to be 69 .9°C. As expected, this was 

considerably lower than for either cross-link. 

With this in mind, it was postulated that the difference in Tm values observed both 

spectrophotometrically and electrophoretically may result from a perturbation of DNA 

structure characteristic of only one orientation isomer. We felt that such a perturbation, 

while undetectable by Fe(II)-EDTA footprinting, might be revealed by any one of a number 

of methods capable of detecting site-specific DNA deformations. 
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2.2.6. AssiKnment of mitosene orientation with respect to 2el mobility of 

cross-linked template 3. 

Efforts to determine if the observed orientation isomers were subject to 

interconversion were carried out by separating the two isomers and then treating each to 

denaturing conditions and subsequent re-analysis by 20% DPAGE. It was not anticipated 

that actual drug-DNA connectivities would be altered. However, if the observed Tm 

difference between isomers was a DNA/conformation dependent phenomenon, it was felt 

that isomer interconversion might be possible. Depicted in Figure 2-25, no evidence for 

interconversion was observed upon 20% DPAGE analysis of isomers that had been 

subjected to denaturation at 80°C in 200rnM Tris buffer (pH= 7.5). Instead, treatment of 

each orientation isomer to denaturing conditions yielded DNA products corresponding to 

selective strand release events. Initial trials involved cross-linked adducts in which 

ODN 4 was 5' labeled and its complement ( ODN 4' ) left unlabeled. As shown in lanes 

4 and 5 of Figure 2-25, generation of low molecular weight material was achieved with 

some material corresponding to native ODN 4, and a large percentage corresponding to 

monoalkylated material. Of particular interest was that heating of the slow orientation 

isomer generated presumably C-10" monoalkylated material in preference to the simple 

native radiolabeled ODN . 
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GEL ORIGIN 

¢::= SLOW ISOMER 

¢::= FAST ISOMER 

¢::= NATIVE ODN 

1 2 3 4 5 6 7 

Figure 2-25. 20% DPAGE of sequential denaturing/renaturation reactions using 
orientation isomers of template 3 (5'-labeled on ODN 4) cross-linked with 314. 
Lanes 1-3, standard duplex, slow orientation isomer of cross-linked substrate, fast 
orientation isomer standards. Lane 4 depicts the products of heat denaturation at 80 °c 
for 20 minutes followed by cooling to 25°C (2 h.) for the slow orientation isomer. Lane 5 
is the same as lane 4 except the slow isomer was put through two iterations of the 
heating/cooling cycle. Lanes 6 and 7 are the same as lanes 4 and 5 respectively as 
applied to the fast orientation isomer of 314 cross-linked template 3. 
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or 

NOT OBSERVED 

Figure 2-26. Differential pathways to DNA strand release by reductively activated 
MC.37b 

Kinetic data pertaining to alkylation of MC suggests more facile reversibility of Cl" 

over C-10" in the mitomycin series. 37 This is based largely on the inability to detect ( via 

HPLC) the C-10" hydrolyzed mitosene indoloquinone 364 enroute to cross-link reversion 

(Figure 2-26)_37b The structural and mechanistic analogies between MC and the FR drugs 

therefore suggest that the slow orientation isomer (Tm=77.56°C) is that corresponding to 

alkylation in which radiolabeled ODN 4 is bound to mitosene C-10" derived from 294. 

Likewise, the faster of the two isomers ( Tm =79.90°C) results from connection of this 

strand to the more labile C-1 ". To further verify this result, ODN 4' was 5' labeled and 

the experiment repeated (Fig. 2-27). Conversion of the slow orientation isomer to single-
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stranded material demonstrated that while radiolabeled ODN 4 was converted to mono-

alkylated material (lane 4, Fig. 2-27), the radiolabeled complement (ODN 4') was 

converted directly to native single-stranded material (lane 9, Fig. 2-27). Likewise, the 

reverse trend was found when the fast isomer was treated to the analagous conditions. 

The assumption that FR-66979 demonstrates similar kinetic reversibility rates to 

those demonstrated by MC (163) was substantiated by exposure of the orientation isomers 

of MC cross-linked template 3 to reductive conditions amenable to cross-link 

reversion_37b Exposure of the slow orientation isomer of MC cross-linked template 3 to 

100 mM DTT at room temperature for 24 hours revealed that, in fact, this too generated 

both mono-adduct DNA and native substrate (data not shown).37b Analysis of the 

corresponding fast MC isomer resulted only in generation of single-stranded native 

substrate. 

The ability to assign a given connectivity to each specific orientation isomer 

represented an interesting and potentially insightful result. The lower Tm of the slow 

mobility orientation isomer ( for which drug ClO" connectivity was assigned) suggested 

some distortional process inherant to this orientation of the FR-derived mitosene whkh was 

lacking in the other isomer . This rationale led to several attempts at detection/identification 

of distortional processes specific to the slower orientation isomer. 
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GEL ORIGIN 

1 2 3 4 5 6 7 8 9 10 

¢== SLOW ISOMER 

¢== FAST ISOMER 

HO 

¢== 5'-32 P-ODN 

¢== NATIVE ODN 

Figure 2-27. 20% DPAGE of sequential denaturing/renaturating reactions using 
orientation isomers of template 3 cross-linked with 314. Lanes 1-5 substrate is 5'-
labeled on ODN 4 while lanes 6-10 are 5'-labeled on complementary strand (ODN 4'). 
Lanes 1-3, standard duplex, slow orientation isomer of cross-linked substrate, fast 
orientation isomer standards. Lane 4 depicts the product of heat denaturation at 80 °C 
for 20 minutes followed by cooling to 25°C (2 h.) for the slow orientation isomer, while 
lane 5 depicts analogous treatment as applied to the fast orientation isomer. Lanes 6-10 
are the same as lanes 1-5 except that cross-linked substrate is 5'-labeled on ODN 4' . 
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2.2.7. Detection of DNA kinkin2/bendin2 induced by FR-66979 as assayed 

by DNA li2ation. 

It is well documented that cis-platin inter- and intra-strand cross-links induce severe 

structure deformations in their respective target DNA's.38 Given that such deformations 

have been detected by ligation of the cis-platin modified ODNs38a,39 and analysis by non-

denaturing gel electrophoresis (run against unmodified controls), we believed that structure 

perturbations induced by 314 might be probed in a similar fashion. Alkylation and 

subsequent isolation of the respective FR-66979 orientation isomers was carried out as 

previously described and ligations performed using T4 DNA ligase. This enzyme catalyzes 

the formation of a phosphodiester bond between juxtaposed 5' phosphate and 3' hydroxyl 

termini in duplex DNA. As such, we anticipated that ligation of the blunt-ended duplex 

template 3 with and without FR-66979 modification would yield multimers wherein 5' 

CG alkylation sites ( potential sites of DNA kinking?) were separated successively by 

denominators of 33 nucleotides.40 One complete tum of B-form DNA requires 10.5 base 

pairs, therefore a length of 33 bases would result in roughly 3 turns of DNA thus placing 

the 5' CG boxes in-phase with one another resulting in the effects of any perturbation being 

additive.38a,39 The presence of such a perturbation would therefore result in differing 

electrophoretic mobilities of the ligation adducts for one orientation isomer versus ligation 

adducts of both the other cross-link isomer and standard non-alkylated DNA. This , 

however, was found not to be the case (Appendix Fig 5-11). No alteration of gel mobility 

was found for any ligation products obtained from either orientation isomer, nor was any 

difference seen in the two cross-linked standard lanes. Under the non-denaturing 

electrophoresis conditions used to analyze the ligase reactions, structure distortions of 

either orientation isomer would have been evident even in the control lanes. Failure to 

detect anomalous mobilities of monomeric or multimeric orientation isomers suggests that 

like mitomycin C36, FR-induced cross-links do not significantly alter target DNA structure 

from that of the normal B-form . 
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2.2.8. Detection of drue-induced hyperreactive DNA re2ions 

An alternative means of probing structure perturbations is to react the ODN 

substrate in question with reagents that react preferentially with single-stranded or distorted 

regions of DNA. This strategy has been used extensively with cis-platin modified ODNs 

and has been very successful due to the highly distorted nature of such adducts.41 

Additionally, single-stranded and Z-DNA regions of plasmid DNAs have been identified 

via this methodology.42 The identification of nuclease S 1-sensitive DNA sites (single-

stranded) within chromatin has been particularly relevant to the study of promoter and 

terminator sequences within supercoiled DNAs.43 

Numerous reagents have been developed which react preferentially with the more 

highly exposed reactive moieties of unduplexed bases. Two approaches have been sought. 

The first entails reaction of the distorted base such that a base labile lesion results which is 

revealed upon piperidine treatment.42a In this vein, the imidazolium of purines can be 

generated (Fig. 2-28) by carboethoxylation at N7 with diethylpyrocarbonate (DEPC).44 

Analogously, hydroxylamine reacts with dC residues at the C4 and C6 to afford base labile 

lesions.42a Chloracetaldehyde (CAA) and bromoacetaldehyde (BAA) react with the Nl and 

N6 of deoxyadenosine and the N3 and N4 moieties of dC to yield the ring-extended 

products 367 and 368.43 ,42b Osmium tetroxide has also received considerable attention 

since dihydroxylation across the 5,6 double bond of pyrimidines occurs readily.42a 

A second approach combines the reaction of CAA or BAA and subsequent 

digestion of the modified substrate with nuclease S 1 .43 Reaction of native supercoiled 

DNA with CAA or BAA affords selective ring extended products with single-stranded runs 

of dA and dC. Subsequent restriction digestion and radiolabeling affords selectively 

radiolabeled ODNs bearing the chemically maintained single-stranded/distorted region 

within the restriction fragment. Digestion with the single-strand specific endonuclease S 1 

results in strand scission only at those residues whose single-stranded nature in the 

supercoiled state has been retained via reaction with CAA or BAA.43 
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5' and 3' phosphoryl 
termini at sites of 
modification 

Figure 2-28. Representative transformations specific for hyperactive regions of DNA 
which lead to cationic base-labile lesions. 

The cross-linkable 5'-CG-3' of template 3 resides within the hexameric sequence 

5'-TACGTC-3'. Introduction of sequence asymmetry with respect to the cross-link site 

starts at the boldfaced dT and dC at either terminus of this sequence. The loss of C2 

symmetry at these base pairings suggested that a perturbation unique to one orientation 

isomer but not the other might well manifest itself through alteration of one of these 

pairings. To probe the possibility that one of the purines involved in these pairings was 

distorted out of the normal base pairing interactions with its complementary pyrimidine 

each orientation isomer was reacted with diethylpyrocarbonate (DEPC). Subsequent 

treatment with lM piperidine at 80°C for 30 minutes afforded the cleavage patterns revealed 

in lanes 9-16 of Figure 2-29. Cleavage initiating roughly half-way through either 

radiolabeled ODN was quite apparent (See Appendix Fig. 5-12 for the ODN 4 labeled 

experiment). Both fast and slow orientation isomers demonstrated pronounced cleavage 

starting at the alkylated dG of the radiolabeled strand and continuing in the 5'-direction. 
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That only cleavage to the 5' side of the cross-link was observed likely results from 5'-

placement of the 32P label (based upon analogy to Fe(II)-EDTA footprinting of 5'-labeled 

duplexes - lanes 7 & 8 of the same figures). Significantly, the absence of site-specific 

DEPC-dependent strand cuts suggests that base hyperreactivities do not result from either 

orientation isomer of the FR66979 cross-link. The known influence upon DNA 

coriformation of hyperreactive bases and our inability to detect such regions thus supported 

the T4 Ligase results. These results were further confirmed via reactions with 

chloroacetaldehyde which yielded the same result (Appendix Fig. 5-13). 

Notably, base-labile lesions were encountered both at the site of dG alkylation (as 

confirmed by Fe(II)-EDTA digestion controls in lanes 7 and 8 of Fig. 2-29) and 2 bases to 

the 3' side of the drug-dG residue. These lesions were observed both in piperidine control 

reactions and in those reactions containing DEPC. In the case where ODN 4 was labeled 

(Appendix Fig. 5-12), the fast isomer demonstrated this pattern while the slow isomer 

showed no cleavage 3'-from the alkylated dG. Incorporation of the radiolabel on ODN 4' 

revealed the opposite trend (Fig. 2-29). The slow isomer was cut 3'-(at A-18 of ODN 4') 

from the alkylation site while the fast isomer was not. That the lesions observed occur in a 

C2 symmetric fashion ( as shown by 5'-labeling of both strands and subsequent analysis) 

suggests that the specificity of DNA scission may be correlated with the different 

orientations of the FR-66969 derived mitosene within 5'-CG-3'. 
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GEL ORIGIN 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Q A-18 

QG-16 

Figure 2-29-DEPC sequencing of hyperactive regions in 314 cross-linked template 3. 
Template 3 was 5'-labeled on ODN 4' . Base numbering is with respect to the 5' end of 
ODN 4'. Lanes 1-3 are template 3 standard, slow cross-link and fast cross-link 
stardards respectively; Lanes 4 &5, Maxam-Gilbert G, G+A respectively, Lane 6 is a 
lmM Fe(Il)-EDTA digestion standard, Lanes 7 & 8 are fast and slow cross-links 
subjected to Fe(Il)-EDT A digestion. Lane 9 is slow orientation isomer subjected to lM 
piperidine 80°C; lanes 10-12 are slow cross-link treated with 5,10, 15 µl DEPC 
respectively then lM piperidine. Lanes 13-16 are the same as lanes 9-12 except using 
the fast orientation isomer of cross-linked template 3. 
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2.2.9. Molecular modelini: of FR-66979 cross-link orientational isomers. 

The findings of the T4 DNA ligase, DEPC and CAA hypereactivity studies revealed 

that the structure of cross-linked template 3 does not deviate significantly from that of B-

form DNA. This, in combination with the ability to assign drug-DNA connectivites to each 

orientational isomer of cross-linked template 3, prompted us to probe additional structural 

differences between these species by molecular modeling. As discussed, the faster isomer 

possessed a Tm of 79 .4 °c while the slower isomer demonstrated a Tm of 77 .1 °c. This 

was consistent with the observed electrophoretic properties in that under denaturing 

conditions, the faster isomer would be expected to possess the more compact structure 

inherent to double-stranded DNA for a longer period of time than would the lower melting 

(slower mobility) adduct. It is noteworthy that this same concept had been observed with 

the comparison of cross-linked substrates bearing a single inosine for guanosine 

substitution versus cross-linked duplexes bearing only the native deoxynucleotides (Figure 

2-16). 

Molecular modeling (Figure 2-30) of the 5'-d(GACGTA)2 sequence cross-linked in 

both orientations at the 5'-CG-3' box revealed that the slower of the two isomers (Figure 2-

30, panel A) allowed not only retention of the fully base-paired deoxyguanosine after 

alkylation of the rnitosene C-10", but that this same adduct allowed for H-bonding between 

a mitosene N2 hydrogen and the 02 of the dT 3'-to the alkylated dG of the same strand.45 

Alternatively, the fast isomer ( higher Tm) lacked the drug-to-dT H-bond, but also distorted 

the rnitosene C-1" alkylated guanosine such that the N2 hydrogen was no longer capable of 

H-bonding to its complementary cytosine (Figure 2-30, panel B). Notably, distortion of 

the respective dG residues resulting in disturbed H-bonding was revealed only in those 

molecular modeling experiments wherein the N2 moieties of the alkylated deoxyguanosine 

residues were fixed in space. Experiments in which these sites were not fixed revealed no 

discernible difference between the two isomers such as distances between the "rnitosene" 
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A) 
3' 

C 
5' 

T 
G 

A 
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A T 

T A 
5' 3' 

B) 

3' 
5' 

C G 

T A 
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A T 

T A 
5' 3' 

Figure 2-30. Orientation isomers of FR-66979 cross-linked 5'-d(GACGTA)2. The 
sequence 5'-GACGTA-3 is shown in blue while the complement 5'-TACGTC-3 is shown 
in red. The red strand for each duplex is that which possessed the 5'-AGCT-3' Alu I 
recognition site to the 5'-side of the bis-alkylated 5'-d(CG) box. All hydrogen bonding 
interactions are highlighted as green dashed lines. (A) Cylindrical bond model of "slow" 
orientation isomer. Terminal A-T pairing highlighted in white (B) Cylindrical bond model 
of "fast" orientation isomer. Terminal G-C pairing highlighted in white. 
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nitrogens and various hydrogen bond acceptors and donors of neighboring bases. The 

palindromic nature of the 5'-d(ACGT)2 box supports this finding. This sequence deviates 

from C2 symmetry only in the context of the right-handed helical twist of the duplex. 

Importantly, the overall asymmetry of the oligonucleotide duplex examined is what likely 

facilitates the slight perturbation manifested preferentially by one isomer over the other.45 

That this perturbation equates to the experimentally measured Tm difference of 2.3°C 

suggests that a single H-bond difference may exist. The full-length sequence-dependent 

origin35,45 of such a perturbation and its relative complexity limits its structural elucidation 

within our model system. However, potential repercussions of such drug induced DNA 

distortions are clearly evident as discussed earlier. 

An alternative explanation may rely upon the chirality of duplex DNA. 

Significantly, we have observed that 312,313, and MC also give rise to readily separable 

orientation isomers of cross-linked ODNs. Given the common aziridinyl portion of each 

drug, it appears that aziridine stereochemistry plays a crucial role in the generation of cross-

link orientation isomers of differing Tm's. Particularly intriguing is the role played by the 

chirality of the C2 amine resulting from Cl alkylation. The ability of right-handed DNA to 

accomodate this asymmetric center may differ depending upon the drug's orientation with 

respect to the cross-linked substrate. This would not be unlike the 

pyrrolo[l,4]benozodiazepines in which the (S) stereochemical configuration at Clla 

enforces a right handed twist which is a major factor in drug-DNA binding prior to 

alkylation (see section 1.2.5.3.).46 It is likely that both orientations of the transient 

quinone methide are bound equally well (hence the 1: 1 ratio of isomers observed), but that 

once attached, mitosene C2 stereochemistry places the aziridinyl amine closer to the 

neighboring dT in one orientation than in the other. 

The importance of such interactions although unproven, could explain the 

amenability of these agents towards the formation of distinct cross-link species which 

exhibit differential affects upon biological events despite bearing similar connectivities. 
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2.2.10. Di2estion of FR-66979 cross-link orientation isomers with 

restriction endonuclease Alu I. 

The ability of the FR900482 class of compounds to give rise to clearly different 

cross-linked species raised questions regarding the origins of the observed electrophoretic 

differences. Of particular interest was the possibility that the observed orientation isomers 

may exert differential effects on processes of biological importance owing to their structural 

differences. The well defined structure constraints of numerous protein:DNA recognition 

motifs suggested that such interactions might easily be affected by the DNA distortions 

induced by one or both orientation isomers. 

Alu I is a type II endonuclease which recognizes 5'-AGCT-3' and cleaves both 

strands of the DNA duplex through the central G-to-C phosphodiester linkage.47 The 

structure of the Alu I-DNA complex has not been solved and little is known about the 

mechanism of recognition and cleavage. Like other type II endonucleases such as EcoRI, it 

is postulated that Alu I is a homodimer with two arms that wrap around the DNA and clamp 

the backside of each strand directly across the double-stranded helix from each scissile 

bond.48 Disruption of either arm is believed to result in loss of DNA cleavage activity. 

Hurley and co-workers have shown that DNA alkylation by CC-1065 induces an 

asymmetric effect on DNA conformation which radically alters strand cleavage by Alu J.47 

Remarkably, the effect of this DNA structure alteration extends more than one helix tum 

away from the site of drug attachment. Similar studies by Tomasz36 involved placement of 

the 5'-AGCT-3' recognition sequence one nucleotide 5'-to the MC cross-linkable 5'-

ACGT-3'. Utilizing the synthetic ODN 5'-TTTAGCTACGTCATCTTATT-3'(0DN 8) 

and its inosine-substituted complement 3'-AAATCGATGCAITAIA-5' (ODN 8') it was 

determined that the isomer to which C 1" of MC was attached to ODN 8 inhibited Alu I 

cleavage of ODN 81.36 Conversely, attachment of ODN 8 to the MC ClO" failed to 

inhibit either Alu I cleavage event. 
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Given the well established ease with which separation of FR-66979 cross-link 

isomers of template 3 could be achieved, we incorporated an Alu I site one base 5' of the 

5'-ACGT-3' run in ODN 4. The resulting oligo 5'-TGTTGAATACAGCTACGTC-

TCTTGCTGAGGG-3' (ODN 9) and its complement 5'-CCCTCAGCAAAGAAC-

GTAGCTGTATTCAACA-3' (ODN 9' ) were synthesized. The resulting duplex 

(template 7) was cross-linked with reductively activated 314 and the orientation isomers 

isolated. Conversion of each isomer to the mixture of ClO" alkylated mono-adducts and 

native radiolabeled ODN 9 revealed that, like template 3, the slow mobility isomer was 

that to which ODN 9 was mitosene ClO" attached (Appendix Fig. 5-14). Incubation of 

each isomer, as well as a standard duplex control ,with 4 units of Alu I for various times 

gave rise to the autoradiogram depicted by Figure 2-31. Selective 5'-end-labeling of ODN 

9 allowed a means by which to electrophoretically differentiate between Alu I cleavage of 

the radiolabeled strand (cleavage 1) and cleavage of the complementary ODN 9' (cleavage 

2). Cleavage of the radiolabeled strand yielded a 12 bp fragment while cleavage of the 

complement rendered the cross-linked species (retaining the radiolabel) lacking the ODN 

fragment complementary to the other cleavage product. Thus, the two cleavage events gave 

rise to easily distinguishable fragments. It is clear that the Alu I cleavage 2 event for each 

cross-link proceeds with roughly the same efficiency (Figure 2-31 lanes 9-18). However, 

the faster orientation isomer 371 (higher Tm) completely shut down cleavage 1 (Figure 2-

31 lanes 14-18). 
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Consistent with the HPLC results originally published by Tomasz, we observed 

that only one of the two MC orientation isomers of cross-linked template 7 inhibited Alu I 

cleavage of the target duplex. Cleavage 2 was selectively inhibited and cleavage 1 was 

relatively unaltered from one cross-linked species to the next (Appendix Fig. 5-15). 

Surprisingly, MC cross-linked template 7 afforded an enzyme inhibition pattern in which 

the slow cross-link isomer was that which selectively inhibited the cleavage 2 event. This 

was in contrast to the published results involving template 6 in which the higher Tm 

cross-link was cleavage 2 inhibitory. By analogy to our own efforts with FR-66979, the 

slow MC cross-link isomer of template 7 is the presumed lower Tm species. Therefore, 

if the Tomasz correlation of Tm and enzymatic inhibition was general , then the fast isomer 

of MC cross-linked template 7 should have been cleavage 2 inhibitory. That the reverse 

trend was observed with cross-linked template 7 thus suggests a fundamental difference 

in the two ODN substrates template 6 and template 7. It is notewothy that the Tomasz 

substrate (template 6) possessed an equal number of A-Tor C-I base pairs on either side 



1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
16

 
17

 
18

 

G
EL

 O
R

IG
IN

 

¢
=

 C
R

O
S

S
-L

IN
K

S
 

¢:
=C

LE
A

V
A

G
E

 2
 F

R
A

G
M

E
N

T 

¢
=

 N
A

TI
V

E
 S

S
 D

N
A 

¢:
=C

LE
A

V
A

G
E

 1
 F

R
A

G
M

E
N

T 

Fi
gu

re
 2

-3
1

. 
20

%
 D

P A
G

E 
an

al
ys

is
 o

f r
es

tri
ct

io
n 

fr
ag

m
en

ts
 o

bt
ai

ne
d 

fr
om

 d
ig

es
tio

n 
of

 cr
os

s-
lin

k 
or

ie
nt

at
io

n 
is

om
er

s 
of

 F
R

-6
69

79
 c

ro
ss

-li
nk

ed
 te

m
pl

at
e 

7 
w

ith
 A

lu
 I 

re
st

ric
tio

n 
en

do
nu

cl
ea

se
 ( 4

 u
ni

ts
). 

L
an

es
 1

-3
 s

ta
nd

ar
d 

du
pl

ex
, s

lo
w

 o
rie

nt
at

io
n 

is
om

er
 a

nd
 fa

st
 o

rie
nt

at
io

n 
is

om
er

s 
re

sp
ec

tiv
el

y.
 L

an
es

 
4-

8 
st

an
da

rd
 d

up
le

x 
tre

at
ed

 w
ith

 A
lu

 I 
at

 1
,2

,5
,1

0,
30

 m
in

. r
es

pe
ct

iv
el

y.
 L

an
es

 9
-1

3 
co

nt
ai

n 
th

e 
sl

ow
er

 F
R

66
97

9 
or

ie
nt

at
io

n 
is

om
er

 tr
ea

te
d 

w
ith

 A
lu

 I 
at

 1
,2

,5
, 1

0,
30

 m
in

ut
es

 w
hi

le
 la

ne
s 

14
-1

8 
co

nt
ai

n 
th

e 
fa

st
er

 o
rie

nt
at

io
n 

is
om

er
 s

ub
je

ct
ed

 to
 th

e 
sa

m
e 

di
ge

st
io

n 
as

 th
e 

sl
ow

 c
ro

ss
-li

nk
. 

N
 

0 N
 



203 

of the cross-link. More importantly, the 5' side of template 6 (with respect to ODN 8) 

contained a 20% GC content whereas no such residues were located to the 3' side of the 

MC cross-link. As such template 6 is 5' (with respect to ODN 8) favored with respect 

to retention of base-pairing on either side of the MC cross-link; template 6 posseses 

theoretical Tm's of 16.9°C versus -30°C for the 5'- and 3'- sides of the cross-link 

respectively (with respect to 5' or 3'-orientation of ODN 8). Similarly, template 7 

possesses a theoretical Tm of 47 .7°C to the 5' side of the cross-link (with respect to ODN 

9) and a theoretical Tm of 30.4°C to the 3' side of the cross-link. This places the higher 

Tm situation to the 5' side of the FR-66979 cross-link (with respect to ODN 9) in accord 

with the Tm asymmetry seen with template 6. However, the radically different T ms for 

either side of cross-linked template 6 in the Tomasz (16.9°C as opposed to -30°C) case 

may play a role in the Alu I inhibitory trend observed with template 6 and not observed 

with the larger substrate (template 7). 

This may explain the opposite Tm/cleavage inhibition trend observed for MC cross-

linked templates 6 and 7. It does not however, explain the selectivity differences seen 

with MC cross-linked template 7 as opposed to the analogous FR-66979 system. 

Indeed, this results most likely from the different structures of each respective lesion and 

the resulting effects upon the DNA helix. Despite these differences, this confirmed that the 

observed cleavage selectivities of FR-66979 (opposite to those of MC) was a true effect 

and not due to artifacts of the assay. That neither 370 or 371 inhibited cleavage 2 

represents a novel departure from the known mitomycin literature. 

The inhibitory trend observed for FR-cross-linked template 7 may best be 

rationalized by the Tomasz proposal pertinent to MC. 36 Tomasz has proposed that 

placement of the Alu I site one base pair removed from the MC cross-linkable site 5' -

ACGT-3' allows the hydrophobic aromatic portion of the derived mitosene to either point 

to or away from the recognition/cleavage site. This argument was achieved using models 

for either orientation isomer as reproduced from the NMR-derived model of the central 4-
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bp segment of the cross-linked self-complementary hexanucleotide 5'-TACGTA-3'. 

Significantly, the C2 symmetric nature of this species did not allow differentiation of which 

MC orientation would be inhibitory . The assignment of the Alu I recognition site 

positioning with respect to each cross-link was achieved via assignment of each orientation 

isomer mitosene connectivity within template 6 and its respective Alu I inhibition 

properties. The resulting MC-DNA connectivity assignments and subsequent modeling 

(from the NMR-derived structure) was completely in agreement with the motif found for 

FR-66979. The inhibitory scenario mandates that the qui none portion of MC point towards 

the enzyme thus interfering with the requisite DNA-protein contacts. Alternatively, 

placement of the aziridinyl portion of MC in this region minimally influences enzyme 

recognition and thus does not inhibit strand scission. As such, the results generated with 

FR-66979 support this notion. As shown in the molecular modeling images of Figure 2-

30, it is clear that the faster orientation isomer (that in which ODN 4 is bound to the Cl" 

of the FR-66979-derived mitosene) places the aromatic chromophore towards the Alu I 

site. That this orientation would inhibit Alu I was supported not only by our results, but 

was also supported by the similar findings of Tomasz and co-workers using template 6 

(although the cleavage inhibition was reversed). Connectivity of the radiolabeled strand to 

the ClO" of the mitosene orients the aromatic moiety away from the 5' -AGCT-3 site thus 

minimizing potentially detrimental drug-enzyme interactions. 

Most significantly, with respect to the differing activities of the MC and FR-66979 

inhibition trends, is that the fast isomer of FR-66979 cross-linked template 7 completely 

shut down the cleavage 1 event. MC, however, only causes enzymatic inhibition and does 

not prohibit either cleavage. This suggests that the FR-DNA interstrand cross-link may 

represent a much more potent lesion than the MC cross-link by virtue of an additional 

biological mode of action. The enhanced ability of FR-66979 to inhibit/shut down protein-
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DNA interactions may have a bearing on the lifetime of the interstrand lesion and its 

resistance to cellular repair mechanisms. This might explain why the FR compounds have 

been found to be active against numerous mitomycin-resistant cell lines and certainly 

warrants further attention. 

2.3- Conclusion 

In summary, the requirement for reductive activation of FR-900482 and FR-66979 

has been shown. Surprisingly, interstrand cross-linking of pBR322 with FR-900482 

occurs readily in the presence of Fe3+. This suggests that a "self-activation" manifold may 

occur with these compounds which is likely to be dependent upon the presence of the 

hydroxylamine hemi-ketal. This mode of drug activation was not pursued, but may 

warrant another interesting departure from the known mitomycin literature. Similar 

efficiencies with respect to ISC induction by FR-900482 using either Fe2+ or Fe3+ 

complexed with EDT A (see Appendix Table 5-1) suggests that a simple conversion of Fe3+ 

to Fe2+ which then reduces FR-900482 to the DNA-reactive species is not the only 

manifold by which drug activation occurs during these reactions. 

FR-66979 is by far the more active of the two natural products. This is most likely 

due to more favorable interactions of the C12 benzylic alcohol (as opposed to the aldehyde) 

with the DNA phosphate backbone since both compounds possess very similar reduction 

potentials.22 Additionally, the DNA site specificity/regiochemistry of interstrand cross-

linking by these antitumor antibiotics has been elucidated. The sequence 5'-CG-3' is the 

preferred site of cross-linking and the resulting lesion involves the two adjacent exocyclic 

amines of each dG residue within this sequence. The cross-linking event occurs wherein 

the mitosene core can be in either one of two orientations 180° opposite one another. 

These isomers posses different melting temperatures but do not result in physically 

di scernable distortions of the DNA duplex. Interestingly , the orientation isomers of 

FR66979 cross-linked DNA give rise to different DNA-protein interactions upon reaction 
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with Alu I. Significantly, the inhibitory cross-link orientation isomer obtained with FR-

66979 completely shuts down the opposite cleavage event from that which is inhibited by 

MC. This dramatic effect upon protein-DNA interactions may, in part, explain the greater 

efficacy of the FR drugs as compared to MC. 

The capacity of MC to effect non-specific oxidative DNA damage detracts from its 

utility as a chemotherapeutic. Additionally, facile oxidation of reductively activated MC 

back to the quinone after mono-alkylation represents a mechanistic hurdle to cross-link 

formation . The described analogy between MC and the FR drugs thus substantiates the 

proposal that the FR class of compounds may be a viable replacement for MC since these 

compounds lack many of the detrimental properties inherant to MC (facile oxidation, 

superoxide production, etc.) but yet possess the same DNA sequence specificity and 

requirement for reductive activation. 
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Chapter 3 

DNA-protein cross-linkini: mediated by the FR900482 class of antitumor 

antibiotics 

3.1. Backi:round 

Among the initial reports of biological activity of the FR-900482 antitumor 

antibiotics was that these agents induce DNA-protein cross-links.2d,3a The application of 

alkaline elution methods indicated the time-dependent formation of such cross-links in 

murine leukemia Ll210 cells.2d,3a However, the isolation and characterization of such 

cross-links was not reported. More significantly , the absence of careful structural 

elucidation of the DNA-protein adducts formed by mitomycin C and the structurally related 

pyrrolizidine alkaloids has persisted for some thirty years.49 Given the structural analogy 

of the mitomycins and the FR drugs, elucidation of the pathway to these lesions was 

deemed a highly significant undertaking. 

DNA sequence-specific binding by proteins has been demonstrated for only a small 

number of protein-DNA motifs.50 These are : (i) the helix-turn-helix (HTH) structure of 

various prokaryotic repressor and activator proteins as well as eukaryotic homeotic gene 

products; (ii) symmetry-related pairs of a-helices or a pair of ~-strands as found in a 

bacterial Met repressor protein; (iii) an antiparallel ~-sheet found in the G5BP protein; and , 

(iv) the Zn finger structure originally identified in the transcription factor IIIA protein, but 

subsequently found in a large number of other eukaryotic regulatory proteins.50,51 The size 

and secondary structure of these proteins mandate that DNA-protein interactions occur 

primarily in the more sterically accessible major groove of duplex DNA. Alternative minor 
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groove sequence-specific binding motifs are much less common and are typically 

associated with AT rich sequences. 52 This is the result of several factors: specific 

hydrogen-bonding to adenine and/or thymine bases; the greater negative electrostatic 

potential in such sequences; the narrowing of the groove in AT regions and oligo(dA) 

tracts, and the complementarity between groove and ligand curvature.52a 

3.1.1. Minor Groove Bindin2 Protein Motifs 

The minor groove is utilized by several nucleic acid-binding proteins the most 

prominent of which are: (i) hi stones H 1 and H4;52b,53 (ii) the pentraxin family of 

pentameric plasma proteins;52b (iii) the N-terminus of protein p6 of the Bacillus subtilis 

phage 029;54 (iv) DNase I;55 (v) the TAT A-binding proteins;56 (vi) the N-terminal arm of 

the helix-turn-helix (HTH) engrailed homeodomain protein;50a,57 and (vii) the N-terminus 

of the DNA binding domain of Hin recombinase enzyme.58 

• Histones HI and H4 bear homologous sequences to those observed in the serum 

amyloid P component (CAP) of the pentraxins.52b On the basis of this observation, 

Turnell et al. have proposed a decapeptide motif wich specifically recognizes the relatively 

narrow minor groove of B-form DNA.52b Of the conserved regions within the pentraxin 

family, two have been identified as nucleotide-binding sites which also form a Ca2+-

binding loop structure. The first of these regions spans residues 136-145 and the second 

spans amino acids 146 to 158. 52b A third stretch spanning residues 123-132 is conserved 

in those pentaxins capable of binding to core particles.52b This region is absent in those 

pentraxins which fail to bind the core particles. Comparison of the sequence with 4,500 

sequences in the protein data banks revealed a high degree of homology with only two 

subsets of sequences; these belonging to histone HI and histone H4.52b From this data, the 
sequence p_yRKG AL RNKG has been derived for the common DNA-binding decapeptide 

KRS KQ 

of histones Hl and H4 and the pentraxins. 
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Figure 3-1 . Projection down the axes of 
predicted a-helices. Residues 124-132 in 
human CRP (inner) and serum amyloid P 
component (SAP) compared with 85-93 
(outer) in gonadal histone Hl from the sea 
urchin Parechinus angulosus. Residues 
conserved as hydrophobic or small and 
neutral in the data bank are boxed. The 
dyad axis is local and relates positively 
charged and/or dipolar residues (positions 
126 and 130 with 131 and 127, 
respectively). It intersects the helix axis at 
right angles and intercalates the two turns of 
the a-helix.52b 

The preferred conformation of the decapeptide is proposed to be readily capable of 

binding to the inner face of the DNA supercoil in the histone H4 case. Additionally, this 

conformation also allows for histone Hl and SAP binding to the outer face of the DNA via 

common recognition of the minor groove. Analysis of the conserved sequences reveals 

that nine of the ten resiudes can form a strongly amphipathic a-helix (Figure 3-l).52b The 

polar side of the helix is positively charged and accounts for the hydrophilicity of the 

decapeptide. The side chains of the polar residues are flexible and allow for a closest 

separation distance between the basic groups of 4A. Charge-charge and hydrophobic 

considerations suggest that, in fact the most extended sparation is 12A.59 Given the width 

of the minor groove of DNA (9-17A) and that of the major groove (13-21A), the 

configuration of the basic or dipolar residues is most compatible with electrostatic 

interactions involving the phosphate backbone from across the minor and not the major 

groove.60 Indeed, binding is favored by runs of oligo (dA)n-(dT)n tracts wherein n ~4 

such that the minor groove is further compressed over that of native heteropolymeric DNA. 

This has been specifically noted by Satchwell et al. in which the preferred (albeit truncated) 

trinucleotide AAA/TTT plays a large role in the binding of the histone octamer to the minor 

groove of DNA.61 
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In the eukaryotic nucleus, most of the DNA must be tightly bent in order to confine 

the genome within these organelles. Eukayotes express minor groove binding histones by 

which this necessary DNA compression occurs.53 Both eubacteria and eukaryotes contain 

DNA-binding proteins which not only compact DNA, but also act to phase chaperone-

induced DNA bends which are necessary for transcription.62 The principal bacterial protein 

of this class is the HU heterodimer which binds the minor groove of DNA but fails to do so 

sequence specifically. One homologue, integration host factor (IHF), functions similarly, 

but does bind to defined sites with higher affinity than for random DNA sequences.63 HU 

modulates the binding of IHF to DNA lacking specific II-IF-binding sites, as well as to the 

IHF si tes in the replication origin oriC.63 Additionally, HU promotes the assembly of 

DNA-protein complexes. Interestingly, both HU and IHF bind DNA through the 

decapeptide motif outlined in Figure 3-1 . 

A recently discovered nucleoprotein complex in which DNA is wrapped in a 

superhelical path is that formed by the 029 p6 protein. This protein binds to the 029 

replication origin thus activating replication initiation. Hermosa and co-workers have 

shown that the N-terminus forms an amphipathic a -helix which involves 19 residues.54a 

Like the histone octamer, p6 makes regular minor-groove contacts and induces DNase I 

hypersensitive sites every 24 base pairs via slight widening of the minor groove.54b,c Site-

directed mutagenesis has revealed that within the 19 amino acid helix the placement of a 

lysine at residue 2 and arginine at position 6 are both critical to DNA binding.54a The 

binding unit is dimeric and is proposed to wrap the DNA in a right-handed sense. In this 

respect, p6 differs somewhat from the histones and other nucleoproteins (HU and IHF) 

which do not appear to rely upon dimerization of the DNA binding a-helix. 

As with most of the DNA-binding proteins, sequence specificity isn't so important 

as is the shape/conformation of the nucleic acid.52,53c One such case in point is the DNA 

recognition by the nuclease DNase I which selectively recognizes widened minor groove 

regions .55 Indeed this property has made DNase I a highly successful probe of ligand-
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induced minor groove widening. As mentioned, one example of minor groove widening 

by the p6 protein is evident based upon regions of DNase I hypersensitivity.54b,c The 

crystal structure of the DNase I-DNA complex shows the enzyme to be bound at a wide 

minor groove, and the DNA to be bent 21.5° away from the protein.55 The stacking of a 

tyrosine residue, Y76, against a deoxyribose at the apex of the bend has been noted and is 

accountable for much of the DNA distortion.55 This results in compression of the major 

groove on the opposite side of the widened minor groove. Such a perturbation is likely 

necessary to achieve a transition state in which the phosphate is in the catalytic center of the 

enzyme. 

DNA distortion resulting from protein-DNA recognition is a trademark of the 

nucleoproteins described above and is inherent to DNase I. Particularly severe in its ability 

to bend DNA is the TATA-binding protein (TBP).56 The function of TBP is to effect 

nucleation of the assembly of the pre-initiation complex on promoter elements of genes. In 

this fashion, TBP acts to facilitate transcription.64 

Like DNase I, TBP binds to a widened minor groove. The observed groove 

widening is a direct result of the 80° net bend induced to the DNA and the resultant 

unwinding of the base steps proximal to the DNA-protein interface. In the DNase I, case, 

aromatic residues penetrate the minor groove and facilitate DNA bending.55 The crystal 

structure of the TBP-DNA complex has revealed two symmetrically placed 90° kinks at the 

first and last steps opening towards the minor groove.56 Both kinks are induced by close 

juxtapositioning of two phenylalanines. One phenylalanine F73 stacks against a 

deoxyribose and is in van der Waals contact with the second phenylalanine. Consequently, 

the second phenylalanine penetrates between the base-pairs external to the contacted ribose 

thus inducing a kink of 90°. This does not constitute a true intercalation since the 

phenylalanine is not stacked parallel to the face of the contacted base.65 Rather, it is 

aligned at an angle intermediate between stacki ng and the "edge-to-face" contacts 

characteristic of interactions between aromatic residues in proteins.65 The concave surface 
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of TBP thus bends the DNA away from the body of the protein. This is counter to most 

other convex DNA recognition surfaces of "major groove-binders" which favor DNA 

bending towards the protein.56b The radical nature of the DNA bend is proposed to 

enhance strand separation events necessary for transcription. 56 In this motif, the TB P-

DNA complex has been viewed as a highly distorted transition state (resulting in localized 

DNA melting) leading to transcription as the catalytic result. 

The N-terminus of the DNA binding domain of Hin recombinase enzyme and the 

N-terminal arm of engrailed homeodomain proteins both rely upon the helix-turn-helix 

(HTH) motif for DNA recognition via minor groove contacts. This was the first DNA-

recognition motif discovered and structures have been determined for many HTH proteins 

and protein-DNA complexes. Comparative amino acid analysis suggested that the 

homeodomain would contain a HTH motif and this has in fact been confirmed.66 The 

engrailed homeodomain contains an extended N-terminal arm and three a-helices.50a 

Helices 1 and 2 pack against each other in an antiparallel arrangement. Helix 3 is roughly 

perpendicular to the first two thus allowing its hydrophobic face to form the interior of the 

protein. The vast majority of DNA contacts are made by helix 3 and these reside 

predominantly within the major groove although residues in the extended N-terminal arm 

make contacts also with the minor groove (Figure 3-2).50a The exposed face of helix 3 fits 

into the major groove, allowing side chain-to-DNA contacts involving both the DNA bases 

and phosphodiester backbone.50a Other critical contacts arise from residues 3-9 of the N-

terminal arm. This arm fits tightly into the minor groove and supplements the major groove 

contacts of helix 3_50a 

Hin recombinase also possesses the HTH binding motif with helices 1 and 2 

positioned in an antiparallel orientation with an approximate 25° angle between them.67 

This configuration, along with the arm extending from helix 1 that protrudes into the minor 

groove, is quite simi lar to the homeodomain motif. Helix 3, possessing only eight 

residues, is inserted into the major groove perpendicular to the DNA helical axis .67 This 
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helix is locked into the major groove by amino acid-phospodiester contacts involving 

Arg142, Tyr179 and Arg178 .67 Additional phosphate contacts involve the side chain of 

Thr175 and the amide NH of Gly172. Only two of the helix 3 residues make hydrogen 

bond contacts to DNA bases within the major groove. These are the serine at position 174 

and arginine at position 178. The N-terminal arm of Hin is connected to the hydrophobic 

pocket via Ile 144, and then reaches into the minor groove.68 Arg 142 anchors the peptide 

onto the phosphate backbone, and the peptide chain then turns into the minor groove at 

Pro141.67 Arg140 then makes a contact with the adenine at base pair 6 and the main chain 

NH is hydrogen bonded to its complement thymine. This amide is preferentially hydrogen 

bonded as a direct result of considerable propellor twisting at base pair 6 of the DNA 

recognition sequence. 
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Figure 3-2. Summary of all contacts in the engrailed homeodomain-DNA complex. The 
DNA is represented as a cylindrical projection, and the shading emphasizes the TAAT 
subsite that occurs in many homeodomain-binding sites. Phosphates are represented by 
black balls: hatched balls show phosphates that are contacted by the homeodomain. 
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Benefiting from the N-terminal arm and its specific minor groove contacts, Hin 

recombinase also demonstrates extensive minor groove interactions as a consequence of its 

C-terminal arm .58a Extending from helix 3 of the HTH, the C-terminal crosses the 

phosphodiester backbone and is inserted into the minor groove at the outer edge of the 

recombination site.58 ,67 The six residue run Ile-Lys-Lys-Arg-Met-Asn follows the groove 

with the peptide main chain packed against the bases and the side chains pointing out of the 

groove.67 Hydrogen bonding to bases from the peptide backbone occurs between the CO 

of Ile 185 and G 14 and between the NH at Lys 187 and Asn 190 to the T at base pair 12 and 

the A at base pair 10.58b In this fashion, the Hin C-terminal arm displays a similar 

hydrogen bonding motif to that known for minor groove-binding ligands netropsin and 

Hoechst 33258. Notably, studies involving deletion of the 6 C-terminal residues indicate 

that binding and recombination are largely unaffected by the absence of this fragment. 67 

Alternatively, deletion of N-terminus residues showed the absolute requirement for the N-

terminal binding manifold.67 As such, the exact role played by the C-terminus in Hin 

binding is unclear. It is significant however, that the C-terminal arm affords a DNA-

binding interaction reminiscent of the high mobility group I and Y proteins. This poses 

interesting evolutionary questions linking the two classes of proteins and their respective 

functions. 

3.1.2. Hi2h Mobility Group (HMG) Proteins 

Perhaps the most well studied of the minor groove protein-DNA motifs are the 

HMG proteins. The HMG I proteins belong to the "high mobility group" (HMG) class of 

mammalian chromatin proteins and are present in higher eukaryotes.69 These non-histone 

chromosomal proteins are preferentially expressed in undifferentiated, neoplastically 

transformed, and rapidly proliferating cells.70 Their sequence conservation and ubiquity 

imply a great deal of importance. The HMG nucleoproteins may be divided into three 

groups based on their size, sequence homology and DNA binding properties: HMG-1/-2, 

HMG-14/-17 and HMG-I/Y.71 HMG-1 and HMG-2 each have molecular weights of 
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approximately 25 kDa and a distinct tripartite structure.72 The N-terminal A-domain 

(amino acids 1-79) and the central B-domain (residues 90-163) are both highly basic and 

conform to a ~-helix conformation.72 Conversely, the C-terminus C-domain starting at 

residue 164, is very acidic in nature with some 30 aspartic and glutamic acid residues . This 

domain readily interacts with histones.72 The A and B domains are homologous; each 

containing three a-helices acounting for 75 % of the total residues in each "HMG" box. 

HMG-1 and HMG-2 bind both single- and double-stranded DNA and show a marked 

preference for non-B-DNA structures.73 Despite structural similarities to known 

transcription activators, HMG-1 is not capable of transcription activation in transfected 

yeast cells.72 It does, however, facilitate the formation of transcription initiation complexes 

of RNA polymerases II and III.74 

HMG-14/-17 also facilitate polymerase Il and Il transcription.75 Bustin et al. have 

shown that deletion of the 22 C-terminal amino acids from HMG-17 or 26 C-terminal 

residues of HMG-14 significantly reduces the ability of these chromatin-associated proteins 

to enhance transcription.75 Similar deletions at the N-terminus had no affect upon 

transcription viability. Chromatin transcription enhancement assays revealed further, that 

the minimal nucleosomal binding domain of human HMG-17 is a 24 residue stretch from 

residue 17 to 40.75 These studies suggest that, like the closely related proteins HMG-1/2, 

HMG-14/17 have a modular structure containing distinct functional domains. Strikingly, 

HMG-14 and HMG-17 possess molecular weights in the same range as those of the HMG-

l(Y) proteins (approximately 10 kDa).69 

HMG I is the most heavily studied of the isoform nonhistone chromosomal 

proteins. With the exception of an internal 11 amino acid deletion, HMG-Y is identical to 

HMG-I.70 Like the other HMG proteins, HMG-I has been implicated in the regulation of 

gene transcription.76 Additionally, HMG-l(Y) have been implicated in the proper 

maintenance of structure and expres ion of chromatin.77 Bearing both a DNA-binding 

domain and a negatively charged surface (at the C-terminus) these proteins fulfill the 
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requirements of a Ptashne-type activator protein.69 Therapeutically significant is that high 

HMG-I levels are a consistent feature of rat and mouse malignant cells and have been 

suggested to be a protein marker for neoplastic transformation and metastatic potentiaI.78 

HMG-I(Y) are distinguished from other HMG proteins by their ability to specifically bind 

double-stranded DNAs containing sequences of at least four continous AT-bases (ideally, 

5'-AATT-3').79 Binding is sensitive to the local conformation of the minor groove of 

DNA instead of the specific nucleotide sequence, though sequence-dependent DNA 

conformation clearly plays a role.45 Binding affinity and specificity results from three 

homologous DNA-binding domains (BD) with the consensus sequence TPKRP-

RGRPKK. 78,80 Molecular modeling and NMR structural data has revealed that the domain 

possesses a cresent shape reminiscent of netropsin and distamycin (373) resulting from the 

predominantly trans-pro lines at either end of the palindromic PRGRP. 88 

372 

373 

• 
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Binding to the minor groove of A-T rich DNA occurs via replacement of the inner 

spine of hydration by the donation of bifurcated hydrogen bonds from the appropriately 

placed amide NH residues in the peptide backbone.78,80 Additionally, the non-specific 

ionic interactions of lysine and arginine with the anionic DNA backbone are responsible for 

most of the DNA binding energy.78 This is consistent with the proteins's salt-dependent 

DNA binding affinity. 

The "AT-hook" motif inherent to TPKRPRGRPKK (372) results from the 

synergism of the N-terminus TPK hook and the proline-induced crescent conformation of 

the RPRGRPKK fragment. 77 The N-terminal "hook" results from an Asx-tum (374) 

resulting partly from intramolecular hydrogen bonding between the threonine hydroxyl and 

MINOR GROO VE 
R t7"' H- BOND DONOR 
I Hy -x H3C/\?H 

374 H- O 

pept;d.(~~NH3 
0 © 
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the lysine-to-proline amide hydrogen.77,81 The intramolecularly stabilized tripeptide fits 

tightly into the wide minor groove of AT/GC junctions and has been implicated as a major 

factor in DNA binding by TPKRPRGRPKK.77,78 

Reeves and Nissen have shown that substitution of alanine for threonine at this 

position results in retention of the hook motif and analagous DNA-binding affinities.77 As 

such, the main contributor to the hook motif observed is proposed to be the neighboring 

proline which results in pronounced kinking of the N-terminus . This kink specifically 

orients the peptide amide one residue ahead of the proline into a strong hydrogen bond in 

the minor groove, most likely with the N3 of deoxyadenosine or the 0 2 of deoxythymidine. 
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Figure 3-3. A) 5'-AATT-3' binding motif for distamycin in which amide protons 
undergo bifurcated H-bonds with deoxyadenosine N3 and deoxythymidine 0 2. B) 
Schematic representation of the intermolecular peptide-DNA (5'-AAATTT-3') contacts for 
intact HMG I binding domain TPKRPRGRPKK as determined from 1 H NOESY spectra in 
H20 and D20. so 
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Threonine incorporation in the native protein allows for regulatory phosphorylation 

thus markedly reducing DNA affinity. 82 Once thought to abrogate Asx-turn formation, 

threonine phosphorylation most likely reduces DNA affin ity through a combination of 

steric and electrostatic repulsive interactions with the DNA backbone.77 Zhao et al. have 

shown that HMG-l(Y) effects displacement of histone Hl from scaffold-associated regions 

(SARs) in vitro .83 In so doing, one proposed role of these small (10 kDa) proteins is to 

activate the genes associated with SARs. Cell cycle-dependent phosphorylation of both 

HMG-l(Y) by cdc2/histone Hl kinase may coordinatively alter relative binding affinities 

leading to regulation of gene activation from one interphase to the next.83 This rationale is 

consistent with the presence of these proteins in rapidly proliferating cells. 

3.2- Results & Discussion 

3.2.1. DNA monoalkylation model studies pertinent to DNA-protein cross-

linking by reductively activated 314 

Paramount to the ability of any agent to form DNA-protein cross-links is the 

amenabi lity of the agent to monofunctionally bind the target DNA thus allowing the second 

binding event to arise via protein-drug interactions. The obvious difficulty in this process 

is that most compounds capable of such reactivity preferentially form the DNA interstrand 

cross-link following DNA mono-alkylation. MC is one example of this. Once alkylated at 

the optimum mono-alkylation site 5-CG-3', activated MC undergoes faci le ClO alkylation 

by the complementary strand.25 Tomasz and co-workers have shown that while loss of 

the carbamate functionality from ClO is the major obstacle to cross-link formation by MC 

(163), its presence is crucial to the ability of MC to efficiently alkylate the 5'-dCG.84 

Hydrogen bonding between the C-10-O of the activated form of MC and one of the 

exocyclic amines within the 5'-dCG box aligns the drug properly for ring-opening of the 
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aziridine by the "non-associated" guanosine of the opposing strand thus imparting initial 

monoalkylation with the 5'-dCG specificity necessary for ultimate interstrand cross-linking 

(Fig. 3-4).85 

3' 5' 
3' 5' 

H H w":y ,N:y O''' I o,,, H I---:: 
I ,, N JC ,., N N)C:wH'" I N I 

5' ({ I A H,,,,o 3' 5' ({ :t ,,,,0 3' 
,N N W ,N +N WH 

R : I R I I : H H H ! ',, CONH2 G 'bcoNH2 
O 10 

l~G ") 
NH 

N + 
HO H NH 3 

Precovalently associated C1 activated quinone methide FR-derived mitosene core 

Figure 3-4. Proposed model of pre-covalent association of FR-66979 (314) core to 5' -
CG-3' . Critical H-bonds are designated with arrows. Phenolic interaction with N3 of 
guanine proposed for MC by Kohn, but debated by Tomasz.84,87 Carbamate-to-N2 
(guanosine) interaction is mutually agreed upon by both Kohn and Tomasz. 

Given the established mechanistic similarities between 314 and MC we felt that 

such interactions might have a bearing on the abi lity of 314 and related compounds to 

monoalkylate DNA substrates enroute to DNA-protein cross-linking. To determine the 

degree of analogy between MC and 314 (with respect to monoalkylation properties) 

reactions were carried out with 32P-5'-end-labeled 5'-TGTTGAA T ACTCA T ACGTCT-

CTTGCTGAGGG-3' (ODN 4) annealed to the following complementary strands in which 

various guanosines were replaced by inosine. 

5'-CCCTCAGCAAGAGACGTATGAGTATTCAACA-3' (ODN 4') 

5'-CCCTCAICAAIAIACGT ATIAIT A TTCAACA-3' (ODN 10) 

5'-CCCTCAGCAAGAGACITATGAGTATTCAACA-3' (ODN 11) 

5'-CCCTCAICAAIAIACIT A TIAIT A TTCAACA-3' (ODN 12) 
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Verification that the bands assigned as mono-adducted DNA (as judged by 

electrophoretic mobility) were indeed mono-alkylated was obtained by snake venom 

phosphodiesterase (SVPD) digestion using FR-66979 mono-alkylated ODN 6 (following 

20% DPAGE purification). Following methodology developed by Cosman et al., the . 
observed enzyme stop site unique to 314-modified ODN 6 was assigned as G-24 which 

had undergone monoalkylation by reductively activated 314 (Fig. 3-5). 86 The site of drug 

8 9 1 0 11 12 
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¢G-24 
stop site 

5' -32P-TGTTGAATACTCATATTTCTCTTGCTGAGGG 30 ¢==0DN 6 
3' ACAACTTATGAGTATAAAGAGAACGACTCCC 5' ¢== ODN 6' 

template 5 

Figure 3-5. Snake venom phosphodiesterase (SVPD) digestion analysis of 314 mono-
alkylated ODN 6 (5'-labeled). Samples were heated to 90°C prior to 3 hour digestion to 
insure the single-stranded nature of the substrate. Lane 1- standard ss ODN 6 . Lane 2, 
"monoalkylated" ODN 6 standard. Lanes 3, and 4; Maxam-Gilbert G, G+A 
respectively. Lanes 5, 6 standard DNA and monoalkylated DNA subjected to 0.6 units 
SVPD repectively. Lanes 7, 8 standard DNA and monoalkylated DNA subjected to 1.2 
units SVPD repectively. Lanes 9-12 sames as lanes 5-8 except samples were not heated 
prior to digestion. 
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attachment to 5'-end-labeled ODNs gives rise to slight perturbations in the DNA base 

stacking and thus gives rise to enzyme stop-sites. As such, the sites unique to alkylated 

DNA which are not encountered in native unmodified oligos are attributable to sites of 

DNA alkylation. The stop site encountered in lanes 6,8, 10, and 12 of Figure 3-5 (the 

fastest moving intense band denoted as G-24) was consistent for 5'-GC-3' monoalkylation 

despite considerably slower mobility than that seen in the Maxam-Gilbert sequencing lanes 

for strand cleavage corresponding to the G-24 residue. Altered mobility was due to drug 

attachment to the 5'-labeled remainder of the ODN resulting in mass and charge alterations 

not associated with SVPD digestion of native DNA. Attempts to obtain mass spectral data 

on such adducts (using template 3) failed, but the assignment of monoadduction was 

further supported as follows. 

Efforts to assign the structural origin of cross-link orientational isomerism involved 

isolation of both fast and slow mobility cross-links and subsequent analysis by non-

denaturing polyacrylamide electrophoresis (non-DPAGE). Also isolated from the FR-

66979 reactions was the 5'-32P-labeled ODN 4 which appeared to be monoalkylated. 

Analysis of these samples by non-DP AGE revealed no difference in mobility between the 

two cross-links. More troubling however, was that the monoalkylated band possessed 

identical electrophoretic mobility to that demonstrated for both cross-links despite having 

been rigorously denatured prior to electrophoresis (Appendix Fig. 5-16). Further analysis 

showed that the complement to radiolabeled monoalkylated ODN 4 migrated with the 

same DPAGE mobility as the presumably monoalkylated material. Thus, the isolation of 

both unlabeled ODN 4' and the radiolabled monoalkylated ODN 4 gave rise to the 

interstrand cross-link. As such, the band tentatively assigned as monoalkylated material 

had to have been in line with this assignment to have afforded the template 3 interstrand 

cross-link. 

The results depicted in Figure 3-6 show very clearly that use of ODNs 4' (lanes 

3,4) , 10 (lanes 5,6) or 11 (lanes 7,8) as the complements, resulted in nearly identical 
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patterns of monoadduct formation. Reaction of the ODN 4/12 duplex (lanes 11,12) 

resulted in greatly diminished yields of mono-adduct and surprisingly a good deal of mono-

alky lation was seen in the single-strand (ODN 4) control reaction (lanes 9,10). The ability 

to form the interstrand cross-link with ODN 4/10 duplex in comparable yields to those 

using ODN 9 as the complement of ODN 4 demonstrated that inadvertant denaturing of 

ODN 4/10 duplex was not a factor in these reactions. That substitution of inosine for 

guanosine at the 5' -dCG site had no effect on the relative amounts of monoalkylation, 

represents an interesting departure from the mitomycin C pathway with respect to "non-

covalent" drug-DNA recognition. These results suggest that in the case of reductively 

activated 314 additional "non-covalent" associations may be operative which bear greater 

influence upon sequence specificity than that exerted by carbamoyl -to- dG-N2 interactions 

inherant to the MC system. Of considerable interest are the potential H-bond donating 

properties of the phenol as well as the benzylic alcohol of C-12. Indeed, molecular 

modeling of 314 cross-linked 5'-CG-3' reveals that the benzylic alcohol (a potential H-

bond donor/acceptor) resides proximal to the phosphate backbone periphery of duplex 

DNA (Fig. 2-30). 
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Figure 3-6. Reaction of 32P-5'end-labeled 5'-TGTTGAATACTCATACGTCTCTTGC-
TGAGGG-3' (ODN 4) annealed to complementary ODNs 4',10-12 with reductively 
activated FR66979 (314). Lanes 1, and 2 are radiolabeled oligo and oligo+ DTT 
standards respectively. Lanes 3,5,7,9,11 are control lanes containing substrate and 
FR66979. Lanes 4,6,8,10,12 are reaction lanes containing substrate after reaction with 
10 mM FR66979 + 100 mM DTT. Lanes and corresponding complements to 5' labeled 
strand are as follows: Lanes 1-4 ( ODN 4') , lanes 5,6 (ODN 10), lanes 7,8 
(ODN 11), lanes 9,10 (single strand 5' labeled oligo control), lanes 11,12 (ODN 
12). MA denotes monoalkylation products. Bands slower in mobility than bands noted as 
MA represent multiply alkylated species. 

These results provide a basis for not only an explanation of the enhanced cross-

linking efficacy of 314 over 312 and 313 (Appendix Fig. 5-7), but may also explain the 

unaltered monoalkylation patterns of inosine-substituted templates versus those bearing the 

native dG bases. The phenolic interaction of activated MC with N3 of an adjacent G prior to 

alkylation had been suggested by Kohn (based on modeling studies) and may play a much 

larger role with the FR-series compounds than with the mitomycins given the invariant 

oxidation state of the phenol ring of the FR drugs.87 Importantly, the ability of 314 to 

efficiently monoalkylate 5'-CG-3 (and other dG containing sequences as well, based on 



225 

Fig. 3-5) with or without the native dG of the complementary strand in place indicated that 

elucidation of a potential DNA-protein cross-linking motif might be more likely with 314 

than with other agents of similar structure and reactivity (ie.- mitomycins, pyrrolizidine 

alkaloids). This was particularly intriguing given the Fujisawa reports of extensive DNA-

protein cross-linking by 312-314. 

3.2.2. Initial Efforts towards DNA-peptide cross-linkin2 by reductively 

activated 314; Modeline and Rationale 

Initial efforts had focused on the interaction of the A phage 434 represssor protein 

with the operator (recognition) DNA sequence 5'-ACAAAAAGTTTGT-3'(ORl).88 The 

failure of FR-66979 to mediate either DNA-DNA or DNA-protein cross-linking was 

attributed to the minor groove predispositon of FR-66979 with respect to 5'-CG-3' 

alkylation. Although select contacts of the 434 repressor-ORl complex involve the minor 

groove, these were deemed unlikely sites for FR-66979 reaction.89 Most repressor-ORl 

contacts reside within the major groove thus suggesting that such a model system was not a 

viable choice for reactions with the FR-drugs. 

Wemmer and co-workers had shown by 1H NMR that the short binding domain 

peptide fragments derived from HMG-I/Y proteins (TPKRPRGRPKK; PRGRPKK; and 

PRGRP) bind specifically to the central AT sites of the self-complementary ODNs 5'-

CGCAA-ATTTGCG-3' and 5'-CGCGAATTCGCG-3'_80 The arginine side chains of 

each peptide protrude deep into the minor groove in a fashion similar to that known for the 

antibiotic netropsin. 80 The PRGRP run of each peptide bound specifically to the 5-

AAATTT-3 region of the ODN duplexes examined with parts of the longer peptides 

associated with the flanking CG base pairs. 80 The minor groove nature of the disclosed 

peptide-DNA interactions and the known amenability of the FR drugs to react within the 

minor groove of DNA suggested that this motif may be one of potential significance. This 
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was further supported by the preferential expression of HMG-I(Y) proteins in rapidly 

proliferating, undifferentiated cells (such as those of cancerous tissues). 78 

The lH NMR-derived structure for peptide-DNA binding revealed that one of the 

two arginines within the site-recognizing PRGRP sequence came within close proximity to 

the exocyclic N2 amine of the 5'-AATT-3' abutted dG shown in the stereoview diagram 

below (Figure 3-7).80 Further, minimization of this complex (coordinates courtesy of 

Wemmer and co-workers) with the FR-66979-derived mitosene at a dG mono-alkylation . 
site flanking the 5'-AATT-3' revealed minimal distortion of the DNA duplex by the bound 

drug (Figure 3-8). 

Figure 3-7. Stereoview diagram of molecular model consistent with the NOESY data of 
PRGRP bound to 5'-CGCGAATTCGCG-3'. All protons omitted for clarity. Bold faced 
dG is that which is proximal to the guanidine side chain. Only the central eight base pairs 
are shown. Peptide is shown in thick solid lines.SO 

Modeling revealed that the C 10 of the mitosene is within 2 A of a guanidine from 

one of the two palindromic arginines of PRGRP; not unexpected based upon Figure 3-7. 

An interesting feature revealed by the modeling involved the disposition of the amino group 

at N2 ( from aziridine ring opening of reductively activated 314). Using a cross-linkable 

5'-CG-3' site, this amine is within 2 A of the exocyclic N2 of the opposing G residue. 

Presumed repulsive interactions between the two thus suggested that a 5'-GG-3' 

monoalkylation site may be optimal since, it positions the amino group in perfect H-
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bonding distance (2-4A..) of the carbonyl on the oppposing C-residue and may facilitate 

formation of the DNA-peptide lesion. Indeed the 5'-GG-3' box and numerous other 

monoalkylation sites were incorporated into synthetic ODNs throughout the course of these 

studies. 

3' 
I 

C 

I 
G 

I IC 
/T 
5' 

ARG 

A 
/ 

3' 

Figure 3-8. Molecular mechanics calculations for the proposed DNA-drug mono-
alkylation adduct. DN1\. backbone is shown in light gray, 314 derived mitosene (dark, 
bold lines) is covalently attached via CI to N2 of the dG residue of the right side strand; the 
HMG peptide is shown in dark, medium lines. The ,guanidine side chain of the Arg is 
indicated and positions the guanidino-N atom within 2A of the mitosene CI 0. 

Initial attempts to visualize a 314 induced DNA-peptide cross-link involved the use 

of small oligos some of which were identical to those employed by Wemmer. These 

efforts proved fruitless in that no detectable DNA-peptide species were ever generated, 

despite the incorporation of FR-66979 monoalkylation sequences. Suspected problems 

with these systems involved inordinately low Tm values which may have hindered the 

ability of the chosen binding domain (BD) peptide to bind double-stranded DNA. To 

overcome difficulties associated with low T ms, we opted to examine larger ODN duplexes 
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such as the self-complementary ODNs 13-15 . Each substrate bore the centrally located 

5'-AATT-3 flanked on either side with CG rich runs (cross-linkable dGs are bold-faced 

below). In the ODN 14 case 5'-CG-3' interstrand cross-linking would be averted via 

incorporation of inosine opposite the monoalkylated dG (monoalkylation target dG residues 

are italicized below). 

5'-ACAGCATGTCCTACGAATTCGTAGGACATGCTGT-3' 

5'-ACAGCATGTCCTACGAA TTCITAGGACATGCTGT-3' 

5'-GGAA TTGGGCAATTGCCCAA TTCC-3' 

(ODN 13) 

(ODN 14) 

(ODN 15) 

Anticipated problems associated with the ability to visualize DNA-peptide cross-

links via electrophoretic methods led to the generation of peptides 375 a/b.90 Bearing the 

N-terminal cysteine, 375a was expected to give rise to a DNA-protein cross-link isolable 

by chromatography over 5-thio-2-nitro-benzoic acid (TNB) activated agarose.91 Reaction 
AHN O 

~H3 ~p 
0 

0 

H3N ( H3c/OH 

\ 0Y'NH o ~o P--/~lii"' HOil~ o~0 1(~ TC> 0 
> HN (+) 
H N (+) H N (+) )=NH2 )=J',JH2 )=NH2 H 2N 

H2N H2N 

375 
a, R = N-Ac-Cys 
b, R = E-Dansyl-L-Lys 

of the TNB disulfide of the affinity matrix with the thiolated peptide adduct was envisioned 

to covalently link the peptide-DNA complex to the derivatized matrix via thiol-disulfide 

exchange (Fig. 3-9). The ability to radiolabel either strand of the duplex target DNA in 

conjunction with thjs methodology, would afford a means of rapid cross-link detection and 

purification were electrophoretic methods to fail. Alternatively the £-dansylated lysine of 
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375b would allow a readily detectable fluorescent species which could be isolated either 

electrophoretically or chromatographically (presumably by size exclusion).92 

peptide-SH 
+ 

DNA- 5'-32 P-labeled 
+ 

314 

NH2 

---~~~~~~S-S-peptide-r4 

DNA- 5'-32 P-labeled 

+ 

unreacted 
peptide-SH 

+ 
DNA- 5'- 32P-labeled 

+ 
314 

Figure 3-9. Thiol-disulfide interchange methodology as applied to affinity 
chromatography. The alkylamine linker is attached to agarose (denoted by the black ball) 
while the terminal disulfide is TNB activated. 

Reactions of 375 a with DNA substrates ODN 13 and 14 were observed to give 

rise to electrophoretically shifted materials (Appendix Fig. 5-17). No such band shifting 

was obtained for ODN 15. Unexpectedly, the most noticable gel-shift was found in those 

ODN 13 reactions not involving 314. Efforts to elucidate the nature of this species 

involved attempted oxidation of the presumed thiol-containing peptide species. Since 

reactions giving rise to the observed shifting involved OTT (to reductively activate 314), 

any resulting peptide adduct was expected to be in the thiol oxidation state. Thus, one 

means of establishing peptide connectivity involved oxidation of the gel-shifted species 

(after isolation and purification) to the corresponding disulfide which would further shift 

the mobility of the already retarded species. This was found not to be the case. Oxidation 

failed to afford slower adducts than originally isolated. More surprising was that treatment 
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of the gel-shifted material with 100 mM DTT following attempted oxidation yielded 

conversion of slow mobility material to what appeared (based on electrophoretic mobility) 

to be monoalkylated ODN 13. This suggested that what was isolated, was in fact a 

disufide peptide dimer bound to the self-complementary DNA. Dimerization of DNA-

binding peptides results in substantial increases in binding affinity (approaching the square 

of the monomeric binding affinity).93 As such, dimerization of 375a would potentially 

afford a very tightly bound complex which could explain the retarded mobilities observed. 

Attempts to elucidate the nature of this slow mobility band involved the reaction of 

ODN 13 with 375a in the absence of DTT. Surprisingly, the absence of DTT did not 

enhance the band shift (via facilitation of the dimerization event), but instead caused severe 

streaking of the sample and considerable loss in resolution. DNase I and Fe(Il)-EDTA 

footprinting reactions of the gel-shifted material (before and after gel purification) revealed 

no regions of peptide-dependent DNA protection . Additionally, the gel-shifted control 

lanes completely lacked slow mobility material thus suggesting that the complex isolated 

had undergone substantial decomposition prior to footprinting. Alternatively , the complex 

isolated was due not to a specific binding event, but rather the simple electrostatic 

interactions between the cationic lysine and arginine residues of the peptide with the 

anionic phosphate backbone of the ODN. The known prediliction of self-complementary 

oligos for retention of the duplexed state upon DPAGE, coupled with the described 

peptide-associated problems ultimately led to the examination of other potential DNA 

substrates. 

3.2.3. Reactions of non-self-complementary DNA substrates with 375 a/b. 

In addition to the peptide-associated difficulties with ODNs 13-15 we had 

observed that self-complementary ODNs were much more difficult to denature prior to 

electrophoresis and that this often led to artifactual band patterns. Efforts to avoid these 

problems entailed the synthesis of ODNs 16-18 and their respective complements. As 
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with previous substrates, these duplexes lacked the interstrand cross-linkable 5'-CG-3' due 

to incorporation of inosine on the complementary strands. Runs of 5'-CG-3 were placed 

immediately next to (ODN 16) and six base pairs upstream (ODN 17) of the 5'-AATT-3 ' 

or 5'-AAATTT-3 HMG recognition sequences. Alternatively, ODN 18 placed the HMG 

domain next to single-stranded regions of dG rich runs since such regions had proven 

themselves effective monoalkylation sites for reductively activated 314 (Fig. 3-6) 

HMGBinding 
,---A-----, 

{ 
5' 

template 8 3, 
CC'CACA'ICACTATACAccx:.a::.'GAMl'l'ICK:ACTA'IC 3' ¢== ODN 16 
G'.TIIGl'AGIGATA'IGl'ICICICl'ITAMGAGIGATAG 5' ¢== ODN 16' 

template 9 { 5 ' 
3' 

template 10 { 

HMG Binding 
,---A-----, 

ATACC'CACA'ICAOXXXXTI'ATACCAAATl'l'CICA'ITACT 3' 
TA'IG3:TIGl'AGl'ICICICATA'ICDITl'AMGAGl'M'IGA 5' 

HMGBinding HMGBinding 

¢== ODN17 

¢== ODN17' 

____...._._ ,.---'--,, 

5 '~'ITACCACCTAcccrMT1'TGTIAG3AT 3 , ¢== ooN 18 
3' CC'ITM~'IG)8A'ITM 5' ¢== ODN 18' 

Reactions of templates 8-10 with 375a afforded gel-shifted materials similar in 

mobility to those seen with ODN 13. Formation of these complexes was not dependent 

upon 314 or DTT although template 8 gave rise to a second more slowly moving band 

which was present only in drug-containing reactions. Masking of the drug-dependent 

complexes (potentially with all three of the new templates) by this non-drug-dependent 

material facilitated identification of the contacts/functionalities responsible for the undesired 

bands observed. 

Template 8 appeared to be the most promising substrate (based on the second 

slow mobility band seen in drug-containing reactions). We therefore opted to study this 

duplex's interaction with both 375a and 375b in order to identify and delete the undesired 

protein-DNA interactions. Generation of gel-retarded material upon reaction of template 
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8 with cysteinylated HMG 375a (both in the presence and absence of reductively activated 

314) was probed via reaction of purified gel-shifted bands with DTT. This was intended 

to support or refute the possiblity of peptide dimerization (via disulfide formation) leading 

to the undesired gel-shift. As shown in Figure 3-10, neither retarded band showed 

reductively mediated DNA strand release suggesting that disulfide formation was not 

responsible for the retarded mobility. However, a high degree of decomposition was 

observed in both control and DTT lanes. Significantly, decomposition of the 375a-ODN 

16 complex returned native single-stranded DNA and did not result in detectable strand 

GEL ORIGIN 

1 2 3 4 5 6 7 8 

¢oDN16-375a 
complex 

¢314 mono-
adducts 

¢Native ss 

Figure 3-10. Reactions of ODN 16-375a complex (following purification) reactions 
with DTT. Lane 1 is standard 5' labeled ODN 16 annealed to its complementary 
unlabeled strand ODN 16' . Lane 2 lO0mM DTT control. Lane 3 is ODN 16 
monoadducts formed upon reaction with 314 +DTT. Lane 4 is ODN 16-314 
monoadducts reacted with lO0mM DTT. Lane 5 is ODN 16 -375a. Lane 6 is gel-
shifted band reacted with 100 mM DTT. Lane 7 is gel shifted band isolated from 
reaction of ODN 16 with 5mM 375a + DTT + FR-66979. Lane 8 is ODN 16 -375a 
isolated from reaction of ODN 16 with 5mM 375a + DTT + FR-66979 followed by 
subsequent reaction with 100 mM DTT. 

scission (hydrolytic or radical-induced). The bands isolated from reactions containing 314 

revealed similar decomposition characteristics to the shifted material from those peptide 

reactions not containing drug. This supported the idea that the observed gel shifts in 314 

reactions was due not to a drug-mediated cross-link but rather, the binding of 

monoalkylated ODN 16 by 375a. Alternatively, drug-mediated peptide-DNA cross-
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linking was masked by the undesired complex. Similar experiments using crude peptide-

DN A reactions gave the same result. Extensive efforts to ensure sample denaturation ( 

heating in lOM urea at 90°C, 5 min.) failed to effect dissappearance of the slow mobility 

band. Retention of this complex suggested that the adduct of interest was not the result of 

non-covalent associations, but resulted rather, from a DNA-peptide covalency. This was 

supported not only by the inability to abrogate its presence via denaturation, but also was 

substantiated by the adduct's ability to at least partially withstand isolation and reanalysis. 

Ligand exchange reactions wherein the 375a-ODN 16 (5'-32P-labeled) complex (formed 

in the absence of 314) was allowed to incubate with increasing amounts of unlabeled 

template 8 showed no loss of gel-shifted radiolabeled material even in the presence of a 

> 100 fold molar excess of unlabeled competitor DNA. The inability of the radiolabeled 

DNA to be exchanged with unlabeled material further substantiated the belief that the 

complex of interest was due to actual covalent attachment of the cysteinylated peptide to 

ODN 16. 

1 
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ODN 16 
5'-labeled 

GEL ORIGIN 

5 
J 

6 
\ 

7 8 9 
y 

ODN 16' 
5'-labeled 

10 
J 

¢ 375a/b-DNA 
complex 

¢ssDNA 

Figure 3-11. Reactions of BD peptides 375a and 375b with differentially end-labeled 
template 8. Lane 1; template 8 control 5' labeled on ODN 16. Lanes 2,3; 5'-0DN 
16 labeled template 8 reacted with 0.5, 5 mM 375a respectively. Lanes 4,5 ; same as 
lanes 2 & 3 except template 8 was reacted with 375b. Lane 6; template 8 control 5'-
end-labeled on ODN 16'. Lanes 7,8; template 8 reacted with 0.5, 5 mM 375a 
respectively. Lanes 9,10; template 8 reacted with 0.5 , 5 mM 375b respectively. 
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Differential radiolabeling of each template 8 strand revealed that 375a attachment 

could occur via either strand of the duplex (Fig. 3-11). Conversely, binding of 375b was 

relegated only to ODN 16 and was negligible at concentrations 10 fold more dilute than 

those which allowed 375a to readily bind ODN 16. Interestingly, the adduct obtained 

upon reaction of 375b with template 8 proved to be much more stable upon isolation and 

re-analysis than did the thiol-containing peptide. This suggested that the cysteine of 375a 

played a large role in the preferential binding over that of 375b and that it might be 

involved in the proposed covalency of 375a to ODN 16. However, the mutual binding 

of either peptide to ODN 16 suggested that some substitution pattern common to both 

peptides was responsible for the observed gel-shifts. 

A final round of experiments designed to detect potential base-labile lesions specific 

to each peptide-DNA cross-link obtained with 375a and 375b was performed. Each 

complex of 375a and 375b shifted template 8 was isolated (5'-32P-labeled on both 

ODN 16 and ODN 16') and subjected to Maxam-Gilbert piperidine digestion conditions 

(Figure 3-12). To establish that cleavage was selective for 5'-labeled material to which each 

peptide was bound, piperidine digestions were performed on each radiolabeled complex in 

the presence and absence of unlabeled competitor DNA. Examination of piperidine control 

lanes 6 (without competitor) and 7 (with competitor), revealed no difference in cleavage 

intensities (Figure 3-12). As such, the observation that piperidine digestion of each 

peptide-DNA complex yielded similar cleavage patterns for reactions with and without 

competitor DNA did not give any further insights into the covalent nature of the adducts 

formed. The 375a peptide complex resulted in markedly increased cleavage patterns over 

those of control DNA for both ODN 16 5'-labeled (Fig. 3-12) and ODN 16' 5'-labeled 

(Appendix Fig. 5-18) substrates. Interestingly, ODN 16 cleavage due to the dansylated 

peptide was minimally enhanced over that of either control (lanes 6 & 7) suggesting a 

potentially weaker DNA association than observed with the thiolated complex. Piperidine 
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Figure 3-12.- Piperidine digestion of 375a/b complexes with 5'-labeled ODN-16 (base 
numbering starts at 5' end of ODN-16). Lane 1 - standard template 8. Lane 2- 375a 
complex with ODN-16 ; Lane 3-375a complex with ODN 16. Lanes 4,12-Maxam-
Gilbert G ; lanes 5, 13 Maxam-Gilbert G+A. Lane 6-piperidine control; lane 7 
-piperidine control with unlabeled competitor DNA. Lane 8-375a-ODN 16 complex 
treated with piperidine; Lane 9-375a-ODN 16 complex treated with piperidine and 
unlabeled competitor DNA. Lane 10 375b-ODN 16 complex treated with piperidine; 
Lane ll-375b-ODN 16 complex treated with piperidine. Annotations beside arrows 
denote: A) DNA-peptide complex; B) native DNA; C) base-labile lesion at adenine 35; D) 
base-labile lesion at adenine 32. 
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digestion of the 375b complex also yielded a light protection pattern (as compared to 

control DNA in lanes 6,7) extending over the 5'-AAATTT-3' region of the bound oligo. 

Attempted Fe(II)-EDTA footprinting of the seemingly stable dansylated complex failed to 

reveal any similar protection regions. 

The attenuated cleavage patterns between the 375a and 375b cases suggested that 

the cysteine of 375a not only plays a role in formation of the DNA-protein complex, but 

also facilitates the piperidine-mediated strand scission of its "host" ODN. Particularly 

striking are the two site-specific adenine lesions (A-32, A-35) (unique to 375a-bound 

material) inflicted upon ODN 16 proximal to the HMG binding region. The exact 

nature/origin of these lesions was not pursued but may represent part of a novel DNA-

protein interaction not previously observed with the HMG 1/(Y) protein-binding domain. 

Indeed, the ability of HMG 1/(Y) peptides/proteins to form covalent adducts with DNAs 

bearing 5'-AATT-3' has not been previously reported. The fact, however, that both N-

terminally substituted BD peptides were able to form apparently covalent adducts with 

DNA substrates of interest suggested that substitution to the N-terminus side of the Asx 

hook TPK provides an efficient means of reactive agent delivery to adenines canted to the 

3' side of 5'-AAATTT-3'. Although this represents an interesting finding, the masking 

effect of such undesired complexes warranted the synthesis of a BD peptide lacking any 

functionalities not necessary for DNA binding, particularly with respect to the N-terminal 

side of the Asx turn. 

3.2.4. HMG peptide-DNA cross-Iinkini: by reductively activated 314. 

The frustrating, albeit interesting, experiences involving TPK modified BD peptides 

375a/b facilitated the synthesis of 376. This peptide was identical to the full length BD 

peptide originally described by Wemmer. The studies involving 375a/b demonstrated 

quite clearly that a DNA-peptide complex would be easily detectable and separable from 

other reaction products via electrophoresis. As such, the lack of additional functionalities 
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within 376 (fluorescent chromophores, affinity matrix handles, etc.) was not anticipated to 

be a concern with respect to peptide-DNA complex visualization/isolation. As discussed in 

section 3.2.2., those cases in which the 5'-AAATTT-3' of the DNA recognition domain is 

flanked to the 5' side by a 314 monoalkylated dG were expected to most readily react with 

an arginine side chain of PRGRP. This provided the impetus for the design of the non-self-
= 0 0 
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376 

complementary template 8 and was the motivation for using template 8 in the initial 

studies with 376. Efforts involving the simultaneous reaction of FR-66979, DTT, 376 

and template 8 failed. This was not surprising in light of earlier efforts with 375a and 

375b in which simultaneous additions of drug, thiol, peptide and DNA afforded no 

peptide cross-link, but also demonstrated radically decreased yields of DNA 

monoalkylation. This was attributed to one of two phenomena; a) either the peptide 

shielded the DNA from alkylation via tight binding; orb) the peptide underwent alkylation 

with comparable or better efficiency than the DNA substrate. Given the salt dependence of 

BD peptide binding to 5'-AAATTT-3', the latter proposal was favored. Significantly, the 

formation of non-drug-dependent peptide-DNA complexes was not apparent in any 

reactions of template 8 with 376. 

An alternative approach aimed at assessing the ability of 314 to covalently cross-

link 376 to template 8 involved a stepwise strategy. It was believed that initial alkylation 

of template 8 followed by rigorous purification and desalting would give rise to a species 

capable of peptide binding. This approach was successful. 
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Monoalkylation of template 8 followed by repeated EtOH precipitation and 

Sephadex G-50 size exclusion chromatography yielded the mixture of native and alkylated 

substrate in good yields (~90% ). Of the radiolabeled material isolated, 20-40% had 

suffered monoalkylation. Dilution of the alkylated substrate to a concentration of 20 

pmol/µl ( 20 µM in duplex ) in 10 mM Tris (pH=8.0) yielded the desired DNA stock 

solution. Equal volumes of this stock solution and 10 µM, lO0µM, 1 mM, and 10 mM 

solutions of 376 in DDH2O were incubated at 37°C for 12 h. in glass-lined vials. Despite 

the use of glass-lined vials for the peptide reactions, the vast majority of material was 

unrecoverable for reactions in which the overall concentration of peptide exceeded S0µM.94 
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Figure 3-13. DNA-protein cross-linking by reductively activated 314. All reactions were 
incubated 37°C in 5 mM Tris (pH = 8.0) for 12 hours. All DNAs were desalted by 
sephadex G-50 chromatography and subsequent EtOH precipitations prior to peptide 
addition. Lanes 1-4 : reactions of template 8 (5'-end-labeled ODN-16'). Lanes 5-8: 
reactions of template 8 (5'-end-labeled ODN-16). Lanes 1 & 5- template 8 
standards. Lanes 2 & 6- 50µM HMG peptide+ DNA controls. Lanes 3 & 7; DNA+ 
FR-66979/DTT controls. Lanes 4 & 8; FR-66979 alkylated template 8 + 50 µM HMG 
peptide. 
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Optimal amounts of gel-retarded, drug-dependent material were obtained in 

reactions wherein the overall peptide concentration was 50 µM. From these reactions it 

appears that a ratio of 314 alkylated DNA:376 of 1 :5 was optimal for formation of the 

observed gel-shift. Differential radiolabeling of either strand of template 8 revealed that 

cross-link formation was not relegated to ODN 16 as originally proposed (Figure 3-13). 

That residues other than the anticipated dG immediately to the 5' side of 5'-AAATTT-3' 

underwent drug-mediated DNA-peptide cross-linking represented a surprising, but 

important result. The incorporation of inosine (in ODN 16') across from the 5'-CG-3' 

run proximal to 5'-AAATTT-3 ' of ODN 16 was anticipated to facilitate identification of 

the HMG-DNA cross-link by abrogating interstrand cross-linking and allowing the 

formation of the peptide-DNA cross-link. As such, the argument that the template 8 

scenario was not representative of a naturally occuring situation was certainly valid and 

difficult to refute. Drug-dependent peptide cross-linking to both strands of template 8 

thus demonstrates the generality of this motif. 

To confirm the covalency of the adduct formed, ligand/DNA-exchange reactions 

were performed. The purified radiolabeled complexes of 376 with ODN 16 and ODN 

16' were incubated with unlabeled competitor template 8. Incubation of each drug-

mediated complex with increasing amounts of unlabeled competitor DNA template 8 at 

37°C for 24 h. failed to exchange 376 from either radiolabeled strand. Complete retention 

of each radiolabeled complex was observed with a > 100 fold molar excess of unlabeled 

competitor template 8 (Appendix Figure 5-20). This supported the belief that the 

peptide-DNA complexes formed were covalent in nature and not due to simple non covalent 

interactions. In contrast to the previously described 375a-ODN 16 adduct, the drug-

dependent complexes showed only minimal decomposition to single-stranded material 

during the course of the 24 h. incubation. 
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Verification of the ligand-exchange result was sought via negative ion electrospray 

mass spectral analysis of the 20% DP AGE purified complex. Numerous high mass signals 

(much higher than for either DNA strand alone or their peptide-bound congeners) were 

obtained in the m/e=12,700-12,950Da range. The calculated mass of an ODN 16-drug-

376 conjugate is 12,721.3Da assuming that the covalencies involved are relegated to the 

mitosene 1 and 10 positions. Additionally, this mass takes into account that the peptidic 

portion (corresponding to the isotopically averaged species) of a possible drug-mediated 

conjugate would be neutral and not positively charged during the course of MS analysis. 

Were the peptide to be charged (very likely due to the NH4OAc work-up procedure 

employed for oligo mass spectral analysis) it is proposed that the lysines, arginines, the 

free N-terminus and the C-terminal amide could all be protonated thus affording a +8 

charge on the peptide. This would result in an increase in mass of 8 units thereby giving an 

expected mass of 12,729.3Da. More importantly, protonation of any one of these residues 

would enable the drug-mediated peptide-DNA cross-link to ion pair with acetate (an 

interaction not accessible to only native DNA). Such an interaction would increase the 

observed mass of the DNA-peptide cross-link by a factor of 59 per negatively charged OAc 

counterion. As such, potential masses of interest might be in the order of 12,781.3Da (one 

positive charge on 376 along with one OAc counterion) 12,841.3Da (two positive charges 

both ion paired with OAc), 12,901.3Da (three positive charges all ion paired with OAc.) 

and so on. In line with this rationale, it is interesting to note that 376 possesses 3 arginine 

groups each of which bears the extremely basic guanidine group. Protonation of each 

guanidine (preferential to the other amine functionalities within 376), followed by OAc 

ion-pairing would be expected to afford a drug-mediated DNA-peptide conjugate of mass 

12,901.3Da. Indeed the negative ion electrospray mass spectral analysis (Figure 3-14 

shown below) of the suspected conjugate afforded intense signals corresponding to masses 

of 12,899.1, 12,903 .1, 12,906.0, and 12910.0Da all of which are well within the typical 

standard deviation of± 10 mass units. Although this is highly speculative, the results of the 
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ligand exchange and mass spectral analysis suggest, that the complex formed between 376 

and ODNs 16 and 16' is in fact covalent and not due simply to enhanced non-covalent 

binding of the BD peptide to FR-66979 alkylated DNA. 
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Figure 3.;14·. Negative ion electrospray mass spectral analysis of FR-66979-mediated 
ODN 16-376 cross-link. The signals to the left side of spectrum (mass range 11,128.1-
11,162.lDa) correspond to the parent mass for unmodified ODN 16 whereas the multiple 
signals in the range 12,294.3-12,91 0.0Da correspond predominantly to unknown adducts. 
The signals from 12,899.1-12,910.0Da are proposed to correspond to the +3 charged 
peptide-DNA adduct with each cationic species (from guanidine protonation) involved in 
ion-pairing with OAc. 

One concern with respect to mass spectral analysis of the peptide-DNA involved the 

generation of abasic sites within the substrate DNA thus altering the expected mass (and 

thus giving rise to the unidentifiable high mass species in Figure 3-14) Additionally, the 

ability of an N7 alkylated dG residue to undergo depurination and subsequent imine 

formation with a lysine on 376 (Figure 3-15) was an important consideration. 
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Depurination has been shown to very efficiently induce DNA-histone cross-links via lysine 

addition to the resulting aldehyde of the abasic site.96 The ability of MC to induce abasic 

sites (section 1.5.5.) thus led to great concern regarding the nature of the FR-66979 

mediated cross-links. To probe this possible means of cross-linking and to determine the 

minor or major groove nature of the observed complex, piperidine digestion of the 

complexes formed between 376 and both strands of template 8 was performed. 
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Figure 3-15. Proposed depurination route to DNA-peptide cross-linking by reductively 
activated 314 

Isolation of both ODN 16-376 and ODN 16'-376 complexes was followed by 

3'-end-labeling of each single-stranded species. Digestion of each complex in lM 

piperidine at 90 °C was expected to reveal any abasic lesions. Examination of the resulting 

cleavage patterns (Appendix Figure 5-20) revealed that peptide-bound DNAs did not 

undergo significant strand cutting over that seen in the piperidine control reactions. This 

suggests that the peptide-DNA lesion formed does not go through a depurination pathway 
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since significant DNA cutting would have been observed at such a site. More importantly, 

this substantiates the anticipated minor groove nature of the drug-induced DNA-peptide 

cross-link and indicates that mass spectral analysis of these adducts is not likely to be 

complicated by sites of drug-induced depurination. 

3.3 Conclusion 

The only reported instance of HMG protein-DNA cross-linking to date involved the 

reaction of the B-domain of HMG 1 with cisplatin modified DNA. HMG 1 binds cis-platin 

modified DNA 100 times greater normal DNA.73b Exploiting this high affinity (Kb= 4 x 

IQ7M), Lippard and Kane showed that photolysis of the drug-DNA-protein complex 

afforded a DNA-protein cross-link which was reversible upon ligand exchange with NaCN 

or thiols.97 Photosubstitution of one of the ligands on Pt(II) (likely to be a purine 

involved in either inter- or intrastrand cross-linking) with Lys-6 of the HMG 1 B domain 

is the proposed means by which protein attachment occurs. 

Detailed herein is a synthetic DNA substrate,which upon monoalkylation by 

reductively activated 314, readily forms a DNA-peptide cross-link. This represents the first 

documented case of mitosene-based cross-linking of a DNA-binding peptide to a DNA 

substrate bearing the peptide recognition sequence. Unlike the cis-platin case, little 

mechanistic information pertaining to FR-66979 mediated DNA-protein cross-linking has 

been generated. The cross-link fails to undergo DNA exchange in the presence of 

competitor DNA and is resistant to denaturation at 90°C for 3 minutes prior to denaturing 

gel electrophoresis. Negative ion electrospray mass spectral analysis reveals that a number 

of signals are obtained with some masses possibly corresponding to the tri-acetate salt of 

the FR-66979-mediated DNA-peptide cross-link (wherein each guanidinium of 376 is ion-

paired with OAc). As such , the proposed covalency of the mitosene-based cross-link has 

been supported. Additionally, the cross-link does not appear to operate via a depurination 

mechanism as piperidine digestion failed to render any base-labile lesions within the cross-
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linked DNA sequence. The relative importance of this finding is yet to be determined. 

However, given the preponderance of HMG-l(Y) proteins in rapidly proliferating 

undifferntiated cells, this may offer additional insights into how the mitomycins and related 

compounds exert biological activities which are selective for cancerous cell lines. 
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Chapter 4 

Experimental Procedures 

FR-900482 was generously supplied by the Fujisawa Pharmaceutical Co.,Ltd.,Japan. FR-

66979, FK973 were synthesized according to the Fujisawa patent Kokai 61-10590 and 

spectral data corroborated with the Fujisawa publication. All drug stock solutions were 

made up to 50rnM in sterile DDH2O immediately prior to use unless otherwise noted. 

Oligodeoxynucleotides were synthesized on an Applied Biosystems 380B DNA synthesizer 

using standard phosphoramidite chemistry (reagents and phosphoramidites from GLEN 

Research). Plasmid DNA substrates (pBR322 and pBS+ were obtained from New England 

Biolabs) Only the pBS+ substrates were raised "in-house" via electroporation and large 

scale preparation/purification. Oligodeoxyribonucleotides (ODNs) were deprotected by 

heating 15 hrs . at 55°C in concentrated NH4OH, followed by filtering of the CPG resin 

and concentration of supernatant in vacuo. All oligos were purified by 20% Denaturing Gel 

Electrophoresis (DP AGE). ODNs of interest were 5' end-labelled with [y-32p]ATP and T4 

polynucleotide kinase (New England Biolabs) and then purified once more by 20% 

DPAGE. Labeled ODNs were then hybridized to their corresponding blunt ended 

complements in 200mM Tris (pH = 7 .5) by heating the equimolar mixture of 

oligodeoxynucleotides to 75°C for 15 minutes then cooling to room temperature over 2 

hrs. then to 4°C over another 2 hrs. 3'-end-labeling of DNA was performed using terminal 

deoxynucleotidyl transferase and a-32P-ddATP. Nucleotidyl transferase and ddATP were 

obtained from Amersham radiochemicals and reactions were run as per manufacturer's 

instructions. 3'-end-labeled oligos were purified by Sephadex G-50 size exclusion 

chromatography and not 20% DP AGE. FeSO4 (from Mallinkrodt) solutions were made up 
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to 4mM using 4mM EDT A 5 minutes before use . Mercaptoethanol (from Kodak) and 

dithiothreitol (from Gibco BRL) stock solutions were made using distilled deionized water 

immediately prior to use. Sodium acetate, tris, EDT A, and boric acid were also obtained 

from Gibco. Gel loading buffer contained .03% bromophenol blue, and .03% xylene 

cyanol in formamide. Dimethyl Sulfate and formic acid (88%) for Maxam-Gilbert sequence 

reactions were obtained from Mallinkrodt. Centrex MF .45um cellulose acetate spin filters 

were obtained from Schleicher & Schuell. Samples were counted on a Packard 1500 Tri-

Carb liquid scintillation analyzer. All HMG BD peptides were prepared by solid phase 

synthesis by Macromolecular Resources (Dept. of Biochemistry, Colorado State 

University). TNB activated agarose was obtained from Pierce Chemicals. 

4.1. 

4.1.1. 

General Procedures. 

Precipitation of nucleic acids 

Nucleic acids were routinely concentrated by precipitation with absolute ethanol. 

Precipitation was carried out by adjustment of the concentration of monovalent cations 

(NaOAc, pH 5.2) in the nucleic acid solution to 0.3M final and the addition of 3 volumes 

of ethanol. The contents were well mixed by either inversion and shaking of the eppendorf 

tube containing the ethanolic solution or by vortexing for 30 seconds at high speed. The 

mixture was then placed in dry ice acetone bath (-78°C) for 15 minutes followed by 

centrifugation at 14,000 RPM at 4°C for 12 minutes. The supernatant was carefully 

removed with a 0-200 µI sized Eppendorf pipetman and the remaining DNA pellet dried in 

vacuo. The nucleic acid was then redissolved in either DDH2O or an appropriate buffer. 

4.1.2. Quantitation of DNA. 

Pure samples of DNA (typically after 20% Denaturing polyacrylamide gel electrophoresis 

and subsequent extraction/isolation) were quantitated by measuring the absorbance at 

260nm using a UV spectrophotometer. Molar extinction coefficients for the ODNs of 
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interest were calculated using the nearest neighbor method described by P. N. Borer in the 

Handbook of Biochemistry and Molecular Biology, CRC Press, 1975 in conjuction with 

optical density measurements obtained by ultraviolet absorption at 260 nm. Notably, 

quantitation of radiolabeled DNA in this fashion was not possible via U V 

spectraphotometric means. Quantitation of these ODNs was obtained by liquid scintillation 

of a given sample and comparison to the starting material's activity. Calculated molar 

absorptivity values for the ODNs of interest were as follows: 

ODN 1 
ODN 2 
ODN 3 
ODN 4 
ODN 4' 
ODN 5 
ODN 5' 
ODN 6 
ODN 6' 
ODN 7 
ODN 9 
ODN 9' 
ODN 10 
ODN 11 
ODN 12 
ODN 13 
ODN 14 
ODN 15 
ODN 16 
ODN 16' 
ODN 17 
ODN 17' 
ODN 18 
ODN 18' 

319,600 L/mol·cm 
319,600 L/mol·cm 
319,400 L/mol·cm 
279,500 L/mol·cm 
295,800 L/mol·cm 
305,300 L/mol·cm 
314,500 L/mol·cm 
291,000 L/mol·cm 
317,700 L/mol·cm 
316,200 L/mol·cm 
293,100 L/mol·cm 
274,300 L/mol·cm 
295,800 L/mol·cm 
295,800 L/mol·cm 
295,800 L/mol-cm 
330,200 L/mol-cm 
330,200 L/mol-cm 
227,500 L/mol·cm 
344,800 L/mol·cm 
374,700 L/mol·cm 
369,700 L/mol·cm 
405,300 L/mol·cm 
360,300 L/mol·cm 
236,600 L/mol·cm 

For those instances involving plasmid DNA substrates, the conversion of 1 OD260 = 50µg 

of duplex was used. 

4.1.3. Hind III linearization of pBR322. 

To 25 µg (100µ1) of ccc pBR322 DNA (New England Biolabs) was added 121.8 µI 

ddH2O, 25 µl of 10 X enzyme buffer (supplied with enzyme) and 3.2 µl of Hind III 
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restriction endonuclease ( New England Biolabs). The reaction was incubated 37°C for 18 

hours and then analyzed by 0.8% neutral agarose gel to ensure that digestion was complete. 

The DNA was EtOH precipitated twice and then dried in vacuo. DNA was quantitated by 

OD260 measurement. 

4.1.4. Electroporation/Large Scale of pBS+ into E. coli XL-1 Blue 

Electroporation competent cells. 

Three 40 µl batches of XL-1 Blue electrocompetent cells (Stratagene Lot EX114) were 

added to pre-chilled (0°C) sterile eppendorf tube (0.65ml.) . To these solutions were added 

0.5, 1.0, and 2.0 µl aliquots of pBS+ plasmid DNA(l0pg./µl.) respectively. The mixtures 

of DNA and cells were mixed by agitation and incubated on ice for one minute. Each 

mixture was then transferred to electroporation cuvettes (0.1cm gap size) and each was 

electroporated with settings of l.7kV, 25mF and 200 ohms. The respective time constants 

were 4.6 msec., 4.5 msec. , and 4.6 msec. for the 0.5, 1.0, and 2.0 µl DNA samples 

respectively. Immediately following poration each cuvette was rinsed with 1 ml. of pre-

warmed (37°C) SOC broth. Each broth/cell/DNA mixture was then incubated 37°C for 1 

hour. After incubation, 102 dilutions of each mixture were made and both the undiluted 

and 102 diluted SOC mixtures plated on LB-ampicillin (50µg/ml.)-tetracycline 

(12.5µg/ml.) plates. Incubaton at 37°C was carried out for 12 h. after which time two 

colonies ( one from the 0.5 µl DNA 102 dilution plate and one colony from the 2.0 µI. 

DNA 102 dilution plate) were isolated and then plated onto new plates which had antibiotic 

and X-GAL/IPTG. Incubation at 37°C on the new plates was carried out 12 h. and the 

resulting transformants identified by their blue color. Using one of the blue transformants, 

cells were dissolved into 1 ml. sterile DDH2O and added to 1 L. of LB broth containing 

ampicillin (50µg/ml) and tetracycline (12.5µg/ml). Incubation was typically carried out for 

16 h. after which time the cells were pelleted, supematants discarded and the resulting ccc 

pBS+ isolated using Qiagen Maxi Prep Kits as per manufacter's instructions. Linearization 
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of the resulting ccc plasmid was effected by digestion with Barn HI restriction 

endonuclease as per New England Biolabs protocol. Following incubation/linearization, 

DNA was EtOH precipitated, washed with 70% EtOH and dried in vacuo. 

4.1.5. Agarose gel purification of linearized pBS+ 

Resuspension of linearized pBS+ into agarose loading dye was followed by 1.2 % agarose 

gel purification (with ethidium bromide in gel (2µg/ml)). The band corresponding to 

linearized material was visualized by hand held-UV light. The agarose band was then 

excised and the DNA returned via electroelution in lX TAE buffer. Following elution, the 

DNA was isoamyl alcohol extracted twice with 2 times the aqueous volume, EtOH 

precipitated and dried in vacuo. The DNA was then resuspended to a volume such that a 

DNA concentration of 0.97mM in base pairs (or 0.3 µMin duplex) was obtained. This 

stock solution of linearized purified DNA was used to generate the data in Figures 2-7 and 

Appendix Figure 5-1 . Reaction additions are detailed below. 

4.1.6. General Protocol for Alkaline Agarose Gel Electrophoresis 

1.2 % agarose gels were prepared as detailed in Maniatis. Gels were cast using 50mM 

NaCl, 2mM EDTA (pH = 8.0) in which to melt and dissolve the necessary quantity of 

agarose. For 50 ml volume gels this required 0.6 g agarose dissolved into 50 mls of 

saline/EDT A solution. Upon microwave dissolving of agarose, gels were poured ( without 

ethidium bromide) and allowed to solidify for 1 hour at room temperature. Combs were 

withdrawn from the gel and the gel then allowed to sit in 40mM NaOH + lmM EDTA 

running buffer for at least 1 hour prior to electrophoresis. During this equilibration period 

the top of the gel was at least 4 mm below the surface of the NaOH solution. The basic 

running buffer was then discarded and new buffer placed in the gel chamber with no more 

than 2 mm above the top of the gel. Samples were traditionally dissolved in 15 µl of 

alkaline agarose loading dye (50mM NaOH, lmM EDTA, 2.5% (w/v) Ficoll, 0.25% (w/v) 
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bromocresol blue) to a concentration of approximately 0.05 µg plasmid DNA/µl. To each 

well was loaded 7.5-10 µl of DNA ( -0.5 µg) and electrophoresis carried out at 25 Volts 

for 4 hours. In lieu of exact times and voltages, the distance traveled by the bromocresol 

tracking dye was routinely kept to 4 cm. from the well. The gels were then neutralized in 3 

changes of 100 mM Tris (pH= 7.5) over the course of 2 hours. Using a 100 mM Tris 

(pH =7.5) 2µg/rnl in ethidium bromide (obtained by diluting 200 µI of a lOmg/rnl ethidium 

bromide solution into IL of Tris buffer) the DNA bands were stained at room temperature 

for 1 hour. The gel was then destained ( to remove background staining) in 500 ml of 50 

mM NH4OAc + lOmM ~-mercaptoethanol for 15-20 minutes. Gels were visualized on a 

UV transilluminator and photographed using Polaroid Black % White film # 667. 

4 .1. 7. Maxam-Gilbert G Reactions 

5' or 3' end-labeled samples of DNA (typically 1 µg ) were dissolved into 10 µl ddH2O 

and to each sample was added 200 µl of Maxam-Gilbert G reaction buffer. To each 210 µl 

sample of DNA was added 1 µI of dimethyl sulfate (DMS) at room temperature. Each 

sample was aged at room temperature for 7-9 minutes folowed by the addition of 750 µIs 

absolute EtOH, 10 µl tRNA ( lmg/ml stock solution), and 30 µl 3M NaOAc (pH= 5.2). 

Reactions were kept at -80 °C for 15 minutes and centrifugation at 14,000 RPM carried out 

at 4°C for 10 minutes. The supernatant was discarded and the remaining pellet dissolved 

in 100 µls ddH2O followed by another EtOH precipitation (w/o tRNA addition) . 

Following centrifugation the pellet was removed from the supernatant and the EtOH 

precipitation procedure repeated once more to ensure complete removal of G-reaction buffer 

salts. The pellet was dried in vacuo. To the pellet was added 100 µI 0.8 M piperidine ( 

prepared immediately prior to used) and the mixture heated to 80-90 °C for 20 minutes. 

The sample was then placed at -80°C and lyophilized to dryness. To the lyophilate was 

then added 100µ1 ddH2O and the lyophilization procedure repeated. Samples were 

dissolved in 50 µI DP AGE loading dye and the activity of each sample determined by liquid 

scintillation. Final activities of G reactions ranged from 2000 cprn/µI to 8000 cprn/µ1. 
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4 .1. 8. Maxam-Gilbert G+A Reactions 

5' or 3' end-labeled samples of DNA (typically 1 µg ) were dissolved into 10µ1 ddH2O and 

to each sample was added 10µ1 of ddH2O. To each 20 µI sample of DNA was added 50 µI 

of formic acid (88%) at room temperature. Each sample was aged at room temperature for 

7-9 minutes fol owed by the addition of 220µls absolute EtOH, 10 µI tRNA ( 1 mg/ml stock 

solution), and 15 µI 3M NaOAc (pH= 5.2). Reactions were kept at -80 °C for 15 minutes 

and centrifugation at 14,000 RPM carried out at 4°C for 10 minutes. The supernatant was 

discarded and the remaining pellet dissolved in 100 µIs ddH2O followed by another EtOH 

precipitation ( w/o tRNA addition). Following centrifugation the pellet was removed from 

the supernatant and the EtOH precipitation procedure repeated once more. The pellet was 

dried in vacuo. To the pellet was added 100µ1 1 M piperidine ( prepared immediately prior 

to used) and the mixture heated to 80-90°C for 20 minutes. The sample was then placed at 

-80°C and lyophilized to dryness. To the lyophilate was then added 100 µI ddH2O and the 

lyophilization procedure repeated. Samples were dissolved in 50 µI DPAGE loading dye 

and the activity of each sample determined by liquid scintillation. Final activities of G + A 

reactions ranged from 2,000 cprn/µl to 16,000 cprn/µl. 

4.1.9. Recovery of radiolabeled DNAs from DPAGE (Crush and Soak 

method) 

Unless otherwise noted, all radiolabeled DNAs/DNA adducts were isolated as follows . 

Following drug and/or peptide reactions, samples were typically EtOH precipitated and 

then redissolved in a 1: 1 mixture of DDH2O and DP AGE loading dye. Using analytical 

thickness DPAGE (4mm thickness), the samples were loaded to an appropriate number of 

wells (20µ1 maximum volume per well) and electrophoresis carried out at 50-75 Watts. 

Electrophoresis was traditionally carried out until the xylene cyanol dye (the slower 

mobility of the two dyes) was within 10 cm. of the gel bottom. The gel was removed from 

the apparatus and the plates separated so as to render the gel on only one plate. The gel 

was wrapped with plastic wrap and a clean glass plate placed on top so as to shield 
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radiation. Once in the darkroom, the top glass plate was removed and a piece of Kodak 

BioMax X-ray film placed on top of the gel. The top glass plate was placed on top of the 

X-ray so as to not completely cover the exposed gel surface. Using the top glass plate as a 

template, a razor blade was used to place cuts through both the X-ray and the gel below. 

Typical exposure times ranged from 2-5 minutes after which time the X-ray was 

developed, rinsed with DDH2O and then wiped dry. The bands of interest were cut out of 

the X-ray image. The slash marks through the X-ray and the gel were aligned and the band 

of interest excised from the gel using the X-ray as the template. DNAs were finely crushed 

using a glass rod and then eluted into 3-5 mis. of 500mM NH4OAc/lmM EDTA at 37°C 

for 1 hour. It is noteworthy that efficient elution (;::: 80% recovery) may be achieved from 

10% DPAGEs at room temperature in 10 minutes with occaissional vortexing. Following 

elution, the crushed acrylamide matter was filtered off using centrex .45µm centrifugation 

filters (VWR Scientific). The eluant was butanol extracted to a volume of 200-300 µI and 

then EtOH precipitated as described earlier. 

4 .1.10. Piperidine digestion of DNAs (controls and alkylated adducts) 

DNAs (typically 1-3 µg of radiolabeled material) were EtOH precipitated from DDH2O at 

least one time so as to ensure minimal salt content. Samples were then dried in vacuo and 

resuspended into 100µ1 lM piperidine (prepared via 1 :9 aqueous dilution of commercially 

available piperidine). Samples were rigorously vortexed for 2 minutes and then heated 80-

900C for 30 minutes with occasional vortexing. The samples were then withdrawn from 

the heating block and then placed in crushed dry ice and centrifuged so as to get all liquid 

into the bottom of the 1.7ml. eppendorf tube. Samples were frozen completely solid at 

-80°C and then a small hole melted into the top of the eppendorf tube. Samples were 

lyophilized to dryness (typically 12 hours) and then resuspended into 100 µl of DDH2O 

and the freezing/lyophilization process repeated once more. Following the second 

lyophilization, samples were resuspended into 20 µl DPAGE loading dye and 10-20 µl of 
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this solution was transferred to a fresh tube. Samples were counted by liquid scintillation 

and then brought to an activity of 1000-3000 cpm/µl. 

4.1.11. Molecular Modeling 

Molecular mechanics were carried out using the cvff force-field in the molecular modeling 

package INSIGHT II ver. 2.3.5 (BIOSYM/Molecular Simulations, Inc.) For modeling of 

the orientation isomers in Figure 2-30 the double stranded hexamer was constructed using 

the Biopolymer program. The mitosene derived from FR-66979 was constructed using 

Macromodel software; DNA was constructed using Biosym insight II software. Once the 

mitosene was bonded to the duplex, 500 steps of energy minimization using the conjugate 

gradient algorithm were carried out by fixing the DNA strands and allowing the cross-

linked drug to reach an energy minima. Modeling of the FR-66979 monoalkylated 5'-

CGAATTCG-3' bound to PRGRP was facilitated by Wemmer et al. ( U.C. Berkeley). 

Coordinates for the peptide bound DNA was courtesy of Wemmer; the mitosene core of 

FR-66979 was bonded to the peptide-DNA complex and then minimized in a fashion 

similar to that used for the orientation isomer studies. 

4.2. 

4.2.1. 

Specific procedures ( as they appear in chapters 2 and 3) 

FR-900482 cross-linking of Hind III linearized pBR322 DNA 

(results in Figures 2-4, 2-5) 

The 17.5 µg of linearized pBR322 was dissolved in 1.94 mls of phosphate buffered 

saline (0.01 M PBS) to afford a stock DNA solution 13.8 µMin base pairs (bp.). A stock 

solution lO0mM in FR-900482 was made using DDH2O and stock solutions of 

dithiothreitol and ~-mercaptoethanol were made immediately prior to use. Stock solutions 

were used to set up the reactions detailed below. Reactions were incubated 37°C for 24 h. 

Analysis of each series of FR-900482 reactions ( at 1, 10, and 50 mM concentrations 

respectively) with different reductants was carried out by 1.2% alkaline agarose gel 
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electrophoresis. Photography and subsequent 1D densitometry of the negative polaroid 

image was conducted to yield the results of depicted in Figures 2-4, 2-5 . 

Table 4-1- Composition of FR-900482/DTT/ ~-MET reactions (see Figure 2-4) 
Reaction# µl pBR322a µl FR900482 µl DTT µl ~-MET 
1 55.5 0.6 
2 55 .5 0.6 0.5 (12.5) 
3 55 .5 0.6 0.5(12.5) 
4 55.5 0.6 0.6(100) 
5 55 .5 0.6 0.6(100) 
6 55.5 0.6 0.7(800) 
7 55.5 0.6 0.7(800) 
8 55.5 6.2 
9 55.5 6.2 0.5(12.5) 
10 55.5 6.2 0.5(12.5) 
11 55.5 6.2 0.6(100) 
12 55 .5 6.2 0.6(100) 
13 55 .5 6.2 0.8(800) 
14 55.5 6.2 0.8(800) 
15 55 .5 55.5 
16 55.5 55.5 0.4(25) 
17 55.5 55.5 0.4(25) 
18 55.5 55.5 0.6(200) 
19 55 .5 55.5 0.6(200) 
20 55 .5 55.5 1.4(800) 
21 55 .5 55.5 1.4(800) 
22 55.5 0.7(800) 
23 55.5 0.7(800) 
24 55.5 
a - The pBR322 stock solution was 14 µM in base pairs. 
Values in parenthesis denote stock solution concentrations (in mM) for the given reagent. 
Drug and thiol stock solutions were prepared in sterile DDH2O immediately prior to 

reaction. 

Figure 2-5 alkaline agarose gel image was generated similarly using the following reaction 

volumes and additions. Reactions were incubated 37°C 24 hours followed by the 

previously discussed electrophoretic analysis. 
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Table 4-2- Reactions of FR-900482 with P-MET/GSH and pBR322 (see Figure 2-5) 

Reaction# µl pBR322a µl FR900482 µIMET µlGSH 

1 25 0.5(50) 
2 25 0.5(50) 1.1 (25) 
3 25 0.5(50) 1.1(25) 
4 25 0.5(50) 0.6(200) 
5 25 0.5(50) 0.6(200) 
6 25 0.5(50) 1.3(200) 
7 25 0.5(50) 1.3(200) 
8 25 2.8(100) 
9 25 2.8(100) 1.2(25) 
10 25 2.8(100) 1.2(25) 
11 25 2.8(100) 0.7(200) 
12 25 2.8(100) 0.7(200) 
13 25 2.8(100) 1.5(200) 
14 25 2.8(100) 1.5(200) 
15 25 25(100) 
16 25 25(100) 1.0(50) 
17 25 25(100) 1.0(50) 
18 25 25(100) 1.3(200) 
19 25 25(100) 1.3(200) 
20 25 25(100) 1.3(400) 
21 25 25(100) 1.3(400) 
22 25 1.3(200) 
23 25 1.3(200) 
24 25 
a - pBR322 stock solution was 14 µMin base pairs.Values in parentheses denote stock 
solution concentrations in rnM. All solutions were made up in sterile DDH2O immediately 
prior to reaction. 
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4.2.2. Reactions of FR-900482 with linearized pBS+ plasmid DNA. 

(Results depicted in Figures 2-7, and Appendix Fig. 5-1.) 

Using the gel-purified linearized pBS+ substrate described above, the following reactions 

were set up and allowed to incubate for 4 h. at 37°C. Prior to incubation, all reactions were 

brought to a total reaction volume of 100µ1 with DDH2O. Reactions contained lOmM 

phosphate buffer (pH = 8.0). Following incubation, reactions were EtOH precipitated, 

dried in vacuo and then resuspended into 100 µl alkaline agarose gel loading buffer. To 

each well of a 1.2 % alkaline agarose gel was added 1 0µl and electrophoresis/visualization 

carried out as described above. 

Table 4-3. Reactions of FR-900482 with P-MET/Fe(Ill)-EDTA and linearized, gel 
Eurified EBS+ (see Figure 2-7). 

Reaction# µl pBS+ µI phosphate µl 312 µIP-MET µI 
buffera Fe3+fEDTA 

1 5 12.5 
2 5 12.5 20(50) 
3 5 12.5 20(50) l(lM) 
4 5 12.5 l(lM) 
5 5 12.5 20(50) l(l00µM) 

6 5 12.5 20(50) l(lmM) 
7 5 12.5 20(50) l(l0mM) 
8 5 12.5 20(50) l(l00mM) 
9 5 12.5 20(50) l(lM) l(l00µM) 

10 5 12.5 20(50) l(lM) l(lmM) 
11 5 12.5 20(50) l(lM) l(l0mM) 
12 5 12.5 20(50) l(lM) l(l00mM) 

Values in parentheses denote stock solution concentrations. Both Fe3+ and Fe2+ solutions 

contained equimolar concentrations of EDTA (pH = 8.0) and iron. a - denotes an 80mM 

stock solution of phosphate buffer at pH=8.0. 
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Table 4-4. Reactions of FR-900482 with Fe(III)-EDTA or Fe(II)-EDTA in the presence 
of eBS+ (see Aeeendix Figure 5-1). 

Reaction # µI pBS+ µI phosphate µI FR900482 µI µl 
Fe3+fEDTA Fe2+fEDTA 

1 4 .6 6.2 
2 4 .6 6.2 10(50) 
3 4.6 6.2 l(l0µM) 
4 4 .6 6.2 1(100 µM) 
5 4.6 6.2 1(1 mM) 
6 4.6 6.2 1(10 µM) 
7 4.6 6.2 1(100 µM) 
8 4 .6 6.2 1(1 mM) 
9 4 .6 6.2 10(50) l(l0µM) 
10 4 .6 6.2 10(50) 1(100 µM) 
11 4.6 6.2 10(50) 1(1 mM) 
12 4 .6 6.2 10(50) l(l0µM) 

13 4.6 6.2 10(50) 1(100 µM) 
14 4 .6 6.2 10(50) 1(1 mM) 

Both Fe3+ and Fe2+ solutions contained equimolar concentrations of EDTA (pH= 8.0) and 

iron. 
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FR-900482 and FR-66979 Reactions with pBR322 

(see Figure 2-8) 

Table 4-5. Reactions of FR-900482 (312) and FR-66979 (314) in the presence of 
pBR322 with and without P-mercaptoethanol. (see Figure 2-8). Reactions were incubated 
37°C for 24 h. prior to analysis. 
Reaction# µI pBR322a 
1 25 
2 25 
3 25 
4 25 
5 25 
6 25 
7 25 
8 25 
9 25 
10 25 
11 25 
12 25 
13 25 
14 25 
15 25 
16 25 

µ1312 

1.3(20) 
2.8(100) 
25(100) 
1.3(20) 
2.8(100) 
25(100) 

µI 314 b 

1.3(20) 
1.3(2) 
25(100) 
2.8(100) 
1.3(20) 
1.3(2) 

µIP-MET 

0.7(40) 

0.7(40) 
0.7(400) 
0.6(800) 
0.7(40) 
0.7(4) 

a -pBR322 stock solution was lOmM in phosphate buffered saline (pH= 7.0) and DNA 
concentration of stock solution was 14 µM in base pairs. b - FR-66979 used for these 
reactions was obtained via Pd/C hydrogenation of FR-900482. By TLC and lH NMR, the 
sample appeared to contain no starting material or other contaminants and was therefore not 
chromatographed prior to use. 

4.2.4. Cross-link formation and subsequent Footprinting Reactions 

for "pre-activated" FR-66979 ( Fig. 2-14 & 2-15). 

5'-32P-end-labeled 40 µg of ODN 1 and ODN 2 seperately as described above. T4 

Polynucleotide kinase labeling reaction was incubated 45 minutes at 37°C and then 

phenol:CHCb extracted three times with 1 ml of fresh phenol each time. The oligos were 

passed through a Sephadex G-50 size exclusion column and the first radioactive fraction 

collected. To each lot of radiolabeled oligo was added an equimolar amount of the 

unlabeled complement ODN 3 and the resulting mixtures EtOH precipitated as before. The 

samples were dried in vacuo and then resuspended in 74.5 µl of lOmM phosphate buffered 

saline (PBS) . Strands were annealed by heating to 75°C 30minutes and then cooling 
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slowly ( over a 2 hour period) to room temperature. Samples were cooled even further to 

4oC for an addition hour. To 55.9µ1 of each selectively labeled duplex was then added 14 

µl of 50mM crude FR-66979 (from hydrogenation of FR-900482). Reactions were kept on 

ice for 2 h. and then allowed to warm to room temperature for 10 hours. To each sample 

was then added 50 ml of formamide and the samples loaded to a 15% preparative DPAGE 

and electrophoresis carried out at 600 Volts for 5 hours . Bands were visualized by 

autoradiography, excised and returned via electroelution in 0.1 X T AE buffer ( 250V. for 2 

h.). DNAs were EtOH precipitated and washed once with 70% EtOH. Samples were dried 

in vacuo and then resuspended into 40µ1 DDH2O. To 15µ1 of each sample was then added 

7.5µ1 of 80mM phosphate buffer (pH= 8.0), and 7.5 µl of 4 mM Fe(II)-EDTA (prepared 

immediately prior to use) . Samples were agitated rigorously and allowed to incubate 37°C 

for 7.5 hours. To each sample was then added 10µ1 tRNA (lmg/ml stock), 4 µl 3M 

NaOAc (pH=5.2), and 120 µl absolute EtOH. Samples were chilled -80°C for 10 minutes 

and then centrifuged 14,000 RPM at 4°C for 10 minutes. Supernatants were discarded and 

the resulting pellet resuspended into 100 ml DDH2O and EtOH precipitated again. 

Following the second EtOH precipitation, samples were dried in vacuo and resuspended 

into 10 ml DPAGE dye and analysed by 20% DPAGE to afford the image in Figure 2-13. 

Analysis of the complementary strand ODN 3 was carried out in a similar fashion to yield 

Figure 2-15. 

4.2.5. Cross-link formation and subsequent Footprinting Reactions 

for FR-900482, FR-66979, and FK973 (Appendix Fig. 5-3). 

To 15 µI of a 90 µM (in duplex) stock solution (in 200 mM Tris pH=7 .5) of 5' -32P-end-

labeled DNA was added 50 mM drug stock solution to yield a drug concentration of 10 

mM. To this mixture was added 1 µl of ~-mercaptoethanol to afford a reaction 

concentration 500 mM in thiol. Reactions were incubated at 4 °c for 4 hours and were then 

allowed to warm to room temperature overnight. Modified ODNs were then ethanol 
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precipitated, dried in vacuo, and resuspended in 80 µl DP AGE loading dye. Reactions 

were then loaded to a 20% DPAGE, electrophoresis was carried out for 5 hours at 2000 V, 

and the bands visualized by autoradiography. Cross-linked product bands were excised 

from the gel and the DNA recovered by electroelution (0.1 x T AE, 500V, 2 hours) using a 

Schleicher & Schuell Elutrap electro-separation system. The DNA isolated was once again 

ethanol-precipitated and then dried in vacuo. To each alkylation adduct was added 20 µl 

distilled deionized water. From each ODN solution, a 5 µl aliquot was removed for use as a 

standard. To the remaining 15 µl of each product was added 7.5 µl of 80 rnM phosphate 

buffer (pH=8) and 7.5 µl of a 4 rnM FeSO4-EDTA solution to afford reactions 1 rnM in 

Fe(II)-EDTA. Footprinting reactions were then incubated at 37 °c for 8 hours after which 

time samples were ethanol-precipitated, the pellets rinsed with cold 70% ethanol, and dried 

in vacuo. Dried pellets were then resuspended in 10 µl DPAGE dye, and the samples 

counted by liquid scintillation (LSC). Samples were loaded such that standard duplex and 

standard cross-linked product lanes contained 500 counts, Fe(II)-EDT A lanes contained 

5000 counts (for Fe(II)-EDT A standard and native duplex after cross-linking and Fe(II)-

EDT A digestion) and 10,000 counts for inosine-substituted duplex after cross-linking and 

Fe(II)-EDTA digestion. To G and G+A Maxim-Gilbert sequencing lanes were added 4000 

and 8000 counts respectively. Electrophoresis was carried out at 1500 V for 5 hours 

followed by autoradiography at -80 °c for 3 days. The results are depicted in Appendix 

Figure 5-2. 

4.2.6. Reactions of reductively activated FR-66979 with base 

substituted versions of template 1. 

10 µg (1 nmol.) of each of the following oligodeoxyribonucleotides was 5'-32P-end-

labeled and purified by analytical thickness 20% DPAGE. Note that I= inosine, and DZG 

= 7-Deazaguanosine (see Figure 2-15 for structures) 
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5'-TTIATTAACGTAATGCTTAATCGCAATGGGATI-3' (ODN 1) 

5'-TTIATTAACITAATGCTIAATCGCAATGGGATI-3' (ODN 2) 

5'-TTTATTAACITAATGCTTAATCICAATGGGATT-3' (ODN l') 

5'-TTTATTAACDZGTAATGCTTAATCDZGCAATGGGATT-3' (ODN l") 

Following purification (see above section 4.1.9.), each oligo was annealed to an equimolar 

amount of the unlabeled ODN 3 mutual complement by heating to 85°C 15 minutes and 

then cooling to room temperature for 2 hours. Each sample was EtOH precipitated, dried 

in vacuo and then resuspended into 200 rnM Tris (pH= 7.5) to afford each duplex stock 

solution 9 µM in duplex. To 5 µI of each solution was added 1.38µ1 50rnM FR-66979 

(PTLC purified), and 0.5 µl 1376rnM DTT so as to afford each reaction lOrnM in FR-

66979 and 100 rnM in DTT. Analagous control reactions were set up in which DDH2O 

was added in place of drug and thiol. Additionally, DTT control reactions were also set up 

to which DDH2O was added instead of FR-66979. Reactions were set up at 4°C and then 

allowed to warm to room temperature overnight (10 h.). All duplexes were then EtOH 

precipitated, dried in vacuo, and resuspended in DPAGE dye to an activity of 5,799 

cpm/µl. The contents of each FR-66979, DTT control, and DNA control was loaded to a 

20% DP AGE ( 4ml sample/well) after heat denaturation at 90°C for 3 minutes. 

Electrophoresis was carried out for 3 h. at 50 Watts. Autoradiography was then conducted 

at -80°C for 12 hours to yield the image in Figure 2-15. 

4.2.7. Reactions of reductively activated FR-66979 and FR-900482 

with base substituted versions of templates 1 and 2. 

(Quantitation of ISC efficiencies) 

Using the stock DNA solutions described above in section 4.2.6., an additional set of 

template 1 and template 2 reactions were set up. One series of reactions involved the 

use of 50 rnM FR-66979 whi le the other involved the use of a stock solution of 50rnM FR-

900482. Reaction additions, times, and work-up procedures were the same as in section 
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4.2.6. Following EtOH precipitation and drying, however, each sample was resuspended 

in DPAGE dye so as to afford a solution with activity of 11 ,398 cpm/µl. Using 3 ml of 

each reaction and its necessary control 20% DPAGE was carried out at 60 Watts for 4 

hours so as to afford clean separation of each respective cross-linked species. Bands were 

visualized by autoradiography (8 h. at -80°C). The resulting X-ray and gel had been 

mutually cut prior to exposure. Thus, aligning of the slash marks allowed the use of the X-

ray as a template by which to identify the location of each DNA containing fraction. 

Excision of the different bands was followed by liquid scintillation counting to afford the 

corresponding activities listed below. From these counts were calculated the relative 

efficiencies of FR-900482 and FR-66979 for each of the two possible 5'-CG-3' boxes 

contained within template 1 and template 2. 

Table 5-6. Liquid scintillation counting of template 1 and template 2 cross-links 
formed by reductively activated FR-66979 and FR-900482. 
substrate drug native/ G-10 G-23 % G-10 % G-23 

template 
1 
template 
2 
template 
1 
template 
2 

4.2.8. 

mono-
adduct 

312 23913 

312 37374 

314 16834 

314 24610 

cross-link cross-link cross-
linked 

1639 645 6.2 

743 

11705 2678 

4097 

37.5 

cross-
linked 
2.4 

1.9 

8.6 

14.3 

Reactions of template 3 with FR-66979 derived from FR-

9004 82via different reduction conditions.(Figure 2-21) 

200 µg (2.1 nmol.) of ODN 4 was 5'-end-labelled and 20% DPAGE purified. The 

resulting oligo was then annealed to an equimolar amount of ODN 4' in 200 mM Tris 

(pH=7 .5) as previously described. To 5µ1 aliquots of the duplex was added 1.38 µl of FR-

66979 and 0.5 µI of 277 rnM DTT so as to achieve final concentrations of lOmM drug and 

20 mM DTT. Additionally, reactions were run in the presence of only drug. Reactions 
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were kept at 0°C for 3 hours and then allowed to warm to room temperature for an 

additional 12 hours . Following incubation , 2 µl aliquots were withdrawn from each 

reaction and to each was added 3 µl DP AGE loading dye. Samples were heated 90°C for 1 

minute prior to loading and then each reaction was loaded to one well of a pre-warmed 20% 

denaturing acrylamide gel and electrophoresis carried out at 60 Watts for 4 hours . 

Autoradiography was conducted for 17 h. at -80°C to yield the image in Figure 2-21. 

4.2.9. Reactions of HPLC fractionated FR-66979 with template 1. 

(Appendix Figure 5-5.) 

HPLC of crude FR-66979 prepared via hydrogenation at 1 atm H 2 pressure was carried 

out. A 2:8 mixture of H2O:CH3CN was used as mobile phase using isocratic runs at 2 

rnls./min. over a 10 cm x 4.7mm ID CHIRALPAK WH DAICEL COLUMN. The typical 

trace appeared similar to that depicted below. As such, fractions A and B were difficult to 

resolve out so these fractions were collected together for use in the template 1 reactions. 

CHARACTERSTIC LC TRACE OF 
CRUDE FR-66979 

minor diastereoisomer 

Fractions C and D were easily separable from each other though fraction C was likely 

tainted with small percentages of fraction B. The three fractions were collected, and the 

aqueous acetonitrile lyophilized off of each fraction overnight. 50mM stock solutions of 

each fraction were made by dissolution into DDH2O at 0°C. and these stock solutions used 

to compose reactions analagous in drug, DTT and template 1 concentration to those 

reactions outlined in section. 4.2.8. Reaction additions were done at O°C and kept at that 
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temperature for lh. after which time they were allowed to warm to room temperature for 12 

hours. From each sample was then withdrawn 3.4 µl of each reaction and added to an 

equal volume of DP AGE dye. Samples were loaded to a 20% denaturing gel and the face-

plate of the gel heated with a heat gun to ensure sample denaturation . Electrophoresis was 

carried out 5 h. at 45 Watts to ultimately yield Appendix Figure 5-5. 

4.2.10. HPLC monitoring of ~-MET reaction with PTLC purified FR-

66979 

To 4.lmls. of 5 mM FR-66979 in DDH2O was added 300 µl of B-MET. The sample was 

kept at room temperature for 48 h. HPLC analysis using conditions described above 

(section 4.2.9) revealed the appearance of two much slower moving peaks and no starting 

material. Differential detection at both 215 and 230 nm. revealed a much greater absorbance 

at 230 indicative of an indole structure. The reaction was therefore dried in vacuo at room 

temperature. The sample was dissolved into 1 ml. MeOH and purified by 1.5cm x 10 cm. 

silica column (pre-treated with 1 % triethylamine) (eluted with 1 :4 MeOH:CH2CJi.) to 

afford a yellowish solid. The sample contained residual ~-MET which proved difficult to 

avoid. Attempted PTLC was also performed but this too, failed to afford clean product. 

Given the undesired nature of the product based on DNA cross-linking reactions and 

spectral data, more material was not obtained due to the scarcity of the natural product. 

4.2.11. Analytical Scale Formation of Drug-DNA complexes for 

Orientation Isomer studies (Figure 2-22) 

Reactions were performed using 3 duplexes 5' _32P-end-labeled on the following strands 

of each duplex. "Template" numbers beside each oligodeoxyribonucleotide substrate refer 

to the corresponding ODN substrate annealed to their blunt-ended complements. 
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5'TGTTGAA TACTCATACGTCTCTTGCTGAGGG3' 

5'TGTTGAA TACTCATACGTCTCTTGCTTT AA T3' 

5'TGTTGAATACTCATATTTCTCTTGCTGAGGG3' 

template 3 

template 4 

template 5 

DNA concentrations were the same as those used for the footprinting studies 

outlined above. Reactions contained 10 µl DNA, 2.76 µl 50 mM drug and 1 µl 277 mM 

DTT stock. Additions were done at 4 °c and mixtures were allowed to incubate at this 

temperature for 3 hours after which time they were allowed to warm to room temperature 

for an additional 21 hours for a net reaction time of 24 hours. Reactions were ethanol-

precipitated, dried in vacuo and resuspended in 10 µl DP AGE dye. Samples were counted 

and brought to a volume in loading dye such that samples were 6,692 counts/ml. To each 

well of a 20% DPAGE gel was loaded 13,384 counts and electrophoresis carried out 5 

hours at 2500 V. Bands were visualized by autoradiography. The results are depicted in 

Figure 2-22. 

4. 2 .12. Preparation of FR-66979 cross-linked oligos for Mass 

Spectometry (Figure 2-23) 

To 275 µl of a 90 µM (in duplex) solution of template 3 ( di ssolved in 200 mM Tris, 

pH=7.5) was added 75.9 µl FR66979 and 27.5 µl of 277 mM DTT at 0 0 c. The reaction 

was allowed to warm to room temperature overnight (10 hours) and the contents ethanol-

precipitated. Resuspension in 150 µl DPAGE dye followed by 20% Preparative DPAGE at 

800 V for 10 hours afforded clean separation of the two cross-linked species. Each band 

was excised from the gel, crushed and eluted for 2 hours at 37 °c in 500 mM NH4OAc, 1 

mM EDT A buffer. The supernatant was passed through a Centrex centrifugal filter, butanol 

extracted to a volume of 200 µl and ethanol-precipitated. Each resulting pellet was 

resuspended in 150 µl DDH2O and to each solution was added 50 µl 5 M NH4OAc 

(pH=5 .2). Each sample was kept at room temperature for 10 minutes, followed by the 

addition of 600 ml ethanol and placed in a dry ice bath for 15 minutes. The products were 

re-pelleted by centrifugation at 14,000 rpm at 4 °c followed by removal of supernatant. 
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The series of steps starting with resuspension in 150 µI ddH2O was performed once more 

followed by a 70% ethanol rinse and and drying in vacuo. 

4.2.13. Reversion of cross-linked template 3 substrate to native single-

strand DNA and monoalkylation adducts (Figures 2-26, 2-27, 

5-14) 

FR-66979 cross-linked DNA was prepared by 5' end-labeling 5.5 nmoles of either ODN 

4 or ODN 4' and then purifying the labeled oligo by 20 % DPAGE as previously 

described and annealing to an equimolar amount of unlabeled complementary DNA in 200 

mM Tris (pH=7.5) to afford a stock solution 0.3 mM in duplex. To 150µ1 of this duplex 

stock was added 50mM FR-66979 to a final concentration of lOmM. 3125mM DTT was 

then added to a concentration of 20mM and the reaction allowed to warm to room 

temperature overnight (1 0hrs.). Following incubation, the reaction was ethanol 

precipitated, dried in vacuo and then redissolved in 100µ1 of DP AGE loading dye. The 

contents of the reaction was loaded to an analytical thickness gel (0.4 mm. thickness) and 

electrophoresis carried out for 8 h. at 60 Watts . The DNA bands were visualized by 

autoradiography and the two orientation isomers excised from the gel as was the band 

corresponding to standard single-stranded radiolabeled probe. DNA's were recovered by 

the crush and soak method of Maniatis, though elution from the gel was performed for only 

1 hour as opposed to the prescribed 12 hrs. suggested in the Maniatis protocol. The 

crushed acrylamide matter was filtered off by passing through a Schleicher and Schuel 

centrex 0.45 µm cellulose acetate spin filtration apparatus. The samples were then 

concentrated by butanol extraction to a volume of 300µ1 and the DNA's then EtOH 

precipitated by addition of 900µ1 of absolute ethanol and chilling to -78°C for 15 minutes. 

Centrifugation at 14,000 rpm for 10 minutes afforded small white pellets from which the 

supernatant was discarded. The DNA's were resuspended in 20 µI ddH2O and from this 

was aliquoted a series of 5µ1 samples to which was added 95 µl 200mM Tris (pH=7.5) . 
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Each resulting 100 µl sample of DNA ( standards and cross-linked substrates) was divided 

into three 33.3 µ1 aliquots. Of the three aliquots, one was used as a control which was kept 

at room temperature while another was heated to 80°C for 15 minutes and then cooled to 

room temperature for 2 hrs. and then placed in an ice water bath for an additional 2 hours. 

The third aliqout was simply put through two rounds of the heating/cooling sequence 

described for aliqout #2. Each 33.3 µl aliqout was then ethanol precipitated, dried in vacuo 

and then resuspended in DP AGE loading dye to afford solutions such that sample activities 

were 685 counts/ml. Denaturing polyacrylamide gel electrophoresis was carried out on 5ml 

of each reaction as well as the necessary control reactions. Electrophoresis was carried out 

at 60Watts for 8 h. after which time autoradiography was performed for 12h. at -80°C to 

yield Figure 2-26. Analagous experiments were performed with template 3 5'-end-

labeled on ODN 4 to yield Figure 2-27. 

4. 2 .14 Tm Determination of each Orientation Isomer of FR-66979 

cross-linked template 3. 

Two stock solutions of template 3 were set up. Neither strand of each duplex was 

radiolabeled. Each solution consisted of 2.1 nmoles ( 200 µg) of each synthetic ODN 

hybridized to an equimolar amount of its complement. Each lot of 21 nmoles of duplexed 

ODN was dissolved in 100 µl 100 mM Tris (pH = 7.5) to afford DNA stock solutons 

210µM in duplex ( 6.5 mM in base pairs). To each duplex ODN stock solution was added 

25 µl of 50 mM FR-66979 and 6.7 µl of 2 M DTT at O°C. These additions afforded 

DNA-FR66979 reactions lOmM in drug and 100 mM in thiol. Incubation of each reaction 

at 25°C for 24 hours was followed by EtOH precipitation followed by resuspension into 

200 µI of DPAGE loading dye. Samples were loaded to an 8% preparative DPAGE and 

electrophoresis carried out at 30 Watts for 4 hours. DNA bands corresponding to both fast 

and slow orientation isomers were visualized by UV-shadowing. The bands were excised 

and the modified ODNs isolated by the crush and soak method previously described. 

Following isolation, each band was rigorously desalted by washing with 500 µl ddH2O in 
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an Amicon 30 kDa microconcentrator as per manufacturer's protocol. Analagously, a 

standard non-drug treated duplex was de-salted as well. ODNs were quantitated by OD260 

measurements. Roughly 2 nmoles of each orientation isomer was obtained as was standard 

non-alkylated duplex. The extinction coefficient of each duplex was assigned as being the 

sum of the individual strands (£ = 575,300). Following desalting, each ODN was 

lyophilized and resuspended in 100 mM NaCl, 10 mM Tris (pH = 7.0) so as to afford 

solutions 2 µM in duplex. Samples were dissolved immediately prior to Tm determination 

so as to avoid inadvertant decomposition of the cross-link. Absorbance versus temperature 

plots were obtained using 500pmoles (250 µl of each ODN) per run . Data points were 

obtained on a Beckmann Quartz Spectrophotometer (A = 260 nm) in line with a Gilford 

Thermo Programmer# 2527 heat supply using the following parameters. 
Recorder span: 100°c 
Heat rate: 1 °C/ min. 
Upper set point: 99.3°C 
Lower set point: -0.1 °c 
Set point: 26°C or 50°C as designated 

Data was plotted using a Gilford Instruments # 6051 chart recorder set to 20 cm/hr. Points 

of hyperchrornicity were obtained from each plot. The Tm of standard duplex was obtained 

from a single run. Duplicate runs of each orientation isomer were averaged to obtain the 

stated Tm values. 
Tm of standard duplex: 69.16 °c 
Tm of slow FR-66979 orientation isomer: 77.56 °c 
Tm of fast FR-66979 orientation isomer: 79.92 °c 

4.2.15. T4 DNA Ligase Experiments: orientation isomer ligation and 

analysis (Figure 5-11) 

20 µg (2 nmoles) of the ODN 4 was 5'-32p labeled as previously described and subjected 

to purification by 20 % analytical thickness DPAGE. The ODN was visualized by 

autoradiography, isolated by the crush and soak method described earlier and EtOH 
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precipitated. To the purified ODN was added an equimolar (2 nmoles) amount of the 

unlabeled complement ODN 4' in ddH2O and the sample dried in vacuo. The mixture of 

two ODNs was then resuspended into 22 µI of 200 mM Tris (pH= 7.5), heated to 80 °C 

for 10 minutes and then allowed to cool to room temperature over the course of 2 hours. To 

20 µl of this stock duplex solution (at 0°C) was added 50mM FR66979 ( in ddH2O) and 

1376 mM DTT so as to afford the reaction 10 mM in FR-66979 and 100 mM DTT. The 

reaction was allowed to warm to room temperature overnight ( 10 hours) and the contents 

then EtOH precipitated. Resuspension into 20 µl DPAGE dye was followed by 20 % 

DPAGE purification of each orientation isomer as previously discussed. Following 

isolation and precipitation , each cross-link orientation isomer ( approximately 1 µg (50 

pmoles) of each) was resuspended into 210 µl of T4 DNA ligase reaction buffer. An 

equivalent amount of standard non-alkylated duplex was also dissolved into the said 

amount of reaction buffer. From each ODN stock solution was withdrawn 1 0µl for use as 

non-ligase controls. To 100 µl of each remaining ODN was added 4 µl of stock T4 DNA 

ligase ( 4000 U/µl). Additionally, ligase reactions involving 50 µl of standard ODN + 50 

µI of either orientation isomer were set up. These "mixed" ligations were also run in the 

presence of 4 µl of ligase. All samples were kept at 16 °C for 24 hours followed by EtOH 

precipitation. Samples were dried in vacuo and then resuspended into 10 µl ddH2O. From 

each sample was withdrawn 5 µl and these samples counted by liquid scintillation. Each 

reaction was brought to an activity of 285.5 cpm/µl using DPAGE loading dye. To each 

well of a 20 % non-denaturing polyacrylamide gel was loaded an activity of 1710 cpm (6 

µI) of each sample. Electrophoresis was carried out at 4°C in IX TBE running buffer until 

the xylene cyanol tracking dye was 25 cm. from the gel origin. Autoradiography at -80 °C 

was carried out for 24 hours to afford the image depicted in Figure 5-11. 
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Alu I restriction digestion of FR66979 cross-link orientation 

isomers of template 7 (Figures 2-31, 5-15) 

As per the T4 DNA ligase experiments outlined above, roughly 1 µg of each orientation 

isomer of FR66979 cross-linked template 7 substrate was isolated as was purified control 

duplex. Each purified substrate was resuspended into IX Alu I restriction enzyme buffer to 

an activity of 1656.9cpm/µl. From each lot was withdrawn 20µ1. From this 20 µl aliquot 

was then withdrawn 2µ1 to which was added 6 µl of Alul quench dye (30 mM EDT A + 

0.25% bromophenol blue, 0.25% xylene cyanol in formamide). These control samples 

were placed at -80°C immediately. To the remaining 18 µl of each sample was added 5µ1 

of Alu I restriction endonuclease ( 0.8 U/µl in IX Alu I reaction buffer) to afford reactions 

.1 7U/µl in Alu I. Reactions were kept at 37°C for 12 hours. From each reaction was 

withdrawn 2µ1 aliquots at time intervals corresponding to 1,2,5,10,30min. , 1 hr. , and 12 

hrs. respectively. Enzyme reactions were stopped upon addition of 6 µl Alu I quench dye 

to each 2 µl aliquot followed by immediate cooling to -80°C. After quenching of the 1 hour 

samples 20 % DP AGE was carried out on 4 µl of each sample. Electrophoresis was 

carried out at 50 W for 2.5 hours followed by autoradiography of the gel at -80°C for 12 

hours. Gel electrophoresis and autoradiography of samples including the 12 hour digestion 

was carried out in an analagous fashion.(data not shown) Similar experiments were 

performed using MC cross-linked template 7 (see Figure 5-15). The MC digestions 

called for 4.8 units of Alu I in a total reaction volume of of 29µ1 ( 0. l 6U/µl of Alu I) . 

4.2.17. Cross-linking of template 7 by reductively activated 

Mitomycin C 

To 40 µg(2 nmol.) of ODN 9 5'-labeled template 7 was added 44 µl of 105 mM de-

gassed phosphate buffer. The solution had been bubbled through with Ar for 1 h. prior to 

use. The reaction was brought to 10 mM in MC ( 33% aqueous methanol solution 50 mM 

in MC). To this was added 4, 4ml aliquots of 277 mM sodium dithionite (in de-gassed 
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phosphate buffer 105 mM) at 20 minute intervals. Each addition of dithionite effected a 

purple to yellow color change thus indicating formation of the reduced MC species (the 

quinone state of MC is purple). Following the complete cycle of dithionite additions, the 

DNA was EtOH precipitated and then 20% DPAGE purified as was the FR-66979 

modified DNA in section 2.4.16 .. 

4. 2 .18. Diethylpyrocarbonate/Chloroacetaldehyde footprinting of 

FR-66979 cross-linked template 3 (Figures 2-29, 5-12, 5-13) 

Cross-linking reactions were performed as in T4 DNA ligase reactions with the notable 

exception that 1 nmole of duplexed substrate was used instead of 2 nmoles/reaction. Two 

lots (1 nmole each) of duplex were set up. One was brought to 10 mM in FR-66979 + 100 

mM DTT while the other was brought to the same volume using ddH2O instead of drug 

and DTT stock solutions. The drug and DTT stock solutions used for cross-linking were 

50 mM and 1375 mM respectively. Both control and FR66979 reactions were incubated at 

room temperature overnight (10 hrs) and then EtOH precipitated and dried in vacuo. 

Samples were purified by 20% DP AGE as previously discussed. The band for single-

stranded control was divided in half and to one half was added an equimolar amount of 

unlabeled complement in 30 µI 100 mM Tris (pH = 7.5) and the strands annealed by 

heating to 80 °C 10 minutes followed by cooling to room temperature for 2 hours. This 

duplex was then EtOH precipitated and dried in vacuo. All samples (orientation isomers of 

cross-link, single stranded control and duplex control) were resuspended into 50 µI ddH2O 

and from each was withdrawn seven 5µ1 aliquots. Additionally , 7.5 µI aliquots were 

withdrawn from each sample for use in Fe(Il)-EDTA footprinting reactions to be 

electrophoresed with the "hyper-reactive" sequence reactions . To six of the seven 5µ1 

aliquots taken for each sample was added 15 µI of 50 mM NaOAc (pH = 5.2). To 3 of 

these 20 µI aliquots of each sample was added 5, 10, and 15 µI of diethylpyrocarbonate 

respectively. To another two aliquots of each sample was added 2 and 5 µI 

chloroacetaldehyde respectively. All six of the NaOAc containing samples for each ODN 
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(cross-linked species and unmodified ODNs) were aged at room temperature for 1.5 hours 

followed by EtOH precipitation and a 70 % EtOH rinse. Samples were then dried in vacuo 

and heated to 80°C with 100 µl IM piperidine. Piperidine was removed by centrifugation 

under vacuum for approximately 10 hours. Piperidine treated samples were resuspended in 

6 µl DP AGE dye, transferred to new eppendorf tubes and counted by liquid scintillation. 

Samples were then brought to 1000 cpm/µl in activity while the double-stranded DNA 

control and non-piperidine treated cross-link controls were brought to 500 cpm/µl activity. 

Maxam-Gilbert G+A and Fe(II)-EDT A reactions were brought to 2700 cpm/µl. Each 20% 

DP AGE analysis of these reactions required 4 µl of sample per well . Electrophoresis was 

carried out at 40 W for approximately 6 hours followed by autoradiography at -80°C for 3 

days. 

4.2.19. SVPD Digestion of FR-66979 alkylated ODN 6 (Figure 3-5). 

FR-66979 alkylated ODN 6 was obtained via reaction of template 5 (5'-end-labeled on 

ODN 6) with 20mM DTT and 10 mM FR-66979 at room temperature for 12 hours. 

Reactions were EtOH precipitated and resuspended into 20 µl DP AGE dye. 20% DP AGE 

was carried out until the xylene cyanol was within 1 inch of the gel bottom. The band 

corresponding to monoalkylated product was visualized by autoradiography and excised. 

This corresponded to approximately 1 µg of DNA. The DNA was recovered via 

electroelution in 0.5X T AE (2h. 500V) and subsequent precipitation. The alkylated 

material was resuspended into 100 µl DDH2O. To 10µ1 aliquots of alkylated DNA was 

added 200 µl of SVPD reaction buffer. From standard ODN 6 stock solution of similar 

concentration was withdrawn 10µ1 aliquots and to these too were added 200µ1 SVPD 

buffer. Two batches of alkylated DNA and two batches of standard DNA were heated to 

90°C 5 minutes prior to enzyme addition. After heating, the DNA samples were segregated 

such that one series of alkylated and control DNA not previously heated underwent 

additions of 0.6 and 1.2 units of SVPD. This was repeated for the samples that had been 



285 

heated. All SVPD reactions were heated 37°C for 3 h. after which time they were EtOH 

precipitated, dried and resuspended such that activities of lO00cpm/ml was obtained for 

each sample. 20% DPAGE was carried out on the samples to afford Figure 3-5. 

4.2.20. Analytical Scale Formation of FR66979-DNA Monoadducts 

(Figure 3-6) 

Monoalkylation studies involved reactions 6.5 µM in duplex (thus a stock DNA solution 9 

µMin duplex was used instead of the 90 µM stock used previously). Reactions were set up 

as outlined for orientational isomer studies (section 4.2.11.) with the exception that 

reactions were 100 mM in DTT. Reaction conditions and workup were the same as 

discussed earlier except reaction contents were dissolved in DP AGE dye to afford solutions 

of 2000 counts/ml activity . Reactions were analyzed by 20% DPAGE (8000 counts/well) 

followed by autoradiography. 

4.2.21. ODN 13 binding by HMG BD peptide 375a (Figure 5-17) 

To 150µg (7nmol for duplex) of ODN 13 was added 4µ1 of P32-ATP, 10µ1 of 

polynucleotide kinase (PNK) buffer (l0X) lµl of 500mM DTT (prepared immediately 

prior to addition), 6µ1 of PNK and sterile DDH2O to a total volume of 100µ1. The reaction 

was incubated 37°C for 1 hour, followed by EtOH precipitation, sephadex G-50 column 

chromatography, and subsequent EtOH precipitation. The labeled ODN was resuspended 

in 35.7µ1 of 20mM Tris buffer (pH= 7.5) to afford a IO0µM stock solution with respect to 

the duplexed substrate. Annealing was carried out by heating to 80°C for 10 minutes 

followed by cooling to 25°C over the course of 3 hours. Further cooling to 4°C was 

carried out for another 2 hours. Utilizing this stock solution of duplexed ODN the 

following reactions were set up at 4°C . Incubation at 4°C was carried out for 1 hr. and the 

reactions then incubated at 37°C for another 14 hours. 
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Table 4-7. Reactions of 375a with FR-66979 and ODN 13. 

Reaction# I µlODN I µI FR66979 I µl HMG-cys I µI DTI I µlH2O 

1 5 5 
2 5 2 (50rnM)* 0.5 (2 M)* 2.5 
3 5 2.5 (2 mM)* 0.5 (2 M)* 2 
4 5 2 (50mM)* 2.5 (2 mM)* 0.5 (2 M)* 
5 5 2.5(20 mM)* 0.5 (2 M)* 2 
6 5 2 (50mM)* 2.5(20 mM)* 0.5 (2 M)* 
* - Denotes concentration of given stock solution. All stock solutions composed of 
DDH2O as solvent unless otherwise noted. 

Following incubation at 37°C reactions were EtOH precipiated, dried in vacuo and then 

resuspended in DPAGE loading dye to an activity of 50,000 cpm/ul. To each lane of a 

20% denaturing polyacrylamide gel was loaded 5 µl of each reaction and electrophoresis 

carried out at 60 W for 4 hours. Autoradiography was perfomed at -80°C for 2 hours to 

yield the image depicted by Figure 5-17. 

4.2.22. OTT Reactions of 375a complex with ODN 16 (Figure 3-10) 

The reactions detailed in 4.2.21. above were performed using template 8 and the contents 

loaded to an analytical thickness 20% DP AGE ( poured using the preparative size comb). 

Electrophoresis of the samples was carried out for 6 hours at 75 Watts , the bands of 

interest (see table below) were visualized by autoradiography, excised and isolated via the 

crush and soak method described previously (section 4.1.9.) Each DNA was resuspended 

in DDH2O to an activity of 10,000 cpm/ul. Utilizing these stock solutions, the following 

reactions with DTT were set up at 25°C and allowed to incubate at this temperature for 45 

minutes. To 4 µl of each sample was added either 1µ1 DDH2O or 1 µl 500mM DTT to 

obtain the concentrations outlined in Table 4-8. The reaction contents and corresponding 

DTI concentrations were as follows: 
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Table 4-8. DTT concentrations for attempted reduction of 375a peptide dimer-DNA 
complexes 
Reaction / entry I Reaction Contents I DTT Concentration (in mM) I 
1 
2 
3 

4 

5 
6 
7 

8 

control ODN 16 
control ODN 16 100 
ODN 16 monoadduct w/ -
FR66979 
ODN 16 monoadduct w/ 100 
FR66979 
ODN 16 gel-shifted adduct -
ODN 16 gel-shifted adduct 100 
ODN 16 gel-shifted adduct -
from FR66979 reaction 
ODN 16 gel-shifted adduct 100 
from FR66979 reaction 

Following incubation at 25°C for 45 minutes, each reaction was EtOH precipitated and 

resuspended in 15 µI of DP AGE loading dye. To each well of a 20% DP AGE was added 5 

µI of each dye-reaction mixture (without heating prior to loading) . The faceplate of the gel 

was heated for 3 minutes to about 90°C with a hand-held heat gun with concommittant 

electrophoresis. Electrophoresis was carried out at 60 Watts until the xylene cyanol was 10 

cm down the gel. Autoradiography was performed at -80 °c for 8 hours to yield the image 

depicted in Figure 3-10. 

4.2.23. Differential radiolabeling of template 8 and reactions with 

375a (Figure 3-11). 

Two stock solutions of template 8 were used; one in which ODN 16 was 5' labeled; and 

the other in which ODN 16' was labeled. Each duplex (4 nmol.) was dissolved in 41µ1 

of 20 mM Tris (pH=8.0) so as to afford DNA stock solutions O. lmM in duplex ( 3.7 rnM 

in base pairs). Using the peptides 375a and 375b and DTT, the following reactions were 

set up and allowed to incubate 37°C for 12 hours. 
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Table 4-9. Reactions of HMG peptides 375a and 375b with template 8. 

entry/reaction µlDNAa µl375a µ1375b µlDTT µlDDH2O 

1 5 (ODN 16) 5 
2 5 (ODN 16) 2.5 (2rnM) l(lM) 1.5 
3 5 (ODN 16) 2.5 (20rnM) - 1 (IM) 1.5 
4 5 (ODN 16) 2.5 (2rnM) l(lM) 1.5 
5 5 (ODN 16) 2.5 (20rnM) 1 (IM) 1.5 
6 5 (ODN 16') - 5 
7 5 (ODN 16') 2.5 (2rnM) l(lM) 1.5 
8 5 (ODN 16') 2.5 (20rnM) - 1 (lM) 1.5 
9 5 (ODN 16') - 2.5 (2rnM) l(lM) 1.5 
10 5 (ODN 16') - 2.5 (20rnM) 1 (lM) 1.5 
a The notation in parentheses indicates which strand of template 8 bore the 5'-end 
radiolabel. All values in parentheses represent stock solution concentrations. 

Following incubation, samples were EtOH precipitated , dried, and then resuspended into 

DP AGE dye to an activi ty of 50,000 cpm/ml. Electrophoretic analysis as in the preceeding 

section led to the autoradiogram depicted in Figure 3-11. 

4.2.24. Piperidine digestion of ODN 16 and ODN 16' complexes with 
375a and 375b (Figure 3-12, 5-18) 

The slow mobility adducts obtained from section 4.2.23 . were isolated via 10% 

DP AGE purification, isolated by crush and soak and then EtOH precipitated. Each slow 

mobility band and corresponding ODN 16 and ODN 16' standards were resuspended in 

DDH2O to an activity of 8000 cpm/rnl. From each sample isolated (peptide complexes and 

standards) was withdrawn 4 ml and to it was added 200 µl IM piperidine. To another 4 µl 

aliquot of each sample isolated was added 12 µg ( 1 nmol) of ODN 18 as a competitor for 

piperidine/peptide mediated DNA cleavage. This accounted for a 20 fold molar excess of 

unlabeled competitor DNA. To these samples was also added 200 ml IM piperidine. All 

reactions were then heated to 90°C for 25 minutes and the reactions then work-up as 

described in section 4.1.10. Following lyophi lization, each reaction was dissolved in 
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DP AGE dye to an activity of 500 cpm/ml. 20% DP AGE analysis of the resulting cleavage 

patterns followed electrophoresis at 50 Watts for 4 hours. The activities loaded to gels 

depicted in Figure 3-10 are as follows : DNA and DNA-peptide controls: 1250 cpm/well, 

Maxam-Gilbert G: 3000 cpm/well, G+A: 6000 cpm/well, All piperidine reactions 2390 

cpm/well. Activities loaded to Figure 5-18 autoradiogram are the same except only 2319 

cpm/well was loaded per piperidine reaction. 

4.2.25. FR-66979-mediated DNA-peptide cross-linking of template 8 

and HMG BD peptide 376 (Figure 3-13). 

To 10 nmoles of 5•_32P-end-labeled oligos ODN 16 and ODN 16' annealed to their 

correspondingly unlabeled complements was added 100 µI 200mM Tris (pH = 7.5). This 

resulted in stock solutions O. lmM in template 8. The ODNs were annealed as described 

previously and then divided into two 50µ1 aliquots. To one 50 µI aliquot for each 

differently radiolabeled duplex was added 50 mM FR-66979 and 2M DTT to final 

concentrations of 10 mM drug and 100 mM thiol. To the other 50 µl batches of each 

duplex was added DDH2O instead of drug. The same volume of thiol was added so as to 

achieve a final concentration of 100 mM DTT. Reactions were incubated at 25°C for 16 h. 

after which time the reactions were passed through a Sephadex G-50 size exclusion column 

and the first radioactive fraction of each reaction collected and EtOH precipitated. The 

pellets were resuspended into 100 µI DDH2O once more and EtOH precipitated once more 

to ensure desalting. The samples were then dried in vacuo and then resuspended into 250 

µl 10 mM Tris (pH = 8.0). This afforded stock solutions of FR-66979 modified DNA 20 

µMin duplex (740µM in base pairs) . The following DNA-peptide reactions were set up at 

room temperature and allowed to incubate 37°C for 12-24 hours . These reactions were 

done in glass-lined screw top autosampler vials (1 00 µI volume) due to the known 

tendency of the peptide to adhere to the inside of plastic eppendorf tubes. 
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Table 4-10 Reactions of FR-66979 alkylated template 8 with HMG peptide 376 

entry/reaction µ 1 314 modified µl HMG peptide µl DDH2O 
template ga 3 7 6 

1 20 (ODN 16') 20 
2 20 (ODN 16') 20 (lO0µM) 

3 20 (ODN 16') 20 
4 20 (ODN 16') 20 (l00µM) 

5 20 (ODN 16) 20 
6 20 (ODN 16) 20 (l00µM) 

7 20 (ODN 16) 20 
8 20 (ODN 16) 20 (l00µM) 
a ODN in parentheses denotes which strand of template 8 was radiolabeled. Other 
parentheses values denote stock solution concentration. 

Following 37°C incubation, 5 µl aliquots were withdrawn from each reaction and added to 

15 µI of DP AGE dye. Samples were then analysed by 20% DP AGE. It is noteworthy that 

whether or not the samples were heated to 90°C for 3 minutes prior to loading did not 

affect the amount of gel retarded material in the peptide + drug reactions. To ensure 

denaturation , samples were typically loaded and then the gel faceplate heated with a heat 

gun during the first 5 minutes of electrophoresis. 

4.2.26. Ligand exchange reactions of ODN 16 and ODN 16' drug-

mediated complexes with 376 (Figure 5-19) 

The entire reaction contents from section 4.2.25 . were added to an equal volume of 

DPAGE loading dye and then loaded to an analytical thickness 20% DPAGE. The DNAs 

0.4 mm above the gel-shifted bands were purified as described previously and then 

subjected to re-labeling with terminal deoxynucleotidyl transferase and a-32P-ddATP. The 

radiolabeled bands were then EtOH precipitated, resuspended and passed through a 

Sephadex G-50 column. The first radiolabeled fractions were collected and EtOH 

precipitated. It is particularly noteworthy that these bands did not contain the 5'-end-
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labeled material as this would interfere with later sequencing methods. Additionally, single-

stranded 3'-end-labeled ODN 16 and ODN 16' were purified on the same gel and used 

as standards. Each gel-shifted ODN was then dissolved into 100 µI DDH2O. From each 

peptide-DNA complex was then withdrawn 10 µl and using these aliquots, the following 

reactions with unlabeled duplex competitor template 8 set up. 

Table 4-11. Reaction volumes and concentrations of DNA-exchange reactions of ODN 
16/ODN 16' complexes with 376 and unlabeled duplex template 8. 

entry/reaction µI 376-DNA µl "cold" µ I 1 0mM ["cold" % retention 
complex template 8 Tris template 8] of gel-

shift 
adducta 

1 10 (ODN 16) - 10 NIA 
2 10 (ODN 16) - 10 74.6 
3 10 (ODN 16) 10 (0.5 mM) - 0.25 µM 62.4 
4 10 (ODN 16) 10 (5 µM) 2.5 µM 77.4 
5 10 (ODN 16) 10 (50 µM) 25µM 74.4 
6 10 (ODN 16) 10 (500 µM) - 250µM 75.8 
7 lO(ODN 16') - 10 NIA 
8 1 0(ODN 16') - 10 65.0 
9 lO(ODN 16') 10 (0.5 µM) - 0.25 µM 64 .8 
10 l0(ODN 16') 10 (5 .0 µM) - 2.5 µM 67 .7 
11 l0(ODN 16') 10 (50 µM) 25µM 70.0 
12 lO(ODN 16') 10 (500 µM) - 250µM 66.7 
Values in parentheses denote stock solution concentrations. In the case of the 376-DNA 
complexes,the parentheses denote which complex was used. Values based on band 
excision and subsequent liquid scintillation counting. 

All reactions were approximately 0.2 µM in peptide-DNA complex. This value was based 

on the fact that each reaction in the preceeding section contained 20µ1 of a 20pmol/µl DNA 

solution. From each reaction was obtained about 10% (by LSC) yield of the DNA-peptide 

conjugate. This would equate to 40pmol of the gel-shifted material. After radiolabeling and 

purification, this complex was resuspended into 100 µI DDH2O thus affording 0.4 pmol of 
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complex per µI. Ten µI of this solution would afford 4 pmol to be ultimately dissolved in a 

total of 20 µI for each "exchange" reaction. In short, each ODN-peptide stock solution was 

0.4 µM. All exchange reactions were incubated 37°C for 24 h. after which time 5µ1 

aliquots were withdrawn and placed in 10 µl DPAGE dye. Samples were heated 90°C 2 

minutes prior to DPAGE analysis. 20% DPAGE analysis was carried out similarly to 

section 4.2.25. to yield the image in Appendix Figure 5-19. 

4.2.27. Piperidine digestion of FR-66979 mediated ODN 16 and ODN 
16' complexes with 376 (Figure 5-20) 

Using the remainder of the gel-shifted complexes in section 4.2.26 piperidine digestions 

were set up. 30 µl of each complex was lyophilized to dryness to each was then added 100 

µl IM piperidine. Analagous control digestions were run alongside the peptide reactions. 

Samples were heated and then worked up as previously described. Following 

lyophilization each sample was resuspended into 10 µl DP AGE dye, transfered to a new 

eppendorf tube and counted by LSC. Samples were then brought to an activity of 1000 

cpm/µl. Standards for both native DNA and peptide complexes were brought to an activity 

of 725 cpm/µl, while G and G+A lanes were brought to activities of 1000, and 2000 

cpm/µl respectively. The activities loaded to gels depicted in Figure 5-20 are as follows: 

DNA and DNA-peptide controls: 725 cpm/well, Maxam-Gilbert G: 2000 cpm/well, G+A: 

4000 cpm/well, All piperidine reactions 3000 cpm/well. Electrophoresis was carried out at 

60 Watts for 3.5 hours. Autoradiography was then conducted at -80°C for 18 h. to afford 

the image Figure 5-20. Notably, no prominent base labile sites were seen in peptide 

containing digestions that did not appear in the control digestions. 
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Mass Spectral analysis of FR-66979 mediated ODN 16 and 
ODN 16' complexes with 376 (Figure 3-14) 

To 100 nmoles of ODN 16 (unlabeled) was added 100 nmoles of ODN 16' The oligos 

were EtOH precipitated as described earlier and then dried in vacuo. Resuspension into 1 

ml of 200 mM Tris (pH= 7.5) was performed and the strands annealed to each other by 

heating to 80 °C 10 min. and then cooling to room temperature over the course of a 2 h. 

time frame. To the resulting duplex was added 50 mM FR-66979 and 2M DTT so as to 

afford a final concentration of lOmM FR-66979 and 100 mM DTT. Reactions were kept at 

room temperature for 24 h. and the samples then EtOH precipitated. Resulting pellets were 

resuspended in 100 µl DDH2O and EtOH precipitation effected once again. This cycle was 

performed once more and the sample then dried in vacuo. The presumably alkylated 

species was then resuspended into 5 mls. lOmM Tris (pH = 8.0) so as to afford a stock 

solution of 20pmol/µl. To 4.5 mls. of this solution was added an equal volume of 0.1 mM 

376 in DDH2O. To the remaining 0.5 ml of DNA was added an equal volume of DDH2O. 

Both reactions were heated 37°C for 24 hours followed by cooling to 4°C and subsequent 

butanol extraction down to a volume of 500 µI. To each 500 µl batch was added an equal 

volume of DPAGE dye and the samples loaded to a preparative 20% DPAGE. Samples 

were then worked up as described in section 4.2.12. Negative ion electrospray mass 

spectral analysis yielded the image depicted by Figure 3-14. 
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4. 3. Representative Synthetic Methods 

4.3.1. FR-66979 (314) Pd/C Reduction methods 

OH _.....OCONH2 OH ( OCO:H2 

H NH 
HOH2C 

312 , FR-900482 314, FR-66979 

To a stirred solution of 312 (28.5 mgs., 09 mmol. ) in de-gassed MeOH (2 ml s.) was 

added 5 mgs. 10% Pd/C and the mixture bubbled through with H2 at 1 atmosphere. The 

reaction was monitored periodically by TLC (4:9 MeOH:CH2CJi). After 3 hours no 312 

was visible by TLC and the reaction then passed through a pad of celite to remove the 

catalyst. Notably, both crude and PTLC purified (4:9 MeOH: CH2Cli) samples gave rise 

to identical spectral characteristics and HPLC traces. PTLC purification afforded FR-66979 

as a white solid in typical yields of 60 %. Notably, reduction at 60 psi or 90 psi afforded 

crude FR-66979 which possessed identical HPLC lH NMR, TLC and UV characteristics 

to all other samples of FR-66979. Rf (4:9 MeOH:CH2Cli) 0.24, 0.50 

1 H NMR (300 MHz.) (major diastereoisomer in D2O) 2.56 (m, lH), 2.58 (d, J = 6.67 

Hz., lH) 3.31 (d, J = 5.7 Hz., lH), 3.59 (d, J = 3.9 Hz.2H), 4.40 (2H, s), 4.51 ( d , J 

= 11.3 Hz, lH), 4.95 ( dd, J = 11.3 , 4.8 Hz. lH), 6.38 ( d, J = 1.35 Hz.,lH), 6.52 (d, J 

= 1.23 Hz. ,l H). 

IR (KBr) 3400, 1647, 1560,1081, 670 cm-1 

MS (ES)(% Total ion count) 324.2 (M+, 9.94), 279.2 (0.18), 214.1 (.79), 105 (4.20) 

UV ( H2O); Amax nm. 215 
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4.3.2. FR-66979 (314) NaBH4 Reduction methods 

OH OH (OCO:H2 

H NH 
HOH2C 

0 
312 , FR-900482 314, FR-66979 

To a stirred solution of 312 (29.2 mgs., 091 mmol.) in MeOH ( 2.9 mls.) was added 23 

mgs. NaBH4 at-78°C. The reaction was stirred for 15 minutes at-78°C. TLC analysis 

(5:2 CH2Ch: MeOH) revealed consumption of starting material. To the reaction was then 

added saturated NH4Cl (20m1s) and the reaction allowed to warm to 25 °c. The reaction 

contents were passed over a C18 Sep-Pak and the adsorbed compound washed with water. 

The product was eluted off the column with MeOH. The methanol was rotovapped off and 

the sample either PTLC purified as for the Pd derived material or used crude for the DNA-

cross-linking reactions or HPLC analysis. This material (crude or purified) was identical to 

the material derived by catalytic hydrogenation. 
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Triacetylation of 312 to afford 313 

OH ......-OCONH2 

H H 

0 
312, FR-900482 

OAc ......-OCONH 2 

I 
# NAc 

313 , FK-973 

To a stirred solution of 312 (79.2 mgs.,.25 mmol.) in pyridine (6 .3 mis.) was added 3.2 

mis. acetic anhydride at 25°C. The reaction was stirred overnight at room temperature. 

TLC analysis ( 1: 1 Hexanes:MeOH; 1 % Et3N) revealed consumption of starting material. 

The acetic anhydride/pyridine mixture was removed in vacuo and the resulting oil taken up 

in 5 mis . 1: 1 EtOAc:CH2Cl2. To this was added 20mls. H2O. The resulting mixture was 

extracted 3 times with 20mls. EtOAc each time. The resulting organic was washed with 

saturated NaCl solution 3 times and then dried over anhydrous sodium sulfate. The sample 

was dried in vacuo and PTLC purified (15: 1 CH2CJi:MeOH) to afford 313 in an overall 

yield of 70% (78 .2 mgs. recovered-major diastereoisomer) as a lightly colored yellowish 

powder. 

1 H NMR (300 MHz.) (major diastereoisomer in D2O) 1.75 ( s, 3H), 2.13 (s, 3H) 2.26 (s, 

3H), 2.98 (d, J = 6.48 Hz., IH), 4.40 (2H, s), 3.62 ( d, J = 6.44 Hz, lH), 3.67 ( dd, J = 
6.6, 2.65 Hz. lH), 3.87 ( q, J = 15.2 Hz.,2H), 4.22 (dd, J = 2.66, 11.91 Hz.,lH), 4.38 

(dd, J = 11.91 , 5.3 Hz., IH), 7.25 (d, J = 1.39 Hz. , lH), 7.31 (s, J = 1.42 Hz., lH) 

9.69 (s, lH) 

IR (KBr) 3600-3400, 1709, 1569(w), 1453, 1325, 1209 cm-1 

MS (ES) (% Total ion count) 448.5 (M+, 0.46) , 465. l (M+NH4, 4.91), 391.3 (1.19) 
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Figure 5-1. Reactions of 312 with linearized pBS+ in the presence of Fe(Ill)-EDTA and 
Fe(Il)-EDTA in the absence and presence of desferal. All reactions carried out in lOmM 
phosphate buffer, pH 8.0. Gel origin is to the left of wells therefore the direction of 
electrophoresis is from left to right. ote that two series of wells were loaded ; lanes 1-14 
represent the first series of loadi ngs and lanes 15-28 represent the second series of 
loadings. Reactions were incubated 37°C 4 hours prior to electrophoresis. Lane 1) DNA 
control ; Lane 2) 1 OmM 292 ; Lane 3) 0.2 µM Fe(Ill)-EDTA; Lane 4) 2.0 µM Fe(Ill)-
EDTA; Lane 5) 20 µM Fe(lll)-EDTA; Lane 6) 0.2 µM Fe(Il)-EDT A; Lane 7) 2.0 µM 
Fe(Il)-EDTA; Lane 8 20 µM Fe(Il)-EDTA. Lane 9 I OmM 312 + 0.2 µM Fe(IIJ)-EDT A 
; Lane 10 lOmM 312 + 2.0 µM Fe(III)-EDTA ; Lane 11 IOmM 312 + 20 µM Fe(lll)-
EDTA; Lane 12 lOmM 312 + 0.2 µM Fe(Il )-EDTA; Lane 13 lOmM 312 + 2.0 µM 
Fe(Il)-EDTA; Lane 14 IOmM 312 + 20 µM Fe(Il)-EDTA; Lanes 15-28 ; same 
loadings as lanes 1-14 except these reactions also contained lOµM desferal. 
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Table 5-1. Reactions of 312 in the presence of Fe(IIl)-EDTA and Fe(Il)-EDTA 

Entry/lane [312] [Fe(ill)- Fe(ll)-EDT A %Isca % ISCb 
EDTA 

1 
2 l0mM 8.3 5.9 
3 0.2µM 
4 2.0µM 

5 20.0 µM 

6 0.2 µM 
7 2.0µM 

8 20.0 µM decomp.c decomp.c 
9 l0mM 0.2µM 16.7 11.6 
10 l0mM 2.0µM 28.8 16.6 
11 l0mM 20.0 µM 59.0 61.3 
12 l0mM 0.2µM 10.9 16.3 
13 l0mM 2.0µM 28.9 26.3 
14 lOmM 20.0 µM 70.3 74.5 

a % ISC in the absence of desferal; b % ISC in the presence of lOmM desferal 
(represented by lanes 15-28 in Figure 5-1; c denotes decomposition resulting from 
Fenton/Haber-Weiss strand scission events mediated by Fe(Il)-EDT A. 



301 

1 2 3 4 5 6 7 8 9 11 

• 

• • -

• 
• 

!' 

• • • 
• 
• 
• 

T A A 
C 

.G - C 
T A A 
T 

T 

C 

G 

T 

.A 

.A 
T 

- G 

C 

-A 

• 
Figure 5-2. Autoradiogram of Fe(Il)-EDTA footprinting of FR-66979 cross-linked 
templates 1 and 2 (labeled at 5' terminus of ODNs 1 and 2 respectively) . Lanes 1-
3, standard DNA, cross-linked template 1, cross-linked template 2; lanes 4 and 9 
Maxam-Gilbert G; lanes 5,10 Maxam-Gilbert G+A. Lane 6, lmM Fe(Il)-EDTA 
control; Lane 7, cross-linked template 1 after lmM Fe(Il)-EDTA digestion; Lane 8, 
cross-linked template 2 after lmM Fe(Il)-EDTA digestion. Slow mobility cross-link 
standards in lanes 2 and 3 near gel origin. 
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Figure 5-3. Autoradiogram of Fe(II)-EDTA footprinting of cross-linked 5' end-labeled 
5'-TI'TATTAACGTAATGCTTAATCGCAATGGGAIT-3' (ODN 1) and 5'-TI'TATTA-
ACITAATGCTTAATCGCAATGGGATT-3'(ODN 2) to their mutual complement ODN 
3. Lane 1 is standard 5- labeled template 1. Lanes 2,3,4 are template 1 cross-linked 
with FR-900482 (312), FR-66979 (314), and FK973 (313) respectively. Lanes 5,6,7, 
are template 2 cross-linked with 312 , 314, and 313 respectively. Lanes 8,9,10 are 
Maxam-Gilbert G, G+A, and 1 mM Fe(II)-EDTA lanes respectively. Lanes 11,12, 13 
are template 1 cross-linked by 312, 314, and 313 respectively , followed by Fe(Il)-
EDTA digestion. Lanes 14,15,16 , are template 2 cross-linked by 312, 314 , 313 
respectively, followed by Fe(Il)-EDTA digestion. Lanes 17 and 18 are Maxam-Gilbert 
G and G+A lanes respectively. 
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Figure 5-4. Autoradiogram of Fe(II)-EDT A footprinting of FR-66979 cross-linked 
template 1 and template 2 (32p labeled at 5' terminus of ODN 3). Lanes 1-3 , 
standard DNA, cross-linked template 1, cross-linked template 2; lanes 4 and 5 
Maxam-Gilbert G, G+A respectively. Lane 6, lmM Fe(II)-EDTA control ; Lane 7, 
cross-linked template 1 after 1 mM Fe(II)-EDT A digestion; Lane 8, cross-linked 
template 1 after 1 mM Fe(II)-EDT A digestion. Lanes 9 and 10 Maxam-Gilbert G, G+A 
respectively . Slow mobility cross-link standards in lanes 2 and 3 (outside of the 
sequencing region depicted) may be seen near gel origin. 
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Figure 5-5. Autoradiogram of reactions of HPLC fractionated crude FR-66979 (314) 
from catalytic hydrogenation with template 1 (32p labeled at 5' terminus of ODN 1) . 
Lanes 1,2; standard DNA, lOmM DTT control; lane 3; lmM fraction A/B mixture 
Lane 4, lmM fraction A/B mixture+ 1 mM DTT; Lane 5; lmM fraction C; Lane 6; 
lmM fraction C + 1 mM DTT; Lane 7; lmM fraction D Lane 8; lmM fraction D + 
lmM DTT Lane 9; 10 mM fraction A/B mixture; Lane 10; 10 mM fraction A/B mixture 
+ 10 mM DTT; Lane 11; 10 mM fraction C; Lane 12; 10 mM fraction C + 10 mM DTT; 
Lane 13; 10 mM fraction D; Lane 14; 10 mM fraction D + 10 mM DTT. 
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Figure 5-6. Autoradiogram of reactions of 352/353 with template 3 (32p labeled at 5' 
terminus of ODN 4). Lanes 1,2; standard DNA, l00mM DTT control; lane 3; lOmM 
FR-66979 Lane 4, 10 mM FR-66979 + 100 mM DTT; Lane 5; 20 mM FR-66979 ; 
Lane 6; 20 mM FR-66979 + 100 mM DTT; Lane 7; 10 mM 352/353 Lane 8; 10 mM 
352/353 + lO0mM DTT Lane 9; 20 mM 327 /328 ; Lane 10; 20 mM 352/353 + I 00 

mMDTT. 
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Figure 5-7. Autoradiogram of reactions of 312-314 with template 3 (32p labeled at 
5' terminus of ODN 4). Lanes 1,2; standard DNA, 400mM DTT control ; lane 3; 
l0mM 312 ;Lanes 4-7 l0mM 312 + 10, 100, 200,400 mM DTT respectively ; lane 8; 
lOmM 314 ;Lanes 9-12 l0mM 312 + 10, 100, 200,400 mM DTT respectively; lane 
13; l0mM 313 ;Lanes 14-17 l0mM 313 + 10, 100, 200,400 mM DTT respectively . 
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Figure 5-8. Reactions of reductively activated 314 with template 3 (lanes 1,2), 
template 4 (lanes 3,4) and the self-complementary ODN 7 (lanes 5,6) . Lanes 1,2; 
standard DNA, lOmM FR-66979 crude ; Lane 3, 4; standard DNA, lOmM FR-66979 
crude; Lanes 5, 6 standard DNA, lOmM FR-66979 crude 
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Figure 5-9. Fe(II)-EDT A footpri nting of FR-66979 (314) cross-link orientation isomers 
of templates l(lanes 1- 8 5'-labeled on ODN 4 whereas lanes 9-16 are 5' labeled 
on ODN 4') Lanes 1-3 , standard DNA, s low cross-link, and fast cross- links 
respectively; lanes 4 ,5 Maxam-Gilbert G and G+A lanes respectively; lane 6 lmM 
Fe(II)-EDT A control ; Lanes 7 and 8, slow and fas t orientation isomers subjected to 
lmM Fe(Il)-EDTA digestion . Lanes 9-16 are the same as lanes 1-8 except ODN 4' is 
radio labeled instead of ODN 4. 
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Figure 5-10. Hyperchromicity plots for fast and slow orientation isomers of FR-66979 
cross-linked template 3. A) Plot of 260nm absorbance versus temperature for native 
template 3. B) Plot of 260nm absorbance versus temperature for slow isomer. C) Plot of 
260 nm absorbance versus temperature for fast isomer. 
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Figure 5-11 . on-denaturi ng polyacrylamidc gel elec trophoresis of T4 DNA Ligase 
reactions of FR-66979 orientation isomers of cross-linked template 1 (32p labeled at 5' 
terminus of ODN 1). Lanes 1-3 ; standard D A, slow and fast cross-link isomers 
respectivel y. Lane 4, template 3 li gation standard ; Lane 5; slow cross-link ligation ; 
Lane 6; fast cross-l ink ligation ; Lane 7: mixed native DNA and slow cross-link li gation 

Lane 8; mixed nati ve D A and fast cross- link ligation 
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Figure 5-12-DEPC sequencing of hyperactive regions in 314 cross-linked template 3. 
Template 3 was 5'-labeled on ODN 4. Base numbering is with respect to the 5' end of 
ODN 4. Lanes 1-3 are template 3 standard, slow cross-link and fast cross-link 
stardards respectively; Lanes 4 &5, Maxam-Gilbert G, G+A respectively, Lane 6, lmM 
Fe(m-EDT A digestion standard, Lanes 7 & 8 are fast and slow cross-links subjected to 
Fe(II)-EDTA digestion. Lane 9 is slow orientation isomer subjected to IM piperidine 
80°C; lanes 10-12 are slow cross-link treated with 5,10, 15 µl DEPC respectively then 
IM piperidine. Lanes 13-16 are the same as lanes 9-12 except using the fast orientation 
isomer of cross-linked template 3. 
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Figure 5-13. CAA sequencing of hyperactive regions in 314 cross-linked template 3. 
Lanes 1-12 template 3 was 5'-labeled on ODN 4 while for lanes 13-24 ODN 4' 
was 5' end-labeled. Base numbering is with respect to the 5' end of either radiolabeled 
ODN. Lanes 1-3 are template 3 standard, slow cross-link and fast cross-link stardards 
respectively; Lanes 4 & 5, Maxam-Gilbert G, G+A respectively , Lane 6, I mM Fe(II)-
EDT A digestion standard, Lanes 7 is slow cross-link subjected to IM piperidine 80°C for 
30 minutes. Lanes 8,9 are slow orientation isomer subjected 2 and 5 µl of 

chloroacetaldehyde respectively then IM piperidine. Lane 10 is fast cross-link subjected 
to IM piperidine 80°C for 30 minutes. Lanes 11,12 are fast orientation isomer subjected 
2 and 5 µl of chloroacetaldehyde respectively then IM piperidine. Lanes 13-24 were 

prepared analagously to lanes 1-12. 
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Figure 5-14. 20 % DPAGE of sequent ial denaturi ng/renaturation reactions using 
orientation isomers of template 7 (5 ' labe led on ODN 9) cross-linked with 314 . Lanes 
1-3, standard duplex , slow orientation isomer of cross- linked substrate, fast orien tation 
isomer standards . Lanes 4-6 depict the products of heat denaturation at 80 °C for 10, 
20. and 30 minutes respectively for the slow orientation isomer. Lanes 7-9 depict the 
products of heat denaturation at 80 °C for 10, 20, and 30 minutes respectively for the fast 

orientation isomer. 
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Figure 5-15. 20% DPAGE analysis of Alu I restriction endonuclease reactions with MC 
cross-linked template 7 (5' labeled on ODN 9). Lanes 1-3, standard duplex, slow 
orientation isomer of cross-linked substrate, fast orientation isomer standards. Lanes 4-
12, reaction products of Alu I cleavage of native template 7 at 1,2,5, 10, 20, 30, 40, 50 
minutes and 1 h. respectively. Lanes 13-21 reaction products of Alu I cleavage of slow 
MC isomer of cross-linked template 7 at 1,2,5,10, 20, 30, 40, 50 minutes and 1 h. 
respectively . Lanes 22-30 reaction products of Alu I cleavage of fast MC isomer of 
cross-linked template 7 at 1,2,5, 10, 20, 30, 40, 50 minutes and 1 h. respectively. 
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Figure 5-16. 20 % non-DPAGE analysis of FR-66979 (314) cross-link orientation 
isomers of template 3. Lanes 1,2 , standard duplex (heat denatured at 90°C 2 min. 
prior to loading) , standard duplex (not denatured) . Lanes 3,4, slow orientation isomer 
of cross-linked substrate , fast orientation isomer standards respectively Lane 6 FR-
66979 monoadduct of ODN 4 (after attempted denaturation at 90°C). 
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Figure 5-17. Autoradiogram of ODN 13 reactions with 375a . Reaction s were 
conducted in IOmM Tris (pH= 8.0) at 37°C for 12 hours. Lane 1 is standard 5' labeled 
self-complementary ODN 13 . Lane 2 is ODN 13 reacted with 50mM FR-66979 + 
1 00mM DTT. Lane 3 is ODN 13 reacted with 0.5 mM 375a + I 00mM DTT Lane 4 
is ODN 13 reacted with 0 .5 mM 375a +IO0mM DTT + l0mM FR-66979 . Lane 5 is 
ODN 13 reacted with 5 mM 375a + 1 00mM DTT and lane 6 is ODN 13 reacted with 5 

mM 375a +I00mM DTT + 10 mM FR-66979. 
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Figure 5-18 .- Piperidine digestion of 375a complex with 5'- labeled ODN-16'. Lane 
1 : standard template 8 . Lane 2- 375a complex with ODN-16 ; Lane 3, 375a 
complex with ODN 16' . Lanes 4,12: Maxam-Gilbert G ; lanes 5, 13: Maxam-Gilbert 
G+A. Lane 6: piperidine control ; lane 7: piperidine control with unlabeled competitor 
DNA. Lane 8: 375a-ODN 16' complex treated with piperidine; Lane 9: 375a-ODN 
16' complex treated with piperidine and unlabeled competitor DNA. 



318 

L. <( z <( <( 
<l.. 

0 <( <( <( z 0 <( z 
.... z z z 0 .... z z z 0 _g 0 0 0 0 0 0 0 .... .... .... _g ._ .... .... _g '- .... 
ai _.g B .-E w .8 g .g 0. ·.;:o QJ 0. -~ - <ii 
E Q) QJ QJ 0. E Q) 0. 
0 0. 0. 0. E 0 0. 0. 0.. E u E E E 0 u E E E 0 
0 0 0 0 u 0 0 0 0 u 
C u u 0 C (._) 0 u 2 2 2 2 - 2 2 2 ::i ::i 0 :i ::j_ ::i 0 u ::j_ :t ::t 0 0 9--. 10 
I'--- ID ID I.() 1n I f) ID ID 
C") N 0-i N N {"') "' N N N 

JJ JJ JJ JJ JJ JJ JJ JJ JJ JJ 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

• • • .. • • •• ¢::I ONA-PEPTIDE 

• • ¢::i NATIVE SS 

\.. J y - -·---y 

ODN 16 -HMG complex OUN I G' -HMG complex 

Figure 5-19.- DNA Exchange reactions of unlabeled template 8 with ODN 16 and 
ODN 16' complexes with HMO BD peptide 376. All complexes were obtained after 
purification from FR-66979 reactions and subsequent 3'-end labeling with polynucleotidyl 
transferase . Lane 1 : standard template 8. Lane 2: 376 complex with ODN-16 
control. Lane 3: 376-ODN 16 complex incubation control (no unlabeled DNA 
inc luded) ; Lanes 4-7: 376-ODN 16 complex incubated with 2.5µM, 25µM, and 
250µM unlabeled template 8 respectively . Lane 8: ODN 16' ; complex with 351 
control, lane 9: ODN 16'-376 complex incubation control ( no unlabeled DNA). 
Lanes 10-13: 376-ODN 16 complex incubated with 2.5µM, 25µM, and 250µM 
unlabeled template 8 respectively. 
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Figure 5-20 .- Piperidine di gestion of FR-66979-mediated 376 complexes with 5'-
labeled ODN-16 and ODN-16' . Lane 1: standard template 8: Lane 2: 376 complex 
with ODN-16 control : Lanes 3,4: Maxam-Gilbert G, G+A respectively: Lane 5: IM 
piperidine control reaction, Lane 6: 376-ODN 16 complex subjected to 1 M piperidine at 
80° C 30 minutes . Lanes 7-12 : same as lanes 1-6 except using 376-ODN 16 ' 
complex. 
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