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Abstract 

 

Conformational Dynamics Plays a Significant Role in HIV Reverse 
Transcriptase Resistance and Substrate Selection 

 

Virginia Myanh Nguyen, MA 

The University of Texas at Austin, 2012 

 

Supervisor:  Kenneth Allen Johnson 

 
Human immunodeficiency virus reverse transcriptase (HIV RT) is a virally 

encoded polymerase responsible for replicating the HIV genome.  Most HIV treatments 

include nucleotide RT inhibitors (NRTIs) which inhibit HIV RT replication by serving as 

a substrate for the polymerase reaction but then blocks subsequent polymerization after 

incorporation. However, resistance to these NRTIs may occur through specific mutations 

in HIV RT that increase the discrimination of HIV RT for natural nucleotides over 

NRTIs. The role of enzyme conformational dynamics in specificity and substrate 

selection was studied using transient kinetic methods on HIV RT enzymes that have been 

site-specifically labeled with a conformationally sensitive fluorophore, to measure the 

rates of binding and catalysis. First, HIV RT with the mutation of lysine to arginine at the 

residue position 65 (K65R) was examined for its resistance against the NRTI tenofovir 

diphosphate (TFV), an acyclic deoxyadenosine triphosphate (dATP) analog. It was found 
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that HIV RT K65R resistance to TFV was achieved through decreased rates of catalysis 

and increased rates of dissociation for TFV over dATP when compared with the kinetics 

of wild-type HIV RT. Moreover, global fitting analysis confirmed a mechanism where a 

large conformational change, after initial ground state binding of the substrate, 

contributed significantly to enzyme specificity. This led to our investigation of the 

molecular basis for enzyme specificity using HIV RT as a model system. Again, transient 

kinetic methods were applied with the addition of molecular dynamics simulations. The 

simulated results were substantiated by the corroborating experimental results. It was 

found that a substrate-induced conformational change in the transition of HIV RT from 

an open nucleotide-bound state to a closed nucleotide-bound state was the major 

determinant in enzyme specificity. The molecular basis for substrate selection resulted 

from the molecular alignments of the substrate in the active-site, which induced the 

conformational change. When the correct nucleotide was bound, optimal molecular 

interactions in the active-site yielded a stably closed complex, which promoted nucleotide 

incorporation. In contrast, when an incorrect nucleotide was bound, the molecular 

interactions at the active-site were not ideal, which yielded an unstable closed complex, 

which promoted substrate dissociation rather than incorporation.  
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CHAPTER 1: THE ROLE OF HIV REVERSE TRANSCRIPTASE K65R ON  

RESISTANCE TO TENOFOVIR	  

1.1 Introduction 

Since the first instance of autoimmune deficiency syndrome (AIDS) and the discovery of 

the causative agent, Human Immunodeficiency Virus (HIV), researchers have been striving to 

develop assays for its detection and treatment. The Center for Disease Control and Prevention 

report an estimate of 1.2 million cases of HIV infections worldwide, with roughly 60,000 cases 

from United States. Currently infected patients are prescribed highly active antiretroviral 

treatment (HAART), which includes a variety of pharmaceutical drugs targeting inhibition of 

various stages of the HIV lifecycle.  Four major steps in the HIV infection cycle are targeted for 

viral inhibition: viral entry, reverse transcription, integration, and viral protease (1). The majority 

of FDA approved drugs for the treatment of HIV target the inhibition of reverse transcription, 

which is carried out by the virally encoded polymerase, HIV reverse transcriptase (RT). HIV RT 

is responsible for the replication of the HIV single-stranded ribonucleic acid (ssRNA) genome 

into a deoxyribonucleic acid (DNA) genome that is to be integrated into the host genome. 

Inhibitors of HIV RT form the cornerstone of current HAART therapies including both non-

nucleo-side/tide and nucleo-side/tide reverse transcriptase inhibitors (NNRTIs and NRTIs, 

respectively). NRTIs are analogs of natural nucleotides that, once incorporated to the growing 

DNA chain, specifically function as chain terminators to block subsequent polymerization. 

Obvious problems arise with the use of NRTIs, because NRTIs can serve as substrates for other 

human polymerases, most notably the human mitochondrial polymerase gamma, leading to 

mitochondrial toxicity (2). Thus, several NRTIs have already been taken off the market due to 

their toxic effects including, Zalcitabine (ddC), didanosine (ddI), and Stavudine (d4T) (3). 

Another major issue is that HIV RT can develop mutations that confer resistance towards NRTIs 
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through various mechanisms (4-6).  Rapid evolution of resistance to NRTIs results from the 

ability of HIV RT to sustain stable mutations to either prevent NRTI incorporation by increasing 

discrimination for natural nucleotides or enhance the rates of removal of the NRTIs that have 

already been incorporated, which known as excision (7). With no proofreading mechanisms, 

HIV RT has a replication error rate of 10-4 - 10-6 per cycle (8). So it is reasonable to understand 

then that the rapid accumulation of mutations eventually will afford the enzyme, through specific 

mutations, the ability to overcome treatments with NRTIs. 

Tenofovir (TFV), a chain terminating NRTI analog of dATP, was approved for HIV 

treatment in 2001, and became commonly used in many HAART treatments because of the 

effectiveness displayed against HIV (9-11). Since 2001, the genotypic frequency of the K65R 

mutation in HIV RT has rapidly increased (12). It has been shown that the K65R mutation is 

mainly selected with extended treatments with TFV and to a lesser extent with ddI, abacavir 

(ABC) and d4T (13). Multiple studies have confirmed that HIV RT K65R displays resistance to 

TFV (14-19). Crystal structures of HIV ternary complexes show that K65R is located within the 

specificity domain (also known as the fingers) of HIV RT and interacts with the γ-phosphate and 

β-γ-linker oxygen of the incoming nucleotide (19). The chemical structure of tenofovir 

substitutes the deoxyribose base component, in dATP, for an acyclic phosponomethoxypropyl 

group (Figure 1). It has been suggested that because of the proximity of the K65 position to a 

highly conserved R72 residue, which is critical for polymerization, that K65R may be involved 

in stacking interactions effecting substrate specificity at a structural level (19).  
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Figure 1. The Chemical Structures of dATP (left) and TFV triphosphate (right).  

Previous kinetic studies indicated that HIV RT K65R reduced the rate of polymerization 

(kcat), yet it did not have a large effect on substrate binding as estimated by Km measurements 

(20). K65R was also found in complexes with other mutations in HIV RT conferring cross 

resistance to other NRTIs (21). In contrast, a complex consisting of K65R and M184V was 

shown to enhance HIV RT susceptibility to TFV (22). Other work showed that K65R in complex 

with thymidine analog mutations (TAMs) was antagonistic to TAMs function in enhanced 

primer excision (23). Sustained evolution of resistance and increasing prevalence of the K65R 

mutation in HIV RT calls for thorough biochemical and physiological investigation. 

Understanding the mechanistic basis to HIV RT NRTI resistance is critical for the future design 

of novel inhibitors, to withstand effectiveness over the rapid mutational evolution of HIV RT.  

 Early kinetic studies on HIV RT by Kati and Johnson detailed a mechanism following the 

pathway shown in Scheme 1, where EDn is the enzyme-DNA complex with the primer, n 

nucleotides in length, N is the incoming nucleotide, and PPi is the pyrophosphate generated after 

nucleotide incorporation (24).  

 
Scheme 1. 

EDn +N
k1
k-1

   EDnN
k2
k−2

   EDn+1PPi
k3
k−3
   EDn+1 + PPi
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In this pathway the enzyme-DNA complex, binds nucleotide in a single step coming to a 

rapid equilibrium (Kd), followed by rate-limiting polymerization (kpol), and a fast release of 

pyrophosphate. With this model polymerase specificity is defined by kcat/Km = kpol/Kd, and was 

adopted in subsequent kinetic studies with other polymerases (24).  

Recent methods in studying polymerases developed by Tsai and Johnson exploited the 

use of conformationally sensitive fluorophore (CSF), specifically 7-diethylamino-3-((((2-

maleimidyl) ethyl)amino)carbonyl)coumarin (MDCC), to define a more detailed pathway for the 

T7 polymerase (25).  The site-specific labeling of the polymerase with MDCC and stopped-flow 

technology allows for the observation of nucleotide induced conformational transitions.  Using 

similar methods, studies on HIV RT by Kellinger and Johnson developed more detailed 

mechanisms of the HIV RT pathway described by Scheme 2 shown below (26). The two-step 

binding model in Scheme 2 shows that there is a second step following nucleotide binding, and 

preceding chemistry, in which a rapid conformational transition leads to a more stably bound 

complex (FDnN) that is committed to polymerization. Accordingly, because k-2 <<< k3, 

polymerase specificity defined as kcat/Km is reduced to K1k2. Alternatively, when k-2 >>> k3, then 

kcat/Km = K1K2k3 (27). This has shifted the former paradigm to include enzyme conformational 

change in determining enzyme specificity, resolving the role of substrate-induced fit in 

specificity (28).  Our present study aims to investigate the biochemical basis for K65R HIV RT 

resistance to TFV using transient kinetic and fluorescence methods.  

 
Scheme 2. 

 The main findings from this study revealed the biochemical basis for K65R resistance to 

TFV. The global analysis of quenched-flow and stopped-flow data showed that K65R exhibits a 

EDn +N
k1
k-1

   EDnN
k2
k−2

   FDnN
k3
k−3

   EDn+1PPi
k4
k−4
   EDn+1 + PPi
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reduced rate of incorporation, which is most dramatic with TFV as the substrate, and reduced 

rates of nucleotide dissociation, which is most pronounced with dATP as the substrate. 

Additionally, measurements of temperature dependent conformational change showed that the 

conformational transition to the FDnN state, (k2), for HIV K65R with TFV was 

thermodynamically the least favorable. In contrast, k2 for HIV RT wild-type (WT) with TFV was 

thermodynamically the most favorable. Our results reported a much higher resistance factor than 

suggested by previous studies. Also we found that a large conformational change step, preceding 

chemistry, contributed significantly to HIV RT K65R discrimination against TFV. Our work 

provides a more accurate and reasonable explanation for the biochemical basis of HIV K65R 

resistance to TFV.  

1.2 Materials and Methods 

Site-Directed Mutagenesis. The K65R mutation was introduced into each of the plasmids 

harboring either p51 or p66 genes for HIV RT with mutations for MDCC labeling (p51 C280S; 

and p66 E36C, C280S). Mutagenesis was completed through QuikChange Site-Directed 

Mutagenesis Kit (Stratagene) using the following mutagenic primers: forward primer: T CCA 

GTA TTT GCC ATA AAA CGT AAA GAC ATG ACT AAA TGG AGA AA; reverse primer: 

TT TCT CCA TTT AGT ACT GTC TTT ACG TTT TAT GGC AAA TAC TGG A. The codons 

were chosen based on E. coli optimal usage (29). The codons above bolded and underlined 

designate sites designed to generate the K65R mutation.  

Purification and MDCC-labeling of HIV RT enzymes. HIV RT enzymes were expressed and 

purified as previously described (26). In summary, both p51 and p66 subunits were expressed 

separately in E. coli cells. The cell pellets were combined, and then lysed by sonication, 

affording purification of the heterodimer. Purification by HPLC was carried out using tandem Q-



 6 
 

sepharose and Bio Rex 70 affinity columns, and eluted from the Bio Rex 70 column. The eluent 

was then further purified using single-stranded DNA affinity column, followed by labeling with 

MDCC (Invitrogen). The MDCC-labeled sample was finally purified by separation from excess 

MDCC by Bio Rex 70 column. The protein was then dialyzed into RT storage buffer (50mM 

Tris, pH 7.5 at 37°C, 50 mM NaCl, 1mM DTT, and 0.1 mM EDTA), concentrated, and aliquot 

for storage at -80°C.     

Rapid Chemical Quench-flow assays. The DNA oligonucleotides listed in Table 1 were used for 

all quench-flow and stopped-flow experiments. The oligonucleotides were annealed by heating at 

95°C for 5 minutes and slow cooling to room temperature. For quench-flow experiments the 3’-

end of the primer oligonucleotide was radiolabeled by incubation with γ-32P-dATP and T4 

polynucleotide kinase (NEB). 

Oligonucleotide Sequence 

Primer: 5'- GCCTCGCAGCCGTCCAACCAACTCA 
Template: 3'- CGGAGCGTCGGCAGGTTGGTTGAGTTGCAGCTAGGTTACGGCAGG 

Table 1. Oligonucleotides For Quench-Flow and Stopped-Flow Experiments. The bold and underlined base is 
the templating base for the incoming nucleotide.  
 
Single turnover experiments were carried out by rapidly mixing equal volumes of 2X solutions 

prepared with either enzyme (WT or K65R) and DNA, or substrate at various concentrations in a 

RT buffer (50 mM Tris, pH 7.5 at 37°C, 100 mM KC2H3O2, 0.1 mM EDTA and 10 mM 

Mg(C2H3O2)2). The enzyme-DNA complex (EDn) was prepared with enzyme in excess of DNA 

reaching final concentrations of 150 nM and 75 nM, respectively. The substrates used in this 

study were dATP (Promega) and TFV triphosphate, a generous gift from Gilead Sciences Inc. 

(Foster city, CA). Reactions were stopped at various times by quenching with 0.5 M EDTA. 

Reaction products were then separated using 15% acrylamide (1:19 bisacrylamide) denaturing 

PAGE. The gel was then dried and exposed on a phosphor screen (Molecular Dynamics), and 
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then the screen was scanned by a phosphorimager (GE). Quantification of product turnover was 

analyzed using ImageQuant 5.0 (GE) and the data were analyzed by non-linear regression using 

GraFit 7, and KinTek Global Explorer data fitting software (KinTek Corporation, Austin, TX, 

USA).  

Fluorescence Stopped-flow assays. EDn was prepared in RT buffer with DNA in excess of 

enzyme reaching final reaction concentrations of 150 nM and 250 nM, respectively. Substrate 

solutions of dATP or TFV were prepared in RT buffer, at various concentrations. Equal volumes 

of EDn and substrate solutions were then rapidly mixed in a stopped-flow cell at 37°C and 

fluorescence was monitored by exciting the reaction sample at 425 nM and monitoring emission 

of the MDCC-labeled enzymes using a 475±25 nM bandpass filter (Semrock).  

Temperature Dependent Stopped-flow assays. Temperature dependent stopped-flow experiments 

were conducted as described above, except the substrate solutions were prepared with a single 

final saturating concentration of 300 µM dATP or TFV. The reactions were monitored at various 

temperatures ranging from 4°C to 25°C, and the data were analyzed using GraFit 7. 

1.3 Results 

Single nucleotide incorporation measurements by quench-flow experiments 

To determine pre-steady state kinetic parameters for nucleotide incorporation and 

binding, single turnover experiments, in which the concentration of enzyme was in excess of 

DNA were conducted using quench-flow methods. Experiments were carried out by rapidly 

mixing nucleotide (dATP or TFV) with the pre-formed enzyme-DNA complex (EDn) at varying 

concentrations of nucleotide using a KinTek RQF-3 rapid chemical quench-flow instrument. We 

initially fit the nucleotide concentration dependence of the reaction by non-linear regression 

using standard equations. That is, at various concentrations of each nucleotide, progress curves 
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were fit to a single exponential (y = ae-bt + c) to estimate rates of polymerization for dATP and 

TFV. The nucleotide concentration dependence was analyzed according to the simple one-step 

binding model (Scheme 1) to derive the specificity constant.  Upon plotting the rate against 

concentration, a hyperbolic function, rate = (kcat[N])/(Km+[N]), was used to estimate the 

maximum rate of polymerization, kcat, and the overall  nucleotide dissociation constant, Km, for 

incorporation of dATP and TFV for both the WT and K65R enzymes.  

For WT HIV RT the maximum rates of polymerization of dATP and TFV were 12.6 s-1 

and 1.2 s-1, respectively (Table 2). For K65R HIV RT the maximum rate of polymerization of 

dATP and TFV were reduced to 1.5 s-1 and 0.1 s-1, respectively (Table 2). The nucleotide 

dissociation constant, Km, between dATP and TFV for the wild-type enzyme were not greatly 

affected, with values of 1.45 µM and 0.88 µM, respectively. In contrast, the K65R mutant 

enzyme displayed an apparent tighter binding for dATP than TFV, with Km values of 0.3 µM and 

1.2 µM, respectively. This is a 5-fold lower Km of dATP for K65R compared to WT.  In addition, 

the overall rate of polymerization was decreased significantly with the K65R mutation, with a 8-

fold and 12-fold decrease in kcat for dATP and TFV, respectively. These data quantified the 

specificities, but did not reveal the underlying mechanistic basis. 

Notably specificity for TFV was significantly affected in comparison of WT and K65R 

HIV RT enzymes, with a decrease in specificity from 1.4 µM-1s-1 to 0.1 µM-1s-1, respectively.  

Discrimination between dATP and its analog, TFV, is defined by the specificity constant 

(kcat/Km) for dATP divided by the specificity constant for the analog for each enzyme. This 

analysis yielded discrimination factors of 6 for the WT enzyme, and 50 for the K65R enzyme, 

resulting in a net resistance factor of 8 as summarized in Table 2. 
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Table 2. Kinetic Parameters of Nucleotide Binding and Incorporation 
Derived from fitting by non-linear regression to scheme 1 

 

	   	  
Km(app)  Kcat Kcat/Km *Discrimination **Resistance 

Enzyme dNTP (µM) (s-1) (µM-1s-1) Factor Factor 
WT dATP 1.45 ± 0.5 12.6 ± 0.8 8.7 ± 1.6 6 

 
 

TFV 0.88 ± 0.2 1.2 ± 0.1 1.4 ± 0.5 
  K65R dATP 0.30 ± 0.1 1.5 ± 0.1 5.0 ± 1.0 50 8 

 
TFV 1.16 ± 0.3 0.1 ± 0.004 0.1 ± 0.01 

   
*  (kcat/Km)dNTP/ (kcat/Km)analog 

	   	   	   	  ** (Discrimination)mut/ (Discrimination)wt 
	   	   	   	   

Conformational dynamics of nucleotide binding and incorporation measured by stopped-flow 

experiments   

 Fluorescence stopped-flow experiments were conducted to fully characterize the reaction 

pathway, and to define the mechanistic basis of TFV resistance for the K65R mutation, in the 

context of conformational dynamics. This system allowed for the detection of distinct 

conformational transition states of the enzyme in solution by monitoring changes in 

fluorescence. Using this method dATP or TFV at various concentrations was rapidly mixed with 

preformed enzyme-DNA complex and fluorescence was monitored over the course of a single 

nucleotide incorporation. The nucleotide concentration dependence of the change in fluorescence 

was analyzed and fit globally, using KinTek Global Kinetic Explorer as shown in Figures 2 and 

3. Initial attempts in fitting the data using the pre-established model shown in Scheme 2 was 

unsuccessful. A better fit was achieved (Figures 2 and 3) with a model requiring the addition of 

another conformational state preceding substrate binding shown in Scheme 3.  

 
Scheme 3.  

 

XDn

kx
k- x
   EDn +N

k1
k-1

   EDnN
k2
k−2
   FDnN

k3
k−3
   EDn+1PPi

k4
k−4
   EDn+1 + PPi
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In Scheme 3 there is more than one state of enzyme bound DNA. One population EDn 

can bind substrate rapidly and productively, while there is another population XDn that cannot 

bind substrate productively. This agrees with previously published studies revealing 

translocation of HIV RT on DNA necessary to provide a nucleotide binding site (30). Data fitting 

revealed that for each data set there was a consistent majority of roughly > 60 % of the enzyme-

DNA complex existing in the EDn state. The fraction of enzyme existing in the state that was 

able to bind nucleotide, defined by EDn / (EDn + XDn), for WT with dATP or TFV were 0.68 and 

0.60, respectively. For K65R with dATP or TFV the fractions were 0.80 and 0.94, respectively. 

The remaining < 30 % existing in the XDn state accounts for the initial slow phase in the rapid 

quench flow data, as demonstrated in Figures 2 and 3. 
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Figure 2. Global fit for the binding and incorporation of dATP. A. Quenched-flow dATP concentration 
dependence of WT enzyme. Final reaction concentrations of dATP were 0.2, 0.5, 2, 5, and 20 µM and mixed with a 
pre-incubated enzyme and radiolabeled DNA solution at final concentrations of 150 nM and 75 nM, respectively. B. 
Stopped-flow dATP concentration dependence of WT enzyme. Final reaction concentrations of dATP were 1, 5, 10, 
25, and 50 µM and mixed with a pre-incubated enzyme and DNA solution at final concentrations of 150 nM and 300 
nM, respectively. C. Quenched-flow dATP concentration dependence of K65R enzyme. Final reaction 
concentrations of dATP were 0.25, 0.5, 2.5, 5, and 25 µM and mixed with a pre-incubated enzyme and radiolabeled 
DNA solution at final concentrations of 150 nM and 75 nM, respectively. D. Stopped-flow dATP concentration 
dependence of K65R enzyme. Final reaction concentrations of dATP were 0.2, 0.5, 1, 2.5, 5, 10 and 50 µM and 
mixed with a pre-incubated enzyme and DNA solution at final concentrations of 150 nM and 300 nM, respectively. 
The smooth lines represent the global fit to each data set (WT or K65R) with the kinetic parameters summarized in 
Table 3.  
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Figure 3. Global fit for the binding and incorporation of TFV. A. Quenched-flow TFV concentration 
dependence of WT enzyme. Final reaction concentrations of TFV were 0.25, 0.5, 2.5, 5 and 20 µM and mixed with a 
pre-incubated enzyme and radiolabeled DNA solution at final concentrations of 150 nM and 75 nM, respectively. B. 
Stopped-flow TFV concentration dependence of WT enzyme. Final reaction concentrations of TFV were 2.5, 5, 10, 
25, 50 and 100 µM and mixed with a pre-incubated enzyme and DNA solution at final concentrations of 150 nM and 
200 nM, respectively. C. Quenched-flow TFV concentration dependence of K65R enzyme. Final reaction 
concentrations of TFV were 0.075, 0.3, 0.5, 1, 2.5, 5, 15 and 50 µM and mixed with a pre-incubated enzyme and 
radiolabeled DNA solution at final concentrations of 150 nM and 75 nM, respectively. D. Stopped-flow TFV 
concentration dependence of K65R enzyme. Final reaction concentrations of TFV were 0.5, 1, 2.5, 5, 10, 15 and 25 
µM and mixed with a pre-incubated enzyme and DNA solution at final concentrations of 150 nM and 300 nM, 
respectively. The smooth lines represent the global fit to each data set (WT or K65R) with the kinetic parameters 
summarized in Table 3. 

The kinetic parameters resulting from globally fitting the kinetic data in Figures 2 and 3 

are summarized in Table 3. Note that the maximum rate of the conformational change (k2) was 

constrained by analysis of the temperature dependence data described subsequently (Figure 4). 

The results showed that the K65R mutation affects both substrate binding and rates of nucleotide 
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incorporation, while the ground state binding (1/K1) was largely unaffected.  This is perhaps not 

surprising since the ground state binding occurs to the open EDn complex in which the amino 

terminus is 10 Å away from the γ-phosphate of the nucleotide (31). With respect to substrate 

binding, the overall Kd (Kd,net) fit with the two-step binding model is defined by Kd,net = 

(1/K1)/(1+K2). There was a 3-fold decrease in the Kd,net for dATP comparing WT with the K65R 

enzyme, with values of 0.3 µM and 1 µM, respectively. There was a 2-fold decrease in the Kd,net 

for TFV comparing WT with the K65R enzyme, with values of 1.3 µM and 2.9 µM, respectively. 

There were no significant effects on the ground state binding, 1/K1, for the K65R. The calculated 

K2 values indicated a more favorable forward rate of conformational transition to the productive 

nucleotide bound state (FDnN) with the K65R mutation compared to WT for both dATP (K2 = 

200 and 65, respectively) and TFV (K2 = 40 and 20, respectively). In the closed state, the amino 

group of K65 is 3.6 Å away from the γ-phosphate of the nucleotide, thus making a significant 

contribution to the net binding affinity (31).  

Rates of polymerization were reduced with the K65R mutation. There was a 5-fold 

decrease in the rate of incorporation of dATP comparing WT to K65R enzymes, with rates of 41 

s-1 and 5 s-1, respectively (Table 3).  With TFV as the substrate the effect of the mutation was 

even more severe, with a 90-fold decrease comparing WT to K65R enzymes, with rates of 9 s-1 

and 0.1 s-1, respectively. Enzyme specificity defined under the two-step binding model described 

earlier as, when k-2 <<< k3, then kcat/Km = K1k2, and when k-2 >>> k3, then kcat/Km = K1K2k3. This 

describes the efficiency of productive substrate binding and incorporation. Here we observed a 

2-fold decrease in specificity comparing WT to K65R enzymes with dATP as the substrate, with 

kcat/Km values of 40 µM
-1

s
-1

 and 17 µM
-1

s
-1

, respectively. Whereas with TFV as the substrate we 

observe a 30-fold decrease, with kcat/Km values of 3 µM
-1

s
-1

 and 0.1 µM
-1

s
-1

, respectively.  
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Specificity constants were used to derive discrimination factors in order to measure how 

well the enzyme can discriminate biochemically between natural nucleotides and nucleo-

tide(side) analogs. Discrimination is defined by the specificity constant for the natural nucleotide 

divided by the specificity constant for the nucleotide analog. The WT enzyme had a relatively 

weak discrimination factor of 11. The K65R mutation markedly enhances the discrimination for 

dATP from TFV, with a discrimination factor of 170. Resistance is defined by the discrimination 

factor for the mutant enzyme divided by the discrimination factor for the WT enzyme. 

Ultimately resulting in a resistance factor of 15 for the K65R mutation towards TFV.  

Table 3. Kinetic Parameters of Nucleotide Binding and Incorporation 
Derived from fitting by global simulation to scheme 3 

  
K

d,net
  1/K

1
 †

k
2
 k

-2
 k

3
 k

cat
/K

m
 *D **R 

Enzyme dNTP (µM) (µM) (s-1) (s-1) (s
-1

) (µM
-1

s
-1

) Factor Factor 

WT dATP 1 62.5 ± 0.7 2100 ± 100 30.9 ± 0.8 41 32 11 
 

 
TFV 2.9 59.6 ± 0.7 1300 ± 120 67 ± 0.6 8.6 3 

  K65R dATP 0.3 53.6 ± 0.4 900 ± 100 4.4 ± 0.1  5.3 17 170 15 

 
TFV 1.3 53.7 ± 0.7 1100 ± 80 27 ± 0.4 0.1 0.1 

  *  Discrimination (D) = (k
pol

/K
d,net

)
dNTP

 /(k
pol

/K
d,net

)
analog

 
** Resistance (R) = (Discrimination)

mut
/(Discrimination)

wt
 

†
Derived from stopped-flow temperature dependence experiments described below 

Note standard error for all measurements of k3 were ± ≤ 2% 
 
Stopped-flow temperature dependence experiments for determination of k2 

Stopped-flow temperature dependence experiments were required to resolve the reaction 

rates that were too fast to measure at physiologically relevant temperatures. At 37°C the 

amplitude of the fast phase was lost in the dead time of the instrument. By conducting 

experiments at lower temperatures the reactions were slow enough to observe a measurable 

signal. Repeating our measurements at various lower temperatures allowed extrapolation of our 

measured rates to estimate k2 at 37 °C by analysis using the Arrhenius equation. Also from 
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analysis of temperature dependence data the activation energy (Ea) for each data set were 

calculated. 

Under single turnover conditions, pre-incubated enzyme-DNA complex was rapidly 

mixed with a solution of saturating substrate concentrations at various temperatures. The 

observed rates (k2) were then analyzed by fitting an Arrhenius plot to a linear equation (Figure 

4). Using a modified Arrhenius equation, ln(k1/T) = -Ea/R (1/T – 1/T37 °C ) + ln(k37 °C), derived to 

estimate the rate at 37°C, which was included in Table 3. In our model, k2 describes the forward 

rate of the conformational transition from ground state binding (EDnN) to the productive closed 

nucleotide bound state (FDnN). With dATP as the substrate, K65R yields a 2-fold lower k2 

compared to WT, at rates of 900 s-1 and 2100 s-1, respectively (Table 3). With TFV as the 

substrate, K65R and WT showed no significant difference, at rates of 1,100 s-1 and 1,300 s-1, 

respectively (Table 3). These rates were used to constrain the global fitting of both sets of 

quench-flow and stopped-flow data. 

 
Figure 4. Arrhenius plot of stopped-flow temperature 

dependent nucleotide incorporation. Open circles and 

squares represent data from WT RT with dATP and TFV, 

respectively. Closed circles and squares represent data for 

K65R RT with dATP and TFV, respectively.  

  
Table 4. Activation Energy Values 
 
Enzyme dNTP Ea (J/mol·K) 

WT dATP 47.7 ± 1.5 

 

TFV 26.7 ± 2.8 

K65R dATP 34.7 ± 3.4 

 

TFV 88.6 ± 2.3 
 

 

 

 

 

 



 16 

Activation energy was calculated from the resulting k2 measurements using the following 

equation, δ(ln(k))/δ(1/T) = - Ea /R. Results revealed a 2-fold higher activation energy threshold 

for K65R transitioning to the closed binding state, FDN, with TFV (88.6 J/mol·K) compared to 

dATP (34.7 J/mol·K) (Table 4). This indicated a less favorable forward conformational 

transitioning to the FDN state for K65R with TFV than dATP. Interestingly the WT enzyme had 

a 2-fold lower Ea transitioning to the FDN state with TFV (26.7 J/mol·K) compared to dATP 

(46.7 J/mol·K). This indicated a more favorable forward conformational transitioning to the FDN 

state for WT with TFV than dATP. Results from these experiments highlighted the 

thermodynamics governing substrate selection for HIV RT.  Most notably K65R had the highest 

Ea with TFV as the substrate, whereas WT had the lowest Ea with TFV as the substrate. These 

results help to explain the clinical effectiveness of TFV with treatment naive patients and the 

manifestation of resistance to TFV with the emergence of the K65R mutation.  

1.4 Discussion 

Rapid evolution of resistance to current HIV treatments is of growing concern. 

Developing new treatments towards HIV RT to combat evolution of resistance is critical. 

Understanding the biochemical basis for drug resistance is necessary for the rational design of 

new HIV RT inhibitors. Transient kinetic methods were used to measure rates of binding and 

catalysis to understand the biochemical mechanisms for resistance.  The recent development of 

using a CSF fluorescent label to probe the dynamics of enzyme conformational transitions 

allowed for more complete analysis of factors contributing to enzyme specificity. Information 

provided by the use of CSF approaches has shown that enzyme conformational change 

contributes significantly to specificity (26), so it is important to reevaluate previous studies using 

new innovative methods when possible. Without the integration of CSF methods and rigorous 
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global analysis accomplished in this current study, major factors governing specificity, 

discrimination and resistance would be overlooked. 

In this study the biochemical basis for resistance to TFV by the K65R HIV RT was 

investigated using transient kinetics with the incorporation of CSF methods. Previous data 

reported that K65R lowers polymerization rates and minimally affects binding, which yielded a 

relatively low resistance factor of 4.4 (22). Our studies showed rates of polymerization are 

reduced with the K65R mutation, but contrary to reports in previous studies, we found that 

apparent substrate binding was affected to a significant extent, and that HIV RT K65R had 

significantly decreased rates of nucleotide incorporation, which was more severe with TFV than 

dATP. Also K65R displayed decreased rates of dissociation for substrates, which was more 

pronounced with dATP than TFV. Global analysis to the model in Scheme 3 yielded more 

complete details of the steps contributing to substrate specificity. This in turn allowed more 

precise evaluation of the factors influencing discrimination and resistance, yielding a resistance 

3-fold higher than the previously reported value of 4.4 (22).  

The ability of an enzyme to discriminate between correct and incorrect substrates is an 

innate property of the enzyme’s specificity, which is governed by rates of binding and catalysis. 

As described earlier, specificity is defined by kcat/Km, derived using different rate constants that 

depends on the relative magnitude of the forward and reverse rates of each step in the reaction 

pathway, which in turn affect discrimination and resistance factors. This is especially inherent 

with mutant enzymes, which have much slower rates of chemistry relative to substrate 

dissociation rates. A one-step binding model would not account for the data observed here. Our 

studies using the CSF system revealed that HIV RT elicits specificity through a two-step binding 

model. Assigning our data to the two-step binding model we showed that a conformational 
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change, occurring after ground state binding, contributes largely to enzyme specificity. Results 

here support the notion that structural dynamics plays a significant role in the discrimination of 

substrates (31). In this case the K65R mutation changed the structural dynamics of HIV RT 

increasing discrimination against TFV, ultimately contributing to TFV resistance.  

HIV RT K65R has been studied for both clinical and biochemical manifestations. 

Clinically, K65R is selected for following treatments with many current NRTI (ddI, ABC, d4T, 

and TFV) treatments (32-35). Biochemical studies with HIV RT K65R yielded results of reduced 

rates of polymerization, suppression of enhanced primer excision, increased fidelity and 

structural selectivity (22, 36-39). These findings highlight some of the mechanisms by which 

HIV RT evolves resistance for NRTIs. The emergence and growing prevalence of the K65R and 

other well-known resistance mutations, such as TAMs, in HIV RT is evident. Mounting 

resistance to current NRTIs is a major concern, especially with TFV because it is currently one 

of the most effective and widely used treatments against HIV (40). In order to design effective 

treatments towards HIV RT and constrain the evolution of resistance, it is necessary to conduct 

more detailed clinical and biochemical studies. Full understanding of the biochemical 

mechanisms through analysis of crystal structures and kinetics can help provide information to 

guide in the rational design of new therapeutics for HIV. Development and application of new 

techniques, such as the CSF system used in this study, are invaluable tools that will aid in the 

advancement of the field of kinetics. Ultimately, this would result in the advancement of the 

industries striving to develop new therapeutics targeting various physiological macromolecules.   
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CHAPTER 2: THE ROLE OF CONFORMATIONAL DYNAMICS ON SUBSTRATE SELECTION 

SUMMARY OF PUBLISHED WORK 

 
Almost all physiological processes are driven by the binding of a substrate or effector 

molecule to a target macromolecule that results in structural changes required for catalysis or 

signaling. It is a fascinating phenomenon that enzymes can distinguish between correct and 

incorrect substrates that are similar in structure.  However, not much is known about how the 

structural changes occurring before binding contribute to specificity. A much debated topic in 

enzymology is the way in which an enzyme binds substrate. Structural studies provide 

information about molecular interactions for substrate bound and un-bound end-points of static 

structures. Kinetic studies provide information on the rates of steps in the reaction pathway. 

However, structural and kinetic studies do not yield the information necessary to evaluate the 

molecular details facilitating substrate-induced selection. Therefore, we joined together in a 

collaborative effort using methods in molecular dynamics (MD) simulations combined with 

experimental methods in transient kinetics to explore the molecular basis of substrate selection, 

with the DNA polymerase, Human Immunodeficiency Virus reverse transcriptase (HIV RT), as a 

model system.  

This study was completed in collaboration with Serdal Kirmizialtin and Ron Elber 

(Department of Chemistry and Biochemistry and Institute for Computational Engineering and 

Sciences (ICES)). Dr. Kirmizialtin conducted the MD simulations, while I performed the 

corresponding transient kinetic measurements. Together, the results obtained using these 

methods contributed to a deeper understanding of the factors governing enzyme selectivity on a 

molecular basis, as summarized in the manuscript attached as an appendix (31). With the 

complement of both methods we were able to detail the transient molecular processes of 
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nucleotide-induced structural changes for HIV RT with both correct and incorrect nucleotides. 

The collective results showed that a large nucleotide induced conformational change step, not 

catalysis, determined the fate of the nucleotide’s incorporation or release, which is based on the 

progression towards a thermodynamically favorable versus unfavorable ternary complex 

formation, respectively.  

 
 



 21 

APPENDIX: PUBLICATION OF SUMMARIZED WORK FROM CHAPTER 2
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