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ABSTRACT 

Polymerases and ribonucleic acids have been found to play major roles in the 

causation and progression of several diseases. Targeting such important therapeutic targets 

using small molecules can help achieve their specific recognition and inhibition thereby 

intercepting key stages involved in the progression of various diseases. This dissertation 

work is directed towards the design of intercalator based analogs that would allow specific 

targeting of important targets. Two such therapeutically important targets representing 

polymerases and RNA discussed in this dissertation are HIV-1 reverse transcriptase and 

miRNA-21.  

HIV-1 reverse transcriptase plays a key role in the viral life cycle by reverse 

transcribing viral RNA into replication competent cDNA via formation of a key RNA/DNA 

heteroduplex. Since reverse transcriptase remains in close association with this RNA/DNA 

heteroduplex during the reverse transcription step, targeting of this key heteroduplex could 

offer a unique approach to inhibit reverse transcriptase with high affinity and specificity. In 

this dissertation work, several bis-intercalator analogs with linkers of varying lengths and 
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rigidities were designed, synthesized and evaluated for their inhibitory activity against 

reverse transcriptase. While strong intercalators such as ethidium and acridine-based analogs 

were able to achieve bis-intercalation, binding of such analogs appeared to be mostly driven 

by intercalation as opposed to the linkers connecting the two intercalators raising specificity 

concerns. Hence, multiple weak intercalators based bis-intercalator libraries were designed 

using weak intercalators such as tryptophan, naproxen and quinoxaline-2-carboxylic acid. 

Interesting leads were observed from tryptophan and quinoxaline-2-carboxylic acid based 

libraries. Tryptophan-based leads were non-promiscuous inhibitors, but unfortunately their 

testing against human DNA polymerase-α found these to be non-specific inhibitors of reverse 

transcriptase. Interesting leads were obtained from cyclic quinoxaline-2-carboxylic acid 

based bis-intercalator library with low μM affinities towards reverse transcriptase. Most 

importantly these leads were found to be both non-promiscuous and specific inhibitors of 

reverse transcriptase.  

The final portion of this dissertation details efforts towards developing a general tool 

for the sequence specific recognition of therapeutically important RNAs. For this effort 

multiple cyclic peptide based-libraries were designed, synthesized and screened against 

therapeutically important RNAs such as miRNA-21 using affinity selection chromatography. 

An important feature of these libraries was that these were devoid of any positive charges. 

Binding of molecules in such libraries would hence be driven by their ability to identify and 

map unique structural features of folded RNA such as bulges and loops.  
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CHAPTER 1 

INTRODUCTION  

 

Polymerases are an important class of enzymes that play pivotal roles in the 

processing of nucleic acids. The primary function of polymerases is to catalyze the 

polymerization of a new RNA or DNA strand from an existing template strand of nucleic 

acid. Thus, polymerases can either possess an RNA dependent DNA polymerase activity or a 

DNA dependent DNA polymerase activity or both. These enzymes are of special therapeutic 

interest in case of certain diseases such as cancer with telomerase as the anti-cancer target 

and HIV with reverse transcriptase as the anti-HIV target. These enzymes play key roles in 

the replication cycles of retroviruses e.g. HIV and certain other disease conditions like 

cancer. In case of HIV, the RNA dependent DNA polymerase activity of reverse 

transcriptase allows reverse transcription of viral genomic RNA to cDNA via formation of an 

intermediate RNA/DNA heteroduplex that integrates into the host DNA allowing replication 

of the virus. Since this early step of reverse transcription dictates rest of the steps in the HIV 

life cycle, it has been an important therapeutic target in the anti-HIV therapy. The rest of this 

chapter will help in understanding the HIV biology and important structural and functional 

features of the enzyme HIV-1 reverse transcriptase that will serve as the model therapeutic 

target for this work.   
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HIV-1 biology and life cycle 

AIDS is an immune destructive disease that is characterized by progressive loss of the 

human natural immune system through the loss of CD4+ T cells, thereby compromising the 

host immune system. The continuous impairment of immune system leads to vulnerability 

towards other opportunistic infections, making the disease even more deadly 

 [1-4]. The causative agent of this disease was identified as HIV-1 virus in 1981 [5, 6]. HIV-1 

belongs to a special class of viruses known as retroviruses. Retroviruses are highly complex 

viruses characterized by the presence of (+) RNA that needs to be reverse transcribed into a 

cDNA that is integrated to host DNA, allowing the transcription of viral proteins. The viral 

genome consists of two single stranded RNA each about 9.2kb long [7]. Each end of the 

provirus contains long terminal repeats (LTRs) that assist in the viral gene expression. These 

LTRs contain three functional regions: U3, R and U5. The U3 region contains key elements 

required to initiate the transcription process. This includes a promoter, multiple enhancer 

sequences and modulatory regions. While the 5’ LTR is involved in initiation of RNA 

synthesis, 3’ LTR contains elements that are involved in the processing of the 3’ end of RNA 

such as addition of the poly-A tail. The R and U5 regions contain sequences that control 

several key aspects of viral replication. These include sequences for transactivation region 

(TAR) element, primer binding site (PBS) and packaging signal (ψ). The genomic make up 

of all retroviruses is quite similar and comprises three important genes: gag, pol and env. 

 The gag, pol and env genes encode for majority of the structural and non-structural 

proteins. The key proteins translated by these genes are briefly discussed to help better 

understand their roles in the viral life cycle.  
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gag gene 

The gag gene is primarily involved in the assembly of virions. It carries out this by 

recruiting required elements from both viral as well as cellular compartments to form a fully 

infectious virion. The gene encodes a polyprotein precursor Pr55
Gag

, also called assemblin, 

that is cleaved by viral protease into four functional proteins [8]:  

a) Matrix (MA or p17): HIV matrix protein is 132 residues long and exists in trimeric form. 

Matrix protein is involved in the viral assembly process and lines the inner most layers of 

virions. In addition it helps in the incorporation of Env glycoproteins into the virion 

membrane. Residues (42-77), involved in the trimerization of matrix proteins, are mostly N-

terminal myristoylated basic residues [9]. The monomers of the trimeric matrix are arranged 

in such a manner that they present their basic residues at the putative-binding side of the 

complex, interacting with the acidic residues of virion membrane. Mutation of these early 

amino terminal basic residues has been shown to impair the ability of the protein to form a 

trimeric complex, compromising its functions involved in the viral assembly process.        

b) Capsid (CA or p24): The capsid protein forms core of virus particle and encapsulates 

important viral components including viral RNA, nucleocapsid protein and other viral 

enzymes. HIV capsid has two domains: the C-terminal domain that is required for the CA 

dimerization and viral assembly process while the N-terminal domain provides infectivity to 

the viral particles by playing an important role in the viral uncoating process. Mutations in 

the dimerization domain of CA severely affects or abolishes its viral assembly property while 

mutations in the N-terminal domain still retain the viral particles ability to assemble and bud 

but abolishes their ability to infect [10-14]. Capsid protein is also required for the packaging 
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of a cellular protein known as cyclophilin A (CypA) whose exact role is unclear but seems to 

be required during the viral uncoating process [15-17].      

c) Nucleocapsid (NC or p7): Nucleocapsid is a basic protein that consists of 55 residues. The 

amino-terminal domain of nucleocapsid is required for genome recognition while the 

carboxyl-terminal domain helps in viral particle formation and in early stages of the viral 

infection cycle. The basic nature of nucleocapsid protein allows it to non-selectively bind 

with nucleic acids. HIV nucleocapsid protein coats the viral genomic RNA and protects it 

from nuclease degradation. It specifically binds with the packaging signal, ψ, allowing 

packaging of the full length viral RNA into the assembled virions [18-21]. In addition to the 

protection and packaging of the viral RNA, nucleocapsid also helps in the initiation of the 

reverse transcription process by packaging the reverse transcription primer tRNALys
3
 and 

annealing it to its binding site on the viral genome [22]. Its ability to unwind double stranded 

nucleic acids assists in the formation and stabilization of the proviral DNA. In addition to its 

protective and packaging role of the viral nucleic acids, nucleocapsid is also required for the 

formation of viral particles [23].  

pol gene 

The pol gene encodes for three essential proteins: protease, integrase and reverse 

transcriptase. These enzymatic proteins are cleaved from a large polyprotein precursor, 

Pr160
GagPol

 and provide key enzymatic functions required for the successful replication of 

HIV-1 virus at different stages of its life cycle.  

a) Protease: Protease is one of the enzyme encoded by the pol gene. It is not only the first 

HIV protein to be structurally characterized, but is also one of the most studied HIV proteins 
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[24, 25]. In the case of HIV, a majority of the functional proteins are first encoded as 

polyprotein precursors that are cleaved into functional proteins. This processing is done by 

the viral enzyme, protease and plays a very important role in the viral life cycle. Hence 

protease has been an important therapeutic target since early 1980s. It primarily helps in the 

processing of polyproteins of the gag and pol genes. It has been shown that while lack of 

protease activity still allows assembly of the virions, such virions have been found to be 

noninfectious. Thus, protease activity is an absolute requirement for the virions to be 

infectious. Protease enzyme is a homodimer with 99 residues in each monomer. The active 

site of the enzyme lies at the interface of two monomeric units and contains a catalytically 

essential aspartic acid (Asp25) residue. This residue helps in the cleavage of the peptide 

bonds in presence of water molecules. Asp25 is also a part of the conserved triad sequence of 

Asp-Thr-Gly that is common to other aspartyl proteases including pepsin and other retrovirus 

families such as RSV, SIV, FIV etc. [26]. In addition, each monomer contains a flexible flap 

that covers the active site. The flap has been shown to adopt different conformations in the 

presence and absence of a protease inhibitor.      

b) Integrase: Once the genomic RNA has been reverse transcribed by the enzyme reverse 

transcriptase into cDNA, it has to be integrated into host DNA before it can use the cellular 

machinery to produce viral mRNA and protein. This crucial step is carried by the viral 

enzyme known as integrase. Integrase operates in multiple steps. The first of these steps 

involves recognition of cDNA via the long terminal repeats present at the 5’ and 3’ ends of 

cDNA. This is followed by the scission of two nucleotides from the 3’ end of cDNA leaving 

an overhang of CAOH [27]. The processed 3’ end is then ligated with the 5’ end of cellular 
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DNA. The final step involves processing of the unpaired nucleotides at viral 5’ end followed 

by their ligation with the 5’ end of cellular DNA thereby completing the integration of viral 

cDNA into the host DNA [28].  

The structure of the integrase enzyme consists of three distinct domains, each 

responsible for a unique function. The N-terminal domain contains a zinc binding domain 

and is involved in the oligomerization of integrase that typically exists as a tetramer [29]. The 

catalytic domain contains a conserved DDE motif that is responsible for the processing and 

ligation function of integrase. Interestingly, the catalytic domain by itself does not contain 

any processing and ligation features and instead performs just opposite function i.e. 

disintegration reaction. The DNA recognition ability of integrase is imparted by its C-

terminal domain that is quite non-specific.  

c) Reverse transcriptase: The structural and biochemical features of enzyme reverse 

transcriptase will be discussed later.  

env gene 

 The env gene encodes for a polyprotein precursor known as gp160. However, unlike 

the polyprotein precursors of other two genes, i.e. gag and pol cleaved by viral protease, 

gp160 is cleaved by cellular enzymes. Prior to its processing by the cellular enzymes, gp160 

undergoes extensive glycosylation in the Golgi. This glycosylation process that involves 

attachment of N-linked high-mannose-type oligosaccharides to the polypeptide backbone is 

not only required for proper folding of the polypeptide but also for its conformational 

stability [30]. During the transport of this glycosylated polypeptide from Golgi, the easily 

accessible glycans undergo processing and modifications by cellular enzymes [31]. The 
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glycans that are not accessible remains unmodified as high-mannose-type glycans. Finally, 

the polypeptide that has a molecular weight of 160 kDa is cleaved by furin like enzymes 

during its transport through Golgi thereby resulting in the generation of two proteins: a 

surface glycoprotein known as gp120 and a transmembrane protein known as gp41.  

gp120 consist of two domains: variable domain (V1-V5) and a conserved domain 

(C1-C5) [32]. The conserved domain is one whose residues are critical to carry out key 

functions by the virus and hence are never subjected to mutation by the virus. The residues of 

conserved domain are buried deep inside making them inaccessible to the immune system. 

Hence, the residues of the variable domain are easily accessible and against which an 

immune response is mounted. However, since these residues are not critical for the virus, 

they are often subjected to mutation and glycosylation, thereby evading any immune 

response.  

The gp41 transmembrane protein consists of three domains: a cytoplasmic domain 

towards the inside of viral membrane, a transmembrane domain and finally an ectodomain to 

which the fusion peptide is attached. The fusion peptide is one of the key structural elements 

of the gp41 as it inserts into the cellular membrane thereby causing the fusion between the 

viral and cellular membranes. The gp120 and gp41 are expressed at the surface of an infected 

cell in the form of gp120/gp41 complex that remains associated via noncovalent interactions. 

The gp120/gp41 complex is incorporated into the envelope at the time of budding and is 

displayed as heterodimeric trimers that are often referred as viral spikes.  

The four gag proteins: matrix, capsid, nucleocapsid and P6 constitute the core of 

virion while the surface glycoprotein receptors, gp120 and gp41 forms the outer envelope. 
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The proteins encoded by pol gene i.e. protease, reverse transcriptase and integrase imparts 

ability to the virus to carry out its key enzymatic functions. In addition to the above 

mentioned proteins, HIV also encodes six accessory proteins that play key roles during 

different stages of the viral life cycle.  These include Vif, Vpr, Nef, Tat, Rev and Vpu.   

 

HIV-1 replication cycle 

The replication cycle of HIV-1 involves a cascade of events that can be divided into 

two main events: pre-entry and post-entry events. 

Pre-entry events 

  The pre-entry events involve recognition and interaction between key receptors that 

ultimately leads to the fusion of the viral and host membranes. This event starts with 

interaction of certain key receptors that are present on the surface of virus and host cells. 

These include surface glycoprotein receptors known as gp120 receptors on the viral surface 

and CD4 receptors on the thymocytes, T helper lymphocytes and macrophages of the host 

cells. The binding affinity of gp120 towards CD4 receptor is quite high (~4 nM) and the 

binding site for CD4 on gp120 is found to be quite buried and surrounded by highly 

glycosylated residues of the variable domain. This binding site maps to the conserved 

residues primarily located in the C3 and C4 domains of gp120 while the binding site for 

gp120 on CD4 maps on its extracellular amino terminus. The interaction of gp120 receptors 

with the CD4 receptors induces conformational changes in gp120 thereby resulting in 

exposure of the binding site for another set of receptors known as co-receptors that otherwise 

are masked by the V1 and V2 variable loops of gp120. These include the α-chemokine 
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receptors CXCR4 and the β-chemokine receptor CCR5 [33, 34]. The CCR5 receptors are 

expressed by macrophages, CXCR4 by T-cells where as the primary lymphocytes expresses 

both CCR5 and CXCR4 receptors. The nature of co-receptors involved in the fusion process 

ultimately defines the viral tropism. The strains that use CCR5 as the co-receptor for the 

fusion process are referred as the M-tropic or R5 strains and such strains are usually found in 

the early stages of the infection. The one’s that use CXCR4 are referred to as T-tropic or X4 

strains and usually appear during the later stages of infection. The strains that use both CCR5 

and CXCR4 co-receptors are referred as the dual-tropic or R5X4 strains. The hypervariable 

loop V3 of the gp120 has been found to play major role in determining the viral tropism [35].   

The exposure of co-receptor binding site allows interaction of gp120 with the amino-

terminus of the co-receptors that leads to further conformational changes in the 

transmembrane protein gp41 that is non-covalently attached to gp120 receptors. The major 

component of gp41 involved in the fusion process is the ectodomain that contains an N-

terminal hydrophobic fusion peptide preceded by two α-helical heptad units known as HR1 

and HR2. The interaction of gp120 with its co-receptors leads to conformational changes in 

the gp41 that allows the extension of α-helical heptad units HR1 and HR2 [36, 37]. The 

extension of the heptad units in turn causes insertion of the fusion peptide inside the host cell 

allowing gp41 to span between the viral and host membranes. The heptad units then fold 

back forming a six-helix bundle that brings the viral and host cell membranes close to each 

other ultimately resulting in the fusion between the two membranes via formation of the 

fusion pores. The fusion step concludes the pre-entry event.  
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Post-entry events 

The post-entry events include reverse transcription of the viral genome to cDNA 

followed by its integration to the host genome, translation of the viral mRNA, assembly of 

the viral particle and budding of the particles. The fusion between the viral and host 

membranes releases the viral core inside host cell. This includes the viral genomic RNA, 

viral proteins including nucleocapsid and matrix, viral enzymes reverse transcriptase and 

integrase along with the accessory protein, Vpr. 

The post entry events begin with the reverse transcription of viral genomic RNA to 

cDNA using viral enzyme reverse transcriptase. The enzyme, reverse transcriptase, possesses 

two enzymatic activities: a DNA polymerase activity that allows it to copy a DNA or RNA 

template and an RNase H activity that allows it to cleave the RNA from a RNA/DNA 

heteroduplex. Both these activities are essential requirements for the reverse transcription of 

viral RNA. In addition, to initiate the reverse transcription of viral genome the enzyme needs 

a template and a primer. The 5’ end of the viral genome contains a segment that is 18 

nucleotides long known as primer binding site (PBS) that essentially serves as the template to 

initiate the reverse transcription process. For the primer, reverse transcriptase uses cellular 

tRNA (tRNALys3) whose 3’ end has a segment that is complimentary to the primer binding 

site on the viral genome. The process of reverse transcription involves the following series of 

steps: 
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1) The annealing of the cellular tRNA (tRNALys3) at the 5’ PBS site on viral genome. 

Since the viral genome as + polarity, the first step involves synthesis of minus strand 

DNA in the 5’ direction thereby copying the 5’ end of the viral genome. This results 

in the formation of an intermediate RNA/DNA heteroduplex.  

2) Next the RNA/DNA heteroduplex serves as a substrate for the inherent RNase H 

activity of the enzyme reverse transcriptase that causes degradation of the RNA 

leaving behind DNA segment that is referred as the minus-strand strong-stop DNA 

(-sssDNA) [38, 39]. 

3) The 5’ and 3’ ends of the viral genome contain identical units knows as R (repeat) 

units. This feature of the viral genome allows transfer of the newly synthesized minus 

strand DNA and hybridize with the R unit at 3’ end of the viral genome thereby 

allowing further synthesis of the minus strand DNA. This step is referred as the first 

jump or the first minus-strand transfer [40]. 

4) Synthesis of minus-strand DNA continues along the 5’ direction with the concomitant 

degradation of RNA via the RNase H activity of enzyme reverse transcriptase. 

Although, the RNase H activity of enzyme reverse transcriptase is quite non-specific 

in nature, certain purine- rich segments near the 3’ end of viral RNA known as 

polypurine tract (PPT) are resistant to RNase H activity of enzyme reverse 

transcriptase thereby leaving incomplete degradation of the RNA [41].  

5) Next these PPT sites serve as primer for the synthesis of plus-strand DNA. The 

synthesis of the plus-strand DNA continues in the 3’ direction. The enzyme reverse 

transcriptase copies the annealed tRNA until it reaches to a site on tRNA that contains 
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a modified nucleobase. The portion of the tRNA thus copied corresponds to the plus-

strand DNA form of the PBS. The DNA segment so formed is termed as the plus-

strand strong stop DNA.  

6) The RNase H activity of reverse transcriptase removes the tRNA thereby exposing 

the newly synthesized plus-strand strong stop DNA. The PBS site of the plus-strand 

DNA is complimentary to the PBS site on the minus-strand DNA. This 

complementarity allows annealing of the two PBS sites bringing about an intra-

molecular second strand transfer that is referred as the second jump.  

7) Finally, the synthesis of both the plus- and minus-strands are completed where each 

strand serve as the template for the other strand thereby producing a linear DNA 

duplex that has identical sequences at both the ends known as long terminal repeats 

(LTRs).  

The newly formed cDNA must be transported to the nucleus where it can be 

integrated into the host DNA with the help of the viral enzyme, integrase. The cDNA is 

exported as a preintegration complex that contains newly synthesized cDNA, some of the 

viral proteins that includes matrix, nucleocapsid, pol-encoded enzyme integrase and an 

accessory protein known as Vpr. It is unclear as to which component of the preintegration 

complex mediates the nuclear import but Vpr and integrase are considered to be the 

important determinants [42-44]. Once cDNA is translocated into the nucleus, the enzyme 

integrase catalyzes its integration into the host DNA that is referred as provirus. This 

process just like reverse transcription occurs in several steps. The first of these steps 

requires processing of the 3’ ends of both the strands of cDNA generating a double 
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stranded DNA with 3-recessed ends. In order to integrate this recessed ended cDNA, 

integrase has to cleave the host DNA leaving behind staggered ends. The processed ends 

of the cDNA are then joined with those of the host DNA by the enzyme integrase in a 

step referred as strand transfer. The integration of the cDNA is completed once the repair 

enzyme fills the gap between the viral cDNA and the host DNA.  

The gene expression of the integrated viral DNA requires binding of certain 

transcription factors and RNA polymerase enzyme. The LTR units present on the HIV 

serve as the transcription initiation site. LTR primarily comprise of three regions: a 

unique 3’ end or U3, a unique 5’ end or U5 and a repeat unit R. The U3 region contains 

element that help recruit the RNA polymerase II to initiate the transcription process. 

Regions upstream of the transcription site contain several sites for the binding of 

transcriptional factors like transcription factor IID that is required for initiation of 

transcription. The transcriptional efficiency of the HIV LTR is quite poor and is 

significantly enhanced by a protein known as transcriptional transactivator protein or Tat 

[45, 46]. Tat binds to a cellular factor known as cyclin T1 and forms a dimer with CDK9. 

This heterodimer is in turn a part of positive-transcriptional elongation factor b (P-TEF-

b). TAT has affinity for a segment on the viral RNA that is present at the 5’ end of all 

viral RNAs. This segment is referred as transactivation response region or TAR [47]. 

Thus, binding of Tat to the TAR region of viral RNA allows recruitment of the positive-

transcriptional elongation factor b by the Tat/TAR complex. This results in the 

phosphorylation of the C-terminal domain of the RNA polymerase II enzyme thereby 

stimulating the transcriptional processivity. 
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A wide array and number of viral RNAs are transcribed from the HIV LTRs [48] 

including: 

a) Unspliced RNAs: mRNAs involved in the production of Gag and GagPol                                                                     

polyprotein precursors; 

b) Partially spiced RNAs: Encodes for proteins like Env, Vif, Vpu and Vpr 

c) Small RNAs: These are highly spliced and encodes for proteins like Rev, Tat and Nef.  

Under normal cellular conditions RNAs usually have to undergo complete splicing 

before they can be transported out of the nucleus. The need of unspliced and partially spliced 

mRNAs by HIV requires it to evolve ways that can allow the transport of such mRNAs 

without splicing. This problem is circumvented by a special protein called Rev (regulator of 

expression of viral proteins) in conjunction with a cis-acting RNA element called as Rev 

Response Element (RRE). Rev is a phosphoprotein that contains an Arg-rich and a 

hydrophobic Leu-rich domain. The Arg-rich domain assists in RNA binding and nuclear 

localization while the Leu-rich domain assists in the nuclear export. RRE is a highly 

structured RNA consisting of series of stem-loop structures that is present in all the unspliced 

and partially spliced HIV-1 RNAs. The nuclear export of the unspliced and partially spliced 

RNAs requires Rev to multimerize with other Rev molecules forming a Rev multimer that 

ultimately coats the RRE by interacting with highly structured stem-loop structures of the 

RRE. This Rev-RRE complex that contains HIV-1 unspliced and partially spliced RNAs is 

capable of interacting with the cellular nuclear export machinery thereby allowing their 

nuclear export without having them to undergo any splicing. Once exported, Rev is shuttled 

back to the nucleus via its nuclear localization signal [49].  
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Upon expression of the required viral proteins, assembly process initiates at the 

plasma membrane of the infected cells that is primarily carried out by the matrix domain of 

the gag polypeptide. Myristic acid groups present at the N-terminus of the matrix domain of 

the gag protein targets and binds at the plasma membrane. The encapsidation of viral RNA is 

mediated by the interaction of a cis-acting sequence known as packaging signal and the 

nucleocapsid domain. The nucleocapsid domain contains zinc finger motifs that are flanked 

by highly basic residues. The interaction of zinc finger motifs with the packaging signal is 

highly sequence specific thus imparting specificity to the encapsidation of the viral RNA. 

The gag and gag-pol molecules undergo aggregation to enable the assembly by encapsidating 

the complex proteins, replicative enzyme precursor and viral RNA into a spherical particle 

known as virions. The final maturation of the virions is dictated by the proteolytic cleavage 

of the gag and gag-pol precursors by the viral encoded enzyme, protease. This maturation can 

take place either during or after the budding step and primarily depends upon the formation 

of the active dimeric form of the enzyme protease. The maturation of the virions is completed 

once the gag and gag-pol precursors are processed into their functional forms by the viral 

protease enzyme.  
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HIV-1 reverse transcriptase: Structure and biochemistry 

A very detailed understanding of the structural and biochemical features of enzyme 

reverse transcriptase (RT) has been possible due to the crystal structures available for HIV-1 

reverse transcriptase over the past several years. The very first structure was reported by 

Arnold et al. in which the enzyme was bound to a short DNA duplex with an antibody Fab 

portion complexed to it [50]. Since then several crystal structures are available with 

unliganded enzyme [51, 52], enzyme complexed with non-nucleoside inhibitors [53-58], 

enzyme with template-primer [59] and with dNTP’s [60]. These studies have found HIV-1 

reverse transcriptase to exist as an asymmetric heterodimer that consists of two domains or 

units. The larger unit is 66 kDa and consists of 560 residues and is referred to as p66 unit 

while the smaller unit is 51 kDa and consists of 440 residues and is referred to as p51 unit. 

The smaller p51 subunit is identical to the N-terminal of the p66 unit and is generated by the 

proteolytic cleavage of the C-terminus from the p66/p66 homodimer by HIV-1 protease. 

Once the p66/p51 heterodimer is formed it is no longer subjected to any further processing 

by the viral protease. The need for the reverse transcriptase to exist in a heterodimer form can 

be understood in light of some of the key functions that are performed by p51 subunit. The 

p51 subunit has been found to help stabilize the heterodimer (Kd = 1 x 10
-9 

M), assists in 

binding of the tRNA primer during reverse transcription and has also been found to affect the 

RNase H activity of the enzyme. Restle et al. demonstrated that RT needs to be in its dimer 

form in order to retain its enzymatic activity. Both the homodimers and heterodimers of the 

p66 and p51 units were found to be active and retained the RNA dependent DNA 

polymerization activity as oppose to their monomers that were found to be inactive [61]. 
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Also, Hottiger et al. demonstrated that the heterodimer and p66 homodimers retained the 

DNA dependent DNA polymerization activity but the homodimer of the p51 unit was found 

to be inactive [62].  

 Mutational and other biochemical studies have shown that RTs polymerase and 

RNase H activity domains are both present on the p66 unit of the heterodimer [63]. These 

observations were further supported by the cross-linking studies wherein the substrate was 

found to cross-link only with the p66 unit [64]. Although, the catalytic residues of the p51 

unit may not have any direct effect on RT activity but it has been shown to play pivotal role 

in the processivity of p66 unit, in the strand displacement during DNA synthesis and possibly 

in the binding of tRNA as indicated by the cross-linking studies of the tRNA
Lys3

 in which 

contacts were found at both the p66 and p51 units [65-67].  

The crystal structure of RT shows that p66 unit adopts a right hand conformation. The 

polymerase domain of the p66 unit consists of four sub-domains: a finger (residues: 1-85, 

118-155) that faces towards the template-primer binding pocket; palm (86-117; 156-236) that 

is connected to the finger sub-domain and contains the catalytic site for polymerization; 

thumb (237-318) that helps in the recognition and binding of the primer and finally the 

connection sub-domain (319-426) that connects the polymerase domain to the RNase H 

domain [68]. Figure 1 illustrates the three dimensional structure of an unligated HIV-1 RT. 

Although the sub-domains in the p51 unit share the same secondary structure as that of the 

p66 unit it is interesting that the sub-domains in the two units differ greatly in their tertiary 

structures. In p51 unit the connection domain is displayed such that it gets closer to the palm 

sub-domain there by making the p51 unit more compact when compared to the p66 unit.  
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Figure 1. Schematic representing three-dimensional structure of an unligated HIV-1 RT. This 

figure is taken from the article by Jozef Anne et al. [69] 

  

The binding of nucleic acid to reverse transcriptase involves all the sub-domains from 

the p66 unit but only the thumb and connection sub-domains from p51 unit. The connection 

sub-domains of both the p61 and p51 units along with the thumb sub-domain of the p51 unit 

makes the floor of binding pocket. The enzyme reverse transcriptase binds and positions the 

nucleic acid in such a manner that the nucleic acid comes in direct contact with the active 

sites of both the DNA polymerase and RNase H domains. The two sites have been found to 

be roughly 60 Å apart that corresponding to 17 nucleotides in the case of DNA duplex and 

roughly 18 nucleotides in the case of RNA/DNA heteroduplex [70]. The binding of nucleic 
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acid with reverse transcriptase brings conformational changes in the p66 thumb sub-domain 

and causes it to change from an open to a close conformation.  

Prior to the binding of nucleic acid, the thumb remains in close contact with the finger 

sub-domain that is referred as the close conformation. Binding of nucleic acid causes it to 

move about 30° away from the fingers thereby changing it to an open conformation. This 

conformational change has been observed to be the rate limiting step in the incorporation of 

an incoming dNTP during the polymerization step. The DNA polymerase sub-domain of the 

p66 unit consists of Asp110, Asp185 and Asp186 that are highly conserved residues. These 

play very important role in the incorporation of new dNTPs into the primer that begins with 

the nucleophilic attack from the 3’-OH group of the primer to α phosphate group of the 

incoming dNTP thereby liberating a pyrophosphate molecule. After incorporation of the 

nucleotide, the enzyme reverse transcriptase moves along the substrate so as to make the 

nucleotide binding site available for the next incoming dNTP. The Asp185 and Asp186 are 

part of a highly conserved tetramer residue of the sequence YMDD that in turn helps the 

enzyme reverse transcriptase in this translocation step [71].   

The crystal structures have also helped get detailed insights regarding the function of 

various residues. For instance the β-hairpin residues 227-235 on the p66 unit helps in 

positioning of the 3’-OH group of the primer while the residue of the β3-β4 sheet has been 

found to be involved in the processivity and fidelity of the DNA synthesis. The binding of 

the incoming dNTP is guided by the conserved residues in the nucleotide binding site such as 

Tyr115 that act as a steric blocker thereby helping ensure that only the dNTPs and not the 

rNTPs gets access to the nucleotide binding site [72-74]. The binding of incoming dNTP is 
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further coordinated by the Arg72 and Lys64 residues that interact with the triphosphate of an 

incoming dNTP and by the Gln151 that binds with the 3’-OH of the incoming dNTP [60]. 

Although the incorporation of incoming dNTP is tightly regulated, misincorporation of 

incorrect dNTP is not uncommon. The error rates involved in the polymerization step in the 

case of reverse transcriptase is quite high (10- to 10000- fold more) when compared to the 

cellular DNA polymerases. This is in part due to lack of 3’-5’ exonuclease activity in the 

reverse transcriptase that ultimately prevents it from proofreading the newly incorporated 

dNTPs. All these errors result in mutations that in turn acts as a defense mechanism 

protecting the reverse transcriptase from any attempts made towards targeting the enzyme.    

The RNase H domain of the reverse transcriptase is responsible for the digestion of 

RNA portion of the RNA/DNA heteroduplex along with the primer tRNA and the polypurine 

tract. Viral mutants lacking RNase H domain are found to be non-infectious. RNase H 

domain was the first to be crystallized among other segments of the reverse transcriptase. 

The crystal structure of RNase H domain shares a very close structural resemblance to the 

RNase H of E. coli and Thermus thermophilus that folds and adopts a structure that consists 

of β sheets that are surrounded by four α helixes. The active site of the RNase H domain 

consists of conserved residues that include Asp443, Glu478, Asp498 and Asp549 [75]. In the 

crystal structure, these four conserved acidic residues are found to be stabilized by two Mn
2+

 

ions that under in vivo conditions might be stabilized by Mg
2+

 ions [76]. Site directed 

mutagenesis studies found these residues to be extremely critical for the RNase H activity of 

the reverse transcriptase. It has been demonstrated that the mutation of the Asp443 and 

Glu478 residues affects only the RNase H activity and does not affect the polymerase activity 
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of the reverse transcriptase. However, the mutation of the Asp498 to Asn completely 

destabilizes the reverse transcriptase abolishing both activities. The RNase H activity of the 

reverse transcriptase is specific for RNA/DNA heteroduplex and this specificity comes from 

the unique conformation of the RNA/DNA heteroduplex. The RNA/DNA heteroduplex 

adopts a unique conformation that is an intermediate of the A and B form with a minor 

groove width of around 9-10 Å. It has been observed that the substrates in which the minor 

groove width is different from 9-10 Å are less efficiently cleaved by reverse transcriptase. 

The valuable information gained from the crystal structures of reverse transcriptase has not 

only helped identify and understand functions of the key residues in the structure of the 

reverse transcriptase but has tremendously helped in developing drugs targeting key steps in 

the replication cycle of the virus.  

 

Inhibitors of HIV-1 reverse transcriptase 

The early identification and understanding of the critical roles that reverse 

transcriptase perform in the HIV-1 viral life cycle helped identify reverse transcriptase as an 

attractive therapeutic target against anti-HIV therapy. The very first anti-HIV drug to be 

approved for the treatment of HIV infection was Azidothymidine (AZT) in 1986 that inhibit 

reverse transcriptase. Currently, nearly half of the total FDA approved anti-HIV drugs belong 

to a class known as RT inhibitors that aims at inhibiting the polymerase activity of RT, 

emphasizing the importance of reverse transcriptase as anti-HIV target. The drugs that 

currently inhibit RT belong to two different classes: nucleoside/nucleotide RT inhibitors 
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(NRTI/NtRTI) and non-nucleoside RT inhibitors (NNRTI) that inhibit RT by entirely 

different mechanisms.  

 

Nucleoside and nucleotide reverse transcriptase inhibitors (NRTIs) 

The nucleoside/nucleotide reverse transcriptase inhibitors are competitive inhibitor 

analogs of naturally occurring dNTPs that lack the 3’-hydroxyl group required for DNA 

synthesis and thus act as chain terminators once incorporated into nascent DNA by RT. 

These inhibitors are administered in their unphosphorylated form and thus are inactive until 

phosphorylated by cellular kinases into their corresponding 5’-triphosphate active form to 

exert their antiviral activity [77, 78]. The extent of this phosphorylation varies not only with 

the inhibitor but also with the cell type and has often been found to be the rate limiting step. 

To avoid this rate limiting step, monophosphate analogs termed as nucleotide reverse 

transcriptase inhibitors were developed that needed to be biphosphorylated instead of 

triphosphorylated. Currently, there are 7 nucleoside and 1 nucleotide reverse transcriptase 

inhibitor approved by the FDA for treatment of HIV. These include 3’-azido-3’-

deoxythymidine (Zidovudine; AZT); 2’,3’-didehydro-2’,3’-dideoxythymidine (Stavudine; 

d4T); 2’,3’-dideoxycytidine (Zalcitabine; ddC); (-)-β-L-2’,3’-dideoxy-3’-thiacytidine 

(Lamivudine; 3TC); (-)-β-L-2’,3’-dideoxy-5-fluoro-3’-thiacytidine (Emtricitabine; FTC); 

2’,3’-dideoxyinosine (Didanosine, ddI); Abacavir sulfate (ABC) and Tenofovir disoproxil 

fumurate (TDF). Structures of these are presented in Figure 2.  
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Figure 2. Structures of currently FDA approved nucleoside RT inhibitors. 1, Zidovudine 

(AZT); 2, Stavudine (d4T); 3, Zalcitabine (ddC); 4, Lamivudine (3TC); 5, Emtricitabine 

(FTC); 6, Didanosine (ddI); 7, Abacavir (ABC); 8, Tenofovir (TDF). Figure adapted from 

article by Safadi et al. [79] 
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The common feature of these structurally different analogs is that they all lack a 3’-

hydroxyl group. Since these are structural analogues of the naturally occurring dNTPs, they 

compete with dNTPs and get incorporated by RT into the growing DNA chain. Once 

incorporated into the nascent DNA, they act as chain terminators as they lack the 3’-OH 

group required for the nucleophilic attack by the 5’phosphate group of the incoming 

nucleotide thereby preventing the extension of the nascent DNA. However, in order to be 

incorporated into the nascent DNA chain these analogs need to maintain their base pairing 

properties and also prevent any steric clashes that might prevent their incorporation. AZT, 

ddC, d4T, 3TC and tenofovir all have unmodified bases for this very reason with the 

exception of FTC and Abacavir. FTC has a non-bulky fluorine atom that provides stability to 

the molecule while Abacavir is a guanosine analog prodrug that has a cyclopropyl amine 

modification at the position 6 of the nucleobase that helps with the solubility. This form of 

Abacavir is biologically inactive and is converted into non-cyclopropyl amine guanosine 

analog by the action of adenosine monophosphate deaminase enzyme. 

Although the nature and number of modifications are limited on the nucleobase, the 

sugar moiety is more amenable for modification. For example, AZT has an azide group 

instead of the regular 3’-hydroxyl group; ddI and ddC lacks both the 2’ and 3’ group and are 

referred as the dideoxynucleoside analogues; d4T has double bond between the 2’ and 3’ 

position while Abacavir has a cyclopentene ring.  
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Resistance to nucleoside reverse transcriptase inhibitors  

Reverse transcriptase is a highly flexible and error prone enzyme. This often leads to 

development of mutations and finally resistance against any class of antiviral drugs 

especially when taken alone. The combination of different antiviral drugs often called as 

HAART therapy greatly slows down the rate of mutations and hence the development of 

resistance. There are currently two mechanisms by which RT develop resistance against 

nucleoside/nucleotide reverse transcriptase inhibitors: 

1) By preventing the incorporation of these analogues into the nascent DNA chain 

2) By excision of the already incorporated analogue thereby making the 3’ end 

available/free for extension.  

The first mechanism involves mutation of residues in the palm and finger subdomains 

of the RT that allows RT to differentiate better between the natural dNTPs and the 

nucleoside/nucleotide reverse transcriptase inhibitors. One such important mutation 

associated with this mechanism involves mutation of the Met184 within the highly conserved 

residue of YMDD of HIV-1 RT. Mutation of the Met184 to Leu or Ile causes steric 

hindrance thereby preventing the incorporation of these analogues. Development of 

resistance against 3TC and FTC NRTIs is attributed to this mutation [80, 81].     

The second mechanism by which RT develops resistance against NRTIs is by 

excising the already incorporated NRTI thereby releasing the block in extension of the 

nascent DNA. During the regular polymerization step, incorporation of NRTI into the 

growing DNA chain leads to translocation of the primer thereby releasing the nucleotide 

binding site for the binding of the next incoming nucleotide [82, 83]. However, mutations 
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occur in RT that reverses/prevents this translocation thereby allowing RT to excise the 

incorporated NRTI from the nucleotide binding site by transferring the NRTI to a 

pyrophosphate donor such as ATP. Such an excision step is termed as ATP-lysis or 

pyrophosphorolytic activity. This type of resistance mechanism was first observed in case of 

AZT and d4T. Larder et al. were able to identify the key residues involved in this kind of 

resistance that includes: M41L, D67N, K70R, L210W, T215F/Y, K219E/Q and are 

collectively termed as thymidine-analog mutations (TAMs). Huang et al. in their crystal 

structure study found these mutations to be concentrated around the dNTP binding pocket 

indicating their direct influence on the NRTI binding. These mutations are also believed to 

increase the affinity of RT towards ATP thereby causing the excision of the NRTI. In case of 

AZT, such mutations may involve steric clashes by the AZT azide group causing the AZT-

MP to reside in the nucleotide binding site and preventing its translocation to the primer site 

thereby causing its excision.  

   Clinical studies suggest that TAMs not only lead to resistance in case of thymidine 

analog inhibitors but mutations such as T215F/Y are particularly involved in the clinical 

response to d4T, Abacavir and ddI.  
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Other Investigational NRTIs 

NRTIs are one of the most important classes of antiretroviral drugs. However, long 

term use of NRTIs is limited due to the toxicity and resistance issues associated with them. 

New drugs are continuously under investigation to help improve issues associated with 

NRTIs. Some of the drugs that are currently being investigated as potential NRTIs are: 

1) NRTIs with traditional mechanism of inhibition  

a) Apricitabine (ATC) is a deoxycytidine analogue that is currently under Phase III 

clinical trials. It shares structural similarities with 3TC and FTC and is of 

considerable interest because of its activity against the M184V variants and the 

AZT-resistant viruses containing multiple thymidine analogue-associated 

mutations (TAMs). No mitochondrial toxicity has been observed in the in-vitro 

studies with 200μM concentration [84, 85] but ATC has been found to have 

negative interaction with 3TC and FTC thereby limiting its use in the combination 

therapy involving 3TC and FTC.  

b) Amdoxovir is a prodrug that needs to be deaminated to convert into its active 

form which is 1-β-D-dioxolane guanosine (DXG). Like ATC, Amdoxovir also 

shows good antiviral activity against the M184V and the TAMs variants but is 

susceptible towards the K65R variants. The active form i.e. DGX has not been 

observed to contain any mitochondrial DNA toxicity, a major side effect with the 

current NRTIs but the prodrug itself has been found to have significant toxicity 

towards the mitochondrial DNA.  
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c) Racivir (RCV) is currently being investigated for its anti HIV and HBV by 

Pharmasset, Inc. It is a racemic mixture of (-) FTC and (+) FTC. RCV has 

successfully completed Phase IIb clinical trial and so far has been found to have 

better resistance profile when compared with (-) FTC alone against the resistant 

variants. The mitochondrial DNA toxicity of RCV still needs to be evaluated.  

Structures of some of the investigational NRTIs with traditional mechanism of 

inhibition are presented in Figure 3. 

 

 

 

Figure 3. Structures of investigational NRTIs with traditional mechanism of inhibition. 1, 

Apricitabine; 2, Amdoxovir; 3, Racivir. Figure adapted from article by Jochmans et al. [86] 
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2) NRTIs with novel mechanism of inhibition  

a) NRTI-monophosphate mimics: One of the rate limiting steps with the NRTIs is 

the first phosphorylation step. To bypass this, phosphonate group was introduced 

in Tenofovir to help fasten the further polyphosphorylation steps. In similar 

attempts, Meyer et al. replaced the α-phosphate of the deoxynucleoside-

monophosphate with a borano group. These borano modified NRTIs not only had 

much faster rate of phosphorylation when compared to the regular NRTIs but in 

addition, they also exhibited better resistance profiles [87-89]. However, no 

antiviral activity was observed for these borano modified NRTIs in cell based 

replication assays. Matamoros et al. modified the α-phosphate oxygen with sulfur 

atom in AZT-TP. This phosphorothioate-AZT was recognized and incorporated 

by RT thereby leading to chain termination. In addition, the phosphorothioate 

group provided resistance towards the pyrophosphorylysis, a common mode of 

resistance observed in AZT-resistant RT variants [90].   

b) NRTI-triphosphate mimics: The most promising NRTI-triphosphate mimic has 

been the 5’-α-borano, γ-(difluoromethylene) triphosphate group appended to 

AZT. Although, the mimic inhibits RT but no antiviral activity was observed 

presumably because of poor cell permeability.  

c) 4’-substituted NRTIs: The 4’-substituted NRTIs have unmodified 3’-OH group 

along with modifications at the 4’ position. The very first 4’ substitution studied 

was azido group in the form of 4’-azido-thymidine that was incorporated into 

nascent DNA by RT and inhibited HIV replication with an efficacy similar to 
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AZT [91, 92]. One of the most promising 4’ modification include the 4’-ethynyl 

substitutions such as in 4’-ethynyl-2-fluoro-2’-deoxyadenosine (EFdA). EFdA 

inhibits RT in sub-nanomolar concentrations by preventing the translocation step 

during the polymerization step as suggested by the site specific footprinting 

experiments. Some of the key features of EFdA include efficient cellular uptake, 

better intracellular stability and activity against M184V variants [93]. Other 

investigational 4’-substitutions include 4’-methyl-thymidine, 4’-ethyl-thymidine, 

4’-azido and 4’-cyano containing thionucleosides.   

d) Mutagenic nucleosides: These nucleosides take advantage of the lack of proof 

reading ability of RT that in turn leads to high rate of mutations. The most 

promising mutagenic nucleoside under investigation is KP-1461, a prodrug of 

KP-1212. KP-1212-triphosphate gets incorporated opposite to the guanosine 

residue by RT. Once incorporated, KP-1212 causes mutation during the synthesis 

of second DNA strand by incorporating dAMP opposite to dGMP thereby 

inhibiting the replication process [94]. Recently, two drugs Decitabine and 

Gemacitabine have received FDA approval that causes increase mutations in RT 

and reduced viral infectivity.  

Figure 4 illustrates the structures of some investigational NRTIs with novel 

mechanisms of inhibition against RT.  
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Figure 4. Structures of investigational NRTIs with novel mechanism of inhibition.  

a) Monophosphate mimics: 1, α-borano-AZT-monophosphate; 2, α-borano-PMPA.  

b) Triphosphate mimics: 3, 5’-α-borano-β,γ-(difluoromethylene) triphosphate-AZT.  

c) 4’-substituted nucleosides: 4, EFdA. Figure adapted from article by Jochmans et al. [86] 
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Non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

NNRTIs are the second class of FDA approved drugs that inhibit RT. Unlike, NRTIs 

that are structural analogs of naturally occurring dNTPs, NNRTIs are hydrophobic molecules 

and are allosteric inhibitors of RT. These molecules bind to a binding pocket that is located 

on the p66 subunit of RT and is located within 10Å of the DNA polymerase active site [95]. 

The binding pocket is not observed in the unliganded crystal structure and is formed only 

upon binding of the NNRTIs that primarily involves the hydrophobic residues along with 

side chains of some aromatic amino acids such as Y181 and Y188.  Binding of NNRTIs is 

primarily driven by the hydrophobic and π-π interactions including hydrogen bond with 

K101 residue. Binding of the NNRTIs to this pocket causes structural rearrangement of key 

catalytic residues in the DNA polymerase active site along with the primer grip site thereby 

affecting the polymerization step and halting the RT. NNRTIs are highly specific towards 

HIV-1 RT and does not inhibit HIV-2 RT, other retroviruses and human DNA polymerases. 

 Currently, there are five FDA approved NNRTIs. These include Nevirapine, 

Delaviridine, Efavirenz, Etravirine and the most recently approved Rilpivirine. The structures 

of these are presented in Figure 5. The first approved NNRTI was Nevirapine.  
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Figure 5. Structures of currently FDA approved non-nucleoside RT inhibitors. 1, Nevirapine; 

2, Delavirdine; 3, Efavirenz; 4, Etravirine; 5, Rilpivirine. 
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These drugs are usually used in combination with other antiretroviral drugs because 

of their increased susceptibility towards resistance that is caused due to mutations of the 

residues involved in the binding pocket of these inhibitors. For example, resistance against 

Nevirapine is observed as early as in the first week of administration. The main reason 

attributed to this early development of resistance towards NNRTIs is the rigid structure of 

these inhibitors that was intentionally designed to lower the entropic cost of these inhibitors 

upon binding. Unfortunately, their rigid structure also limits their ability to rearrange 

themselves to accommodate any changes in the hydrophobic binding pocket that is 

introduced due to mutations. As a consequence, as little as just one or two mutations in the 

residues that form the binding pocket for these inhibitors or even mutation of a distant 

residue (such as V106A) that can change the conformation of the residue in the active 

binding pocket is enough to develop resistance towards NNRTIs.  

The two most common mutations observed that leads to development of resistance in 

case of NNRTIs are the K103N and Y181C mutations [96]. Mutation K103N leads to a new 

hydrogen bond between Y188 and N103 that raises the energy barrier required by the 

NNRTIs to enter the hydrophobic binding pocket thereby preventing their binding. Mutation 

Y181C/I and Y188C/L causes loss of the stacking interaction that otherwise happens 

between the Y181, Y188 and the NNRTIs thereby lowering the affinity of the NNRTIs. In 

addition, there are mutations such as G190A/E/Q/T that introduces bulky side chains in the 

binding pocket thereby sterically interfering with the functional groups of NNRTIs 

(cyclopropyl ring in case of the Nevirapine) and blocking their binding. With the structural 

rigidity in mind, flexible second and third generation NNRTIs were designed that includes 
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the Etravirine and recently FDA approved Rilpivirine. The increased flexibility of these 

newer NNRTIs allows them to rearrange themselves to the changes in the binding pocket that 

are caused by mutations, making them more resistant towards resistance.  

 

Other investigational strategies for inhibiting HIV RT 

1) RNase H inhibitors: RNase H activity of RT is essential to the viral replication. Small 

molecule based approaches have been attempted to inhibit this key activity of RT by 

designing molecules that can chelate or alter the coordination of the two metal ions 

present in the active site of the RNase H. These include the diketoacid based small 

molecule (RDS1643) developed by Tramontano et al. and the hydroxylated tropolone 

based β-thujaplicinol developed by Budihas et al [96, 97]. These molecules inhibit 

HIV replication in low μM range and are proposed to act by inhibiting the RNase H 

activity of RT however their true mode of inhibition is still under investigation. In 

addition to the metal disrupting based approaches, allosteric inhibitors are also being 

investigated such as vinologous urea VU477 that has been proposed to make contacts 

with the conserved residue H539 that in turn brings conformational changes in the 

loop containing H539 thereby destabilizing the p66 RNase H/p51 thumb interface.  

2) Nucleotide competing RT inhibitors: A new class of NNRTIs was recently introduced 

by Jochmans et al. and Zhang et al. referred as INDOPY-1 that has an indolopyridone 

core structure and inhibits RT [98, 99]. INDOPY-1 competes with the incoming 

dNTP and thus inhibits RT in a competitive manner just like NNRTIs, although it 

does not share structural similarities with the NNRTIs. INDOPY-1 has been found to 
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be selective against Lentiviruses and inhibits HIV-1, HIV-2 and SIV and has not 

shown any toxicity so far. However, just like other NNRTIs, INDOPY-1 is also 

susceptible towards the resistance issue and develops resistance in M184V variants.  

3) Nucleic acid based inhibitors: Several nucleic acid based approaches have been 

attempted as potential RT inhibitors. This includes RNA and DNA based aptamers 

and short structured oligonucleotides. For instance Jaeger et al. developed and studied 

the crystal structure of an RNA based aptamer against HIV-1 RT that inhibits RT. 

Although, poor resolution of crystal structure did not allow study of the key 

interactions, it appeared that the aptamer inhibited RT by binding at a site that 

overlapped with the template-primer binding site [100]. Likewise, Kissel et al. 

developed and studied a ssDNA aptamer, RT1t49. Mutational and footprinting studies 

suggested that this aptamer also bound at the template-primer binding site on RT and 

even extended to the polymerase active site [101].  Similarly, a DNA thioaptamer was 

developed by Somasunderam et al. that bound specifically and tightly with the RNase 

H domain of RT thereby preventing its RNase H activity [102].  

Among the short structured oligonucleotides, Mescalchin et al. developed a 

hexanucleotide oligo named Hex-S3 (5’-TCGTGT-3’) that bind specifically to RT 

with low μM affinity. Although, Hex-S3 does not inhibit either the polymerase or the 

RNase H activity of RT, it does cause reduction in the virus particle production [103]. 

4) Mutagenic nucleosides: These nucleosides are designed to take advantage of the lack 

of proof reading ability of RT during replication cycle that often lead to mutations. 

These analogs are designed to cause misincorporation of the dNTPs thereby 
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increasing the mutation rate to an extent that increases the error threshold during the 

viral replication and thus suppressing the HIV replication. The proof of principle was 

demonstrated by Loeb et al. with 5’-hydroxy-2’-deoxycytidine [104]. One of the 

promising leads in this direction include a cytidine analog, KP1212 that gets 

incorporated by the RT into growing DNA chain against guanosine residues. Addition 

of KP1212 causes up to 90% increase in the mismatched nucleotide incorporation by 

adding dAMP instead of dGMP into the growing DNA chain and thus halting the 

replication. Unfortunately, the clinical trials initiated by Koronis Pharmaceuticals 

against KP1212 were terminated in 2008 due to safety issues associated with KP1212 

that could be due to possible incorporation of such nucleosides in genomic or 

mitochondrial DNA.   

 

Issues with currently FDA approved RT inhibitors 

Although, the NRTIs and NNRTIs have significantly helped decrease the morbidity 

rate associated with HIV infections, their true potential is seriously limited and compromised 

because of the toxicity and resistance issues associated with them. One of the major toxicity 

issue associated with the currently FDA approved NRTIs inhibitors is their potential  

incorporation by the cellular DNA polymerases in addition to their ability to bind and 

damage the mitochondrial DNA of liver and muscle tissues thereby causing serious cellular 

toxicities.  In addition, NRTIs are highly susceptible to development of resistance by HIV 

that is caused by the mutation and excision mechanisms as discussed earlier thereby limiting 

their overall long term benefits. Thus, there is a growing need for better drug designing 
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strategies in targeting potential therapeutic targets from the HIV life cycle that can help 

overcome or limit the toxicity and resistance issues associated with current available 

therapies. The next chapter will focus on a novel strategy that aims at targeting the enzyme 

reverse transcriptase using small molecules utilizing the key RNA/DNA heteroduplex that is 

formed during the reverse transcription process in the viral life cycle.      
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CHAPTER 2 

INHIBITION OF REVERSE TRANSCRIPTASE BY TARGETING THE KEY RNA/DNA 

HETERODUPLEX 

 

The introduction section discussed about current and investigational approaches that 

target some of the key potential therapeutic targets/steps in the HIV life cycle. Although each 

target/step has its own key function and importance in the overall life cycle, HIV reverse 

transcriptase has always been an appealing target. This is because of the key function it plays 

in helping reverse transcribe the viral genetic material (RNA) into replication competent 

cDNA. Currently, NRTIs and NNRTIs are two classes of drugs that help in intercepting the 

life cycle by inhibiting reverse transcriptase. However, toxicity and more importantly 

resistance issues associated with this and other classes of anti-HIV drugs, potentially limits 

their usage and efficacy. Some of the investigational approaches such as an oligonucleotide- 

based strategy that is based on developing aptamers against RT are promising but they pose 

potential stability and drug delivery issues for in vivo use. Hence, there is still need to 

identify new strategies that would be unique and specific in inhibiting RT and would be less 

prone to resistance issues that currently limits the NRTIs and NNRTIs efficacy.  

One novel and unique approach could be targeting the RT via the key intermediate 

RNA/DNA heteroduplex that is formed during the reverse transcription step. Once the viral 

membrane fuses with the T cell membrane, the viral contents that include viral RNA and 

reverse transcriptase are released inside the T cell. The reverse transcriptase reverse 

transcribes the viral RNA into replication competent cDNA via formation of an intermediate 
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RNA/DNA heteroduplex (Figure 6).  This intermediate RNA/DNA heteroduplex could be a 

promising potential therapeutic target as it is the only key intermediate product that is formed 

during the conversion of viral genetic material i.e.  RNA into replication competent cDNA. 

In addition, the RNA/DNA heteroduplex remains in very close proximity with RT during this 

process thereby allowing it to be used as a potential platform to target specific interactions 

with RT. 

 

 

 

Figure 6. Schematic representation of HIV-1 life cycle. Reverse transcription step by RT 

leading to formation of the key RNA/DNA heteroduplex.   

 

 

 

 

 



41 

 

Hypothesis 

Although, the HIV-1 life cycle is currently intercepted at several different stages 

including inhibition of RT, it is important to note that the key RNA/DNA intermediate 

formed during reverse transcription step has gone unnoticed as a potential therapeutic target. 

Unfortunately, none of the currently available therapies and even investigational approaches 

aims at taking advantage of this unique and key intermediate product in targeting RT. Our 

hypothesis involves targeting of the key RNA/DNA heteroduplex by designing small 

molecules that can specifically bind to this RNA/DNA heteroduplex, thereby interfering and 

preventing its conversion to replication competent cDNA and halting the HIV replication 

cycle (Figure 7). A small molecule based approach is appropriate to test our hypothesis, 

keeping in mind the potential advantages it offers in terms of molecular size, bioavailability, 

pharmacokinetics and delivery aspects. 

 

 

 

         

Figure 7. Schematic representation of our hypothesis. Targeting of the key RNA/DNA 

heteroduplex using small molecules e.g. intercalators will inhibit RT and its subsequent 

conversion to cDNA. 
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Thus, the hypothesis not only helps identify this key RNA/DNA heteroduplex as a 

potential therapeutic target by itself but also provides an opportunity to use it as a potential 

platform to identify specific interactions with RT during its conversion to cDNA. There are 

at least two possible mechanisms by which this hypothesis can lead to inhibition of RT as 

shown in Figure 8: 

1. Inhibition of RNA/DNA extension via formation of a binary complex:  

In this proposed mechanism, binding of small molecule e.g. intercalators with 

RNA/DNA heteroduplex would lead to formation of a binary complex wherein 

binding of small molecule induces structural deformation of the heteroduplex. Our 

hypothesis is that this structural deformation would be significant enough that it 

would prevent recognition of RNA/DNA heteroduplex by RT. This would ultimately 

prevent further incorporation of the dNTPs thereby preventing extension of the 

heteroduplex and hence its conversion to the cDNA.  

2. Stalling of the RT via formation of a ternary complex: 

In contrast to the possibility of structural deformation of the key RNA/DNA 

heteroduplex that could happen due to binding of small molecule, there could also be 

a possibility that the small molecule is tolerated by RNA/DNA heteroduplex. Under 

such circumstances, small molecules will not be able to cause enough structural 

deformation of the heteroduplex and RT would still be able to recognize and bind 

with the heteroduplex, forming a ternary complex. Our hypothesis is that in such an 

event, the functionalities present on the small molecule would have the opportunity to 

specifically interact with the proximal functionalities on RT thereby arresting the 
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enzymes extension and translocation abilities. This mechanism would offer 

RNA/DNA heteroduplex to be used as a potential platform for small molecules to 

engage specific interactions with RT thereby allowing specific inhibition of RT.   

 

 

 

 

 

 

 

 

 

 

Figure 8. Schematic representation of possible mechanisms that can lead to inhibition of RT. 

1) Formation of a binary complex would prevent further extension of the heteroduplex.  

2) Formation of a ternary complex would arrest RTs extension and translocation ability.  
 

 

1.  

2. 
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Rationale 

 The rationale behind the proposed hypothesis of inhibiting RT via the key 

RNA/DNA heteroduplex is based on some of the key features and advantages this approach 

offers. Some of these include: 

1. RNA/DNA heteroduplex is a key intermediate product that is formed and required for 

the formation of replication competent cDNA. Thus, being able to block its extension 

would help prevent formation of the cDNA thereby halting the downstream steps of 

the viral life cycle.  

2. Since RT carries out the reverse transcription of viral RNA to cDNA via this 

intermediate RNA/DNA heteroduplex, it can be inferred that RT would be in a very 

close proximity with the heteroduplex during its extension and final conversion to 

cDNA (Figure 9). Thus, RNA/DNA heteroduplex can serve as a platform for small 

molecules to pick specific interactions with RT thereby allowing designing of small 

molecules that could be specific inhibitors of RT. 

3. RNA/DNA heteroduplexes are rarely present under normal physiological conditions. 

Thus, molecules designed to specifically target the RNA/DNA heteroduplex in theory 

could have very high specificity against RT. 

4. Finally, in addition to their rare occurrence, RNA/DNA heteroduplex also have 

unique structural properties such as pitch and helical angle that provide sharp 

distinction from other forms of normal nucleic acids such as RNA and DNA 

duplexes. This in turn would help achieve specific inhibition of RT.     
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Figure 9. Close association of reverse transcriptase with the RNA/DNA heteroduplex during 

its extension and conversion to cDNA makes it a promising therapeutic target to inhibit RT. 

 

 

Intercalators: Choice of small molecule to target RNA/DNA heteroduplex 

Since the strategy involves inhibiting RT via targeting the key RNA/DNA 

heteroduplex that is a nucleic acid based target, our hypothesis would benefit the most by 

starting with a class of molecules that inherently possess some affinity towards nucleic acids. 

The idea behind choosing such molecules is to take advantage of their inherent binding 

ability towards nucleic acid and modifying them with groups that could interact with RT or 

help bind specifically to RNA/DNA heteroduplex and achieve both higher affinity as well as 
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specificity. One such classes of molecule that are known to avidly bind nucleic acids are 

called intercalators. Intercalators such as ethidium, acridine, quinoxaline and actinomycin are 

planar aromatic molecules that stack between the base pair of double stranded nucleic acids 

leading to structural deformation of nucleic acids [105]. This structural deformation impairs 

the recognition of nucleic acid by their binding partners such as proteins. If binding of such 

intercalators could lead to enough structural deformation of the RNA/DNA heteroduplex it 

could potentially prevent its recognition by RT. This would ultimately prevent generation of 

cDNA thereby halting the HIV life cycle. However, problem with these classes of molecules 

is that they are generic binder of nucleic acids, i.e. they cannot differentiate between 

RNA/RNA, RNA/DNA or DNA/DNA duplexes. Thus, in absence of specificity towards the 

target RNA/DNA heteroduplex such molecules would also bind to other duplexes present in 

the cell leading to high toxicity (Figure 10).   

 

 

 

Figure 10. Schematic representation of non-specific binding of intercalators to nucleic acids. 

As generic binders, intercalators fail to differentiate between RNA/DNA or normal duplexes 

that are present in the cell. 
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Strategies to improve specificity 

Under the hypothesis section, two possible mechanisms were proposed by which 

intercalator based molecules could potentially inhibit RT via targeting of the key RNA/DNA 

heteroduplex. However, as discussed earlier one of the major issues with intercalator based 

molecules is that they are generic binders of nucleic acids. Hence, it would be important to 

design and modify these molecules so that higher specificity could be achieved towards the 

RNA/DNA heteroduplex when compared to other nucleic acids present in the cell. Although, 

unique structural properties of the heteroduplex (pitch and helicity) when compared to other 

nucleic acids should help these molecules to be fairly specific, small molecules could still be 

modified to improve their specificity. One possible strategy that could allow improve the 

specificity is to modify these molecules with functional groups (e.g. acting as H-bond 

donors/acceptors; participating in charge-charge interactions, etc.) that could interact 

specifically with the functional groups present on RT. The idea here is that the intercalator 

part of these modified molecules would serve as a platform to bind with the RNA/DNA 

heteroduplex over which these added functionalities can pick specific interactions with RT. 

Since such functionalities would only be present on RT and not on other nucleic acids, these 

molecules would be able to bind specifically with the RNA/DNA heteroduplex and not with 

other nucleic acids present in the cell (Figure 11).   

Finally, the specificity of these molecules could be further improved by reducing the 

intercalator part so that binding is primarily driven by specific interactions as oppose to the 

intercalation. Since intercalation is primarily responsible for the non-specificity of 

intercalators, reducing the intercalator part, e.g. going from a three or four ring system to a 
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two ring system, would potentially help limit the non-specific binding. The hope here is that 

the loss in binding energy due to reduction of the intercalator part would be compensated by 

the specific interactions that these modified molecules would engage with RT (Figure 12).   

 

 

 

 

Figure 11. Schematic representation of specific interactions between added functionalities on 

intercalator based small molecules and functionalities present on RT leading to specific 

binding of these small molecules with RNA/DNA heteroduplex. 
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Figure 12. Scheme showing reduced intercalator part. Specific interactions would allow 

targeting of RNA/DNA heteroduplex with high affinity and specificity. 

 

 

HIV-1 RT assay 

In order to identify any possible leads against RT, we needed an assay system that 

would allow determine activity of RT in the absence (100% activity) and presence of an 

inhibitor (reduced activity i.e. inhibition). Multiple enzymatic assays are based either upon 

fluorescence or incorporation of radioactive isotopes such as 
3
H or 

32
P. While, both 

fluorescent and radiotracer based approaches have their own advantages, we focused mainly 

on the radioactive based assay primarily because of the better sensitivity it offers over 

fluorescence. In addition a radioactive based assay would not suffer from interference issues 

especially in case of molecules that might have auto fluorescence. Although, the background 

signal in case of radioactive assay could be higher when compared to fluorescent assay, a 

thorough washing step should help minimize the background signal. Also, the actual signal 

could be corrected for the background signal by including appropriate baseline controls. 
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Principle of the radioactive based HIV-1 RT assay 

The principle of assay is simple and based upon incorporation of radiolabeled dNTPs 

by enzyme reverse transcriptase on a RNA/DNA based template/primer (Figure 13). The 

assay helps determine activity of enzyme reverse transcriptase via incorporation of 
3
H-dTTP 

on a poly(rA).p(dT)12-18 substrate by RT by causing its extension during a defined reaction 

period. The reaction is quenched using a chelating agent such as EDTA or TCA that chelate 

the divalent cations thereby arresting RT’s polymerase activity and preventing any further 

incorporation of 
3
H-dTTP. The reaction mixture is spotted on an anion exchange filter that 

captures the product along with any unincorporated 
3
H-dTTP.  The filter paper is thoroughly 

washed to wash away any unincorporated 
3
H-dTTP. The filter paper is dried and the amount 

of radioactivity incorporated by RT is determined using a scintillation counter. The signal 

thus obtained is considered as 100% signal reflecting activity of RT in absence of any 

inhibitor. To assess the inhibitory activity, inhibitor is added and allowed to incubate with RT 

in the reaction mixture. If inhibitor would bind to RNA/DNA heteroduplex, enzyme RT or 

both, it would result in a drop in the amount of radioactivity that gets incorporated in the 

RNA/DNA heteroduplex thereby generating a lower signal when compared to the 100% 

signal. A proportion value ranging between 0 and 1 can thus be obtained for each inhibitor 

screened against the 100% signal to identify signs and extent of inhibition. For instance, a 

proportion value of 1 for an inhibitor would suggest no inhibition while a value of 0.5 would 

suggest 50% inhibition. Finally, an IC50 value can be determined to assess the affinity of an 

inhibitor against RT by plotting the proportion values against different concentrations of 

inhibitor.  
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Figure 13. Scheme representing the principle of radioactive based RT assay. In the absence 

of inhibitor, RT extends poly(dT)12-18 primer by incorporating 
3
H-dTTP that is quantitated 

as 100% signal using scintillation counter. In the presence of an inhibitor, there is less 

incorporation of 
3
H-dTTP indicating inhibition of RT.  
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Establishment of HIV-1 RT assay 

A radioactive RT assay based on the principle described above was established to 

screen and identify lead inhibitors against HIV-1 RT. The assay can be categorized into two 

assay systems depending upon how many points each assay can accommodate along with the 

type of isolation and washing setups used for the isolation of product. These are: 

1. Non high-throughput assay system or Assay A 

2. Semi high-throughput assay system or Assay B 

While both the assay systems are based on the same principle, they primarily differ in 

the number of assay points that could potentially be screened in a given single experiment 

along with the setup that is used for the washing and isolation of final product. For example, 

Assay A utilizes heat block for the incubation and a vacuum manifold that can hold up to 22 

filter holders on which 2.5 cm filter papers can be placed for the isolation of terminated 

reaction product. Thus, Assay A allows a maximum of 22 points that can be screened in the 

assay and requires time consuming washing and drying steps. However, Assay B uses either 

a heat block or a thermomixer for the incubation step and allows maximum of 48 assay 

points to be screened in a given assay and uses a 96 well filter plate for the isolation and 

washing of the reaction product that helps tremendously with the washing and isolation step. 

Chronologically, Assay A was established first and all the basic troubleshooting involved in 

the establishment of the RT assay was done on the system involved in Assay A. Once the 

assay was established, it was later extended to Assay B to screen a greater number of points 

in each experiment and also to expedite the isolation and washing steps. The establishment of 

key parameters associated with both the systems will be discussed separately starting with 
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the establishment of Assay A.  

 

Establishment of non-high throughput RT assay (Assay A): 

A number of assays were studied and compared to identify the best assay conditions 

that included nature of radioisotope used, buffer components, amount of 

radioactivity/enzyme required and total reaction time required for the assay [106-112]. The 

biochemical assay conditions for our assay were mostly adapted and modified from 

Tramontano et al. as their assay conditions were well reported in their protocol when 

compared to some other references that had incomplete key information in their protocols.  

However, no specific termination and washing conditions were reported by 

Tramontano et al. so the termination and washing conditions were initially adapted from 

Cheng et al. [109] that were further modified. While establishing the assay, we went through 

multiple trials that required optimization and troubleshooting of some specific issues before 

being able to identify and establish final assay conditions. Some of these optimizations and 

troubleshooting included: 

a) Optimization of RT concentration 

b) Evaluation of optimum incubation time 

c) Evaluation of the effect of heat inactivated BSA on assay signal and 

d) Identification of issues leading to high inter and intra experiment variability among 

zero inhibitor (100% signal) control replicates 

 

 



54 

 

a) Optimization of RT concentration: 

During establishment of assay, concentrations for poly(rA).p(dT)12-18 and 
3
H-TTP 

that were originally reported in Tramontano et al. protocol were used. These were 1.25 

μg/mL for the oligo and 10 μM (1 Ci/mmol) for 
3
H-TTP. However, the protocol mentioned a 

wide range of units for RT ranging from 1.6 x 10
-03

 – 0.32 units. To begin, lower end unit i.e. 

1.6 x 10
-03 

units of RT was attempted. However, with this concentration of RT there was very 

low signal for zero inhibitor control (100% signal in the absence of an inhibitor) when 

compared to the baseline control (all assay components except RT). The average zero 

inhibitor signal in a typical experiment was 1548 dpm while the average signal for the 

baseline control was 882 dpm. Thus, with 0.0016 units of RT the window between the 100% 

signal and the baseline control signal was very narrow. Table 1 lists representative data 

obtained with 0.0016 units of RT.   

 

Table 1. Representative zero inhibitor & baseline control signal with 0.0016 units of RT. 

 

Zero inhibitor Signal (dpm) 

 

Baseline control Signal (dpm) 

1 549 

 

1 465 

2 1964 

 

2 1300 

3 991 

   4 2202 

   5 1550 

   6 2031 

   Average 1548 

 

Average 882 

Std. deviation 655 

 

Std. deviation 590 

% variation 42 

 

% variation 67 
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To increase the 100% signal, we first investigated the effect of enzyme concentration 

on the overall signal. For this, initially the enzyme concentration was increased from 0.0016 

units to 0.08 units, making a 50X increase in the RT concentration. Interestingly, we were 

now observing a much higher zero inhibitor signal (Refer Table 2 for a representative data 

obtained with 0.08 units of RT). However, the % variation among the replicates was still 

quite high and this was one of the major issues that we encountered during the establishment 

of this assay and will be discussed in detail under section d. For assay conditions used and 

other relevant details please refer materials and methods section at the end of section c. 

Although, 0.08 units of RT was still within the range of 0.0016 – 0.32 units 

mentioned in Tramontano et al. protocol, we wanted to ensure whether signal obtained with 

0.08 units of RT was within the linear range. To ensure this we investigated the signal 

obtained with varying units of RT that ranged from 0.0016 – 0.3 units; the results are 

summarized in Table 3 and plotted in Figure 14.  

 

Table 2. Representative zero inhibitor & baseline control signal with 0.08 units of RT. 

 

Zero inhibitor Signal (dpm) 

 

Baseline control Signal (dpm) 

1 9786 

 

1 1997 

2 13642 

 

2 1170 

3 17422 

   4 18947 

   5 10091 

   6 18727 

   7 12541 

   8 12232 

   Average 14174 

 

Average 1584 

Std. deviation 3717 

 

Std. deviation 585 

% variation 26 

 

% variation 37 
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Table 3. Summary of signal obtained with 0.0016 – 0.3 units of RT. 

 

 

RT units Activity (dpm) 

0.0016 3.39E+03 

0.016 2.20E+04 

0.032 3.38E+04 

0.048 6.15E+04 

0.064 8.59E+04 

0.08 1.27E+05 

0.096 1.37E+05 

0.112 1.37E+05 

0.128 1.63E+05 

0.144 1.63E+05 

0.16 1.91E+05 

0.176 2.01E+05 

0.192 1.93E+05 

0.208 2.02E+05 

0.224 2.00E+05 

0.24 2.11E+05 

0.256 2.06E+05 

0.272 2.11E+05 

0.288 2.03E+05 

0.304 2.01E+05 
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Figure 14. Effect of varying concentrations of RT on assay signal. Signal obtained with 0.08 

unit of RT was within the linear range. 
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The data suggests that the signal obtained with 0.08 units of RT is in fact within the 

linear range and could be used for the RT assay.  

 

b) Evaluation of the incubation time on RT assay signal 

In order to improve the assay signal, one of the things that we evaluated was the 

effect of concentration of RT on assay signal. In addition, we also wanted to evaluate if the 

incubation time of 30 min as mentioned in the Tramontano et al. protocol was enough to get 

an optimum signal for our assay. To evaluate this, we varied the incubation time for the RT 

assay ranging from 5 to 170 min to capture the time over which signal remains linear. For the 

assay conditions and other details refer materials and methods section at the end of the 

section c. The results for this study are summarized in Table 4 and plotted in Figure 15. 
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Table 4. Summary of the signals obtained with varying incubation time for RT assay. 

 

Incubation time (min) Signal (dpm) 

5 1.08E+04 

10 2.27E+04 

15 3.75E+04 

20 4.86E+04 

25 6.36E+04 

30 7.27E+04 

35 8.43E+04 

40 9.40E+04 

45 1.15E+05 

50 1.21E+05 

60 1.42E+05 

70 1.54E+05 

80 1.69E+05 

90 1.81E+05 

110 1.93E+05 

130 1.95E+05 

150 2.03E+05 

170 1.97E+05 
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Figure 15. Effect of different incubation times on RT assay signal. Signal obtained with 30 

minutes of incubation falls within the linear range. 
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The data suggests that we could potentially increase the incubation time to as high as 

60 min while still having signal within the linear range. However, since almost 9 fold 

difference was observed between the zero inhibitor and the baseline control signals with 0.08 

units of RT and 30 min incubation time, 30 min was used as the incubation time for the 

assay. 

 

c) Evaluation of the effect of heat inactivated BSA on assay signal 

The assay buffer from Tramontano et al. protocol required use of heat inactivated 

BSA as one of the components for assay buffer. Some other protocols such as one from 

Nishio et al. and Antonello et al. also required BSA in their assay buffers but not heat 

inactivated. While establishing the assay, we wanted to evaluate the effect of presence or 

absence of heat inactivated BSA on the overall assay signal. For this, two assay buffers were 

prepared, one with the heat inactivated BSA while the other without heat inactivated BSA. 

For heat inactivated BSA, the BSA solution was heated at 65 °C for 30 min using a 

heat block. The effect of heat inactivated BSA was evaluated using 6 zero inhibitor control 

replicates for each condition. The results are summarized in Table 5.  
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Table 5. Effect of heat inactivated BSA on RT assay signal. 

 

Zero inhibitor replicate Signal with BSA (dpm) Signal without BSA (dpm) 

1 91818 52274 

2 91326 71454 

3 93180 72853 

4 97995 70560 

5 89896 76725 

6 87591 79266 

Average 91968 70522 

Std. deviation 3512 9531 

% variation 4 14 

 

The effect of BSA on the overall assay signal seems significant as there is almost 

25% drop in the overall assay signal for the buffer condition not having heat inactivated 

BSA. This suggests that the presence of heat inactivated BSA does help with the overall 

assay signal and should not be eliminated from the assay buffer composition.  

 

Remarks: The overall assay signal for this particular study is roughly 5 fold higher than the 

average signal of 14174 dpm that we had obtained earlier using almost identical assay 

conditions (Table 2). This is because in this study instead of using the standard glass fiber 

filters for the isolation of product, DEAE anion exchange filters were used. The reason for 

transitioning from the glass fiber filters to the DEAE anion exchange filters will be discussed 

under section d that deals with the identification of the issues leading to high variability 

among the zero inhibitor replicates.  
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Materials and methods 

All the biochemical reagents of molecular biology grade, GF/A glass fiber filter, 

Whatman DE81 2.5 cm ion-exchange filter paper, ScintiVerse™ BD cocktail, 95% ethanol 

and 20 mL glass scintillation vials were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). Enzyme HIV-1 RT, Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18, 
3
H-TTP and dTTP were purchased 

from Amersham Pharmacia (Piscataway, NJ, USA). 

Briefly, the total assay reaction volume was 50 μL and contained 50 mM Tris, pH 

7.8, 6 mM MgCl2
.
6H2O, 80 mM NaCl, 1 mM DTT, 0.1 mg/mL of heat inactivated BSA 

(treating BSA stock at 65 °C for 30 min); 25 μg/mL of poly(rA).p(dT)12-18; 10 μM 
3
H-TTP (1 

Ci/mmol).  

For the study evaluating effect of 0.08 units of HIV RT on the assay signal, the assay 

conditions involved termination using 500 μL of 5% TCA containing 10 mM sodium 

pyrophosphate and waiting for 30 min. Post 30 min, isolation was done by spotting the 

terminated reaction mixture on a GF/A glass fiber filter that was pre wet using 0.1M sodium 

pyrophosphate. The washing steps involved three washings with 5% TCA containing 10mM 

sodium pyrophosphate and 2 times with 95% ethanol. The filter papers were dried by leaving 

the vacuum pump on. Filter papers were carefully transferred to a 20 mL glass scintillation 

vial containing 10 mL of the ScintiVerse
TM

 scintillation cocktail. Samples were analyzed on 

Beckman LS 6500 scintillation counter.  

For the study evaluating varying concentrations of RT, RT units ranging from 0.0016-

0.3 were used in the assay while for the studies evaluating the effect of different incubation 
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times and effect of BSA, 0.08 units of RT was used. All the other assay conditions were 

identical for these studies as described above. The reaction was carried out in a 

microcentrifuge tube for 30 min at 37 °C using a heat block. After 30 min, reaction was 

terminated by adding 10 μL of 0.1M EDTA solution. The terminated reaction mixtures were 

spotted on Whatman 2.5 cm DE 81 ion- exchange filter papers that were mounted on the 

filter holders of the vacuum manifold. The filter papers were washed 3X (1 mL; 5 min each) 

with 5% Na2HPO4
.
7H2O, 1X with distilled water and 1X (1 mL) with 95% ethanol. The 

vacuum pump was left on to dry the filter papers and final drying of the papers was achieved 

using a halogen lamp. The filter papers were carefully transferred to 20 mL glass scintillation 

vial containing 10 mL of the ScintiVerse
TM

 scintillation cocktail. Samples were analyzed 

using Beckman LS 6500 scintillation counter.  

 

d) Identification of issues leading to high inter- and intra-experiment variability among 

zero inhibitor (100% signal) control replicates 

Although 0.08 units of RT helped get a robust signal for the zero inhibitor control 

over the baseline control, one of the major issues that we were still encountering was high 

inter and intra experiment variability among the zero inhibitor control replicates. The 

variability observed among the replicates within the same experiment varied from 26% to as 

high as 70%. Representative data reflecting this huge variability is presented in Table 6.  
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Table 6. Representative data for the high variability observed within zero inhibitor control 

replicates with RT assay. 

 

Zero inhibitor Signal (dpm) 

1 4765 

2 15520 

3 6898 

4 23312 

5 19160 

6 15226 

7 22871 

8 16825 

Average 15572 

St. deviation 6759 

% variation 43 

 

There were certain points for which very low signal (replicate #1 and 3) was observed 

that led to high variability’s within zero inhibitor replicates. However, in addition to these 

outlier points, significant variability was observed among other points as well. This was an 

important concern because this suggested some issue with the assay which if not resolved 

could potentially provide false positives especially in case of single point screening based 

experiments. Several attempts were made to resolve this important issue that are briefly 

discussed.  

 

Attempt 1: Preparation of master mix stock for common assay components 

Prior trying this approach, all the assay components were individually pipetted for 

each replicate point. This approach not only involved too many pipetting steps leading to 

possible propagation of errors from each pipetting step, it was very time consuming as well. 

A master mix approach was utilized to see if it could help eliminate the variability issue 
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wherein a master mix of all the common reagents for each replicate point was prepared in a 

15 mL corning tube that was aliquoted to each replicate point. The hope was that this would 

not only help save time but would also minimize any errors that might be propagating due to 

multiple pipetting steps. Unfortunately, we were still getting roughly 52% variability for 8 

zero inhibitor replicate points (data not shown).   

 

Attempt 2: Use of low retention pipette tips and coating of filter holders with Sigmacoate® 

To ensure that nothing was sticking in the pipette tips or on the filter holder, low 

retention pipette tips were used and normal pipette tips and filter holders were coated with 

Sigmacoate®. Unfortunately, these approaches also did not help resolve the variability issue. 

The variability observed with this approach was around 22% for 8 zero inhibitor replicates 

(data not shown).  

 

Attempt 3: Use of DEAE ion-exchange filter paper instead of the GF/A glass fiber filter 

 One other possibility leading to huge variability could be an inefficient isolation of 

the product. This could happen if the filter paper used for the isolation does not offer 

sufficient and uniform binding platform to the terminated reaction mixture. Interestingly, 

Behforouz et al. utilized anion-exchange filter for the isolation of product instead of GF/A 

glass fiber filter paper used by Tramontano et al. and few other references. Use of anion-

exchange filter seemed reasonable as it would provide positively charged surface that could 

bind the negatively charged product more uniformly and tightly. The reaction termination 
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conditions were not modified at this point and were same as reported by Cheng et al. [109] 

i.e. 5% TCA containing 10 mM sodium pyrophosphate and waiting for 30 min.  

Unfortunately, even with the anion-exchange filters there was 27% variability with 8 

zero inhibitor replicates.  

 

Attempt 4: Use of anion-exchange filter and 0.1 M EDTA for the termination of reaction 

 While use of anion-exchange filter paper when compared to the GF/A glass fiber 

filter made sense, we were still struggling with high variability among zero inhibitor 

replicates even with the use of anion-exchange filters. Since some of the obvious and simple 

approaches such as limiting the number of pipetting steps, inefficient washing and possibility 

of poor isolation of the product did not worked we focused our attention on the conditions 

associated with the termination step. The termination step that was based on Cheng et al. 

protocol required use of 5% TCA containing 10mM sodium pyrophosphate for 30 minutes to 

achieve termination. This step could be a potential issue as 30 min is potentially a long time 

that in turn could lead to variability in the levels of termination achieved across the replicates 

thereby leading to our observed variability. 

We thought of investigating termination conditions that could instead provide 

immediate termination of the reaction as oppose to waiting for 30 min. Interestingly, 

Behforouz et al. utilized 0.1 M EDTA for their termination step which being a chelator can 

help arrest the RT activity much faster than TCA. So we thought of investigating 0.1 M 

EDTA for the termination step instead of 5% TCA. Also, the washing conditions were 
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modified and adapted from Okada et al. that utilized 5% Na2HPO4; water and ethanol 

respectively.  

Interestingly, with this approach we were now getting just 3.6% variability. This was 

encouraging as in the past we were getting quite high variability for the zero inhibitor 

replicates. However, when we repeated this experiment multiple times variability again 

increased to around 17%. Although, use of 0.1 M EDTA for the termination and use of 

DEAE anion-exchange filter paper definitely helped with the variability, there was something 

that we were still missing that was leading to variation in the signal among the control point 

replicates. The key to this issue was identified from the filter holder caps that will be 

discussed under attempt 5.  

 

Attempt 5: Addition of the termination reaction directly on to the filter paper instead through 

the spout of the filter holder cap 

The isolation and washing system used in this assay involved use of a vacuum 

manifold that could hold 22 filter holders on which 2.5 cm filter discs were mounted. The 

terminated reaction mixture was spotted on these discs via a small spout present at the neck 

of a dome shape filter holder cap. This cap screwed on the filter holder and helped secure the 

filter paper.  

It was observed that while adding the terminated reaction mixtures through the spout 

of this dome shaped cap, some of the reaction mixture was getting stuck around the walls of 

this cap as thick droplets. These droplets could not be recovered even during the washing 

steps ultimately leading to variability in the total amount of radioactivity that was being 
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isolated among the replicate points. Thus, amount of reaction material that would loss due to 

the dome shape of this filter holder cap would be quite variable and might explain the 

variability that we were observing in our zero inhibitor replicates. To test this observation, 

the dome part of these filter holder caps was cut leaving behind an open round disc that could 

still be screwed on the filter holders to hold the filter papers. This allowed direct spotting of 

the reaction mixtures on the filter paper thereby eliminating any possibility of the reaction 

mixture getting stuck on the cap.    

Interestingly, with this approach we were now able to eliminate variability among the 

zero inhibitor control replicates that we were observing earlier. Several experiments were 

done utilizing this approach with multiple replicate points before reaching to this conclusion. 

A representative data utilizing this approach is summarized in Table 7. 

 

Table 7. Zero inhibitor control replicates with modified filter holder caps. 

 

Zero inhibitor Signal (dpm) 

1 34754 

2 36723 

3 37512 

4 37354 

5 39505 

6 38031 

7 40528 

8 40053 

9 34682 

10 36732 

11 40207 

12 37381 

Average 37788 

Std. deviation 1978 

% variation 5 
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Although we were now able to get reproducible results with this approach, there were 

couples of outlier points with low signal that we were still observing in almost every 

experiment. Several studies were done to understand the reason behind these outliers such as 

evaluation of thermal efficiency of the heat block, uniformity of the temperature across 

different wells of the heat block etc. but failed to identify the reason for the occasional 

appearance of these outliers. So to help with this outlier issue, several zero inhibitor 

replicates were used.  

 

Establishment of semi high-throughput assay (Assay B) 

After optimization of certain key parameters conditions were established leading to a 

robust zero inhibitor control signal with Assay A, one of the limiting factors still associated 

with this assay was the total number of assay points that could be screened in a given 

experiment. This limitation was mainly due to the vacuum manifold that was used for the 

isolation and washing steps.  The manifold could only hold a maximum of 22 filter holders 

thus limiting the total number of points that could be screened in a given experiment to 22 

points.  

To screen more points, a semi high-throughput system was established that consisted 

of: 

a) 96 well plate with DEAE anion-exchange filter paper 

b) Thermomixer/heat block for incubation  

c) Vacuum manifold that could hold the 96 well plate for washing step and 
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d) Punching machine that would allow punching of the filter papers from the 96 

well plate using punching tips 

Although, this system made washing and isolation steps quite efficient when 

compared to Assay A, maximum number of points that could still be screened with this 

system were limited to 48 points instead of 96 points. This was because the total incubation 

time in the assay was 30 min and only two assay points could be initiated and incubated per 

minute. While establishing this new set up, following aspects were evaluated to ensure that 

the system was well established: 

a) Assay signal  

One of the major concerns while transitioning to this new system was the amount of 

zero inhibitor signal that we would be able to get using the 96 well filter plate containing 

DEAE filter paper. This is because unlike Assay A, that utilized 2.5 cm anion exchange filter 

paper for the isolation of product, DEAE anion exchange filter paper in the 96 well plates 

was just 0.8 cm. Thus, there was a 3 fold difference in the surface area available for the 

isolation of the terminated reaction mixture among the two filter papers that would directly 

affect the overall signal. Hence, the isolation efficiency of 96 well plate was evaluated and 

compared with the efficiency of 2.5 cm filter paper from Assay A. Interestingly, we found 

that the signal obtained with the 96 well plate was almost 3 fold less than the signal obtained 

with the 2.5 cm filter paper that directly correlated with the difference in the surface area’s 

between the two filter papers. Since the zero inhibitor signal dropped with the 96 well filter 

plate, the background signal also dropped thus providing us enough window between the 

100% signal and the background.  
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b) Effect of punching tips and polypropylene scintillation vials 

The isolation set up in this assay required use of punching tips to punch out the filter 

papers from the 96 well plate that would remain in the scintillation cocktail post punching. 

The effect of presence of these punching tips on the 100% signal was evaluated to ensure we 

do not observe any artificial enhancement or quenching of the signal due to the presence of 

these punching tips. Fortunately, no difference was observed in the signal between the 

controls with and without the punching tips. 

The punching system of the Assay B also required use of 10 mL polypropylene 

scintillation vials instead of the 20 mL glass vials used in Assay A. The effect of glass vs. 

polypropylene vials on the assay signal was also evaluated using zero inhibitor control 

replicates. Again, no significant difference in the zero inhibitor control signals was observed 

between the two scintillation vials.  

With the two systems of the RT assay well established, commercial intercalators were 

screened using either of these assays for their potential as possible lead scaffolds against RT. 

The next section will discuss single point screening of commercially available mono and bis 

intercalators that were tested against RT. 
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Screening of commercial mono- and bis- intercalators 

As discussed in the hypothesis and rationale section in the earlier part of this chapter, 

our hypothesis involves inhibition of RT by targeting the key RNA/DNA heteroduplex that is 

formed during the reverse transcription step of viral life cycle using small molecules such as 

intercalators and finally modifying them to help convert these generic nucleic acid binders 

into a specific inhibitor of RT. To identify interesting intercalator based scaffolds, 16 

commercially available intercalator based molecules were tested for their inhibitory activity 

towards HIV RT. The list of these 16 commercial intercalators is summarized in Table 8. 

 

 

Table 8. List of commercial intercalators screened against HIV-1 RT 

 

S. No. Compound ε (M
-1

 cm
-1

) λ (nm) 

1 Rivanol 52,200 360 

2 Acridine Orange 43,300 470 

3 9-Acridine carboxylic acid 8053 356 

4 1-Anthracene carboxylic acid 8053 362 

5 2-Anthracene carboxylic acid 8053 364 

6 Acridine Homodimer 12,000 418 

7 ACMA (9-Amino-6-chloro-2-methoxy acridine) 5600 414 

8 Acridine yellow 32,494 443 

9 Ethidium bromide 5700 480 

10 Doxorubicin 13,600 478 

11 7-Amino Actinomycin D 23,600 528 

12 Actinomycin D 24,500 440 

13 Propidium iodide 5900 493 

14 Daunorubicin 13,330 478 

15 Ethidium homodimer 11,300 418 

16 Ellipticine 57,500 286 
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The chemical structures of these 16 commercial intercalators are provided in Figure 

16. All these molecules possess a flat, planar, aromatic core that is a key requirement for 

intercalation. These molecules can be grouped into different categories on the basis of their 

intercalating and non-intercalating parts. On the basis of their intercalating core, these can be 

categorized as anthracenes (compounds 4 & 5), phenanthridines (9, 13 & 15) and acridines 

(1, 2, 3, 6, 7 & 8). On the basis of the non-intercalating part, these can be categorized as 

peptide based (11 & 12), saccharides (14) and alkaloids (16). In addition, these can be further 

classified on the basis of the number of intercalating units into mono intercalators (ethidium 

bromide) or dimers/bis-intercalators (ethidium homodimer).    
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Figure 16. Structures of 16 commercial intercalators screened as potential inhibitors of HIV 

RT. 

 

II ) 7-Amino Actinomycin D 

NH2 
'7

1 

'" ( , 
/.N~N~ 

, I 

13) Propidium iodide 

H, 
~N~N~+~N" 

+ + N + 

4CI 
- H2 

15) Ethidium Homodimer- I 

12) Actinomycin D 

o OH o 

14) Daunorubicin 

N H, 

16) Ellip ticine 



77 

 

Single point screening of 16 commercial intercalators 

Initially, all 16 molecules were screened at a single concentration using the single 

point screening approach. This approach helps identify lead scaffolds in a single experiment 

as oppose to determining the full IC50 values for all the 16 molecules individually. Although, 

this approach helps rapidly assess an estimated IC50 value, it can be highly error prone if not 

conducted near the true IC50 value of the inhibitor. The estimated IC50 values obtained from 

the single point screening experiment should be confirmed by determining the full IC50 

values by bracketing the estimated IC50 value over a wide concentration range.  

The single point screening of the 16 commercial intercalators was done at a single 

concentration of 10 μM concentration. There was just single assay point for each molecule. 

Please refer to materials and method section for further experimental and assay details.  

The results of the single point screening are summarized in Table 9 in the increasing 

order of their estimated IC50 values.  
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Table 9. Ranking of commercial intercalators from the single point screening at 10 μM. 

 

S. No. Compound Proportion Estimated IC50 (μM) 

1 Ethidium homodimer 0.01 0.06 

2 Ethidium bromide 0.14 2 

3 Propidium iodide 0.23 3 

4 Rivanol 0.67 20 

5 Acridine yellow 0.76 32 

6 Doxorubicin 0.84 52 

7 Acridine Homodimer 0.85 56 

8 7-Amino Actinomycin D 0.90 93 

9 Daunorubicin 0.93 139 

10 ACMA (9-Amino-6-chloro-2-methoxy acridine) 0.84 180 

11 Ellipticine 0.95 182 

12 Acridine Orange 0.95 200 

13 Actinomycin D 0.96 270 

14 9-Acridine carboxylic acid 1.01 No inhibition 

15 1-Anthracene carboxylic acid 1.04 No inhibition 

16 2-Anthracene carboxylic acid 1.04 No inhibition 

     

The results of this single point screening experiment suggested that the 

phenanthridine based intercalators had the highest affinity towards HIV-1 RNA/DNA 

heteroduplex. The top three leads among the commercially tested intercalators were 

phenanthridine based intercalators while the anthracene based intercalators appeared to have 

the least affinity. These results were analogous to a previous result obtained by our group 

wherein commercially available intercalators were screened to identify lead scaffolds against 

telomerase by targeting the RNA/DNA heteroduplex. In this screening ethidium bromide was 

found to be the lead inhibitor of telomerase.   
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Full IC50 value determination of leads 

Full IC50 value determinations were done on some of the leads such as ethidium 

homodimer, ethidium bromide along with few acridine based intercalators such as acridine 

homodimer and ACMA. Although, ACMA was quite low in ranking in the single point 

screening results, it was still pursued for the full IC50 determination as it was the monomer 

version of the acridine homodimer. Propidium iodide was not pursued any further because of 

the presence of multiple positive charges. For determination of true IC50 values, a wide 

concentration range was selected so as to bracket the estimated IC50 values for these 

molecules as suggested by the single point screening experiment.  

 

Materials and methods 

All commercial intercalators were purchased from Sigma Aldrich unless otherwise 

mentioned. Ethidium homodimer and acridine homodimer were purchased from Molecular 

Probes (Eugene, Oregon USA), 1-anthracene carboxylic acid and 2-anthracene carboxylic 

acids were purchased from TCI. All the biochemical reagents (molecular biology grade), 

Whatman DE81 2.5 cm ion-exchange filter paper, ScintiVerse™ BD cocktail, 95% ethanol 

and 20 mL glass scintillation vials were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). Enzyme HIV-1 RT, Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18, 
3
H-TTP and dTTP were purchased 

from Amersham Pharmacia (Piscataway, NJ, USA). 

Compounds were screened using single point screening approach at 10 μM 

concentration using Assay A. The screening was done in two separate experiments with 8 
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compounds screened in each experiment. All the inhibitors had single assay points while 

there were three replicates for zero inhibitor control (all assay components except inhibitor). 

Briefly, the total assay reaction volume was 50 μL and contained 50 mM Tris, 6 mM 

MgCl2
.
6H2O, 80 mM NaCl, 1 mM DTT, pH 7.8; 0.1 mg/mL of heat inactivated BSA 

(treating BSA stock at 65 °C for 30 min); 0.08 units of HIV-1 RT; 25 μg/mL of 

poly(rA).p(dT)12-18 and 10 μM 
3
H-TTP (1 Ci/mmol).  

All primary stocks were prepared using Rnase free water except for Ellipticine whose 

primary stock was prepared in DMSO. Also, 9-acridine carboxylic acid, 1-anthracene 

carboxylic acid and 2-anthracene carboxylic acid had solubility issues. To solubilize these 

compounds, 1X equivalent of 1N NaOH was added that completely dissolved these 

compounds. Similar approach was used for Acridine homodimer wherein 1X equivalent of 

1N HCl was added to achieve complete solubility. 10X secondary stocks (100 μM) were 

prepared and covered with aluminum foil. 5 μL of 10X stocks were added to the standard 

assay reaction mixture. Reaction was initiated with 
3
H-TTP and inhibitors were incubated at 

37 °C for 30 min. At the end of incubation, reaction was terminated by adding 10 μL of 0.1M 

EDTA. The terminated reaction mixtures were spotted on DE81 ion exchange filter papers. 

The filter papers were washed three times with 5% Na2HPO4
.
7H2O, one time with deionized 

water and finally one time with 95% ethanol. The filter papers were finally dried and added 

to 5 mL ScintiVerse BD cocktail. Samples were analyzed using Beckman LS 6500 

scintillation counter.  

The proportion values were determined with respect to the zero inhibitor control and 

the estimated IC50 values were calculated using following equation: 
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IC50 = [I] / (1/P-1) 

where, P is the proportion of the signal with respect to the zero inhibitor control and [I] is the 

concentration of inhibitor used for the single point screening.  

For IC50 determination, proportion values were plotted against concentration and the 

IC50 value was determined using Kaleidagraph
®
 software by fitting the data to the following 

equation: 

P = 1(1+ [I]/IC50) 

where, P is the proportion of the signal with respect to the zero inhibitor control and [I] is the 

concentrations of inhibitor used in the experiment.  

 

Results and discussion 

The IC50 curves of ethidium homodimer, ethidium bromide, acridine homodimer and 

ACMA are presented in Figure 17.  
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Figure 17. Full concentration range IC50 determination plots of ethidium homodimer; 

ethidium bromide; acridine homodimer and ACMA against HIV-1 RT at 25 μg/mL of oligo. 
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The IC50 values of ethidium homodimer and ethidium bromide were found to be 2.3 

μM and 2.2 μM respectively while that for acridine homodimer and ACMA were 13 μM and 

46 μM respectively. While the IC50 value of ethidium bromide (2.2 μM) was almost same as 

that of the estimated IC50 value (2 μM) from single point screening experiment, the IC50 

value of ethidium homodimer was significantly off. It was also very interesting to note that 

the IC50 values for ethidium (2.3 μM) and acridine homodimers (13.1 μM) were almost 

similar to their corresponding monomers i.e. ethidium bromide (2 μM) and ACMA (46 μM). 

This was very surprising as we would expect the dimers to have better affinity and hence 

better inhibition when compared to their monomers as the dimers have two intercalating 

molecules.  

One of the possible explanations for the lack of improvement of the dimers over the 

monomers could be inferred from the shape of the binding curves of these dimers which 

suggests that there might be tight binding of these inhibitors with the nucleic acid. The 

working hypothesis was that the tight binding would lower the true concentration of the 

dimers due to sequestering of dimers by the high concentrations of the nucleic acid present in 

the assay mixture. A potential reason for this could be the high concentration of nucleobases 

present in our standard HIV-RT RNA/DNA substrate that consists of poly(rA) template with 

a poly(dT)12-18 primer. Since intercalators are known to bind both duplex as well as single 

stranded base pairs, presence of high concentrations of substrate could potentially reduce the 

true concentrations of the dimers leading to high IC50 values. The concentration of the 

substrate used in the assay for these studies was 25 μg/mL that corresponds to a total 

substrate concentration of 64.5 μM single stranded bases and 1.86 μM duplex base pairs. The 
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expected concentration of viral RNA in a cell (two copies of RNA) would be 0.97 pM 

assuming the volume of the cell is 3.4 pL. Thus, concentration of the substrate used in the 

assay was high enough to affect the true concentration of inhibitors in the assay. To test our 

tight binding hypothesis, we thought of evaluating the effect of substrate concentration on the 

inhibitory activity of dimers.  

 

Effect of substrate concentration on the activity of bis-intercalators 

To test our tight binding hypothesis, we studied the effect of lower substrate 

concentration on the inhibitory activity of ethidium bromide, ethidium homodimer and 

acridine homodimer. The hope was that if this hypothesis was correct, an improvement in the 

IC50 values for the dimers shoud be observed by lowering the substrate concentration that 

would limit the extra binding sites while the mono-intercalator IC50 should remain unaffected 

by this change in the substrate concentration. For this, the substrate concentration was 

reduced from high substrate concentration of 25 μg/mL to:  

a) an intermediate concentration of 0.5 μg/mL & 

b) a lower concentration of 0.05 μg/mL 

The substrate concentration of 0.5 μg/mL would correspond to 37 nM duplex base 

pairs and 1.3 μM single stranded bases while the 0.05 μg/mL of substrate concentration 

would correspond to 3.7 nM duplex base pairs and 130 nM single stranded base pairs. Assay 

A was used in this study and all the assay conditions were similar to the conditions as 

mentioned above in the materials and methods section of the single point screening except 

that the substrate concentration was varied from 25 μg/mL to 0.5 μg/mL and 0.05 μg/mL 
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respectively. Also, a new control termed as baseline control was used to correct the zero 

inhibitor and assay signal with the inhibitor to account for any non-specific counts that may 

be generated in the absence of the extension of the substrate by HIV-RT. The baseline 

control contained all the assay components as that of the zero inhibitor control and the assay 

points except for the poly(rA).p(dT)12-18 thus preventing the incorporation of 
3
H-TTP by RT 

and helping account for any non-specific counts that might be artificially increasing the 

overall signal.  

The IC50 curves at different substrate concentrations for ethidium bromide, ethidium 

homodimer and acridine homodimer are summarized in Figure 18.  
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Ethidium homodimer: 
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Figure 18. Effect of substrate concentration on the true IC50 values of ethidium and acridine 

homodimers. Ethidium bromide’s IC50 remains largely unaffected with different substrate 

concentrations. 
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The effect of lower substrate concentration on the IC50 values of ethidium and 

acridine dimers was very pronounced and appeared to be in agreement with our working 

hypothesis that the excess binding sites would be lowering the true concentration of these 

molecules thereby leading to apparent high IC50 values. Thus, limiting the excess binding 

sites by reducing the substrate concentration should help prevent sequestration of these 

molecules and achieve their true inhibitory effects.  

In case of ethidium homodimer, a 27-fold improvement was observed in the IC50 

value between the high (25 μg/mL; 2.3 μM) and intermediate substrate concentration (0.5 

μg/mL; 85 nM) while 213-fold improvement was observed between the high (25 μg/mL; 2.3 

μM) and low substrate concentration (0.05 μg/mL; 10.8 nM). Similar improvements were 

observed for acridine homodimer were roughly 32-fold improvement was observed between 

the high (25 μg/mL; 13 μM) and intermediate substrate concentration (0.5 μg/mL; 400 nM) 

while 59-fold improvement was observed between the high (25 μg/mL; 13 μM) and low 

substrate concentration (0.05 μg/mL; 220 nM). Interestingly, the IC50 values for ethidium 

bromide remained largely unaffected by this change in substrate concentration with 2.2 μM, 

1.8 μM and 2.1 μM for 25 μg/mL, 0.5 μg/mL and 0.05 μg/mL substrate concentration 

respectively. The fact that the IC50 of ethidium bromide did not change with varying 

substrate concentrations further supported that the apparent increase in the IC50 values of the 

dimers was in fact due to tight binding due to the presence of excess binding sites.  

Ethidium homodimer seemed to have the best inhibitory effect on the HIV-1 RT 

among all the commercially available intercalators. After limiting the excess binding sites, 

IC50 value of ethidium homodimer against HIV-1 RT improved 213- fold with an IC50 value 



88 

 

of 10.8 nM at 0.05 μg/mL substrate concentration. Although, the improvement in the IC50 

value of ethidium homodimer was quite impressive and promising, we wanted to evaluate its 

specificity and activity against HIV-1 RT by testing it in the presence of a competitor nucleic 

acid such as calf thymus DNA (CT-DNA). The purpose of this study was to simulate the 

effect that the competitor cellular nucleic acids would have on the inhibitory effect of bis-

intercalators such as ethidium homodimer. The presence of competitor nucleic acid such as 

CT-DNA would not only help evaluate the specificity of ethidium homodimer against HIV-1 

RT since intercalators are generic nucleic acid binders and are prone to non-specificity but 

more importantly also help evaluate the tight binding effect that was observed with high 

substrate concentration. As high substrate concentration ‘leveled’ the apparent inhibitory 

constant of bis-intercalators, it was suspected that under cellular conditions, genomic DNA as 

well as RNA of different forms could act as reservoirs and soak up ethidium homodimer 

leading to lower apparent efficacy.  

To evaluate the effect of competitor nucleic acid on ethidium homodimer activity 

against HIV-1 RT, we first attempted determining the IC50 of ethidium homodimer in the 

presence of 3.4 mM of CT-DNA as this concentration is equivalent to the concentration of 

DNA found in a cell [113]. However, with this high concentration of CT-DNA, we were 

having serious solubility issues in the assay. Finally, we were able to evaluate the effect of 

competitor nucleic acid at 340 μM CT-DNA without any solubility issues. The 340 μM CT-

DNA concentration which was 1/10
th

 of the total DNA concentration found in the cell was 

still high enough to present significant challenge to a completely non-specific nucleic acid 

binder thereby allowing us to evaluate the specificity and efficacy of ethidium homodimer.  
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The IC50 was determined using Assay A and all the assay conditions were similar to the 

conditions mentioned in the single point screening section except for followings: a) the 

substrate concentration used in this study was 0.05 μg/mL, b) water volume in the assay was 

adjusted to accommodate for the volume corresponding to 340 μM CT-DNA and c) zero 

inhibitor and assay signal was corrected using baseline control. The IC50 of ethidium 

homodimer in the presence of 340 μM CT-DNA is presented in Figure 19.  
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Figure 19. IC50 of ethidium homodimer in the presence of 340 μM CT-DNA. 

 

The IC50 value of ethidium homodimer in the presence of 340 μM CT-DNA turned 

out to be 8.7 μM when compared to the 10.8 nM in the absence of 340 μM CT-DNA. 

Although, there was almost 800 fold drop in the IC50 value of ethidium homodimer in the 
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presence of 340 μM CT-DNA that clearly suggested some kind of ‘leveling’ effect of the 

competitor nucleic acid, it also suggested some kind of specificity of ethidium homodimer 

for the HIV-1 RNA/DNA heteroduplex over the DNA/DNA duplex of CT-DNA. This was 

illustrated by the fact that a > 90,000-fold molar excess of competitor DNA/DNA duplex 

base pairs to RNA/DNA substrate base pairs did not completely eliminated inhibition, which 

would have been expected if the two nucleic acids had identical affinity for ethidium 

homodimer.   

 

Conclusion 

Both the single point screening as well as full IC50 determination studies done with 

commercially available intercalators suggested that phenanthridine based intercalators, 

especially ethidium and acridine intercalators, demonstrated better affinity towards HIV-1 

RNA/DNA heteroduplex and can be interesting scaffolds to build and design better 

intercalators based molecules against HIV-1 RNA/DNA heteroduplex.   

After limiting non-productive binding sites by lowering the substrate concentration 

that otherwise were sequestering the bis-intercalators and leading to apparent high IC50 

values, significant improvement in the affinities were observed for bis-intercalators when 

compared with their monomers. For instance, 185-fold improvement was observed in the 

affinity for ethidium homodimer (10.8 nM) when compared to its monomer i.e. ethidium 

bromide (2 μM) at 0.05 μg/mL substrate concentration. This suggested that oligomeric forms 

of ethidium would be interesting scaffolds against HIV RNA/DNA heteroduplex and might 
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offer better affinity and specificity when connected with a liker that would allow specific 

binding to HIV-1 RNA/DNA heteroduplex.     

The next chapter will discuss about the design and screening of ethidium and 

acridine-9-carboxylic acid based bis-intercalator libraries that were originally designed to 

target telomerase via its key RNA/DNA heteroduplex. Since the nature of the target in this 

project was similar i.e. RNA/DNA heteroduplex, these bis-intercalator libraries were 

evaluated to identify any lead molecules that might specifically bind to HIV-1 RNA/DNA 

heteroduplex thereby inhibiting RT.  
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CHAPTER 3 

SCREENING OF STRONG INTERCALATOR BASED BIS-INTERCALATOR 

LIBRARIES 

 

The single point screening experiment followed by full IC50 determination of the 

commercially tested intercalators as discussed in previous chapter helped identify 

phenanthridine cores in general and ethidium bromide in specific to be having better affinity 

for the HIV-1 RNA/DNA heteroduplex when compared to the other commercially available 

tested mono intercalators. These results were in complete agreement with both the previous 

experience of our group as well as with the literature precedence suggesting ethidium 

bromide having higher affinity for the RNA/DNA heteroduplex. In an attempt to inhibit 

telomerase via its key RNA/DNA heteroduplex by our group in the past, ethidium bromide 

was found to have the best affinity among all the commercially available tested intercalators. 

Also, Ren and Chairs had demonstrated via a competitive dialysis experiment that ethidium 

had most affinity for RNA/DNA heteroduplex when allowed to compete with 15 different 

nucleic acid structures [114].  

From the above discussion, it is apparent that ethidium in particular and compounds 

with phenanthridine and acridine cores in general, have better affinity towards the 

RNA/DNA heteroduplex and hence can be very good scaffolds against targeting the HIV-1 

RNA/DNA heteroduplex.  However, one of the major issues associated with using strong 

intercalators such as ethidium bromide and acridine-9-carboxylic acids is that although they 

have relatively high affinities for the RNA/DNA heteroduplex, these tend to bind other 
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nucleic acids and polymerases as well thereby leading to non-specificities and toxicities [115, 

116]. Hence, in order to use strong intercalators as potential scaffolds for targeting the HIV-1 

RNA/DNA heteroduplex to inhibit RT, these need to be further modified so that they can not 

only bind with very high affinities to the HIV-1 RNA/DNA heteroduplex but with high 

specificities as well.  

One rational approach of converting strong intercalators such as ethidium bromide 

into molecules that bind with very high affinity as well as specificity to the HIV-1 

RNA/DNA heteroduplex could be by designing oligomeric derivatives such as bis-

intercalators of the base intercalators that would be connected by linkers of varying length 

and rigidities.  

Rationale 

The rationale behind this approach is that while presence of multiple intercalating 

units would help improve the overall affinity of the bis-intercalator molecule over the 

monomers for the HIV-1 RNA/DNA heteroduplex, specificity would come from the linker 

and the unique structural features of the HIV1- RNA/DNA heteroduplex.  HIV-1 RNA/DNA 

heteroduplex would have unique structural properties such as pitch and helicity that would be 

quite different from other forms of nucleic acids (DNA or RNA based duplexes). Thus, 

linking strong intercalators with linkers of varying lengths and rigidities might help identify a 

unique linker with just the right distance, flexibility and conformation that would match the 

unique structural properties of HIV-1 RNA/DNA heteroduplex thereby allowing it to bind 

specifically and not with other forms of nucleic acids.  
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This idea is well supported by several compounds that have been stimulated by the 

idea of enhancing the activity of DNA intercalating drugs due to the presence of multiple 

intercalating moieties yet allowing greater sequence specificities [117-119]. Also, among the 

oligomeric intercalator based molecules, bis-intercalators are the simplest type of molecules 

and have also been studied quite extensively. As would be expected, some of the bis-

intercalators that bis-intercalate in DNA have been reported to have binding constants (>10
8
 

M-
1
) that are significantly higher than their monomeric units (10

5
 M

-1
) [119, 120]. The nature 

of intercalating cores that have been studied in general for bis-intercalating based molecules 

is diverse, ranging from quinolines [121, 122], acridine derivatives [123-125], naphthalene 

derivatives [126] and phenanthrene derivatives [127]. However, as discussed earlier 

phenanthridine and acridine based intercalating cores have been identified in our studies to 

have maximum affinity towards HIV-1 RNA/DNA heteroduplex and so these core units 

might be better suited for our purpose.  

Identifying the correct linker with the correct length and rigidity would be key to the 

success of this approach as we would need to identify a linker that not only allows 

simultaneous intercalation of the multiple intercalating units attached to the core molecule 

but more importantly also allows specific binding with the HIV-1 RNA/DNA heteroduplex.  

For instance, too short of a linker no matter whether rigid or flexible might not be able to 

cover enough distance to allow intercalation of the second intercalator in case of a bis-

intercalator molecule. Alternatively, short linkers might cause intramolecular cross-linking 

due to close proximities of the two intercalating units. However, if the linker is too long and 

rigid with an extended conformation, binding of both the intercalators into the same duplex 
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might not be possible unless the duplex folds back on itself [128, 129]. In such 

circumstances, bis-intercalators with rigid linkers often bind on two different DNA duplexes 

thereby leading to their crosslinking.  

On the contrary, too long of a linker with too much flexibility might allow 

simultaneous intercalation of the two intercalating units but due to the flexible nature of 

linker, there might not be any improvement in the overall affinity of the bis-intercalator when 

compared to its monomer unit. This could be because the gain in binding energy due to 

multiple intercalations might be compromised by the high entropic cost the molecule might 

have to pay due to flexible nature of the linker. However, a linker with just the correct 

flexibility and length might allow simultaneous intercalation within the same duplex without 

having to pay too much entropic cost thereby helping improve the affinity of the molecule 

(Figure 20). Also, if features of this linker maps with the unique structural features of the 

RNA/DNA heteroduplex it might allow specific binding with the HIV-1 RNA/DNA 

heteroduplex.  

Dervan and coworkers were able to design bis-intercalator based molecules that were 

able to bind discrete sites with very high affinity and in a sequence selective manner [130]. 

This clearly demonstrates that with correct nature of the intercalator and linker, bis-

intercalator molecules can be designed that can bind with very high affinities and 

specificities.   
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Figure 20. Schematic showing effects of length and flexibility of linker on bis-intercalation. 

Too short of a linker would prevent bis-intercalation while too long of a linker might adopt 

several conformations leading to reduced affinity. However, linker with just the right length 

and flexibility would allow binding to HIV-1 RNA/DNA heteroduplex with high affinity and 

specificity.  
 

 

Based on the above discussion it seems apparent that in the bis-intercalator molecule 

the nature of linker would be as important as the nature of intercalator used. Keeping this in 

mind a systematic approach was taken by a former member of our group, Dr. Subhashree 

Francis to design and synthesize strong bis-intercalator libraries to inhibit telomerase via its 

key RNA/DNA heteroduplex. In these libraries in addition to the nature of the intercalator 
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units, the length of linker was also systematically varied to specifically target telomerase 

enzyme via its key RNA/DNA heteroduplex. Although, these libraries were initially designed 

to target telomerase enzyme via its key RNA/DNA heteroduplex, it was worth evaluating 

these libraries against HIV-1 RT as the nature of the actual target in both the cases was the 

RNA/DNA heteroduplex. Two bis-intercalating libraries were screened against HIV-1 RT 

that had the same set of linkers but different intercalators attached. These libraries were: 

1. 9-acridine carboxylic acid based bis-intercalator library  

2. Ethidium benzylic acid based bis-intercalator library 

The structures of the base intercalating molecules are presented in Figure 21. 

 

 

 

Figure 21. Structures of base intercalator molecules used for the synthesis of a strong 

intercalator based bis-intercalator libraries. 

 

While 9-acridine carboxylic acid was directly amenable to be used for the synthesis 

of the bis-intercalator libraries due to the presence of the carboxylic acid handle, ethidium 

bromide had to be modified despite of the presence of two exocyclic amines so that it could 
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bear a synthetic handle that could be used for the synthesis of these libraries. The reason for 

this was because the exocyclic amines had been shown to be required for the binding of 

ethidium with the nucleic acids and any modification of these exocyclic amines dramatically 

affected both the affinity and specificity of ethidium bromide [131]. However, one other site 

that had been used to modify ethidium core has been the ethyl group. Keeping this 

precedence in mind, Dr. Francis synthesized multiple derivatives of ethidium by modifying 

the ethyl group of ethidium. These included ethidium hexanoic acid and ethidium benzylic 

acid derivatives. In case of ethidium hexanoic acid, the ethyl group of ethidium was replaced 

with a hexanoyl group bearing a terminal carboxylic acid group while in case of ethidium 

benzylic acid; the ethyl group was replaced by a benzyl group bearing a carboxylic acid 

group. While both the derivatives were now amenable to be used in a combinatorial set up 

for the synthesis of bis-intercalator libraries due to the presence of the carboxylic acid 

handle, Dr. Francis did not observed any improvement with the libraries she had tested 

against telomerase that were based on ethidium hexanoic acid derivative. One of the possible 

reasons for that could be the flexible nature of the hexanoyl group and so the library designed 

with this derivative was opted out from screening against HIV-1 RNA/DNA heteroduplex.  

The ethidium benzylic acid derivative although appeared bulkier in nature when 

compared to its base molecule i.e. ethidium bromide, Dr. Francis found similar IC50 values 

for both ethidium bromide and ethidium benzylic acid against telomerase suggesting that the 

derivatization of ethidium core with the benzylic acid group did not affected the affinity of 

the base molecule. The synthesis of both ethidium hexanoic acid and ethidium benzylic acid 
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derivatives are discussed in Dr. Francis dissertation and should be referred for any further 

details related to the synthesis of these derivatized base molecules.  

 

Design and synthesis of bis-intercalator libraries 

As mentioned earlier, these libraries were originally designed, synthesized and 

characterized by Dr. Subhashree Francis to target telomerase via its key RNA/DNA 

heteroduplex. Dr. Francis dissertation should be referred with regard to the rationale, design, 

synthesis and analytical characterization of these bis-intercalator libraries.  

Briefly, these libraries were designed to improve both the affinity and specificity of 

strong intercalators such as ethidium bromide and acridine-9-carboxylic acid that were found 

to have greater affinity towards the RNA/DNA heteroduplex when compared to other 

commercially available intercalators. The libraries were designed to bear two intercalating 

units (bis-intercalators) that were separated using linkers of varying lengths. As discussed in 

the rationale section earlier, the hope was that by systematically varying the length and 

flexibility of the linker connecting the two intercalating units, we might be able to identify a 

unique linker that might allow simultaneous intercalation of the two intercalating units 

thereby helping improve the affinity of these molecules over their monomers. In addition, 

there might be a linker that might be able to map the unique structural features of the HIV-1 

RNA/DNA heteroduplex thereby allowing it to bind specifically just with the HIV-1 

RNA/DNA heteroduplex and not with the other forms of nucleic acids (DNA or RNA). The 

basic design of the library that allowed variation of the linkers and attachment of the 

intercalating units is presented in Figure 22.  
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Figure 22. Basic design used for the synthesis of strong bis-intercalator libraries. The design 

allowed systematic variation of distance and flexibility between the two intercalators using 

linkers of varying lengths and flexibilities. 

 

The scaffold used for the construction of these libraries presented two amines that 

could be acylated with the choice of intercalator which happened to be 9-acridine carboxylic 

acid and ethidium benzylic acids for the acridine-9-carboxylic acid and ethidium benzylic 

acid libraries. To vary the distance of the linker region, various amino acids were used as 

spacers and consisted of no linker, glycine, β-alanine, γ-aminobutyric acid and ε-

aminohexanoic acid. To vary the distance and flexibility of the linker to which the 
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intercalator was attached, various diamino acids containing orthogonal protecting groups at 

the two amines were used. These included diaminopropionic acid (Dap), ornithine (Orn) and 

lysine (Lys). The chemical structures of the various linkers and spacers used in these libraries 

are presented in Figure’s 23 & 24.  The α-amino groups of these diamino acids were 

protected using the Fmoc group while the orthogonal amino group was protected using Mtt 

group. The deprotection of these two groups required different chemical conditions and thus 

enabled selective deprotection of the required amino group during synthesis.  

Thus, based on the nature of the diamino acid and the spacer amino acid, the synthetic 

design of these libraries had Dap-Dap as the smallest linker with only two methylene groups 

and Lys-ε-Ahx-Lys as the longest linker with 13 methylene groups between the two 

intercalator molecules (Table 10). Hence, depending on the nature of the amino acids 

constituting the liker portion, molecules of these libraries would have varying distances and 

rigidities between the two intercalating molecules.  The general synthetic scheme used by Dr. 

Francis for the synthesis of these molecules is presented in Figure 25.  

For analytical characterization of the acridine-9-carboxylic acid and ethidium 

benzylic acid bis-intercalator libraries please refer to Dr. Subhashree Francis dissertation, 

Chapter 7. 
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Figure 23. Structures of various diamino acids used to vary the distance and flexibility of the 

linker part to which the intercalators were attached. 

 

 

 

 

Figure 24. Structures of various amino acids used as spacers to vary linker distance between 

the two intercalators. 
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Table 10. List of 45 linkers used in the bis-intercalator libraries. Numbers in the parenthesis 

represent the number of methylene units present in each linker. 

 
1 2 3 4 5 6

A Dap-Dap  (2) Dap-Gly-Dap  (3) Dap-β-Ala-Dap  (4) Dap-γ-Abu-Dap  (5) Dap-ε-Ahx-Dap  (7) Lys-Lys  (8)

B Orn-Dap  (4) Orn-Gly-Dap  (5) Orn-β-Ala-Dap  (6) Orn-γ-Abu-Dap  (7) Orn-ε-Ahx-Dap  (9) Lys-Gly-Lys  (9)

C Lys-Dap  (5) Lys-Gly-Dap  (6) Lys-β-Ala-Dap  (7) Lys-γ-Abu-Dap  (8) Lys-ε-Ahx-Dap  (10) Lys-β-Ala-Lys  (10)

D Lys-Orn  (7) Lys-Gly-Orn  (8) Lys-β-Ala-Orn  (9) Lys-γ-Abu-Orn  (10) Lys-ε-Ahx-Orn  (12) Lys-γ-Abu-Lys  (11)

E Dap-Orn  (4) Dap-Gly-Orn  (5) Dap-β-Ala-Orn  (6) Dap-γ-Abu-Orn  (7) Dap-ε-Ahx-Orn  (9) Lys-ε-Ahx-Lys  (13)

F Orn-Orn  (6) Orn-Gly-Orn  (7) Orn-β-Ala-Orn  (8) Orn-γ-Abu-Orn  (9) Orn-ε-Ahx-Orn  (11)

G Dap-Lys  (5) Dap-Gly-Lys  (6) Dap-β-Ala-Lys  (7) Dap-γ-Abu-Lys  (8) Dap-ε-Ahx-Lys  (10)

H Orn-Lys  (7) Orn-Gly-Lys  (8) Orn-β-Ala-Lys  (9) Orn-γ-Abu-Lys  (10) Orn-ε-Ahx-Lys  (12)  

 

 

 

 

Figure 25. General synthetic scheme used for the synthesis of ethidium benzylic acid and 

acridine-9-carboxylic acid based bis-intercalator based libraries. 
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Screening of Acrdine-9-carboxylic acid bis-intercalator library 

There were 45 molecules in the acridine-9-carboxylic acid bis-intercalator library 

with likers of different lengths and flexibility (Table 10) that were screened against HIV-1 

RT. The library was screened using single point screening approach to identify any leads. 

The single point screening was done at 10 μM concentration in two rounds to accommodate 

the maximum number of molecule that could be screened in a given experiment. The assay 

was performed using Assay B i.e. semi high-throughput system wherein the assay was 

performed in microcentrifuge tubes, incubation was done using the heat block and finally the 

isolation was done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor 

and the baseline control points however; there were no replicates for the assay points. The 

inhibitor 2° stocks were prepared in Teflon
®
 plate using Rnase free water with a final DMSO 

of 1%. The zero inhibitor and baseline control points also contained a final DMSO of 1% to 

account for any loss of enzymatic activity due to the presence of 1% DMSO.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 
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the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  

An assay master mix was prepared using 25 L 2X-assay buffer, RNase free water 

sufficient to make up 50 L total assay volume, HIV reverse transcriptase and 

poly(rA).p(dT)12-18. The master mix was than aliquoted into microcentrifuge tubes.  10X 

secondary stocks of the library molecules were prepared in RNase free water with a final 

DMSO of 1% and covered with aluminum foil to protect from light. 5 L of the 10X 

secondary stock was added to previously aliquoted standard assay mixture.  The final DMSO 

in the control points was also adjusted to 1%. Reaction was initiated with 
3
H-TTP and 

inhibitors were incubated at 37 

C for 30 min.  At the end of incubation, reaction was 

terminated by adding10 μL of 0.1 M EDTA solution.  The terminated reaction mixture was 

spotted on the 96 well DEAE filter plate that was pre wet with deionized water.  Filter papers 

were washed three times with 5% Na2HPO4
.
7H2O, one time with deionized water and finally 

one time with 95% ethanol.  Filter papers were dried and punched into scintillation vials 

containing 7 mL of ScintiVerse™ BD cocktail.  Samples were kept for three hours before 

determining the radioactivity using Beckman LS 6500 scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 
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Results and Discussion 

The single point screening results for the 45 molecule from the acridine-9-carboxlic 

acid based bis-intercalator library are summarized in Table 11. In the results, a proportion 

value of 1 would indicate no inhibition while a proportion value close to 0 would indicate 

almost complete inhibition of the HIV-1 RT.  

 

Table 11. Single point screening results of acridine-9-carboxylic acid bis-intercalator library 

against HIV-1 RT done at 10 μM concentration. The numbers represent the proportion value 

for each inhibitor with respect to the zero inhibitor control. 

 
Dap-Dap Dap-Gly-Dap Dap-β-Ala-Dap Dap-γ-Abu-Dap Dap-ε-Ahx-Dap Lys-Lys

1.04 0.95 0.94 0.92 0.92 1.08

Orn-Dap Orn-Gly-Dap Orn-β-Ala-Dap Orn-γ-Abu-Dap Orn-ε-Ahx-Dap Lys-Gly-Lys

0.87 0.91 0.99 0.98 0.97 0.95

Lys-Dap Lys-Gly-Dap Lys-β-Ala-Dap Lys-γ-Abu-Dap Lys-ε-Ahx-Dap Lys-β-Ala-Lys

0.95 1.02 0.91 0.97 1.01 0.94

Lys-Orn Lys-Gly-Orn Lys-β-Ala-Orn Lys-γ-Abu-Orn Lys-ε-Ahx-Orn Lys-γ-Abu-Lys

1.2 0.82 0.97 1.01 1.14 1.09

Dap-Orn Dap-Gly-Orn Dap-β-Ala-Orn Dap-γ-Abu-Orn Dap-ε-Ahx-Orn Lys-ε-Ahx-Lys

1.08 0.98 0.92 0.95 1 1.05

Orn-Orn Orn-Gly-Orn Orn-β-Ala-Orn Orn-γ-Abu-Orn Orn-ε-Ahx-Orn

0.87 0.98 0.88 0.86 0.98

Dap-Lys Dap-Gly-Lys Dap-β-Ala-Lys Dap-γ-Abu-Lys Dap-ε-Ahx-Lys

1.03 0.88 1.01 2.2 0.97

Orn-Lys Orn-Gly-Lys Orn-β-Ala-Lys Orn-γ-Abu-Lys Orn-ε-Ahx-Lys

0.84 0.94 0.95 0.86 0.88  

   

From the proportion values summarized in Table 11 it is apparent that unfortunately 

none of the molecules indicated any signs of inhibition against HIV-1 RT as the proportion 

value for all the molecule are almost close to 1. Also, no difference in the proportion values 

was observed among different molecules of the library. This could be possible due to 

multiple reasons including: 
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1. The library involves modification of the acridine-9-carboxylic acid via the 

carboxylic acid that is directly attached to the core of the acridine ring. It 

might be possible that this modification either eliminates/interferes with the 

intercalative ability of the 9-acridine carboxylic acid core thereby affecting 

all the members of the molecules almost in a similar manner that is reflected 

in terms of the closeness of their proportion values. If this might be true, 

there would be no effect of the linker irrespective of its length or rigidity.  

2. Although, the library consists of molecules with linkers of varying lengths and 

flexibilities, there might not be a linker of sufficient length and flexibility 

that would allow simultaneous intercalation of the two intercalating units in 

the case of acridine-9-carboxylic acid bis-intercalator library. Alternatively, 

even if there might be a linker that might have enough length or flexibility, it 

may not have the correct conformation required for bis-intercalation. 

The single point screening of this library was done at 10 μM, that is close to the IC50 

value of ethidium bromide that was identified as one of the leads among the commercial 

intercalators screened against HIV-1 RT. It seems apparent that these molecules are worse 

inhibitors in comparison to ethidium bromide and so no further interest was taken in 

determining the full individual IC50 values of these molecules.  
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Screening of Ethidium benzylic acid based bis-intercalator library 

The single point screening of acridine-9-carboxylic acid based bis-intercalator library 

failed to identify any lead against HIV-1 RT. As discussed earlier, this could be either due to 

the direct modification of the carboxylic acid on the core of the acridine ring thereby 

affecting its intercalative ability or could be due to lack of an appropriate linker in the library. 

The ethidium benzylic acid library also contained 45 molecules and involved same linkers as 

were present in the acridine-9-carboxylic acid library (Table 10). The only difference in the 

two libraries was the nature of the attached intercalating unit. In case of ethidium benzylic 

acid, the two amines on the main library scaffold were connected with ethidium benzylic 

acid. The ethidium benzylic acid presented a more rigid side chain in the form of benzylic 

acid and hence provided additional variability in terms of the overall rigidity when compared 

to the acridine-9-carboxylic acid based bis-intercalator library. Since ethidium bromide had 

been shown to have low μM affinity towards the HIV-1 RNA/DNA heteroduplex in our 

earlier studies, identification of a suitable linker from ethidium benzylic acid bis-intercalator 

library could potentially have affinity towards the HIV-1 RNA/DNA heteroduplex in low 

nanomolar range.   

    The library was screened using single point screening approach to identify any 

leads. The single point screening was done at 100 nM concentration in two rounds to 

accommodate the maximum number of molecule that could be screened in a given 

experiment. The assay was performed using Assay B i.e. semi high-throughput system 

wherein the assay was performed in 96 well Teflon
®
 plate, incubation was done using the 

heat block and finally the isolation was done using 96 well DEAE plate. There were 5 
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replicates for the zero inhibitor and the baseline control points however; there were no 

replicates for the assay points. The primary stocks were in 100% DMSO. The inhibitor 2° 

and 3° stocks were prepared in Teflon
®
 plate using Rnase free water with a final DMSO of 

0.1%. The zero inhibitor and the baseline control points also contained a final DMSO of 

0.1% to account for any loss of enzymatic activity due to the presence of 1% DMSO.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 

concentration in a total assay volume of 50 µL.  BSA was heat inactivated by treatment at  

65 °C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  

An assay master mix was prepared using 25 L 2X-assay buffer, RNase free water 

sufficient to make up 50 L total assay volume, HIV reverse transcriptase and 

poly(rA).p(dT)12-18. The master mix was than aliquoted into microcentrifuge tubes. 10X 

tertiary stocks of the library molecules were prepared in RNase free water with a final 
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DMSO of 0.1% and covered with aluminum foil to protect from light. 5 L of the 10X 

tertiary stock was added to the previously aliquoted standard assay mixture.  The final 

DMSO in the control points was also adjusted to 0.1%. Reaction was initiated with 
3
H-TTP 

and inhibitors were incubated at 37 

C for 30 min.  At the end of incubation, reaction was 

terminated by adding 10 μL of 0.1 M EDTA solution.  The terminated reaction mixture was 

spotted on the 96 well DEAE filter plate that was pre wet with deionized water.  Filter papers 

were washed three times with 5% Na2HPO4
.
7H2O, one time with deionized water and finally 

one time with 95% ethanol.  Filter papers were dried and punched into scintillation vials 

containing 7 mL of ScintiVerse™ BD cocktail.  Samples were kept for three hours before 

determining the radioactivity using Beckman LS 6500 scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 

For full concentration range IC50 determination, proportion values were plotted 

against the concentration and the IC50 value was determined using Kaleidagraph
®
 software 

by fitting the data to the following equation: 

P = 1(1+ [I]/IC50) 

where, P is the proportion of the signal with respect to the zero inhibitor control and [I] is the 

concentrations of the inhibitor used.  
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Results and Discussion 

The results for the single point screening of the ethidium benzylic acid based bis-

intercalator library are summarized in Table 12. In the results, a proportion value of 1 would 

indicate no inhibition while a proportion value close to 0 would indicate almost complete 

inhibition of the HIV-1 RT.  

 

Table 12. Single point screening results of ethidium benzylic acid based bis-intercalator 

library against HIV-1 RT done at 100 nM concentration. The numbers represent the 

proportion value for each inhibitor with respect to the zero inhibitor control. 

 

Dap-Dap Dap-Gly-Dap Dap-β-Ala-Dap Dap-γ-Abu-Dap Dap-ε-Ahx-Dap Lys-Lys

0.88 0.54 0.79 0.49 0.44 0.25

Orn-Dap Orn-Gly-Dap Orn-β-Ala-Dap Orn-γ-Abu-Dap Orn-ε-Ahx-Dap Lys-Gly-Lys

0.32 0.19 1.06 0.78 0.17 0.41

Lys-Dap Lys-Gly-Dap Lys-β-Ala-Dap Lys-γ-Abu-Dap Lys-ε-Ahx-Dap Lys-β-Ala-Lys

0.34 0.22 0.24 0.31 0.69 0.59

Lys-Orn Lys-Gly-Orn Lys-β-Ala-Orn Lys-γ-Abu-Orn Lys-ε-Ahx-Orn Lys-γ-Abu-Lys

1.7 0.35 0.19 0.47 0.23 0.13

Dap-Orn Dap-Gly-Orn Dap-β-Ala-Orn Dap-γ-Abu-Orn Dap-ε-Ahx-Orn Lys-ε-Ahx-Lys

0.17 0.17 0.37 0.42 0.21 0.21

Orn-Orn Orn-Gly-Orn Orn-β-Ala-Orn Orn-γ-Abu-Orn Orn-ε-Ahx-Orn

0.45 0.2 0.18 0.28 1.02

Dap-Lys Dap-Gly-Lys Dap-β-Ala-Lys Dap-γ-Abu-Lys Dap-ε-Ahx-Lys

0.53 0.36 0.15 0.16 0.29

Orn-Lys Orn-Gly-Lys Orn-β-Ala-Lys Orn-γ-Abu-Lys Orn-ε-Ahx-Lys

0.22 0.37 0.81 0.32 0.23  

 

Unlike, the results from single point screening of acridine-9-carboxylic acid library 

were the proportion values for all the library members were almost close to 1, the results 

from single point screening of ethidium benzylic acid based bis-intercalator library were 

quite interesting. The results not only had a range of  proportion values ranging from 0.13 to 

1.7 for the various members of the library, it also indicated signs of decent inhibition for 
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quite a few members of the library with proportion values as low as 0.13. This was 

encouraging as low proportion values suggested that these molecules had likers whose length 

and flexibilities were different when compared to some other members of the library with 

high proportion values (1.7). Although, there were few molecules that had relatively higher 

proportion values, no dramatic differences were observed in the proportion value for majority 

members of the library which would be expected with linkers of different lengths and 

flexibilities in the library. Ideally, we would expect only a few molecules with low 

proportion values indicating the uniqueness of those particular linkers in terms of their length 

and flexibility for HIV-1 RNA/DNA heteroduplex when compared with majority of the other 

molecules with high proportion values. However, instead we observed a very similar range 

for the estimated IC50 values for majority of the molecules within the library that ranged from 

4.5 nM to 173 nM. 

 Due to the inherent limitations and possibility of error associated with the single point 

screening based experiments, we retested five molecules using full concentration range IC50 

determination. These included molecules with two of the best estimated IC50 values, two of 

the worst and one with intermediate estimated IC50 value.  The identity, estimated IC50 and 

full IC50 values for these 5 molecules are summarized in Table 13 and their full IC50 plots are 

summarized in Figure 26.  
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Table 13. Summary of the identities, estimated IC50 & full IC50 values for the 5 molecules 

selected for full concentration range IC50 determination. 

 

S.No. Molecule Estimated IC50 (nM) True IC50 (nM) 

1 EBA-Lys-γ-Abu-Lys-EBA 4.5 10.5 

2 EBA-Dap-Orn-EBA 5 22.3 

3 EBA-Dap-ε-Ahx-Lys-EBA 15.5 30.7 

4 EBA-Orn-β-Ala-Dap-EBA 143 4.9 

5 EBA-Orn-ε-Ahx-Orn-EBA 173 9.2 
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Figure 26. IC50 plots of the 5 molecules that were selected from ethidium based bis-

intercalator library for full concentration range IC50 determination. 
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The full IC50 determination was done using Assay B and the assay details are similar 

to the one mentioned above in the single point screening of the ethidium benzylic acid bis-

intercalator library except that varying concentrations of these 5 molecules were used to 

bracket the estimated IC50 value. Although, the estimated IC50 values for the entire library 

had very similar values ranging from 4.5 nM to 173 nM, it was interesting to note that the 

“worst molecules” had the best inhibition values (4.9 nM and 9.2 nM respectively). Also, it 

was interesting to note that the shape of the binding curves of these two molecules were quite 

different from the remaining three molecules and that they were still showing signs of tight 

binding suggesting that their true affinities might very well be even lower. However, it would 

be very hard to determine their true affinities with the already reduced current concentration 

of the substrate used in the assay that is required to get a decent assay signal.   

The consistent low nM IC50 values obtained for these 5 molecules along with low nM 

estimated IC50 values for the majority of the molecules indicates that the range of the 

structural parameters (length and flexibility) explored in this library were in fact capable of 

effecting bis-intercalation. However, it was interesting and surprising to note that majority of 

the molecules within the library that in theory had linkers of different lengths and flexibilities 

were showing signs of bis-intercalation as reflected by their low nM estimated IC50 values.  

One possible explanation for this kind of observation could be that the intercalating 

nature of ethidium might be so strong that it might be overcoming any subtle effects that the 

linkers might be presenting to the different molecules of the library. Thus, even if the linkers 

might be having any differential effects on the overall binding affinity of different members 

of the library, the strong intercalating nature of ethidium might be overcoming those effects 
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thereby dominating the overall binding affinity and masking the effects presented by 

different linkers.  

One possible solution to this could be to synthesize bis-intercalator libraries using 

weak intercalators such as quinoxaline-2-carboxylic acid that bears two ring systems. Since 

the weak intercalators would not have such a strong intercalating drive as that of ethidium, 

the subtle effects of the linkers would not get swamped or masked and the overall binding 

affinity would not be solely driven by intercalation. Thus, hopefully the linkers would get a 

better chance to present their subtle effects towards the overall binding affinity of the 

molecules thereby helping differentiate and identify the effect of various linkers on the 

overall binding of molecules. This approach would be discussed in more detail along with the 

identification of suitable weak intercalators followed by the design, synthesis and evaluation 

of their libraries in the next chapter.   
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CHAPTER 4 

DESIGN, SYNTHESIS AND SCREENING OF MULTIPLE WEAK INTERCALATOR 

BASED BIS-INTERCALATOR LIBRARIES 

 

In previous chapter, multiple intercalation approach was investigated and discussed 

using bis-intercalator based molecules wherein two strong intercalator molecules such as 

ethidium benzylic acid were connected using linkers of varying lengths and flexibilities. The 

objective was to find molecules that would have linkers that might allow simultaneous 

intercalation of the two intercalating moieties and hence provide better affinity as well as 

specificity towards the HIV-1 RNA/DNA heteroduplex over their corresponding monomers. 

While no signs of bis-intercalation were observed on the basis of the proportion values from 

the single point screening results of the acridine-9-carboxylic acid bis-intercalator library, 

majority of the molecules from ethidium benzylic acid based bis-intercalator library had low 

proportion values suggesting that these molecule were in fact capable of effecting bis-

intercalation.  

Although, it was interesting that majority of the molecules from ethidium benzylic 

acid library were capable of effecting bis-intercalation, this result was very surprising as the 

library was designed using linkers that varied quite significantly in their lengths and 

flexibilities. One interpretation that was deduced from this result and discussed in previous 

chapter was that possibly the strong intercalating nature of ethidium might be overcoming 

and suppressing the subtle effects that the linkers might be presenting on the overall binding 

of the different molecules within the library.  
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One possible solution to this could be to use weak intercalators such as quinoxaline 

and other aromatic amino acid cores that consist of two ring systems. The rationale behind 

this approach is that the weak intercalator monomers by themselves would still retain the 

intercalative properties but with reduced affinities (low mM) for the RNA/DNA heteroduplex 

and thus would not have a strong intercalating effect as that of ethidium benzylic acid over 

the linker effects.  

Due to relatively weak intercalating energy contributed by the weak intercalator 

monomers, hope is that their binding will not be solely driven by the intercalating energy and 

the linkers would thus have a better chance to present and have their effects recognized. This 

in turn would help identify few molecules with unique linkers that would have structural 

properties (length, flexibility and conformation) similar to the HIV-1 RNA/DNA 

heteroduplex and will be capable of effecting bis-intercalation that would be driven by 

associated linker and intercalative properties rather than just the intercalative property.  

Although, the weak intercalator monomers by themselves will have weak affinities 

(low mM) towards the HIV-1 RNA/DNA heteroduplex, when connected with the correct 

linker the overall affinity would improve from low mM for the monomers to low μM for the 

bis-intercalator molecules. The affinity could further be improved by addition or 

incorporation of certain functional groups that could interact with the proximal 

functionalities present on the RT.   

Sufficient literature precedence exists supporting weak intercalating ability of two 

ring aromatic structures such as quinoxaline, indole, quinoline, naphthalene based derivatives 

[132] and by amino acids containing aromatic side chains such as phenylalanine, tyrosine and 
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tryptophan with different nucleic acids [133-136]. In case of nucleo-protein complexes, many 

proteins are known to have intercalative aromatic amino acids such as tyrosine and 

tryptophan at their active sites. For instance, in case of HIV-1RT, the tyrosine residue 183 at 

the active site that plays an important role in the positioning of the incoming nucleotide is 

positioned in a manner that allows intercalation of its side chain between the primer bases 

[137]. Similarly Kaneda et al. reported the importance of tryptophan’s side chain indole 

intercalative property that was required for specific recognition of the apurinic/apyrimidinic 

sites in DNA [138].    

To identify some promising base molecules for synthesizing weak intercalator based 

bis-intercalator libraries, some commonly used and FDA approved drugs were carefully 

selected and screened for their potential weak intercalating effect on HIV-1 RNA/DNA 

heteroduplex . The structures of these base molecules are summarized in Figure 27 and 

include drugs such as naproxen, aromatic amino acids like tryptophan and quinoxaline-2-

carboxylic acid that constitutes the intercalating core of a naturally occurring antibiotic, 

Triostin. In addition, some quinoline based cores were also screened.  
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Figure 27. Structures of different weak intercalator monomers that were screened for their 

potential affinity towards HIV-1 RNA/DNA heteroduplex. 

 

IC50 determination of weak intercalator based base monomers 

IC50 of the above mentioned weak intercalator based base monomers was determined 

using full concentration range IC50 determination to test for their affinities towards HIV-1 

RNA/DNA heteroduplex. The assay and other relevant details are discussed under materials 

and methods section.  

 

Materials and methods 

Naproxen sodium, 3-quinoline carboxylic acid, 4-quinoline carboxylic acid & 2-

quinoxaline carboxylic acid were purchased from Sigma Aldrich. L-Tryptophan amide HCl 

was purchased from Chem-Impex International (Wood Dale, IL USA). All the biochemical 

reagents (molecular biology grade), 95% ethanol, ScintiVerse™ BD cocktail, and 10 mL 
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scintillation vials were purchased from Fisher Scientific (Fair Lawn, NJ, USA). The 96 well 

DEAE plate along with the punching tips were purchased from EMD Millipore. Enzyme 

HIV-1 RT, Rnase free water and EDTA were purchased from USBiological (Cleveland, 

OH). Template/primer poly(rA).p(dT)12-18, 
3
H-TTP and dTTP were purchased from 

Amersham Pharmacia (Piscataway, NJ, USA). 

The primary stocks of 3-quinoline carboxylic acid, 4-quinoline carboxylic acid and 2-

quinoxaline carboxylic acid were prepared in Rnase free water. Since these compounds had 

poor water solubility, 1X equivalent of 1N NaOH was used to dissolve these compounds. 

Primary stock of naproxen sodium was prepared using RNase free water while the primary 

stock of L-tryptophan amide HCl was prepared in DMSO.  

 The assay was performed using Assay B i.e. semi high-throughput system. The assay 

was performed in microcentrifuge tubes, incubation was done using the heat block and 

finally the isolation was done using 96 well DEAE plate. There were 5 replicates for the zero 

inhibitor and the baseline control points but no replicates for the assay points in case of the 

IC50 determination of 3-quinoline carboxylic acid, 4-quinoline carboxylic acid and 

quinoxaline-2-carboxylic acid. There were 8 replicates for zero inhibitor and baseline 

replicates but no replicates for the assay points in the IC50 determination of naproxen sodium 

and L-tryptophan amide HCl. The final DMSO was 0% except in the case of L-tryptophan 

amide HCl were the final DMSO was 5%.   

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 
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0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 

C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  

An assay master mix was prepared using 25 L 2X-assay buffer, RNase free water 

sufficient to make up 50 L total assay volume, HIV reverse transcriptase and 

poly(rA).p(dT)12-18. The master mix was than aliquoted into microcentrifuge tubes. 10X 

stocks of the different concentration of the above mentioned molecules were prepared in 

RNase free water and covered with aluminum foil to protect from light.  5 L of the 10X 

stocks were added to previously aliquoted standard assay mixture.  The final DMSO in the 

assay and control points was adjusted to 5% only in case of L-tryptophan amide HCl. 

Reaction was initiated with 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At 

the end of incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution.  

The terminated reaction mixture was spotted on the 96 well DEAE filter plate that was pre 

wet with deionized water.  Filter papers were washed three times with 5% Na2HPO4
.
7H2O, 

one time with deionized water and finally one time with 95% ethanol.  Filter papers were 
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dried and punched into scintillation vials containing 7 mL of ScintiVerse™ BD cocktail. 

Samples were kept for three hours before determining the radioactivity using Beckman LS 

6500 scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 

For full concentration range IC50 determination, proportion values were plotted 

against the concentration and the IC50 value was determined using Kaleidagraph
®
 software 

by fitting the data to the following equation: 

P = 1(1+ [I]/IC50) 

where, P is the proportion of the signal with respect to the zero inhibitor control and [I] is the 

concentrations of inhibitor used.  

The results of the full concentration range IC50 determination of the weak intercalator 

based monomers are summarized in Table 14 and their IC50 plots are presented in Figure 28.  

 

Table 14. Summary of IC50 values for weak intercalator monomers determined using full 

concentration range IC50 determination. 

 

S.No. Molecule IC50 (mM) 

1 Naproxen sodium 6.7 

2 L-Tryptophan amide HCl 14 

3 3-Quinoline carboxylic acid 2.4 

4 4-Quinoline carboxylic acid 9.6 

5 Quinoxaline-2-carboxylic acid 0.3 

      
 

. 
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Figure 28. IC50 plots of different weak intercalator monomers that were screened for their 

affinity towards HIV-1 RNA/DNA heteroduplex. 

 

The results indicate that among the 5 weak intercalator based monomers that we 

tested against HIV-1 RNA/DNA heteroduplex; quinoxaline-2-carboxylic acid appeared to 

have the best affinity with an IC50 value of 0.3 mM followed by 3-quinoline carboxylic acid 

(2.4 mM) and naproxen sodium (6.7 mM). While the IC50 plots for quinoxaline-2-carboxylic 

acid and naproxen sodium were clean, the IC50 plots for 3-quinoline carboxylic acid and 4-

quinoline carboxylic acid were not very clean. The proportion values for both these base 

monomers remained at or near 0.8 across the concentration range used for the IC50 

determination suggesting their IC50 values may not be accurate and that these monomers may 

not have good affinity towards the HIV-1 RNA/DNA heteroduplex. Although, L-tryptophan 

amide IC50 plot was not very clean either, it was still considered for further evaluation.   
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Thus, we finally selected naproxen sodium, tryptophan and quinoxaline-2-carboxylic 

acid as the prospective weak intercalator based scaffolds for synthesizing weak intercalator 

based bis-intercalator libraries. The subsequent chapter will discuss about the design, 

synthesis, analysis and evaluation of multiple libraries that were designed and tested against 

HIV-1 RNA/DNA heteroduplex using these weak intercalator monomers.  

 

Naproxen based bis-intercalator library 

Only one bis-intercalator library (Dpr-x-Dpr, Dpr-x-x-Dpr) with varying distance of 

the linker between the two intercalating units was designed and synthesized using naproxen 

as the base monomer. In general, poor aqueous solubility for naproxen based bis-intercalator 

molecules was observed because of which not much interest was extended towards designing 

further libraries with naproxen. The design, synthesis, analytical characterization and 

evaluation of this library against HIV-1 RT are discussed in detail. 

 

Design of Naproxen based Dpr-x-Dpr and Dpr-x-x-Dpr bis-intercalator library 

The key requirements in the design of the naproxen based bis-intercalator library 

included identifying an appropriate synthetic handle for the attachment of naproxen molecule 

followed by identification of the linker monomers that would separate the two naproxen 

molecules. One of the requirements for the monomer that could server as the handle for the 

attachment of the naproxen molecule was the presence of an appropriate functionality that 

could be used to attach naproxen molecule. Since naproxen molecule bears a carboxylic acid 

handle, in theory any monomer bearing amine functionality could be used as a potential 
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handle for the naproxen library. However, since a bis-intercalator library was to be designed 

where the two intercalating units would be separated by linkers of varying lengths, an 

additional synthetic handle was required on this monomer that could be used to connect the 

linker part bearing a carboxylic acid group as well.  

Diamino acids such as diaminopropionic acid (Dpr), ornithine (Orn) or lysine (Lys) 

could have been suitable candidates for such a monomer as either of them would help 

achieve the above mentioned required objectives. For this library however, we selected 

diaminopropionic acid as the handle for the attachment of naproxen molecules as the side 

chain of the diaminopropionic acid is shorter than the side chain of ornithine and lysine. The 

rationale was that the side chain of Dpr would be less flexible when compared to the side 

chains of Orn or Lys and hence would help reduce the overall entropic cost the molecules 

would have to pay thereby improving the overall binding energy of the bis-intercalator 

molecules (Figure 29).   

 

 

 

Figure 29. Comparison of the side chain lengths of different diamino acids that could serve as 

potential handle for the attachment of naproxen molecule. 
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While considering the linker monomers for the naproxen library, it was imperative to 

identify and select linkers that would have sufficient lengths for which bis-intercalation could 

be expected. Waring et al. had studied the minimum interchromophore distance that was 

required for bis-intercalation using series of diacridines containing 9-aminoacridine that were 

separated using simple methylene chains of varying lengths. Their study suggests that a 

minimum of 8.8 Å interchromophore distance is required to achieve bis-intercalation [139].   

Gabbay et al. also studied effect of the linker length and rigidity on the bis-

intercalation. However, unlike Waring et al., Gabbay et al. used peptide based linkers of 

varying lengths that ranged from 8.8 Å to 21.6 Å and connected two acridine based 

molecules. Due to the peptide nature, Gabbay et al. linkers were less flexible when compared 

to the simple methylene chain based linkers of Waring et al. Interestingly, Gabbay et al. did 

not observe bis-intercalation with the linker that had an interchromophore distance of 8.8 Å. 

Instead, they observed bis-intercalation for linkers whose interchromophore distance ranged 

from 13.2 Å to 21.6 Å [140]. Unfortunately, their study did not include any linkers whose 

interchromophore distances bracketed distance between 8.8 Å and 13.2 Å, and so they could 

not identify the precise interchromophoric distance at which the transition happens from 

mono-intercalation to bis-intercalation.     

Although, the literature precedence with regard to the interchromophore distance was 

not consistent, it at least helped identify that a minimum interchromophore distance of > 8.8 

Å was required to achieve bis-intercalation. To achieve this, we selected amino acid based 

linker monomers that varied in number of their methylene units. The idea was that 

differences in the number of methylene units of these monomers would allow us to vary the 
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distance between the two intercalating units while the peptide bond involved in these linkers 

would help provide some rigidity. The structures of different linker monomers that were 

selected are summarized in Figure 30.    

                          

    

 

Figure 30. Structures of different linker monomers that were selected for naproxen based  

bis-intercalator library. 

 

The linker monomers differed in the number of their methylene units ranging from 1 

methylene unit for glycine to 5 for ε-aminohexanoic acid. The length of the linker part could 

be extended by using these monomers in combination by having multiple spacer positions  

(-x-) in the final design.  

                 To ensure that we met the interchromophore distance requirement (> 8.8 Å) 

required for bis-intercalation, we modeled peptide based linker monomers to identify the 

minimum number of monomers that would be required to make the linker part. For this, we 

kept the 1
st
 and last position fixed using Dpr as the handle for the attachment of naproxen and 

introduced single (Dpr-x-Dpr), double (Dpr-x-x-Dpr) and three (Dpr-x-x-x-Dpr) spacer 

positions for the linker monomers. Thus, in case of single spacer there would be only 4 

molecules with Gly (1 CH2) as the shortest and ε-aminohexanoic acid (5 CH2) as the longest 

linker separating the two naproxen molecules. Likewise, in case of double spacer, there 
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would be 16 possible molecules with Gly-Gly (2 CH2) as the shortest and ε-Ahx – ε-Ahx (10 

CH2) as the longest linker.    

For modeling of the monomers, Spartan program was used. First Dpr was drawn and 

its C-terminal was converted to an amide while the side chain amine was acylated with 

naproxen. The α-amine of the Dpr was connected with linker monomers of varying lengths 

using single, double and three spacer configurations. Once the linker part was drawn, its α-

amine was acylated with the final Dpr molecule. The side chain amine of this Dpr was 

acylated with naproxen. Once the entire molecule was drawn, the dihedrals of the linker part 

were set and locked at 180 ° to keep the linker portion in an extended conformation. The side 

chains of the two Dpr to which naproxen was attached were left as drawn. Finally, the 

molecule was energy minimized and the interchromophore distance was determined by 

measuring the distance between the carbon atoms next to the naproxen ring and in the plane 

of intercalation. The summary of different interchromophore distances that were obtained 

with different lengths of linker monomers are summarized in Table 15.                                   
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Table 15. Summary of interchromophore distance obtained for different linker combinations 

using Spartan molecular modeling program. 

 

Linker type Interchromophore distance (Å) 

Single spacer 

 Gly 10.73 

β-Ala 10.72 

γ-Abu 12.86 

ε-Ahx 14.83 

  Double spacer 

 Gly-Gly 13.65 

β-Ala-β-Ala 14.08 

γ-Abu-γ-Abu 17.78 

ε-Ahx-ε-Ahx 22.47 

  Three spacer 

 (Gly)3 17.15 

(β-Ala)3 18.58 

(γ-Abu)3 24.62 

(ε-Ahx)3 31.53 

Gly-β-Ala-γ-Abu 19.49 

Gly-β-Ala-ε-Ahx 22.83 

    

          

The results of the molecular modeling suggested that the all the linker combinations 

for single and double spacer configurations fell within the interchromophoric range of > 8.8 

Å – 21.6 Å as reported by Gabbay et al. and for which bis-intercalation could be expected. 

Some combinations for the three spacer configuration also fell within the above mentioned 

interchromophoric range but most of the combinations exceeded the upper limit of 21.6 Å 

interchromophoric distances. Keeping this in mind we pursued with the synthesis of Dpr-x-

Dpr and Dpr-x-x-Dpr motifs totaling for 20 molecules.  
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The terminal amine of the final Dpr was left unmodified so that it could provide a net 

+1 charge on molecules to achieve better solubility with these molecules. To account for any 

binding advantage that would be provided by this +1 charge over pure intercalation, control 

molecule Dpr-naproxen was synthesized that also had a net +1 charge. This would help 

compare the IC50 values of any leads with the control molecule and thus identify the net 

effect of bis-intercalation on the final binding and hence on the inhibition of HIV-1 RT.   

 

Synthesis of Dpr-x-Dpr and Dpr-x-x-Dpr naproxen based molecules 

Molecules were synthesized using solid phase peptide synthesis, technique pioneered 

by Merrifield [141]. A parallel synthesis approach based on Fmoc chemistry was utilized to 

synthesize these molecules. This approach allows concurrent synthesis of multiple molecules 

with different sequences/motifs using similar synthetic manipulations. As mentioned earlier, 

diaminopropionic acid (Dpr) was used as the handle for the attachment of the naproxen 

molecule. The α-NH2 of the Dpr was protected with Fmoc group which is a base labile group 

while the side chain amine was protected with Mtt group which is an acid labile group. The 

deprotection of these groups requires different chemical conditions and thus allows selective 

deprotection and modification of each amino group. The spacer amino acids used included 

glycine, β-alanine, γ-aminobutyric acid and ε-aminohexanoic acid with their amino groups 

protected by Fmoc group. The structures for Fmoc and Mtt protected diaminopropionic acid 

along with Fmoc group protected amino acids used as spacers are provided in Figure 31.  
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Figure 31. Structures of handle and spacers that were used in the synthesis of naproxen based 

Dpr-x-Dpr and Dpr-x-x-Dpr bis-intercalator library. 
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Materials and methods 

Synthesis was done in a 96 well polypropylene plate using D-series rink amide 

polyamide lanterns that were purchased from Mimotopes. 4 discs per molecule were used 

that corresponded to a total loading capacity of 8μmoles. The lanterns were first washed 5 

times with 500 μL of NMP, following which Fmoc deprotection was done. Fmoc was 

deprotected in two rounds with 7 min and 10 min each respectively using 20% piperidine in 

NMP. Several washes with NMP were done to remove the excess NMP. First coupling was 

done using Fmoc-Dpr(Mtt)-OH. A concentration of 300 mM and volume of 200 μL was 

aimed for Fmoc-Dpr(Mtt)-OH coupling. HATU and DIEA were used as coupling reagents. 

The ratio of HATU and DIEA with respect to amino acid used was 1: 1: 2 (amino acid: 

HATU: DIEA). Thus, the concentration of HATU and DIEA were 300 mM and 600 mM 

respectively. The carboxyl group of Fmoc-Dpr(Mtt)-OH was preactivated for 10 min. The 

activated Fmoc-Dpr(Mtt)-OH mixture was added to all the lanterns as shown in Figure 32 

and acylated for 2 hour on a bench top shaker to provide gentle mixing. The reaction mixture 

was aspirated and the lanterns were washed 5 times with 200 μL of NMP. No capping of the 

unreacted amine was performed during the synthesis of this library.  

The Fmoc deprotection of Fmoc-Dpr(Mtt)-OH group was carried out using 20% 

piperidine in NMP using conditions as discussed earlier followed by thorough washings with 

NMP to remove the excess piperidine. Following this, second coupling was performed and 

depending upon the sequence, the second position either had Fmoc-Gly-OH (wells A1, B1, 

C1, D1 & E1), Fmoc-β-Ala-OH (wells A2, B2, C2, D2 & E2), Fmoc-γ-Abu-OH (wells A3, 

B3, C3, D3 & E3) or Fmoc-ε-Ahx-OH (wells A4, B4, C4, D4 & E4). These additions were 
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done column wise (Figure 32).  The concentration and the ratio of amino acid: HATU: DIEA 

were same as for the Fmoc-Dpr(Mtt)-OH coupling as mentioned above. The amino acid 

mixtures were preactivated for 15 min following which acylation was performed for 2 hour 

with gentle shaking on a bench top shaker.  

After 2 hour of coupling, reaction mixtures were aspirated except in case of Dpr-x-

Dpr molecules and the remaining lanterns were washed 5 times with 200 μL of NMP. Fmoc 

deprotection was carried out in similar manner as mentioned above using 20% piperidine in 

NMP. The lanterns were again thoroughly washed using 200 μL NMP. Third coupling for the 

linker was carried out for Dpr-x-x-Dpr molecules and again depending upon the sequence, 3
rd

 

position either had Fmoc-Gly-OH (wells A1, A2, A3, A4) or Fmoc-β-Ala-OH (wells B1, B2, 

B3, B4), Fmoc-γ-Abu-OH (wells C1, C2, C3, C4) or Fmoc-ε-Ahx-OH (wells D1, D2, D3, 

D4) as shown in Figure 32.  The concentration and the ratio of amino acid: HATU: DIEA 

were same as for the Fmoc-Dpr(Mtt)-OH coupling as mentioned above. The amino acid 

mixtures were preactivated for 15 min following which acylation was performed for 2 hour 

with gentle shaking on a bench top shaker. 

After 2 hour of acylation, reaction mixtures were aspirated and lanterns were 

thoroughly washed using NMP. Fmoc deprotection was carried out on all the lanterns 

including the Dpr-x-Dpr sequences using 20% piperidine. Lanterns were again washed with 

NMP to remove any excess piperidine. A global acylation of the second Fmoc-Dpr(Mtt)-OH 

was done on all the lanterns (Figure 32).  The concentration and the ratio of amino acid: 

HATU: DIEA were same as for the Fmoc-Dpr(Mtt)-OH coupling as mentioned above. The 
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amino acid mixtures were preactivated for 30 min following which acylation was performed 

for 10 hour with gentle shaking on a bench top shaker. 

After the final Fmoc-Dpr(Mtt)-OH coupling, reaction mixture was aspirated and 

lanterns were washed thoroughly with NMP. The lanterns were cut into two halves, each 

containing 2 discs. One set of the lanterns was used for acylating naproxen while the other 

half was used to acylate quinoxaline-2-carboxylic acid that will be discussed under 

quinoxaline-2-carboxlylic acid libraries.  

For this library, one of the two sets of the lanterns was used that was ready to be 

acylated with naproxen once the side chain Mtt group were deprotected. For this, global Mtt 

deprotection was performed using 200 μL of 1% TFA in DCM. The deprotection was 

performed for 8-10 times, 2 min each. The lanterns were thoroughly washed first with DCM 

and then with NMP to remove any traces of TFA or DCM and were now ready for naproxen 

acylation.  A concentration of 300 mM and volume of 200 μL was aimed for the naproxen 

coupling. This corresponded to 60 μmoles of naproxen. However, there were two positions 

for naproxen, 120 μmoles of naproxen was used for each molecule. For coupling, HOBt, 

HBTU and DIEA were used as coupling reagents. The ratio of these reagents with respect to 

amino acid were 1: 1: 2 (HBTU:HOBt: DIEA). The reaction mixture of naproxen, HBTU, 

HOBt and DIEA was preactivated for 15 min. Acylation of naproxen was performed for 3 

hour with gentle shaking on a bench top shaker. After acylation, the lanterns were thoroughly 

washed with NMP. The global deprotection of the terminal Fmoc group was carried out 

using standard 20% piperidine conditions followed by thorough NMP washes to get rid of 

any excess piperidine.  
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This terminal amine helped provided a net charge of +1 on all the molecules. The 

lanterns were washed with DCM to wash off any NMP before final cleavage could be 

performed. After the DCM washings, lanterns were air dried to get rid of any DCM. The 

molecules were finally cleaved form the solid support by performing the cleavage reaction 

for 1.5 hour using 400 μL of 97.5% TFA. No TIS was used as a scavenger in the cleavage 

cocktail. After cleavage, the TFA solution was carefully transferred to microcentrifuge tubes 

and the TFA was removed using stream of nitrogen. Three to four rounds of ether trituration 

were done using ice cold ether following which the molecules were taken in 30 μL of 

DMSO.  
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Figure 32. Scheme representing distribution of different amino acids used during the 

synthesis of Dpr-x-Dpr and Dpr-x-x-Dpr naproxen based bis-intercalator library. 
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Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

LC/MS techniques. All the molecules were UV quantitated using λmax of naproxen which is 

at 330 nm and using a molar extinction coefficient of 3104 M
-1

 cm
-1

 at 330 nm. The purity of 

all the 20 molecules including Dpr-naproxen that was synthesized as control molecule was 

determined using HPLC. The LC method employed gradient of 0-100% ACN over 26 min 

through a Microsorb 100-5 C8 150 x 2.0 mm column with a flow rate of 0.3 mL/min. Elution 

of the molecules was monitored spectrophotometrically at 210 and 330 nm. A few 

representative HPLC chromatograms are shown in Figure 33.  
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Dpr(Naproxen)-β-Ala-ε-Ahx-Dpr(Naproxen) 
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Figure 33. Representative HPLC chromatograms from naproxen based Dpr-x-Dpr and Dpr-x-

x-Dpr based bis-intercalator library. Multiple peaks were observed at 330 nm. 

 

The average purity of the molecules was found to be around 70% based on the 

integration values from the 330 nm chromatogram for the most intense peak. However, there 

was one molecule, Dpr(Naproxen)-β-Ala-γ-Abu-Dpr(Naproxen) for which only 38% purity 

was observed.  LC/MS analysis of all the molecules was done to identify and understand the 

chemical nature of each peak. The analysis was done using ABI QTRAP 2000 LC/MS/MS 

instrument using the same column, gradient and solvent conditions as used for the HPLC 

analysis. The analysis was done using positive ion mode. LC/MS data did confirmed that the 

major peak from the HPLC data had a mass that was consistent with the expected mass of the 

product while the mass in the second major peak was consistent with the mass of naproxen 

amide that might have formed due to lack of capping steps. However, in case of Dpr-

naproxen the mass of the major peak corresponded to naproxen amide while the mass of the 

minor peak corresponded to Dpr-naproxen. The purity of Dpr-naproxen was just around 21% 

on the basis of the integration values of the minor peak in the 330 nm chromatogram. In 
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addition to the two major peaks, there were few minor peaks that were observed but their 

chemical nature could not be identified and annotated.   

Although, LC/MS analysis was done for all the molecules, representative LC/MS 

chromatograms for Dpr-naproxen and one other molecule (Dpr-Gly-Gly-Dpr) showing 

analysis of the two major peaks are shown in Figure 34 a-b.  

 

Figure 34a) LC/MS analysis of Dpr-Gly-Gly-Dpr. XIC analysis was done on two major 

peaks observed in the TWC chromatogram. 
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TIC of +EMS: from Sample 2 (A1_Dpr-Gly-Gly-Dpr002) of DataSET1.wiff (Turbo Spray) Max. 2.3e7 cps.
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Figure 34b) LC/MS analysis of Dpr-naproxen. XIC analysis was done on two major peaks 

observed in the TWC chromatogram. 
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TIC of +EMS: from Sample 22 (F1_Dpr-Naproxen022) of DataSET1.wiff (Turbo Spray) Max. 3.0e7 cps.
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Figure 34 a-b.  Representative LC/MS data from naproxen based bis-intercalator library. 

a) LC/MS chromatograms with XIC analysis for Dpr-Gly-Gly-Dpr.  

b) LC/MS chromatograms with XIC analysis for Dpr-naproxen.  

 

Single point screening of Dpr-x-Dpr & Dpr-x-x-Dpr naproxen based bis-intercalator 

library 

 Although, the average purity of the Dpr-x-Dpr and Dpr-x-x-Dpr naproxen based bis-

intercalator library was 70%, single point screening of the library was still performed against 

HIV-1 RT to identify any leads. The idea was that if any molecules showed promising result, 

we would re-synthesize them with better purity especially after knowing that naproxen amide 

was the major impurity from our LC/MS analysis. The formation of naproxen amide could be 

easily avoided by introducing capping steps after each coupling to cap any unreacted amines.   
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Materials and methods 

All the biochemical reagents (molecular biology grade), 95% ethanol, ScintiVerse ™ 

BD cocktail, and 10 mL scintillation vials were purchased from Fisher Scientific (Fair Lawn, 

NJ, USA). The 96 well DEAE plate along with the punching tips were purchased from EMD 

Millipore. Enzyme HIV-1 RT was purchased from Worthington Biochemical Corporation 

(Lakewood, NJ) while Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18 and dTTP were purchased from 

Amersham Pharmacia (Piscataway, NJ, USA). 
3
H-TTP (30 Ci/mmol) was purchased from 

MP Biomedicals (Santa Ana, CA).   

The single point screening was done at 200 μM concentration. The screening was 

performed using Assay B i.e. semi high-throughput system wherein the assay was performed 

in microcentrifuge tubes, incubation was done using the heat block and finally the isolation 

was done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor and the 

baseline control points however; there were no replicates for the assay points. The primary 

stocks of the molecules were in 100% DMSO. The final DMSO in the assay was however 

5% to achieve better solubility for the molecules. The zero inhibitor and the baseline control 

points also contained a final DMSO of 5% to account for any loss of enzymatic activity due 

to the presence of 5% DMSO.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 

concentration in a total assay volume of 50 µL.  BSA was heat inactivated by treatment at  
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65 °C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  

An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X secondary stocks of the library molecules were prepared in 50% DMSO and 

were covered with aluminum foil to protect from light. 5 L of the 10X secondary stock for 

each molecule was added to the previously aliquoted standard assay mixture. Reaction was 

initiated with 5.16 μL of 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At the 

end of incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution.  The 

terminated reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet 

with 50 μL of deionized water. The filter plate was washed three times with 5% 
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Na2HPO4
.
7H2O, one time with deionized water and finally one time with 95% ethanol.  The 

filter plate was dried and the filter papers were punched into scintillation vials containing  

7 mL of ScintiVerse™ BD cocktail.  Samples were kept for three hours before determining 

the radioactivity using Beckman LS 6500 scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline corrected zero inhibitor control. 

For full concentration range IC50 determination, proportion values were plotted 

against the concentration and the IC50 value was determined using Kaleidagraph software by 

fitting the data to the following equation: 

P = 1(1+ [I]/IC50) 

where, P is the proportion of the signal with respect to the zero inhibitor control and [I] is the 

concentrations of the inhibitor used.  

 

Results and Discussion 

The results for the single point screening of Dpr-x-Dpr and Dpr-x-x-Dpr naproxen 

based bis-intercalator library are summarized in Table 16. In the results, a proportion value of 

1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a proportion value 

close to 0 would indicate almost complete inhibition of the HIV-1 RT.  
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Table 16. Summary of proportion values from single point screening of naproxen based  

Dpr-x-Dpr and Dpr-x-x-Dpr bis-intercalator library against HIV-1 RT. 

 

Molecule Sequence Proportion Estimated IC50 (μM) 

1 Dpr-Gly-Gly-Dpr 0.51 205 

2 Dpr-β-Ala-Gly-Dpr 0.52 219 

3 Dpr-γ-Abu-Gly-Dpr 0.41 139 

4 Dpr-ε-Ahx-Gly-Dpr 0.36 114 

5 Dpr-Gly-β-Ala-Dpr 0.54 232 

6 Dpr-β-Ala-β-Ala-Dpr 0.50 199 

7 Dpr-γ-Abu-β-Ala-Dpr 0.43 148 

8 Dpr-ε-Ahx-β-Ala-Dpr 0.36 110 

9 Dpr-Gly-γ-Abu-Dpr 0.37 118 

10 Dpr-β-Ala-γ-Abu-Dpr 0.39 127 

11 Dpr-γ-Abu-γ-Abu-Dpr 0.34 101 

12 Dpr-ε-Ahx-γ-Abu-Dpr 0.31 91.5 

13 Dpr-Gly-ε-Ahx-Dpr 0.27 72.2 

14 Dpr-β-Ala-ε-Ahx-Dpr 0.25 65.3 

15 Dpr-γ-Abu-ε-Ahx-Dpr 0.32 95.6 

16 Dpr-ε-Ahx-ε-Ahx-Dpr 0.19 46.3 

17 Dpr-Gly-Dpr 0.39 130 

18 Dpr-β-Ala-Dpr 0.28 771 

19 Dpr-γ-Abu-Dpr 0.37 117 

20 Dpr-ε-Ahx-Dpr 0.20 49.2 

Control Dpr-Naproxen 0.75 604 

        

 

 The single point screening results indicate that the average proportion value for the 

library is around 0.4 and interestingly almost all the molecules have proportion values close 

to the average proportion value for the library. Thus, there does not seem to be any spread in 

the range of the proportion values among the library members that would be expected with 

different linkers present in the library. The results for this library are very similar to the one 

we observed with ethidium benzylic acid based bis-intercalator library in Chapter 3. The idea 
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of using weak intercalator like naproxen was to provide better chance for the linkers to 

present their subtle differences in the overall affinity of the molecules that otherwise would 

have got masked by the strong intercalative nature of strong intercalators such as ethidium 

benzylic acid. Unfortunately, that does not seem to be getting reflected in the data.  

The best proportion values were observed for molecules Dpr-ε-Ahx-ε-Ahx-Dpr and 

Dpr-ε-Ahx-Dpr with 0.19 and 0.2 respectively. It was interesting to note that both the best 

molecules contained ε-Ahx as the linker. However, it was interesting to note that both the 

molecules had almost similar proportion values despite of the fact that one of them contains 

only 1 ε-Ahx while the other contains 2 ε-Ahx molecules as the linker. In theory, we would 

expect different effects from the two linkers even though they essentially contains the same 

linker monomer as the two linkers differ in their length and should thus differ in their 

flexibility as well. This should ultimately affect their overall binding affinity and hence their 

inhibitory activity towards the HIV-1 RT.       

The estimated IC50 value for the control i.e. Dpr-Naproxen was found to be 600 μM 

that is 10X less than the true IC50 of 6.7 mM obtained earlier for naproxen amide. This 

difference could be partly due to inherent error associated with the single point screening 

based experiments and partly due to presence of positive charge on Dpr-naproxen that was 

not present on naproxen amide.  

Although, the results of the single point screening were not as we would have 

expected that would include good spread in the proportion value for the molecules and only 

few molecules having low proportion values signifying the importance of the uniqueness of 

their linker, full concentration range based IC50 determination was done for Dpr-ε-Ahx-ε-
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Ahx-Dpr molecule as it had the lowest proportion value. This was done to determine the true 

affinity of this lead molecule against HIV-1 RT and also to test and see if the inhibition 

observed was in fact due to true affinity of this lead molecule towards HIV-1 RNA/DNA 

heteroduplex or due to promiscuous inhibition.  

Promiscuous inhibition is a term that is used to describe non-specific inhibition 

caused by small molecules due to formation of aggregates at low μM concentration. These 

aggregates cause non-specific inhibition of enzymes and proteins thereby giving false 

positives [142]. Shoichet et al. demonstrated this phenomenon by studying 50 unrelated 

drugs for their promiscuous effect against three model enzymes. Interestingly, in this study 

43 out of 50 unrelated drugs were found to be promiscuous inhibitors [143]. Similar findings 

were observed by the same group when they identified that off the 1274 inhibitors identified 

from National Institutes of Health Chemical Genomics Center library as specific inhibitors, 

1204 molecules i.e. 95% were found to be promiscuous inhibitors [144]. The formation of 

aggregates has also been shown to affect the stability of proteins whereby aggregates of small 

molecules have been shown to cause increased proteolysis and unfolding of proteins [145]. 

Recently, efficacy of some anticancer drugs was shown to get compromised due to aggregate 

formation in a cell culture based model [146]. Thus, it can be seen that aggregate formation 

by small molecules has been shown to not only affect the true efficacy of such molecules but 

in most cases has been shown to cause non-specific interactions with unrelated targets such 

as proteins and enzymes. 

Shoichet et al. developed a detergent based simple assay that allows identifying 

whether inhibition exhibited by any small molecule is due to specific mechanisms or due to 
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promiscuous inhibition by testing the molecule in presence of a detergent such as Triton X-

100 (TX-100). They demonstrated that with lower concentration of the TX-100 (0.001% 

v/v), the detergent helped disrupt the protein-aggregate interaction thereby preventing the 

promiscuous inhibition while at higher concentration (0.01% v/v) the aggregates themselves 

were destroyed. Any further higher concentration such as 0.1% v/v of TX-100 was shown to 

affect the protein stability [147, 148].  

Keeping the possibility of promiscuous inhibition in mind, Dpr-ε-Ahx-ε-Ahx-Dpr full 

concentration range IC50 value was determined in the presence and absence of TX-100%. 

Since 0.01% v/v of TX-100 was shown to actually cause the disruption of aggregates, this 

concentration of TX-100 was chosen for the full concentration range IC50 determination 

study. The assay conditions used in this study were same as mentioned earlier in the 

materials and methods section of single point screening section except that wide 

concentration range of Dpr-ε-Ahx-ε-Ahx-Dpr was selected to bracket the estimated IC50 

value and in case of TX-100 condition, 0.01% v/v of TX-100 was added to the assay mixture 

including controls. The full concentration range IC50 graphs with and without the TX-100 for 

Dpr-ε-Ahx-ε-Ahx-Dpr are summarized in Figure 35.    
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Figure 35. IC50 plots for Dpr (naproxen)-εAhx-ε-Ahx-Dpr (naproxen) with and without 

0.01% TX-100. 
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The IC50 value obtained for Dpr (naproxen)-εAhx-ε-Ahx-Dpr (naproxen) without  

TX-100 was 183 μM while in the presence of 0.01% TX-100 was 1.3 mM. Thus, there was 

roughly 7-fold difference in the IC50 values in the presence and absence of TX-100. The 

difference could also be noted in the proportion values and the overall shape between with 

and without TX-100 IC50 plots. While we were getting nice and smooth inhibition curve in 

the absence of TX-100 with a proportion value of roughly 0.2 at 1 mM concentration, 

proportion value of just 0.6 was obtained with TX-100 at same concentration. The data seems 

to be suggesting that Dpr (naproxen)-εAhx-ε-Ahx-Dpr (naproxen) may be a promiscuous 

inhibitor.  In theory for a specific inhibitor that inhibits its target via a specific mechanism, 

ideally there should not be any difference between the IC50 values with and without the TX-

100.  Also, the IC50 curves with the two conditions should overlay on each other nicely that 

obviously does not seems to be the case with Dpr (naproxen)-εAhx-ε-Ahx-Dpr (naproxen) 

IC50 plots.  

The test of promiscuity was an important test that helped identify Dpr (naproxen)-

εAhx-ε-Ahx-Dpr (naproxen) as a possible promiscuous inhibitor as visually no obvious signs 

were observed with the assay solutions such as precipitation, cloudiness etc. that could have 

raised any concerns regarding possibility of any aggregation happening with these molecules. 

Also, all the molecules in the library had a +1 net charge on them that in theory should have 

helped with the solubility and aggregation issues. However, since Dpr (naproxen)-εAhx-ε-

Ahx-Dpr (naproxen) was already showing signs of promiscuous inhibition, no further 

libraries were designed and synthesized using naproxen as base intercalator. Instead, 
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attention was focused on trying other potential weak intercalators such as tryptophan and 

quinoxaline-2-carboxylic acid. 

 

Tryptophan based bis-intercalator libraries 

The IC50 of tryptophan amide during the screening of potential weak intercalators 

against HIV-1 RT was found to be 14 mM. However, we suspected that the true IC50 could 

be even higher because for IC50 determination, commercially available L-tryptophan amide 

HCl salt was used. The HCl salt was found to cause weird salt effects at higher 

concentrations on the enzymatic activity. Tryptophan based bis-intercalator libraries we 

designed to have a net +1 charge on the molecules. The hope was that the presence of +1 

charge on the molecules would help with the solubility and thus prevent formation of any 

possible aggregates while at the same time would not be high enough to cause non-specific 

binding of the molecules to other nucleic acids.  

In all there were 4 bis-intercalator libraries that were designed and synthesized using 

tryptophan as the weak intercalator base molecule. The basic designs of these libraries were 

as follows: 

1) W-x-x-W 

2) WW, W-x-W ( D- and L- tryptophan based library) 

3) WL-ε-Ahx-WD & WL-β-Ala-WD based tris-intercalator libraries 

4) WL-ε-Ahx-WD based branched library 

Among these 4 libraries, library 1 & 2 are independent libraries while library 3 & 4 

are extension of two lead molecules (WL-ε-Ahx-WD & WL-β-Ala-WD) that were identified 
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from library 2 and were designed to help further improve the affinities of these two lead 

molecules against HIV-1 RT. The design, synthesis, analytical characterization and finally 

the evaluation of each of these 4 libraries against HIV-1 RT is discussed in a sequential 

manner. 

 

Library 1: W-x-x-W  

Design and synthesis 

The design of this library involved two spacer positions that could be occupied by 

four possible linker monomers. Fmoc-L-Trp(Boc)-OH was used as the base intercalator 

molecule while Fmoc-Gly-OH, Fmoc-β-Ala-OH, Fmoc-γ-Abu-OH and Fmoc-ε-Ahx-OH 

were used as the linker monomers. Since there were two spacer positions and 4 possible 

linker monomers, total of 16 molecules were present in this library. Thus, like naproxen 

based Dpr-x-x-Dpr bis-intercalator library, the shortest linker in this library was Gly-Gly 

with 2 –CH2 groups while the longest linker was ε-Ahx-ε-Ahx with 10 –CH2 groups between 

the two tryptophan molecules. Both the shortest (13.65 Å) and longest linker (22.47 Å) 

bracketed enough distances to effectively allow bis-intercalation.  

The α-amine of the terminal Fmoc-Trp(Boc)-OH was left unmodified so that it could 

provide a net +1 charge on the molecules. Thus, all the 16 molecules in the library had +1 

charge on them.  The structures of the base intercalator and linker monomers are presented in 

Figure 36 and the basic design of the library is presented in Figure 37.  
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Figure 36. Structures of Fmoc-Trp(Boc)-OH and linker monomers used in the synthesis of 

tryptophan based W-x-x-W bis-intercalator library. 
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Figure 37. Basic design used for the synthesis of W-x-x-W bis-intercalator library. 

 

Materials and Methods 

Molecules were synthesized using solid phase peptide synthesis using parallel 

synthesis approach as discussed in the material and methods section of naproxen based bis-

intercalator library. Fmoc-Trp(Boc)-OH and HATU (O- (7-azabenzotriazole-1-yl)-N, 

N,N’N’-tetramethyluronium hexafluorophosphate) were purchased from Chem-Impex 
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International (Wood Dale, IL). All the linker monomers were purchased from EMD 

Biosciences (San Diego, CA, USA). DIEA (N, N-diisopropylethylamine) and piperidine 

(99%) were obtained from Sigma Aldrich (St. Louis, MO, USA) while the rink amide 

MBHA resin was obtained from EMD Biosciences (San Diego, CA, USA). NMP (N-methyl-

2-pyrrolidone) was used as solvent for the synthesis and was obtained from Advanced 

ChemTech (Louisville, KY, USA). TFA (99%) was purchased from Acros Organics (New 

Jersey, USA). 

Synthesis was done on rink amide MBHA resin using microcentrifuge tubes. 50 mg 

of rink amide resin (0.7 mmole/g) was used for each molecule. Resin was washed multiple 

times using 400 μL of NMP following which Fmoc deprotection was done using 20% 

piperidine for 7 min and 10 min each. Resin was washed thoroughly to remove excess 

piperidine. Resin was acylated with Fmoc-Trp(Boc)-OH. Concentration of 300 mM for 

Fmoc-Trp(Boc)-OH and volume of 400 μL was used for the coupling. HATU and DIEA 

were used as coupling reagents. The concentration of HATU and DIEA were 300 mM & 600 

mM respectively. The carboxyl group of Fmoc-Trp(Boc)-OH was preactivated for 15 min. 

The activated Fmoc-Trp(Boc)-OH was added to all the tubes and acylated overnight. The 

reaction mixture was aspirated and the resins were washed 5 times with 400 μL of NMP. 

Capping of any unreacted amines was achieved using 10% acetic anhydride and 5% DIEA in 

NMP for 15 min. After capping, resin was washed multiple times with NMP. Fmoc 

deprotection of the resin bound Fmoc-Trp(Boc)-OH was carried out using 20% piperidine 

conditions as mentioned earlier. Resin was again washed multiple times to remove any 

excess piperidine.    
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Following this, the second coupling was performed and depending upon the 

sequence, the second position either had Fmoc-Gly-OH, Fmoc-β-Ala-OH, Fmoc-γ-Abu-OH 

or Fmoc-ε-Ahx-OH. The concentration and the ratio of amino acid: HATU: DIEA were same 

as for the Fmoc-Trp(Boc)-OH coupling mentioned above. The amino acid mixtures were 

preactivated for 15 min following which acylation was performed overnight. The reaction 

mixtures were aspirated and resins were washed multiple times with NMP. Capping of any 

unreacted amine was done for 15 min using conditions as mentioned above. The resins were 

again washed multiple times using NMP following which Fmoc deprotection was done using 

20% piperidine in NMP.  NMP washes were done to remove any excess piperidine before 

starting the third acylation. Depending upon the sequence, third position again either had 

Fmoc-Gly-OH, Fmoc-β-Ala-OH, Fmoc-γ-Abu-OH or Fmoc-ε-Ahx-OH. The amino acid 

mixtures were preactivated for 15 min following which acylation was performed overnight. 

The reaction mixtures were aspirated and the resins were washed multiple times with NMP. 

Capping step was repeated to cap any unreacted amine. The resins were again subjected to 

NMP washes before the final coupling of Fmoc-Trp(Boc)-OH. The carboxyl group of Fmoc-

Trp(Boc)-OH was preactivated for 15 min and the activated reaction mixture was added to all 

the tubes and left for overnight acylation. The reaction mixture was aspirated and multiple 

washings were done with NMP. No capping step was done at this stage. Instead, the Fmoc 

group of the terminal α amine was deprotected using 20% piperidine conditions as discussed 

above followed by thorough washings with NMP to remove the excess piperidine. Finally, 

the cleavage of the molecules from the resin along with Boc deprotection was achieved in the 

same step using 97.5% TFA. No TIS was used in the cleavage cocktail. The cleavage 
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reaction was done for 1.5 hour after which the TFA solutions were carefully transferred to 

microcentrifuge tubes using gel loading pipette tips. TFA was removed using stream of 

nitrogen followed by multiple steps of ether trituration to remove any traces of TFA. 

Molecules were taken in 50 μL DMSO.  

 

Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

LC/MS techniques. All 16 molecules were UV quantitated using the λmax of 280 nm for 

tryptophan and a molar extinction coefficient of 11,400 M
-1

 cm
-1

 at 280 nm. An average yield 

of 60% was obtained on the basis of A280 absorbance values. Purity of few molecules was 

determined using reverse phase HPLC on HP 1090 system. The LC method employed a 

gradient of 0-100% MeOH over 33 min through a Microsorb 100-5 C8 150 x 2.0 mm column 

using a flow rate of 0.3 mL/min. Elution of molecules was monitored spectrophotometrically 

at 210 and 280 nm respectively. An average purity of 95% was obtained on the basis of 

integration values for the most intense peak in the 280 nm chromatogram.  

All 16 molecules were further characterized using LC/MS to make sure expected 

masses were observed for each of the 16 molecules. In the LC/MS chromatograms a huge 

broad peak was observed in all the molecules around 2.7 min that was also present in the 

blank. This peak was not observed in the HPLC data suggesting that possibly it was coming 

from the solvents used for LC/MS analysis. The EMS signal for all the 16 molecules in the 

LC/MS data had masses that were consistent with the expected masses for all the 16 
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molecules. A few representative HPLC and LC/MS chromatograms are shown in Figure 38 

& Figure 39.  
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Figure 38. Representative HPLC chromatograms from the HPLC analysis of tryptophan 

based W-x-x-W bis-intercalator library. Single peaks were observed for all the molecules at 

280nm. 
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W-Gly-Gly-W 
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Figure 39. Representative LC/MS chromatograms from LC/MS analysis of tryptophan based 

W-x-x-W bis-intercalator library. 
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Single point screening of W-x-x-W bis-intercalator library 

The single point screening was done at 300 μM concentration. The assay was 

performed using Assay B i.e. semi high-throughput system wherein the assay was performed 

in microcentrifuge tubes, incubation was done using the heat block and finally the isolation 

was done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor and the 

baseline control points but there were no replicates for the assay points. The inhibitor 2° 

stocks were prepared in using Rnase free water with a final DMSO of 5%. The zero inhibitor 

and the baseline control points also contained a final DMSO of 5% to account for any loss of 

enzymatic activity due to the presence of 1% DMSO.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 

concentration in a total assay volume of 50 µL.  BSA was heat inactivated by treatment at  

65 °C for 30 min. The materials used in this screening experiment are identical to the ones 

mentioned in the single point screening of the naproxen based bis-intercalator library.   

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 
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essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  

An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X secondary stocks of the library molecules were prepared in 50% DMSO and 

were covered with aluminum foil to protect from light. 5 L of the 10X secondary stock for 

each molecule was added to the previously aliquoted standard assay mixture. Reaction was 

initiated with 5.16 μL of 
3
H-TTP and the inhibitors were incubated at 37 


C for 30 min.  At 

the end of incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. 

Terminated reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet 

with deionized water. Filter plate was washed three times with 5% Na2HPO4
.
7H2O, one time 

with deionized water and finally one time with 95% ethanol. The filter plate was dried and 

the filter papers were punched into scintillation vials containing 7 mL of ScintiVerse™ BD 

cocktail. Samples were kept for three hours before determining the radioactivity using 

Beckman LS 6500 scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 
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Results and Discussion 

The single point screening results are summarized in Table 17. In the results, a 

proportion value of 1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a 

proportion value close to 0 would indicate almost complete inhibition of the HIV-1 RT.  

 

Table 17. Summary of proportion values from the single point screening of W-x-x-W based 

bis-intercalator library done at 300 μM concentration against HIV-1 RT. 

 

Molecule Sequence Proportion 

1 W-Gly-Gly-W 0.68 

2 W-β-Ala-Gly-W 0.66 

3 W-γ-Abu-Gly-W 0.69 

4 W-ε-Ahx-Gly-W 0.73 

5 W-Gly-β-Ala-W 0.79 

6 W-β-Ala-β-Ala-W 0.87 

7 W-γ-Abu-β-Ala-W 0.78 

8 W-ε-Ahx-β-Ala-W 0.81 

9 W-Gly-γ-Abu-W 0.68 

10 W-β-Ala-γ-Abu-W 0.77 

11 W-γ-Abu-γ-Abu-W 0.76 

12 W-ε-Ahx-γ-Abu-W 0.88 

13 W-Gly-ε-Ahx-W 0.69 

14 W-β-Ala-ε-Ahx-W 0.70 

15 W-γ-Abu-ε-Ahx-W 0.72 

16 W-ε-Ahx-ε-Ahx-W 0.67 

Control Tryptophan amide 0.73 

      

 

The proportion value for the control i.e. tryptophan amide against HIV-1 RT was 

0.73. Unfortunately, none of the molecules in the library had a proportion value that was any 

better than the proportion value of the control molecule. Almost, all the molecules had 
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proportion values that were almost similar to the control molecule suggesting that none of the 

linkers explored in this library could allow better inhibition of the RT when compared to the 

base molecule.  

One of the possibilities behind this could be that the linkers explored in this library 

may be inefficient to cause bis-intercalation or might be adopting conformations that might 

not be amenable for bis-intercalation. However, from our molecular modeling experiences 

from the designing of the naproxen library as discussed earlier, we know that these linkers 

span enough distances for which bis-intercalation should be expected. Alternatively, it might 

be possible that the linkers might be allowing bis-intercalation but the double spacer motif (-

x-x-) explored in this library might be making linkers too flexible. The high entropy cost 

associated with the flexible nature of these linkers might be lowering the overall binding 

affinity of the molecules thereby negating any gain in the binding energy that might have 

been gained from the bis-intercalation.  

To explore this as a possibility, new library was designed and synthesized with single 

spacer (-x-) and no spacer motifs that will be discussed in library 2.  
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Library 2: D- and L- tryptophan based WW; W-x-W bis-intercalator library     

Design and synthesis 

As discussed earlier, some of the possibilities for not being able to identify any lead 

molecule with the W-x-x-W library could be either the flexible nature of linkers due to 

double spacer (-x-x-) motif used in that library or adoption of conformations by the linkers 

that might have prevented bis-intercalation.    

To test our working hypothesis, a shorter (single spacer) and even no linker motifs 

were investigated. The hope was that these motifs would help minimize the overall entropic 

cost and thus achieve higher binding affinity. Also, both D- and L- tryptophan were 

evaluated for this library to see if chirality of the base intercalator might have any effect on 

the simultaneous bis-intercalation. The hope was that differences in the chirality of the base 

intercalator might present the intercalators in a different manner thereby allowing us to 

identify the best chirality suitable for simultaneous bis-intercalation. Also, in this library in 

addition to the regular linkers that were used earlier, D- and L- Asn were also included as the 

linker monomers. The idea of using Asn was to see if the side chain amide group might help 

pick any specific interaction with RT by acting as a hydrogen bond donor. Again, using both 

the D- and L- Asn would allow evaluate if any specific chirality presents the side chain 

functionalities in a more suitable manner. Thus, the design of this library allowed us to 

screen both the effect of distance as well as chirality of the base intercalator on simultaneous 

bis-intercalation.   

The final design of this library involved single (-x-) and no spacer positions. Both 

Fmoc-L-Trp(Boc)-OH & Fmoc-D-Trp(Boc)-OH were used as base intercalators. Fmoc-Gly-
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OH, Fmoc-β-Ala-OH, Fmoc-γ-Abu-OH, Fmoc-ε-Ahx-OH, Fmoc-Asn(Trt)-OH and Fmoc-D-

Asn(Trt)-OH were used as the linker monomers. For the no linker motif, total of 4 molecules 

were possible. For the single spacer motif, with 6 linker monomers and two chirality for 

tryptophan, total of 24 molecules were possible. Thus, total of 28 molecules were possible 

for the D- and L- WW; W-x-W based motifs in this library. The list and details of these 

molecules is presented in Table 18. 

Library was designed to have a net +1 charge on the molecules. For this, the terminal 

α-amine was left unmodified. The structures of the base intercalator and linker monomers are 

presented in Figure 40 while the basic design of the library is presented in Figure 41.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



170 

 

 

 

Table 18. List of 28 molecules present in the D- and L- tryptophan based WW; W-x-W  

bis-intercalator library.    

 
 

S. No. Molecule Details 

1 A1 WD-WD 

2 A3 WD-WL 

3 A5 WL-WD 

4 A7 WL-WL 

5 A9 WD-(Gly)-WD 

6 A11 WD-(β-Ala)-WD 

7 B2 WD-(γ-Abu)-WD 

8 C1 WD-(ε-Ahx)-WD 

9 C3 WD-(D-Asn)-WD 

10 C5 WD-(L-Asn)-WD 

11 C7 WD-(Gly)-WL 

12 C9 WD-(β-Ala)-WL 

13 C11 WD-(γ-Abu)-WL 

14 D2 WD-(ε-Ahx)-WL 

15 E1 WD-(D-Asn)-WL 

16 E3 WD-(L-Asn)-WL 

17 E5 WL-(Gly)-WD 

18 E7 WL-(β-Ala)-WD 

19 E9 WL-(γ-Abu)-WD 

20 E11 WL-(ε-Ahx)-WD 

21 F2 WL-(D-Asn)-WD 

22 G1 WL-(L-Asn)-WD 

23 G3 WL-(Gly)-WL 

24 G5 WL-(β-Ala)-WL 

25 G7 WL-(γ-Abu)-WL 

26 G9 WL-(ε-Ahx)-WL 

27 G11 WL-(D-Asn)-WL 

28 H2 WL-(L-Asn)-WL 

      

 



171 

 

 

 

Figure 40. Structures of D- and L-Fmoc-Trp(Boc)-OH along with linker monomers used in 

the synthesis of WW and W-x-W tryptophan based bis-intercalator library. 
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Figure 41. Schematic representing basic synthetic design used for the synthesis of D- and L- 

tryptophan based WW; W-x-W bis-intercalator library. 
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Materials and methods 

Fmoc-Trp(Boc)-OH, Fmoc-D-Trp(Boc)-OH and HATU (O- (7-azabenzotriazole-1-

yl)-N, N,N’N’-tetramethyluronium hexafluorophosphate) were purchased from Chem-Impex 

International (Wood Dale, IL). All the linker monomers except Fmoc-Asn were purchased 

from EMD Biosciences (San Diego, CA, USA). Fmoc-Asn(Trt)-OH and Fmoc-D-Asn(Trt)-

OH were purchased from Advanced ChemTech (Louisville, KY, USA).  DIEA (N, N-

diisopropylethylamine) and piperidine (99%) were obtained from Sigma Aldrich (St. Louis, 

MO, USA) while the Synphase rink amide L-series lanterns were purchased from Mimotopes 

(Australia). NMP (N-methyl-2-pyrrolidone) was used as solvent for the synthesis and was 

obtained from Advanced ChemTech (Louisville, KY, USA). TFA (99%) was purchased from 

Acros Organics (New Jersey, USA). 

Synthesis was done on Synphase rink amide L-series lanterns that were Fmoc 

protected in a 96 well polypropylene plate. Lanterns consisted of 4 discs off which only one 

disc was used per molecule. The loading capacity of each disc was 3.75 μmoles. Synthesis 

was done using parallel solid phase peptide synthesis approach that was described and 

discussed in the materials and method section of W-x-x-W library. A final concentration of 

300 mM for amino acids and 100 μL reaction volume was used for each coupling. HATU 

and DIEA were used as coupling reagents. The final concentrations of HATU and DIEA 

were 300 mM and 600 mM respectively. Standard washings, Fmoc deprotection, activation 

and acylation conditions were used as discussed earlier. However, unlike the W-x-x-W 

library, no capping step was done after each acylation during the synthesis of this library. 

Once all the couplings were done, deprotection of Boc and Trt group was achieved 
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concomitantly during the cleavage step. Cleavage of the molecules was done using 95% TFA 

/ 5% water. The cleavage reaction was done for 1.5 hour after which TFA solutions were 

carefully transferred to microcentrifuge tubes using gel loading pipette tips. TFA was 

removed using stream of nitrogen followed by multiple steps of ether trituration using cold 

ether to remove any traces of TFA. Molecules were dissolved in DMSO.  

 

Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

MS infusion techniques. All 28 molecules were UV quantitated using the λmax of 280 nm for 

tryptophan and a molar extinction coefficient of 11,400 M
-1

 cm
-1

 at 280 nm. An average yield 

of 30% was obtained on the basis of A280 absorbance values.  

To check the purity, few molecules were analyzed using reverse phase HPLC. The 

LC method employed a gradient of 0-100% ACN over 30 min through a C8 analytical 

column using a flow rate of 1.0 mL/min on HP 1050 HPLC system. Elution of molecules was 

monitored spectrophotometrically at 210 and 280 nm respectively. An average purity of 98% 

was obtained on the basis of integration values for the most intense peak in the 280 nm 

chromatogram.  

MS infusion of all the 28 molecules was done to check the identity of the molecules. 

LC/MS analysis could not be performed on these molecules due to technical issues with the 

LC part of the LC/MS. Major peak in the EMS chromatogram for all the 28 molecules had 

mass that was consistent with the expected mass of the molecules. In addition, a -17 amu 

peak was observed in the MS infusion data of all the molecules that was assumed to be a 
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fragmentation ion as the HPLC data contained one single peak in the 280 nm chromatogram 

suggesting presence of a single entity in the molecules. Representative HPLC and MS 

infusion chromatograms are presented in Figure 42 and Figure 43.  
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Figure 42. Representative HPLC chromatograms from D- and L- tryptophan based WW;   

W-x-W bis-intercalator library. Single peak was observed for all the molecules at 280 nm. 
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Figure 43. Representative MS infusion chromatograms from the MS analysis of D- and L- 

tryptophan based WW; W-x-W bis-intercalator library. Major peak in the MS 

chromatograms had masses that were consistent with the expected masses. 

  

 

Single point screening of D- and L- tryptophan based WW; W-x-W bis-intercalator 

library 

Single point screening was done at 300 μM concentration. However, due to low 

concentration of primary stock, few molecules were screened at lower concentrations. This 

included molecule A7 (WL-WL) that was screened at 150 μM while molecules C11 (WD-γ-

Abu-WL), D2 (WD-ε-Ahx-WL) & G7 (WL-γ-Abu-WL) were screened at 100 μM 

concentrations. The assay was performed using Assay B i.e. semi high-throughput system 

wherein the assay was performed in microcentrifuge tubes, incubation was done using the 

heat block and finally the isolation was done using 96 well DEAE plate. There were 8 
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replicates for the zero inhibitor and the baseline control points but there were no replicates 

for the assay points. L & D tryptophan amides were used as control.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  

An assay master mix was prepared using 25 L 2X-assay buffer, RNase free water 

sufficient to make up 50 L total assay volume, HIV reverse transcriptase and 

poly(rA).p(dT)12-18. The master mix was aliquoted into microcentrifuge tubes.  Required 

amounts of primary stock of each molecule were added to the aliquoted standard assay 

mixture. Final DMSO in all the assay points including control points was adjusted to 5%. 

Reaction was initiated with 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At 

the end of incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. 

Terminated reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet 
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with deionized water. Filter papers were washed three times with 5% Na2HPO4
.
7H2O, one 

time with deionized water and finally one time with 95% ethanol. Filter papers were dried 

and punched into scintillation vials containing 7 mL of ScintiVerse™ BD cocktail. Samples 

were kept for three hours before determining the radioactivity using Beckman LS 6500 

scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 

 

Results and Discussion 

The single point screening results are summarized in Table 19. In the results, a 

proportion value of 1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a 

proportion value close to 0 would indicate almost complete inhibition of the HIV-1 RT.  
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Table 19. Summary of proportion values from the single point screening of D- and L- 

tryptophan based WW; W-x-W bis-intercalator library done at 300 μM against HIV-1 RT. 

 

Molecule Description Proportion value 

A1 WD-WD 0.70 

A3 WD-WL 0.45 

A5 WL-WD 0.61 

A7 (150μM) WL-WL 0.65 

A9 WD-(Gly)-WD 0.76 

A11 WD-(β-Ala)-WD 0.39 

B2 WD-(γ-Abu)-WD 0.36 

C1 WD-(ε-Ahx)-WD 0.48 

C3 WD-(D-Asn)-WD 0.47 

C5 WD-(L-Asn)-WD 0.69 

C7 WD-(Gly)-WL 0.74 

C9 WD-(β-Ala)-WL 0.46 

C11 (100µM) WD-(γ-Abu)-WL 0.78 

D2 (100µM) WD-(ε-Ahx)-WL 0.76 

E1 WD-(D-Asn)-WL 0.35 

E3 WD-(L-Asn)-WL 0.44 

E5 WL-(Gly)-WD 0.63 

E7 WL-(β-Ala)-WD 0.30 

E9 WL-(γ-Abu)-WD 0.43 

E11 WL-(ε-Ahx)-WD 0.31 

F2 WL-(D-Asn)-WD 0.34 

G1 WL-(L-Asn)-WD 0.69 

G3 WL-(Gly)-WL 0.40 

G5 WL-(β-Ala)-WL 0.25 

G7 (100µM) WL-(γ-Abu)-WL 0.55 

G9 WL-(ε-Ahx)-WL 0.19 

G11 WL-(D-Asn)-WL 0.60 

F2 WL-(L-Asn)-WL 0.62 

Control L-Tryptophan amide 0.94 
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Results of single point screening were quite interesting. For the first time, a spread 

was observed in the proportion values among the molecules that ranged from as high as 0.78 

to as low as 0.19 with some intermediate proportion values as well. There were 4 molecules 

that had proportion values of ≤ 0.3 and were significantly lower than the proportion value of 

0.94 for the control molecule. The identity, proportion values along with the estimated IC50 

values for these 4 leads are summarized in Table 20.  

 

Table 20. Summary of identity, proportion values and estimated IC50 values for the 4 leads 

identified from the single point screening of the D- and L- WW; W-x-W library. 

 

Molecule Description Proportion value Estimated IC50 

G9 WL-(ε-Ahx)-WL 0.19 70µM 

G5 WL-(β-Ala)-WL 0.25 100µM 

E7 WL-(β-Ala)-WD 0.3 129µM 

E11 WL-(ε-Ahx)-WD 0.31 135µM 

L-Tryp. Amide Control 0.94 5mM 

        

 

The estimated IC50 value of all the four leads were around 100 μM that was roughly 

50-fold better over the estimated IC50 value of 5 mM for our base molecule i.e. tryptophan 

amide. It was interesting to note that off the 4 leads, there were two pairs that shared the 

same linker but differed in the chirality for one of the tryptophan. For instance, both G9 & 

E11 shared the same linker (ε-Ahx) but differed in the chirality of the terminal tryptophan. 

Likewise, G5 and E7 shared the same linker (β-Ala) but again differed in the chirality of the 

terminal tryptophan. It was also interesting to note that all the 4 leads had L-tryptophan at the 
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first place. To get better understanding of the true affinities for these 4 leads, full 

concentration range IC50 determinations were performed.  

 

Full concentration range based IC50 determinations of the 4 leads  

IC50 values of the above mentioned 4 leads were determined using full concentration 

range IC50 determination to evaluate their true affinities towards HIV-1 RNA/DNA 

heteroduplex. Initially, the 4 leads were not tested for their promiscuity using TX-100. 

However, once the true IC50 values of the 4 leads were determined, molecule G9 was 

randomly selected as a representative molecule to test for promiscuity of the leads. The result 

of G9 IC50 with TX-100 will be discussed after discussing the full concentration range IC50 

determinations without TX-100. Assay and other relevant details are discussed under 

materials and methods section.  

 

Materials and methods 

All the biochemical reagents (molecular biology grade), 95% ethanol, ScintiVerse ™ 

BD cocktail, and 10 mL scintillation vials were purchased from Fisher Scientific (Fair Lawn, 

NJ, USA). The 96 well DEAE plate along with the punching tips were purchased from EMD 

Millipore. Enzyme HIV-1 RT was purchased from Worthington Biochemical Corp. 

(Lakewood, NJ). Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18  was purchased from Amersham 

Pharmacia (Piscataway, NJ, USA). dTTP was purchased from GE Healthcare Biosciences 
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(Pittsburgh, PA). 
3
H-TTP (15 Ci/mmol) was purchased from MP Biomedicals (Santa Ana, 

CA). 

The IC50 determinations were performed in 4 individual experiments using Assay B 

i.e. semi high-throughput system. The assay was performed in microcentrifuge tubes, 

incubation was done using the heat block and finally the isolation was done using 96 well 

DEAE plate. There were 8 replicates for the zero inhibitor and the baseline control points but 

there were no replicates for the assay points. Final DMSO in the assay and control points was 

leveled at 5%.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 

concentration in a total assay volume of 50 µL.  BSA was heat inactivated by treatment at  

65 

C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  
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An assay master mix was prepared using 24 L 2X-assay buffer, RNase free water 

sufficient to make up 50 L total assay volume, HIV reverse transcriptase and 

poly(rA).p(dT)12-18. The master mix was aliquoted into respective microcentrifuge tubes. 

Required volumes of secondary stocks were added to the previously aliquoted master mix for 

different concentrations of the lead molecules. Final DMSO in all the assay and control 

points was adjusted to 5%. Reaction was initiated with 
3
H-TTP and different concentrations 

of the lead molecules were incubated for 30 min at 37 

C.  At the end of incubation, reaction 

was terminated by adding 10 μL of 0.1 M EDTA solution. Terminated reaction mixture was 

spotted on 96 well DEAE filter plate that was pre wet with deionized water.  Filter papers 

was washed three times with 5% Na2HPO4
.
7H2O, one time with deionized water and finally 

one time with 95% ethanol.  Filter papers were dried and punched into scintillation vials 

containing 7 mL of ScintiVerse™ BD cocktail. Samples were kept for three hours before 

determining the radioactivity using Beckman LS 6500 scintillation counter. 

For full concentration range IC50 determination, proportion values were plotted 

against the concentration and the IC50 value was determined using Kaleidagraph
®
 software 

by fitting the data to the following equation: 

P = 1(1+ [I]/IC50) 

where, P is the proportion of the signal with respect to the zero inhibitor control and [I] is the 

concentrations of inhibitor used. Individual IC50 plots of the 4 leads are summarized in 

Figure 44 and their comparison is presented in Figure 45. The values of their IC50 values are 

summarized in Table 21.  
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Figure 44. IC50 plots of the top 4 leads identified from single point screening of D- and L- 

tryptophan based WW; W-x-W bis-intercalator library against HIV-1 RT. 
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Figure 45. Comparison of IC50 plots for the top 4 leads identified from single point screening 

of D- and L- tryptophan based WW; W-x-W bis-intercalator library against HIV-1 RT. 

 

 

 

Table 21. Summary of IC50 values for the top 4 leads determined using full concentration 

range IC50 determination without TX-100. 

 

Molecule Description IC50 value against HIV-1 RT (μM) 

G9 WL-(ε-Ahx)-WL 155 

G5 WL-(β-Ala)-WL 227 

E7 WL-(β-Ala)-WD 187 

E11 WL-(ε-Ahx)-WD 116 
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It was very interesting to note that the IC50 values obtained for the 4 leads from the 

full concentration range IC50 determination experiments were very close to their estimated 

IC50 values from the single point screening experiment. Also, the IC50 values of all the 4 

leads were found to be almost identical to each other. The best inhibitory activity was 

obtained for molecule E11 (WL-ε-Ahx-WD) with an IC50 value of 116 μM. While these 

results were promising especially when compared to the 14 mM IC50 value for tryptophan 

amide, it was important to evaluate if this inhibitory activity was due to specific inhibition of 

HIV-1 RT or due to promiscuous nature of these molecules.  

To evaluate this we selected one of the 4 leads and retested it in the presence of 

0.01% TX-100. Since all the 4 leads had identical IC50 values and structural properties, 

molecule G9 was selected for this study. As discussed earlier, 0.01% TX-100 has been 

shown to break any aggregates that may be formed by promiscuous inhibitors. Thus, if G9 

were to be a non-specific inhibitor of HIV-1 RT, it would be expected to lose its inhibitory 

activity when tested with 0.01% TX-100.   

The assay conditions for this study were identical to one discussed earlier in the 

material and methods section of the full concentration range IC50 determination of 4 lead 

molecules. The only difference was that 5 μL of 0.1% TX-100 was included in the 

preparation of master mix. This volume was adjusted from the water volume that was 

required to make up the final 50 μL assay volume. The IC50 plots for G9 with and without 

0.01% TX-100 are summarized in Figure 46. 
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Figure 46. IC50 plots of G9 with and without TX-100. 
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The IC50 values for G9 with and without TX-100 were found to be 232 μM and 149  

μM respectively. Thus, there was just 1.6- fold difference in the IC50 values between with 

and without TX-100 conditions. This suggested that G9 inhibitory activity is due to specific 

inhibition of HIV-1 RT and not due to promiscuous inhibition as promiscuous inhibitors have 

been shown to lose their inhibitory activity almost completely in presence of 0.01% TX-100. 

Since the structural properties and the net charge on all the 4 leads were quite identical, 

assumption was made that the remaining three leads would also be non-promiscuous.  

This was encouraging as for the first time we were not only able to identify leads 

against HIV-1 RT but more importantly it appeared from the TX-100 test that these were 

non-promiscuous inhibitors of HIV-1 RT.  Also, there was 50- fold improvement in the IC50 

values of these leads over the IC50 value (14 mM) of the base molecule i.e. tryptophan amide. 

The fact that the lead molecules were not showing any signs of promiscuity, these leads 

could now be used as scaffolds to design new molecules to help further improve their 

affinities towards HIV-1 RT.  

Since these molecules were designed to achieve simultaneous bis-intercalation, it was 

reasonable to assume that the mode of inhibition of these molecules was via intercalation. 

Although, it could be possible that these molecules might be inhibiting via alternative 

mechanisms such as either binding to some binding pocket in RT or binding to HIV-1 

RNA/DNA heteroduplex via intercalation but interacting with RT as well. Since, the exact 

mechanism of inhibition was unknown; one reasonable assumption was that their activity 

could be due to simultaneous bis-intercalation. Thus, a rational approach to further improve 

their affinities could be by designing a tris-intercalator library. The rationale was that the 
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third intercalator would provide additional binding energy and thus further improve the 

overall affinity of the molecules. Again, the ability of this third intercalator to intercalate 

would be dictated mainly by the nature of the linker separating the 2
nd

 and the 3
rd

 

intercalator. The design, synthesis and evaluation of tris-intercalator libraries for two off 

these 4 leads are discussed under library 3.   

 

Library 3: Tris-intercalator library of E7 (WL-β-Ala-WD) and E11 (WL-ε-Ahx-WD) 

leads identified from library 2.  

Results from D- and L- WW; W-x-W library were very encouraging. Not only almost 

50- fold improvement was observed for 4 leads over the base molecule i.e. tryptophan amide, 

TX-100 test suggested that these lead molecules were non-promiscuous inhibitors. Thus, 

these lead molecules appeared as promising scaffolds to design new molecules to further 

improve their binding affinities against HIV-1 RT. Since off the 4 leads there were two pairs 

that shared identical linkers, one molecule from each pair was selected for tris-intercalator 

library. Molecules E7 and E11 each representing the two best linkers i.e. β-Ala and ε-Ahx 

were selected for the tris-intercalator library. The design, synthesis, analytical 

characterization and finally screening of the libraries are discussed in detail.   

 

Design and synthesis 

Molecules E7 (WL-β-Ala-WD) and E11 (WL-ε-Ahx-WD) were used as base scaffolds. 

The basic design of this library was similar to the one discussed in library 2. Similar to 

library 2, effect of linker was evaluated by having no linker and single linker spacer position 
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for the third intercalator i.e. tryptophan. Again, both D- and L- tryptophan were used as the 

base intercalator for the third intercalator to evaluate the effect of chirality on intercalation.   

Fmoc-Gly-OH, Fmoc-β-Ala-OH, Fmoc-γ-Abu-OH, Fmoc-ε-Ahx-OH, Fmoc-

Asn(Trt)-OH and Fmoc-D-Asn(Trt)-OH were used as the linker monomers. For the no linker 

motif, total of 2 molecules were possible for E7 and E11 base scaffolds. For the single spacer 

motif, since there were 6 linker monomers and two chirality of tryptophan, total of 12 

molecules were possible. Thus, total of 14 molecules were possible for both E7 and E11 

molecules. The list and details of these molecules is presented in Table 22. 

The library was designed to have a net +1 charge on the molecules. For this, the 

terminal α amine of the third tryptophan was left unmodified. Structures of the base 

intercalator and linker monomers are same as discussed in library 2. The basic design of the 

library for both E7 and E11 base scaffolds is presented in Figure 47.  
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Figure 47. Scheme representing basic design used for the synthesis of tris-intercalator 

libraries for E7 and E11 leads identified from library 2. 
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Table 22. List of molecules from E7 and E11 scaffold based tris-intercalator libraries. 

 

S. No Molecules for E11 Molecules for E7 

1 WL-(ε-Ahx)-WD-WL WL-(β-Ala)-WD-WL 

2 WL-(ε-Ahx)-WD-WD WL-(β-Ala)-WD-WD 

3 WL-(ε-Ahx)-WD-(Gly)-WL WL-(β-Ala)-WD-(Gly)-WL 

4 WL-(ε-Ahx)-WD-(Gly)-WD WL-(β-Ala)-WD-(Gly)-WD 

5 WL-(ε-Ahx)-WD-(β-Ala)-WL WL-(β-Ala)-WD-(β-Ala)-WL 

6 WL-(ε-Ahx)-WD-(β-Ala)-WD WL-(β-Ala)-WD-(β-Ala)-WD 

7 WL-(ε-Ahx)-WD-(γ-Abu)-WL WL-(β-Ala)-WD-(γ-Abu)-WL 

8 WL-(ε-Ahx)-WD-(γ-Abu)-WD WL-(β-Ala)-WD-(γ-Abu)-WD 

9 WL-(ε-Ahx)-WD-(ε-Ahx)-WL WL-(β-Ala)-WD-(ε-Ahx)-WL 

10 WL-(ε-Ahx)-WD-(ε-Ahx)-WD WL-(β-Ala)-WD-(ε-Ahx)-WD 

11 WL-(ε-Ahx)-WD-(L-Asn)-WL WL-(β-Ala)-WD-(L-Asn)-WL 

12 WL-(ε-Ahx)-WD-(L-Asn)-WD WL-(β-Ala)-WD-(L-Asn)-WD 

13 WL-(ε-Ahx)-WD-(D-Asn)-WL WL-(β-Ala)-WD-(D-Asn)-WL 

14 WL-(ε-Ahx)-WD-(D-Asn)-WD WL-(β-Ala)-WD-(D-Asn)-WD 

      

 

Materials and methods 

Fmoc-Trp(Boc)-OH, Fmoc-D-Trp(Boc)-OH and HATU (O- (7-azabenzotriazole-1-

yl)-N, N,N’N’-tetramethyluronium hexafluorophosphate) were purchased from Chem-Impex 

International (Wood Dale, IL). All the linker monomers except Fmoc-Asn were purchased 

from EMD Biosciences (San Diego, CA, USA). Fmoc-Asn(Trt)-OH and Fmoc-D-Asn(Trt)-

OH were purchased from Advanced ChemTech (Louisville, KY, USA).  DIEA (N, N-

diisopropylethylamine), piperidine (99%) and triisopropylsilane were obtained from Sigma 

Aldrich (St. Louis, MO, USA) while the rink amide MBHA resin (0.56 mmole/g) was 

purchased from Novabiochem. NMP (N-methyl-2-pyrrolidone) was used as solvent for the 

synthesis and was obtained from Advanced ChemTech (Louisville, KY, USA). TFA (99%) 

was purchased from Acros Organics (New Jersey, USA).  
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Synthesis was done on rink amide MBHA resin in a 96 well polypropylene plate. 40 

mg of resin was used for each molecule. Synthesis was done using parallel solid phase 

peptide synthesis approach that was described and discussed in the materials and method 

section of W-x-x-W library. A final concentration of 300 mM for amino acids and 400 μL 

reaction volume was used for each coupling. HATU and DIEA were used as coupling 

reagents. The final concentrations of HATU and DIEA were 300 mM and 600 mM 

respectively. Standard washings, Fmoc deprotection, activation and acylation conditions 

were used as discussed earlier. Capping step was done after each acylation using 85% NMP, 

5% DIEA and 10% acetic anhydride for 15 min.  

The base scaffolds were first synthesized using conditions as discussed under 

synthesis of library 2. Once the base scaffolds were synthesized, third intercalator or linker 

monomers were conjugated using the terminal amine of the second tryptophan. The α- amine 

of the terminal tryptophan was deprotected using standard Fmoc deprotection conditions 

mentioned earlier following which resin was washed multiple times with NMP and finally 

with DCM. Resin was air dried before cleaving the molecules. 

Deprotection of Boc and Trt group was achieved concomitantly during the cleavage 

step. Cleavage of molecules was achieved using TFA/water/triisopropylsilane in the ratio of 

95:2.5:2.5 for 1.5 hour in microcentrifuge tubes.  TFA solutions were carefully transferred to 

microcentrifuge tubes using gel loading pipette tips. TFA was removed using stream of 

nitrogen followed by multiple steps of ether trituration using cold ether to remove any traces 

of TFA. Molecules were taken in 100 μL DMSO.  
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Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

MS infusion techniques. All the molecules were UV quantitated using λmax of 280 nm for 

tryptophan and a molar extinction coefficient of 17,100 M
-1

 cm
-1

 at 280 nm. An average yield 

of 85% was obtained on the basis of A280 absorbance values. Purity of all the 28 molecules 

was determined using reverse phase HPLC on HP 1090 system. The LC method employed a 

gradient of 0-100% ACN over 33 min through a Microsorb 100-5 C8 150 x 2.0 mm column 

using a flow rate of 0.3 mL/min. 0.1% TFA was used as modifier in water. Elution of 

molecules was monitored spectrophotometrically at 210 and 280 nm respectively. An 

average purity of 70% was obtained on the basis of integration values for the most intense 

peak in the 280 nm chromatogram.  

All 28 molecules were further characterized using MS infusion to check the identity 

of molecules. In MS infusion chromatograms, the most intense peak were found to have mass 

that were consistent with the expected masses of all the 28 molecules. In addition, +56 amu 

peaks were also observed. The mass of these +56 adducts were found to be consistent with 

attachment of the tert-butyl cations that were generated from the deprotection of Boc groups. 

Depending upon the number of these tert-butyl groups that could attach, we could expect 

anywhere from one - three +56 amu adducts for these molecules. Interestingly, with the mass 

range selected for MS infusion analysis, we were observing one - two +56 amu adducts. The 

formation of these +56 adducts was surprising as we had used TIS as scavenger in the 

cleavage cocktail of these molecules. One possible explanation for this could be the presence 

of three tryptophan residues per molecule that in turn would be generating higher amounts of 
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tert-butyl groups when compared with the bis-intercalator libraries. Thus, use of much higher 

concentration of TIS or a stronger scavenger than TIS would have helped.  A few 

representative HPLC and MS infusion chromatograms are shown in Figure 48 & Figure 49.  
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  WL-(β-Ala)-WD-(Gly)-WL 

min5 10 15 20 25 30

mAU

0

50

100

150

200

250

300

350

 DAD1 B, Sig=280,4 Ref=450,80 (NITIN\JAN20018.D)

 8
.7

2
6

 1
3
.4

8
8

 1
5
.7

6
7

 

 

 

 

WL-(β-Ala)-WD-(γ-Abu)-WL 

min5 10 15 20 25 30

mAU

0

100

200

300

400

 DAD1 B, Sig=280,4 Ref=450,80 (NITIN\JAN20022.D)

 1
3
.8

6
2

 1
6
.0

7
9

 

 

Figure 48. Representative HPLC chromatograms from WL-ε-Ahx-WD & WL-β-Ala-WD based 

tris-intercalator library. An average purity of 70% was observed. 
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WL-(ε-Ahx)-WD-WL 

 

 

WL-(β-Ala)-WD-(γ-Abu)-WL 

 
Figure 49. Representative MS infusion chromatograms from WL-ε-Ahx-WD & WL-β-Ala-WD 

based tris-intercalator library. In addition to the expected masses, +56 amu adduct was also 

observed due to addition of tert butyl group on terminal amine. 
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Single point screening of tris-intercalator libraries of E7 (WL-β-Ala-WD) and E11  

(WL-ε-Ahx-WD) leads 

All the biochemical reagents (molecular biology grade), 95% ethanol, ScintiVerse ™ 

BD cocktail, and 10 mL scintillation vials were purchased from Fisher Scientific (Fair Lawn, 

NJ, USA). The 96 well DEAE plate along with the punching tips were purchased from EMD 

Millipore. Enzyme HIV-1 RT was purchased from Worthington Biochemical Corp. 

(Lakewood, NJ). Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18 was purchased from Amersham 

Pharmacia (Piscataway, NJ, USA). dTTP was purchased from GE Healthcare Biosciences 

(Pittsburgh, PA). 
3
H-TTP (15 Ci/mmol) was purchased from MP Biomedicals (Santa Ana, 

CA). 

Single point screening was done at 100 μM concentration. Assay was performed 

using Assay B i.e. semi high-throughput system wherein assay was performed in 

microcentrifuge tubes, incubation was done using the heat block and finally the isolation was 

done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor and the 

baseline control points but there were no replicates for the assay points. E7 (WL-β-Ala-WD),   

E11 (WL-ε-Ahx-WD) and L- tryptophan amide were used as the controls. Final DMSO in the 

assay and control points was adjusted at 5%.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  
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An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X secondary stocks of the library molecules were prepared in 50% DMSO and 

were covered with aluminum foil to protect from light. 5 L of the 10X secondary stock for 

each molecule was added to previously aliquoted standard assay mixture. Reaction was 

initiated with 5.16 μL of 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min. At the 

end of incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. 

Terminated reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet 

with deionized water. Filter papers were washed three times with 5% Na2HPO4
.
7H2O, one 

time with deionized water and finally one time with 95% ethanol. Filter papers were dried 

and punched into scintillation vials containing 7 mL of ScintiVerse BD cocktail. Samples 

were kept for three hours before determining the radioactivity using Beckman LS 6500 

scintillation counter.  

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 
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Results and Discussion 

The single point screening results are summarized in Table 23. In the results, a 

proportion value of 1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a 

proportion value close to 0 would indicate almost complete inhibition of the HIV-1 RT.  
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Table 23. Summary of proportion values from single point screening of E7 (WL-β-Ala-WD) 

& E11 (WL-ε-Ahx-WD) based tris-intercalator libraries done at 100 μM. 

 

 

Molecule Description Proportion value 

1 WL-ε-Ahx-WD-WL 0.82 

2 WL-ε-Ahx-WD-WD 0.82 

3 WL-ε-Ahx-WD-(Gly)-WL 0.79 

4 WL-ε-Ahx-WD-(Gly)-WD 0.77 

5 WL-ε-Ahx-WD-(β-Ala)-WL 0.96 

6 WL-ε-Ahx-WD-(β-Ala)-WD 1.02 

7 WL-ε-Ahx-WD-(γ-Abu)-WL 0.91 

8 WL-ε-Ahx-WD-(γ-Abu)-WD 0.96 

9 WL-ε-Ahx-WD-(ε-Ahx)-WL 0.89 

10 WL-ε-Ahx-WD-(ε-Ahx)-WD 0.78 

11 WL-ε-Ahx-WD-(L-Asn)-WL 0.82 

12 WL-ε-Ahx-WD-(L-Asn)-WD 0.75 

13 WL-ε-Ahx-WD-(D-Asn)-WL 0.91 

14 WL-ε-Ahx-WD-(D-Asn)-WD 0.76 

15 WL-β-Ala-WD-WL 0.81 

16 WL-β-Ala-WD-WD 0.81 

17 WL-β-Ala-WD-(Gly)-WL 0.96 

18 WL-β-Ala-WD-(Gly)-WD 0.66 

19 WL-β-Ala-WD-(β-Ala)-WL 0.71 

20 WL-β-Ala-WD-(β-Ala)-WD 0.79 

21 WL-β-Ala-WD-(γ-Abu)-WL 0.75 

22 WL-β-Ala-WD-(γ-Abu)-WD 0.74 

23 WL-β-Ala-WD-(ε-Ahx)-WL 0.77 

24 WL-β-Ala-WD-(ε-Ahx)-WD 0.71 

25 WL-β-Ala-WD-(L-Asn)-WL 0.68 

26 WL-β-Ala-WD-(L-Asn)-WD 0.77 

27 WL-β-Ala-WD-(D-Asn)-WL 0.59 

28 WL-β-Ala-WD-(D-Asn)-WD 0.62 

E7-Bis WL-β-Ala-WD 0.61 

E11-Bis WL-ε-Ahx-WD 0.65 

L-Trp L-Tryptophan amide 0.84 
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The proportion values of E7 & E11 were found to be 0.61 and 0.65 respectively at 

100 μM concentration in this single point screening experiment. It is important to note that 

these molecules gave much lower proportion values of 0.3 and 0.31 respectively when 

screened under D- and L- WW; W-x-W based bis-intercalator library because they were 

screened at 300 μM concentration. Thus, the proportion values seem to be reasonable for the 

control base scaffold molecules in this single point screening experiment.  

Unfortunately, none of the molecules from neither the E7 nor E11 based scaffold 

libraries had proportion values that were any better than the proportion values for the control 

base scaffold molecules. The best proportion value from E7 based library was obtained for 

molecule #12 with a proportion value of 0.75 which was even higher when compared to the 

proportion value of 0.61 for E7 base molecule. Likewise, the best proportion value for E11 

based library was obtained for molecule # 28 with a proportion value of 0.62 which was 

almost identical to the proportion value of 0.65 for E11 base molecule. The proportion value 

for the molecules based on E7 and E11 scaffolds from this single point screening experiment 

suggests that unfortunately none of the molecules were able to achieve desired tris-

intercalation. This inference is deduced from the fact that all the molecules have proportion 

values that are almost identical to the proportion values of the base scaffold molecules.  

One of the possible reasons for not being able to achieve tris-intercalation could be 

lack of enough linker distance required for tris-intercalation. It might be possible that the 

structural deformations that are caused from bis-intercalation might lead to lengthening of the 

RNA/DNA heteroduplex thereby requiring much longer linkers to achieve tris-intercalation 

then would otherwise be required for bis-intercalation. However, use of longer and flexible 
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linkers would make molecules more flexible thereby increasing the entropic cost and 

ultimately leading to reduced binding energy. Alternatively, strained linkers could be used to 

help reduce the entropic cost but such linkers might not have enough flexibility required to 

maneuver enough to intercalate.  

An alternative approach that could be used to improve the binding affinities of E7 or 

E11 leads is to introduce new functionalities that could help pick specific interactions with 

the groups on RT thereby improve their binding affinity. This approach will be discussed in 

library 4.    

 

Library 4: E11 (WL-ε-Ahx-WD) based bis-intercalator library with branching strategy 

As discussed earlier, one of the possible reasons for not being able to achieve tris-

intercalation with library 3 could be lack of long enough linkers explored in the E7 and E11 

based tris-intercalator libraries. One possible approach to address this issue could be to 

design libraries with longer linkers. However, such designs might risk further reducing the 

binding affinities due to high entropic energy associated with long and flexible linkers. 

Alternatively, strained linkers could be used but as discussed earlier, these might not have 

enough flexibility that might be required for intercalation.  

Thus, a reasonable alternative approach could be to introduce additional functional 

groups on the backbone of E7 or E11 leads that might be able to interact with the proximal 

functional groups on HIV-1 RT. The hope is that these interactions would help increase the 

binding energy and thus improve the overall affinity of E7 or E11 leads.  
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Unlike library 3 wherein we used both E7 and E11 leads, for this approach we 

selected E11 (WL-ε-Ahx-WD) as the base scaffold. The selection was random as the IC50 

values of the two leads were almost identical against HIV-1 RT.  

 

Design and synthesis 

The design of this library required identification of a special linker monomer that 

could substitute the ε-Ahx linker of E11.  The new linker monomer was required not only to 

have same number of methylene units as that of ε-Ahx but in addition was also required to 

have an additional functional group. This functional group could be used as a handle to 

branch off various amino acids whose side chain functionalities could possibly interact with 

the proximal groups on RT.   

Amino acid lysine was identified as this special linker monomer for E11 molecule. 

The design required use of side chain ε-amine for main chain coupling while standard α-

amine as the handle to branch off different amino acids. Thus, the way two amines of lysine 

were designed to be used not only helped match the number of methylene units (5) that were 

originally present in the ε-Ahx linker of E11 but also provided the required functional group 

in the form of an amine group. This amine group could be easily acylated with the carboxylic 

acid group of different amino acids. The structural similarities between ε-Ahx and lysine 

residues are summarized in Figure 50.   

A total of 10 amino acids representing each type i.e. polar, non-polar, negatively and 

positively charged were selected to modify the branching end. These included Trp, Tyr, Gly, 

Met, Ser, Pro, Thr, Gln, Leu and His. Further, both D & L chirality’s were used for these 
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amino acids accounting for a total of 20 possible modifications at the branching end. Use of 

Lys and Arg was intentionally avoided to prevent molecules having +2 charges. Also, once 

acylated, the α-amine of these amino acids was Fmoc deprotected and acylated using acetic 

anhydride to cap their α-amines. By capping the α-amine of these amino acids it was ensured 

that these molecules bears same positive charge (+1) as their base molecules i.e. E11. Thus, 

these molecules had +1 charge on them from the terminal α-amine of tryptophan. Structures 

of the amino acids used to modify the branching end along with a general synthetic scheme 

used for the synthesis of this library are presented in Figures 51 and 52.  

 

 

 

 

Figure 50. Lysine identified as an equivalent linker to ε-Ahx linker of E11 molecule for the 

branching strategy based library. The ε-amine of the lysine would be used for main chain 

coupling while the α-amine would be used for branching. 
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Figure 51. Structures of amino acids used as monomers to modify α amine of lysine in the 

E11 based branching library. Both D & L chirality of these amino acids was used. 
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Figure 52. General synthetic scheme used for the synthesis of E11 based bis-intercalator 

library with branching strategy. 

 

o 

0-, " 

o 

o 

o 

" 

"rA 
"X 
"~"" 0 " , , 

" o 

, 
"-,-

" N- fmo< 

"" I , 

o 

fmoc_D.TIjl(il<><)-01l 

95%TFA 

0-, " 
, 
"-,-



209 

 

Materials and methods 

Fmoc-Trp(Boc)-OH, Fmoc-D-Trp(Boc)-OH and Fmoc-D-His(Trt)-OH were 

purchased from Chem-Impex International (Wood Dale, IL). Fmoc-Lys(Mtt)-OH and Fmoc-

D-Leu-OH and rink amide MBHA resin (0.56 mmole/g) were purchased from Novabiochem. 

Fmoc-Thr(tBu)-OH, Fmoc-Tyr(tBU)-OH, Fmoc-His(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Pro-OH, Fmoc-Leu-OH, Fmoc-Met-OH and Fmoc-D-Met-OH were 

purchased from Peptide International (Louisville, KY).   

NMP (N-methyl-2-pyrrolidone), HATU (O- (7-azabenzotriazole-1-yl)-N, N,N’N’-

tetramethyluronium hexafluorophosphate), Fmoc-D-Thr(tBu)-OH, Fmoc-D-Tyr(tBU)-OH, 

Fmoc-D-Glu(OtBu)-OH, Fmoc-D-Gln(Trt)-OH, Fmoc-D-Ser(tBu)-OH, Fmoc-Ser(tBu)-OH 

and Fmoc-Pro-OH were purchased from Advanced ChemTech (Louisville, KY, USA).  

DIEA (N, N-diisopropylethylamine), piperidine (99%) and triisopropylsilane were obtained 

from Sigma Aldrich (St. Louis, MO, USA). TFA (99%) was purchased from Acros Organics 

(New Jersey, USA). 2 mL polypropylene plate with 25 μm PP filter and 96 well plate bottom 

mat seal for square well plate were obtained from Thomson Instrument Company (California, 

US). 96 well clear silicone mat with PTFE film to seal the top of the 96 well plate was 

obtained from ArcticWhiteUSA (Bethlehem, PA).  

Synthesis was done on 10 mg of rink amide MBHA resin in a 2 mL 96 well 

polypropylene plate. Sealing mats were used to seal the top and bottom of the plate. NMP 

was used as the solvent for synthesis. Synthesis was done using parallel solid phase peptide 

synthesis approach that was described and discussed in the materials and method section of 

W-x-x-W library. A final concentration of 300 mM for amino acids and 200 μL reaction 
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volume was used for each coupling. HATU and DIEA were used as coupling reagents. The 

final concentrations of HATU and DIEA were 300 mM and 600 mM respectively. Standard 

washings, Fmoc deprotection, activation and acylation conditions were used as discussed 

earlier. Capping step was done after each acylation using 85% NMP, 5% DIEA and 10% 

acetic anhydride for 15 min. Briefly, Fmoc group of the resin was deprotected using 20% 

piperidine for 7 min and 10 min respectively. Resin was thoroughly washed using NMP and 

was acylated with Fmoc-L-Trp(Boc)-OH. The reaction volume for Fmoc-Trp(Boc)-OH 

coupling was 200 μL and contained 300 mM of Fmoc-L-Trp(Boc)-OH, 300 mM of HATU 

and 600 mM of DIEA. Reaction mixture was preactivated for 10 min. Acylation was done 

overnight following which reaction mixture was aspirated and resin was washed with NMP. 

Any unreacted amine on the resin was capped using capping conditions as described above. 

After the capping step, resin was again thoroughly washed and Fmoc deprotection was done 

using conditions described above. Fmoc-Lys(Mtt)-OH was acylated to all the molecules 

using conditions described under the Fmoc-Trp(Boc)-OH coupling. Capping step was done 

following which Fmoc group on the α-amine of Fmoc-Lys(Mtt)-OH was deprotected using 

standard Fmoc deprotection conditions. Once the α-amine was deprotected, it was acylated 

with respective 20 amino acids that were selected to modify the branching end. The reaction 

mixtures of these 20 amino acids were preactivated for 10 min and acylation was done for 

overnight. Post acylation, standard washings and capping steps were performed. At this stage 

the Fmoc group on the α-amine of these 20 amino acids was deprotected and capped using 

capping conditions described above. This was done to block the positive charge. Standard 

washing steps were again performed to remove any excess capping solution. At this stage, 



211 

 

the ε-amine of lysine was ready to be deprotected so that final Fmoc-D-Trp(Boc)-OH could 

be acylated. The ε-amine was protected with Mtt group which is an acid labile and is 

orthogonal to Fmoc, Boc, tBu and OtBu groups that were used in different amino acids. The 

Mtt group was deprotected in 15 rounds using 200 μL of 1% TFA in DCM. Each round was 

2 min long. 1% TFA solution in DCM was freshly prepared. Post Mtt deprotection, resin was 

thoroughly washed first with DCM to remove any traces of TFA and then with NMP to 

remove DCM.  

Finally, Fmoc-D-Trp(Boc)-OH was coupled using conditions similar to the one 

described above for Fmoc-Trp(Boc)-OH. After acylation, standard steps were performed that 

included NMP washings, capping and NMP washings. Fmoc group on the α-amine of Fmoc-

D-Trp(Boc)-OH was deprotected using standard Fmoc deprotection conditions.  The α-amine 

was left unmodified so that it could provide +1 charge to the molecules. NMP washes were 

performed to remove any excess piperidine. After final NMP washing, resin was thoroughly 

washed with DCM to remove any traces of NMP. Resin was air dried before performing the 

final cleavage step. Cleavage of the molecules was done using 300 μL of cleavage cocktail 

that consisted of TFA/water/triisopropylsilane/EDT/Thioanisole/Phenol in the ratio of 

81.5:5:1:2.5:5:5 for 2 hour in microcentrifuge tubes. TFA solutions were carefully transferred 

to microcentrifuge tubes using gel loading pipette tips. TFA was removed using stream of 

nitrogen. Multiple steps of ether trituration were done using cold ether to remove any traces 

of TFA. Finally, molecules were taken in 50 μL DMSO.  
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Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

MS infusion techniques. All molecules were UV quantitated using λmax of 280 nm for 

tryptophan and a molar extinction coefficient of 17,100 M
-1

 cm
-1

 for molecules containing 

three tryptophan residues and 11,400 M
-1

 cm
-1

 for all the remaining molecules. An average 

yield of 75% was obtained on the basis of A280 absorbance values.  

Purity of all 20 molecules was determined using reverse phase HPLC on HP 1090 

system. The LC method employed a gradient of 0-100% ACN over 33 min through a 

Microsorb 100-5 C8 150 x 2.0 mm column using a flow rate of 0.3 mL/min. 0.1% TFA was 

used as modifier in water. Elution of molecules was monitored spectrophotometrically at 210 

and 280 nm respectively. An average purity of 95% was obtained on the basis of integration 

values for the most intense peak in the 280 nm chromatogram. 

All 20 molecules were also characterized for their identity using MS infusion. In MS 

infusion chromatograms, the most intense peak was found to have mass that was consistent 

with the expected masses of these 20 molecules. In addition, minor amounts of +56 amu 

peaks were also observed. As mentioned earlier under the tris-intercalator library MS 

infusion analysis, these +56 adducts were formed due to attachment of the tert-butyl cations 

that were generated from the deprotection of the Boc groups with the terminal and imidazole 

amines of tryptophan residues. A few representative HPLC and MS infusion chromatograms 

are shown in Figure 53 & Figure 54 respectively.  
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Figure 53. Representative HPLC chromatograms from E11 based bis-intercalator library with 

branching strategy. Single peak was observed for all the molecules at 280 nm. 
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WL-Lys(D-Trp)-WD 

 

WL-Lys(D-Ser)-WD 

 

Figure 54. Representative MS infusion chromatograms from E11 based bis-intercalator 

library with branching strategy. Major peaks had masses that were consistent with the 

expected masses. 
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Single point screening of E11 based bis-intercalator library with branching strategy 

All biochemical reagents (molecular biology grade), 95% ethanol, ScintiVerse™ BD 

cocktail, and 10 mL scintillation vials were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). The 96 well DEAE plate along with the punching tips were purchased from EMD 

Millipore. Enzyme HIV-1 RT was purchased from Worthington Biochemical Corp. 

(Lakewood, NJ). Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18 was purchased from Amersham 

Pharmacia (Piscataway, NJ, USA). dTTP was purchased from GE Healthcare Biosciences 

(Pittsburgh, PA). 
3
H-TTP (15 Ci/mmol) was purchased from MP Biomedicals (Santa Ana, 

CA). 

Single point screening was done at 100 μM concentration. Assay was performed 

using Assay B i.e. semi high-throughput system wherein the assay was performed in 

microcentrifuge tubes, incubation was done using the heat block and finally the isolation was 

done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor and the 

baseline control points but there were no replicates for the assay points. E11 (WL-ε-Ahx-WD) 

and L- tryptophan amide were used as the controls. Final DMSO in the assay and control 

points was adjusted at 5%.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  
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An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X secondary stocks of the library molecules were prepared in 50% DMSO and 

were covered with aluminum foil to protect from light. 5 L of the 10X secondary stock for 

each molecule was added to previously aliquoted standard assay mixture. Reaction was 

initiated with 5.16 μL of 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At the 

end of incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. 

Terminated reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet 

with deionized water. Filter papers were washed three times with 5% Na2HPO4
.
7H2O, one 

time with deionized water and finally one time with 95% ethanol. Filter papers were dried 

and punched into scintillation vials containing 7 mL of ScintiVerse™ BD cocktail. Samples 

were kept for three hours before determining the radioactivity using Beckman LS 6500 

scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 
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Results and Discussion 

The single point screening results are summarized in Table 24. In the results, a 

proportion value of 1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a 

proportion value close to 0 would indicate almost complete inhibition of the HIV-1 RT.  

 

Table 24. Summary of proportion values from single point screening of E11 based bis-

intercalator library done at 100 μM. 

 

Molecule Description Proportion value 

1 WL-Lys(L-Trp)-WD 0.73 

2 WL-Lys(D-Trp)-WD 0.73 

3 WL-Lys(L-Tyr)-WD 1.01 

4 WL-Lys(D-Tyr)-WD 0.97 

5 WL-Lys(L-Thr)-WD 0.79 

6 WL-Lys(D-Thr)-WD 0.74 

7 WL-Lys(L-His)-WD 0.66 

8 WL-Lys(D-His)-WD 0.69 

9 WL-Lys(L-Gln)-WD 0.80 

10 WL-Lys(D-Gln)-WD 0.95 

11 WL-Lys(L-Glu)-WD 0.87 

12 WL-Lys(D-Glu)-WD 0.98 

13 WL-Lys(L-Ser)-WD 1.17 

14 WL-Lys(D-Ser)-WD 0.75 

15 WL-Lys(L-Pro)-WD 0.70 

16 WL-Lys(D-Pro)-WD 0.81 

17 WL-Lys(L-Leu)-WD 0.64 

18 WL-Lys(D-Leu)-WD 0.79 

19 WL-Lys(L-Met)-WD 0.65 

20 WL-Lys(D-Met)-WD 0.68 

Control 1 WL-ε-Ahx-WD 0.22 

Control 2 L-Tryptophan amide 0.77 
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The single point screening results of E11 based bis-intercalator library with the 

branching strategy were quite surprising. The proportion values for all the library members 

were significantly higher when compared to the control molecule i.e. E11. Some of the 

members even had proportion value close to 1 suggesting no inhibition of RT by these 

molecules. The average proportion value for library members was around 0.75 that was very 

close to the proportion value of our control 2 i.e. L-tryptophan amide. The proportion values 

suggest that the branching design was apparently affecting molecules ability to bis-intercalate 

thereby losing their affinities towards RT almost completely when compared to the base 

molecule E11. Also, the effect was independent of the nature of amino acid present at the 

branching site. The results of this library were in complete contrast to the E7 and E11 based 

tris-intercalator libraries discussed under library 3 where although we were not able to 

achieve tris-intercalation but at least the proportion value of the library members were similar 

to the base molecules i.e. E7 and E11. This clearly suggests that the branching strategy was 

interfering with the molecules ability to intercalate.  

Since α-amine of the lysine was used as the branching site, it could be possible that 

the branching site might be very close to the first tryptophan’s imidazole ring thereby 

sterically blocking its intercalation. However, before redesigning any further libraries for E11 

or either of the other tryptophan leads, it was important to evaluate their specificity towards 

RT. Although, we had already established that these molecules were non-promiscuous by 

testing one of the representative leads with 0.01% TX-100, it was also important to evaluate 

their specificity towards HIV-1 RT. This is because one of the major concerns with 
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intercalator based molecules is the toxicity issue due to their non-specificity towards the 

target nucleic acid.  

Thus, to evaluate whether or not tryptophan leads were specifically binding to the 

HIV-1 RNA/DNA heteroduplex and specifically inhibiting RT, we tested E11 lead against 

human DNA polymerase α that is one of the mammalian DNA dependent DNA polymerases. 

Further details are discussed in the single point screening of E11 against human DNA 

polymerase α section.   

 

Single point screening of E11 (WL-ε-Ahx-WD) lead against human DNA polymerase-α 

to test specificity against HIV-1 RT. 

An in vitro assay was established for human DNA polymerase α to test the specificity 

of tryptophan based E11 lead against HIV-1 RT. The assay was primarily adapted from Faraj 

et al. [149] and Dalibart et al. [150] with some modifications that will be discussed under 

materials and method section. DNA polymerase α is one of the critical DNA polymerases 

that are involved in the initiation of the DNA replication in eukaryotes [151].  

 Specificity of E11 against HIV-1 RT was evaluated by testing it against human DNA 

polymerase α using single point screening experiment approach. E11 was tested at its IC50 

(116 μM) and 10X- IC50 (1.2 mM) concentrations obtained against HIV-1 RT respectively. 

Not enough E11 was available to include a 100X-IC50 concentration point. If E11 were to be 

a specific inhibitor of HIV-1 RT, minimal or no inhibition of human DNA polymerase α 

should be observed.  
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Materials and methods  

All biochemical reagents (molecular biology grade) for the assay buffer, dNTPs, 95% 

ethanol, ScintiVerse™ BD cocktail, and 10 mL scintillation vials were purchased from 

Fisher Scientific (Fair Lawn, NJ, USA). The 96 well DEAE plate along with the punching 

tips were purchased from EMD Millipore. Human DNA polymerase α was obtained as a gift 

from CHIMERx (Milwaukee, WI). Rnase free water and EDTA were purchased from 

USBiological (Cleveland, OH). Activated CT-DNA (D4522) was purchased from Sigma 

Aldrich (St. Louis, MO). dTTP was purchased from GE Healthcare Biosciences (Pittsburgh, 

PA) and 
3
H-TTP (15 Ci/mmol) was purchased from MP Biomedicals (Santa Ana, CA). 

The assay buffer used for this assay was identical to the one used for HIV-1 RT 

assay. The final assay volume was also 50 μL. Final amount of activated CT-DNA in the 

assay was 10 μg while the final concentrations of dATP, dCTP and dGTP were 50 μM 

respectively. 0.5 U of human DNA polymerase α was used in the assay. Final concentration 

of 
3
H-TTP was identical to the one used in HIV-1 RT assay and was 10 μM.   

An assay master mix was prepared using 25 L 2X-assay buffer, activated DNA, 

dATP, dCTP, dGTP, human DNA polymerase α and RNase free water sufficient to make up 

50 L total assay volume. The master mix was aliquoted into microcentrifuge tubes. Final 

DMSO in the assay was leveled at 5%.  Primary stock of E11 required for the IC50 and 10X-

IC50 concentrations were directly added to the aliquoted standard assay mixture. Reaction 

was initiated with 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At the end of 

incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. Terminated 

reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet with 
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deionized water. Filter papers were washed three times with 5% Na2HPO4
.
7H2O, one time 

with deionized water and finally one time with 95% ethanol. Filter papers were dried and 

punched into scintillation vials containing 7 mL of ScintiVerse™ BD cocktail. Samples were 

kept for three hour before determining the radioactivity using Beckman LS 6500 scintillation 

counter. 

 

Results and discussion 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. Results of 

the single point screening are summarized in Table 25. 

Unfortunately, results for the specificity test of E11 were not encouraging. Almost 

50% inhibition of human DNA polymerase α was observed at 116 μM of E11, concentration 

that corresponds to the IC50 value of E11 against HIV-1 RT. Moreover, almost complete 

inhibition of human DNA polymerase α was observed at 1.2 mM i.e. 10X-IC50 concentration 

of E11 against HIV-1 RT.  

 

Table 25. Single point screening of E11 at IC50 & 10X-IC50 concentrations against human 

DNA polymerase α. 

 

Molecule Proportion value 

Zero inhibitor 1 

E11, 116 μM (IC50) 0.42 

E11, 1.2 mM (10X-IC50) 0.03 
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This clearly demonstrated that although these leads were found to be non-

promiscuous inhibitors, unfortunately they are non-specific inhibitors of HIV-1 RT. The fact 

that other three leads i.e. G5, G9 and E7 had almost similar structural features as that of E11, 

it was assumed that these leads might also be non-specific inhibitors of HIV-1 RT.  Since 

these leads lacked the required specificity which in turn is one of the key requirements for 

intercalator based molecules, no further libraries were redesigned using tryptophan as base 

intercalator.  

Instead, series of libraries were designed and synthesized using quinoxaline-2-

carboxylic acid as the base intercalator that will be discussed in next section of this chapter. 

 

Quinoxaline-2-carboxylic acid based bis-intercalator libraries 

IC50 value of quinoxaline-2-carboxylic acid against HIV-1 RT was found to be 0.3 

mM using full concentration range IC50 determination as discussed in the screening of weak 

intercalators section in early part of this chapter. It was interesting to note that quinoxaline-2-

carboxylic acid exhibited the best IC50 value when compared to other weak intercalators that 

were evaluated for their efficacy against HIV-1 RT. In addition to having the best IC50 value, 

there were other features that made quoinoxaline-2-carboxylic acid one of the most 

interesting weak intercalator based scaffold. These included better solubility, presence of 

carboxylic acid as synthetic handle and the fact that it is also the core intercalating unit of a 

naturally occurring antibiotic, Triostin A [152].  
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Four bis-intercalator libraries were designed using quinoxaline-2-carboxylic acid as 

the base intercalator. These included: 

1) Orn-x-x-Orn 

2) Dpr-x-Dpr and Dpr-x-x-Dpr 

3) Cyclic 7mer Asp-x-x-x-x-x-Dpr and 

4) Cyclic 7mer Asp-Dpr(Quinox.)-x-x-x-Dpr(Quinox.)-Dpr 

The basic design of these libraries was similar to the ones used in the synthesis of 

other weak intercalator scaffolds and included linkers of varying lengths to separate the two 

quinoxaline rings. In addition, cyclic motifs were also designed and synthesized. All libraries 

were designed to have +1 charge on their molecules. Details of the design, synthesis, analysis 

and screening of each library will be discussed in detail under each separate section.  

 

Library 1: Orn-x-x-Orn 

Design and synthesis 

This library was designed to have two spacer positions between the fixed residues 

that would serve as handles for the attachment of quinoxaline-2-carboxylic acid. Ornithine 

(Orn) was selected as the fixed residue and its side chain γ-amine was used as the handle for 

the attachment of quinoxaline-2-carboxylic acid.  The α-amine of Orn was Fmoc protected 

while the side chain γ-amine was protected with Mtt group. The deprotection conditions for 

the groups are different making them orthogonal to each other. Fmoc-Gly-OH, Fmoc-β-Ala-

OH, Fmoc-γ-Abu-OH and Fmoc-ε-Ahx-OH were used as the linker monomers. Since there 

were two spacer positions and 4 possible linker monomers, total of 16 molecules were 
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present in this library. Like naproxen based Dpr-x-x-Dpr bis-intercalator library, the shortest 

linker in this library was Gly-Gly with 2 –CH2 groups while the longest linker was ε-Ahx-ε-

Ahx with 10 –CH2 groups between the two quinoxaline molecules. The shortest and longest 

linker distances as determined using modeling studies with Dpr as the handle were 13.65 Å 

for Gly-Gly and 22.47 Å for ε-Ahx-ε-Ahx respectively. Although, ornithine contains two 

extra –CH2 units when compared to Dpr, the distances in this library with Orn as the handle 

would still be within the range for which bis-intercalation should be expected.  

The α-amine of the terminal ornithine was left unmodified so that it could provide a 

net +1 charge on the molecules. Thus, all the 16 molecules in the library had +1 charge on 

them. Structures of Fmoc-Orn(Mtt)-OH and linker monomers are presented in Figure 55 and 

the basic design of the library is presented in Figure 56.  
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Figure 55. Structures of Fmoc-Dpr(Mtt)-OH and linker monomers that were used for the 

synthesis of quinoxaline based Orn-x-x-Orn bis-intercalator library. 
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Figure 56. Schematic representing basic design that was used for the synthesis of quinoxaline 

based Orn-x-x-Orn bis-intercalator library. 

 

Materials and methods 

Molecules were synthesized using solid phase peptide synthesis using parallel 

synthesis approach as discussed in the material and methods section of naproxen based bis-

intercalator library. Fmoc-Orn(Mtt)-OH and HATU (O- (7-azabenzotriazole-1-yl)-N, 

N,N’N’-tetramethyluronium hexafluorophosphate) were purchased from Novabiochem. All 

linker monomers were purchased from EMD Biosciences (San Diego, CA, USA). DIEA (N, 
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N-diisopropylethylamine) and piperidine (99%) were obtained from Sigma Aldrich (St. 

Louis, MO, USA) while the rink amide MBHA resin was obtained from EMD Biosciences 

(San Diego, CA, USA). NMP (N-methyl-2-pyrrolidone) was used as solvent for the synthesis 

and was obtained from Advanced ChemTech (Louisville, KY, USA). TFA (99%) was 

purchased from Acros Organics (New Jersey, USA). 

Synthesis was done on rink amide MBHA resin using microcentrifuge tubes. 20 mg 

of rink amide resin (0.7 mmole/g) was used for each molecule. Resin was washed multiple 

times using 200 μL of NMP following which Fmoc deprotection was done using 20% 

piperidine for 7 min and 10 min each. Multiple NMP washes were done to remove any 

excess piperidine. Resin was acylated with Fmoc-Orn(Mtt)-OH for all 16 molecules. 

Concentration of 300 mM for Fmoc-Orn(Mtt)-OH and a volume of 200 μL was used for the 

coupling. HATU and DIEA were used as coupling reagents. Concentrations of HATU and 

DIEA were 300 mM & 600 mM respectively. The carboxyl group of Fmoc-Orn(Mtt)-OH 

was preactivated for 15 min. The activated Fmoc-Orn(Mtt)-OH was added to all the tubes 

and acylated for 3 hour. Reaction mixture was aspirated and resin was washed 5 times with 

200 μL of NMP. Capping of the unreacted amines was done using 10% acetic anhydride and 

5% DIEA in NMP for 15 min. After capping, resin was washed multiple times with NMP. 

Fmoc deprotection of the resin bound Fmoc-Orn(Mtt)-OH was carried out using 20% 

piperidine conditions as mentioned earlier. Resin was again washed multiple times to remove 

any excess piperidine.    

Following this, second coupling was performed and depending upon the sequence, 

the second position either had Fmoc-Gly-OH, Fmoc-β-Ala-OH, Fmoc-γ-Abu-OH or Fmoc-ε-
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Ahx-OH. The concentration and ratio of amino acid: HATU: DIEA were same as for the 

Fmoc-Orn(Mtt)-OH coupling mentioned above. The amino acid mixtures were preactivated 

for 15 min following which acylation was performed overnight. The reaction mixtures were 

aspirated and resin was washed multiple times with NMP. Capping of any unreacted amines 

was done for 15 min using conditions mentioned above. Resin was again washed multiple 

times using NMP following which Fmoc deprotection was done using 20% piperidine. NMP 

washes were done to remove any excess piperidine before starting the third acylation. 

Depending upon the sequence, third position again either had Fmoc-Gly-OH, Fmoc-β-Ala-

OH, Fmoc-γ-Abu-OH or Fmoc-ε-Ahx-OH. The amino acid mixtures were preactivated for 15 

min following which acylation was performed overnight. Reaction mixtures were aspirated 

and resin was washed multiple times with NMP. Capping step was repeated to cap any 

unreacted amines. Resin was again washed using NMP to wash off any excess capping 

reaction mixture. At this stage, global Mtt deprotection was done using freshly prepared  

300 μL of 1% TFA in DCM. Deprotection was done in 15 rounds with each round 2 min 

long.   

The side chain amines of both ornithines were acylated with quinoxaline-2-carboxylic 

acid. Since there were two positions of acylation for quinoxaline-2-carboxylic acid, 

concentration of 600 mM and reaction volume of 200 μL was used for this coupling. 

Concentrations of HATU and DIEA were 600 mM and 1.2 M respectively. The carboxylic 

acid group of quinoxaline-2-carboxylic acid was preactivated for 15 min followed which an 

overnight coupling was done. Post coupling, reaction mixture was aspirated following which 

multiple washings were done with NMP. No capping step was done at this stage. Fmoc group 
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of the terminal α amine was deprotected using 20% piperidine conditions as discussed above 

followed by thorough washings with NMP and DCM. Finally, cleavage of molecules from 

resin was achieved using 97.5% TFA. No TIS was used in the cleavage cocktail. Cleavage 

reaction was done for 1.5 hour after which TFA solutions were carefully transferred to 

microcentrifuge tubes using gel loading pipette tips. TFA was removed using stream of 

nitrogen followed by multiple steps of ether trituration to remove any traces of TFA. 

Molecules were taken in 20 μL DMSO.  

 

Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

LC/MS techniques. All 16 molecules were UV quantitated using the λmax of 320 nm for 

quinoxaline and a molar extinction coefficient of 15,444 M
-1

 cm
-1

 at 320 nm. An average 

yield of 60% was obtained on the basis of A320 absorbance values. Purity of few molecules 

was determined using reverse phase HPLC on HP 1090 system. The LC method employed a 

gradient of 0-100% ACN over 26 min through a Microsorb 100-5 C8 150 x 2.0 mm column 

using a flow rate of 0.3 mL/min. Elution of molecules was monitored spectrophotometrically 

at 210 and 320 nm respectively. An average purity of 95% was obtained on the basis of 

integration values for the most intense peak in 320 nm chromatogram.  

All 16 molecules were further characterized using LC/MS to make sure expected 

masses were observed for each of the 16 molecules. In the LC/MS chromatograms a huge 

broad peak was observed in all the molecules around 2.7 min that was also present in blank. 

This peak was not observed in the HPLC data suggesting that possibly it was coming from 
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the solvents used for LC/MS analysis. The EMS signal for all the 16 molecules in the LC/MS 

data had masses that were consistent with the expected masses of all the 16 molecules. A few 

representative HPLC and LC/MS chromatograms are shown in Figure 57 & Figure 58 

respectively.  
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Orn-ε-Ahx-γ-Abu-Orn 
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Figure 57. Representative HPLC chromatograms from quinoxaline-2-carboxylic acid based 

Orn-x-x-Orn bis-intercalator library. Single peak was observed for all the molecules at 

320nm. 

 

 

Orn(Quinox.)-β-Ala-Gly-Orn(Quinox.) 
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Orn(Quinox.)-γ-Abu-γ-Abu-Orn(Quinox.) 

 

Figure 58. Representative EMS chromatograms from the LC/MS analysis of quinoxaline-2-

carboxylic acid based Orn-x-x-Orn bis-intercalator library. Major peaks observed had masses 

that were consistent with the expected masses. 

 

Single point screening of quinoxaline-2-carboxylic acid based Orn-x-x-Orn  

bis-intercalator library  

All biochemical reagents (molecular biology grade), 95% ethanol, ScintiVerse™ BD 

cocktail, and 10 mL scintillation vials were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). The 96 well DEAE plate along with the punching tips were purchased from EMD 

Millipore. Enzyme HIV-1 RT was purchased from Worthington Biochemical Corp. 

(Lakewood, NJ). Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18 was purchased from Amersham 
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Pharmacia (Piscataway, NJ, USA). dTTP was purchased from GE Healthcare Biosciences 

(Pittsburgh, PA). 
3
H-TTP (30 Ci/mmol) was purchased from MP Biomedicals (Santa Ana, 

CA). 

Single point screening was done at 100 μM concentration. Assay was performed 

using Assay B i.e. semi high-throughput system wherein the assay was performed in 

microcentrifuge tubes, incubation was done using the heat block and finally the isolation was 

done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor and the 

baseline control points but there were no replicates for the assay points. Orn-quinoxaline-2-

carboxlic acid and quinoxaline-2-carboxylic acid were used as the controls. Final DMSO in 

the assay and control points was adjusted at 5%.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  
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An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X secondary stocks of the library molecules were prepared in 50% DMSO and 

were covered with aluminum foil to protect from light. 5 L of the 10X secondary stock for 

each molecule was added to the aliquoted standard assay mixture. Reaction was initiated with 

5.16 μL of 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At the end of 

incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. Terminated 

reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet with 

deionized water. Filter papers were washed three times with 5% Na2HPO4
.
7H2O, one time 

with deionized water and finally one time with 95% ethanol. Filter papers were dried and 

punched into scintillation vials containing 7 mL of ScintiVerse™ BD cocktail. Samples were 

kept for three hours before determining the radioactivity using Beckman LS 6500 

scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 

 

Results and Discussion 

The single point screening results are summarized in Table 26.  
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Table 26. Summary of proportion values from single point screening of quinoxaline-2-

carboxylic acid based Orn-x-x-Orn bis-intercalator library against HIV-1 RT. 

 

Molecule Description Proportion value 

1 Orn-Gly-Gly-Orn 1.10 

2 Orn-β-Ala-Gly-Orn 0.85 

3 Orn-γ-Abu-Gly-Orn 0.82 

4 Orn-ε-Ahx-Gly-Orn 0.89 

5 Orn-Gly-β-Ala-Orn 0.84 

6 Orn-β-Ala-β-Ala-Orn 1.09 

7 Orn-γ-Abu-β-Ala-Orn 0.85 

8 Orn-ε-Ahx-β-Ala-Orn 0.98 

9 Orn-Gly-γ-Abu-Orn 1.06 

10 Orn-β-Ala-γ-Abu-Orn 0.98 

11 Orn-γ-Abu-γ-Abu-Orn 0.88 

12 Orn-ε-Ahx-γ-Abu-Orn 0.73 

13 Orn-Gly-ε-Ahx-Orn 0.81 

14 Orn-β-Ala-ε-Ahx-Orn 0.69 

15 Orn-γ-Abu-ε-Ahx-Orn 0.70 

16 Orn-ε-Ahx-ε-Ahx-Orn 0.82 

Control-1 Orn-Quinoxaline-2-carb. acid 0.76 

Control-2 Quinoxaline-2-carb. acid 0.85 

      

 

Proportion values for both the controls were found to be almost similar despite of the 

fact that Orn-quinoxaline-2-carboxylic acid had +1 charge when compared to quinoxaline-2-

carboxylic acid control. Unfortunately, none of the members from this library had proportion 

values that were any better when compared to the two controls. Also, all the molecules had 

proportion values close to 1 suggesting no bis-intercalation was achieved with these 

molecules. This was further supported by the fact that all the molecules had proportion 

values that were similar to the proportion value of controls which are mono intercalators.  
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This was surprising as the linkers explored in this library bracketed enough distances 

for which bis-intercalation is expected. One of the possibilities could be that ornithine which 

has 3 methylene units might be presenting too much flexibility. This in turn might be 

compromising any gain in the binding energy that may have been attained via possible bis-

intercalation. Alternatively, it could also be possible that with ornithine molecules might be 

adopting conformations that might not be suitable for intercalation. To test the flexibility 

hypothesis, library was resynthesized using Dpr has the handle for attachment of 

quinoxaline-2-carboxylic acid. Details associated with the design, synthesis and evaluation of 

this library are discussed under library 2.  

 

Library 2: Dpr-x-Dpr and Dpr-x-x-Dpr  

Design and synthesis 

The design of this library was similar to Orn-x-x-Orn library. However, instead of 

ornithine, diaminopropionic acid (Dpr) was used as the handle for attachment of quinoxaline-

2-carboxylic acid. Dpr has just one –CH2 group in its side chain when compared to three –

CH2 groups for Orn. Thus, it should offer lower conformational entropy loss when compared 

to Orn.  The side chain amine of Dpr was protected using Mtt group while the α-amine was 

protected using Fmoc group. The conditions required for the deprotection of both the groups 

were different making them orthogonal to each other.  

Also, in this library we explored both single and double spacer positions. The linkers 

used for these spacer positions were identical to the ones used in Orn-x-x-Orn library. These 

included Fmoc-Gly-OH, Fmoc-β-Ala-OH, Fmoc-γ-Abu-OH and Fmoc-ε-Ahx-OH. Thus, the 
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Dpr-x-Dpr motif would have 4 molecules while the Dpr-x-x-Dpr would have 16 molecules 

totaling for a total of 20 molecules in this library. The α-amine of terminal Dpr was left 

unmodified to provide +1 charge on all the molecules. To account for any gain in binding 

energy from this +1 charge, Dpr-quinoxaline-2-carboxylic acid was synthesized as control 

molecule. Structures of Fmoc-Dpr(Mtt)-OH and linker monomers are presented in Figure 59 

and the basic design of the library is presented in Figure 60.  
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Figure 59. Structures of Fmoc-Dpr(Mtt)-OH and four linker monomers that were used in the 

synthesis of quinoxaline-2-carboxylic acid based Dpr-x-Dpr and Dpr-x-x-Dpr library. 
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Figure 60. Schematic representing basic design used for the synthesis of quinoxaline-2-

carboxylic acid based Dpr-x-Dpr and Dpr-x-x-Dpr bis-intercalator library. 
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Materials and methods 

Molecules were synthesized using solid phase peptide synthesis using parallel 

synthesis approach as discussed in the material and methods section of naproxen based bis-

intercalator library. Fmoc-Dpr(Mtt)-OH and HATU (O- (7-azabenzotriazole-1-yl)-N, 

N,N’N’-tetramethyluronium hexafluorophosphate) were purchased from Novabiochem. All 

linker monomers were purchased from EMD Biosciences (San Diego, CA, USA). DIEA (N, 

N-diisopropylethylamine) and piperidine (99%) were obtained from Sigma Aldrich (St. 

Louis, MO, USA) while the rink amide MBHA resin was obtained from EMD Biosciences 

(San Diego, CA, USA). NMP (N-methyl-2-pyrrolidone) was used as solvent for the synthesis 

and was obtained from Advanced ChemTech (Louisville, KY, USA). TFA (99%) was 

purchased from Acros Organics (New Jersey, USA). 

Synthesis was done on rink amide MBHA resin using microcentrifuge tubes. 50 mg 

of rink amide resin (0.7 mmole/g) was used for each molecule. Rest of the synthetic process 

and steps that were followed in the synthesis of this library were identical to the steps 

followed and discussed under the materials and methods section for synthesis of quinoxaline-

2-carboxylic acid based Orn-x-x-Orn bis-intercalator library. Number of steps required for 

the deprotection of Mtt group was also identical. Post cleavage and ether trituration steps, 

molecules were taken in DMSO.  
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Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

LC/MS techniques. All 16 molecules were UV quantitated using the λmax of 320 nm for 

quinoxaline and a molar extinction coefficient of 15,444 M
-1

 cm
-1

 at 320 nm. An average 

yield of 70% was obtained on the basis of A320 absorbance values. Purity of few molecules 

was determined using reverse phase HPLC on HP 1090 system. The LC method employed a 

gradient of 0-100% ACN over 26 min through a Microsorb 100-5 C8 150 x 2.0 mm column 

using a flow rate of 0.3 mL/min. Elution of molecules was monitored spectrophotometrically 

at 210 and 320 nm respectively. An average purity of 95% was obtained on the basis of 

integration values for the most intense peak in 320 nm chromatogram.  

All 16 molecules were further characterized using LC/MS to make sure expected 

masses were observed for each of the 16 molecules. The EMS signal of all 16 molecules in 

the LC/MS data had masses that were consistent with the expected masses of these 16 

molecules. A few representative HPLC and LC/MS chromatograms are shown in Figure 61 

& Figure 62 respectively.  
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Figure 61. Representative HPLC chromatograms from quinoxaline-2-carboxylic acid based 

Dpr-x-Dpr and Dpr-x-x-Dpr bis-intercalator library. Single peaks were obtained at 320 nm 

for all the molecules. 
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Dpr(Quinox.)-β-Ala-Gly-Dpr(Quinox.) 

 

Dpr(Quinox.)-Gly-Dpr(Quinox.) 

 

Figure 62. Representative EMS chromatograms from the LC/MS analysis of quinoxaline-2-

carboxylic acid based Dpr-x-Dpr and Dpr-x-x-Dpr bis-intercalator library. 
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Single point screening of quinoxaline-2-carboxylic acid based Dpr-x-Dpr and  

Dpr-x-x-Dpr bis-intercalator library  

All biochemical reagents (molecular biology grade), 95% ethanol, ScintiVerse™ BD 

cocktail, and 10 mL scintillation vials were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). The 96 well DEAE plate along with the punching tips were purchased from EMD 

Millipore. Enzyme HIV-1 RT was purchased from Worthington Biochemical Corp. 

(Lakewood, NJ). Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18 was purchased from Amersham 

Pharmacia (Piscataway, NJ, USA). dTTP was purchased from GE Healthcare Biosciences 

(Pittsburgh, PA). 
3
H-TTP (30 Ci/mmol) was purchased from MP Biomedicals (Santa Ana, 

CA). 

Single point screening was done at 200 μM concentration. Assay was performed 

using Assay B i.e. semi high-throughput system wherein the assay was performed in 

microcentrifuge tubes, incubation was done using the heat block and finally the isolation was 

done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor and the 

baseline control points but there were no replicates for the assay points. Dpr-quinoxaline-2-

carboxlic acid and quinoxaline-2-carboxylic acid were used as the controls. Final DMSO in 

the assay and control points was adjusted at 3%.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  
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The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  

An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X secondary stocks of the library molecules were prepared in 50% DMSO and 

were covered with aluminum foil to protect from light. 5 L of the 10X secondary stock for 

each molecule was added to the aliquoted standard assay mixture. Reaction was initiated with 

5.16 μL of 
3
H-TTP and the inhibitors were incubated at 37 


C for 30 min.  At the end of 

incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. Terminated 

reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet with 

deionized water. Filter papers were washed three times with 5% Na2HPO4
.
7H2O, one time 

with deionized water and finally one time with 95% ethanol. Filter papers were dried and 

punched into scintillation vials containing 7 mL of ScintiVerse™ BD cocktail. Samples were 
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kept for three hours before determining the radioactivity using Beckman LS 6500 

scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 

 

Results and Discussion 

The single point screening results are summarized in Table 27. In the results, a 

proportion value of 1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a 

proportion value close to 0 would indicate almost complete inhibition of the HIV-1 RT.  
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Table 27. Summary of proportion values from single point screening of quinoxaline-2-

carboxylic acid based Dpr-x-Dpr and Dpr-x-x-Dpr library done against HIV-1 RT at 200 μM. 

 

Molecule Description Proportion 

1 Dpr-Gly-Gly-Dpr 0.87 

2 Dpr-β-Ala-Gly-Dpr 1.11 

3 Dpr-γ-Abu-Gly-Dpr 1.39 

4 Dpr-ε-Ahx-Gly-Dpr 1.08 

5 Dpr-Gly-β-Ala-Dpr 1.42 

6 Dpr-β-Ala-β-Ala-Dpr 1.03 

7 Dpr-γ-Abu-β-Ala-Dpr 1.27 

8 Dpr-ε-Ahx-β-Ala-Dpr 0.81 

9 Dpr-Gly-γ-Abu-Dpr 0.89 

10 Dpr-β-Ala-γ-Abu-Dpr 1.14 

11 Dpr-γ-Abu-γ-Abu-Dpr 1.09 

12 Dpr-ε-Ahx-γ-Abu-Dpr 0.97 

13 Dpr-Gly-ε-Ahx-Dpr 1.06 

14 Dpr-β-Ala-ε-Ahx-Dpr 1.40 

15 Dpr-γ-Abu-ε-Ahx-Dpr 1.13 

16 Dpr-ε-Ahx-ε-Ahx-Dpr 0.76 

17 Dpr-Gly-Dpr 0.83 

18 Dpr-β-Ala-Dpr 1.32 

19 Dpr-γ-Abu-Dpr 0.78 

20 Dpr-ε-Ahx-Dpr 0.86 

Control-1 Dpr-Quinoxaline 0.73 

Control-2 Quinoxaline-2-carb acid 0.73 

    

The single point screening results for this library were very similar to the one 

obtained with Orn-x-x-Orn library. None of the molecules had proportion values that were 

any better when compared to the control molecules. As a matter of fact more molecules in 

this library had proportion values that were around or greater than 1 when compared to the  

Orn-x-x-Orn library. Interestingly, molecules from neither single spacer nor double spacer 

motifs were able to achieve bis-intercalation. Again, the linkers explored in this library 
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bracketed distances for which bis-intercalation should be expected. Since the designs 

attempted so far included just linear motifs, motifs based on cyclic scaffold were explored.  

This was interesting especially in case of quinoxaline-2-carboxylic acid as Triostin A that is a 

naturally occurring antibiotic and is known to achieve bis-intercalation has quinoxaline-2-

carboxylic acid as the core intercalating units and is cyclic in nature as well. The design, 

synthesis and evaluation of quinoxaline-2-carboxylic acid based cyclic library are discussed 

under library 3.  

 

Library 3: Cyclic Asp-x-x-x-x-x-Dpr heptamer based bis- and tris-intercalator library 

Designs explored in library 1 and 2 involving linear scaffold and varying lengths of 

linker separating the two quinoxaline molecules failed to identify any lead molecules using 

quinoxaline as the base intercalator. Also, no improvement was observed by varying the 

lengths of handle (Orn vs. Dpr) that were used to attach quinoxaline molecules. As an 

alternative strategy, attention was focused on cyclic scaffold. Cyclic molecules are an 

interesting class of molecules that have recently gained lot of interest and attention in drug 

discovery programs [153, 154]. Details related to the designing of this library are discussed 

under the design and synthesis section.  
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Design and synthesis 

Designing of the library 

A cyclic scaffold based bis- and tris-intercalator library involving quinoxaline-2-

carboxylic acid as the base intercalator was designed. The hope was that cyclic scaffold 

would help reduce the conformational entropy loss associated with our previously designed 

linear scaffolds and thereby improve the overall binding affinity. Also, to further improve the 

binding affinity, both bis- and tris-intercalator based motifs were explored in this library. 

Some of the key aspects that were considered while designing this library included size of the 

molecules, mode of cyclization, handles for cyclization and final conformations of 

molecules. For cyclization, amide bond based cyclization with side chain – backbone 

cyclization strategy was used. This strategy required identification of two amino acids, one 

bearing a side chain carboxylic acid and another bearing an amine group that could serve as 

the handles for cyclization.  

Useful insights were gained from molecular modeling studies using MOE program to 

help identify some of the key aspects associated with the design of our library. For instance 

with the molecular modeling studies it was found that L-aspartic acid provided better 

conformation to the molecules when compared to D-Aspartic acid (Figure 63A). Likewise, 

much tighter cyclic scaffold was obtained with diaminopropionic acid as the second handle 

for cyclization when compared to lysine or ornithine. With regard to size of molecules, the 

two intercalator rings were found to be better presented with a 7mer scaffold when compared 

to a 5mer or a 6mer scaffold (Figure 63B). Also, much better stabilization of the ring via 

internal hydrogen bonds was observed in case of a 7mer scaffold when compared to other 
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size scaffolds. This scaffold was also found to be identical with the base scaffold of Triostin 

A, a naturally occurring quinoxaline based cyclic antibiotic (Figure 63C).  A 8mer scaffold 

was also modeled but the molecules with this scaffold were having quite high molecular 

masses thereby violating Lipinski’s’ rule. Glycine was used as the spacer in all these 

modeling studies.  

Hence, on the basis of the modeling studies, L-aspartic acid and diaminopropionic 

acid (Dpr) were selected as the handles for cyclization. Also, a 7mer scaffold was selected 

based on the ring stabilization via internal hydrogen bonds and better presentation of the two 

quinoxaline rings. Thus, the final design of library was cAsp-x-x-x-x-x-x-Dpr. In this design, 

the side chain carboxylic acid of aspartic acid and α-amine of the terminal Dpr were used for 

cyclization. Glycine and Dpr were used as possible spacers. The side chain amine of spacer 

Dpr’s were used to attach quinoxaline-2-carboxylic acid while the side chain of terminal Dpr 

was left unmodified to provide a  net + 1 charge to the molecules.  The basic scaffold used 

for the synthesis of this library is presented in Figure 64.  

 

A) Effect of L-Aspartic acid vs. D-Aspartic acid on conformation of molecules 

L-Aspartic acid     D-Aspartic acid 
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B) Effect of 6mer vs. 7mer scaffold on presentation of quinoxaline rings 

6mer scaffold with L-Aspartic acid     7mer scaffold with L-Aspartic acid 

    

 

 

 

C) Resemblance of 7mer scaffold with Triostin A scaffold 

7mer scaffold with L-aspartic acid            Triostin A scaffold 

    

 

Figure 63 A-C: A) Effect of aspartic acid chirality on overall conformation of cyclic 

molecule. B) Effect of size of molecule on the presentation of quinoxaline rings. C) 7mer 

scaffold stabilization via internal hydrogen bonds results in a scaffold that resembles Triostin 

A scaffold.  
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Figure 64. Motif used for the synthesis of 7mer cyclic quinoxaline-2-carboxylic based bis- 

and tris-intercalator library. 

 

Thus, depending upon different combinations for Gly and Dpr with this design, as 

low as 0 intercalator (all spacer positions occupied by Gly) to as high as 5 intercalators (all  5 

spacer positions occupied by Dpr) based molecules were possible in this library. However, 

keeping solubility and molecular weight issues in mind, library was restricted to just bis- and 

tris- quinoxaline based molecules. Thus, a total of 20 molecules were present in this library. 

In addition, cyclic mono-intercalator molecule was also synthesized to serve as control. Thus, 

total of 21 molecules were present in this library. List of these 20 molecules is summarized in 

Table 28.   
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Table 28. List of 20 molecules from the 7mer cyclic quinoxaline-2-carboxylic acid based bis- 

and tris-intercalator library. 

         

S.No. Molecule # of quinoxaline-2-carboxylic acid 

1 Asp-Gly-Gly-Dpr-Gly-Gly-Dpr 1 

2 Asp-Gly-Gly-Gly-Dpr-Dpr-Dpr 2 

3 Asp-Gly-Gly-Dpr-Gly-Dpr-Dpr 2 

4 Asp-Gly-Gly-Dpr-Dpr-Gly-Dpr 2 

5 Asp-Gly-Dpr-Gly-Gly-Dpr-Dpr 2 

6 Asp-Gly-Dpr-Gly-Dpr-Gly-Dpr 2 

7 Asp-Gly-Dpr-Dpr-Gly-Gly-Dpr 2 

8 Asp-Dpr-Gly-Gly-Gly-Dpr-Dpr 2 

9 Asp-Dpr-Gly-Gly-Dpr-Gly-Dpr 2 

10 Asp-Dpr-Gly-Dpr-Gly-Gly-Dpr 2 

11 Asp-Dpr-Dpr-Gly-Gly-Gly-Dpr 2 

12 Asp-Gly-Dpr-Dpr-Gly-Dpr-Dpr 3 

13 Asp-Gly-Dpr-Dpr-Dpr-Gly-Dpr 3 

14 Asp-Gly-Gly-Dpr-Dpr-Dpr-Dpr 3 

15 Asp-Gly-Dpr-Gly-Dpr-Dpr-Dpr 3 

16 Asp-Dpr-Gly-Gly-Dpr-Dpr-Dpr 3 

17 Asp-Dpr-Dpr-Gly-Gly-Dpr-Dpr 3 

18 Asp-Dpr-Gly-Dpr-Gly-Dpr-Dpr 3 

19 Asp-Dpr-Gly-Dpr-Dpr-Gly-Dpr 3 

20 Asp-Dpr-Dpr-Gly-Dpr-Gly-Dpr 3 

21 Asp-Dpr-Dpr-Dpr-Gly-Gly-Dpr 3 

    

Residues in red color represents the handles for cyclization while the Dpr residues in 

blue color represents the spacer Dpr to whose side chain quinoxaline-2-carboxylic acid was 

attached.  
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Synthetic scheme 

The key challenge to the synthesis of these molecules was to design a synthetic 

scheme that would allow 4 dimensions of orthogonality. Two groups that would allow 

selective deprotection of the handles for cyclization were required. For this the two groups 

were not only required to be orthogonal to each other but with other protecting groups that 

were used in the overall synthetic scheme as well. In addition, we needed a third protecting 

group that would allow selective deprotection of the spacer Dpr to which quinoxaline-2-

carboxylic acid would be attached. Finally, a fourth protecting group was required that would 

selectively protect the terminal Dpr side chain that would be cleaved at the end providing the 

+1 charge to the molecules.  

Fmoc-Asp(Opp)-OH and Fmoc-Dpr(Dde)-OH were selected as the handles for 

cyclization. The aspartic acid side chain carboxylic acid group was protected using 

phenylisopropyl ester group which is an acid labile group. Its deprotection condition required 

use of 1% TFA in DCM that is orthogonal with the deprotection conditions for Fmoc, Boc 

and Dde groups. Likewise, the side chain amine of Fmoc-Dpr(Dde)-OH was protected with 

Dde group which is a base labile group. While Dde is a base labile group its deprotection 

condition does not affect Fmoc group that is also a base labile group. Now although, Dde 

group is orthogonal to Fmoc group, it has been reported by Schmidt et al. that if Fmoc group 

is deprotected in the presence of Dde group, Dde group could migrate from side chain β 

position of Dpr to its α-amine thereby proceeding the further synthesis on side chain β-amine 

instead on α-amine. Thus, this limitation would not allow a global deprotection of the Dde 

groups once the entire backbone is synthesized. Instead, since Dde deprotection conditions 
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does not affect Fmoc group, the side chain Dde group was deprotected first and acylated with 

quinoxaline-2-carboxylic acid followed by deprotection of the α-Fmoc group. Thus, the Dde 

groups were individually deprotected as and when they appeared in the synthesis.   

Finally, the terminal Dpr was selected as Fmoc-Dpr(Boc)-OH. The α-amine of Fmoc-

Dpr(Boc)-OH was used for the cyclization while side chain amine was used to provide the +1 

charge. By the time synthesis reached the terminal Dpr, there were only three groups left. 

The phenylisopropyl group of Fmoc-Asp(OPp)-OH, Fmoc group on the α-amine of the 

terminal Fmoc-Dpr(Boc)-OH and the Boc group on terminal Dpr side chain. All these three 

groups were still orthogonal to each other thus maintaining the orthogonality at all stages of 

the synthesis. On resin cyclization was achieved via selective deprotection of the OPp and 

Fmoc groups. Finally, the Boc group from the terminal Dpr side chain was deprotected 

during the cleavage step that involved use of 95% TFA.  

Structures for Fmoc-Asp(Opp)-OH and Fmoc-Dpr(Boc)-OH that were used as 

handles for cyclization along with Fmoc-Dpr(Dde)-OH and Fmoc-Gly that were used as 

linker monomers in the synthesis of this library are summarized in Figure 65. General 

scheme representing four dimensions of orthogonality between different protecting groups is 

presented in Figure 66.  
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Figure 65. Structures of handles and linker monomers that were used in the synthesis of 

quinoxaline-2-carboxylic acid based cyclic 7mer Asp-x-x-x-x-x-Dpr library. 
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Figure 66. Scheme representing four dimensions of orthogonality that was used in the 

synthesis of quinoxaline-2-carboxylic acid based 7mer cyclic Asp-x-x-x-x-x-Dpr library. 

 

Materials and methods 

Molecules were synthesized using solid phase peptide synthesis using parallel 

synthesis approach. Fmoc-Asp(OPp)-OH and Fmoc-Dpr(Dde)-OH were purchased from 

Chem-Impex International Inc. (Wood Dale, IL). Fmoc-Dpr(Boc)-OH and NMP (N-methyl-

2-pyrrolidone) were obtained from Advanced ChemTech (Louisville, KY, USA).  HATU (O- 

(7-azabenzotriazole-1-yl)-N,N,N’N’-tetramethyluronium hexafluorophosphate) was 

purchased from Novabiochem. DIEA (N,N-diisopropylethylamine) and piperidine (99%) 

were obtained from Sigma Aldrich (St. Louis, MO, USA). Rink amide MBHA resin was 

obtained from EMD Biosciences (San Diego, CA, USA). TFA (99%) was purchased from 
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Acros Organics (New Jersey, USA). 2 mL polypropylene plate with 25 μm PP filter and 96 

well plate bottom mat seal for square well plate were obtained from Thomson Instrument 

Company (California, US). 96 well clear silicone mat with PTFE film to seal the top of the 

96 well plate was obtained from ArcticWhiteUSA (Bethlehem, PA).  

Synthesis was done using 30 mg of rink amide MBHA (0.56 mmole/g) resin in a 2 

mL 96 well polypropylene plate using parallel synthesis approach. Resin was first washed 

with NMP following which Fmoc deprotection was performed using standard 20% piperidine 

conditions in two rounds of 7min and 10 min respectively. Thorough washing of the resin 

was done to remove any excess piperidine. The free amine group on resin was acylated with 

Fmoc-Asp(OPp)-OH. All the molecules in library had common first coupling. A 

concentration of 300 mM and volume of 300 μL was used for the coupling. HATU and DIEA 

were used as coupling reagents. Concentrations of HATU and DIEA used were 300 mM and 

600 mM respectively. The carboxylic acid of Fmoc-Asp(OPp)-OH was preactivated for 10 

min following which acylation was done for 3 hours. After 3 hours, reaction mixture was 

aspirated and multiple washing were done using NMP. Any unreacted amine on the resin was 

capped using freshly prepared capping solution containing 10% acetic anhydride and 5% 

DIEA in NMP for 15 min. Multiple NMP washes were done to remove any excess capping 

solution. Fmoc group of Fmoc-Asp(OPp)-OH was deprotected using conditions mentioned 

above. At this stage the side chain carboxylic acid group was still protected with the 

phenylisopropyl group. Multiple NMP washes were done after Fmoc deprotection to remove 

any excess piperidine.  
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Now, depending upon the sequence of the molecules next 6 couplings either had 

Fmoc-Gly-OH or Fmoc-Dpr(Dde)-OH. In case of Fmoc-Gly-OH, standard coupling, 

washings, capping and Fmoc deprotection steps were performed using conditions described 

above. However, any couplings that required Fmoc-Dpr(Dde)-OH, special consideration was 

taken into account regarding the sequence in which the Dde and Fmoc groups were 

deprotected. This was because of the possible migration issue of the Dde group that was 

discussed under synthetic scheme section. Thus, in case of couplings that required Fmoc-

Dpr(Dde)-OH, after acylation of Fmoc-Dpr(Dde)-OH using standard conditions (300 mM 

concentration and 300 μL volume), resin was thoroughly washed to remove any excess 

reaction mixture. Standard capping step was also performed to cap any unreacted amine 

followed by NMP washes. Now instead of doing regular Fmoc deprotection of the α-amine, 

the side chain Dde group of Fmoc-Dpr(Dde)-OH was deprotected first. This was done to 

prevent migration of the Dde group to the α-amine that happens if the Fmoc group is 

deprotected first in the presence of Dde group. The Dde group was deprotected using Bradley 

et al conditions [155]. Briefly, the deprotection conditions for selective deprotection of the 

Dde group in presence of Fmoc groups as established by Bradley et al. requires use of 

NH2OH and imidazole solution prepared in NMP. For this the deprotection solution was 

freshly prepared by adding 1.25 gm of NH2OH
.
HCl and 0.918 gm of imidazole in 5 mL of 

NMP. The solution was sonicated until everything dissolved (typically took 10-15 min). 500 

μL of this deprotection was added and left for 3 hours as recommended by Bradley et al. to 

achieve complete deprotection of the Dde group. After Dde group deprotection, resin was 

washed 10 times using 500 μL of NMP. Usually, only 3 NMP washings are done after Fmoc 
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deprotection but after the Dde group deprotection, 10 NMP washings were done to ensure 

complete removal of the deprotection solution which was viscous in nature. The side chain 

amine was acylated with quinoxaline-2-carboxylic acid using 300 μL of 300 mM 

preactivated solution of quinoxaline-2-carboxylic acid. HATU and DIEA were used as 

coupling reagents with 300 mM and 600 mM concentrations respectively. All quinoxaline-2-

carboxylic acid couplings were done for overnight. The reaction mixtures were aspirated and 

standard NMP washings, capping, NMP washings, Fmoc deprotection and NMP washings 

were performed. Once side chain Dde group was deprotected and acylated with quinoxaline-

2-carboxylic acid, Fmoc group on the α-amine was deprotected using standard deprotection 

conditions followed by next Fmoc-Gly-OH or Fmoc-Dpr(Dde)-OH coupling.  

Once all the 6 couplings were done, final 7
th

 coupling was again common to all the 

molecules and required Fmoc-Dpr(Boc)-OH. Fmoc-Dpr(Boc)-OH was preactivated for 10 

min and acylated for overnight. After acylation, resin was washed with NMP following 

which capping was done to cap any unreacted amines. Multiple NMP washes were 

performed to remove any excess capping solution. At this point, three protecting groups were 

left unprotected. This included phenylisopropyl (OPp) group on the aspartic acid side chain 

along with Fmoc and Boc groups on the terminal Fmoc-Dpr(Boc)-OH. Before on resin side 

chain – backbone cyclization could be done, OPp and Fmoc group needed to be deprotected. 

For this, the Fmoc group on the Fmoc-Dpr(Boc)-OH was deprotected first using standard 

deprotection conditions. NMP washings were performed to remove any excess piperidine. 

Resin was subjected to 3 washes with DCM to remove any excess NMP. The 

phenylisopropyl group on the side chain of aspartic acid was deprotected in 13 rounds, 2 
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minutes each, using 1% TFA in DCM.  Resin was washed multiple times with DCM to 

remove any traces of TFA. Finally, multiple NMP washes were done to remove traces of 

DCM. Once the aspartic acid side chain carboxylic acid and terminal Dpr’s α-amine were 

deprotected, on resin side chain – backbone cyclization was done using HATU and DIEA. 

Unlike, normal couplings where the ratio of amino acid : HATU : DIEA were 1:1:2, for 

cyclization 1:1.05:2.1 ratio was used. Since 30 mg of resin was used with a loading density 

of 0.56 mmole/g, moles of aspartic acid available for cyclization were 17 μmoles. Thus, the 

ratio of HATU and DIEA used for cyclization was 17.85 μmoles: 35.7 μmoles (1.05:2.1). 

Required amounts of HATU and DIEA were taken in NMP and 300 μL of this activating 

solution was added to each molecule. The carboxylic acid was activated in situ and 

cyclization reaction was carried out overnight. After overnight cyclization, resin was 

thoroughly washed with NMP and then with DCM.  

After DCM washes, resin was carefully transferred to microcentrifuge tubes and dried 

before performing the cleavage reaction. Finally, molecules were cleaved from resin using 

300 μL of cleavage cocktail that consisted of TFA: H2O: TIS (95: 2.5: 2.5) for 3 hours. After 

cleavage step, TFA solutions for each molecule were carefully pipetted and transferred to 

microcentrifuge tubes using gel loading tips. Caution was taken at this step to ensure resin 

beads do not get pipetted or transferred along with TFA. Finally, TFA was removed using 

stream of nitrogen in the hood followed by three rounds of ether trituration using ice cold 

ether to remove any traces of TFA.  Final residues were taken in 50 μL DMSO.   
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Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

LC/MS techniques. All 21 molecules were UV quantitated using the λmax of 320 nm for 

quinoxaline and molar extinction coefficients of 7722 M
-1

 cm
-1

, 15,444 M
-1

 cm
-1

 and 23,166 

M
-1

 cm
-1

at 320 nm for mono, bis- and tris-quinoxaline molecules. An average yield of 35% 

was obtained on the basis of A320 absorbance values. Purity of all 21 molecules was 

determined using reverse phase HPLC on HP 1090 system. The LC method employed a 

gradient of 0-100% ACN over 30 min through a Microsorb 100-5 C8 150 x 2.0 mm column 

using a flow rate of 0.3 mL/min. Elution of molecules was monitored spectrophotometrically 

at 210 and 320 nm respectively. An average purity of 90% was obtained for bis-quinoxaline 

molecules while the tris-quinoxaline molecules had an average purity of 70% on the basis of 

integration values for the most intense peak in 320 nm chromatogram. It appeared from the 

HPLC chromatograms that possibly diastereomers might be forming in addition to possible 

linear adducts. For instance in the HPLC chromatogram of molecule 5, split peaks were 

observed along with the main peak. In addition, there was a small peak at 9.09 min that could 

be linear product.  HPLC chromatogram for Molecule 5 along with few other representative 

chromatograms are presented in Figure 67.  

All 21 molecules were further characterized using LC/MS to make sure expected 

masses were observed for each of the 21 molecules. C8 analytical column with a flow rate of 

0.3 ml/min and a gradient of 0-100% ACN was used for the LC/MS analysis. Unfortunately, 

the ABI Sciex QTRAP 2000 system that was used for the LC/MS analysis was having some 

issue. All molecules were eluting around 3 min irrespective of the sequence or nature of 
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molecule. At least the EMS chromatograms for all the molecules had masses that were 

consistent with their expected masses. With both bis- and tris-quinoxaline molecules, some 

signs of linear product were observed in the EMS chromatogram. A few representative EMS 

chromatograms from the LC/MS analysis are shown in Figure 68.  
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Molecule 13 (Asp-Gly-Dpr-Dpr-Dpr-Gly-Dpr) 
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Molecule 17 (Asp-Dpr-Dpr-Gly-Gly-Dpr-Dpr) 
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Figure 67. Representative HPLC chromatograms from quinoxaline-2-carboxylic acid based 

cyclic 7mer Asp-x-x-x-x-x-Dpr library. Multiple peaks were observed especially with tris-

intercalator based molecules suggesting either incomplete cyclization and/or formation of 

diastereomers.  
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Molecule 4 (Asp-Gly-Gly-Dpr-Dpr-Gly-Dpr) 

 

 

Molecule 5 (Asp-Gly-Dpr-Gly-Gly-Dpr-Dpr) 
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Molecule 8 (Asp-Dpr-Gly-Gly-Gly-Dpr-Dpr) 

 

Figure 68. Representative EMS chromatograms from quinoxaline-2-carboxylic acid based 

cyclic 7mer Asp-x-x-x-x-x-Dpr library. In addition to the cyclic product, traces of linear 

product were also observed. 

 

Single point screening of quinoxaline-2-carboxylic acid based cyclic 7mer Asp-x-x-x-x-

x-Dpr library 

All biochemical reagents (molecular biology grade), 95% ethanol, ScintiVerse ™ BD 

cocktail, and 10 mL scintillation vials were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). The 96 well DEAE plate along with the punching tips were purchased from EMD 

Millipore. Enzyme HIV-1 RT was purchased from Worthington Biochemical Corp. 

(Lakewood, NJ). Rnase free water and EDTA were purchased from USBiological 

(Cleveland, OH). Template/primer poly(rA).p(dT)12-18 was purchased from Amersham 



268 

 

Pharmacia (Piscataway, NJ, USA). dTTP was purchased from GE Healthcare Biosciences 

(Pittsburgh, PA). 
3
H-TTP (15 Ci/mmol) was purchased from MP Biomedicals (Santa Ana, 

CA). 

Single point screening was done at 20 μM concentration. Assay was performed using 

Assay B i.e. semi high-throughput system wherein the assay was performed in 

microcentrifuge tubes, incubation was done using the heat block and finally the isolation was 

done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor and baseline 

control points but there were no replicates for the assay points. Dpr-quinoxaline-2-carboxlic 

acid and cyclic mono quinoxaline (Asp-Gly-Gly-Dpr-Gly-Gly-Dpr) were used as the 

controls. Final DMSO in the assay and control points was adjusted at 5%.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  

The assay involved two controls: zero inhibitor control and a baseline control.  The 

zero inhibitor control represents the maximum RT signal under given assay conditions in the 

absence of an inhibitor while the baseline control accounts for any non-specific radioactive 

signal that is generated in the absence of extension of the substrate by reverse transcriptase.  

The baseline control contains all the assay components as that of zero inhibitor control except 

the poly(rA).p(dT)12-18 thereby preventing the incorporation of 
3
H-TTP by RT.  This control 

essentially allows correction of the assay signal in absence of the extension of substrate by 

RT.  
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An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X secondary stocks of the library molecules were prepared in 50% DMSO and 

were covered with aluminum foil to protect from light. 5 L of the 10X secondary stock for 

each molecule was added to the aliquoted standard assay mixture. Reaction was initiated with 

5.16 μL of 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At the end of 

incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. Terminated 

reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet with 

deionized water. The filter plate was washed three times with 5% Na2HPO4
.
7H2O, one time 

with deionized water and finally one time with 95% ethanol. The filter plate was dried and 

the filter papers were punched into scintillation vials containing 7 mL of ScintiVerse™ BD 

cocktail. Samples were kept for three hours before determining the radioactivity using 

Beckman LS 6500 scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 
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Results and Discussion 

The single point screening results are summarized in Table 29. In the results, a 

proportion value of 1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a 

proportion value close to 0 would indicate almost complete inhibition of the HIV-1 RT.  

 

Table 29. Summary of proportion values from the single point screening of quinoxaline-2-

carboxylic acid based cyclic 7mer library done at 20 μM against HIV-1 RT. 

 

Molecule Description Intercalator type Proportion value 

2 Asp-Gly-Gly-Gly-Dpr-Dpr-Dpr Bis 0.30 

3 Asp-Gly-Gly-Dpr-Gly-Dpr-Dpr Bis 0.11 

4 Asp-Gly-Gly-Dpr-Dpr-Gly-Dpr Bis 0.38 

5 Asp-Gly-Dpr-Gly-Gly-Dpr-Dpr Bis 0.02 

6 Asp-Gly-Dpr-Gly-Dpr-Gly-Dpr Bis 0.09 

7 Asp-Gly-Dpr-Dpr-Gly-Gly-Dpr Bis 0.57 

8 Asp-Dpr-Gly-Gly-Gly-Dpr-Dpr Bis 0.09 

9 Asp-Dpr-Gly-Gly-Dpr-Gly-Dpr Bis 0.13 

10 Asp-Dpr-Gly-Dpr-Gly-Gly-Dpr Bis 0.18 

11 Asp-Dpr-Dpr-Gly-Gly-Gly-Dpr Bis 0.71 

12 Asp-Gly-Dpr-Dpr-Gly-Dpr-Dpr Tris 0.09 

13 Asp-Gly-Dpr-Dpr-Dpr-Gly-Dpr Tris 0.08 

14 Asp-Gly-Gly-Dpr-Dpr-Dpr-Dpr Tris 0.04 

15 Asp-Gly-Dpr-Gly-Dpr-Dpr-Dpr Tris 0.03 

16 Asp-Dpr-Gly-Gly-Dpr-Dpr-Dpr Tris 0.06 

17 Asp-Dpr-Dpr-Gly-Gly-Dpr-Dpr Tris 0.13 

18 Asp-Dpr-Gly-Dpr-Gly-Dpr-Dpr Tris 0.18 

19 Asp-Dpr-Gly-Dpr-Dpr-Gly-Dpr Tris 0.14 

20 Asp-Dpr-Dpr-Gly-Dpr-Gly-Dpr Tris 0.15 

21 Asp-Dpr-Dpr-Dpr-Gly-Gly-Dpr Tris 0.16 

1 (Ctrl-1) Asp-Gly-Gly-Dpr-Gly-Gly-Dpr Cyclic mono 0.66 

Ctrl-2 Dpr-Quinoxaline-2-carb acid Linear mono 0.81 
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The proportion values for control 1 (cyclic mono) and control 2 (Dpr-Quinox.) were 

found to be 0.66 and 0.8 respectively. It was interesting to note that while both the controls 

had +1 charge, control 1 (cyclic mono) had better activity towards RT. Among bis-

intercalator based molecules, there were few molecules for which proportion values were 

found to be < 0.1. This was encouraging as this suggested that we were observing significant 

inhibition of RT for these molecules when compared to the two controls. Also, decent spread 

in the proportion values was observed among bis-intercalator based molecules that ranged 

from 0.02 to 0.71. However, unlike the bis-intercalator based molecules, almost all the tris-

intercalator based molecules were exhibiting significant inhibition against RT with an 

average proportion value of 0.1. Unfortunately, not much spread in the proportion values was 

observed with tris-intercalator based molecules. Their proportion values ranged over a 

relatively narrow range of 0.09 to 0.16. Thus, no differential inhibitory activity was observed 

in case of tris-intercalator based molecules as was observed with bis-intercalator based 

molecules.  

To get better insights regarding the true affinity of the leads from bis-intercalator 

based molecules, IC50 values were determined using full concentration range IC50 

determination. For this, two best along with one worst molecule were selected from the bis-

intercalator based molecules. Also, IC50 values were determined for control 1 and one 

representative lead from tris-intercalator based molecules to compare their affinities against 

the bis-intercalator leads. The list of molecules selected for IC50 determination using full 

concentration range experiment is summarized in Table 30.  
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Table 30. List of molecules selected from quinoxaline-2-carboxylic acid based cyclic 7mer 

library for full concentration range IC50 determination. 

 

Molecule Description Type Proportion value 

5 Asp-Gly-Dpr-Gly-Gly-Dpr-Dpr Bis-intercalator lead 1 0.02 

8 Asp-Dpr-Gly-Gly-Gly-Dpr-Dpr Bis-intercalator lead 2 0.09 

11 Asp-Dpr-Dpr-Gly-Gly-Gly-Dpr Bis-intercalator worst inhibitor 0.71 

15 Asp-Gly-Dpr-Gly-Dpr-Dpr-Dpr Tris-intercalator lead 0.03 

1 Asp-Gly-Gly-Dpr-Gly-Gly-Dpr Control 1 0.66 

        

 

Full concentration range IC50 determination of molecules listed in Table 30 

IC50 values for all the 5 molecules listed in Table 30 were determined using full 

concentration range IC50 determination. The assay conditions used in these IC50 

determinations were similar to the one mentioned in the single point screening section. The 

IC50’s were determined using with and without 0.01% TX-100 conditions for all the 

molecules except for control 1 for which IC50 was determined without TX-100 condition 

only. For assay’s involving 0.01% TX-100 conditions, 5 μL of 0.1% TX-100 solution was 

added to the master mix and this volume was adjusted from water volume. 10X stocks of 

varying concentrations for these molecules were prepared in 50% DMSO. 5 μL of these 

stocks were added to respective assay points.  

The results obtained were corrected for the baseline control and reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 
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For full concentration range IC50 determination, proportion values were plotted 

against the concentration and the IC50 value was determined using Kaleidagraph
®
 software 

by fitting the data to the following equation: 

P = 1(1+ [I]/IC50) 

where, P is the proportion of the signal with respect to the zero inhibitor control and [I] is the 

concentrations of the inhibitor used.  

The IC50 plots for the molecules listed in Table 30 are presented in Figures 69-73 and 

their IC50 values are summarized in Table 31. 
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Molecule 5 (Asp-Gly-Dpr-Gly-Gly-Dpr-Dpr): Bis-intercalator lead 1 
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Figure 69. IC50 plots of molecule 5 with and without 0.01% TX-100 against HIV-1 RT. 
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Molecule 8 (Asp-Dpr-Gly-Gly-Gly-Dpr-Dpr): Bis-intercalator lead 2 
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Figure 70. IC50 plots of molecule 8 with and without 0.01% TX-100 against HIV-1 RT. 
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Molecule 11 (Asp-Dpr-Dpr-Gly-Gly-Gly-Dpr): Bis-intercalator worst inhibitor  
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Figure 71. IC50 plots of molecule 11 with and without 0.01% TX-100 against HIV-1 RT. 
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Molecule 15 (Asp-Gly-Dpr-Gly-Dpr-Dpr-Dpr): Tris-intercalator lead. 
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Figure 72. IC50 plots of molecule 15 with and without 0.01% TX-100 against HIV-1 RT. 
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Control 1 (Asp-Gly-Gly-Dpr-Gly-Gly-Dpr): Cyclic mono-intercalator control 
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Figure 73. IC50 plots of control 1 without 0.01% TX-100 against HIV-1 RT. 

 

 

Table 31. Summary of full IC50 values for molecules listed in Table 30. 

 

Molecule Description Type 
Full IC50 value 

(μM) 

5 Asp-Gly-Dpr-Gly-Gly-Dpr-Dpr Bis-intercalator lead 1 6.1 

8 Asp-Dpr-Gly-Gly-Gly-Dpr-Dpr Bis-intercalator lead 2 6.5 

11 Asp-Dpr-Dpr-Gly-Gly-Gly-Dpr Bis-intercalator worst inhibitor 21 

15 Asp-Gly-Dpr-Gly-Dpr-Dpr-Dpr Tris-intercalator lead 4 

1 Asp-Gly-Gly-Dpr-Gly-Gly-Dpr Control 1 43 
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Interesting results were obtained from the full concentration range IC50 determination 

experiments that correlated well with the single point screening experiment results. For 

instance, the IC50 values of molecule 5 & 8 were found to be almost identical that correlated 

well with their similar proportion values from the single point screening experiment. 

However, while substantial difference was observed between the proportion values of bis-

intercalator leads and molecule 11 i.e. “worst bis-intercalator molecule” (0.02 vs. 0.7), a 

modest 3.5 fold difference was observed between their true IC50 values. Important to note 

was that similar IC50 values were observed for all the molecules for with and without TX-100 

conditions suggesting none of these molecules were promiscuous inhibitors.  

The tris-intercalator lead was found to have the best IC50 among all the molecules. 

While this was again consistent with the low (0.1) proportion values observed for all the tris-

intercalator based molecules from the single point screening experiment, unfortunately no 

difference was observed in the IC50 values between the bis-intercalator and tris-intercalator 

leads. While this was surprising as better IC50 value would be expected for tris-intercalator 

lead, it suggests that may be tris-intercalator based molecules are not able to achieve tris-

intercalation and their inhibitory activity could be due to just bis-intercalation. This could be 

reasonable to postulate since the IC50 values for molecule 15 were found to be similar for 

with and without TX-100 conditions thereby ruling out the possibility of molecule 15 as a 

promiscuous inhibitor.     

Interesting differences were also observed in the nature of IC50 plots between the bis 

and tris intercalator molecules. While the IC50 plots of bis-intercalator molecules appeared to 

show signs of tight binding, the IC50 plot of tris-intercalator lead appeared more normal. This  
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was an interesting observation as it might suggest differences in the mode of binding and 

possibly inhibition as well between the bis and tris-intercalator based molecules.   

Finally, the IC50 for control 1 was found to be 43 μM. Thus, almost 7-fold 

improvement was observed in the IC50 value for the bis-intercalator leads over the cyclic 

mono-intercalator control molecule. Although, this difference was not very dramatic our 

assumption was that this difference could be even more especially with the possible 

suspicion of tight binding phenomenon observed with the IC50 plots of bis-intercalator based 

molecules. Similar phenomenon was also observed with ethidium bis-intercalator based 

molecules. However, the concentration of substrate that would be required to prevent this 

tight binding phenomenon would be so low that it would not be possible to achieve decent 

assay signal. Hence, it would not be possible to determine the true efficacy of these 

molecules and know the absolute improvement of these molecules over the control molecule.  

However, instead the IC50 for one of the bis-intercalator leads was compared against 

Echinomycin (Figure 74) that is a structural analogue of Triostin A, a naturally occurring 

quinoxaline-2-carboxylic acid based cyclic bis-intercalator antibiotic.  This would allow get 

insights as to how much better (if any) the lead is when compared to a naturally occurring 

cyclic bis-intercalator that is known to bind nucleic acids. 
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Figure 74. Structure of Echinomycin that is a structural analogue of naturally occurring 

antibiotic, Triostin A. This figure is taken from Waring et al. [156] 

 

The IC50 of Echinomycin was determined using assay conditions that were similar to 

the one used for the IC50 determination of the leads. The final DMSO was leveled at 5% and 

IC50 was determined in absence of TX-100. Solubility issues were observed at higher 

concentrations of Echinomycin that could be due to lack of charge on Echinomycin. The 

DMSO % was not increased above 5% to assist with the solubility as loss in enzymatic 

activity had been observed at DMSO levels above 5%. The IC50 plot of Echinomycin against 

HIV-1 RT is presented in Figure 75. 
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Figure 75. IC50 plot of Echinomycin without TX-100 against HIV-1 RT. 

 

Interestingly, the IC50 of echinomycin was found to be 47 μM that was quite close to 

the 43 μM IC50 value for our control 1. However, there were serious solubility issues with the 

IC50 determination of echinomycin that raised serious concerns regarding the validity of its 

IC50 value. Again, our suspicion is that the true IC50 of echinomycin should be higher based 

on the solubility issues that were observed with higher concentrations of echinomycin. As 

mentioned earlier, visual turbidity was observed for concentrations above 25 μM that were 

used in the full concentration range IC50 determination of echinomycin. This lead to the 

possibility that whatever inhibition was observed at concentrations of 25 μM and above could 

be due to aggregate formation. To test this hypothesis, we did UV analysis for concentrations 

25 μM and above under assay conditions. Clear signs of scattering were observed in the UV 
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spectra for concentrations 25 μM and above under assay conditions suggesting aggregate 

formation at these concentrations. However, no such scattering was observed for molecule 8 

across the entire concentration range. Representative UV spectra’s are presented in Figure 76 

a-b for echinomycin and molecule 8. Thus, whatever inhibition was observed for 

echinomycin at concentrations above 25 μM can be fairly attributed to promiscuous 

inhibition rather than the true activity of echinomycin.  

While unfortunately the IC50 data of echinomycin did not helped determine how 

better the leads were with respect to echinomycin, it did helped emphasize that the leads were 

non-promiscuous inhibitors and were better binders of RNA/DNA heteroduplex when 

compared to a naturally occurring nucleic acid binder such as echinomycin.  
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b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 76 a-b. a) Representative UV spectra for few concentrations of Echinomycin under 

assay conditions. b) Representative UV spectra for few concentration of molecule 8 under 

assay conditions. 

 

 

Specificity of cyclic bis-intercalator leads? 

While we were able to identify and establish that cyclic bis-intercalator leads i.e. 

molecule 8 & 5 were not only non-promiscuous inhibitors of RT but were also better binders 

of RNA/DNA heteroduplex when compared to echinomycin, it was equally important to 

evaluate if these leads were in fact specific inhibitors of RT. This was important since with 

tryptophan based WW and W-x-W bis-intercalator library while we were able to identify 

leads (e.g. E11) that were non-promiscuous in nature, specificity studies against human DNA 

400 nM 1.6 μM 

12.8 μM 25.6 μM 
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polymerase α helped discover that these leads were in fact non-specific inhibitors of RT. 

Almost 58% inhibition of human DNA polymerase α was observed at the IC50 value against 

RT (116 μM) for E11 on the basis of the proportion value obtained from the single point 

screening experiment. This was not surprising as one of the major concerns associated with 

intercalator based molecules is their non-specific inhibition.  

Thus, to evaluate the specificity of the cyclic bis-intercalator leads against RT we 

selected molecule 8. Specificity of molecule 8 against HIV-1 RT was evaluated by testing it 

against human DNA polymerase α using single point screening experiment approach. This 

experiment was performed in a similar manner as was done in case of tryptophan based WW 

and W-x-W bis-intercalator library. Molecule 8 was tested at its IC50 (6 μM), 10X- IC50 (60 

μM) and 100X-IC50 (600 μm) concentrations obtained against HIV-1 RT. If molecule 8 was 

to be a specific inhibitor of HIV-1 RT, minimal or no inhibition of human DNA polymerase 

α would be observed at these concentrations.  

 

Materials and methods  

All biochemical reagents (molecular biology grade) for the assay buffer, dNTPs, 95% 

ethanol, ScintiVerse™ BD cocktail, and 10 mL scintillation vials were purchased from 

Fisher Scientific (Fair Lawn, NJ, USA). The 96 well DEAE plate along with the punching 

tips were purchased from EMD Millipore. Human DNA polymerase α was obtained as a gift 

from CHIMERx (Milwaukee, WI). Rnase free water and EDTA were purchased from 

USBiological (Cleveland, OH). Activated CT-DNA (Catalogue # D4522) was purchased 

from Sigma Aldrich (St. Louis, MO). dTTP was purchased from GE Healthcare Biosciences 
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(Pittsburgh, PA) and 
3
H-TTP (15 Ci/mmol) was purchased from MP Biomedicals (Santa 

Ana, CA). 

The assay buffer used for this assay was identical to the one used for HIV-1 RT 

assay. The final assay volume was also 50 μL. Final amount of activated CT-DNA in the 

assay was 10 μg while the final concentrations of dATP, dCTP and dGTP were 50 μM 

respectively. 0.5 U of human DNA polymerase α was used in the assay. Final concentration 

of 
3
H-TTP was identical to the one used in HIV-1 RT assay and was 10 μM.   

An assay master mix was prepared using 25 L 2X-assay buffer, activated DNA, 

dATP, dCTP, dGTP, human DNA polymerase α and RNase free water sufficient to make up 

50 L total assay volume. The master mix was than aliquoted into microcentrifuge tubes. 

Final DMSO in the assay was leveled at 5%.  2.5 μL of 120 μM, 1.2 mM and 12 mM in 

DMSO were added for 6 μM, 60 μM and 600 μM concentration points. Reaction was 

initiated with 
3
H-TTP and the inhibitors were incubated at 37 


C for 30 min.  At the end of 

incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. Terminated 

reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet with 

deionized water. The filter plate was washed three times with 5% Na2HPO4
.
7H2O, one time 

with deionized water and finally one time with 95% ethanol. The filter plate was dried and 

the filter papers were punched into scintillation vials containing 7 mL of ScintiVerse™ BD 

cocktail. Samples were kept for three hours before determining the radioactivity using 

Beckman LS 6500 scintillation counter. 
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Results and discussion 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. Results of 

the single point screening are summarized in Table 32. 

 

Table 32. Summary of proportion values from single point screening results of molecule 8 

against human DNA polymerase α done at IC50, 10X-1C50 and 100X-IC50 concentrations. 

 

Molecule Proportion value 

Zero inhibitor 1 

Molecule 8, 6 μM (RT IC50) 0.82 

Molecule 8, 60 μM (10X-RT IC50) 0.68 

Molecule 8, 600 μM (100X-RT IC50) 0.89 

    

 

The single point screening results for molecule 8 against human DNA polymerase α 

were quite encouraging. Unlike, the tryptophan based WW and W-x-W bis-intercalator 

library where almost 58% inhibition of human DNA polymerase α was observed at just the 

IC50 concentration for E11 itself, no significant inhibition of human DNA polymerase α was 

observed for molecule 8 even at 100X RT IC50 (600 μM) concentration. The proportion value 

for 10X RT IC50 i.e. 60 μM was found to be slightly less when compared to the proportion 

values obtained for 1X and 100X RT IC50 concentrations. However, this could be due to 

some experimental error or the error associated with single point screening based 

experiments as the proportion values for 1X and 100X concentrations were almost identical.  
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The major results for cyclic bis-intercalator leads identified against HIV-1 RT from 

quinoxaline-2-carboxylic acid based 7mer cyclic library can be summarized as follows: 

a) Molecule 8 and 5 were identified as the lead cyclic bis-quinoxaline inhibitors 

from the single point screening experiment against HIV-1 RT. 

b) The leads were found to be non-promiscuous inhibitors of RT. The IC50 

values of these leads were found to be in good agreement for with and without 

TX-100 conditions suggesting that these leads are non-promiscuous inhibitors 

of RT.  

c) Almost 7 fold improvement was observed between the IC50 value of the leads 

and cyclic control 1.  

d) These leads were found to be better binders of RNA/DNA heteroduplex when 

compared to echinomycin that is a structural analogue of naturally occurring 

quinoxaline-2-carboxylic acid based cyclic bis-intercalator antibiotic. While 

clear signs of scattering were observed with higher concentrations of 

echinomycin in UV analysis under assay conditions suggesting formation of 

aggregates, no such scattering was observed for our leads even with the 

highest concentration.  

e) Finally, molecule 8 was found to be a specific inhibitor of HIV-1 RT. No 

significant inhibition of human DNA polymerase α was observed even at 

100X RT IC50 concentration (600 μM). 
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These results were very encouraging as for the first time we were not only able to 

identify a molecule that was a non-promiscuous inhibitor but more importantly appeared to 

be a specific inhibitor of RT. This was a major accomplishment because the TX-100 and 

human DNA polymerase α results now helped position molecule 8 as a potential scaffold that 

could be used to build new molecules with better affinities towards RT. Moreover, since 

molecule 8 has already been shown to be non-promiscuous and specific inhibitor of RT, 

chances are that new molecules designed and developed using it as the base scaffold should 

be able to retain these important features.  

Thus, a new library was designed and synthesized using molecule 8 as the base 

scaffold with the hope of identifying a new lead with improved affinity towards HIV-1 RT. 

The details of this library are discussed under library 4.  

 

Library 4: Molecule 8 based cyclic 7mer Asp-Dpr(Quinox.)-x-x-x-Dpr(Quinox.)-Dpr 

library 

Design and Synthesis 

The IC50 value of molecule 8 against HIV-1 RT was found to be 6.5 μM. Although, 

the inhibitor activity of molecule 8 was in low μM range, important to note was that it was 

found to be a non-promiscuous and a specific inhibitor of RT on the basis of TX-100 and 

human DNA polymerase-α results. Thus, molecule 8 was used as a scaffold to redesign new 

molecules with the hope of further improving the binding affinity and hence inhibitory 

activity towards HIV-1 RT. Unfortunately; we do not know the exact mechanism by which 
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molecule 8 might be inhibiting RT. Our speculation is that it might be inhibiting RT by either 

of the following mechanisms: 

a) Binding of molecule 8 to a binding pocket in RT that may be either near or 

somehow involved in the binding of RT with viral RNA. Thus, blocking of 

such a key pocket would prevent the extension and conversion of viral RNA 

to RNA/DNA and hence to replication competent cDNA.  

b) Binding of molecule 8 to the RNA/DNA heteroduplex thereby leading to the 

formation of a binary complex. The assumption here is that the binding of 

molecules 8 causes significant structural deformation of the heteroduplex 

thereby preventing its recognition by RT and hence leading to inhibition of 

RT activity.  

c) Finally, the third possibility could be that molecule 8 binds to RNA/DNA 

heteroduplex and picks up some specific interaction with the RT thereby 

leading to the formation of a ternary complex. This is based on the assumption 

that the binding of molecule 8 does not cause significant structural 

deformation of the heteroduplex and hence does not prevent its recognition 

and interaction with RT.    

Since the exact mechanism of inhibition for molecule 8 was not known, we designed 

new library using molecule 8 as the base scaffold wherein the glycine at each spacer position 

was sequentially substituted with different amino acids. The rationale behind this design was 

that by the virtue of its design, molecule 8 would be expected to intercalate with the 

RNA/DNA heteroduplex. Thus, by introducing additional functionalities in the form of side 
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chain groups of different amino acids at the spacer positions, it might be possible to pick 

specific interactions with proximal groups on RT. This approach if works; would not only 

help further improve the binding affinity but since these proximal groups would only be 

available on RT, it would also help retain the specificity of these molecules towards RT.  

 

Selection of amino acids 

All the standard amino acids except glycine, alanine, valine, phenylalanine and lysine 

were used as possible linker monomers to substitute each glycine sequentially in molecule 8. 

Again, to further guide the design of this library, further insights were gained by doing 

molecular modeling of these amino acids using MOE program to help select the chirality of 

these amino acids. It was very interesting to note from the modeling studies of these amino 

acids that side chains of all the L-amino acids were found to be pointing towards the duplex 

while of the D-amino acids were found to be pointing away from the duplex. This was an 

interesting observation as it suggested that use of L-amino acids might lead to a possible 

clash thereby preventing the binding of molecules as the side chains were pointing towards 

the duplex. Since the side chains of D-amino acids were pointing away from the duplex, it 

seemed as if it might present the side chain functionalities towards RT and hence help pick 

specific interactions with the proximal groups on RT. Thus, on the basis of these modeling 

results, D-amino acids were used to substitute the glycine positions in molecule 8.  
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Synthesis  

The synthetic scheme used for the synthesis of molecule 8 based Asp-Dpr(Quinox.)-

x-x-x-Dpr(Quinox.)-Dpr was almost similar to the one discussed in the synthesis of cyclic 

7mer Asp-x-x-x-x-x-Dpr library section. The only difference was that 15 D-amino acids 

(Leu, Ile, Thr, Ser, Met, Cys, Asp, Glu, Asn, Gln, Arg, His, Tyr, Pro and Trp) were used to 

substitute each of the three glycine in a sequential manner. It was ensured that the side chain 

protecting groups on these amino acids were orthogonal to the other protecting groups used 

in the synthesis. Since there were 3 glycine’s to be substituted with 15 possible amino acids, 

total of 45 molecules were present in this library. List of these 45 molecules is presented in 

Table 33.  

Briefly, synthesis was done using 10 mg of rink amide MBHA resin (0.56 mmole/g). 

Synthesis was carried out in 2 mL 96 well plate. Concentration of 150 mM and volume of 

150 μL was used for all the standard couplings. Concentration of 150 mM instead of usual 

300 mM was used in this synthesis due to shortage of some expensive D-amino acids. HATU 

and DIEA were used as coupling reagents. The concentration of HATU and DIEA used for 

standard couplings was 150 mM and 300 mM respectively.  

Fmoc-Asp(OPp)-OH and Fmoc-Dpr(Boc)-OH were used as the handles for 

cyclization. Fmoc-Dpr(Dde)-OH was used as the handle for the attachment of quinoxaline-2-

carboxylic acid. Resin was first acylated with Fmoc-Asp(Opp)-OH. Standard washing, 

capping, washing and Fmoc deprotection steps were followed after the acylation of aspartic 

acid. Next, Fmoc-Dpr(Dde)-OH was acylated. The deprotection conditions, steps and 

sequences used for the deprotection of Dde group were same as discussed in the synthesis of 
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cyclic 7mer Asp-x-x-x-x-x-Dpr library section. The side chain Dde group was selectively 

deprotected first to prevent the migration of Fmoc group on α-amine.  The side chain amine 

was acylated with quinoxaline-2-carboxylic acid following which the Fmoc group on the α-

amine was deprotected using standard Fmoc conditions. Now, depending upon the sequence 

of the molecules one of the 15 D-amino acids was acylated for the next three positions. After 

this Fmoc-Dpr(Dde)-OH was acylated and similar steps were repeated as were used for the 

first Fmoc-Dpr(Dde)-OH to attach the quinoxaline-2-carboxylic acid.  Finally, Fmoc-

Dpr(Boc)-OH was acylated. The deprotection sequence and conditions involved for the 

cyclization step were also same and the synthesis section of cyclic 7mer Asp-x-x-x-x-x-Dpr 

library should be referred for further details.  

Post cleavage, TFA was removed using stream of nitrogen followed by 3 rounds of 

ether trituration using cold ether. The residues were finally taken in 50 μL DMSO.   
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Table 33. List of 45 molecules from molecule 8 based cyclic Asp-Dpr(Quinox.)-x-x-x-

Dpr(Quinox.)-Dpr library. 

 

S.No. Molecule Sequence

1 A1 Asp-Dpr-Leu-Gly-Gly-Dpr-Dpr

2 A3 Asp-Dpr-Ile-Gly-Gly-Dpr-Dpr

3 A5 Asp-Dpr-Thr-Gly-Gly-Dpr-Dpr

4 A7 Asp-Dpr-Ser-Gly-Gly-Dpr-Dpr

5 A9 Asp-Dpr-Met-Gly-Gly-Dpr-Dpr

6 A11 Asp-Dpr-Cys-Gly-Gly-Dpr-Dpr

7 B2 Asp-Dpr-Asp-Gly-Gly-Dpr-Dpr

8 B4 Asp-Dpr-Glu-Gly-Gly-Dpr-Dpr

9 B6 Asp-Dpr-Asn-Gly-Gly-Dpr-Dpr

10 B8 Asp-Dpr-Gln-Gly-Gly-Dpr-Dpr

11 B10 Asp-Dpr-Arg-Gly-Gly-Dpr-Dpr

12 B12 Asp-Dpr-His-Gly-Gly-Dpr-Dpr

13 C1 Asp-Dpr-Tyr-Gly-Gly-Dpr-Dpr

14 C3 Asp-Dpr-Pro-Gly-Gly-Dpr-Dpr

15 C5 Asp-Dpr-Trp-Gly-Gly-Dpr-Dpr

16 C7 Asp-Dpr-Gly-Leu-Gly-Dpr-Dpr

17 C9 Asp-Dpr-Gly-Ile-Gly-Dpr-Dpr

18 C11 Asp-Dpr-Gly-Thr-Gly-Dpr-Dpr

19 D2 Asp-Dpr-Gly-Ser-Gly-Dpr-Dpr

20 D4 Asp-Dpr-Gly-Met-Gly-Dpr-Dpr

21 D6 Asp-Dpr-Gly-Cys-Gly-Dpr-Dpr

22 D8 Asp-Dpr-Gly-Asp-Gly-Dpr-Dpr

23 D10 Asp-Dpr-Gly-Glu-Gly-Dpr-Dpr

24 D12 Asp-Dpr-Gly-Asn-Gly-Dpr-Dpr

25 E1 Asp-Dpr-Gly-Gln-Gly-Dpr-Dpr

26 E3 Asp-Dpr-Gly-Arg-Gly-Dpr-Dpr

27 E5 Asp-Dpr-Gly-His-Gly-Dpr-Dpr

28 E7 Asp-Dpr-Gly-Tyr-Gly-Dpr-Dpr

29 E9 Asp-Dpr-Gly-Pro-Gly-Dpr-Dpr

30 E11 Asp-Dpr-Gly-Trp-Gly-Dpr-Dpr

31 F2 Asp-Dpr-Gly-Gly-Leu-Dpr-Dpr

32 F4 Asp-Dpr-Gly-Gly-Ile-Dpr-Dpr

33 F6 Asp-Dpr-Gly-Gly-Thr-Dpr-Dpr

34 F8 Asp-Dpr-Gly-Gly-Ser-Dpr-Dpr

35 F10 Asp-Dpr-Gly-Gly-Met-Dpr-Dpr

36 F12 Asp-Dpr-Gly-Gly-Cys-Dpr-Dpr

37 G1 Asp-Dpr-Gly-Gly-Asp-Dpr-Dpr

38 G3 Asp-Dpr-Gly-Gly-Glu-Dpr-Dpr

39 G5 Asp-Dpr-Gly-Gly-Asn-Dpr-Dpr

40 G7 Asp-Dpr-Gly-Gly-Gln-Dpr-Dpr

41 G9 Asp-Dpr-Gly-Gly-Arg-Dpr-Dpr

42 G11 Asp-Dpr-Gly-Gly-His-Dpr-Dpr

43 H2 Asp-Dpr-Gly-Gly-Tyr-Dpr-Dpr

44 H4 Asp-Dpr-Gly-Gly-Pro-Dpr-Dpr

45 H6 Asp-Dpr-Gly-Gly-Trp-Dpr-Dpr
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 Analytical characterization 

Molecules were characterized for their identity and purity using UV-VIS, HPLC and 

LC/MS techniques. All 45 molecules were UV quantitated using the λmax of 320 nm for 

quinoxaline and molar extinction coefficients of 15,444 M
-1

 cm
-1

 at 320 nm. Purity of all 45 

molecules was determined using reverse phase HPLC on HP 1050 system. The LC method 

employed a gradient of 0-100% ACN over 26 min through a Microsorb 100-5 C8 250 x 4.6 

mm column using a flow rate of 1.0 mL/min. Elution of molecules was monitored 

spectrophotometrically at 210 and 320 nm respectively. Multiple split peaks were observed 

for all the molecules. These split peaks could be either due to racemization or due to 

incomplete cyclization. The chances of latter being the case could be more as we had 

observed incomplete cyclization with original quinoxaline-2-carboxylic acid based cyclic 

7mer library as well. Representative HPLC chromatograms from this library are presented in 

Figure 77.  

Few molecules were further characterized using MS infusion to confirm the identity 

of the molecules and to get further insights regarding the chemical nature of the additional 

peaks. The EMS chromatograms showed two peaks that had masses that were consistent with 

the masses for cyclic and linear products. Interestingly, the peak heights for both the cyclic 

and linear masses were found to be almost similar that also correlated with the HPLC data.  

This could mean that only 50% of the cyclic product might be present in these molecules. 

Few representative EMS chromatograms are shown in Figure 78.  
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Figure 77. Representative HPLC chromatograms from molecule 8 based cyclic library. 

Multiple peaks were observed suggesting either incomplete cyclization and/or formation of 

diastereomers. 

 



297 

 

A7 [Asp-Dpr(Quinox.)-Ser-Gly-Gly-Dpr(Quinox.)-Dpr] 

 

B6 [Asp-Dpr(Quinox.)-Asn-Gly-Gly-Dpr(Quinox.)-Dpr] 

 

Figure 78. Representative EMS chromatograms from the MS infusion of molecule 8 based 

cyclic library. In addition to the cyclic product, traces of masses consistent with linear 

product were also observed. 
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Single point screening of molecule 8 based cyclic library 

Single point screening was done at 50 μM concentration in two rounds. The assay 

was performed using Assay B i.e. semi high-throughput system wherein the assay was 

performed in microcentrifuge tubes, incubation was done using the heat block and finally the 

isolation was done using 96 well DEAE plate. There were 8 replicates for the zero inhibitor 

and baseline control points but there were no replicates for the assay points. Molecule 8 

[Asp-Dpr (Quinox.)-Gly-Gly-Gly-Dpr(Quinox.)-Dpr] and Dpr-quinoxaline-2-carboxlic acid 

were used as the controls. Final DMSO in the assay and control points was adjusted at 5%.  

Briefly, the standard assay mixture contained 50 mM Tris-HCl, pH 7.8, 6 mM MgCl2, 

80 mM NaCl, 1 mM DTT, 0.1 mg/mL heat inactivated BSA, 10 µM [
3
H]-TTP(1 Ci/mmol), 

0.08 units of HIV-1 reverse transcriptase and 0.05 µg/mL of poly(rA).p(dT)12-18 in a total 

assay volume of 50 µL.  BSA was heat inactivated by treatment at 65 °C for 30 min.  

An assay master mix was prepared separately for the controls and assay points using 

25 L 2X-assay buffer, RNase free water sufficient to make up 50 L total assay volume, 

HIV reverse transcriptase and poly(rA).p(dT)12-18. DMSO was also included in the master 

mix for controls. 44.84 μL of the controls master mix was aliquoted into microcentrifuge 

tubes for each control point while 39.84 μL of the assay master mix was aliquoted for assay 

points. 10X 3° stocks of the library molecules were prepared in 50% DMSO and were 

covered with aluminum foil to protect from light. 5 L of the 10X 3° stock for each molecule 

was added to the previously aliquoted standard assay mixture. Reaction was initiated with 

5.16 μL of 
3
H-TTP and inhibitors were incubated at 37 


C for 30 min.  At the end of 

incubation, reaction was terminated by adding 10 μL of 0.1 M EDTA solution. Terminated 
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reaction mixture was spotted on the 96 well DEAE filter plate that was pre wet with 

deionized water. The filter plate was washed three times with 5% Na2HPO4
.
7H2O, one time 

with deionized water and finally one time with 95% ethanol. The filter plate was dried and 

the filter papers were punched into scintillation vials containing 7 mL of ScintiVerse™ BD 

cocktail. Samples were kept for three hours before determining the radioactivity using 

Beckman LS 6500 scintillation counter. 

The results obtained were corrected for the baseline control and are reported as 

proportion (P) with respect to the baseline control corrected zero inhibitor control. 

 

Results and Discussion 

The single point screening results are summarized in Table 34. In the results, a 

proportion value of 1 would indicate no inhibition, 0.5 would indicate 50% inhibition while a 

proportion value close to 0 would indicate almost complete inhibition of the HIV-1 RT.  
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Table 34. Summary of proportion values from single point screening of molecule 8 based 

cyclic 7mer library done at 50 μM against HIV-1 RT. 

 

Molecule Sequence Proportion value

A1 Asp-Dpr-Leu-Gly-Gly-Dpr-Dpr 1.01

A3 Asp-Dpr-Ile-Gly-Gly-Dpr-Dpr 0.87

A5 Asp-Dpr-Thr-Gly-Gly-Dpr-Dpr 0.71

A7 Asp-Dpr-Ser-Gly-Gly-Dpr-Dpr 0.49

A9 Asp-Dpr-Met-Gly-Gly-Dpr-Dpr 0.72

A11 Asp-Dpr-Cys-Gly-Gly-Dpr-Dpr 0.63

B2 Asp-Dpr-Asp-Gly-Gly-Dpr-Dpr 1

B4 Asp-Dpr-Glu-Gly-Gly-Dpr-Dpr 0.96

B6 Asp-Dpr-Asn-Gly-Gly-Dpr-Dpr 0.9

B8 Asp-Dpr-Gln-Gly-Gly-Dpr-Dpr 0.94

B10 Asp-Dpr-Arg-Gly-Gly-Dpr-Dpr 0.22

B12 Asp-Dpr-His-Gly-Gly-Dpr-Dpr 0.67

C1 Asp-Dpr-Tyr-Gly-Gly-Dpr-Dpr 0.71

C3 Asp-Dpr-Pro-Gly-Gly-Dpr-Dpr 0.76

C5 Asp-Dpr-Trp-Gly-Gly-Dpr-Dpr 0.69

C7 Asp-Dpr-Gly-Leu-Gly-Dpr-Dpr 0.77

C9 Asp-Dpr-Gly-Ile-Gly-Dpr-Dpr 0.79

C11 Asp-Dpr-Gly-Thr-Gly-Dpr-Dpr 0.73

D2 Asp-Dpr-Gly-Ser-Gly-Dpr-Dpr 0.69

D4 Asp-Dpr-Gly-Met-Gly-Dpr-Dpr 0.61

D6 Asp-Dpr-Gly-Cys-Gly-Dpr-Dpr 0.47

D8 Asp-Dpr-Gly-Asp-Gly-Dpr-Dpr 0.83

D10 Asp-Dpr-Gly-Glu-Gly-Dpr-Dpr 0.92

D12 Asp-Dpr-Gly-Asn-Gly-Dpr-Dpr 0.35

E1 Asp-Dpr-Gly-Gln-Gly-Dpr-Dpr 0.63

E3 Asp-Dpr-Gly-Arg-Gly-Dpr-Dpr 0.08

E5 Asp-Dpr-Gly-His-Gly-Dpr-Dpr 0.15

E7 Asp-Dpr-Gly-Tyr-Gly-Dpr-Dpr 0.62

E9 Asp-Dpr-Gly-Pro-Gly-Dpr-Dpr 0.86

E11 Asp-Dpr-Gly-Trp-Gly-Dpr-Dpr 0.95

F2 Asp-Dpr-Gly-Gly-Leu-Dpr-Dpr 0.7

F4 Asp-Dpr-Gly-Gly-Ile-Dpr-Dpr 1.07

F6 Asp-Dpr-Gly-Gly-Thr-Dpr-Dpr 0.42

F8 Asp-Dpr-Gly-Gly-Ser-Dpr-Dpr 0.65

F10 Asp-Dpr-Gly-Gly-Met-Dpr-Dpr 0.64

F12 Asp-Dpr-Gly-Gly-Cys-Dpr-Dpr 0.34

G1 Asp-Dpr-Gly-Gly-Asp-Dpr-Dpr 0.98

G3 Asp-Dpr-Gly-Gly-Glu-Dpr-Dpr 0.99

G5 Asp-Dpr-Gly-Gly-Asn-Dpr-Dpr 0.35

G7 Asp-Dpr-Gly-Gly-Gln-Dpr-Dpr 0.82

G9 Asp-Dpr-Gly-Gly-Arg-Dpr-Dpr 0.12

G11 Asp-Dpr-Gly-Gly-His-Dpr-Dpr 0.22

H2 Asp-Dpr-Gly-Gly-Tyr-Dpr-Dpr 0.61

H4 Asp-Dpr-Gly-Gly-Pro-Dpr-Dpr 0.8

H6 Asp-Dpr-Gly-Gly-Trp-Dpr-Dpr 0.82

Molecule 8 Asp-Dpr-Gly-Gly-Gly-Dpr-Dpr 0.02

Dpr-Quinoxaline Dpr-Quinoxaline 1
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Unfortunately, the results of the single point screening were disappointing. The 

proportion value for base molecule 8 was 0.02 and only one molecule, E3 was found to have 

proportion value (0.08) that was close to the proportion value of molecule 8. Almost all the 

molecules in the library had high proportion values suggesting that none of the amino acids 

were tolerated at any of the three glycine positions. In fact it appears as if these modifications 

made molecules in this library worst inhibitors when compared to the parent molecule i.e. 

molecule 8. Interestingly, neither the position nor the nature of amino acid used for 

substituting the glycine had any pattern that could be correlated with poor inhibitory activity 

of these molecules. However, the top two leads E3 (Asp-Dpr-Gly-Arg-Gly-Dpr-Dpr, 0.08 

proportion value), G9 (Asp-Dpr-Gly-Gly-Arg-Dpr-Dpr, 0.12 proportion value) did had 

Arginine as the common amino acid that was used to substitute glycine. Although, these 

molecules were having the best proportion values; these were not pursued further for full IC50 

determination because first of all their proportion values were still higher than molecule 8 

even at 50 μM and secondly these molecules were now having net +2 charge on them. Even 

with the additional charge, these leads were not able to present better inhibitory activity when 

compared to the parent molecule i.e. molecule 8 that had just +1 charge.    

One of the possible reasons for these molecules to lose their inhibitory activity could 

be the conformations adopted by them. Important to note is that we used D-amino acids to 

substitute the glycine on the basis of our  modeling results that suggested that D-amino acid 

based molecules presented side chains that pointed away from the duplex when compared to 

L-amino acids. However, it could be possible that in reality the molecules might be adopting 



302 

 

different conformations which in turn might be affecting their binding ability or their ability 

to interact with RT.   

Thus, it would be important to decipher the mechanism of inhibition for molecule 8 

before any new libraries could be designed using it as the base scaffold. Again, as mentioned 

earlier there could be at least three possible mechanisms: 

a) Binding of molecule 8 to a binding pocket on RT that is involved with the 

binding of substrate. Blocking of such a crucial binding pocket would prevent 

conversion of genomic RNA to replication competent cDNA.  

b) Binding to RNA/DNA heteroduplex thereby forming a binary complex. The 

assumption here is that the binding of molecule 8 would lead to major 

structural changes in the RNA/DNA heteroduplex thereby preventing its 

interaction and recognition by RT.  

c) Finally, binding to RNA/DNA heteroduplex and interacting with proximal 

groups on RT thereby leading to formation of a ternary complex. Assumption 

here is that binding of molecule 8 to RNA/DNA heteroduplex does not lead to 

enough structural deformation that it prevents its interaction with RT.  

Understanding of the exact mechanism of inhibition would provide insights that 

would allow guided design of new libraries as oppose to purely rationale based designs. A 

new LC/MS based assay was attempted to answer this important question but due to lack of 

time it could not be completely established to help understand the mechanism of inhibition of 

molecule 8.  
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CHAPTER 5 

SUMMARY AND CONCLUSIONS OF HIV-1 RT PROJECT 

 

The objective of this project was to inhibit HIV-1 replication by inhibiting enzyme 

reverse transcriptase via the key RNA/DNA heteroduplex that is formed during the 

conversion of viral RNA to replication competent cDNA in the viral life cycle. Our approach 

involved developing intercalator based small molecules that could specifically bind to the 

key RNA/DNA heteroduplex that remains in close proximity with the enzyme reverse 

transcriptase during this process. Thus, by developing specific binders of the key RNA/DNA 

heteroduplex, its interaction with enzyme reverse transcriptase could be prevented. This in 

turn would prevent further extension of the RNA/DNA heteroduplex and finally its 

conversion to replication competent cDNA thereby halting the viral life cycle.  

In addition, the RNA/DNA heteroduplex could also help serve as a platform for the 

small molecules that could be used to pick specific interactions with the proximal groups on 

reverse transcriptase. This would allow achieve higher specificity and affinity towards HIV-1 

reverse transcriptase.   

A radioactive based assay was developed to help identify leads against HIV-1 RT. 

The details related to the establishment of this assay were discussed in Chapter 2. To identify 

starting scaffolds, 16 commercial intercalators were screened against HIV-1 RT using single 

point screening approach. Phenanthridine based intercalators especially ethidium bromide, 

ethidium homodimer, ACMA and acridine dimer were found to have the strongest affinity 

towards HIV-1 RT.  Full concentration range IC50 determinations were performed for these 
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leads. The inhibition curves for these molecules presented signs of tight binding suggesting 

presence of non-productive binding sites that would lead to non-specific binding of these 

molecules thereby reducing their true concentration and hence their true affinity towards RT. 

These non-productive binding sites were limited by reducing the substrate concentrations 

from starting high substrate concentration of 25 μg/mL to an intermediate concentration of 

0.5 μg/mL and finally to low concentration of 0.05 μg/mL. Limiting the non-productive 

binding sites not only helped improve the shape of the inhibition curves for the molecules but 

more importantly it also helped improve the IC50 values. For instance, in case of ethidium 

homodimer 27-fold improvement was observed in the IC50 value between the high (25 

μg/mL; 2.3 μM) and intermediate substrate concentration (0.5 μg/mL; 85 nM) while 213-fold 

improvement was observed between the high (25 μg/mL; 2.3 μM) and low substrate 

concentration (0.05 μg/mL; 10.8 nM). 

Since ethidium homodimer was found to have the best affinity among all the 

commercially available intercalators, a bis-intercalator library was designed using ethidium 

benzylic acid and acridine-9-carboxylic acid as the base intercalators. This library was 

originally designed and synthesized by a former lab. member, Dr. Subhashree Francis to 

target telomerase RNA/DNA heteroduplex. The details of this library were discussed in 

Chapter 3. Briefly, ethidium benzylic acid and acridine-9-carboxylic acid libraries each 

contained 45 molecules wherein the two base intercalators were connected with linkers of 

varying lengths and rigidities. While all the molecules from acridine-9-carboxylic acid had 

proportion values close to 1 suggesting no inhibitory activity against RT, almost all the 

molecules from ethidium benzylic acid library showed signs of inhibition. The estimated IC50 
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value for the entire ethidium benzylic acid library ranged over a narrow range of 4.5 nM to 

173 nM.  This suggested that all the molecules from ethidium benzylic acid were able to 

achieve bis-intercalation. However, similar estimated IC50 values for all the molecules also 

suggested that no differential effect of the linker was observed on the activity of the 

molecules. This was surprising as molecules were designed to contain linkers of varying 

lengths and rigidity that should have had effect on the binding of the molecules. The 

hypothesis was that the strong intercalative nature of ethidium may have dominated the 

binding energy thereby suppressing the subtle effects presented by the linkers. 

Keeping this as a possibility, new libraries were designed based on simultaneous 

intercalation of weak intercalators that were discussed in Chapter 4. Five weak intercalators 

were tested for their affinity towards RT. These included naproxen sodium, tryptophan, 

quinoxaline-2-carboxylic acid, quinoline-3-carboxylic acid and quinoline-4-carboxylic acid. 

Naproxen, tryptophan and quinoxaline-2-carboxylic acid were selected as the lead scaffolds 

to design weak intercalator based bis-intercalator libraries based on their IC50 plots and 

values.  

Naproxen based libraries: Only one bis-intercalator library was designed and tested 

using naproxen as the base intercalator. The general design of the library was Dpr-x-Dpr and 

Dpr-x-x-Dpr. There were total of 20 molecules in the library. Single point screening of the 

library was done at 200 μM concentration. Unfortunately, the results of this library were 

similar to the one obtained for ethidium benzylic acid based bis-intercalator library. While 

majority of the molecules were showing signs of inhibition, no differential effect of the linker 

was observed on the activity of the molecules. The best leads were found to be Dpr-ε-Ahx-ε-
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Ahx-Dpr and Dpr-ε-Ahx-Dpr with 0.19 and 0.2 proportion values respectively. 

Unfortunately, when full concentration range IC50 value was determined for Dpr-ε-Ahx-ε-

Ahx-Dpr in the presence and absence of TX-100, Dpr-ε-Ahx-ε-Ahx-Dpr was found to be a 

promiscuous inhibitor. Based on this observation along with poor solubility for naproxen in 

general, no further library was designed using naproxen as the base scaffold.  

Tryptophan based libraries: There were 2 libraries that were originally designed using 

tryptophan as the base intercalator. These were W-x-x-W and D/L based WW, W-x-W 

library.  There were 16 molecules in the W-x-x-W library while D- and L-tryptophan based 

WW and W-x-W library had 28 molecules. While no leads were observed from single point 

screening of W-x-x-W library, 4 leads (G5, G9, E7 and E11) were obtained from D- and L- 

tryptophan based WW and W-x-W library that had proportion values of ≤ 0.3. True IC50 

values were determined for all the 4 leads using full concentration range IC50 determinations. 

Although, all the 4 leads had very close IC50 values, best IC50 value was obtained for E11 

with 116 μM IC50 value against RT. Thus, there was almost 120-fold improvement in the 

IC50 value for E11 over the base intercalator i.e. tryptophan amide (14 mM). To test if this 

inhibitory activity was in fact due to true affinity of these leads towards RT, one of these 4 

leads G9 was retested for its inhibitor activity against HIV-1 RT in the presence of 0.01% 

TX-100 to test for promiscuity. Unlike, naproxen leads that were found to be promiscuous 

inhibitors, G9 retained its IC50 values in the presence of 0.01% TX-100 suggesting 

tryptophan leads were not promiscuous inhibitors. This was very encouraging as for the first 

time we were able to identify leads that inhibited RT in a non-promiscuous manner.  
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Two more libraries were designed with the aim of further improving the affinity of 

these leads towards RT. Third library was thus designed in the form of a tris-intercalator 

library using E7 and E11 as the base molecules. Unfortunately, no further improvement was 

observed with the molecule in this library over E7 and E11 base molecules. Finally, a 

branched library was designed with the hope of picking specific interactions with the 

proximal groups on RT using E11 as the base molecule. Unfortunately, no improvement was 

observed even with this library over E11 base molecule.  

While we had identified that the original 4 leads were non-promiscuous inhibitors of 

RT via TX-100 test, we wanted to evaluate their specificity towards RT. For this, E11 

molecule was tested against human DNA polymerase α. Specificity of E11 against RT was 

evaluated using single point screening approach against human DNA polymerase α. 

Unfortunately, almost 50% inhibition of human DNA polymerase α was observed at RT IC50 

value (116 μM) for E11. This suggested that while the leads were non-promiscuous 

inhibitors, they were non-specific inhibitors of RT.  

Quinoxaline-2-carboxylic acid based libraries: Total of 4 libraries were designed 

using quinoxaline-2-carboxylic acid as the base intercalator. These included two bis-

intercalator libraries based on Orn-x-x-Orn and Dpr-x-Dpr; Dpr-x-x-Dpr motifs, a third  

bis and tris-intercalator library based on cyclic 7mer Asp-x-x-x-x-x-Dpr motif and finally a 

fourth library that was designed for the bis-intercalator lead obtained from cyclic 7mer 

library. While no leads were obtained from Orn-x-x-Orn and Dpr-x-Dpr; Dpr-x-x-Dpr based 

bis-intercalator libraries, interesting results were obtained from cyclic 7mer Asp-x-x-x-x-x-

Dpr based bis and tris intercalator library.  
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This library consisted of 10 bis and 10 tris intercalator molecules. Library was 

screened using single point screening experiment to identify the leads. While all the tris-

intercalator based molecules exhibited significant inhibition, no spread was observed in their 

proportion values. In contrast, much better spread in the proportion values was observed in 

case of bis-intercalator based molecules that ranged from 0.02 to 0.7 proportion value. 

Finally, IC50 values were determined for two best and one worst bis-intercalator leads, one 

best tris-intercalator lead and a cyclic mono-intercalator control using with and without TX-

100 conditions. All the leads were found to have similar IC50 values for with and without 

TX-100 conditions suggesting these molecules were also non-promiscuous inhibitors.  

Now, although significant difference was observed in the proportion values between 

the best and worst bis-intercalator leads (0.02 vs. 0.7), marginal 3.5-fold difference was 

observed in their true IC50 values (6.1 μM vs. 21 μM). Finally, almost 50-fold improvement 

was observed in the IC50 value for molecule 8 (6 μM) over the base intercalator i.e. 

quinoxaline-2-carboxylic acid (0.3 mM) while 7-fold improvement was observed over the 

cyclic mono intercalator control. Although, the improvement over cyclic mono intercalator 

control does not seem to be dramatic, IC50 plots of bis-intercalator leads including molecule 8 

showed signs of tight binding suggesting that the true IC50 of the leads might be even better.  

The affinity of bis-intercalator leads was also compared with echinomycin that is 

structural analogue of quinoxaline-2-carboxylic acid based naturally occurring antibiotic 

Triostin. The IC50 plot for echinomycin was not clean due to solubility issues observed at 

high concentrations of echinomycin. Also, aggregation was observed for majority of the 

concentrations used in the IC50 determination study for echinomycin. This was confirmed by 
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the UV analysis for these concentrations performed under assay conditions. This suggested 

that whatever inhibition was observed could very well be due to promiscuous inhibition. 

Thus, although the IC50 values of the bis-intercalator lead and echinomycin could not be 

directly compared, at least the bis-intercalator leads did not exhibited any aggregation when 

compared to echinomycin.  

Although, the cyclic bis-intercalator leads were found to be non-promiscuous in 

nature, their specificity towards RT needed to be evaluated. Specificity of one of the cyclic 

bis-intercalator leads (molecule 8) against RT was evaluated by testing it against human 

DNA polymerase α using single point screening approach. Interestingly, unlike tryptophan 

leads that exhibited almost 50% inhibition of human DNA polymerase α even at RT IC50 

value, no significant inhibition of human DNA polymerase α was observed for molecule 8 

even at 100X RT IC50 values i.e. at 600 μM. This suggested that not only the cyclic bis-

intercalator leads were non-promiscuous inhibitors; they were specific inhibitors of RT as 

well. Thus, for the first time we were able to design and identify an intercalator based small 

molecule that was a non-promiscuous and specific inhibitor of RT.  

Further attempts were made to improve the affinity of the bis-intercalator leads. For 

this, new library was designed using molecule 8 as the base scaffold. In this library each of 

the three glycines in the spacer position were sequentially substituted with 15 D-amino acids. 

Thus, there were total of 45 molecules present in this library. This library was designed with 

the hope that the side chain functionalities of these 15 amino acids might pick interactions 

with the proximal groups on RT thereby help improve both specificity as well as affinity of 

the molecules. Unfortunately, no further improvement was observed with these 
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modifications. As a matter of fact the affinities of all the molecules was found to be worse 

when compared to the base molecule i.e. molecule 8.  

While this library was rationally designed, understanding of the exact mechanism of 

the inhibition for the leads seems to be imperative to help guide further designs of new 

libraries. There are at least 3 different mechanisms as discussed in Chapter 4 by which these 

leads could be inhibiting RT. Understanding of the actual mechanism would provide insights 

that would provide best chance for new libraries to further improve the affinity of these leads. 

Efforts were directed in this direction by developing a novel LC/MS based assay to 

determine the binding constants for small molecules but due to lack of time this assay could 

be fully established and used to understand the mechanism of inhibition of these lead 

molecules. 

 

Future directions 

 Validate LC/MS based assay that was originally designed to determine the 

binding constant of small molecules and decipher the mechanism of inhibition of 

the cyclic leads using this assay. 

  Design new libraries using these leads as scaffolds and by guiding their designs 

using insights gained from the mechanism of inhibition of the leads.  

 Screen other FDA approved drugs as potential weak intercalators and inhibitors of 

HIV-1 RT and design libraries using them as the base scaffolds. 

 

 



311 

 

CHAPTER 6 

DEVELOPMENT OF A GENERAL TOOL FOR SEQUENCE SPECIFIC RECOGNITION 

OF FOLDED RNA USING SMALL MOLECULES 

 

Introduction 

RNA is a central biological macromolecule that along with DNA and proteins forms 

the essence for all forms of life. The unraveling of different forms of RNA along with 

understanding of their multifaceted functions has greatly transformed the view for this 

macromolecule. RNA is no longer viewed as a passive messenger of genetic information. 

Instead, it is well established that it plays pivotal role in several important cellular processes 

such as regulation of transcription, translation, catalysis, functioning of proteins and even in 

gene expression [157-163]. RNA also constitutes genetic material for a number of pathogenic 

viruses thereby playing an important role in progression of number of diseases such as HIV 

and hepatitis C making it an interesting therapeutic target.  

Recently, aberrant expression of a new class of non-coding RNA known as miRNAs 

have been shown to play important role in several disease conditions especially cancer [164-

170]. In addition, miRNAs have also been found in extracellular environments and variety of 

body fluids such as blood, urine, saliva etc. often serving as potential biomarkers for specific 

diseases such as cardiovascular diseases, oral cancers, diabetes etc. [171-174].  Finally, the 

extracellular miRNAs are also believed to function as signaling molecules that are involved 

in extracellular cell communications thereby helping in progression of diseases such as 

cancer [175, 176].  
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The diverse functions and roles associated with different forms of RNA have led to a 

paradigm shift where RNA is now considered as a potential therapeutic target [177].  The 

functional diversity performed by RNA has often been attributed to the structural diversity 

associated with its structure that allows interaction with variety of molecules ranging from 

small molecules to proteins. Compared to DNA that typically exists as continuous long 

double stranded polymer in helical form, RNA typically exists as single stranded that fold 

upon itself. Unlike DNA, the folded RNA helix is often disrupted by mismatches/unpaired 

base pairs resulting in formation of unique structural elements including bulges, loops, 

junction loops and stem loops (Figure 79).  These unique motifs in the secondary structure of 

the RNA can further associate with each other leading to even more intricate tertiary and 

quarternary structures like proteins.  

 

 

 

Figure 79. Structural motifs found in secondary structure of RNA. 
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These unique structural elements often serve as basis for the targeting and binding of 

small molecules to RNA. The classic example that demonstrates drugability of RNA by small 

molecules is binding by various classes of antibiotics such as aminoglycosides [178, 179], 

macrolides [180], tetracycline [181] and oxazolidione [182] that binds to the A site of the 

16S rRNA leading to misincorporation of amino acids thereby leading to cell death [183, 

184].  While this clearly demonstrates that RNA in general and rRNA specifically can be 

targeted using small molecules, presences of multiple positive charges on these molecules 

often lead to non-specific binding to different RNA sequences especially at low μM 

concentrations [185].  

Numerous attempts have been made to design small molecules that could bind to 

therapeutically important RNAs by targeting different structured elements in the secondary 

and tertiary structures of folded RNA such as loops [186], bulges [187], stem-loops [188] and 

stems [189] that have been very comprehensively summarized in multiple review articles 

[190-192]. However, unlike Dervan et al. work that provided a tool for sequence specific 

targeting of DNA [193], no such tool has been developed that allows sequence specific 

targeting of RNA.   

The objective of this project was to design a novel approach that could allow 

sequence specific targeting of RNA using small molecules. Details related to the hypothesis 

and rationale of our approach is discussed in the subsequent sections of this chapter.  
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Distance-Angle relationship between structured elements of RNA: Novel approach towards 

developing a tool for sequence specific recognition of RNA 

While individual structured elements of folded RNA has been targeted as potential 

binding sites, our approach involved utilizing the three dimensional spatial arrangement of 

these structured elements to map the unique distance-angle relationship that would be 

adopted by them. The idea and rationale behind this approach is based on the fact that any 

given sequence of RNA would have specific sites, size, distance and geometry for its 

structured elements such as bulges and loops. Thus, the spatial arrangement of these 

structured elements would adopt a distance-angle relationship among themselves that should 

be unique to any given RNA sequence (Figure 80).  

  

 

 

Figure 80. Spatial arrangement of RNA motifs resulting in unique distance-angle 

relationship. 
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Hence, if one could design a molecule or a scaffold that could map this unique 

distance-angle relationship adopted between various structure elements of a given RNA, it 

would allow specific recognition and binding of this RNA (Figure 81).  To ensure that the 

binding of small molecules is mostly driven and guided by this unique distance-angle 

relationship, one of the key features of our approach involved avoiding positive charge. 

While absence of any promiscuity would make binding of molecules even more challenging, 

it would help ensure that if we do observe any binding it would be purely due to ability of 

molecules to map this unique information.  

 

 

 

Figure 81. Mapping of unique distance-angle relationship between RNA motifs by small 

molecules would allow sequence specific recognition of folded RNAs. 
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Thus, the ultimate objective of this approach is to use this unique distance-angle 

relationship information between the structured elements of folded RNA as a general tool to 

guide design of small molecules against folded RNA.  While this approach could allow 

sequence specific binding to any RNA, it could also lead to stabilization of the folded RNA 

thereby preventing its: 

 Translation 

 Incorporation into important complexes such as RISC in case of miRNA 

 Interaction with other important macromolecules such as proteins (e.g. 

telomerase) and other nucleic acids 

Thus, stabilization of therapeutically important RNAs via sequence specific binding 

of small molecules could open new avenues for RNA based therapeutics.  

 

Design, synthesis and screening of a cyclic hexapeptide library designed to test our 

hypothesis 

To test our hypothesis, a cyclic hexapeptide library was designed and screened 

against miRNA as a potential target. miRNAs are short noncoding RNAs that have been 

shown to control essential developmental and cellular processes such as cellular 

differentiation, proliferation, apoptosis and metabolism [194-196]. Aberrant expression of 

certain miRNAs has been found to play important roles in certain disease conditions 

especially cancer [197-200]. For instance, miRNA-21 has been found to be overexpressed in 

wide variety of cancers [201-203] whose downstream target happens to be a tumor 

suppressor gene [204-206]. This makes it an interesting therapeutic target and an appealing 
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target for our work. Hence, if a small molecule could be designed using this approach, it 

would not only allow selective recognition of this potentially oncogenic miRNA, its 

stabilization could prevent translational repression of the downstream target which is a tumor 

suppressor gene (Figure 82).  

 

 

 

Figure 82. Recognition and stabilization of miRNA-21 with small molecules would help 

prevent translational repression of its downstream tumor suppressor gene. 
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Design and synthesis of the cyclic hexapeptide library 

The library was designed such that it would allow screening of fairly large number of 

molecules in a given single experiment and from one single library using affinity selection 

chromatography. To achieve this, we designed a mixture-based cyclic combinatorial library 

that would allow generation of a large number of individual compounds with different 

sequences. Such strategy has substantially increased the number and diversity of compounds 

that are available for screening from one single mixture of molecules and is especially 

amenable for synthesizing peptide based molecules owing to their ease of synthesis [207-

211].   

The design of library required identification of various key parameters such as nature 

of small molecule (linear vs. cyclic), size of molecule and nature of functionalities to be 

incorporated. While there’s virtually unlimited chemical space that could be screened, we 

wanted to guide the design of our library by using guided information for above mentioned 

parameters to help limit the size of the library and also to improve our chances in finding 

potential leads.   

Nature of molecules: With regard to the nature of small molecule, we aimed for 

cyclic molecules. While linear molecules would have provided better flexibility, their overall 

binding affinity would have been less due to conformational entropy loss. Since cyclic 

molecules are constrained in certain conformations, their conformational entropy loss is 

reduced leading to an improvement in their binding affinity.  Also, cyclic molecules provide 

better stability and bioavailability compared to their linear counterparts [212]. Side chain to 

backbone cyclization approach that was established and used in RT project was used for 
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cyclizing molecules in this library. For this, an aspartic acid side chain and terminal α-amine 

were used as the handles for cyclization.  

Size of molecules: To get guided information regarding the size of small molecules, 

insights were gained from molecular modeling studies. For this, target miRNA-21 was drawn 

using molecular operating environment (MOE) program. Further, mismatches were 

introduced so as to simulate the bulges and internal loops that would be present in the actual 

structure. Finally, cyclic scaffolds of varying sizes were modeled that contained tryptophan 

as potential intercalating units. The idea behind this study was to help identify the minimum 

size of the scaffold that would be required to span enough distance between structured 

elements to present different functionalities such as intercalating units.  

Hexapeptide scaffold was found to span enough distance between the structured 

elements of miRNA-21 that it could help present appended functionalities on the scaffold.       

Nature of functionalities: As mentioned earlier, one of the key aspects associated with 

our approach was to avoid presence of any positive charge to prevent promiscuous binding of 

these molecules. This in turn required incorporation of other functionalities that could 

provide enough binding energy so that these molecules could bind to target RNA with good 

affinities. Hence, amino acids that could participate in H-bonding and other modes of binding 

such as intercalation were selected to compensate for lack of promiscuity. These included 

Asn, Thr and Gln as potential H-bond donors/acceptors while Trp and Tyr were chosen as 

representative aromatic amino acids. Again, the selection of these amino acids was guided by 

the study done by Thorton et. al. [213]. In this study, 129 protein-DNA complexes were 

studied and a comprehensive analysis was done to identify amino acids that were found to 
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interact most against a given nucleotide in these complexes. For instance, Asparagine was 

found against adenosine in majority of these complexes. Further, D- amino acids were used 

to achieve better stability for the molecules.  

Since a hexapeptide cyclic scaffold was aimed wherein the first position was fixed for 

D-aspartic acid as the handle for cyclization, there were five more positions that could be 

occupied by either of these above mentioned five D-amino acids. Thus, the basic design of 

this library can be represented as: 

  

Cyclic DX1X2X3X4X5, where X = D-Asn, D-Gln, D-Thr, D-Trp or D-Tyr. 

 

Hence, total of 5
5
 = 3125 molecules were present in this one single library. Again, no 

positive charge was present on any of the molecules in this library. While we had some 

concerns regarding the solubility issue especially for molecules containing multiple 

tryptophan residues in the library, our hope was that majority of the molecules in the library 

should still be soluble and hence should be able to present enough chemical space to be 

screened from one single library.  

 

Synthesis of library 

Library was synthesized on rink amide resin using solid phase peptide synthesis and 

mixture-based combinatorial approach. Such libraries are synthesized either by mixing of 

multiple resins (process often referred to as divide-couple-recombine, split synthesis or 

portion mixing) or by use of equimolar mixtures of different incoming building blocks 
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(reagent mixture method). While the reagent mixture method is relatively less time 

consuming, differences in the reaction kinetics and molar excess of different building blocks 

within the equimolar mixture can often lead to non-equimolar incorporation of the individual 

building blocks [214-217].   

To prevent this, instead of using large equimolar excess of the five (Asn, Gln, Thr, 

Trp and Tyr) incoming monomers, a 1:1.1 ratio of the reacting resin to the monomers in the 

equimolar mixture was used. Thus, if x moles of binding sites were present on the resin, each 

of the five D-amino acids in the equimolar mixture would constitute 0.22 moles (1.1 x/5) in 

the reaction mixture. Thus, utilization of 1:1.1 ratio for preparing the equimolar mixture 

would ensure that all the five incoming amino acids in the mixture, irrespective of their 

coupling rates, would have same opportunity to couple to the resin.  

Side chain-backbone cyclization strategy along with the deprotection conditions for 

the deprotection of phenylisopropyl group that were established and used for the synthesis of 

quinoxaline-2-carboxylic acid based cyclic 7mer Asp-x-x-x-x-x-Dpr library as discussed in 

Chapter 4 were adapted for cyclizing the molecules in this library as well. 

 

Materials and methods 

 Library was synthesized using rink amide MBHA resin. Fmoc-D-Asp(Opp)-OH was 

purchased from Bachem Americas, Inc. (Torrance, CA, USA). Fmoc-D-Asn(Trt)-OH, Fmoc-

D-Gln(Trt)-OH, Fmoc-D-Thr(But)-OH, Fmoc-D-Trp(Boc)-OH, Fmoc-D-Tyr(But)-OH and 

NMP (N-methyl-2-pyrrolidone) were obtained from Advanced ChemTech (Louisville, KY, 

USA). HATU (O-(7-azabenzotriazole-1-yl)-N,N,N’N’-tetramethyluronium 
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hexafluorophosphate) was purchased from Novabiochem. DIEA (N, N-

diisopropylethylamine) and piperidine (99%) were obtained from Sigma Aldrich (St. Louis, 

MO, USA). Rink amide MBHA resin was obtained from EMD Biosciences (San Diego, CA, 

USA). TFA (99%) was purchased from Acros Organics (New Jersey, USA).   

Synthesis was done using 500 mg of rink amide MBHA (0.64 mmole/g) resin in a 20 

mL glass scintillation vial using mixture-based combinatorial approach. Briefly, resin was 

first prewashed with NMP following which Fmoc deprotection was performed using standard 

20% piperidine conditions in two rounds of 7 min and 10 min respectively. Thorough 

washings of the resin were done to remove any excess piperidine. The free amine group of 

the resin was acylated with Fmoc-D-Asp(OPp)-OH. A concentration of 300 mM and volume 

of 4 mL was used for this coupling. HATU and DIEA were used as coupling reagents. Ratio 

of 1:1:2 was used between Fmoc-D-Asp(OPp)-OH, HATU and DIEA. Concentrations of 300 

mM and 600 mM were used for HATU and DIEA respectively. The carboxylic acid of 

Fmoc-Asp(OPp)-OH was preactivated for 10 min following which acylation was done for 1 

hour. Reaction mixture was aspirated and multiple washing were done using NMP to remove 

any unreacted reaction mixture. No capping step was performed to block any unreacted 

amine on the resin in this synthesis. Fmoc group of Fmoc-Asp(OPp)-OH was deprotected 

using conditions mentioned above. At this stage the side chain carboxylic acid group was still 

protected with the phenylisopropyl group. Multiple NMP washes were done after Fmoc 

deprotection to remove any excess piperidine.  

Next five couplings were identical and involved coupling of an equimolar mixture of 

Fmoc-D-Asn(Trt)-OH, Fmoc-D-Gln(Trt)-OH, Fmoc-D-Thr(But)-OH, Fmoc-D-Trp(Boc)-OH 
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and Fmoc-D-Tyr(But)-OH. This equimolar mixture was prepared by taking 1:1.1 ratio of the 

reacting resin to the monomers in the equimolar mixture. The ratio of 1:1.1 was used to 

ensure that high molar excess of these amino acids does not lead to non-equimolar 

incorporation of these amino acids.  Thus, 0.22X moles of each of the five amino acids was 

taken with respect to the total reactive moles available on the resin. For instance, 500 mg of 

resin was taken and since the loading density of this resin was 0.64 mmole/g, total reacting 

moles available on resin were 0.32 mmole. Thus, weights corresponding to 0.22X of 0.32 

mmole i.e. 70.4 μmole was taken for each of the five amino acids. Since the ratio of amino 

acids in these couplings used was 1.1 instead of 1, ratio of HATU and DIEA was also 

adjusted to 1.1 and 2.2 respectively.   

Once all the 6 couplings were accomplished, the terminal α-amine was deprotected 

using standard Fmoc deprotection conditions as mentioned above to generate a free amine 

group for cyclization. The aspartic acid side chain phenylisopropyl group was deprotected 

next using 1% TFA in DCM. The deprotection steps were repeated 9 times with each step 3 

min long to achieve deprotection of the phenylisopropyl group. Once both the handles i.e. 

amine and carboxylic acid, were selectively deprotected on-resin cyclization was done 

overnight using HATU and DIEA as the coupling reagents. The ratio of HATU and DIEA 

used for cyclization was 1.05: 2.1 with respect to the total theoretical reactive mole available 

on the 500 mg of resin i.e. 0.32 mmole.  

Resin was thoroughly washed multiple times first with NMP and then with DCM 

before starting the cleavage reaction. After DCM washes, resin was air dried to remove any 

traces of DCM. Cleavage reaction was started using cleavage cocktail containing TFA, water 
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and TIS in 95:2.5:2.5 ratios for 1.5 hours. TFA solution was carefully transferred to a fresh 

tube and removed using stream of nitrogen in a hood. Any traces of TFA were further 

removed by doing multiple rounds of ether trituration using ice cold ether. The residue was 

taken in DMSO. 

 

Analytical characterization      

Since the library contained over 3000 molecules, standard characterization such as 

HPLC and LC/MS analysis to assess the purity and identity of molecules was not possible. 

The library was UV quantitated using the λmax at 280 nm for tyrosine and tryptophan residues 

present in the library. A molar extinction coefficient of 7060 M
-1

 cm
-1

 (1460 M
-1

 cm
-1 

 for 

Tyr + 5600 M
-1

 cm
-1

 for Trp) at 280 nm was used. Concentration of the library was found to 

be 890 mM.  

 

Screening of cyclic hexapeptide library against miRNA-21 

Library was screened against miRNA-21 using affinity selection approach that was 

established by our group to identify possible leads against telomerase [218]. This approach 

helps identify high affinity leads from a soluble mixture of molecules such as ones present in 

mixture-based combinatorial library against any immobilized nucleic acid target. 

However, an important aspect that still needed to be established before our library 

could be screened was the kind of approach that would be used to identify the sequence 

information of the leads that would be bound to the target miRNA-21. Since, these molecules 

were cyclic in nature a mechanism was required that would help decipher the sequence of the 
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bound leads. One possibility was to do de novo sequencing of the possible leads that would 

be present in the final elution. While this was an interesting possibility, de novo sequencing 

of cyclic peptides is particularly challenging due to possibility of multiple sites for ring 

opening. Further, issues such as over fragmentation and side chain fragmentation could make 

the interpretation of data even more challenging.  

Interestingly, a software named Sequence was under development that was 

specifically designed for doing de novo sequencing of cyclic peptides using MS and MS/MS 

data [219]. The software allowed user to generate its own database of molecules that could be 

searched for doing the de novo sequencing of unknown cyclic peptides. The principle behind 

this software is that the software generates theoretical MS and MS/MS spectra for all the 

cyclic molecules present in the database. These theoretical spectra are compared with the 

experimental spectra. Possible hits are scored on the basis of the match between the 

theoretical and experimental spectra’s and a best sequence is reported that has least 

disagreement between the theoretical and experimental spectra.  

A test library of 25 known cyclic peptide sequences was synthesized to develop 

MS/MS method for cyclic peptides and to test/evaluate the accuracy of this software for 

doing de novo sequencing of cyclic peptides.  The hope was that if could separate and 

individually sequence these 25 sequences from a solution that contained equimolar mixture 

of these 25 sequences, we should be able to use this approach with fair confidence for 

identifying the possible leads that would be present in the final elution mixture. 

Representative data sheet and summary of the results obtained for this test library are 

presented in Figure 83 and Table 35.     
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Figure 83. Representative data sheet generated from the de novo sequencing of test library 

containing 25 known sequences of cyclic hexapeptides using Sequence software. 
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Table 35. Summary of results obtained from de novo sequencing of test library containing 25 

cyclic peptides of known sequences using Sequence software. 

 

S.No. Peptide sequence Sequence identified by 

software 

Remarks 

1 DNQNNW DNQNNW Match 

2 DNQNQW DNQNQW Match 

3 DNQQNW DNQQNW Match 

4 DNQQQW No Data No Data 

5 DNQQTW DNQQTW Match 

6 DNQTQW DNQTQW Match 

7 DNQQWW DNQQWW Match 

8 DNQWQW DNQWQW Match 

9 DNQQYW DNQQYW Match 

10 DNQYQW DNQYQW Match 

11 DNQTNW DNQTNW Match 

12 DNQNTW DNNNNW Correct sequence ranked 4
th
 

13 DNQTTW DNQTTW Match 

14 DNQTWW DNWNNW Correct sequence ranked 4
th
 

15 DNQWTW DNWNNW Correct sequence ranked 4
th
 

16 DNQWNW DNWNQW Correct sequence ranked 3
rd

 

17 DNQNWW DNQNWW Match 

18 DNQWWW DNQWWW Match 

19 DNQYNW DNQYNW Match 

20 DNQNYW DNQNYW Match 

21 DNQYTW DNQYTW Match 

22 DNQTYW DNQTYW Match 

23 DNQYWW DNQYWW Match 

24 DNQWYW DNQWYW Match 

25 DNQYYW DNQYYW Match 

  
Total matches 20/25 

  
Accuracy 80% 
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While it was impressive that the Sequence software was able to identify the correct 

sequence from an equimolar mixture of 25 sequences with an accuracy of 80%, we did not 

wanted to take chances of falling in the remaining 20% and miss identify the leads that might 

be present in the final elution mixture.  

Hence, a more conventional and traditional HPLC based approach based on retention 

time was opted to identify the correct sequence of the leads. With this approach, we would 

resynthesize all the possible sequences for the lead mass(es) observed from the LC/MS 

analysis of the experiment point. The retention times of all these possible sequences would 

be compared with the retention time(s) obtained from the LC/MS analysis of experiment 

point. The sequence that would match this retention time will represent the sequence that 

would have actually bound to the target miRNA.  

 

Materials and methods 

The target miRNA-21 sequence was obtained from IDT DNA (San Diego, CA). The 

sequence of the miRNA-21 that was used for this study had 12 fewer bases when compared 

to the full length miRNA-21 sequence. 12 bases from the stem part of the actual miRNA-21 

sequence were omitted to accommodate the maximum number of bases that could be 

synthesized commercially. Thus, there were 60 bases in the final sequence whose 5’ end was 

biotin modified. The final sequence was as follows: 5’-Biotin-

GUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAGUCGA

UGGGCUGU-3’. Dynabeads
®
 M-280 streptavidin was purchased from Invitrogen. Tris-

EDTA buffer was purchased from Sigma Aldrich while PBS buffer was purchased from 
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Ambion. Ultrafree MC sterile centrifugal filter units were ordered from Millipore. The 

general scheme used for the screening of cyclic hexapeptide library against miRNA-21 is 

presented in Figure 84. 

 

 

 

Figure 84. Schematic representation of the general experimental design that was used for the 

screening of cyclic hexapeptide library against miRNA-21. 

 

Briefly, 5’-biotin modified miRNA-21 was received in lyophilized form that was 

resuspended using 500 μL of 1X-Tris EDTA buffer and was UV-quantitated. The 

reconstituted miRNA-21 solution was annealed by heating at 77 °C (Tm = 67 °C) for 15 min 

and then allowing it to slowly cool down to 25 °C. A 0.5 mL aliquot of Dynabeads
®
 

suspended in ethanol that corresponded to 50 nmoles of streptavidin was pipetted in a sterile 

microcentrifuge tube. Dynabeads
®

 were rinsed multiple times using 500 μL of 1X-PBS 
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buffer containing 1 mM of MgCl2 to remove ethanol present in dynabeads
®

. miRNA-21 was 

immobilized on dynabeads
®
 for 1 hour with gentle shaking. For this, 500 μL of annealed 

miRNA-21 (17 nmoles) was added to 50  nmoles of dynabeads
®
 that were suspended in 500 

μL of 1X-PBS buffer containing 1 mM of MgCl2. After 1 hour of immobilization, 

supernatant was pipetted and immobilization efficiency was determined by UV-quantitation 

of the supernatant. An immobilization efficiency of 88% was found on the basis of UV-

quantitation of this supernatant. A control tube that contained just the dynabeads
®
 and no 

miRNA was treated similarly. 

For screening of the library, 5 μL of cyclic hexapeptide library primary stock (890 

mM) was taken and added to 100 μL of 1X-PBS buffer containing 10% DMSO in two 

separate tubes. The solution in both tubes was centrifuged and the resulting supernatants 

were added to the experimental and control points. Library molecules were equilibrated with 

the immobilized miRNA-21 and control dynabeads
®

 at room temperature for 3 hour with 

gentle shaking every 15 minute. After 3 hours of equilibration, the entire solution including 

dynabeads
®
 was transferred to spin filters for both experimental and control points. Spin 

filters allowed isolation of the molecules that would not have bound to miRNA as filtrate. 

Two quick washings with 500 μL of 1X-PBS buffer were done to remove any molecules that 

might have adsorbed either on the miRNA-21 or on dynabeads for both control and 

experimental points. Finally, 500 μL of 1X-PBS buffer was added to the control and 

experimental dynabeads
®

 in spin filter. The spin filters were heated at 83 °C using heat block 

for 15 min to denature the miRNA and release any molecules that might have bound to 

miRNA-21. The resulting filtrate (~500 μL) for both control and experimental points was 
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taken and reduced to 100 μL using speedvac. Finally, the two elutions were analyzed using 

LC/MS.  

 

Results   

The LC/MS chromatograms for the control and experimental points are presented in 

Figure 85.  

 

   Control point         Experimental point   

 

Figure 85. LC/MS chromatograms for control and experiment points from the selection 

experiment of mixture based cyclic hexapeptide library containing over 3000 molecules 

against miRNA-21. No differences were observed between control and experiment 

chromatograms. 
 

 

Unfortunately, no difference was observed between the LC/MS chromatograms for 

the control and experimental points suggesting that none of the molecules from the library 

had affinity towards miRNA-21. While this could have been one of the possibilities, there 
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could have been other reasons and caveats that could have led to the observation of such a 

result. Some of these include: 

a) Solubility issue:  

Since over 3000 molecules were present in the library, it could have been possible 

that majority of the molecules might have crashed out during the centrifugation step that was 

performed before the equilibration step. This possibility can be supported by the fact that a 

precipitate was indeed observed after centrifugation step and only the supernatant was used 

for the equilibration step. Also, lack of any charge on the molecules might have further 

aggravated this issue. 

b) Steric issue:  

Presence of such a large number of molecules might have led to steric issues that 

might have affected the cyclization efficiency as well as binding ability of molecules with the 

target miRNA-21.  

c) Concentration of molecules: 

The supernatant that was used for the selection experiment was not UV quantitated. 

Thus, actual loss in concentration due to precipitation of insoluble molecules was unknown. 

Lack of this crucial information raises concern about the effective concentration of molecules 

that might have present in the supernatant that was used for the selection experiment.  

d) Chirality of amino acids: 

To achieve better stability for the molecules in this library we had selected D-amino 

acids. However, it could be possible that the final conformations adopted by D-amino acids 

might not be amenable for binding.  
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e) Complexity of approach: 

This approach required mapping of subtle distance-angle relationships that would be 

adopted by the spatial arrangement of different structured elements of folded RNA. While 

mapping such subtle information by itself could be challenging, constraining molecules in a 

definite conformation might have made this task even more challenging.  

 

Summary 

Keeping some of these caveats in mind especially having too many molecules in one 

single library and expecting molecules to map very subtle distance-angle relationship 

between the structured elements of RNA, an alternative approach was designed that would 

allow sequence specific recognition of RNA.  

This approach involved targeting of various structured elements of a folded RNA 

such as bulges and loops as potential binding pockets and designing of multiple individual 

libraries containing fewer molecules in each library. While fewer molecules in each 

individual library would help with some of the issues discussed above, cumulative number of 

molecules from all the individual libraries would still present similar chemical space as was 

explored with the single cyclic hexapeptide library that was designed and screened in this 

approach. The details of this approach are discussed in next chapter.  
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CHAPTER 7 

DESIGN, SYNTEHSIS & SCREENING OF 15 INDIVIDUAL TETRAPEPTIDE 

LIBRARIES TARGETING BINDING POCKETS IN FOLDED RNA 

 

In previous chapter a novel approach based on mapping of unique distance-angle 

relationship between different structured elements of a folded RNA by small molecules was 

discussed that was aimed to develop a general tool for sequence specific recognition of 

folded RNA. Although, it was an interesting and novel approach, it was an extremely 

challenging approach as binding of small molecules with this approach solely relied on their 

ability to map this subtle yet crucial information especially in the absence of any positive 

charge. In addition, caveats such as presence of over 3000 molecules in a single library and 

using molecules constrained in a cyclic motif could have led to issues such as solubility and 

sterics that might have seriously compromised chances of finding any leads with this 

approach.  

 

Targeting structured elements as binding pocket: Alternative approach 

An alternative approach was conceived that was based on a less stringent rationale 

and better synthetic design of library. This approach involved targeting of different structured 

elements of folded RNA such as bulges and loops as potential binding pockets by themselves 

as oppose to mapping the subtle distance-angle geometry adopted by them. The rationale 

behind this approach was that the structured elements such as bulges and loops by themselves 

offer unique binding pockets that could be targeted using small molecules (Figure 86). 
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Figure 86. Targeting of bulges and loops using small molecules as an alternative strategy for 

recognition of folded RNA. 

 

Although, targeting of bulges, loops and other structured elements had been 

previously attempted by other groups in the form of development of specific bulge binders 

and small molecules that could bind to loops of specific sizes [186, 220], our approach was 

distinct as we were trying to develop a general tool for RNA recognition that was solely 

based on identification of unique structural properties of RNA without taking advantage of 

any promiscuous binding.   
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Specificity?  

While with previous approach specificity was inbuilt in our rationale and would have 

achieved via mapping of the unique distance-angle relationship between the structured 

elements by small molecules, specificity with this approach would be achieved via specific 

interactions between the functional groups present on the small molecules and the ones 

present in the binding pockets on target RNA (Figure 87). The hope is that mapping of these 

specific interactions would help achieve specific recognition of these potential binding 

pockets with high affinity.  

 

 

 

Figure 87. Schematic representing specific recognition of RNA binding pockets via specific 

interactions between the functional groups on small molecule and RNA binding pockets. 
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Design, synthesis & screening of 15 individual tetrapeptide libraries against miRNA-21 

To test this alternative approach 15 individual tetrapeptide library each containing 

over 200 molecules were designed and screened against miRNA-21. Details related to the 

design, synthesis and screening of these libraries are briefly discussed in the subsequent 

sections of this chapter.  

 

Design and synthesis 

Some of the critical information required for the designing of libraries for this 

approach included size of molecules and nature of amino acids to be used. Size was 

important because in this approach we were directly targeting structured elements of RNA 

and nature of amino acids was important because we wanted to incorporate enough variety of 

functional groups for interaction with the functionalities present in these binding pockets to 

achieve specificity.   

To help guide the size of molecules, a comprehensive study of known RNA binders 

such as aminoglycosides and macrolides that are known to bind structured elements of RNA 

was done. Macrolides were more of an interesting model for this study as they are also cyclic 

in nature and unlike aminoglycosides are not polycationic in nature.  At the time of this 

study, crystal structures were available for 8 macrolides, 4 non-macrolide based antibiotics 

and 6 aminoglycosides [221-231]. All these available crystal structures were studied. The 

purpose of this study was to learn and identify some common gross features from these 

known RNA binders such as their molecular weights, size and volume of their binding 

pockets that could be compared with modeled peptides of varying lengths. Summary of the 
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analysis for macrolides and aminoglycosides are presented in Table 36 and Table 37 

respectively.  

For this, cyclic peptides of varying lengths were modeled using glycine, arginine and 

tryptophan to represent peptides from smallest to largest size. Summary of their analysis is 

presented in Table 38. The objective was to compare the gross features of these known 

binders with the modeled peptides of varying lengths to identify the best size of molecules 

for this approach.    

 

Table 36. Summary of structural features identified from the crystal structures of macrolides 

that are known to bind RNA. 

 

  No.      Macrolide     PDB code Volume (Å
3
) Molecular weight (g/mole) 

1 Erythromycin 1YI2 744 734 

2 Clarithromycin 1J5A 736 748 

3 Azithromycin 1YHQ 770 749 

4 Carbomycin A 1K8A 804 842 

5 Spiramycin I 1KD1 825 843 

6 Tylosin 1K9M 894 916 

7 Telithromycin 1P9X 796 812 

8 Roxithromycin 1JZZ 816 837 

   
Average = 798 Average = 810 

 

 

 

 

 

 

 



339 

 

Table 37. Summary of structural features identified from the crystal structure of 

aminoglycosides that are known to bind RNA. 

 

S.No. Aminoglycoside PDB code Volume 

(Å
3
) 

Molecular weight 

(gm./mole) 

1 Gentamicin 2ET3 404 449 

2 Kanamycin 2ESI 429 484 

3 Tobramycin 1M4D 401 468 

4 Streptomycin 1FJG 473 582 

5 Neomycin B 1I9V 518 615 

6 Paromomycin 1J7T 516 616 

   
Average = 457 Average = 536 

 

 

Table 38. Summary of structural features identified from the modeling of cyclic peptides of 

varying lengths using glycine, arginine and tryptophan as the monomers. 

 

S.No. Modeled cyclic peptide Volume (cubic Å) Molecular weight (gm/mole) 

1 DGGG 232 287 

2 DGGGG 284 342 

3 DGGGGG 331 399 

4 DGGGGGG 388 456 

5 DGGGGGGG 433 513 

6 DGGGGGGGG 482 570 

7 DRRR 542 583 

8 DRRRR 725 740 

9 DRRRRR 896 895 

10 DRRRRRR 1012 1052 

11 DWWW 611 672 

12 DWWWW 795 859 

13 DWWWWW 1036 1045 

14 DWWWWWW 1194 1232 

     

Interesting results were obtained from the analysis of macrolides, aminoglycosides 

and modeled cyclic peptides of varying lengths. While macrolides were the choice of 

molecules for this study because of their cyclic nature, their analysis revealed that in general 
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they tend to have high molecular weights and almost all the macrolides violated Lipinski’s 

rule of 5 [232].  On the contrary, the average molecular weight and volume occupied by 

aminoglycosides suggested that this class of molecules had more drug like properties and 

would represent better class of known RNA binders to compare our modeled cyclic peptides 

to identify the structural parameters for this approach.  

Thus, among the modeled cyclic peptides of varying lengths, tetrapeptide motif with 

three arginine’s were found to have mass and volume that correlated well with the average 

mass and volume obtained for aminoglycosides. Hence, the length of molecules for this 

approach was aimed to be tetrapeptide.   

With this guided information regarding the size of molecules, next critical 

information needed for the design of libraries for this approach required identification of 

functionalities that needed to be incorporated in the molecules. For this, following 15 amino 

acids were selected: Gly, Ala, Val, Leu, Ile, Phe, Trp, Pro, Ser, Thr, Tyr, Asn, Gln, Asp and 

Glu to provide functional diversity. Again, positively charged residues such as lysine, 

arginine and histidine were intentionally avoided as we wanted to avoid any positive charge 

on these molecules as well. While we had used D-amino acids with our mixture based cyclic 

hexapeptide library in previous approach, regular L-amino acids were used in this approach 

except for aspartic acid that was used as the handle for cyclization. The mode of cyclization 

however was still side chain to backbone cyclization.  

Further, keeping in mind the solubility issues that were encountered with the cyclic 

hexapeptide library with our first approach, design of libraries for this approach was 

improvised so that we could have fewer numbers of molecules in any given library. For this, 
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15 individual mixture based tetrapeptide libraries were designed instead of one single library. 

The general design of these libraries can be represented as follows: 

 

DZXX, where 

Z = Specific amino acid from above mentioned 15 amino acids 

X = equimolar mixture of 15 amino acids 

 

Thus, we had 15 individual tetrapeptide libraries in which the second position was 

fixed and occupied by each of the 15 amino acids.  Since, we had 15 possible amino acids 

and two random positions, total of 15
2
 = 225 molecules were present in each individual 

library while a total of 15x 225 = 3375 molecules present in all the 15 libraries. List of all the 

15 individual tetrapeptide libraries that were synthesized and screened in this approach are 

summarized in Table 39.  
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Table 39. List of 15 individual cyclic tetrapeptide libraries that were synthesized for the 

approach involving targeting of bulges and loops as potential binding pockets. 

 

S.No. Cyclic tetrapeptide 

library 

Number of molecules 

1 cDGXX 225 

2 cDAXX 225 

3 cDVXX 225 

4 cDLXX 225 

5 cDIXX 225 

6 cDFXX 225 

7 cDPXX 225 

8 cDWXX 225 

9 cDSXX 225 

10 cDTXX 225 

11 cDYXX 225 

12 cDNXX 225 

13 cDQXX 225 

14 cDDXX 225 

15 cDEXX 225 

    

Synthesis of 15 individual cyclic tetrapeptide libraries 

To ensure that cyclic tetrapeptide libraries could be synthesized with good cyclization 

efficiencies, first a test library containing 25 cyclic tetrapeptides of known sequences was 

synthesized to establish cyclization conditions for cyclic tetrapeptide motif. Synthesizing test 

library turned out to be a very good idea because we learned that with tetrapeptide motifs 

standard 24 hours of cyclization reaction time was not enough. Incomplete cyclization was 

observed with 24 hours of cyclization reaction time. However, almost complete cyclization 

was achieved with 48 hours of reaction time.   
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Materials and methods 

Library was synthesized using rink amide MBHA resin and was obtained from EMD 

Biosciences (San Diego, CA, USA). Fmoc-D-Asp(Opp)-OH that was used as the handle for 

cyclization was purchased from Bachem Americas, Inc. (Torrance, CA, USA). All the 

mixture based 15 L-amino acids including aspartic acid were obtained from Peptides 

International (Louisville, Kentucky). NMP (N-methyl-2-pyrrolidone) was obtained from 

Advanced ChemTech (Louisville, KY, USA).  HATU (O- (7-azabenzotriazole-1-yl)-

N,N,N’N’-tetramethyluronium hexafluorophosphate) was purchased from Novabiochem. 

DIEA (N, N-diisopropylethylamine) and piperidine (99%) were obtained from Sigma 

Aldrich (St. Louis, MO, USA). TFA (99%) was purchased from Acros Organics (New 

Jersey, USA).   

All the 15 cyclic tetrapeptide libraries were synthesized using solid phase peptide 

synthesis and mixture based combinatorial approach that was discussed in Chapter 5. Briefly, 

25 mg of rink amide MBHA resin was taken for each library in 15 individual microcentrifuge 

tubes. Resin was first prewashed with NMP following which Fmoc deprotection of resin 

bound amine was performed using 20% piperidine in NMP in two rounds of 7 min and 10 

min each. Thorough washings of the resin were done to remove any excess piperidine. The 

free amine group of the resin was acylated with Fmoc-D-Asp(OPp)-OH. This coupling was 

common to all the 15 libraries and so a master stock was prepared. Concentration of 300 mM 

and volume of 180 μL was used for this coupling. HATU and DIEA were used as coupling 

reagents. Ratio of 1:1:2 was used between Fmoc-D-Asp(OPp)-OH, HATU and DIEA. Thus, 

concentrations of 300 mM and 600 mM were used for HATU and DIEA respectively. The 
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carboxylic acid of Fmoc-Asp(OPp)-OH was preactivated for 10 min following which 

acylation was done for 1 hour. Reaction mixture was aspirated and multiple washings were 

done using NMP to remove any unreacted reaction mixture. Any unreacted amine on the 

resin was capped using freshly prepared capping solution containing 10% acetic anhydride 

and 5% DIEA in NMP for 15 min. Multiple NMP washes were done to remove any excess 

capping solution. Fmoc group of Fmoc-Asp(OPp)-OH was deprotected using conditions 

mentioned above. At this stage the side chain carboxylic acid group was still protected with 

the phenylisopropyl group. Multiple NMP washes were done after Fmoc deprotection to 

remove any excess piperidine.  

Depending upon the individual library, next position was a fixed position and 

involved coupling from one of the 15 amino acids. Hence, 15 solutions each containing one 

of the 15 amino acids, HATU and DIEA were prepared. Concentration of 300 mM for each 

of the 15 amino acids and a reaction volume of 180 μL was used for this coupling. Ratio of 

1:1:2 was used between Fmoc-D-Asp(OPp)-OH, HATU and DIEA. Thus, concentrations of 

300 mM and 600 mM were used for HATU and DIEA respectively. The carboxylic acid of 

amino acids was preactivated for 10 min following which acylation was done for 1.5 hour. 

Reaction mixture was aspirated and multiple washing were done using NMP to remove any 

unreacted reaction mixture. Any unreacted amine on the resin was capped using freshly 

prepared capping solution containing 10% acetic anhydride and 5% DIEA in NMP for 15 

min. Multiple NMP washed were done to remove any excess capping solution. Fmoc group 

was deprotected using conditions mentioned above. 
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Next two couplings were identical and involved coupling of an equimolar mixture of 

the 15 L-amino acids mentioned above. This equimolar mixture was prepared by taking 1:1.1 

ratio of the reacting resin to the monomers in the equimolar mixture. The ratio of 1:1.1 was 

used to ensure that high molar excess of these amino acids does not lead to non-equimolar 

incorporation of these amino acids.  Thus, 0.073x mole of each of the 15 amino acids was 

taken with respect to the total reactive moles available on the resin. For instance, 25 mg of 

resin was taken and since the loading density of resin was 0.72 mmole/g, total reacting moles 

available on resin were 18μmole. Thus, weights corresponding to 0.073x of 18μmole i.e. 13.1 

μmole was taken for each of the 15 amino acids. Since the ratio of amino acids in these 

couplings used was 1.1 instead of 1, ratio of HATU and DIEA was also adjusted to 1.1 and 

2.2 respectively.   

Once all the 4 couplings were accomplished, the terminal α-amine was deprotected 

using standard Fmoc deprotection conditions as mentioned above to generate free amine 

group required for cyclization. The aspartic acid side chain phenylisopropyl group was 

deprotected next using 200 μL of 1% TFA in DCM. The deprotection steps were repeated 15 

times with each step 3 min long to achieve deprotection of the phenylisopropyl group. Once, 

both the handles i.e. amine and carboxylic acid were selectively deprotected, on resin 

cyclization was done for 48 hours using HATU and DIEA as the coupling reagents. The ratio 

of HATU and DIEA that was used for cyclization was 1.05: 2.1 with respect to the total 

theoretical reactive moles available on the 25 mg of resin i.e. 18 μmole.  

Post cyclization, resin was thoroughly washed multiple times first with NMP and then 

with DCM before starting the cleavage reaction. After DCM washes, resin was first air dried 
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to remove any traces of DCM. Cleavage reaction was started using 200 μL of cleavage 

cocktail containing TFA, water and TIS in 95:2.5:2.5 ratios for 1.5 hours. TFA solutions 

from each of the 15 tubes were carefully transferred to microcentrifuge tubes and removed 

using stream of nitrogen in the hood. Any traces of TFA were further removed by doing 

multiple rounds of ether trituration using ice cold ether. The residues were taken in  

100 μL of DMSO. 

  

Analytical characterization      

Since each of the 15 libraries contained over 200 molecules, standard characterization 

such as HPLC and LC/MS analysis to assess the purity and identity of each molecule was not 

possible. The libraries were UV quantitated using the λmax at 280 nm for tyrosine and 

tryptophan residues present in the library. An average molar extinction coefficient of 941 M
-1

 

cm
-1

 [(1/15 *1460 M
-1

 cm
-1 

for Tyr + 1/15*5600 M
-1

 cm
-1

for Trp)*2] at 280 nm was used for 

the quantitation of 13 libraries that did not had tyrosine or tryptophan at the second fixed 

position. For cDYXX library, molar extinction coefficient of 1931 M
-1

 cm
-1 

[ε280 Tyr (1460) 

+ 1/15 * ε280 Tyr (1/15 *1460) + 1/15* ε280 Trp (1/15*5600)] and for cDWXX library molar 

extinction coefficient of 6070 M
-1

 cm
-1

 at 280 nm was used for UV-quantitation. Average 

concentration of 180 mM for each library was obtained on the basis of their UV-quantitation 

at 280 nm.  
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Screening of 15 cyclic tetrapeptide libraries against miRNA-21 

The basic scheme and target i.e. miRNA-21 that was used in the screening of these 

libraries was identical to the one used and discussed in the screening of cyclic hexapeptide 

library in Chapter 5. However, two different approaches were used for the screening of these 

15 cyclic tetrapeptide libraries. These included: 

a) Approach 1: In this approach an equimolar mixture of all the 15 cyclic tetrapeptide 

libraries was prepared and used for the selection experiment against miRNA-21. 

b) Approach 2: In this approach all the 15 cyclic tetrapeptide libraries were individually 

screened against miRNA-21.  

The screening of both these approaches is discussed separately. 

 

Screening of 15 cyclic tetrapeptide libraries using approach 1: 

This approach involved preparing an equimolar mixture of all the 15 cyclic 

tetrapeptide libraries and using this equimolar mixture for screening against miRNA-21. This 

approach mimics the approach that was used with the cyclic hexapeptide library and allows 

screening of over 3000 molecules in one given experiment. Since significant scattering were 

observed during the UV-quantitation of cDNXX and cDQXX libraries, these were not 

included in the equimolar mixture. Thus, only 13 libraries were used for preparation of the 

equimolar mixture.  
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Materials and methods 

The sequence of the miRNA-21 that was used for this study was identical to the one 

that was used in the screening of cyclic hexapeptide library as discussed in Chapter 5 and  

was as follows: 5’-Biotin-

GUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAGUCGA

UGGGCUGU-3’. Dynabeads
®
 M-280 streptavidin was purchased from Invitrogen. Tris-

EDTA buffer was purchased from Sigma Aldrich while PBS buffer was purchased from 

Ambion.  

The general scheme used for the screening of equimolar mixture of 13 cyclic 

tetrapeptide libraries was identical to the one mentioned earlier in Chapter 5 and must be 

referred for the schematic representation and other details. The only difference was that 

instead of using the spin filters, magnetic holder was used to isolate the dynabeads and 

pipette the supernatants.   

Briefly, an equimolar mixture containing all the cyclic tetrapeptide libraries except 

for cDNXX and cDQXX libraries was prepared such that concentration of each of the 13 

libraries in this mixture was 2.6 mM. Since there were 225 molecules in each library, 

concentration of each molecule would be around 11 μM. Assuming, we would have achieved 

at least 50% cyclization efficiency, concentration of each molecule in this equimolar mixture 

would be at least 5 μM. The total volume of this equimolar mixture was around 95 μL that 

was reduced to 30 μL using speedvac.  

For annealing the miRNA-21, volume of miRNA-21 primary stock representing 100 

nmole was taken and diluted to 150 μL using 1X-PBS buffer. This solution was UV-
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quantitated and miRNA was annealed by heating the solution to 81 °C using a heat block for 

3 min and allowing it to slowly cool down to room temperature. Immobilization of 

biotinylated miRNA-21 was achieved using streptavidin coated dynabeads. For this, volume 

of dynabeads solution in ethanol representing 200 nmole of streptavidin was pipetted in a 

biopur tube. The tube was placed on a magnetic holder to remove the ethanol. The 

dynabeads
®
 were washed three times using 150 μL of 1X-PBS buffer. After PBS washings, 

150 μL of annealed miRNA-21 solution was added to the dynabeads
®
 for immobilization. 

Immobilization was done for 90 min with gentle vortexing using a bench top shaker. After 90 

min of immobilization, biopur tube was placed on the magnetic holder and supernatant was 

pipetted and UVquantitated to determine the immobilization efficiency of miRNA-21. On the 

basis of UV-quantitation, an immobilization efficiency of 89% was achieved.  

For doing the selection experiment, 30 μL of speedvac solution containing equimolar 

mixture of 13 libraries was diluted to 300 μL using 1X-PBS solution with final DMSO being 

25%. The solution was centrifuged at 17,400 rpm for 5 min. A precipitate was observed and 

so the supernatant was carefully pipetted and UV-quantitated. The UV-quantitation 

suggested that almost 90% of the starting moles were still present in the supernatant. Finally, 

150 μL of this supernatant was taken and added to the tube containing immobilized miRNA-

21 (experimental point) and the remaining 150 μL was added to another tube containing 200 

nmole of dynabeads
®

 but no miRNA (control point). The equimolar mixture of 13 libraries 

was allowed to equilibrate with the control and experimental dynabeads
®

 for 3 hour with 

gently vortexing every 20 min.  
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After 3 hour of equilibration, the tubes were placed on the magnetic holder and 

supernatants were pipetted out. Multiple quick washings of the dynabeads
®

 for both control 

and experimental points were done with 150 μL of IX-PBS buffer to wash any unbound 

molecules. Finally, 120 μL of 1X-PBS was added to both experimental and control tubes and 

any molecules that might have bound to the miRNA-21 were released by heating the 

experimental and control tubes to 90 °C for 5 min. The supernatants from both control and 

experimental tubes were carefully pipetted and reduced to 60 μL using speedvac. The two 

samples were finally analyzed using LC/MS.  

 

Results  

The LC/MS chromatograms for the control and experimental points are presented in 

Figure 88. Unfortunately, again no differences were observed between the elution profiles of 

the control and experimental points. No additional peaks were observed in the LC/MS 

chromatogram of experimental point that could have suggested binding of molecules from 

the equimolar mixture of these 13 libraries. Since, neither the TWC nor the TIC 

chromatograms presented any obvious differences between the control and experimental 

points; a more thorough XIC analysis was done for all the 216 unique masses that 

represented the 2925 molecules that were present in the equimolar mixture of these 13 

libraries. Unfortunately, even the XIC analysis failed to identify any differences between the 

control and experimental data.  

Hence, selection experiment was again repeated using approach 2. This approach 

involved individual screening of these 15 cyclic tetrapeptide libraries as oppose to preparing 
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an equimolar mixture of them. While solubility has been one of the immediate concerns 

associated with the equimolar mixture based approach involving large number of molecules, 

UV analysis of the supernatant that was used for the selection experiment suggested that 90% 

of the starting moles were still present in the supernatant used for selection experiment. 

   

 

Control point 
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Experimental point 

 

Figure 88. LC/MS chromatograms for the control and experiment points from the selection 

experiment of cyclic tetrapeptide libraries against miRNA-21 using approach 1. 

 

Screening of cyclic tetrapeptide libraries using approach 2: 

This approach involved individual screening of the 15 cyclic tetrapeptide libraries 

against the target miRNA-21. While this approach required immobilization of miRNA-21 for 

each of the 15 libraries, it provided better binding opportunities for the molecules present in 

each library with respect to possible solubility and sterics issue associated with approach 1.  
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Material and methods 

The materials and method section of this approach is almost identical to the one 

discussed in approach 1 with the exception that in this approach each of the 15 libraries were 

individually screened and had its own immobilized miRNA and control point. In addition, 

there were few other differences that are briefly discussed. 

For immobilization, 150 pmole of miRNA-21 were used for each library instead of 

100 nmole that were used in approach 1. A master stock of miRNA-21 was prepared and 

aliquoted in three microcentrifuge tubes. For annealing, the three microcentrifuge tubes were 

heated to 78 °C for 2 min and allowed to slowly cool down to room temperature. For 

immobilization, volume of dynabeads
®
 corresponding to 400 pmole of streptavidin was used 

for each library. Steps and conditions used for the immobilization of miRNA-21 on 

dynabeads
®
 for all the 15 libraries were identical to the one mentioned in the materials and 

method section of approach 1. Post immobilization, UV quantitation of supernatants 

suggested that almost quantitative immobilization of miRNA-21 was achieved for all the 15 

libraries.  

For screening of the libraries, concentration of 10 mM for each library was aimed. 

Since there were 225 molecules in each library, nominal concentration of each molecule in 

the library would be around 44 μM. Volumes of primary stocks for each of the 15 libraries 

were taken such that after dilution to 300 μL, final concentration for each library would be 

around 10 mM. Also, final DMSO in each library was adjusted to 20%. The stocks of all the 

15 libraries were centrifuged at 17,400 rpm for 5 min and supernatants were pipetted. 

Finally, 150 μL of the supernatant from each library was added to two tubes: one having 150 
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pmole of immobilized miRNA-21 on dynabeads
®
 (experimental point) and another having 

just the dynabeads
®
 and no miRNA (control point). The libraries were equilibrated with the 

control and experiment points for 3 hour with gently vortexing every 20 min.  

After 3 hour of equilibration, tubes were placed on the magnetic holder and 

supernatants were pipetted out. Multiple quick washings of the dynabeads for both control 

and experiment points were done using 250 μL of IX-PBS buffer to wash any unbound 

molecules. Finally, 200 μL of 1X-PBS was added to all the 30 tubes representing the 

experiment and control points for the 15 cyclic tetrapeptide libraries. All 30 tubes were 

heated to 90 °C for 8 min to release any molecules that might have bound to miRNA-21. The 

supernatants from both control and experimental tubes were carefully pipetted and were 

concentrated to 60 μL using speedvac.  

The control and experiment point elutions for each library were finally analyzed using 

LC/MS.  

 

Results and discussion 

Unfortunately, no differences were observed between the experimental and control 

chromatograms for all the 15 libraries. The results obtained for these libraries were consistent 

with the result obtained with previous approach in which an equimolar mixture of 13 libraries 

was screened against the target miRNA-21.  

Interestingly, an additional peak was observed around 6 min in the TWC 

chromatograms of the experimental point for all the 15 libraries. However, the mass present 

in this peak did not corresponded to any masses that were present in any of the 15 libraries. 
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Since this peak was present only in the experiment point chromatograms, one of the 

possibilities could be that miRNA-21 might have leached from the dynabeads
®
. 

Representative experiment and control point LC/MS chromatograms for few libraries from 

the screening of 15 cyclic tetrapeptide libraries are presented in Figure 89 a-e. 

 

a) DAXX library 

Control point      Experimental point 
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b) DDXX library 

Control point      Experimental point 

 

 

 

 

c) DFXX library 

Control point      Experimental point 
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d) DLXX library 

Control point      Experimental point 

 

 

 

 

e) DSXX library 

Control point      Experimental point 

 

Figure 89 a-e. Representative LC/MS chromatograms for the control and experiment points 

from the individual screening of 15 cyclic tetrapeptide libraries against miRNA-21. No 

differences were observed between control and experiment points for all the 15 libraries. 
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Since no differences were observed between the LC/MS chromatograms for the 

experiment and control points, a more thorough XIC analysis was done for all the 3375 

molecules that were present in these 15 cyclic tetrapeptide. Some minor differences were 

observed for 4 masses from the XIC analysis of cDSXX library. A representative example of 

XIC analysis for 446.3 amu demonstrating the minor differences that were observed between 

the control and experiment points is presented in Figure 90. These 4 masses represented 15 

different sequences. List of these 15 sequences is summarized in Table 40.  

 

Table 40. List of 15 sequences identified from cDSXX tetrapeptide library for which 

differences were observed in the selection experiment against miRNA-21 between control 

and experimental LC/MS chromatograms. 

 

 

S.No. Sequence Mass (amu) 

1 cDSGF 406.2 

2 cDSFG 406.2 

3 cDSNN 430 

4 cDSID 430.2 

5 cDSDI 430.2 

6 cDSLD 430.2 

7 cDSDL 430.2 

8 cDSVE 430.2 

9 cDSEV 430.2 

10 cDSDE 446.3 

11 cDSED 446.3 

12 cDSPF 446.3 

13 cDSFP 446.3 

14 cDSWP 485.2 

15 cDSPW 485.2 
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Control point      Experimental point 

     

Figure 90. Representative XIC analysis for one of the masses (446.2 amu) from the cDSXX 

library for which differences were observed between the control and experimental points. 

 

These 15 sequences were individually resynthesized and retested against miRNA-21 

by preparing an equimolar mixture of these 15 sequences. Unfortunately, no difference was 

observed between the control and experimental LC/MS chromatograms for these potential 15 

leads as well. The LC/MS chromatograms for the experimental and control points from this 

selection experiment are presented in Figure 91.  
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Control point      Experimental point 

 

Figure 91. LC/MS chromatograms for control and experimental points from the screening of 

an equimolar mixture of 15 leads that were identified from cDSXX library. No differences 

were observed between the control and experiment points. 

 

Pure duplex binders: Simpler model system 

Although, approach 2 that was relatively simpler approach when compared to 

approach 1 for targeting RNA and involved better synthetic design of the libraries failed to 

identify any leads. While this clearly demonstrated how challenging it is in general to design 

small molecules that could specifically target RNA especially in absence of any promiscuity, 

it also suggested that we might have to adopt even a simpler model system to first establish 

some simpler understanding on which we could build more complex approaches. 

Hence, a pure duplex was chosen as a simpler model system. Our rationale of 

choosing a duplex for simpler model system was that if we cannot achieve binding on a pure 

duplex that does not have any structural complexity, it would be impossible to achieve it on a 

folded RNA that is a much more complex target. For screening of the molecules using this 

simpler model system we used ethidium displacement assay. Ethidium displacement assay 
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that is also referred as intercalator displacement assay or fluorescent intercalator 

displacement assay is a widely used biochemical assay for identifying leads against wide 

range of nucleic acid based targets [233-240]. The principle of this assay is that binding of an 

intercalator such as ethidium to a nucleic acid target causes increase in fluorescence [241, 

242]. Hence, when ethidium get displaced due to binding of a small molecule, a decrease in 

fluorescence is observed. The % drop in fluorescence is directly proportional to the extent of 

small molecule binding.  

Using ethidium displacement assay we screened all the bis-intercalator libraries that 

were originally synthesized and screened in RT project using different weak intercalators as 

base scaffolds. Unfortunately, we could not identify any leads from any of these libraries. No 

data is included related to the screening of these libraries using ethidium displacement assay 

as we could not identify any leads. This again emphasizes the challenge associated with 

development of small molecules against RNA and calls for even better designing of small 

molecules.  
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CHAPTER 8 

SUMMARY AND CONCLUSIONS OF RNA RECOGNITION PROJECT 

 

In this project multiple approaches were attempted that were aimed towards specific 

recognition of folded RNA using small molecules. The first approach was based on taking 

advantage of the unique distance-angle relationship that would be adopted between various 

structured elements of folded RNA such as bulges and loops. The rationale behind this 

approach was that the position, size and spatial arrangement of these structured elements 

would be unique to any given folded RNA and thus if we could design small molecules that 

could map this unique information, it would allow sequence specific recognition of that 

RNA. An important aspect of our approach was that unlike most other known RNA binders 

that often are polycationic in nature, we wanted to design molecules that were devoid of any 

promiscuity. Hence, binding of such molecules would solely be driven by their ability of 

mapping the unique distance-angle relationship thereby allowing specific recognition of 

RNA.  

 To test our hypothesis, miRNA-21 that is over expressed in several disease 

conditions especially cancer and causes translational repression of its downstream tumor 

suppressor gene was selected as the target RNA. The hope was that if could design small 

molecules using above mentioned approach we would be able to stabilize this potentially 

oncogenic miRNA and hence prevent the translational repression of its downstream tumor 

suppressor gene thereby preventing spread of cancer. For this a cyclic hexapeptide mixture 

based library was designed and synthesized that contained over 3000 cyclic molecules. The 
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size of the molecules in this library was guided by modeling the target miRNA-21 with 

cyclic scaffolds of varying sizes. Cyclic hexapeptide scaffold was found to span enough 

distance that would allow interaction of functionalities present on the scaffold such as 

intercalator units with the bulges and loops of modeled miRNA-21. 

Screening of this library was done using affinity selection chromatography. For this 

miRNA-21 was immobilized on streptavidin coated magnetic beads and equilibrated with the 

library to allow binding of any possible leads.  However, unfortunately no differences were 

observed between the control and experimental points. While this approach was unique and 

interesting, it was very challenging and involved some potential caveats that we were able to 

identify during the execution of our approach. One of the most important caveats was the 

solubility issue that could have been largely due to presence of large number of molecules 

and lack of any charge on these molecules. Although, we were aware of this as a potential 

issue, we were hopeful that it would be more of an issue for sequences containing multiple 

hydrophobic residues such as phenylalanine. Also, since molecules were locked in a cyclic 

motif it would have been even more challenging for them to adopt and map subtle distance-

angle information. 

Keeping our observations from previous approach in mind, an alternative approach 

was pursued where instead of trying to map the subtle unique distance-angle relationship 

between different structured elements; the structured elements themselves were targeted as 

potential binding pockets. For this, a systematic study of the crystal structures of known 

RNA binders such as aminoglycosides and macrolides was done to get insights regarding 

their gross structural features such as their molecular weights and volume. The objective of 
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this study was to identify and compare the features of these known RNA binders with 

modeled cyclic molecules of varying sizes to help guide the size of molecules that could be 

used for this approach. While macrolides were the choice of ligand for this study because of 

their cyclic nature and fewer positive charges, our study found that all the macrolides 

occupied significant large volume and more importantly had very high molecular weights 

thereby violating Lipinski’s rule. Interestingly, aminoglycosides were found to have volumes 

and masses that were more like drug like and so were chosen as the model category to 

compare our modeled cyclic peptides of varying lengths and volumes. A cyclic tetrapeptide 

motif was found to have mass and volumes that were comparable with the aminoglycosides. 

Thus, a tetrapeptide motif was used for the synthesis of molecules for this approach. Like our 

previous approach no positive charge was present on these molecules and  

Since solubility issues were encountered with our first approach, synthetic design of 

libraries in this approach was improvised. For this, instead of having over 3000 molecules in 

one single library, 15 individual libraries each containing 225 molecules were designed. 

While this still allowed us to screen similar chemical space like approach 1, it tremendously 

helped with the solubility issue. UV quantitation of the supernatant that was used for the 

screening experiment suggested that more 90% of the starting moles were present in the 

supernatant.  The 15 individual tetrapeptide libraries were screened using two approaches. In 

first approach, an equimolar mixture of all the 15 tetrapeptide libraries was used for the 

selection experiment while in second approach all the 15 libraries were individually screened 

against miRNA-21.  
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Unfortunately, no differences were observed between the control and experiment 

points with the first approach. While no major differences were observed with the second 

approach either, some subtle differences were observed with the XIC analysis for cDSXX 

library. The XIC analysis identified 4 masses corresponding to 15 different sequences from 

the cDSXX library for which some subtle differences were observed between the control and 

experiment points. Finally, these 15 different sequences were re-synthesized and a selection 

experiment was done using an equimolar mixture of the 15 sequences. Unfortunately, no hits 

were observed from the selection experiment of these molecules as well.  

While our second approach was much simpler and involved better synthetic design 

when compared to approach 1, it appeared that we needed even a simpler model system to 

first identify and establish a simple system on which we could build more complex 

approaches. A pure duplex devoid of any structural complexities such as bulges and loops 

was used as the simpler model system. Multiple bis-intercalator libraries that were originally 

designed and synthesized for the RT project were screened against pure duplex using 

ethidium displacement assay. However, surprisingly we could not identify any leads from 

any of these libraries either. Although, this clearly demonstrated that targeting of RNA is 

extremely challenging, it becomes more so in the absence of multiple positive charges.  

Hence, as a future direction it might we worth designing molecules that have some 

promiscuity to help achieve binding to RNA but enough specificity that it does not lead to 

non-specific binding.  
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