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CHAPTER I 
 



INTRODUCTION 
DNA Topology 

One of the most striking features of DNA is the intertwining of the two 

complementary strands of the double helix (1). Discovery of these characteristics led to the 

immediate recognition that biological processes such as replication would be severely 

affected by the topological state of the genetic material (2).  

 
DNA in all species ranging from bacteria to humans is globally underwound (i.e., 

negatively supercoiled) (3-6). This underwinding makes it easier to separate complementary 

DNA strands from one another and greatly facilitates initiation of replication and the 

assembly of replication forks. Once the fork begins to travel along the DNA template, 

however, the deleterious effects of topology manifest themselves (Figure 1). Since helicases 

separate, but do not unwind the two strands of the double helix, fork movement results in 

acute over winding (i.e., positive supercoiling) of the DNA ahead of the replication 

machinery (3, 5-7). This over winding has two major consequences. First, it increases the 

difficulty of separating duplex DNA into individual strands. Therefore, accumulation of 

positive super coils presents a formidable block to fork movement (5, 7-11). Second, DNA 

overwinding ahead of the fork leads to a compensatory underwinding behind the replication 

machinery. If the replisome rotates around the helical axis of the DNA, this underwinding 

allows some of the torsional stress in the pre-replicated DNA to be translated to the newly 

replicated daughter molecules in the form of precatenanes (Figure 1) (6, 7, and 11). If these 

precatenanes are not resolved, they ultimately lead to the formation of duplex daughter 

chromosomes.  

 
The supercoiling induced by underwinding is therefore defined as negative 

supercoiling. Conversely, under some conditions DNA can be over wound, resulting in 
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positive supercoiling (12). Note that the twisting path taken by the axis of the DNA helix 

when the DNA is underwound (negative supercoiling) is the mirror image of that taken when 

the DNA is overwound (positive supercoiling). Supercoiling is not a random process; the 

path of the supercoiling is largely prescribed by the torsional strain imparted to the DNA by 

decreasing or increasing the linking number relative to B-DNA. Linking number can be 

changed by 1 by breaking one DNA strand, rotating one of the ends 360 about the unbroken 

strand, and rejoining the broken ends. This change has no effect on the number of base pairs 

or the number of atoms in the circular DNA molecule. Two forms of a circular DNA that 

differ only in a topological property such as linking number are referred to as topoisomerase. 

Linking number can be broken down into two structural components called writhe (Wr) and 

twist (Tw) (13). These are more difficult to describe than linking number, but writhe is a 

measure of the coiling of the helix axis and twist as determining the local twisting or spatial 

relationship of neighboring base pairs. When the linking number changes, some of the 

resulting strain is usually compensated for by writhe (supercoiling) and some by changes in 

twist, giving rise to the equation  

Lk = Tw+ Wr 

 
Tw and Wr need not be integers. Twist and writhe are geometric rather than topological 

properties, because they may be changed by deformation of a closed-circular DNA molecule 

 
Topoisomerases Catalyze Changes in the Linking Number of DNA 

DNA supercoiling is a precisely regulated process that influences many aspects of 

DNA metabolism. Every cell has enzymes with the sole function of underwinding and/or 

relaxing DNA. The enzymes that increase or decrease the extent of DNA underwinding are 

topoisomerases;  changing the linking number of DNA. These enzymes play an especially 

important role in processes such as replication and chromosomal remodelling. There are two 
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         Figure 1.1 

Reactions catalysed by type II DNA topoisomerases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All of these reactions can be catalysed by certain classes of type II enzymes; however, the 

promotion of DNA supercoiling is unique to bacterial DNA gyrases (for negative 

supercoiling, as shown) and reverse gyrases (for positive supercoiling, not shown). (16) 



classes of topoisomerases. Type I topoisomerases act by transiently breaking one of the two 

DNA strands, passing the unbroken strand through the break, and rejoining the broken ends; 

they change Lk in increments of 1(14). Type II topoisomerases break both DNA strands and 

change Lk in increments of 2 (Fig 1.1) (15). The effects of these enzymes can be 

demonstrated using agarose gel electrophoresis. A population of identical plasmid DNAs 

with the same linking number migrates as a discrete band during electrophoresis. 

Topoisomerase with Lk values differing by as little as 1 can be separated by this method, so 

changes in linking number induced by topoisomerases are readily detected. Various 

topoisomerases from different sources were presented in Table 1.1 

 
DNA Topoisomerases 

The topological state of DNA in the cell is modulated by enzymes known as 

topoisomerases (5, 7, 17-21). These ubiquitous enzymes regulate DNA over-and 

underwinding, and remove knots and tangles from the genetic material by creating transient 

breaks in the sugar-phosphate backbone of the double-helix (5, 7, 17-23). Topoisomerases 

maintain genomic integrity during this process by forming covalent attachments between 

their active site tyrosyl residues and the terminal DNA phosphates generated during the 

cleavage reaction (7, 17, 20, 21). This covalent linkage is the hallmark characteristic of all 

DNA topoisomerases. The actions of these enzymes allow the progression of virtually all 

metabolic events in the cell. 
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Table 1.1 

Topoisomerase II Classification (25) 
 

 

Name Class Organism Special Features 
Topoisomerase (ω 

protein) I E. coli. Relaxes only negatively supercoiled DNA 

Topoisomerase III I E coli. Involved in chromosome stability and plasmid 
segregation 

DNA gyrase II E. coli. Introduces negative supercoiling. Required for 
chromosome replication/segregation 

Topoisomerase IV II E coli. No supercoiling activity. Required for 
chromosome segregation/cell division 

Reverse gyrase I Various thermophilic 
bacteria Introduces positive supercoiling 

Topoisomerase I I S. cerevisiae Relaxes negatively and positively supercoiled 
DNA 

Topoisomerase II II S. cerevisiae No supercoiling activity. Essential for 
chromosome segregation 

Topoisomerase III I S. cerevisiae Recombination function 

Topoisomerase I I Human Relaxes negatively and positively supercoiled 
DNA 

Topoisomerase IIα II Human No supercoiling activity.  
Topoisomerase IIβ II Human No supercoiling activity.  
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Topoisomerase II 

Type II topoisomerases act by generating a transient double-stranded DNA breaks, 

followed by a double-stranded DNA passage event (19-21,25).  Consequently, these 

enzymes are able to remove superhelical twists from DNA and resolve knotted or tangled 

duplex molecules. Type II topoisomerases are required for replication, recombination, 

chromosome segregation, and proper chromosome condensation and decondensation (5,7, 

22,17-21). 

 
Topoisomerase II isoforms 

Whereas lower eukaryotes such as yeast and Drosophila encode only a single type II 

topoisomerase (26,27), vertebrate species express two discrete forms of the enzyme, 

topoisomerase II α and II β (19,23,28,29). These enzymes display a high degree of amino 

acid sequence identity (~70%) and similar enzymological characteristics. However, they 

differ in their protomer molecular and masses (170 vs. 180 kDa, respectively) and are 

encoded by separate genes (19, 23, 30). Either topoisomerase II α or β can complement the 

loss of topoisomerase II in yeast (31-33), but the two enzymes have distinct patterns of 

expression and physiological functions in vertebrate cells. 

 
Topoisomerase II α is upregulated dramatically during cell proliferation and is tightly 

associated with mitotic chromosomes (18, 34-37). In contrast, expression of the β isoform is 

independent of proliferative status and the enzyme dissociates from chromosomes during 

mitosis (18,30,34,38). Thus, topoisomerase II α is believed to be the isoform that functions 

in growth-dependent processes, such as DNA replication and chromosome segregation 

(7,18) 
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 Topoisomerase II Domain Structure 

The primary structures of topoisomerase II α and β are very similar and based on the  

amino acid sequence comparisons with DNA gyrase (the best characterized prokaryotic type 

II topoisomerase) each topoisomerase II monomer can be divided into three distinct domains 

(Fig. 1.2) (5,19,20,23,30,41). 

 
N-terminal domain: The N-terminal domain (first ~670 amino acids) of topoisomerase II is 

homologous to the β-subunit of DNA gyrase (GyrB). This portion of the enzyme contains the 

site of ATP binding and hydrolysis (19, 23, 42). Crystal structures of this domain recently 

were solved for yeast topoisomerase II (43) and human topoisomerase II α (44). 

 
Central domain: The central domain (amino acids ~671-1200) of topoisomerase II is 

homologous to the A-subunit of DNA gyrase (GyrA) (19,23,45). This portion of the enzyme 

contains the active site tyrosine (amino acid 805 of topoisomerase II α and 821 of 

topoisomerase II β) required for DNA cleavage and religation. A crystal structure for this 

domain in the absence of a DNA substrate was solved for yeast topoisomerase II (46).  

 
C-terminal domain: The C-terminal domain (amino acids ~1201-1521 for topoisomerase 

IIα and ~1201-1621 for topoisomerase II β) is highly variable among species and between 

the two human isoforms. This domain contains both nuclear localization sequences (47-53) 

and sites of phosphorylation (47, 54-56). Recent studies implicated C-terminal of protein in 

an intriguing and important role in the recognition of DNA geometry (54-60).  
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Figure 1.2: 

Domain structures of topoisomerase II enzymes from prokaryotes and 

eukaryotes (16) 
 

A schematic representation of the domain structure of one prokaryotic (E coli DNA 

gyrase) and four eukaryotic topoisomerase II enzymes is shown. DNA gyrase consists of two 

polypeptides, GyrB (left) and GyrA (right), while all eukaryotic forms are single polypeptide 

chains. The number of amino acid residues in each protein is indicated on the right. The N-

terminal ATP binding domain is shown in light red. The ATP-binding region of E coli GyrB 

for which X-ray crystallographic data exists is indicated. The central DNA binding and DNA 

breakage/reunion domain is an open box. The C-terminal domain is grey. Additional notable 

features are: (1) A short N-terminal extension of unknown function in the S. pombe and 

human enzymes shown with black; (2) A horizontally hatched box denoting two amino acid 

motifs: EGDSA... PLRGK (single letter amino acid code) defining a conserved region in all 

type II  topoisomerases; (3) The active-site tyrosine residue denoted by a black vertical line 

labeled Y; (4) putative nuclear localization signals denoted by red vertical lines labeled NLS. 

The domain boundaries have been defined by reference to protease-sensitive sites within the 

E coli or S. cerevisiae proteins. The DNA gyrase subunits each contain a preferred trypsin 

cleavage site, following arginine 393 (R393) in GyrB and arginine 571 (R571) in GyrA, 

marked by black arrowheads labeled TRY. The S. cerevisiae enzyme has two preferred sites 

for V8 proteinase digestion, after glutamate 410 (E410) and around residue 1200, marked by 

the black arrowheads labeled V8-A and V8-C, respectively. The third V8 cleavage site (V8-

B*, at glutamate 680) is conditional upon ATP binding to the enzyme. 

 

 

  



 

 

 

Figure 1.2  

Domain structures of topoisomerase II enzymes from prokaryotes  
and eukaryotes  

 

 



Catalytic cycle of topoisomerase II 

As a result of its double-stranded DNA passage mechanism, topoisomerase II is able 

to remove negative or positive super helical twists (i.e., under- or overwinds) from the 

genetic material and resolve intramolecular DNA knots as well as intermolecular tangles 

(61-63). The ability to analyze specific steps of the topoisomerase II catalytic cycle has 

contributed greatly to our understanding of enzyme function and the interaction of 

topoisomerase II with anticancer drugs. A description of each step is as follows. 

 
Step 1: DNA binding 

Topoisomerase II catalytic cycle initiated by binding to its DNA substrate. This 

interaction requires no cofactor, Topoisomerase II-DNA interactions are governed by two 

properties of the double helix: nucleotide sequence and topological structure. Topoisomerase 

II can discern topological structures and interacts preferentially (as determined by levels of 

DNA binding and cleavage) with negatively or positively supercoiled nucleic acids over 

relaxed molecules (64-66). This differential recognition of DNA topology provides a straight 

forward mechanism by which the enzyme can interact strongly with its supercoiled DNA 

substrate, while releasing the relaxed DNA product. The ability of topoisomerase II to 

distinguish DNA topology probably stems from its recognition of points of helix-helix 

juxtaposition. However, it appears that the enzyme probably binds the two DNA segments in 

sequential order and that the first molecule bound is the segment that is cleaved (67- 68). 

Preferential binding to under- or overwound DNA by recognition of crossovers appears to be 

a common motif among eukaryotic topoisomerases and is shared with the type I enzyme (66, 

69). Finally, the recognition of DNA topology appears to be modulated by the 

phosphorylation state of topoisomerase II. While binding to supercoiled DNA is unaffected 

by phosphorylation (70, 71), binding to relaxed (or linear) molecules is stimulated 2-3-fold 

following modification of the enzyme by casein kinase II (71). 
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Step 2: Pre-strand passage DNA cleavage/relegation 

In the presence of a divalent cation, topoisomerase II establishes a DNA 

cleavage/religation equilibrium (72-75). Magnesium is thought to be the physiological 

cation, although such as Ca+2 and Mn+2 can substitute in vitro. This equilibrium is referred to 

as pre-strand passage to distinguish it from the cleavage/religation equilibrium that is 

established post-the strand-passage event. Under normal conditions this equilibrium lies 

towards the religated species of the reaction. The DNA scission event results from a 

transesterification reaction, in which the enzyme generates a protein-linked double-stranded 

break in one of the DNA segments. During this reaction, two active-site tyrosyl residues (one 

per protomer) bound to phosphoryl groups on both the strands of the DNA backbone (76-

77). As a result of this reaction, the enzyme becomes covalently attached to the 5’-termini of 

the cleaved DNA via phospho-tyrosyl bonds. (Figure 1.3) These bonds are formed at the 

newly formed 5’-termini at four bases apart and in opposite strands, yielding a DNA 

molecule with two 4-base 5’- overhangs. This covalent complex is known as the cleavage 

complex, and is of critical and physiologically important. The 3’-termini, although are not 

covalently attached to the enzyme, are held in place by non-covalent interactions with 

topoisomerase II (78). By remaining covalently attached to the DNA ends, this intermediate 

protects the genomic integrity of the cell. 
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Fig 1.3:Transesterfication reaction:- Tyrosyl residue bound to phosphoryl groups on both 

the strands of the DNA backbone. and, the enzyme becomes covalently attached to the 5’-

termini of the cleaved DNA via phospho-tyrosyl bonds. 

 
Step 3:  

DNA strand passage Upon binding of  ATP, topoisomerase II undergoes a 

conformational change that triggers the passage of a second double helix through double-

stranded DNA break previously generated (79,64) Concomitant with this structural 

reorientation, topoisomerase II becomes topologically linked to its nucleic acid substrate 

then enzyme acts as a protein clamp prior to recycling (80). The triphosphate portion of the 

high energy cofactor also is necessary to induce strand passage (64).   

 
Step 4:Post-strand passage (i.e., ATP-bound) 

Following the DNA translocation event, topoisomerase II once again establishes 

DNA cleavage/religation equilibrium (Figure 1.5) (65), the cleavage complex formed in the 

presence of ATP is intrinsically 2-4fold more stable than that generated prior to ATP binding 

(65,82).  
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Fig. 1.4: 

Catalytic cycle of topoisomerase II (adapted from Burden and Osheroff, 1998 (81)). 

Enzyme catalysis is depicted as a series of five steps. Step 1, topoisomerase II DNA 

recognition and binding; step 2, pre-strand passage DNA cleavage/religation; step 3, ATP 

binding and DNA strand passage; step 4, post-strand passage DNA cleavage/religation; step 

5, ATP hydrolysis and release of DNA and enzyme recycling. 



 

 

 

Figure 1.4 

Catalytic cycle of Topoisomerase II 

 

 
 
 

 

 

 



 

 

 

 

Figure 1.5 : DNA cleavage/religation equilibrium:cleave complexe formed in 

presence of ATP  

 
Step 5: Hydrolysis of ATP 

Topoisomerase II hydrolyzes ATP, which triggers the opening of the protein clamp 

and facilitates the release nucleic acid products (64,83,65,84).  

 
Finally, phosphorylation of topoisomerase II (Figure 1.6) stimulates the rate of ATP 

hydrolysis by 2-3 folds. This appears to be the primary mechanistic basis for the 

enhancement of overall catalytic activity of topoisomerase II from lower eukaryotes 

following phosphorylation by either casein kinase II or protein kinase C (70, 85). 

 

 Fig 1.6 
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Topoisomerase II-DNA Cleavage Complexes 

Topoisomerase II-DNA cleavage complexes are transient in nature and their cellular 

concentration is tightly regulated (Figure 1.7). Cleavage complex formation is essential for 

topoisomerase II to perform various cellular functions (5, 20, 21) 

If the level of topoisomerase II-DNA cleavage complexes falls too low (i.e. enzyme 

activity is lowered), cells are unable to undergo chromosome segregation (68, 69, 91, 100-

102). This loss of enzyme activity results in slow growth rates and ultimately cell death due 

to mitotic failure.  

 
While formation of the cleavage complex is essential to enzyme activity, it is 

potentially deleterious to the cell. Transient, covalently linked topoisomerase II-DNA strand 

breaks are converted to permanent DNA strand breaks when nucleic acid tracking systems, 

such as replication or transcription complexes, attempt to traverse these topoisomerase-DNA 

roadblocks in the genetic material (20, 21, 87-89). The resulting strand breaks, as well as the 

inhibition of essential DNA processes, initiate multiple recombination/repair pathways (20, 

21, 69-71). Accumulation of DNA breaks can lead to chromosome breakage, DNA 

translocations, and cancer (Figure 1.7) (65, 69, 71). If the accumulation of breaks becomes 

overwhelming, they trigger cell death pathways (70). There are several different classes of 

topoisomerase II-targeting compounds that either stimulate or inhibit cleavage complex 

formation in cells. 
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Figure 1.7: 

Effects of topoisomerase II-cleavage complexes in the cell. (Illustrated from 

osheroff 2007 (86))  

Topoisomerase II-DNA cleavage complexes are transient in nature, and their cellular 

concentration is tightly regulated. Cleavage complex formation is essential for topoisomerase 

II to perform its cellular functions. If the level of topoisomerase II-DNA cleavage complexes 

falls too low, cells are unable to undergo chromosome segregation, resulting in slow growth 

rates and ultimately cell death due to mitotic failure. Alternatively, if levels of cleavage 

complexes are too high, they can be converted to permanent strand breaks. The resulting 

strand breaks, as well as the inhibition of essential DNA processes, initiate multiple 

recombination/repair pathways. Accumulation of DNA breaks can lead to chromosome 

breakage and translocations. If the accumulation of breaks becomes overwhelming, they 

trigger cell death pathways. 



 

 

 

 

Figure 1.7 

Effects of Topoisomerase II-cleavage complexes in the cell 

 

 

 

 

 



 

 

 

 

 
Fig 1.8 
 
Routes of topoisomerase II-drug-DNA complex formation.  

There are three possible routes by which this topoisomerase II-drug-DNA complex 

(ternary complex) can be formed (Fig. 1.5) (84): (1) drugs may become part of the ternary 

complex predominantly by interacting with DNA (route 1); (2) drugs may bind specifically 

to the topoisomerase-DNA binary complex and have minimal independent interactions with 

either the enzyme or the DNA (route 2); or (3) drugs may enter the ternary complex 

primarily via association with the enzyme (route 3). . Brackets are used to denote the 

transient nature of the cleavage complex.. 



 

 

 
 

Fig 1.8 

Routes of topoisomerase II-drug-DNA complex formation. 
 

 

 

 

 

 

 

 

 

 

 

 

 



Cellular Function at activities of topoisomerase II 

Resolving the need for a molecular swivel: 

  The local unwinding of the DNA helix during DNA replication and transcription leads 

to positive supercoiling ahead of the advancing fork and negative supercoiling in the region 

behind the fork (90,91). This causes torsional stress on the DNA, which is removed either by 

Topoisomerase I or II by relaxing the positive and negative super helices (92) 

 
Decatenation of replicated chromatids and segregation:  

 DNA replication in the dense chromatin results in catenation of the newly replicated 

daughter chromatids. The separation of these interwined daughter strands requires 

decatenation, which is performed by topoisomerase II in the G2 phase of the cell cycle (93). 

This helps in segregation of the newly replicated daughter strands at mitosis and meiosis. 

Cells lacking topoisomerase II accumulate multiply-interwined, catenated dimers (94,95). 

The failure to segregate interwined DNA molecules eventually leads to cell death as the cells 

attempt to divide (96). 

 
Maintaining genome stability: 

Both the type I and type II topoisomerases, through relaxation of supercoils and 

unlinking of inappropriately paired interwined DNA strands, greatly reduce recombination 

frequency, especially in the rDNA clusters and help in maintenance of genome stability (97). 

Topoisomerase II plays an important role in suppression of recombination during meiosis 

(115). Absence of any these enzyme inadvertently results in a hyper-recombination 

phenotype, in which the rDNA gene clusters tend to get excised as extra chromosomal DNA 

rings (98) 
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Chromosome structure: 

Topoisomerase II is associated with interphase chromatin as well as the cell division 

stage chromosomes (99, 100). In fact, topoisomerase II is the major component of the 

chromosome scaffold and is concentrated at the base of the chromosomal loops, called the 

scaffold attachment regions (101), it has been proposed that topoisomerase II gives structural 

alignment to chromosomes prior to mitosis but is not required for maintaining the 

chromosomal scaffold hrough mitosis (102). 

 
Chromosome condensation/ decondensation:  

 Topoisomerase II is required for chromosome assembly and condensation prior to 

cell death (103,104). The enzyme is believed to interact with other proteins of the 

chromosome condensation (105,106). Removal of topoisomerase II activity either through 

immuno-depletion or antibody blocking completely inhibits chromosome assembly and 

condensation (102). Similarly, the enzyme is also required for chromosome decondensation 

after cell division. 

 
Regulation of Topoisomerase II activity: 

Topoisomerase II expression and activity is tightly regulated in cells. In G1 and S 

phases of the cell cycle, topoisomerase II activity is largely confined to the relaxation of 

supercoils generated during the processes of transcription and replication (107). This 

requires low expression levels and the enzyme activity is also very low, which is regulated 

through phosphorylation. As the cell passes on to the G2 and M phases, the phosphorylation 

status of enzyme is very high, consistent with its high activity (107). The functions of 

topoisomerase II and its regulation in the cell cycle are schematically shown Figure 1.9. 

Rapidly growing cancer cells, unlike the normal cells show very high expression of 

topoisomerase II in all the phases of the cell cycle (108). The enzyme is also highly 
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phosphorylated in these fast dividing cells, without which the cells cannot accomplish their 

high turnover. 

 
Depending on the requirement, phosphorylation of the enzyme can lead to increase in its 

activity by 2-15 folds (108-111). Casein kinase II and protein kinase C are the major 

enzymes that phosphorylate topoisomerase II (112-114). In addition other ‘Mitotic Kinases’ 

like the mitogen activated protein kinase (MAP Kinase) phosphorylate the enzyme during 

the G2 and M phases (115). The phosphorylation of topoisomerase II by these kinases may 

be regulated by the master controller of mitotic events, the p34 kinase (116) 

 
Topoisomerase II is an anticancer drug target 

The strand passage event in the catalytic cycle of topoisomerases comes with a heavy 

price, which is, generation of double stranded breaks in the DNA. Under normal 

circumstances, these DNA breaks are transient intermediates between the DNA cleavage and 

religation action of the enzymes (117-118). However, conditions that significantly increase 

the lifetime and physiological concentrations of these DNA breaks unleash a myriad of 

deleterious effects on the genetic material (119-121) 

 
In the early 1980’s researchers had shown that some of the well known anticancer 

drugs like etopside and amsacrine (m-AMSA) act on this aspect of the enzyme activity (122-

123). These drugs, which allow DNA cleavage by the enzyme but block the DNA religation 

event, hence these are known as ` topoisomerase II poisons` unlike the topoisomerase II 

inhibitors which basically interfere with enzyme turnover (124). Typically, these poisons 

interact bi-directionally with the enzyme and DNA or with the enzyme alone (when the 

enzyme is bound to DNA). The drug bound topoisomerase II, as per its normal catalytic 

cycle, cleaves the DNA. At this point, the transient intermediate of the covalently linked 

enzyme–cleaved DNA complex` is frozen by the drug. This ternary complex consisting of 
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enzyme–drug-DNA is called the Cleavage Complex (125-126). Formation of this complex 

disturbs the DNA cleavage /relegation equilibrium, which shifts towards DNA cleavage and 

the enzyme is no longer capable of resealing the breaks (127-128).  

 
Cancer cells generally over express topoisomerase II (108,129), and these cells when 

treated with Topoisomerase II poisons, tend to harbour numerous topoisomerase II induced 

DNA cleavage complexes (130,131). Traversal by replication or transcriptional complexes in 

the region of the breaks will apparently split up these cleavage complexes, which will expose 

the DNA breaks. Once exposed, these breaks will become targets for repair and 

recombination pathways. This in turn stimulates sister chromatid exchange, large insertions/ 

deletions, translocations and large chromosomal aberrations (119-121). When these genetic 

aberrations accumulate at high concentrations, they trigger a series of events which will 

ultimately lead to cell death through apoptosis or necrosis (132-133). The impact of 

topoisomerase II poisons on enzyme activity and the subsequent effects are depicted 

schematically (Fig 1.9). 

 
Topoisomerase II-Targeting Agents 

Beyond the critical physiological functions of type II topoisomerases; these enzymes 

are targets for some of the most important anticancer drugs currently used for treating human 

malignancies (20-22,134, 87,135,138). One of these drugs, etoposide, has been used in the 

clinic since the 1960’s (135,136,138). It is prescribed as treatment for a wide spectrum of 

leukemias, lymphomas, and solid tumors. The relative contributions of topoisomerase IIα 

and β to therapeutic outcomes are not clear at the present time. Because topoisomerase IIα is 

upregulated in many cancer cells and is the isoform believed to be involved in DNA 

replication, it has been assumed to be an important drug target. In addition, drug interactions 
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Figure 1.9 

Conversion of transient Topoisomerase II cleavage complexes to 

permanent double stranded DNA breaks. 
 

Transient, covalently linked topoisomerase II-DNA strand breaks are converted to permanent 

DNA strand breaks when DNA tracking systems, such as replication or transcription 

complexes, attempt to traverse these topoisomerase-DNA roadblocks in the genetic material. 

The resulting strand breaks initiate multiple recombination/repair pathways Accumulation of 

DNA breaks can lead to chromosome breakage, DNA translocations and cancer, and 

ultimately trigger cell death pathways.  

 



 

 

 

Figure 1.9. 

Conversion of transient topoisomerase II cleavage complexes to permanent 

double stranded DNA breaks. 

 

 

 



with topoisomerase IIβ in differentiated tissues, such as heart, are believed to contribute to 

the dose-limiting toxicity of some agents (140-141). 

  
Topoisomerase II Poisons 

Topoisomerase II-targeting agents represent a structurally diverse group of natural 

and synthetic compounds. Some of these compounds are depicted in Figure 9. Etoposide is a 

non-intercalative drug that was among the earliest anticancer agents identified as targeting 

topoisomerase II (20, 21,135,136,138,142).  TOP-53 is a non-intercalative drug that is a 

more potent derivative of etoposide (143,144). Genistein and CP-115,953 are non-

intercalative compounds that share a similar core ring structure. Genistein is a naturally 

occurring bioflavonoid that is believed to possess chemo preventative properties (145-146). 

CP-115,953 belongs to the quinolone family (20,85,147-149), a drug class that includes a 

number of widely used antibacterials that target prokaryotic type II topoisomerases. TAS- 

103 displays strong interactions with DNA and is both an outside binder and an intercalating 

agent (150,151). Finally, amsacrine is an intercalative compound that is in clinical use 

(20,152,153). Although topoisomerase-targeted anticancer drugs come from several different 

structural classes, they all act by increasing levels of covalent topoisomerase-cleaved DNA 

complexes (i.e., cleavage complexes) that are essential intermediates in the catalytic cycle of 

topo II (20,21,87-89). When DNA tracking systems, such as replication forks, collide with 

these complexes, transient enzyme-associated DNA breaks are converted to permanent 

breaks in the genome (16,20,29,87,89,154). As a result, anticancer agents convert 

topoisomerases from essential enzymes to potent cellular toxins, and are thus called 

topoisomerase II “poisons.” 

 
Topoisomerase II poisons increase levels of enzyme-DNA cleavage complexes by 

two non-mutually exclusive mechanisms. Some drugs, such as etoposide, genistein, TOP-53, 
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Figure 1.10 

Topoisomerase II-targeting poisons 

The structures of four topoisomerase II poisons, etoposide, CP-115,953, genistein and 

amsacrine, are shown (top). These drugs induce topoisomerase II mediated DNA cleavage 

complexes. The structures of two topoisomerase II catalytic inhibitors also are shown 

(bottom). These drugs function by blocking specific steps in the catalytic cycle of 

topoisomerase II. 



 

 

Figure 1.10. 

Topoisomerase II-targeting poisons: 

 

 

 



amsacrine and TAS-103, act by inhibiting the ability of topoisomerase II to ligate the cleaved 

substrate (20,21,138,155,156). These drugs not only increase the level of cleavage 

complexes, but also increase the lifetime of these complexes. Other drugs, such as CP-

115,953, have little effect on the rate of enzyme-mediated ligation and are believed to act 

primarily by enhancing the forward rate of cleavage complex formation (157-159). The exact 

mechanism by which this second group of drugs increases levels of DNA cleavage is 

unknown. They may specifically act to enhance the forward rate of DNA scission. 

Alternatively, they may have some effect on the DNA binding/dissociation equilibrium, as 

the level of topoisomerase II-mediated DNA cleavage is proportional to the amount of 

enzyme bound (159-160). 

 
Drugs that target topoisomerases are believed to work at the enzyme-nucleic acid 

interface (20, 21, 161-166). However, intercalative agents, such as amsacrine and TAS-103, 

have two additional effects on DNA that could impact levels of topoisomerase-mediated 

scission in a geometry-specific manner. First, since these compounds locally underwind 

DNA, they induce positive super helical twists in distal regions of covalently closed circular 

molecules (167,168). Hence, as the concentration of an intercalating agent increases, a 

plasmid that is topologically negatively supercoiled would appear to contain positive super 

helical twists. Second, the accumulation of drugs in the double helix has the potential to 

inhibit enzyme binding or activity. Because the generation of positive super helical twists by 

DNA intercalation induces torsional stress in the double helix, the ability of covalently 

closed molecules to absorb these compounds is limited. Since overwound plasmids are under 

positive torsional stress even in the absence of drugs, they cannot bind as many intercalative 

molecules as underwound DNA.  

 
 
 

17 
 



Topoisomerase II Catalytic Inhibitors 

Catalytic inhibitors are another class of topoisomerase II targeting agents. These 

drugs do not increase the level of enzyme-mediated DNA cleavage complexes. Instead, they 

block specific steps in the catalytic cycle of topoisomerase II (169-171). For example, agents 

such as novobiocin inhibit ATP binding (172-173). Merbarone, on the other hand, has been 

shown to block DNA cleavage mediated by topoisomerase II (170-175). These two catalytic 

inhibitors are depicted in Figure 9. 

 
Catalytic inhibitors kill cells by depriving them of essential activity of topoisomerase 

II while topoisomerase II poisons kill cells by fragmenting the genome. Cells treated with 

catalytic inhibitors result in elongated and entangled chromosomes and ultimately die from 

mitotic failure (176-178). While topoisomerase II poisons are used as chemotherapeutic 

agents, catalytic inhibitors have been used as modulators to increase the activity of other 

drugs (5,171,176). Additionally, some catalytic inhibitors have displayed potential anticancer 

activity in model organisms and currently are being tested in clinical trials 

(170,169,176,178). 
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Table 1.2: 

A selection of the most extensively characterized Type I and Type II Topoisomerases 

from different organisms (179) 

 

Drug Class Applications 

                                   Topoisomerase-II α poisons 

Epirubicin  Anthracycline  Adjuvant breast cancer 

Doxorubicin  Anthracycline  

Non-Hodgkin lymphoma, chronic lymphocytic leukaemia, 

Hodgkin’s disease, multiple myeloma,acute leukaemia, small-

cell lung cancer, breast, ovarian, and bladder cancers, sarcomas 

Idarubicin  Anthracycline  Acute leukaemia 

Daunorubicin  Anthracycline  Acute leukaemia 

Mitoxantrone  Antracendione  Acute leukaemia, breast, ovarian, and bladder cancers 

Amsacrine  Ansidide  Acute leukaemia 

Etoposide  Epipodophyllotoxin 

Small-cell lung cancer, testicular cancer, ovarian tumors, acute 

myeloid leukaemia, non-Hodgkin lymphoma 

Teniposide  Epipodophyllotoxin Small-cell lung cancer 

                                   Topoisomerase-II β catalytic inhibitors 

Aclarubicin  Anthracycline  Acute myeloid leukaemia 

Sobuzoxane  Bisdioxopiperazine T-cell lymphomas and leukaemia 

Dexrazoxane  Bisdioxopiperazine Central nervous system metastases, anthracycline extravasation 
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Structure of ferrocene: 

In 1951, a new compound containing iron and two cyclopentadienide ligands was 

reported (180,181).  Although, even the first report noted its high and unexpected stability, 

the correct structure was only soon afterward suggested independently by Wilkinson (182) 

and Fischer.(183) Owing to the resemblance of its reactivity to that of benzene, the name 

ferrocene (180) was coined for the new compound by Woodward (184). The term “sandwich 

compound” for this compound is today universally accepted for a much wider class of 

compounds. The discovery of ferrocene and elucidation of its remarkable structure is 

arguably the starting point for modern organometallic chemistry. In recent years, 

bioorganometallic chemistry has developed as a rapidly growing and maturing area which 

links classical organometallic chemistry to biology, medicine, and molecular biotechnology 

(185-187). 

 
The stability of the ferrocenyl group in aqueous, aerobic media, the accessibility of a large 

variety of derivatives, and its favorable electrochemical properties have made ferrocene and 

its derivatives very popular molecules for biological applications and for conjugation with 

biomolecules. 
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Molecular Modeling and Rational drug design 

 Molecular modeling would appear to be concerned with ways to mimic the behavior 

of molecular systems. Molecular modeling is invariably associated with computer modeling 

but it is quite feasible to perform some simple molecular modeling studies using mechanical 

models or pencil, paper & hand calculator. Computational techniques have revolutionized 

molecular modeling (188) to the extent that most calculations could not be performed 

without the use of computer. 

 Molecular modeling places on the representation and manipulation of the structure of 

molecules and properties that are dependent upon those three-dimension structures. 

The concepts used in rational drug design are quite simple. New molecules are 

conceived either on the basis of similarities with known reference structure or on the basis of 

their complementarily with the 3D structure on known active sites. Molecular modeling is a 

discipline that contributes to the understanding of these processes in a qualitative & 

sometimes quantitative way. It also provides the necessary tools for predicting the potential 

possibilities of prototype candidate molecules. Rational drug design (189) can be simply 

considered as a range of computerized techniques based on theoretical chemistry methods & 

experimental data that can be used either to analyze molecules & molecular system or to 

predict molecular & biological properties. 

 The techniques currently available provide extensive insight into the precise 

molecular features that are responsible for the regulation of the biological processes. 

Molecular geometries, atomic & molecular electronic aspects, and hydrophobic forces (190). 

All these structural characteristics are of primary importance in the understanding of 

structure activity relationships and in rational drug design. 
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Molecular modeling has widened the horizons of pharmaceuticals research by 

providing tools for finding new leads. The fields (191) currently covered by this discipline 

include, 

1) Direct drug design: The three dimensional features of the receptor site (i.e., known X-ray 

structure or 3D model of a receptor) are directly considered for the design of lead structures. 

2) Indirect drug design: The analysis is based on the comparison of the steriochemical and 

physiochemical features of a set of known active/inactive molecules; lead structures are 

designed on the basis of pharmacophore model obtained by such analysis. 

3) Database searches: Lead compounds are identified from searches using databases 

defined with in 3D structure data. The input query describes the pharmacophore; it consists 

of a set of molecular fragments together with their relative location in 3D and additional 

structural constraints (geometrical or chemical). 

4) Three dimensional automated drug designs: new lead compounds are generated by the 

computer on the basis of “growing” procedures inside the active site of a protein whose three 

dimensions structure is known or by a computerized treatment by assembling a set of 

pharmacophoric fragments defined in three dimensional space. 

5) Molecular mimicry: lead molecules are conceived as mimics of a known reference 

compound as, for example, the design of selected peptide ligands. 

In order to accelerate the drug discovery process, new technologies such as combinatorial 

chemistry and structure-based drug design have created the need to improve predictive 

experimental design and manage large amounts of experimental data.  
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QSAR as a method of rational drug design 

Quantitative structure-activity relationship (QSAR) is the process by which chemical 

structure is quantitatively correlated with a well defined process, such as biological activity 

or chemical reactivity. 

QSAR's most general mathematical form is: 

Activity = f(physiochemical properties and/or structural properties) 

Quantitative structure activity relationship (QSAR) is an indirect method of drug 

design, the idea of QSAR was introduced by Hansch et al. in 1963 (192) and first applied to 

analyze the importance of lipophilicity for biological potency. QSAR is a data exploration 

and productivity tool that can provide insight into structure-activity relationships. QSAR is a 

multivariate, mathematical relationship between a set of 2D and 3D physicochemical 

properties (descriptors) (193) and a biological activity. The QSAR relationship is expressed 

as a mathematical equation. Analysis of the statistical relationships between molecular 

structure and various properties provided by QSAR facilitates an understanding of how 

chemical structure and biological activity relate.  

QSAR includes all statistical methods, by which biological activities (most often 

expressed by logarithms of equipotent molar activities) are related with structural elements 

(Free Wilson analysis), physicochemical properties (Hansch analysis), or fields (3D QSAR). 

QSAR has been useful for rationalizing compound activity and for rational design of new 

compounds.  

Statistical methods involved in QSAR 

Statistical methods (194) are an essential component of QSAR work. They help to 

build models, estimate a model's predictive abilities, and find relationships and correlations 

among variables and activities. Data analysis methods are used to recombine data into 
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different forms, and group observations into hierarchies. Regression methods are used to 

build a model in the form of an equation that gives one or more dependent variables (usually 

activity) in terms of independent variables (descriptors). The model can then be used to 

predict activities for new molecules, perhaps prioritizing or screening a large group of 

molecules whose activities are not known.   

A model's ability to provide insight into the system is as important as its predictive 

ability. Possibly more valuable than being able to predict an activity or property is to know 

that it increases when a particular descriptor increases.  

 
Regression methods 

An important tool in model building is regression analysis (195). An equation 

sometimes more than one is produced that relates activity (or other properties) to descriptors. 

There are two main goals: prediction and experimental design. It is useful to have a model 

that is predictive (even if imperfect) because it can be used for screening a large set of 

molecules or proposed molecules for promising candidates. A regression model might be 

even more useful if it suggests a previously unrecognized correlation between some property 

(or combination of properties) and activity. This is especially true if we know how to adjust 

that property by changing some substituent. This can lead to new experiments designed to 

increase understanding of the system under study. 

There is no single method that works best for all problems and that has the perfect balance of 

predictiveness, interpretability, and computational efficiency.  

1. Simple and multiple linear regression (196) are very quick and easy to interpret, but do not 

work when the number of independent variables is larger than (or even comparable to) the 

number of molecules.  
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2. Stepwise multiple linear regression (196) and GFA work with any number of variables but do 

not perform well if important information is spread over more of them than can be included 

in the model. This often occurs for 3D QSAR.  

3. Partial least squares (196) can handle any number of independent variables, but creates only 

linear relationships. Genetic partial least squares offer automatic creation of nonlinear terms.  

To generate a QSAR equation several regression methods are available in cerius2 QSAR 

module. These includes multiple linear regression, partial least squares (PLS) (197), simple 

linear regression, stepwise multiple linear regression, principal components regression (PCR) 

(198), genetic function approximation (GFA) (199), and G/PLS (200). 

 
Simple linear regression (simple) 

A linear one-term equation (196) is produced separately for each independent 

variable. This is useful for discovering some of the most important descriptors. However, it 

ignores the interaction of multiple descriptors.  

Multiple linear regression (linear) 

A single multiple-term linear equation (196) is produced. This method requires at 

least as many molecules as independent variables. To produce reliable results, we typically 

need 5 times as many molecules as independent variables. 

Stepwise multiple linear regression (stepwise) 

A multiple-term linear equation (196) is produced, but not all independent variables 

are used. Each variable is added to the equation in turn. A new regression is performed. The 

new term is retained only if the equation passes a test for significance. 
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Principal components regression (PCR) 

A multiple-term linear equation is created based on a principal components analysis 

(198) transformation of the independent variables. The components are chosen so that they 

retain the largest amount of variance of the independent variables if some of the components 

are discarded. In effect, this method titrates the size of the model to the amount of data 

available. However, this method does not work well if some of the variables contain a lot of 

variance but do not correlate with activity (e.g., fingerprint-like descriptors). These variables 

are given a high loading in the components, pushing out others that are more relevant to 

activity. This means that, unless your independent variables are pre-screened for relevance, 

you should probably consider PLS instead. 

 
Partial least squares (PLS) 

Partial least squares (PLS) analysis (197) calculates equations describing the 

relationship between one or more dependent variables and a group of explanatory variables. 

Problems with PLS analysis: Sometimes, PLS analysis using the default number of steps 

fails with the error message.  

 
Genetic function approximation (GFA) 

In this method (199), models are collected that have a randomly chosen proper subset 

of the independent variables, and then the collected models are “evolved”. A generation is 

the set of models resulting from performing multiple linear regressions on each model; a 

selection of the best ones becomes the next generation. Crossover operations are performed 

on these, which take some variables from each of two models to produce an offspring. In 

addition, the best model from the previous generation is retained. Besides linear terms there 

can also be spline, quadratic, and quadratic spline terms. These are added or deleted by 

mutation operations.  A major advantage of this approach is that a collection of diverse small 
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models is generated that all have roughly the same high predictability. Each of these might 

provide a different insight into the system. Loading spread does not occur because at most 

one of the sets of collinear variable is retained in each model. This can make interpretation 

much easier than with PLS. A disadvantage is that it takes too long to perform cross 

validation on each generation and, thus, we need to have a reasonable idea of how many 

terms to keep before we start. Another disadvantage, compared to PLS, is that if the 

information in the system is highly diffuse, we may need to retain more terms in each model 

than can be determined by the number of molecules. This happens sometimes with 3D 

QSAR data. 

 
Genetic partial least squares (G/PLS) 

This method combines the best features of GFA and PLS (200). Each generation has 

PLS applied to it instead of multiple linear regressions, and so each model can have more 

terms in it without danger of over-fitting. G/PLS retains the ease of interpretation of GFA by 

back transforming the PLS components to the original variables. 

 
These are the Cerius2 software modules specific to activity prediction: 

 
© Molecular Field Analysis (MFA): (201), which quantifies the interaction energy between 

a probe molecule and a set of aligned target molecules in a QSAR. Interaction energies 

measured and analyzed for a set of 3D structures can be useful in establishing QSARs. 

 
© Genetic Function Approximation (GFA): (199), which is a statistical analysis method 

that generates multiple QSAR models. Usually, this population of models contains many 

models comparable or superior to the single model generated with standard regression 

analysis. The multiple models are created by evolving random initial models using a genetic 

algorithm. The default is to build linear models, but other options, including higher order 
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polynomials, splines, or other non-linear functions, also can be built. A method that 

combines genetic function approximation and partial least squares, G/PLS, is also available. 

 
© Molecular Shape Analysis (MSA):(202) which extends QSAR operations for performing 

3D QSAR studies. This technique generates quantitative measurements of molecular shape 

properties as part of QSAR analysis. 

 
© Alignment: which provides tools to superimpose molecules (203) to satisfy various 

alignment conditions. These tools permit alignment of molecules using least square fitting 

with atom equivalencies specified either by automatic atom matching algorithms or by 

manual atom matching. In addition to rigid body superpositioning, the module provides tools 

for flexibly aligning one molecule over another using a fit optimizer algorithm. 

 
© Receptor, which provides a 3D visual environment for receptor hypothesis exploration 

(204). The module creates receptor surface models using information generated from the 

overlay of active compounds. The receptor models can be used to evaluate new compounds 

and evaluate conformations and constraints on compounds in the receptor site. 

Variables 

Descriptors (Independent) 

A descriptor (205) is a molecular property that QSAR can calculate. QSAR provides 

a wide variety of descriptors that one can use in determining new QSAR relationships. A 

descriptor is any one of a number of molecular properties that QSAR can calculate and use 

in determining new QSAR relationships. Examples Spatial, Electronic, Thermodynamic, 

Conformational, Topological, Information-content, Quantum mechanical, Structural, 

Descriptors based on fragment constants, Descriptors based on receptor surface models, 
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Descriptors based on molecular field analysis (MFA), Descriptors based on molecular shape 

analysis (MSA)  

Biological activity (Dependent) 

The experimentally determined activity is generally considered as the dependent variable 

(205).  

Correlation coefficient  

If X (independent) and Y (dependent) variables are highly correlated, X and Y 

contain much redundant information. The degree of correlation is measured by the 

correlation coefficient (206). We should also know the degree of correlation between 

independent variables because, in many calculations, it is assumed that they are uncorrelated.  

The correlation coefficient is understood most easily using vector notation. If two 

vectors of the same length are correlated, the angle between them approaches zero and the 

cosine approaches one.  

 

 

 

 

Figure 1.12. Correlation of two vectors 

Using the notation from Figure 1 the normalized correlation coefficient between two 

variables (or vectors) X and Y is computed as:  
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The correlation coefficient has direction. Variables that are positively correlated have 0 > r > 

1, and those that are negatively correlated have -1< r < 0.  

Correlation coefficients for the variables in a dataset are compiled in a correlation matrix. 

This matrix is a symmetric matrix in which the diagonal elements are one and the off-

diagonal elements are the correlation coefficients for the appropriate variable pairs. Variables 

that are not correlated are said to be orthogonal, and their correlation coefficients are zero. It 

is assumed that independent variables are orthogonal. If they are not, an unstable regression 

model can result. 

Square of the correlation coefficient  

The most commonly quoted statistic used to describe the goodness of fit of data for a 

regression model is the square of the correlation coefficient, r2 (207).This statistic is defined 

as:  

              

As the residual sum of the squares goes to zero, r2 goes to one, and the model gives good 

predictions. R2 can be computed using cross validation methods (CV r2) or bootstrap 

methods (BS r2). It is also the fraction of the variance explained by the model. 

 
Molecular field analysis (MFA) 

This method for quantifying the interaction energy between a probe molecule (201) and a set 

of aligned target molecules in QSAR. Interaction energies measured and analyzed for a set of 
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3D structures can be useful in establishing structure- activity relationships. To generate an 

energy field (also known as a probe map), a probe molecule is placed at a random location, 

then moved about a target molecule within a defined 3D grid. At each defined point in the 

grid, an energy calculation is performed, measuring the interaction energy between the probe 

and the target molecule. Atoms in the target molecule are fixed, so that intramolecular 

energy in the target is ignored. When a complete probe map is calculated for each molecule 

in the target set, energy values for each point in the grid can be reported in columns added to 

the study table. For a set of structures for which energy fields are generated, some or all the 

grid data points can be used as descriptors in generating QSARs and analyzing structure–

activity relationships. This chapter describes the procedures in MFA for generating energy 

fields and for incorporating field data into QSARs. 

 
Creating a field 

The process of generating energy fields (208) around a set of study molecules 

involves selecting the molecules to use as a target, selecting one or more probes, then 

running the calculation. As part of the calculation, the 3D region in which the probe moves 

and the points at which calculations are performed are defined. Calculations are performed at 

each point in the grid for the interaction energy between each probe and each structure in the 

study set. 

For each model, two fields are generated, one with a proton probe and one with an 

uncharged methyl probe. Each calculation uses a cubic grid with 2-AO spacing. Energy 

calculations are made between –30 and +30 kcal. For each map, point values are added to the 

study table, one value per column. Each column is labeled using the probe name and point 

number. A typical map contains several hundred points. Each new column is labeled an 

independent (X) variable. 
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Validation methods 

Finally, validation methods (209) are needed to establish the predictiveness of a 

model on unseen data and to help determine the complexity of an equation that the amount 

of data justifies. Once a regression equation is obtained, it is important to determine its 

reliability and significance. Several procedures are available to assist in this. These can be 

used to check that the size of the model is appropriate for the quantity of data available, as 

well as provide some estimate of how well the model can predict activity for new molecules.  

Internal and external Validation methods  

Internal validation (210) uses the dataset from which the model is derived and checks 

for internal consistency. The procedure derives a new model using a reduced set of structural 

data. The new model is used to predict the activities of the molecules that were not included 

in the new-model set. This is repeated until all compounds have been deleted and predicted 

once. Internal validation is less rigorous than external validation.  

External validation evaluates how well the equation generalizes. The original data are 

divided into two groups, the training set and the test set. The training set is used to derive a 

model, and the model is used to predict the activities of the test set members. 

 
• Information about outliers (that is, data that is not modeled well by the equation). Outlier   

   rows are also highlighted in the study table for quick identification. 

• The sum of squared deviations.  

• The predicted sum of squares (PRESS).  

• The crossvalidated r2, which is a measure of the predictive power of the equation.  
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Advantages of QSAR 

Quantifying the relationship between structure and activity provides an understanding of 

the effect of structure on activity, which may not be straightforward when large amounts of 

data are generated.  

• There is also the potential to make predictions leading to the synthesis of novel 

analogues (211). Interpolation is readily justified, but great care must be taken not to use 

extrapolation outside the range of the data set.  

• The results can be used to help understand interactions between functional groups in 

the molecules of greatest activity, with those of their target. To do this it is important to 

interpret any derived QSAR in terms of the fundamental chemistry of the set of analogues, 

including any outliers.  

Hence QSAR is employed in the thesis to find the structural descriptors contributing to 

biological activity of the molecule in chapter three 
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Drug delivery and targeting 

Efficient drug delivery systems extend into all therapeutic classes of pharmaceuticals, 

the development of effective treatment modalities for the respiratory (212), central nervous 

system (213) and cardiovascular disorders (214) remains a therapeutically significant need. 

Many therapeutic agents have not been successful because of their limited ability to reach to 

the target tissue. In addition, the faster growth opportunities are expected in developing 

delivery systems for anti-cancer agents, hormones and vaccines because of safety and 

efficacy shortcomings in their conventional administration modalities. 

 
For example, in cancer chemotherapy, cytostatic drugs damage both malignant and 

normal cells alike. Thus, a drug delivery strategy that selectively targets the malignant tumor 

is very much needed (215). Additional problems include drug instability in the biological 

milieu and premature drug loss through rapid clearance and metabolism. Similarly, high 

protein binding of certain drugs such as protease inhibitors (216) limits their diffusion to the 

brain and other organs.  

Nanotechnology,  

The term derived from the Greek word nano, meaning dwarf, applies the principles of 

engineering, electronics, physical and material science, and manufacturing at a molecular or 

submicron level (217). The materials at nanoscale could be a device or a system or these 

could be supramolecular structures, complexes or composites. An early promoter of 

nanotechnology, Albert Franks, defined it as ‘that area of science and technology where 

dimensions and tolerances are in the range of 0.1 nm to 100 nm (218). In addition to the 

developments in other scientific disciplines such as in electronics and robotics, 

nanotechnology is expected to make significant advances in mainstream biomedical 
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applications, including in the areas of gene therapy, drug delivery, imaging, and novel drug 

discovery techniques (219,220).  

 
Current nanoparticles as drug delivery agents and imaging: 

Over the past few decades, there has been considerable interest in developing 

biodegradable nanoparticles as effective drug delivery devices (221-223). Nanoparticles are 

solid, colloidal particles consisting of macromolecular substances that vary in size from 10 

nm to 1000 nm (224). The drug of interest is either dissolved, entrapped, adsorbed, attached 

or encapsulated into the nanoparticle matrix. Depending on the method of preparation, 

nanoparticles, nanospheres or nanocapsules can be obtained with different properties and 

release the encapsulated therapeutic agent. Nanocapsules are vesicular systems in which the 

drug is confined to a cavity surrounded by a unique polymer membrane, whereas 

nanospheres are matrix systems in which the drug is physically and uniformly dispersed. The 

advantages of using nanoparticles for drug due to, (1) nanoparticles, because of their small 

size, can penetrate through smaller capillaries and are taken up by cells, which allow 

efficient drug accumulation at the target sites (225-227), (2) the use of biodegradable 

materials for nanoparticle preparation allows sustained drug release within the target site 

over a period of days or even weeks, (3) Due to their size they can escape from the 

recognition by the immune system. 

 
Targeted delivery can be achieved by either active or passive targeting. Active 

targeting of a therapeutic agent is achieved by conjugating the therapeutic agent or the carrier 

system to a tissue or cell-specific ligand (223, 229). Passive targeting is achieved by 

coupling the therapeutic agent to a macromolecule that passively reaches the target organ 

(230). Drugs encapsulated in nanoparticles or drugs coupled to macromolecules such as high 

molecular weight polymers passively target the tumor tissue through the enhanced 
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permeation and retention (EPR) effect (231,232). The alternative approach involves the 

infusion of nanoparticle suspension to the accessible target organ or tissue using infusion 

catheters. Localized delivery of nanoparticles in restenosis may be a useful strategy as it may 

provide sustained drug effect in the target artery (233,234). 

 
Nanoparticles are also useful for the delivery of pharmaceutical agents after binding 

to target cellular epitopes by a mechanism called ‘contact facilitated drug delivery’. Binding 

and close opposition to the targeted cell membrane permits enhanced lipid–lipid exchange 

with the lipid monolayer of the nanoparticle, which accelerates convective flux of lipophilic 

drugs (e.g. paclitaxel) dissolved in the outer lipid membrane of the nanoparticles into the 

targeted cells (235). Such nanosystems can serve as drug depots exhibiting prolonged release 

kinetics and long persistence at the site. Another characteristic function of nanoparticles is 

their ability to deliver drugs across several biological barriers to the target site (236,237). 

The brain delivery of a wide variety of drugs, such as antineoplastics and anti-HIV drugs, is 

markedly hindered because they have great difficulty in crossing the blood–brain barrier 

(BBB) (238,239). The application of nanoparticles to brain delivery is a promising way of 

overcoming this barrier. Recently, it has been demonstrated that poly-(butylcyanoacrylate) 

nanoparticles coated with polysorbate 80, are effective in transporting the hexapeptide 

dalargin and other agents into the brain (240). 

 
Ceramic nanoparticles: 

Ceramic nanoparticles have potential application in drug delivery. (241-243). 

Ceramic nanoparticles have several advantages easy to prepare, require ambient temperature 

condition, and can be easily prepared with the desired size, shape and porosity. Their ultra-

low size (less than 50 nm) can help them evade by the reticulo-endothelial system (RES) of 

the body. In addition, there are no swelling or porosity changes with change in pH. These 
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particles effectively protect doped molecules (enzymes, drugs, etc) against denaturation 

induced by external pH and temperature (242). Such particles, including silica, alumina, 

titania, etc are known for their compatibility with biological systems (242, 244). In addition, 

their surfaces can be easily modified with different functional groups (244, 245). Therefore, 

they can be conjugated to a variety of monoclonal antibodies or ligands to target them to 

desired sites in vivo.  

 
Polymeric micelles: 

Polymeric micelles have been extensively studied as drug carriers (246-248). 

Polymeric micelles have several advantages like better thermodynamic stability in 

physiological solution, as indicated by their low critical micellar concentration, which makes 

polymeric micelles stable and prevents their rapid dissociation in vivo , avoid renal exclusion 

and the RES (249-250) , provides them with enhanced endothelial cell permeability in the 

vicinity of solid tumors by passive diffusion, prolonged systemic circulation time (246-251). 

 
Micellar systems are useful for the systemic delivery of water-insoluble drugs. Drugs 

can be partitioned in the hydrophobic core of micelles and the outer hydrophilic layer forms 

a stable dispersion in aqueous media, which can then be administered intravenously.  

Accumulation of polymeric micelles in malignant tissue is because of increased vascular 

permeability and impaired lymphatic drainage (252, 253). As with other carriers, the drug 

delivery potential of polymeric micelles may be enhanced by conjugating targeting ligands 

including antibodies to the micelle surface. Thus, polymeric micelles can be a versatile 

system for the effective delivery of different classes of therapeutic agents. 

 
Liposomes: 

Liposomes are small artificial vesicles of spherical shape that can be produced from 

natural non-toxic phospholipids and cholesterol. Because of their size, hydrophobic and 
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hydrophilic character, as well as biocompatibility, liposomes are promising systems for drug 

delivery. The first suggested use of liposomes came from the research group of Weismann in 

1969 (254). Since then liposomes have been used as a versatile tool in biology, biochemistry 

and medicine (255).  

 
 Liposome properties vary substantially with lipid composition, size, surface charge 

and the method of preparation. They are therefore classified into three classes based on their 

size and number of bilayers. Small unilamellar vesicles (SUV), large unilamellar vesicles 

(LUV). Multilamellar vesicles (MLV). The introduction of positively or negatively charged 

lipids provides the liposomes a surface charge. Drugs associated with liposomes have 

markedly altered pharmacokinetic properties compared to drugs in solution. They are also 

effective in reducing systemic toxicity and preventing early degradation of the encapsulated 

drug after introduction to the target organism (256,257). Liposome surfaces can be readily 

modified by attaching polyethylene glycol (PEG)-units (258), antibodies or ligands to 

enhance target-specific drug therapy. 

 
Dendrimers: 

Dendrimer molecules are monodisperse symmetric macromolecules built around a 

small molecule or in a linear polymer core using connectors and branching units. Dendrimers 

are attractive systems for drug delivery because of their nanometer size range, ease of 

preparation and functionalization, and their ability to display multiple copies of surface 

groups for biological reorganization processes (259, 260). 

 By modifying their termini, the interior of a dendrimer may be made hydrophilic 

while its exterior surface is hydrophobic, or vice versa. Dendrimers can be synthesized 

starting from the central core and working out toward the periphery (divergent synthesis) or 

in a top-down approach starting from the outermost residues (convergent synthesis) 
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(260,261). Drug molecules can be loaded both in the interior of the dendrimers as well as 

attached to surface groups. 

Ex:  5-Fluorouracil (5FU) is known to have remarkable anti-tumor activity, but is highly 

toxic due to side effects. PAMAM dendrimers after acetylation can form dendrimer-5FU 

conjugates which upon hydrolysis releases free 5FU, thus minimizing toxicity (262). 

 
Nanocrystals for drug delivery and imaging 

Nanocrystals (also called quantum dots (QDs;Qdots) or nanodots) are crystalline 

clumps of a few hundred atoms, coated with an insulating outer shell of a different material 

(263). 

Although fluorescent markers are routinely used in basic research and clinical 

diagnostic applications, there are several inherent disadvantages with current techniques, 

including the requirement of color-matched lasers, the fluorescence bleaching, and the lack 

of discriminatory capacity of multiple dyes. Fluorescent nanocrystals potentially overcome 

these issues. 

The QDs absorb light at a wide range of wavelengths, but emit almost monochromatic light 

of a wavelength that depends on the size of the crystals (264). Quantum Dot Corp. 

(http://www.qdots.com) is commercially developing Qdot technology. Qdots can be attached 

to biological materials, such as cells, proteins and nucleic acids. Qdots can be designed to 

emit light at any wavelength from infrared to ultraviolet.  

 
A related technology called Probes Encapsulated by Biologically Localized 

Embedding (PEBBLES) allows dye-tagged nanoparticles to be inserted into living cells to 

monitor metabolism or disease conditions (265, 266). The system was highly sensitive, had a 

rapid response time and used a reversible and photo stable nanosensor that was insensitive to 

interference from intracellular or extracellular proteins. 
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Magnetic nanoparticles 

Magnetic nanoparticles are a powerful and versatile diagnostic tool in biology and 

medicine (267, 268). Bound to a suitable antibody, they are used to label specific molecules, 

cell populations, structures or microorganisms. Magnetic immunoassay techniques have been 

developed in which the magnetic field generated by the magnetically labeled targets is 

detected directly with a sensitive magnetometer. Binding of antibody to target molecules or 

disease-causing organism is the basis of several tests. Super paramagnetic nanoparticles are 

used as contrast agents in magnetic resonance imaging. They consist of an inorganic core of 

iron oxide (magnetite Fe2O3, maghemite or other insoluble ferrites) coated with polymer 

such as dextran. Ex: Lumiren and Endorem. These nanoparticulate contrast agents are being 

used for imaging of tissue for diagnostic applications.  

 
Superconducting quantum interference device (SQUID) is a technique for specific, 

sensitive, quantitative and rapid detection of biological targets by using supermagnetic 

nanoparticles and a microscope based on a high transition temperature (269).  

 
Ferrofluids 

Ferrofluids are colloidal solutions of iron oxide magnetic nanoparticles surrounded 

by a polymeric layer coated with affinity molecules, such as antibodies, for capturing cells 

and other biological targets from blood or other fluid and tissue samples (270, 271). 

Ferrofluid particles are so small (25–100 nm in radius) that they behave in liquids as a 

solution rather than suspension. When the coated ferrofluid particles are mixed with a 

sample containing cells or other analytes, they interact intimately and completely. These 

properties enable the development of specialized reagents and systems with extremely high 

sensitivity and efficiency and capture (272, 273). 
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Table 1.3 

 Some principle Advantages and Disadvantages of Soft Drug Delivery systems (274) 

 

 Advantage Disadvantage 

Micelles 

Ease of preparation  

Good stability  

Many administration routes available 

Risk of disintegration after administration 

Liposomes 
Many administration routes possible  

Inclusion of hydrophilic drugs, e.g., proteins possible 

Complex preparation,  

limited stability 

Cubosomes 

Many administration routes possible  

Inclusion of both hydrophilic and hydrophobic drugs  

possible 

Complex preparation, 

 limited stability 

Liquid 

crystalline 

phases 

High viscosity →A interesting for depot formulation  

Possibilities for triggering between structures, e.g.,  

following administration  

High solubilization capacity of both hydrophilic and  

hydrophobic drugs 

Difficult preparation due to high viscosity  

Administration route limitations due to high  

viscosity  

Toxicity related to high surfactant concentration 

Polymer 

(micro) gel 

Highly responsive →A possibilities for triggering, e.g.,  at 

specific regions, tissues or cell types  

High water content →A good for sensitive protein drugs  

Many administration routes possible 

(Molecular) solubilization capacity low for  

hydrophobic drugs  

Preparation and drug loading complex 

Polymer 

microcapsules 

Highly responsive →A possibilities for triggering, e.g.,  at 

specific regions, tissues or cell types  

High water content →A good for sensitive protein drugs 

(Molecular) solubilization capacity low for  

hydrophobic drugs  

Preparation and drug loading complex  

Administration route limitations due to capsule 

size 

 Preparation and drug loading complex  

Nano tubes 

Loading with both hydrophilic and hydrophobic drugs  

possible  

Possible biological adjuvant effects 

Biological response largely unknown  

Administration route limitation due to tube length 
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Natural protein, Transferrin based delivery system:- 

Cells demanding high iron metabolic activity such as rapidly proliferating malignant 

cells (275), high metabolic active brain cells (276) express higher number of transferrin 

receptors to facilitate higher iron transport. The use of apotransferrin, transferrin and 

transferrin receptor antibodies (OX-26) as carriers of drug for targeted delivery to transferrin 

receptor expressed cells is extensively studied (277). 

 
Potential therapies–using Tf to sequester free iron, to deliver drugs to transferrin 

receptor expressed highly metabolically active cells rapidly growing cells. Since, Tf being an 

abundant plasma protein is an ideal candidate for purification from plasma (278). In this 

way, delivery systems could be tailored for specific delivery of drugs to rapidly dividing 

cells.  

Transferrin structure:  

The transferrin (Tf) protein contains 679 amino acid residues and has a molecular 

weight of ~79 kD (279). The molecule is stabilized by 19 intra-chain disulfide bonds and is 

protected by three carbohydrate side chains of which two are N-linked (Asn-413 and Asn- 

611) and the third is O-linked (Ser-32) (Swiss-Prot P02787,  http://us.expasy.org/sprot/). The 

Tf molecule is divided into two evolutionary related lobes, designated the N-lobe (336 amino 

acids) and C-lobe (343 amino acids), which are linked by a short spacer sequence. Each lobe 

contains two domains comprising a series of α-helices, which overlay a central β-sheet 

backbone (Figure 1). The domains interact to form a deep, hydrophilic metal ion-binding 

site. The binding site in both the N- and C-terminal lobes has four conserved amino acids 

including two tyrosines, one aspartic acid and one histidine (N-terminal lobe – Asp-63, Tyr-

95, Tyr-188 and His-249). These residues are arranged in a distorted octahedral arrangement 

(280). In addition, the binding site requires two further oxygen molecules donated by a 
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Figure 1.11 

The Structure and Sequence of Transferrin. 

 (a) X-ray crystal structure of transferrin (Protein Data Bank–1a8e 

(http://www.rcsb.org/pdb/)).The yellow arrows indicate the ß-sheets. (b) Amino acid 

sequence of the N-terminal lobe of transferrin. 

The iron-binding site residues are underlined and highlighted in dark blue, and the 

amino acids involved in stabilizing the metal-binding site are underlined and highlighted in 

light blue.Key: pink, leader sequence; yellow, β-sheet; red, α-helix; green, random coil; 

violet, O-linked carbohydrate attachment at Ser-32.The disulfide bonds linkages are marked 

in solid black lines. 

 

 



 

                                                       Figure 1.11 

               The structure and sequence of Transferrin. 
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carbonate molecule to stabilize the iron atom (281). The surrounding amino acid residues 

(Gly-65, Glu-83, Tyr-85, Arg-124, Lys-206, Ser-248 and Lys-296 on the N-terminal lobe) 

are thought to further stabilize the metal-binding site, and they have crucial roles in iron 

release (280). For example, it has been demonstrated that Lys-206 and Lys-296, which are 

located on opposite domains of the N-terminal lobe, are hydrogen bonded to one another in 

the ‘closed’ iron-bound form. When the pH is reduced, this hydrogen bond is broken 

allowing the domains to rotate forming an ‘open’ conformation which promotes iron release 

(282).  

Protein function 

Iron plays a central role in DNA replication with one of the key enzymes, 

ribonucleotide reductase, requiring iron as a co-factor. Iron also acts as a co-factor for heme 

(283). However, free iron can be toxic, promoting free radical formation via the Fenton and 

Haber–Weiss reactions, thus resulting in oxidative damage to tissues (284). Free iron causes 

lipid peroxidation by converting hydro peroxides into reactive peroxyl and alkoxyl radicals 

(285). In addition, Tf promotes auto-oxidation reactions involving carbohydrate aldehyde 

groups and protein amino groups, which results in the formation of glycated products (286). 

For these reasons, it is vital that iron is transported in a redox-inactive form. The primary 

role of Tf is therefore to transport iron safely around the body to supply growing cells. The 

binding and release of iron by Tf involves several factors, for example, pH, temperature, 

chelator and ionic concentrations (287).  

 
Protein distribution 

Tf is synthesized predominantly by hepatocytes (288). Other tissues expressing Tf 

include Sertoli (289,290), ependymal (291), oligodendroglial (192), metastatic melanoma 

cell lines (293) and human breast cancer cell lines (294). Tf has been detected in various 
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body fluids including plasma, bile, amniotic, cerebrospinal, lymph and breast milk (295). 

Plasma concentration of Tf is stable from birth, ranging from 2 g l-1 to 3 g l-1, and the in 

vivo half-life of this protein is eight days (284). The level of Tf is important for healthy 

growth with levels below 0.1 g l-1 associated with an increased incidence of infection, 

growth retardation and anemia (296). 

Transferrin–Transferrin Receptor system 

Iron-loaded Tf binds transferrin receptors (TfR) on the surface of actively dividing 

cells (297). Subsequently, the Tf–TfR complex is internalized and transported to endosomes. 

ATP-dependent proton pumps then force H+ ions into the endosomes reducing the pH to 5.5, 

thus promoting iron release (298). Under low pH conditions, the TfR alters conformation to 

enable apotransferrin (apo-Tf) to remain bound. The binding characteristics of the apo-Tf–

TfR complex are such that the apo-Tf is released only once the complex reaches the cell 

surface (297). The Tf molecule then circulates until it again comes in contact with free iron 

at intestinal sites and hemoglobin breakdown (e.g. macrophages) sites, and the cycle of Tf-

mediated iron redistribution is continued. It has been estimated that one Tf molecule could 

participate in this transport cycle as many as 100 times (299)  

 
Tf binds to at least two distinct types of TfRs, designated TfR1 and TfR2 (228). TfR1 

is expressed on a range of cells, including red blood cells, erythroid cells, hepatocytes, 

monocytes and the blood–brain barrier. TfR2 is expressed as two transcripts (α-TfR2 and β-

TfR2), with α-TfR2 expressed predominantly on liver cells and β-TfR2 expressed at low 

levels on a variety of cell types (300). The level of TfR expression varies depending on the 

cell type. Non-dividing cells can have extremely low levels of TfR expression, whereas 

rapidly proliferating cells (e.g. carcinoma cell lines) can express up to 100 000 TfRs per cell 

(294). The report in literature unequivocally showed overexpression of transferrin receptors 
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in cancer cells. If its ligand apotransferrin is used as carrier for this drug, it can localize 

higher amount of drug in cancer cells leading to action of the drug. The chapter V of the 

thesis presents results of apotransferrin mediated delivery of drug to cancer cells. 

 

Table 1.4  

Potential Therapeutic applications of Transferrin 
Pathophysiological 

condition 
Therapeutic application Mode of action Refs 

Free iron and/or iron 

overload 
Atransferrinemia Transferrin replacement 288,296 

 Ischemia reperfusion injury Anti-oxidative 301 

 Cardiovascular disease Anti-oxidative 284 

 Radiotherapy Iron sequestering 302 

 Bone marrow transplantation Antimicrobial 303,304 

Tumor or cancer  Targeted drug delivery 

Delivery of therapeutic metals, 

proteins, drugs and genes via 

transferrin–transferrin receptor 

pathway 

283, 294 

Growth and 

differentiation  
Cancer therapy 

Promote cytotoxicity and 

proliferation of lymphokine-

activated killer and natural killer 

cells 

305 
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Table 1.5: 

Various Cancers over expressing Transferrin Receptors showing the 

enhanced possibility of Transferrin ligand based therapy 

Breast Cancer 

•Sadava et al Cancer Lett. 2002 May 28;179(2):151-6. 

•Cavanaugh et al. Breast CancerResTreat. 1999 Aug;56(3):203-17. 

•Yang et al Anticancer Res. 2001 Jan-Feb;21(1B):541-9. 

•Walker RA, Day SJ. J Pa thol. 1986 Mar;148(3):217-24. 

306-309 

Squamous cell lung 

carcinoma 
Rácz et al EurJ Cancer. 1999 Apr;35(4):641-6. 310 

Nonsmall cell lung cancer •Whitney et al Cancer. 1995 Jul 1;76(1):20-5. 311 

Lung carcinoma 
Kayser K, Ernst M, Bubenzer J. Exp Pathol. 1991;41(1):37-43. 

Lung carcinoma 
312 

Adenocarcinoma of the lung •Kondo et al. Ches t. 1990 Jun;97(6):1367-71. 313 

Colon cancer Drewinko et al Anticancer Res. 1987 Mar-Apr;7(2):139-41. 314 

Ovarian Cancer 
•Calzolariet al. Blood Cells Mol Dis. 2007 Jul-Aug;39(1):82-91. 

Epub2007 Apr 10 
315 

Brain tumor 

Wen et al Neurosurgery. 1995 Jun;36(6):1158-63; discussion 1163-

4. 

•Prior et al Virchows Arch A 

PatholAnatHistopathol.990;416(6):491-6. 

316,317 

MDR cancers 

•Kobayashi et al Int J Pharm. 2007 Feb 1;329(1-2):94-102. 

Epub2006 Sep 1. 

•Fritzer et al. BiochemPharmacol. 1996 Feb 23;51(4):489-93. 

•Wang et al Anticancer Re s. 2000 Mar-Apr;20(2A):799-808. 

318-320 
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Earlier studies by Vashist Gopal et al (2001) showed that a non DNA binding and topo II 

non-interacting molecules, ferrocene acquires an affinity to topo II upon substitution at 2’ 

position. Among the substitutions at 2’ position acetyl substituted ferrocene showed 

significant inhibition of the catalytic activity of topo II. The present study aim at 

characterization of substituted ferrocene derivatives for isoform specific activity. A structural 

analysis was carried out to examine the physic chemical features that determine Topo II 

poisoning activity. 

Mostly the organometallic compound due to their charge show lower cellular uptake and 

exhibit toxic side effects in vivo. Here a target directed nanoparticle based method is 

presented for cellular localization of the drug. 

 
Potent ferrocene derivatives are tested in rat hepatocellular carcinoma model, these results 

are present in following objectives: 

1) Design, synthesis and characterization of ferrocene derivatives with Topoisomerase II beta 

inhibitory activity. 

2) Development of drug delivery system for target specific localization of ferrocene 

derivatives in cancer cells. 

3) Evaluation of efficacy of potent molecules in rat ascetic hepatocellular carcinoma. 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
 



EXPERIMENTAL PROCEDURES 

Materials: 

The negatively supercoiled plasmid DNA pBR322 and pRYG were purified as 

described in (321). Mouse anti-human topoisomerase II alpha and topoisomerase II beta 

monoclonal antibodies, Mouse anti-human transferrin, Mouse anti-human Alpha feto protein  

antibodies were obtained from BD Bioscience USA, and γP32 were obtained from JONAKI, 

BRIT, India. Other chemicals and biochemicals were of analytical grade. 

Apotransferrin was purified from human blood following the method of Cohn et al. 

(322). Doxorubicin was a pharmaceutical preparation of Biochem pharmaceutical industries, 

Pune. India. SUP-T1 were from NIH-AIDS reference and reagents programme, USA. SK-N-

SH cells, COLO-205 was from NCCS Pune. All other reagents and biochemicals were of 

analytical and molecular biological grade. 

Olive oil of superior grade purchased from local shop, ZH5 cells were obtained from CCMB. 

LDH, Alkaline phosphatase, Creatinine, Urea diagnostic kits are obtained from Qualigens-

Sigma, India 
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2.1: Topoisomerase II enzyme source:  

 Rat brain cerebellum was used as enzyme source. Topoisomerase II alpha and beta 

were isolated using two sequential steps, First by MONO S and then by MONO Q ion 

exchange chromatography. The bound protein was eluted at 0.25 M NaCl. The alpha and 

beta isoforms present in the preparation were further affinity purified using corresponding 

antibody coupled agarose matrix. Mouse anti-human topoisomerase IIα and topoisomerase 

IIβ monoclonal antibodies were used. The antibody bound protein was eluted using buffer 

containing 20mM Tris-HCl (pH 8.0), 1M KCl, 0.5 mM EDTA,10 mM mercaptethanol,10% 

glycerol,  followed by dialysis using the same buffer containing  100 mM KCl . The purity of 

protein was confirmed by Western blot analysis. The protein was estimated using the 

Bradford’s method (323). The catalytic activity was assayed using supercoiled pRYG DNA 

(321). Alternatively topo II alpha and beta immunoprecipitates were also used directly to 

assay the isoform specific activity and topo II poisoning activity. 

Synthesis of ferrocene derivatives 

2.2: Ferrocene carboxyaldehyde: (324) 

N-methyl formanilide method: N-methyl formanilide (4.4 gm, 0.032 mole) and 

phosphorous oxychloride (5 gm; 0.032 mole ) were mixed  and left at room temperature for 1 

hour, ferrocene (2.99 gm, 0.016 mole) was then added in small portions with vigorous 

shaking during approximately 30 minutes, the mixture being kept cool throughout . It is then 

left in a stoppered flask for 72 hours. After addition of ice-water, the mixture was extracted 

with chloroform and solution dried (Na2SO4) and evaporated, A benzene solution of the 

residue was chromatographed on alumina to separate the product from unchanged ferrocene 

(0.125 gm, 4.2% ) and N-Methyl formanilide, the main red band was eluted with benzene, 

evaporated and crystallized from 25% aqueous ethanol to yield ferrocene carboxyaldehyde. 
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2.3: Acetyl ferrocene :- (325) 

A mixture of 93 gm of ferrocene 250 ml of acetic anhydride and 20 ml of 85% 

phosphoric acid was heated at 100oC for 10 minutes the reaction mixture was cooled slightly 

and poured onto ice after standing overnight the mixture was neutralized with 200 gm of 

sodium carbonate in 200 ml of water the resulting brown pasty mass was cooled in ice bath 

and filtered the tan product was washed four times with 100 ml portions of water and filtered 

the granular product was dried in a vacuum dessicator over phosphoric anhydride 

sublimation of the crude product at 1000C gave orange crystalline product. 

2.4: Thiomorpholide amido methyl ferrocene (325) 

A mixture of 9.5 gm of monoacetyle derivative and 1.9 gm of sulphur and 5.2 ml of 

morpholine was heated at 130oC for 2.5 hours the viscous black reaction mixture was 

extracted with hot methanol and the extracts were diluted with water to give a dark brown 

precipitate of Thiomorpholide amido methyl ferrocene. Successive recrystallization from 

benzene hexane and water methanol mixture gave orange needles.  

 
2.5: Azalactone ferrocene (326) 

Ferrocene carboxyaldehyde (1gm) hippuric acid (1gm) and anhydrous sodium acetate 

were dissolved in acetic anhydride by refluxing for 5 minutes in a stream of nitrogen. The 

solution was then heated for 1.5 hours on a steam bath, cooled diluted with methanol (6 ml) 

and refrigerated overnight. Filteration followed by recrystallization from benzene afforded 

the azalactone ferrocene as deep purple crystals. 

 
2.6: Ferrocene methanol (324) 

Addition of NaBH4 (0.061 gm) to a solution of ferrocene carboxyaldehyde (0.26 gm) in 

methanol (5 ml) cause immediate reduction as indicated by the change in colour from red to 
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yellow. Evaporation of the solvent and recrystallisation from water afforded ferrocenyl 

methanol (Hydroxy methyl ferrocene) (0.216 gm; 85%) mp 760C. 

 
2.7: Methyl ferrocene (327) 

Ferrocene carboxaldehyde (1gm) in glacial acetic acid (20 ml) was added to 

amalgamated zinc needles (7 gm) and concentrated hydrochloride acid (20 ml) under 

nitrogen. The mixture was heated on a steam bath for 15 minutes, cooled, and poured into 

water; the mixture was filtered and the solid material washed with benzene. The two layers 

in the filterate were separated, the aqueous layer was extracted three times with benzene, and 

the combined benzene solutions were washed with water, aqueous sodium hydrogen 

carbonate, and water and dried (Na2SO4). Removal of benzene under reduced pressure left 

yellow oil (0.8 g) slightly volatile with benzene. Distillation of this oil at 86/0.4 mm afforded 

methyl ferrocene (0.6 gm., 66%) which, crystallised from ligroin, had m.p 36 0C . 

 
2.8: Ferrocene acrylic acid preparation (324) 

The ferrocene carboxy aldehyde (0.5 gm), malonic acid (0.5 gm) and piperidine (10 

drops) were dissolved in pyridine (12 ml) and heated under N2 on a boiling water bath for 2 

hours. The cooled solution was diluted with water and extracted with chloroform. The 

chloroform extracts was washed with diluted HCl and water and then extracted with 2N 

NaOH. Acidification of the aqueous layer precipitated the brick red–beta ferrocenyl acrylic 

acid (0.4 gm 68%). Recrystallisation from benzene afforded deep red prisms m.p 186-1870C. 
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2.9: 11’ di(hydoxy) methyl ferrocene (328) 

A solution of dimethiodide (1.0gm 1.6 mM) in NaOH solution (5 N, 100 ml) was heated 

under reflux for 6 hours and then extracted with ether, the extracts were washed with water, 

dried over Na2S04 and evaporated and the residue was dissolved in benzene and 

chromatographed, benzene, ether (1:1) eluted the sole product 1,1’ di(hydroxyl) methyl 

ferrocene (0.36 gm, 87%). 

 
2.10: Monosulfonic Acid of Dicyclopentadienyl iron (329) 

Sulfuric acid (l00%, 4.9gm.) was added at 25-330C to slurry of dicyclopentadienyl 

iron (37 g.) in acetic anhydride (200 ml.). The reaction mass was agitated overnight. The 

undissolved solids were filtered and identified by mixed melting points as unreacted 

dicyclopentadienyl iron (15.8 g.). The acetic anhydride filtrate was poured into water (1,000 

cc.) and heated to 800C. An additional amount of dicyclopentadienyl iron (10 g.) thus was 

separated. The dilute acetic acid solution was evaporated on a steam-bath. The residue was 

slurried in an excess of aqueous ammonia, clarified by filtration and evaporated to dryness. 

The residue (12 g) was dissolved in absolute methanol. The solution was clarified by 

filtration and again evaporated. An ammonium salt of a monosulfonic acid of 

dicyclopentadienyl iron (11 g.), was obtained. Anal. Calcd. for   C10H13FeO8NS.  

 
2.11: Ferrocene thiol synthesis 

It is prepared from ferrocene sulphonyl chloride which is converted to ferrocene thiol 

Ferrocene sulphonyl chloride (330) 

Crude ferrocene sulphonic acid(62 gm, 0.2 mole) was added in portions to phosphorous 

trichloride (210 ml, 2.4 mM), preheated to 500C , at such rate as to maintain gentle refluxing 

the mixture was then heated on a water bath until evolution of hydrogen chloride ceased 

(appro 6 hrs), diluted with boiling ligroin (50 ml) and filtered. The orange filterate was 
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evaporated under reduced pressure and the residual solid (50 gm) crystallised from ligroin, 

giving ferrocenyl sulphonyl chloride (48.1 gm , 82%) as crimson needles, mp 1000C which 

darkened rapidly in moist air (Found C 42.6 , H, 3.4 C10H9SClFe requires  C , 42.2 H 3.2%) 

Ferrocene thiol (331) 

A stirred solution of lithium aluminium hydride (3.8 gm , 0.1 mole) in ether (150 ml) under 

nitrogen, the sulphonyl chloride (7.11 gm, 0.025 mole) in the same solvent (100 ml) was 

added during  35 minutes. After 18 hours refluxing, ethyl acetate (5 ml) was added drop 

wise, following by wet ether (50 ml) and then 3.5 N sulphuric acid (300 ml). The ethereal 

layer was separated, dried and evaporated, yielding ferrocenthiol as afoul smelling oil, b.p 

which crystallise at -700C formed orange crystals. 

 
2.12: Ferrocene carboxylic acid (332) 

It is prepared by the procedure, a mixture of 1.0 g. of acetyl ferrocene, 2 ml. of pyridine 

and 1.1 g. of iodine was agitated for 12 hr. at room temperature, then for 90 min. in a boiling 

water-bath. The mixture was diluted with aqueous 0.6 N sodium hydroxide and stirred for 24 

hrs. at room temperature. Which was recrystallized from chloroform to give crystals which 

decomposed at 208.5 0C.  

 
2.13: Preparation of ferrocene thiocarboxylic acid: (333) 

To a suspension of ferrocene carboxylic acid  (460 mg , 2.0 mM) in petroleum ether (b.p 40-

45 0C) (20 ml) was added drop wise an excess of thionyl chloride (2.Gm, 16 mM) at room 

temperature. The resulting mixture was stirred for 2 hours at 500C. The solvents were 

evaporated at reduce pressure, and the residue was extracted several times with petroleum 

ether. Evaporation of the petroleum ether was followed by washing of the residual solid with 

a small portion of petroleum ether to give ferrocene carboxylic acid chloride (I) (320 gm, 

64% m.p 48-490C). 
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Preparation of piperidinium ferrocenyl thiocarboxylate (II) 

Two molar equivalents of freshly prepared sodium hydrogen sulphide in dry ethanol (30 

ml) was added gradually to a solution of I prepared from I(460 mg, 2.0 mmole) in petroleum 

ether (20 ml) under cooling with ice water. The resulting solution was stirred for 1 hour. The 

reaction mixture was concentrated to about 1 ml and poured into 50 ml of ether. The ethereal 

layer was separated and extracted with 50 ml of 10% KOH solution. The resulting dark red 

aqueous layer was acidified with 50 ml of 10% HCl and then extracted with 50 ml of ether at 

50C, the ether extracts were washed with water dried over anhydrous MgSO4 and treated 

with 1.8 mmole of piperidine at 50C. filteration of the resulting residue and recrystallisation 

from n-Hexane /CH2Cl2 gave orange needles crystals of piperidinium 

ferrocenthiocarboxylate (II) (410 mg, 62%) 

 
Preparation of ferrocene thiocarboxylic acid (III) 

Concentrated HCl (20 ml) was added to a suspension of salt II (330 mg, 1.0 mM) in ether 

(100 ml) and the mixture was shaken vigorously. The ether layer was separated , washed 

with water and dried over anhydrous MgSO4, removal of the solvent in vacuo gave dark 

purple crystals of pure ferrocene thiocarboxylic acid (III) (230 mg, 94%) 

 
2.14: Condensation of acetyl ferrocene with ethyl carbonate to form beta keto ester 

(325) 

To a stirred solution of 0.4 mole of potassium amide in 500 ml of liquid ammonia was 

added 45.6 g (0.2 M) of acetyl ferrocene followed, after 10 min by a solution of 47.2 gm (0.4 

M) of redistilled ethyle carbonate in 100 ml of dry ether  (added drop wise). The liquid 

ammonia was removed as more dry ether was added and the resulting ether suspension 

refluxed 30 min. The solid was collected on a funnel washed well with dry ether, dissolved 

in water, and acidified with cold acetic acid. The oil was taken up in ether washed with 
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saturated sodium bicarbonate solution dried over MgSO4, filtered and the solvent removed. 

The oily residue slowly crystallize ester. M.p 55-57 0C. Recrystallisation from 9:1 hexane 

benzene raised the mp to 57.50C to 58.50C. 

 
2.15: Preparation of Ferrocenyl acetic Acid (334) 

 A mixture of 20 g of acetyl ferrocene, 7 g. of sulfur, 50 ml. of dioxane and 150 ml of 

morpholine was heated at reflux for 18 hr. under nitrogen. The reaction mixture was filtered 

and evaporated to small volume under reduced pressure, then transferred to an alumina 

column and eluted in two fractions with benzene. From the first fraction was obtained 10.2 g. 

(35%) of ferrocenylacetothiomorpholide, m.p. 126-128oC, and from the second fraction 1.0 

g. (5%) of recovered acetylferrocene.  

 
Ferrocenylacetothiomorpholide, recrystallized from ether, had m.p. 130-131o. The crude 

thiomorpholide was heated under reflux for 4 hr. with 2 N aqueous sodium hydroxide, then 

filtered, washed with ether and acidified with hydrochloric acid. The precipitated acid was 

extracted into ether, and the ether extracts were washed with water, dried and evaporated to 

small volume. Addition of pentane gave 5.5 g. (73% from the thiomorpholide) of 

precipitated ferrocenylacetic acid. The yellow acid, recrystallized from ether-pentane, 

darkened 125-135 oC 

 
2.16: β-Ferrocenyl ethyl alcohol (325) 

It is prepared in quantitative yield from ferrocenyl acetic acid by reduction at room 

temperature with lithium aluminum hydride. The yellow alcoho1 was recrystallized from 

ether-pentane and had m.p 49-500C. 
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2.17: Ferrocene methyl chloride (331) 

To a suspension of hydroxy methyl ferrocene (I) (460 mg, 2.0 mM) in petroleum ether 

(b.p 40-450C) (20 ml) was added drop wise an excess of thionyl chloride (2. Gm, 16 mM) at 

room temperature. The resulting mixture was stirred for 2 hours at 500C. The solvents were 

evaporated at reduce pressure, and the residue was extracted several times with petroleum 

ether. Evaporation of the petroleum ether was followed by washing of the residual solid with 

a small portion of petroleum ether to give ferrocene methyl chloride. 

 
2.18: Preparation of ferrocenyl acetaldehyde (335) 

A solution of methylsulfinyl carbanion (0.035 mol) in 1:1 DMSO-THF (50 ml) was 

cooled to -15 0C under a nitrogen atmosphere. To this solution was added, drop wise over 3 

min, 7.0 g (0.035 mol) of trimethylsulfonium iodide dissolved in 30 ml of DMSO. After 

stirring for 1 min a solution of ferrocene carboxaldehyde (1.5 g, 0.0069 M) in THF (20 ml) 

was added drop wise to this ylide solution over a period of 2-3 min. The mixture was stirred 

at -15 o C for 5 min, and then allowed to warm to room temperature over 0.5 hr and poured 

into 300 ml of water. The resulting solution was extracted three times with 50 ml portions of 

diethyl ether; the combined ether portions were washed with water and dried (MgS04). 

Removal of the solvent gave the crude product, the components of which were separated by 

chromatography on silica gel with benzene as eluent. The major product was 

ferrocenylacetaldehyde, formed in 64% yield.  

 
2.19: Ferrocenyl methyl Sulfide (336) 

Hydroxy methyl ferrocene (10.0 g, 0.046 mol), mercaptoacetic acid (100 ml), and water 

(100 ml) were heated at the reflux temperature for 2 hr. The reaction mixture was cooled to 

room temperature and poured into 800 ml of water. The precipitate was washed with water, 

taken up in ether, and extracted into 5% aqueous sodium hydroxide. Ferrocenyl methyl 
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carboxymethyl sulfide (9.8 g, 74%) was isolated by neutralization (acetic acid), filtration, 

washing of the precipitate with water, and drying in vacuo (mp 125-126 0C). An authentic 

sample of ferrocenyl methyl sulfide was prepared as reported in the literature (m.p. 126-127 

0C).  

 
2.20: Mono ethyl ferrocene preparation: (337) 

Mono acetylferrocene (4.5 g., 0.02 mole), dissolved in 30 cc. of glacial acetic acid, 

was added to a suspension of 300 mg. of reduced platinum oxide catalyst in 20 cc. of the 

same solvent. The mixture was stirred in an atmosphere of hydrogen, at room temperature, 

for a period of 70 hours, at the end of which time 994 cc. Of hydrogen had been taken up 

(100% based on a theoretical uptake of 2 moles of hydrogen per mole of ketone). The deep 

amber solution was filtered by suction, in an atmosphere of nitrogen, directly into 300 cc. of 

water containing sufficient sodium carbonate to neutralize the acetic acid. The aqueous 

solution was then extracted twice with 100ml. Portions of ether, and these were combined, 

washed to neutrality and dried. Removal of solvent left 4.3 g. of mobile, amber colored oil, 

possessing a mild camphoraceous odor. An infrared spectrum of this product revealed the 

presence of small amounts of partially reduced and unreduced material. Purification was 

effected by dissolving the crude product in a small volume of petroleum ether and 

chromatographing on 200 g. of alumina. On elution with petroleum ether, monoethyl 

ferrocene separated easily from alcoholic and ketonic contaminants. The product was 

distilled at 121-123 o C (10 mm.), (Yield 3.28 g. (77%)). 

 
2.21: Ferrocene dicarboxylic acid preparation: (338) 

To an ice-cold, stirred solution of 162 g. (2 M) of 37% aqueous formaldehyde was 

added 722 g. (4 M) of 25% aqueous dimethylamine solution maintaining the temperature 

below 150C. After stirring 0.5 hr. longer, solid potassium hydroxide was added until two 
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layers separated. The upper layer was removed and dried over solid potassium hydroxide. 

After filtering, the product was distilled to give 178 g. (8770) of N,N,N',N'-

tetramethyldiaminomethane, b p. 82-840 C. 

Aminomethylatim of ferrocene to form tertiary amine III. (338) 

A mixture of 25.5 g. (0.25 mole) of N,N,N',N'-tetramethyldiaminomethane, 7.9 g. (0.25 M) 

of paraformaldehyde and 200 g (3.3 M) of glacial acetic acid was heated for a few minutes 

until solution occurred, and 93 g (0.5 M) of  ferrocene was then added with stirring. The 

mixture was stirred and refluxed for 5 hr. All of the ferrocene dissolved within about 1 hr. 

The solution was cooled slightly, and 500 ml. of water was added with stirring. The resulting 

mixture as filtered and the solid was washed with dilute acetic acid, followed by water.  

This solid consisted largely of unreacted ferrocene which was reemployed in the 

aminomethylation reaction. The clear filtrate (and washings) was chilled in an ice bath, and 

made strongly alkaline with 50% sodium hydroxide solution. The resulting mixture was 

extracted three times with ether, and the combined extract was washed with water. The 

ethereal solution was dried over magnesium sulfate and, after filtering, the solvent was 

removed. The residue was distilled in vacuo to give 62.2 g. of N,N-

dimethylaminomethylferrocene (III) (clear amber). 

 
Alkylation of malonic ester with quaternary ion III. Dicarboxylic acid  

The methiodide of N,N-dimethylaminomethylferrocene (III) was prepared as described 

previously by the aminomethylation of ferrocene (dicyclopentadienyl iron) with 

formaldehyde and  dimethylamine, followed by the methylation of the resulting tertiary 

amine with methyl iodide. A solution of sodium ethoxide was prepared under nitrogen from 

2.3 g. (0.1 M) of freshly cut sodium and 100 ml. of absolute ethanol, and a solution of 16.0 

g. (0.1 M) of redistilled diethyl malonate in 20 ml. of absolute ethanol was added.  
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To the resulting sodio malonic ester (0.1 M) was added, with stirring, 38.5 g. (0.1 M) of the 

solid methiodide (III), and the solution stirred and refluxed for 43 hr. The odor of 

trimethylamine was detected at the top of the condenser. After cooling, the reaction mixture 

was poured onto crushed ice, acidified carefully with 1N hydrochloric acid, and extracted 

three times with ether. The combined ethereal extract was washed with saturated sodium 

bicarbonate solution and dried over magnesium sulfate. After filtering, the solvent was 

removed to leave 34 g. of the alkylation product as clear amber oil which crystallized slowly.  

 
To 30.0 g. of this crude alkylation product was added 10 ml of 95% ethanol and 50 ml. of 

30%, potassium hydroxide solution, and the resulting mixture was refluxed for 8 hr. After 

cooling, diluting with four volumes of water, and extracting with ether, the alkaline solution 

was acidified carefully with 6N hydrochloric acid to precipitate dicarboxylic acid  which was 

collected on a funnel, washed with water, and dried. This acid (18 g., 67%) melted at 130-

133 oC. A sample of the solid acid was boiled with water, and the resulting emulsion was 

filtered and cooled rapidly to produce fine golden plates m.p. 133-134 oC (sample immersed 

in the melting point bath at 120 oC).  

 
2.22: Condensation with acetophenone to form alpha, beta unsaturated ketone (339) 

To a stirred solution of 2.56 gm (0.064 M) of NaOH in 20 ml water ( cooled to 15 oC) 

was added successively, solutions of 6 gm (0.05 M) of acetophenone in 10 ml of 95%  

ethanol and 10.8 gm (0.05 M) of ferrocene carboxyaldehyde  in 30 ml of 95% ethanol, the 

mixture was stirred over night, the thick purple suspension was filtered and the solid washed 

thoroughly with water, followed by a small portion of ice cold 95% ethanol , after drying, 

there obtained 14.5 gm (92%) of α, β unsaturated ketone ( purple solid) mp 126-1280C.  
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2.23: Beta-Ferrocenyl propionic acid (340) 

7.4 g. of ferrocene, 2.0 g. of succinic anhydride and 5.8 g. of aluminum chloride. The 

crude acid was extracted from methylene chloride with sodium carbonate filtered through 

Celite and re-precipitated with dilute hydrochloric acid; yield 5.0 g. (87%). A sample of 

orange β-ferrocenoyl  propionic acid, recrystallized from methanolbenzene, had m.p. 166.5-

167.5 o C.Anal. Calcd. for Cl4H14FeO3.  

 
2.24: Isobuytric acid Ferrocene : (341) 
 

To a mixture of 26 g of aluminum chloride and 300 ml. Of methylene chloride was 

added a solution of 44.3 g. of ferrocene and 10 g. of glutaric anhydride in 300 ml. of 

methylene chloride. The mixture was stirred for 2 hr. at room temperature, then decanted 

over ice and worked up in the usual manner. The methylene chloride solution was 

concentrated and the residue dissolved in benzene and transferred to an alumina column, 

which was eluted with benzene. The first of two bands gave 21.4 g. (48%) of recovered 

ferrocene, while the second band yielded 16.3 g. (53%) of isobuytric acid ferrocene as a red 

oil, which crystallized from pentane at Dry Ice temperature, Highly unstable in aqueous 

media. 

 
2.25: Alpha Propionyl ferrocene (340) 

It is prepared by the Friedel-Crafts acylation of ferrocene with propionic anhydride. 

To a mixture of 34.5 g. of aluminum chloride and 300 ml. Of methylene chloride was added 

a solution of 44.3 g. of ferrocene and l5.6 g. of propionic anhydride in 300 ml. of methylene 

chloride. The mixture was stirred for 2 hr. at room temperature, then decanted over ice and 

worked up in the usual manner. The methylene chloride solution was concentrated and the 

residue dissolved in benzene and transferred to an alumina column, which was eluted with 

benzene. The first of two bands gave 21.4 g. (48%) of recovered ferrocene, while the second 
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band yielded 16.3 g. (53%) of propionyl ferrocene as a red oil, which crystallized from 

pentane at Dry Ice temperature, m.p. 38-39 0C.  

 
2.26: Ferrocenyl pyridine (342) 

A solution of pyridine was prepared from 34 gm of pyridine, 20 gm of sodium nitirite 

and 8.3 ml of concentrated H2SO4 in 150 ml of water. This was added rapidly to a solution of 

10 gm of ferrocene in 350 ml of acetic acid. The resulting dark solution was allowed to stir 

overnight at 10-15 oC. and was then poured to 1 litre of water containing sodium bisulfate. 

Chloroform, the extracts were combined, washed with Na2CO3. And water to neutrality and 

dried over MgSO4. The drying reagent was filtered off and solvent removed leaving a deep 

orange solid 
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2.27: QSAR equation generation 

Understanding the QSAR generation process 

This section describes the general procedure for generating a QSAR, which consists of the 

following 11 steps: (343) 

1. Identify the training set  

First step, the molecular structures are chosen as the training set. QSAR provides tools that 

enable to build new structures, create a congeneric series of 3D structures, and import 

chemical structure files in a wide variety of formats.  

2. Enter biological activity data 

For each of the molecules in the training set observed biological activity is provided 

3. Generate conformations 

For a 3D QSAR analysis, conformational information is provided, which is usually obtained 

by performing a conformational search in G/PLS method.  

4. Calculate descriptors  

QSAR calculates a wide variety of spatial, electronic, topological, information-content, 

thermodynamic, conformational, quantum mechanical, and shape descriptors. QSAR gives 

you the ability to modify existing descriptors and the combination of descriptors in a 

descriptor set. You can create or import new descriptors from other Cerius2 modules such as 

Molecular Field Analysis (MFA) and Receptor to meet your specific requirements. 

5. Explore the data  

Graphs are to depict structural descriptor distribution. If holes exist in descriptor sets, new 

compounds to fill the holes. You can also display correlation matrices to assist you in 

identifying descriptors that are highly correlated and histograms and rune plots to help you 

examine the uniformity of your data. Descriptive statistics are available to further 

characterize descriptors. Additionally, you can transform and normalize descriptors, as 
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appropriate. You can also carry out principal components analysis (PCA) and cluster 

analysis to further characterize your data. 

6. Generate a QSAR equation 

After you identify the appropriate dependent and independent variables, you can choose 

from several statistical methods for generating a QSAR equation. These include multiple 

linear regression, partial least squares (PLS), simple linear regression, stepwise multiple 

linear regression, and principal components regression (PCR). Additionally, if the genetic 

function approximation (GFA) functionality is installed, you can also perform a genetic 

analysis, either GFA or G/PLS, to create a QSAR equation. 

7. Validate the equation  

Apply validation techniques to identify outliers and leverage points. analyses and 

crossvalidation to characterize the robustness of the QSAR. 

8. Analyze the equation  

Graphical tools to plot observed vs. predicted activities and to identify outliers. You can also 

generate 3D plots to visualize the positions of important 3D-QSAR descriptors from 

Molecular Field Analysis (MFA) or Receptor Surface Analysis (RSA) in relation to the 

molecules. 

9. Save the QSAR equation 

You can save calculated QSAR equations. 

10. Predict activity  

QSAR, you can simply draw a candidate structure, add it to your study, apply your 

calculated QSAR equation, and immediately view the predicted activity. 

11. Save the study When you are finished with your study, you can save the entire QSAR 

analysis, including all its component structures and conformations, for later review and use. 
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QSAR equation was generated as described in Accelrys Cerius2 tutorials (349). 

Ferrocene models were sketched using 3D sketchers and models were minimized by smart 

minimizations in offset methods, while atomic charges were calculated by offset up method. 

The models were superimposed using the iron axis and the upper cyclopentadiene ring as the 

basic skeleton. These models were entered into QSAR study table, with the negative log 

value of the IC50 entered into study table, while the descriptors were added in default mode, 

the probing was done using H+ and CH3
+ probes and the grid was developed; The QSAR 

equation was generated using G/PLS (350). The above equation is further tuned to get a 

better QSAR equation by selecting appropriate training and test set. 3D points were 

generated by default. The models were used in receptor module of Cerius2 and the 

interactions computed. 

QSAR Validation methods: 

R – Squared (r2): the square of the correlation coefficient (344). This statistic is used to 

describe the goodness of fit of the data in the study in table to the QSAR model.  

Cross validated r2: A cross validated r2 is usually smaller than the overall r2 for a QSAR 

equation. It is used as a diagnostic tool to evaluate the predictive power of an equation 

generated using the multiple linear regression of PLS methods. 

Dep SD: The sum of squared deviations of the dependent variable (346) values from their 

mean. 

PRESS (Predicted sum of squares): the sum , over all compounds , of the squared 

differences between the actual and the predicted values of the independent 

variables(347).The values reported in the table is computed during a validation procedure 

and can be computed for the entire training set. The larger the value, the more reliable is the 

equation. 
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Outliners: - An outliner (348) is defined as a structure with a residual greater than two times 

the standard deviation of the residuals generated in the validation procedure. 

 
2.28: Purification of pRYG negatively supercoiled plasmid DNA: 

The negatively supercoiled pRYG plasmid DNA was purified from the E.coli HB101 strain 

containing the plasmid, using the alkaline lysis procedure. The procedure described in 1 litre 

culture which can be scaled upto 4 liters. An overnight culture of the plasmid containing 

bacteria (grown in the presence of 100 µg/ml ampicillin) was used for purification of the 

plasmid. 

Bacterial cell growth and harvesting: 25 ml of LB broth was inoculated with a single 

bacterial colony containing the plasmid. The culture was grown in a shaking incubator for 8 

hours at 370C. This culture was used for inoculating 1 liter of LB broth. The one liter culture 

was grown overnight (12-14 hours) at 370C in a shaker incubator. The purification procedure 

was carried out at 40C. Cells were harvested by centrifugation at 5000 rpm for 10 minutes. 

The cells were lysed with 40 ml of lysis buffer by constant stirring over a period of 15 min. 

Alkanline lysis: 80 ml of freshly prepared alkaline solution was added and the constituents 

were mixed by swirling in a bottle. The mixture was placed in ice for 10 min. 50 ml of 

freshly prepared saturated ammonium acetate solution was added gently against the walls of 

the bottle. The bottle was placed on ice for 10 min. the precipitated proteins were removed 

by centrifugation at 12,000 rpm. The supernatant was clarified by filtrating it through glass 

wool. Ice cold isopropanol (0.7 volumes) was added to the supernatant and placed on ice for 

20 min. 

Phenol chloroform extraction of DNA: the precipitated DNA was pelleted at 12,000 rpm. 

The supernatant was removed and the pellet allowed for drying. This pellet was dissolved in 

40 ml of sodium acetate buffer. After 5 min on ice, an equal volume of Tris saturated phenol 

and chloroform was added and vortex mixed for 2 min in 50 ml tubes. The tubes were 
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centrifuged at 12,000 rpm for 10 min. the aqueous phase was taken in an autoclaved conical 

flask and the phenol phase was removed. 

Precipitation and dissolution of DNA: the aqueous phase containing the DNA was treated 

with 0.7 volume of ice cold-isopropanol and 0.1 volume of 3 M sodium acetate (pH 4.2) and 

placed on ice for 20 minutes. The DNA was pelleted and washed twice with ice cold ethanol 

(70%). The pellet was dissolved in a proper volume of Tris-EDTA buffer. 

 
2.29: Relaxation assay 

This assay was performed following the procedure of Osheroff et al (1983) (351). 

The reaction mixture contained of 0.6 µg of negatively supercoiled pRYG plasmid DNA 

with increasing concentrations of ferrocene drugs in relaxation buffer (50 mM Tris-HCl (p H 

8.0), 120 m M KCl, 0.5 mM EDTA, 0.5 mM DTT, 10 mM MgCl 2 , 30 µg/ml BSA, 1 m M 

ATP). The reaction was initiated by adding 2 units of topoisomerase II α or β and incubated 

at 37 0C for 30 min. The reaction was stopped by adding 2 µl of 10% SDS, and 3µl of 

loading dye (0.5 % bromo phenol blue, 0.5% xylenol cyanol, 30% glycerol in water) and the 

products were separated on a 1% agarose gel in TAE (20 mM Tris acetate, 0.5 mM EDTA) 

at 50 V for 10 hours. The gel was stained with ethidium bromide (1μg/ml), and was observed 

in photo dyne UV transilluminator and photographed. 

 
2.30: Cleavage assay 

The formation of cleavage complex was assayed following the procedure of 

Robinson and Osheroff (1990) (352). The reaction mixture contained 0.6 µg of negatively 

supercoiled pBR 322 DNA with increasing concentrations of ferrocene compounds in 

cleavage buffer (10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 50 mM KCl, 0.1 mM EDTA, 

2.5% glycerol, 5 m M MgCl2). The reaction was initiated by adding 10 units of 

topoisomerase II and incubated at 370C for 15 min, then stopped with addition of 2 µl each 
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of 0.5 M EDTA, and 10% SDS. The DNA bound protein was proteolysed by incubating the 

reaction mixture with 2 µl of Proteinase K (2mg/ml) at 450C for 1 h. The products were 

separated on 1% agarose gel for 2 hours at 50 volts in TAE buffer, ethidium bromide 

(1μg/ml) stained and photographed under U.V. 

 
2.31: ATPase assay 

This assay was conducted as described in Jayaraju et al (1999) (353). The reaction 

mixture containing of 1ml reaction buffer (20 mM Tris-Hcl pH 7.5, 0.1 mg NADH, 100µM 

DTT, 1mM ATP, 2 mM Phosphoenol pyruvate, 4mM MgCl2), 12.5 units of Pyruvate kinase 

and 12.5 units of Lactate dehydrogenase was incubated at 370C for 5 min. The incubation 

was continued further with addition of 0.3 μg of DNA with increasing concentrations of the 

ferrocene drugs and 4 units of topoisomerase II for 30 min and the absorbance was recorded 

at 340 nm. In control study, the reaction was also carried out without Topoisomerase II. 

 
2.32: DNA thermal denaturation assay 

Calf thymus DNA (sodium salt) was dissolved in 1 mM sodium phosphate buffer 

containing 1 mM sodium chloride and 1 mM EDTA. DNA concentration was adjusted to 

give an absorbance of 1.0 in 1 cm path length cuvette at 260 nm (354). The ferrocene drugs 

were added to DNA at concentrations, which gave drug to nucleotide ratio of 1:10, 1:5, 1:2, 

and 1:1 respectively. The samples were incubated in 1 cm path length cuvette for 2 min to 

allow drug-DNA binding. A JASCO 550 spectrophotometer was set to give a 10C rise in 

temperature per minute with ETC 505 T thermo programmer and temperature controller. 

Increase in absorbance at 260 nm was recorded from 40-900C. 

2.33: Drug interaction assay 

The interaction of drug with enzyme was done in 2 ways. In the first, the enzyme was 

immunoprecipitated using ProteinA agarose method as described in (321). 
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Immunoprecipitated enzyme was incubated with Azalactone ferrocene at 50 and 100μM, for 

15 minutes. The unbound drug was removed by washing 3 times with TBS buffer containing 

0.1% Tween20. The drug treated enzyme immunoprecipitate was mixed with super coiled 

DNA and the relaxation assay was conducted.  

 
In the second approach, pRYG DNA was preincubated at 50, 100 μM of Azalactone 

ferrocene. The complex was incubated for 15 minutes at 37 0C. After incubation the drug 

was diluted by 10 fold to get drug concentrations of 5 and 10 μM. The reaction mixture 

containing diluted drug and DNA was added to immunoprecipitated topoisomerase II β 

isoform and the relaxation assay was conducted. 

 
2.34: Apotransferrin purification 

Blood sample collection and protein purification:  

Transferrin protein was purified form plasma. Fresh and healthy human blood sample 

was collected and plasma is separated. Plasma is treated with a series of alcohol gradients 

and kept on ice for 10 minutes, protein is precipitated, and the sample was centrifuged at 

10,000 rpm for 15 minutes. The supernatant and pellet is analysed (355) for the presence of 

transferrin. At 40% (v/v) was precipitated. It is solubilised in Tris buffer and further purified 

by gel filteration chromatrography. 

 
2.35: Gel filtration chromatography 

20 mg of 40% alcohol precipitated protein was loaded onto 100 ml sephacryl S-100 

gel filterate. 1ml fractions are collected. The transferrin is converted to apotransferrin by 

dialyzing the protein in 10mM EDTA, 10mM sodium acetate (pH 5) for three hours thrice 

and then dialyzing the protein in TBS for overnight and this protein is used for all further 

experiments. Protein estimated by Broadfords method and analyzed by SDS-PAGE 
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2.36: Nanoparticle Preparation 

For preparation of nanoparticles, procedure described in Kondapi (356) was adapted. 

25 mg of apotransferrin in 100 µl of phosphate buffer saline (PBS) was slowly mixed with a 

100 mM of Doxorubicin hydrochloride (3.46 mg)/ azalactone ferrocene (5.2 mg) in 100 µl 

DMSO (100mM) and the mixture was incubated on ice for 5 min. The mixture of 

apotransferrin and the drug was slowly added to 15 ml of olive oil at 40C with continuous 

dispersion by gentle manual vortexing. The sample was sonicated at 40C using a narrow 

short probe of MSE sonicator (PG43301, MSE Instruments, UK) with a 30 sec period pulse, 

having an amplitude of 5 microns (and a time period of 30 seconds ) and this sonication step 

was repeated 15 times with a gap of 1 minute between successive steps. The resulting 

mixture was immediately frozen in liquid nitrogen for 10 min. and was then transferred to 

ice and incubated for 4 hours. The particles formed were pelleted by centrifugation at 6000 

rpm for 10 minutes and the pellet was extensively washed with diethyl ether and dispersed in 

Phosphate buffered saline. The particles were estimated for protein using Biurett method and 

protein equivalent of nanoparticles were used for each experiment. 

 
Microscopic analysis of nanoparticles 

Structure and morphology of the nanoparticles were investigated using Scanning 

electron microscope (Philips FEI-XL 30 ESEM operated at 20 KV USA), Transmission 

electron microscope (JOEL JEM 1011 operated at 100 KV, USA), Atomic force microscope 

(SPA-400, USA); Manufacturer’s instructions were followed for sample preparation, data 

collection and analysis of particles. 

 
2.37: TEM procedure (357) 

Place several drops of dispersed Nanoparticles on a clean piece of Parafilm. Pick up 

the grid with clean forceps and float the grid, carbon mess containing side down, on a drop 
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of Nanoparticles. Leave the grids on the sample for 5 to 10 min. Transfer the grid with clean 

forceps and float the grid, section side down, on a drop of uranyl acetate stain. Leave the 

grids on the stain for 5 to 10 min.  

 
After 5 to 10 min in uranyl acetate, remove the grid from the uranyl acetate, dip the 

grid in the first beaker of warm, freshly boiled deionized water and swirl the grid around. 

Repeat the process in the three other beakers of warm, freshly boiled deionized water. Keep 

the grid wet. Dry the grid using filter paper points (cut triangles of filter paper) by placing 

the paper point between the points of the forceps. 

Aqueous Uranyl Acetate 

Prepare 2% (w/v) solution of uranyl acetate (UO2(CH3COO)2.2H2O) in 5 ml of 

freshly boiled warm deionised or distilled water. The pH of a freshly prepared 2% aqueous 

solution of uranyl acetate is approx 4. Filter the solution through Whatman #42 or #50 filter 

paper or equivalent. Store the filtered solution in a dark colored container or wrap the 

container with aluminum foil to exclude light since uranyl acetate is light sensitive. Filter an 

appropriate volume of stain through a 0.22-μm micro filter when ready to stain grids. 

 
2.38: SEM protocol (358) 

The surface morphology and particle size of the sample is determined by SEM FEI-

XL 30 ESEM (Philips) operated at 20 KV. 0.5 mm x 0.5 mm clean square glass slide is cut 

and placed on the stub with Carbon double-sided sticky tapes. Stubs should be labeled on the 

bottom side using a permanent marker. Place 2 µl of the buffer dispersed sample and spread 

all over the glass slide with the pipette manually and air dry the sample. Air dry specimen in 

dust free environment at room temperature for one hour. And coat with gold in Sputter 

Coater,  
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Sputter Coater: 

The sputter coater uses argon gas and a small electric field. The sample is placed in a 

small chamber which is at vacuum. Argon gas is then introduced and an electric field is used 

to cause an electron to be removed from the argon atoms to make the atoms ions with a 

positive charge. The Ar ions are then attracted to a negatively charged piece of gold foil. The 

Ar ions act like sand in a sandblaster, knocking gold atoms from the surface of the foil. 

These gold atoms now settle onto the surface of the sample, producing a gold coating. Store 

specimens in dry, dust free environment till the analysis. Images are recorded using 

appropriate resolution. 

 
2.39: AFM protocol (359) 

0.5 x 0.5 mm glass piece is taken to one side double sided tape is placed and on the 

other side a mica sheet is attached. The mica sheet is peeled by sticking the cellophane tape 

and remove it and repeat the step several times to get a smooth surface for the analysis. 

On the smooth surface keep a 5 µl of the sample and uniformly dispersed in spin coater, the 

sample is dried in a dust free zone for 12 hours. The sample is kept in SPA-400 and 

manufacturer’s instructions are followed. Images are recorded at different resolution and 

surface morphology is predicted. 

 
2.40: Drug release kinetics (360) 

10 mg protein equivalent doxorubicin encapsulated nanoparticles are taken in a 1N 

acid in phosphate buffer saline, absolute alcohol and 100% DMSO, and incubated for the 5 

minutes and the samples are centrifused at 12,000 rpm for 10 minutes and the supernatant is 

analysed for the characteristic peak of doxorubicin at 555 nm by spectrofluorimeter and 

fluorescence is recorded. 
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2.41: Drug estimation in the nanoparticles 

 The drug from the drug encapsulated nanoparticles is released by the acid release 

method and characteristic peak is calculated by UV-VIS spectroscopy and the peak 

absorbance is calculated. 

 
2.42: Dot blot analysis (361) 

Drug loaded Nanoparticles, apotransferrin and BSA were loaded onto the dot blot 

and allowed to absorb for 5 minutes. The blot is blocked by 5% milk powder and probed by 

Mouse anti-human transferrin monoclonal antibody and goat anti mouse IgG conjugated 

with alkaline phosphatase (Fitzgerald, Germany). The blot was developed by the BCIP/NBT. 

Blotto 

5 gms of non-fat dry milk dissolved in 100 ml of TBS. 

Stop solution 

Tris-HCL (pH 2.9) 20mM 

Calcium chloride 1mM 

 
2.43: Competition of the Soluble Apotransferrin with the Apotransferrin-drug  

Nanoparticles (362) 

Two million Cells were incubated in serum free media for 30 minutes in 12 well 

plate. Apotransferrin-drug nanoparticles (equivalent to 20 μg protein) in the presence of 

indicated concentrations of soluble apotransferrin at 0,80,160,240 µg and cells were 

incubated for 30 minutes. These were then washed thrice with PBS and were observed for 

the fluorescence emission by labeled cells in fluorescence activated cell sorter (FACS) 

analysis (Beckmann FACS STAR). Concurrent results of three independent studies reported.  
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2.44: Confocal microscopy analysis of Nanoparticle Localization Assay  

Since cancer cells express higher number of transferrin receptors, SUP-T1 cells (T 

cell lymphoma) were used. The cells were incubated in the presence of 20 μg protein 

equivalent of apotransferrin-drug nanoparticles for a period of 30 min, 60 min, 90 min, 16 

hours and the localization of particles was assessed through the use of Rhodamine 

Isothiocyante (RITC) labeled apotransferrin nanoparticles and using laser confocal 

microscopy (Leica). The reproducibility of the results was verified through three 

independent experiments. 

 
2.45: FACS analysis of Nanoparticle recycling Assay (363) 

Two million SUP-T1 cells were incubated for 30 minutes in serum free RPMI 

medium and nanoparticles were then added to these cells and the incubation was continued 

for 30 minutes. The cells were pelleted by centrifugation at 1200 rpm for 5 minutes. The 

pellet was extensively washed with PBS and transferred to a fresh 12 well plate in 10% 

serum containing media. The cells were dispersed in PBS and analysed for fluorescently 

labeled cells through FACS analysis. Studies of protein recycling were carried out using 

particles comprising RITC labeled apotransferrin, while drug recycling was monitored using 

particles comprising unlabelled apotransferrin and doxorubicin. Doxorubicin intrinsic 

fluorescence was monitored for drug localization in cells. Each of the above experiments was 

repeated three times independently to check the reproducibility.  

 
2.46: MTT assay (364) 

0.2 million SUP-T1/COLO-205/SK-N-SH cells per each well were seeded in 96 well 

plate and incubated at 370C for 4 hours in CO2 incubator. These cells were treated with 

increasing concentrations of protein equivalent of nanoparticles, and incubated for 16 hours. 

The cells were pelleted at 1200 rpm for 10 minutes and medium was changed. To this, 20 µl 
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of 5 mg/ml (Sigma) MTT was added and incubated for 4 hours. The cells were pelleted at 

1200 rpm for 20 minutes and the medium was removed and the precipitate was dissolved in 

DMSO and read in ELISA reader at 595 nm. Each experiment was repeated 3 times and the 

error is represented in terms of standard deviation. 

 
2.47: Rat Hepatocellular carcinoma Model generation 

A group of 6 rats was taken for each of the drug concentration and the experiments 

were done as approved by the Animal Ethics Committee, University of Hyderabad.  

100 million ZH5 cells (Obtained from CCMB, Hyderabad) in 0.5 ml of peritoneal 

fluid was taken and injected into intra peritoneal cavity to the 2 months old Wister rat (120-

140 gms). The Rat develops ascetic hepatocellular carcinoma symptoms within 4 days and 

by 7th   day it will lose the activity and the animal will die during 7-8th day due to multiple 

metastasis and hepatocellular carcinoma (365). 

Dosage schedule:  One dose per day for 10 days with the drug administered through intra 

peritoneal route using 31 gauge insulin syringe (BD biosciences) 

Effective dose:  500μg of protein equivalent-azalactone ferrocene/doxorubicin nanoparticles 

contain 125 microgram of azalactone ferrocene/doxorubicin nanoparticles. The particles 

were dispersed in 0.5 ml of PBS and were administered through intra peritoneal route to the 

120-140 gm Wistar rat. 

2.48: Liver sample collection 

Treated and untreated rats were anaesthetized and sacrificed by standard cervical 

dislocation method, and blood sample was collected by heart puncture method and liver 

tissue was collected and immediately washed thrice with PBS and kept in 4% Para 

formaldehyde solution. These samples were embedded in paraffin wax and processed for 

Haematoxylin/eosin staining and the specimen was photographed and analysed. 
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2.49: Estimation of biochemical markers in serum 

Estimation of Urea was done by Bertholet method (366), Creatinine by picrate 

method (367), Alkaline phosphatase by PNPP method (368) b, LDH (369) by the kits 

supplied by Qualigens Diagnostics manufactured by Sigma diagnostics (India) 

 
2.50: Urea estimation by Bertholet method 

Basic principle involves hydrolysis of urea following oxidation in the presence of 

salicylate. The product formed, indophenols, will be quantified at 600 nm. 

 
 

 

 
Urea estimation kit supplied by Qualigens Diagnostics manufactured by Sigma diagnostics 

(India) .1 ml of the working reagent I and 10 µl of the sample is taken and incubated for 5 

minutes at 37oC then 1 ml of the working reagent II is added and incubated for 5 minutes at 

37oC and to this 1 ml of the distilled water is added and absorbance is recorded at 600 nm 

against blank contain 10 µl of double distilled water. 

 
2.51: LDH estimation 

LDH in serum is estimated by kit supplied by Qualigens Diagnostics manufactured 

by Sigma diagnostics (India)  

 

 

 

 
Pyruvate is converted to lactate in presence of LDH by utilizing NADH, the activity of LDH 

is quantified by measuring levels of NADH at 340 nm.  

 

LDH

NADH 
340nm

NAD+

Pyruvate Lactate

Urea + H2O   2NH3 + 2CO2 

NH3 + 5NaOCl + 2 salicylate                         Indophenol + 5NaCl + 5H2O 
600 nm
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1 ml of the reagent I and 30 µl of the sample is taken and mixed gently and incubated for 1 

minute at 37oCand initial reading at 60 seconds and thereafter at intervals of 30 seconds (four 

readings). Determine the difference of absorbance per minute from the linear part of the 

assay. 

 
2.52: Alkaline phosphatase estimation by PNPP method 

Alkaline phosphatase in serum is estimated by kit supplied by Qualigens Diagnostics 

manufactured by Sigma diagnostics (India). PNPP is converted to PNP in presence of 

alkaline phosphatase, the product PNP is measured as a activity of alkaline phosphatase at 

405 nm. 

1 ml of the reagent I and 20 µl of the sample is mixed well and absorbance is recorded at 405 

nm at 60, 90,120, and 150 seconds, determine the difference of absorbance per minute from 

the linear part of the assay. Alkaline 
phosphatase

 P-nitrophenyl phosphate + H2O                                      P-nitro phenol + phosphate
405 nm  

2.53: Creatinine estimation by alkaline picrate method 

Creatinine in serum is estimated by creatinine estimation kit supplied by Qualigens 

Diagnostics manufactured by Sigma diagnostics (India). Creatinine in presence of alkaline 

picrate forms creatinine picrate complex which strongly show absorption intensity at 505 

nm. 

To the 1 ml of the working reagent add 100 µl of the sample mix and incubate at 30oC and 

absorbance is recorded at 0, 60, 120 seconds, determine the difference of absorbance during 

the linear part of the reaction. 

Creatinine + Alkaline picrate                            Creatinine picrate complex 
505 nm 
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2.54: Statistical analysis of the markers 

The above markers were estimated in six individual rats. The significance was 

analysed by ANOVA (370) to test whether the mean values among the groups were 

significantly different and HSD (371) significance test was carried out for pair wise 

comparison of mean values of each group. The data is presented in Table 5.1. Statistical 

values are presented in Appendix II. 

 
2.55: Western blotting 

Protein is solubilised in RIPA buffer (372). Lysates containing 75 µg of protein were 

resolved on 7.5% SDS PAGE mini gels and transferred to PVDF membrane, then 

immunoblotted with a 1:1000 dilution of mouse anti-human topoisomerase II α or β or actin 

or Transferrin antibodies and incubated with alkaline phosphatase–conjugated anti-mouse Ig-

G antibody (1:2000 dilution in TBS) for 60 minutes at room temperature and then with TBS 

containing 0.15% Tween-20. The blots were developed using NBT-BCIP substrate in TBS 

and documented using an UVI-Tech gel documentation system. 

 
2.56: RITC conjugation to protein (373) 

2 mg/ml of protein was dissolved in 0.1 M sodium carbonate buffer pH 9. RITC in 

anhydrous DMSO at 1mg/ml (note: this should be prepared fresh for each labeling reaction. 

For each 1 ml of protein solution, add 50 µl of RITC solution very slowly in 5 µl aliquots 

very gently with continuous stirring the protein solution. After all the required amount of 

FITC solution has been added incubate the reaction in the reaction in the dark for 8 hours at 

4 oC. Add NH4Cl to a final concentration of 50 mM and incubate for 2 hours at 4 oC. xylene 

cyanol was added to 0.1% and glycerol to 5% gel filtration using the exclusion limit 20,000 

to 50,000.  The eluted conjugate is stored in light proof container. 
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2.57: Development and maintenance of hepatocellular carcinoma in rat model 

Wistar rat (2 months old, 180 gm) is intra-peritoneal injected with 100 million ZH5 cell line 

(obtained from CCMB, hepatoma cell line). The rat develops hepatoma in 5-6 day which is 

clearly demarked by the increase of peritoneal fluid which contains the replicating ZH5 cell 

line. In 7-8 day rat looses all its metabolic activities and dies 

At 5-6 day 0.5 ml of intra-peritoneal fluid of full blown hepatoma rat which contain 100 

million cells in carefully injected into a healthy rat for the maintenance of hepatoma in rat 

model.  

2.58: Paraformaldehyde fixation and paraffin wax embedding of tissues (374) 

Sections prepared to examine cell and tissue morphology and in studies involving in 

situ hybridization, immuno-histochemistry, and enzyme histochemistry 

Procedure: 

Fixation of the tissue samples collected 

Place dissected organs in labeled 20 ml glass vials. fill vials with freshly prepared 4 

PFA fixative,4ºC, allowed fixation for 3 hours at 4ºC.After fixation 50% ethanol was added, 

rinse twice with 50% ethanol. Then the specimen incubated in 80% ethanol for 20 minutes, 

then replace 100% ethanol with xylene, two changes in ethanol xylenes were given, each 

time the tissues were incubated for 10 minutes. All steps were carried at room temperature. 

Prepare samples for embedding in wax 

Xylene decanted and add 5 ml fresh xylenes was added. An equal amount of molten 

wax was added using a hot glass pipette. Mix and leave samples at room temperature 

overnight. The wax/xylenes mixture will harden, but enough paraffin is dissolved in the 

xylenes to start impregnation of the samples. Samples were transferred to 60º C oven to melt 

wax/xylenes mixture. When the wax/xylenes mix is molten, transfer vials to heating block. 
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the wax/xylenes mixture from each vial into a waste bottle (be careful to retain the samples). 

fresh molten wax was immediately added to the vial with a hot glass pipette. The vial placed 

again in the heat block. The vials are incubated for 3 hrs at 60ºC oven. 

 
Embed samples in wax and prepare blocks (375) 

Samples were transferred to the wax- filled mold using hot forceps or a hot cut off 

Pasteur pipette. Place an embedding ring on the mold and filled with paraffin wax. the 

embedding ring was labeled to facilitate future identification of samples. Samples can be 

oriented within the mold using a hot drawn-out and sealed Pasteur pipette. The blocks were 

left at room temperature to harden completely. Cast blocks were resumed from embedding 

molds and stored in a dry place at room temperature. Paraffin blocks were cut into thin 

(8μm) tissue sections, which are mounted on subbed slides to be further, processed for in situ 

hybridization. 

 
A wax block containing samples was cut into a trapezoidal shape using a razor blade. 

The extra wax was carefully shaved off. The trapezoid block (with the wide edge facing the 

knife) attached to the holding clamp of a microtome and begin sectioning. 8μm sections were 

taken. A drop of 0.2x gelatin subbing solution is placed on a gelatin–subbed glass slide. 

Transfer the ribbon of sections onto the drop on the subbed slide using fine brushes. The 

slides were transferred onto a slide warmer or heating plate set between 45ºC and 50ºC. 

After stretching is complete, remove slide from slide warmer and carefully remove the 

remaining subbing solution using the Pasteur pipette and slides are dried at room 

temperature. Then slides were incubated 24 hours at 42ºC to firmly attach sections to subbed 

slides. Stored sections in a slide box with desiccant at -20ºC for up to several weeks. 
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Staining of tissue sections with Hematoxylin (376) 

The sections were placed in fresh Xylene (to deparaffinize the sections) for 5 min, 

these sections are placed in 100%, 95%, 70% and 50% of Ethanol for 15 sec each. This 

section is now placed in Mayer's Hematoxylin for 30 sec and rinse the sections twice in 

ddH2O for 15 sec each time.  The sections were placed in 70% Ethanol for 15 sec, Eosin Y 

Stain for 5 sec, 95% Ethanol for 15 sec twice, 100% Ethanol for 15 sec twice and finally in 

fresh Xylenes (to ensure dehydration of the section) for 1 min. the sections were air dried for 

2 minutes, xylene was removed by air drying. The tissue is now ready for microscopic 

observation. 

  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 
Design, synthesis and characterization of ferrocene derivatives 

with Topoisomerase II beta inhibitory activity 
 



Topoisomerase II is present in two isoforms alpha and beta isoforms, which are 

differentially regulated in various cancers (377,380,382). It has been reported that alpha is 

up-regulated regulated in colon, breast cancers(386), while beta is unregulated in liver 

(377), brain cancer tissues (386). Thus suggesting the potential applications of alpha and 

beta specific-inhibitors in regressing these cancers. Among various Topoisomerase II 

poisons reported, organometallic compounds can serve as covalently interacting inhibitors 

that can permanently block the enzymatic activity. Ferrocene is a cyclopentadienyl caged 

iron compound that can provide an inert environment, the initial studies of activity of 

ferrocene against topoisomerase II show no significant activity, while the substitution at 

2’- position could  significantly enhance the topoisomerase II inhibitory activity of 

ferrocene  (378) suggesting an importance of substitution in interfering the catalytic 

activity of enzyme. Since ferrocene being non DNA binding molecules with specific 

interaction to enzyme, they attract an attention for its potential application to cancer 

chemotherapy. But the initial studies were found using few substituted ferrocenes, at 200 

micromolar  concentration in terms of topoisomerase II antagonism, while the isoform 

specificity of these compounds is unknown. The present investigation aims studying 

isoform-specific topoisomerase II antagonism of a series of derivatives of ferrocenes with 

goal to identify a compound with IC50 100 micromolar or below, which compares the 

known Topoisomerase II inhibitor Etoposide. 

Synthesis of ferrocene derivatives: 

Ferrocene derivatives containing substitution at 2’ position as in Table 3.1 were 

synthesized as described in Chapter II. The functional groups substituted are given in the 

Figure 3.1. The structures of each compound was confirmed by their characteristic 

spectroscopic signal using IR/NMR as given in the column III of Table 3.1. These 

compounds were used for the analysis of biological activity. 
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Table 3.1 

Ferrocene derivatives with corresponding IR/NMR spectra peaks  

 
Substitution 

IR/NMR spectra values of compounds 
R 

1 -CH3 IR 2975(-CH3) Ferrocene ring 1132, and 1002 cm-1 

2 -CHO 

IR 1682 (aldehyde C=O), Ferrocene ring 1105, and 1033 cm-1 

NMR :2.42 ,9.9 PPM corresponding to the shifted hydrogens in the 

CHO substituted ring  

3 
H

H O

 

IR 1660 (aldehyde C=O), phenyl absorption at 1446, 1575 and 1591 

cm-l, Ferrocene ring 1103 and 1012 cm-1 

NMR: 7.7, 7.5, 4.6, 4.4, 1.5, 1.2, 1.02 PPM corresponding to the 

shifted hydrogens in the acetophenone substituted ring 

4 -C2H5 IR 3005(-CH3) Ferrocene ring 1115 and 995 cm-1 

5 -CH2CH2COOH IR: 2932 cm-1 (OH) COOH, 1652 cm-1 (C=O) COOH, 1254 cm-1 (C-
O) COOH. 

6 -COCH3 

IR 1651 cm-1 (aldehyde C=O), 1101 and 960 cm-1 

NMR: 4.4, 4.7 PPM corresponding to the shifted hydrogens in the 

acetyl substituted ring 

7 -CH2OH IR of alcoholic –OH 3219 cm-1.Ferrocene ring 1103 cm-1and 1000 
cm-1 

8 -CH2Cl IR Ferrocene ring 1095 and 1001 cm-1 

9 

O
O

O

H

H

H

H
H

H H
H

H  

IR : 2964 and 2875 cm-1 (C-H) aliph,1736 cm-1 (C=O) -COOH, 

Ferrocene ring 1113 and 1037 cm-1 

10 -CH2CHO IR 1694 cm-1 (C=O), Ferrocene ring 1123 and 1002 cm-1 

11 
H

H

H
O

O

O

O  

IR: 2995 cm-1 (OH) COOH, 1641 cm-1 (C=O) COOH, 1249 cm-1 

(CO) COOH. 

12 S
O

O
O

H

H

H

H
 

IR: -S=0 absorption bands at 1022 and 814 cm-1. Ferrocene bands 

3097, 1408, 1176, 1022 cm-1,  -NH 3439 cm-1 

13 -CH2-SH 
IR: Ferrocene bands 1178, 987 cm-1.-SH absorption bands at 1034 

and 838 cm-1 

 
 



14 -CH2COOH 
IR : 2975 , 2859 cm-1 (C-H) aliphatic 1742 cm-1 (C=O) -COOH, 

Ferrocene ring 1100 and 995 cm-1 

15 -CH2(OH)2 IR of alcoholic –OH 3264 cm-1,Ferrocene ring 1121 and 1005 cm-1 

16 -COOH IR : 2953, and 2874 cm-1 (C-H) aliph. 1795 cm-1 (C=O) -COOH, 

Ferrocene ring 1107 and 995 cm-1 

17 -CH2(COOH)2 
IR : 2993 cm-1 (OH) COOH, 1655 cm-1 (C=O) COOH,  

Ferrocene ring 1108 and 1002 cm-1 

18 -CH2CH2OH IR of alcoholic –OH 3252 cm-1, 
Ferrocene ring 1105 and 987 cm-1 

19 -COSH 
-SH absorption bands at 1037 and 863 cm-1 

IR 1684 cm-1 (C=O), Ferrocene bands 1123, 997 cm-1 

20 -CHCHCOOH IR 1724 cm-1 (C=O), Ferrocene bands 1142, 978 cm-1 

21 -SH 
IR: -SH absorption bands at 1043 and 885 cm-1,Ferrocene bands 

1105, 996 cm-1 

22 
N  

IR: Phenyl absorption at 1477, 1566 and 1597 cm-l, NH 1651 cm-1 

NMR: 7.3, 4.91, 4.63,1.3,1.2,1.02 PPM corresponding to the shifted 

hydrogens in the pyridine substituted ring 

23 
N O

O

 

IR: -phenyl absorption at 1491,1645 cm-l, (C=O) 1780 cm-1, NH 

3414 cm-1, Ferrocene bands 1103, 975 cm-1 

NMR: 4.68, 7.25 , 1.25,1.43 PPM corresponding to the shifted 

hydrogens in the azalactone substituted ring 

24 
H

HH

O

O

H
H  

IR: 2985 cm-1 (OH) COOH, 1645 cm-1 (C=O) COOH, 1234 cm-1 (C-

O) COOH. Ferrocene bands 1105, 1001 cm-1 

25 N

O

S

 

IR: Thiomorpholide (–CSN=) IR : 1493 cm –l 

-SH absorption bands at 1068 and 864 cm-1, 1660 cm-1 (C=O) 

COOH, Ferrocene bands 1113, 997 cm-1. 

NMR: 4.27, 4.29 ,7.25 , 1.25,1.43 PPM corresponding to the shifted 

hydrogens in the thiomorpholide amido methyl substituted ring 
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Structures of ferrocene derivatives
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Biological activity of synthesized compounds: 

The compounds synthesized are analysed for their action on the catalytic activity of topo II 

α and topo II β. The topo II α and topo II β catalysed relaxation of supercoiled DNA of was 

carried out in the presence of increasing concentrations of each compound. The results 

given in Fig 3.2 to 3.6, show significant differences in the inhibition of topo II β catalytic 

activity. The concentration of each compound required for 50% inhibition of the relaxation 

of supercoiled DNA was determined and given in Table 3.2. The results show a 

substitution dependant inhibition of catalytic activity of Topo II β, while these compounds 

show lower inhibitory activity against Topo II α. The structural features of the compounds 

involved in interaction at the active site of Topo II β was characterized by Receptor 

module in accelrys Cerius2 using QSAR methodology (2.27). 

Quantitative structure and activity analysis of Ferrocene derivatives:  

The structures obtained were superimposed using Accelrys Cerius2 pointing towards 

iron ferrocene axis (Figure 3.7). The overlaid structures were analyzed using Quantitative 

structure activity relationship (QSAR) methodology as per Accelrys. The Molecular Field 

Analysis (MFA) (20) yielded good fit of data, with cross validation square of correlation 

coefficient (r2
cv) of 0.943, Square of correlation coefficient r2 of 0.985, Predicted sum of 

squares (PRESS) of 0.083, outliers of 4.0. This model has been generated with the following 

linear regressed equation, (379).  

Activity = 3.47383 – 0.005202 (H+/373) + 0.005198(CH3/216) +0.00866 (H+/455)-

0.0088 (CH3/527) + 0.01219 (CH3/226) – 0.00552(H+/215) + 0.011875(CH3/375) -----(1) As 

the equation suggests, the steric CH3 216, 226, 375 and electrostatic probes H+ 455 have 

positive contributions to the activity (Fig 3.7). 
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Figure 3.2 

Topoisomerase II Catalytic Assays. 
 

Panel A: Purified Plasmid DNA as substrate 
Lane 1:- DNA ladder 

Lane 2:- pRYG plasmid (2,725 bps) 

Lane 3:- pBR 322 plasmid (4,361 bps) 

 

Panel B: Topoisomerase II beta relaxation assay 

Lane 1:-Supercoiled pRYG plasmid DNA  

Lane 2:-Plasmid DNA in presence of topoisomerase II beta and relaxation buffer (Reaction  

 mixture beta) 

Lane 3:- Reaction mixture beta in presence of 100 µm etoposide (Drug positive control) 

Lane 4:- Reaction mixture beta in presence of 500 µm ferrocene (Drug negative control) 

 
Panel C: Topoisomerase II alpha relaxation assay 

Lane 1:-Supercoiled pRYG plasmid DNA  

Lane 2:-Plasmid DNA in presence of topoisomerase II alpha and relaxation buffer (Reaction  

 mixture alpha) 

Lane 3:- Reaction mixture alpha in presence of 100 µm etoposide (Drug positive control) 

Lane 4:- Reaction mixture alpha in presence of 500 µm ferrocene (Drug negative control) 
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Table 3.2: Structures and experimental and calculated inhibitory activities against enzyme-

catalyzed relaxation of super coiled DNA, - (log IC50), of the molecules used in the training 

set based on the molecular skeleton 

 
Substitution Topo II 

Beta IC50 
Topo II  

alpha IC50 

Predicted Topo II 
Beta IC50 activity 

from QSAR equation R 

1 CH3 350 µM 1000 µM 281 µM 

2 CHO 300 µM 1000 µM 243 µM 

3 
H

H O

 

300 µM 1000 µM 303 µM 

4 C2H5 300 µM 1000 µM 236 µM 

5 CH2CH2COOH 300 µM 1000 µM 280 µM 

6 COCH3 250 µM 1000 µM 242 µM 

7 CH2OH 250 µM 1000 µM 244 µM 

8 CH2Cl 250 µM 1000 µM 178 µM 

9 

O
O

O

H

H

H

H
H

H H
H

H  

200 µM 1000 µM 202 µM 

10 CH2CHO 200 µM 1000 µM 186 µM 

11 
H

H

H
O

O

O

O  

200 µM 1000 µM 192 µM 

12 S
O

O
O

H

H

H

H
 

150 µM 500 µM 162 µM 

13 CH2-SH 150 µM 1000 µM 145 µM 

14 CH2COOH 150 µM 1000 µM 158 µM 

15 CH2(OH)2 150 µM 1000 µM 144 µM 

16 COOH 150 µM 1000 µM 181 µM 

17 CH2(COOH)2 150 µM 1000 µM 130 µM 

 
 



18 -CH2CH2OH 150 µM 1000 µM 131 µM 

19 COSH 150 µM 1000 µM 132 µM 

20 CHCHCOOH 150 µM 1000 µM 143 µM 

21 SH 150 µM 1000 µM 353 µM 

22 
N  

150 µM 1000 µM 136 µM 

23 
N O

O

 

100 µM 300 µM 93 µM 

24 
H

HH

O

O

H
H  

80 µM 500 µM 76 µM 

25 N

O

S

 

50 µM 200 µM 49 µM 

 
 

 

 

 

 

 

 
 



 
Figure 3.3:   

Action of Ferrocene derivatives on Catalytic action of Topoisomerase II β 

DNA relaxation activity of Topoisomerase II β was studied in presence of indicated 

concentrations of ferrocene derivatives. The relaxing DNA intermediates were separated on 

agarose gel and stained with ethidium bromide and photographed. (S: Supercoiled form, R: 

Relaxed form).  

# C:  supercoiled DNA and 5% DMSO 

# + : DNA and topoisomerase II beta with relxation buffer incubated for 30  

Minutes (relaxation mixture beta) 

# F: 500 µM Ferrocene (Negative control) 

# D:  100 µM Doxorubicin (Positive control) 

# 1,2,3,4: 40,60,80, 100 µM of  ferrocenyl beta propionic acid 

# 5,6,7,8: 50,100, 150,200 µM of ferrocenyl methyl sulphide  

# 9,10,11: 100, 200, 300 µM acetophenone ferrocene 

# 12,13,14: 100, 200, 300 µM of ferrocene carboxy aldehyde 

# 15,16,17: 100, 200, 300 µM  of ferrocene monosulphonic acid  

# 18,19,20: 100, 200, 300 µM of alpha propionic acid 

# 21,22,23: 200, 300, 350 µM of methyl ferrocene  

# 24,25,26,27: 25,50,100,150 µM of ferrocenyl acetic acid 

# 28,29,30,31: 25,50,100,150 µM 1,1 dihydroxy  methyl ferrocene 

# 32,33,34,35: 50,100,150,200 µM dicarboxylic acid ferrocene 

# 36,37,38 39: 50,100,150,200 µM acetaldehyde ferrocene  

# 40,41,42,43: 100,150,200,250 µM keto ester ferrocene 
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Figure 3.3

Action of ferrocene derivatives on catalytic action of Topoisomerase II β



 

 

 

Figure 3.4:   

Action of Ferrocene derivatives on Catalytic action of Topoisomerase II β 

 
DNA relaxation activity of Topoisomerase II β was studied in presence of indicated 

concentrations of ferrocene derivatives. The relaxing DNA intermediates were separated on 

agarose gel and stained with ethidium bromide and photographed. (S: Supercoiled form, R: 

Relaxed form).  

 
# 44,45,46,47: 25 50 100 150 µM of ferrocenyl carboxylic acid  

# 48, 49, 50, 51: 25 50 100 150 µM ferroceneyl isobutyric acid 

# 52, 53, 54, 55:- 25 50 100 150 µM ferrocene ethanol 

# 56, 57, 58, 59: 25 50 100 150 µM carboxy sulphide ferrocene  

# 60, 61, 62, 63: 25 50 100 150 µM sulphadryl ferrocene  

# 64, 65, 66,67: 25 50 100 150 µM pyridyl ferrocene  

# 68, 69, 70: 25 50 100 150 µM acrylic acid ferrocene  

# 71, 72, 73, 74: 25 50 100 150 µM ethyl ferrocene  

# 75, 76, 77, 78: 100 150 200 250 µM acetyl ferrocene  

# 79, 80, 81: 200, 250, 300 µM methanol ferrocene  

# 82, 83, 84, 85: 25 50 100 150 µM chloro methyl ferrocene  
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Figure 3.4

Action of ferrocene derivatives on catalytic action of Topoisomerase II β



 

Figure 3.5:  

Action of Ferrocene derivatives on Catalytic action of Topoisomerase II α 

DNA relaxation activity of Topoisomerase II α was studied in presence of indicated 

concentrations of ferrocene derivatives. The relaxing DNA intermediates were separated on 

agarose gel and stained with ethidium bromide and photographed. (S: Supercoiled form, R: 

Relaxed form).  

 
# C:  supercoiled DNA and 5% DMSO 

# +: DNA and topoisomerase II alpha with relaxation buffer incubated for 30 Minutes 

# F: 500 µM Ferrocene (negative control for drug activity) 

# D: 100 µM Doxorubicin (positive control for drug activity) 

# 1, 2, 3: 100,500,1000 µM ferrocenyl beta propionic acid  

# 4, 5, 6: 100,500,1000 µM ferrocenyl methyl sulphide 

# 7, 8, 9: 100,500,1000 µM acetophenone ferrocene 

# 10, 11, 12: 100,500,1000 µM ferrocene carboxy aldehyde 

# 13, 14, 15: 100,500,1000 µM ferrocene monosulphonic acid 

# 16, 17, 18: 100,500,1000 µM alpha ferrocenyl propionic acid 

# 19, 20, 21:- 100,500,1000 µM methyl ferrocene 

# 22, 23, 24: 100,500,1000 µM ferrocenyl acetic acid 

# 25, 26, 27: 100,500,1000 µM dihydroxy  methyl ferrocene 

# 28, 29, 30: 100,500,1000 µM dicarboxylic acid ferrocene 

# 31, 32, 33: 100,500,1000 µM acetaldehyde ferrocene 

# 34, 35, 36: 100,500,1000 µM keto ester ferrocene 
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Figure 3.6:  

Action of Ferrocene derivatives on Catalytic action of Topoisomerase II α 

DNA relaxation activity of Topoisomerase II α was studied in presence of indicated 

concentrations of ferrocene derivatives. The relaxing DNA intermediates were separated on 

agarose gel and stained with ethidium bromide and photographed. (S: Supercoiled form, R: 

Relaxed form).  

 
# 37, 38, 39: 100,500,1000 µM ferrocenyl carboxylic acid 

# 40, 41, 42: 100,500,1000 µM ferroceneyl isobutyric acid 

# 43, 44, 45: 100,500,1000 µM ferrocene ethanol 

# 46, 47, 48: 100,500,1000 µM carboxy sulphide ferrocene 

# 49, 50, 51: 100,500,1000 µM sulphadryl ferrocene 

# 52, 53, 54: 100,500,1000 µM pyridyl ferrocene 

# 55, 56, 57: 100,500,1000 µM acrylic acid ferrocene 

# 58, 59, 60: 100,500,1000 µM ethyl ferrocene 

# 61, 62, 63: 100,500,1000 µM acetyl ferrocene 

# 64, 65, 66: 100,500,1000 µM hydroxyl methyl ferrocene 

# 67, 68, 69: 100,500,1000 µM chloro methyl ferrocene 
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Action of ferrocene derivatives on catalytic action of Topoisomerase II α



 

 

 

 

 

 

 

 

Figure 3.7: 

Structure alignment of ferrocene derivatives  

Structural alignment of structures towards iron cyclopentadiene ring axis using 3D alignment 

procedure of Cerius2. A view of the molecular rectangular field grid around the superposed 

molecular units was presented. Both steric (CH3) and electrostatic (H+) grid points in the 

final QSAR equation are depicted 

 

 



 

 

 

Figure 3.7 

Structure alignment of ferrocene derivatives 

 
Panel B Panel A 

 
 



The QSAR analysis yielded a linear relation (Figure 3.8) between the predicted activities 

from equation (1) versus experimental activity as per Table 3.2 These results predicted 

several compounds that include two potent compounds azalactone ferrocene and 

thiomorpholide ferrocene containing active structural features. These two compounds were 

further characterized for their molecular activity on catalytic activity of Topoisomerase II α 

and Topoisomerase II β. 

 
Azalactone ferrocene and Thiomorpholide amido methyl ferrocene exhibit enhanced 

inhibition of catalytic activity of topoisomerase IIβ 

Topoisomerase IIα and β catalyzed relaxation activity was analyzed with increasing 

concentrations of azalactone ferrocene and thiomorpholide methyl ferrocene. The results 

show that azalactone ferrocene inhibits catalytic activity of topoisomerase II β at 100μM 

(Figure 3.9A) while it requires 300μM for inhibition of catalytic activity of topoisomerase 

IIα catalytic activity (Figure 3.9B). Thiomorpholide amido methyl ferrocene could inhibit 

catalytic activity of topoisomerase II beta at 50μM (Figure 3.10A), while 200μM was 

required for inhibition of topoisomerase II alpha (Figure 3.10B), These results suggest that 

azalactone ferrocene is 3 fold higher potent against topoisomerase II beta compared to alpha 

isoform, while thiomorpholide amido methyl exhibits 4 fold higher activity against 

topoisomerase II beta isoform compared to that of topoisomerase II alpha. Further, 

thiomorpholide amido methyl ferrocene shows a 2-fold higher activity against topoisomerase 

II beta compared to that observed for azalactone ferrocene.  

 
 

 

 

83 
 



 

 

 

 

 

 

 

 

Figure 3.8: 

Comparison of Predicted vs Observed activity generated QSAR equation 

Plot of theoretically predicted activity versus experimentally determined enzyme inhibition 

activity. The theoretical activity was determined using Molecular shape analysis followed by 

generated QSAR equation. The statistical parameters are given in text. 

 

 



 

 

 

 

Figure 3.8 

 Comparison of predicted vs observed activity generated QSAR equation 
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Figure 3.9 

Action of Azalactone Ferrocene on the Catalytic activity of Topoisomerase 

II Alpha isoform and Beta isoform. 

 
DNA relaxation activity of Topoisomerase II beta was studied in presence of indicated 

concentrations of ferrocene derivatives. The relaxing DNA intermediates were separated on 

agarose gel and stained with ethidium bromide and photographed. (S: Supercoiled form, R: 

Relaxed form).  
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Figure 3.10: 

Action of Thiomorpholide Amido Methyl Ferrocene on the Catalytic 

activity of Topoisomerase II Alpha isoform and Beta isoform 
 

DNA relaxation activity of Topoisomerase II alpha was studied in presence of indicated 

concentrations of ferrocene derivatives. The relaxing DNA intermediates were separated on 

agarose gel and stained with ethidium bromide and photographed. (S: Supercoiled form, R: 

Relaxed form).  



 

Figure 3.10 

Action of Thiomorpholide Amido Methyl Ferrocene on the Catalytic 

activity of Topoisomerase II Alpha isoform and Beta isoform 
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Thiomorpholide amido methyl ferrocene and Azalactone ferrocene show distinct mode 

of mechanism of action against topoisomerase II beta 

To investigate the mechanism of action of the two compounds, thiomorpholide amido 

methyl ferrocene and azalactone ferrocene, we have carried out cleavage assay to monitor 

the ability of these two compounds in inducing the formation of enzyme-linked DNA 

complexes. The cleavage assay was conducted with increasing concentrations of drug and 

the cleavable complexes formed were analyzed through formation of linear DNA on agarose 

gel. The results presented in Figure 3.11 panel A show that azalactone ferrocene induces 

formation of linear double stranded DNA intermediates in a dose dependant manner. On the 

other hand the results of cleavage assay conducted in the presence of thiomorpholide 

ferrocene show that it cannot mediate formation of cleavable complex as intermediate 

(Fig.3.11 A). The experiments were repeated using topoisomerase II α (Figure 3.11 panel B), 

the results suggest that azalactone ferrocene also poisons topoisomerase II α through 

formation of cleavage complex, where as thiomorpholide amido methyl ferrocene cannot 

form cleavage complex and does not induce enzyme-linked cleavable complex. The 

concentration at which the cleavable complex formed by azalactone ferrocene with 

topoisomerase II α was ~2 fold lower compared to that of topoisomerase II β. These results 

thus suggest distinct different mode of mechanism for the two compounds. The highly potent 

thiomorpholide amido methyl ferrocene which does not induce formation of drug induced 

enzyme associated DNA double strand breaks, may be classified as a “catalytic inhibitor”, 

while the azalactone ferrocene that induces formation of enzyme associated double strand 

breaks may be classified as “Topoisomerase II poison”.  
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Figure 3.11: 

Ability of Azalactone Ferrocene and Thiomorpholide Amido Methyl 

Ferrocene in formation of Cleavage complex 
 

Azalactone ferrocene induces the formation of enzyme-linked cleavable complexes, while 

Thiomorpholide amido methyl ferrocene does not. Cleavage assay was carried out using 

Topoisomerase II beta isoform (Panel A) and alpha isoform (Panel B). The assay was done 

in the presence of indicated concentrations of azalactone ferrocene and thiomorpholide 

amido methyl ferrocene. The cleaved DNA intermediates were digested with proteinase K 

and separated on agarose gel and stained with ethidium bromide and photographed. (S: 

Supercoiled form, L: linear, R: Relaxed form) 
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Ability of Azalactone Ferrocene and Thiomorpholide Amido Methyl 

Ferrocene in formation of Cleavage complex  
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Affinity of Azalactone ferrocene and Thiomorpholide amido methyl ferrocene to calf 

thymus DNA 

The DNA melting experiment was carried out at drug to nucleotide ratios of 1:10, 

1:5, 1:2, and 1:1. The results show that both the compounds do not protect melting of calf 

thymus DNA, and hence are classified as non-DNA binding molecules (Figure 3.12). 

 
The mechanism of drug interaction with the enzyme:  

Since both the drugs do not bind to DNA and azalactone ferrocene can only induce 

the formation of cleavable complexes, we have investigated whether azalactone ferrocene 

binding to enzyme alone is adequate to account for its activity. 

 
We have conducted two sets of experiments. In one set, the enzyme incubated with drug, and 

then the enzyme was immunoprecipitated and washed 3 times with TBS. The activity of the 

immunoprecipitated enzyme was assayed in the presence of supercoiled DNA using 

relaxation assay. The results presented in Figure 3.13 at lane 5 and 6; show that pretreatment 

of enzyme with azalactone ferrocene is indeed adequate for inhibition of catalytic activity of 

topoisomerase II beta. 

 
In the second set of experiments, the azalactone ferrocene was preincubated at 370C for 15 

minutes and the drug concentration was reduced by diluting 10 times to bring below its 

inhibitory concentration. The diluted mixture containing DNA and drug was incubated with 

topoisomerase II beta and the relaxation assay was conducted. The results for lane 7 and 8 

presented in Figure 3.13 show that the relaxation of DNA is not affected when DNA is 

pretreated with the drug. This suggests that the drug does not form complexes with DNA, 

confirming our earlier results of DNA melting studies. These findings clearly show that 

azalactone ferrocene interacts with the enzyme and induces the formation of enzyme-linked 

cleavable complexes. confirming our earlier results of DNA melting studies. These findings 
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Figure 3.12: 

Analysis of DNA binding affinity of Azalactone Ferrocene and 

Thiomorpholide Methyl Ferrocene 

 
The melting temperature curves indicate that, calf thymus DNA alone showed a Tm of 590C, 

while drug to DNA nucleotide ratio of 1:1 of azalactone and thiomorpholide Amido methyl 

ferrocene induce a small increase ~1oC showed. The DNA intercalator m-AMSA induces a 

strong increase in Tm ~650C at a drug to nucleotide ratio of 1:5, suggesting that the 

compounds are essentially DNA non-binders.  

 



 

 

 

 

Figure 3.12 

Tm studies in presence of Ferrocene Derivatives 
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Figure 3.13:  

Drug Interaction Assay 

The assay was carried out at two concentration of azalactone Ferrocene 50 μM (non-

inhibitory dose) and 100 μM (inhibitory dose). Azalactone Ferrocene interaction with 

Topoisomerase II beta (TII) was assessed by pre-incubation of drug with enzyme followed 

by immunoprecipitation of enzyme using Mouse anti-topoisomerase II beta monoclonal 

antibody and the free drug is washed off, the activity of immunoprecipitated enzyme was 

assayed in presence of DNA as shown at lane #5 (50 μM) and #6 (100 μM). While 

Azalactone Ferrocene interaction with DNA was assessed by pre-incubation of drug with 

enzyme followed by 10 fold dilution of drug (to bring down drug to inactive dose), then the 

DNA relaxation activity was studied with Topoisomerase II beta as shown at lane #7 (50 

μM) and #8 (100 μM). The relaxing DNA intermediates were separated on agarose gel and 

stained with ethidium bromide and photographed (S: Supercoiled form, R: Relaxed form).  



 

 

 

Figure 3.13 

Drug Interaction Assay 
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clearly show that azalactone ferrocene interacts with the enzyme and induces the formation 

of enzyme-linked cleavable complexes. 

 
Action of Thiomorpholide amido methyl ferrocene and Azalactone ferrocene on DNA 

dependant ATPase activity of the enzyme 

The DNA dependant ATPase activity of enzyme was monitored with increasing 

concentrations of thiomorpholide amido methyl ferrocene and Azalactone ferrocene using 

spectrophotometric assay. The results (Figure 3.14) show that both the compounds are potent 

inhibitors of DNA dependant ATPase activity of enzyme. To further investigate whether the 

inhibition of ATPase activity of enzyme is due to competitive inhibition of ATP binding to 

the enzyme or due to the drug associated inhibition of DNA passage activity, we have 

carried out ATP binding experiments using γ32P ATP (Figure 3.15). In this experiment, the 

enzyme was incubated with DNA and γ32P ATP at increasing concentrations of the drug. The 

enzyme was immunoprecipitated and washed 3 times, and the amount of ATP bound in 

terms of incorporated 32P was monitored in immunoprecipitated topoisomerase II. The 

results of these experiments showed that the ATP binding in terms of 32P incorporation 

increased in a dose dependant manner in the presence of increasing concentrations of 

azalactone ferrocene, while the thiomorpholide amido methyl ferrocene completely inhibited 

32γP ATP incorporation into the enzyme. These results suggest that azalactone ferrocene 

binding do not competitively inhibit ATP and it will rather increase ATP binding in a 

concentration dependant manner (Figure 3.15). Thus azalactone ferrocene may block DNA 

passage activity of enzyme leading to the formation of enzyme linked cleavable complexes, 

while thiomorpholide amido methyl ferrocene inhibits catalytic activity of enzyme through 

blocking of ATP interaction with the enzyme. 
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Figure 3.14:  

ATPase Assay 

Inhibition of DNA-dependent ATPase activity of Topoisomerase II by Azalactone ferrocene 

and Thiomorpholide amido methyl ferrocene ATPase assay was conducted using 

spectrophotometer method.  ATP hydrolysis in the absence of drug was taken as 100% and 

the ATP hydrolysis in the presence of increasing concentrations of the drug was calculated 

and presented. Each data value is an average of three experiments  
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Figure 3.15:  

Analysis of ATP binding in the presence of drugs Topoisomerase II beta 

Relaxation assay was carried out in the presence of increasing concentrations of drug using 

γ32P ATP. Drug bound enzyme was immunoprecipitated by Mouse anti-topoisomerase II 

beta monoclonal antibody. The enzyme was TCA eluted and 32P was estimated using 

scintillation counter. Experiments were done in triplicates and an average data is plotted.  

 

Lane #1: Topo II with mAMSA; #2: Topo II with Ferrocene, Topo II with Azalactone 

concentrations 50 (#4), 100 (#5), 500 μM (# 6), Topo II with Thiomorpholide amido methyl 

ferrocene concentrations 50 (#7), 100 (#8), 200 (#9), 500 μM (#10). 

  

 



 

Figure 3.15 

Analysis of ATP binding in the presence of drugs
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Receptor module ferrocene surface display analysis 

Cerius2 receptor module is used to calculate the hypothetical surface interaction between 

ferrocene derivatives and protein site of action. The models are generated as described in the 

methodology 2.27. Receptor module predict four different interactions namely hydrogen 

bonding, hydrophobic interactions , charge , electrostatic interactions. These interactions are 

represented by specific colour. 

Hydrophobic interactions: The brown color areas are hydrophobic and areas that are not 

hydrophobic are white.  

Hydrogen bonding:  The area shown light blue are hydrogen bond acceptors and the surface 

shown purple are hydrogen bond donors, the surface showing white has no hydrogen 

bonding.  

Charge:  The surface shown red is positively charged, blue area is negatively charged and 

the area white is neutral.  

Electrostatic interactions:  The surface with red area is negatively electrostatic potential 

and the blue area is positively electrostatic potential and the white area is neutral potential  

 
These interactions are calculated for Azalactone ferrocene (Fig 3.16), thiomorpholide 

amido methyl ferrocene (Fig 3.17) and over layed structure of XK469 and Aza fecp and Thio 

fecp (Fig 3.18) these ferrocene derivatives showed significant difference in electrostatic 

interaction (Fig 3.19) indicating that they play important role in the inhibitory activity. 
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Figure 3.16:  

Azalactone Ferrocene showing various Receptor interactions:  

Cerius2 receptor module is used to calculate the hypothetical surface interaction between 

ferrocene derivatives and protein site of action. The models are generated as described in the 

Methodology (2.27). Receptor module predict four different interactions namely hydrogen 

bonding, hydrophobic interactions, charge, electrostatic interactions. These interactions are 

represented by specific colour. 

 
In panel (a) the brown color area are hydrophobic and areas that are not hydrophobic are 

white.  

 
In panel (b) the area shown light blue are hydrogen bond acceptors and the surface shown 

purple are hydrogen bond donors, the surface showing white has no hydrogen bonding.  

 
In panel (c) the surface shown red is positively charged, blue area is negatively charged and 

the area white is neutral.  

 
In panel (d) the surface with red area is negatively electrostatic potential and the blue area is 

positively electrostatic potential and the white area is neutral potential.  

 



 

Figure 3.16 

Azalactone Ferrocene showing various Receptor interactions. 

(a) Hydrophobic interactions (b) Hydrogen bonding 

(d) Electrostatic interactions (c) Charge 

 
 



 

 

 

 

Figure 3.17: 

Thiomorpholide Amido Methyl Ferrocene showing various Receptor 

interactions 
 

Cerius2 receptor module is used to calculate the hypothetical surface interaction between 

ferrocene derivatives and protein site of action. The models are generated as described in the 

Methodology (2.27). Receptor module predict four different interactions namely hydrogen 

bonding, hydrophobic interactions, charge, electrostatic interactions. These interactions are 

represented by specific colour. 

 
In panel (a) the brown color area are hydrophobic and areas that are not hydrophobic are 

white.  

 
In panel (b) the area shown light blue are hydrogen bond acceptors and the surface shown 

purple are hydrogen bond donors, the surface showing white has no hydrogen bonding.  

 
In panel (c) the surface shown red is positively charged, blue area is negatively charged and 

the area white is neutral.  

 
In panel (d) the surface with red area is negatively electrostatic potential and the blue area is 

positively electrostatic potential and the white area is neutral potential. 

 

 



 

Figure 3.17 

Thiomorpholide Amido Methyl Ferrocene showing various  

Receptor interactions 
 

(a) Hydrophobic interactions (b) Hydrogen bonding 

(d) Electrostatic interactions (c) Charge 

 
 



 

 

 

 

Figure 3.18:  

 
The closely overlaid structures of the Azalactone Ferrocene and 

Thiomorpholide Amido Methyl Ferrocene and XK469 (Topo II β 

inhibitor) 

 
Cerius2 receptor module is used to calculate the hypothetical surface interaction between 

ferrocene derivatives and protein site of action. The models are generated as described in the 

Methodology (2.27). Receptor module predict four different interactions namely hydrogen 

bonding, hydrophobic interactions, charge, electrostatic interactions. These interactions are 

represented by specific colour. 

 
In panel (a) the brown color area are hydrophobic and areas that are not hydrophobic are 

white.  

 
In panel (b) the area shown light blue are hydrogen bond acceptors and the surface shown 

purple are hydrogen bond donors, the surface showing white has no hydrogen bonding.  

 
In panel (c) the surface shown red is positively charged, blue area is negatively charged and 

the area white is neutral.  

 
In panel (d) the surface with red area is negatively electrostatic potential and the blue area is 

positively electrostatic potential and the white area is neutral potential.  

 

 

 



 

 

Figure 3.18 

The closely overlaid structures of the Azalactone Ferrocene and 

Thiomorpholide Amido Methyl Ferrocene and XK469 (Topo II β 

inhibitor) 

(a) Hydrophobic interactions (b) Hydrogen bonding 

(c) Charge (d) Electrostatic interactions 

 
 



 

 

 

 

 

Figure 3.19:  

Surface Electrostatic Interactions 

 
Ferrocene derivatives showing various receptor interactions. The surface with red area is 

negatively electrostatic potential and the blue area is positively electrostatic potential and the 

white area is neutral potential.  

 
 The +ve electrostatic potential (Fig A) side chain of azalactone ferrocene may be 

forming bonding with –ve electrostatic potential of the phosphate group exposed 

during catalytic assay and form cleavage complex  

 
 The –ve electrostatic potential  (Fig B) side chain of the thiomorpholide amido 

methyl ferrocene (similar to ATP phosphate group which also have –ve electrostatic 

potential group) may be forming linkage with the ATP binding site and inhibiting the 

reaction 

 

  



 

Figure 3.19 

 Surface Electrostatic Interactions 
 Unique Features  

 
Fig A 

Azalactone  ferrocene 
Fig B 

Thiomorpholide amido 
methyl ferrocene

Over laid image of aza, thio 
ferrocene and XK469 

Common Features 

 
 



DISCUSSION 

Topoisomerase II alpha and beta are known to be potential targets for the cancer 

chemotherapy (380-382). The levels of topoisomerase II alpha isoform were shown to be up-

regulated in certain cancers, lung (383) ovarian (384), prostate (384), where as 

topoisomerase II beta levels are up-regulated in breast (385), and brain cancer (386). This 

differential expression of topoisomerase II isoforms in different cancers prompted efforts 

towards development of topoisomerase II isoform-specific poisons or inhibitors for targeting 

against cancer tissue of interest.  

 
XK469 was the first, topoisomerase II β-specific poison reported from screening of 

large library of various compounds (387), and it was found to poison the activity of 

Topoisomerase II beta. Other Topoisomerase II poisons namely etoposide (388), quinoline 

derivatives poison both the isoforms of the Topoisomerase II. In the present study, we used 

QSAR methodology in finding Topoisomerase II beta-specific poisons from derivatives of 

ferrocene. The two active ferrocene derivatives namely azalactone ferrocene and 

thiomorpholide methyl ferrocene do not possess affinity to DNA. This could be due to the 

absence of a planar ring system that has been shown to be involved in DNA binding in other 

topoisomerase II inhibitors. Also, the caged iron is not directly available for DNA 

interaction. But the positive electrostatic potential induced by iron through cyclopentadiene 

ring may provide weak interaction of the ferrocene with the negatively charged phosphate 

backbone, when the ferrocene derivative interacts with the enzyme (Figure 3.16- 3.19). 

 
The inhibition of Topoisomerase II beta isoform by thiomorpholide amido methyl 

ferrocene is higher than Azalactone ferrocene. The action of thiomorpholide amido methyl 

ferrocene is found to be due to inhibition of ATP-enzyme interaction without forming 

cleavable complexes, whereas the azalactone ferrocene allows ATP binding to the enzyme 
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and induces the formation of cleavable complexes. Comparison of structure of XK469 with 

those of azalactone ferrocene and thiomorpholide methyl ferrocene shows that the later 

posses largely charged surfaces on the interacting face, as shown in Figure 3.18. This may be 

one of the structural features that these compounds possess which might be enhancing their 

ability in Topoisomerase II beta interaction. The higher molecular volume containing 

hydrophobic groups may allow azalactone ferrocene in freezing enzyme-DNA covalent 

intermediates. 

 
The comparison of structural features of these two compounds show that the distance 

and orientation of the interacting atom of the substituent from iron cyclopentadiene ring may 

play a key role in modulating the activity of the drug (Fig 3.6). This analysis suggests that 

the orientation of interacting groups away from the ferrocene axis and above and below the 

plane of cyclopentadiene ring is important for affecting the activity of the enzyme. The 

difference between azalactone ferrocene and thiomorpholide amido methyl ferrocene in 

inducing cleavable complex could be due to the difference in orientation of the substituent, 

while the thiomorpholide ferrocene orients towards the iron axis and lies in the plane of the 

second cyclopentadiene ring (Figure 3.17), the azalactone ferrocene moves away from the 

iron axis and lies above the substituted cyclopentadiene ring (Fig 3.16). These findings 

indicate that the structural requirement of ferrocene drugs for inhibition of catalytic activity 

of topoisomerase II beta and substitutions away from iron axis may play a role in blocking 

the DNA passage activity of enzyme. In addition, substitution towards iron axis may be 

important in blocking ATP binding domain of the enzyme. Further analysis of a few more 

structurally distinct ferrocene derivatives may provide critical details of conformational 

molecular changes that ferrocene derivatives confer upon enzyme. In summary, both 

azalactone ferrocene and thiomorpholide amido methyl ferrocene are found to be potent 
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inhibitors of topoisomerase II with preferential action against beta isoform, and the two 

compounds show distinctly different modes of action against enzyme. 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 
Development of drug delivery system for target specific 

localization of ferrocene derivatives in cancer cells 



The drugs are absorbed by epithelial lining of specific tissues in reaching the 

circulatory system. The extent of drug absorption is dependent on the chemical and biological 

properties of the drug, which determine its side effects. Localized application of drug is 

known to be very effective with reduced side effects, but this is an invasive technique (223). 

To reduce the entry of drug into non target cells, several target specific technologies were 

developed during the last few years and some of them implemented. Majority of these 

technologies invoke the use of polymeric materials (PEG, PLGA) (225), proteins (chitins, 

albumin) (226). These materials though are excellent carriers of drug, they lack target 

specificity (226). Thus target specific ligands like transferrin, antibodies, carbohydrates, 

signal peptides are widely studied for guiding these delivery systems to specific cells and 

tissues (227). The present investigation, reports a target directed nanoparticle drug delivery 

system comprising of apotransferrin-drug nanoparticles. 

 
Transferrin as drug delivery system  

From a therapeutic perspective, this enables the one molecule to be used for various 

treatments. Binding of the proteins apotransferrin/transferrin with cells requires transferrin 

receptors. The amount of transferrin receptors present on the surface of the cells is regulated 

by two factors (I) the concentration of iron in the cell and (II) cell growth. These receptors are 

highly expressed by tissues having high metabolic activity such as brain as well as those 

which are in active growth such as in cancer cells. Hence, transferrin receptors are widely 

tested and accepted target for delivery of drugs to cancer, brain and other infectious and 

diseases demanding iron metabolism. The ligands that have been well tested as carriers of 

drug through transferrin receptor mediated endocytosis are soluble Transferrin, 

Apotransferrin, and Transferrin receptor antibody (OX-26). A Nanoparticle based drug 

delivery system is presented in this Chapter IV 
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Current transferrin drug delivery systems:- 

1. Chemical conjugation (glutaraldehyde) apotransferrin with antitumour agents (388) 

2. Binding of metal complexes to soluble apotransferrin (389), in this method the drug is 

immobilised under hydrophobic conditions to protein which also requires metal as 

iron /ruthenium for binding the drug to the active site of apotransferrin. The limitation 

of this process is that the drug can only be released in a pH dependant manner in 

lysosome (390). The drug is released in lysosome and thus the efficiency of drug 

release is low. 

3. Coating of protein around the iron containing nanoparticles  

Iron nanoparticles core is layered by a primary synthetic layer of polymer and then by 

second layer of apotransferrin and a pharmaceutical adjuvant. The drawback of the 

process is that the polymer and the iron core will remain in the cell and form a source 

of toxicity which is not advisable (391) 

4. TrR antibody (OX26) / transferrin / apotransferrin were conjugated directly or 

through biotin /avidin coupling to liposome/ polymer micro spheres composing PEG 

or carbohydrates (392, 393)  

 
The conjugated TfR antibody/transferrin/apotransferrin can mediate the binding of 

liposome/ microspheres to transferrin receptor and intake occurs through receptor-mediated 

endocytosis TfR antibody (OX26)/transferrin/apotransferrin were conjugated directly or 

through biotin /avidin coupling to liposome/polymer micro spheres composing PEG or 

carbohydrates (394) The drug can be released into cytosol directly. The left over compounds 

of delivery system such as TfR antibody (OX26)/transferrin/apotransferrin conjugated 

liposome/micro spheres will remain in the cell and degradation is slow and they form 

potential cytotoxicity to the cells due to high metabolic stress on the cell for their 

degradation. The extent of drug release from such liposome may not also be efficient. Due to 
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irreversible binding of the conjugated antibody / transferrin / apotransferrin to liposome/ 

micro spheres, they compete out soluble transferrin binding, thus the iron transport is 

drastically inhibited, which would lead to iron depletion and anaemia. Apotransferrin 

nanoparticles drug delivery is developed in this chapter provide a natural mode of delivery of 

drug. 

Protein purification and characterization: 

Transferrin is purified from plasma as described in chapter II. This protein is 

solubilised in TBS and the protein in the sample were chromatographed and separated based 

on size on S-100 gel filteration chromatography. The eluted fractions were analyzed by SDS-

PAGE. The homogenous protein fractions 11-17th (Figure 4.1) containing transferrin shown 

homogenous. The transferrin protein is converted to apotransferrin by dialysis in 10 mM 

EDTA and 10 mM sodium acetate pH 5. At the pH 5, the bound iron in the protein is released 

and the transferrin is converted to apotransferrin. The purity of the apotransferrin assessed 

using SDS PAGE (Figure 4.2) and native PAGE analysis (Figure 4.3) the results confirm that 

the purified apotransferrin is significantly homogenous. Purified apotransferrin was 

confirmed by western blotting (Figure 4.4) using monoclonal mouse anti-human transferrin 

antibody. 

Characterization of particles by Scanning electron microscopy: 

The particles were characterized by Scanning electron microscopy (SEM) in Figure 

4.5 The results on determination of particle size by SEM show that the apotransferrin 

particles were of 20-45 nm dimension (Figure 4.5A), while the nanoparticles of 

apotransferrin-doxorubicin were of 60-70 nm (Figure 4.5 B) and apotransferrin-azalactone 

ferrocene nanoparticles were of 70-80 nm dimension (Figure 4.5 C). Thus suggesting that the 

method followed for preparation of particles could produce particles of nanometer 
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Figure 4.1 

Purification of Transferrin by Gel exclusion Chromatography 

 
Serum protein is separated based on molecular size by S-100 gel exclusion chromatography 

as described in Chapter II. The eluted collections were analysed by SDS–PAGE stained by 

comassie blue R-250. 

# 1-17:- 1-17th S-100 column elutes  

 

 

 

 

 



 

 

 

 

 

     Figure 4.1 

 
Purification of Transferrin by Gel exclusion Chromatography 
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Figure 4.2:  

Preparation of Apotransferrin 

The protein elutes 8,10, and 12 in figure 4.1 were dialyzed with 10 mM EDTA and 10 mM 

sodium acetate pH 5.0. 20 µg of protein in dialyzed elute was separated on 8% SDS PAGE at 

70 volts for 3 hours. The gel was stained with comassie blue R-250. The purified 12th 

fraction of the protein show single band of apotransferrin a 81 kDa protein. Molecular 

weight markers 26, 47, 85, 118 kDa band are shown in the gel 

 

# 1 Protein molecular weight marker 

# 2  Bovine transferrin (control) 

#3  8th dialysed elutes 

#4 10th dialysed elutes 

#5 12th dialysed elutes 

 

 



 

 

 

 

 

Figure 4.2 

 
Preparation of Apotransferrin
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Figure 4.3:  

Native PAGE analysis of purified Apotransferrin protein 

The protein in 12th elutes Fig 4.2 were reanalyzed by Native PAGE. Apotransferrin purified 

in Fig 4.2 (12th elute) was analyzed on Native-PAGE 

Lane 1, 2 10, 20 µg protein of 12th elute analyzed in Native PAGE 

 

 



 

 
 

 

Figure 4.3 

 

Native PAGE analysis of purified Apotransferrin  

1            2        

Apotransferrin 



 
 

 

 

 

 

Figure 4.4: 

 Immunoreactivity of Apotransferrin  

The purified protein elutes were separated on SDS PAGE (8%). The protein is transferred to 

the Nitrocellulose membrane by standard western blotting procedure. Human transferrin, 

bovine transferrin and rat apotransferrin were used as control. Apotransferrin is detected by 

mouse anti-human transferrin monoclonal antibodies followed by detection using IgG goat 

antimouse IgG conjugated with alkaline phosphatase. The purple colored immunoprecipates 

formed were photographed. 

 
# 1: 10 µg Bovine apotransferrin  

# 2: 10 µg rat apotransferrin  

#3-5: 1,2,10 µg of purified human apotransferrin  
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Figure 4.5:  

Electron Microscopic analysis of Nanoparticles:  

Apotransferrin nanoparticles were prepared as described in Methodology 2.34. The particles 

were analyzed by SEM, TEM. Electronically generated scale is represented in the SEM 

image and size of the nanoparticles are measured and indicated in the Figure. Scale in TEM 

figure was calculated based on the NEG magnification and the point magnification. 

 
Panel A: Apotransferrin protein nanoparticles  

Panel B: Doxorubicin - Apotransferrin nanoparticles  

Panel C: Azalactone ferrocene- Apotransferrin nanoparticles  

 

 

 



Electron Microscopic analysis of Nanoparticles 
Figure 4.5 

  
SEM image TEM image 

 

 

 

Panel A 
 
Apotransferrin 
nanoparticles 

SEM image TEM image 

Panel B 
 
Doxorubicin-
Apotransferrin 
nanoparticles 

SEM image 

Panel C 
 
Azalactone ferrocene-
Apotransferrin 
nanoparticles 
 



dimensions. The particle size increases when drug is encapsulated and such an increase is due 

to the enhanced molecular volume of protein in the presence of drug. 

Characterization of particles by Atomic force microscopy: 

To know the surface morphology of the particles, a high resolution analysis of surface 

properties of the particles has been carried out using the Atomic Force microscopy (AFM). 

The results (Figure 4.6) show that the surface morphology of particle follows a pattern 

characterized by distinct morphological separation in the range of a ~ 1 nm scale. Such 

surface structural features may play an important role in conferring molecular recognition and 

biological activity to the particles in terms of binding to the transferrin receptor. The particles 

due to high concentration of the protein in the particles. These results suggest that the 

optimum concentration for the formation of nanoparticles is 10 mg in 30 ml of olive oil. 

Optimization of sonication conditions (Table 4.1):  

The sonication conditions were optimized based on amplititude of pulse, where there 

is optimum formation of the nanoparticles. Equal amount of the protein and the drug is added 

to the 15 ml of the olive oil and sonicated at various intensities of the pulse as indicated in the 

Table 4.2. The samples were processed as described in Methodology 2.36. The particles 

formed were analysed by the SEM imaging (Figure 4.7). At 0.5 and 1 amplitude there is no 

formation of the nanoparticles, while at the intensities 2-6 amplitude there is a formation of 

the nanoparticles. Based on the results shown SEM imaging, 5 micron amplitude of the pulse 

shown optimum condition for the formation of the nanoparticles. 

 
Optimization of centrifugation speed (Table 4.2): The above method the experiment is 

repeated at different centrifugation speed to find optimum speed required for pelleting of 

particles.  
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Figure 4.6:  

Atomic force Microscopic analysis of Nanoparticles  

 
Surface morphology of apotransferrin-doxorubicin nanoparticles using AFM. D1 show 3D 

topographical image that was top projected in D2 and magnified in D3 and D4. One area in 

D2 was chosen and its surface is displayed in D5 (147 nm/ per 3 particles) and D6 depicts 

magnified single in 33 nm scale. Each experiment was repeated thrice to confirm these 

results.  

 
 The image is analyzed by the AFM Spiwin software, scale in the figure is generated 

electronically. The distance between two nanoparticles is measured by surface display 

analysis, In the panels D5, D6 two colored lines are displayed (red, yellow, blue, green, pink) 

These represents the diameter of corresponding nanoparticle as given in the appended table 

in D5, D6 image. 

 
Figure D1: AFM 3D Topographic image (scale 500 x 500 nm) 

Figure D2: AFM Topographic image (scale 500 x 500 nm) 

Figure D3: AFM 3D Topographic image (scale 250 x 250 nm) 

Figure D4: AFM Topographic image (scale 250 x 250 nm) 

Figure D5: Surface display analysis (scale 147 nm) 

Figure D6: Surface display analysis (scale 33 nm) 

 

 



 

  

 
Figure 4.6 

  
Atomic force Microscopic analysis of Nanoparticles 

(D1) AFM 3D 
Topographic image 

(D3) AFM 3D 
Topographic image 

(D2) AFM 
Topographic image 

(D4) AFM 
Topographic image 

(D5) Surface Display Analysis (D6) Surface Display Analysis 



 

 

 

 

 
Table 4.1:  

 
Optimization of Sonication condition 
 
Nanoparticles are prepared as described in Methodology 2.36, the protein drug mixture was 

sonicated at indicated intensity of amplitude in microns and mixture is frozen and thawed, 

this is now centrifuged at 5000 rpm and the pellet is collected. The pellet is dispersed in PBS 

and particles are analyzed by the SEM. The dimensions of the particle formed as observed 

by the SEM images are given in the Figure 4.7. Based on the SEM analysis the optimum 

intensity of nanoparticle formation is 5 microns taken as standard. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Table 4.1  

Optimization of Sonication condition 
 

Condition Particle formation 
SEM analysis of the 

nanoparticles 

0.5 microns No particle formed --- 

1 microns No particle formed --- 

2 microns Yes 60 -70 nm 

3 microns Yes 60 -70 nm 

4 microns Yes 60 -70 nm 

5 microns Yes 60 -70 nm 

6 microns Yes 60 -70 nm 

 

 

 

 



 

 

 

 

 

Figure 4.7:  

Optimization of Sonication condition 

 

SEM images of the nanoparticles prepared at the respective amplitude 1-6 microns 

 
Nanoparticles are prepared as described in Methodology 2.36, the protein drug mixture was 

sonicated at indicated intensity of amplitude in microns and mixture is frozen and thawed, 

this is now centrifuged at 5000 rpm and the pellet is collected. The pellet is dispersed in PBS 

and particles are analyzed by the SEM. The dimensions of the particle formed as observed 

by the particle size are given in the Table 4.1. Based on the SEM analysis the optimum 

intensity of nanoparticle formation is 5 microns taken as standard 



Figure 4.7 

Optimization of Sonication condition 
 

6 amplititude 

3 amplititude 4 amplititude 

1 amplititude 2 amplititude 

5 amplititude 

 

 

 

 



 

 

 

 

 

 

 

Table 4.2: 

Optimization of Centrifugation Speed for Pelleting Nanoparticles: 
 

Nanoparticles are prepared as per the Methodology 2.36 and sonicated mixture is frozen and 

thawed, this is now centrifuged at various speed as indicated and the pellet is collected. The 

pellet is dispersed in PBS and particles are analyzed by the SEM. The dimensions of the 

particle formed are given in the Figure 4.8. Based on the SEM analysis and the pellet 

dispersion the optimum centrifugation speed is characterized as 5000 rpm. 

 



 

 

 

 

Table 4.2:  

Optimization of Centrifugation Speed for Pelleting Nanoparticles 
 

 

Condition Particles formation 
SEM image analysis of the particle Dimension 

formed 

1000 rpm Yes 
60-70 nm (Nanoparticle pellet could not be 

clearly separated from oil. Loose pellet formed) 

2000 rpm Yes 60-70 nm (Loose pellet formed) 

3000 rpm Yes 60-70 nm (Loose pellet formed) 

4000 rpm Yes 60-70 nm (Loose pellet formed) 

5000 rpm Yes 60-70 nm 

6000 rpm Yes 60-70 nm 

7000 rpm Yes 60-70 nm (Difficult in dispersion of pellet) 

8000 rpm Yes 60-70 nm(Difficult in dispersion of pellet) 

 

 

 

 

 

 



The sonicated mixture is frozen and samples are thawed and nanoparticles are 

analyzed at various centrifugation speeds. The centrifused samples are dispersed in PBS and 

analyzed by SEM imaging (Figure 4.8) for the formation and the size of the nanoparticles. 

The results of the SEM analysis show that the speeds below 2000 rpm the pellet did not settle 

well and could not be clearly separated from the olive oil, while at centrifugation speed above 

5000 rpm the pellet tightly formed and could not be dispersed properly. Hence, the results 

suggest that speed of 5000 rpm is optimum for the pelleting of nanoparticles, easy dispersion 

of pellet formed and is stable. 

Optimization of protein concentration for the formation of nanoparticles (Table 4.3) 

The protein concentration minimum required for the formation of nanoparticles is studied.    

1, 5, 10, 20, 40 mg of protein and 100 mM of drug are used for preparation of nanoparticles 

in 15 ml olive oil. At protein concentrations 1 mg and 5 mg, particles were not formed 

(Figure 4.9), while at the protein concentrations 5 mg and above there is a significant 

nanoparticle formation, but at the protein concentration 40 mg and above there is a formation 

of nanoparticles but the pellet is difficult to disperse this may be due to the strong aggregation 

of the particles due to high concentration of the protein in the particles. These results suggest 

that the optimum concentration for the formation of nanoparticles is 10 mg in 30 ml of olive 

oil. 

 
Characterization of Apotransferrin-drug Nanoparticles: 

Apotransferrin nanoparticles were prepared as described in the Methodology 2.36 

Uniformly dispersed particles in PBS were characterized for chemical composition using 

biochemical methods. The results of assessment of particles for the presence of protein, oil 

and drug, show that particles were sensitive to low pH and resistant to organic solvents 

suggesting that the particles were composed of protein (Figure 4.10). The apotransferrin in 
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Figure 4.8:  

Optimization of Centrifugation Speed for Pelleting Nanoparticles 
 

SEM images of the nanoparticles pelleted at the respective centrifugation speeds 1000-6000 

rpm. 

 
Nanoparticles are prepared as per the Methodology 2.34 and sonicated mixture is frozen and 

thawed, this is now centrifuged at various speed as indicated in Table 4.1 and the pellet is 

collected. The pellet is dispersed in PBS and particles are analyzed by the SEM. The SEM 

images of particles are given in the Figure 4.7. Based on the SEM analysis and the pellet 

dispersion the optimum centrifugation speed is characterized as 5000 rpm. 



 

 

 

Figure 4.8 

Optimization of Centrifugation Speed for Pelleting Nanoparticles 

 1000 RPM 2000 RPM 
 

 

6000 RPM 5000 RPM 

4000 RPM 3000 RPM 



 

 

 

 

 

 

 

Table 4.3 

Protein concentration for formation of nanoparticles: 

 
Nanoparticles are prepared as described in Methodology 2.36. 100mM drug and the 

indicated protein concentrations are mixed and added in aliquots to the 15 ml olive oil and 

the mixture is sonicated at 5 amplitude and mixture is frozen and thawed, this is now 

centrifuged at 5000 rpm and the pellet is collected. The pellet is dispersed in PBS and 

particles were analyzed by the SEM (Method 2.38). The dimensions of the particle formed 

are given in the Table 4.3. Based on the SEM analysis (Figure 4.9) the optimum 

concentration required for the formation of the nanoparticles is 10 mg. 

 

 

 

 



 

 

 

 

 

Table 4.3 

Protein concentration for formation of Nanoparticles 
 

Condition Particle formation 
Dimensions of the 

nanoparticles 

1 mg No particle formed --- 

2.5 mg No particle formed --- 

5 mg Yes 50 - 60 nm 

10 mg Yes 60 - 70 nm 

15 mg Yes 60 - 70 nm 

20 mg Yes 60  -70 nm 

25 mg Yes 60 - 70 nm 

30 mg Yes 60 - 70 nm 

40 mg Yes 200 - 400 nm 

 



 

 

 

 

 
Figure 4.9: 

 Protein concentration for formation of Nanoparticles 

 
SEM images of the nanoparticles prepared at the respective protein concentrations 1-40 mg. 

Nanoparticles are prepared as described in the Methodology 2.36. 100mM drug and the 

indicated protein concentrations are mixed and added in aliquots to the 15 ml olive oil and 

the mixture is sonicated at 5 amplitude and mixture is frozen and thawed, this is now 

centrifuged at 5000 rpm and the pellet is collected. The pellet is dispersed in PBS and 

particles are analyzed by the SEM (Method 2.38). The dimensions of the particle formed are 

given in the Table 4.3. Based on the SEM analysis the optimum concentration required for 

the formation of the nanoparticles is 10 mg. 

 

 

 

 

 

 

 

 

 

 

 



Figure 4.9 
Protein concentration for formation of Nanoparticles 

5 mg 2.5 mg 

10 mg 15 mg 

20 mg 25 mg 

30 mg 40 mg 



 

 

 

Figure 4.10 

Chemical characteristics of Nanoparticles 

20 mg doxorubicin loaded apotransferrin nanoparticles were treated with the indicated 

solvents/buffers and the amount of soluble drug release was quantified by measuring 

intrinsic fluorescence of doxorubicin at lambda emission 594 nm (lambda excitation 470 nm) 

by spectrofluorimeter (Fluoromax).  

 
Bar 1: 100% alcohol, Bar 2: 100% DMSO, Bar 3: 1 N HCl in PBS, Bar 4: 1 N HNO3 in 

PBS, Bar 5: 1 N H2SO4 in PBS, Bar 6: 1 N CH3COOH in PBS, Bar 7: 1 N HCl in alcohol, 

Bar 8: 1 N CH3COOH in alcohol. 
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the particles was assessed by dot blot analysis. The results in Figure 4.11 show that the 

particles were immuno reactive to mouse anti human transferrin monoclonal antibody, 

suggesting that the apotransferrin retains its immunoreactive epitopes on the surface of the 

particle. 

Stachiometry of protein and drug in the particles:- 

Based on the spectroscopic estimation of drug and protein in the nanoparticles, It is 

estimated that 500 µg of doxorubicin is encapsulated per mg of apotransferrin. 

A soluble doxorubicin (Fig 4.12) and azalactone ferrocene (Fig 4.13) show a characteristic 

absorbtion maxima at 490 nm for doxorubicin and 375 and 555 nm for azalactone ferrocene. 

When nanoparticles of these drugs were treated with acids, the spectrum of the drug shown in 

Fig 4.12 B and Fig 4.13B show similar absorption spectrum of soluble one showing that the 

drug remain unaltered upon nanoparticle preparation. Furthermore, the drug loaded in 

concentration dependant. 

pH Dependent Drug Release, Spectrophotometric Analysis: 

Apotransferrin nanoparticles were treated with a gradient of alcohol and DMSO in 

PBS/acidic buffers. The treated samples are centrifuged at 10,000 rpm for 15 minutes and the 

supernatant is analysed for the doxorubicin fluorescence, so that a very low levels of the 

doxorubicin can be monitored. The results (Figure 10) revealed that there is no significant 

increase in the fluorescence in presence of organic solvents indicating the particles do not 

have oil/liposomal nature and suggesting nanoparticles are made of protein, but when the 

particles are treated under low pH conditions, Where most of the protein denature under these 

conditions, the drug in the particles is leaked out, due to the change in the conformation of 

the protein in the particles. The drug released into the media was quantified by monitoring the 

fluorescence of media. The low pH buffer is prepared with four different acids, where the 

96 
 



 

 

Figure 4.11 

Immuno reactivity of Apotransferrin in the Nanoparticles by Dot blot 

Assay 

Apotransferrin nanoparticles and the soluble apotransferrin was spotted on nitrocellulose and 

dot blot was carried, soluble BSA protein and BSA loaded were used as negative controls 

Panel A 

# 1,2 : 40,80 µg of apotransferrin nanoparticles  

#  3: Soluble 100 µg of apotransferrin (Positive control) 

# 4: 100 µg of soluble serum protein (Positive control) 

# 5: 100 µg soluble BSA protein (Negative control) 

Panel B 

# 1, 2: 80, 40 µg BSA nanoparticles  

# 3, 4: 100 µg of apotransferrin soluble protein 

# 5, 6, 7: 100, 50, 10 µg of soluble BSA protein alone (Negative control) 

 

 



 

 

 

 
Figure 4.11 

 

Immuno reactivity of Apotransferrin in the Nanoparticles  

by Dot blot Assay 
 

  1                       2                           3               4                 5          

  Panel A 

  Panel B 

  1       2             3                   4                5                 6              7 



drug release is observed in all conditions indicating the sensitivity to the change in the H+ 

conditions.  

5.12 Spectral analysis of drug when loaded into nanoparticles: 

Azalactone ferrocene (375, 555 nm) / doxorubicin (490 nm) have a characteristic peak 

(Figure 4.12 A, 4.13 A). of visible spectra. When these molecules are loaded into 

nanoparticles and spectra is taken from 200-900 nm, under these conditions the nanoparticles 

containing doxorubicin show a characteristic spectrum with absorption maxima at  (Figure 

4.13 B, C, 4.14 B, C) at 280 nm indicating the presence of protein. Doxorubicin loaded 

nanoparticles 10, 100 mM drug show significant differences in intensities of the doxorubicin 

absorption peaks, with similar absorbance intensity at 280nm, of protein in the spectra 

indicate the equal loading of protein thus there is a 10 fold difference in drug loading in the 

nanoparticles. Hence the protein concentration remains constant for a protein condition to 

form nanoparticles, while amount of drug loaded dependant on its concentration. 
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Figure 4.12:  

Differential loading of Doxorubicin (drug) in Apotransferrin 

Nanoparticles. 

100 µl of 10/100 mM doxorubicin is added to 10 mg/ 100 µl of apotransferrin and mixed 

gently and nanoparticles are prepared as described in Chapter II . These nanoparticles are 

dispersed in dissolved in 5% HCl in ethanol and absorbance vs wavelength spectra is 

scanned from 200-900 nm. Soluble doxorubicin show four characteristic peaks 

490,292,252,233 nm. Among these the peak, the visible range peak at 490 nm is taken as 

standard. The drug encapsulated nanoparticles are dispersed in PBS which show differential 

intensity of doxorubicin peaks are studied. While peak at 280 nm remain constant in 

intensity indicating the nanoparticles are differentially loaded with 10/100 mM doxorubicin. 

The blank line present at the bottom is the 5% HCl in ethanol blank 

 
Panel A: Sample 1-5 soluble Doxorubicin in Tris buffer saline of concentration 10, 20, 30, 

40, 50 μM respectively 

Panel B: 100 mM doxorubicin loaded nanoparticles in presence of 5% HCl in ethanol,  

Panel C: 10 mM doxorubicin loaded nanoparticles in presence of 5% HCl in ethanol 

 

 

 

 

 

 



Doxorubicin 100 mM loaded Apotransferrin Nanoparticles

Panel B

Doxorubicin 10 mM loaded Apotransferrin Nanoparticles

Panel C

Characteristic spectra of Doxorubicin

Panel A

Differential loading of Doxorubicin (drug) in Apotransferrin Nanoparticles

Figure 4.12



 

 

 

Figure 4.13: 

Azalactone Ferrocene loading in the Apotransferrin Nanoparticles: 

The characteristic peak of the azalactone ferrocene at 555 nm and 375 nm is taken as 

standard. Azalactone ferrocene is loaded in the apotransferrin nanoparticles is confirmed by 

the presence of peaks at 555 and 375 nm in 5% HCl in ethanol.  

 
Legend: 

Panel A: Azalactone ferrocene characteristic spectra in 5% HCl in ethanol, spectra is taken 

at concentrations1- 5; 20,40,60,80,100 μM concentration of soluble azalactone ferrocene. 

Panel B: Azalactone ferrocene loaded apotransferrin nanoparticles spectra in presence of 5% 

HCl in ethanol. 

Panel C: Enlarged spectra azalactone ferrocene loaded apotransferrin nanoparticles from 

324 nm to 670 nm. 
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DISCUSSION 

Polymers are excellent molecular systems that undergo phase separation under different 

solvent conditions. This property has been routinely used for separation, precipitation 

differential solubilisation of various polymeric substances. Based on these properties several 

research groups developed insoluble particulate matter composed of polymeric material made 

up of PLGA, PAA, chitin, BSA etc. Among such particulate forms are dendrimers and other 

molecular forms that could show particles of nano dimensions, which are referred as 

nanoparticles. In view of insoluble in nature these particles will be very stable and highly 

biocompatible. Further, due to nano dimension they exhibit negligible immunogenicity and 

can enter cells by diffusion. They attract wider application in delivery of various 

pharmaceutical agents. Though these are efficient in drug delivery but lack target specificity. 

It has been a practice to conjugate or coat such nanoparticles with a target specific ligand(s) 

such as apotransferrin and other such molecules. In this investigation, the results show that 

apotransferrin itself can be converted to nanoparticle.  Apotransferrin nanoparticle can 

encapsulate the drug along with the protein.  The morphological analysis of the particles 

using SEM, TEM and AFM (Figure 4.5, 4.6) show that these particles are of dimension 

below 100 nm and the surface of these particles is highly anisotropic. These anisotropic 

surface features indicate the possible exposure of epitopes of the protein on the surface, 

which is confirmed by the significant immunoreactivity of the particles to antihuman 

transferrin antibody (Figure 4.11). The recognition of the particle(s) is not due to the 

nonspecific binding of antibody as no such immune reactivity was observed with the BSA 

nanoparticles that were prepared under similar conditions.  

These particles are indeed made of proteins, which are confirmed by their high sensitivity to 

the acidic pH and inert to the organic solvents (Figure 4.10), thus verifies any absence of any 

lipid layer on the particle surface for stabilization of particles, which is a novelty in these 
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particles. It is to be noted that in several nanoparticle preparations reported in the literature, 

additive like lipids, organic molecules, surfactants used to stabilize nanoparticles. While in 

the present study no additives were used and the particles were just made up of protein and 

the drug is encapsulated during the formation of nanoparticles  

We hypothesize that drug is absorbed/adsorbed on to the protein. The drug absorption 

on to the protein is enhanced during partitioning of protein and drug complexes in oil phase. 

The partitioned protein-drug complexes undergo aggregation in oil phase leading to phase 

separation and induction of the formation of nanoparticles. These particles are size 

fractionated by the sonication. The aggregation of sized particles will be inhibited by freezing 

them in liquid nitrogen. These particles retain surface structural morphology of the protein 

that confers the recognition of cell surface receptor and biological activity. The absence of 

immune reactivity in BSA nanoparticles could be due to the inability of their recognition as 

they do not possess the structural motifs that are normally present in natural ligand 

apotransferrin.  

In conclusion, the methodology used in this thesis could make particles of apotransferrin in 

nano dimensions. The particles can encapudate any drug during the preparation; hence this 

particle will become potential delivery vehicle for the drugs to the various cells, specifically 

to cancer cells. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 
Evaluation of efficacy of potent molecules in rat ascetic 

hepatocellular carcinoma 



Nanoparticles are best characterized by their low immunogenicity and higher 

penetration into the cells through simple nonspecific diffusion or other mechanisms of active 

and passive transport. The results in chapter IV shows the formation of drug loaded 

nanoparticles. The present chapter aims at evaluation of the mechanism of cellular drug 

delivery of these nanoparticles and biological activity of the drug in vitro and in vivo. These 

studies were performed in cancer cell lines, SUP-T1, COLO-205, SK-N-SH and rat 

hepatocellular carcinoma model. 

 
Cellular Localization of nanoparticles: 

The results of these experiments show that the fluorescently labeled apotransferrin 

nanoparticles are found localized in cell membrane and were concentrated at some 

membrane locations, probably in the extra cellular space (shown by arrows Figure 5.1A). 

Whereas fluorescently labeled BSA nanoparticles, did not enter in the cells suggesting that 

the receptor binding is essential for the entry of the particles (Figure 5.1 B). 

 
Receptor Mediates Transport of Nanoparticles: 

The entry of drug loaded apotransferrin nanoparticles through transferrin receptor 

was assessed by competition experiments of cellular localization conducted using RITC 

labeled apotransferrin nanoparticles in the presence of  increasing concentrations of 

unlabelled soluble apotransferrin. The results of these studies (Figure 5.2) showed that 

increasing concentrations of soluble apotransferrin compete out the fluorescently labeled 

apotransferrin nanoparticles, thus pointing out that the nanoparticles enter the cells by 

transferrin receptor mediated transport. The surface structural anisotropy of particles 

observed by AFM (Figure 4.6) may indeed contribute towards retaining the structural motifs 

required for recognition and binding to transferrin receptor. The inhibitory action of soluble 

apotransferrin at its high concentrations on the entry of nanoparticles suggests that they 
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Figure 5.1:  

Cellular Localization of the Nanoparticles 

SUP-T1 cells were incubated in serum free medium for 30 minutes. In the presence of RITC 

conjugated apotransferrin/BSA nanoparticles. The cells were washed extensively with serum 

free medium and washed thrice with PBS. The cells were observed in laser confocal 

microscopy using oil immersion objective. Panel A depicts localization of RITC 

apotransferrin particles in SUP-T1 cells. The arrow indicates the intense fluorescence 

localization of RITC conjugated apotransferrin in cells. A similar experiment was is carried 

out with RITC conjugated BSA and results are shown in panel B showing that BSA could 

not enter into cells.  

 

Panel A: RITC labeled apotransferrin nanoparticles treated cells fluorescence and overlaid  

   image  

Panel B: RITC labeled BSA nanoparticles treated cells fluorescence and overlaid image  

 

 

 
 



Panel A

Cellular localization of the nanoparticles

Fluorescence and phase  
images Over laid  image

Fluorescence of BSA 
nanoparticle localization in cell

Fluorescence and phase  
images Over laid  image

Panel B

Fluorescence of apotransferrin 
nanoparticle localization in cell

Figure 5.1



 

 

 

 

Figure 5.2:  

Competition of Apotransferrin Nanoparticles with soluble Apotransferrin 

SUP-T1cells were incubated with RITC conjugated apotransferrin in the presence of 

increasing concentrations of soluble apotransferrin. The cells were sorted using flow 

cytometer  and the percentage of fluorescently labeled cells were plotted against amount of 

soluble apotransferrin. 

 
Apotransferrin  nanoparticles  are able to compete with soluble apotransferrin and 

fluorescence of the cells decreased with increasing soluble apotransferrin, while cells treated 

with soluble doxorubicin, fluorescence of cells remain unchanged with increasing 

concentrations of soluble apotransferrin. These results suggest that the nanoparticles have 

apotransferrin on the surface which mediates the receptor mediated entry/endocytosis. In the 

presence of soluble apotransferrin competition for binding to transferrin receptor is enhanced 

and fluorescence of nanoparticles in cells decreased with increasing soluble unlabelled 

apotransferrin  
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follow equilibrium binding and the nanoparticles enter the cells through equilibrium kinetics. 

Furthermore, the particles may not induce an iron deficiency state in the host unlike that 

observed in the case of irreversible binding transferrin mediated drug delivery systems 

(228).Since the fluorescence is not traceable in the cytosol, it may be inferred that the 

nanoparticle may be internalized through receptor and has migrated to the extra cellular 

spaces, from where it may be releasing drug through two alternative pathways viz., (I) the 

particles may be transported to an endosome vesicle that was still in fusion with the plasma 

membrane. That the drug may have been released from the particle from the membrane fused 

endosomal vesicle, which is leaked to the cytosol, while the protein in nanoparticle remained 

secreted/exocytosed or (ii) the particles enter through transferrin receptor and may remain in 

extra cellular spaces, where the conformational changes of apotransferrin in the nanoparticles 

may solublize protein leading to the release of drug into the cytosol and the protein is 

secreted out. 

 
Localization of drug through apotransferrin mediated drug delivery: 

To study the release of drug loaded in the nanoparticles, we monitored the intrinsic 

fluorescence of doxorubicin. The cytosol and nuclei are found to be highly localized with 

Doxorubicin (Figure 5.3) suggesting that while releasing the drug into the cytosol, the 

apotransferrin in nanoparticles remain in the cell membrane, and later secreted out after 

releasing the drug. 

Delivery of drug localization in nanoparticles:  

Doxorubicin was used for these studies. Intrinsic fluorescence of doxorubicin was 

monitored. Apotransferrin nanoparticles were loaded with doxorubicin (Apo-Doxo) SupT-1 

cells were incubated with apo-doxo nanoparticles, the entry of drug localization was 

monitored by laser confocal microscopy. The results in Figure 5.3 show the localization of 
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Figure 5.3 : 

 
Confocal Microscopy analysis of Nanoparticle Localization  

 
SUP-T1 cells were incubated in the presence of 20 mg protein equivalent of indicated 

samples for a period of 30 min, 60 min, 16 hours and the cells were washed and the 

fluorescence localization in cells by using laser confocal microscopy (Leica). The 

reproducibility of the results was verified through three independent experiments.  

 
Legends: C1: RITC conjugated apotransferrin nanoparticles; C2: RITC conjugated soluble 

apotransferrin, C3: Doxorubicin loaded nanoparticles; C4: Soluble doxorubicin and 

apotransferrin; C5 Soluble doxorubicin; C6: Soluble RITC; C7: Untreated cells  
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doxorubicin in cytosol and nuclei. These results suggest that the protein nanoparticles 

secreted in extracellular spaces, while the doxorubicin the drug into the cells. 

 
5.17 Cellular recycling of Apotransferrin Protein present in Nanoparticles:- 

The possible mechanism of exocytosis or secretion of the protein in the particles and 

release of drug into the cell was monitored by nanoparticle recycling assay. Nanoparticles 

made of RITC conjugated apotransferrin is used in the study. The cells were incubated with 

nanoparticles followed by monitoring of cellular fluorescence using flowcytometer analysis 

over a period of 4 hours. The results presented in Figure 5.4 show that the fluorescent 

labeled cells increases over a period of 30 minutes, then show a decrease in number of 

fluorescent cells reaching a minimum at 4 hours. Thus suggesting that RITC conjugated 

apotransferrin nanoparticles enter the cells and reach their saturation at 30 minutes followed 

by the secretion of protein over a period of four hours (229). A similar mechanism has been 

reported for apotransferrin mediated iron transport (229), the main difference being the 

apotransferrin enter the endosome for the release of iron in case of nanoparticle the protein in 

the nanoparticle is remained in the extracellular space while releasing the drug into the 

cytosol.  

To know whether the protein in nanoparticles is secreted out after release of drug, 

intrinsic fluorescence of doxorubicin in the unlabelled apotransferrin nanoparticles was 

studied . Cells were incubated in the presence of apotransferrin doxorubicin nanoparticles 

and the cells localized with doxorubicin were monitored over a period of 4 hours. The results 

(Figure 5.5-5.6) show that majority of cell population were localized with doxorubicin 

intrinsic fluorescence reaching a maximum at 30 min, and remained at this level indicating 

that the fluorescent labeled cells reached saturation with their number remaining stable over 

a period of 4 hours, suggesting that the drug was indeed released into the cells. The biphasic 
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Figure 5.4  

Cellular Recycle of Apotransferrin protein present in Nanoparticles  

Experiments were conducted using RITC conjugated apotransferrin. The cells were 

incubated with indicated molecules in serum free medium for an indicated time. The number 

of fluorescently labeled cells were counted by FACS analysis (BD biosciences).  

 
Legend: cells treated with A) no treatment , B) 80 ng of RITC labeled apotransferrin 

nanoparticles, C) 800 ng of RITC labeled apotransferrin nanoparticles, D) 80 ng of RITC 

labeled soluble apotransferrin treated cells, E) RITC soluble alone treated cells. 
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Figure 5.5: 

Cellular Recycle of Apotransferrin protein present in Nanoparticles  

Experiments were conducted with apotransferrin with doxorubicin (intrinsic fluorescence of 

doxorubicin is followed). (A-F) explains drug entry and drug localization in the cells. The 

cells were incubated in serum free medium for an indicated time the number of fluorescently 

labeled cells were counted by FACS analysis (BD biosciences).  

Legends: A) untreated control cells ,B) 80 ng of apotransferrin-20 ng of doxorubicin 

nanoparticles, C) 800 ng of apotransferrin-200 ng of doxorubicin nanoparticles, D) 200 ng of 

doxorubicin alone treated, E) 80 ng of soluble apotransferrin-20 ng of doxorubicin soluble, 

F) 800 ng of soluble apotransferrin-200 ng of doxorubicin. 
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Figure 5.6: 

Cellular Recycle of Apotransferrin protein present in Nanoparticles  

The results in Fig 5.4 and 5.5 were replotted with % cells with fluorescence  

Legends: cells treated with 

# 1:  80 ng of RITC labeled apotransferrin nanoparticles  

# 2: 800 ng of RITC labeled apotransferrin nanoparticles  

# 3:  80 ng of apotransferrin-20 ng of doxorubicin nanoparticles  

# 4:  800 ng of apotransferrin-200 ng of doxorubicin nanoparticles  

# 5: 200 ng of doxorubicin alone treated 

# 6:  80 ng of RITC labeled soluble apotransferrin treated cells 

# 7: 800 ng of RITC labeled soluble apotransferrin treated cells 

# 8: 80 ng of soluble apotransferrin-20 ng of doxorubicin  

# 9:  800 ng of soluble apotransferrin-200 ng of doxorubicin  

# 10:  RITC soluble alone treated cells 
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pattern of cell population observed at initial time points may be interpreted to be due to the 

presence of two different populations of cells characterized by differences in the rate of 

particle binding and internalization. This is supported by similar observations of biphasic 

population of cells in RITC conjugated nanoparticles as seen in Figure 5.5. These results 

demonstrate that apotransferrin in nanoparticles is secreted out after delivery of drug into the 

cytosol. 

 
Bioactivity of nanoparticles: was studied using two independent assays. (1) Drug induced 

cytotoxicity in cultured cells by MTT assay and (2) regression of hepatoma in rat cancer 

model. 

 
Antiproliferative activity of Apotransferrin-drug Nanoparticles:  

The bioactivity of drug in apotransferrin-drug nanoparticle loaded with drug 

(nanodrug) was monitored by analysis of its action on the proliferation of T cell lymphoma 

(SUP-T1), neuroblastoma (SK-N-SH) and colon cancer (COLO-205) cell lines. The cells 

were cultured in presence of increasing concentrations of nanodrug for 16 hours and the cell 

viability was measured by MTT assay. The results (Figure 5.7) show that compared to 

soluble form of drug, nanoparticles of apotransferrin-doxorubicin can significantly inhibit 

the proliferation of these cell lines. Similar results were also obtained with apotransferrin-

azalactone nanoparticles (Figure 5.7). 

 
Evaluation of Nanoparticles in Rat Ascetic Hepatocellular Carcinoma Model: 

Ascetic hepatocellular carcinoma was induced in a group of rats by administration of 

ZH5 cells intraperitoneally (zero days). This model induces ascetic cancer instantly that 

reaches a stage of metastasis and progresses to full blown stage in 4 days (Figure 5.8) and 

then the rat can survive only for seven days (Figure 5.8). The treatment was carried out by 

administering the protein-drug nanoparticles one dose per day from the 1st day of hepatoma 
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Figure 5.7: 

Antiproliferation activity of drug loaded in Apotransferrin Nanoparticles  

Cells were incubated for 16 hours in the presence of increasing concentration of nanodrug. 

The viable cells were quantified by MTT assay. O.D values in the absence of test samples 

was taken as 100% viable. The percentage inhibition of cell viability is estimated with 

reference to that in the absence of drug. Percentage viability is plotted against the 

concentration of drug in micrograms. Each data point is an average of three independent 

elutes. Standard deviations shown as error bars. 

 

 

 
 



Figure 5.7

Antiproliferation activity of drug loaded in Apotransferrin Nanoparticles
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Figure 5.8:  

Hepatocellular carcinoma induced Wistar rat Model generation  

Rats aged 2 months were used for these studies 100 million cells per 0.5 ml cells were 

injected into intraperitoneal cavity of the rat on day zero. The induction of cancer was 

monitored by increase in volume of peritoneal cavity. Due to the multiple metastasis induced 

by the hepatocellular carcinoma the rats die on day 7. 
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Figure 5.9 

Treatment of Hepatocellular carcinoma with Azalactone ferrocene 

Apotransferrin Nanoparticle 

Rats aged 2 months were used for these studies 100 million cells per 0.5 ml were injected 

into intraperitoneal cavity of the rat on day zero. Rats are photographed at the 1-72 days after 

injection of the 0.5 million ZH5 cells and treated with the azalactone ferrocene loaded 

apotransferrin nanoparticles and progression of the hepatoma is observed. In the figure rats 

are shown at different days of treatment. The various control rat as mentioned in the legends. 

Pictures showing on the corresponding days are collected. The control rat which is injected 

and untreated is dead on the 7th day. The nano delivery treated rat does not show any 

induction and was active. The azalactone ferrocene treated rat is further observed for 53 

weeks. 
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Figure 5.9 contd 

Treatment of Hepatocellular carcinoma with Azalactone ferrocene 

Apotransferrin Nanoparticle 

Azalactone ferrocene loaded nanoparticle treated rat observed at the corresponding day 

showing There is no significant change metabolic activity and the external volume of the 

peritoneal region of the rat indicating the regression of the cancer in dosage of the drug 

loaded apotransferrin nanoparticles. The experiment is done in the group of six rats, and the 

statistical value are given in the Table 5.1 . 

 

Row 1: Untreated rat 

Row 2: Azalactone ferrocene loaded BSA nanoparticles treated rat 

Row 3: Soluble azalactone ferrocene treated rat 

Row 4: Azalactone ferrocene loaded apotransferrin nanoparticles treated rat 
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Figure 5.10 

Doxorubicin - Apotransferrin Nanoparticles treated rat  

Rat are photographed at the 1-35 days after injection of the 0.5 million ZH5 cells and treated 

with the doxorubicin loaded apotransferrin nanoparticles and progression of the hepatoma is 

observed. In the figures rats are shown at different days of treatment. There is no significant 

change metabolic activity and the external volume of the peritoneal region of the rat 

indicating the regression of the cancer in dosage of the drug loaded apotransferrin 

nanoparticles. The experiment is done in the group of six rats and the statistical value are 

given in the Table 5.1 . 
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Figure 5.11 

A comparision of treated and untreated rat 

Rats treated with azalactone ferrocene loaded apotransferrin nanoparticles was presented as 

comparative  

Panel A: Untreated rat  

Panel B: Treated rat  

Panel C: Comparsion of treated and untreated rats 

 

 
 



Azalactone ferrocene  

loaded Nanoparticles 

treated rat

Untreated rat

C

Nano treated rat Untreated  rat

A B

A Comparison of Treated and Untreated rat

Figure 5.11



induction (Figure 5.9 -5.11). The progression of cancer was monitored by 1) survival time, 

and levels of 2) Alkaline phosphatase, 3) Lactate dehydrogenase, 4) urea, 5) creatinine, 6) α- 

feto protein, as given in Table 5.1 Figure 5.14. The liver sections were histochemically 

stained with Haematoxylin and Eosin and are shown in Figure 5.15. The results show a very 

significant regression of cancer in nano drug treated rats compared to those treated with 

soluble drug. The statistical significance of cancer regression in groups was analysed by 

ANOVA analysis and Tukey’s Honestly significant difference (HSD) test (Appendix 2). The 

results showed that the differences of means among the groups are significant with a 

probability of above 95%. Furthermore treatment of full blown rats from 5th day of the 

injection of hepatocellular carcinoma showed very significant regression in cancer with 

survivability over 150 days for 4 rats in a group of rats (Figure 5.12) 

 
Since serum alkaline phosphatase plays a significant role in tissue and cellular 

damage, and also since it is one of the important indicators that represent hepatocellular 

carcinoma progression, we have monitored its levels in untreated and treated rats. The results 

(Table 5.1) show that the levels of alkaline phosphatase in nanoparticle treated rats amounts 

to 60.49 ± 0.81 IU/L which comes to close to that for  healthy ones, over 57.02 ± 0.04 IU/L 

(Tukey HSD difference 3.47 ± 10.43 between healthy and nano treated) suggesting that 

treatment through nanodrug can inhibit liver and cell damage that could occur due to cancer, 

where the enzyme level was four fold higher in untreated rat (252.01± 1.36 IU/L) (Tukey 

HSD difference is 191.51±10.43). 

 
Analysis of the prognostic hepatoma marker (225), the serum lactate dehydrogenase 

(LDH) in rats (Table 5.1) brought out that the nanodrug treated rats have shown significant 

decline in the levels of the LDH. While it was 206.48 ± 4 IU in untreated rats (Tukey HSD 

difference is 154.8± 10.76 ), it has decreased to, 51.68 ± 1 IU /L a value equivalent to that of 
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Table 5.1:  

Prognosis of Hepatocellular Carcinoma in Nanodrug treated rats 

Hepatocellular carcinoma is induced in rats. The rats were treated with indicated test 

compounds from day 1. The prognosis of hepatocellular carcinoma was monitored by 

various markers as given in the column 1.each data point was an average of values 

determined from six independent animals. Errors is presented in terms of standard deviation. 

Statistical evaluation was performed using Anova and Tukey HSD test. The parameters are 

presented in Appendix 2 

 

1Each data is an average of 6 animal replicas and standard deviation is shown as errors.   

2Statistical significance with and among the groups was carried out by ANOVA and Tukey 

HSD test the statistical parameters are presented in supporting data. 

3The above parameters are monitored in rats these were treated from day 1 (Fig 5), the 

parameters were estimated on day 6 in group of 6 animals. 

 
 



Parameters Untreated
Atr-doxo 

nano 
treated

Doxo 
soluble 
treated

Soluble 
Doxo Atr
treated

BSA doxo 
nano 

treated

Saline / 
healthy 

rats

Serum Lactate 
Dehydrogenase 

(IU/L)

206.48 +/-
4.01

51.68 +/-
1.03

89.89 +/-
0.84

90.19 +/-
1.10

182.04 +/-
3.34

51 +/-
0.73

Serum Alkaline 
Phosphatase (IU/L)

252.01 +/-
1.36

60.49 +/-
0.81

71.33 +/-
0.52

123.97 
+/- 4.09

184.86 +/-
3.05

57.02 +/-
0.04

Serum Creatinine 
(mg/dl)

0.23 +/-
0.01

0.19 +/-
0.02

0.20 +/-
0.01

0.20 +/-
0.01

0.20 +/-
0.006

0.21 +/-
0.01

Serum Urea 
(mg/dl)

26.05 +/-
0.86

4.66 +/-
0.04

3.63 +/-
0.007

4.58 +/-
0.007

19.21 +/-
0.53

4.62 +/-
0.13

Survival time 
(days) 7 +/- 1 No sign 

of death 16 +/- 1 16 +/- 1 8 +/- 1 No sign 
of death

Alpha feto protein
(Image j 

quantitation)

17.337 +/-
4.78

1.2163 
+/- 0.569

2.308 +/-
0.802

2.441 +/-
0.453

16.752 +/-
3.51

1.2163 
+/-0.569

Table 5.1

Prognosis of Hepatocellular Carcinoma  in Nanodrug treated rats1,2,3



 

 

 

 

Figure 5.12 

 
 Regression of full blown hepatocellular carcinoma by drug loaded 

apotransferrin nanoparticles 
 
Healthy rats are injected with ZH5 cells and kept untreated for 4 days and on the 5th day rats 

are treated with apotransferrin nanoparticles for 10 days as described in methodology. Rats 

are photographed from day 1-10 after the treatment. Regression of hepatoma is clearly seen 

from the photographs, the control untreated rat died on the 7th day while this full blown 

model treated rat survived for more than 150 days. These results suggest that the 

nanoparticles are delivered efficiently to the cancer cells  and regression is observed in the in 

vivo model. 
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a healthy rat (Tukey HSD difference 0.676 ± 10.76 between healthy and nano treated). It was 

observed that the LDH levels were significantly decreased in the case of rats subjected to 

apotransferrin nanoparticles treatment compared to that with that soluble form. To monitor, 

if any metabolic disorder was caused upon induction of hepatocellular carcinoma, we have 

estimated serum creatinine and urea in untreated rats as well and found that the creatinine in 

the treated groups of rats remained the same as that in healthy ones (Tukey difference less 

than 0.04) while the serum urea increased significantly by 5 fold (Tukey difference 

21.43±1.92), and this suggests that treatment did not induce any toxicity to kidney. The 

observed absence of bioactivity of doxorubicin in BSA nanoparticles could be due to their 

inability in cellular binding and release of doxorubicin (Table 5.1), thus indicating that 

receptor recognition and binding of apotransferrin nanoparticles plays an important role in 

drug release. The results suggest that nanodrug can significantly and efficiently regress 

cancer in rat hepatoma model and this is also confirmed further by their survival rate. 

Apotransferrin nanoparticles treated rats were healthy and survived more than 53 

weeks.(Figure 5.9 contd). 

Activity of drug loaded apotransferrin nanoparticles on full blown hepatocellular 

carcinoma 

Healthy rats are injected with ZAH cells and kept untreated for 4 days and on the 5th 

day rats are treated with drug loaded nanoparticles for 10 days as described in methodology. 

Rats are photographed from day 1-10 after the treatment.  Regression of hepatoma is clearly 

seen form the photographs (Figure 5.12), the control untreated rat died on the 7th day while 

this full blown model treated rat survived for more than 150  days. These results suggest that 

the nanoparticles are delivered efficiently to the cancer cells and regression is observed in the 

in vivo model. 
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Figure 5.13: 

Serum Alpha Feto protein levels in Treated and Untreated animals 

Unhemolysed Plasma sample of the treated and untreated rats are collected on the 6th day and 

used for all the characterizations. The protein in the samples is estimated by Bradford’s 

method. Protein Samples are resolved on 7% SDS PAGE and transferred to the 

nitrocellulose membrane as per the Western blotting methodology. The blot is probed with 

mouse anti human alpha feto protein monoclonal antibody and detected by goat antimouse 

IgG conjugated to alkaline phosphatase conjugated secondary antibody and stained with 

BCIP/NBT as per the methodology.  The immunoprecipitated bands were quantified by 

densitometry, each experiment is conducted in triplicate and triplicate results are depicted as 

per the following description. 

 
#1-3: Untreated rat 

#4-6: Doxorubicin nanoparticles treated rat group 

# 7-9: Soluble doxorubicin treated rat group 

#10-12: Healthy rat group 

# 13-16: BSA doxorubicin nanoparticles treated rat group 
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Analysis of prognosis hepatocellular carcinoma by monitoring Serum alpha feto 

protein  

Unhemolysed Plasma sample of the treated and untreated rats are collected on the 6th day and 

used for all the characterizations. The protein in the samples is estimated by Bradfords 

method (355) and equal amount of Protein Samples were resolved on 7% SDS page and 

transferred to the nitrocellulose membrane as per the Western blotting methodology. The 

blot is probed with monoclonal antihuman Alpha feto protein antibody and alkaline 

phosphatase conjugated secondary antibody.The blots were developed with BCIP/NBT.  The 

density of bands were quantified and shown on Fig 5.13 The plasma sample of untreated and 

BSA nano treated rats show significant elevation in the AFP protein levels, but the plasma 

sample of the soluble doxorubicin, healthy, doxorubicin apotransferrin nanoparticle treated 

rat did not show any elevation in the serum levels of the AFP, these results indicate the 

regression of hepatoma in the presence of soluble and drug loaded nanoparticles  

 
In summary, the above results drugs loaded protein nanoparticles can be produced using the 

present method of preparation. The apotransferrin nanoparticles prepared in this method can 

retain their native conformation for transferrin receptor binding and localization of particles 

in cells through transferrin receptor mediated endocytosis. The drug is rapidly released into 

cytosol of cells and the apotransferrin protein is secreted out from cells. The drug in 

apotransferrin nanoparticles can enter the cells and the released drug can induce required 

biological activity namely antiproliferative activity. The drug loaded nanoparticles can 

significantly regress ascetic hepatocellular carcinoma in rats. 

106 
 



 

 

 

Figure 5.14 

Unhemolysed Plasma sample of the treated and untreated rats are collected on the 6th day and 

used for all the characterizations. The protein in the samples is estimated by bradfords 

method.  The marker are quantitated in the serum by the Sigma diagnostics kits as per the 

manufactures instructions. The results suggest that the urea, Alkaline phosphatase and 

Lactate dehydrogenase are elevated in the serum of the untreated and nano treated rats 

suggesting the prognosis of the cancer, and the levels are low in soluble doxorubicin treated 

rats and the levels are similar in the healthy, and doxorubicin loaded nanoparticles 

suggesting the regression in the cancer. While the serum creatinine levels are similar in all 

the treated and untreated groups indicate the proper functioning of the kidney and 

malfunctioning of the liver suggesting the liver cancer. The elevation of alkaline phosphatase 

and lactate dehydrogenase are general cancer makers in serum. 

 
Bar 1:Untreated rat, Bar 2: Drug nano treated rat, Bar 3: Drug soluble alone treated rat, Bar 

4: Drug transferrin soluble treated rat, Bar 5: BSA drug nano treated rat, Bar 6: Saline treated 

rat 

 

 
 



Figure 5.14

Prognosis of Hepatocellular Carcinoma in Nanodrug treated rats



 
 

 

 

 

 

Figure 5.15: 

Pathological analysis of Hepatocellular Carcinoma in Nanodrug treated 
rats 
 
The treated and untreated rats are sacrificed on the 6th day by cervical dislocation as 

explained in the methodology. The liver sample was collected and fixed with 1% Para 

formaldehyde and histochemical analysis was done by Hematoxylin and Eosin staining. 

Microscopic analysis of these samples revealed the presence of the tumor lesions in the 

untreated rats while the rat group treated with doxorubicin loaded nanoparticles liver 

samples are clear of the lesions indicating the treatment is effective and able to regress the 

hepatoma in the rats. The arrows indicate the lesions. The results of animal experiments with 

control untreated shown. 
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Pathological analysis of Hepatocellular Carcinoma in 
Nanodrug treated rats



DISCUSSION: 

Iron is an important micronutrient that is essential for the function of iron dependent proteins 

such as hemoglobin, myoglobin and cytochrome enzyme. Out of 4000 mg of iron in the 

human body, 3000 mg is mainly present in red blood cells (RBC) (230). This suggests the 

integral part of iron in RBC functioning. The deficiency of iron can lead to anemia that 

contributes to erythropoietin deficiency, a chronic disease  that harbor inflammatory 

condition such as rheumatoid arthritis, chronic inflammatory bowl disease, HIV infection, 

cancer, pathogenic and metabolic diseases that demand iron uptake (230). Iron deficient 

tissues stimulate enhanced expression of receptor on the cell surface which mediates the 

accumulation of iron through an iron binding protein, apotransferrin and two types of iron 

receptors have been reported TfR1 and TfR2 (231). TfR-2 is present in two alternate spliced 

forms α and β, which possess the same molecular properties in transferrin binding, but their 

expression varies with the tissues (232).  

 
Mechanism of apotransferrin recycle
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TfR1 level is seen to be low in liver, while TfR2 expression is exclusively seen to be 

present in liver of developed rats (232). TfR1 levels are significant in embryonic day-10 and 

start decreasing from embryonic day-17 to post natal day-1, while TfR2 expression starts 

from embryonic day-8 or 11, and remains high in liver throughout developmental stage 

(233). Though these receptors are differentially regulated, their molecular properties for 

apotransferrin binding and iron transport remain conserved. Such a feature makes 

apotransferrin an attractive drug carrier to various disease bearing cells, exploiting the higher 

TfR expression due to the requirement of essential micronutrient iron. It has been reported 

that the transferrin receptors are over expressed in cancer cells and tissue of liver, lung (234), 

breast (235), brain suggesting highly localization of drug targeted through apotransferrin 

mediated delivery.  

 
The multi-drug resistant cancer cells are shown to be effectively targeted by 

apotransferrin-conjugate mediated delivery (236). Since apotransferrin is a highly stable and 

abundant protein in circulation for transport of iron, it is considered to be one of the best 

candidates for use in drug delivery. Several research groups have reported on the use of 

soluble apotransferrin and its conjugates for targeting specific delivery to cells such as 

cancer and brain (394). The present method as could be seen from the results presented will 

provide a new approach for protein based nanoparticle preparation and its application in 

delivery of drugs using a natural biological mode of transport. The method can be applied to 

any protein ligand for which specific receptor is expressed on target cell. 

 
The water soluble drug can completely be encapsulated into the protein particles. 

While in the case of oil soluble drugs or water insoluble drugs, due to the inherent solubility 

of drug in oil phase, proportionately lesser amounts of drug could be encapsulated into 

nanoparticles. This novel methodology resembles a natural mode of receptor mediated 
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transportation of agents with negligible toxicity and can also help in rapid localization of 

drug in specific receptor expressed cells. Further, rapid releasing of drug into the cell can 

maintain an effective concentration of drug, (222) thus reducing the risk of developing drug 

resistance. The retarded drug release kinetics usually seen in drug conjugated polymeric and 

liposomal preparations (237) would provide low drug turnover that hinders the efficacy of 

drug and a prolonged suboptimum levels of drug in circulation may provide a possibility for 

development of drug resistance (238). Many of nanoparticle based drug delivery systems are 

facing challenges due to permanent localization of the delivery vehicle in the cells and tissue 

(239), which induce antigenic response and cellular damage (240), while apotransferrin 

delivery method can resolve such toxicity and drug release problems. 
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CONCLUSIONS 

1. Substituent dependant molecular activity of ferrocene was analysed. The results 

showed a strong association of the structure and properties of the substituent with 

their ability in poisoning Topoisomerase II beta. 

2. The molecular surface charge distribution plays an important role in conferring 

topoisomerase II inhibitory activity to the ferrocene molecules. The molecular volume 

determines the poisoning ability of the ferrocene derivatives. 

3. Thiomorpholide amido methyl ferrocene inhibit topoisomerase II beta catalytic 

activity by interacting with the ATP binding domain without forming enzyme linked 

cleavable complexes. 

4. Azalactone ferrocene exhibits topo II beta poisoning activity. In terms of IC50 values 

azalactone ferrocene show 2 fold lower activity compared to Thiomorpholide amido 

methyl ferrocene. Both the molecules do not posses affinity to DNA. 

5. A novel apotransferrin nanoparticle drug delivery system is developed.  

6. 20 to 40 nm protein nanoparticles assumed a dimension of 60 to 80 nm upon drug 

encapsulation. 

7. Nanoparticles are made of protein alone without any lipid layer. 

8. The nanoparticles show surface anisotropy that help in their immunoreactivity and 

affinity to transferrin receptors. 

9. Analysis of drug localisation of nanoparticles showed that the protein and 

nanoparticles remain in extra cellular spaces and drug released in to the cytosol 
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10. Comparative analysis of antiproliferative activity of drug in soluble and nanoparticle 

form showed that apotransferrin nanoparticles can significantly proliferation of cancer 

cells. 

11. A hepatocellular carcinoma has been used to evaluate invivo biological activity of 

drug in nanoparticles the result shows a significant regression of cancer by 

apotransferrin apotransferrin doxorubicin nanoparticles as well as Azalactone 

ferrocene nanoparticle, compared to that using BSA nanoparticles. 

12. Apotransferrin nanoparticles completely cured the cancer and significantly decreased 

cancer associated liver toxicity and do not exhibit any toxicity to kidney 

13. A stronger association of Alpha feto protein with the progression of Hepatocellular 

carcinoma is observed based on the analysis of AFP levels as well as 

immunohistochemistry we conclude that nanoparticles can efficiently regress 

Hepatocellular carcinoma in rats 

In summary substituted ferrocenes Azalactone ferrocene and Thiomorpholide amido 

methyl ferrocene in apotransferrin nanoparticles delivery system can form potent 

formulation for future cancer chemotherapy.  
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Ferrocene IR spectra

Ferrocene NMR spectra

Proton NMR spectra: singlet peak at 4.18 PPM, corresponding to the

cyclopentadiene ring hydrogen's

IR Spectra: bands at 1105 and 999 cm-1 confirm the Ferrocene unsubstituted

ring

Appendix I



Ferrocene carboxyaldehyde NMR spectra

Proton NMR spectra: 4.2 PPM corresponding to the un-substituted lower ring

hydrogen's, 2.42 PPM corresponding to methyl group hydrogen's, 9.959 PPM

corresponding to the shifted hydrogen's in the CHO substituted ring

Ferrocene carboxyaldehyde IR spectra

IR Spectra: band at 1682 cm-1 confirm the presence of aldehyde C=O, bands

at1105 and 1033 cm-1 confirm the Ferrocene unsubstituted ring

Appendix II



Azalactone ferrocene IR spectra

Azalactone ferrocene NMR spectra

Proton NMR spectra: 4.2 PPM corresponding to the unsubstituted lower ring hydrogen's,

2.42 PPM corresponding to methyl group hydrogen's, 4.68, 7.25, 1.25, 1.43 PPM

corresponding to the shifted hydrogen's in the azalactone substituted ring

IR Spectra: bands at 1491, 1645 cm-1 confirm the presence of phenyl, band at 1780 cm-1

confirm the presence of C=O, bands at 3414 cm-1confirm the presence of -NH and bands at

1103, 975 cm-1 confirm the presence of Ferrocene unsubstituted ring .

Appendix III



Acetyl ferrocene IR spectra

Acetyl ferrocene NMR spectra

Proton NMR spectra: 4.2 PPM corresponding to the un-substituted lower

ring hydrogen's, 4.4, 4.7 PPM corresponding to the shifted hydrogen’s in the

acetyl substituted ring

IR Spectra: bands at 1651 cm–l confirm the presence of aldehyde C=O, bands at

1101 and 960 cm-1 confirm the presence of Ferrocene unsubstituted ring

Appendix IV



Thiomorpholide amido methyl ferrocene IR spectra

Thiomorpholide amido methyl ferrocene NMR spectra

Proton NMR spectra: 4.2 PPM corresponding to the un-substituted lower ring

hydrogen's, 4.27, 4.29 ,7.25 , 1.25,1.43 PPM corresponding to the shifted

hydrogen's in the thiomorpholide amido methyl substituted ring

IR Spectra: bands at 1493 cm–l confirm the presence of –CSN=, band at 1068 and

864 cm-1 confirm the presence of -SH , bands at 1660 cm-1 confirm the presence of

(C=O) of -COOH and bands at 1113, 997cm-1 confirm the presence of Ferrocene

unsubstituted ring

Appendix V



Source
Sum of 
Square
s

Df Mean 
Square

F-Ratio P-Value

Between 
groups

94133.9 5 18826.8 1302.29 0.0000

Within groups 173.48 12 14.4567

Total (Corr.) 94307.4 17

Panel A: ANOVA Table

Panel B: Multiple Range Tests:- Method: 95.0 percent Tukey HSD

Count Mean Homogeneous Groups

healthy 6 57.022 X

nano treated 6 60.4973 X

doxo trea 6 71.3393 X

doxo atr 6 123.977 X

bsa nan o 6 184.869 X

untreated 6 252.01 X

Contrast Sig. Difference +/- Limits

untreated - nano treated * 191.513 10.4291

untreated - doxo trea * 180.671 10.4291

untreated - doxo atr * 128.033 10.4291

untreated - bsa nan o * 67.1407 10.4291

untreated - healthy * 194.988 10.4291

nano treated - doxo trea * -10.842 10.4291

nano treated - doxo atr * -63.48 10.4291

nano treated - bsa nan o * -124.372 10.4291

nano treated - healthy 3.47533 10.4291

doxo trea - doxo atr * -52.638 10.4291

doxo trea - bsa nan o * -113.53 10.4291

doxo trea - healthy * 14.3173 10.4291

doxo atr - bsa nan o * -60.892 10.4291

doxo atr - healthy * 66.9553 10.4291

bsa nan o - healthy * 127.847 10.4291

* denotes a 
statistically 
significant 
difference.

Appendix VI: Alkaline phosphatase activity in rat  groups, 

analysis by ANOVA and Tukey HSD test Table



Source
Sum of 
Squares

Df Mean 
Square

F-Ratio P-
Value

Between groups 0.00238761 5 0.000477522 0.73 0.6141

Within groups 0.007844 12 0.000653667

Total (Corr.) 0.0102316 17

Count Mean Homogeneou
s Groups

nano tre 6 0.198333 X

bsa nano tre 6 0.203667 X

doxo atr tre 6 0.204 X

doxo trea 6 0.205 X

healthy 6 0.218667 X

untrea 6 0.232 X

Contrast Sig. Difference +/- Limits

untrea - nano tre 0.0336667 0.0701279

untrea - doxo trea 0.027 0.0701279

untrea - doxo atr tre 0.028 0.0701279

untrea - bsa nano tre 0.0283333 0.0701279

untrea - healthy 0.0133333 0.0701279

nano tre - doxo trea -0.00666667 0.0701279

nano tre - doxo atr tre -0.00566667 0.0701279

nano tre - bsa nano tre -0.00533333 0.0701279

nano tre - healthy -0.0203333 0.0701279

doxo trea - doxo atr tre 0.001 0.0701279

doxo trea - bsa nano tre 0.00133333 0.0701279

doxo trea - healthy -0.0136667 0.0701279

doxo atr tre - bsa nano tre 0.000333333 0.0701279

doxo atr tre - healthy -0.0146667 0.0701279

bsa nano tre - healthy -0.015 0.0701279

Panel A: ANOVA Table

Panel B: Multiple Range Tests:- Method: 95.0 percent Tukey HSD

Appendix VII: Creatinine activity in rat groups, 

analysis by ANOVA  and Tukey HSD test Table

* denotes a 
statistically 
significant 
difference.



Source
Sum of 
Squares

Df Mean 
Square

F-Ratio P-Value

Between groups 1406.1 5 281.221 539.15 0.0000

Within groups 6.2592 12 0.5216

Total (Corr.) 1412.36 17

Count
Mean Homogeneous 

Groups

doxo trea 6 3.63267 X

doxo atr 6 4.58467 X

healthy 6 4.62367 X

nano treated 6 4.66033 X

bsa nan o 6 19.21 X

untreated 6 26.0583 X

Contrast Sig. Difference +/- Limits

untreated - nano treated * 21.398 1.98099

untreated - doxo trea * 22.4257 1.98099

untreated - doxo atr * 21.4737 1.98099

untreated - bsa nan o * 6.84833 1.98099

untreated - healthy * 21.4347 1.98099

nano treated - doxo trea 1.02767 1.98099

nano treated - doxo atr 0.0756667 1.98099

nano treated - bsa nan o * -14.5497 1.98099

nano treated - healthy 0.0366667 1.98099

doxo trea - doxo atr -0.952 1.98099

doxo trea - bsa nan o * -15.5773 1.98099

doxo trea - healthy -0.991 1.98099

doxo atr - bsa nan o * -14.6253 1.98099

doxo atr - healthy -0.039 1.98099

bsa nan o - healthy * 14.5863 1.98099

Appendix VIII: Urea activity in rat groups, analysis by ANOVA 

and Tukey HSD test Table

Panel B: Multiple Range Tests:-Method: 95.0 percent Tukey HSD

Panel A: ANOVA Table

* denotes a 
statistically 
significant 
difference.



Source
Sum of 
Squares

Df Mean 
Square

F-Ratio P-Value

Between 
groups

1.00274E6 5 200549. 293486.19 0.0000

Within 
groups

20.5 30 0.683333

Total (Corr.) 1.00276E6 35

Count
Mean Homogeneous Groups

untre 6 6.33333 X

bsa nano tre 6 7.16667 X

doxo tre 6 14.5 X

doxo atr 6 16.1667 X

helthy 6 365.0 X

nano tre 6 365.0 X

Contrast Sig. Difference +/- Limits

untre - nano tre * -358.667 1.45185

untre - doxo tre * -8.16667 1.45185

untre - doxo atr * -9.83333 1.45185

untre - bsa nano tre -0.833333 1.45185

untre - helthy * -358.667 1.45185

nano tre - doxo tre * 350.5 1.45185

nano tre - doxo atr * 348.833 1.45185

nano tre - bsa nano tre * 357.833 1.45185

nano tre - helthy 0.0 1.45185

doxo tre - doxo atr * -1.66667 1.45185

doxo tre - bsa nano tre * 7.33333 1.45185

doxo tre - helthy * -350.5 1.45185

doxo atr - bsa nano tre * 9.0 1.45185

doxo atr - helthy * -348.833 1.45185

bsa nano tre - helthy * -357.833 1.45185

Panel B: Multiple Range Tests:-Method: 95.0 percent Tukey HSD

Panel A: ANOVA Table

Appendix IX : Survivality in rat groups, analysis by ANOVA and Tukey 

HSD test Table

* denotes a 
statistically 
significant 
difference.



Source
Sum of 
Squares

Df Mean 
Square

F-Ratio P-Value

Between 
groups

66473.0 5 13294.6 862.93 0.0000

Within 
groups

184.875 12 15.4063

Total 
(Corr.)

66657.9 17

Count Mean Homogeneous Groups

healthy 6 51.0033 X

nano 
treated

6 51.68 X

doxo trea 6 89.89 X

doxo atr 6 90.1933 X

bsa nano 6 182.047 X

untreated 6 206.487 X

Contrast Sig. Difference +/- Limits

untreated - nano treated * 154.807 10.7662

untreated - doxo trea * 116.597 10.7662

untreated - doxo atr * 116.293 10.7662

untreated - bsa nan o * 24.44 10.7662

untreated - healthy * 155.483 10.7662

nano treated - doxo trea * -38.21 10.7662

nano treated - doxo atr * -38.5133 10.7662

nano treated - bsa nan o * -130.367 10.7662

nano treated - healthy 0.676667 10.7662

doxo trea - doxo atr -0.303333 10.7662

doxo trea - bsa nan o * -92.1567 10.7662

doxo trea - healthy * 38.8867 10.7662

doxo atr - bsa nan o * -91.8533 10.7662

doxo atr - healthy * 39.19 10.7662

bsa nan o - healthy * 131.043 10.7662

Panel B: Multiple Range Tests:-Method: 95.0 percent Tukey HSD

Appendix X: LDH activity in rat groups, analysis by ANOVA 

and Tukey HSD test Table

* denotes a 
statistically 
significant 
difference.

Panel A: ANOVA Table
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Abstract

Topoisomerase II is found to be present in two isoforms a and b, and both the isoforms are regulated in cancerous tissue. Devel-
opment of isoform-specific topoisomerase II poisons has been of great interest for cancer-specific drug targeting. In the present
investigation using quantitative structure–activity analysis of ferrocene derivatives, we show that two derivatives of ferrocene,
azalactone ferrocene and thiomorpholide amido methyl ferrocene, can preferentially inhibit topoisomerase IIb activity. Thiomor-
pholide amido methyl ferrocene shows higher inhibition of catalytic activity (IC50 = 50 lM) against topoisomerase IIb compared
to azalactone ferrocene (IC50 = 100 lM). The analysis of protein DNA intermediates formed in the presence of these two com-
pounds suggests that azalactone ferrocene readily induces formation of cleavable complex in a dose-dependent manner, in compar-
ison with thiomorpholide amido methyl ferrocene. Both the compounds show significant inhibition of DNA-dependent ATPase
activity of enzyme. These results suggest that azalactone ferrocene inhibits DNA passage activity of enzyme leading to the formation
of cleavable complex, while thiomorpholide amido methyl ferrocene competes with ATP binding resulting in the inhibition of cat-
alytic activity of enzyme. In summary, thiomorpholide amido methyl ferrocene and azalactone ferrocene show distinctly different
mechanisms in inhibition of catalytic activity of topoisomerase IIb.
� 2005 Elsevier Inc. All rights reserved.

Keywords: Topoisomerase IIa; Topoisomerase IIb; Ferrocene; Quantitative structure–activity relationship; Anti-cancer; Topo II poisons
Eukaryotic topoisomerase II is present in two iso-
forms, viz., 170 kDa a isoform and 180 kDa b isoform
[1]. Both exhibit similar catalytic activities in relaxation
of supercoiled DNA; decatenation and catenation; and
unknotting and knotting of double-stranded DNA
[2,3]. Topoisomerase IIa is largely localized in prolifer-
ating cells and tissues [4], while b isoform is predomi-
nantly localized in brain especially in cerebellum [5]. In
normal cells, the activity of topoisomerase IIa is highly
regulated, while it is present at high levels in rapidly pro-
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liferating cancerous cells [6]. Both the isoforms are
shown to be differentially regulated in cancerous tissue
[4]. Thus, both topoisomerase IIa and b assume signifi-
cance as anti-cancer targets for development of cancer-
specific chemotherapeutics [6].

The catalytic cycle of topoisomerase II involves the
binding of the enzyme as a dimer in a segment of DNA
[7]. TheDNAbound dimeric enzyme undergoes a confor-
mational change upon binding to ATP leading to break-
age of DNA segment with 5 0-overhangs bound to the
enzyme through a phosphotyrosyl linkage. This allows
the opening of a transient gate, through which the second
segment of DNA is passed following ATP hydrolysis and
religationof broken strands [8]. If an inhibitor binds to the
enzyme and halts, the formation of the phosphotyrosyl
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linkage and/or ATP binding can block enzymatic activity
without the formation of such a cleavable complex. Thus,
the covalently linked DNA–protein transient intermedi-
ates formed during the catalytic cycle have been recog-
nized as the targets for various topoisomerase II
inhibitors [8]. The topoisomerase II inhibitors can be clas-
sified into two major classes: the one that induces the for-
mation of ‘‘cleavage complexes’’ making the enzyme as
DNA cleaving enzyme, and these are referred to as topo-
isomerase II poisons [9]; the other one ‘‘which does not in-
duce formation of any cleavage complexes,’’ and these are
named as topoisomerase II inhibitors [10].

Among topoisomerase II poisons two types of mole-
cules are reported—one, the DNA binding Topo II poi-
sons ex: m-AMSA [11], doxirubicine [10], ruthenium
(ben) derivatives [12,13], and the other type, the poisons
that do not bind to DNA ex: Etoposide [10], some ferro-
cene derivatives [14].

The topoisomerase II inhibitors that do not form
cleavage complexes may interact with enzymatic active
site especially at ATP binding region and/or at the re-
gion involved in the formation of phosphotyrosyl link-
age thus interfering with the ATP binding associated
conformational changes.

In the present investigation, we have synthesized a ser-
ies of ferrocene derivatives and studied their inhibitory
properties against topoisomerase IIa and b. Based on
the structure–activity analysis, we arrived at two com-
pounds, azalactone ferrocene and thiomorpholide amido
methyl ferrocene, that show significant activity against
topoisomerase IIb activity. We have characterized the
molecular mechanism of action of these two compounds
against topoisomerase II isoforms, and the results showed
that these two compounds inhibit topoisomerase II cata-
lytic activity through distinctly different modes of action.
1 Abbreviations used: QSAR, quantitative structure–activity relation-
ship; PRESS, predicted sum of squares (it is the root mean square error
of all target predictions); MFA, molecular field analysis; r2, square of
correlation coefficient; r2cv, cross validation square of correlation
coefficient; topoisomerase IIa, topoisomerase II alpha; topoisomerase
IIb, topoisomerase II beta; m-AMSA, N-[4-(9-acridinylamino)-
3-methoxy-phenyl] methane sulphonamide; SDS, sodium dodecyl
sulphate; IC50, inhibitory concentration 50%; G/PLS, genetic partial
least squares; EDTA, ethylenediaminetetraacetic acid.
Experimental procedure

Thenegatively supercoiled plasmidDNApBR322 and
pRYGwaspurified as described in [5].Mouse anti-human
topoisomerase IIa and topoisomerase IIb monoclonal
antibodies were obtained from BD Bioscience USA, and
c-32P were obtained from Brit India. Other chemicals
and biochemicals were of analytical grade.

Synthesis of ferrocene derivatives

Ferrocene was purchased from Merck. Substitutions
were done on this compound using published proce-
dures with minor modifications.

Synthesis of azalactone ferrocene

Azalactone derivative was synthesized from ferrocene
carboxyaldehyde. Ferrocene carboxyaldehyde was
initially prepared through refluxing with phosphoric
oxychloride and N-methyl formanilide as described
in [15]. The ferrocene carboxyaldehyde was used to
prepare azalactone using hippuric acid and sodium
acetate [16]. The synthesized dark purple coloured com-
pound was re-crystallized, and was characterized by IR
spectroscopy and melting temperature studies (188 �C).

Synthesis of thiomorpholide amido methyl ferrocene

Acetyl ferrocene was synthesized using acetic anhy-
dride [17]. It was then refluxed with morpholine and sul-
phur at 130 �C for 2 h 30 min to form thiomorpholide
amido methyl ferrocene as described in [17]. The com-
pound was purified by re-crystallization to get the dark
orange crystalline thiomorpholide amido methyl ferro-
cene; that was confirmed by IR and from its melting
point (129 �C).

Enzyme source

Rat brain cerebellar region was used as enzyme
source. Topoisomerase IIa and b were isolated using
two sequential steps, first by MONO S and then by
MONO Q ion exchange chromatography. The bound
protein was eluted at 0.25 M NaCl. The a and b iso-
forms present in the preparation were further affinity
purified using corresponding antibody coupled agarose
matrix. Mouse anti-human topoisomerase IIa and topo-
isomerase IIb monoclonal antibodies were used. The
antibody bound protein was eluted using buffer contain-
ing 20 mM Tris–HCl (pH 8.0), 1 M KCl, 0.5 mM
EDTA, 10 mM mercaptoethanol, and 10% glycerol, fol-
lowed by dialysis using the same buffer containing
100 mM KCl. The purity of protein was confirmed by
Western blot analysis. The protein was estimated using
Bradford�s method [18]. The catalytic activity was
assayed using supercoiled pRYG DNA [5].

QSAR equation generation

QSAR1 equation was generated as described in
Accelrys Cerius2 tutorials [19]. Ferrocene models were
sketched using 3D sketchers and models were minimized
by smart minimizations in offset methods, while atomic
charges were calculated by offset up method. The models
were superimposed using the iron axis and the upper
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cyclopentadiene ring as the basic skeleton. These models
were entered into QSAR study table, with the negative
log value of the IC50 entered into study table, while
the descriptors were added in default mode, the probing
was done using H+ and CH3

+ probes and the grid was
developed. The QSAR equation was generated using
G/PLS [20]. The above equation is further tuned to
get a better QSAR equation by selecting appropriate
training and test set. 3D points were generated by de-
fault. The models were used in receptor module of Cer-
ius2 and the interactions were computed.

Relaxation assay

This assay was performed following the procedure of
Osheroff et al. [21]. The reaction mixture contained
0.6 lg of negatively supercoiled pRYG plasmid DNA
with increasing concentrations of ferrocene drugs in
relaxation buffer (50 mM Tris–HCl (pH 8.0), 120 mM
KCl, 0.5 mM EDTA, 0.5 mM DTT, 10 mM MgCl2,
30 lg/ml BSA, and 1 mM ATP). The reaction was initi-
ated by adding 2 U of topoisomerase IIa or b and incu-
bated at 37 �C for 30 min. The reaction was stopped by
adding 2 ll of 10% SDS and 3 ll of loading dye (0.5%
bromophenol blue, 0.5% xylenol cyanol, and 30% glyc-
erol in water), and the products were separated on a
1% agarose gel in TAE (20 mM Tris–acetate and
0.5 mM EDTA) at 50 V for 10 h. The gel was stained
with ethidium bromide (1 lg/ml) and was observed in
photodyne UV transilluminator and photographed.

Cleavage assay

The formation of cleavage complex was assayed fol-
lowing the procedure of Robinson and Osheroff [22].
The reaction mixture contained 0.6 lg of negatively
supercoiled pBR 322 DNA with increasing concentra-
tions of ferrocene compounds in cleavage buffer
[10 mM Tris–HCl (pH 7.9), 50 mM NaCl, 50 mM
KCl, 0.1 mM EDTA, 2.5% glycerol, and 5 mM MgCl2].
The reaction was initiated by adding 10 U of topoiso-
merase II and incubated at 37 �C for 15 min, then
stopped with addition of 2 ll each of 0.5 M EDTA
and 10% SDS. The DNA bound protein was proteo-
lyzed by incubating the reaction mixture with 2 ll Pro-
teinase K (2 mg/ml) at 45 �C for 1 h. The products
were separated on 1% agarose gel for 2 h at 50 V in
TAE buffer, ethidium bromide (1 lg/ml) stained, and
photographed under UV.

ATPase assay

This assay was conducted as described in Jayaraju
and Kondapi [23]. The reaction mixture containing
1 ml of reaction buffer (20 mM Tris–HCl, pH 7.5,
0.1 mg NADH, 100 lM DTT, 1 mM ATP, 2 mM of
phosphoenol pyruvate, and 4 mM MgCl2), 12.5 U of
pyruvate kinase, and 12.5 U of lactate dehydrogenase
was incubated at 37 �C for 5 min. The incubation was
continued further with addition of 0.3 lg DNA with
increasing concentrations of the ferrocene drugs and
4 U of topoisomerase II for 30 min and the absorbance
was recorded at 340 nm. In control study, the reaction
was also carried out without topoisomerase II.

DNA thermal denaturation assay

Calf thymus DNA (sodium salt) was dissolved in
1 mM of sodium phosphate buffer containing 1 mM so-
dium chloride and 1 mM EDTA. DNA concentration
was adjusted to give an absorbance of 1.0 in 1 cm path-
length cuvette at 260 nm [14]. The ferrocene drugs were
added to DNA at concentrations, which gave drug to
nucleotide ratio of 1:10, 1:5, 1:2, and 1:1, respectively.
The samples were incubated in 1 cm pathlength cuvette
for 2 min to allow drug–DNA binding. A JASCO 550
spectrophotometer was set to give a 1 �C rise in temper-
ature per minute with ETC 505 T thermo programmer
and temperature controller. Increase in absorbance at
260 nm was recorded from 40 to 90 �C

Drug interaction assay

The interaction of drug with enzyme was done in
two ways. In the first, the enzyme was immunoprecip-
itated using protein A–agarose method as described in
[5]. Immunoprecipitated enzyme was incubated with
azalactone ferrocene at 50 and 100 lM for 15 min.
The unbound drug was removed by washing three
times with TBS buffer containing 0.1% Tween 20.
The drug treated enzyme immunoprecipitate was mixed
with supercoiled DNA and the relaxation assay was
conducted.

In the second approach, pRYG DNA was preincu-
bated at 50, 100 lM of azalactone ferrocene. The com-
plex was incubated for 15 min at 37 �C. After
incubation, the drug was diluted by 10-fold to get drug
concentrations of 5 and 10 lM. The reaction mixture
containing diluted drug–DNA was added to immuno-
precipitated topoisomerase IIb isoform and the relaxa-
tion assay was conducted.
Results

Quantitative structure and activity analysis of ferrocene

derivatives

Our earlier studies suggest that inhibitory activity of
ferrocene derivatives is dependent on the substituent
present on cyclopentadiene ring [14]. An interesting
property of ferrocene derivatives is that these possess
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no affinity to DNA, and this property has reduced non-
specific action of these drug molecules against DNA.
Furthermore, the presence of organic cyclopentadiene
ring will provide caging to iron, thus stabilizing it from
redox environment. These considerations led us to
choose ferrocene derivatives for the present study. We
have synthesized a series of 25 substituted ferrocene
derivatives using the published procedures. We have
studied the inhibitory activity of each derivative against
the catalytic activity of topoisomerase IIb and IC50 val-
ues were determined. The structures of these compounds
were modeled using Accelrys Cerius2 [19]. The structures
obtained were superimposed pointing towards iron fer-
rocene axis. The overlaid structures were analyzed using
quantitative structure–activity relationship (QSAR)
methodology as per Accelrys. The molecular field anal-
ysis (MFA) [20] yielded good fit of data, with cross-val-
idation square of correlation coefficient ðr2cvÞ of 0.943,
square of correlation coefficient r2 of 0.985, predicted
sum of squares (PRESS) of 0.083, outliers of 4.0. This
model has been generated with the following linear re-
gressed equation:

Activity ¼ 3.47383� 0.005202ðHþ=373Þ þ 0.005198

� ðCH3=216Þ þ 0.00866ðHþ=455Þ � 0.0088

� ðCH3=527Þ þ 0.01219ðCH3=226Þ
� 0.00552ðHþ=215Þ þ 0.011875ðCH3=375Þ.

ð1Þ
As the equation suggests, the steric 216, 226, 375 and

electrostatic probes 455 have positive contributions to
the activity (Fig. 1).

The QSAR analysis yielded a linear relation between
the predicted activities from Eq. (1) versus experimental
activity as per Table 1. These results predicted two com-
pounds, azalactone ferrocene and thiomorpholide ferro-
cene, containing active structural features. To test this,
we have further analyzed these two compounds for their
molecular mode of action (Fig. 2).
Fig. 1. Structure alignment of ferrocene derivatives towards iron cyclopentad
molecular rectangular field grid around the superposed molecular units was pr
QSAR equation are depicted.

(A) Basic skeleton of
ferrocene.
Azalactone ferrocene and thiomorpholide amido methyl

ferrocene exhibit enhanced inhibition of catalytic activity

of topoisomerase IIb

Topoisomerase IIa and b-catalyzed relaxation activ-
ity was analyzed with increasing concentrations of
azalactone ferrocene and thiomorpholide methyl ferro-
cene. The results show that azalactone ferrocene inhib-
its catalytic activity of topoisomerase IIb at 100 lM
(Fig. 3B) while it requires 300 lM for inhibition of
catalytic activity of topoisomerase IIa catalytic activity
(Fig. 3A). Thiomorpholide amido methyl ferrocene
could inhibit catalytic activity of topoisomerase IIb at
50 lM (Fig. 3D), while 200 lM was required for inhi-
bition of topoisomerase IIa (Fig. 3C). These results
suggest that azalactone ferrocene is threefold higher
potent against topoisomerase IIb compared to a iso-
form, while thiomorpholide amido methyl ferrocene
exhibits fourfold higher activity against topoisomerase
IIb isoform compared to that of topoisomerase IIa.
Further, thiomorpholide amido methyl ferrocene shows
a twofold higher activity against topoisomerase IIb
compared to that observed for azalactone ferrocene.
The DNA when incubated with increasing concentra-
tions of the drug in the absence of enzyme, the results
showed no nicking activity of the drugs against DNA
alone (data not shown).

Thiomorpholide amido methyl ferrocene and azalactone

ferrocene show distinct mode of mechanism of action
against topoisomerase IIb

To investigate the mechanism of action of the two
compounds, thiomorpholide amido methyl ferrocene
and azalactone ferrocene, we have carried out cleavage
assay to monitor the ability of these two compounds in
inducing the formation of enzyme-linked DNA com-
plexes. The cleavage assay was conducted with increas-
ing concentrations of drug and the cleavable complexes
iene ring axis using 3D alignment procedure of Cerius2. A view of the
esented. Both steric (CH3) and electrostatic (H+) grid points in the final

(B) Alignment of ferrocene derivatives.



Table 1
Structures and experimental and calculated inhibitory activities against enzyme-catalyzed relaxation of supercoiled DNA, �(log IC50), of the
molecules used in the training set based on the molecular skeleton

Substitution, R Negative (logIC50) Predicted activity MFA Reference from which the compound was
synthesized and characterized

1 CH3 3.455 3.551 [33]
2 CHO 3.522 3.614 [34]

3 3.522 3.518 [43]

4 C2H5 3.522 3.626 [33]
5 CH2CH2COOH 3.522 3.522
6 COCH3 3.560 3.615 [34]
7 CH2OH 3.602 3.612 [17]
8 CH2Cl 3.602 3.748 [33]

9 3.698 3.694 [15]

10 CH2CHO 3.698 3.730 [35]

11 3.698 3.716 [36]

12 3.823 3.763 [37]

13 CH2–SH 3.823 3.667 [38]

14 CH2COOH 3.823 3.685 [39]
15 CH2(OH)2 3.823 3.841 [17]
16 COOH 3.823 3.742 [36]
17 CH2(COOH)2 3.823 3.885 [40]
18 –CH2CH2OH 3.886 3.880 [17]
19 COSH 3.920 3.877 [41]
20 CHCHCOOH 4.000 3.946 [40]
21 SH 4.000 3.452 [41]

22 4.000 3.971 [42]

23 4.096 4.029 [16]
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Table 1 (continued)

Substitution, R Negative (logIC50) Predicted activity MFA Reference from which the compound was
synthesized and characterized

24 4.301 4.332 [15]

25 4.698 4.744 [17]

Fig. 2. Plot of theoretically predicted activity versus experimentally
determined enzyme inhibition activity. The theoretical activity in terms
of negative log of IC50 plotted on the Y-axis, which was computed
using regression Eq. (1) obtained from the Cerius2 QSAR methodol-
ogy based on molecular shape analysis of the ferrocene derivatives.
The X-axis shows the experimentally measured activity in terms of IC50

values for the inhibition of topoisomerase IIb-catalyzed relaxation of
DNA as per Table 1.
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formed were analyzed through formation of linear
DNA on agarose gel. The results presented in Fig.
4A show that azalactone ferrocene induces formation
of linear double-stranded DNA intermediates in a
dose-dependent manner. On the other hand, the
results of cleavage assay conducted in the presence of
thiomorpholide amido methyl ferrocene show that it
cannot mediate formation of cleavable complex as
intermediate (Fig. 4A). The experiments were repeated
using topoisomerase IIa (Fig. 4B), the results suggest
that azalactone ferrocene also poisons topoisomerase
IIa through formation of cleavage complex, where
as thiomorpholide amido methyl ferrocene cannot form
cleavage complex and does not induce enzyme-linked
cleavable complex. The concentration at which the
cleavable complex formed by azalactone ferrocene with
topoisomerase IIa was �2-fold lower compared to that
of topoisomerase IIb. These results thus suggest dis-
tinct different modes of mechanism for the two com-
pounds. The highly potent thiomorpholide amido
methyl ferrocene which does not induce formation of
drug induced enzyme associated DNA double strand
breaks, may be classified as a ‘‘catalytic inhibitor,’’
while the azalactone ferrocene that induces formation
of enzyme associated double strand breaks may be
classified as ‘‘Topoisomerase II poison.’’

Affinity of azalactone ferrocene and thiomorpholide amido

methyl ferrocene to calf thymus DNA

The DNA melting experiment was carried out at
drug-to-nucleotide ratios of 1:10, 1:5, 1:2, and 1:1. The
results show that both the compounds do not protect
melting of calf thymus DNA, and hence are classified
as non-DNA binding molecules (data not shown).

The mechanism of drug interaction with the enzyme

Since both the drugs do not bind to DNA and azalac-
tone ferrocene can only induce the formation of cleav-
able complexes, we have investigated whether
azalactone ferrocene binding to enzyme alone is ade-
quate to account for its activity.

We have conducted two sets of experiments. In one
set, the enzyme incubated with drug, and then the en-
zyme was immunoprecipitated and washed three times
with TBS. The activity of the immunoprecipitated en-
zyme was assayed in the presence of supercoiled DNA
using relaxation assay. The results presented in Fig. 5
at lanes 5 and 6 show that pretreatment of enzyme
with azalactone ferrocene is indeed adequate for inhi-
bition of catalytic activity of topoisomerase IIb.

In the second set of experiments, the azalactone ferro-
cene was preincubated at 37 �C for 15 min and the drug
concentration was reduced by diluting 10 times to bring
below its inhibitory concentration. The diluted mixture
containing DNA and drug was incubated with topoiso-



Fig. 3. Action of azalactone ferrocene and thiomorpholide amido methyl ferrocene on the catalytic activity of topoisomerase IIa isoform and b
isoform: DNA relaxation activity of topoisomerase IIa or b was studied in presence of indicated concentrations of ferrocene derivatives. The relaxing
DNA intermediates were separated on agarose gel and stained with ethidium bromide and photographed (S: supercoiled form, R: relaxed form). The
data show the activity of azalactone ferrocene against topoisomerase IIa (A), topoisomerase IIb (B), and the activity of thiomorpholide amido methyl
ferrocene against topoisomerase IIa (C), and topoisomerase IIb (D) as indicated.

Panel D. Topoisomerase beta.

Panel B. Topoisomerase beta.
Panel A. Topoisomerase alpha.

Panel C. Topoisomerase alpha.
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merase IIb and the relaxation assay was conducted. The
results for lanes 7 and 8 presented in Fig. 5 show that the
relaxation of DNA is not affected when DNA is pre-
treated with the drug. This suggests that the drug does
not form complexes with DNA, confirming our earlier
results of DNA melting studies. These findings clearly
show that azalactone ferrocene interacts with the en-
zyme and induces the formation of enzyme-linked cleav-
able complexes. Analysis of the interaction of these two
compounds against topoisomerase IIa isoform also
shows a similar mode of interactions observed with
topoisomerase IIb (data not shown).

Action of thiomorpholide amido methyl ferrocene and

azalactone ferrocene on DNA-dependent ATPase activity

of the enzyme

The DNA-dependent ATPase activity of enzyme
was monitored with increasing concentrations of thio-
morpholide amido methyl ferrocene and azalactone fer-
rocene using spectrophotometric assay. The results
(Fig. 6) show that both the compounds are potent
inhibitors of DNA-dependent ATPase activity of en-
zyme. To further investigate whether the inhibition of
ATPase activity of enzyme is due to competitive inhibi-
tion of ATP binding to the enzyme or due to the drug
associated inhibition of DNA passage activity, we have
carried out ATP binding experiments using [c-32P]ATP.
In this experiment, the enzyme was incubated with
DNA and [c-32P]ATP at increasing concentrations of
the drug. The enzyme was immunoprecipitated and
washed three times, and the amount of ATP bound
in terms of incorporated 32P was monitored in immu-
noprecipitated topoisomerase II. The results of these
experiments showed that the ATP binding in terms of
32P incorporation increased in a dose-dependent man-
ner in the presence of increasing concentrations of
azalactone ferrocene, while the thiomorpholide amido
methyl ferrocene completely inhibited [c-32]ATP incor-
poration into the enzyme. These results suggest that
azalactone ferrocene binding do not competitively inhi-
bit ATP and it will rather increase ATP binding in a
concentration-dependent manner (data not shown).
Thus, azalactone ferrocene may block DNA passage
activity of enzyme leading to the formation of en-
zyme-linked cleavable complexes, while thiomorpholide
amido methyl ferrocene inhibits catalytic activity of en-
zyme through blocking of ATP interaction with the
enzyme.
Discussion

Topoisomerase IIa and b are known to be potential
targets for the cancer chemotherapy [24–26]. The levels
of topoisomerase IIa isoform were shown to be up-reg-
ulated in certain cancers, lung [27] ovarian [28], prostate
[29], where as topoisomerase IIb levels are up-regulated



Fig. 4. Azalactone ferrocene induces the formation of enzyme-linked cleavable complexes, while thiomorpholide amido methyl ferrocene does not.
Cleavage assay was carried out using topoisomerase IIa isoform (A) and b isoform (B). The assay was done in the presence of indicated
concentrations of azalactone ferrocene and thiomorpholide amido methyl ferrocene. The cleaved DNA intermediates were digested with Proteinase
K, separated on agarose gel, stained with ethidium bromide, and photographed (S: supercoiled form, L: linear, R: relaxed form).

Panel A. Topoisomerase II beta.

Panel B. Topoisomerase alpha.

Fig. 5. Analysis of azalactone–Fecp interaction with protein and
DNA. The assay was carried out at two concentrations of azalactone–
Fecp 50 lM (non-inhibitory dose) and 100 lM (inhibitory dose).
Azalactone–Fecp interaction with topoisomerase IIb (TII) was
assessed by pre-incubation of drug with enzyme followed by immu-
noprecipitation of enzyme using mouse anti-topoisomerase IIb mono-
clonal antibody and the free drug is washed off, the activity of
immunoprecipitated enzyme was assayed in presence of DNA as
shown at lane #5 (50 lM) and #6 (100 lM). While azalactone–Fecp
interaction with DNA was assessed by pre-incubation of drug with
enzyme followed by 10-fold dilution of drug (to bring down drug to
inactive dose), then the DNA relaxation activity was studied with
topoisomerase IIb as shown at lane #7 (50 lM) and #8 (100 lM).

Fig. 6. Inhibition of DNA-dependent ATPase activity of topoisomer-
ase II by azalactone ferrocene and thiomorpholide amido methyl
ferrocene. ATPase assay was conducted using spectrophotometer
method. ATP hydrolysis in the absence of drug was taken as 100% and
the ATP hydrolysis in the presence of increasing concentrations of the
drug was calculated and presented. Each data value is an average of
three experiments.

A.D. Sai Krishna et al. / Archives of Biochemistry and Biophysics 438 (2005) 206–216 213



214 A.D. Sai Krishna et al. / Archives of Biochemistry and Biophysics 438 (2005) 206–216
in breast [30] and brain cancer [31]. This differential
expression of topoisomerase II isoforms in different can-
cers prompted efforts towards development of topoiso-
merase II isoform-specific poisons or inhibitors for
targeting against cancer tissue of interest.

XK469 was the first, topoisomerase IIb-specific poi-
son reported from screening of large library of various
compounds [32], and it was found to poison the activity
of topoisomerase IIb. Other topoisomerase II poisons
namely etoposide [10] and quinoline derivatives poison
both the isoforms of the topoisomerase II. In the present
study, we used QSAR methodology in finding topoiso-
merase IIb-specific poisons from derivatives of ferro-
cene. The two active ferrocene derivatives, namely
azalactone ferrocene and thiomorpholide amido methyl
ferrocene, do not possess affinity to DNA. This could be
due to the absence of a planar ring system that has been
shown to be involved in DNA binding in other topoiso-
merase II inhibitors. Also, the caged iron is not directly
available for DNA interaction. But the positive electro-
static potential induced by iron through cyclopentadiene
ring may provide weak interaction of the ferrocene with
the negatively charged phosphate backbone, when the
ferrocene derivative interacts with the enzyme (Fig. 8).

The inhibition of topoisomerase IIb isoform by thio-
morpholide amido methyl ferrocene is higher than
azalactone ferrocene. The action of thiomorpholide ami-
do methyl ferrocene is found to be due to inhibition of
Fig. 7. (A) Azalactone ferrocene showing various receptor interactions. Rec
The surface with red area is negatively electrostatic potential, the blue area is
The positive electrostatic potential side chain of azalactone ferrocene may be
group exposed during catalytic assay and form cleavage complex. (B) Thiomo
The surface with red area is negatively electrostatic potential, the blue area is
The negative electrostatic potential side chain of the thiomorpholide amido
negative electrostatic potential group) may be forming linkage with the ATP
references to colour in this figure legend, the reader is referred to the web v

A. Electrostatic interactions.
ATP–enzyme interaction without forming cleavable
complexes, whereas the azalactone ferrocene allows
ATP binding to the enzyme and induces the formation
of cleavable complexes. Comparison of structure of
XK469 with those of azalactone amido ferrocene and
thiomorpholide amido methyl ferrocene shows that the
latter possesses largely charged surfaces on the interact-
ing face, as shown in Fig. 8. This may be one of the
structural features that these compounds possess which
might be enhancing their ability in topoisomerase IIb
interaction. The higher molecular volume containing
hydrophobic groups may allow azalactone ferrocene in
freezing enzyme–DNA covalent intermediates.

The comparison of structural features of these two
compounds shows that the distance and orientation of
the interacting atom of the substituent from iron cyclo-
pentadiene ring may play a key role in modulating the
activity of the drug (Figs. 7A and B). This analysis sug-
gests that the orientation of interacting groups away
from the ferrocene axis and above and below the plane
of cyclopentadiene ring is important for affecting the
activity of the enzyme. The difference between azalac-
tone ferrocene and thiomorpholide amido methyl ferro-
cene in inducing cleavable complex could be due to the
difference in orientation of the substituent, while the
thiomorpholide amido methyl ferrocene orients towards
the iron axis and lies in the plane of the second cyclo-
pentadiene ring (Fig. 7B), the azalactone ferrocene
eptor model for azalactone ferrocene was done using Accelrys cerius2.
positively electrostatic potential, and the white area is neutral potential.
forming bonding with negative electrostatic potential of the phosphate
rpholide amido methyl ferrocene showing various receptor interactions.
positively electrostatic potential, and the white area is neutral potential.
methyl ferrocene (similar to ATP phosphate group which also have
binding site and inhibiting the reaction. (For the interpretation of the
ersion of this paper.)

B. Electrostatic interactions.



Fig. 8. The closely overlaid structures of the azalactone ferrocene and
thiomorpholide amido methyl ferrocene, and XK469 showed con-
served electrostatic features among these molecules that may be
involved in topoisomerase IIb interaction. The molecules are analyzed
using the cerius2 receptor module. Data shown are the various
interactions of molecules with receptor. The surface with red area is
negatively electrostatic potential, the blue area is positively electro-
static potential, and the white area is neutral potential. (For the
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this paper.)
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moves away from the iron axis and lies above the substi-
tuted cyclopentadiene ring (Fig. 7A). These findings
indicate that the structural requirement of ferrocene
drugs for inhibition of catalytic activity of topoisomer-
ase IIb and substitutions away from iron axis may play
a role in blocking the DNA passage activity of enzyme.
In addition, substitution towards iron axis may be
important in blocking ATP binding domain of the en-
zyme. Further analysis of a few more structurally dis-
tinct ferrocene derivatives may provide critical details
of conformational molecular changes that ferrocene
derivatives confer upon enzyme. In summary, both
azalactone ferrocene and thiomorpholide amido methyl
ferrocene are found to be potent inhibitors of topoiso-
merase II with preferential action against b isoform,
and the two compounds show distinctly different modes
of action against enzyme.
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Abstract

Human Topoisomerase II is present in two isoforms, 170 KDa � and 180 KDa �. Both the isoforms play a crucial role in maintenance
of topological changes during DNA replication and recombination. It has been shown that Topoisomerase II activity is required for HIV-
1 replication and the enzyme is phosphorylated during early time points of HIV-1 replication. In the present study, we have studied the
molecular action of Topoisomerase II inhibitors, azalactone ferrocene (AzaFecp), Thiomorpholide amido methyl ferrocene (ThioFecp),
and Ruthenium benzene amino pyridine (Ru(ben)Apy) on cell proliferation and also on various events of HIV-1 replication cycle. The
Topoisomerase II � over-expressing neuroblastoma cell line shows a higher sensitivity to these compounds compared to the Sup-T1 cell
line. All the three Topoisomerase II inhibitors show signiWcant anti-HIV activity at nanomolar concentrations against an Indian isolate of
HIV-193IN101 in Sup-T1 cell line. An analysis of action of these compounds on proviral DNA synthesis at 5 h of post-infection shows that
they inhibit proviral DNA synthesis as well as the formation of pre-integration complexes completely. Further analysis, using polymerase
chain reaction and western blot, showed that both the Topoisomerase II � and � isoforms are present in the pre-integration complexes,
suggesting their signiWcant role in HIV-1 replication.
© 2006 Elsevier Inc. All rights reserved.

Keywords: HIV infection; Topoisomerase II �; Topoisomerase II �; Proviral DNA; Organometallic compounds; Ferrocene derivatives; Ruthenium
derivatives; Topoisomerase II poisons; Anti proliferation; Anti-HIV activity
Human Topoisomerase II is a ubiquitous enzyme pres-
ent in two isoforms that are originated from two distinct
genetic loci, a 170 KDa � isoform and a 180 KDa � isoform
[1]. Both the isoforms exhibit similar molecular activities
in vitro [2]. While the � isoform is known to play a crucial
role in cell division [2], the exact function of � isoform is
still not clear and is a subject of intense study. The localiza-
tion studies of Topoisomerase II � and Topoisomerase II �
in proliferating and non-proliferating tissues showed that
the � isoform is predominantly present in replicating cells
and � isoform is present in both the replicating and non-
replicating cell types [3,4]. This suggests the dual functional

� This research work is funded by the Department of Science and
Technology, Govt. India.
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role of � isoform in both the replicating and diVerentiated
cells, in contrast to the function of the � isoform which is
limited to replicating cells. Since retroviruses are shown to
be replicating in both dividing and non-dividing cells [5–7],
they form best model systems in understanding the func-
tion of Topoisomerase II � and � in these cell types. The
activity of Topoisomerase II has been shown to be associ-
ated with the retroviral infections namely HIV-11 [8–10],

1 Abbreviations used: Topo II, Topoisomerase II; PCR, polymerase
chain reaction; p.i, HIV-1 post-infection period; PBS, phosphate-buVered
saline; TBS, Tris buVer saline; SDS, sodium dodecyl sulphate; NBT, nitro
blue tetrazoleum; BCIP, 5-bromo, 4-chloro 3-indolyl phosphate; AzaFecp,
azalactone ferrocene; ThioFecp, thiomopholide amido methyl ferrocene;
Ru(ben)Apy, [(�6-benzene) (3-Aminopyridine)-N1-ruthenium (II)]; AZT,
azidothymidine; HIV, human immunodeWciency virus; CMV, cytomegalo
virus; MMLV, moloney murine leukemia virus.
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MMLV [10,11], CMV [10,12,13], though the exact nature of
molecular action of Topoisomerase II in replication cycle
of these viruses is not clear.

Howard and GriYth [14] showed that the Topoisomer-
ase II binding and cleavage sites are present both in HIV-1
viral genome as well as in Human genome at the upstream
of HIV-1 integration site suggesting a potential interaction
of Topoisomerase II at these sites of HIV-1 proviral DNA
[5,15,16]. The down regulation of Topoisomerase II can
decrease the HIV-1 replication suggesting the requirement
of Topoisomerase II activity in HIV-1 replication [8,9].
Topoisomerase II undergoes phosphorylation during HIV-
1 replication [9,17]. The virus itself is shown to be associ-
ated with Topoisomerase II � and �-speciWc kinase activity
[17]. The main aim of the present study is to investigate the
role of Topoisomerase II � and � in HIV-1 replication and
evaluate the anti-HIV-1 potential of some of the Topoiso-
merase II � poisons. Accordingly in the present investiga-
tion, we have examined the molecular action of
Topoisomerase II � and � poisons in progression of HIV-1
replication. The organometallic compounds may exhibit
low frequency of resistance due to their irreversible binding
to the biomacromolecules (DNA/protein). Hence, the orga-
nometallic compounds of Ferrocene were developed as
potential Topoisomerase II poisons [18,19]. Amongst these
compounds, we have chosen non-DNA binding Topoiso-
merase II � inhibitors from the class of substituted ferro-
cene, viz. azalactone ferrocene (AzaFecp), thiomorpholide
amido methyl ferrocene (ThioFecp). AzaFecp can induce
the formation of enzyme linked cleavable complexes,
whereas ThioFecp can not induce the formation of enzyme
linked cleavable complexes [19]. Thus, the action of Aza-
Fecp and ThioFecp on the early events of HIV replication
can probe the requirement of molecular activity of Topoi-
somerase II � during HIV-1 early replication cycle.
Ru(ben)Apy shows preferential poisoning of the catalytic
activity of Topoisomerase II � isoform [18]. Hence, its eVect
on the progression of HIV-1 replication could help infer-
ring about the requirement of Topoisomerase II � isoform
in HIV-1 replication cycle.

In the present investigation, we studied the inhibition
activity of these compounds on the cellular proliferation as
well as HIV-1 replication. We have also analyzed the action
of these compounds on proviral DNA synthesis and the
formation of pre-integration complexes. The results show
that the molecular activity of both Topoisomerase II � and
� isoforms is required in the progression of HIV-1 early
replication events namely proviral DNA synthesis and pre-
integration complex formation.

Materials and methods

Materials

The following reagents were obtained from AIDS
Research and Reference Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Dis-
eases, National Institutes of Health, USA. The contribu-
tor’s name is given in parenthesis. Recombinant HIV-1NL4-3
integrase (Dr. R. Craigie), SupT1 cell line (Dr. J. Hoxie).
HIV-1 virus (subtype C), HIV-193IN101 (Dr. R. Bollinger),
Anti-serum to HIV-1NL4-3 Vpr (Dr. JeVrey Kopp), HIV-1
RT Monoclonal Antibody (Dr. Stephen Hughes), pNL4-3
(Dr. Malcolm Mortin), SKNSH (Neuroblastoma), cell line
was obtained from NCCS, Pune, India.

Mouse anti-human Topoisomerase II � and Mouse anti-
human Topoisomerase II � were from BD biosciences. Pro-
tein A agarose was from Bangalore genei. India. The sec-
ondary antibodies were from US Biological.

Topoisomerase II inhibitors

Azalactone ferrocene (AzaFecp) and Thiomorpholide
amido methyl ferrocene (ThioFecp) were synthesized and
characterized as explained in Saikrishna et al. [19]. Ruthe-
nium benzene amino pyridine (Ru(ben)Apy) was synthe-
sized and characterized as described in [18]. Etoposide and
azidothymdine (AZT) were purchased from Sigma Chemi-
cal Company.

Topoisomerase II activity assay

DNA relaxation by Topoisomerase II was performed as
mentioned in Kondapi et al. [4]. About 0.6 mg of super-
coiled plasmid DNA was incubated with the immunopre-
cipitated Topoisomerase II captured on to a Protein A
Agarose beads in relaxation buVer (50 mM Tris–HCl, pH
8.0, 120 mM KCl, 0.5 mM EDTA, 0.5 mM DTT, 10 mM
MgCl2, 30 mg/ml BSA, and 1 mM ATP) for 30 min at 37 °C.
The beads were spun down at 300g for 5 min and superna-
tants were collected separately. The reaction was stopped
by addition of 10% SDS and the DNA products were
resolved on 1% agarose gel and stained with ethidium bro-
mide and photographed.

Anti-HIV activity

Anti-HIV activity was assayed out as explained in
Kondapi et al. [20]. In brief, SupT-1 cells (0.2£ 106) in
RPMI1640, 10%FCS was seeded in 96-well plate. Increas-
ing concentrations of ferrocene derivatives were added to
the cells and were challenged with HIV-193IN101 at a Wnal
concentration of 1 ng of p24 per ml. In one set, the infected
cells were incubated at 37 °C for 96 h in a CO2 incubator
with 5%CO2. In the second set, the virus and drug were
incubated for 5 h and cells were washed twice and re-cul-
tured in fresh medium without drug and virus and incu-
bated for 96 h at 37 °C in a CO2 incubator. The cells were
analyzed for the viability using MTT as explained in the
cytotoxicity assay. The supernatants were collected at 96 h
post-infection and analyzed using p24 antigen capture
assay kit (SAIC Frederic). The inhibition of infection, in the
absence of the drug was considered to be 0% and the %
inhibition of HIV replication was calculated based on this
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control. Each compound was analyzed in triplicates at
increasing concentrations on a logarithmic scale and stan-
dard deviation was also shown. In control infection study,
in the absence of drugs, the virus replicated was 10 ng/ml of
p24 equivalent. Azidothymidine (AZT) and Etoposide were
used as positive controls.

Cytotoxicity assay

Reduction of 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT, Sigma) is chosen as an opti-
mal endpoint of cell viability measurement [21–23]. SupT-
1 cells or Neuroblastoma (0.2£ 106 cells per well) in
RPMI 1640, 10% FCS were seeded in 96-well plates.
Increasing concentrations of compounds were added to
the cells and incubated at 37 °C for 14 h in a CO2 Incuba-
tor with 5% CO2. The media was replaced with a fresh
growth medium along with 20 �l of 3-(4,5-dimethylthi-
ozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma). After incubation for 4 h in a humidiWed atmo-
sphere, the media was removed and 200 �l of 0.1 N acidic
isopropyl alcohol was added to the wells to dissolve the
MTT-formazan crystals. The absorbance was recorded
at 570 nm, immediately after the development of purple
colour. Each experiment was conducted in triplicate and
the data are represented as average, with standard
deviation.

Preparation of cell extracts

Human SupT1 cells (2£ 106 cells per ml) were chal-
lenged with HIV-193IN101 (10 ng of p24 viral core protein
per ml). Infected cells were washed twice with buVer A
(20 mM Hepes, pH 7.4/150 mM KCl/5 mM MgCl2/1 mM
dithiothreitol/2 mM aprotinin) at 5 h p.i. and permeabilized
with 0.025%Triton X-100. Cells were incubated for 10 min
at room temperature, and then lysate was centrifuged at
1000g for 10 min at room temperature. The supernatant
was clariWed by centrifugation at 8000g for 3 min and was
deWned as “cytosolic fraction” [24–29]. Cytosolic extracts
were frozen in 2 ml aliquots at ¡70 °C

PuriWcation of pre-integration complexes

Pre-integration complexes (PICs) were puriWed as
described earlier [28,30]. In brief, Crude cytosolic extracts
were thawed and diluted with an equal volume of BuVer K
(20 mM Hepes (pH 7.4), 5 mM MgCl2, 1 mM DTT,
and 10 U/ml aprotinin) to bring the KCl concentration to
75 mM (150 mM). The diluted extracts were incubated at
room temperature for 10 min and then centrifuged
at 2000g for 10 min. Under these conditions, more than 95
percent of PICs were pelleted. Pelleted complexes
were resuspended in a volume equivalent to the original
extract volume (before dilution) of BuVer K with Tris
(pH 8.0), instead of Hepes and 30% glycerol. The puriWed
PICs were frozen at ¡70 °C until they were used.
Isolation of proviral DNA

SupT1 cells (0.4£ 106) were challenged with HIV-
193IN101 (100 pg of p24 viral core protein) in the presence of
increasing concentrations of drugs as indicated at 5% CO2
and 37 °C. The cells were harvested at 5 h. post-infection
and washed with phosphate-buVered saline. They were then
lysed with 50 �l lysis buVer containing 10£ Solution A (1 M
KCl, 100 mM Tris–HCl (pH 8.3), 2.5 mM MgCl2), 10£
Solution B (100 mM Tris–HCl (pH 8.3), 2.5 mM MgCl2,
0.45% Tween 20, 0.45% Nonidet P 40, and 50 mM NaCl).
The cell lysates were treated with RNaseI (10�g/ml) and
incubated at 37 °C for 30 min. Proteinase K (60�g/ml) was
added to the lysates and incubated at 56 °C for 2 h followed
by the inactivation of Proteinase K at 95 °C for 10 min. The
lysates were then stored at ¡20 °C, for their subsequent use
for PCR analysis.

PCR analysis of proviral DNA

The Cell lysates were added to the 50�l of reaction mix-
ture comprising of 10£ PCR buVer, 0.2 mM of each deoxy-
nucleotide triphosphates (dNTPs), 2.5 mM MgCl2, 0.40 �M
SK38 (5�-ATAATCCACCTATCCCAGTAGGAGAAA
T-3�), SK39 (5�-TTTGGTCCTTGTCTTATGTCCAGAA
TGC-3�) primers [31] (Synthesized by Integrated DNA
Technologies (IDT), USA) and 0.5 U of Taq DNA Poly-
merase (Biogene, USA) [31,32]. The mixtures were heated
to 94 °C for denaturation for 2 min and then subjected to
ampliWcation for 30 cycles of PCR (1 min 94 °C, 1.30 min
60 °C, and 2 min 72°), and a Wnal step for extension at 72 °C
for 5 min. Control ampliWcation was done using �-actin
speciWc primers (Forward: 5�-GGCCCAGAGCAAGAG
AGGTATCC-3�, Reverse-5�-ACGCACGATTTCCCTCT
CAG C-3�) [33]. The products were resolved on 2% agarose
gel electrophoresis, ethidium bromide stained, and photo-
graphed.

Analysis of pre-integration complexes

HIV-1 pre-integration complexes were immunoprecipi-
tated [4,25,34,35] and ampliWed by PCR to know the eVect
of the drugs on the formation as well as to monitor the
presence of various proteins in pre-integration complexes.
Cell extracts were two fold diluted with the buVer K with
1% Triton X-100 and incubated at 37 °C for 1 h with 10 �l
of each monoclonal antibody, Topoisomerase II �, Topoi-
somerase II � (Pharmingen group of Becton–Dickinson),
HIV-1 RT, and Vpr anti-serum (1:100 ratio each) (NIH-
AIDS Research and Reference Reagent program, USA).
Protein A agarose (25 �l of 10 mg/ml stock), (Bangalore
genei, India) was added to the samples and incubated at
4 °C for 15 min followed by centrifugation at 2000g for
5 min to precipitate the immunocomplexes. The beads were
washed thrice with 0.5%Triton X-100 followed by digestion
with Proteinase K (60 mg/ml) at 56 °C for one hour and
inactivation at 94 °C for 15 min. The DNA in the extracts
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was ampliWed using SK38, SK39 primers as described
earlier.

Western blot analysis

Western blots were performed as described in Toubin
et al. [36]. Pre-integration Complexes isolated from infected
cells were boiled with buVer containing SDS and resolved on
7.5, 12% SDS–PAGE. The proteins on the gel were trans-
ferred to nitrocellulose membrane, then immunoblotted [37]
with a 1ng dilution of mouse anti-human Topoisomerase II
�, �, HIV-1 RT monoclonal antibodies, and incubated with
alkaline phosphatases (ALP) conjugated goat anti-mouse
IgG antibody (1:2000 dilutions in TBS) for 60 min at room
temperature and washed with TBS. The blots were developed
with NBT-BCIP substrate in ALP buVer and documented.

Integrase catalyzed endonuclease assay

This assay was carried out as described in [38]. Endonu-
clease cleavage of heterologous DNA substrate was mea-
sured by monitoring the conversion of supercoiled (C)
plasmid DNA to linear (L) DNA. Ten microliters of reac-
tion mixture containing 0.2 �g of supercoiled DNA in a
buVer containing 20 mM Tris–HCl (pH 8), 5 mM 2-mercap-
toethanol, 2 mM MnCl2, and 0.5 �g of integrase. The reac-
tion was carried out in the absence as well as in the presence
of 1 femto molar (fM) and 1 micro molar (1 �M) of drug.
The reaction mixture was incubated for 30 min at 37 °C and
reaction was stopped by the addition of 1 �l of 0.5 M
EDTA plus 2�l of 15% Ficoll 400 and 0.2% bromophenol
blue in TAE buVer (40 mM Tris/20 mM acetic acid/1 mM
EDTA). The DNA products were separated on 1% agarose
gel and ethidium bromide stained and visualized under UV.

Results and discussion

Topoisomerase II � plays an important role in cellular
proliferation, while the exact role of Topoisomerase II � is
not yet clearly understood [3]. Interestingly in some cancer
tissues, either the Topoisomerase II � isoform or the Topoi-
somerase II � isoform is predominantly up regulated [50],
thus suggesting that the cell types in these tissues possess a
distinct signaling process in organization of various cell
division functions by corresponding isoform. Topoisomer-
ase II poisons azalactone ferrocene (AzaFecp) and thio-
morpholide amido methyl ferrocene (ThioFecp) show
preferential inhibition against Topoisomerase II � [19],
while etoposide show preferential inhibition against � iso-
form.

Since � and � isoforms are speciWcally expressed in
diVerent cancer tissues, they become important for selec-
tive application in cancer chemotherapy. The enzymatic
activity and protein levels of Topo II � and � were ana-
lyzed in both neuroblastoma and SupT1 cell lines. The
results showed that neuroblastoma cells expressed higher
levels of Topo II � protein as seen in western blot analysis
(Fig. 1A). In concurrence with the protein levels, a higher
catalytic activity of Topo II � isoform was observed in
neuroblastoma cells (Fig. 1B); the analysis of Topo II �
and � isoforms in Sup T1 cells using western blot (Fig. 1C)
show that these cells possess equal amounts of both
the isoforms and these results were consistent with the
corresponding levels of catalytic activity of these isoforms
(Fig. 1D). Hence, the results of these studies suggest the
enhanced expression of Topo II � in neuroblastoma cells,
and an equal expression of Top II � and � in SupT1 cells.
An analysis of anti-proliferation activity of AzaFecp and
ThioFecp in both neuroblastoma and Sup-T1 cell
lines show that Topoisomerase II � over-expressing
neuroblastoma cell line is highly sensitive to both Aza-
Fecp and ThioFecp (Fig. 2A), while Topoisomerase II �
and � equally expressing cell line, namely the Sup-T1 cell
line is comparatively less sensitive to both AzaFecp and
ThioFecp, with more than 65% cells viable at 10nM con-
centration (Fig. 2B). Further, we observed that neuroblas-
toma is highly sensitive to Azidothymidine (AZT)
(Fig. 2A).
Fig. 1. DiVerential levels of protein and activity of Topoisomerase II � and � in neuroblastoma and SupT-1 cells. The protein levels were monitored in
100 �g of total protein using Western blot. Catalytic activity of Topo II isoform in 100 mg total protein was monitored by enzyme catalyzed relaxation of
supercoiled pRYG DNA. (A) Western blot of SK-N-SH cell protein. (B) Relaxation assay of immunoprecipitated indicated Topo II isoform in SK-N-SH
cell protein. (C) Western blot of Sup-T1 cell protein. (D) Relaxation assay of immunoprecipitated indicated Topo II isoform in Sup-T1 cell protein.



A.K. Kondapi et al. / Archives of Biochemistry and Biophysics 450 (2006) 123–132 127
Anti-HIV activity of AzaFecp and ThioFecp

Since AzaFecp and ThioFecp exhibit preferential
Topoisomerase II � poisoning activity [19], these drugs
may inhibit Topoisomerase II � associated viral replica-
tive function. To test whether poisoning of Topoisomer-
ase II � activity can inhibit HIV-1 viral replication, the
HIV-1 infection was carried out in the presence of increas-
ing concentrations of AzaFecp, ThioFecp, Ru(ben)Apy
AZT, and Etoposide. The results show (Fig. 3A) that Aza-
Fecp and ThioFecp and Ru(ben)Apy signiWcantly inhibit
HIV-1 replication even at nanomolar concentrations.
Since the above infectivity assay involves incubation of
compounds for 96 h, the cells were exposed to the cytotox-
icity of the compounds during the time period. When we
studied the cytotoxicity of these compounds against
Fig. 2. Anti-proliferation activity of ferrocene derivatives: Neuroblastoma (A) and Sup-T1 (B) cells were incubated in presence of increasing concentra-
tions of indicated inhibitors for 16 h and the cytotoxicity was determined by MTT assay. The cell viability is determined based on the control cells in
absence of inhibitor.
Fig. 3. Topoisomerase II inhibitors can aVect HIV-1 replication. (A) Sup-T1 cells were challenged with HIV-193IN101 in presence of increasing concentra-
tions of indicated inhibitors and the virus replicated on the day 4 was quantiWed. The control cells produced 10 ng/ml equivalent of HIV-1 p24. The per-
cent of inhibition was calculated and plotted on Y axis and indicated concentrations of compounds on the X axis. (B) The viability of infected cells when
they were incubated with the inhibitors for 96 h. (C) The infection was conducted at increasing concentrations of indicated inhibitors for 5 h. After 5 h the
cells were washed twice and re-cultured in complete medium without inhibitor and virus. The amount of virus replicated at Day 4 was quantiWed and %
inhibition was calculated based on the virus replicated in the absence of inhibitors, which was 11.6 ng/ml of p24 equivalent. The viability of the same cells
was monitored using MTT assay and given in (D).
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infected and non-infected cells at 96 h, we found that these
compounds are 50% cytotoxic to the cells (Fig. 3B).
Hence, the observed anti-viral activity in Fig. 3A may
have cytotoxicity component in addition to the ability of
the compounds in inhibition of proviral DNA synthesis.
To address this problem we have incubated the cells with
the virus and inhibitors for a period of 5 h (over 5 h of
post-infection the proviral DNA is shown to be synthe-
sized). Then, the cells were washed twice and re-cultured
in fresh complete medium without virus and medium. The
amount of virus replicated at 96 hours was quantiWed and
results presented in Fig. 3C, show that exposure of com-
pounds to the virus for 5 h is adequate for the signiWcant
anti-HIV activity. Further, the analysis of cytotoxicity of
these inhibitors in the infection conducted for 5 h expo-
sure, cells showed »20% cytotoxicity (Fig. 3D). These
results infer that the inhibition of Topo II � and � cata-
lytic activity may block proviral DNA synthesis and
inhibit HIV-1 replication. A speciWc targeting of inhibi-
tors to the HIV-1 infected cells can help in reducing the
drug induced cytotoxicity to the uninfected cells.

Action of Topoisomerase II � poisons on HIV-1 proviral 
DNA formation

Topoisomerase II promotes inter-conversion of various
topological isoforms of nucleic acids in maintaining the tor-
sional integrity and thermodynamic stability of nucleic acid
Fig. 4. Topoisomerase II inhibitors interfere with HIV-1 proviral DNA formation. (A–E) HIV-1 infection was conducted in presence of increasing concen-
trations of indicated inhibitors. The infection was stopped at 5 h post-infection, the proviral DNA was puriWed and analyzed by PCR using gag-speciWc

primers, SK38 and SK39. Bottom gel in (A–E) indicates the PCR ampliWcation for �-actin as loading control.



A.K. Kondapi et al. / Archives of Biochemistry and Biophysics 450 (2006) 123–132 129
intermediates [51]. Such nucleic acid intermediates reported
to be transiently formed during the course of HIV-1 early
replication cycle [52]. The resolution of such viral nucleic
acid topological intermediates may be promoted by Topoi-
somerase II isoforms. Since the proviral DNA is the stable
intermediate formed during HIV-1 replication, we have
studied the action of Topoisomerase II � and � poisoning
on the formation of the proviral DNA. Results of analysis
at 5 h post-infection in the presence of increasing concen-
trations of Topoisomerase II inhibitors show (Fig. 4) that
Topoisomerase II � preferential poisons AzaFecp
(Fig. 4A), ThioFecp (Fig. 4B) and Topo II � poison
Ru(ben)Apy (Fig. 4C) produce signiWcant inhibition of
proviral DNA synthesis at drug concentrations as low as
1 nM, while the etoposide shows comparatively lower inhi-
bition of proviral DNA synthesis (Fig. 4D). These observa-
tions suggest a strong association of Topoisomerase II �
and � with the formation and stabilization of proviral
Fig. 5. Topoisomerase II � inhibition can block the formation of pre-integration complexes. HIV-1 infection was carried out in presence of increasing con-
centrations (as indicated) of AzaFecp (A), ThioFecp (B), Ru(Ben)Apy (C), Etoposide (E), and AZT (D). The pre-integration complexes were isolated from
cytosolic fraction and were immunoprecipitated with mouse anti-human Topoisomerase II � monoclonal antibody. The proviral DNA in the immunopre-
cipitate was PCR ampliWed using gag-speciWc primers followed by resolution on 2% Agarose gel electrophoresis. Ethidium bromide stained and photo-

graphed under UV.
Fig. 6. Topoisomerase II � inhibition can block the formation of pre-integration complexes. HIV-1 infection was carried out in presence of increasing con-
centrations (as indicated) of AzaFecp (A), ThioFecp (B), Ru(Ben)Apy (C), Etoposide (E), and AZT (D). The pre-integration complexes were isolated from
cytosolic fraction and were immunoprecipitated with mouse anti-human Topoisomerase II � monoclonal antibody. The proviral DNA in the immunopre-
cipitate was PCR ampliWed using gag-speciWc primers followed by resolution on 2% Agarose gel electrophoresis. Ethidium bromide stained and photo-

graphed under UV.
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DNA synthesis and the importance of Topoisomerase II �
as well as � poisons as inhibitors to interfere with HIV-1
early replication.

Association of Topoisomerase II � and � isoforms with pre-
integration complex

The HIV-1 infection was conducted in the presence of
increasing concentrations of drugs for 5 h and the cytosolic
fraction of cells was fractionated. The pre-integration com-
plexes (PICs) in the cytosolic fraction were isolated and
immunoprecipitated using mouse anti-human Topoisomer-
ase II � as well as Topoisomerase II �. The proviral DNA in
immunoprecipitated PICs was analyzed by ampliWcation of
gag region. The results show that AzaFecp, ThioFecp,
Ru(ben)Apy, and etoposide can inhibit the association of
Topoisomerase alpha (Fig. 5) as well as Topoisomerase II �
(Fig. 6) isoforms in pre-integration complexes. This sug-
gests that ferrocene derivatives can be used to inhibit the
catalytic activity of Topoisomerase II � and � and their
association with the formation of proviral DNA synthesis
and pre-integration complexes. The inhibition of pre-inte-
gration complex formation could also be attributed to the
reduced/inhibited proviral DNA intermediate in the pres-
ence of the inhibitor.

To further conWrm whether proviral DNA is associated
with both Topoisomerase II � and � to form pre-integra-
tion complexes, the infection was conducted in the absence
of inhibitors. The isolated pre-integration complexes were
immunoprecipitated with antibodies against Topoisomer-
ase II �, Topoisomerase II �, Reverse Transcriptase, and
Vpr. The immunoprecipitates were PCR analyzed for the
proviral DNA to assess its association with the correspond-
ing antigens. The results showed (Fig. 7A) that the proviral
Fig. 7. Topoisomerase II isoforms are associated with pre-integration complexes. The pre-integration complexes were isolated from cytosolic fraction of
5 h HIV-1 infected cells. (A) Pre-integration complexes were immunoprecipitated with indicated antibody, washed and proteinase K treated. The proviral
DNA was analyzed with gag-speciWc primers. An arrow indicates the ampliWed product of 150 bp. (B) The pre-integration complexes were boiled with
buVer containing SDS and proteins were analyzed on SDS–PAGE and western transferred and probed using indicated antibodies. Since Vpr was analyzed
with an anti-serum, may have some non-speciWcity, hence multiple proteins developed in pre-integration complexes, this clearly show the presence of other
proteins in pre-integration complexes. Vpr and RT were used as positive controls.
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DNA was present in the immunoprecipitates of pre-inte-
gration complexes. The results suggest that both Topoiso-
merase � and � are associated with the pre-integration
complexes along with the reverse transcriptase and Vpr.
Results of analysis of the isolated pre-integration com-
plexes by western blot (Fig. 7B), conWrm the presence of
both the isoforms of Topoisomerase II. Reverse transcrip-
tase and Vpr were used as positive controls in this study.
Similar results were reported for the association of reverse
transcriptase and other cellular and viral factors in pre-
integration complexes [29,34,39].

The possibility of molecular action of these Ferrocene
derivatives on the catalytic activity of HIV-1 integrase was
studied by monitoring the endonuclease activity of recom-
binant HIV-1 integrase in the presence of these inhibitors.
The results shown in (Fig. 8) suggest that the Topoisomer-
ase II inhibitors used in the study do not interfere with the
integrase catalyzed endonuclease activity against pBR322
supercoiled DNA. This indicate that the inhibition of pro-
viral DNA synthesis and the formation of pre-integration
complexes were only due to their action on the catalytic
activity of Topoisomerase II, but not due to their non-spe-
ciWc action on HIV-1 integrase.

These observations conclusively show that both Topoi-
somerase II � and Topoisomerase II � are indeed associ-
ated with pre-integration complexes. Further studies are
warranted to understand the exact nature of molecular
function of Topoisomerase II isoforms in the formation
and stabilization of pre-integration complex and proviral
DNA rearrangements in cytosol and nuclei of the infected
cells.

HIV-1 nucleic acid replication involves reverse tran-
scription during which HIV-1 RNA is converted into the
proviral DNA [40,41]. During reverse transcriptase cata-
lyzed synthesis of DNA from single stranded RNA mole-
cule, the LTR may be formed either through
rearrangement of U3, R, U5 or by reverse transcriptase
upward movement to form U3–R–U5 [28,42–45]. The
rearrangements of the newly formed proviral DNA inter-
mediates would encounter certain topological restrictions
that need to be removed to maintain the thermodynamic
stability of the proviral DNA. Such a stability of double
stranded DNA can be provided by DNA Topoisomerase
II isoforms. Based on our earlier Wndings on the activa-
tion of Topoisomerase II � during early time-points of
HIV-1 post-infection [17] as well as the results of the pres-
ent study, we propose that Topoisomerase II � activity
may be required to maintain the stability of the proviral
DNA during its formation from viral RNA. The proviral
DNA formed may undergo an entanglement during pro-
viral DNA synthesis and the formation of pre-integration
complexes by the bound host and viral factors. Such
entanglements or torsional stresses are required to be
resolved and removed continuously so as to keep the
»10 kbp proviral DNA in pre-integration complexes sta-
ble against the strand breakage. Results of the present
study, (1) Blockage of proviral DNA formation in pres-
ence of Topoisomerase II poisons/inhibitors; (2) Inhibi-
tion of pre-integration complex formation by poisoning
of Topoisomerase II �; (3) The association of both the
isoforms of Topoisomerase II with pre-integration com-
plexes, point out that the DNA Topoisomerase II iso-
forms associated with pre-integration complexes may be
involved in maintenance of the torsional integrity of pro-
viral DNA in pre-integration complexes, to stabilize the
DNA during its translocation to nucleus. The presence of
both isoforms poses intriguing questions about the dis-
tinct activity of the individual isoforms in the pre-integra-
tion complexes and other DNA rearrangements reported
[34,43,44,46–48]. Thus both the isoforms of Topoisomer-
ase II could be potential targets for inhibition of HIV
early replication events.
Fig. 8. Topoisomerase II inhibitors did not interfere catalytic activity of HIV-1 integrase. The DNA endonuclease activity of the recombinant integrase

was monitored using supercoiled pBR 322 (indicated as C) in the presence of AzaFecp (A), ThioFecp (B), Ru(Ben)Apy (C), AZT (D), and etoposide (E).
The cleaved DNA product (indicated as L) was resolved on 1% agarose gel electrophoresis and ethidium bromide stained and photographed under UV.
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The novel strategies to interfere with pre- and post-inte-
gration steps of viral replication [49] clearly point out that
the viral entry, viral reverse transcription and transcription,
pre-integration complex formation, nuclear export, viral
assembly, and maturation as potential targets for control of
HIV-1 replication. The present investigation suggests provi-
ral DNA as a potential target through poisoning of Topoi-
osmerase II isoforms to inhibit viral replication.
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