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We have engineered a mutant of HIV Reverse Transcriptase that can be 

fluorescently labeled by covalent attachment of the environmentally sensitive fluorophore 

7-diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl)coumarin  (MDCC).  The result 

is a polymerase that is kinetically indistinguishable from the wild-type enzyme, but 

provides a signal to monitor changes in enzyme structure that result from conformational 

changes induced by substrate binding.  Using this system, we have expanded the kinetic 

model governing nucleotide binding to include an enzymatic isomerization following 

initial nucleotide binding. In doing so, we define the role of induced-fit in nucleotide 

specificity and mismatch discrimination.  Additionally, we have characterized the 

kinetics governing the specificity and discrimination of several widely administered 

Nucleotide Reverse Transcriptase Inhibitors (NRTI’s) used to combat HIV infection 

including 3TC (Lamivudine), FTC (Emtricitabine), and AZT (Zidovudine) for the wild-

type polymerase and mutants with clinical resistance to these compounds. Our findings 
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resolve the apparent tighter binding of these inhibitor compounds compared to the correct 

nucleotide by showing that the affinity for the correct nucleotide is stronger than the 

inhibitors. The apparent weaker binding of the correct nucleotide is a result of a 

incomplete interpretation of binding data that fails to account for the importance of the 

reverse rate of the conformational change. The apparent Kd (Kd,app) measurements for 

correct nucleotide estimates Km rather than Kd because nucleotide binding does not reach 

equilibrium. The conformationally sensitive enzyme has also been used to characterize 

the kinetics governing DNA association.  We show that DNA binding is governed by a 

two-step process where a fast initial association is followed by a second, slow 

isomerization that is off the pathway for nucleotide binding and incorporation. Finally, 

we have implemented single molecule techniques using fluorophore labeled nucleotides 

to study the effects of AZT incorporation on the DNA translocation dynamics of the 

polymerase.  We find that primer termination with AZT results in DNA that fails to 

translocate, therefore occluding the next nucleotide from binding. This shift in 

translocation equilibrium exposes the newly formed phosphodiester bond to ATP- or 

pyrophosphate-mediated AZT excision; thereby rescuing productive polymerization.  

This finding represents the first kinetic measurement of DNA translocation by a 

polymerase. 
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Chapter 1: Introduction to HIV Reverse Transcriptase 

1.1 PROJECT SUMMARY 

The research project reported in this dissertation aims to further expand the 

kinetic model of HIV Reverse Transcriptase. These studies provide an additional tool for 

the design of future inhibitor compounds. Chapter one provides an in-depth review of 

HIV Reverse Transcriptase. Chapter two documents the production and verification of a 

fluorescently labeled HIVRT that possesses conformationally sensitive fluorescence. 

Chapter three presents a two-step induced-fit model for HIVRT incorporation of dCTP, 

and addresses the reason 3TC binds with a lower apparent Kd than the correct nucleotide.  

Chapter four reports the binding and incorporation kinetics of FTC according to an 

induced-fit nucleotide binding model. Chapter five explores the incorporation of dCTP, 

3TC, and FTC by the M184V mutant HIVRT. Chapter six reports induced-fit models for 

the incorporation of TTP and AZTTP by the wild-type and TAMs HIVRT to explore 

discrimination to AZT imparted by the TAMs. Chapter seven details the mismatch 

nucleotide incorporation kinetics, specificity, and discrimination. Chapter eight reports 

the kinetics that govern DNA interactions with HIV Reverse Transcriptase. The final 

chapter reports the results of single molecule studies to address the effects of AZT 

termination on the DNA translocation equilibrium. 

1.2 DISCOVERY OF HIV AS THE CAUSITIVE AGENT OF AIDS 

The 1983 discovery of the Human Immunodeficiency Virus (HIV) as the 

etiological agent of Acquired Immunodeficiency Syndrome (AIDS) is credited to two 

independent laboratories (1, 2). The high-profile discovery of a virus that had already 

become an epidemic proved to be scientifically and socially pivotal. As a result, the 
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discovery of HIV and its subsequent treatments garnered unusual attention; producing 

one of the more unique scientific stories of the last thirty years (3, 4). 

Several advances were made decades before the discovery of HIV that provided 

the groundwork for the existence of human retroviruses.  In the 1950’s, the United States 

government sponsored initiatives to discover oncogenic viruses.  Groups led by David 

Baltimore at the Massachusetts Institute of Technology and Howard Temin at the 

University of Wisconsin – Madison both began to search for viral oncogenesis.  These 

efforts culminated in concurrent Nature publications of a mammalian virus that used an 

RNA-dependent DNA-polymerase to replicate (5, 6).  This finding was of immediate 

significance because it supported the oncogenic virus model, but also inverted the central 

dogma of biology. Despite not finding definitive proof of an oncogenic virus at the time, 

this work developed the sensitive assays needed to identify reverse transcription enzymes 

used later in the discovery of HIV. Additionally, the work of Temin and Baltimore 

instilled new interest in polymerases found in human blood cell leukemia. 

Scientific and medical communities gained widespread knowledge of the AIDS 

pandemic from 1981 Center for Disease Control and Prevention reports. Routine 

surveillance indicated an unusually high number of Pneumoncystis pneumonia and 

Kaposi’s sarcoma cases in the Los Angeles homosexual male population (7, 8);  the 

former being causes from an opportunistic infection of Pneumoncystis carinii, the latter a 

form of cancer caused by a latent Herpesvirus infection. Normally, both diseases were 

very rare and only occurred in severely immune-compromised individuals. Soon similar 

infections were observed in patients with hemophilia who had received blood transfusion 

and intravenous drug users (9). CDC scientists quickly recognized the transmission of the 

condition and named the disease Acquired Immunodeficiency Syndrome. The high 
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transmission rate of AIDS, coupled with a patient pool that had a high incidence of 

Hepatitis B, suggested to CDC epidemiologists that the cause of the disorder was viral.  

The concurrent discovery of HIV was made by two groups both studying DNA 

polymerases in blood cells of leukemia patients.  An American group, led by Robert 

Gallo of the National Cancer Institute named their newly discovered virus HTLV-III 

because although it was a Human T-cell Leukemia Virus, it did not possess the properties 

of HTLV type I or type II (2).  At the same time, a group lead by Luc Montagnier of the 

Pasteur Institute in France isolated the same virus, which they named lymphadenopathy-

associated virus (LAV) based on the pathology of the manifesting virus(1). 

Both independent discoveries of the virus relied on polymerase assays developed 

by Temin and Baltimore to positively identify the new virus.  Lysates from HIV infected 

cultures were incubated with DNA-primed RNA-templates similar to those used in 

previous work with other types of HTLV.  Incorporation of radiolabeled dNTP’s 

confirmed the presence of a reverse transcriptase.  Concurrently, immuno-staining 

methods to clinically identify the virus indicated the presence of two viral proteins, p17 

and p24. Together, these findings provided evidence for a novel retrovirus.  It was later 

shown that although the two groups believed that they were working on different isolates 

of the virus, due to contamination of laboratory samples both groups had identified the 

same agent (10). 

Due to a lack of consensus among members of the scientific community, a name 

for the newly discovered retroviral cause of AIDS could not be agreed upon for three 

years (11). Ultimately the task was awarded to the International Committee on the 

Taxonomy of Viruses which reached an agreement that the new virus which was the 

causative agent of AIDS would be called Human Immunodeficiency Virus (12).  
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1.3 THE ROLE OF REVERSE TRANSCRIPTASE IN THE VIRAL LIFECYCLE 

The mature HIV virion contains two copies of its genome as plus-sense single 

stranded RNA, as well as viral non-structural proteins essential to the viral life cycle.  

These proteins include HIV Reverse Transcriptase, Protease, and Integrase (13). 

Reverse Transcriptase serves a critical role in the retroviral lifecycle by copying 

the virion’s (+) sense single stranded RNA genome into double stranded DNA prior to 

insertion into the host genome.  To carry out this task the enzyme possesses two 

functions: an RNA/DNA-dependent DNA polymerase, and an RNA exonuclease that 

only cleaves RNA when encountered in an RNA/DNA-hybrid.  Having one enzyme that 

possesses both functions allows for an increased rate of viral replication.  Reverse 

transcription by HIVRT has been reviewed by Katz and Skalka (13), and later by 

Sarafianos (14) and is described as follows (figure 1.1): Step 1: Synthesis proceeds to the 

5’end of the RNA genome through the U5 region, ending at the R region at the 5’ end, 

forming the minus-strand strong stop DNA.  The first round of synthesis is primed by the 

tRNAlys,3 Step 2: DMA synthesis is accompanied by RNase H digestion of the RNA 

portion of the RNA/DNA hybrid product, thus exposing the single-stranded DNA 

product. Step 3: This exposure facilitates hybridization with the R region at the 3’ of the 

same, or different, RNA genome, a strand-transfer reaction known as the first jump. Step 

4: When minus-strand elongation passes a polypurine-rich region called the polypurine 

tract (PPT) region, a unique plus-strand RNA primer is formed by RNase H cleavage at 

its borders. Plus-strand synthesis then continues back to the U5 region using the minus-

strand DNA as a template. Step 5: Meanwhile, minus-strand synthesis continues through 

the genome using the plus-strand DNA as a template, and removing the RNA template in 

its way via RNase H activity. Step 6: The RNase H digestion products formed are 

presumed to provide additional primers for plus-strand synthesis at a number of internal 



 5 

locations along the minus-strand DNA. Step 7: PPT-initiated plus-strand DNA synthesis 

stops after copying the annealed portion of the tRNAlys,3 to generate the plus-strand DNA 

form of the PBS, forming the plus-strand strong stop product. The tRNAlys,3 is then 

removed by the RNase H activity of RT. Step 8: This may facilitate annealing to the PBS 

complement on the minus-strand DNA, providing the complementarily for the second 

jump. DNA synthesis then continues. Step 9: Strand displacement synthesis by RT to the 

PBS and PPT ends, and/or repair and ligation of a circular intermediate, produces a linear 

duplex with long terminal repeats (LTR’s) at both ends. 

Following reverse transcription of the viral genome, the newly synthesized 

dsDNA genome migrates to the host cell nucleus where other viral proteins integrate the 

viral DNA into the host genome. 
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Figure 1.1. Reverse Transcription of the HIV genome by HIV Reverse Transcriptase. 
Reproduced from Katz and Skalka (13). 
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1.5 THE HIVRT STRUCTURE AND RELATED FUNCTION 

HIV Reverse Transcriptase is composed of a 66kDa peptide (p66) that contains 

the enzyme’s two active sites, and a scaffolding protein (p51) that results from a site-

specific C-terminal cleavage of the catalytic subunit by HIV Protease (14, 15). The 

catalytic subunit contains an N-terminal polymerase domain that follows the right-hand 

model containing fingers, palm, and thumb subdomains (Figure 1.2). The C-terminal end 

of p66 contains an exonuclease domain structurally homologus to E.coli RNase H. The 

polymerase and RNase H domains are connected by a 106 amino-acid linker region. 

The 51kDa accessory subunit serves as a scaffold and binds to the catalytic 

subunit over a large surface relying heavily on hydrophobic interactions at the interface 

core and charged interactions along solvent accessible regions.  Although p51 contains 

the same 440 amino acid N-terminal primary sequence as p66, the post-translational 

cleavage of the C-terminal RNase H domain results in the adoption of a unique fold that 

disrupts the catalytic activity of the p51 polymerase domain.  The disruption of the p51 

polymerase active site is achieved by rearrangement of the tertiary structure that spatially 

positions the linker region between the palm and thumb regions.  Although the formation 

of p51/p51 and p66/p66 homodimers can form possessing greatly diminished polymerase 

activity, the p66/p51 heterodimer has been shown to possess the strongest interaction, and 

rates of catalysis an order of magnitude faster than either homodimer (16). 
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Figure 1.2.  The Structure of HIV Reverse Transcriptase with DNA and incoming 
nucleotide bound (PDB:1RTD).  The polymerase domain follows a right hand model 
with fingers region (red), palm region (blue), and thumb region (green). The polymerase 
domain is connected to an RNase H domain (orange) by a linker region (cyan).  The p51 
accessory subunit (grey) serves as a protein scaffold for the p66 catalytic subunit. 
Duplexed DNA is shown with a DNA primer-strand (yellow) and a DNA templating-
strand (pink). 
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The enzyme’s interaction with double stranded nucleic acid occurs largely due to 

electrostatic interactions between the negatively changed nucleic acid and a positively 

charged DNA-binding tract that extends from the polymerase domain, next to the linker 

region, and through the RNase H domain (17).  The span between the active sites can 

accommodate nineteen nucleotide base pairs of A-form RNA:DNA duplex or a mixed 

form of DNA:DNA duplex.  During DNA-dependent DNA polymerization the nucleic 

acid adopts an A-form through the polymerase domain, with B-form duplex extending 

from the linker contacts through the RNase H domain. Although DNA can span the entire 

length of the enzyme resulting in 34 amino acid interactions, efficient polymerization has 

been observed with as little as five duplexed base pairs (18).  Eighteen of the contacting 

amino acids interact within five residues of the polymerase active site, and expectedly 

includes several residues critical for catalysis. Thirty-two of the thirty-four interacting 

residues reside on p66. The only exceptions, Lys395 and Glu391 of p51, interact with the 

phosphodiester backbone of the primer strand ten and eleven bases downstream of the 

polymerase active site.     

HIVRT is a member of the RT-family of DNA polymerases (19). The process of 

reverse transcription requires the enzyme’s active site to be more flexible than other 

polymerases to accommodate the different geometries of both DNA:DNA and 

RNA:DNA substrates. As a result, there is little structural homology between HIVRT and 

other highly studied polymerases including T7 DNA polymerase, Thermus aquaticus 

Polymerase (Taq), Human Mitochondrial Polymerase γ (Polγ), and Human Polymerase I 

klenow fragment.  

The C-terminal 318 amino acids of p66 compose the polymerase domain.  The 

polymerase domain follows the “right-hand” model, with a thumb subdomain (amino 

acids 255-325), a palm subdomain (amino acids 86-121, 155-254) and a fingers 
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subdomain (amino acids 1-85, 122-154) (20).  Each of the subdomains has a functional 

role in catalysis.  The thumb region primarily interacts with the nucleic acid primer four 

to six base pairs downstream of the polymerase active site.  The thumb acts to hold the 

substrate DNA in the correct orientation for catalysis.  Mutagenic studies conducted upon 

thumb residues result in a diminished affinity for the nucleic acid substrate.  

 The palm of the polymerase contains a 183YXDD186 motif that is highly conserved 

across the reverse transcriptase family (21). Two of the three aspartic acids necessary for 

catalysis (Asp185 and Asp186) are contained within this motif (Figure 1.3).  The third 

highly conserved aspartic acid in the catalytic triad is Asp110, and is also located in the 

polymerase palm.   The catalytic triad of aspartic acid residues complex with two divalent 

magnesium ions that serve as cofactors.  Catalysis occurs by destabilizing the 3’ hydroxyl 

group of the primer.  The oxygen atom then acts as a nucleophile, attacking the alpha-

phosphate of the incoming nucleotide.  The triagonal-bipyramid intermediate is 

enzymatically stabilized by the magnesium ions. Catalysis is completed by the release of 

a pyrophosphate leaving group, resulting in formation of a new phosphodiester bond and 

extension of the primer-strand by one nucleobase. The polymerase shifts down the DNA 

one base by translocation, and the 3’ hydroxyl of the newly incorporated nucleoside 

participates in the next round of catalysis.  
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Figure 1.3. The active site of HIV Reverse Transcriptase.  The incoming nucleotide 
(green) hydrogen bonds with the templating base (cyan).  Three fingers residues are 
involved in nucleotide binding. Lys65 interacts with the gamma phosphate. Arg72 forms 
hydrogen bonds with the alpha and beta phosphates. Gln151 interacts with the 3’ 
hydroxyl of the incoming nucleotide. A catalytic triad of aspartic acid residues (Asp110, 
Asp185, and Asp186) is complexed with two magnesium ions (A and B) to interact with 
the incoming nucleotide. This complex stabilizes the transition state during 
phosphodiester bond formation. 
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 The 183YXDD186 motif of wild-type HIV Reverse Transcriptase contains a 

methionine at position 184.  This residue contributes to nucleotide specificity and 

polymerase fidelity (22).   Several mutations at position 184 have been isolated clinically 

including changes to: alanine, serine, glycine, proline, valine, and isoleucine (23).  

Kinetic characterization of these mutations has shown effects ranging from minor to 

complete loss of activity. The magnitude of these effects is due to the degree of distortion 

of the active site resulting in structurally misaligned catalytic residues(24). Two of 

Met184 mutations, valine and isoleucine, are found clinically as a result of HIV 

antiretroviral therapies. Structural evidence has suggested that mutation of Met184 to a 

branched-chain amino acid results in a steric interaction between the protein and the 

incoming inhibitor.  

 The fingers subdomain of the polymerase has been hypothesized to be responsible 

for nucleotide specificity, however the extent to which it does is largely unknown and a 

topic addressed in this work (25).  Crystal structures of the polymerase in the presence 

and absence of incoming correct nucleotide have revealed a large conformational change 

upon substrate binding (26).  The largest structural change occurs in the αA-helix and the 

β3-loop-β4 segments (Figure 1.4). This conformational change delivers residues Lys65 

and Tyr115 from 15Å to 2Å away from the incoming nucleotide. The resulting is a 

hydrogen-bonding network with the alpha and gamma phosphates of the bound 

nucleotide, and correct alignment of active site residues for catalysis.  
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Figure 1.4. A structural overlay of HIVRT with and without nucleotide bound illustrates 
the nucleotide-induced conformational change.  An overlay of the “open” structure (red) 
with the “closed” structure (blue) shows the structural change resulting from the change 
conformation. The largest difference in structure occurs in the positioning of the αA helix 
and the β3-loop-β4 region (24, 27). 
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The first pre-steady state characterization of HIVRT polymerization was 

conducted by Kati et al. in 1992 (28).  This characterization was conducted in the 

presence of both DNA/RNA and DNA/DNA short synthetic oligonucleotide substrates. 

Although the reaction rates are faster for RNA versus DNA templates, both substrates 

share a common kinetic pathway. 

Current evidence suggests that nucleic acid substrates bind to the polymerase 

through a two step method. The initial step occurs rapidly at a diffusion limited rate of 

5x108 M-1s-1 (29). This initial weak interaction is followed by an isomerization at 0.5 s-1.  

The result is a tightly bound (Kd≈1-5 nM) complex that is competent for polymerization 

(29, 30). Chemical quench flow techniques can study this interaction by kinetically 

collapsing the two-step process to one-step with a Kd,DNA of 4 nM and a koff of 0.2 s-1. This 

process is described in the first step of Scheme 1.1.    

 EDn + dNTP
Kd,app⎯ →⎯⎯⎯← ⎯⎯⎯⎯ EDndNTP

kpol⎯ →⎯⎯ EDn+1PPi fast⎯ →⎯⎯ EDn+1 +PPi  

Scheme 1.1 

Nucleotide binding and incorporation have also been studied by rapid quench 

flow methods.  These methods involve rapidly mixing a pre-formed EDNA complex 

with nucleotide for a known duration before quenching the reaction with EDTA. A rate 

can be determined by fitting the time dependence of product formation to a single 

exponential equation. The nucleotide concentration dependence of this rate can be 

obtained by varying the concentration of nucleotide available to react. Interpretation of 

these data depends upon a simplifying assumption that polymerization is governed by a 

single rate-limiting step, and that nucleotide binding occurs as a one-step rapid 

equilibrium.  This simplification (shown as steps 2 and 3 of scheme 1.1) allow Km = Kd,app 

and kcat = kpol. Thus, the specificity constant kcat/Km = kpol/Kd,app can be calculated. 
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Characterization of dATP incorporation resulted in a kpol = 33 s-1 and a Kd,app = 4 μM, with 

a specificity constant of 8.25 μM-1s-1.   

All eight of the currently approved Nucleoside Reverse Transcriptase Inhibitors 

(NRTIs) have been characterized using the model described by scheme 1.1.  

Additionally, each set of mutations to Reverse Transcriptase that result from NRTI 

therapy have been characterized.  The mutations have been classified based on the effects 

on scheme 1.1.  The classifications include mutations that effect nucleotide binding, 

polymerization rate, both, or neither (31).   

One surprising finding of this analysis is the reports that some NRTIs bind to the 

wild-type polymerase with a lower Kd,app than the correct nucleotide (32-35).  This finding 

is well illustrated in the case of 3TC, where the reported binding of the analog is 30-fold 

tighter than dCTP, despite the evidence for steric effects expected to partially occlude 

binding (34).   

 1.6 MEASURING THE ROLE OF INDUCED FIT ON POLYMERASE SPECIFICITY 

Although a single-step model (scheme 1.1) has been used to interpret polymerase 

nucleotide affinity and specificity for almost twenty years. A theoretical two-step model 

for nucleotide binding has been suggested (scheme 1.2).  

 

 
EDn + dNTP

K1⎯ →⎯← ⎯⎯ EDndNTP
k2

k−2

⎯ →⎯← ⎯⎯ FDndNTP k3⎯ →⎯ EDn+1PPi Fast⎯ →⎯⎯ EDn+1 +PPi  

Scheme 1.2 

This model is supported by crystallographic data that shows the polymerase in an 

“open” conformation in the absence of nucleotide, and in a “closed” conformation with 

bound nucleotide (24, 27).  The model suggests initial weak nucleotide binding occurs at 

the active site of the polymerase forming correct hydrogen bonding between the 
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incoming nucleotide and the templating base (EDndNTP), resulting in a conformational 

change to the “closed” state (FDndNTP) prior to catalysis (k3). 

The contribution of a nucleotide-induced conformational change (induced fit) on 

specificity has been highly debated.  Koshland first suggested that a conformational 

change could impart specificity by orienting catalytic residues for optimal catalysis (36). 

This view was later refuted by Fersht who proposed that a two-step induced fit model 

could not account for specificity because the enzyme must reach a single transition state 

for catalysis to occur regardless of the substrate or induced conformational change. 

However, this concept requires two critical assumptions: the first being that the enzyme 

can only catalyze a reaction through a single transition state, and the second being that 

the binding exists in equilibrium so that thermodynamic conclusions from the reaction 

coordinate could be drawn. This model was rebutted by Post and Ray on the grounds that 

the first assumption made by Fersht was invalid (37).  They proposed that induced fit 

could impart specificity because an enzyme is not required to only conform to a single 

transition state. Rather each substrate can induce a different conformational change that 

stabilizes a unique transition state even if substrate binding and conformational change 

were in a rapid equilibrium.   Herschlag later reasoned that a conformational change 

could only impart specificity if it was the rate-limiting step of the pathway (38).  Thus, 

the polymerase field attempted to answer whether the conformational change upon 

substrate binding, or chemistry was rate limiting. It was believed that the answer could 

solve whether or not induced fit contributed to substrate specificity.   

Although the debate over the role of induced fit in specificity had been ongoing 

for fifty years, the answer proved elusive due to experimental limitations hindering the 

ability to detect a polymerase conformational change.  In 2006, Tsai et al. was the first to 

publish a method for detecting the nucleotide-induced conformational change of a 
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polymerase (39).  Structural changes resulting from the “open” to “closed” 

conformational change were reported by attaching a site specific environmentally 

sensitive fluorophore to the fingers domain of T7 DNA Polymerase.  The MDCC 

fluorophore selected for this work had previously been successful at reporting other large 

protein conformational changes (40).  The fluorophore allowed for conformational 

change measurements using stopped-flow methods. Two-step models for both correct and 

mismatch nucleotides were solved using this method. The results of this study presented a 

surprising new paradigm for polymerase specificity (41). 

The solved two-step model for correct nucleotide incorporation showed that when 

chemistry is fast relative to the reverse of the conformational change (k3>>k-2), specificity 

mathematically simplifies to K1k2. This term describes the formation of the “closed” 

F●DNA●dNTPcorrect complex that never reaches equilibrium, and is kinetically committed 

to the formation of product.  The mismatch model showed that slow chemistry relative to 

the reverse of the conformational change (k3<<k-2) results in the formation of a rapid 

equilibrium prior to chemistry.  This process simplifies the specificity term to K1K2k3.  

The work proved that induced fit does contribute to specificity, but perhaps the wrong 

question was being asked. Rather than asking, “Is specificity imparted by a rate-limiting 

conformational change or chemistry?” the more accurate question should have been, 

“what is the role of the reverse conformational change relative to chemistry in defining 

specificity?” 

 

1.7 HIV REVERSE TRANSCRIPTASE AS A DRUG TARGET 

HIV Reverse Transcriptase is a low fidelity polymerase that lacks an exonuclease 

domain to confer proofreading activity. Additionally, RNA-dependent DNA-
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polymerization is a type of catalysis foreign to the human genome.  For these reasons, 

HIVRT was the first viral protein to be targeted for antiretroviral therapy. Currently, 

there are two classes of Reverse Transcriptase Inhibitors that have been approved by the 

FDA for the treatment of HIV infection (31, 42).  The first compounds approved to 

combat the virus were nucleoside mimics that initially as competitive inhibitors to 

cellular pools of nucleotides.  Once incorporated these compounds act as covalent 

inhibitors, blocking the incorporation of additional nucleotides because they lack a 3’ 

hydroxyl required for the next round of synthesis. These drugs are classified as 

Nucleoside Reverse Transcriptase Inhibitors (NRTI’s).  The second class of inhibitors act 

through non-competitive inhibition and are called Non-nucleoside Reverse Transcriptase 

Inhibitors (nNRTI’s). 

Nucleoside Reverse Transcriptase Inhibitors 

 Nucleoside Reverse Transcriptase Inhibitors share several common features and 

all impart inhibition by the same mechanism.  Structurally, this class of inhibitors 

function as nucleoside analog (43). These compounds resemble nucleosides and are 

administered as unphosphorylated pro-drugs to effectively cross the cell membrane, with 

the exception of tenofovir (PMPA) that contains one phosphate group that reduces the 

compounds bioavailability (44). Once inside the cell, cellular enzymes phosphorylate the 

compounds resulting in the active triphosphate form of the drug.  Once activated, the 

inhibitors are incorporated by HIVRT due to the enzyme’s low fidelity.  Enzymatic 

inhibition occurs because NRTI’s compounds all lack a 3’ hydroxyl group.  This 

inhibition slows the virus by blocking complete reverse transcription of the HIV genome. 

 The first NRTI to be approved by the FDA in 1987 was AZT (3’-azido-2’,3’-

dideoxythymidine) (45). AZT first discovered in the 1950’s as a potential chemotherapy 
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for cancer patients, but was abandoned as a cancer therapy because of a lack of efficacy 

(46). AZT became a lead compound candidate for HIV treatment because it had already 

undergone clinical trials in the 1950’s. AZT contains a 3’ azido group that causes chain 

termination.  While initially effective, single therapy treatment with AZT quickly 

encountered viral resistance.  Due to the low fidelity of HIVRT and high viral load, when 

placed under the strong selective pressure of AZT monotherapy, the virus rapidly evolved 

resistance to the drug rendering it ineffective.  Clinical oncologists treating AIDS patients 

had predicted this rapid evolution of resistance to a single therapy. The result was a need 

for combination therapies following a therapy model used to treat patients with 

aggressive cancer. 

In 1992 ddC, commercially marketed as Zalcitabine, was the first compound 

approved under a new FDA directive for a fast-track approval of HIV therapeutics.   

Although ddC could effectively inhibit HIVRT, clinical use indicated severe toxicity 

(47). It was later shown that Human Mitochondrial Polymerase γ more efficiently 

incorporated the ddC analog than the correct dCTP nucleotide resulting in severe 

mitochondrial toxicity (48).  Patients who were treated with ddC also developed 

resistance to the compound.  However, clinical isolates showed that different mutations 

conferred resistance to ddC than AZT suggesting that the mechanisms of resistance to 

ddC and AZT were different.   In 1996 ddC was approved for combination therapy with 

AZT based upon favorable clinical trial results (49). A decade later ddC was removed 

from the market because of a poor market share due to more effective and less toxic 

compounds on the market. 

Since 1992 the FDA has approved six other NRTI compounds.  Advent of the 

therapeutic index for nucleoside analogs has allowed researchers and clinicians to 

effectively quantify the toxic side effects of these compounds by relating discrimination 
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of the analogs by HIVRT to the discrimination by Human Mitochondrial Polymerase γ 

(50).  By this method, every compound approved under the FDA fast-track has been 

better than its predecessors at reducing toxicity while increasing efficacy.  Despite its 

toxic side effects, AZT ranks extremely high on the therapeutic index because AZT 

toxicity has causes beyond only Polγ incorporation. AZT is still currently used in HIV 

combination therapies at doses low enough to minimize mitochondrial toxicity.  

The second-generation NRTI 3TC, and its third-generation analog FTC, were 

approved for treatment of HIV in 1995 and 2003, respectively. The only difference 

between the two compounds is the addition of 5-fluorine into the cytidine nucleobase of 

FTC. Structurally 3TC and FTC differ from other NRTI’s in that they contain an 

oxathiolane ring.   This substitution results in L- and D- isomers, of which only the L-

isomer shows clinical efficacy. The molecular basis for this requirement is not currently 

understood, but may involve a number of factors unrelated to the polymerase.  

HIV Reverse Transcriptase Resistance to AZT 

Resistance to AZT is conferred by the mutation of up to six amino acids.  The 

collective set of mutations, referred to as the Thymidine Analog Mutations (TAMs) 

include M41L, D67N, K70R, L210W, T215F/Y, and K219Q/E (51).  Clinically two or 

more of these mutations including K219Q/E are needed to confer resistance, however 

mutations usually arise in specific patterns depending upon which anti-retroviral therapy 

(ART) course is administered (52, 53). The TAMs confer resistance to AZT by 

increasing the rate of ATP or pyrophosphate (PPi) mediated excision of AZTMP.  This 

mechanism of resistance is unique among the NRTIs because the TAMs do not confer 

any increase in discrimination between AZT and TTP based on scheme 1.1.  Structural 

evidence suggests that AZTMP excision may result from a shift in the DNA translocation 
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equilibrium. In this state the incorporated AZT remains at the nucleotide binding site 

resulting in an exposed phosphodiester bond between AZT and the n-1 nucleotide that is 

vulnerable to pyrophosphorolysis. Once AZTMP has been excised, the rescued primer is 

free to react with the correct nucleotide.  This theory is largely supported by a crystal 

structure of HIVRT with an AZT terminated primer trapped in the nucleotide binding site 

(27). However, this structure relied on UV crosslinking to first trap the DNA, followed 

by incorporation of the AZT terminator. The result is a structure, which may be an 

artifact of the method and not truly be the kinetically favored species.  No kinetic data 

currently exists to support this theory is due to the difficulty of studying translocation.  

HIV Reverse Transcriptase Resistance to 3TC and FTC 

 Resistance to 3TC and FTC occurs by a common mechanism due to presence of 

an oxathiolane ring in both inhibitors. HIVRT naturally discriminates against 3TC and 

FTC. This basal discrimination is a result of the L-isomer requirement for clinical 

efficacy.    The mutation of Met184 first to isoleucine, and then ultimately valine, allows 

the polymerase to enhance its discrimination against these inhibitors.  This model has 

been supported by both structural and kinetic evidence. 

Crystal structures of both isoleucine and valine substitutions have been solved. 

These structures show the addition of a β-branched amino acid to the active site 

introduces unfavorable contacts (steric interactions) with the oxathiolane ring of the 

inhibitors.   Kinetic characterizations of the M184I/V mutants, relying on scheme 1.1, 

indicate a 500- to 1000-fold increase in discrimination resulting from a weakened binding 

affinity (Kd,app).  These mutations show only minor effects on correct nucleotide 

specificity (kcat/Km). A decrease in specificity caused by a two-fold reduction in binding 

affinity is offset by a two-fold increase in the rate of polymerization.   
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Non-Nucleoside Reverse Transcriptase Inhibitors 

The second class of compounds approved to treat HIVRT are non-nucleoside 

reverse transcriptase inhibitors (NNRTI’s). The first FDA approved NNRTI was 

Nevirapine in 1995, followed by Efavirenz in 1998, and Etravirine in 2008. Unlike 

NRTIs, this class of inhibitors targets a binding pocket ≈10Å away from the active site. 

The NNRTI binding pocket is not present in the absence of the inhibitor suggesting that 

the inhibitor induces a conformational change open the pocket where it then binds tightly.  

Structural data shows contacts between the inhibitor and residues Tyr181 and Tyr188 

(54). These residues also confer NNRTI resistance when mutated to Y181C/I or 

Y188C/L/H.  NNRTIs are thought to inhibit the polymerase by distorting the active site 
183YMDD186 motif resulting in decreased catalytic activity.  What effect NNRTIs have on 

the substrate induced conformational change is currently unknown. 

Highly Active Antiretroviral Therapy 

The rapid resistance to individual antiretroviral therapies gave rise to Highly 

Active Antiretroviral Therapy (HAART) in 1996 with the combination of AZT, ddC, and 

Nevirapine (42, 55). Together, these compounds could be administered at low enough 

concentration to effectively inhibit the virus while limiting severe side effects.  The 

advent of new inhibitors has lead to increased combination therapy options.  Currently 

available combinations, such as AZT and 3TC, are administered as a single dose 

(commercially marketed as combivir) in conjunction with an NNRTI and HIV Protease 

inhibitors.  This combination of NRTIs acts synergistically to further inhibit the 

polymerase. 

The synergy between AZT and 3TC is a result of different sensitivities to 

mutations (56).  Mutations, such as the TAMs, result in an enzyme that is hypersensitive 

to 3TC. Conversely, the M184V/I mutation results in a hypersensitivity to AZT. This 



 23 

synergy, coupled with an NNRTI and protease inhibitors, render a latent-state virus that 

is below the limits of clinical detection. The combination of TAMs with M184V/I results 

such a catalytically weak enzyme that cannot withstand the selective pressures of 

combination therapy. However, HIVRT does develop resistance to both NRTIs over 

much longer periods of time through a unique set of mutations (57, 58). Clinical isolates 

of HIVRT that are resistant to every FDA approved anti-viral have been reported.   While 

HAART has dramatically improved the life expectancy of HIV infected individuals, the 

need for new therapies is paramount.  
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Figure 1.6. The structures of the eight FDA approved NRTI’s. 3’-azido-3’-
deoxythymidine (AZT); 2’,3’-dideoxyadenosine (ddI); 2’,3’-dideoxycytidine (ddC); 
2’,3’-didehydro-2’,3’-dideoxythymidine (d4T); (-)-b-2’,3’-dideoxy-3’-thiacytidine 
(3TC); (1S, 
4R)-4-[2-amino-6-cyclopropylamino-(9H-9y)]-2-cyclopentene-1-methanol (abacavir, 
ABC); (R)-9-(2-phosphonylmethoxypropyl) adenine (PMPA); (-)-b-2’,3’-dideoxy-5-
fluoro-3’-thiacytidine (FTC). (Figure from Deval et. al.) 
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Chapter 2: Development of HIVRT Possessing Conformationally 
Sensitive Fluorescence 

2.1 INTRODUCTION 
The role of induced-fit in enzyme specificity has long been debated (36-38).  This 

issue is of a significant importance in the polymerase field where similarly structured 

nucleotide substrates compete for the active site of the enzyme.  A polymerase must have 

a mechanism by which a high level of discrimination is imparted so that replicational 

fidelity can be maintained. In addition to cellular pools of nucleotides, HIV Reverse 

Transcriptase (HIVRT) must also evolve to select against Nucleoside Reverse 

Transcriptase Inhibitors (nRTI’s) if the virus is to successfully replicate when challenged 

by anti-retroviral therapies (31).  

The difficulty in measuring the conformational changes that result from substrate 

binding has historically made the role of induced-fit in specificity difficult to deduce 

experimentally.  Although a nucleotide-induced conformational change has been 

hypothesized to be the basis for polymerase specificity and discrimination, there have 

been no direct measurements of this kinetic step in the mechanism in HIVRT. Often 

intrinsic tryptophan fluorescence can be used to monitor conformational changes. 

However, this is not the case for HIVRT because the heterodimeric enzyme contains 24 

tryptophans, which obliterate whatever signal might arise from any single typtophan 

residue.  This lack of a naturally occurring conformational change signal has resulted in 

the adoption of a simplified model (scheme 2.1), and its simplifying assumptions, to 

characterize polymerization measured by chemical quench flow techniques.   
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 The measurements made by Tsai et al. of a T7 DNA polymerase conformational 

change provide a proof-of-concept that the conformational change of HIVRT can be 

accurately be measured, and a method by which to do so (39).   This method relies upon 

attaching a fluorophore to the fingers domain of the polymerase that couples changes in 

protein conformation with changes in fluorescence intensity.  The MDCC fluorophore 

used in this work is a coumarin derivative that possesses unusually high environmental 

sensitivity compared to other fluorophores.  The maleimide group of the fluorophore can 

then be reacted with the solvent accessible thiol group of cysteine that results in a 

covalently bound site-specific fluorophore.  Site-directed mutagenesis of HIVRT can be 

used to introduce a cysteine residue at any desired labeling positions on the enzyme.    In 

order to ensure the MDCC fluorophore is at the desired position all other reactive 

cystienes must be removed from the protein.  Conveniently, HIVRT only contains 

cysteine residues at positions 38 and 280 of each subunit.  Cys38 is a highly conserved 

residue of HIVRT and is located 15Å from the polymerase active site.  Mutagenesis of 

Cys38 to serine or alanine results in decreased polymerase activity.  Fortunately, Cys38 is 

buried in the hydrophobic interior of the protein resulting in a residue that is not readily 

labeled by thiol-malemide interaction.  The second cysteine found in HIVRT is Cys280.  

This residue is solvent accessible and interacts with the DNA substrate. The C280S 

variant is commonly found in isolates of HIVRT by sequence analysis, and does not alter 

the polymerase activity of HIVRT. 

 Potential labeling positions on the fingers domain must meet the following 

criteria: i) a surface residue with high solvent accessibility; ii) a low degree of 
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conservation; iii) a position that undergoes a movement as a result of the “open” to 

“closed” conformational change.  Examination of the structure reveals several positions 

which appear to meet this criteria: Glu36, Thr39, Glu40. Ile63, Ser68, and Trp71 (Figure 

2.1). 

In vitro studies of HIVRT have historically relied upon a recombinant protein 

expressed and purified from E. coli.  The most common method involves expression of 

each subunit individually, followed by co-purification of the active heterodimer (28, 59, 

60).  To enhance in vitro stability, a C-terminal deletion of 13 amino acids from p51 has 

been employed, resulting in a 427 amino acid subunit (61).  This deletion mutant has the 

same polymerase and RNase H activity as the full-length accessory subunit, but expresses 

at levels two-fold higher and is significantly more soluble.  This widely used clone was 

developed in 1988 and is commonly referred to as wild-type.  

The purification strategy used in this work was developed based on the strategies 

used by others (60).  Purification of HIVRT relies initially on ion-chromatography to 

separate the polymerase from bacterial proteins based on the high isoelectric point of 

HIVRT followed by affinity chromatography or gel filtration to yield a highly pure and 

active protein. 
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Figure 2.1. Potential labeling positions for the MDCC fluorophore.  The fingers 
subdomain of HIVRT is shown in the “closed” conformation with molecular surface 
(gold). The DNA (cyan) and incoming nucleotide (brown) ar shown at the polymerase 
active site. Labeling residues on the fingers domain include Glu36(red), Thr39(purple), 
Glu40(blue), Ile63(green), Ser68(yellow), and Trp71(orange). These positions meet the 
three criteria for potential labeling positions. All of the residues are located on the αA 
helix or β3-Loop-β4 secondary structures (24).  
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 This chapter describes the design, expression, and purification of HIVRT labeled 

with MDCC. The purification strategy developed for this work builds upon previously 

successful methods, but has been optimized for a rapid purification of fluorophore-

labeled protein. The result is an enzyme that possesses substrate-induced 

conformationally sensitive fluorescence that can be used to study the contribution of 

induced fit in enzyme specificity. Additionally, this chapter provides critical controls to 

ensure MDCC labeling is site-specific, and that the label does not alter the nucleotide 

binding and incorporation kinetics of HIV Reverse Transcriptase. 

2.2 MATERIALS AND METHODS 

Vectors Used for Expression of HIVRT Subunits 

The vectors used to express the catalytic and accessory subunits of HIV Reverse 

Transcripase (Strain: HxB2) were a generous gift of Dr. Samuel Wilson, Ph.D. (60).  The 

p66 catalytic subunit was constructed by subcloning the full length sequence into a 

pET21a expression vector (Novagen).  The p51 accessory subunit, containing a thirteen 

amino acid C-terminal deletion, was subcloned into a pET30a expression vector. This 

deletion has been historically used in p51 subunit expression to increase in vitro enzyme 

stability(61). The genes were sequenced in triplicate using the T7 promoter sequencing 

primer (5’-TAATACGACTCACTATAGGG-3’) and a T7 terminator sequencing primer 

(5’-GCTAGTTATTGCTCAGCGGT-3’). The only difference between the pET24a and 

pET30a expression vectors are their antibiotic resistance selectable markers.  Both 

vectors rely upon the Lac operon to control a T7 RNA polymerase promoter. Inducible 

gene expression is controlled by the addition of Isopropyl-β-D-1-thiogalactopyranoside 
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(IPTG).  The genes for both subunits contain no N- or C-terminal tags that would aid in 

purification, but could alter enzymatic activity (Apendix A).  

Site-Directed Cysteine Mutagenesis 

Mutants needed for MDCC labeling were constructed using multiple rounds of 

site-directed polymerase chain reaction (PCR) mutagenesis. pET21a-p66 and pET30a-

p51 plasmids served as initial parent DNA. C280S mutations were introduced to both 

plasmids by combining 50ng of DNA with 100ng of forward and reverse primers (Table 

2.1), 1μL of 10mM PCR grade dNTPs (Promega), 1x pfu buffer, and 10 units of Pfu 

hotstart DNA polymaerase (Stratagene) in a 50μL reaction.  The reaction was 

thermocycled using a 95°C hotstart incubation for 5 minutes, followed by 18 cycles of 

95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 8 minutes. The reaction was then 

treated with 20 units of DpnI (New England Biolabs) for one hour at 37°C to degrade the 

methylated parent DNA. 1μL of newly synthesized mutant DNA was transformed in to 

50μL of Novablue chemically competent cells (Novagen) by incubation on ice for 5 

minutes, followed by a heat shock at 42°C for 30 seconds before returning the 

transformed cells to ice for 2 minutes.  250μL of SOC media (20g/L tryptone, 5g/L yeast 

extract, 10mM NaCl, 2.5mM KCl, 10mM MgSO4, 20mM glucose) was added before 

plating onto Luria Broth agar plates containing either ampicillin or kanamycin. The plates 

were incubated overnight at 37°C. Single colonies from transformation plates were used 

to inoculate 5ml Luria Broth cultures containing antibiotic.  The cells were centrifuged 

after 16 hours of growth and plasmids were purified by mini-prep (Qiagen). Mutant 

plasmids were sequenced to confirm the presence of the desired C280S mutations in both 

subunits. 
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Similar methods to those previously described were used to introduce cysteine 

mutations at various positions of the polymerase fingers subdomain. The sites selected 

for mutagenesis were Glu36, Thr39, Glu40, Ile63, Ser68, and Trp71 on p66.  Primers for 

mutgenesis are described in Table 2.1. Mutant clones were sequenced to confirm the 

presence of the desired cysteine mutations in the C280S background.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32 

Table 2.1 Mutagenic primers to create labeling mutants of HIVRT 

Position 280: Cys→Ser 

Fwd: 5’-TGACAGAAGAAAAAATAAAAGCATTAGTATGCATTTGTACAGAGATGGAAAAGG-3’ 

Rev: 5’-CCTTTTCCATCTCTGTACAAATGCATACTAATGCTTTTATTTTTTCTTCTGTCA-3’ 

Position 36: Gly→Cys 

Fwd: 5’-CATTGACAGAAGAAAAAATAAAAGCATTAGTATGCATTTGTACAGAGATGGAAAA-3’ 

Rev: 5’-TTTTCCATCTCTGTACAAATGCATACTAATGCTTTTATTTTTTCTTCTGTCAATG-3’ 

Position 39: Thr→Cys 

Fwd: 5’-GTATTTGCCATAAAGAAAAAAGACAGTTGCAAATGGAGAAAATTAGTAGATTTCA-3’ 

Rev: 5’-TGAAATCTACTAATTTTCTCCATTTGCAACTGTCTTTTTTCTTTATGGCAAATAC-3’ 

Position 40: Glu→Cyc 

Fwd: 5’-AAAAGCATTAGTAGAAATTTGTACATGCATGGAAAAGGAAGGGAAAATTTCAAA-3’ 

Rev: 5’-TTTGAAATTTTCCCTTCCTTTTCCATGCATGTACAAATTTCTACTAATGCTTTT-3’ 

Position 63: Ile→Cys 

Fwd: 5’-CATACAATACTCCAGTATTTGCCTGCAAGAAAAAAGACAGTACTAAATGG-3’ 

Rev: 5’-CCATTTAGTACTGTCTTTTTTCTTGCAGGCAAATACTGGAGTATTGTATG-3’ 

Position 68: Ser→Cys 

Fwd: 5’-AGTATTTGCCATAAAGAAAAAAGACTGCACTAAATGGAGAAAATTAGTAGATT-3’ 

Rev: 5’-AATCTACTAATTTTCTCCATTTAGTGCAGTCTTTTTTCTTTATGGCAAATACT-3’ 

Position 71: Trp→Cys 

Fwd: 5’-GCCATAAAGAAAAAAGACAGTACTTGCAGAAAATTAGTAGATTTCAGAGAAC-3’ 

Rev: 5’-GTTCTCTGAAATCTACTAATTTTCTGCAAGTACTGTCTTTTTTCTTTATGGC-3’ 
Forward (Fwd) and reverse (Rev) primers used for mutagenesis correspond to the 
coding strand and noncoding strand.  Underlined bases denote the codon mutation. 
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Expression of HIVRT Subunits 

BL21(DE3) Escherichia coli cells (Novagen) were selected for subunit 

expression. Each vector was transformed individually in the expression host.  

Transformed cells were then plated on Luria Broth plates containing either ampicillin 

(100μg/mL) or kanamycin (50μg/mL), and grown overnight at 37°C.  A colony from 

each plate was then picked and used to inoculate a 125mL of sterile Luria Broth 10g/L 

Tryptone, 10g/L NaCl, 5g/L Yeast Extract) culture containing antibiotic in a 500mL 

fernbock flask. The inoculation cultures were grown at 37°C, 250rpm for 12 hours. The 

optical density (OD600) of the inoculation culture was measured prior to inoculating large 

scale cultures. Typical OD600 values for the inoculation cultures were 2.2±0.5 OD600/mL. 

Six 2.8L Fernbock flasks containing 1L of pre-warmed LB media with antibiotic 

were inoculated to 0.05 OD600/mL.  The cultures were grown at 37°C, 175rpm until the 

density reached 0.6 OD600/mL, which typically was 140±20 minutes following 

inoculation.  Prior to induction, six OD600 units were centrifuged and stored for later 

analysis. Protein expression was then induced by the addition of 1mL/L of sterile filtered 

IPTG, resulting in a final induction concentration of 0.5mM. Analysis of soluble protein 

expression as function of time indicated that the maximum level of soluble protein was 

reached three hours following induction.  Prior to harvest, six OD600 units were 

centrifuged and stored for later analysis. The cultures were harvested by centrifugation at 

5krpm for 20 minutes at 4°C.  Typical cell pellets of 3g/L were stored at -80°C until lysis 

and purification. 

Lysis and Purification of the HIVRT Heterodimer 

Prior to purification, six OD600 units from the growth of each subunit were 

analyzed to determine the level of soluble protein expression per culture. Centrifuged 

samples, both before induction and at harvest, were resuspended in 200μL of lysis buffer 
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(50mM Tris pH 8.0, 50mM NaCl, 2mM EDTA). 2μL of 10mg/mL lysozyme (Sigma) 

dissolved in lysis buffer was added, and the samples were incubated at 37°C for 10 

minutes. Cell lysates were then sonicated for 30 seconds using a Branson sonicator 

(output level 1, 20% duty cycle) to complete cell lysis and shear bacterial DNA.  The 

lysates were then centrifuged at 13krpm at 4°C for 10 minutes to pellet and insoluble 

material. The soluble fraction contained in the supernatant was mixed with 6x SDS-

PAGE loading buffer and heated to 95°C for 5 minutes to completely denature the 

protein. The denatured soluble fractions from p51 and p66 pre-induction and harvest 

were run on an 8% SDS-PAGE, visualized by comassie blue staining.  To determine the 

level of soluble subunit expression the gel was scanned and the density of each band was 

quantified and normalized for molecular weight. 

The frozen cell pellets from individual growths of p51 and p66 subunits were 

mixed in a 1:1 ratio of p66:p51 based on the protein expression level, and resuspended in 

150mL of lysis buffer A (30mM HEPES pH 7.9 at 4°C, 60mM NaCl, 1mM DTT, 2mM 

EDTA, 1mM PMSF). The cell resuspension was lysed by addition of 30μg/mL of 

lysozyme for 30 minutes followed by sonication (output level 6, 20% duty cycle, 15 

minutes) on ice with stirring. The lysate was then ultracentrifuged at 40krpm for 30 

minute at 4°C was performed to remove any pellet any insoluble material. 30μL of the 

soluble lysate was saved for SDS-PAGE analysis; the remaining lysate was used in 

HPLC purification. 

The purification of untagged heterodimeric HIVRT was achieved by use of a 

60mL Q-sepharose column (GE) connected in tandem to a 20mL Bio-Rex 70 water 

jacketed column (Bio-Rad). A circulating water bath set to 4°C was connected to the Bio-

Rex 70 column. The tandem columns were pre-equilibrated in buffer A (30mM HEPES 

pH 7.9 at 4°C, 60mM NaCl, 1mM DTT, 0.1mM EDTA). The soluble cell lysate was 
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loaded on to the columns at 5mL/min. The tandem columns were then washed with five 

column volumes of buffer A to ensure that all Reverse Transcriptase in the lysate passed 

over the Q-sepharose column and bound to the Bio-Rex 70 column. The Q-sepharose 

column was then disconnected and the Bio-Rex 70 column, with HIVRT bound, was 

washed with 5 column volumes of 2% buffer B (30mM HEPES pH 7.9 at 4°C, 1M NaCl, 

1mM DTT, 0.1mM EDTA); corresponding to 75mM NaCl. The bound protein was eluted 

with 2%-47% linear gradient of buffer B at 2.5mL/min for 40 minutes. Collected 5mL 

fractions were collected and stored on ice. The lysate, load, flow-through, wash, and each 

fraction were analyzed by SDS-PAGE. Fractions containing HIVRT were pooled and 

buffer C (30mM HEPES pH 7.9 at 4°C, 1mM DTT, 0.1mM EDTA) was added until the 

conductivity equaled that of buffer A. 

The protein was then loaded onto a 10mL ssDNA cellulose water-jacketed 

column (Sigma) pre-equilibrated with buffer A.  The pooled fractions were loaded at 

2.5mL/min, then washed with 5 column volumes of 2% buffer B.  The bound protein was 

then eluded using a 2%-47% gradient of buffer B over 40 minutes at 2.5mL/min.  5mL 

fractions were collected an analyzed by SDS-PAGE. Fractions containing HIVRT in a 

1:1 subunit ratio were pooled and concentrated to under 10mL using a 30kDa cutoff 

filter. The protein was dialyzed twice against 1L of either MDCC labeling buffer (30mM 

HEPES pH 8.0 at 4°C, 250mM NaCl, 0.1mM EDTA) if the final product was to be 

MDCC labeled, or storage buffer (50mM Tris pH 7.4 at 37°C, 50mM NaCl, 1mM DTT, 

0.1mM EDTA) if the final product was unlabeled. 

Labeling HIVRT with MDCC was achieved by combining 1.8mL of protein 

solution with a 20-fold molar excess of MDCC dissolved in DMSO in a 2mL centrifuge 

tube. The labeling reaction was protected from light and rocked at 4°C for 16 hours. The 

labeling reaction was then centrifuged at 10krpm for 10 minutes at 4°C to remove any 
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protein of excess MDCC which may have precipitated. The soluble protein was the 

diluted five-fold with buffer C to reduce the conductivity to 50mM. Excess label was 

removed by cation-exchange chromatography using a jacketed 20mL Bio-Rex 70 column 

pre-equilibrated with buffer A at 4°C. The labeled protein was loaded onto the column at 

2.5mL/min and washed with 2% buffer B until the absorbance at 425 due to MDCC 

stabilized. The bright yellow MDCC labeled HIVRT was then eluted form the column 

using a step gradient of 47% buffer B. 1mL fractions were collected and analyzed by 

SDS-PAGE (final protein was diluted 5-fold prior to analysis). Fractions containing 

labeled HIVRT were pooled, concentrated, and dialyzed twice against 1L of storage 

buffer.  The final protein was aliquoted into 50μL fractions and flash frozen in liquid 

nitrogen prior to long-term storage at -80°C. 

The protein concentration at the end of the purification was determined by amino-

acid analysis (Texas A&M Protein Analytics Facility). The concentrations of subsequent 

purifications were compared to this analysis by commassie blue staining. 

MDCC labeling efficiency was measured by spectrophotometer. The 

concentration of HIVRT was determined by absorbance at 280nm using an extinction 

coefficient of 260,450cm-1M-1.  This number was compared to the concentration of 

MDCC present in the sample, which was calculated by determining the absorbance of the 

MDCC-labeled protein at 425nm in methanol using an extinction coefficient of 

50,000cm-1M-1 for MDCC. Labeling efficiency was calculated as quotient of MDCC 

concentration to protein concentration expressed as a percentage.  

Synthesis of a 2’,3’-dideoxy-terminated DNA Primer 

To separate the binding of nucleotide from chemistry a 2’,3’dideoxy-terminated 

DNA primer (ddDNA) was needed. ddDNA oligonucleotides are only commercially 
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available with a 3’ ddC modification which does not match the substrate previously used 

in HIVRT kinetic studies (28, 62, 63).  Synthesis of a 3’ddA primer was therefore 

needed.  

24-base and 36-base oligonucleotides (Table 2.2) were purchased from 

International DNA Technologies (IDT). The oligonucleotides were resuspended in 

ddH2O and lyophilized three times to remove residual triethylamine from the 

oligonucleotide synthesis.  The oligonucleotides were resuspended and annealed in 

annealing buffer (10mM Tris pH 7.5 at 37°C, 50mM NaCl, 0.1mM EDTA) to 800μM by 

heating to 95°C for 5 mintutes followed by slow cooling back to room temperature over 

60 minutes to form a 24/36 substrate. 

 

Table 2.2. 24/36-T Substrate for 25ddA synthesis   
24mer: 5’-GCCTCGCAGCCGTCCAACCAACT-3’ 
36mer: 3’-CGGAGCGTCGGCAGGTTGGTTGATTGTCAGCTAGGT-5’ 

 

To synthesize a 3’ ddA terminated 25 base oligonucleotide (25ddA) the following 

reaction was performed. The 24/36-T DNA substrate (560μM) was combined with 

600μM HIVRT, 10 units of pyrophosphatase (Sigma), and 1.5mM ddATP (UBS) in RT 

buffer (50mM Tris pH 7.5 at 37°C, 100mM KCl, 0.1mM EDTA) supplemented with 

10mM MgCl2.  The reaction was incubated for 2 hours at 37°C. The reaction stopped by 

phenol:choloroform extraction and 25ddA was purified by ethanol precipitation and 

denaturing PAGE(64, 65). 

Fluorimetric Response of MDCC to Substrate Binding 

A steady-state fluorimeter (Photon Technologies Inc.) was used to test the 

fluorescent response of MDCC to substrate binding. Samples were excited using 425nm 
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light and fluorescence was monitored by emission scanning from 450-550nm.  Scanned 

samples included buffer only, 200nM enzyme, enzyme with 300nM 25ddA/45-G (Table 

2.2), and enzyme with 25ddA/45-G and 100μM dCTP (Promega).  To test mismatch 

binding 5mM of dATP was added in place of dCTP. 

Quench Flow Analysis to Determine Kinetic Effects of the Label 

Chemical Quench Flow incorporation of dATP was used to determine the kinetic 

effects of the MDCC label on polymerase activity. 100nM wild-type or C36-MDCC 

HIVRT preincubated with 300nM 25/45-T (Table 2.3) containing a 32p label on the 5’-

end of the primer. The E●DNA complex was then combined with various concentrations 

of dATP (0.25-100μM) and 10mM MgCl for various times (0-5s). The reactions were 

quenched by the addition of an equal volume of 0.5M EDTA (all concentrations final). 

 

Table 2.3. DNA substrates for kinetic assays   

25/45-T: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTTGCAGCTAGGTTACGGCAGG-5’ 

25ddA/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCAdd-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5’ 

  

Quenched reactions were mixed with one volume of denaturing PAGE loading 

buffer (deonized formamide, 0.25% bromophenol blue, 0.25% xylene cyanole) and 

separated by 8% acrylamide denaturing PAGE (66). The samples were then exposed to a 

phosphor screen and visualized using a Typhoon scanner (GE).  Product bands were 

quantified using ImageQuant 5.0 (GE). 
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 Radioactive 5’ 32p-labeling of the primer was formed by incubating 25-base 

oligonucleotide, 3μL of γ-32p ATP, and 20 units of T4 polynucleotide kinase in T4 PNK 

buffer (New England Biolabs) for 60 minutes at 37°C. The reaction was quenched by 

heating to 95°C for 5 minutes.  32p-labeled oligonucleotide was purified by Bio-Spin 30 

gel filtration (Bio-Rad).  The concentration was determined by TLC of a sample before 

and after purification. 

 Data collected by quench flow methods were fit by non-linear regression software 

using grafit 5.0 (Erithacus).  Product formation as a function of time was fit to a single 

exponential equation. Rates extracted from single exponential fit were then fit as a 

function of dATP concentration to a hyperbolic equation (Table 2.4). 

 

Table 2.4. Equations Used In Data Fitting By Non-liner Regression 

 Single Exponential Equation (1) 

 
Hyperbolic Equation (2) 

 

Mass Spectrometery of HIVRT-MDCC Tryptic Digests to Confirm Labeling Site-
Specificity 

MDCC-labeled HIVRT was denatured by incubating 150nmol of protein in 6M 

urea for 45 minutes at 60°C, followed by dilution to 1M urea by 5-fold addition of 50mM 

Tris pH 8.0 pre-warmed to 37°C. A 1:20 (w/w) ratio of mass spectrometry grade Trypsin 

(Promega) was added to the denatured protein. The digestion reaction was incubated at 

37°C for 16 hours then quenched by the addition of trifluoroacetic acid to reduce the pH 
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to less than 3.5.  The digested protein was mixed with 5 volumes of reverse phase buffer 

A (2% acetonitrile, 0.1% trifluoroacetic acid) prior to chromatography. 

A Vydac C-18 Reverse Phase column was pre-equilibrated in reverse phase buffer 

A. The digested protein was applied to the column at 0.5mL/min. The column was then 

washed with five column columns of reverse phase buffer A. A linear gradient from 0-

100% reverse phase buffer B (80% acetonitrile, 0.08% Trifluoroacetic acid) was applied 

over 100mL. Eluted peptides were monitored by peptide bond absorbance (220nm) and 

MDCC absorbance (425nm), and were collected in 1mL fractions. Fractions containing 

overlapping absorbance were lyophilized and resuspended in 10μL of a solution 

containing 50% acetonitrile and 1% trifluoroacetic acid in water. A volume of 10μL of 

matrix solution (α-cyano-4-hydroxycinnamic acid supersaturated in a solution of 70% 

acetonitrile, 1% trifluoroacetic acid and 5mM (NH2)3HPO4) was added.   

The peptide solution was spotted onto a stainless steel target and mass spectra 

were collected using applied Biosystems 4700 MALDI-TOF/TOF Proteomics Analyzer. 

MS/MS spectra were generated by high energy collision induced dissociation (CID) to 

identify the sequences of ions generated by the initial mass spectra.  Observed MS/MS 

spectra were assigned to expected tryptic fragments of HIVRT using GPS Explorer 

Workstation (Applied Biosystems) with a MASCOT database containing the peptide 

sequence of Reverse Transcriptase allowing dynamic modifications of cysteine to include 

covalently attached MDCC (Mol Weight = 383.1da).  

The molecular weight shift due to MDCC labeling was determined by 

electrospray ionization mass spectrometry performed by the University of Texas at 

Austin College of Pharmacy Protein and Metabolite Analysis Facility.   
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2.3 RESULTS 

Purification of p66 E36C-MDCC C280S / p51 C280S 

Bacterial Fermentation and Expression Level of Subunits 

 DNA sequencing confirmed the presence of cysteine mutations at positions 

Glu36, Thr39, Glu40, Ile63, Ser68, or W71 in the p66 C280S background.  Bacterial 

cultures of p66 E36C C280S reached an OD600 of 1.85OD600/ml at the time of harvest 

resulting in final wet cell pellet weight of 22g. p51 C280S reached a final density of 

1.65OD600/ml yielding a final wet cell pellet weight of 18.6g. Both cultures exhibited 

similar growth kinetics, reaching an optical density of 0.6 OD600/mL in 120 minutes 

(Figure 2.2). At this density, the HIVRT subunit expression was induced by the addition 

of 0.5mM IPTG. 

 
Figure 2.2. Growth Kinetics of Bacterial Cultures. Cultures of BL21(DE3) Expressing 
p66 E36C C280S and p51 C280S.  Six 1L cultures of BL21(DE3) carrying pET21a_p66 
E36C C280S (Circles) or pET30a_p51 C280S (squares). Closed points denote uninduced 
cultures. Open points indicate cultures induced with 0.5mM IPTG. Both cultures reached 
an induction density of 0.6 OD600/mL was reached in 120 minutes. Following induction, 
the cultures reached a stationary phase in 60 minutes.  The harvest of cultures 3 hours 
following induction yielded 3g/L of wet cell pellet. 
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 Individual subunit expression levels were determined by SDS-PAGE.  The 

presence of p66 and p51 subunits was confirmed by protein bands at the correct position 

relative to the protein standard and appearing after induction. It is noted that the C-

terminal deletion of 13 amino acids of p51 results in a protein with a molecular weight of 

49832da corresponding to the size of the band observed in panel A of Figure 2.3. Band 

density was quantified resulting in a p51:p66 molar ratio of 1.8:1 per gram of wet cell 

weight after correcting for molecular weight dependent protein staining (figure 2.3 panel 

B).  To obtain an equimolar ratio of subunits 22g of the p66 cell pellet was mixed with 

12.2g of of p51 cell pellet.  The cells were lysed resulting in a 150mL of lysate for HPLC 

purification. 

 
Figure 2.3.Subunit Expression. SDS-PAGE of p51 and p66 samples before induction and 
at harvest. (A) Coomassie staining of p51 C280S and p66 E36C C280S shows strong 
induction of correct molecular weight protein bands. (B) Density scan used to quantify 
the amount of soluble protein of each subunit at harvest. A ratio of 1.8:1 was observed for 
p51:p66. 
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Ion-exchange HPLC chromatography of HIVRT E36C-MDCC 

The chromatograph from the purification of HIVRT E36C-MDCC using tandem 

Q-sepharose and Bio-Rex 70 columns shows the flow-through material that did not bind 

to either column with a high absorbance at 260nm and a 260nm:280nm ratio of 1.9:1 

indicating the presence of bacterial DNA in the lysate (Figure 2.4). Absorbance 

corresponding to bacterial DNA rapidly diminished once the Q-sepharose column was 

disconnected. This finding indicates a large amount of bacterial DNA contamination in 

the lysate flow-through. Analysis of the flow-through fraction by SDS-PAGE did 

indicate a significant amount of HIVRT. However, attempts to recover this protein by 

increasing the column volumes were ineffective suggesting that some HIVRT may bind 

to chromosomal DNA or is improperly folded resulting in diminished binding affinity.  
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Figure 2.4. Tandem Column Ion-Exchange Purification. (A) Tandem column 
chromatography of cellular lysate containing HIVRT. Protein and DNA elution were 
monitored by absorbance at 280nm (blue) and 260nM (Red). Elution of one protein 
peak was observed resulting from increased conductivity percentage (green) due to a 
gradient of buffer B (black) (B) SDS-PAGE analysis of fractions from tandem column 
chromatography confirm the presence of HIVRT in collected samples. 

 The elution of HIVRT from the Bio-Rex 70 column resulted in eight fractions that 

contained a high concentration of HIVRT. This was observed on the HPLC 

chromatograph and confirmed by SDS-PAGE analysis. Fractions 5-13 were pooled 

excluding frations 1-4 and 14-22 due to insufficient amounts of HIVRT or the presence 

of contaminating E. coli proteins. 
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Single Stranded DNA Affinity HPLC Chromatography of HIV E36C-MDCC 

Affinity chromatography was used to separate the protein based upon DNA 

binding activity, and served to remove a high molecular weight (≈115kDa) contaminant.  

The chromatograph from the ssDNA column recorded very little absorbance attributable 

to the flow-through of the protein load (figure 2.5). This indicates that close to all of the 

protein in the load volume bound to the affinity column.  Washing the column with 2% 

Buffer B (75mM NaCl) produced a protein peak, however no banding was observed in 

the wash fraction by SDS-PAGE.  Elution of HIVRT occured from 100mM to 300mM 

NaCl and was collected in fractions 2-12.   
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Figure 2.5. ssDNA Affinity Chromatography. (A) The chromatograph of ssDNA affinity 
column purification of HIVRT shows removal of a contaminate band during the wash 
step, followed by elution of HIVRT during the 2% to 47% Buffer B gradient. The pooled 
fractions from the tandem columns were loaded from 0-235mL. The ssDNA column was 
washed from 225-275mL. HIVRT was eluted collecting 5mL fractions from 275-330mL. 
(B) SDS-PAGE analysis of fractions from ssDNA affinity column chromatography. 
Fractions 3-9 show a high concentration of ≥99% purity HIVRT. 
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MDCC Labeling of HIVRT at p66 E36C 

Fractions 3-9 from ssDNA chromatography were pooled concentrated to 8mL 

(45μM). After dialysis into buffer D, the labeling reaction was performed by adding a 16-

fold molar excess of MDCC to the protein solution.  Removal of excess label following 

the reaction was completed by Bio-Rex 70 cation-exchange chromatography.   Following 

the 50mL load, the column was washed with an additional 50mL of buffer A (2.5 column 

volumes) until the absorbance at 425nm (due to the MDCC label) returned to baseline.  

MDCC-labeled HIVRT eluted over 12mL and possessed absorbance at both 280nm and 

425nm indicating co-elution of HIVRT and MDCC (Figure 2.6). The twelve 1mL 

fractions containing HIVRT were pooled and dialyzed into storage buffer before being 

concentrated to 33μM. The labeling efficiency was calculated as 98±3%. The purification 

yielded 46mg of HIVRT E36C-MDCC  
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Figure 2.6. Cation-Exchange Chromatography to remove Excess MDCC. (A) The 
chromatograph of a Bio-Rex 70 cation-exchange column shows the removal of excess 
MDCC following the labeling reaction monitored by absorbance at 425nM (red). Proetin 
absorbance was monitored by absorbance at 280nm (blue). The MDCC labeling reaction 
was loaded onto the column from 0-50mL. The column was washed from 50-95mL to 
removed excess MDCC. The labeled protein was eluted and collected in 1mL fractions 
from 95-110mL. (B) SDS-PAGE analysis of fractions from ssDNA affinity column 
chromatography. Fractions 1-9 show a high concentration of ≥99% purity HIVRT 
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Fluorimetric Response of MDCC to Substrate Binding 

The fluorescent emission spectra of HIVRT labeled with MDCC at position E36C 

shows a peak emission of 463nm when excited by 425nm light.  The fluorescence signal 

increases by 34% when DNA (25ddA/45-G) was bound to the enzyme to form the binary 

complex (E●DNAdd) referred to as the “open” conformation (figure 2.7).  The addition of 

dCTP to the E●DNAdd complex results in a fluorescence decrease of 32% reporting the 

formation of the F●DNAdd●dCTP tertiary complex referred to as the “closed” 

conformation. When 5mM dATP was added to the ED complex a 27% increase in 

fluorescence was observed corresponding to different enzyme state that reports mismatch 

binding. 

 

 

 
Figure 2.7. Emission spectra of HIVRT E36C-MDCC. Substrate binding produced a 
change in fluorescence emission by the MDCC fluorophore attached to HIVRT at 
position E36C. Binding of DNA induces a fluorescent increase (black to red). The 
binding of correct nucleotide (dCTP) to form the FDN complex shows a fluorescent 
decrease (red to green). The binding of a mismatch nucleotide (dATP) resulted in a 
further fluorescence increase (red to blue). Reverse Transcrtipase buffer alone is also 
shown as a control (grey).   
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Fluorescent Response to Substrate Binding by Alternate MDCC Labeling Position 
Mutants 

A total of six MDCC labeling mutants were tested by fluorimetric assay to 

determine which labeling position possessed the largest magnitude fluorescence response 

resulting from substrate binding.  All six mutants exhibited fluorescence intensity 

changes upon substrate binding (Figure 2.8).  Five of the six mutants displayed an 

increase in fluorescence upon binding DNA; the sole exception being T36C-MDCC.  The 

magnitude of the fluorescence changes varied from +34% (E36C-MDCC) to -3% 

(T39C).  All six of the labeling mutants decreased in fluorescence emission intensity 

when bound to dCTP. Of the six labeling mutants E36C-MDCC possessed fluorescent 

properties that are most adaptable to a stopped flow method for monitoring the 

conformational change from “open” to “closed.” 
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Figure 2.8. Fluorescence change of MDCC-labeling mutants.  The binding of DNA to 
various labeling mutants produced fluorescence changes corresponding to the “open” 
state (blue). Subsequent binding of dCTP resulted in a decreased level of fluorescence for 
the FDN tertiary complex (red). 

Quench Flow Analysis to Determine the Effects of MDCC labeling 

The effects the labeling mutations (p66 E36C C280S / p61 C280S) and the 

MDCC label on kpol and Kd,app were determined by quench flow techniques developed by 

Kati et al. (28). Single-turnover experiments varying the concentration of nucleotide from 

0.25μM to 100μM resulted in concentration-dependent product formation (Figure 2.9). 

The maximum rates of polymerization (kpol) were 17.2±0.8s-1 for wild-type HIVRT and 

16.9±0.9s-1 for the labeled enzyme (Figure 2.10).  Apparent Kd values for the two 

enzymes were 1.7±0.5μM and 1.2±0.2μM, respectively.  These values for kpol and Kd,app 

agree within the limits of experimental error and indicate that the position of the MDCC 
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label, and the mutations needed for labeling-site specificity, do not interfere significantly 

with normal polymerization of HIVRT. 

 

\ 
Figure 2.9. Single turnover  nucleotide dependence of product formation. 100nM 25/45-
T DNA pre-incubated with 150nM wild-type HIVRT (A) or HIVRT E36C-MDCC (B) 
was rapidly mixed with various concentrations of dATP (0.25,  0.5, 1, 2, 4, 8, 12 ,2 5, 50, 
and 100μM).  Product formation was fit to a single exponential equation to determine the 
nucleotide concentration dependence of the rate of product formation. 
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Figure 2.10. Nucleotide concentration dependence of the chemistry rate. Rates of 
incorporation by wild-type HIVRT (○) and HIVRT E36C-MDCC (■) at various 
concentrations of dATP were fit to a hyperbolic equation.  kpol values were 17.2±0.8s-1 
and 16.9±0.9s-1. Kd,app values were 1.7±0.5μM and 1.2±0.2μM for wild-type and MDCC 
labeled, respectively. 

Mass Spectrometery to Confirm MDCC Labeling 

Tryptic fragments of MDCC labeled HIVRT were separated by C-18 reverse 

phase chromatography.  Absorbance monitoring at 220nm and 425nm indicated that four 

fractions contained peptides labeled with MDCC (figure 2.11). The finding of multiple 

425nm peaks indicated the potential for multiple peptides labeled with MDCC; indicative 

of non-specific labeling.  Alternatively, incomplete or non-specific tryptic cleavage of 

HIVRT could result in peptides of different length all labeled at Cys36.  To determine 
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which of the two possibilities had occurred MALDI-TOF/TOF was performed on all 

fractions containing 425nm absorbance (fractions 13,16,17, and 18). 

 

Only fraction 14 produced assignable MS and MS/MS spectra of the expected 

tryptic fragment 33ALVC*ICTEMEK43 (* denotes MDCC fluorophore) containing a 

covalently attached MDCC molecule at position Cys36 (Figure 2.12).  CID ions b5 and 

y6 are particularly telling about the position of the MDCC fluorophore because ionization 

occurs between Ile37 and Cys38. The b5 ion containing residues 33ALVCI37 is MDCC 

labeled.  The y6 ion containing residues 38CTEMEK43 is not MDCC labeled. Also the 

CID ionization of b7 and b7 confirm MDCC labeling at E36C because two ions differ by 

a m/z of 486.5 which corresponds to the molecular weight of a Cys36 and an ionized 

MDCC fluorophore. The ionized form of MDCC also was observed on the MS/MS 

 

 
Figure 2.11. Reverse phase chromatography of HIVRT tryptic peptides. Trypsinized 
HIVRT E36C-MDCC peptides were separated by C-18 reverse phase chromatography.  
Fractions 13, 16, 17, and 18 contained absorbance at 220nm (black) and 425nm 
indicative of peptides labeled with MDCC.  
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spectra with a m/z of 244.1. This ion has been previously observed by MALDI-TOF/TOF 

analysis of MDCC labeled proteins(67). 

 Fractions 16-18 did produce MS peaks with MS/MS spectra of expected tryptic 

fragments, but none that contained Cys36 or modifications of MDCC. The presence of 

MDCC absorbance in these fractions without positive mass spectrometry identification 

indicates that the trypsinization of HIVRT was either incomplete or non-specific, and that 

only MDCC modification present is on Cys36.  

Further verification that only one MDCC molecule was present was needed due to 

the negative results obtained from fractions 16-18.  ESI-MS was used to confirm the 

presence of only one MDCC molecule per HIVRT by examining the molecular weight 

shift of HIVRT due to the presence of the labeling mutations (p66 E36C C280S / p51 

C280S) and one MDCC molecule.  The expected mass shift of p51 due to the C280S 

mutation was -16.8da. The observed mass shift of -14.7±3da agrees with the theoretical 

value.  The expected mass shift for p66 due to the E36C and C280S mutation is -42.1da, 

and the addition of one MDCC molecule (383.1da) results in a net change of +341.1da. 

The observed mass shift of p66 E36C-MDCC C280S was +346.3±3da, indicating a 1:1 

stoichiometry of label to protein (Figure 2.13).  The absence of a mass peak 64,469.9da 

in the MDCC labeled sample also qualitatively confirms the 98±3% labeling efficiency 

previously calculated because no peak corresponding to unlabeled HIVRT was observed. 
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Figure 2.12. Mass spectrometry analysis of HIVRT peptides labeled with MDCC.  (A) 
MS spectra collected from fraction 13 from reverse phase chromatography of HIVRT 
E36C-MDCC tryptic fragments.  An ion peak of 1621.7m/z matches the expected tryptic 
fragment 33ALVCICTEMEK43 labeled with MDCC. (B) MS/MS of peak 1620m/z.  CID 
ions confirm the presence of one MDCC molecule present on Cys36. No MDCC labeling 
of C38 was observed.   
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Figure 2.13. Molecular weight determination by ESI-MS. The molecular weight of wild-
type (color) and E36C-MDCC labeled (color) HIVRT. The mass shift of p51 was -14.7da 
corresponding to the C280S mutation needed for MDCC site-specificity.  A mass shift of 
+346.3da was observed for the labeling mutant corresponding to p66 containing C280S, 
E36C, and one MDCC fluorophore.     

 

2.4 DISCUSSION 

We have shown that HIV Reverse Transcriptase can be labeled with an extrinsic 

fluorophore resulting in an enzyme that reports changes in conformation upon substrate 

binding.  Further, this labeling has been performed site-specificity and efficiency 

resulting in a homogenous population of HIVRT labeled with MDCC at amino acid 

position 36 of the catalytic subunit (Figure 2.14). To confirm labeling at position 36 two 

forms of mass spectrometry were performed; both supporting the conclusion of single 

label on the protein at the desired position.  Initial concerns about the stoichiometric ratio 

of label to protein and the position at which the protein was labeled resulted from 

multiple peaks containing MDCC absorbance when the trypsinized protein was separated 
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by reverse phase chromatography (Figure 2.11). While the expected fragment 
33ALVCICTEMEK43 was observed in fraction 13, the inconclusive mass spectrometry 

data on fractions 16-18 roused concernes over possible labeling at unexpected positions.  

Fractions 16-18 did contain identifiable tryptic fragments of HIVRT, however none of 

the peptides were modified by the expected m/z of 383.1 corresponding to the presence 

of MDCC.   

Repeated attempts to refine the tryptic digestion always resulted in the 

observation of multiple MDCC peaks during reverse phase chromatography. This 

observation coupled with unidentifiable peptides by MS analysis suggests unexpected 

cleavage products as a result of trypsinization, This may be due to either the trypsin itself 

or a low level of endogenous protease contamination in the sample. The latter would not 

affect kinetic assays performed in the second time scale, but may have affected the 

digestion reaction due to the long incubations required for complete trypsinization. 

In light of the positive identification of the expected peptide labeled with MDCC 

at position 36, we sought to confirm the presence of only one fluorophore per enzyme by 

examining the molecular weight shift the MDCC labeled protein.  The theoretical and 

experimental mass shifts in both subunits confirm that the labeling of HIVRT occurs in a 

1:1 stoichiometery (Figure 2.13).  This finding, coupled with the positive identification of 

the 33ALVCICTEMEK43 fragment provides conclusive evidence for site-specificity of the 

label. 

 The labeling position that possesses the largest fluorescence changes upon 

substrate binding was position 36 (figure 2.8).  Of the six labeling positions that meet the 

criteria for labeling (described in the introduction), position 36 was the first to be chosen 

as a potential site.  The αA helix was a particularly desirable labeling location due to its 

relatively rigid secondary structure, which we hypothesize provides an increase in 
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fluorescent stability, and the 15Å conformational change it undergoes upon nucleotide 

binding (Figure 2.1).  Moreover, the αA helix is close to the active site, but contains no 

active site residues. We, therefore, hypothesized that labeling on the αA helix would not 

impart any kinetic effect on the enzyme.  Because of these properties, three of the six 

positions selected for labeling are located on this helix. The remaining three positions 

(Ile63, Ser 58, and Trp71) are contained on the β3-Loop-β4 structure.  We tested these 

labeling positions because this structure undergoes a large conformational change upon 

nucleotide binding that delivers residues Lys65 and Arg75 to the active site, which 

interact with alpha and gamma phosphates of the incoming nucleotide.  We hypothesized 

that because of these interactions positions Ile63 Ser68, and Trp71 would be uniquely 

sensitive in detecting the presence of a correct nucleotide versus a mismatch. However, 

these positions failed to produce favorable fluorescence changes for pre-steady state 

methods. 

In order to study substrate binding by stopped-flow methods, the measurable 

signal must be large enough to overcome the inherent signal-to-noise of the detection 

system of the instrument. At the time of this work, the signal generated from substrate 

binding needed to be at least a 10% change to overcome the instruments signal-to-noise 

limitations. Although current instruments can now measure much smaller changes in 

fluorescence, the labeling mutant at position 36 provided largest magnitude signal 

making it the best candidate for pre-steady state assays. 

Our HIVRT system produces a 34% increase in fluorescence upon DNA binding, 

unlike previous work performed on T7 DNA Polymerase that observed no fluorescence 

change upon DNA interaction (39).  Despite these differences, both systems report an 

approximate 30% decrease in fluorescence upon correct nucleotide binding and a 30% 

increase in fluorescence upon mismatch binding.  This unique fluorescence change by 
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HIVRT resulting from DNA binding has both benefits and drawbacks.  The presence of a 

signal for DNA binding will allow us to monitor the kinetics of DNA interaction. These 

interactions have been measured by others using modified DNA substrates.  The major 

drawback of a fluorescent change upon DNA binding is that the signal may contaminate 

other measurements.  This is of specific importance when experiments aimed at studying 

nucleotide interaction combine an EDNA complex with either more enzyme or more 

DNA resulting in a shifting of the DNA binding equilibrium which will impact the 

observed fluorescence signal. Fortunately, the dissociation constant for DNA binding 

(Kd,DNA) is very tight resulting in experimental conditions that saturate the enzyme with 

DNA even after mixing events.  Moreover, data fitting by simulation can include DNA 

binding and release in providing a comprehensive fit to the data. Experimental conditions 

require 200nM of enzyme after mixing to ensure a strong enough fluorescence output to 

be detected with confidence. This therefore requires a saturating DNA concentration of 

300nM.  The reported Kd for DNA binding is 4nM, resulting in experimental conditions 

where free enzyme after mixing is only 1.5% of the population.  

The use of chemical quench flow techniques provides a well-documented method 

for assessing the effects of MDCC labeling on polymerase activity.  We have shown that 

the presence of the MDCC label, and the necessary mutations needed to ensure site-

specificity, do not interfere with the normal polymerization activity of the enzyme. 

(Figure 2.10).   However, we remain aware of the possibility that future investigations 

using this enzyme could reveal effects of the label.  

 The fluorescence changes produced from nucleotide binding provide large 

signals that can be monitored by stopped-flow techniques.  Analysis of the concentration 

dependence of these changes will provide information about the kinetics of nucleotide 

binding.  The similarity in fluorescence signal to the work done by Tsai et al. (39) 
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suggests that upon binding polymerases adopt a kinetically favorable “closed” 

conformation leading to catalysis.  The presence of a mismatch results in an alternative 

conformation that misaligns the active site for catalysis and may favor nucleotide release.  

In subsequence chapters, I describe the kinetic studies. 
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Figure 2.14. Structural overlay of MDCC at position E36C of p66.  A structural overlay 
of MDCC (pink) from PDB:1A50 with E36C of p66 in the “closed” conformation from 
PDB:1RTD.  The fluorophore is solvent accessible and positioned 15Å from incoming 
nucleotide at the polymerase active site. 
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Chapter 3: Nucleotide Dependent Conformational Change Governs 
Enzyme Specificity and Analog Discrimination by HIV Reverse 

Transcriptase 

3.1 PREFACE 

 The following chapter details work completed and published in The Proceedings 

of the National Academy of Sciences in April 2010 (68). The work has been adapted for 

this dissertation without altering the content of the original publication. Reference 

numbers, figure numbers, and abbreviations have been changed to follow the format 

previously established. Due to page limitations, the original publication was followed by 

a supplement that contained the purification protocol, control experiments showing the 

effects of the MDCC label, and label position validation by mass spectrometery, as well 

as alternative data fitting models that were omitted from the original text.  Excerpts from 

the original supplement have been placed following this chapter’s discussion section.  

The supplemental data form the original publication that has been omitted from this 

chapter has been presented in greater detail previously in chapter 2.  The complete 

original supplement can be found at (69). 

3.2 ABSTRACT 

 Single turnover studies on HIV Reverse Transcriptase suggest that nucleoside 

analogs bind more tightly to the enzyme than normal substrates, contrary to rational 

structural predictions.  Here we resolve these controversies by monitoring the kinetics of 

nucleotide induced changes in the enzyme structure. We show that the specificity 

constant for incorporation of the normal nucleotide (dCTP) is determined solely by the 

rate of binding (including isomerization) because isomerization to the closed complex 

commits the substrate to react.  In contrast, the nucleoside analog 3TC-TP, (triphosphate 
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form of Lamivudine) is incorporation slowly, allowing the conformational change to 

come to equilibrium and revealing tight nucleotide binding.  Our data reconcile the 

previously conflicting reports suggesting that nucleotide analogs bind tighter than normal 

nucleotides. Rather, dCTP and 3TC-TP bind with nearly equal affinities, but the binding 

of dCTP never reaches equilibrium. Discrimination against 3TC-TP is based on the 

slower rate of incorporation due to misalignment of the substrate and/or catalytic 

residues. 

3.3 INTRODUCTION 

The contribution of substrate-induced structure changes toward enzyme 

specificity and efficiency has long been debated (25). Although considerable attention 

has been given to the small conformational changes that are thought to effect catalysis 

from the closed enzyme-substrate complex (70, 71), little is known about the role of 

larger change in structure from an open to a closed complex following substrate binding. 

Like most enzymes, structural analysis of HIV reverse transcriptase (RT) reveals a large 

conformational change after nucleotide binding (24, 72).  However, the role of substrate-

induced conformational changes in specificity is controversial.  

Nucleotide binding and incorporation by HIV RT was initially characterized by 

Kati et al.(28) using rapid chemical-quench-flow methods. Examination of the nucleotide 

concentration dependence of the rate of polymerization under single turnover conditions 

provided an apparent nucleotide dissociation constant (Kd,app) and a maximum rate of 

polymerization (kpol) according to scheme 3.1. 

 

   EDn
+ dNTP

K
d ,app⎯ →⎯⎯← ⎯⎯⎯ ED

n
dNTP

k
pol⎯ →⎯← ⎯⎯ ED

n+1PPi
Fast⎯ →⎯⎯← ⎯⎯⎯ ED

n+1 + PPi  

Scheme 3.1 



 65 

 

Interpretation of these data depended upon the simplifying assumption that 

polymerization was governed by a single rate-limiting step (kpol), that nucleotide binding 

occurred as a rapid equilibrium (Kd,app), and that reactions following polymerization 

(pyrophosphate release and translocation) were fast. These parameters provided the best 

measurements to define kcat and Km values that apply to processive DNA synthesis where 

the polymerase incorporates nucleotides sequentially to extend a growing polymer.  This 

model and the method of analysis have since been adopted throughout the polymerase 

field to assign values for nucleotide binding (Kd,app) and incorporation (kpol) governing 

specificity where kcat/Km = kpol/Kd,app. Although the kinetics of inhibition of HIVRT by 

chain terminators in the steady state are a complex function of the length of the template 

and the ration of enzyme to primer template (73), single turnover studies define the 

parameters governing nucleotide incorporation at a single site. However, problems arise 

when attempting to interpret kpol and Kd,app mechanistically and to quantitatively evaluate 

discrimination in the terms of the individual kinetic parameters and kinetic checkpoints 

(74).  In particular it is paradoxical that most nucleoside reverse transcriptase inhibitors 

(NRTIs) appear to bind more tightly to the enzyme (lower Kd,app) than the normal 

nucleotides (32-35, 75, 76) even though steric effects are expected to cause weaker 

binding. 

Analysis of the mechanism of inhibition of HIVRT by nonnucleoside inhibitors 

implied the existence of a thermodynamically favorable conformational change following 

nucleotide binding (26, 62), but methods have not allowed the direct measurement of the 

dynamics of nucleotide- dependent changes in enzyme structure.  In order to resolve 

these controversies and address the larger issues regarding the role of induced fit in 

enzyme specificity, in general, we have developed a method to measure the time 



 66 

dependence of the changes in enzyme structure induced by nucleotide binding.  In this 

report, we show that we can fluorescently label HIVRT at a position on the fingers 

domain to provide a signal to monitor the enzyme closure that occurs during nucleotide 

binding and subsequent reopening after incorporation. 

We show that nucleotide binding occurs in two steps: a weak rapid equilibrium 

binding (K1) to the open state (EDn) is then followed by a rapid change in enzyme 

structure to form a closed complex (FDndNTP) at rate k2, and then a slower chemical 

reaction at a rate k3 (Scheme 3.1). Because nucleotide release is slow relative to 

chemistry (k3>>k-2), nucleotide specificity is defined simply by the product K1k2 =kcat/Km. 

In contrast, incorporation of a nucleoside analog [3TC-triphosphate (3TC-TP)] is slow so 

that binding comes to equilibrium, explaining the apparently tighter binding of nucleoside 

analogs. 

3.4 MATERIALS AND METHODS 

HIVRT (HXB2) was bacterially expressed and purified by ion-exchange 

chromatography followed by ssDNA affinity chromatography. The protein was labeled 

with 7-diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl)coumarin (MDCC) at the 

site of cysteine mutation E36C in p66 as described by Tsai et al. (67). A second mutation 

was introduced to eliminate a cysteine (C280S), but serine is frequently found at this 

position. Pre-steady-state measurements were conducted using a RQF-4 rapid quench 

flow and SF-2004 stopped flow (KinTek Corp.) The resulting data was initially fit by 

nonlinear regression using Grafit 5 (Erithacus Software), followed by more rigorous 

global fitting to a single model using KinTek Global Explorer.  

  



 67 

3.5 RESULTS 

Nucleotide Binding and Incorporation Kinetics 

We fluorescently labeled HIVRT on the fingers domain at a position that provides 

a change in fluorescence that is correlated with the conformational change induced by 

nucleotide binding. To measure the kinetics of the reaction, the labeled enzyme-DNA 

complex was rapidly mixed in the stopped flow with various concentrations of correct 

nucleotide (dCTP) to get the results shown in Figure 3.1A. There was a rapid decrease in 

fluorescence followed by a slower increase returning to the starting intensity, defining the 

kinetics of a single turnover. We show that the decrease in fluorescence defines the rate 

of nucleotide-induced change in enzyme structure from the “open” to the “closed” state, 

whereas the chemical reaction defines the rate at which the enzyme returns to the “open” 

state as described in scheme 3.2. 

 

 

Scheme 3.2 
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Figure 3.1. Time dependence of 
fluorescence change during dCTP 
binding and incorporation. (A) An 
ED complex was pre-formed using 
MDCC-labeled HIVRT (0.4 μM) 
and 25/45-G DNA oligonucleotide 
(0.6 μM) and then mixed 1:1 in 
the stopped flow with carious 
concentration of dCTP (to achieve 
final concentration of 2, 4, 8, 10, 
20, 40, 60, 80, 200 μM dCTP, 
200nM enzyme, and 300nM 
DNA). Data from each 
concentration were fit to a double 
exponential to derive rates of 
reaction. (B) Rates of the fast and 
slow reaction phases (λ1 and λ2) 
from fitting data in A are graphed 
as a function of concentration. The 
slope of the fast phase defines the 
apparent second-order rate 
constant for dCTP binding (K1k2 = 
7±0.5 μM-1s-1 according to scheme 
3.2). (C) The experiment shown in 
A was repeated at lower 
temperatures (5, 10, 18°C, lower 
to upper curves) to estimate the 
maximum rate of the 
conformational change, which is 
too fast to observe at 37°C. The 
dashed link corresponds to data 
collected at 37°C at sufficiently 
low concentrations to accurately 
define the binding rate. 
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The concentration dependence of the rates of the two reaction phases are shown in 

Figure 3.1B. The slope of the concentration dependence of the fast phase defines the 

second-order rate constant for dCTP binding K1k2=7±0.5 μM-1s-1 (Scheme 3.2). The slow 

phase reached a maximum rate of 16±2s-1, which corresponds to the rate of incorporation 

measured by rapid quench methods (Figure 3.2A and 3.3). At high dCTP concentrations, 

the fast fluorescence signal was lost due to the dead time of the instrument, preventing 

accurate measurement of the maximum rate of isomerization. Therefore, we examine the 

reaction at lower temperatures. Figure 3.1C shows the results obtained at temperatures 5, 

10, and 18°C where we could resolve the maximum rates of the fast phase to obtain 

values of 126±3s-1, 233±6s-1, and 444±13s-1, respectively. The temperature dependence of 

the rate was analyzed on an Arrhenius plot (Figure 3.S1) and extrapolation afforded an 

estimate of a maximum rate of 2000±200s-1 at 37°C. This is consistent with global fitting 

of the fluorescence data which provided a minimum estimate of k2>1600s-1. Using the 

value of k2=2000±200s-1 in global fitting of the data allows for and estimation of the 

dissociation constant for the initial binding (1/K1=200±20μM). 
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Figure 3.2. Global fit to kinetics 
of dCTP incorporation. In each 
figure, the smoother lines show 
the best fit obtained by nonlinear 
regression fitting all data 
simultaneously to the model 
shown in Scheme 3.3 using 
KinTek Explorer software. (A) 
Data from a chemical-quench-
flow experiment in which and ED 
complex (150nM enzyme, 100nM 
DNA) was mixed with various 
concentrations of nucleotide 
(0.25, 0.5, 1, 10, 25μM), then 
quenched with 0.5M EDTA. (B) 
Fluorescence stopped-flow signal 
after mixing ED with various 
nucleotide concentrations (2, 4, 6, 
12, 28, 40, 60, 80, 200 μM dCTP, 
200nM enzyme, 300nM DNA). 
(C) Time course of nucleotide 
dissociation as described in the 
text; here only the slow phase of 
the reaction (black line) was fit 
which occurred at a rate of  
0.06s-1. 
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Nucleotide Binding and Release 

Stopped-flow experiments were performed using a 2’3’-dideoxy-terminated 

primer (DNAdd) in order to resolve the kinetics of nucleotide binding and to determine 

whether the observed fluorescence change was correlated with binding or chemistry. 

These studies produced a biphasic nucleotide-concentration-dependent decrease in 

fluorescence as shown in figure 3.S2A. The rate of the fast phase increased linearly with 

nucleotide concentration (figure 3.S2B) and defines the second-order rate constant for 

nucleotide binding of 10.5±0.5μM-1s-1, which is comparable to that observed with a native 

DNA primer and may suggest an addition isomerization in the pathway preceding 

chemistry or an additional step to accommodate the dideoxynucleotide primer (See 

supplemental text). Nonetheless, these data demonstrate that the decrease in fluorescence 

is due to nucleotide binding to the enzyme and the subsequent isomerization, not the 

chemistry step. 

Next we measured the rate of nucleotide release from an EDdddNTP complex by 

mixing the complex with excess of unlabeled enzyme to trap free nucleotide. The time 

dependence of the fluorescence change was fit to a double exponential equation yielding 

rates of 6.7±0.3s-1 and 0.065±0.01s-1 (Figure 3.2C). The Fast phase had smaller amplitude 

and could be attributed to binding of excess DNA with the labeled enzyme following 

mixing. Thus, we assign an estimate for the rate of nucleotide dissociation of 0.065s-1. 

Global Data Fitting 

The kinetic data defining nucleotide binding and incorporation were fit globally to 

a two-step binding mechanism shown in Figure 3.2. This analysis demonstrates that 

simultaneous fitting of rapid chemical-quench-flow data to monitor the rate of 

polymerization (figure 3.2A), the fluorescence data to monitor the conformational 

changes (Figure 3.2B), and the rate of nucleotide release (Figure 3.2C). The results show 
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that the data can be accurately fit to the minimal model shown in Scheme 3.3. In this 

scheme we list 1/K1=200μM. Pyrophosphate release and translocation are presumed to be 

rapid following chemistry (77, 78) and, therefore, this model would account for 

sequential incorporation events during processive synthesis, although the rates of 

pyrophosphate release and translocation have not yet been measured for HIVRT. 

 

 

Scheme 3.3 

 

This model could be expanded to include an additional isomerization step 

preceding chemistry to account for the slow phase of fluorescence data seen with the 

dideoxy-terminated primer (Figure 3.S3). Alternatively, the slower phase could be due to 

translocation of the DNA. However, given the possible artifacts introduced by the 

artificial primer, we have chosen to omit from the global fitting the binding data obtained 

with the dideoxy-terminated primer. Rather, we present the minimal model that accounts 

for the time dependence of reaction with a native primer. The approximate agreement for 

the rate constant for nucleotide binding in comparing the native primer with the dideoxy-

terminated primer is sufficient to justify the use of the dideoxy-terminated primer to 

estimate the nucleotide dissociation rate. 

The rate constants given in Scheme 3.3 demonstrate that the specificity constant 

governing dCTP incorporation is determined solely by the second-order rate constant for 

nucleotide binding: kcat/Km=K1k2=10μM-1s-1, and that the apparent dissociation constant 

measured by quench-flow methods is defined by Kd,app=k3/K1k2=1.6μM. The net 

dissociation constant for nucleotide binding would be 1/K1K2=6nM if the two-step 
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reaction came to equilibrium, but it does not. Therefore, it is clear that previous rapid 

quench kinetic estimate of “ground-state” nucleotide binding are misleading and should 

be considered as a Michaelis constant rather than an estimate of a dissociation constant. 

This then raises question regarding the kinetics of incorporation of nucleoside analogs, 

which appear to bind more tightly than normal nucleotides in rapid quench kinetic 

studies. We address these questions by analysis of the incorporation of 3TC-TP 

(triphosphate form of Lamivudine), an analog of dCTP. 

3TC-TP Incorporation Kinetics 

Quench-flow analysis of 3TC-TP incorporation under rapid quench conditions 

yielded values of kpol and Kd,app of 0.03s-1 and 0.04μM, respectively (Figure 3.3A).  

Kinetics of the fluorescence change during 3TC-TP binding are shown over a timescale 

of the first 100 ms to illustrate nucleotide binding and the conformational change to form 

the “closed” state (figure 3.3B). The subsequent incorporation and recovery of 

fluorescence occur on a 120 second timescale and fit a rate of 0.029±0.01s-1 

corresponding to the rate of the chemistry step. The binding data were fit to a double 

exponential equation to obtain the concentration dependence of the rates governing the 

two conformational change steps. The concentration dependence of the rates fit a straight 

line up to 20μM 3TC-TP, defining an apparent second-order rate constant (K1k2) of 

34±2μM-1s-1. The slow phase reached a maximum rate of 65±15s-1. At high 

concentrations of nucleotide the rate of the fast phase of the reaction was too fast to 

measure by stopped-flow methods at 37°C. Therefore, stopped-flow fluorescence data 

monitoring the fast phase of 3TC-TP binding were analyzed at several lower 

temperatures and the results extrapolated to estimate the maximum rate of k2=4500±300s-

1 at 37°C (see 3.S2). 
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Figure 3.3. Global fit to kinetics of 
3TC-TP incorporation. (A) Data 
from a chemical-quench-flow 
experiment in which and ED 
complex (150nM enzyme, 100nM 
DNA) was mixed with various 
concentrations of nucleotide (0.01, 
0.02, 0.04, 0.06, 0.1,1, 2.5, 5, 7.5 
μM), then quenched with 0.5M 
EDTA. (B) Fluorescence stopped-
flow signal after mixing ED with 
various nucleotide concentrations 
(2, 4, 8, 20, 40, 60μM dCTP, 
200nM enzyme, 300nM DNA). For 
figures A and B, the smooth lines 
show the best fit obtained by 
nonlinear regression fitting all data 
simultaneously to the model shown 
in Scheme 3.4 using KinTek 
Explorer software. (C) Time course 
of nucleotide dissociation from the 
EDdd complex was performed as 
described in the text; fitting the 
slow phase (black line) required as 
value of k-4 = 0.6s-1. 
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Kinetics of 3TC-TP Release 

3TC-TP release from the closed tertiary complex was measured taking advantage 

of the differing fluoresce states of bound dCTP versus bound 3TC-TP. Although both 

nucleotides produce a decrease in fluorescence upon binding, the magnitude of the 

fluorescence change is greater for dCTP. This difference in fluorescence provides a 

measureable signal when 3TC-TP dissociates and dCTP binds following the addition of 

1mM dCTP to an E●DNAdd●3TC-TP complex (figure 3.3C) The fast phase can be 

attributed to the rapid binding of dCTP to free E●DNAdd due to the incomplete saturation 

of the E●DNAdd complex with 3TC-TP prior to mixing. The slow phase of fluorescence 

decrease corresponding to 3TC-TP release occurred at a rate of 0.2s±0.01s-1. 

Models for 3TC-TP Incorporation 

The minimal model for 3TC-TP incorporation is shown in Scheme 3.4. Analysis 

of stopped-flow incorporation of 3TC-TP yielded a second-order rate constant 

K1k2=37±2μM-1s-1. Temperate dependence of k2 yielded a rate of 4500±300 s-1. Data 

could be fit approximately to the two-step binding model shown in Scheme 3.4 

(Summarized in table 3.1). However, this model does not account for the biphasic 

fluorescence change and does not provide an optimal fit (Figure 3.S3). 

Table 3.1. Rate constants derived in fitting to a two-step binding model 

Nucleotide 1/K1 
(μM) 

k2 
(s-1) 

k-2 
(s-1) 

k3 
(s-1) 

dCTP 200 ± 20 2000 ± 200 0.06 ± 0.02 15 ± 2 

3TC-TP 120 ±20 4500 ± 300 1 ± 0.2 0.028 ± 0.02 

Rate constancies were derived by a combination of conventional analysis of the 
concentration dependence of the observed rates and global fitting to the entire dataset as 
described in Materials and Methods. Rate constants listed for fitting 3TC-TP to Scheme 
3.2 produce a less than optimal fit, shown in Fig 3.S4. 
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The data was fit globally to a three-step binding model shown in Scheme 3.5 to 

give the fitted curves shown in figure 3.3 (Summarized in table 3.2).  

 

Table 3.2. Rate constants derived in fitting to a four-step model* 

Nucleotide 
1/K1  
(μM) 

k2  
(s-1) 

k-2  
(s-1) 

k3 
(s-1) 

k-3 
(s-1) 

k4 
(s-1) 

dCTP† 200  
±20 

2000  
±200 (1-20) (100-300) 0.08  

±0.02 
15 
± 2 

3TC-TP 120  
±70 

4500  
±300 

70  
±10 

100  
±20 

1  
±0.2 

0.027  
±0.002 

*Rate constants were derived by a combination of conventional analysis of the 
concentration dependence of the observed rates and global fitting to the entire dataset as 
described in Materials and Methods. Rate constants are according to Scheme 3.5 where 
the integer subscript refers to the step number and the negative integer refers the reverse 
reaction as written. 
†These values are based upon global fitting the dCTP data to a model with two 
isomerization steps. The values for k-2 and k3 were not well constrained by the data, and a 
range of values are listed that give a satisfactory fit. 

 

Because the rate of incorporation is slow, unlike the case with dCTP, the binding 

reaction comes to equilibrium and the Kd,net=1/K1K2K3=50nM, which is approximately 

equal to the apparent dissociation constant estimated by quench-flow methods. Global 

fitting the rapid quench data (Figure 3.3A) and the fluorescence stopped-flow data 

(Figure 3.3b) required a rate of 2.6s-1 for the step governing the release of nucleotide 

from the D●DNAdd complex (Figure 3.5C) to the same model required k-3=0.6s-1. The 

small difference is attributed to the effect of the dideoxy-terminated primer (See 

supplemental text). 
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Scheme 3.4 

 

 

Scheme 3.5 

 

 3.6 DISCUSSION 

 We show the nucleotide selectivity by HIVRT is due to an initial weak substrate 

binding followed by a fast isomerization to a tightly bound state leading to incorporation. 

Although previous kinetic work had predicted the existance of this conformational 

change step (26, 62) which was then seen structurally (24, 79), we now define the role 

that the conformational change plays in nucleotide selectivity based upon the observed 

reaction kinetics. A single fluorophore was attached outside of the fingers domain to 

monitor changes in enzyme structure and had no significant effect on the kinetics of 

incorporation measured by rapid quench kinetic methods. 

The nucleotide-induced change in structure plays a pivotal role in enzyme 

specificity. Because the kinetic partitioning of the FDnN state favors chemistry over 

nucleotide release (k3>>k-2), the specificity constant governing incorporation of a normal 

correct nucleotide (dCTP) is determined solely by the net rate of binding (80). For a two-

step binding model, the apparent second-order rate constant for substrate binding is 

determined by the product K1k2. This parameter defines the specificity constant, kcat/Km, 

because k3>>k-2. Thus even though the rate of chemistry (k3) determines kcat in this 

system, kcat/Km is independent of the rate of chemistry. Moreover, the apparent 

dissociation constant determined by rapid quench methods (Kd,app) can now be understood 
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as the ratio of the rate of product formation divided by the substrate binding rate: 

Kd,app=k3/K1k2. Thus the rapid quench data do not define the Kd for nucleotide ground-

state binding, but more accurately reflect the Michaelis constant governing substrate 

binding and incorporation.  

Analysis of the kinetics of the fluorescence change using a dideoxy-terminated 

primer (DNAdd) support our conclusion that the fluorescence signal monitors changes in 

enzyme structure rather than chemistry. The biphasic kinetics observed during nucleotide 

binding to E●DNAdd imply that there are two isomerization steps following nucleotide 

binding, However, the presence of the dideoxy-nucleotide at the 3’ terminus may alter the 

interaction of the nucleotide at the active site, leading to a second reaction phase. We 

attempted to address this question in globally fitting the fluorescence data obtained 

during nucleotide incorporation (Figure 3.2B). At the highest nucleotide concentrations, 

there appeared to be a brief lag after the decrease in fluorescence and prior to the 

subsequent increase in fluorescence after chemistry. A slightly better fit to the data could 

be obtained by including a second isomerization step of approximately 200s-1 preceding 

chemistry. However, the improvement in the fit was marginal and was deemed to be 

insufficient to warrant the inclusion of an additional step. Rather, in our global fittings, 

we have shown that we can adequately fit the kinetic data governing nucleotide binding 

and incorporation to a minimal model shown in Scheme 3.3 without an additional 

isomerization step. Additional experimentation will be required to test whether an 

additional isomerization step precedes the chemistry step with a normal primer or 

whether DNA translocation could account for the slower fluorescence change.  

As a result of the isomerization after nucleotide binding, the net dissociation 

constant Kd,net=1/K1(1+K2) is 280-fold lower than the Km (Kd,app), but the two-step 

binding reaction never comes to equilibrium during enzyme turnover. Rather the 
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concentration dependence of the observed rate is determined by the balance between the 

rate of binding (K1k2) and the rate of product formation (k3). Using rate constants derived 

from global fitting for dCTP the Kd for formation of the weak collision complex (step 1) 

for nucleotide binding is only 200µM, the Kd,net=1/K1(1+K2)=6 nM and the 

Kd,app=k3/K1k2 is 1.5 µM (Scheme 3.3) In contrast, conventional fitting of data derived 

from quench flow provide a value of Kd,app=1.2±0.1µM. The slight discrepancy between 

these two estimates reflects errors in conventional fitting of data to a simple burst 

equation compared to global fitting to the model. 

The apparent tighter binding of 3TC-TP is due to the 500-fold slower rate of 

chemistry compared to the correct nucleotide. This greatly reduced rate of chemistry 

allows the binding reaction to come to equilibrium resulting in a decreased Km (Kd,app) 

value. Accordingly, an NRTI will have an apparently tighter binding (Kd,app) compared to 

a native nucleotide when changes in structure of the nucleotide have greater effects on the 

rate of chemistry (k3) than they do on the rate of binding (K1k2). Thus, the only 

significant differences between 3TC-TP and dCTP are in the rate of incorporation, which, 

in turn, must reflect alterations in the alignment of reactive groups at the active site. The 

greater bulk of the oxathiolane ring in 3TC-TP and the altered stereochemistry do not 

alter the binding rate or affinity. It is noteworthy that, because of the very tight binding of 

3TC-TP (6nM) and slow rate of incorporation, in vivo 3TC-TP would act as a 

competitive inhibitor, in addition to chain termination. Studies currently underway will 

address how kinetic parameters governing 3TC-TP incorporation are altered in the 

evolution of resistance by HIVRT. 

For both dCTP and 3TC-TP, there is evidence suggesting that the conformational 

change may occur in two kinetically signification steps rather than one, although the data 

were insufficient to define the rate of the second isomerization after dCTP binding. We 



 80 

and others (39, 81-83) have tended toward simple interpretations based upon a single 

kinetic step from the “open” to the “closed” state following nucleotide binding. However, 

the energy landscape defining the trajectory between “open” and “closed” states is likely 

to be complex. The fluorescence signal afforded by the exogenous label provides only 

one readout of this complex process, but shows clearly that changes in enzymes structure 

provide essential elements by which enzymes achieve their extraordinary substrate 

specificity. The conformation change affords optimal alignment of catalytic residues to 

grip a correct substrate tightly and align it for catalysis. Our data imply that 

conformational changes following binding of the nucleoside analog 3TC-TP lead to 

tighter binding, but the less than optimal geometry of the analog precludes fast catalysis. 

In light of these findings, we must reassess the mechanisms for discrimination 

against NRTIs in order to guide the design of new analogs. Questions remain regarding 

the evolution of resistant to NRTIs because the enzyme could evolve to weaken binding 

to further slow the rate of chemistry, or both. An advanced understanding of how 

nucleoside analogs interact with HIVRT could be used in the design of the next 

generation of NRTIs to overcome the evolution of resistance. It should also be noted that 

the fluorescence methods we have developed could easily be adapted for use in rapid 

screens for new inhibitors. 

 

3.7 SUPPLEMENTAL MATERIAL 

Global Data Fitting 

The results of the conventional fitting served to guide the development of a 

comprehensive model which was used for more refined data fitting based upon numerical 

integration of rate equations derived from the full model using KinTek Explorer software 
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(84, 85). Simultaneous fitting of all data within a given set provides a much more 

rigorous assessment of the model and more accurate estimation of kinetic parameters and 

their associated errors. In deriving a final global fit to the data, parameters were found 

which reproduced the results of conventional fitting. 

 In fitting data for both dCTP and 3TC, the global fitting of the fluorescence data 

and quench-flow data at 37°C could only define the apparent second-order rate constant 

for substrate binding, given by the product K1k2 and place a lower limit on the value of 

k2. Analysis of the temperature dependence of the reaction afforded a better estimate of 

the rate of isomerization (k2), which was then held fixed during global data fitting to 

provide an estimate for K1. 

The rate constant governing the reverse isomerization that limits the release of bound 

nucleotide was estimated by the measurement of the rate of release from a preformed 

EDNAdddNTP complex (DNAdd has a dideoxy-terminated primer to prevent 

chemistry). In studies on dCTP, the observed dissociation rate was used in global fitting. 

However, it should be noted that there was no information content in the quench-flow 

data or the time course of fluorescence during the chemical reaction to define the 

nucleotide dissociation rate and, therefore, there is no check on the validity of using the 

dideoxy-terminated DNA to estimate the nucleotide dissociation rate with normal 

oligonucleotide. However, this is not the case of 3TC. Because the chemical reaction 

prior to incorporation of 3TC is very slow, binding comes to an equilibrium prior to 

chemistry and, therefore, the binding rate and nucleotide dissociation rate must be 

consistent with the concentration dependence of the rate observed in the quench flow. 

Here a discrepancy is revealed and we use the dissociation rate observed with dideoxy-

terminated DNA only as a guide. In the final fitting, the dissociation rate from EDNAdd 

was 0.26s-1, but the global fitting of the data to a two-step binding model required a rate 
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of 1s-1. In fitting to a three-step binding model, values of 0.6s-1 and 2.6s-1 for k-3 were 

required for the EDNAdd data and for the incorporation data, respectively. A 4-fold 

affect of the dideoxynucleotide primer on the rate is within reasonable expectations for 

the effect of the modified primer. 

 Data for dCTP biding and incorporation could be adequately fit to a two-step 

binding model as illustrated in figure 3.2 and summarized in table 3.1. However, the data 

for 3TC-TP binding and incorporation were best fit to a model with two isomerization 

steps, as illustrated in figure 3.3 and summarized in table 3.2 (scheme 3.S1).  The two 

isomerization steps were required to account for the two observed rates of the 

fluorescence changes, both of which were orders of magnitude faster than chemistry. For 

comparison, we show in figure 3.S4 the best fit for the 3TC-TP data for a two-step 

binding model (Scheme 3.S1) with rate constants summarized in table 3.1. 

 We also considered carefully whether the dCTP data could be better fit using a 

three-step binding model because there was some indication in the stopped flow 

fluorescence data that might suggest a second isomerization step preceding chemistry 

leading to a brief lag before the fluorescence increased (Figs 3.1 and 3.2). The dCTP data 

could be fit to a three-step binding model using the parameters summarized in table 3.2, 

but the fit was indistinguishable from that shown in figure 3.2, the parameters were not 

well constrained, and the modest improvement in chi2 was not sufficient to justify the 

addition of another step to the model.  
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Figure 3.S1. Temperature dependence of the observed fluorescence change. Data from 
temperature dependence (figure 3.1C) were fit to a hyperbola to extract K1 and k2. The natural 
logarithm of the rate constant, k2 (○), was plotted versus the reciprocal of absolute temperature. 
K1(●) was plotted in units of mM-1 to put it on the same scale as the rate constant k2(s-1). Analysis 
of the maximum rate on an Arrhenius plot allows for an extrapolation to an estimate k2 = 
2000±200s-1 at 37°C. 

 



 84 

 
Figure 3.S2. Time dependence of fluorescence change during dCTP binding. (A) An ED complex 
was formed using MDCC-labeled HIVRT and 25/45-G DNA oligonucleotide with a dideoxy-
terminated primer to prevent chemistry. The EDdd complex was then mixed in the stopped-flow 
with various concentrations of dCTP (4, 10, 20, 40, 60μM). Data at each concentration were fit to 
a double exponential equation. The curves were offset to illustrate the data better because data at 
the four highest concentrations overlapped and converged to the same endpoint. (B) 
Concentration dependence on the rate of fluorescent change. Rates of the fast and slow reaction 
phases (λ1 and λ2) from fitting data in Fig (3.S2A) are graphed as sa function of concentration. 
The slope of the fast phase defines the second-rate constant for dCTP binding (K1k2=10.5±0.5 
μM-1s-1), whereas the maximum rate of the slow phase defines k3=41±5 s-1 (Scheme 3.2) 
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Figure 3.S3. Gobal fit of the kinetics of 
3TC-TP binding and incorporation to a 
two-step binding model. (A) Data from 
a chemical-quench-flow experiment as 
described in figure 3.5. (B) 
Fluorescence stopped-flow signal as 
described in Figure 3.5B. The smooth 
lines show the best fit obtained from fit 
obtained by nonlinear regression fitting 
all data simultaneously to the model 
shown in scheme 3.5 using Kintek 
Explorer. 
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Chapter 4: Specificity Governing FTC-TP Incorporation by HIV Reverse 
Transcriptase Measured Using Conformationally Sensitive Fluorescence 

4.1 INTRODUCTION 

 The Nucleoside Reverse Transcriptase Inhibitor FTC (commercially marketed as 

Emtricitabin) is a fluorine derivative of 3TC. Both 3TC and FTC are cytidine analogs that 

contain an oxathiolane ring in place of the deoxyribose ring of the natural nucleotide. The 

only structural difference between the two compounds is the addition of a 5-Fluorine into 

the cytidine nucleobase of FTC (86).  

Both compounds require the L-isomer for clinical suppression of HIV with 

minimal toxic side effects (87). However, in vitro studies have shown that both L- and D- 

isomers can be incorporated to inhibit the enzyme (34). The reduced in vivo activity of 

the D-isomer is attributed to an inefficient conversion of the prodrug to the triphosphate 

form, resulting in a decreased bioavavailability (88-91).  This requirement of an L-isomer 

for clinical repression of the virus results in 3TC and FTC discrimination by HIVRT 

because naturally occurring nucleotides substrates exist as D-isomers (34). 

 The triphosphate form of FTC (FTC-TP), has been reported to bind to the 

polymerase more tightly than the correct nucleotide (76). A similar finding was reported 

for 3TC, which we have shown to be a misinterpretation of Kd,app values obtained by 

conventional polymerase analysis (68).  The apparent tighter binding of these compounds 

was a result of fitting the data to a one-step nucleotide-binding model, described by 

scheme 4.1 

 

Scheme 4.1 
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The use of Scheme 4.1 relies on the simplifying assumptions that nucleotide 

binding exists as a one-step rapid equilibrium (Kd,app), product formation is governed by a 

single rate-limiting step (kpol), and the steps following chemistry (pyrophosphate release 

and translocation) are fast. The specificity constant (kcat/Km) can then be determined by 

kcat=kpol and Km=Kd,app so that kcat/Km=kpol/Kd,app. Analysis of FTC-TP incorporation using 

this model has led to the conclusion that the inhibitor binds to the polymerase 3.5-fold 

lower Kd,app, and is incorporated 2.5-fold faster than its predecessor, 3TC-TP (76).  

Moreover, the values obtained by fitting data to scheme 4.1 have led to the interpretation 

that both compounds bind more tightly to HIVRT than the correct nucleotide.  
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Our previously published studies examining nucleoside analogs using a 

conformationally sensitive fluorophore on HIVRT (described in chapter 3) expanded the 

kinetic model to include a two- or three-step nucleotide binding steps (Schemes 4.2 and 

4.3) (68).  This more complete model describing nucleotide binding does not require the 

simplifying assumptions inherent in scheme 4.1, and better represents an induced-fit 

nucleotide binding process.  The results from chapter three show that nucleotide analogs 

bind to the polymerase more weakly than the correct nucleotide, due in part to a less 
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favorable conformational isomerization to the “closed” state (FDndNTP and GDndNTP).  

The apparent tighter binding (Kd,app) is due to a slower rate of chemistry relative to the 

reverse of the conformational change (k-2>>k3), which allows the binding steps to reach 

equilibrium. Interestingly, because nucleotide analog binding reaches equilibrium, the 

apparent Kd is equal to the overall Kd (Kdapp=Kd,net)Thus, the apparent Kd (Kd,app) from 

chemical-quench-flow data can by defined by the equation to calculate the overall Kd 

(Kd,app=1/K1(1+K2)).   

Correct nucleotide binding does not reach equilibrium because chemistry is much 

faster than the reverse conformational change (k3>>k-2).  This results in a Kd,app that 

represents the ratio of the rates of product turnover to the formation of the closed 

complex (k3/K1k2) and is not equal to the overall Kd for nucleotide binding. Thus, because 

nucleotide binding does not occur in equilibrium Kdapp better approximates the Michaelis 

complex (Km). The net Kd for correct nucleotide binding can be calculated as 

1/K1(1+K2)=6nM; a binding constant that is 7-fold tighter than 3TC-TP binding.  

The work presented in this chapter will test the induced-fit model and  re-examine 

the mechanism of FTC-TP incorporation. We will show that FTC-TP binding, like 3TC-

TP, is weaker than the correct nucleotide. Additionally, using this kinetic model that 

describes the binding and incorporation of FTC-TP by induced-fit, we can derive 

specificity constant (kcat/Km) and examine the discrimination against FTC-TP by HIVRT. 

4.2 MATERIALS AND METHODS 

Expression and Purification of a Conformationally Sensitive HIV Reverse 
Transcriptase 

The expression and purification of a conformationally sensitive MDCC-labeled 

HIV Reverse Transcriptase was performed using the methods discussed in chapter 2.  
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Briefly, HIVRT subunits were expressed individually containing mutations needed for 

MDCC labeling (p51 C280S / p66 E36C C280S). The cells were combined and lysed 

together to achieve an equimolar ratio of subunits. Purification was performed using 

tandem Q-sepharose and Bio-Rex 70 columns, followed by a ssDNA affinity column.  

The protein was then labeled with MDCC and excess label was removed by Bio-Rex 70 

column. 

Chemical Quench Flow Method 

Chemical quench flow techniques were used to obtain the nucleotide 

concentration dependence of the rate of product formation.  A pre-incubated complex of 

100nM HIVRT with 150nM 25/45-G DNA (Table 4.1) was mixed with various 

concentrations (0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, 2.5, 5.0, 10, and 50μM) of 

FTC-TP (generously donated from Gilead, inc.), and then quenched as a function of time. 

All reactions were conducted in Reverse Transcriptase buffer containing 25mM Tris pH 

7.5 at 37°C, 50mM KCl, 0.01mM EDTA, and 10mM Mg(C2H3O2)2)  Reactions were 

quenched by addition of 0.5M EDTA. Products were separated by 15% denaturing PAGE 

and quantified using ImageQuant 5 (GE).  The time dependence of product formation 

was then fit by nonlinear regression to a single exponential equation (Equation 4.1). The 

concentration dependence of the rate was determined by a fit to a hyperbolic equation 

(Equation 4.2). 

Table 4.1. DNA substrates for kinetic assays   

25/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5’ 

25ddA/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCAdd-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5’ 
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Stopped Flow Binding and Incorporation of FTC-TP 

 The fluorescence change corresponding to nucleotide binding and incorporation 

was measured by stopped-flow as previously described in chapter 3.  HIVRT-MDCC 

(200nM) was pre-incubated with 25/45-G DNA (300nM). The E●DNA complex was 

then rapidly mixed at 37°C with FTC-TP at various concentrations (0.5, 1.0, 2.5, 5.0, 7.5, 

10.0, 12.5, 15, 20, 30, and 40μM) and the fluorescence change upon nucleotide binding 

was observed over 0.05s and 30s timescales (all concentrations are final after mixing). 

The resulting data were fit by nonlinear regression to a triple exponential function 

described by Equation 4.3. 

 

Table 4.2. Equations Used In Data Fitting By Non-liner Regression 

Product = Aekt +C  Single Exponential Equation (4.1) 

kobs =
kmax × [S]
Kd,app +[S]

 Hyperbolic Equation (4.2) 

 Y = A1e
-λ1t +A2e

-λ2t +A3e
-λ3t +C  Triple Exponential Equation (4.3) 

 Y = A1e
-λ1t +A2e

-λ2t +C  Double Exponential Equation (4.4) 

4.3 RESULTS 

FTC-TP Incorporation Kinetics 

Quench flow analysis of FTC-TP incorporation under single-turnover conditions 

yielded values of 0.045±0.005s-1 and 0.22±0.07μM for kpol and Kd,app, respectively (Figure 

4.1).  The kinetics of the fluorescence change during FTC-TP binding are shown over a 

timescale of the first 100ms. This timescale was used to monitor the nucleotide induced 

conformational closing of the enzyme resulting in a decreased fluorescence state (Figure 
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4.2).  The subsequent recovery of fluorescence occurred on a 30 second timescale and fit 

a rate of 0.04±0.005s-1 corresponding to the rate of the chemistry step (Figure 4.3). The 

binding data were fit to a double exponential equation to obtain concentration dependent 

rates of reaction governing two distinct conformational states. We observed an initial 

rapid decrease in fluorescence that is lost into the dead time of the instrument at high 

nucleotide concentrations, followed by a slower isomerization to a lower fluorescence 

state. The concentration dependence of the rate of the initial decrease of fluorescence was 

fit to a linear equation for concentration below 20μM FTC-TP, defining the apparent 

second-order rate constant (K1k2) of 28±5μM-1s-1. The fast phase of the conformational 

change (k2) was examined at lower temperatures, and resulted in maximum rates of 

130±3s-1, 200±2s-1, and 570±30s-1 for 5, 10, and 18°C, respectively (figure 4.4A).  This 

analysis of the temperature dependence of k2 was required because the maximum rate at 

37°C was too fast to measured by stopped-flow. Arrhenius analysis of the temperature 

dependence was used to extrapolate an estimate of the conformational change rate of   

k1=3300±300s-1 at 37°C (Figure 4.5B).  The dissociation constant for ground state 

binding, Kd,ground-state=1/K1=120±30μM was calculated as the quotient of the apparent 

second-order rate constant and the extrapolated value for k2 (k2/K1k2=1/K1). The second 

isomerization to a lower fluorescent state reached a maximum rate at 37°C, and was fit by 

non-linear regression to a hyperbolic equation to obtain a value of 44±3s-1. 
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Figure 4.1. Chemical quench flow incorporation of FTC-TP by HIVRT-MDCC. (A) A 
pre-formed EDNA complex (150nM Enzyme, 100nM 25/45-G DNA) was rapidly 
mixed with increasing concentration of FTC-TP (0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, 1, 
2.5, 5, 10, 50μM). The reactions were quenched by addition of 0.5M EDTA at times from 
0 to 150 seconds. The time dependent product formation at each concentration of FTC-
TP was fit to a single exponential equation.  (B) The nucleotide concentration 
dependence of the rate of incorporation was fit to a hyperbola to obtain values for kpol and 
Kd,app of 0.046±.002s-1 and 0.23±0.02μM, respectively. 



 93 

 
Figure 4.2. Stopped flow fluorescence measurements of incorporation of FTC-TP. (A) 
Stopped flow traces monitoring the decrease in fluorescence resulting from mixing a pre-
incubated EDNA complex (200nM Enzyme, 300nM 25/45-G) with increasing 
concentrations of FTC-TP. The nucleotide concentrations after mixing were: 0.5μM 
(blue), 1μM (orange), 2.5μM (cyan), 5μM (green), 7.5μM (red), 10μM (pink), 12.5μM 
(dark green), 15μM (navy), 20μM (purple, and 30μM (black). The data were fit to a 
double exponential equation to account for an initial fast phase followed by a slow 
isomerization to a lower fluorescence state. (B) The concentration dependence of the 
phase and slow phases. The fast phase, corresponding to K1k2, was fit to a linear equation 
resulting in a value of 28±5μM-1s-1. The slow phase reached a maximum rate of 44±3s-1. 
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Figure 4.3. Complete time course of FTC-TP incorporation.  A single trace (5μM FTC-
TP) from figure 4.3A showing a rapid decrease in fluorescence occurring in the first 
0.05s, followed by the regain of fluorescence corresponding to FTC-TP incorporation 
observed on a longer 30s timescale. This slow increase in fluorescence was fit to a rate of 
0.041±0.001s-1 that agrees with the rate of chemistry obtained by quench flow analysis. 

 



 95 

 
Figure 4.4. Temperature dependence of k1. (A) The stopped flow experiment from figure 
4.2B was repeated at lower temperatures to resolve the maximum rate of the 
conformational change from “open” to “closed” (k1). Maximum rates of 130±3s-1, 
200±2s-1, and 570±30s-1 were observed a 5°C(●), 10°C(○), and 18°C(■), respectively.  
(B) A conformational change rate of 3300±300s-1 at 37°C was extrapolated from the 
lower temperature data by Arrhenius plot. The value provides an estimate for global 
fitting analysis 
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FTC-TP Dissociation Kinetics 

Dissociation of FTC-TP from the EDNAddFTC-TP complex could not be 

experimentally measured because the binding of FTC-TP to a dideoxy-terminated 

E●DNAdd complex failed to produce a fluorescence change at any achievable 

concentration of nucleotide.  We attribute this to the combined effects of the nucleoside 

analog and the 3’ dideoxy-terminated primer. We have previously observed slight effects 

due to the presence of the dideoxy-terminated primer (64). Because of this observation, a 

direct measurement of the FTC-TP dissociation rate could not be made.  We have 

previously observed that global fitting can provide estimates for the nucleotide off-rate 

because information needed to constrain the kinetics of dissociation is contained within 

the concentration-dependent amplitudes of stopped-flow traces that comprise a family of 

curves.  

Global Fitting of Kinetic Data 

HIV Reverse Transcriptase binding and incorporation of FTC-TP was globally fit 

to a three step kinetic mechanism (Scheme 4.3) that allows for two enzymatic 

isomerizations to precede product formation. The resulting global fit to the data in figures 

4.2A and 4.3A is shown in figure 4.6. The kinetics of this process are described by 

Scheme 4.4.  Initial ground-state binding of FTC-TP to the open complex occurs with a 

Kd,groundstate of 70±2μM (Table 4.3).  This initial weak binding is then followed by two 

kinetically favored isomerizations that result in an overall Kd,net (1/K1K2K3) of 6.3μM.  

The first isomerization occurs at a rate of 3300±300s-1. This rate was estimated from the 

analysis of the temperature dependence on the phase of the conformational change.  The 
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second isomeriztaion (FDndNTP to GDndNTP) occurs at a rate of ≈26s-1. However, 

equally good fits could be obtained with values of k3 ranging from 22s-1 to 37s-1. 

 

 

Scheme 4.4 

The nucleotide off-rate measurements provided estimates of 34s-1 and 5.7s-1 for k-2 

and k-3, respectively, and could still be determined using global fitting to provide values 

with good constraint.  The data defining these constants is contained within the amplitude 

dependence of the stopped-flow binding of FTC-TP (Figure 4.5B).  The values shown in 

scheme 4.4 represent the best fit to the data, however, good fits could also be achieved 

using a range of values for k-2 and k-3 shown in table 4.1. 

 

Table 4.3. Rate constants derived in fitting to two step binding model (Scheme 4.3)* 
Nucleotide 1/K1, μM k2, s-1 k-2, s-1 k3, s-1 k-3, s-1 k4, s-1 

3TC-TP† 120 ± 70 4500 ± 300 70 ± 10 100 ± 20 1 ± 0.2 0.027 ± 0.002 

FTC-TP 70 ± 20 3300 ± 300 (20-50) 26 ± 5 (2-19) 0.054 ± 0.005 

*Rate constants were derived by a combination of conventional analysis of the 
concentration dependence of the observed rates and global fitting to the entire dataset as 
described in Materials and Methods. Rate constants are according to Scheme 4.4 where 
the integer subscript refers to the step number and the negative integer refers the reverse 
reaction as written. 
†The values are reported from chapter 3. 
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Figure 4.5. Global fitting of HIVRT-MDCC incorporation of FTC-TP. (A) Chemical 
quench flow incorporation of FTC-TP globally fit to scheme 4.4. (B) Stopped Flow 
binding of FTC-TP was normalized by starting point using KinTek Global Explorer. The 
family of curves were globally fit to scheme 4.4 and are shown as smooth lines. 
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4.4 DISCUSSION 

Our conformationally sensitive MDCC-labeled HIV Reverse Transcriptase has 

provided a signal for the kinetic process governing FTC-TP binding and incorporation. 

The data collected using this signal has been globally fit to obtain a model that can 

account for all of the data simultaneously rather than relying on a traditional rate versus 

concentration analysis of each experiment individually by non-linear regression.  

A minimal model with two isomerizations was required to achieve a high 

confidence global fit because the binding data collected by stopped flow (Figure 4.6B) 

was biphasic.  This two-step binding model can account for the initial fast concentration 

dependent decrease in fluorescence, followed by a second slower isomerization prior to 

chemistry.  In addition to providing a more rigorous fit to the data, global simulation has 

also been able to account for the kinetics defining FTC-TP dissociation (that could not be 

collected using a 3’dideoxy-terminated primer) by analysis of the information contained 

within a family of curves. Traditional non-linear regression analysis of the nucleotide 

concentration dependent rates would have overlooked this information contained subtly 

within the family of curves data, and an off-rate constant would not have been defined. 

Similar experiments to measure nucleotide dissociation have been successful with other 

nucleotides, including 3TC-TP indicating the combination of a 5-Fluorine on the 

nucleotide and absence of a 3’ hydroxyl group on the primer result in a deleterious 

interaction that may not induce a conformational change. 

This characterization of HIV Reverse Transcriptase has also resolved the apparent 

tighter binding (Kd,app) of FTC-TP compared of the binding of the correct nucleotide 

(dCTP). The apparent tighter binding is a result of applying scheme 4.1 to define a 

binding constant for both FTC-TP and dCTP (Table 4.4). By expanding the kinetic 

mechanism to model substrate induced-fit, we conclude that like 3TC-TP, FTC-TP 
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reaches a state of binding equilibrium prior to chemistry. This equilibrium is established 

due to a reverse rate of the conformational change (k-3) that is greater than the rate of 

chemistry (k4). Because an equilibrium exists, the dissociation constant governing FTC-

TP binding can be defined as Kd,net=1/K1K2K3=160±60nM. The value agrees with the 

apparent dissociation constant (Kd,app) of 220±70nM obtained from quench flow analysis 

relying upon scheme 4.1. In this case, Kd,app=Kd,net because the system reaches the 

previously described binding equilibrium. 

We have previously shown that, unlike FTC-TP, the binding of dCTP does not 

reach an equilibrium because of the relative rate of chemistry is faster than the reverse 

rate of the conformational change. This results in an apparent Kd (Kd,app) that better 

approximates the Mechaelis complex (Km), defined by K1k2, rather that the overall 

dissociation constant (Kd).  The overall Kd for dCTP binding as been reported as 

Kd=1/K1(1+K2)=6±0.2nM. Thus, the binding of FTC-TP is actually 25-fold weaker than 

the correct nucleotide.  Moreover, although incorporation of 3TC-TP and FTC-TP best fit 

the same two-isomerization pathway (Scheme 4.3), the derivation of the overall Kd values 

for the two compounds show that FTC-TP binds with a 3-fold weaker affinity than 3TC-

TP. This property is attributable to the presence of the 5’-Fluorine modification of the 

cytidine nucleobase of FTC-TP. 
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Table 4.4. Constants governing specificity for nucleotide incorporation. 
 One Step Binding Model* Induced-fit Binding Model* 

Nucleotide Kd,app 
(μM) 

kpol 
(s-1) 

kpol/Kd,app 
(μm-1s-1) 

Kd,overall 
(μM) 

kcat/Km 
derivation 

kcat/Km 
(μM-1s-1) 

dCTP§ 1.6 
± 0.4 

16 
± 2 

10 
± 5 

0.006 
± 002 K1k2 9.7 

± 2.5 

3TC-TP§ 0.29 
± 0.05 

0.032 
± 0.006 

0.11 
± 0.02 

0.047 
± 0.03 K1K2K3k4 0.60 

±0.16 

FTC-TP 0.22 
± 0.07 

0.045 
± 0.005 

0.2 
± 0.01 

0.16 
± .06 K1K2K3k4 0.34 

± 0.20  
*The one step binding model refers the scheme 4.1. The induced-fit binding model refers 
to scheme 4.2 for dCTP and scheme 4.3 for 3TC-TP and FTC-TP. The choice in fitting to 
either scheme 4.2 or 4.3 was made based on the “best-fit” reached by global fitting 
analysis while trying to maintain the most minimal model to accurately represent the 
data. 
§Values are reported from chapter 3. 

The derivation of the specificity constant (kcat/Km) governing FTC-TP 

incorporation results in the term kcat/Km=K1K2K3k4=0.34±.20μM-1s-1. The kcat/Km value 

previously reported for dCTP incorporation was 9.7±2.5μM-1s-1.  The ratio of these 

specificity constants [(kcat/Km)dCTP/(kcat/Km)FTC-TP] results in a 28-fold discrimination of 

FTC-TP discrimination  of FTC-TP by the polymerase. 

The specificity constants governing FTC-TP and 3TC-TP incorporation agree 

within limits of experimental error and result in equal discrimination by HIVRT. One 

major difference between the kinetic pathways the two analogs is a 3-fold weaker binding 

of FTC compared to 3TC-TP. This weaker binding, coupled with an equal specificity 

constant (kcat/Km) suggests that the FTC-TP is not a better HIVRT inhibitor than its 

predecessor, 3TC-TP.  However, the 5’-Fluorine that distinguishes FTC from 3TC also is 

responsible for the decreased clinical toxicity of the compound. The toxic side effects of 

NRTI’s are largely attributed to mitochondrial depletion resulting from incorporation of 
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the analogs by the Human Mitochondrial Polymerase γ (Polγ) (50).  A toxicity index has 

been developed which relates toxicity to the discrimination of NRTI’s by Polγ.  FTC has 

a 100-fold increase in discrimination compared to 3TC.   Thus the inhibitor can be 

administered at higher concentrations in vivo resulting in a more effective HIVRT 

inhibitor with less toxic side effects. 

To conclude, this chapter has presented an induced-fit model governing the 

binding and incorporation FTC-TP by HIV Reverse Transcriptase using conformationally 

sensitive fluorescence. This analysis has reconciled incorrect previous reports of tighter 

analog binding.  This analysis has also provided a direct comparison of 3TC and FTC 

mechanisms. 
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Chapter 5: Specificity and Discrimination of  dCTP, 3TC, and FTC by the Mutant 
M184V HIVRT Measured by Conformationally Sensitive Fluorescence 

5.1 INTRODUCTION 

HIV Reverse Transcriptase resistance to 3TC and FTC is observed clinically 

following prolonged anti-retroviral treatment. Resistance arises as a result of Met184 

mutagenesis initially to isoleucine and ultimately valine (92, 93).   The substitution of a 

branched chain amino acid at position 184 is thought to increase the discrimination 

against the nucleotide analogs due to a steric interaction between the branched amino 

acid side chain and the sulfur atom of the oxathiolane ring of the analogs (59).   

Pre-steady state characterizations of dCTP, 3TC-TP, and FTC-TP incorporation 

have been conducted by others who have reported a 150-fold increase in discrimination 

[(kcat/Km)wt/(kcat/Km)M184V] for the nucleotide analogs as a result of the M184V mutation 

(22, 76).  

We have previously shown that HIVRT nucleotide specificity (kcat/Km) is dictated 

by the rate of the nucleotide-induced conformational change relative to the rate of 

chemistry. When chemistry occurs at a faster rate than the reverse of the conformational 

change (k3>>k-2), nucleotide specificity reduces to K1k2. Conversely, when the reverse 

conformational change occurs at a faster rate than chemistry, nucleotide binding reaches 

equilibrium, and kcat/Km=K1K2k3. The following work will use conformationally sensitive 

fluorescence to study the effects of the M184V mutation on nucleotide specificity. 

Additionally this work will show how the M184V mutation affects the kinetics of 

nucleotide induced-fit.     
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5.2 MATERIALS AND METHODS 

Site-directed M184V mutagenesis 

Site-directed mutagenesis was performed to introduce a methionine to valine 

mutation at position 184 of p66 and p51.  Mutagenesis was performed on vectors 

developed for expression of HIVRT to allow labeling with MDCC at position E36C of 

p66 using the Quikchange method (Stratagene) detailed in chapter 2. Mutagenic primers 

were ordered from IDT (Table 5.1). The mutations were confirmed by DNA sequencing. 

 

Table 5.1. Primers for site-directed mutagenesis of M184V 

Forward Primer: 

5’-GACATAGTTATCTATCAATACGTGGATGATTTGTATGTAGGATCTG-3’ 

Reverse Primer: 

5’-CAGATCCTACATACAAATCATCCACGTATTGATAGATAACTATGTC-3’ 
Note: Bold and Underlined sequence contains the M184V codon mutation. The GTG 
codon was selected based upon E. coli codon usage and optimization. 

 

Expression and Purification of M184V HIVRT-MDCC 

The MDCC-labeled M184V HIVRT was expressed and purified as previously 

described in chapter 2. Briefly, mutant subunits of HIVRT were expressed individually in 

BL21(DE3) E. coli. Mutant HIVRT was co-purified by tandem Q-sepharose and Bio-Rex 

70 columns, followed by single-stranded affinity column. The mutant HIVRT was 

labeled with MDCC at position E36C of p66 and excess label was removed by cation-

exchange chromatography using a Bio-Rex 70 column. The MDCC-labeled mutant was 

then frozen in liquid nitrogen and stored at -80°C until use. Protein concentration was 
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determined by Bradford Assay using an amino acid analyzed HIVRT as a concentration 

standard. The active site concentration was determined by dCTP burst assay. 

Chemical Quench Flow Incorporation of dCTP, 3TC-TP, and FTC-TP 

The dCTP concentration dependence of the rate of formation of product by 

M184V HIVRT-MDCC was quantified using a RQF-3 Rapid Quench Flow (KinTek 

Corp).  The mutant enzyme (150nM) was pre-incubated with 100nM 25/45-G DNA 

(Table 5.2). The primer strand was 5’ radio-labeled with 32p. The E●DNA complex was 

then rapidly mixed with 10mM Mg(C2H3O2)2 and various concentrations of dCTP (0.25, 

0.5, 1 5, 10, 25, and 100μM). All reaction concentrations were after the final mixing.  

The single-turnover reactions were quenched at various times by addition of 0.5M 

EDTA. The 3TC-TP and FTC-TP concentration dependence of the rate of formation of 

product by M184V HIVRT-MDCC was obtained by pipette mixing of samples from 0 to 

150 seconds to observe the slower rate of analog incorporation. 3TC-TP was purchased 

from Chemcyte (San Diego, CA); FTC-TP was generously supplied by Gilead (Foster 

City, CA). Products from the quenched reactions were separated by 15% acrylamide 

denaturing PAGE, and analyzed using ImageQuant 5 (GE). The formation of product at 

individual concentration of nucleotide was fit to a single exponential equation. The 

nucleotide concentration dependence on rates were fit to a hyperbolic equation to obtain 

kpol and Kd,app values. 
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Table 5.2. DNA substrates for kinetic assays   

25/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5’ 

25ddA/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCAdd-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5’ 

25/45-T: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTTGCAGCTAGGTTACGGCAGG-5’ 

25ddA/45-T: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCAdd-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTTGCAGCTAGGTTACGGCAGG-5’ 

 

Stopped Flow Incorporation of Nucleotides 

To study the nucleotide-induced conformational change 200nM of MDCC-labeled 

enzyme was pre-incubated with 300nM 25/45-G DNA.  The E●DNA complex was then 

rapidly mixed with various concentrations of dCTP (5, 10, 25, 50, 75, and 100μM) and 

10mM Mg(C2H3O2)2 using an SF-2004 Stopped Flow (Kintek Corp).  The transient 

fluorescence decrease due to nucleotide binding, and subsequent increase in fluorescence 

corresponding to nucleotide incorporation were monitored over 0.2s by excitation of 

MDCC at 425nm and observation of fluorescence emission using a 475±25nm single 

bandpass filter (Semrock). Data were fit by nonlinear regression to a double or triple 

exponential function. 

To estimate the maximum rate of the conformational change, which was too fast 

to accurately measure at 37°C due to instrument dead-time limitations, the stopped-flow 
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incorporation assay was repeated a 4, 10, and 18°C.  The rate of the conformational 

change at 37°C was then extrapolated from lower temperature data by Arrhenius plot. 

Global fitting of kinetic data 

Quench flow incorporation, stopped flow binding and incorporation, and stopped 

flow nucleotide dissociation data were fit globally to a two-step kinetic model using 

Kintek Global Explorer (KinTek Corp) (84, 85).   The maximum rate of the 

conformational change was constrained by the value obtained from temperature 

dependent Arrhenius analysis.  

 

5.3 RESULTS 

dCTP incorporation 

Chemical quench flow incorporation of dCTP by M184V-MDCC HIVRT under 

single turnover conditions was fit by non-linear regression to obtain an apparent Kd 

(Kd,app) of 1.6±0.1μM and a rate of polymerization (kpol) of 22±2s-1 (Table 5.3).   These 

values were used to calculate a specificity constant (kpol/Kd,app) of 13.7±2.1μM-1s-1, 

assuming a single nucleotide binding step model.  
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Table 5.3. Constants for Nucleotide incorporation derived from a one-step nucleotide 
binding model (scheme 5.1) 

Enzyme dNTP 
Kd,app 
(μM) 

kpol 
(s-1) 

kpol/Kd,app 
(μM-1s-1) 

dATP 1.3±0.3 16.3±0.5 12.5±4.3 

dCTP 1.6±0.1 15.5±0.5 9.7±0.6 

3TC-TP 0.29±0.01 0.03±.005 0.1±0.02 

Wt-MDCC 

FTC-TP 0.23±0.02 0.05±.005 0.1±0.02 

dATP 3.2±0.4 42±2 13.1±2.1 

dCTP 1.6±0.1 22±2 13.7±2.3 

3TC-TP 36.8±5.0 0.006±.0005 0.00016±.00004 

M184V-MDCC 
 
 
 

 
FTC-TP 13.1±1.0 0.012±.001 0.0009±0.00005 

 

Global fitting of the data to a two-step nucleotide-binding model was performed 

to simultaneously to fit the dCTP chemical quench flow, stopped flow binding and 

incorporation, and nucleotide dissociation data (Figure 5.1 and Table 5.4).  Ground-state 

binding of dCTP to M184V-MDCC HIVRT was 460±20μM.  Following the initial 

binding of dCTP, a nucleotide induced conformational change from the “open” to 

“closed” state was modeled as 5500±200s-1.  This rate was estimated by temperature 

analysis of the fast phase. Conformational change rates of 404±15s-1, 627±26s-1, and 

1351±31s-1 were measured at 5, 10, and 18°C, respectively. These values were then 

analyzed by Arrhenius plot to determine the maximum rate of the conformational change 

at 37°C.  A nucleotide dissociation rate 0.08±0.01s-1 was observed, which contributed to 

an equilibrium constant (K2) of 1.1x105±0.3x105 governing the conformational change.  

The favorable isomerization to the closed state resulted in an overall Kd 

(Kd,net=1/K1(1+K2)) for dCTP binding of 4.2±1.1μM. The rate of chemistry (k3) was fit to 
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a value of 42±2s-1.  The fast rate of chemistry relative to the reverse of the conformational 

change (k3>>k-2) allowed for the dCTP specificity constant to be calculated as 

kcat/Km=K1k2=12.0±1.0μM-1s-1. 

 

Table 5.4. Rate constants derived from global fitting analysis to scheme 5.2 

Enzyme dNTP 1/K1 
(μM) 

k2 
(s-1) 

k-2 
(s-1) 

k3 
(s-1) 

kcat/Km 
(μM-1s-1) 

dATP 150±20 2000±200 0.06±0.01 28±1 13.3±3.6 Wt-MDCC 

dCTP 200±20 2000±300 0.06±0.02 15±2 9.7±2.5 

dATP 400±30 5500±200 0.08±0.01 42±2 13.8±1.6 M184V-MDCC 

dCTP 460±20 5500±200 0.05±0.01 29±1 12.0±1.0 
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Figure 5.1. dCTP incorporation by 
M184V-MDCC fit globally. The 
smooth lines in all panels represent 
a simultaneous fit of the data to 
scheme 5.2. The corresponding 
rates are reported in table 5.4. (A) 
Chemical quench flow 
incorporation of dCTP. A pre-
incubated complex of 150nM 
M184V HIVRT-MDCC and 100nM 
25/45-G was rapidly mixed with 
various concentrations of dCTP 
(0.2, 0.4, 0.8, 1.5, 5, and 25μM). 
(B) Stopped flow binding and 
incorporation of TTP.  The MDCC 
labeled M184V mutant (200nM) 
was pre-incubated with 25/45-G 
(300nM), then rapidly mixed with 
various concentrations of dCTP (5, 
10, 25, 50, 75, and 100μM). The 
transient decrease in fluorescence 
attributable to isomerization to the 
“closed” state was followed by 
chemistry rate-limited return of 
fluorescence to the starting point. 
(C) dCTP dissociation from the 
“closed” tertiary FDNAdddCTP 
complex. A pre-incubated complex 
of 200nM, 300nM 25/45-G, and 
1.4μM dCTP was mixed with 5μM 
wild-type EDNAdd complex. dCTP 
release from the fluorescently 
labeled enzyme followed by 
binding to the trap complex 
produced the observed increase in 
fluorescence.    
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3TC-TP and FTC-TP incorporation 

The kinetics of 3TC-TP and FTC-TP incorporation by M184V-MDCC HIVRT 

were measured chemical quench flow.  The resulting single-turnover nucleotide 

dependent incorporation data were fit by non-linear regression to a single exponential 

function to yield apparent dissociation constants (kd,app) of 36.8±5.0μM and 13.1±1.0μM, 

for 3TC-TP and FTC-TP respectively; maximum rates of polymerization were 

0.0060±0.0005s-1 and 0.012±0.001s-1. 

The binding and incorporation of 3TC-TP and FTC-TP to the M184V mutant 

could not be measured by MDCC-fluorescence in the stopped-flow.  Concentrations of 

inhibitor up to 500μM were reacted with the EDNA complex but failed to produce a 

transient decrease and return of fluorescence reporting nucleotide binding and 

incorporation.   

dATP incorporation 

The kinetics of dATP incorporation were examined to determine the effect of the 

M184V mutation on correct nucleotide incorporation events other than dCTP:dG.  dATP 

incorporation by both Wt-MDCC and M184V-MDCC HIVRT were studied, and the 

results are summarized in table 5.4.  Global fitting of dATP incorporation data resulted in 

ground state binding constants of 150±20μM and 400±30μM for Wt-MDCC and 

M184V-MDCC, respectively. Conformational change rates of 2000±200s-1 and 

5500±200s-1 for Wt-MDCC and M184V-MDCC were estimated by analyzing the 

temperature dependence of the conformational change at lower temperatures, then 

extrapolating the maximum rate at 37°C. Nucleotide dissociation experiments were 

conducted to determine rates of 0.06±0.01s-1 and 0.08±0.01s-1 for the reverse 

conformational change (k-2).  The rates of chemistry (k3) were 28±1s-1 and 42±2s-1 for Wt-

MDCC and M184V-MDCC, respectively. 
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5.4 DISCUSSION 

We have characterized the kinetics governing nucleotide incorporation by M184V 

HIV Reverse Transcriptase using a fluorescent label attached to the fingers subdomain of 

the polymerase that reports enzyme conformational changes. Using this system we have 

presented rate constants that govern ground-state nucleotide binding, isomerization to the 

“closed” state, and primer extension. Together these results can be used to derive a value 

for the specificity constant (kcat/Km) that describes the efficiency with which an enzyme 

will bind and turnover a given nucleotide, and it is possible to deduce the kinetic basis of 

analog discrimination by the M184V mutation by comparing the data obtained in this 

chapter with wild-type data reported previously. 

The specificity constant (kcat/Km) for M184V HIVRT incorporation of dCTP can 

be calculated as the product of the equilibrium constant governing nucleotide ground 

state binding and the forward rate of the conformational change (K1k2). This simplified 

definition of kcat/Km for a two-step nucleotide-binding process is a result of a forward rate 

of chemistry that is greater than the rate of the reverse conformational change (k3>>k-2).  

We have observed a specificity constant of 12.0±1.0μM-1s-1 for dCTP (Table 5.2), which 

is within experimental error of the specificity constant for dCTP incorporation by the 

wild-type polymerase.  Although the specificity constants for the two enzymes are equal, 

the kinetics of nucleotide binding have been altered.  The ground-state binding (K1) of 

dCTP is 2-fold weaker for the mutant polymerase. This weaker interaction is overcome 

by a faster rate of conformational closing, so that the net result yields equal specificity 

constants. 

The M184V mutation arises as a viral response to prolonged 3TC-TP and FTC-

TP therapy.  As expected, this mutation increases the discrimination against these 

nucleotide analogs by altering analog specificity as defined by a single-step nucleotide-
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binding model (table 5.3).  Determining the mechanism underlying analog specificity 

based on a more complete two-step nucleotide-binding model requires a stopped flow 

signal for transient analog binding and incorporation, which was not observed for 3TC-

TP or FTC-TP incorporation by the M184V mutant. Analog concentrations up to 500μM 

were tested to observe binding, however no fluorescence change was observed. This may 

either be a result of weakened nucleotide binding, an unfavorable conformational change, 

or an alternative change in structure that does not produce a change in MDCC 

fluorescence. In all cases, the absence of an observed signal may be due to limitations of 

bulk solution fluorescent measurements of an entire enzyme population. 

Reduced mutant ground-state binding of 3TC-TP or FTC-TP would result in only 

a small fraction of nucleotide bound enzyme at achievable concentrations of analog 

(500μM).    Ensemble fluorescent measurements rely upon a large fraction of the enzyme 

to bind nucleotide for a signal to be produced because the observed fluorescence signal is 

a summation of all species present. The absence of an observed fluorescence change upon 

mixing analog nucleotide with M184V HIVRT could also be the result of an unfavorable 

conformational change.  If the equilibrium constant governing analog binding favors the 

“open” conformation, only a small fraction of bound enzyme would be present in the 

“closed” low fluorescence state. In both cases, only a small fraction of enzyme would 

exist in the “closed” state at any given time. This small population with decreased 

fluorescence would not be observed because of the overwhelming contribution of the 

unbound population’s static fluorescence. 

We have previously shown that 3TC-TP and FTC-TP binding to the wild-type 

polymerase reaches in an equilibrium preceding chemistry. The equilibrium binding of 

the analog allows for Kd,app to approximate Kd,net. The data from chemical quench flow 

analysis of the mutant enzyme fit a Kd, app of 36.8±5.0μM and 13.1±2.0μM for 3TC-TP 
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and FTC-TP, respectively.  Based on these binding constants, the fractional occupancy of 

bound enzyme would be 93% for 3TC-TP and 97% for FTC-TP at 500μM nucleotide. 

This evidence for nucleotide saturation of the EDNA complex, coupled with the absence 

of an observed fluorescence change, suggests favors a model invoking an unfavorable 

conformational change as measured by the MDCC fluorescence.  However, we do 

recognize that there may be other explanations for the absence of a signal that are not 

based on the kinetics of the system.  Upon binding an analog the enzyme may undergo a 

conformational change that is not detected by MDCC fluorophore. An isomerization that 

results in a “closed” state with the same fluorescence intensity as the open state would be 

unlikely, but possible.  Our fluorophore system may not be detecting the large 

conformational change from “open” to “closed”, but instead, may be detecting a smaller 

isomerization that occurs after a fast, large conformational change to the “closed” state.  

Regardless of which of these proposed models accounts for the absence of an 

observable signal, the finding indicates that the conformational change step of the 

M184V mutant is very different when dCTP or an analog binds. Moreover, this 

difference is not observed during analog incorporation by the wild-type enzyme. Thus, 

the observation is likely a result of the increased discrimination of nucleotide analogs that 

contain oxathiolane rings by the M184V mutant. 

Further studies to examine 3TC-TP and FTC-TP binding to the M184V mutant 

using single molecule techniques are planned.  These studies may provide a signal for 

inhibitor binding where bulk studies were inconclusive because single molecule 

techniques can detect multiple populations of enzymes. Thus, if only a small fraction of 

the nucleotide bound complex is present in the “closed” state it will still be detected. This 

ability to study single molecule interactions with 3TC-TP and FTC-TP could alleviate the 

limitations encountered in bulk solution.  
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Chapter 6: Thymidine Analog Mutations Effects on the Binding and Incorporation 
of TTP and AZT  

6.1 INTRODUCTION 

HIV Reverse Transcriptase resistance to AZT is conferred by a set of mutations 

collectively referred to as the thymidine analog mutations (TAMs) that include M41L, 

D67N, K70R, L210W, T215F/Y, and K219Q/E. Clinical resistance to AZT requires as 

few as two of these mutations (including K219Q/E), however when exposed to prolonged 

selective pressures of AZT therapy all six of the TAMs arise [50]. 

The TAMs are the only set of mutations that arise from NRTI therapy that do not 

increase the discrimination against the inhibitor during incorporation. Rather, the TAMs 

confer resistance to AZT by increasing the rate of ATP or pyrophosphate (PPi) mediated 

excision of the nucleotide following incorporation (94, 95).  Structural evidence suggests 

that AZTMP excision may result from a shift in the DNA translocation dynamics 

producing a favored state where the incorporated AZT remains at the nucleotide-binding 

site (27). This shift in translocation equilibrium leaves the phosphodiester bond between 

AZT and the N-1 nucleotide exposed and vulnerable to pyrophosphorolysis. Once 

AZTMP has been excised, the rescued primer is free to react with the correct nucleotide.  

This theory is largely supported by a crystal structure of HIVRT with an AZT terminated 

primer trapped in the nucleotide binding site. However, these structures relied upon DNA 

crosslinking to trap the AZT-terminated primer strand in the nucleotide-binding site, and 

there has been no kinetic evidence to support this hypothesis. 

This chapter will re-examine TTP and AZT-TP specificity by the wild-type and 

TAMs enzymes using a single fluorophore attached to the fingers subdomain of the 

polymerase that reports conformational changes upon nucleotide binding. This system 

can be used to describe an induced-fit model for nucleotide incorporation, and will allow 
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for a more thorough determination of TAMs HIVRT nucleotide specificity and AZT-TP 

discrimination. 

 
Figure 6.1. Thymidine Analog Mutations (TAMs) of HIVRT. The crystal structure of the 
“closed” polymerase with TTP (orange) and a DNA primer/template (cyan and yellow) 
bound (PDB:1RTD). Resistance to AZT is conferred by the presence of up to six 
mutations: M41L, D67N, K70R, L210W, T215F/Y, and K219Q/E (green).  The kinetics 
of nucleotide incorporation can be examined using a TAMs enzyme fluorescently labeled 
with MDCC at position E36C (pink) on the fingers subdomain (blue).  
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6.2 MATERIALS AND METHODS 

Site-directed mutagenesis of TAMs  

Site-directed mutagenesis was performed to introduce the six mutations (M41L, 

D67N, K70R, L210W, T215Y, and K219E) into genes coding the HIVRT subunits.  

Mutagenesis was performed on vectors containing genes used for MDCC labeling of 

HIVRT (p51 C280S / p66 E36C C280S).  The gene mutations were made using a 

Quikchange Multi Kit (Stratagene) with the mutagenic primers described in table 6.1. 

 

Table 6.1. Mutagenic TAMs primers 

PRIMER 1: M41L 

5’-CATTAGTAGAAATTTGTACAGAGCTGGAAAAGGAAGGGAAAATTTTC-3’ 

PRIMER 2: E36C, M41L 

5’-CATTAGTATGCATTTGTACAGAGCTGGAAAAGGAAGGGAAAATTTTC-3’ 

PRIMER 3: D67N, K70R 

5’-TCCAGTATTTGCCATAAAGAAAAAAAACAGTACTCGCTGGAGAAAATTAGTAGATTTCA-3’ 

PRIMER 4: L210W, T215Y, K219E 

5’-CTGAGACAACATCTGTGGAGGTGGGGACTTTACACACCAGACGAAAAACATCAGAAAGA-3’ 
Mutated condons are shown underlined and were chosen based upon optimum E. coli 
codon usage. Primers 2-4 were used to introduce mutations to p66 E36C C280S, Primers 
1, 3, and 4 were used to introduce mutations to p51 C280S. 

Pre-Steady State Kinetic Measurements 

Chemical quench flow experiments were performed by rapidly mixing a pre-

formed enzyme-DNA complex (150nM Wt-MDCC or TAMs-MDCC, and 100nM 25/45-

A) with an equal volume of TTP or AZT at various concentrations (0.25, 0.5, 2, 10, 25, 

and 100μM) using a RQF-3 Rapid Quench Flow (KinTek).  AZT-TP was purchased from 

Trilink Biotechnology. All experiments were conducted in Reverse Transcriptase buffer 
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(50mM Tris pH 7.5 at 37°C, 100mM KC2H3O2, 0.1mM EDTA, and 10mM 

Mg(C2H3O2)2).  The reactions were quenched at various times by mixing with 0.5M 

EDTA.  The products formed were separated by 15% acrylamide denaturing PAGE, and 

quantified using ImageQuant 5 (GE).  

Stopped Flow incorporation of TTP and AZTTP was performed by pre-incubating 

an EDNA complex consisting of 200nM Wt-MDCC or TAMs-MDCC and 300nM 

25/45-A DNA (Table 6.2).  The complex was then rapidly mixed with various 

concentrations of nucleotide (2, 4, 10, 20, 40, 60, 80, and 100μM) for 0.2s. The reaction 

was monitored by exciting the MDCC fluorophore covalently attached to the fingers 

subdomain of the polymerase at 425nm and recording the fluorescence emission using a 

475±25nm bandpass filter (Semrock).  

 

Table 6.2. DNA substrates for kinetic assays   

25/45-A: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5’ 

25ddA/45-A: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCAdd-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5’ 

Nucleotide dissociation was measured using Stopped Flow techniques.  A pre-

incubated tertiary complex of 200nM MDCC-labeled enzyme and 300nM 3’-dideoxy-

terminated 25ddA/45-T DNA and 1.4μM dNTP was rapidly mixed with 5μM unlabeled 

trap EDNAdd.  The observed increase in fluorescence resulting from a transition from the 

“closed” to “open” state occurred at a rate limited by the dissociation of the bound 

nucleotide.  
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6.3 RESULTS 

TTP and AZT-TP incorporation governed by a single-step binding model 

TTP and AZT-TP incorporation by the MDCC-labeled wild-type polymerase 

were nucleotide concentration dependent.  The product formation at each concentration 

of nucleotide was fit to a single exponential function to obtain concentration dependent 

rates. The rates were fit by non-linear regression to a hyperbolic function to define a 

maximum rate of polymerization (kpol) of 26.3±1.7s-1 and an apparent Kd (Kd,app) of 

3.6±0.3μM, according to a single-step nucleotide binding model (Table 6.3).  The 

constants for AZT-TP incorporation were 20.2±1.0s-1 and 2.1±0.2μM, respectively.  The 

specificity constants (kcat/Km=kpol/Kd) governing TTP and AZT-TP incorporation were 

7.3±1.2μM-1s-1 and 9.6±1.6μM-1s-1.  Discrimination of AZT-TP by wild-type HIVRT was 

calculated as the ratio of the specificity constants (kpol/Kd,app) governing TTP versus AZT-

TP incorporation, and resulted in a discrimination of 0.8±0.3 indicating no discrimination 

against AZT-TP was observed by the wild-type polymerase. 

 
Table 6.3. Constants governing TTP and AZT-TP incorporation derived from fitting by 
non-linear regression to scheme 6.1.  

Enzyme dNTP Kd,app 
(μM) 

kpol 
(s-1) 

kpol/Kd,app 
(μM-1s-1) Discrimination§ 

Wt-MDCC TTP 3.6±0.3 26.4±1.7 7.3±1.2 - 

Wt-MDCC AZT-TP 2.1±0.2 20.2±1.0 9.6±1.6 0.8±.0.3 

TAMs-MDCC TTP 30.3±5.4 49.1±7.8 1.6±0.7 - 

TAMs-MDCC AZT-TP 7.1±0.2 9.6±0.2 1.4±0.1 1.1±0.6 
§Discrimination is calculated as (kpol/Kd,app)TTP/(kpol/Kd,app)AZT-TP. 
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Chemical quench flow techniques were also used to examine the nucleotide 

concentration-dependent incorporation of TTP and AZT-TP by MDCC-labeled TAMs 

HIVRT.  TTP incorporation resulted in a maximum rate of polymerization (kpol) of 

49.1±7.8s-1, and a Kd,app of 30.3±5.4μM (Table 6.3).  The incorporation of AZT-TP by the 

mutant enzyme produced a kpol of 9.6±0.2s-1 and a Kd,app of 7.1±0.2μM.  The 

discrimination of AZT-TP by the TAMs HIVRT was 1.1±0.6; indicating no 

discrimination of AZT-TP is conferred by the thymidine analog mutations according to 

kinetic modeling by scheme 6.1. 

 

 

Scheme 6.1 

TTP and AZT-TP incorporation governed by an induced-fit binding model 

The data collected by chemical quench flow and stopped flow methods were 

globally fit using Global Explorer (KinTek) to define the kinetics of TTP incorporation 

by the MDCC-labeled wild-type polymerase (Figure 6.3).  The data were fit 

simultaneously to a two-step nucleotide-binding model described by scheme 6.2. 

 

 

Scheme 6.2 

 The constants from global analysis of the data show a TTP ground-state binding 

(Kd,1) of 310±10μM (Table 6.3). This initial binding is followed by a 2750±100s-1 

conformational change from the “open” to “closed” state.  The reverse rate of the 

conformational change was globally fit to a rate of 3.9±0.2s-1, yielding an overall 
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favorable equilibrium governing the conformational change step (K2) of 705±60.  

Nucleotide dissociation was constrained in the global fit explicitly by the nucleotide 

dissociation experiment (Figure 6.2C) and within the family of curves from the 

nucleotide concentration dependent stopped flow incorporation experiment (Figure 6.2B).  

The overall Kd (Kd,net=1/K1(1+K2))  as a result of nucleotide binding and isomerization 

was 0.4±0.05μM (Table 6.4). TTP incorporation was constrained by the quench flow data 

and the increase in fluorescence observed by stopped flow (Figures 6.2A and 6.2B). The 

result was a rate of polymerization (k3) of 34.4±0.1s-1. 

 
Table 6.4. Rate constants for TTP and AZTTP incorporation derived from global 
fitting 

Enzyme dNTP 
1/K1 
(μM) 

k2 
(s-1) 

k-2 
(s-1) 

k3 
(s-1) 

Wt-MDCC TTP 310±10 2750±100 3.9±0.2 34.4±0.1 

Wt-MDCC AZT-TP 110±10 1500±100 15.0±0.5 30.2±0.2 

TAMs-MDCC TTP 1350±30 3250±150 9.0±0.3 45.1±0.1 

TAMs-MDCC AZT-TP 470±25 1500±100 34.3±3.1 11.5±0.1 

Rate constants were derived from global analysis of the data fitted to scheme 6.2, 
allowing for a nucleotide induced conformational change prior to chemistry. Values for 
k2 were determined by temperature analysis at lower temperatures and the rate at 37°C 
was determined by Arrhenius plot to constrain the global fit. 

 

 AZT binding to the MDCC-labeled wild-type polymerase was globally fit to a 

Kd,1 of 110±10μM (Table 6.4). The globally fit data are shown in Figure 6.3. Following 

initial binding a slower isomerizion of 1500±100s-1 was observed compared to TTP.  The 

reverse of the conformational change (k-2) was fit to a value of 15.0±0.s-1, resulting in an 

equilibrium constant for the conformational change of 100±10.  The overall Kd as a result 
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of ground state binding followed by isomerization was 1.1±0.4μM.  The rate of 

polymerization was fit to a value of 30.2±0.2s-1.   

 The binding of TTP and AZT-TP to the MDCC-labeled TAMs polymerase was 

also globally fit to scheme 6.2 (Table 6.4).  The globally fit data are shown in figures 6.4 

and 6.5.  In both cases, the ground state binding of the nucleotide to the mutant enzyme 

were 4-fold weaker, resulting in values of 1350±30μM and 470±25μM for TTP and 

AZT-TP, respectively. The conformational change resulting from TTP binding was 

3250±150s-1, an increase compared to the wild-type enzyme.  The AZT-induced 

conformational change by the TAMs enzyme occurred at a rate of 1500±100s-1, a value 

that was unchanged from the wild-type enzyme.  Nucleotide dissociation experiments 

resulted in rates of 9.0±0.3s-1 and 34.3±3.1s-1, for TTP and AZT-TP respectively. The 

equilibrium constants governing the conformational change induced by TTP or AZT-PT 

were 360±30 and 43±8, respectively. The overall Kd (Kd,net) values, as a result of ground 

state binding and isomerization, were 0.4±0.05μM for TTP, and 11.5±0.1μM for AZT-

TP.  A discrimination value of 2.4±0.05 was calculated from the ratio of specificity 

constants governing incorporation by HIVRT containing the thymidine analog mutations. 
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Figure 6.2. Global fit of the binding 
and incorporation of TTP by HIVRT. 
In each panel the smooth lines show 
the best fit by non-linear regression 
achieved by globally fitting panels A-
C simultaneously.  (A) Chemical 
quench flow TTP concentration 
dependence of the rate of product 
formation. Various concentrations of 
TTP (0.25, 0.5, 2, 10, 25, and 100μM) 
were mixed with a pre-incubated 
complex of 150nM Wt-MDCC 
HIVRT and 100nM 25/45-A DNA.  
(B) TTP concentration dependence of 
the transient binding and 
incorporation.  Various concentrations 
of TTP (2, 4, 10, 20, 40, 60, 80, and 
100μM) were mixed with a pre-
incubated complex of 200nM Wt-
MDCC HIVRT and 300nM 25/45-A 
DNA. (C) TTP dissociation from the 
“closed” tertiary FDNAddTTP 
complex. A pre-incubated complex of 
200nM Wt-MDCC HIVRT, 300nM 
25ddA/45-A, and 1.4μM TTP was 
mixed with 5μM unlabeled EDNAdd 
complex. TTP release from the 
fluorescent enzyme followed by 
binding to the trap complex produced 
the observed increase in fluorescence. 
The rate constants describing the 
concentration dependent fast decrease 
and subsequent chemistry rate-limited 
increase of fluorescence are described 
in Table 6.4. 
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Figure 6.3. Global fit of the binding 
and incorporation of AZTTP by 
HIVRT. In each panel the smooth 
lines show the best fit by non-linear 
regression achieved by globally 
fitting panels A-C simultaneously.  
(A) Chemical quench flow AZTTP 
concentration dependence of the 
rate of product formation. Various 
concentrations of AZTTP (0.25, 0.5, 
2, 10, 25, and 100μM) were mixed 
with a pre-incubated complex of 
150nM Wt-MDCC HIVRT and 
100nM 25/45-A DNA.  (B) AZTTP 
concentration dependence of the 
transient binding and incorporation.  
Various concentrations of AZTTP 
(2, 4, 10, 20, 40, 60, 80, and 
100μM) were mixed with a pre-
incubated complex of 200nM Wt-
MDCC HIVRT and 300nM 25/45-
A DNA. (C) AZTTP dissociation 
from the “closed” tertiary 
FDNAddAZTTP complex. A pre-
incubated complex of 200nM Wt-
MDCC HIVRT, 300nM 25ddA/45-
A, and 1.4μM TTP was mixed with 
5μM unlabeled EDNAdd complex. 
AZTTP release from the fluorescent 
enzyme followed by binding to the 
trap complex produced the observed 
increase in fluorescence. The rate 
constants describing the 
concentration dependent fast 
decrease and subsequent chemistry 
rate-limited increase of fluorescence 
are described in Table 6.4. 
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Figure 6.4. Global fit of the 
binding and incorporation of TTP 
by TAMs-MDCC HIVRT. In each 
panel the smooth lines show the 
best fit by non-linear regression 
achieved by globally fitting panels 
A-C simultaneously.  (A) Chemical 
quench flow TTP concentration 
dependence of the rate of product 
formation. Various concentrations 
of TTP (0.25, 0.5, 2, 10, 25, and 
100μM) were mixed with a pre-
incubated complex of 150nM 
TAMs-MDCC HIVRT and 100nM 
25/45-A DNA.  (B) TTP 
concentration dependence of the 
transient binding and 
incorporation.  Various 
concentrations of TTP (2, 4, 10, 20, 
40, 60, 80,and 100μM) were mixed 
with a pre-incubated complex of 
200nM TAMs-MDCC HIVRT and 
300nM 25/45-A DNA. (C) TTP 
dissociation from the “closed” 
tertiary FDNAddTTP complex. A 
pre-incubated complex of 200nM 
TAMs-MDCC HIVRT, 300nM 
25ddA/45-A, and 1.4μM TTP was 
mixed with 5μM unlabeled 
EDNAdd complex. TTP release 
from the fluorescent enzyme 
followed by binding to the trap 
complex produced the observed 
increase in fluorescence. The rate 
constants describing the 
concentration dependent fast 
decrease and subsequent chemistry 
rate-limited increase of 
fluorescence are described in Table 
6.4. 
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Figure 6.4. Global fit of the binding 
and incorporation of AZTTP by 
TAMs-MDCC HIVRT. In each panel 
the smooth lines show the best fit by 
non-linear regression achieved by 
globally fitting panels A-C 
simultaneously.  (A) Chemical quench 
flow AZTTP concentration 
dependence of the rate of product 
formation. Various concentrations of 
AZTTP (0.25, 0.5, 2, 10, 25, and 
100μM) were mixed with a pre-
incubated complex of 150nM TAMs-
MDCC HIVRT and 100nM 25/45-A 
DNA.  (B) AZTTP concentration 
dependence of the transient binding 
and incorporation.  Various 
concentrations of AZTTP (2, 4, 10, 
20, 40, 60, 80, and 100μM) were 
mixed with a pre-incubated complex 
of 200nM TAMs-MDCC HIVRT and 
300nM 25/45-A DNA. (C) AZTTP 
dissociation from the “closed” tertiary 
FDNAddAZTTP complex. A pre-
incubated complex of 200nM TAMs-
MDCC HIVRT, 300nM 25ddA/45-A, 
and 1.4μM AZTTP was mixed with 
5μM unlabeled EDNAdd complex. 
AZTTP release from the fluorescent 
enzyme followed by binding to the 
trap complex produced the observed 
increase in fluorescence. The rate 
constants describing the concentration 
dependent fast decrease and 
subsequent chemistry rate-limited 
increase of fluorescence are described 
in Table 6.4. 
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6.4 DISCUSSION 

 We have shown that by labeling HIV Reverse Transcriptase with a 

conformationally sensitive fluorophore it is possible to kinetically define the role of the 

substrate-induced conformational change model in nucleotide incorporation.  Using this 

method we have resolved a two-step nucleotide-binding mechanism that describes the 

incorporation of TTP and AZT-TP by HIVRT containing six mutations collectively 

referred to as the thymidine analog mutations. The incorporation kinetics of TTP and 

AZT-TP by the wild-type HIVRT labeled with MDCC has also been examined to 

determine the effects of the TAMs on nucleotide specificity and discrimination. 

 Previous reports have concluded that the TAMs do not increase the discrimination 

of AZT-TP compared to the wild type polymerase (33). These findings were based on 

discrimination terms derived from the specificity constants governing TTP and AZT-TP 

incorporation by both enzymes, where the specificity constant (kcat/Km=kpol/Kd,app) were 

defined by scheme 6.1 (summarized by table 6.3).    Using this derivation of 

discrimination, our data supports the same conclusion that no significant increase in 

discrimination is observed with the TAMs .  

 By expanding the kinetic model for TTP and AZT-TP incorporation to include a 

nucleotide-induced conformational change from the “open” to “closed” state (scheme 

6.2) we can define the mechanism underlying the specificity constant (kcat/Km).  Previous 

analysis nucleotide binding has allowed for the simplification of kcat/Km based upon the 

relative rates of chemistry (k3) and the reverse of the conformational change (k-2).  These 

simplifications are described in table 6.5. 
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Table 6.5. Rate constants governing kinetic parameters for correct incorporation*§. 

parameter no simplification k3>>k-2 k-1>>k2 

kcat/Km 
k1k2k3

k2k3 +k-1(k-2 +k3 )
   

kcat 
k2k3

k2 +k-2 +k3
   

Km 
k2k3 +k-1(k-2 +k3 )
k1(k2 +k-2 +k3 )

  
 

k3

K1(k2 + k3 )
 

*Mathematical simplifications are shown for steady-state parameters when the reverse of 
the isomerization is much slower than the chemistry step (k3>>k-2) and the additional 
simplification that ground-state binding is  a rapid equilibrium step (k-1>>k2). 
§Table was adapted from Tsai et al. (39). 

 

Our previous analysis of dCTP and 3TC-TP incorporation by scheme 6.2 has 

shown that the specificity constant (kcat/Km) is either defined by K1k2 when k3>>k-2, or 

K1K2k3 when k-2>>k3.  These simplifications are not valid for deriving the specificity 

constant governing TTP and AZT-TP incorporation because the rates for k-2 and k3 are of 

similar magnitudes. For the simplifications detailed in table 6.5 to be valid the relative 

rates of these steps must be at least one order of magnitude apart so that kinetic 

partitioning of individual species along the kinetic pathway becomes highly unfavorable.  

TTP and AZT-TP incorporation by both Wt-MDCC and TAMs-MDCC show relative 

rates of k3 and k-2 that do not commit virtually all of the molecules to the same kinetically 

favored species. Thus, following nucleotide binding and isomerization to the “closed” 

FDNAdNTP complex the enzyme partitions between reopening to release the 

nucleotide and moving forward to chemistry.  To accurately determine the specificity 

constant the unsimplified derivation of kcat/Km=k1k2k3/k2k3+k1(k-2+k3) must be used. 
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Table 6.6. Specificity and discrimination derived from globally fit constant. 

Enzyme dNTP 
Kd,overall 

(μM) 
kcat/Km 
(μM-1s-1) Discrimination 

Wt-MDCC TTP 0.4 ± 0.05 7.5 ± 0.2 - 

Wt-MDCC AZT 1.1 ± 0.04 7.7 ± 0.3 1.02 ± 0.08 

TAMs-MDCC TTP 3.7 ± 0.2 1.9 ± 0.02 - 

TAMs-MDCC AZT 11.5 ± 0.1 0.8 ± 0.1 2.4 ± 0.05 

Substrate specificity (kcat/Km) was calculated as k1k2k3/(k2k3+k1(k-2+k3)). 
Discrimination is calculated at the (kcat/Km)TTP/(kcat/Km)AZT-TP. 

 

 The specificity constants governing TTP and AZT-TP incorporation for the Wt-

MDCC enzyme are 7.5±0.2μM01s-1 and 7.7±0.3μM-1s-1, respectively (table 6.6).  From 

these values an AZT-TP discrimination of 1.02±0.08 can be calculated. This value 

indicates that the wild type enzyme incorporates both nucleotides with equal efficiencies.  

Although there is no difference in TTP and AZT-TP specificity, there are surprising 

differences in the kinetic pathways that produce these equal specificity constants. A 3-

fold tighter ground state binding (Kd,1) of AZT-TP was measured compared to TTP. This 

tighter binding affinity must be attributed to enzyme interactions with the 3’ azido group 

of AZT-TP, which is the only structural difference between the two nucleotides.  

Structural evidence suggests that the 3’azido group may favorably interact with four 

amino acids,111GDAY114, which could account for the lower Kd,1.  Although ground-state 

binding of AZT-TP is tighter than TTP, the conformational change to the “closed” state 

weakens the overall Kd (Kd,net) of AZT-TP to 1.1±0.04μM, compared to a Kd,net for TTP 

of 0.4±0.05μM. The differences in equilibrium constants governing the conformational 
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change step are largely a result of a 5-fold increase of k-2. This finding illustrates the role 

of the conformational change in overall nucleotide affinity.  The specificity constants 

(kcat/Km) for the two nucleotides are equal because the differences in ground-state binding 

are equally offset by the conformational change step, and both nucleotides share 

comparable rates of chemistry (k3). Moreover, although at equal concentrations of 

nucleotide AZT-TP binding reaches the “closed” state faster than TTP (defined by K1k2), 

kinetic partitioning favors incorporation of TTP 5-fold more than AZT-TP. 

 Analysis of the specificity constants governing TTP and AZT-TP incorporation 

by the TAMs enzyme resulted in values of 1.9±0.2μM-1s-1 and 0.8±0.1μM-1s-1, 

respectively (table 6.6).  These values result in an AZT-TP discrimination of 2.4±0.05.  

This modest increase in discrimination compared to the wild-type enzyme is the 

combination of several kinetic factors that are overlooked by determining specificity 

constants from a single-step nucleotide binding-model (scheme 6.1).  The ground-state 

binding of both TTP and AZT-TP are increased 4-fold compared to the wild-type 

polymerase.  Following initial binding (Kd,1=1350μM), TTP induces a conformational 

change that results in an overall Kd,net of 3.7±0.2μM; a value that is 10-times weaker than 

the Kd,net of the wild-type enzyme.  AZT-TP binds with a ground-state Kd of 470±25μM, 

then induces a conformational change that results in a net Kd of 11.5±0.2μM.   

 Our data supports a 2-fold increase in discrimination of AZT-TP when the 

thymidine analog mutations are present.  This discrimination may be increased during 

RNA-dependent DNA-polymerization; however, this will need to be further investigated. 

Nucleotide specificity for both TTP and AZT-TP is decreased in by the TAMs, which is 

likely due to the evolution of increased pyrophosphorolysis, which can rescue AZT-

terminated primers so that productive replication can continue.   
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Finally, although the net result of the six TAMs does not greatly increase AZT 

discrimination, the kinetic pathway that governs AZT incorporation is different than the 

wild-type enzyme.  The most significant change occurs in the partitioning of the enzyme 

once the “closed” state is reached. The TAMs enzyme kinetically favors nucleotide 

release rather than incorporation. Further, of the four enzyme-nucleotide combinations 

examined in this chapter (summarized in table 6.6), AZT incorporation by the TAMs 

enzyme is the only combination that results in the formation of a binding equilibrium. 

This equilibrium is a result of a reverse conformational change rate that is greater than 

chemistry rate (k-2>k3).   

It is likely that each of six TAMs affects the kinetics governing nucleotide 

incorporation. More studies are needed to determine how each mutation individually 

affects AZT specificity and discrimination.  Kinetic examination of the TAMs in the 

order they arise clinically could show the how the mechanism of incorporation evolves to 

resist AZT therapy over time.  
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Chapter 7: Contributions of Induced-Fit upon Mismatch Nucleotide Specificity and 
Discrimination by HIV Reverse Transcriptase 

7.1 INTRODUCTION 

HIV Reverse Transcriptase is a low fidelity polymerase that has been reported to 

incorporate one incorrect nucleotide per every 104 incorporation events (96).  

Additionally, the polymerase lacks a proofreading exonuclease function that could 

increase the overall fidelity by excising incorrect nucleotides.  The result is an error-

prone polymerase evolved to ideally fit the requirements of an infectious viral agent.  An 

inherent low fidelity imparts an innate degree of genomic instability leading to rapid 

evolution of “more fit” virions when placed under selective pressure.  However, this 

ability to rapidly evolve does not occur without cost.  Inevitably, errors made by the 

polymerase will result in “less fit” virions due to mutations in key proteins involved in 

the viral lifecycle.  The virus is able to overcome the cost of low fidelity polymerase by 

producing high viral titers (97), which ensure enough competent virions to continue an 

infection. 

Nucleotide discrimination is derived from the specificity constants governing 

correct and incorrect nucleotide incorporation.  Nucleotide specificity is defined by 

kcat/Km. Until recently, the polymerase field has relied solely upon kinetic measurements 

from rapid quench flow experiments to approximate kcat/Km as kpol/Kd,app. To relate the 

measurements of kpol and Kd.app to a mechanistic understanding of nucleotide interactions 

several assumptions are needed.  First, that the rate of product formation (kpol) is 

governed by a single rate-limiting step. Second, that nucleotide binding (Kd,app) occurs by 

a one-step rapid equilibrium process. Finally, that the steps following chemistry 
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(pyrophosphate release and translocation) are fast.  These simplifications allow for 

kcat=kpol and Km=Kd,app so that the specificity constant equals kcat/Km=kpol/Kd,app. 

We have previously demonstrated that the mechanistic basis for enzyme 

specificity can be better understood by examining the kinetics of the nucleotide-induced 

conformational change preceding incorporation (68).  This expansion of the kinetic 

model governing correct nucleotide incorporation revealed that the relative rates of the 

conformational change dictate the specificity constant (kcat/Km). When the rate of 

chemistry is much faster than the reverse rate of the conformational change (k3>>k-2), 

resulting in a mechanism where ground state binding of a nucleotide (K1) followed by a 

favorable conformational change (k2) commits the enzyme to catalysis. Thus, K1k2 

defines the formation of the “closed” nucleotide-bound complex, and ultimately the 

specificity constant. 

Discrimination relates a polymerases ability to incorporate a correct nucleotide 

versus an incorrect nucleotide for a given incorporation event.  Discrimination can be 

quantified as the ratio of specificity constants for correct versus incorrect nucleotide. This 

ratio defines the probability that a polymerase will incorporate a mismatched base rather 

than the correct nucleotide, when corrected for the relative concentrations of cellular 

nucleotide pools. Using dCTP as a correct nucleotide we have shown that the specificity 

constant is solely governed by the formation of the closed enzyme complex (K1k2) 

(Chapter 3). This is not the case for the triphosphate form of the nucleoside analog 

Lamivudine (3TC-TP).  Examination of the kinetics governing 3TC-TP incorporation 

reveals a faster reverse of the conformational change relative to incorporation (k-2>>k3), 

which establishes an equilibrium prior to chemistry. As a result of this equilibrium, 

specificity is defined the product of the achieved binding equilibrium and chemistry 
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(K1K2k3).  Using these findings it was possible to determine the discrimination of HIVRT 

toward each analog. 

This work aims to characterize the kinetics of incorrect nucleotide incorporation 

by HIV Reverse Transcriptase.  Using an MDCC-labeled enzyme that displays 

conformationally sensitive fluorescence we will assess the role induced-fit plays in 

governing misincorporation. Previously Tsai et al. reported an induced-fit mechanism for 

misincorporation by T7 DNA polymerase which showed that nucleotide discrimination 

was largely the result of an unfavorable conformational change to the “closed” state that 

misaligned the T7 DNA polymerase active site residues resulting in diminished rates of 

chemistry (67). Examination of the kinetic mechanisms governing incorrect nucleotide 

incorporation by HIVRT compared to T7 DNA polymerase may provide insights into the 

mechanistic basis for differences in fidelity between the two enzymes. 

7.2 MATERIALS AND METHODS 

Fluorimeter measurement of mismatch nucleotide-induced fluorescent changes 

The 16 possible base pair combinations were examined using a steady-state 

fluorimeter (Photon Technology International) to determine the magnitude of the 

fluorescence change resulting from nucleotide binding.  The fluorescent emission of an 

EDNAdd complex consisting of 200nM MDCC-labeled HIVRT and 300nM 25ddA/45-X 

DNA (where X represents each of the four possible templating bases) was measured. The 

fluorescence emission scan was then repeated two minutes after the addition of 5mM 

dNTP.  The fluorescence emission was measured from 450-550nm following excitation 

of MDCC by 425nm light.  
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Quench Flow dATP:dG incorporation 

To determine kpol and Kd,app, quench flow incorporation experiments were 

performed.  A pre-incubated complex of 300nM MDCC-labeled enzyme and 100nM of 

32p-primer-labeled 25/45-G DNA was rapidly mixed with various concentrations of 

mismatched dATP nucleotide (100, 250, 500, 1000, 2500, and 5000μM) using a RQF-4 

Rapid Quench Flow (KinTek Corp). Reaction times ranged from 0-10 seconds, and were 

quenched by the addition of one volume of 0.5M EDTA.  The samples were then mixed 

with one volume of denaturing PAGE loading buffer and products were separated by 

15% acrylamide denaturing PAGE.  Product bands were visualized by Typhoon scanner 

and quantified using ImageQuant 5 (GE).  Product formation for each concentration of 

nucleotide was fit globally. 

 

Table 7.1. DNA substrates for kinetic assays 

25/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5’ 

25ddA/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCAdd-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5’ 

 

Stopped Flow dATP:dG incorporation 

An Auto-Stopped-Flow (KinTek Corp) was used to examine the transient increase 

of fluorescence corresponding to mismatch nucleotide binding.  A pre-incubated complex 

of 200nM HIVRT-MDCC and 300nM 25/45-G DNA were rapidly mixed with increasing 

concentrations of dATP (1000, 1500, 2000, 2500, 3000, and 5000μM) for 5 seconds (all 

concentrations are after final mixing).  The fluorescence was excited by 425nm light and 



 136 

emission was monitored using a 475±25nm single bandpass filter (Semrock).  The data 

were fit globally to a two-step nucleotide binding model. 

Stopped Flow dATP:dG nucleotide dissociation 

dATP dissociation was measured using stopped flow techniques.  A tertiary 

complex (E●DNAdd●dATP) was formed by pre-incubating 200nM labeled enzyme with 

300nM 25ddA/45-G and 4mM dATP.  The complex was then rapidly mixed with 500μM 

of correct nucleotide (dCTP). The fluorescence decrease resulting from release of the 

mismatched nucleotide followed by fast binding of dCTP was fit globally to constrain the 

nucleotide off rate. 

Mismatch Nucleotide Global Fitting 

The Stopped flow binding and incorporation assay, chemical quench flow assay, 

and the nucleotide dissociation assay were fit globally using KinTek Global Explorer. 

Correct nucleotide (dCTP), used as an enzyme trap in the dissociation experiment, was 

set to bind with an on rate of 10μM-1s-1 (68).  Reported error ranges were determined 

using fitspace and represent ranges over which a specific constant can very while 

maintaining a highly accurate global fit to the data (84, 85). 

7.3 RESULTS 

Nucleotide induced conformationally sensitive fluorescence 

We have previously reported that HIVRT fluorescently labeled with MDCC on 

the αA helix of the fingers subdomain provides a signal to measure the conformational 

change from “open” to “closed” as a result of nucleotide binding.  Using a steady-state 

fluorimeter each possible naturally occurring base pair combination was tested to 

determine the change in fluorescence resulting from the binding of each nucleotide 
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(Figure 7.1). In each case, the correct nucleotide produced the largest decrease in 

fluorescence.  Moreover, the fluorescence states resulting from correct nucleotide binding 

all share similar magnitudes, indicating a similar “closed” enzyme conformation 

corresponding to the formation of a correct nucleotide base-pair. 

The binding of mismatched nucleotides produced a range of fluorescence signals; 

from a 24% decrease in fluorescence (dGTP:dA) to a 44% increase in fluorescence 

(dATP:dG), and several states in between. The dATP:dG mismatch was selected for pre-

steady state characterization because of a large change in fluorescence and previous 

characterization of the dG template which will allow for comparison of correct and 

incorrect nucleotides without concern for substantial sequence context effects. 

 

 

 

 

 



 138 

 

 
Figure 7.1. MDCC fluorescence change upon nucleotide binding. Four different 
E●DNAdd complexes (each containing a different templating base) were combined with 
each nucleotide in a steady-state fluorimeter to monitor the fluorescence change upon 
nucleotide binding.  In each case the formation of a proper Watson-crick base pair led to 
the largest decrease in fluorescence. The largest mismatch signal resulted from the 
dATP:dG pairing. However, dATP:dA and dATP:dC binding also resulted in increases in 
fluorescence. Error in steady-state fluorimeter emission monitoring is ±3%. 

Kinetics of dATP:dG binding and incorporation 

Chemical quench flow experiments to measure incorporation of the dATP:dG 

mismatch required concentrations of nucleotide to observe the formation of product 

(Figure 7.2) that were 100-fold higher than correct nucleotide incorporation.  At low 

mismatch nucleotide concentrations (below 250μM) a single product band corresponding 

to the incorporation of one dATP to form a 26-nucleotide primer was observed. At higher 
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nucleotide concentrations (up to 5mM) several successive misincorporation products 

were observed resulting in products from 26 to 31 nucleotides in length. 

 

 
 
Figure 7.2. Misincorporation of dATP by HIVRT. A pre-incubated complex of 100nM 
25/45-G and 300nM MDCC-labeled HIVRT were mixed with various concentrations of 
dATP (0.1, 0.25, 0.5, 1, 2.5, and 5mM).  Reactions were quenched by addition of 0.5M 
EDTA at various times between 0 and 10 seconds.  Products were separated by 15% 
denaturing PAGE. Nucleotide products containing 31 bases were observed at the highest 
concentrations of dATP indicating multiple misincorporation events. 

Concentrations of product at various times and nucleotide concentrations was 

quantified and fit globally (Figure 7.3). The global fit of the nucleotide concentration 

dependence of product formation is described by scheme 7.1. This scheme describes a 

one-step binding model for each incorporation event where the nucleotide binding 

interaction is reported as an apparent Kd (Kd,app), and rate of polymerization (kpol).  The 

binding of dATP to the EDn complex was fit to a Kd,app=1700±500μM. This value could 

best account for all of the nucleotide binding events independent of the primer length (n25-

30).  The rate of nucleotide incorporation (kpol) varied depending upon which product was 
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formed and are reported in scheme 7.1 and table 7.2.  Overall, the incorporation of the 

first incorrect nucleotide occurred at a rate of 1.8±0.3s-1. Subsequent dATP 

misincorporations occurred at diminished rates between 0.2s-1 and 0.9s-1. These 

differences between the first and subsequent misincorporations were a result of the first 

mismatch occurring on a correctly base paired primer. Subsequent misincorporations 

occur on top of one or several 3’ mismatches.  Additionally, each successive nucleotide 

incorporation event required an increased reverse rate to account for the experimental 

data. 

 

 
 

Scheme 7.1 

 

Table 7.2. kpol and k-pol rate constants  according to scheme 7.1 

Oligonucleotide length kpol 
(s-1) 

k-pol 
(s-1) 

 25 ⎯ →⎯← ⎯⎯ 26  1.75 0.18 

 26 ⎯ →⎯← ⎯⎯ 27  0.5 0.65 

 27 ⎯ →⎯← ⎯⎯ 28  0.4 0.25 

 28 ⎯ →⎯← ⎯⎯ 29  0.3 0.4 

 29 ⎯ →⎯← ⎯⎯ 30  0.25 0.4 

 30 ⎯ →⎯← ⎯⎯ 31 0.25 0.4 
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‘  
Figure 7.3.  dATP misincorporation product formation fit globally.  Transient product 
formation resulting from misincorporation of dATP at various concentrations quantified 
from Figure 7.2.  At low concentrations of dATP (0.1mM and 0.25mM) only 26-
nucleotide products were observed. At higher nucleotide concentrations (0.5mM and 
1mM) products from 26 to 29 nucleotides in length were observed. At high nucleotide 
concentrations (2.5mM and 5mM) six different length products were observed from 26 to 
31 nucleotides. Total product formed (black) is the sum of 26mer (blue), 27mer (green), 
28mer (red), 29mer (cyan), 30mer (orange), and 31mer (pink) at various times. The 
curves in each panel represent a global fit to all six nucleotide concentration 
simultaneously. 
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At each concentration of nucleotide, the products at a given time were summed to 

report the total amount of products formed. The total product formation data were also fit 

globally with the individual products data (figure 7.3 black points and curves).  These 

data and curves represent a minimal model that reduces the multiple misincorporations 

into a single binding and incorporation event.  Subsequently, the rates that govern this 

process represent an average of each step in the process.  

The total product formed data were fit globally with data collected from stopped 

flow dATP incorporation and off-rate experiments (Figure 7.4).  The data were fit to a 

minimal model where multiple misincorporations were reduced to a single product-

forming event to obtain an average rate for each incorporation.  The model reflected a 

two-step nucleotide binding process where weak ground state binding to the “open” 

conformation if followed by an isomerization to a “closed” state that is followed by 

chemical incorporation of the nucleotide (scheme 7.2).  

 

 
Scheme 7.2 

 

Fitting the data required an initial fluorescence change upon mismatch binding to 

the open conformation (EDn to E’DnN). This initial interaction was governed by weak 

binding affinity of 5900±350μM. The conformational change to the “closed” complex 

occurred at a rate of k2=6±0.5s-1 and a reverse rate of k-2=4±0.2s-1 resulting in an 

equilibrium constant of K2=1.5±0.2. This favorable isomerization increased the net 

binding interaction resulting in a overall binding affinity of Kd,net=2400±350μM. This 
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“closed” conformation is referred to a “misaligned” because the fluorescence change 

resulting from the conformational change is altered compared to the correct nucleotide 

(Figure 7.1).  The rate of the chemistry step was fit to k3=6±0.5s-1. Both the chemical 

quench flow data (figure 7.4A) and the stopped flow incorporation data (Figure 7.4B) 

exhibit unique endpoints for each concentration of nucleotide. This failure of the data to 

converge was reflected in the fit by requiring reversible chemistry at a rate of k-3=0.3±3s-1 

to account for the quench flow data. The high amount of error on this constant indicates 

that the data does not sufficiently constrain the constant, however reverse rate greater 

than zero is required to achieve an optimal fit. The different endpoints of the stopped 

flow data required and additional step in the model to allow the dATP to bind to the 

EDn+1 species with a binding affinity of Kd=6700±1000μM. 

 
Table 7.3. Rate constants governing correct nucleotide and mismatch incorporation 

dNTP: 
Template 

1/K1 
(μM) 

k2 
(s-1) 

k-2 
(s-1) 

k3 
(s-1) 

k-3 
(s-1) 

Kd,net
a 

(μM) 
kcat/Km

b 
(μM-1s-1) 

dCTP:dGc 200 
±20 

2000 
±300 

0.06 
±0.01 

15 
±2 0 0.06 

±0.02 
9.7 
±2.5 

dATP:dTd 150 
±20 

2000 
±200 

0.06 
±0.02 

28 
±1 0 0.05 

±0.02 
13.3 
±3.6 

dATP:dG 5900 
±350 

6 
±0.5 

4 
±0.2 

6 
±0.5 

0.3 
±3 

2400 
±350 

6.1x10-4 
±1.2x10-4 

a Kd,net = 1/[K1×(1+K2)]  

b kcat/Km is derived as K1k2 for dCTP:dG and dATP:dT, k1k2k3/(k2k3+(k-1(k-2+k3)) for dATP:dG 
c Reported in Chapter 3 
d Reported in Chapter 5 

The Specificity constant (kcat/Km) for dATP:dG binding and incorporation was 

6.1±1.2x10-4μM-1s-1.  No simplification of the specificity constant derivation could be 

used because the relative rates of k3 and k-2 are of similar magnitudes. 
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Figure 7.4. Global fit of dATP 
mismatch incorporation.  (A) 
Chemical quench flow 
incorporation of dATP. The data 
shown represents the sum of all 
product bands formed by reacting a 
pre-incubated complex of 100nM 
25/45-G DNA and 300nM MDCC-
labeled HIVRT with various 
concentrations of dATP (100, 250, 
500, 1000, 2500, and 5000μM). (B) 
The fluorescence signal produced 
by MDCC during binding and 
incorporation of mismatch dATP.  
A pre-incubated complex of 200nM 
MDCC-labeled HIVRT and 300nM 
was rapidly mixed in the stopped 
flow with various concentrations of 
dATP (1000 (blue), 1500 (orange), 
2000 (green), 2500 (red), 3000 
(cyan) and 5000μM (pink)). (C) 
Stopped flow dATP:dG off-rate 
measurement. A pre-incubated 
complex of 200nM MDCC-labeled 
HIVRT, 300nM 25ddA/45-G DNA, 
and 4000μM dATP were rapidly 
mixed with 500μM dCTP (correct 
nucleotide). The decrease in 
fluorescence corresponds to dATP 
release followed by dCTP binding. 
The smooth black lines correspond 
to a global fit of the data from 
panels A,B, and C simultaneously 
to scheme 7.2.   
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7.4 DISCUSSION 

We have engineered a polymerase that exhibits fluorescent sensitivity to substrate 

interactions by labeling HIV Reverse Transcriptase with an MDCC fluorophore on the 

fingers subdomain. Using this enzyme we have characterized nucleotide misincorporation 

to determine the specificity constant governing nucleotide misinsertion.   

The process of mismatch incorporation possesses key mechanistic differences 

compared to correct nucleotide incorporation that are the basis for nucleotide 

discrimination. The ground state binding interaction (1/K1) of the mismatched nucleotide 

to the “open” conformation is 30-fold weaker than the correct nucleotide (Table 7.3).  

This difference can be attributed to non-Watson-Crick base pairing that is sensed by the 

polymerase resulting in rapid increase in fluorescence that occurs at a rate which cannot 

be resolved using standard stopped flow methods.  This “mismatched open” state is 

followed by a conformational change that is far less favorable than the correct nucleotide 

conformational change (K2,correct>>K2,mismatch), and it occurs at a much slower rate (k2, 

correct>>k2,mismatch). Additionally, the fluorescent signal resulting from dATP:dG binding has 

a strikingly different intensity compared to dCTP:dG binding (Figure 7.1). This suggests 

that the “closed” enzyme conformation when dATP binds to a dG template is not the 

same conformational state the correct nucleotide, however no structural evidence of a 

bound mismatched nucleotide at the active site exists to confirm this theory. We have 

described this alternative conformation as “misaligned” rather than “closed” because of 

the fluorophore its reporting a difference structural state than the “closed” state that 

results from correct nucleotide binding. 

Global analysis of stopped flow misincorporation data (Figure 7.4) required a 

model where the product complex (EDn+1) could bind nucleotide to form the tertiary 

complex (E’D n+1N). This step was required to account for the non-convergent endpoints 
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at various concentrations. Mechanistically, this observation may be a result of a several 

rounds of incorporation occurring during the five-second time course of the stopped flow 

reaction being reduced to a single incorporation event so that global analysis could be 

performed. However, because of the millimolar concentrations of nucleotide required to 

observe mismatch nucleotide interactions, this observation is not unexpected. 

Additionally, this phenomenon was not observed during correct nucleotide incorporation, 

or any inhibitor, because the micromolar concentrations required observe these 

interactions would not favor the binding of the next incorrect nucleotide.  

We have presented two models that govern mismatch nucleotide incorporation. 

Scheme 7.1 describes the incorporation of each successive misincorporation according to 

a one-step nucleotide binding model.  Fitting the data to this scheme required a mismatch 

nucleotide binding affinity of 1700±500μM.  This bind affinity measurement agrees with 

the net binding affinity from the two-step model governing nucleotide incorporation 

(scheme 7.2) of 2400±350μM.  Both the chemical quench flow incorporation data (Figure 

7.4A) and stopped flow incorporation data (Figure 7.4B) fail to converge to a common 

endpoint. To account for the different endpoints within the quench flow data both models 

(schemes 7.1 and 7.2) require chemistry to be reversible; implying that pyrophosphate 

release must be slow to allow the reverse of chemistry to occur.  However, global fitting 

of the data required pyrophosphate release to be fast to account for the data, which 

seemingly presents a paradox.  The explanation may involve translocation, which we 

have simplified to a fast, irreversible step for modeling purposes because the rates are not 

constrained by the data.  If translocation is slow, and is the driving force behind 

pyrophosphate release and next nucleotide binding, then k-3 could be affected by the rate 

of translocation.  If translocation is fast following a correct nucleotide incorporation, no 
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k-3 rate would be experimentally observed, however, if mismatch incorporation reduces 

the rate of translocation, then a reverse chemistry rate may be observed. 

Mismatch nucleotide binding induced a variety of fluorescent signals depending 

upon the specific nucleotide:template combination. This finding is different than results 

obtained from similar studies using T7 DNA Polymerase (67). Both T7pol and HIV RT 

adopt the lowest fluorescent signal when a correct basepair is made. This state likely 

represents a fingers conformation with the optimal alignment of active site residues for 

catalysis in both polymerases.  The difference between the enzymes occurs when 

reporting mismatch conformations. T7 DNA Polymerase adopts a high fluorescence 

conformation that possesses similar intensities regardless of which mismatch is formed;  

mismatched HIVRT conformations display a range of fluorescent intensities indicating 

multiple conformations that are mismatch specific rather than a generic mismatch 

conformation (Figure 7.1).  This multiple conformation model is further supported by 

data for each of the possible mismatches that indicates different mismatches possess 

unique kpol and Kd,app values (96). Thus, when HIVRT binds a mispaired nucleotide it 

adopts a dXTP:dX-dependent conformation that alters the alignment of the active site; 

affecting kpol and Kd,app values.  This difference may reflect the high fidelity property of 

T7pol versus the much lower fidelity HIVRT. 

The specificity constant governing dATP misincorporation as a result of a two-

step induced fit binding model is 6.1±1.4x10-4μM-1s-1. This value results in a mismatch 

discrimination of 1.6±0.8x104 [(kcat/Km)correct/(kcat/Km)mismatch]. This discrimination also 

represents the fidelity of the enzyme because once incorporated, the wild type enzyme 

cannot efficiently remove the incorrect nucleotide due to the absence of a proofreading 

exonuclease activity. 
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In conclusion, we have presented data that supports a two-step model for dATP 

misincorporation against a dG template.  In doing so have assessed the role induced-fit 

plays in nucleotide selection.  HIV Reverse Transcriptase misincorporation only occurs 

once in every 1.6x104 incorporation events. This level of mutagenesis translates to one 

point mutation in every HIV genome copied because the ~9.5kb genome is copied by the 

polymerase twice during the viral lifecycle, and provides the optimal level of genomic 

instability to evolve resistance when placed under selective pressure. 
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Chapter 8: Conformationally Sensitive Fluorescence of HIV Reverse 
Transcriptase Labeled with MDCC Reports DNA Binding and Release  

8.1 INTRODUCTION 

HIV Reverse Transcriptase requires two substrates for catalysis. The enzyme 

must first bind to the 3’ end of a DNA primer duplexed to either a DNA or RNA template 

strand. The EDNA complex, which has been described in previous chapters as the 

“open” complex, then binds a nucleotide and catalyzes the formation of a new 

phosphodiester bond that extends the primer strand by one residue. We have previously 

reported the development of a fluorophore-labeled HIVRT that reports conformational 

changes upon the binding of substrates (68). This system was first used to characterize 

HIVRT nucleotide specificity and discrimination of Nucleoside Reverse Transcriptase 

Inhibitors (NRTI’s) by reporting a nucleotide-induced conformational change from the 

“open” to “closed” state, however, the enzyme also undergoes a fluorescence change 

upon the binding of nucleic acid substrates.  This signal for DNA binding can be used to 

monitor the kinetics of the enzyme-DNA interaction. 

Previous measurements of DNA binding have reported a Kd,DNA of 4nM using 

chemical quench flow methods to perform an active site titration (28).  Others have 

characterized DNA binding to the polymerase as a two-step kinetic process (26, 30).  

These measurements were made by observing a change in fluorescence of either intrinsic 

tryptophan residues or fluorescein-labeled DNA upon mixing of the enzyme with DNA. 

The results of the two methods were inconsistent, but suggested an initial concentration-

dependent fast phase with an apparent second order rate constant greater than 500μM-1s-1 

and a second slower isomerization (26, 30).  Rate measurements may have been 

inconsistent because of the methods used to study the enzyme-DNA interaction are prone 
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to experimental artifacts; intrinsic tryptophan fluorescent measurements of HIVRT may 

be difficult to interpret because the enzyme contains 24 tryptophan residues, and 

fluorescein labeling of the DNA could potentially alter the DNA affinity.  

The kinetics of DNA binding will be examined using the conformationally 

sensitive enzyme labeled with MDCC that has been developed to report substrate 

interactions.  Additionally, the advent of global fitting methods will allow for a more 

rigorous fit of a model to the data.  The rates of reaction determined by global analysis of 

the MDCC fluorescence data can be used to calculate a DNA binding affinity that must 

agree with independent measurements obtained from a chemical quench flow active site 

titration and equilibrium titration to provide a well-constrained model for the HIVRT-

DNA interaction. 

8.2 MATERIALS AND METHODS 

Active Site Titration 

An active site titration was performed to obtain a Kd value for DNA binding to the 

polymerase. Increasing concentration of 25/45-G DNA (0, 0.5,2, 4, 6, 8, 10, 15, 20, 30, 

40, 60, 80, 100nM) were pre-incubated with 10nM of HIVRT-MDCC (Table 8.1). The 

pre-formed E●DNA complex was then rapidly mixed with 100μM dCTP (all 

concentrations final after mixing) for 0.25 seconds, followed by the addition of 0.5M 

EDTA to quench the reaction.  Products were separated by 15% acrylamide denaturing 

PAGE.  Product formation was quantified using ImageQuant 5 (GE), and the data were 

fit to a quadratic equation (Equation 8.1) to obtain a Kd value for DNA binding. 
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Table 8.1. DNA substrates for kinetic assays   

25/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5’ 

 

Fluorescence Titration of HIVRT-MDCC with DNA 

To confirm the Kd measurement from chemical quench flow analysis, 100nM of 

the MDCC-labeled Enzyme was titrated with 750nM 25/45-G DNA using an TMX-1000 

Titration Module attached to a SF2004-Stopped Flow (KinTek Corp). The titration was 

performed over 5 minutes with constant mixing. The mixing cell containing the labeled-

HIVRT was excited by 425nm light and fluorescence changes were monitored using a 

475±25nm single bandpass filter (Semrock).  Titration data was fit to a quadratic 

equation to obtain a Kd value for DNA binding. 

Stopped-Flow DNA Binding and Dissociation 

The DNA concentration dependence of the DNA-binding fluorescence change 

was monitored using stopped-flow methods.  Various concentrations of 25/45-G DNA 

(025, 50, 100, 200, 300, 400, 500, 750nM) were rapidly mixed with 50nM MDCC-

labeled HIVRT using an AutoSF (KinTek Corp).  The increase in fluorescence due to 

DNA binding was monitored over 0.05s and 1s timescales. Data were fit to a double 

exponential to define rate of reaction for an initial phase increase in fluorescence 

followed by a second slower increase in fluorescence. 

To quantify DNA dissociation 50nM HIVRT-MDCC was pre-incubated with 

300nM of 25/45-G DNA.  The EDNA complex was then rapidly mixed with 2.5μM trap 

unlabeled HIVRT.  The fluorescence decrease resulting from DNA dissociation from the 
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fluorescent EDNA complex was fit monitored over 3 seconds.   The data were fit 

globally using Global Explorer (KinTek) to a minimal model.   

 

Table 8.2. Equations Used In Data Fitting By Non-liner Regression 

 

Y= A ×
Kd +E0 +[S] - (Kd +E0 +[S])

2 - 4E0 [S]
2E0

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

 Quadratic Equation (8.1) 

  

8.3 RESULTS 

The data obtained by quench flow active site titration were fit by non-linear 

regression to a quadratic function to yield a DNA Kd of 3.6±1.0nM (Figure 8.1) and an 

enzyme concentration of 10.2±1.6nM.  The equilibrium titration data were also fit to a 

quadratic function and resulted in a Kd of 4.3±0.2nM and enzyme concentration of 

107±1.2nM, The Kd measurements obtained by active site titration and equilibrium 

fluorescence titration agreed within experimental error. In both cases, the enzyme 

concentration that resulted from fitting by non-linear regression produced values that 

were expected based upon experimental design. 
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Figure 8.1 Active Site Titration of HIVRT-MDCC.  Various concentrations of DNA (0.5, 
2, 4, 6, 8, 10, 15, 20, 30, 40, 60, 80, and 100nM) were pre-incubated with 10nM MDCC 
labeled HIVRT. The E●DNA complex was then rapidly mixed with 100μM dCTP for 
0.25 seconds then quenched with 0.5M EDTA.  The products formed as a function of 
DNA concentration were fit to a quadratic equation to define a Kd of 3.6±1.0nM and an 
enzyme concentration of 10.2±1.6nM.  

 

The Stopped Flow data showed a biphasic DNA concentration-dependent increase 

in fluorescence.  The concentration-dependent fast phase (figure 8.3B) was followed by a 

slower isomerization to a higher fluorescence state with different endpoints (figure 8.3A); 

indicating a DNA binding equilibrium. The DNA off-rate measurement was fit to a single 

exponential equation resulting in a rate of 1.6±0.1s-1. 
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Figure 8.2. Equilibrium Titration of HIVRT. MDCC-labeled HIVRT (100nM) was 
titrated with 20μL of DNA to achieve a final concentration of 750nM DNA. The 
fluorescence data were fit by non-linear regression to a quadratic equation to define a Kd 
of 4.3±0.2nM and an enzyme concentration of 107±1.2nM.     

The data obtained using stopped flow methods were globally fit to scheme 8.2, 

which represents the minimal model that accurately account for the data.  The initial 

binding of DNA to the enzyme occurred at a rate of 770±100μM-1s-1. The Kd for ground-

state binding was 5.2±0.6nM.  The second isomerization occurred at a rate of 1.5±0.3s-1 

and was unfavorable with an equilibrium constant K2=0.6±0.15.  The fitted off-rates were 

4.0±0.5s-1 and 2.5±0.3s-1, for k-1 and k-2 respectively.  The overall Kd calculated from this 

two step model was Kd,overall=1/K1(1+K2)=3.2±1.0nM, which agrees with active site 

titration and equilibrium titration values. 

 

 
E+DNA

770µM-1s-1

4s-1
⎯ →⎯⎯⎯← ⎯⎯⎯⎯ EiDNA

P-site 1.5s-1

2.5s-1
⎯ →⎯⎯← ⎯⎯⎯ XiDNA

N-site

 

Scheme 8.1 
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Figure 8.3. DNA Binding to 
HIVRT Fit Globally. Increasing 
concentrations of DNA (25, 50, 
100, 200, 300, 400, 500, and 
750nM) were mixed with 50nM 
MDCC-labeled HIVRT. Data were 
collected over a 1 second (A) and a 
0.05 second (B) time-scale to 
accurately define the fast and sow 
phases of DNA binding. (C) 
Dissociation of DNA from the 
fluorescently labeled EDNA 
complex. A fluorescently labeled 
EDNA complex composed of 
50nM enzyme and 300nM DNA 
was rapidly mixed in the stopped 
flow with 2.5μM trap unlabeled 
enzyme.  The smooth lines in the 
three panels represent a global fit 
to the data described by scheme 
8.1. 
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8.4 DISCUSSION 

We have shown that DNA binding to HIV Reverse Transcriptase is a two-step 

process. The first step is a rapid association that occurs at a second-order rate of 

770±100μM-1s-1.  The ground-state binding to form the initial E•DNA complex is 

governed by a Kd of 5.2±0.6nM. This fast, strong initial association can be attributed to 

electrostatic interaction along the positively charged DNA binding tract of the 

polymerase and the negatively charged DNA backbone.  

A second isomerization was observed which occurred at a rate of 1.5s-1.  This 

slower isomerization after initial DNA binding has been observed by others (30), 

although current fitting routines and the inclusion of global analysis to a single model 

allow us to more accurately define this rate than previous measurements.  Additionally, 

our findings indicate that the presence of the MDCC fluorophore does not alter DNA 

binding because Kd measurements for the wild-type and labeled enzyme agree within 

error (28).  The second isomerization to the X•DNA conformation is an unfavorable 

isomerization with a equilibrium constant (K2) of 0.6±0.15. This step in the kinetic 

pathway contributes to the overall DNA Kd resulting in a Kd,net of 3.2±1.0nM, which 

agrees with independent measurements of the DNA Kd by active site titration (figure 8.1) 

and equilibrium titration (figure 8.2). The unfavorable equilibrium governing the X•DNA 

state suggests that the conformation may be an off-pathway step in the process of 

productive polymerization. In this case, the E•DNA state, rather than the X•DNA state, 

would bind and incorporate nucleotide during productive polymerization. However, 

further investigation is needed. Evidence for an off-pathway step is further supported by 

examination of the active enzyme concentration upon completing a purification of the 

enzyme. Active enzyme concentrations are typically 50-60% of the total protein 

concentration which agrees with the fractional occupancy of the E•DNA state compared 
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the X•DNA state, and suggest that the E•DNA state is responsible for the product burst 

phase observed when the enzyme is studied using quench flow methods with DNA in 

excess of enzyme. 

The X•DNA state existing as an off-pathway step is can be further supported by 

global modeling. Our previously published result of nucleotide binding and incorporation 

using our fluorescently labeled enzyme provides a kinetic pathway to test whether or not 

the X•DNA state of on- or off-pathway. Global modeling of X•DNA as an on pathway 

step results in a model that cannot account for the nucleotide binding and incorporation 

data. This is largely due to the unfavorable equilibrium that would form leading to the 

X•DNA state prior to nucleotide binding.  However, if this step is modeled as an off-

pathway step, where E•DNA binds nucleotide to for the open tertiary complex, the 

nucleotide binding data can be fit. 

Although modeling suggests that the X•DNA state is an off-pathway step for the 

polymerization process, we currently lack positive evidence to identify the X•DNA state. 

We hypothesize that if the E•DNA state is on the kinetic pathway of polymerization that 

the 3’ terminus of the primer is likely to be in the primer site (P-site).  If this is the case, 

then the X•DNA conformation may be a enzyme state where the DNA has translocated, 

and the 3’ terminus of the primer strand is occupying the nucleotide binding site (N-site).   

In addition to a translocation hypothesis for the X•DNA state, another possibility 

could attribute the conformation to the RNase H site of the enzyme.  The X•DNA state 

may be a conformation where the nucleic acid substrate is positioned for RNase H 

catalysis rather than polymerization.     
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Chapter 9: Single Molecule Studies of HIVRT DNA Translocation Dynamics Using 
SMRTTM Technology 

9.1 INTRODUCTION 

The previous chapters have detailed the kinetics of HIV Reverse Transcriptase 

interactions with nucleic acid and nucleotide substrates.  Measurements of the kinetics 

governing these interactions have relied upon ensemble pre-steady state assays performed 

in solution that monitor the fluorescence changes of an MDCC fluorophore covalently 

attached to the fingers domain of the polymerase. Using these techniques we have 

expanded the kinetic mechanism of nucleotide binding to describe an induced-fit model 

where initial nucleotide binding is weak, and is followed by a favorable conformational 

change that results in an overall strong binding interaction.  We have also described the 

kinetics of mismatch nucleotide binding and incorporation using a multi-step binding 

model.  This model includes a weak initial binding with a millimolar ground-state 

binding affinity (1/K1), followed by a weakly favorable conformational change and a 

reduced rate of chemistry.  In addition to correct and mismatch nucleotide binding, the 

previous chapters have also described the kinetics governing the binding and 

incorporation of several nucleotide analogs commonly used in highly active anti-

retroviral therapy (HAART) including 3TC-TP, FTC-TP, and AZT-TP by the MDCC-

labeled wild-type polymerase and resistant mutants. 

Our previous work has also used ensemble pre-steady state techniques to describe 

the kinetics governing DNA binding to the polymerase.  The results of this work, 

described in chapter eight, support a two-step mechanism governing DNA binding where 

the fast initial binding (770μM-1s-1) is followed by a slow unfavorable isomerization 

(k2=1.5, K2=0.6) that strengthens the overall binding affinity of the substrate.  Although 

we and others have measured this two-step process governing DNA binding (30), it was 
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not initially clear which DNA-bound species was capable of productively binding and 

turning-over nucleotide during polymerization.   The advent of global analysis has 

allowed the DNA binding data and the nucleotide binding and incorporation data to be fit 

simultaneously to a single model. This analysis has shown that the DNA isomerization to 

XDNA must be an off-pathway step to fit all of the data simultaneously.  We have 

hypothesized that the off-pathway XDNA state may correspond to the DNA bound in a 

pre-translocation state at the nucleotide-binding site (N-site). Further, in this state, 

nucleotide binding should not occur because the N-site is blocked by the 3’ end of the 

primer.  However, we do not yet have a signal to directly study translocation dynamics in 

the presence of nucleotide. 

DNA translocation dynamics may play a critical role in resistance to AZT 

conferred by the thymidine analog mutations (M41L, D67N, K70R, L210W, T215FY/F, 

and K219Q/E).  We have previously demonstrated that the TAMs do not greatly increase 

AZT-TP discrimination. Additionally, crystallographic evidence has suggested that the 

TAMs may alter the translocation dynamics of the enzyme resulting in AZT terminated 

DNA that occupies the N-site or increase the affinity for ATP (98, 99).  Although this 

may provide a mechanism by which increased ATP- or pyrophosphate-mediated AZT 

excision may occur, there has been no kinetic evidence to support the hypothesis.  
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Figure 9.1. Structural evidence supporting altered DNA translocation dynamics resulting 
from AZT primer termination. (A) Structure of HIV Reverse Transcriptase with an AZT-
terminated primer bound. The blue ellipse denotes the incoming nucleotide binding site 
(N-site). The 3’AZT occupies the N-site blocking nucleotide binding. (B) Structure of 
HIVRT with an AZT-terminated primer bound. The primer is in a post translocation state 
where the 3’AZT occupies the primer site (P-site) allowing an incoming nucleotide to 
bind to the N-site (show in blue). PDB: 1N6Q, 1N5Y (27). 

 

Single molecule techniques provide an ideal platform for studying DNA 

translocation dynamics because the method allows for the observation of small 

populations of enzymes within a larger group. Thus, when studying DNA translocation 

dynamics it may be possible to observe two distinct enzyme populations (DNA in the N-

site or P-site), where ensemble measurements using fluorescence can only observe a 

signal that represents the sum of all fluorescent species.   Using these techniques, the 

effects of AZT termination on DNA translocation dynamics can be studied. Additionally, 

single molecule studies can be used to examine DNA translocation dynamics in the 

presence of nucleotide to test whether the XDNA population we observed in chapter 

eight can bind nucleotide, thus testing our translocation hypothesis. 

Single molecule studies have historically relied upon total internal reflection 

fluorescence (TIRF) to make kinetic measurements of individual molecules often relying 
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upon Försters resonance energy transfer (FRET) between two fluorescent species to 

provide a signal (100).  These studies require a fluorescent species to be attached to a 

glass surface, where they are excited by light to monitor fluorescence changes over time.  

However, TIRF measurements are easily affected by signal-to-noise issues resulting from 

an excess of non-surface-bound species residing within the evanescent wave range of the 

excitation light.  Additionally, the lengthy fluorophore exposure times needed to collect 

statistically relevant kinetic data can often result in photobeaching of the fluorophore. 

Together, these drawbacks limit the effectiveness of TIRF single molecule methods 

because experiments result in small sample sizes that can lead to larger experimental 

errors. 

We have collaborated with Pacific Biosciences to use their zero-mode waveguide 

(ZMW) technology (101-104) for our single molecule measurements of nucleotide 

binding and DNA translocation dynamics.  The technique involves sequestering 

individual EDNA complexes to the bottom of ZMW’s through a 3’ Biotin modification 

on the templating strand of the DNA.   Each ZMW is 100nm in diameter with a volume 

of a zeptoliter (10-21L).  Excitation of the ZMW from below produces a smaller 

evanescent wave range than traditional TIRF methods.  A fluorescence signal 

corresponding to nucleotide binding is detected when a modified nucleotide possessing a 

5’-fluorophore diffuses into the ZMW from the overlaying solution, and binds to the 

polymerase which is inside of the excitation range and thereby produces an increase in 

signal while the nucleotide is bound.  Once released from the polymerase, the fluorescent 

nucleotide diffuses away from the ZMW resulting in a return to baseline fluorescence. 

Because the fluorescent species diffuses in and out of the ZMW, photobleaching is 

greatly reduced. Additionally, the excitation range does not extend outside of the ZMW 
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resulting in an improved signal-to-noise, thus making it possible to work at micromolar 

nucleotide concentrations that would not be possible with TIRF.  

 

 

Figure 9.2. Zero-Mode Waveguide 
Schematic.  A single polymerase molecule 
with bound DNA substrate is immobilized 
to the bottom of a Zero-Mode Waveguide.  
Excitation from below creates an 
evanescent wave front that excites the 
bottom of the ZMW, but does not extend 
into the solution outside of the ZMW.  This 
allows for detection of individual 
phospholinked nucleotide upon diffusion 
into the ZMW and binding to the 
polymerase. Figure adapted from Eid et al. 
(101). 

 

The fluorescent nucleotides used for this study have been developed by Pacific 

Biosciences for use in single-molecule real-time DNA sequencing (105).  The nucleotide 

contains a linker to an Alexa Fluor dye attached to the gamma phosphate. The nucleotide 

is a suitable substrate for HIVRT because the active site of the polymerase does not 

occlude the analog due to steric interactions between the 5’-linker and fluorophore. 

During single-molecule real-time sequencing a phosphodiester bond forms between the 

3’ hydroxyl of the primer and the alpha phosphate of the analog nucleotide resulting in a 

fluorophore labeled phosphate leaving group and a native nucleotide which can 

participate in the next round of polymerization. For our studies, the DNA will be 

terminated by either ddT, d4T (Stavudine), or AZT (Zidovudine).  This will prevent 

chemistry from occurring so that nucleotide binding and dissociation can be repeatedly 

observed over a time course for a single polymerase molecule at equilibrium. 
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Figure 9.3. Schematic Time course of phospholinked nucleotide binding and release to 
an Enzyme-DNA complex lacking a 3’hydroxyl group.  (1) The newly incorporated 
nucleotide terminator (ddT, d4T, or AZT denoted by “X”) occupies the N-site; occluding 
phospholinked nucleotide substrates from binding. (2) DNA translocation occurs leaving 
the nucleotide terminator in the P-site so that a phospholinked dCTP nucleotide can bind. 
(3) A pulse is produced when the phospholinked dCTP binds to the N-site. Nucleotide 
incorporation is blocked because of the absence of a 3’hydroxyl needed for chemistry. (4) 
The phospholinked nucleotide dissociated from the ED complex resulting in a return of 
the pulse signal to the baseline. 

 

9.2 MATERIALS AND METHODS 

Purification of Wild-Type HIV Reverse Transcriptase 

Wild Type HIV Reverse Transcriptase was purified as described previously.  

Briefly, BL21(DE3) E. coli carrying pET expression vectors containing the wild-type 

sequences for either HxB2 p51 or p66 subunits were individually cultured in six 1-liter 

fernbock flasks of Luria Broth.  HIVRT subunit expression was induced by addition of 

0.5mM IPTG. Cell pellets were combined to achieve a 1:1 HIVRT subunit ratio and 

lysed.  Soluble cell lysate containing HIVRT subunits were purified initially by ion-

exchange chromatography using tandem Q-sepharose and Bio-Rex 70 columns.  Pooled 
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fractions containing HIVRT from the tandem columns were then purified by affinity 

chromatography using a ssDNA column. Pooled fractions containing HIVRT were 

dialyzed into storage buffer, concentrated, and stored at -80°C. 

Synthesis of ddT, d4T, and AZT Terminated oligonucleotide primers 

Primer DNA terminated by ddT, d4T, or AZT was synthesized using a the method 

described in Chapter 2 to synthesize ddA terminated DNA.  Briefly, a 25mer 

oligonucleotide was annealed to a 36mer oligonucleotide resulting in a duplexed DNA 

substrate for HIVRT that encodes incorporation of TTP (table 9.1). HIVRT was used to 

incorporate either ddT-TP, d4T-TP, or AZT-TP. Following the reaction, terminated 

26mer primers were purified by phenol:chloroform extraction, ethanol precipitation, and 

PAGE purification. d4T-TP was purchased from Chemcyte (San Diego, CA); AZT-TP 

was purchased from TriLink BioTechnologies (San Diego, CA).   

 

Table 9.1. DNA substrate to generate a ddT, d4T, or AZT terminated primer   

25/36-T: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     36mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGT-5’ 

Ensemble measurements of fluorophore phospholinked nucleotide binding and 
incorporation kinetics 

Quench flow measurements were performed to study the effects of the Alexa 

Fluor modification on nucleotide incorporation. A pre-incubated complex of 200nM 

MDCC-labeled HIVRT and 300nM of 5’ 32P primer labeled 25/45-G DNA was rapidly 

mixed with various concentrations of AF555-dC6P (5, 10, 15, 20, 25, and 30μM). At 

various times, the reactions were quenched by addition of one volume of 0.5M EDTA.  



 165 

Products were separated by 15% acrylamide denaturing PAGE. Product bands were 

visualized by Typhoon scanner (GE) and quantified using ImageQuant 5.0 (GE).   

Ensemble measurements of dCTP binding to ddT, d4T, and AZT terminated 
primers using MDCC fluorescence 

The binding of dCTP to EDNA complexes terminated with either ddT, d4T, or 

AZT was studied by stopped flow using an MDCC-labeled HIVRT.  A pre-incubated 

complex of 200nM MDCC-labeled enzyme and 300nM 26ddX/36-G-3’-Biotin (ddX 

denotes either ddT, d4T, or AZT) was rapidly mixed with various concentrations of 

dCTP (5, 10, 20, 40, 60, 80, 100, and 150μM). dCTP binding was monitored by a 

decrease in fluorescence corresponding to nucleotide bound to the enzyme in the “closed” 

state.   

Single Molecule measurements of AF555-dC6P binding and release kinetics 

Chips containing 3,000 individual Zero-Mode Waveguides were overlaid with a 

solution containing 15nM wild-type HIVRT, 15nM 25/35-G-3’-Biotin, 15nM 

Streptavidin (Invitrogen), 2μM AF555-dC6P, and 2μM AF647-dA6P in RT buffer 

supplemented with 10mM Mg(C2H3O2)2, 5mM DTT, and an oxygen scavenging system 

containing 1x protocatechuate dioxygenase, 4mM protocatechuic acid, and 5mM Trolox 

(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) (106).  The chip was 

incubated for 5 minutes at room temperature to allow immobilization of the EDNA 

complex to the bottom of the ZMW’s by biotin-streptavidin interaction with the surface.  

Unbound complexes were removed by washing twice with RT buffer supplemented with 

10mM Mg(C2H3O2)2 and 5mM DTT.  The ZMW’s were then overlaid with a solution 

containing 2μM AF555-dC6P, and 2μM AF647-dA6P in RT buffer supplemented with 

10mM Mg(C2H3O2)2, 5mM DTT, and oxygen scavenger.   
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Data collection and analysis 

Nucleotide binding data were collected for 10 minutes. Data collection and 

analysis were performed using methods described by Eid et al. (101): Data were collected 

using a highly parallel confocal fluorescence detection instrument, using prism-based 

dispersion optics and an electron-multiplying charge coupled device camera to spectrally 

resolve single-molecule emission (107). 

Fluorescence pulse calling was performed by a threshold algorithm on the dye-weighted 

intensities using fluorescence emission calibration spectra for each of the phospholinked 

dNTPs. The spectrum that yields the minimum chi-squared difference when compared to 

the pulse spectrum identifies the pulse as a particular phospholinked dNTP.” 

Pulse width (PW) and interpulse duration (IPD) lifetimes were reported as the 

time-dependent decay of the cumulative sum of all PW’s or IPD’s (1-PW or IPD 

cumulative sum). The data were analyzed globally to a single model where the PW and 

IPD data correspond to nucleotide-bound and nucleotide-free enzyme states, respectively.   

 

Table 9.2. DNA substrates for ensemble and single molecule kinetic assays   

25/45-G: 
     25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 
     45mer: 3’-CGGAGCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5’ 

26ddT/36-G-3’-Biotin: 
     26mer:        5’-GCCTCGCAGCCGTCCAACCAACTCATdd-3’ 
     45mer: 3’-Biotin-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGG-5’ 

26d4T/36-G-3’-Biotin: 
     26mer:        5’-GCCTCGCAGCCGTCCAACCAACTCA4-3’ 
     45mer: 3’-Biotin-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGG-5’ 

26AZT/36-G-3’-Biotin: 
     26mer:        5’-GCCTCGCAGCCGTCCAACCAACTCAZ-3’ 
     45mer: 3’-Biotin-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGG-5’ 
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8.3 RESULTS 

Ensemble Measurement of AF555-dC6P Binding and Incorporation 

The binding and incorporation of the fluorophore phospholinked nucleotide, 

AF555-dC6P, was examined using ensemble quench flow techniques (Figure 9.4).  The 

nucleotide concentration dependence on the rates of binding and incorporation were 

globally fit to a one-step nucleotide binding model to determine an apparent Kd (Kd,app) of 

1.2±0.2μM and a kpol of 2.2±0.5s-1. These values were used to calculate a nucleotide 

specificity (kcat/Km) for AF555-dC6P incorporation of 1.8±0.9μM-1s-1. 

 

 
Figure 9.4. Ensemble Quench Flow AF555-dC6P Incorporation. (A) A pre-incubated 
complex of 200nM HIVRT-MDCC and 300nM 25/45-G was rapidly mixed with 
various concentrations of AF555-dC6P (0.25, 0.5, 1, 2.5, 5, 7.5, 10, 15μM). The 
reaction was quenched at various times by addition of 0.5M EDTA. Products were 
separated by 15% acrylamide denaturing PAGE.  The fitted curves represent a global 
fit to a one-step nucleotide binding model to obtain an apparent Kd (Kd,app) of 
1.2±0.2μM, and a kpol of 2.2±0.5s-1. 
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Ensemble Measurement of dCTP binding to ddT, d4T, or AZT terminated DNA 

Data defining the binding of dCTP to an ED complex terminated with ddT DNA 

(EDddT) could be globally fit to two distinct models that could both account for the data.  

The first model contains two isomerizations following nucleotide binding, the second of 

which is unfavorable (K2=0.4), resulting in an equilibrium that accounts for the different 

endpoints within the family of curves.  The second model that can account for the data is 

a model where the unbound ED complex partitions into two species (ED and XD), of 

which only the ED complex can bind nucleotide.  This model can account for the 

biphasic data because the initial drop in fluorescence would correspond to nucleotide 

binding to the ED complex, and the subsequent decrease in fluorescence would result 

from XD isomerizing to ED, which can then bind nucleotide.  Both if these models are 

valid because the fluorescence signal from stopped flow measurements is a combination 

of all of the enzyme states present, however neither model was well constrained enough 

to be favored over the alternative model. Thus, it is not possible to deduce which of the 

two models describes the physiological process of nucleotide binding.  A similar situation 

is observed for the ED complex terminated with d4T. The stopped flow data again 

appears biphasic, however the amplitude of the overall fluorescence decrease is less than 

the fluorescence change observed by dCTP binding to the ddT terminated complex.  

Binding dCTP to the EDAZT produced no measurable change in fluorescence 

when measured by stopped flow.  This finding may be a result of no conformational 

change occurring when dCTP binds, a weakened affinity for dCTP as a result of AZT 

termination, or untranslocated DNA that results in a blocked N-site, which occludes 

dCTP binding. 
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Figure 9.5. Ensemble Stopped 
Flow Measurements of dCTP 
binding to ddT or d4T terminated 
DNA.  A pre-incubated complex 
of 200nM HIVRT-MDCC and 
300nM 26ddX/36-G-3’-Biotin 
were rapidly mixed with 
increasing concentrations of 
dCTP (5, 10, 20, 40, 60, 80, 100, 
and 150μM). (A) dCTP binding 
to an EDddT complex.  The data 
were globally fit to a model 
described by scheme 9.x. (B) 
dCTP binding to an EDd4T 
complex. 
. 

Single Molecule Measurements of AF555-dC6P binding to ddT, d4T, and AZT 
Terminated DNA 

Single molecule data describing the binding of the fluorophore phospholinked 

nucleotide to individual EDNA complexes terminated by ddT, d4T, or AZT were 

collected for 10 minutes.  Representative movies corresponding to individual ZMW 

containing a polymerase molecule are shown in figure 9.6.  EDNA complexes 

terminated by ddT (EDNAddT) displayed constant nucleotide binding and release during 

the 10 minute observation (9.6A). When terminated by d4T, periods of no nucleotide 
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binding activity were observed (9.6B). These gaps in nucleotide binding increased when 

the ED complexes were terminated with AZT.  

 

 
Figure 9.6. Single Molecule Time course of Nucleotide Binding to Terminated DNA. 
(Left) The structures of ddT, d4T, and AZT. Each of the residues lacks a 3’ hydroxyl 
resulting in chain termination when incorporated by HIV Reverse Transcriptase. 
(Center)  DNA substrates terminated by either ddT, d4T, or AZT.  When bound to 
HIVRT the EDNAddX complexes can bind but not incorporate the next correct base 
(dCTP). (Right)  

Global analysis was performed to simultaneously fit the biphasic pulse width and 

inter-pulse duration distributions to a single model that could account for both nucleotide 

bound and unbound states. Modeling nucleotide binding to a ddT terminated complex 

required two nucleotide bound states and two states that could not bind nucleotide 

(scheme 9.2). The equilibrium constants that result from this model (shown in figure 9.7 

and table 9.3) were used to calculate a 62% occupancy in nucleotide binding states (either 

ED, EDN, or FDN).   
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Scheme 9.2 

 

Global analysis of nucleotide binding to EDd4T also required a model with two 

nucleotide bound states and two non-binding states.  The equilibrium constants governing 

the binding dynamics indicate that nucleotide association occurred with an apparent 

second order rate constant that was 3-fold faster than nucleotide binding to EDNAddT, 

were used to calculate a 40% occupancy in enzyme conformations capable of binding 

nucleotide.   

 
Table 9.3. Rate constants from global analysis governing single molecule nucleotide 
binding dynamics  

 
k1 

(μM-1s-1) 

k-1 
(s-1) 

k2 
(s-1) 

k-2 
(s-1) 

k3 
(s-1) 

k-3 
(s-1) 

k4 
(s-1) 

k-4 
(s-1) 

k5 
(s-1) 

k-5 
(s-1) 

Kd 
(μM) 

%§ 

ddT 1.1 30 16 8 0.6 1.4 0.14 0.3 - - 6.8 62% 

d4T 0.4 20 4 3 0.5 1 0.15 0.1 - - 7.9 40% 

AZT 1.8 13 1 8 1.8 2.7 0.6 0.14 0.25 0.14 6.4 12% 
§Fraction that can bind nucleotide (ED+EDN+FDN) 

Global analysis of nucleotide binding to EDNAAZT required an additional 

isomerization of the unbound nucleotide state to account for the longest inter-pulse 

durations.  The addition of a third unbound state, and the rate constants governing this 
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model reduced the fraction of enzyme capable of binding nucleotide to 12%.  This lower 

fraction of nucleotide-binding molecules at a given time was also reflected in the overall 

number of ZMW’s that showed nucleotide binding activity. 

The second order constants governing initial nucleotide binding to the EDNA 

complexes were 0.4μM-1s-1, 1.1μM-1s-1, and 1.8μM-1s-1 for AF555-dC6P binding to 

EDNAddT, EDNAd4T, and EDNAAZT respectively. Despite these differences in initial 

nucleotide binding, the overall binding constants (Kd,net) for the AF555-dC6P were 

6.8μM, 7.9μM, and 6.4μM for EDNAddT, EDNAd4T, and EDNAAZT respectively. 
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Figure 9.7. Global fitting of Single Molecule AF555-dC6P binding to terminated DNA. 
Global fitting of AF555-dC6P binding to an EDNA complex terminated by ddT (A-
B), d4T (C-D), or AZT (E-F). Panels A, C, and E show global fits of the pulse width 
distributions.  The data were used to constrain rate constants shown in blue. Panels B, 
D, and F show global fits of the inter-pulse duration distributions.  The data were used 
to constrain rate constants shown in red. ddT (A-B), and d4T (C-D) IPD distributions 
could be fit to a model with two unbound nucleotide states, AZT (E-F) required an 
additional unbound nucleotide state to accurately account for the data.  
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8.3 DISCUSSION 

We have used ensemble pre-steady state methods and single molecule methods to 

examine the effects of three different nucleotide terminators on the DNA translocation 

dynamics of HIV Reverse Transcriptase.  Together, the data obtained by these 

independent methods support a model where the nucleotide terminator present at the 3’ 

end of the primer DNA strand influences the translocation equilibrium dynamics of the 

polymerase.   

The ensemble stopped-flow measurements of dCTP binding to ED complexes 

terminated with ddT or d4T showed a biphasic nucleotide concentration dependent 

change in fluorescence (Figure 9.5).  We have previously described two models that 

could account for the data that include a translocation model and a multiple binding 

conformation model.  Additionally, no fluorescence change was observed upon mixing 

dCTP with an AZT terminated ED complex.  This finding supports structural evidence 

that AZT termination results an unfavorable DNA translocation equilibrium that occludes 

next nucleotide binding to the N-site.   

The absence of signal for dCTP binding to EDNAAZT in ensemble measurement 

is likely a result of a large fraction of the enzyme in a state that cannot bind nucleotide.  

Thus, the fluorescent change generated by the small fraction of enzyme that can bind 

dCTP is lost into the unchanged fluorescent signal of EDNAAZT complex that cannot 

bind nucleotide. 

To test this model we have conducted single molecule experiments examining the 

binding of fluorophore phospholinked dCTP (AF555-dC6P) to EDNA complexes 

terminated by ddT, d4T, or AZT.  The ability to examine individual polymerase 

molecules provides a means to study small populations of molecules that possess altered 

kinetics relative to the entire population. Additionally, the used of Zero-Mode 
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Waveguides has allowed our single molecule experiments to be conducted at sufficiently 

high nucleotide concentrations that replicate ensemble experimental conditions.  

Representative movies of AF555-dCTP binding to EDNAddT, EDNAd4T, or 

EDNAAZT are shown in figure 9.6.  In each case, we observed a high degree of cognate 

specificity for the correctly encoded AF555-dC6P compared to the mismatched AF647-

dA6P.  Examination of the PW and IPD data by global analysis were used to determine 

the rate of reaction governing cognate binding and DNA translocation.   EDNA 

complexes terminated by ddT and d4T could be fit to a model with one additional 

isomerization (XD to YD) of the nucleotide unbound species (Scheme 9.2).   AZT 

termination data required an additional isomerization (YD to XD) to account for the 

longest inter-pulse durations that were not present in the ddT or d4T data. Although 

additional ismomerizations to YD and XD are required to fit the data, it is not possible to 

know what enzyme conformations these states represent. 

Chemical quench flow experiments were performed to measure incorporation of 

AF555-dC6P by MDCC-labeled HIVRT in order to quantify differences in nucleotide 

binding that may result from the linker and alexa fluor dye attached to the nucleotide. The 

specificity constant for AF555-dC6P was 5-fold lower than dCTP (1.8μM-1s-1 and 9.7μM-

1s-1 (68), respectively). The difference in specificity constants is due to kpol, which is 

slower than that observed for dCTP. The apparent binding affinities (Kd,app) of the two 

nucleotide agreed within limits of experimental error (dCTP data presented in chapter 2).  

From this analysis we conclude that AF555-dC6P interacts with the polymerase with 

similar kinetics as the native nucleotide, dCTP. 

Calculation of the ED fractions that can bind or are bound to nucleotide (ED, 

EDN, and FDN) has indicated that when the ED complex is terminated by AZT only 12% 

of the molecules are in a state capable of binding nucleotide.  This single molecule 
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observation provides an explanation for the absence of a fluorescence change observed 

by ensemble methods when DNA is AZT terminated.  The observed signal from 

ensemble measurements using MDCC reports a summation of all the fluorescent species 

at a given time. Because only 12% of the molecules in the total population are capable of 

binding nucleotide (resulting in a change in MDCC fluorescence), the signal from this 

small population is lost into the static fluorescence of the remaining 88% of molecules 

that cannot bind nucleotide.  However, when the EDNA complex is ddT or d4T 

terminated, a larger population of molecules (62% and 40% respectively) can bind 

nucleotide and isomerize to produce the observed ensemble signal.  

In conclusion, we have shown that primer termination with AZT alters the DNA 

translocation dynamics of the polymerase. AZT termination caused a shift in the DNA 

translocation equilibrium to favor the 3’AZT occupying the nucleotide binding site (N-

Site).  By occupying the N-site, the primer prevents the next nucleotide from binding, but 

more importantly, it leaves exposed the phosphodiester bond between AZT and the n-1 

nucleotide, which is then vulnerable to ATP or pyrophosphate mediated excision.  

Current theories suggest that the TAMs further shift this translocation equilibrium to 

favor primer occupancy of the N-site, or increasing the affinity for ATP to serve as a 

pyrophosphate donor.  Our finding that the AZT terminated primer occupies the wild-

type polymerase’s N-site 88% of the time suggests that the TAMs model needs 

refinement.  Even if the presence of the TAMs did further shift the translocation 

equilibrium to favor N-site occupancy, it is unlikely that any increase from 88% could 

account for the increased chance of pyrophosphorolysis needed for physiological AZT 

resistance.  In addition to quantifying the effects of the TAMs on the DNA translocation 

equilibrium using methods presented in this chapter, further studies are needed to define 
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the kinetics of AZT excision to determine if the TAMs, may in fact, increase ATP or PPi 

binding so that excision reaction is more likely to occur.   
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 Appendices 

APPENDIX A – P51 AND P66 EXPRESSION VECTORS, NUCLEOTIDE SEQUENCES, AND 
AMINO ACID SEQUENCES 

 

 

Appendix A1. pET21a expression vector of HIVRT p66 
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1    ATGCCCATTA GCCCTATTGA GACTGTACCA GTAAAATTAA AGCCAGGAAT                      
51   GGATGGCCCA AAAGTTAAAC AATGGCCATT GACAGAAGAA AAAATAAAAG 
101  CATTAGTAGA AATTTGTACA GAGATGGAAA AGGAAGGGAA AATTTCAAAA 
151  ATTGGGCCTG AAAATCCATA CAATACTCCA GTATTTGCCA TAAAGAAAAA 
201  AGACAGTACT AAATGGAGAA AATTAGTAGA TTTCAGAGAA CTTAATAAGA 
251  GAACTCAAGA CTTCTGGGAA GTTCAATTAG GAATACCACA TCCCGCAGGG 
301  TTAAAAAAGA AAAAATCAGT AACAGTACTG GATGTGGGTG ATGCATATTT 
351  TTCAGTTCCC TTAGATGAAG ACTTCAGGAA GTATACTGCA TTTACCATAC 
401  CTAGTATAAA CAATGAGACA CCAGGGATTA GATATCAGTA CAATGTGCTT 
451  CCACAGGGAT GGAAAGGATC ACCAGCAATA TTCCAAAGTA GCATGACAAA 
501  AATCTTAGAG CCTTTTAGAA AACAAAATCC AGACATAGTT ATCTATCAAT 
551  ACATGGATGA TTTGTATGTA GGATCTGACT TAGAAATAGG GCAGCATAGA 
601  ACAAAAATAG AGGAGCTGAG ACAACATCTG TTGAGGTGGG GACTTACCAC 
651  ACCAGACAAA AAACATCAGA AAGAACCTCC ATTCCTTTGG ATGGGTTATG 
701  AACTCCATCC TGATAAATGG ACAGTACAGC CTATAGTGCT GCCAGAAAAA 
751  GACAGCTGGA CTGTCAATGA CATACAGAAG TTAGTGGGGA AATTGAATTG 
801  GGCAAGTCAG ATTTACCCAG GGATTAAAGT AAGGCAATTA TGTAAACTCC 
851  TTAGAGGAAC CAAAGCACTA ACAGAAGTAA TACCACTAAC AGAAGAAGCA 
901  GAGCTAGAAC TGGCAGAAAA CAGAGAGATT CTAAAAGAAC CAGTACATGG 
951  AGTGTATTAT GACCCATCAA AAGACTTAAT AGCAGAAATA CAGAAGCAGG 
1001 GGCAAGGCCA ATGGACATAT CAAATTTATC AAGAGCCATT TAAAAATCTG 
1051 AAAACAGGAA AATATGCAAG AATGAGGGGT GCCCACACTA ATGATGTAAA 
1101 ACAATTAACA GAGGCAGTGC AAAAAATAAC CACAGAAAGC ATAGTAATAT 
1151 GGGGAAAGAC TCCTAAATTT AAACTGCCCA TACAAAAGGA AACATGGGAA 
1201 ACATGGTGGA CAGAGTATTG GCAAGCCACC TGGATTCCTG AGTGGGAGTT 
1251 TGTTAATACC CCTCCCTTAG TGAAATTATG GTACCAGTTA GAGAAAGAAC 
1301 CCATAGTAGG AGCAGAAACC TTCTATGTAG ATGGGGCAGC TAACAGGGAG 
1351 ACTAAATTAG GAAAAGCAGG ATATGTTACT AATAGAGGAA GACAAAAAGT 
1401 TGTCACCCTA ACTGACACAA CAAATCAGAA GACTGAGTTA CAAGCAATTT 
1451 ATCTAGCTTT GCAGGATTCG GGATTAGAAG TAAACATAGT AACAGACTCA 
1501 CAATATGCAT TAGGAATCAT TCAAGCACAA CCAGATCAAA GTGAATCAGA 
1551 GTTAGTCAAT CAAATAATAG AGCAGTTAAT AAAAAAGGAA AAGGTCTATC 
1601 TGGCATGGGT ACCAGCACAC AAAGGAATTG GAGGAAATGA ACAAGTAGAT 
1651 AAATTAGTCA GTGCTGGAAT CAGGAAAGTA CTATTT 
 
Appendix A2. Nucleotide sequence of HxB2 p66.   
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1    MPISPIETVP VKLKPGMDGP KVKQWPLTEE KIKALVEICT EMEKEGKISK 
51   IGPENPYNTP VFAIKKKDST KWRKLVDFRE LNKRTQDFWE VQLGIPHPAG 
101  LKKKKSVTVL DVGDAYFSVP LDEDFRKYTA FTIPSINNET PGIRYQYNVL 
151  PQGWKGSPAI FQSSMTKILE PFRKQNPDIV IYQYMDDLYV GSDLEIGQHR 
201  TKIEELRQHL LRWGLTTPDK KHQKEPPFLW MGYELHPDKW TVQPIVLPEK 
251  DSWTVNDIQK LVGKLNWASQ IYPGIKVRQL CKLLRGTKAL TEVIPLTEEA 
301  ELELAENREI LKEPVHGVYY DPSKDLIAEI QKQGQGQWTY QIYQEPFKNL 
351  KTGKYARMRG AHTNDVKQLT EAVQKITTES IVIWGKTPKF KLPIQKETWE 
401  TWWTEYWQAT WIPEWEFVNT PPLVKLWYQL EKEPIVGAET FYVDGAANRE 
451  TKLGKAGYVT NRGRQKVVTL TDTTNQKTEL QAIYLALQDS GLEVNIVTDS 
501  QYALGIIQAQ PDQSESELVN QIIEQLIKKE KVYLAWVPAH KGIGGNEQVD 
551  KLVSAGIRKV LF 
 
Appendix A3. Amino Acid Sequence of HxB2 p66 
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Appendix A4. pET30a expression vector containing HIVRT p51 
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1    ATGCCCATTA GCCCTATTGA GACTGTACCA GTAAAATTAA AGCCAGGAAT 
51   GGATGGCCCA AAAGTTAAAC AATGGCCATT GACAGAAGAA AAAATAAAAG 
101  CATTAGTAGA AATTTGTACA GAGATGGAAA AGGAAGGGAA AATTTCAAAA 
151  ATTGGGCCTG AAAATCCATA CAATACTCCA GTATTTGCCA TAAAGAAAAA 
201  AGACAGTACT AAATGGAGAA AATTAGTAGA TTTCAGAGAA CTTAATAAGA 
251  GAACTCAAGA CTTCTGGGAA GTTCAATTAG GAATACCACA TCCCGCAGGG 
301  TTAAAAAAGA AAAAATCAGT AACAGTACTG GATGTGGGTG ATGCATATTT 
351  TTCAGTTCCC TTAGATGAAG ACTTCAGGAA GTATACTGCA TTTACCATAC 
401  CTAGTATAAA CAATGAGACA CCAGGGATTA GATATCAGTA CAATGTGCTT 
451  CCACAGGGAT GGAAAGGATC ACCAGCAATA TTCCAAAGTA GCATGACAAA 
501  AATCTTAGAG CCTTTTAGAA AACAAAATCC AGACATAGTT ATCTATCAAT 
551  ACATGGATGA TTTGTATGTA GGATCTGACT TAGAAATAGG GCAGCATAGA 
601  ACAAAAATAG AGGAGCTGAG ACAACATCTG TTGAGGTGGG GACTTACCAC 
651  ACCAGACAAA AAACATCAGA AAGAACCTCC ATTCCTTTGG ATGGGTTATG 
701  AACTCCATCC TGATAAATGG ACAGTACAGC CTATAGTGCT GCCAGAAAAA 
751  GACAGCTGGA CTGTCAATGA CATACAGAAG TTAGTGGGGA AATTGAATTG 
801  GGCAAGTCAG ATTTACCCAG GGATTAAAGT AAGGCAATTA TGTAAACTCC 
851  TTAGAGGAAC CAAAGCACTA ACAGAAGTAA TACCACTAAC AGAAGAAGCA 
901  GAGCTAGAAC TGGCAGAAAA CAGAGAGATT CTAAAAGAAC CAGTACATGG 
951  AGTGTATTAT GACCCATCAA AAGACTTAAT AGCAGAAATA CAGAAGCAGG 
1001 GGCAAGGCCA ATGGACATAT CAAATTTATC AAGAGCCATT TAAAAATCTG 
1051 AAAACAGGAA AATATGCAAG AATGAGGGGT GCCCACACTA ATGATGTAAA 
1101 ACAATTAACA GAGGCAGTGC AAAAAATAAC CACAGAAAGC ATAGTAATAT 
1151 GGGGAAAGAC TCCTAAATTT AAACTGCCCA TACAAAAGGA AACATGGGAA 
1201 ACATGGTGGA CAGAGTATTG GCAAGCCACC TGGATTCCTG AGTGGGAGTT 
1251 TGTTAATACC CCTCCCTTAG TGAAATTATG GTATCAGCTG GAAAAAGAAC 
1301 CGATTGTGGG CGCGGAAACC TTT 
 
Appendix A5. Nucleotide Sequence of HxB2 p51. The full length nucleic acid sequence 
of the gene that encodes HxB2.  The final 39 nucleotides from 1285 to 1333 (shown 
underlined) represent the p51 gene cloned into the pET30a vector with the C-terminal 13 
amino acid deletion used for in vitro studies. 
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1    MPISPIETVP VKLKPGMDGP KVKQWPLTEE KIKALVEICT EMEKEGKISK 
51   IGPENPYNTP VFAIKKKDST KWRKLVDFRE LNKRTQDFWE VQLGIPHPAG 
101  LKKKKSVTVL DVGDAYFSVP LDEDFRKYTA FTIPSINNET PGIRYQYNVL 
151  PQGWKGSPAI FQSSMTKILE PFRKQNPDIV IYQYMDDLYV GSDLEIGQHR 
201  TKIEELRQHL LRWGLTTPDK KHQKEPPFLW MGYELHPDKW TVQPIVLPEK 
251  DSWTVNDIQK LVGKLNWASQ IYPGIKVRQL CKLLRGTKAL TEVIPLTEEA 
301  ELELAENREI LKEPVHGVYY DPSKDLIAEI QKQGQGQWTY QIYQEPFKNL 
351  KTGKYARMRG AHTNDVKQLT EAVQKITTES IVIWGKTPKF KLPIQKETWE 
401  TWWTEYWQAT WIPEWEFVNT PPLVKLWYQL EKEPIVGAET F 
 
Appendix A6. Amino Acid Sequence of HxB2 p51.  The full length primary amino acid 
sequence of HxB2 p51.  A C-terminal deletion of 13 amino acids (shown underlines) was 
used in this work. 
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APPENDIX B – CHEMICAL STRUCTURES OF FLUOROPHORES 
 

 

Appendix B1. The chemical structure of MDCC (7-diethylamino-3-((((2-
maleimidyl)ethyl)amino)carbonyl)courmarin). Covalent linkage occurs through the 
formation of a thiol-maleimide bond resulting in a site-specific fluorophore that is 
environmentally sensitive. 
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Appendix B2. Terminal Phosphate Linked Nucleotide Structure. The chemical structure 
of Alexa Fluor® 555 Aminohexyl-O-dC6P 

 

 

 



 186 

 

References 

1. Barre-Sinoussi, F., Chermann, J. C., Rey, F., Nugeyre, M. T., Chamaret, S., 
Gruest, J., Dauguet, C., Axler-Blin, C., Vezinet-Brun, F., Rouzioux, C., 
Rozenbaum, W., and Montagnier, L. (1983) Isolation of a T-lymphotropic 
retrovirus from a patient at risk for acquired immune deficiency syndrome 
(AIDS), Science 220, 868-871. 

2. Gallo, R. C., Sarin, P. S., Gelmann, E. P., Robert-Guroff, M., Richardson, E., 
Kalyanaraman, V. S., Mann, D., Sidhu, G. D., Stahl, R. E., Zolla-Pazner, S., 
Leibowitch, J., and Popovic, M. (1983) Isolation of human T-cell leukemia virus 
in acquired immune deficiency syndrome (AIDS), Science 220, 865-867. 

3. Gallo, R. C. (2002) Historical essay. The early years of HIV/AIDS, Science 298, 
1728-1730. 

4. Montagnier, L. (2002) Historical essay. A history of HIV discovery, Science 298, 
1727-1728. 

5. Temin, H. M., and Mizutani, S. (1970) RNA-dependent DNA polymerase in 
virions of Rous sarcoma virus, Nature 226, 1211-1213. 

6. Baltimore, D. (1970) RNA-dependent DNA polymerase in virions of RNA 
tumour viruses, Nature 226, 1209-1211. 

7. (1981) Pneumocystis pneumonia--Los Angeles, MMWR Morb Mortal Wkly Rep 
30, 250-252. 

8. (1982) Update on Kaposi's sarcoma and opportunistic infections in previously 
healthy persons--United States, MMWR Morb Mortal Wkly Rep 31, 294, 300-291. 

9. (1982) Pneumocystis carinii pneumonia among persons with hemophilia A, 
MMWR Morb Mortal Wkly Rep 31, 365-367. 

10. Popovic, M., Sarngadharan, M. G., Read, E., and Gallo, R. C. (1984) Detection, 
isolation, and continuous production of cytopathic retroviruses (HTLV-III) from 
patients with AIDS and pre-AIDS, Science 224, 497-500. 

11. Marx, J. L. (1982) New disease baffles medical community, Science 217, 618-
621. 

12. Coffin, J., Haase, A., Levy, J. A., Montagnier, L., Oroszlan, S., Teich, N., Temin, 
H., Toyoshima, K., Varmus, H., Vogt, P., and et al. (1986) What to call the AIDS 
virus?, Nature 321, 10. 

13. Katz, R. A., and Skalka, A. M. (1994) The retroviral enzymes, Annu Rev Biochem 
63, 133-173. 

14. Sarafianos, S. G., Marchand, B., Das, K., Himmel, D. M., Parniak, M. A., 
Hughes, S. H., and Arnold, E. (2009) Structure and function of HIV-1 reverse 
transcriptase: molecular mechanisms of polymerization and inhibition, J Mol Biol 
385, 693-713. 

15. Joyce, C. M., and Steitz, T. A. (1994) Function and structure relationships in 
DNA polymerases, Annu Rev Biochem 63, 777-822. 



 187 

16. Bavand, M. R., Wagner, R., and Richmond, T. J. (1993) HIV-1 reverse 
transcriptase: polymerization properties of the p51 homodimer compared to the 
p66/p51 heterodimer, Biochemistry 32, 10543-10552. 

17. Ding, J., Hughes, S. H., and Arnold, E. (1997) Protein-nucleic acid interactions 
and DNA conformation in a complex of human immunodeficiency virus type 1 
reverse transcriptase with a double-stranded DNA template-primer, Biopolymers 
44, 125-138. 

18. Bohlayer, W. P., and DeStefano, J. J. (2006) Tighter binding of HIV reverse 
transcriptase to RNA-DNA versus DNA-DNA results mostly from interactions in 
the polymerase domain and requires just a small stretch of RNA-DNA, 
Biochemistry 45, 7628-7638. 

19. Filee, J., Forterre, P., Sen-Lin, T., and Laurent, J. (2002) Evolution of DNA 
polymerase families: evidences for multiple gene exchange between cellular and 
viral proteins, J Mol Evol 54, 763-773. 

20. Wang, J., Smerdon, S. J., Jager, J., Kohlstaedt, L. A., Rice, P. A., Friedman, J. M., 
and Steitz, T. A. (1994) Structural basis of asymmetry in the human 
immunodeficiency virus type 1 reverse transcriptase heterodimer, Proc Natl Acad 
Sci U S A 91, 7242-7246. 

21. Johnson, M. S., McClure, M. A., Feng, D. F., Gray, J., and Doolittle, R. F. (1986) 
Computer analysis of retroviral pol genes: assignment of enzymatic functions to 
specific sequences and homologies with nonviral enzymes, Proc Natl Acad Sci U 
S A 83, 7648-7652. 

22. Feng, J. Y., and Anderson, K. S. (1999) Mechanistic studies examining the 
efficiency and fidelity of DNA synthesis by the 3TC-resistant mutant (184V) of 
HIV-1 reverse transcriptase, Biochemistry 38, 9440-9448. 

23. Pandey, V. N., Kaushik, N., Rege, N., Sarafianos, S. G., Yadav, P. N., and 
Modak, M. J. (1996) Role of methionine 184 of human immunodeficiency virus 
type-1 reverse transcriptase in the polymerase function and fidelity of DNA 
synthesis, Biochemistry 35, 2168-2179. 

24. Huang, H., Chopra, R., Verdine, G. L., and Harrison, S. C. (1998) Structure of a 
covalently trapped catalytic complex of HIV-1 reverse transcriptase: implications 
for drug resistance, Science 282, 1669-1675. 

25. Johnson, K. A. (1993) Conformational coupling in DNA polymerase fidelity, 
Annu Rev Biochem 62, 685-713. 

26. Rittinger, K., Divita, G., and Goody, R. S. (1995) Human immunodeficiency virus 
reverse transcriptase substrate-induced conformational changes and the 
mechanism of inhibition by nonnucleoside inhibitors, Proc Natl Acad Sci U S A 
92, 8046-8049. 

27. Sarafianos, S. G., Clark, A. D., Jr., Das, K., Tuske, S., Birktoft, J. J., Ilankumaran, 
P., Ramesha, A. R., Sayer, J. M., Jerina, D. M., Boyer, P. L., Hughes, S. H., and 
Arnold, E. (2002) Structures of HIV-1 reverse transcriptase with pre- and post-
translocation AZTMP-terminated DNA, EMBO J 21, 6614-6624. 



 188 

28. Kati, W. M., Johnson, K. A., Jerva, L. F., and Anderson, K. S. (1992) Mechanism 
and fidelity of HIV reverse transcriptase, J Biol Chem 267, 25988-25997. 

29. Kruhoffer, M., Urbanke, C., and Grosse, F. (1993) Two step binding of HIV-1 
reverse transcriptase to nucleic acid substrates, Nucleic Acids Res 21, 3943-3949. 

30. Divita, G., Muller, B., Immendorfer, U., Gautel, M., Rittinger, K., Restle, T., and 
Goody, R. S. (1993) Kinetics of interaction of HIV reverse transcriptase with 
primer/template, Biochemistry 32, 7966-7971. 

31. Deval, J., Courcambeck, J., Selmi, B., Boretto, J., and Canard, B. (2004) 
Structural determinants and molecular mechanisms for the resistance of HIV-1 
RT to nucleoside analogues, Curr Drug Metab 5, 305-316. 

32. Suo, Z., and Johnson, K. A. (1998) Selective inhibition of HIV-1 reverse 
transcriptase by an antiviral inhibitor, (R)-9-(2-
Phosphonylmethoxypropyl)adenine, J Biol Chem 273, 27250-27258. 

33. Kerr, S. G., and Anderson, K. S. (1997) Pre-steady-state kinetic characterization 
of wild type and 3'-azido-3'-deoxythymidine (AZT) resistant human 
immunodeficiency virus type 1 reverse transcriptase: implication of RNA directed 
DNA polymerization in the mechanism of AZT resistance, Biochemistry 36, 
14064-14070. 

34. Feng, J. Y., and Anderson, K. S. (1999) Mechanistic studies comparing the 
incorporation of (+) and (-) isomers of 3TCTP by HIV-1 reverse transcriptase, 
Biochemistry 38, 55-63. 

35. Ray, A. S., Yang, Z., Shi, J., Hobbs, A., Schinazi, R. F., Chu, C. K., and 
Anderson, K. S. (2002) Insights into the molecular mechanism of inhibition and 
drug resistance for HIV-1 RT with carbovir triphosphate, Biochemistry 41, 5150-
5162. 

36. Koshland, D. E. (1958) Application of a Theory of Enzyme Specificity to Protein 
Synthesis, Proc Natl Acad Sci U S A 44, 98-104. 

37. Post, C. B., and Ray, W. J., Jr. (1995) Reexamination of induced fit as a 
determinant of substrate specificity in enzymatic reactions, Biochemistry 34, 
15881-15885. 

38. Herschlag, D. (1988) The role of induced fit and conformational changes of 
enzymes in specificity and catalysis, Bioorganic Chemistry 16, 62-96. 

39. Tsai, Y. C., and Johnson, K. A. (2006) A new paradigm for DNA polymerase 
specificity, Biochemistry 45, 9675-9687. 

40. Brune, M., Hunter, J. L., Corrie, J. E., and Webb, M. R. (1994) Direct, real-time 
measurement of rapid inorganic phosphate release using a novel fluorescent probe 
and its application to actomyosin subfragment 1 ATPase, Biochemistry 33, 8262-
8271. 

41. Johnson, K. A. (2008) Role of induced fit in enzyme specificity: a molecular 
forward/reverse switch, J Biol Chem 283, 26297-26301. 

42. Broder, S. (2010) The development of antiretroviral therapy and its impact on the 
HIV-1/AIDS pandemic, Antiviral Res 85, 1-18. 



 189 

43. Broder, S. (1990) Clinical applications of 3'-azido-2',3'-dideoxythymidine (AZT) 
and related dideoxynucleosides, Med Res Rev 10, 419-439. 

44. Jullien, V., Treluyer, J. M., Rey, E., Jaffray, P., Krivine, A., Moachon, L., Lillo-
Le Louet, A., Lescoat, A., Dupin, N., Salmon, D., Pons, G., and Urien, S. (2005) 
Population pharmacokinetics of tenofovir in human immunodeficiency virus-
infected patients taking highly active antiretroviral therapy, Antimicrob Agents 
Chemother 49, 3361-3366. 

45. Mitsuya, H., Weinhold, K. J., Furman, P. A., St Clair, M. H., Lehrman, S. N., 
Gallo, R. C., Bolognesi, D., Barry, D. W., and Broder, S. (1985) 3'-Azido-3'-
deoxythymidine (BW A509U): an antiviral agent that inhibits the infectivity and 
cytopathic effect of human T-lymphotropic virus type III/lymphadenopathy-
associated virus in vitro, Proc Natl Acad Sci U S A 82, 7096-7100. 

46. Horwitz, J. P., Chua, J., Noel, M., and Darooge, M. A. (1964) Nucleosides. Iv. 1-
(2-Deoxy-Beta-D-Lyxofuranosyl)-5-Iodouracil, J Med Chem 7, 385-386. 

47. Broder, S., and Yarchoan, R. (1990) Dideoxycytidine: current clinical experience 
and future prospects. A summary, Am J Med 88, 31S-33S. 

48. Bissuel, F., Bruneel, F., Habersetzer, F., Chassard, D., Cotte, L., Chevallier, M., 
Bernuau, J., Lucet, J. C., and Trepo, C. (1994) Fulminant hepatitis with severe 
lactate acidosis in HIV-infected patients on didanosine therapy, J Intern Med 235, 
367-371. 

49. Yarchoan, R., Perno, C. F., Thomas, R. V., Klecker, R. W., Allain, J. P., Wills, R. 
J., McAtee, N., Fischl, M. A., Dubinsky, R., McNeely, M. C., and et al. (1988) 
Phase I studies of 2',3'-dideoxycytidine in severe human immunodeficiency virus 
infection as a single agent and alternating with zidovudine (AZT), Lancet 1, 76-
81. 

50. Lee, H., Hanes, J., and Johnson, K. A. (2003) Toxicity of nucleoside analogues 
used to treat AIDS and the selectivity of the mitochondrial DNA polymerase, 
Biochemistry 42, 14711-14719. 

51. Larder, B. A., and Kemp, S. D. (1989) Multiple mutations in HIV-1 reverse 
transcriptase confer high-level resistance to zidovudine (AZT), Science 246, 
1155-1158. 

52. Lacey, S. F., Reardon, J. E., Furfine, E. S., Kunkel, T. A., Bebenek, K., Eckert, K. 
A., Kemp, S. D., and Larder, B. A. (1992) Biochemical studies on the reverse 
transcriptase and RNase H activities from human immunodeficiency virus strains 
resistant to 3'-azido-3'-deoxythymidine, J Biol Chem 267, 15789-15794. 

53. Gonzales, M. J., Wu, T. D., Taylor, J., Belitskaya, I., Kantor, R., Israelski, D., 
Chou, S., Zolopa, A. R., Fessel, W. J., and Shafer, R. W. (2003) Extended 
spectrum of HIV-1 reverse transcriptase mutations in patients receiving multiple 
nucleoside analog inhibitors, AIDS 17, 791-799. 

54. Ren, J., and Stammers, D. K. (2008) Structural basis for drug resistance 
mechanisms for non-nucleoside inhibitors of HIV reverse transcriptase, Virus Res 
134, 157-170. 



 190 

55. Jablonowski, H. (1995) Studies of zidovudine in combination with didanosine and 
zalcitabine, J Acquir Immune Defic Syndr Hum Retrovirol 10 Suppl 1, S52-56. 

56. Larder, B. A., Kemp, S. D., and Harrigan, P. R. (1995) Potential mechanism for 
sustained antiretroviral efficacy of AZT-3TC combination therapy, Science 269, 
696-699. 

57. Girouard, M., Diallo, K., Marchand, B., McCormick, S., and Gotte, M. (2003) 
Mutations E44D and V118I in the reverse transcriptase of HIV-1 play distinct 
mechanistic roles in dual resistance to AZT and 3TC, J Biol Chem 278, 34403-
34410. 

58. Hertogs, K., Bloor, S., De Vroey, V., van Den Eynde, C., Dehertogh, P., van 
Cauwenberge, A., Sturmer, M., Alcorn, T., Wegner, S., van Houtte, M., Miller, 
V., and Larder, B. A. (2000) A novel human immunodeficiency virus type 1 
reverse transcriptase mutational pattern confers phenotypic lamivudine resistance 
in the absence of mutation 184V, Antimicrob Agents Chemother 44, 568-573. 

59. Sarafianos, S. G., Das, K., Clark, A. D., Jr., Ding, J., Boyer, P. L., Hughes, S. H., 
and Arnold, E. (1999) Lamivudine (3TC) resistance in HIV-1 reverse 
transcriptase involves steric hindrance with beta-branched amino acids, Proc Natl 
Acad Sci U S A 96, 10027-10032. 

60. Hou, E. W., Prasad, R., Beard, W. A., and Wilson, S. H. (2004) High-level 
expression and purification of untagged and histidine-tagged HIV-1 reverse 
transcriptase, Protein Expr Purif 34, 75-86. 

61. Hizi, A., McGill, C., and Hughes, S. H. (1988) Expression of soluble, 
enzymatically active, human immunodeficiency virus reverse transcriptase in 
Escherichia coli and analysis of mutants, Proc Natl Acad Sci U S A 85, 1218-
1222. 

62. Spence, R. A., Kati, W. M., Anderson, K. S., and Johnson, K. A. (1995) 
Mechanism of inhibition of HIV-1 reverse transcriptase by nonnucleoside 
inhibitors, Science 267, 988-993. 

63. Suo, Z., and Johnson, K. A. (1997) RNA secondary structure switching during 
DNA synthesis catalyzed by HIV-1 reverse transcriptase, Biochemistry 36, 
14778-14785. 

64. Ellington, A., Pollard, J.D. (1998) Purification of Oligonucleotides Using 
Denaturing Polyacrylamide Gel Electrophoresis, Current Protocols in Molecular 
Biology 42, 2.12.11-12.12.17. 

65. Moore, D., Dowhan, D. (2002) Purification anf Concentration of DNA from 
Aqueous Solutions, Current Protocols in Molecular Biology 59, 2.1.1-2.1.10. 

66. Chlory, J., Pollard, J.D. (1999) Separation of Small DNA Fragments by 
Concentrional Gel Electrophoresis, Current Protocols in Molecular Biology 47, 
2.7.1-2.7.8. 

67. Tsai, Y. C., Jin, Z., and Johnson, K. A. (2009) Site-specific labeling of T7 DNA 
polymerase with a conformationally sensitive fluorophore and its use in detecting 
single-nucleotide polymorphisms, Anal Biochem 384, 136-144. 



 191 

68. Kellinger, M. W., and Johnson, K. A. Nucleotide-dependent conformational 
change governs specificity and analog discrimination by HIV reverse 
transcriptase, Proc Natl Acad Sci U S A 107, 7734-7739. 

69. Kellinger, M., Johnson, KA. (2010) Proc Natl Acad Sci U S A 107. 
70. Hammes-Schiffer, S., and Benkovic, S. J. (2006) Relating protein motion to 

catalysis, Annu Rev Biochem 75, 519-541. 
71. Benkovic, S. J., Hammes, G. G., and Hammes-Schiffer, S. (2008) Free-energy 

landscape of enzyme catalysis, Biochemistry 47, 3317-3321. 
72. Ding, J., Das, K., Hsiou, Y., Sarafianos, S. G., Clark, A. D., Jr., Jacobo-Molina, 

A., Tantillo, C., Hughes, S. H., and Arnold, E. (1998) Structure and functional 
implications of the polymerase active site region in a complex of HIV-1 RT with 
a double-stranded DNA template-primer and an antibody Fab fragment at 2.8 A 
resolution, J Mol Biol 284, 1095-1111. 

73. Goody, R. S., Muller, B., and Restle, T. (1991) Factors contributing to the 
inhibition of HIV reverse transcriptase by chain-terminating nucleotides in vitro 
and in vivo, FEBS Lett 291, 1-5. 

74. Joyce, C. M., and Benkovic, S. J. (2004) DNA polymerase fidelity: kinetics, 
structure, and checkpoints, Biochemistry 43, 14317-14324. 

75. Vaccaro, J. A., Parnell, K. M., Terezakis, S. A., and Anderson, K. S. (2000) 
Mechanism of inhibition of the human immunodeficiency virus type 1 reverse 
transcriptase by d4TTP: an equivalent incorporation efficiency relative to the 
natural substrate dTTP, Antimicrob Agents Chemother 44, 217-221. 

76. Feng, J. Y., Shi, J., Schinazi, R. F., and Anderson, K. S. (1999) Mechanistic 
studies show that (-)-FTC-TP is a better inhibitor of HIV-1 reverse transcriptase 
than 3TC-TP, FASEB J 13, 1511-1517. 

77. Hanes, J. W., and Johnson, K. A. (2007) A novel mechanism of selectivity against 
AZT by the human mitochondrial DNA polymerase, Nucleic Acids Res 35, 6973-
6983. 

78. Hanes, J. W., and Johnson, K. A. (2008) Real-time measurement of 
pyrophosphate release kinetics, Anal Biochem 372, 125-127. 

79. Sarafianos, S. G., Das, K., Ding, J., Boyer, P. L., Hughes, S. H., and Arnold, E. 
(1999) Touching the heart of HIV-1 drug resistance: the fingers close down on the 
dNTP at the polymerase active site, Chem Biol 6, R137-146. 

80. Tsai, Y. C., and Johnson, K. A. (2006) A new paradigm for DNA polymerase 
specificity, Biochemistry. 45, 9675-9687. 

81. Luo, G., Wang, M., Konigsberg, W. H., and Xie, X. S. (2007) Single-molecule 
and ensemble fluorescence assays for a functionally important conformational 
change in T7 DNA polymerase, Proc Natl Acad Sci U S A 104, 12610-12615. 

82. Showalter, A. K., and Tsai, M. D. (2002) A reexamination of the nucleotide 
incorporation fidelity of DNA polymerases, Biochemistry 41, 10571-10576. 

83. Rothwell, P. J., Mitaksov, V., and Waksman, G. (2005) Motions of the fingers 
subdomain of klentaq1 are fast and not rate limiting: implications for the 
molecular basis of fidelity in DNA polymerases, Mol Cell 19, 345-355. 



 192 

84. Johnson, K. A., Simpson, Z. B., and Blom, T. (2009) FitSpace explorer: an 
algorithm to evaluate multidimensional parameter space in fitting kinetic data, 
Anal Biochem 387, 30-41. 

85. Johnson, K. A., Simpson, Z. B., and Blom, T. (2009) Global kinetic explorer: a 
new computer program for dynamic simulation and fitting of kinetic data, Anal 
Biochem 387, 20-29. 

86. Schinazi, R. F., McMillan, A., Cannon, D., Mathis, R., Lloyd, R. M., Peck, A., 
Sommadossi, J. P., St Clair, M., Wilson, J., Furman, P. A., and et al. (1992) 
Selective inhibition of human immunodeficiency viruses by racemates and 
enantiomers of cis-5-fluoro-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-yl]cytosine, 
Antimicrob Agents Chemother 36, 2423-2431. 

87. Schuurman, R., Nijhuis, M., van Leeuwen, R., Schipper, P., de Jong, D., Collis, 
P., Danner, S. A., Mulder, J., Loveday, C., Christopherson, C., and et al. (1995) 
Rapid changes in human immunodeficiency virus type 1 RNA load and 
appearance of drug-resistant virus populations in persons treated with lamivudine 
(3TC), J Infect Dis 171, 1411-1419. 

88. Chang, C. N., Skalski, V., Zhou, J. H., and Cheng, Y. C. (1992) Biochemical 
pharmacology of (+)- and (-)-2',3'-dideoxy-3'-thiacytidine as anti-hepatitis B virus 
agents, J Biol Chem 267, 22414-22420. 

89. Skalski, V., Chang, C. N., Dutschman, G., and Cheng, Y. C. (1993) The 
biochemical basis for the differential anti-human immunodeficiency virus activity 
of two cis enantiomers of 2',3'-dideoxy-3'-thiacytidine, J Biol Chem 268, 23234-
23238. 

90. Gray, N. M., Marr, C. L., Penn, C. R., Cameron, J. M., and Bethell, R. C. (1995) 
The intracellular phosphorylation of (-)-2'-deoxy-3'-thiacytidine (3TC) and the 
incorporation of 3TC 5'-monophosphate into DNA by HIV-1 reverse transcriptase 
and human DNA polymerase gamma, Biochem Pharmacol 50, 1043-1051. 

91. Shewach, D. S., Liotta, D. C., and Schinazi, R. F. (1993) Affinity of the antiviral 
enantiomers of oxathiolane cytosine nucleosides for human 2'-deoxycytidine 
kinase, Biochem Pharmacol 45, 1540-1543. 

92. Boucher, C. A., Cammack, N., Schipper, P., Schuurman, R., Rouse, P., Wainberg, 
M. A., and Cameron, J. M. (1993) High-level resistance to (-) enantiomeric 2'-
deoxy-3'-thiacytidine in vitro is due to one amino acid substitution in the catalytic 
site of human immunodeficiency virus type 1 reverse transcriptase, Antimicrob 
Agents Chemother 37, 2231-2234. 

93. Keulen, W., Back, N. K., van Wijk, A., Boucher, C. A., and Berkhout, B. (1997) 
Initial appearance of the 184Ile variant in lamivudine-treated patients is caused by 
the mutational bias of human immunodeficiency virus type 1 reverse 
transcriptase, J Virol 71, 3346-3350. 

94. Arion, D., Kaushik, N., McCormick, S., Borkow, G., and Parniak, M. A. (1998) 
Phenotypic mechanism of HIV-1 resistance to 3'-azido-3'-deoxythymidine (AZT): 
increased polymerization processivity and enhanced sensitivity to pyrophosphate 
of the mutant viral reverse transcriptase, Biochemistry 37, 15908-15917. 



 193 

95. Meyer, P. R., Matsuura, S. E., Mian, A. M., So, A. G., and Scott, W. A. (1999) A 
mechanism of AZT resistance: an increase in nucleotide-dependent primer 
unblocking by mutant HIV-1 reverse transcriptase, Mol Cell 4, 35-43. 

96. Zinnen, S., Hsieh, J. C., and Modrich, P. (1994) Misincorporation and mispaired 
primer extension by human immunodeficiency virus reverse transcriptase, J Biol 
Chem 269, 24195-24202. 

97. Shiramizu, B., Gartner, S., Cho, M., Liu, Y., Pyron, N., Valcour, V., and 
Shikuma, C. (2004) Assessment of HIV-1 DNA copies per cell by real-time 
polymerase chain reaction, Front Biosci 9, 255-261. 

98. Sarafianos, S. G., Clark, A. D., Jr., Das, K., Tuske, S., Birktoft, J. J., Ilankumaran, 
P., Ramesha, A. R., Sayer, J. M., Jerina, D. M., Boyer, P. L., Hughes, S. H., and 
Arnold, E. (2002) Structures of HIV-1 reverse transcriptase with pre- and post-
translocation AZTMP-terminated DNA, EMBO J. 21, 6614-6624. 

99. Tu, X., Das, K., Han, Q., Bauman, J. D., Clark, A. D., Jr., Hou, X., Frenkel, Y. 
V., Gaffney, B. L., Jones, R. A., Boyer, P. L., Hughes, S. H., Sarafianos, S. G., 
and Arnold, E. (2010) Structural basis of HIV-1 resistance to AZT by excision, 
Nat Struct Mol Biol. 

100. Joo, C., Balci, H., Ishitsuka, Y., Buranachai, C., and Ha, T. (2008) Advances in 
single-molecule fluorescence methods for molecular biology, Annu Rev Biochem 
77, 51-76. 

101. Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., Peluso, P., Rank, D., 
Baybayan, P., Bettman, B., Bibillo, A., Bjornson, K., Chaudhuri, B., Christians, 
F., Cicero, R., Clark, S., Dalal, R., Dewinter, A., Dixon, J., Foquet, M., Gaertner, 
A., Hardenbol, P., Heiner, C., Hester, K., Holden, D., Kearns, G., Kong, X., Kuse, 
R., Lacroix, Y., Lin, S., Lundquist, P., Ma, C., Marks, P., Maxham, M., Murphy, 
D., Park, I., Pham, T., Phillips, M., Roy, J., Sebra, R., Shen, G., Sorenson, J., 
Tomaney, A., Travers, K., Trulson, M., Vieceli, J., Wegener, J., Wu, D., Yang, 
A., Zaccarin, D., Zhao, P., Zhong, F., Korlach, J., and Turner, S. (2009) Real-time 
DNA sequencing from single polymerase molecules, Science 323, 133-138. 

102. Korlach, J., Bibillo, A., Wegener, J., Peluso, P., Pham, T. T., Park, I., Clark, S., 
Otto, G. A., and Turner, S. W. (2008) Long, processive enzymatic DNA synthesis 
using 100% dye-labeled terminal phosphate-linked nucleotides, Nucleosides 
Nucleotides Nucleic Acids 27, 1072-1083. 

103. Levene, M. J., Korlach, J., Turner, S. W., Foquet, M., Craighead, H. G., and 
Webb, W. W. (2003) Zero-mode waveguides for single-molecule analysis at high 
concentrations, Science 299, 682-686. 

104. Korlach, J., Marks, P. J., Cicero, R. L., Gray, J. J., Murphy, D. L., Roitman, D. B., 
Pham, T. T., Otto, G. A., Foquet, M., and Turner, S. W. (2008) Selective 
aluminum passivation for targeted immobilization of single DNA polymerase 
molecules in zero-mode waveguide nanostructures, Proc Natl Acad Sci U S A 
105, 1176-1181. 

105. Korlach, J., Bjornson, K. P., Chaudhuri, B. P., Cicero, R. L., Flusberg, B. A., 
Gray, J. J., Holden, D., Saxena, R., Wegener, J., and Turner, S. W. (2010) Real-



 194 

time DNA sequencing from single polymerase molecules, Methods Enzymol 472, 
431-455. 

106. Aitken, C. E., Marshall, R. A., and Puglisi, J. D. (2008) An oxygen scavenging 
system for improvement of dye stability in single-molecule fluorescence 
experiments, Biophys J 94, 1826-1835. 

107. Lundquist, P. M., Zhong, C. F., Zhao, P., Tomaney, A. B., Peluso, P. S., Dixon, 
J., Bettman, B., Lacroix, Y., Kwo, D. P., McCullough, E., Maxham, M., Hester, 
K., McNitt, P., Grey, D. M., Henriquez, C., Foquet, M., Turner, S. W., and 
Zaccarin, D. (2008) Parallel confocal detection of single molecules in real time, 
Opt Lett 33, 1026-1028. 

 

 

 

 

 



 195 

Vita 

 

Matthew Kellinger was born in Baltimore, Maryland on the 5th of March 1983 to 

his father, Patrick J. Kellinger, and mother, Denise L. Kellinger. He and his younger 

brother, Nicholas, were raise by their parents in Ellicott City, Maryland.  He attended 

Loyola Blakefield Jesuit High School in Towson, Maryland before receiving a Bachelor 

of Science degree in life sciences from the University of Maryland in College Park, 

Maryland.  While at the University of Maryland he focused scholastically on cell biology 

and molecular genetics with a keen interest in virology.  He gained undergraduate 

research experience under the tutelage of Barney Woodard at the University of Maryland 

Bio-Process Scale-Up Facility, where he learned cell culture and fermentation techniques, 

as well as protein purification.  In the fall of 2005, after receiving his degree from the 

University of Maryland, he moved to Austin, Texas to pursue a doctorate in cell and 

molecular biology from the Institute for Cellular and Molecular Biology at the University 

of Texas at Austin.  In the Spring of 2006 he joined Dr. Kenneth Johnson’s laboratory to 

study HIV Reverse Transcriptase polymerase kinetics. On the 17th of October 2010 he 

married his wife, Caroline. The two currently reside in Austin, Texas. 

 

 

 

Permanent address (or email): Kellinger@gmail.com 

This dissertation was typed by the author. 

 


	Front Matter Template 01nov2010
	2010-11-01 Chapter Template

