Selecting for Mutant Reverse Transcriptases Capable of Transcribing Peptide Nucleic Acids

NOTE: another application of this project is to determine whether the backbone specific to RNA is important to the mechanisms of recombination (i.e. phosphodiester linkages and the ribose unit).  If PNA does not recombine constitutes evidence that the backbone chemistry does matter.

Summary: Combating HIV and other retroviruses is complicated by high rates of genetic variation, which leads to the rapid evolution of drug resistant strains.  Genetic variation stems from mutations that arise when viral reverse transcriptase (RT) introduces base pair mismatches during conversion of viral RNA to DNA.  Mutations also occur when confection of different virus strains causes genetic recombination.  One approach to inhibiting variation in retroviruses is to incorporate molecules resistant to these mechanisms of mutation.  I therefore seek to explore whether the structure of peptide nucleic acid (PNA) prevents mutation during transcription.  Because natural reverse transcriptases cannot transcribe PNA, I plan to generate a library of mutant reverse transcriptases by irradiating bacteria cultures transformed with plasmids containing the gene for reverse transcriptase.  I will then select for mutant reverse transcriptases capable of transcribing PNA.  The results of this investigation will establish the groundwork for integrating mutation-resistant PNA genes and PNA-compatible reverse transcriptases into retroviruses.  The results may also provide insight into the hypothesis that PNA was the first genetic molecule on Earth.
Background: Retroviruses have genomes comprised of single-stranded (+)RNA.  Following infection of a cell, viral reverse transcriptase transcribes the RNA genome into double stranded DNA.  The viral enzyme integrase then integrates the viral DNA into the host cell genome, where it can direct the synthesis of new viral RNA and viral proteins (Temin, 1995).
Treatment of retroviruses involves developing antibodies that target these viral proteins.  However, targeted treatment is difficult because of retroviruses’ ability to mutate their proteins very rapidly.  Two intrinsic features of the retrovirus life cycle contribute to retroviral mutagenicity.  First, the lack of exonuclease-proofreading activity of reverse transcriptase results in base pair mismatch errors that remain uncorrected during transcription of RNA to DNA (Roberts et al., 1988).  Second, simultaneous infection of different viral strains can lead to genetic recombination among the strains (Hu and Temin, 1990).  Both of these factors contribute to a protean population of viruses that can evade antibodies by rapidly mutating their proteins.
Unlike viral RNA, peptide nucleic acid (PNA) is less prone to mismatch base pairing (Egholm et al., 1993).  PNA, like DNA and RNA, is a linear molecule composed of nucleotide bases bound to a backbone, except that its backbone consists of repeating N-(2-aminoethyl)-glycine (AEG) units linked by peptide bonds.  The nucleotide bases are linked to the amino moieties of the AEG backbone via methylene carbonyl bonds.  Synthesis of the AEG units that comprise the PNA backbone occurs spontaneously in electric discharge reactions with CH4, N2, NH3, and H2O.  Production of AEG can also proceed via robust Strecker synthesis with ethylenediamine.  Polymerization of AEG into a linear backbone occurs spontaneously at 100°C and attachment of nucleotide bases proceeds with addition of acetic acid-derivatives of the nucleotide bases (Nelson et al., 2000).
As a nucleic acid analog, PNA exhibits very strong Watson-Crick base pairing with complementary strands of PNA, DNA, or RNA (Wittung et al., 1994).  Indeed, since the PNA backbone is electrically neutral, PNA exerts no electrostatic repulsive forces in a double helix, resulting in stronger than normal complementary strand binding.  However, base pair mismatches have a stronger destabilizing effect on PNA-DNA helices than on DNA duplexes (Egholm et al., 1993).  These findings suggest that, during reverse transcriptase transcription, PNA could serve as a highly specific template that is resilient against mismatch mutations.
In addition to mismatch mutation, recombination – accomplished by confection of two or more virus strains in a single cell – can produce hypervariability in retroviruses (Hu and Temin, 1990).  The process involves RNA strands from different virus strains crossing over, or template switching, during RT transcription and occurs unassisted by enzymes (Goodrich and Duesberg, 1990).  The biochemical mechanism of retroviral recombination is likely dependent on the reactive phosphodiester moiety of RNA, which is active to nucleophilic attack.  Similarly, in DNA recombination enzymatic hydroxyl groups activated by divalent metal cations make nucleophilic attacks on the reactive phosphodiester moiety of the DNA backbone (Dhar et al., 2004).  In contrast, the unnatural chemistry of the peptide bonds in the PNA backbone and their stability with regard to nucleophilic attack suggest that PNA is incompatible with recombination.
Objective: My project will explore peptide nucleic acid transcription by selecting for a mutant reverse transcriptase that is capable of binding and transcribing peptide nucleic acids.

Subsequent experiments comparing PNA-transcription error rates to RNA-transcription error rates can help determine whether the structure of PNA confers protection from transcription error.  Establishing that PNA has anti-mutagenic properties would prompt further investigation into the molecule’s therapeutic potential in combating retroviruses.  For example, future applications of PNA may involve substituting retroviral surface protein genes with PNA encoded genes.  These PNA genes would be “locked” from mutation – resistant to reverse transcriptase transcription errors.  If the PNA genes were allowed to spread throughout the retroviral population through gene sharing mechanisms such as antigenic shift, the diverse viral strains may all eventually exhibit the immutable surface proteins.  Antibodies could then be successfully developed against these proteins.

Due to its specificity and stability, PNA has also been conjectured to be the first genetic molecule (Nelson et al., 2000).  As noted previously, PNA synthesis proceeds spontaneously from simple substrates that were hypothesized to have existed early in the development of life.  This hypothesis raises fundamental questions about the beginning of life, such as: Did life transition to a DNA-RNA based system because PNA did not exhibit high enough information transcription fidelity?  Or, how was the information stored in PNA translated into observable phenotypes?  Such questions can be clarified by a better understanding of how transcription proceeds with PNA as the substrate.

Methods and Experimental Timeline:
2/4/09 – 6/12/09
I am currently working and will continue to work closely with Professor Smolke and my graduate student advisor in directed reading of the literature.  I will also be reviewing the biological and chemical reagents needed for the project and designing the experimental protocols.
6/15/09 – 7/10/09 (4 weeks)

The goal of the first four weeks in the laboratory will be to generate a mutant reverse transcriptase library using standardized parts from the BioBrick Foundation Registry of Standard Biological Parts.  I will splice the well characterized gene for HIV-1 reverse transcriptase, as well as the gene for GFP, into a pMB1 plasmid.  The pMB1 plasmid confers ampicillin/kanamycin resistance; following electroporation of E. coli (the chassis) and incorporation of the pMB1 plasmid, plating the E. coli colonies on either ampicillin or kanamycin will allow me to select for those colonies that were successfully transformed.  Both the reverse transcriptase gene and the GFP reporter gene will be under the control of an arabinose-induced promoter.  Culturing the transformed colonies on growth medium rich in arabinose and observing for fluorescence will serve as a control for correct splicing of the reverse transcriptase gene into the pMB1 plasmid.  Following transformation of the E. coli cultures, I will use ultraviolet radiation to generate a library of mutations in the colonies.
7/13/09 – 7/17/09 (1 week)

Having generated the mutant reverse transcriptase library, I will purify the reverse transcriptase proteins.  Purification techniques I will employ include mechanical pulverization, differential centrifugation, salt precipitation, gel filtration chromatography, and affinity chromatography.  Purity of the reverse transcriptase extracts will be characterized with SDS PAGE.
7/20/09 – 8/14/09 (4 weeks)
The reverse transcriptases will first be tested for their competence in binding PNA with an electrophoretic mobility shift assay (EMSA).  In preparation for the EMSA, I will commercially obtain pure samples of one DNA oligonucleotide and one PNA oligonucleotide.  The DNA oligonucleotide will be slightly shorter but otherwise complementary to the PNA oligonucleotide.  Thus, when mixed the DNA and PNA oligonucleotides will form a double helix with a short single stranded PNA tail.  Any mutant reverse transcriptases that can bind to PNA will bind to this tail.  The DNA is needed for the EMSA because PNA is electrically neutral and will not diffuse down the voltage gradient, while a DNA-PNA duplex will as a consequence of the negatively charged phosphodiester linkages in DNA.  When performing the EMSA, two solutions will be prepared for each reverse transcriptase extract.  One will serve as the control and will only have the DNA-PNA duplex.  The other solution will have the DNA-PNA duplex as well as the reverse transcriptase extract.  Any extracts that bind PNA will cause the DNA-PNA duplex to diffuse more slowly through the gel.  Visualization will be achieved by adding ethidium bromide to each of the solutions.
Transcription activity of the reverse transcriptases that bound PNA will be characterized by RT-PCR followed by gel electrophoresis.  First, I will incubate the reverse transcriptase extracts with PNA and radiolabeled or fluorescently conjugated ribonucleoside triphosphates (rNTP).  Then I will use detergents to disrupt any noncovalent bonds (including Watson-Crick base pairing) and perform gel electrophoresis.  Reverse transcriptase solutions that could transcribe PNA would show a strong band containing the PNA and newly synthesized RNA strands, while reverse transcriptase solution that could not transcribe PNA and the control solutions would show four bands containing the four different rNTP’s (these rNTP’s will not have not polymerized).
8/17/09 – 8/28/09 (2 weeks)
I will confirm my results and begin to write up an analysis of the data collected.

Resources: I will conduct this experiment under the guidance of Professor Smolke in her lab at Stanford University.  An expert in the field of synthetic biology, Professor Smolke specializes in the biochemistry of RNA.  I have been in regular contact with her since the beginning of Winter Quarter this year to work out the biochemical details of manipulating synthetic nucleic acids such as peptide nucleic acid.  In addition, we are finalizing the logistics of conducting the project over the summer.
Preparation: Since the beginning of Winter Quarter last year I have worked closely with Professor Helms at the Stanford School of Medicine as a research assistant.  Professor Helms and her group study the role of the Wnt signal cascade in osteogenesis.  My experiences at Professor Helms’ lab have familiarized me with some of the techniques I will use in my project: gel electrophoresis, performing RT PCR, obtaining custom sequence oligonucleotides, and maintaining in vitro cultures.
My coursework thus far includes all of the core organic chemistry courses and two quarters each of physical chemistry, organic chemistry lab, and biology lab.  I am currently enrolled in both the biology core and the biochemistry core at Stanford.  These two course tracks have exposed me to the principles behind other laboratory methods that will be relevant to my project, including genetic recombination, vector incorporation, mutation libraries, protein purification, and high throughput screening.  In addition, I am taking a class in bioengineering that covers Professor Smolke’s work with nucleic acid biochemistry.
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Having generated the reverse transcriptase library, I will purify the 
Purification techniques
To analyze transcription error rates, I will incubate the mutant RT with PNA and radiolabeled deoxynucleoside triphosphates (dNTP).  
[In addition I am currently enrolled in Professor Smolke’s bioengineering class; spring quarter I will enroll in the complementary bioengineering lab section.  
By extension, the surface proteins coded by the PNA genes would also be “locked.”  

Overall, the enhanced specificity and stability of peptide nucleic acids indicate that RT-mediated PNA transcription would be less susceptible to mutation than retroviral RT-RNA transcription.

To test the anti-mutagenic property of PNA, I will select for a mutant reverse transcriptase strain competent in transcribing PNA into DNA.
Consequently, reverse transcriptases exhibit higher error rates than other transcription enzymes.  Compare HIV-1 reverse transcriptase, which incorporates errors at a rate of 1 every 1700 base pairs, to E. coli RNA polymerase, which introduces errors at a rate of 1 every 50000 to 100000 base pairs (Roberts et al., 1988).  
PNA, an artificial analog of DNA and RNA, has a unique backbone that confers low tolerance for base pairing mismatches.  Its backbone is also likely incompatible with recombination.  This enhanced specificity and stability suggests that RT-mediated PNA transcription would be less susceptible to mutation than retroviral RT-RNA transcription.  

This anti-mutagenic property prompts further investigation into substituting retroviral genes with PNA-coded genes that are “locked” – protected from reverse transcriptase errors.  By extension, the proteins coded by PNA genes would also be “locked,” with further mutation circumvented.  Ultimately, antibodies could then be successfully developed against these viral proteins.
The first step in these investigations is identifying a mutant strain of reverse transcriptase that recognizes and transcribes PNA.  To this end, I will generate a library of mutant reverse transcriptases by incubating various retroviruses in E. coli and irradiating the cultures with ultraviolet radiation.  I will then screen the library for ones with the desired properties using high throughput technology.  The screening technique will be derived from Professor Patrick Brown’s gene chip technology: The reverse transcriptase volumes in the library will be plated onto glass chips and then washed with a solution containing PNA oligonucleotides conjugated with a fluorescent probe.  Reverse transcriptases capable of binding PNA will then be extracted and incubated with PNA in vitro with deoxynucleoside-5’-triphosphates to test for transcription.
Both RNA in retroviral recombination and DNA in cellular recombination inAlthough it is not known whether PNA can participate in recombination, t
Recombination is thought to occur through Holliday junctions, which involves nucleophilic attack by one strand of nucleic acid on the phosphate diester moiety of the other strand.  Since PNA does not have it would be difficult for a fragment to form a bond with the phosphate or sugar molecules of RNA or DNA.  
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