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Current treatment for human immunodeficiency virus (HIV) infection or 

acquired immunodeficiency syndrome (AIDS) delays the conversion of infected 

helper T cells to monoclonal malignant cells but does not eradicate HIV.  A novel 

non-nucleoside inhibitor, CZ-1 (2-naphthalenesulfonic acid, 4-hydroxy-7-[[[[5-

hydroxy-6-[(4-cinnamylphenyl)azo]-7-sulfo-2-

naphthalenyl]amino]carbonyl]amino]-3-[(4-cinnamylphenyl)azo], disodium salt), 

was designed to bind at an unconventional site on HIV type 1 reverse transcriptase 

(RT) (1).  I examined the effect of CZ-1 on the kinetic parameters governing the 

single nucleotide polymerization.  CZ-1 decreased the amplitude of the reaction as 

previously shown for other non-nucleoside inhibitors due to the slow equilibration 

of the inhibitor with RT.  CZ-1 also weakened the apparent DNA binding affinity.  

Likewise, DNA weakened the apparent CZ-1 binding affinity.  In contrast, CZ-1 
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did not affect the Kd and the maximum incorporation rate of the incoming 

nucleotide.  We therefore conclude that CZ-1 represents a new class of NNRTIs 

distinct from Nevirapine and related NNRTIs.  CZ-1 can bind to RT in both the 

absence and presence of DNA.  In the ternary enzyme-DNA-CZ-1 complex, the 

binding of DNA is weakened and incorporation of the next nucleotide onto the 

primer is inhibited.  A possible mode of inhibition for CZ-1 is the distortion of RT 

conformation and the consequent misalignment of DNA at the active site.  

Unexpectedly, CZ-1 also inhibited human mitochondrial DNA polymerase (pol γ), 

although I did not see evidence of nonspecific inhibition via self-aggregation or 

intercalation with DNA. 

The second part of my project aimed to characterize a non-nucleoside 

drug-resistant mutant form of HIV-1 RT, containing a single amino acid 

substitution at position 103 from lysine to asparagine.  Three non-nucleoside RT 

inhibitors, CZ-1, HBY 097, and α-APA, exhibited similar inhibition kinetics on 

this mutant as on the wild type RT.   

The third part of my project determined that HIV RT exhibited similar 

polymerization kinetics whether utilizing an RNA template or DNA template.  

This validation suggests that the measured kinetic parameters were similar for 

RNA-directed minus-strand DNA synthesis and DNA-directed plus-strand DNA 

synthesis. 
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CHAPTER 1:  Overview of HIV-1 Reverse Transcriptase and Non-
nucleoside Inhibitors 

1. INTRODUCTION 

After human immunodeficiency virus (HIV) was first associated to the 

development of acquired immunodeficiency syndrome (AIDS) in 1983 (2), on-

going research has been focusing on the key enzymes in the viral replication 

process, the reverse transcriptase (RT), integrase and protease.  They are the 

primary targets for current drug design.  Our lab has been studying the inhibition 

mechanism of RT. 

Retroviral reverse transcriptases (RT) were discovered in 1970 by 

Baltimore (3) and Temin (4).  RTs are biochemically distinct from other DNA 

polymerases in two aspects.  First, RTs copy a single-strand viral RNA genome 

into double-strand pro-viral DNA using both RNA and DNA as a template, unlike 

other DNA polymerases, which can only copy DNA templates to synthesize new 

DNA strands.  The RT active site can accommodate both DNA and RNA 

substrates to fulfill the requisite primer/template alignment during different stages 

of reverse transcription.  Unlike replicative DNA polymerases, RTs lack the 3’ to 

5’ exonuclease activity (5) that is responsible for proofreading and correcting 

mismatched nucleotides.  Therefore, the fidelity of DNA synthesis is substantially 

lower for RTs, in comparison to the fidelity of most replicative DNA polymerases.  

Essentially, low fidelity polymerization accounts for the characteristic 
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hypermutability of human immunodeficiency viruses (HIV), the etiological agent 

of the acquired immunodeficiency syndrome (AIDS) (6).  Rapid mutation 

facilitates HIV evolution, which allows HIV to evade the immune system, confers 

drug resistance, and is a major obstacle in AIDS treatment.   

According to the Joint United Nations Programme on HIV/AIDS, as of 

December, 2003, 40 million people are estimated to be living with HIV/AIDS.  In 

2003 alone, 5 million people acquired HIV and 3 million died from AIDS.  

Despite of the antiretroviral therapy, we still need better regimens and more 

powerful drugs to thwart this worldwide epidemic.   

 

2. REPLICATION OF HIV-1 

In 1983, HIV was first discovered in Luc Montagnier’s laboratory (2,7) at 

the Louis Pasteur Institute.  In the same year, several independent isolates of HIV 

were identified in Robert C. Gallo’s laboratory (8,9) at the National Cancer 

Institute.  HIV was initially named as human T-cell leukemia virus type 3 (HTLV-

III) or adult T-cell leukemia virus (ATLV) until it was confirmed to be the cause 

of AIDS (6).   

HIV is a plus-strand RNA retrovirus.  Like other retroviruses, HIV 

replicates through a DNA intermediate. HIV replicates by going through cycles of 

infection of susceptible host cells, CD4+ helper T cells of the immune system (Fig. 

1).  The fusion of the virus with the host cell happens when HIV binds to the CD4 
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receptor and another co-receptor on the membrane.  Upon entry into the host cell, 

HIV undergoes reverse transcription to copy its genetic material, RNA, into DNA.  

The conversion of single-stranded viral RNA into double-stranded pro-viral DNA 

is catalyzed by RT.  The product DNA is integrated into the host genome inside 

the nucleus.  While some viruses remain latent, others become activated and 

transcribe the viral DNA into messenger RNA, which is then translated into viral 

proteins.  The viral proteins and RNA assemble at the cell membrane to form a 

new virus.  The life cycle of HIV is completed by maturation associated with 

cleavage by HIV protease (10), budding from the cell membrane, and release from 

the host cell to infect another host cell.   

De novo mutations are generated by inherently promiscuous reverse 

transcription during the viral life cycle (Fig. 1), thus introducing base 

substitutions, frame shifts, genetic rearrangements and hypermutations (11,12).  

HIV has been shown to contain a high level of genetic variation (13,14).  Each 

single nucleotide variant on a branch in the HIV phylogenetic tree is deemed a 

unique and viable virus (15).  There are 296 drug-resistant mutations that have 

been recorded in the HIV database from Los Alamos National Laboratory 

(http://hiv-web.lanl.gov).  HIV RT replicates DNA and RNA with an error 

frequency of 1 in 104 leading to one mutation per genome per replication cycle 

(15), the hypermutation of HIV is the “Achilles’ heel” of anti-AIDS therapy. 
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Figure 1.  HIV-1 life cycle.  HIV infects CD4+ helper T cells of the immune 

system.  After being engulfed by the host cells, the viral single-stranded RNA is 

copied into double-stranded DNA by HIV RT.  The proviral DNA is integrated 

into the host genome by the HIV integrase.  The host cellular polymerases 

transcribe the proviral DNA into viral RNA, which is subsequently translated into 

proteins by cellular translational machinery.  Virions are assembled and bud from 

the cell membrane to infect other host cells.  Modified from 

www.niaid.nih.gov/daids/dtpdb/virpage1.htm.
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Drug-resistant strains appear in a matter of weeks after the treatment begins (16).    

 

3. STRUCTURE OF HIV-1 REVERSE TRANSCRIPTASE 

The first moderately high resolution (3.5 Å) crystal structure of RT was 

reported by Kohlstaedt et al.(17).  HIV-1 RT is a heterodimer of two tightly 

associated polypeptides, 66 kDa (p66) and 51 kDa (p51).  

 

3.1  p66 subunit 

The p66 subunit consists of a polymerase (pol) domain and an RNase H 

domain (Fig. 2).  The pol domain in turn is comprised of four subdomains, fingers 

(residue 1-88 and 121-146), thumb (residue 243-311), palm (residue 89-120 and 

147-242), and connection (residue 312-425) (17).  Encoded by the N-terminal 425 

amino acid residues, the pol domain is a member of the pol A family and is 

structurally similar to the DNA polymerase I Klenow fragment from E. coli with 

the shape of a right hand.  The DNA binding cleft is formed primarily by the p66 

fingers, palm, and thumb domains.  The polymerase active site, located at the base 

of the DNA binding cleft in the hairpin between β9 and β10 loop, contains three 

conserved aspartic acid residues, two of which are part of the characteristic 

YXDD motif of polymerase structures (17,18).  The fifth domain of p66 subunit is  
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Figure 2.  Structure of an unliganded HIV-1 RT heterodimer.  The five domains of 

the p66 subunit are labeled and colored on the figure, while the p51 subunit is in 

gray color.  The polymerase active site is highlighted by its conserved residues, 

D110, D185, and D186, in space-filled model.  This image was generated with 

1DLO.pdb (19) using Swiss PDB viewer, POV-Ray, and Corel DRAW. 
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the Ribonuclease H (RNase H) domain, comprised of the 135 C-terminal amino 

acid residues.  RNase H cleaves the RNA template in an RNA-DNA duplex, after 

it is copied by the RT DNA polymerase.  The “RNase H primer grip” consists of 

amino acids that interact with the DNA primer strand.  This grip may control the 

interactions between the RNA template and the RNase H active site, depending on 

the sequence and structure of the nucleic acid (20).  The catalytic triad (E478, 

D443, D498) bind divalent cations (Mg2+) within the RNase H active site.  Mg2+ 

ions neutralize the negative charges of key residues in both the polymerase (21) 

and RNase H active site, stabilizing the association of RT with primer/template 

(22).   

 

3.2. p51 subunit 

The p51 subunit is formed by proteolytic cleavage of the 120 C-terminal 

amino acids of the p66 subunit by HIV protease (23) and hence contains the four 

domains of the polymerase core while lacking the RNase H domain.  The two 

subunits have identical N-terminal sequences.  Although the secondary structures 

are similar, the orientations of the domains are different in the p66 and p51 

subunits such that only the p66 subunit possesses a functional polymerase active 

site in its palm domain.  In the p51 subunit, the connection domain lies between its 

palm and thumb to block its DNA polymerase active site (17), thus rendering the 

site inactive (24).  Both the thumb domain of p51 and the RNase H domain of p66 
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go through conformational changes to form the primer/template-binding site and 

the tRNA-binding site in the active form of HIV RT (25).   

3.3. Nucleic acid substrate binding 

HIV-1 RT has nonrestrictive substrate specificity in that it catalyzes the 

polymerization of four different combinations of primer/template duplexes: 

RNA/RNA, DNA/RNA, RNA/DNA, and DNA/DNA (26).  The majority of the 

protein contacts located in the primer/template binding cleft are common among 

RT-tRNA/RNA, RT-DNA/DNA, and RT-DNA/RNA complexes, except for a few 

contacts between the p66 fingers domain and the viral tRNA/RNA that are not 

detected with RT-DNA/DNA (27).  

Crystallographic studies of RT-DNA complexes reveal conformational 

changes during DNA binding and nucleotide binding (Fig. 3).  In the RT-DNA 

binary complex, DNA binding along a groove stretching from the polymerase 

active site to the RNase H active site (28) increases the flexibility of RT (29) and 

causes a rotation of the thumb domain of p66 (30) towards the primer/template, in 

concert with conformational changes in the YMDD motif (31).  The DNA primer 

terminus is in the vicinity of the catalytic aspartic triad in the palm domain of p66.  

Hydrophobic interactions and possible hydrogen bonds help stabilize the 

polymerase-DNA complex (32).  DNA base pairs close to the active site are A-

form in structure with a widened minor groove, similar to what has been observed 

with other DNA polymerases (33).  Six to seven base pairs away from the 
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polymerase active site, the bound DNA exhibits a 40˚ bend (18), and transitions to 

B-form DNA structure.  However, the functional significance of the transition 

from B to A-DNA is not understood. 

 

3.4. Ternary complex formation  

The formation of the ternary RT-DNA-dNTP complex resembles ternary 

complexes of other DNA polymerases.  A binding pocket is formed by a closure 

of the fingers domain towards the palm and thumb domains to accommodate the 

3’-hydroxyl group of an incoming nucleotide.  The distal portion of the finger 

domain bends inward to the palm domain and the polymerase active site (Fig. 3), 

inducing a repositioning of the primer 3’-terminus with respect to the rest of the 

polymerase active site.  The palm domain itself shifts slightly to rearrange the side 

chains of the active site residues.  The incoming nucleotide also brings in two 

divalent metal ions.  One metal ion facilitates the formation of catalytic RT 

complex.  The other metal ion coordinates the incoming nucleotide with the 

oxygen ions of the triphosphate of the nucleotide, the side chains of strictly 

conserved Asp185 and Asp110, and the backbone carbonyl oxygen of Val111.  

The metal ions are positioned closely to the 3’-hydroxyl group of the primer 

terminus.  The conformational change induced upon nucleotide binding 

specifically positions Asp110 for metal chelation.  The nucleotide base stacks 

against the primer terminus and residues Arg72 and Gln151.  The triphosphate 
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Figure 3.  Conformational changes inside HIV-1 RT p66 subunit during DNA 

polymerization.  (a) unliganded form of RT; (b) binary complex RT’/DNAn; (c) 

ternary complex RT*/DNAn/dNTP; (a b) rotation of the p66 thumb domain 

away from the fingers domain induced by DNA binding (see the arrow); (b c) 

hinge movement of the fingers domain to close down to the polymerase active site 

at the floor of the palm domain induced by nucleotide binding (see the arrow).  

The thumb domain in a b is in light grey in the absence of DNA, and in orange 

color in the presence of DNA.  The fingers domain in b c is in red color in 

absence of dNTP, and dark gray in presence of dNTP.  RT’ denotes the enzyme 

form after the conformational change induced by DNA binding.  RT* represents 

the enzyme form after the conformational change induced by nucleotide binding.  

Both the protein and DNA backbones are shown in ribbon diagrams.  The DNA 

template and primer are in ball-and-stick model.  
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portion is contacted by Lys65 (γ phosphate), Arg72 (α phosphate), two main-

chain NH groups, and two metal ions (34-36).     

 

3.5. Nucleotide binding pocket 

Several amino acids - Asp113, Tyr115, Phe116, and Gln151- form a 

binding pocket for the 3’-hydroxyl group of a nucleotide (Fig. 4).  The 3’-

hydroxyl group forms a hydrogen bond with the Tyr115 main-chain-NH.  Tyr115 

contacts 2’ position modifications and prevents ribonucleoside incorporation by 

interference with a 2’-hydroxyl (28,33).  Another requirement for the stabilization 

of the ternary complex is a positive charge conferred from residue 154.  Lys154 is 

the only positively charged residue in the VLPQGWK motif on the β8-αE loop at 

the junction of the fingers and palm domains of HIV-1 RT.  Lys154 assumes 

different orientations in the binary and ternary complexes.  Lys154 also interacts 

with and stabilizes the side chains of Glu89 and Asp86.   

 

3.6. Translocation  

The aromatic residues in the vicinity of the polymerase active site are 

thought to be involved in transitions between different stages of the catalytic 

process.  During DNA polymerization and translocation, conformational changes 

occur at the “primer grip” (the β12-β13 hairpin of p66 palm domain).   



 13

 

Figure 4.  Nucleotide binding region.  Only the palm (yellow), thumb (orange), 

connection (green) subdomain, and RNase H domain (blue) are shown here.  The 

residues lining the nucleotide binding pocket are colored in blue.  A TTP (colored 

in green) is bound at the active site. A DNA duplex is shown in a ball-and-stick 

model.  Magnesium ions are colored in pink. 
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Translocation refers to the process in which elongated primer/template DNA is 

relocated from the nucleotide-binding site (pre-translocation complex N) to the 

priming site (post-translocation complex P) (37).  Structural elements that help 

move nucleic acid and protein along the translocation track during polymerization 

include the primer grip, template grip, and helices αH and αI of the p66 thumb 

(31).  Two antiparallel α-helices (H and I) of the thumb domain interact in the 

region of DNA bend.  Whereas α-helix I interacts with the sugar-phosphate 

backbone of the template strand, α-helix H is partially embedded in the widened 

DNA minor groove and interacts primarily with the primer strand.   

 

4.  FUNCTIONS OF REVERSE TRANSCRIPTASE  

 HIV-1 RT replicates viral RNA into pro-viral DNA by catalyzing three 

consecutive catalytic activities (38,39).  First, it synthesizes a minus-strand DNA 

by RNA-dependent DNA polymerization, which is initiated by a host tRNA 

primer.  Second, the RNase H domain of reverse transcriptase degrades the RNA 

template from the RNA-DNA heteroduplex (40) in a reaction occurring in tandem 

as minus-strand DNA synthesis proceeds.  Finally, it synthesizes a plus-strand 

DNA by DNA-dependent DNA polymerization using a DNA primer (41-43).  
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4.1. Reverse Transcription of HIV RNA Genome 

The complete process of reverse transcription catalyzed by HIV-1 RT is 

described in ten steps (Fig. 5) according to the model proposed by Hottiger and 

Hubscher (44).  In the first step, synthesis of minus-strand (-) DNA initiates from 

the 3’ end of a host tRNALYS,3 primer partially annealed to the primer binding site 

(PBS) region near the 5’ end of the plus-strand (+) viral RNA template.  HIV 

nucleocapsid protein could help initiation by facilitating RT to unwind the first 18 

basepairs of the 3’ end of tRNALYS,3 (45,46).  In the second step, DNA synthesis 

continues and produces the strong-stop DNA intermediate.  DNA synthesis stops 

when RT encounters the 7-methyl-guanine cap of the RNA.  In the third step, the 

5’ end of the viral genomic RNA is degraded by the RNase H activity of RT to 

leave a single-stranded (-) strong-stop DNA.  The fourth step involves the first 

strand transfer: (-) strong-stop DNA is translocated from 5’ to 3’ end of the same 

(intermolecularly) or a second genomic RNA template (intramolecularly) that is 

complementary to the 3’ end of (-) strong-stop DNA.  This DNA translocation is 

also referred to as the first jump.  Intramolecular first jump is possible because 

there are two identical copies of single-stranded RNA of the inverted repeats in 

each HIV.  In the fifth step, the (-) strong-stop DNA synthesis resumes into the 

primer binding site (PBS) region while RNase H activity hydrolyzes the entire 

viral RNA template except the polypurine tract (PPT) fragment, which serves as  
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Figure 5.  The Reverse Transcription Process.  Uppercase letters indicate plus-

strand regions while lowercase letters indicate minus-strand regions.  Redrawn 

from Hottiger and Hubscher (41), 1996. 
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the primer to initiate (+) DNA synthesis in the sixth step.  The HIV-1 genome has 

a second PPT in the pol region.  The PPT may be the origin for the second (+) 

DNA synthesis in the seventh step, which yields two discrete (+) strands of 

unintegrated linear DNA.  This second PPT region facilitates replication although 

it seems not to be mandatory.  In the eighth step, the tRNA primer is removed by 

RNase H from the 5’ (-) DNA as soon as the 3’ (+) DNA extends past it.  The 

ninth step involves the second strand transfer: the complementary copies of PBS 

sequences at the 3’ ends of (+) strong-stop DNA and the nascent (-) DNA base 

pair.  This intramolecular second jump circularizes the DNA strands.  In the last 

step, (-) and (+) DNA synthesis continues to complete the synthesis of the double-

stranded pre-integrative DNA (47).  The end product of reverse transcription is 

called pro-viral DNA and is longer at both ends than the original viral RNA 

template.  The entire process takes place in cytoplasm of host immune cells, CD4, 

within the first six hours of infection.  After synthesis, pro-viral DNA is 

transported to the nucleus of host cells as a nucleoprotein complex (44), followed 

by integration into host DNA, catalyzed by HIV integrase (48). 

 

4.2. RNase H cleavage/hydrolysis 

The polymerase and RNase H active sites of HIV-1 RT are separated by 

nineteen to twenty base pairs of DNA/RNA heteroduplex when the template does 

not contain a secondary structure (17,18,49-53).  The primer/template can be 
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productively bound to RNase H while non-productively bound to the polymerase.  

RNase H activity is not required for RT to read through the secondary structure of 

the RNA template (49), although the polymerase and RNase H activities in HIV-1 

RT are coupled by the movement of the enzyme along the template during the 

polymerization process.  This correlation is evident by examination of the overlap 

of RNA cleavage sites and pause sites for primer elongation through an RNA 

hairpin on the template (49).   

RNase H cleavage shows some sequence dependence.  During retrovirus 

replication, the RNase H domain of RT carries out nonspecific hydrolysis that 

removes RNA from the DNA/RNA replication intermediate, making nascent 

DNA available for a second round of synthesis (54).  Specific RNase cleavage is 

required in the following steps: (1) release of the cognate tRNA primer from (-) 

DNA prior to second strand transfer (55,56), (2) excision of the 3’ end polypurine 

tract (PPT) of the RNA genome from the replication intermediate and subsequent 

use of PPT to prime (+) strand DNA synthesis, and (3) removal of the PPT primer 

from (+) strand DNA by a precise cleavage at the PPT/U3 junction, generating a 

correct viral DNA end for subsequent integration (57).  The PPT is resistant to 

RNase H cleavage.  The PPT-selective processing is induced by inherent 

structural distortions resulting from the PPT sequence itself (58).   

The specificity of RNase H cleavage is governed by the structure and the 

proper positioning of the DNA/RNA primer/template duplex in the p66 subunit, 
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relative to the RNase H active site (59).  A series of HIV-1 RT p66 residues within 

the connection domain and RNase H domain interact with the DNA primer strand 

and may control the trajectory of the RNA template relative to the RNase H 

catalytic center.  This region is referred to as the “RNase H primer grip” and is 

conserved between retroviral and bacterial RNase H (20).  Substitution of the 

conserved residues in the RNase H primer grip region reduces the polymerization-

independent cleavage activity significantly (60).  Residues in the RNase H primer 

grip, the thumb domain, and particularly the minor groove binding track (61), are 

crucial for the unique interactions between RT and PPT, that create the correct 

positioning for precise RNase H cleavage.   

 

5. KINETIC MECHANISM OF REVERSE TRANSCRIPTASE  

The kinetic parameters of HIV-1 RT have been measured by transient state 

single nucleotide incorporation assays (21,62).  Transient state, also known as pre-

steady-state kinetic methods are preferred over steady-state kinetic analyses for 

dissection of reaction mechanisms as steady-state kinetic analyses can not address 

the individual steps of a reaction.  The observed steady-state turnover rate, kcat, is 

usually dominated by the slow dissociation rate of DNA from a polymerase rather 

than the actual polymerization rate.  Therefore, individual reaction steps such as 

the binding of DNA and an incoming nucleotide, the putative protein 

conformational change, the chemistry step, and the product dissociation step, can 
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only be resolved by pre-steady-state kinetic methods (63).  These methods allow 

direct measurement of each elementary step in a reaction mechanism while the 

enzyme is examined as a stoichiometric reactant.  Pre-steady-state kinetic studies 

using synthetic primer/template molecules and nucleotides have determined the 

polymerization mechanism of RT and the rate constants for the  elementary steps 

in the reaction pathway (62).   

The mechanistic pathway for RT polymerization (Fig. 6) is similar to other 

polymerases and involves the following steps: (1) tight binding of a 

primer/template duplex substrate to the polymerase heterodimer (E), which 

induces a conformational change of the enzyme (E’-Dn) (64,65), (2) binding of the 

next correct nucleotide (dNTP) and divalent metal ions required for catalysis to 

the enzyme/DNA binary complex (E’-Dn), which forms a ground-state “open” 

ternary complex of enzyme/DNA/nucleotide (E’-Dn-dNTP), a diffusion-limited 

initial association, (3) a rate-limiting conformational change, which is a relatively 

slow isomerization to a “closed” ternary complex (E’*-Dn-dNTP) that properly 

positions the nucleotide for catalysis (21), (4) a fast chemical incorporation step 

involving the formation of a phosphodiester bond between the 3’-hydroxyl primer 

terminus and the α-phosphate of the nucleotide (E’-Dn+1-PPi), followed by the 

release of pyrophosphate (PPi), and (5) processive synthesis whereby the 

elongated primer/template DNA is translocated from complex N to complex P 

(37,62,66-68) after which the enzyme either continues to polymerize; or 
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Figure 6.  A scheme for the polymerization pathway of HIV-1 reverse transcriptase.  Kinetic measurements using an 

RNA template are indicated in parentheses, all others are determined using a duplex DNA/DNA primer/template.  E 

represents enzyme.  Dn represents substrate DNA.  Dn+1 represents product DNA with an elongated primer.  dNTP 

represents the incoming nucleotide.  E’ denotes the form of RT after a conformational change induced by DNA-

binding.  E’* denotes the transitional state of RT after the second conformational change upon nucleotide binding.  

PPi represents pyrophosphate.  Data were reported by Kati et al (62)
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alternatively exhibits distributive synthesis where the enzyme dissociates from the 

primer/template DNA.  Following dissociation, the polymerization process restarts 

via the formation of the initial binary complex (E’-Dn). 

The binding of RT to a primer/template DNA substrate can occur in two 

states – productive and nonproductive – due to the pause sites in the secondary 

structure of the template (69).  Moreover, a nonproductive E-DNA complex is 

formed when DNA is bound at a site distal to the DNA-binding tract.  However, 

the nonproductive complex can isomerize to a productive E’-DNA complex, 

which can successfully bind and incorporate an incoming nucleotide (70,71).   

 

6. RNA- VERSUS DNA-DEPENDENT DNA POLYMERIZATION 

RNA and DNA-dependent DNA polymerization are similar in the rate-

limiting step – the conformational change following nucleotide binding 

(21,62,68,72).  Nevertheless RNA-directed polymerization has been differentiated 

from DNA-directed polymerization by pre-steady-state kinetic analysis (62).  At a 

faster polymerization rate (66 s-1 compared to 20 s-1) and a slower steady state rate 

(0.06 s-1 compared to 0.18 s-1) (73),  RNA seems to be the preferred template for 

HIV-1 RT.   

For DNA polymerases, the fidelity of replication during forward polymerization 

and exonuclease error correction is largely a function of the two-step reaction: a 

correct nucleotide binding to properly base-paired duplex DNA
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followed by a conformational change (74).  The fidelity of DNA synthesis by 

HIV-1 RT is 10 to 60-fold higher with an RNA template (73) than with a DNA 

template (62) (Table 1).  With a DNA template, mismatched nucleotide 

incorporations opposite a template base thymine displayed a 250-fold increase of 

the equilibrium dissociation constant (Kd) and a 7 to 80-fold decrease of the 

maximum incorporation rate (kpol), relative to the incorporation of matched 

deoxyadenosine 5’-triphosphate (dATP).  In contrast, with an RNA template, the 

incorporation of dGTP, dCTP, and dTTP opposite a template uridine (rUTP) were 

370- to 24,700-fold slower and had a 50- to 80-fold lower affinity than dATP (73).  

RNA-dependent DNA replication is much more selective for the maximum 

incorporation rates and binding affinities of incorrect nucleotides are substantially 

lower.   

Several structural factors can be attributed to higher fidelity with an RNA 

template.  Misaligned intermediates are formed less frequently with RNA 

templates than with DNA templates (75).  Topology and thermodynamic stability 

of DNA/DNA and DNA/RNA duplexes vary in a sequence-dependent manner 

(76,77).  In addition, the secondary structure of a template might affect the 

efficiency of nucleotide incorporation (49,69,78-80).   
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Table 1: Fidelity of HIV-1 RT with 25/45mer primer/template.   

 DNA template1 

dNTP Kd 

(µM) 

kpol (s-1) kpol/Kd 

(µM-1s-1) 

fidelity3 

dATP 4 33 8.25 - 

dGTP 1010   4.8 4.75 x 10-3 1740 

dCTP 1240   0.52 4.19 x 10-4 19700 

dTTP 840   0.41 4.88 x 10-4 16900 

 RNA template2 

dATP 14 74 5.28 - 

dGTP 1000   0.2 2.0 x 10-4 26000 

dCTP 1100   0.03 3.0 x 10-5 176000 

dTTP 700   0.003 4.9 x 10-6 1100000 

 

1 Kati et.al., 1992 (62).  

2 Kerr and Anderson, 1997 (73).  

3 Calculated as [(kpol/Kd)correct + (kpol/Kd)incorrect]/(kpol/Kd)incorrect.  
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7. RNA SECONDARY STRUCTURE SWITCHING 

The secondary structure of an RNA or DNA template causes RT to stall 

during polymerization (49,69,78-80).  The DNA/RNA and DNA/DNA substrates 

predominantly bind at the polymerase active site of RT in a nonproductive state at 

strong pause sites and in a productive state at non-pause sites.  Pause sites are 

segments of templates where secondary structures such as hairpin stems prevent 

the DNA substrate from binding productively to RT consequently stalling the 

polymerization process.  Suo and Johnson proposed a model for the motion of RT 

progressing through the RNA secondary structure at 37oC (49).  While remaining 

associated with RT, it is postulated that the non-productively bound DNA/RNA is 

slowly converted to a productive state upon melting of the next stem base pair, 

followed by fast nucleotide incorporation.  Interestingly, the hairpins in RNA 

secondary structure can disassemble and reform when HIV-1 RT reads through 

the stem region of the first hairpin structure.  Moreover, HIV-1 RT facilitates such 

RNA secondary structure switching by inducing unwinding of the secondary 

structure in the template strand near the 3' end of the primer (49,69,78,79).  This 

model demonstrates a dynamic RNA or DNA template secondary structure during 

DNA polymerization catalyzed by RT.  
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8. NON-NUCLEOSIDE REVERSE TRANSCRIPTASE INHIBITORS 

Current treatment of HIV-infected or AIDS patients enlists four types of 

drugs: nucleoside analog reverse transcriptase inhibitors (NRTIs), nonnucleoside 

reverse transcriptase inhibitors (NNRTIs), fusion/entry inhibitors, and protease 

inhibitors (PIs), which are often used either in a monotherapy or a combination 

therapy.  These inhibitors can only retard the conversion of infected T cells to 

monoclonal malignant cells.  In spite of the development of drug-resistant mutant 

strains, HIV-1 RT remains as one of the main targets for antiretroviral therapies 

used in the treatment of AIDS. 

 

8.1. NNRTIs vs. NRTIs 

NNRTIs differ from NRTIs in their chemical structures (Fig. 7 and Fig. 8), 

binding sites (Fig. 9), and inhibition mechanisms (Fig. 10).  NRTIs are structural 

derivatives of nucleosides or nucleotides with modified functional groups whereas 

NNRTIs are highly hydrophobic aromatic compounds.  The 5’-triphosphates of 

NRTIs bind at the nucleotide binding sites on HIV-1 RT, directly competing with 

incoming nucleotides.  As a result, several cellular DNA polymerases,  in 

particular, the human mitochondrial DNA polymerase (pol γ), are also inhibited 

by NRTIs, causing severe side effects (81).  Unlike NRTIs, NNRTIs enter a 

hydrophobic pocket adjacent to the active site, inducing a conformational change  
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Figure 7.  Structures of NRTIs approved by the FDA.  

 

Figure 8.  Structures of NNRTIs approved by the FDA.
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Figure 9.  NNRTI versus NRTI Binding Sites.  Nevirapine is in a pink-colored 

ball-and-stick model.  The side chains of the residues inside the NNRTI binding 

pocket are in ball-and-stick models. The pol active site is outlined by the key 

residues, the aspartic triad, in green-colored ball-and-stick model.  NRTIs bind 

directly at the active site onto the 3’-end of the primer.
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Figure 10.  Inhibition mechanisms of NNRTI (panel A) and NRTI (panel B) 
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that locks RT into an inactive state by perturbing the position of catalytic residue.  

NRTIs bind to RT-DNA complexes at the ground-state binding step, but the DNA 

chain elongation ends after an NRTI is incorporated due to the lack of a 3’-

hydroxyl group (Fig. 10A).  NNRTIs can bind to RT-DNA complexes before 

dNTP and inhibit the chemistry step (Fig. 10B).  NNRTIs are structurally diverse 

compounds that bind to a hydrophobic region near the polymerase active site in 

the palm domain of the p66 subunit of HIV-1 RT (82).  The NNRTIs currently 

approved for use in antiretroviral therapy include nevirapine (83), delavirdine 

(84), and efavirenz (85).  Although NNRTIs are less toxic than NRTIs, they elicit 

allergic responses, disturb metabolic functions, and appear to be toxic to the liver 

and central nervous system (86).  Moreover, because they bind to nonessential 

residues, resistance is readily achieved by mutation of amino acids surrounding 

the NNRTI binding pocket. 

  

8.2. Structural and Conformational Effects of NNRTI binding 

In unliganded RT, the thumb domain contacts the finger domain, 

somewhat covering the substrate-binding cleft.  The NNRTI binding alters the 

flexibility of the domains which correlate motions with the binding pocket (29).  

The effects include domain shifts relative to the enzyme core (30) and the 

misalignment of the conserved residues of the polymerase active site (Asp110, 

Asp185, and Asp186) relative to the catalytically required Mg2+ ions (21).  



 32

Rotation and stiffening of the p66 thumb domain skew the orientation of the 

primer/template with respect to the polymerase and RNase H active sites of RT 

(87).  Esnouf et al suggests that NNRTIs inhibit RT by locking the polymerase 

active site into an inactive conformation, reminiscent of the conformation 

observed in the inactive p51 subunit (88).  However, kinetic measurement showed 

that NNRTIs do not block the nucleotide induced hinge movement of the finger 

domain, but inhibit the rate of the chemical reaction of the polymerization (21).  

 

8.3. Inhibition mechanism of NNRTIs 

First generation NNRTIs such as nevirapine and TIBO do not compete 

with either primer/template or nucleotide substrates for binding to the enzyme.  

Pre-steady state kinetic studies revealed that NNRTIs inhibit HIV-1 RT by 

slowing down the chemical reaction (step 3’, Fig. 10A), without affecting the 

nucleotide binding and the consequent conformational change (step 2’, Fig. 10A) 

(21).  In a single turnover experiment, the observed fast product formation is 

catalyzed by uninhibited HIV-1 RT because the equilibration of the inhibitor with 

the E-D complex is slow relative to the rate of the polymerization reaction.  

Spence et al. postulated that the binding of the NNRTIs switches the positions of 

the carboxyl groups of the conserved aspartic acid residues and resultantly 

reduces the rate of the Mg2+-dependent chemical reaction (21), and the chemical 
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reaction of the enzyme-DNA-inhibitor-nucleotide complex becomes the rate 

limiting step in the polymerization pathway.  

The structural distortions caused by the NNRTI binding also reduce the 

affinity of HIV-1 RT for the primer/template as well as the specificity of RNase H 

cleavage (89).  Aside from the chemical reaction at the active site, other reverse 

transcription events such as strand transfer, strand displacement, and recognition 

of tRNA primer in the initiation of reverse transcription (19) could also be 

affected by this class of inhibitors.   

   

8.4. Effect of mutations on the structure to develop resistance to NNRTIs 

HIV adapts to NNRTIs by evolving in the vicinity of NNRTI binding 

pocket in HIV-1 RT.  Single amino acid substitutions include L74I/V, V75I/L, 

A98G, L100I, K101E/I/Q, K103N/Q/R/T, V106A/I, V108I, E138K, T139I, 

G141E, V179D/E, Y181C/I, Y188C/H/L, V189I, G190E/Q, P225H, P236L, and 

V233E (90-101).  Switched amino acids can cause rearrangement of residues 

inside the NNRTI binding pocket and hence repositioning of NNRTIs (102,103), 

or alter the interaction(s) of the NNRTI and the binding pocket as in the case of 

K103N.   

Residue 103 is not located inside the hydrophobic NNRTI binding pocket 

but near the entrance to the pocket (Fig. 11).  The most clinically prevalent 

K103N causes resistance to most of the NNRTIs.  In unliganded RT, K103N 
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Figure 11.  K103N resistance mechanism.  Position 103 (highlighted by the blue 

dotted circle) is at the entrance to the NNRTI binding pocket for wild type RT 

(gray ribbons) and the K103N mutant (red ribbons).  Hsiou et al. proposed a 

direct interaction (3.3 angstroms) between the OH of Y188 and the NH2 of N103.  

Duplicated from Hsiou et al., 2001 (104).  
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creates an extra hydrogen bond with its NH2 group and the OH group of Y188 

(104).  Instead of distorting the structure of complex between HIV-1 RT and 

NNRTIs, K103N is thought to prevent NNRTIs from contacting the binding 

pocket.   

The side chains of mutated amino acid residues prevent RT from 

accepting the inhibitors as substrates by two mechanisms.  Mutations can alter the 

structure of the binding site and impose steric hindrance for inhibitors to enter the 

binding pocket.  Mutations can also destabilize the hydrophobic and electrostatic 

interactions between the enzyme and NNRTI.  These mutational factors 

contribute to weaker binding of NNRTIs to HIV RT, which leads to drug 

resistance. 

 

8.5. Novel Class of NNRTIs 

Computational structure-biased design identified some naphthyl urea 

compounds as a novel class of NNRTIs (1).  According to the molecular docking 

program, they do not bind to the conventional NRTI or NNRTI binding site.  

They inhibit not only the wild type but also drug-resistant HIV-1 RT.  They did 

not appear to  inhibit T4 DNA polymerase, T7 DNA polymerase, and the Klenow 

fragment in a previous study (1).  Further investigation into their inhibition 
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mechanism is performed as part of this thesis in order to assess their efficacy and 

mechanism of action.   

 

9. SUMMARY 

In this chapter I have presented an updated review of research results 

pertaining to HIV-1 RT.  Current understanding of this enzyme can be divided 

into the following aspects: structure-function relationship, fidelity of 

polymerization, and development of drug-resistant through mutation.  The focus 

of my dissertation project is on the last aspect.  In the following chapters, I will 

describe the efficacy of a novel class of NNRTIs as well as the characterization of 

a mutant HIV.  Three different NNRTIs with a range of size and shape were 

chosen to determine their effectiveness.  Polymerization mechanisms of wild type 

HIV-1 RT and K103N mutant in the presence of CZ-1, α-APA, and HBY097 

were investigated.  HBY097 and α-APA are the conventional NNRTIs that are 

known to bind at the hydrophobic pocket adjacent to the active site, while CZ-1 

does not.  The kinetic parameters were compared to gain insights into the drug 

resistance mechanism of K103N.  The inhibition mechanism of CZ-1 was 

delineated to facilitate the design of future RT inhibitors. 
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CHAPTER 2: Experimental Methods and Materials 

 

1. MATERIALS  

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless 

otherwise noted.  Bacterial cell lines, dATP, T4 polynucleotide kinase, and kinase 

buffer were purchased from Invitrogen Corp. (Carlsbad, California).  [γ-32P] ATP 

(3000 Ci/mmol) was purchased from NEN life science products, Inc. (Boston, 

MA). The P-11 resin for the phosphocellulose column and filter paper and discs 

were purchased from Whatman (Chilton, NJ).  The sepharose resin was purchased 

from Amersham Biosciences (Piscataway, NJ).  Micro-Bio-Spin-6 columns and 

electrophoresis apparatuses were obtained from BioRad Laboratories, Inc. 

(Hercules, CA).  RNAse-free reagents were obtained from Ambion Inc. (Austin, 

TX).  Microfuge tubes were purchased from Phenix Research (Hayward, CA).  

Glassware and forceps were autoclaved.  

 

1.1. RT, p66 (K103N) and p51 (K103N) construction 

Plasmids pKK322 of the HIV-1 reverse transcriptase subunits p66 (WT) 

and p51 (WT) were generously provided by Roger Goody (105).  Since the p51 

subunit has been postulated to be a proteolytic cleavage product of the p66 
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subunit (23), both p66 and p51 subunits should contain the K103N mutation in the 

physiological form of HIV-1 RT heterodimer.  The two plasmids encoding the 

p66 and p51 subunit with K103N mutation, respectively, were created by site-

directed mutagenesis.  The process was carried out using the QuikChange® Site-

Directed Mutagenesis Kit from Stratagene, (La Jolla, CA).  A pair of forward and 

reverse primers containing the genetic change from AAA to AAC was designed.  

The pKK322-B plasmid and the primers were mixed in a PCR reaction catalyzed 

by pfu Turbo DNA polymerase.  The new constructs, containing the one base 

substitution, were transformed into DH5α competent cells (Invitrogen, CA) for 

amplification.  After the presence of the mutation was confirmed by sequencing, 

the extracted plasmid DNA from DH5α cells was transformed into Tuner 

competent cells (Novagen / EMD Biosciences, San Diego, CA) for protein 

expression.    

 

1.2. Protein expression and Purification of HIV-1 Reverse Transcriptase. 

Transformed E. coli cells expressing the p66 and p51 subunits were grown 

separately in Lennox L broth supplemented with ampicillin (0.1 mg/mL) at 37oC.  

The optical density of the bacterial culture was measured at 600 nm with a 

spectrophotometer, Beckman Coulter DU640 (Fullerton, CA).  When the optical 

density reached 0.6, protein expression was induced by adding 0.5 mM isopropyl 
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β-D-thiogalactopyranoside.  The cells were then grown for 16 hours at 37oC and 

harvested by centrifugation at 4000x g for 10 min.  The crude cell lysates were 

analyzed by SDS-PAGE stained with Coomassie Blue.  Based upon the gel-

staining intensities of the bands corresponding to the p66 and the p51 subunits, 

the cell pellets were combined in a ratio of 3.9 to 1 by weight for the large and 

small subunit, respectively, in order to achieve a ratio of 1.25 to 1 at the end of the 

purification process (Fig. 12). 

Figure 12.  Gel of the K103N purification procedure.   
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The procedures for purification of wild type RT were modified from 

previously described by Kati et al. (62,106) and were performed at 4oC as 

follows.  The cells (24.5 g) were resuspended in buffer A (50 mM Tris-HCl, pH 

7.9 (at 4oC, or pH 7.5 at room temperature), 500 mM NaCl, 2 mM EDTA, 1 mM 

phenylmethanesulfonyl fluoride, 10 % glycerol, 0.01 % Triton-X, and 1 mM 

dithiothreitol) to a final volume of 125 ml.  The suspension was homogenized in a 

dounce.  Lysozyme was added to 0.75 mg/ml.  The bacterial cells were further 

broken down with a Branson Sonifier 450 (VWR) at 50% duty cycle, total output 

30 Watts (control 8).  The suspension was sonicated three times for 30 sec with 2-

min lapses in between.  Cell extract was centrifuged at 75,500g for 1 hour.  The 

viscosity of the solution was decreased when the nucleic acid was removed by 

adding 0.4% polyethylenimine drop-wise and incubated for 15 min.  Nucleic acid 

precipitate was then separated by centrifugation (10,000 x g for 20 minutes) and 

discarded.  Protein in the supernatant was precipitated by 60 g ammonium sulfate 

/ 100 ml and separated by centrifugation (18,000 x g for 20 minutes).  Protein 

pellets were resuspended in and dialyzed against buffer A overnight.  After 

spinning out the sediment (75,000 x g for 20 minutes), the protein solution was 

loaded onto a 20 ml phosphocellulose column pre-equilibrated with buffer A, 

washed with 10 column volumes of buffer A, and eluted with a 0.05 to 1 M 

sodium chloride gradient (300x300 ml).  Pure protein fractions determined by 

SDS-PAGE were pooled together and dialyzed for 4 hour with buffer A.  
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Dialysate was loaded onto a 10 ml Q-sepharose column equilibrated with buffer 

A.  Flow through and the first 15 ml fraction from washing with buffer A were 

collected and concentrated with Amicon Centriprep YM-50 (Fisher Scientific) at 

3000xg for 2 hour.  Concentration of RT was determined by UV spectroscopy 

absorbance at 280 nm with an extinction coefficient of 260,450 M-1cm-1  Reaction 

amplitude of the preparation showed approximately 0.5 to 0.7 active sites per 

p66/p51 heterodimer.  The enzyme concentration was calibrated for the fraction 

of active protein (see Active Site Titration). 

 

1.3. Synthetic DNA Oligonucleotides 

All experiments in Chapters 3 and 4 were performed with the same DNA 

duplex 25/45-mer (Fig. 13A) as described by Kati et. al (62) in which the next 

base coded for incorporation was dATP.  Oligonucleotides were synthesized by 

Integrated DNA Technologies, Inc. (Coralville, IA) and purified by denaturing 

polyacrylamide gel electrophoresis (PAGE).  Each DNA pellet was resuspended 

in 1 ml distilled water for at least 2 hours at room temperature before running on a 

15% denaturing polyacrylamide gel.  Each DNA band was visualized by a short 

wavelength (254 nm) UV lamp and eluted with 3 to 5 ml TE buffer, pH 8.0.  Gel 

solution was frozen for 30 minutes at -80oC and thawed rapidly in a glass beaker 

of boiling water.  DNA was eluted from the gel by shaking the solution in a 37oC 

incubator overnight.  Gel debris was spun down in a table-top centrifuge for 2 
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minutes at ~ 1000 x g.  The supernatant was filtered through 0.22 µm discs and 

subsequently concentrated by butanol extraction.  Greater than 4 volumes of N-

butanol was added to the filtered supernantant and centrifuged for 2 min at setting 

4 (~ 1000 x g), following by removing the organic upper layer containing butanol.  

This step was repeated until the aqueous phase, containing DNA, was less than 

0.5 ml.  Concentrated DNA solution was added 0.3 M sodium acetate, pH 5.2, and 

then 2 volumes of chilled 100 % ethanol to precipitate DNA.  This solution was 

chilled for at least 20 min. at -20oC and centrifuged for 10 min. at 4oC and 13,000 

rpm.  DNA pellet was air-dried and resuspended in 50 to 100 µl of sterile water. 

Figure 13.  Synthetic 25mer primer and 45mer template.   
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Concentrations of the oligonucleotides were determined by UV absorbance at 260 

nm using a spectrophotometer DU640 (Beckman Coulter Inc., Fullerton, CA).  

Equimolar amount of 25-mer and 45-mer were annealed by placing the solution in 

a heating block at 95oC and then cooling the heating block containing the solution 

on the bench for 2 hours to overnight. 

 

1.4. RNA 45-mer Template. 

The 45-mer RNA template (Fig. 13B) was synthesized by in vitro 

transcription using the T7 MEGAscript In Vitro Transcription Kit (Ambion Inc., 

Austin, TX) or Ampliscribe T7 High Yield Transcription Kit (Epicentre 

Technologies, Madison, WI).  DNA containing the 17-mer T7 promoter sequence 

in front of the 45-mer template was synthesized by PCR.  Forward and reverse 

PCR primers (Fig. 13C) were synthesized by Integrated DNA Technologies, Inc. 

(Coralville, IA).  The PCR product, T7 promoter-template DNA 62-mer (Fig. 

13C), was concentrated by ethanol precipitation before it was added into the 

reaction mixture to initiate the 6 hr. in vitro transcription.  The 45-mer RNA was 

purified by 10% denaturing PAGE, and visualized under short wavelength UV.  

RNA was eluted from excised gel with TE buffer, pH 8.0, followed by 

precipitation with 0.3 M sodium acetate and 100% ethanol.  RNA pellet was 

washed with 70% ethanol, air-dried, and finally, resuspended in water.  RNA 

concentration was determined by measuring the absorbance at 260 nm.  
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RNAseZap®  and RNAseZap Wipe® (Ambion, Inc., Austin, TX) were used to 

clean working areas, pipettors and gloved hands throughout the preparation to 

prevent contamination of the solutions or degradation of the RNA template by 

RNases.   

 

1.5. Non-nucleoside inhibitors  

The naphthalene sulfonic acid compounds were synthesized as described 

previously (1) and provided by our collaborator, Dr. George Kenyon.  HBY097 

and α-APA were courteously provided by Dr. Edward Arnold.  The non-

nucleoside inhibitors were dissolved and stored in dimethylsulfoxide (DMSO) at -

20oC and diluted by at least 700-fold to a stock solution with water.  Control 

experiments showed that the final concentrations of DMSO were low enough that 

they did not affect the measured kinetics.   

 

1.6. Buffers   

All experiments were carried out at 37oC.  RT was incubated with DNA in 

a reaction buffer containing 50 mM Tris-acetate pH 7.5, 100 mM potassium 

acetate, 0.1 mM EDTA and 0.1 mg/ml BSA.  dATP was diluted into the same 

buffer with 4 mM magnesium acetate.  PAGE loading buffer contains 0.5 M 

EDTA, 0.1% bromophenol blue, 0.5 % xylene cyanol in 100% formamide.  The 
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denaturing PAGE polymerization solution contains 15% polyacrylamide, 0.8% 

bis-acrylamide, 7M Urea, and 1X TBE. 

 

2. METHODS 

2.1. 5’-32P Labeling of DNA Primer  

Before annealing, the primer was 5’-radiolabeled with [γ-32P] ATP by T4 

polynucleotide kinase for 1 hour at 37oC.  The kinase was denatured by placing 

the reaction at 95oC for 5 min.  Un-reacted and contaminating nucleotides were 

removed from the labeled primer using a Micro Bio-Spin-6 column.  The final 

concentration of labeled 25-mer after column separation was determined by thin 

layer chromatography.  1 µl samples of the labeling solution taken before and 

after the micro-centrifugation were spotted on a PEI cellulose plate (EM Science, 

Gibbstown, NJ).  The mobile phase was 0.3 M KH2PO4, pH 3.4.  The free 

nucleotide migrated to the top of the plate while the DNA remained at the starting 

point.  The PEI cellulose plate was exposed to a phosphor screen, which was in 

turn scanned in a phosphorimager.  The intensity signals were analyzed with the 

software ImageQuant to determine the ratio of counts of labeled DNA before and 

after Bio-Spin column purification to estimate the yield.  The final concentration 

was calculated as the initial 25-mer concentration multiplied by the ratio.   
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2.2. Rapid Quench Experiments 

Experiments were carried out at 37oC in a rapid quench flow system RQF-

3 designed by Dr. K.A. Johnson (107) and built by KinTek Corporation 

(www.kintek-corp.com, Austin, TX).  The experiments were initiated by mixing a 

pre-equilibrated complex of enzyme with primer/template, in the absence or 

presence of inhibitor, with an excess of dATP in 2 mM MgCl2 (15 µl each), for 

time periods ranging from 0.01 to 20 seconds, and quenched with 80 µl of 0.5 M 

EDTA, pH 8.0.  The reaction sample was then expelled into a microcentrifuge 

tube containing 30 µl of polyacrylamide gel loading buffer (0.05% bromophenol 

blue, 0.005% xylene, and 20 mM EDTA pH 8.0 in formamide).  The 

concentrations of all the reagents were the final concentrations after 1 to 1 mixing 

of the reactants.  

 

2.3. Product Analysis  

During each time course, the formation of 26-bp product was quantitated 

by monitoring the extension of 5’-labeled 25-mer to 26-mer.  The products were 

resolved on a denaturing gel and the dried gel was exposed to a phosphor-screen, 

which was scanned with a PhosphorImager Storm 860 (Amersham Biosciences, 

Piscataway, NJ).  Intensity of the DNA bands was calculated with the 

ImageQuant 5.0 software (Amersham Biosciences, Piscataway, NJ).  The final 
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product concentration was determined by multiplying the final reaction 

concentration of 25-mer primer by the ratio of the signal intensity (I), 

mermer

mer

II
I

2625

26

+
. 

 

2.4. Data Analysis   

The concentration of the 26-mer product was plotted again time for each 

burst experiment as shown in Figure 14.  Data were fit by nonlinear regression 

using the program GraFit 5.0.1 (Erithacus Software).  Data points from a pre-

steady-state burst experiment were fit to the burst equation, tmeAy kt ⋅+−⋅= − )1( , 

where y represents the concentration of the 26-mer product, A the burst amplitude, 

k the observed burst rate, m the slope of the linear steady state phase, and t the 

reaction time. The steady state rate was calculated by dividing the slope by the 

concentration of active enzyme.  The observed burst rates were plotted against 

nucleotide (dATP) concentration and fit with a hyperbolic equation,
SK
Sk

y
d +

⋅
= max , 

where kmax represents the maximum incorporation rate, Kd the apparent 

equilibrium dissociation constant for the nucleotide, and S the concentration of 

nucleotide.  For single nucleotide incorporation experiments done in the presence 

of increasing concentrations of the inhibitor, the plot of the amplitude of each 

time course as a function of inhibitor concentration was fit with a hyperbolic 
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equation, B
IK

IEEy
d

+
+
⋅

−= , where y represents the amplitude of the enzyme-

DNA (E•D) complex, E the total enzyme concentration, I the total inhibitor 

concentration, B the background signal, and Kd the apparent equilibrium 

dissociation constant for the non-nucleoside inhibitor. 

The standard deviation listed for each rate, rate constant, and equilibrium 

constant value was obtained from the fit of the data by nonlinear regression.   

Figure 14.  Time dependence of primer elongation.  The time course of 26-mer 

formation typically shows two phases.  The first exponential phase corresponds to 

the nucleotide incorporation.  The second linear phase corresponds to the slower 

steady-state release of the 26-mer product from the enzyme.  
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Repetitive and duplicative experiments with sufficient number of data 

points ensured the accuracy of the error estimates and the reproducibility of our 

conclusions.   

 

2.5. Titration of active enzyme with DNA 

The concentration of active enzyme, as well as the Kd for DNA in the 

presence of different concentrations of the inhibitor, were determined by an active 

site titration experiment as previously described (62).  Freshly thawed RT was 

added to increasing concentrations of 5’-32P-labeled 25/45-mer DNA, in the 

presence or absence of inhibitor and incubated for 5 min.  Each sample of E•D or 

E•D•I complex was mixed with equal volume of dATP for 0.5 sec. and quenched 

with 0.5 M EDTA, pH 8.  The amplitudes were obtained by fitting each time 

course to the burst equation.  The amplitudes were then plotted as a function of 

DNA concentration.  The results from experiments done in absence of the 

inhibitor were fit with a quadratic equation, 

2
***4)*()*( 2 FDEFDEKFDEK

A dd −++−++
= , where A is the 

amplitude, E is the total enzyme concentration, D the total DNA concentration, Kd 

the equilibrium dissociation constant for DNA, and F the binding factor.  The 

binding factor is the fraction of E•D complexes in which the DNA is productively 

bound.  It corrects for the actual concentration of DNA in productive E•D 
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complexes because the data from DNA titration experiments showed that both 

inactive and active enzymes were bound to DNA.  The nonproductive E•D 

complexes tie up a percentage of DNA molecules, resulting in a lower apparent 

concentration of DNA for reaction.  The maximum amplitude obtained was 49% 

(for WT RT) or 69% (for K103N RT) of the protein concentration determined by 

the UV280 absorbance measurements.  All enzyme concentrations reported here 

are calibrated via active site titration.   

 

2.6. Determination of the inhibitor equilibrium dissociation constant 

Wild type RT (100 nM) was preincubated with saturating concentration 

(200 nM) of 5’-32P-labeled 25/45-mer DNA and a range of concentrations of 

inhibitor for 15-20 minutes at 37oC in reaction buffer.  Concentrations of inhibitor 

were included in the initial solution where the equilibrium between E•D and 

E•D•I complexes was established.  The partially saturated E•D complex was 

diluted by half when mixed rapidly with an equal volume of 150 µM dATP (in 10 

mM MgCl2) and allowed to react for 0.01 to 3 seconds.  The reactions were 

quenched with 0.5 M EDTA at the indicated time points.  The individual time 

course of primer extension at each inhibitor concentration was fit to the burst 

equation, tmeAy tk ⋅+−⋅= ⋅− )1( , to yield the amplitude for each burst curve.  The 

amplitudes of the burst phases were plotted against the inhibitor concentrations.  
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The data were fit to either a quadratic equation, 

B
IEIEKIEK

Ey dd +
∗−++−++

−=
2

*4)()( 2

, or a hyperbolic equation, 

B
IK

IEEy
d

+
+

−=
* , where y represents the amplitude, E the total active enzyme 

concentration, I the total inhibitor concentration, B the baseline, and Kd the 

equilibrium dissociation constant for the inhibitor from E•D•I complex. 

 

2.7. Determination of Other Equilibrium Dissociation Constants in the 

Reaction Pathway 

Data were simulated using the software TK Solver 4.0 (Universal 

Technical Systems, Inc.) in order to estimate the equilibrium dissociation constant 

for CZ-1 binding to E•D complex and free enzyme, respectively.  Estimated 

numerical values were entered into the program to solve for seven equations 

simultaneously.  The Kd’s calculated by TK Solver were used to simulate data, 

which were compared by overlaying the simulated data with the experimental 

data.  When the simulated data can be superimposed perfectly with experimental 

data, the Kd values were finalized. 
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2.8. Determination of the DNA Equilibrium Dissociation Constant  

The conditions and method are the same as active site titration 

experiments except that the enzyme concentration, as corrected by active site 

titration, is a constant value.  The results from DNA titration experiments done in 

the presence of the inhibitor were fit with a hyperbolic equation, 

B
DK

DEEy
d

+
+

−=
* , where y represents the amplitude, E the total active enzyme 

concentration, D the total DNA concentration, B the baseline, and Kd the 

equilibrium dissociation constant for DNA from the enzyme. 

 

2.9. Determination of the Inhibitor Binding Rate Constant 

The apparent binding rates of the non-nucleoside inhibitors to the E•D 

complex were determined by a rapid quench-glow method consisting of two 

sequential mixing steps.  First, CZ-1 was mixed with a solution of E•D complex 

and allowed to react from 0.1 to 30 seconds.  Then dATPMg2+ was added to 

initiate the reaction.  Polymerization was allowed to take place for 0.2 seconds, 

which is approximately one single turnover as determined by the burst curves 

from the first experiment.  The reactions were terminated by mixing with 0.5 M 

EDTA, pH 8.0.  The product concentration was normalized by dividing by the 

maximum amount of turnover detected in 0.2 seconds in the absence of the 

inhibitor.  When calculating the apparent binding rate of CZ-1, each data set of 
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normalized product formation as a function of time was fit to an exponential 

decay equation, where CeAP tk
normalized

obs += − **][ .  A represents the amplitude, 

kobs the apparent binding rate constant, t the time, and C the background signal.  

Association and dissociation rates for formation of the E•D•I complex were 

obtained by analysis of the CZ-1 concentration dependence of the observed rate of 

binding as in the function, ffoonobs kIkk += ][* .  Direct estimate of koff was not 

possible due to the large errors in the extrapolated intercept, therefore the binding 

rate was calculated by fitting the data to the equation, 
on

off
d k

k
K =  and 

)]([* donobs KIkk += , such that koff was constrained to agree with both the Kd 

value and the observed binding rate. 

 

2.10. Measurement of Nucleotide Equilibrium Dissociation Constant and 

Maximum Catalytic Rate of dATP incorporation 

RT and primer/template were mixed, followed by addition of increasing 

concentrations of inhibitor.  The mixture was preincubated for 10 minutes.  Each 

reaction was initiated by mixing equal volumes of dATP over a range of 

concentrations in Mg2+ containing reaction buffer with the E•D•I complex 

solutions, and was quenched with 0.5 M EDTA, pH 8.0.  Each time course was fit 

to a burst equation to yield the burst amplitude and rate.  The plot of the single 
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turnover rates against increasing concentrations of dATP at each concentration of 

inhibitor was fit to a hyperbolic equation, 
SK
Sk

y
d +

×
= max , where y represents the 

single turnover rate from each burst curve, kmax represents the maximum catalytic 

rate of polymerization, Kd represents the equilibrium dissociation constant, and S 

represents the concentration of the substrate, which is dATP in this case.   

 

2.11. Static Light Scattering   

Inhibitor stocks at 14mM in DMSO were diluted with 50 mM potassium 

phosphate buffer.  The buffer was pre-filtered with 0.02 µm Anodisc 47.  Samples 

were analyzed with the miniDAWN® triple-angle light scattering detector for 

ambient HPLC from Wyatt Technology Corporation (Santa Barbara, CA) using a 

neon helium ion laser at 632 nm.  The laser power and integration times were 

comparable for all experiments.  The detector angle was 90o.  Each sample was 

measured three or more times at room temperature. 

   

2.12. Fluorescence Spectroscopy and Fluorescence Polarization Anisotropy  

Stock solutions of DNA and CZ-1 were diluted in the reaction buffer: 50 

mM Tris-acetate pH 7.5, 100 mM potassium acetate, 0.1 mM EDTA.  CZ-1 is 

naturally fluorescent.  The fluorescence intensities were measured with a 
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QuantaMaster (QM-1) basic pulsed spectrofluorometer from Photon Technology 

International (Lawrenceville, NJ).  Each sample volume was 100 µl.  Emission 

wavelength scan was obtained by examining excitation at 352 nm and scanning 

emission from 365 to 650 nm.  Excitation wavelength scan was obtained by 

examining emission at 440 nm, scanning excitation from 250 to 425 nm.  The 

polarization angles for both the excitation and emission filters were set at 0 and 90 

degree to obtain four sets of fluorescence intensity data.  The signals from 

horizontal and vertical polarization were respectively denoted as Ivv (0o 

exicitation; 0o emission), Ivh (0o exicitation; 90o emission), Ihh (90o exicitation; 90o 

emission), Ihv (90o exicitation; 0o emission).  The anisotropy (r) value was 

calculated as 
vhhvhhvv

vhhvhhvv

IIII
IIII

r
**2*

**
+

−
=  (108).  The anisotropy value was plotted 

against DNA concentration to check for signs of interaction. 

   

2.13. Transmission Electron Microscopy 

Solutions were prepared to final concentrations of 20, 50, 250, and 500 

µM CZ-1 in double-distilled water.  At room temperature, 5 µl of each solution 

was dropped onto a carbon-coated grid from Electron Microscopy Sciences (Fort 

Washington, PA) for 30 seconds.  The grid was then blotted on filter paper to 

remove excess solution, washed three times with water, and negatively stained 

with 2% aqueous uranyl acetate for 10 seconds.  Images were obtained with a 
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transmission electron microscope, Philips TEM 208, at 80 kV.  Micrographs were 

recorded at 44000x magnification. 
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CHAPTER 3: Mechanism of Inhibition of HIV-1 Reverse 
Transcriptase by Naphthyl Urea Compounds 

 

1. INTRODUCTION 

Since the introduction of antiretroviral therapy, the life span of HIV-

infected or acquired immunodeficiency syndrome (AIDS) patients has been 

extended (109).   However, the rate of infection is still on the rise (110) and 

current antiviral drugs cannot eradicate HIV.  Rapid evolution of RT introduces 

new strains of HIV that can evade the effects of the drugs (111).  Current 

treatments call for frequent screening to look for increases in viral load, indicating 

new drug-resistant forms of the virus, which must be countered by a new 

combination of drugs.  The current strategy for drug design is to address the 

changes in HIV by new drugs with a different resistance pattern.  The purpose of 

this study is to investigate the properties of a new series of compounds.  I 

evaluated the drug potency quantitatively and examined the mechanism of 

inhibition of HIV-1 RT. 

Current AIDS therapeutics approved by the Food and Drug 

Administration include seven nucleoside analogs, one nucleotide analog, eight 

protease inhibitors, one entry/fusion inhibitor, and three non-nucleoside analogs.  

RT is responsible for replication of single-stranded viral RNA into double-

stranded DNA.  The proviral DNA is later integrated into the host cellular DNA 
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during the course of viral infection (41).  Two types of anti-AIDS or anti-HIV 

drugs target RT:  the nucleoside analog reverse transcriptase inhibitors (NRTIs) 

and non-nucleoside analog reverse transcriptase inhibitors (NNRTIs).  NRTIs, 

such as 3’-azido-3’-deoxythymidine (AZT) (112) and 2’,3’-dideoxycytidine (ddC) 

(113), become phosphorylated by cellular enzymes to their triphosphate form and 

subsequently are incorporated by HIV RT.  NRTIs prevent the last nucleotide on 

the primer from forming a 3’-phosphodiester bond with the next nucleotide and 

thereby terminate elongation.  To varying degrees they also block cellular DNA 

polymerases, in particular the mitochondrial DNA polymerase (Pol γ) (114), 

which has been shown to lead to severe toxic side effects (115,116).   

NNRTIs are structurally diverse hydrophobic compounds that show little 

toxic side effects, but they are predominantly effective toward HIV-1 RT and not 

HIV-2 RT (117).  NNRTIs bind in hydrophobic pocket approximately 10 

angstroms away from the RT polymerase active site (118) in the palm domain of 

the p66 subunit (17), distorting the positions of key residues that comprise the 

aspartic triad (D110, D185, and D186) (21,119).  It has been shown by Spence et 

al. (21) that the first generation NNRTIs, Nevirapine and TIBO, are slow-tight 

binding inhibitors that reduce the rate of the chemical reaction and increase the 

affinity of nucleotide binding to RT in complex with the inhibitor and DNA 

(E•D•I complex).  As a result of slower chemical reaction, the two steps of 

nucleotide binding, entailing the initial ground-state binding and the subsequent 
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conformational change, reach equilibrium leading to tighter, albeit non-productive 

nucleotide binding.  However, current NNRTIs are not effective towards all 

mutant forms of HIV RT (120). 

The biggest barrier in the battle against AIDS is mutation, which confers 

resistance to RT inhibitors.  RT can go through genetic mutation during 

replication to evolve a form of RT that obstructs the binding of the drug 

(121,122), disarranges the template/primer (59,123,124), or facilitates the removal 

of chain terminators (125).  Due to the lack of exonuclease proofreading activity 

and a high frequency of mutation, RT is continuously generating new drug-

resistant HIV strains (15,126).  In patient plasma, drug-resistant mutations of 

HIV-1 RT have been detected in the presence of all RT inhibitors (127), including 

the most recent NNRTI, Efavirenz (128).  As a result of cross-resistance, the 

combination drug regimen exacerbated the problematic mutations in HIV RT 

(129,130).  Therefore, new distinct drugs are required to counter the rapid RT 

evolution. 

In this chapter, I report the kinetic analysis of a new class of NNRTIs 

identified by computational structure-based design (Fig. 15) (1).  These 

compounds are naphthalene sulfonic acids.  They do not bind to the conventional 

NRTI or NNRTI binding site.  They inhibit not only the wild type enzyme but 

also NRTI- and NNRTI-resistant HIV-1 RT mutants.  They did not appear to 

inhibit 
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Figure 15.  Structures of the inhibitor compounds CZ-1, EDC 11, and EDC 12.   
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T4 DNA polymerase, T7 DNA polymerase, and the Klenow fragment in a 

previous study (1).  In comparison to two other derivatives with modified terminal 

moieties, CZ-1 was predicted to be the most potent and the least toxic by results 

from cell culture screening and preliminary activity assays (1).  Further 

investigation into the inhibition mechanism by CZ-1 is essential for the 

assessment potential as a new class of inhibitors of HIV RT.   

Our data revealed that CZ-1, unlike other NNRTIs, interfered with 

template-primer binding.  We propose that CZ-1 binds to RT with or without 

DNA and induces conformational changes at the polymerase active site, which 

consequently slow or prevent nucleotide incorporation.  CZ-1 is similar to other 

NNRITs in that each appears to slow the rate of catalysis in the EDI complex by 

binding to a site adjacent to the catalytic site.  However, it also weakens the 

binding of DNA, while conventional NNRITs strengthen DNA binding by 

slowing the dissociation rate (21) in the presence of the correct nucleotide.  

 

2. RESULTS 

2.1. Inhibition of Single Nucleotide Incorporation by CZ-1 

We first examined the effect of CZ-1 on the pre-steady state burst of 

single nucleotide incorporation catalyzed by HIV RT with a defined 

primer/template.  In this experiment, the rate of the burst provides a direct 
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measurement of the rate of polymerization at the active site and the amplitude 

defines the concentration of reactive enzyme-DNA (E•D) complexes and steady 

state turnover is limited by the release of product from enzyme (62,74,131).  We 

incubated the E•D complex with 0 to 20 µM of inhibitor before mixing with 

dATP·Mg2+ to start the reaction and obtained results shown in Figure 16A, in 

which an initial burst of polymerization was followed by a slow steady state 

turnover.  In the absence of CZ-1, the burst amplitude for dATP incorporation 

catalyzed by 50 nM RT was 49 ± 3 nM with 100 nM DNA, the burst rate was 7.3 

± 0.9 s-1 and the steady state rate was 0.13 s-1.  Increasing the inhibitor 

concentration reduced the amplitude of the burst phase as well as the rate of the 

linear steady state phase to almost zero (Fig. 16A and Fig. 17A) but did not affect 

the burst rates.  Reduction in the amplitude is presumably caused by the binding 

of CZ-1 to E•D.  These results infer that both the equilibration of CZ-1 with E•D 

and the dissociation of primer-template from the enzyme-DNA-inhibitor (E•D•I) 

complex are slow relative to the rate of nucleotide incorporation (21).  The 

reduction in the burst amplitude but not rate is consistent with the slow 

equilibration of the inhibitor so that the observed amplitude reflects reaction by 

uninhibited enzyme (21).  Accordingly, plotting the amplitude of the burst as a 

function of inhibitor concentration provides a direct titration to quantitate 

inhibitor binding as shown in Figure 16B.  Fitting the curve to a hyperbolic 
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function defines an apparent Kd of 1.3 ± 0.2 µM for the binding of inhibitor to 

E•D. 

Similar effects on the burst amplitude and steady state rates observed with 

EDC 11 and EDC 12 suggest identical inhibition mechanisms as CZ-1.  The 

modified moieties in EDC 11 and 12 (Fig. 15) only slightly affected the binding 

affinities to HIV-1 RT slightly.  The hyperbolic function of amplitude versus 

inhibitor concentration defined the equilibrium dissociation constants for EDC11 

and EDC12 to be 1.9 ± 0.4, and 1.5 ± 0.6 µM, respectively (data not shown).   

After obtaining the equilibrium dissociation constant for CZ-1 at 100 nM 

(50 nM excess) DNA concentration, we repeated the experiment with 150 nM 

(100 nM excess) DNA to observe the effect of DNA on CZ-1 binding.  Increasing 

the total DNA concentration from 100 nM to 150 nM effectively doubles the 

concentration of free DNA in the presence of 50 nM enzyme.  The results 

showing the dependence of the burst kinetics on CZ-1 concentration at 150 nM 

DNA concentration are shown in Figure 16.  Doubling the concentration of free 

DNA twofold leads to a corresponding increase in the apparent Kd,CZ-1 from 1.3 ± 

0.2 µM (Fig. 16B) to 3.4 ± 1.0 µM (Fig. 17B).  The correlation between the 

increase in DNA concentration and the increase in the apparent Kd,CZ-1 implies 

competition between the inhibitor and DNA, which can be related mathematically  
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Figure 16.  DNA-directed single nucleotide incorporation in the presence of CZ-1 

with a ratio of RT to DNA concentration at 1:2.  (Upper panel) Wild type RT (100 

nM), 5’-32P-25/45-mer DNA (200nM), and various concentrations of CZ-1 were 

pre-incubated for 15-20 min at 37oC in reaction buffer (see materials and 

methods).  Concentrations of 0 ( ), 1( ), 2( ), 4( ), 6( ), 8( ), 12( ), and 20 

( ) µM of CZ-1 were included in the initial solution where the equilibrium 

between E•D and E•D•I complexes was established.  The E•D complex was 

diluted by ½ when mixed rapidly with an equal volume of 150 µM dATP (in 10 

mM MgCl2) and allowed to react for 0.01 to 5 sec.  The reactions were quenched 

with EDTA at the indicated time points.  The individual time course of primer 

extension at each CZ-1 concentration was fit to the burst 

equation, tmeAy tk ⋅+−⋅= ⋅− )1( , to yield the maximum amplitude for each burst 

curve.  (Lower panel) The amplitudes of the burst phases were plotted against the 

CZ-1 concentrations.  The data were fit to a hyperbolic 

equation,
B

IK
IEEy

d

+
+
⋅

−=
, that defined an apparent Kd value of 1.3 ± 0.2 µM. 
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Figure 17.  DNA-directed single nucleotide incorporation in the presence of CZ-1 

with a ratio of RT to DNA concentration at 1:3.  (A) Wild type RT (100 nM), 5’-

32P-25/45-mer DNA (300nM), and various concentrations of CZ-1 were pre-

incubated for 15-20 min at 37oC in reaction buffer (see materials and methods).  

Concentrations of 0 ( ), 1( ), 2( ), 4( ), 6( ), 8( ), 12( ), and 20 ( ) µM of 

CZ-1 were included in the initial solution where the equilibrium between E•D and 

E•D•I complexes was established.  The E•D complex was diluted by ½ when 

mixed rapidly with an equal volume of 150 µM dATP (in 10 mM MgCl2) and 

allowed to react for 0.01 to 5 sec.  The reactions were quenched with EDTA at the 

indicated time points.  The individual time course of primer extension at each CZ-

1 concentration was fit to the burst equation, tmeAy tk ⋅+−⋅= ⋅− )1( , to yield the 

maximum amplitude for each burst curve.  (b) The amplitudes of the burst phases 

were plotted against the CZ-1 concentrations.  The data were fit to a hyperbolic 

equation,
B

IK
IEEy

d

+
+
⋅

−=
, that defined an apparent Kd value of 3.4 ± 1.0 µM.
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by the equation, )][1(
,

1,1,
DNAd

CZd
app

CZd K
IKK += −− .  The slope of the DNA 

concentration dependence suggests that the ratio of Kd,CZ-1/Kd,DNA is 

approximately 42.  We further explored this competition by examining the effect 

of CZ-1 on the apparent Kd for DNA binding. 

 

2.2. DNA Dissociation Constant Dependence on CZ-1 Concentration 

The possible competition between CZ-1 and DNA was checked by 

measuring the apparent Kd,DNA for DNA binding in the presence of various 

concentrations of CZ-1.  The apparent Kd,DNA was obtained by measuring the 

DNA concentration dependence of the burst amplitude as described previously 

(62) at various concentrations of CZ-1 (0, 2, 5, or 10 µM) (Fig. 18).  In each 

sample, DNA and CZ-1 were combined immediately before adding 200 nM RT 

and allowed to equilibrate for 15 to 30 minutes at 37oC before initiating the 

polymerization reaction.  The reactions were initiated by adding dATP•Mg2+ to 

pre-incubated mixtures of RT and DNA with or without CZ-1.  The burst 

amplitude was plotted as a function of DNA concentration at each CZ-1 

concentration.  In the absence of CZ-1, DNA binds HIV-1 RT tightly and the 

titration curve was fit to a quadratic equation.  As the concentration of CZ-1 was 

increased, the titration curves deviated away from the infinitely tight binding  
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Figure 18.  Dependence of CZ-1 concentration on the DNA dissociation constant.  

(Upper panel) Active site titration of wild type RT with 25/45-mer duplex DNA 

was done in the presence of different concentrations of CZ-1.  For the initial 

experiment without CZ-1 ( ), RT (200 nM active concentration determined by 

the amplitude from the titration) and increasing concentrations of 5'-32P-25/45-

mer DNA were incubated on ice for less than 5 min in reaction buffer.  The 

titration curve was fit to a quadratic equation.  For each titration experiment with 

2 ( ), 5( ), or 10 ( ) µM of CZ-1, the inhibitor was combined with increasing 

concentrations of DNA at 37oC before RT was added. The E•D or E•D•I complex 

was rapidly mixed for 0.5 sec with an equal volume of 100 µM dATP in the 

reaction buffer containing 2 mM MgCl2.  For each CZ-1 concentration, the 
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amplitudes were plotted as a function of the DNA concentrations.  Each titration 

curve was fit to a hyperbolic equation (Chapter 2) to obtain the amplitudes and 

apparent Kd,DNA. (Middle Panel)  The amplitude was plotted against the 

concentration of CZ-1.  The curve was fit to the hyperbolic equation to obtain the 

apparent Kd of CZ-1 binding to E•D complex, 4.7 ± 1.8 µM.  (Lower Panel) The 

values of apparent Kd, DNA were plotted against the CZ-1 concentrations. The plot 

was fit to the equation, 
)1(,,

i
DNAdDNAdapp K

IKK +⋅=
, to yield a true Kd,DNA value 

of 0.003 ± 0.001 µM and a Ki value of 0.035  ± 0.016 µM, which is equivalent to 

the Kd,CZ-1 for binding to the free enzyme .
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asymptotes and hence the curve was fit to a hyperbolic equation to obtain the 

apparent Kd for DNA binding (Fig. 18A).  The apparent Kd for DNA binding was 

reduced at increasing concentrations of CZ-1 (Fig. 18B), indicating that CZ-1 

interfered with E•D complex formation.  If CZ-1 was directly competitive with 

DNA such that CZ-1 could not bind in the presence of DNA then high 

concentrations of DNA should overcome the inhibition.  However, the maximum 

amplitudes of the burst reaction were reduced at 0, 2, 5, and 10 µM of CZ-1 (200, 

168, 108, and 23 nM, respectively) indicating that CZ-1 is still capable of binding 

to the enzyme as the DNA concentration is extrapolated towards infinity. 

The amplitude in presence of CZ-1 was never restored to the uninhibited 

level, even when the DNA concentration was raised to ten-times in excess of 

enzyme concentration. These results suggest that there is no absolute competition 

between DNA and CZ-1 binding to RT and hence additional DNA cannot reverse 

inhibition by CZ-1, i.e. additional DNA cannot cause CZ-1 to dissociate from 

E•D•I complexes and restore active E•D complexes.  Accordingly, we propose 

that CZ-1 and DNA do not share the same binding site in its entirety, although 

CZ-1 and DNA interfere with each other to bind to HIV-1 RT and the sites may 

overlap.  This model was illustrated in Scheme 1.  

According to Scheme 1, we can interpret the results as that the binding of 

CZ-1 weakens the binding of DNA and vice versa, meanwhile when CZ-1 is 

bound to the E•D complex, it inhibits the rate of nucleotide incorporation.  Direct 
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competition between CZ-1 and DNA would represent one extreme of the model 

shown in Scheme 1 where the ternary E•D•I complex was extremely weak or 

could not form at all.  In the present case, all four species in the thermodynamic 

box contribute to the observed inhibition and the only equilibrium constant that 

can be measured directly is that for forming the E•D complex in the absence of 

inhibitor.  All other measurements in the presence of both DNA and inhibitor are 

complicated by the presence of an equilibrium mixture of E•D, E•I and E•D•I 

leading to the observed apparent Kd for either CZ-1 or DNA.    

Details of CZ-1 interference with DNA-RT binding were learned by 

observing the effect of CZ-1 on the apparent Kd,DNA.  Uninhibited wild type RT 

binds a 25/45-mer DNA duplex tightly with an apparent Kd of 3 ± 1 nM while the 

apparent Kd,DNA was increased to 388 ± 18 nM, 336 ± 23 nM, and 934 ± 63 nM at 

2 µM, 5 µM, and 10 µM of CZ-1, respectively (Fig. 18C).  If one assumes 

 

Scheme 1: Inhibition mechanism of CZ-1.  Only Kd,DNA was directly measured 

in the experiment.  The other three Kd values were approximations.   
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that a model for simple competition applies, then the apparent Kd,DNA should 

follow a function of , , (1 [ ] / )app
d DNA d DNA IK K I K= + , where KI represents the Kd for 

CZ-1 binding to free enzyme.  The function of the apparent Kd,DNA to inhibitor 

concentration was fit by this linear regression to yield a true Kd,DNA value of 3.2 ± 

1.4 nM for the dissociation of DNA from E•D complex, and the Kd,CZ-1 of 35 ± 16 

nM (Fig. 18C) for binding to free enzyme.   

If the Kd,CZ-1 for binding to free enzyme is 33 nM, then can we account for 

the apparent Kd of 1.3 µM for the CZ-1 concentration dependence of inhibition of 

the burst amplitude?  The results suggest that both DNA and CZ-1 bind tightly to 

free enzyme and each greatly weakens the binding for the other.  However, as 

described above, the competition is not absolute.  As shown in Figure 18B, 

extrapolation to infinite DNA concentration yields a fractional burst amplitude 

dependent upon CZ-1 concentration.  If we assume that this data represents the 

condition where DNA saturates enzyme in both CZ-1-bound and free states, then 

this curve represents the binding constant for CZ-1 binding to E•D complex 

( IDEIDE ••⇔+• ), such that the fractional amplitude for uninhibited 

enzyme follows the equation, B
IK

K
Ey

d

d +
+

−=
][

.  The fitted line shown in 

Figure 18B defines a Kd = 4.7 ± 1.8 µM for the binding of inhibitor to the E•D 

complex.  
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The CZ-1 inhibition pathway with kinetic parameters is summarized in 

Scheme 1.  The Kd for DNA binding to E•I complex could be calculated since the 

Kd for the three other steps in the thermodynamic box were determined.  Using 

the relationship, 
4,1,

3,,

dCZd

dDNAd

KK
KK

×

×

−

 , the equilibrium dissociation constant of DNA 

with E•I complex, Kd,4, was estimated to be 0.43 ± 0.32 µM.  The hundred fold 

difference between Kd,DNA (3 ± 1 nM) and Kd,4 (0.4 ± 0.3 µM) suggests that CZ-1 

binding to HIV-1 RT before DNA decreases the DNA binding affinity by 

approximately hundreds of times, conforming to our theory of DNA displacement 

by CZ-1.  Because Kd,CZ-1 for CZ-1 binding to the free enzyme (35 ± 16 nM) is 

about 1000x fold greater than Kd,4 for CZ-1 binding to E•D complex (4.7 ± 1.8 

µM), we conclude that the primary mode of action for CZ-1 is to bind the ligand-

free HIV-1 RT and displaces DNA from the active site, rather than the 

conventional action of inhibition of binding to and interfering with the chemical 

reaction inside the E•D complex, as nevirapine does. 

The software TK solver was also used to simultaneously solve the Kd of 

CZ-1 dissociation from E•D•I complex, the Kd of CZ-1 dissociation from E•I 

complex, and the Kd of DNA dissociation from E•D•I complex.  Refering to 

Scheme 1, steps 1 to 4 in the inhibited reaction pathway were dissected into seven 

equations: 

Kd,1 = E * I / EI 
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Kd,2 = E * D / ED  

Kd,3 = ED * I / EDI 

Kd,4 = EI * D / EDI 

D = Do – ED – EDI  

E = Eo – ED – EDI – EI  

I = Io – EI – EDI  

E represents the equilibrium enzyme concentration, Eo the initial enzyme 

concentration, D the equilibrium DNA concentration, Do the initial DNA 

concentration, ED the concentration of E•D complexes, EDI the concentration of 

E•D•I complexes, and EI the concentration of E•I complexes.  Kd,1 was 

determined in this experiment (see above and Fig. 18).  Eo, Do, and Io were known 

from the reaction conditions.   Estimates were inserted into the equations along 

with the known values.  The solved Kd values (shown in Scheme 2) were used to 

simulate the data for the DNA titration experiments.  The simulations were 

superimposed with real data to check the accuracy of the calculations.  Kd,CZ-1 for 

the E•D•I complex is 8 µM,  Kd,CZ-1 for the E•I complex is 9.6 nM, and Kd,DNA for 

the E•D•I complex is 2.5 µM.  The Kd values calculated by TK Solver agreed with 

the experimental data.  The association between DNA and RT is three fold tighter 

than the association of CZ-1 with RT, verifying that CZ-1 is not competitively 

inhibiting DNA binding.  Since the dissociation constant for E•I complexes is 

almost three magnitudes smaller than that for E•D•I complexes, CZ-1 appears to 
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bind unliganded RT predominantly.  CZ-1 can bind E•D complex with a 1000-

fold less affinity than with free enzyme.  Comparably, DNA can bind E•I complex 

with a 1000-fold less affinity than with free enzyme.  

 

E-I + Dn

E + Dn

Kd=9.6 nM

Kd=2.5µM
E-Dn-I + dATP

kon=15x104 M-1s-1

koff=0.20 s-1
Kd=8µM

E-Dn + dATP
Kd=3nM

E-Dn+1
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+I
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Scheme 2: Inhibition mechanism of CZ-1 to HIV-1 RT with simulated Kd 
values  

 

2.3. dATP concentration dependence of the nucleotide incorporation rate 

in the presence of different amounts of CZ-1   

We proceeded to examine the next steps in the polymerization pathway, 

the two-step binding of nucleotide (21,72) followed by the chemical step (62,68).  

We examined the kinetics of dATP binding and incorporation.  In this experiment, 

we measured the maximum incorporation rate (kpol) and the dissociation constant 

of dATP (Kd,dATP)  from the uninhibited fraction of catalytic E•D complexes.  0 to 

5 µM of CZ-1 was added to the equilibrated E•D complexes.  During the quench 
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flow operation, equal volumes of the pre-incubated mixture (consisting of RT, 

DNA, and CZ-1) and dATP•Mg2+ were rapidly mixed into the reaction loop and 

quenched after various times.  Product concentration was plotted against time to 

reveal the burst and steady state phase for each reaction (Fig. 19A) and fit to a 

burst equation to calculate the burst rate.  Burst rate was plotted against dATP 

concentration (Fig. 19B) and fit to a hyperbola to obtain kpol (Fig. 19C) and Kd,dATP 

(Fig. 19D).  The kpol was approximately constant with values of 4.3 ± 0.3 s-1 

(without CZ-1), 4.4 ± 0.3 s-1 (1 µM CZ-1), 3.7 ± 0.2 s-1 (2 µM CZ-1), and 4.8 ± 

0.5 s-1 (5 µM CZ-1).  Similarly, the Kd,dATP remained in the low µM range: 0.5 ± 

0.2, 0.5 ± 0.2, 0.2 ± 0.1, and 0.4 ± 0.2 µM at 0, 1, 2, and 5 µM, respectively.  The 

independence of Kd,dATP and kpol from CZ-1 concentration indicates that CZ-1 

does not affect the nucleotide binding and the chemistry step.  These observations 

were consistent with the conclusion that the observed product formation is 

catalyzed only by uninhibited E•D complex. 
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Figure 19.  dATP concentration dependence of the nucleotide incorporation rate 

in the presence of different amounts of CZ-1.  (A) A solution of RT (200 nM) and 

[5'-32P]-labeled duplex DNA (400 nM) mixed with 0, 1, 2, and 5µM CZ-1, 

respectively, was incubated at 37oC for 10 to 15 minutes.  The reaction was 

initiated by mixing equal volumes of Mg•dATP and E•DNA•CZ-1 complex 

solutions, and was quenched with 0.5 M EDTA, pH 8.0.  The dATP 

concentrations were 0.025( ), 0.05( ), 0.075( ), 0.25( ), 1( ), 2( ), 4( ), 

8( ), 12( ), and 20 ( ) µM.  Each of the time courses was fit to a burst 

equation, tmeAy tk ⋅+−⋅= ⋅− )1( .  Shown here is a plot of time courses of product 

formation in the presence of 2 µM CZ-1.  (B) The single nucleotide incorporation 

rates were plotted out as a function of the dATP concentration.  The plot of the 

single turnover rates against increasing concentrations of dATP at 1 µM CZ-1 

shown here is representative of the trends seen at other concentrations of CZ-1.  

The curves were fit to hyperbolas that yielded (C) the maximum incorporation 

rates and (D) the apparent Kd,dATP values, which were plotted against the CZ-1 

concentrations. 
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2.4. CZ-1 binding rates   

Our data indicated that the equilibration of inhibitor with the E•D•I 

complex is slow relative to the rate of polymerization.  We measured the rates of 

CZ-1 binding by a rapid quench-flow method consisting of two sequential mixing 

steps.  First, CZ-1 was mixed with a solution of E•D complex and allowed to react 

from 0.1 sec to 30 sec.  Then dATP•Mg2+ was added to initiate the reaction.  

Polymerization was allowed to take place for 0.2 sec, which is sufficient for 

approximately one single turnover as determined by the burst curves from the first 

experiment.  The reactions were terminated by mixing with EDTA.  The product 

concentration was normalized by dividing by the maximum amount of turnover 

detected in 0.2 sec without the inhibitor.  The fraction of product formation was 

plotted as a function of time allowed for the incubation of CZ-1 with E•D (Fig. 

20A).  Four CZ-1 concentrations were tested: 5, 10, 15 and 20 µM.  Each curve of 

the product formation was fit to a single exponential decay function to calculate 

the values of the observed binding rates, kobs, which were in turn linearly 

dependent on the CZ-1 concentration to define the values for the association and 

dissociation rate constants. The observed binding rates were 0.09 ± 0.01 s-1, 0.51± 

0.02 s-1, 1.6 ± 0.2 s-1, 1.7 ± 0.1 s-1, respectively.  Unexpectedly, the observed 

binding rates at 15 and 20 µM CZ-1 were a lot higher and did not seem to fit the 
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linear relationship established at the lower CZ-1 concentrations.  Since the latter 

two concentrations are too far beyond the inhibition concentration range 
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Figure 20.  The apparent binding rate of CZ-1.  RT (100 nM) was pre-incubated 

with 5’-32P-DNA (100 nM).  (A) The E•DNA solution was half diluted when 

mixed with 5 (○), 10 (●), 15 (□), or 20 µM of CZ-1 for indicated times.  Next, the 

E•D•I solution was half diluted again when mixed dATP (100 µM) for 200 ms.  

Fitting the curves to single exponential decays rendered apparent binding rates of 

0.093 ± 0.009, 0.51 ± 0.02, 1.6 ± 0.2, and 1.7 ± 0.2 s-1 for 5, 10, 15, and 20 µM 

CZ-1, respectively.  (B)  Association and dissociation rate constants for the E•D•I 

complex were obtained by analysis of the CZ-1 concentration dependence of the 

observed binding rate constant, where ffoonobs kIkk += ][*
and

on

off
d k

k
K = , such 

that koff was constrained to agree with both the Kd value and the observed binding 

rate.  Only the first two data points at 5 and 10 µM CZ-1 were utilized in the 

linear fit because the two latter data points were far beyond the Kd.  A linear fit 

with a floating initial kobs value rendered a negative intercept and a slope of 0.05 

(solid line).  The best estimate would be a linear fit with the intercept fixed to 

zero, which rendered a slope of 0.04 ± 0.01 (dashed line), so the kon rate was (4 ± 

1) x 104 M-1s-1 and koff rate was 0.06 ± 0.01 s-1. 
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observed in prior experiments and the Kd value, we used only the first two 

concentrations to estimate the binding rates.  

Compared to Nevirapine, with a kon of 9.9 x 104 M-1s-1 and a koff of 0.0019 

s-1(21), CZ-1 displayed a similar kon of 4 x 104 M-1s-1 and koff of 0.06 s-1.  The 

differences in the association and dissociation rate are not surprising since the 

Kd,CZ-1 (1.3 µM) is about 100-fold greater than Kd,Nevirapine (0.019 µM).  In short, 

CZ-1 displayed binding rates in the same order of magnitude as Nevirapine and 

TIBO within the range of inhibition concentrations.  However, this simple 

analysis may not be entirely valid for CZ-1 since the inhibition appears to be a 

function of dissociation of the E•D complex.  For example, it is possible that the 

faster inhibition observed at higher CZ-1 concentrations may reflect a direct 

stimulation of the DNA dissociation following formation of an E•D•I ternary 

complex.  Since the rates exceed the rate of DNA dissociation the observed 

reaction inhibition is not due to the binding only to free enzyme, which would be 

rate-limited by the release of DNA. 

2.5. CZ-1 specificity   

Recent reports on nonspecific inhibition by drugs due to aggregation of 

the compounds (132-135) raised our concerns about the efficacy and specificity of 

CZ-1.  Shortly after Skillman et al. discovered CZ-1 by computerized structure-

based design (1), Shoichet et al. reported promiscuous inhibition by aggregation 
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of small molecules discovered by high throughput screening or molecular docking 

(132-135).  These ligands typically display three properties: (1) they innately bind 

to many targets; (2) they chemically react with proteins; (3) they aggregate in 

solution at low micromolar concentrations.  One of the first generation NNRTIs, 

Delavirdine, displayed indiscriminate and aggregation-based inhibition of non-

targeted enzymes (135).  Since CZ-1 was selected from the chemical database as a 

docking hit (1) and consists of many aromatic rings which are stereotypical for 

aggregating inhibitors, we used three approaches to ascertain the specificity of 

CZ-1.  First, we examined the structures of CZ-1 at 5, 50, 250, and 500 µM by 

electron microscopy.  In comparison to the electron microscopy images published 

by McGovern et al. (133), The data showed that the apparent particle size was 

small (about 28 nm, as compared to about 52 nm as observed by McGovern et al. 

(132)) and remained constant for all concentration (Fig. 21).  Second, I examined 

aggregation by classic light scattering.  No change in particle size was detected in 

the samples of CZ-1 at any concentration.  Finally, I tested the sensitivity of the 

inhibition by CZ-1 to nonionic detergent (132) by repeating the DNA-directed 

single nucleotide incorporation experiments with the addition of 0.1% Triton X-

100 (Fig. 22).  Triton X-100 was found to reverse nonspecific inhibition by 

disrupting aggregates so that they could not interact with any surface residues on 

an enzyme (132).  The presence of Triton X-100 did not change the inhibition 

mechanism of CZ-1.  The burst amplitude and the steady state rate decreased 
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Figure 21.  Visualization of CZ-1 by TEM under 44x magnification.  (A) 500 µM 

CZ-1; (B) 100 µM I4PTH with 0.1 mg/mL β-galactosidase, reproduced from 

McGovern et al. (132).  The size bar represents 200 nm. 
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Figure 22.  The presence of 0.1 % Triton X-100 slightly attenuates the efficacy of 

CZ-1.    DNA-directed single nucleotide incorporation in the presence of CZ-1 

and 0.1% triton-X.  (A) Wild type RT (100 nM), 5’-32P-labeled 25/45-mer DNA 

(200 nM), and various concentrations of CZ-1 were preincubated for 15-20 min at 

37oC in reaction buffer (see materials and methods).  Concentrations of 0 ( ), 

1( ), 2( ), 4( ), 6( ), 8( ), 12( ), and 20 ( ) µM of CZ-1 were included in 

the initial solution where the equilibrium between E•D and E•D•I complexes was 

established.  The E•D complex was diluted by half when mixed rapidly with an 

equal volume of 150 µM dATP (in 10 mM MgCl2) and allowed to react for 0.01 

to 3 sec.  The reactions were quenched with EDTA at the indicated time points.  

The individual time course of primer extension at each CZ-1 concentration was fit 

to the burst equation, tmeAy tk ⋅+−⋅= ⋅− )1( , to yield the maximum amplitude for 

each burst curve.  (b) The amplitudes of the burst phases were plotted against the 

CZ-1 concentrations.  The data were fit to a hyperbolic equation, 

B
IK

IEEy
d

+
+
⋅

−= , that defined a Kd value of 5.2 ± 1.4 µM. 
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whereas the burst rate remained the same in response to the increase in CZ-1 

concentration.  However, the apparent Kd,CZ-1 was raised by four-fold, from 1.3 

µM to 5.2 µM.  A similar effect was observed when we repeated the experiment 

with an RNA template of the same sequence: the apparent Kd,CZ-1 was increased 

from 3.1 ± 1.3 to 13 ± 3 µM (data not shown).  This suggests that Triton X-100 

weakened some of the CZ-1 RT binding although it did not eliminate the 

inhibitory effect of CZ-1.  These data argue against a model in which the 

aggregation of CZ-1 was responsible for the observed inhibition. 

Aside from the likelihood of aggregation, the aromatic structure of CZ-1 

also allows for possible intercalation with DNA.  CZ-1 resembles 

chemotherapeutic drugs such as daunomycin and nogalamycin which inhibit cell 

replication by inserting themselves between two planar or stacked aromatic rings 

such as adjacent bases in a genetic sequence.  The interaction results in a 

distortion of DNA helix structure.  I scanned the emission spectra of three 

mixtures of 10 µM CZ-1 with 0 nM, 100 nM, 150 nM, and 200 nM DNA, 

respectively, by fluorescence spectroscopy (Fig. 23). When the excitation and 

emission peaks of CZ-1 with the four concentrations were overlaid, we did not 

observe any change in the peak intensity.   

I also used fluorescence polarization anisotropy to titrate CZ-1 with a high 

concentration of 25/45mer DNA duplex (Fig. 24) and linearized DNA plasmid  
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Figure 23.  Fluorescence spectra of CZ-1.  The inhibitor was combined with a 

range of DNA 25/45mer duplex concentration.  Excitation wavelength was 352 

nm and emission wavelength was 440 nm. 
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Figure 24.  Fluorescence polarization anisotropy experiment of CZ-1 with 

synthetic DNA duplex.  Titration of 2 µM CZ-1 with 25/45mer DNA at a range of 

concentrations  
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pUC18 (Fig. 25).  As shown in Figure 24, adding 25/45mer duplex DNA to either 

CZ-1 or ethidium bromide did not create enough signals for data interpretation, so 

I added pUC18, which is 2686 bp, to enhance the fluorescence signals emitted by 

the drugs.  I observed a significant change in anisotropy as 2 µM ethidium was 

titrated with pUC18.  Prior to the fluorescence measurement, 100 µl of solution A 

and 200 µl of B were made.  Solution A contained 2 µM drug alone, either CZ-1 

or ethidium bromide.  Solution B contained 2 µM drug and up to 4 µM DNA.  

Solution B was added to solution A by increments of microliters.  An anisotropy 

measurement was taken after each addition.  The anisotropy values were 

normalized by subtracting the initial values of the drug solutions from each 

successive value obtained as DNA was incrementally added into the drug 

solution.  When analyzing the data, the anisotropy value was normalized by 

subtracting the initial value.  Background signal from DNA yielded a hyperbolic 

curve of normalized anisotropy value of CZ-1 versus DNA concentration. The 

fluorescence signal intensity was the same as that of DNA solution without CZ-1.  

The normalized anisotropy of ethidium bromide, on the other hand, showed a 

linear relationship with DNA concentration.  Ethidium bromide is known to 

intercalate with DNA.  Since the normalized anisotropy value of CZ-1 did not 

display a linear relationship with DNA concentration, there is no obvious 

indication of any interaction that is slowing down the tumbling of the molecule.  

This result does not support the model that the observed inhibition of 
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polymerization by HIV RT under the conditions of the experiments reported here 

was due to nonspecific inhibition by aggregated CZ-1.  

 
 

Figure 25.  Fluorescence polarization anisotropy measurements of CZ-1 with 

DNA plasmids.  (1) 2 mM CZ-1 mixed with increasing concentrations of DNA 

(●), (2) 2 µM ethidium bromide mixed with increasing concentrations of DNA 

(■), and (3) DNA alone (▲).  The linear DNA plasmid was created by digesting a 

pUC18 plasmid with a restriction endonuclease, ScaI.  The anisotropy value was 

normalized by subtracting the initial value, as there was no DNA in the drug 

solution, from each successive value, as DNA was being added into the drug 

solution. 
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2.6. CZ-1 SELECTIVITY: IT ALSO INHIBITS MITOCHONDRIAL DNA 

POLYMERASE.   

Further testing of CZ-1 selectivity was carried out by inspecting its effect 

on Pol γ.  Pol γ (200 nM large subunit was combined with 500 nM small subunit), 

5’-32P-25/45-mer DNA (300nM), and CZ-1 (0 to 30 µM) were incubated prior to 

reaction with dATP•Mg2+.  Individual curve of primer extension at each dose of 

CZ-1 was fit to the burst equation to determine the amplitude (Fig. 26A).  The 

hyperbolic function of amplitude versus CZ-1 concentration provided the 

apparent dissociation constant of 2.2 ± 0.7 µM (Fig. 26B).  As in the 

polymerization catalyzed by RT, the burst amplitude of polymerization catalyzed 

by Pol γ was dose-dependently reduced by CZ-1.  Although CZ-1 did not inhibit 

prokaryotic DNA polymerases in the study reported by Skillman et al. (1), the 

data presented here demonstrates that CZ-1 effectively inhibits both Pol γ and RT.   

3. DISCUSSION 

I have characterized here a novel non-nucleoside inhibitor, CZ-1 by 

examining its effect on the pre-steady state kinetics of single nucleotide 

polymerization catalyzed by HIV RT.  I examined the pre-steady state burst 

amplitude dependence on inhibitor and DNA concentration, as well as the burst 

rate dependence of the nucleotide concentration. The measurements afforded 

estimates of the equilibrium dissociation constants for CZ-1, DNA, and dATP  
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Figure 26.  DNA-directed single nucleotide incorporation by mitochondrial DNA 

polymerase in the presence of CZ-1.  (A) Mitochondrial DNA polymerase (400 

nM large subunit combined with 1 µM small subunit), 5’-32P-labeled 25/45-mer 

DNA (600 nM), and various concentrations of CZ-1 were pre-incubated for 15-20 

min at 37oC in reaction buffer (see materials and methods).  Concentrations of 0 

( ), 2( ), 5( ), 10( ), 20( ), and 30( )µM of CZ-1 were included in the initial 

solution where the equilibrium between E•D and E•D•I complexes was 

established.  The E•D complex was diluted by 2-fold when mixed rapidly with an 

equal volume of 200 µM dATP (in 2.5 mM MgCl2) and allowed to react for 0.01 

to 0.6 sec.  The reactions were quenched with 0.5 M EDTA (pH 8.0) at the 

indicated time points.  The individual time course of primer extension at each CZ-

1 concentration was fit to the burst equation to yield the maximal amplitude for 

each burst curve.  (b) The amplitudes of the burst phases were plotted against the 

CZ-1 concentrations.  The data were fit to a hyperbolic equation, 

B
IK

IEEy
d

+
+
⋅

−= , that defined an apparent Kd value of 2.2 ± 0.7 µM. 
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binding to HIV RT.  We observed mutual dose dependence of dissociation 

constants but not an absolute competition between CZ-1 and DNA in binding to 

RT.  The independence of the dissociation constant for dATP from the 

concentration of CZ-1 implies that CZ-1 neither affects the nucleotide binding nor 

the chemistry step.  Nevertheless, CZ-1 inhibits Pol γ and RT with similar levels 

of potency, even though there was no direct evidence of promiscuous inhibition 

via aggregation.  The data reveal that the major source of inhibition is due to 

displacement of the DNA from the enzyme.   

The amplitude of the burst phase represents the amount of uninhibited 

E•DNA complex available for fast nucleotide incorporation in a single turnover.  

Therefore, the reduction in the burst amplitude in the presence of the inhibitor is 

due to a reduction in the concentration of active E•D complex, as E•D•I and/or 

E•I complex are formed.  The reduced burst amplitude and unchanged burst rate 

suggest that the rate of equilibration of CZ-1 with RT (dissociation and rebinding) 

is slower than the rate of polymerization catalyzed by uninhibited E•D complex in 

a single turnover.  The unchanged burst rate of polymerization reflects the 

incorporation catalyzed by the uninhibited E•D complex. 

Previously characterized non-nucleoside inhibitors form a ternary E•D•I 

complex that is still capable of nucleotide incorporation, but at a reduced rate 

(21).  There is a slow but significant continuing reaction even at saturating 

concentrations of TIBO and Nevirapine.  CZ-1, however, inhibits the 
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polymerization catalyzed by E•DNA complex to a greater extent because it 

abolishes the reaction seen during the steady state phase.  This suggests that the 

E•D•I complex is not reactive, or at least is extremely slow relative to the rate 

seen in the presence of Nevirapine.  In contrast to Nevirapine and TIBO, CZ-1 

stalls dissociation of the E•D•I to favor the E•I complex.  Although the E•D•I 

complex may form, as suggested by the observation that saturating DNA cannot 

completely overcome the inhibition, it appears to be non-reactive.  It is reasonable 

to suppose that the binding sites for DNA and CZ-1 overlap substantially, but that 

the binding site for DNA is much larger.  In the presence of a high concentration 

of CZ-1 and DNA they both may bind, but DNA may be dislodged from the 

catalytic site in such a way as to prevent nucleotide incorporation.  Increasing 

DNA concentration cannot overcome the inhibition because the DNA site is 

already occupied.   

Pre-incubation of CZ-1 with free enzyme before addition of DNA and 

Mg•dATP in the DNA titration experiments showed that DNA in ten-fold excess 

over RT concentration could not overcome inhibition by CZ-1.  However, CZ-1 

binds to RT and interferes with DNA binding, limiting the amount of uninhibited 

E•D complex available for dATP incorporation.  Larger concentrations of CZ-1 

increased the apparent equilibrium dissociation constant of DNA binding to RT, 

weakening RT-DNA binding and hence reducing the amplitude of the burst phase.  
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In summary, we conclude that CZ-1 binds to RT at a different site than 

that for the incoming nucleotide, based upon the result that Kd,dATP is not affected 

by CZ-1 concentration,.  Furthermore, the lack of effect on the observed tight 

binding of dATP and the rate of turnover supports the conclusion that CZ-1, like 

Nevirapine and TIBO (21), does not alter the conformational change that takes 

place after the ground-state nucleotide binding to RT.   

A clear picture of CZ-1 selectivity awaits further experiments.  Broader 

cellular toxicity assays are necessary since CZ-1 appeared to inhibit human 

mitochondrial DNA polymerase with a comparable (only two-fold weaker) 

binding affinity as with HIV-1 RT.  The binding site on RT for CZ-1 remains 

unknown.  Fluorescence scans did not detect any signs of interaction between CZ-

1 and the DNA substrates.  Images from electron microscopy and particle size 

distribution data from classic light scattering did not demonstrate aggregation of 

CZ-1 molecules.  Nevertheless, Triton X-100 slightly perturbed the binding of 

CZ-1 and HIV-1 RT and the CZ-1 binding rate rose sharply at higher 

concentrations (Fig. 22B).   

Kinetic evidence gathered through our work indicates that CZ-1 binds to 

RT both in the presence and absence of DNA to form E•I and ternary E•D•I 

complexes, to hinder the incorporation of the next correct nucleotide.  Because the 

only observed reaction was due to the activity of the uninhibited E•D complex, 

we cannot ascertain whether CZ-1 blocks the nucleotide incorporation at the 
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binding step, conformational change or chemistry.  In the case of previous 

analysis of inhibition by Nevirapine, analysis of the incorporation kinetics of the 

fully inhibited enzyme allowed us to establish that NNRTIs block chemistry 

without interfering with nucleotide binding or the conformational change step.  A 

similar analysis is not possible with CZ-1 because no reaction is seen other than 

that in the uninhibited fraction of the enzyme.   

 It is likely that CZ-1 interferes with the proper alignment of DNA at the 

polymerase active site with its bulky shape.  The characterization of this non-

nucleoside inhibitor may help in the design of more effective drugs that are potent 

towards wild type, and drug-resistant strains of RT. 
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CHAPTER 4:  Kinetic Mechanism of Wild type and K103N Mutant 
HIV-1 Reverse Transcriptase in the Presence of HBY097, α-APA, 

and CZ-1 

1. INTRODUCTION   

For the past ten years, structural and biochemical research has been 

combined to render evidence for the relationship between structure and function 

of RT in the presence of NNRTIs.  HIV-1 RT, an important therapeutic target in 

the treatment of AIDS, is effectively inhibited by the NNRTIs, while HIV-2 RT is 

not because it has different residues than the ones present in the NNRTI binding 

pocket on HIV-1 RT (136,137).  Functional importance of drug-resistant mutation 

has been postulated qualitatively from crystal structures (104,138).  This chapter 

presents quantitative examination of the effect of each NNRTI on RT mechanism.  

If the quantitative results agree with the qualitative ones from molecular structural 

studies and X-ray crystallography, the impact of certain mutations on the 

sensitivity of RT to the non-nucleoside inhibitors will be more clearly defined.  

This chapter describes a pre-steady state kinetic analysis of two forms of HIV-1 

RT, the wild type and the drug-resistance mutant K103N, in the presence of three 

NNRTIs. 

K103N is the most common mutation found in clinical trials and 

therapeutic uses (139).  The K103N substitution was detected in majority of the 

patients with a rebound in plasma viral load, after being treated with nevirapine, 
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delavirdine, efavirenz (benzoxazinone, DMP266), α-APA (an α-

anilinophenylacetamide derivative), or HBY 097 (a quinoxaline derivative) 

(140,141).  Although it has not been reported whether K103N mutation directly 

contributes to the development of resistance to NNRTIs, it has been shown to 

decrease binding potency of the NNRTIs since it is usually the first mutation to 

appear in drug-resistant strains (142), as early as six weeks after beginning 

treatment with nevirapine (143).  Located at the entrance to the NNRTI binding 

pocket (144), Lys103 forms an electrostatic interaction with the incoming NNRTI 

(145).   Hsiou et al. proposed that Asn103 forms hydrogen bonds from its main 

chain nitrogen to the terminal oxygen on Tyr188 and water molecules in the 

pocket and adjacent to pocket residues (see Chapter 1).  The interaction between 

Asn103 and Tyr 188 is likely to seal the entrance to the binding pocket (104).  

Ren et al. observed rearrangements of residues inside the NNRTI binding pocket 

as a consequence of K103N substitution (102).  The resultant repositioning of the 

inhibitor and the conformational changes within the NNRTI binding pocket may 

cause the NNRTIs to bind more slowly to K103N (104).  The purpose of my 

study was to test this theory and extend the level of understanding of the drug-

resistance mechanism of this mutant.    

Based on the studies of NNRTI resistance at the molecular structural level, 

I investigated at the kinetic level to help improve the design of anti-AIDS drugs.  

Comparing the kinetic parameters of the process with different NNRTIs provided 
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insight into the relationship between the chemical structure of the inhibitor and its 

effectiveness.  General mechanisms for nucleotide  incorporation by HIV-1 RT 

and for inhibition by NNRTIs (21,62) were previously established in our lab.  I 

measured the kinetic parameters for the initial binding steps in the reaction 

pathway as well as the rates for the first turnover.   

The nucleotide incorporation pathway described in Chapter 1 is the basic 

scheme for measuring kinetic parameters controlling the nucleotide incorporation 

catalyzed by HIV-1 RT.  This biochemical approach was taken to build the 

resistance-profile for K103N.  The mutant enzyme was tested with three NNRTIs: 

Loviride R90385 (α-Anilinophenylacetamide, α-APA), HBY 097 (a quinoxaline 

derivative), and CZ-1 as shown in Figure 27.  HBY097 was the smallest and most 

flexible of the three inhibitors.  CZ-1 was the largest and most rigid due to the 

naphthalene rings in its structure.  With the exception of CZ-1, they share a 

common binding pocket (137).  Mechanism of inhibition by each inhibitor was 

investigated to obtain quantitative evidence for functional characterization of the 

K103N mutant.  Correlation of data obtained from kinetic measurements with X-

ray crystal structures provided a deeper level of understanding of drug resistance 

mechanism of HIV-1 RT.  The results of these experiments can be applied 

towards future design of drugs to counteract emerging resistance mutations. 
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Figure 27.  Structural formulas of a-APA, HBY 097, and CZ-1. 

 

2. RESULTS  

Crystal structures suggested that the K103N mutation reduces the NNRTI 

binding rate (104).  I hypothesized that the shape of the NNRTI, i.e., size and 

flexibility, attribute to the binding affinity.  In order to explore the functional 

significance of a single amino acid substitution at the NNRTI binding site on 
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HIV-1 RT, I performed pre-steady state kinetic analysis of polymerization by wild 

type and K103N in presence of α-APA, HBY 097, and CZ-1.  Effects of different 

NNRTIs on single nucleotide incorporation by wild type and K103N mutant HIV-

1 RT were compared by the following quantitative measurements: rates of burst 

and steady-state phase during the first turnover, apparent equilibrium dissociation 

constants for E•D complexes, apparent equilibrium dissociation constants for the 

NNRTIs to HIV-1 RT (i.e. Kd, APA, Kd, HBY, Kd,CZ), observed binding rates for the 

NNRTIs to RT, and the apparent equilibrium dissociation constants for dATP to 

active E•D complex (Kd,dATP). 

 

2.1. DNA-directed dATP incorporation by K103N  

Initial characterization of HIV-1 RT mutant, K103N, was carried out by 

single nucleotide incorporation experiments using the same substrate, 25/45-mer 

primer/template DNA duplex (Fig. 13).  Mutant E•D complex was rapidly mixed 

with a saturating concentration of dATP, the next correct nucleotide for the 45mer 

template.  Each reaction was quenched with 0.5 M EDTA, pH 8.0.  Similar to 

wild type enzyme, the time course of 26-mer DNA product from catalysis by 

K103N showed a burst phase followed by a slow linear phase.  The burst phase 

corresponded to the first turnover of the enzyme.  The slope of the slow linear 

phase divided by the active enzyme concentration provided the rate constant for 
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release of the primer/template from enzyme after nucleotide incorporation 

(62,146).  Results from the initial assay indicated that although K103N catalyzed 

the reaction at slightly faster burst rate, both the burst and steady state rates of 

catalysis by K103N were similar to catalysis by wild type HIV-1 RT (Table 3). 

 

2.2. Active site titration of K103N with 25/45-mer DNA. 

Both K103N and wild type HIV-1 RT catalyzed the nucleotide 

incorporation in a biphasic pattern, suggesting faster catalysis than release of 

product from the enzyme.  Under these conditions, the amplitude of the burst 

phase in a single nucleotide incorporation reaction corresponds to the 

concentration of active E•D complexes.  Accordingly, the amplitude renders an 

estimate of active enzyme and can be used to determine the equilibrium 

dissociation constant of DNA from K103N (Fig. 28) by titration of HIV-1 RT 

with DNA.  Single nucleotide incorporation experiments were performed where a 

fixed concentration of K103N was pre-incubated with 32P- 25/45-mer DNA over a 

range of concentrations.  The solution of E•D complex was mixed with an equal 

volume of dATP.  Figure 28 shows the DNA concentration dependence of the 

burst amplitude.  Data were fit to obtain a Kd value of 6 ± 1 nM which is not 

substantially different from that seen for wild type RT (3 ± 1 nM from my 

observation and 5 nM observed by Kati et al. (62)).  These results suggest that 
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Figure 28.  Active site titration of K103N with DNA duplex.  K103N (37.5 nM as 

determined by UV absorbance measurements at 280 nm) and eight different 

concentrations of 5'-32P-25d/45d were incubated for 5 minutes at 37oC in reaction 

buffer.  The E•D complex was then rapidly mixed with saturating concentrations 

of Mg2+•dATP (100 µM).  The reaction was quenched with 0.5 M EDTA after 

indicated times.  Upper panel: time courses of product formation at 5 ( ), 10( ), 

20( ), 50( ), 100( ), 200( ), 500( ), and 800 ( ) nM DNA were fit to the 

burst equation to obtain the amplitude of the burst phase.  The average of the eight 

burst rates was 9.55 s-1.  Lower panel: The amplitudes were plotted as a function 

of the 25d/45d concentration.  Data was fit to the quadratic equation (Chapter 2) 

rendering a Kd value for the E•D complex of 6.2 ± 0.8 nM.  The maximum 

amplitude, 25.1 ± 0.4 nM, indicated that approximately 67% of the enzyme in 

solution is active.  K103N concentrations indicated for all other experiments are 

active site concentrations. 
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amino acid substitution at position 103 does not affect DNA binding.  

 

2.3. Incorporation of the next correct nucleotide, dATP. 

In order to determine whether the affinity of the incoming nucleotide for 

E•D complex was affected by the K103N mutation, single turnover experiments 

were executed in which a fixed concentration of pre-incubated E•D complex was 

rapidly mixed with dATP over a range of concentrations.  Each time course was 

fit to the burst equation to obtain the burst rate at each nucleotide concentration.  

Figure 29 shows the dATP concentration dependence of the burst rate of the E•D 

complex.  Comparison of Kd,dATP values showed that K103N mutation weakened 

the nucleotide interaction by 2-3 fold, which is the same magnitude of change as 

observed for Y181C mutant (147).  Therefore, K103N affects incoming 

nucleotide interactions with HIV-1 RT to the same extent as Y181C.  In contrast 

to the change in Kd,dATP, the maximum incorporation rate was increased by 2-3 

times in K103N RT. 

Kinetic parameters governing DNA binding and nucleotide incorporation 

have been measured for K103N.  The parameters for K103N were essentially 

identical to wild type RT, indicating that K103N does not change the general 

mechanism for single nucleotide incorporation.  As shown above, K103N did not 

significantly alter DNA binding and dissociation but rather slightly altered the 

nucleotide interaction with the E•D complex.  The mutation decreased the affinity 
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Figure 29.  Pre-steady state burst rate dependence on dATP concentration.  

K103N (100 nM) and 5'-32P-labeled 25/45-mer (200 nM) were pre-incubated in 

reaction buffer for 5 minutes at 37oC.  The reaction was initiated by mixing 

increase concentrations of Mg2+•dATP and terminated by EDTA.  Each burst 

curve was fit to the burst equation to obtain burst rates, which were in turn plotted 

as a function of dATP concentration.  A hyperbolic fit defined a Kd,dATP of  1.6 ± 

0.4 µM and a maximum incorporation rate of 12 ± 1 s-1.   
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nucleotide interactions with the E•D complex.  The mutation decreased the 

affinity for the initial ground-state binding of dATP to E•D complex by 2 to 3-

fold yet slightly increased the maximum incorporation rate by 2 to 3-fold.  The 

overall specificity (
d

pol

K
k

) for dATP incorporation remained the same.  

Nevertheless, the observed changes are small enough to imply that overall 

mechanism of nucleotide incorporation catalyzed by K103N is the same as that of 

wild type RT. 

 

2.4. BINDING AFFINITIES OF NNRTIS TO K103N RT. 

Data presented in Chapter 3 supported the theory of slow equilibrium 

between E•D complex and CZ-1-bound or nevirpaine-bound E•D complex (21).  

Titrating the E•D complex with increasing amounts of inhibitor before initiation 

of dATP incorporation resulted in a correspondent decrease in burst amplitude.  

Since burst amplitude represents the amount of uninhibited E•D complex 

available for nucleotide incorporation in the first turnover, the decrease in 

amplitude with a constant burst rate means that the inhibitor dissociates from 

I•E•D complex slowly relative to the rate of polymerization.  I performed 

analogous experiments with K103N in presence of CZ-1, HBY 097, and α-APA 

(Fig. 30-32) to inspect the effect of the mutation on the equilibrium between E•D 

complex and each inhibitor. 
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Figure 30.  Apparent equilibrium dissociation constant of CZ-1 to K103N RT.  

Upper panel: K103N RT (50 nM), 5’-32P-25/45-mer DNA (100nM), and 0 ( ), 

0.5 ( ), 1( ), 1.5( ), 2( ), or 4( ) µM of CZ-1 were pre-incubated for 15-20 

min at 37oC in reaction buffer, where the equilibrium between E•D and E•D•I 

complexes was established.  The E•D complex was two-fold diluted by an equal 

volume of 150 µM dATP in buffer with 4 mM Magnesium Acetate.  The 

reactions were allowed to react for 0.01 to 3 sec before quenching with EDTA.  

Each curve was fit to the burst equation, tmeAy tk ⋅+−⋅= ⋅− )1( , to yield the 

maximum burst amplitude at each CZ-1 concentration.  Lower panel: The 

function of burst amplitude vs. CZ-1 concentration was fit to a hyperbolic 

equation, 
B

IK
IEEy

d

+
+
⋅

−=
, that defined an apparent Kd of 0.74 ± 0.04 µM. 
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Figure 31.  Apparent equilibrium dissociation constant of HBY 097 to K103N 

RT.  Upper panel: K103N RT (50 nM), 5’-32P-25/45-mer DNA (100 nM), and 0 

( ), 0.01 ( ), 0.02( ), 0.03( ), 0.05( ), 0.07 ( ), 0.15 ( ) or 0.2 ( ) µM of 

HBY 097 were pre-incubated for 15-20 min at 37oC in reaction buffer, where the 

equilibrium between E•D and E•D•I complexes was established.  The E•D 

complex was two-fold diluted by an equal volume of 150 µM dATP in buffer 

with 4 mM magnesium acetate.  The reactions were allowed to react for 0.01 to 3 

seconds before quenching with EDTA.  Each curve was fit to the burst equation, 

tmeAy tk ⋅+−⋅= ⋅− )1( , to yield the maximum burst amplitude at each CZ-1 

concentration.  Lower panel: The function of burst amplitude vs. CZ-1 

concentration was fit to a hyperbolic equation,
B

IK
IEEy

d

+
+
⋅

−=
, to yield an 

apparent Kd of 24 ± 7 nM. 
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Figure 32.  Apparent equilibrium dissociation constant of Loviride to K103N RT.  

Upper panel: K103N RT (50 nM), 5’-32P-25/45-mer DNA (100nM), and 0( ), 

0.03( ), 0.05( ), 0.1( ), 0.2( ), or 0.5( ) µM of α-APA were pre-incubated 

for 15-20 min at 37oC in reaction buffer, where the equilibrium between E•D and 

E•D•I complexes was established.  The E•D complex was two-fold diluted by an 

equal volume of 150 µM dATP in buffer with 4 mM magnesium acetate.  The 

reactions were allowed to react for 0.01 to 3 sec before quenching with EDTA.  

Each curve was fit to the burst equation, tmeAy tk ⋅+−⋅= ⋅− )1( , to yield the 

maximum burst amplitude at each CZ-1 concentration.  Lower panel: The 

function of burst amplitude vs. CZ-1 concentration was fit to a hyperbolic 

equation,
B

IK
IEEy

d

+
+
⋅

−=
, that defined an apparent Kd value of 9.5 ± 1.4 nM. 
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E•D was titrated with increasing concentrations of each inhibitor prior to rapid 

mixing with dATP for indicated times, followed by quench with EDTA (Fig. 30-

32).  The consistent burst rate for reaction with each inhibitor was evidence to 

affirm that the fast rate of incorporation was due to the first turnover of 

uninhibited E•D complex.  Hence the decrease in burst amplitude in 

correspondence with the increase in inhibitor concentration was a result of 

formation of I•E•D complexes, which affords a direct measurement of the 

concentration of I•E•D complex.  The relationship between amplitude and 

inhibitor concentration determined the apparent equilibrium dissociation constant 

of the inhibitor from I•E•D complex (Fig. 30-32 and Table 3).  With respect to 

wild type HIV-1 RT, the affinity of CZ-1, HBY 097, and a-APA to K103N RT 

increased 1.8, 2.4, and 3.5-fold, respectively.  This slight enhancement in inhibitor 

binding affinity is the opposite of what was expected of this mutation.  The 

hydrogen bond that K103N adds at the entrance of the NNRTI binding pocket 

(104) did not seem to deter inhibitor binding after all. 

 

2.5. Association and dissociation rate constants of NNRTIs with K103N 

RT-DNA complex. 

Further investigation into the effect of K103N mutation on equilibrium 

dissociation constant of the three inhibitors was achieved by determining the 

association (kon) and dissociation (koff) rates of the inhibitors.  K103N was pre-
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incubated with 32P-25/45-mer DNA.  The E•D complex was mixed with an equal 

volume of inhibitor (at 5, 10, 15, or 20 µM after mixing) for specified times (Fig. 

33-35 upper panels).  Next, I•E•D complex was mixed with dATP for 0.2 second 

to allow the completion of a single turnover of uninhibited active E•D complex.   

Finally, the reaction was quenched with 0.5 M EDTA, pH 8.0.   

The product from the 0.2 second reaction is due to catalysis by uninhibited 

E•D complex because the dissociation of inhibitor from I•E•D complex is slow 

with respect to the rate of uninhibited polymerization.  For the same reason, the 

observed decrease in product concentration is due to the inhibitor binding to and 

inactivating the E•D complex.  Data of normalized product as a function of time 

was fit to a single exponential decay equation (Chapter 2) to obtain the observed 

binding rate (kobs) for each inhibitor.  The association (kon) and dissociation (koff) 

rates of inhibitor with E•D complex were defined by the equation, 

[ ] offonobs kIkk +∗= , which was used together with on

off
d k

k
K =

 so that koff is 

consistent with previously determined Kd of each inhibitor.  The observed binding 

rates increased linearly with inhibitor concentration in reactions catalyzed by 

either the wild type or K103N RT (Fig. 33-35 lower panels).  HBY 097 and α-

APA showed 3 to 4-times slower dissociation rates from K103N than wild type 

RT.  CZ-1 and α-APA showed a faster association rate to K103N.  The bulkiest  
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Figure 33.  Apparent binding rate of CZ-1 to wild type and K103N RT.  RT (100 

nM) was pre-incubated with [5’-32P]-labeled DNA duplex (100 nM).  The E·DNA 

solution was two-fold diluted when mixed with CZ-1 for the indicated times.  

Next, the E·D·I solution was mixed with an equal volume of dATP (100 µM) for 

200 ms.  Upper panel: fitting the curves to single exponential decays rendered 

apparent binding rates of 1.42 ± 0.11, 3.03 ± 0.22, and 3.23 ± 0.20 s-1 for 10 ( ), 

15 ( ), and 20 ( ) µM CZ-1 to RTK103N-DNA complex.  (B)  ○were obtained by 

analysis of the CZ-1 concentration dependence of the observed binding rate 

constant.  Due to large errors in the extrapolated intercept, binding rates were 

calculated by fitting data to the equations, on

off
d k

k
K =

 and )]([* donobs KIkk += , 

such that koff was constrained to agree with both Kd and kobs values.  A linear fit 

rendered a slope of 0.18 ± 0.08 for RTK103N (○)and 0.04 ± 0.01 for RTWT(●), so 

the kon rate was (18 ± 8) x 104 M-1s-1 for K103N and (4.4 ± 0.9) x 104 for WT, and 

koff rate was 0.13 ± 0.06 s-1 for K103N and 0.06 ± 0.01 s-1 for WT.
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Figure 34.  Apparent binding rate of HBY 097 to wild type and K103N RT.  RT 

(100 nM) was pre-incubated with [5’-32P]-labeled DNA duplex (100 nM).  The 

E·DNA solution was two-fold diluted when mixed with 5 ( ), 10 ( ), 15 ( ), or 

20 ( ) µM of HBY for the indicated times.  Next, the E·D·I solution was mixed 

with an equal volume of dATP (100 µM) for 200 ms.  Upperpanel: fitting the 

curves to single exponential decays rendered apparent binding rates of 0.54 ±  

0.04, 0.67 ± 0.03, 1.00 ± 0.06, and 1.56 ± 0.15 s-1 for 5, 10, 15, and 20 µM HBY 

to RTK103N-DNA complex.  (B)  Association and dissociation rate constants for 

formation of the E•D•I complex were obtained by analysis of the HBY 

concentration dependence of the observed binding rate constant.  Due to large 

errors in the extrapolated intercept, binding rates were calculated by fitting data to 

the equations, on

off
d k

k
K =

 and )]([* donobs KIkk += , such that koff was 

constrained to agree with both Kd and kobs values.  A linear fit rendered a slope of 

0.11 ± 0.02 for RTK103N (●) and 0.07 ± 0.01 for RTWT(○), so the kon rate was (11 ± 

2) x 104 M-1s-1 for WT and (6.8 ± 1.4) x 104 for K103N, and koff rate was 0.002 ± 

0.001 s-1 for K103N and 0.006 ± 0.002 s-1 for WT. 
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Figure 35.  Observed binding rate of α-APA to wild type and K103N RT.  RT 

(100 nM) was pre-incubated with [5’-32P]-labeled DNA duplex (100 nM).  The 

E·DNA solution was two-fold diluted when mixed with 5 ( ), 10 ( ), 15 ( ), or 

20 ( ) µM of α-APA for the indicated times.  Next, the E·D·I solution was mixed 

with an equal volume of dATP (100 µM) for 0.2 second.  Upperpanel: fitting the 

curves to single exponential decays rendered apparent binding rates of 0.35 ± 

0.01, 0.70 ± 0.06, 0.96 ± 0.07, and 2.3 ± 0.2 s-1 for 5, 10, 15, and 20 µM α-APA 

to RTK103N-DNA complex.  (B)  Association and dissociation rate constants for 

formation of the E•D•I complex were obtained by analysis of the α-APA 

concentration dependence of the observed binding rate constant.  Binding rates 

were calculated by fitting data to the equations, on

off
d k

k
K =

 and 

)]([* donobs KIkk += , such that koff was constrained to agree with both the Kd 

and kobs value due to large errors in the extrapolated intercept.  A linear fit 

rendered a slope of 0.11 ± 0.05 for RTK103N (●) and 0.10 ± 0.01 for RTWT(○), so 

the kon rate was (11 ± 5) x 104 M-1s-1 for K103N and (9.9 ± 1.4) x 104 M-1s-1 for 

WT, and koff rate was 0.001 ± 0.001 s-1 for K103N and 0.003 ± 0.001 s-1 for WT. 
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Table 2: Observed binding rates of inhibitors at various concentrations to 

RTWT and RTK103N. 

Inhibitor Concentration (µM) WT kobs (s-1) K103N kobs (s-1) 

CZ-1 5 0.093 ±  0.009 - 

 10 0.51 ± 0.02 1.42 ± 0.11 

 15 1.64 ± 0.18 3.03 ± 0.22 

 20 1.71 ± 0.13 3.23 ± 0.20 

HBY 5 0.46 ±  0.03 0.54 ±  0.04 

 10 1.05 ± 0.05 0.67 ± 0.03 

 15 1.21 ± 0.11 1.00 ± 0.06 

 20 2.19 ± 0.22 1.56 ± 0.15 

 α-APA 5 0.37 ±  0.05 0.35 ± 0.01 

 10 0.60 ± 0.06 0.70 ± 0.06 

 15 1.17 ± 0.13 0.96 ± 0.07 

 20 1.83 ± 0.15 2.25 ± 0.17 
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Table 3: Kinetic properties of RTWT and RTK103N. 

 wild type K103N 

Kd,DNA (nM)   3 ± 1   6.2 ± 0.8 

kmax (s-1)   7.4 ± 0.5 12 ± 1.0 

Kd,dATP (µM)   0.53 ± 0.18   1.6 ± 0.4 

Burst rate (s-1)   7.0 ± 0.3  12 ± 1 

Steady State rate (s-1)   0.20 ± 0.02    0.23 ± 0.01 

Kd,CZ-1 (µM)   1.3 ± 0.3    0.74 ± 0.04 

kon,CZ-1 (M-1s-1)  (4.4 ± 0.9) x 104 (18 ± 8) x 104 

koff,CZ-1 (s-1)    0.06 ± 0.01    0.13 ± 0.06 

Kd,HBY (µM)    0.058 ± 0.013    0.024 ± 0.007 

kon,HBY (M-1s-1) (11 ± 2) x 104   (6.8 ± 1.4) x 104 

koff,HBY (s-1)    0.0062 ± 0.0018    0.0016 ± 0.0006 

Kd,APA (µM)    0.032 ± 0.007    0.0095 ± 0.0014 

kon,APA (M-1s-1)   (9.9 ± 1.4) x 104  (11 ± 5) x 104 

koff,APA (s-1)    0.0032 ± 0.0008     0.0010 ± 0.0005 
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and most rigid CZ-1 associated with K103N at the fastest rate while the smallest 

HBY 097 bound with the slowest rate.  Hydrophobic interaction of binding pocket 

residues with the aromatic rings of the inhibitor seemed to play an important role 

in the K103N mutant enzyme. 

 

3. DISCUSSION 

K103N changed incoming nucleotide interactions with HIV-1 RT by 

approximately 2 to 3 fold but did not affect the specificity of nucleotide 

incorporation, analogous to Y181C (147).  These similar subtle effects by the two 

mutations might be due to the fact that the side chain of the residue was shortened 

in both mutations.  On the other hand, the slightly faster burst exhibited by 

K103N attests to the evolutionary ability of HIV-1 RT to its advantage in 

replication. 

The results presented here did not seem to support my hypothesis based on 

structures.  HBY 097 showed slower association rate towards K103N, whereas α-

APA bound to wild type and K103N mutant enzyme with comparable association 

rates, and CZ-1 associated with K103N at a slightly faster rate than with wild 

type.  The size and flexibility of the inhibitor did not seem to affect binding 

affinity.  The smallest inhibitor, HBY 097, did not display higher binding affinity 

than the other two inhibitors.  In contrast, the bulkiest inhibitor, CZ-1, exhibited 
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the higher binding rate with K103N than with wild type HIV RT.  K103N seemed 

to favor hydrophobic interaction with the aromatic rings in the inhibitor more than 

wild type RT.   

While both HBY 097 and α-APA dissociated from K103N with a three to 

four-fold slower rate than from wild type, CZ-1 dissociated from K103N with a 

rate twice as fast as from wild type.  These differences in association and 

dissociation rates were inconsequential when I compared the apparent equilibrium 

dissociation constants, for all three inhibitors displayed two- to three-fold smaller 

Kd values for dissociation from K103N-DNA complexes than from WT-DNA 

complexes.  Smaller Kd value represents tighter binding.  Increased inhibitor 

binding affinity in K103N was the opposite of my hypothesis.  However, the 

values for each kinetic parameter were in such a small range that the changes 

were rather minimal.  Apparently the data presented in this chapter cannot 

complete the characterization of the K103N mutant.  More single nucleotide 

incorporation experiments in presence of other NNRTIs, especially nevirapine, 

delavirdine, and efavirenz, are needed to elucidate the resistance mechanism of 

this mutant HIV-1 RT.  

Novel inhibitors with improved activity against NNRTI-resistant HIV 

have been designed based on predictions by computational methods such as 

Monte Carlo or molecular docking.  The kinetic method I have presented in this 

dissertation is an efficient in vitro evaluation of novel drug compounds to 
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complement in vivo studies.  More inhibitors under clinical trials should be tested 

against other recently discovered resistance mutants to get a complete picture of 

the relationship between specific mutations and development of drug resistance.  
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CHAPTER 5:  RNA-directed DNA polymerization by HIV-1 Reverse 
Transcriptase in Presence of Non-nucleoside Inhibitors 

 

1. INTRODUCTION 

Chapter 3 and 4 described studies performed with a duplex DNA substrate 

derived from the template for plus-strand DNA synthesis during the process of 

reverse transcription.  However, the first step in vivo is minus-strand DNA 

synthesis utilizing a viral RNA template (Chapter 1).  According to the 

established inhibition mechanism of CZ-1 (Chapter 3), this inhibitor should 

hinder the minus-strand DNA synthesis before the plus-strand DNA synthesis 

takes place.  In order to test this theory, I carried out RNA-directed single 

nucleotide incorporation assays under identical reaction conditions to those for 

DNA-directed dATP incorporation experiments.  This chapter describes the 

results of RNA-directed DNA polymerization in the presence and absence of CZ-

1. 

 

2. RESULTS 

I compared RNA-directed dATP incorporation by wild type HIV-1 RT in 

the presence and absence of CZ-1 to the previous DNA-directed dATP 

incorporation by RTWT under identical reaction conditions. For these RNA-
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directed DNA polymerization experiments, a 45-mer RNA template with the 

same sequence (Fig. 13B) as the previously used DNA template was synthesized 

by in vitro transcription with T7 RNA polymerase (Chapter 2).  

 

2.1. RNA-directed dATP incorporation catalyzed by K103N and wild type 

RT. 

Initial single nucleotide incorporation experiments with wild type and 

K103N mutant RT, using 25d/45r primer/template substrate (Fig. 36), were 

performed to compare the kinetics of both enzymes when accommodating an 

RNA or DNA template.  Pre-steady state kinetic analysis for incorporation of 

dATP was conducted under conditions where the DNA concentration was in 

slight excess relative to the enzyme concentration.  The reaction was carried out 

by rapidly mixing a pre-incubated solution of RT (either wild type or K103N 

mutant, 100 nM) and 5'-32P-25d/45r (200 nM) with a solution of Mg2+ (2 mM) 

and saturating concentrations of dATP ( 100 µM) (final concentrations) to initiate 

the polymerization.  Reactions were quenched with 0.5 M EDTA at time intervals 

ranging from 0.01 to 2 second. 

Plotting the concentration of 5'-32P-26-mer DNA product against time 

(Fig. 36) revealed a pre-steady-state burst of nucleotide incorporation representing  
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Figure 36.  Single nucleotide incorporation by wild type RT using a 25d/45r 

primer/template.  RTWT ( ) or RTK103N ( ) (100 nM) was pre-incubated with 5'-

32P-25d/45r (200 nM) for 10 minutes.  Equal volumes of this E•D/R solution and 

200 µM dATP in reaction buffer containing 4 mM Mg2+ were rapidly mixed for 

indicated times.  Reactions were quenched with EDTA.  The 26-mer product 

concentration was plotted versus reaction time.  Data were fit to the burst equation 

(Chapter 2).  The burst rate from the exponential phase was 7.0 ± 0.3 s-1 for wild 

type and 9.1 ± 0.3 s-1 for K103N mutant.  The steady state rate constants, 0.16 ± 

0.02 s-1 for wild type HIV-1 RT and 0.11 ± 0.02 s-1 for K103N, were obtained by 

dividing the slope of the linear phase by the active enzyme concentration.  
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the first turnover of the enzyme followed by a linear phase corresponding to the 

slower steady state release of the product (62,148).  This biphasic behavior 

indicates that the overall rate-limiting step during incorporation of a single correct 

nucleotide is the product release after the chemistry step (62).  Fitting the time 

courses to the burst equation rendered a burst rate of 7.0 ± 0.3 s-1 for RTWT with 

DNA template, 9.1 ± 0.3 s-1 for RTWT with RNA template, 12 ± 1 s-1 for RTK103N 

with DNA template, and 17 ± 2 s-1 for RTK103N with DNA template.  Data fit also 

yielded the steady state rates: 0.20 s-1 for RTWT with DNA template and 0.16 s-1 

for RTWT with RNA template, 0.23 s-1 for RTK103N with DNA template, and 0.11 

s-1 for RTK103N with RNA template.  The kinetic parameters of polymerization 

with the two templates by both enzymes are summarized in Table 4.  Similar to 

previous observations (62), RTWT and RTK103N both exhibited slightly faster 

polymerization rates in experiments employing an RNA template, relative to 

experiments using a DNA template.  On the other hand, RTK103N showed a slower 

steady state rate with RNA template than with DNA template, while RTWT 

exhibited the same steady state rate with both templates.  These results are similar 

to what have been observed previously in our lab.  The biphasic shape of the 

product formation curve implied that the incorporation of dATP catalyzed by 

either the mutant or wild type RT, using either 25d/45d or 25d/45r substrate, 

maintained a similar reaction mechanism as established previously (62).  The 

initial characterization demonstrated that the wild type enzyme used in my 
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experiments possessed the same kinetic properties as previously reported (21,62).  

Like the Y181C mutant (147), the pathway for single nucleotide incorporation 

catalyzed by K103N is similar to that determined for wild type RT. 

 

2.2. Measurement of kinetics for dATP incorporation using RNA 

template. 

K103N mutation seemed to increase the maximum incorporation rate as 

well as the apparent equilibrium dissociation constant for dATP during DNA-

directed polymerization (Chapter 3).  It would be necessary to further characterize 

this mutant by inspecting its effect on RNA-directed correct nucleotide 

incorporation.  I wanted to determine if K103N exhibited the same template 

specificity as wild type RT.  The Kd for dATP binding to the enzyme with an 

RNA template was determined in an analogous manner as that for dATP binding 

to the enzyme with a DNA template, by reacting a pre-incubated solutions of RT 

(100 nM) and primer/template (200 nM) with varying Mg2+•dATP concentrations 

and recording product formation with time.  As shown in the upper panel of 

Figure 37, the burst or single-turnover rates for formation of 26/45-mer product 

increased with higher concentrations of dATP.  The dependence of the burst rate 

of RTK103N on dATP concentration is shown in the lower panel of Figure 37, with 
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Figure 37.  Pre-steady state rate dependence of dATP concentration in RNA-

directed incorporation by RTK103N.  K103N (100 nM) and 5'-32P-25d/45r (200 

nM) were incubated in reaction buffer for 5 minutes.  The polymerization reaction 

was initiated by the addition of increasing concentrations of Mg2+•dATP and 

quenched with EDTA after specified times.  Upper panel: Time courses were fit 

to the burst equation to calculate the apparent first turnover rate of the burst 

phase.  Lower panel: hyperbolic function of burst rate vs. dATP concentration 

yielded a Kd,dATP of 0.95 ± 0.26 µM and maximum rate of  19 ± 2 s-1. 
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the data fit to a hyperbola, defining a Kd of 1.0 ± 0.3 µM for RNA template (as 

compared to 1.6 ± 0.4 µM for DNA template), and a maximum rate of 

incorporation of 19 ± 2 s-1 for RNA template (as compared to 12 ± 1 s-1 for DNA 

template) (Table 4).  The specificity of nucleotide incorporation was defined as 

d

pol

K
k

.  The specificity constant remained at approximately 8 s-1µM-1 for RTWT, 

irrespective of template.  However, in the case of RTK103N, the specificity for an 

RNA template was 2.5 fold greater than for a DNA template (7.5 to 19 s-1µM-1).  

The kinetic data suggest that while RTWT shows little preference for one template 

over the other, RTK103N favors an RNA template over a DNA template for 

polymerization.  

 

2.3. RNA-directed DNA polymerization in presence of CZ-1 

I also wanted to determine if CZ-1 exhibited the same inhibition 

mechanism for 25d/45r substrate as for 25d/45d substrate.  Therefore I quantitated 

the apparent equilibrium dissociation constant of CZ-1 and HIV-1 RT with a 

25d/45r substrate using pre-steady state kinetic analysis.  In chapter 3, I have 

reported a reduction in the amplitude of the burst phase of polymerization upon 

titration of the wild type E•D complex with CZ-1.  The burst amplitude is a 
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quantitative representation of uninhibited E•D complex continuing on to 

polymerization (Chapter 1).   

I examined the effect of RNA-directed single nucleotide incorporation 

catalyzed by the wild type enzyme in presence of the novel drug compound, CZ-

1.  Increasing concentrations of CZ-1 were incubated with RTWT and 25d/45r 

before rapid mixing with dATP.  Reactions were stopped after various times with 

EDTA.  The burst amplitudes were obtained by fitting the time course at each CZ-

1 concentration to the burst equation.  There was a pronounced decrease in the 

burst amplitude as the CZ-1 concentration was increased.  However, there was no 

substantial change in the burst rate of RNA-directed polymerization 

accompanying the decreasing amplitude.  Therefore, polymerization could only 

occur in actively bound E•D/R complexes.  The fast burst rate of incorporation 

was a result of the first turnover of uninhibited enzyme.  Therefore, the reduction 

in the burst amplitude of RNA-directed dATP incorporation (Fig. 38) was due to a 

lack of polymerization activity in inhibited E•D/R complex, which allowed us to 

quantitate the equilibrium dissociation constant of CZ-1 with the enzyme 

complex.  Figure 38 shows the inverse relationship between the amplitude of the 

burst phase and the concentration of CZ-1 in the reaction.  Fitting the data to a 

quadratic equation (Chapter 2) yielded a Kd value of 3.1 ± 1.3 µM. CZ-1 binding 

affinity to RT-25d/45r was increased by two fold, as compared to that of RT-

25d/45d complex (1.3 ± 0.2 µM).  The RNA template did not seem to  
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Figure 38.  Apparent equilibrium dissociation constant of CZ-1 from RNA/DNA-

RTWT complex.  Wild type RT (50 nM) was pre-incubated with 5'-32P-labeled 

25d/45r (100 nM, two-fold excess over enzyme) for 5 minutes at 37oC in reaction 

buffer.  Increasing concentrations of CZ-1 were added to the E•D/R solution and 

incubated for 10 minutes.  The partially saturated enzyme complex was then 

rapidly mixed with saturating concentrations of Mg2+•dATP for 0.01 to 1 second.  

Reactions were quenched with 0.5 M EDTA.  Individual time courses were fit to 

the burst equation.  Burst amplitudes ( ) were plotted against CZ-1 concentration.  

Data were fit to a quadratic equation that defined an apparent Kd of 3.1 ± 1.3 µM.  

 

 



 142

Table 4: Kinetic difference between DNA vs. RNA-directed polymerization 

catalyzed by wild type and K103N RT. 

 wt-D/D wt-D/R K103N-D/D K103N-D/R 

kpol (s-1) 7.4 ± 0.5 19 ± 2 12 ± 1 19 ± 2 

Kd,dATP (µM) 0.74 ± 0.19   2.5 ± 0.6   1.6 ± 0.4   1.0 ± 0.3 

Burst rate (s-1) 7.0 ± 0.3 17 ± 2 12 ± 1 17 ± 2 

Steady State rate (s-1) 0.20 ± 0.02   0.16 ± 0.02   0.23 ± 0.01   0.11 ± 0.02

Kd,CZ-1 (µM) 1.3 ± 0.2    3.1 ± 1.3   0.74 ± 0.04   - 

Kd,CZ-1,Triton (µM) 5.2 ± 1.4 13 ± 3   -   - 
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significantly affect the binding of CZ-1 to HIV-1 RT in this experiment.  
 

 3. DISCUSSION 

Chapter 3 and 4 described the mechanism of HIV-1 RT inhibition by non-

nucleoside inhibitors, where a DNA duplex was used as a substrate by the HIV-1 

RT, in order to simulate plus-strand synthesis in the process of reverse 

transcription (see Chapter 1).  During the first stage of reverse transcription in 

vivo, RT uses a viral RNA template in minus-strand synthesis primed by a cellular 

tRNA molecule.  Previous transient-state kinetic measurements demonstrated the 

difference in dNTP binding affinity, maximum polymerization rate, and fidelity 

between a RNA/DNA and DNA/DNA primer/template (62,73).  The affinity of 

primer/template remained the same for D443N RT (an RNase H deficient 

mutant), as previously demonstrated through active site titration experiments by 

Rebecca Spence.  Here I have measured the elementary steps in RNA-directed 

polymerization pathway using both the wild type and K103N mutant.   

Initial single turnover experiments with the mutant RTK103N-25d/45r 

complex revealed the same biphasic pattern of product formation as the wild type 

HIV-1 RT, indicating a fast incorporation of nucleotide followed by slower steady 

state release of the primer/template.  The burst rate of wild type and K103N using 

an DNA/RNA duplex, 25d/45r, as a primer/template was increased slightly 

compared to the identical reaction with a DNA duplex, 25d/45d, substrate.  

Previous studies showed that the burst behavior of polymerization is the result of 
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a conformational change of the enzyme immediately preceding the chemistry step 

(21,62,68,72,149,150), thereby directing the incoming nucleotide in the proper 

orientation for effective catalysis.  Here the results suggest that DNA/RNA duplex 

is the preferred substrate, as it contributes to a slight increase in the rate of 

conformational change of HIV-1 RT. 

As a validation for the observation that the first turnover catalyzed by 

either wild type or K103N RT with an RNA template was fast relative to catalysis 

with a DNA template, it was necessary to determine if the affinity of the next 

correct nucleotide, dATP, has been changed by the RNA template accordingly.  

The apparent equilibrium dissociation constant of the incoming nucleotide 

showed that the affinity of dATP was indeed increased for polymerization by the 

wild type enzyme, but not for the reaction catalyzed by K103N mutant.  The 

result here is inconclusive.   

I investigated the effect of RNA template on the potency of the novel 

inhibitor, CZ-1.  The RNA-directed single nucleotide incorporation experiments 

in presence of CZ-1 were performed identically as DNA-directed experiments 

(Chapter 3).  Likewise, an equilibrium dissociation constant for CZ-1 with the 

wild type enzyme and RNA/DNA complex was derived based on the correlation 

between the reduction in the burst amplitude and the amount of I•E•D/R complex.  

The Kd value was 3.1 µM for CZ-1 and the E•D/R complex, representing an 

approximately two-fold weaker affinity of CZ-1 for the E•D/R complex.  
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The pre-steady state measurements of the RNA-directed DNA 

polymerization by wild type and K103N mutant HIV-1 RT described in this 

chapter indicated that HIV-1 RT utilizes an RNA template with an analogous 

overall mechanism as that of a DNA template (62).  The apparent affinity of CZ-1 

for HIV-1 RT was 2 fold lower in presence of an RNA template, relative to that of 

a DNA template.  This might imply that RNA competes with CZ-1 better than 

DNA for HIV-1 RT.  The extremely slow turnover of the HIV-1 RT in the 

presence of saturating amounts of CZ-1 proves the hindrance of the chemical step 

of the RNA-directed nucleotide polymerization when CZ-1 is bound to the 

enzyme, similar to DNA-directed nucleotide incorporation.   

The results discussed in this chapter expand my previous conclusions of 

the inhibition mechanism of CZ-1 to include not only DNA-directed but RNA-

directed DNA polymerization.  As RNA is the viral template in minus-strand 

DNA synthesis, the RNA-directed polymerization experiment enhances my 

understanding of the inhibition by CZ-1 in vivo. 
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CHAPTER 6:  SUMMARY 

 

CZ-1 (2-naphthalenesulfonic acid, 4-hydroxy-7-[[[[5-hyroxy-6-[(4-

cinnamylphenyl)azo]-7-sulfo-2-naphthalenyl]amino]carbonyl]amino]-3-[(4-

cinnamylphenyl)]azo), disodium salt) is a novel non-nucleoside inhibitor that was 

designed to bind at an unconventional site on human immunodeficiency virus 

(HIV) type 1 reverse transcriptase (RT) (1).  We have investigated the mechanism 

by which CZ-1 inhibits wild-type HIV-1 RT.  Using pre-steady state kinetic 

methods, we examined the effect of CZ-1 on the parameters governing the single 

nucleotide polymerization catalyzed by RT.  Analysis of the pre-steady-state burst 

phase of deoxyadenosine triphosphate (dATP) incorporation showed that CZ-1 

decreased the amplitude of the reaction as previously shown for other NNRTIs 

due to the slow equilibration of the inhibitor with RT (21).  However CZ-1 also 

weakened the apparent DNA binding affinity.  Wild-type RT binds a 25/45-mer 

DNA duplex with an apparent Kd of 3 nM, which was increased to 388 nM, 336 

nM, and 933 nM in the presence of 2, 5, and 10 µM of CZ-1, respectively.  

Likewise, the Kd of CZ-1 binding to RT increased at higher DNA concentration, 

from 1.3 µM to 3.4 µM.  In contrast, the Kd and the maximum incorporation rate 

of the incoming nucleotide did not depend on the concentration of CZ-1.  We 

therefore conclude that CZ-1 represents a new class of non-nucleoside RT 

inhibitors (NNRTIs) distinct from Nevirapine and related NNRTIs.  CZ-1 can 
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bind to RT in both the absence and presence of DNA.   In the ternary enzyme-

DNA-CZ-1 complex (E•DNA•I), the binding of DNA is weakened and 

incorporation of the next nucleotide onto the primer is inhibited.  A possible mode 

of inhibition for CZ-1 is the distortion of RT conformation and the consequent 

misalignment of DNA at the active site. 

CZ-1 inhibits HIV-1 RT activity similarly as conventional NNRTIs based 

on the measured kinetic parameters.  In presence of CZ-1, binding of the 

incoming nucleotide, dATP, remained tight.  Moreover, CZ-1 neither affected the 

burst (turnover) rate of RT nor the apparent equilibrium dissociation constant for 

dATP.  The data agreed with the proposed mechanism of inhibition that non-

nucleoside inhibitors hamper the chemical step for correct incorporation, whereas 

in uninhibited polymerization pathway, the conformational change ensuing 

nucleotide binding is the rate-limiting step and controls the fast rate of 

incorporation for the uninhibited enzyme. 

Previous studies showed that non-nucleoside inhibitors such as nevirapine 

and TIBO could be released slowly from the I•E•D complex relative to the rate of 

polymerization of the uninhibited enzyme, resulting in residual polymerization 

activity in E•D complex with saturating concentrations of the inhibitors (21).  CZ-

1 is distinct from the conventional NNRTIs because it did not allow any residual 

polymerization when it was bound to E•D complex at a saturating amount.   
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Novel inhibitors with improved activity against NNRTI-resistant HIV 

have been designed based on predictions by computational methods such as 

Monte Carlo or molecular docking.  The kinetic method I have presented in this 

dissertation is an efficient in vitro evaluation of novel drug compounds to 

complement in vivo studies.  More inhibitors under clinical trials should be tested 

against other recently discovered resistance mutants to get a complete picture of 

the relationship between specific mutations and development of drug resistance.  

Kinetic measurements of polymerization by the viral enzymes in the 

presence of each specific drug compound can be used to examine drug potency 

and efficacy.  This approach will have a profound biological application in drug 

design for other viral diseases such as hepatitis C, influenza, etc. because it is 

applicable towards evaluation of drugs selected through random screening for 

other diseases.   
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