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ABSTRACT 

 MDCC fluorophore labelling of HIV-1 RT has been used to monitor catalytic activity in 

the active site of the enzyme.  Two fluorescence signals are generated in such experiments; one 

that results from the DNA template binding to the enzyme, and one that occurs when the next 

correct nucleotide binds to the enzyme-DNA complex and anneals to the nascent DNA strand.  

The intensity of the fluorescence signal resulting from the binding of the DNA template usually 

washes out the signal accompanying nucleotide binding.  We hypothesized that by attaching 

MDCC to a residue on the surface of HIV-1 RT farther from the active site that underwent a 

drastic conformational change during catalysis, we would be able to generate a signal for 

nucleotide binding that was comparable in fluorescent intensity to the signal associated with 

DNA template strand binding.  Our results for one labelling position were consistent with this 

hypothesis.   

 Furthermore, our data confirms work conducted in past studies that showed how 

conformational changes in HIV-1 RT were related to catalytic activity at the active site.  A brief 

literature review discussing past research describing this relationship, along with its implications, 

is included. 
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INTRODUCTION 

HIV-1 Reverse Transcriptase:  Target for Research  

 HIV is a retrovirus and a member of the Lentivirus genus.  It is a positive sense single-

stranded, enveloped RNA virus, and is not immediately capable of being inserted into the host 

cell genome to establish an infection.  The viral genome must first be converted into double 

stranded DNA by a process known as reverse transcription before integrating into the host 

genome.  This task is accomplished by the aptly named enzyme reverse transcriptase, composed 

of two subunits; the larger p66 subunit and the smaller p51 subunit (named for their molecular 

weights in kilo-Daltons).  Reverse transcriptase is of scientific interest for many reasons, 

especially since it is a target for drug therapies. 

Understanding the kinetics underlying the function of HIV-1 RT is essential to creating 

drugs capable of stopping viral replication.  For normal nucleotides, RT will bind the nucleotide 

and rapidly isomerize from an “open” state that is capable of accepting nucleotides for binding to 

the template RNA to a “closed” state that seals the active site and catalyzes reverse transcription.  

This process is rapid and, once completed, allows RT to return to an “open” configuration and 

accept another nucleotide into its active site for a subsequent reaction.  For inhibitory nucleoside 

analogs the process is similar, including a conformational change in the enzyme that facilitates 

the reaction of the nucleoside analog to the template RNA.  However, there is one crucial 

difference:  the reaction with a nucleoside analog occurs at a much slower rate, and then blocks 

subsequent polymerization.  This prevents wild-type RT from performing any subsequent 

reactions with normal nucleotides, in effect terminating reverse transcription of the template 

strand (8).  Unfortunately, RT can discriminate against the chain terminating substrate in favor of 

the normally rapidly incorporated nucleotide.  Excision of the nucleoside analog is commonly 
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observed in strains of HIV-1 resistant to that category of drugs, and without an understanding of 

the kinetic rate constants and the conformational changes of HIV-1 RT, developing drugs 

capable of countering resistance would be much more difficult. 

 

Human Immunodeficiency Virus:  History of the Pandemic  

 The exact origin of the HIV/AIDS pandemic remains a source of intense interest and 

speculation.  While the oldest known human infection can be documented from a viral sequence 

obtained in 1959, statistical modeling of genetic relatedness between this and other sequences 

from that time period suggest the most recent common ancestor of HIV-1 infected humans no 

later than 1930, and potentially as early as the late 19
th

 century (17).  HIV-1 was likely 

introduced into the human population by chimpanzees, which are reservoirs for related simian 

immunodeficiency viruses (SIV).  Initial exposure to SIV in humans likely occurred as a result of 

human-against-chimpanzee predation in sub-Saharan Africa, where populations of chimpanzees 

and humans occupy the same ecosystem (14).  One human exposed to an SIV strain virulent 

enough to establish an infection would have been sufficient to allow that strain to accrue 

mutations and become HIV-1 group M, the most common form of HIV-1 (14).  Subsequent 

spread to populated areas via human-to-human sexual transmission would have sown the seeds 

of the pandemic.   

 At first, the HIV pandemic went unnoticed and spread across the world quietly, likely due 

to the extensive lag time between most patients becoming infected and showing any symptoms 

of AIDS.  In 1981, the CDC received reports that seemingly healthy homosexual males in Los 

Angeles were treated for Pneumocytosis-caused pneumonia, a disease normally found in 

immunocompromised individuals (3).  Just months later, the New York Times published an 
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article announcing that Kaposi’s sarcoma, a rare cancer found in immunocompromised 

individuals, had been diagnosed in forty-one homosexual men from both New York City and the 

San Francisco Bay area (1).  At the time the article had been written, the CDC estimated that 

Kaposi’s sarcoma affected approximately two in three million Americans.  These new cases in 

New York and San Francisco constituted an epidemic that could not be explained; ironically, the 

New York Times reported that contagion as the cause was unlikely, simply due to the fact that no 

cases of Kaposi’s sarcoma had been reported outside the homosexual community (1).   

 The outbreak of Kaposi’s and other highly unusual diseases prompted the CDC to form 

the Task Force on Kaposi’s sarcoma and Opportunistic Infections (KSOI) on June 8
th

, 1981 (16).  

National surveillance for these diseases began and, by the end of 1981, a total of 270 cases of 

“severe immune deficiency” in gay men were reported (16).  The name “acquired immune 

deficiency syndrome” was first used by the CDC in September, 1982.  By that point, however, 

the cause of AIDS remained unclear. 

 It wasn’t until May of 1983 that the investigation into the causative agent of AIDS bore 

fruit.  One study isolated a human T-cell leukemia virus (HTLV) from a Caucasian male patient 

with signs and symptoms common to patients at risk for developing AIDS that was distinct from 

all other previously isolated forms of HTLV (2).  Nearly a year later, in May of 1984, another 

study found that cells infected with HTLV-III (the same virus from the 1983 study) would 

continuously produce HTLV-III following exposure (11).  Since this virus was found primarily 

in immunocompromised individuals at risk for developing AIDS, this study provided hard 

evidence that exposing healthy t-lymphocytes to these viruses would result in the continual 

production of viruses found in patients at risk for, or living with, AIDS.  The retrovirus causing 

AIDS was finally given its official name by the International Committee on the Taxonomy of 
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Viruses as the human immunodeficiency virus, HIV, in 1986.  With a clear cause of AIDS 

discovered, researchers now turned to another question; how could the disease be treated?  

   The answer first came in the form of nucleoside-analog reverse transcriptase inhibitors, 

NRTIs, drugs capable of inhibiting RT by binding in the active site of the enzyme and disrupting 

catalytic activity.  Azidothymidine, or AZT, was the first NRTI utilized in the treatment of HIV-

1.  In 1987, a double-blind placebo controlled study demonstrated the remarkable efficacy of 

AZT.  First, it showed that the probability a subject in the AZT treatment group would survive 

for 24 weeks was 100%, versus the placebo group’s 24 week survival rate of 83% (after the 

exclusion of two placebo recipients that had died in the first three weeks of the study from 

opportunistic infections) (4).  The study also showed a statistically significant reduction of 

opportunistic infections in patients treated with AZT (16% after excluding the aforementioned 

patients) versus those receiving the placebo (43%).  AZT was approved for treatment of HIV-1 

by the Food and Drug Administration (FDA) in a then-new accelerated manner in March of 

1987. 

AZT remains effective for the treatment of HIV-1 to this day.  Unfortunately, some 

strains of HIV-1 have, over time, built up resistance to the drug.  In 1989, two short years after 

AZT became available for treatment, strains of HIV-1 resistant to AZT were isolated from AIDS 

patients.  The IC50 of the resistant strains was nearly one hundred times greater than the IC50 of 

wild-type HIV-1 (9).  This rapid development of resistance can be explained by the fact that 

reverse transcriptase is a highly error prone enzyme that generates a remarkable diversity of 

mutant strains of HIV-1.  The chance of a mutation occurring that conferred resistance to any 

one drug is relatively high.  Drugs treating HIV today are issued in highly active antiretroviral 

therapies (HAARTs) that combine different classes of drugs that inhibit various stages of the 
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viral life cycle.  The goal of this kind of treatment is to counter the prodigious error rate of the 

virus that allows it to mutate and gain resistance against drugs.  While HIV-1 may be able to 

generate a mutation to evade one drug with relative ease, two or more drugs subject the virus to 

differing selection pressures.  The likelihood that the virus will be able to mutate successfully to 

answer these combined challenges is lower than the chance it could respond to one drug alone.   

 Another issue that plagues development of antiretroviral medications is toxicity to the 

patient.  Particularly promising drugs may need to be limited in their use due to dangerous side 

effects that may result from incorporating them into treatment protocols.  One such drug, 

zalcitabine, approved by the FDA under an accelerated review process in 1992, was a 

dideoxycytosine that acted as a chain terminator when incorporated into DNA (10).  It prevented 

HIV-1 RT from extending nascent viral DNA strands.  However, since the drug is a nucleoside 

analog, it is capable of being utilized by human cell machinery as well.  One study discovered 

that the toxicity of nucleoside analogs used to treat HIV-1 correlated with the kinetics of their 

usage by the human mitochondrial polymerase pol gamma and incorporation into mitochondrial 

DNA (10).  Through kinetic experiments, the authors of this study were able to formulate a 

toxicity index based on the rates of polymerization by pol gamma of the normal dNTP, along 

with exonuclease excision rates of nucleoside analogs (AnaTP), the capability of pol gamma to 

discriminate between the correct nucleosides and the drug analogs, and the concentrations of 

both the analog and the drug present in the cell (10).  Without a full understanding of these 

kinetic processes, determining the exact nature of drug toxicity inside the cell would have been 

difficult.  
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Basis for this research 

 The research conducted in this report was meant to expand on the work done by Drs. 

Kellinger and Johnson in their 2010 paper that described the rate constants and conformational 

changes required for RT specificity for normal nucleotides (dATP, dCTP, dGTP and dTTP).  

During the reverse transcription reaction, there are two binding events on RT:  the binding of the 

incoming nucleotide to be added to the growing DNA chain, and the binding of the DNA chain 

itself.  To examine nucleotide induced conformational changes, first RT enzyme (E) labelled 

with MDCC (a fluorophore molecule that is excited by UV light and emits light at approximately 

470 nm wavelength) was mixed with a template DNA strand of known and allowed to form an 

enzyme-DNA (E-DNA) complex.  To this mixture, the next correct nucleotide that could be 

added to the primer strand of DNA by RT is added.  If the addition reaction is successful, then 

the conformational changes of the enzyme during the reaction will cause changes in fluorescence 

from the MDCC fluorophore. 

 The purpose of this research was to identify various amino acid residues on the surface of 

HIV-1 RT that were highly mobile and relatively far from the active site so that they could be 

mutated to a cysteine residue and bound to the fluorophore molecule MDCC. It was 

hypothesized that residues further away from the active site, but still mobile, could potentially 

reveal long range conformational changes induced by the nucleotide binding event. 

 

Selection of target residues 

 Residues were selected as potential targets for MDCC labelling based on a combination 

of information compiled from two sources:  first, data from a paper co-authored by Dr. Johnson 

had shown the general mobility of each residue within the p66 subunit of HIV-1 RT (7).  This 
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model was examined to determine which residues within the p66 subunit were the most mobile 

relative to all of the other p66 residues.  Once relative mobility had been determined for these 

subunits, an animation in the program Pymol made by the authors of this paper was examined so 

that the nature of the mobility could be examined.  Residues were selected based on how mobile 

they appeared in the Pymol animation in combination with the angstrom distance data provided 

in the paper itself.  Consulting with Dr. Johnson further narrowed the field of residues to those 

listed below. 

Table 1:  Residues Targeted for Mutagenesis 

Residue Number Annotations 

p51 F227 mobile 

p51 R358 Mobile, far from active site 

p51 L152 mobile, coupled with Q151 in motion 

p51 Q151 mobile, coupled with L152 in motion 

p51 K311 Part of region of protein that folds towards another region during reaction 

p66 A554 Mobile, near C-terminus of p66 

p66 E300 Selected by Dr. Johnson 

p66 Q334 Surface exposed, significant mobile activity 
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The images below show these residues, highlighted for clarity in red, and their position 

on the enzyme relative to the active site. 

 

 

 

 

 

 

In order to perform kinetic experiments on these positions of interest on the enzyme, it 

was necessary to introduce mutations into the gene encoding for HIV-1 RT to replace the wild 

type amino acid with a cysteine.  This would allow MDCC to react to the surface exposed 

cysteine residue so that fluorescence assays, quenched-flow and stopped flow experiments could 

be performed.  Introducing these mutations into the RT gene was accomplished by mutagenic 

PCR, which uses primers designed with homology to the region of DNA flanking the codon of 

the amino acid to be mutated.  These primers, however, contain the codon sequence for a 

cysteine amino acid (TGC in the forward direction or GCA in the reverse) at the location of the 
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amino acid that is to be mutated, which forces the PCR to incorporate the “incorrect” nucleotides 

into the nascent DNA strands, thus causing the gene to mutate. 

 

Summary 

Although HIV-1 has been present in the human population for nearly a century, and 

perhaps longer, the pandemic was only recognized in the early 1980s, and the cause found 

shortly thereafter.  Since then, research dedicated to developing therapeutic drugs has been 

conducted, but made difficult due to HIV-1’s ability to develop resistance to drugs and the 

potential toxicity of drugs developed to the human host.  HIV-1 RT makes for an excellent drug 

target thanks to the essential role it plays in replicating viral genomes.  Understanding the 

kinetics of how this enzyme operates proves fundamental to crafting new drugs capable of 

reducing its efficacy in carrying out reverse transcription. 
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MATERIALS AND METHODS 

Preparing Mutations in HIV RT subunits p66 and p51 

 In order to study the kinetics of conformational changes linked to nucleotide binding, 

MDCC labelling of an exposed cysteine residue on the surface of the HIV RT protein was used.  

Residues selected for MDCC labelling reactions were evaluated based on their relative distance 

from the active site of the protein and the mobility of their region of the enzyme.  More distant 

sites were selected because we wished to study whether such long range motions were coupled to 

nucleotide binding.  Highly mobile sites were also preferred since these positions were 

hypothesized to show a more noticeable change in fluorescence when studied in the fluorimeter 

as well as stopped-flow experiments. 

After choosing residues to mutate, primers were designed to generate a mutation in these 

sites in a mutagenic polymerase chain reaction (PCR).  PCR generates copies strands of DNA by 

binding DNA primers specific to a particular region of the DNA strand, having a DNA 

polymerase bind to the primer-template complex and then add the next correct nucleotides to the 

nascent strand of DNA.  However, at the site where the mutation would be introduced, the 

primer would have a sequence of DNA that would correspond to cysteine instead of the actual 

amino acid normally encoded in the HIV RT gene.  With each successive PCR, the DNA is 

forced to incorporate the nucleotides encoding for cysteine, thus ensuring that the plasmids 

bearing the HIV-1 RT gene generated in the mutagenic PCR have a cysteine residue incorporated 

at the site of interest.  Furthermore, since the primers are unable to bind on the plasmid at any 

location aside from regions with sufficient homology to the primers, no other sites would be 

mutated in the gene, ensuring that the cysteine mutation would only be introduced in one 

location.  Once the mutagenesis had been achieved, the mutated plasmid was mixed with the 
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restriction enzyme Dpn1 and incubated at 37 degrees C.  This destroyed the methylated template 

plasmids, ensuring that only the plasmids resulting from the mutagenic PCR remained. 

Following digestion of the template plasmids, the newly formed mutagenic plasmids 

were then used to transform NovaBlue cells (protocol retrieved from 

http://johnson.cm.utexas.edu/kjohnson/methods/StandardTransformation.php).  The plasmid, 

which bore either the gene encoding for the p66 subunit of HIV RT, as well as a gene for 

ampicillin resistance, or a gene for the p51 fragment and another for kanamycin resistance, was 

incorporated into the NovaBlue cells by subjecting them to heat shock in the presence of the 

plasmid.  The transformed cells were then plated on LB agar plates that contained the appropriate 

antibiotic for selecting bacterial cells that had successfully taken up the plasmids.  These cells 

amplified the plasmid as they divided and formed colonies, allowing for multiple extractions of 

plasmid product that could all potentially yield the successfully mutated HIV RT genes. 

To test that the mutagenic PCR had successfully introduced a cysteine residue at the 

desired location on the plasmid bearing the HIV RT gene, the plasmid bearing the gene had to be 

extracted from the NovaBlue cells.  For these experiments, a Qiagen plasmid extraction kit was 

used.  Once extracted, the concentration of plasmid present in the elution was determined by 

measuring absorbance at 260 nm using a spectrophotometer.  Knowing this concentration, a 

sample was prepared by mixing plasmid DNA with water.  After submission to the sequencing 

facility, plasmid T7 primers were added.  After results returned from the sequencing facility, the 

nucleotide sequence of the mutated plasmid was then compared to the wild type genome of the 

HIV RT protein, and if the mutation had been made successfully, then at that position the codon 

TGC (or GCA on the template strand) would appear instead of the codon normally found in the 

wild type genome. 
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The next set of experiments proceeded only if a mutation of interest was successfully 

made in the HIV RT genome.  If the sequencing results showed that the mutation was not 

introduced, then more extractions were performed from other colonies on the antibiotic LB plate 

to find cells that had been successfully mutated.  If multiple extractions from the same plate 

failed to produce any successful mutations, a new round of transformation of NovaBlue cells 

could be attempted.  As a last resort, new mutagenic PCRs could be performed in order to obtain 

new stocks of mutated plasmid. 

 

Protein Expression, Purification, and Kinetic Studies 

 In order to perform kinetic analysis, a large quantity of protein that could be studied in 

future experiments had to be obtained.  This required transformation of the mutant plasmid into 

cells permissive for induced overexpression of the protein.  BL21 cells were used for this 

purpose, with the same transformation protocol as the one used for NovaBlue cells.  First, it was 

necessary to prepare a sufficient amount of LB media, including a 250 mL overnight growth and 

six 1 L expression cultures.  The appropriate antibiotic for the plasmid being used to guard 

against contaminating growth was added to each culture after preparation.  Then, once the media 

had been prepared, the LB media was inoculated with cells and allowed them to grow to the 

exponential phase of growth (determined by the sample reaching an optical density, OD, of .6).  

Once an OD of .6 had been achieved, IPTG was added to induce expression of the HIV RT 

protein of interest in the BL21 cells.  After growing the cells for an additional three hours 

following induction, they would be spun out of the culture via centrifugation and then weighed in 

order to determine how many grams of cells had grown in the expression. 
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 The HIV RT protein is a dimer of the p66 and p51 subunits, so to ensure that the protein 

would be fully functional, it was necessary to obtain expressions of each subunit.  For the 

experiments described herein, the p66 subunit was always the wild type, and p51 was always the 

mutant with the p51 R358C mutation. 

 Following expression, the relative amounts of protein present in each expression had to 

be determined so that a sufficient quantity of cells could be used to generate a 1:1 mixture of p66 

and p51 subunits.  This was performed via electrophoresis of a stacking gel that was stained, de-

stained, and scanned for relative fluorescence intensity of the extracted proteins.  Using simple 

ratios of the relative amount of the subunits, the cells from the p51 and p66 expressions were 

combined such that there were equal amounts of p51 and p66 subunits in the final mixture, 

promoting the formation of complete HIV RT proteins with the mutation of interest. 

 After making the 1:1 mixture, protein purification needed to be performed to isolate the 

HIV RT complex from the expression cells.  This was done using the HPLC, which separated 

proteins from cell debris based on their ability to bind to and be eluted from columns at differing 

salt concentrations of the buffers used during the purification process (detailed protocol can be 

found in appendix 2).  The final step in the HPLC procedure involved labeling the protein at the 

mutant cysteine residue with the MDCC fluorophore. 

 Once expression, purification and labelling were completed, assessment of how 

competently the protein acted on DNA and nucleotide was performed to ensure that the labeling 

process had not perturbed its function.  A fluorimetry assay was used to test for activity of the 

protein by measuring the fluorescence of the MDCC label when the protein was exposed to 

buffer conducive to a reaction, a DNA complex of template and extendable strands, as well as 

the next correct nucleotide that could be added to elongate the DNA complex.  As each 
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component was added to the initial buffer solution, a decrease in fluorescence should be 

observed in the fluorimeter, signifying a successful interaction between the enzyme and its 

substrates.   

 If the enzyme proved viable in the fluorimetry assay, its active site concentration needed 

to be assessed, accomplished via a burst experiment carried out in the quenched-flow machine.   
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RESULTS 

Mutagenizing Lab Stocks of HIV RT p51 and p66 Fragments 

 Once amino acids of interest on the surface of the protein had been identified, the first 

order of business was to design primers to mutagenize those sites in the genome so that a 

cysteine residue would be introduced.  In order for these primers to successfully introduce the 

mutation, they had to have significant homology to regions flanking the codon of interest in the 

genome of the p51 or p66 subunit.  To accomplish this, the primers were designed so that they 

had perfect homology to regions immediately flanking the codon that encoded for the amino acid 

of interest.  The only difference would be that at the site of the codon, the primers would instead 

encode for a cysteine residue and not the amino acid normally coded for at that position.  Overall 

function of the protein was not predicted to be significantly altered due to the distance from the 

active site of the amino acids being mutated.  Primer sequences for these mutations can be found 

in appendix 1. 

 Mutagenesis of the p66 and p51 genes was accomplished via mutagenic PCR.  After 

introducing the mutated plasmid into NovaBlue cells and selecting for only the cells that 

successfully took up the plasmid, plasmids would then be extracted from the transformed cells 

and sequenced.  The following mutations were successfully isolated and sequence confirmed: 

Table 2:  Mutations Introduced into HIV RT p66 and p51 Subunits  

Mutation Date of Sequencing Confirmation 

p66 c36e*  4/19/2013 

p51f227c 4/26/2013 

p51 k311c 6/2/2013 

p51 q91c 6/12/2013 

p51 r358c 6/12/2013 

*: p66 c36e restored wildtype phenotype to the lab stock solution of HIV-1 RT p66 subunit 
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Each mutation listed in the table above was successfully introduced into a plasmid 

bearing either the p51 or the p66 subunit, and was the only mutation confirmed to be present in 

the mutagenized plasmids.  The p66 c36e mutagenesis was meant to remove a cysteine residue 

from the stock of p66 used in the lab, restoring the wild-type phenotype of the subunit.  This 

allowed either for future mutations to be made on the p66 subunit or for the p66 subunit to be 

used as a wild-type subunit to be joined to a mutated p51 subunit. 

 

Expression of Mutant HIV RT 

 After determining that the mutations of interest had been successfully introduced into the 

plasmids bearing the p51 and p66 subunits, they had to be expressed in cells that could mass-

produce the protein.  To accomplish this, the plasmids were first transformed into BL21 cells via 

the same method as transforming into NovaBlue cells.  These cells were then grown in overnight 

cultures and then used to inoculate six one liter cultures at the same starting optical density (OD) 

of .1.  After allowing the cells to grow and inducing expression of the protein of interest with 

IPTG, the cells were collected by centrifugation and the wet weight was measured.   

Table 3:  Wet Weights of Expression Cell Pellets 

Date Obtained: Mutation Mass (g) 

6/27/13 p66 c36e 21.7 

6/28/13 p51 r358c 16.3 

7/21/13 p51 q91c 14.7 
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The first two protein subunits obtained from expression were wild-type p66 (after the 

c36e mutation) and p51 r358c.  SDS-PAGE was used to show the relative fluorescence of the 

protein subunits isolated from the two cell line.  The gel image is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fragment boxed on the left is the p51 subunit, which runs farther on the stacking gel 

due to its lower molecular mass than the p66 subunit (the fragment indicated on the right).  After 

quantifying the fluorescence of each subunit and relating that back to the wet weights of cells 

obtained after the expression growth, and correcting for the molecular masses of each subunit 

(p51= 51 kilo-Daltons: p66= 66 kilo-Daltons), a ratio of 1.84 grams of p51 bearing cells to 1 

gram of p66 bearing cells was calculated to produce a 1:1 mixture of p51 subunits and p66 

subunits. 
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Protein Purification 

 Once the 1:1 mixture of cells with both the p66 and p51 subunits was made, the dimer 

was purified by the HPLC.  The first step of protein purification required lysing the cells to 

extract all soluble proteins, and then running the lysate on a tandem set of Q sepharose and Bio-

Rex 70 columns.  From these initial column runs, a series of fractions were collected and run on 

an SDS PAGE gel, along with the flow through, the wash and a sample of the loaded material.  

HPLC measurements from this initial column run, along with the SDS PAGE gel images, are 

shown below. 
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Due to the protein product being present almost entirely in the flow through, presumably 

due to a mistake in the composition of the buffer A solution, the flow-through was reloaded onto 

the columns after preparing a new buffer A.     
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With the new buffer A prepared, elution proceeded much more effectively and most of 

the desired HIV RT protein was in the fractions, purified away from other cell materials, rather 

than in the flow-through.  Fractions four through fourteen were combined to use in the next step 

of the HPLC protocol, the single-stranded DNA column.  After running the protein fractions 

purified in the last step on this column, the following results were obtained: 
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Fractions two through seven were collected and combined for use in the MDCC labeling 

reaction, involving the mixture of the fluorophore MDCC with the purified protein in a cold 

room.  The labeled proteins were then purified from a Bio-Rex 70 column.  The results are 

shown below. 
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Following the labeling reaction, fractions ten through sixteen were combined before 

being concentrated and dialyzed into storage buffer “D” (appendix 2) for use in future kinetic 

experiments. 

 

Fluorimetry 

 The isolated protein’s ability to successfully catalyze reverse transcription needed to be 

verified.  This was accomplished via fluorimetry assay, whose results appear in the graph below. 

 

The curve at the bottom of the graph resulted from placing buffer into the fluorimeter 

without any substrates, establishing the baseline level of noise that could be expected from the 

fluorimeter.  The green curve at the top of the graph represents the addition of the MDCC-HIV 

RT complex with no substrates to act upon.  Beneath it, the purple curve represents the addition 

of a DNA template with known sequence.  The successful interaction between the enzyme and 
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the DNA is shown by the decrease in fluorescence observed from the initial reading that 

contained only the enzyme.  Addition of the next correct nucleotide capable of binding to the 

DNA template further decreased the fluorescence of the complex by approximately 10%, 

indicating that the RT was successfully incorporating the next correct nucleotide and that the 

mutation introduced into the p51 subunit (r358c) was not interfering with the protein’s active site 

or function. 

 

Quenched Flow Determination of Active Site Concentration 

 Once the fluorimetry assay determined the viability of the HIV-RT complex, the 

concentration of active sites needed to be determined via a burst experiment in the quenched-

flow machine (appendix 3).  The final concentration of HIV-RT in each reaction was 100 nM, 

for ease of determining active site concentration from the results. 

 To quantify product concentration from the burst reaction, a denaturing gel was made, 

and the time-point reactions were run on the gel.  Below is an image of the radiolabeled gel, and 

a graph showing the time dependence of the conversion of the 25-mer DNA template into the 26-

mer DNA product: 
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By plotting the concentration of 26-mer product formed as a function of the time used in 

each reaction in the burst experiment, and determining the amplitude of the plot, the active site 

concentration was determined to be 81.475 nM.  However, since the final concentration of the 

MDCC-HIV RT complex was estimated to be 100 nM in the reactions, the percentage of active 

sites was determined to be 81.475%.  
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DISCUSSION 

 By examining molecular dynamics (MD) simulations in the Pymol program of the HIV-1 

RT enzyme, several residues were noted as being highly mobile during catalysis of reverse 

transcription.  It was hypothesized that such high mobility in these residues might be the result of 

conformational changes occurring throughout the enzyme that resulted from the next correct 

nucleotide binding to the E-DNA complex.  In that case, labelling the mobile residues with 

MDCC and subjecting the labeled protein to a fluorescence assay should show a significant 

change in fluorescence of the labelled residue at the introduction of the nucleotide, and not just 

when introducing the template DNA into the reaction mix.  To test this, fluorescence of the 

labelled residue at the introduction of the enzyme, template DNA and then nucleotide to the 

reaction well was recorded.  

 The fluorescence assay performed on HIV-1 RT p51 R358C supported the hypothesis 

that conformational changes throughout the enzyme occurred upon nucleotide binding.  

Compared to the initial fluorescence reading of just the enzyme in buffer solution, the 

introduction of template DNA caused an approximately 10% decrease in fluorescence.  When the 

next correct nucleotide was introduced and the annealing reaction carried out, the change in 

fluorescence showed an approximately 10% decrease.  This suggested that the conformational 

changes of the residue p51 R358C were coupled to nucleotide binding at the active site of the 

enzyme, to a degree similar to the binding of the template DNA strand to the active site, lending 

support to the hypothesis that amino acid residues located far from the active site of the enzyme 

would undergo conformational changes as a result of nucleotide binding.   

 While the data from the p51 R358C fluorescence assay was promising, it was largely 

preliminary.  One potential continuation of the work done in this report would be to express and 
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purify the other mutant HIV-1 RTs described previously herein (or create new mutants based on 

the MD simulations in Pymol and other sources) to generate additional data confirming the 

degree of conformational changes experienced at residues not proximal to the active site.  

Comparison of the relative decreases in fluorescence of various residues distant from the active 

site would show if residues located in particular regions of the enzyme experience more dramatic 

conformational changes as a result of nucleotide binding.  Potentially, some regions of the 

enzyme might prove more responsive to binding events at the active site than others.    

 

Literature Review 

 The idea that conformational changes in the enzyme HIV-1 RT are linked to its catalysis 

of reverse transcription at the active site is nothing new.  A review article published in 1993 

discussed that conformational changes were required for catalysis to be carried out by DNA 

polymerases, as well as HIV-1 RT (5).  Stopped flow experiments carried out by Drs. Kellinger 

and Johnson showed that conformational changes in the fingers domain of HIV-1 RT could be 

monitored with fluorescence molecules, and that decreases in fluorescence associated with these 

conformational changes were linked to the binding of nucleotides to the E-DNA complex (8).  

With these experiments, they were able to show how the change from the “open” to the “closed” 

state of HIV-1 RT was directly caused by the nucleotide binding, and not by the chemistry of the 

reaction, which primarily influenced the rate of the enzyme’s return to the “open” state (8).  

Expanding upon this idea, another paper noted that there was increasing evidence that when a 

polymerase, or RT, binds to its appropriate substrate, the enzyme’s “open” configuration 

becomes less energetically favorable than its “closed” configuration, meaning that the transition 

from one conformation to the other is driven more by thermodynamic stability during the pre-
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chemistry step rather than the substrate physically deforming the enzyme as a result of its 

binding (15).   

Understanding the role of conformational changes in the catalytic activity of HIV-1 RT 

has informed the development of new drugs.  One class of drugs, called non-nucleoside analog 

reverse-transcriptase inhibitors (NNRTIs), disrupts the capability of RT to replicate HIV-1’s 

genome without binding to the template DNA strand.  Initially, their mechanism of action was 

poorly understood.  Through the usage of x-ray crystallography, it was determined that NNRTIs 

bind to the p66 subunit in a manner that allows for interaction with residues p66 Y181 and p66 

Y188, both of which are proximal to the catalytically significant residues p66 D185 and p66 

D186 (12).   By binding to this region on the surface of the enzyme, NNRTIs were able to 

disrupt the chemistry step (nucleotide transfer) of reverse transcription without directly binding 

to the active site residues.  The authors of this study concluded that this disruption was possible 

due to relatively small changes in the positions of the catalytically essential residues D185 and 

D186 thanks to the conformational distortion of HIV-1 RT that resulted from the binding of 

NNRTIs (12).  This provided evidence for the notion that conformational changes in the 

structure of HIV-1 RT could play a direct role on enzymatic function, and supported an idea 

presented in 1993 that NNRTIs inhibited conformational changes in HIV-1 RT essential for 

catalysis (5). 

 Of course, NNRTIs are not the only class of drugs that interact with RT by altering its 

conformation.  NRTIs also influence the enzyme’s conformation as a result of the strength of 

their binding.  One study noted somewhat paradoxically that RT exhibits lower km values for 

NRTIs than for normal nucleotides (8).  The authors of the study determined that this was due to 

the fact that the NRTI experiences a 500-fold reduced rate in the forward chemistry step, 
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allowing the binding reaction between the NRTI and the E-DNA complex to come to equilibrium 

(8).  The reduction in forward reaction rate causes HIV-1 RT to remain in a “closed” 

conformation for a much longer time than it would for normal nucleotides, whose chemistry 

steps do not come to equilibrium.  Since only NRTIs exhibit this lingering in the closed 

conformation, it is possible that HIV-1 RT could accumulate mutations to counter NRTI 

incorporation and evolve resistance to certain classes of NRTIs (such as thymidine analogs, like 

AZT).      

 

Conclusion 

The data collected for this report, while largely preliminary, expanded upon work that 

indicated conformational changes in the enzyme were directly related to catalytic activity at the 

active site.  A signal for the decrease in fluorescence of the E-DNA complex reacting with an 

incoming nucleotide was generated that had approximately the same percent decrease in 

fluorescence as the binding of the enzyme to the template DNA, showing that it might be 

possible to differentiate the nucleotide binding signal from the normally much stronger binding 

signal of the template and DNA by careful selection of residues for fluorescent molecule tagging.   
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APPENDICES 

Appendix 1:  Primer Sequences 

Mutation to be 

introduced 

  p66 C36E Tm=  61 C GC content:  27%   

Forward 5'-ATA AAA GCA TTA GTA GAA ATT TGT ACA GAG ATG-3' 

Reverse 5'-CAT CTC TGT ACA AAT TTC TAC TAA TGC TTT TAT-3' 

p66 A554C Tm=  59 C GC content:  36% 

Forward 5'-GAT AA TTA GTC AGT TGC GGA ATC AGG AAA GTA-3' 

Reverse 5'-TAC TTT CCT GAT TCC GCA ACT GAC TAA TTT ATC-3' 

p66 E300C Tm=  63 C GC content:  45% 

Forward 5'-CTA ACA GAA GAA GCA TGC CTA GAA CTG GCA GAA-3' 

Reverse 5'-TTC TGC CAG TTC TAG GCA TGC TTC TTC TGT TAG-3' 

p66 Q334C Tm=  66 C GC content:  52% 

Forward 5'-ATA CAG AAG CAG GGG TGC GGC CAA TGG ACA TAT-3' 

Reverse 5'-ATA TGT CCA TTG GCC GCA CCC CTG CTT CTG TAT-3' 

p51 F227C Tm=  72 C GC content:  45%   

Forward 5'-CAG AAA GAA CCT CCA TGC CTT TGG ATG GGT TAT-3' 

Reverse 5'-ATA ACC CAT CCA AAG GCA TGG AGG TTC TTT CTG-3' 

p51 R358C Tm=  72 C GC content:  42% 

Forward 5'-AAA TAT GCA AGA ATG TGC GGT GCC CAC ACT AAT-3' 

Reverse 5'-ATT AGT GTG GGC ACC GCA CAT TCT TGC ATA TTT-3' 

p51 L152C Tm=  69 C GC content:  42% 

Forward 5'-TTC TGG GAA GTT CAA TGC GGA ATA CCA CAT CCC-3' 

Reverse 5'-GGG ATG TGG TAT TCC GCA TTG AAC TTC CCA GAA-3' 

p51 Q151C Tm=  70 C GC content:  42% 

Forward 5'-GAC TTC TGG GAA GTT TGC TTA GGA ATA CCA CAT-3' 

Reverse 5'-ATG TGG TAT TCC TAA GCA AAC TTC CCA GAA GTC-3' 

p51 K311C Tm=  59 C GC content:  36% 

Forward 5'-AAC AGA GAG ATT CTA TGC GAA CCA GTA CAT GGA-3' 

Reverse 5'-TAC TTT TAC TGG TTC GCA TAG AAT CTC TCT GTT-3' 
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Appendix 2:  HPLC Protocol 

Prepare the following buffers before beginning this procedure. 

Day 1 

Cell Lysis 

1. Add DTT to buffers 

2. Weigh out the mass of p66 and p51 expression line cells required to generate a 1:1 molar 

ratio of HIV-1 RT p66 and HIV-1 RT p51 subunits.  Put these cell pellets into a glass 

bowl. 

Buffers for RT Prep 

  Buffer A:  Low Salt  (2 L) pH to 7.9 at 4 degrees C (delta pKa=-.014) (pH 7.6 at 24.4 degrees C) 

30 mM Hepes pH 7.9 238.1 g/mol 14.3 g 

60 mM NaCl 58.4 g/mol 7 g 

1 mM DTT* 154.25 g/mol 4 mL of 500 mM stock solution 

.1 mM EDTA  372.23 g/mol .4 mL of 500 mM stock solution 

Buffer B:  High Salt (2 L) pH to 7.9 at 4 degrees C (delta pKa=-.014) (pH 7.6 at 24.4 degrees C) 

30 mM Hepes pH 7.9 238.1 g/mol 14.3 g 

1 M NaCl 58.4 g/mol 116.88 g 

1 mM DTT* 154.25 g/mol 4 mL of 500 mM stock solution 

.1 mM EDTA  372.23 g/mol .4 mL of 500 mM stock solution 

Buffer C:  No Salt (2 L) pH to 7.9 at 4 degrees C (delta pKa=-.014) (pH 7.6 at 24.4 degrees C) 

30 mM Hepes pH 7.9 238.1 g/mol 14.3 g 

1 mM DTT* 154.25 g/mol 4 mL of 500 mM stock solution 

.1 mM EDTA  372.23 g/mol .4 mL of 500 mM stock solution 

Buffer D:  MDCC Labeling Buffer (2 L) pH to 7.9 at 4 degrees C (delta pKa=-.014) (pH 7.6 at 24.4 degrees C) 

30 mM Hepes pH 7.9 238.1 g/mol 14.3 g 

250 mM NaCl 58.4 g/mol 29.2 g 

.1 mM EDTA  372.23 g/mol .4 mL of 500 mM stock solution 

1 mM TCEP 154.25 g/mol 286 g 

Storage Buffer ph to 7.5 at 37 degrees C (delta pKa=-.03) (pH 7.89 at 24.4 degrees C) 

50 mM Tris 121.14 g/mol 12.1 g 

50 mM NaCl 58.4 g/mol 5.84 g 

.1 mM EDTA  372.23 g/mol .4 mL of 500 mM stock solution 

1 mM DTT* 154.25 g/mol 4 mL of 500 mM stock solution 

*:  Add this reagent just before use of the buffer 
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3. Add 150 mL lysis buffer (Buffer A plus 375 μL of 400 mM DMSF) to bowl.  Keep the 

bowl on ice. 

4. Put on orbital shaker at 100 rpm for 60 mins. 

5. Transfer to 250 mL glass beaker and put on ice. 

6. Add 30 μg/mL Lysozyme (4.5 mg) 

7. Stir in refrigerator for 30 mins. 

8. Sonicate (output=6, Duty=20%) for 15 mins while stirring on ice.  Be sure to use 

protective equipment for ears. 

9. Ultracentrifuge at 40,000 rpm for 30 mins at 4 degrees C. 

Setting up the HPLC 

1. Purge pumps in water 

2. Wash pumps with water (manual, pump, pump with basic, on A and on B, insert, 

execute) 

3. Wash lines with water (flow, 3 mL/min, execute; flow path, output valve, F2 fraction 

collect, return to waste and turn off flow) 

4. Wash sample pump with water (pump, sample flow 960, 3 mL/min, execute; method base 

960, sample pump; alarm/man, airsensor 960, execute) 

5. Turn off sample flow 

6. Dry off lines and switch to buffer A and B 

7. Purge pumps in buffers 

8. Repeat washes above with buffer A 

9. Connect columns drop to drop (use syringe to push buffer A from bottom of column) 

10. Wash column with buffer A at 5 mL/min 
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11. Was with 100% buffer B at 5 mL/min until 260/280 falls; set 100% condition 

12. Wash with buffer A at 6 mL/min until equilibrated; set 0% condition 

To Load Sample 

1. Pause; methodbase 960, sample pump 

2. Hook sample pump to 4 way valve 

3. Sample flow 2 mL/min; flow off; cont 

4. Move up to 5 mL/min 

5. Turn on alarm air sensor 960 

6. After ~90 mins collect flow through 

To Collect Fractions 

1. Fractionation 900, 5 mL 

2. Output F2 

3. Bio-Rex 70 max pressure ~.25 MPa, Q Sepharose max pressure ~.5 MPa 

Run the Tandem Q Sepharos and Bio-Rex 70 columns 

1. Collect 30 μL lysate + 6 μL X SDS-PAGE LB to run on gel 

2. Load lysate from ultracentrifugation onto column at 5 mL/min flow rate 

3. Collect 30 μL flowthrough 

4. Wash sample with 1 column volume of Buffer A to ensure all RT is on Bio-Rex 70 

column 

5. Detach Q sepharose and reattach only the Bio-Rex 70 column 

6. Wash column with 98% buffer A and 2 % buffer B for 5 column volumes (~500 mL) 

7. Collect 30 μL of Bio-Rex 70 wash 
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8. Elute column using linear gradient from 2% Buffer B to 42% buffer B at 2.5 mL/min for 

40 mins, collecting 5 mL fractions 

9. Store on ice in fridge over night 

Regenerate Q sepharose and Bio-Rex 70 columns 

1. Wash columns with 5 volumes of 100% buffer B, store columns in buffer B 

2. Disconnect the Bio-Rex 70 column 

3. Attach the Q sepharose column 

4. Wash the column with 5 column volumes of 100% buffer B, store in 2 M NaCl 

5. Store both columns in cooler 

6. Wash cell, sample line and fraction collector with 20% EtOH, store pumps in buffer 

Day 2 

ssDNA Column 

1. Setup HPLC and ssDNA column (Max pressure ~ .25 MPa) 

2. Analyze SDS-PAGE gel from Bio-Rex 70 fractions on day 1, select fractions to pool 

3. Bring conductivity of pooled fractions down to that of buffer A by adding buffer C 

4. Load sample onto ssDNA column at ~3 mL/min 

5. Collect 30 μL load + 6 μL SDS-PAGE loading buffer (LB) to run on gel 

6. Collect flow through and 30 μL FT + 6 μL SDS-PAGE LB to run on gel 

7. Wash column with 98% A and 2% B, collect wash 

8. Elute column using linear gradient from 2%B to 47%B at 2.5 mL/min for 40 min 

collecting 5 mL fractions 

9. Store fractions on ice 

10. Run fractions on 8% SDS-PAGE gel 
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Dialyze into MDCC Labeling Buffer (D) 

1. Pool samples for labeling 

2. Combine into dialysis tubing (7; 25,000MWCO) 

3. Dialyze against 1 L of MDCC labeling buffer (add 100 mM TCEP- .286 g) for 1 hour, 

stirring, in fridge 

4. Repeat with fresh 1 L of MDCC labeling buffer 

Setup MDCC Labeling Reaction 

1. Determine protein concentration using the spec (for RT, ε=260.450 M
-1

cm
-1

) 

2. Add appropriate amount of MDCC stock to 2 mL reaction tubes  

3. Incubate overnight at 4 degrees C with constant slow mixing 

4. Save 50 mL MDCC buffer for next morning 

Day 3 

Purify Labeled Protein on Bio-Rex 70 Column 

1. Centrifuge labeling reactions at 10K rpm for 10 mins at 4 degrees C 

2. Add supernatants to 50 mL conical vial 

3. Bring to 10 mL with MDCC labeling buffer 

4. Add 40 mL buffer C to bring conductivity to that of buffer A 

5. Cover with aluminum foil and setup to load with sample pump 

6. Collect 30 μL of load for gel 

7. Load onto Bio-Rex 70 at 4 mL/min (collect flow through) 

8. Wash with buffer A until 425 nm trace falls 

9. Elute protein with 30% buffer B and collect 1 mL fractions 

10. Combine fractions based on peak and intensity of MDCC yellow in tubes 
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11. Concentrate using centrifugal concentrator to ~ 3.5 mL 

Dialyze into storage buffer 

1. Add protein into dialysis tubing (7; 25000 MWCO) 

2. Dialyze against 1L of storage buffer for 1 hour stirring in fridge 

3. Repeat with fresh 1L of storage buffer 

4. Using nandrop, check final concentration of protein 

5. Aliquot (40 μL), freeze in liquid nitrogen, label and store at -80 degrees C 
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Appendix 3:  Quenched Flow Protocol for burst experiment 

1. Turn on the thermometer and the water bath for 35°C to 100°C. Connect the 37°C water hose 

to the quench-flow chamber so the water can fill in. 

2. Start mixing the enzyme/DNA and the dATP/Mg2+ to let them sit on ice for 20 min. 

3. Turn on the controller. Plug in the adapter cord to the keyboard. Disregard the message 

"system error 5" if it appears. Type in "RUN," "return". 

4. "Use constant quench volume (1/0)?" type in "1", "return." 

5. "Enter second quench delay (sec)", type in "0", "return". 

6. When the main menu pulls up, type "7" for seeking home position of the syringe driver. 

7. Loading buffer: attach the 10ml buffer syringes - 1Χ RT buffer without Mg2+ to A and B, 

500mM EDTA to C. Keep pushing in and out the plungers to get rid of the bubbles inside the 

quench-syringes. Change the syringe knobs to "fire" position. 

8. Type "2" for adjusting position of the syringe bar. Press "start" button on the controller to 

lower (+, default) or raise (-) the bar. Keep lowering the syringes till the buffers start coming off 

the exit loop. 

9. Type "esc" to return to the main menu. 

10. Fill the enzyme/DNA and dATP/Mg2+ mixes respectively into 1ml syringes. Plug the 

syringes into the designated load valves. 

11. Wash the loops: 

Change the knobs to "wash" position. 

Turn on the vacuum. 

Connect the vacuum tube to the sample exit loop. 

Dip the 2 flush loops into ddH2O for 10s. 
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Dip into MeOH for 5s. 

Let the loops dry for 15s. 

12. On the main menu, type "1" for quench-flow run. "Enter the reaction time (sec)" type any 

value larger than 0.005s. "Return." Then the corresponding loop number will be displayed. 

13. Switch the port to the required loop. Repeat the "wash" procedure. 

14. Repeat the following quenching steps for each time point sample: 

Enter the new reaction time. Push in the plungers of 1X RT without Mg2+ buffer syringes. 

If a different loop is required, switch the loop, and "wash" again. 

"Load" the enzyme / DNA mixture up the loop to just outside of the port. 

"Load" the dATP/Mg2+ mix to just outside of the port. 

"Fire": insert the exit loop into the prepared microfuge tube through the hole on the lid. Hit the 

"start" button on the controller or "G" on the keyboard. Put the collected sample into a 

radioactive tube rack. 

"Wash", see step 11. 

14. Exception: Do NOT load the dATP/Mg2+ when quenching at 0s time point 

15. When done with all the samples, enter "0" for reaction time to return to the main menu. Then 

enter "7" for home position of the syringe driver. 

16. To discard the reaction mixes. Keep the vacuum on the exit loop. Switch to "load E/DNA*" 

and let the vacuum suck out the enzyme/DNA* mix. Unplug the 1ml syringe and immediately 

toss into the radioactive waste. Use a new 10ml syringe to drop ~10ml 0.2N NaOH into the 

insert rubble hole without plugging into it. Then drop ~10ml of 0.3N H3PO4 and then 20ml 

ddH2O and finally 1ml of MeOH. 
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17. Switch to "load dATP/Mg2+" knob position. Discard the 1ml syringe. Load in ~10ml ddH2O 

and then 1ml MeOH. 

18. Press all 3 syringe-plungers to retrieve the 1Χ RT without Mg and 500mM EDTA buffer. 

Recap and store away the buffers. 

19. Load 2× 5ml ddH20 into all 3 quench-syringes. 

20. Change knob positions and turn on the vacuum to expel the ddH2O. Lastly flush all the loops 

by dipping the flush loops into ddH2O for 10s and MeOH for 5s. Let dry. 

21. Turn off the controller and unplug the keyboard. 

22. Turn off the thermometer and water bath. Disconnect the water hose to drain the quench-

chamber. 

 


