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Abstract 
  

Alphaviruses have developed mechanisms to expand the coding capacity of their genome 

through a process called programmed ribosomal frameshifting (PRF). PRF allows for translation 

to proceed in an alternative reading frame in order to create two proteins from a single transcript. 

Negative 1PRF in the alphavirus polyprotein generates the transframe protein (TF), which is 

important for the virulence of alphaviruses. If the virus is able to thrive using PRF, this is 

detrimental to the organism in direct contact. Through biochemical analysis of the Sindbis virus 

structural polyprotein, it was found that the innate cause of the -1 PRF is translocon-mediated 

membrane integration of a hydrophobic transmembrane domain. This process triggers a pull on 

the ribosome that causes it to slip into the -1-reading frame. Results show the efficiency of -1 

PRF is dependent on the hydrophobicity of this transmembrane domain. Using this information, 

we carried out a bioinformatic search for proteins containing comparable sequences within the 

human proteome. Previous results reveal hundreds of human proteins contain this motif, 

suggesting -1PRF may impact human gene misfolding. Using cellular and biochemical 

techniques, the present study focuses on the development of a model system allowing for future 

evaluation of PRF and how it shapes the translation of SCN5a and SLC35a genes.  
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Introduction 

Studies have shown strong evidence for the relationship between protein misfolding and 

disease where the protein aggregates are responsible for the degenerating of tissue (Von Heijne, 

2001). Complications involving the structure and function of proteins can result in common 

diseases like cardiovascular disease, the leading cause of death in the United States (Braunwald, 

1997).  Others less known such as Complex Vertebral Malformation (CVM) found in Holstein 

cattle will cause malformed calves (Thomsen, 2005). Protein misfolding and aggregation are key 

components to understanding disease (Naiki and Nagai, 2009). In a constantly changing 

environment, the impact of disease on humans, animals, and plants is only increasing. 

Human disease and Protein Misfolding  

Many human diseases are thought to be caused by the misfolding of proteins (Chiti and 

Dobson, 2006). Protein misfolding can cause a reduction in the amount of protein produced, 

causing increased degradation or improper trafficking (Chiti and Dobson, 2006). Using the 22 

different amino acids, proteins can fold into either alpha helices or beta sheets usually consisting 

of 300 amino acids (Gregersen et. al., 2006).  Protein misfolding is a process that happens when 

the protein contains an inherited mutation that alters an amino acid in the chain or when the 

ribosome translating the DNA and comes across polypeptide errors (Gregersen et. al., 2006). 

Misfolded proteins can also form extracellular aggregates that cause cellular dysfunction (Seloke, 

2003).  When the cell is unable to function properly, mutations occur and diseases like cancer may 

arise. 

Extensive research has been done on the misfolding of proteins especially in the area of 

cardiovascular diseases. Long QT syndrome (LQT2) is a genetic disorder triggered by mutations 

in the SCN5a gene codeing for a cardiac sodium channel protein (Li et. al. 2017). When this 
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cardia sodium channel protein is not operational, abrupt syncope, seizures or sudden death may 

occur (Wilde et. al. 2001). However, not all mutations involve a loss of function, for some there 

is a Gain-of-function mutation that enhances the activity of a protein, which is also detrimental 

(Kralovics et. al. 2005). When the SCN5a gene has a Gain-of-Function mutation, there is an 

influx of sodium into the cardiac muscle causing change in electrical stimuli that causes heart 

disparities (Wilde and Amin, 2018). Eleven percent of natural deaths stem from sudden cardiac 

arrhythmias (Wang et. al., 1995). With this information, the SCN5a gene was a point of interest 

that was further investigated for the present study.   

Along with the SCN5a gene, researchers are focusing on trying to understand UDPN-

acetylglucosamine transporters, encoded by the SLC35a3 gene, another protein coding gene 

related to health complications. In a study involving breeding programs of cattle it was found 

that the bull carrying the lethal SLC35a3 mutation caused a massive increase of CMV in dairy 

cattle after mating (Thomsen, 2005). It was found this gene causes Complex Vertebral 

Malformation (CMV), a disease inherited during fetal development that causes deformed and 

merged vertebrae around the cervical-thoracic junction or death in calves. (Thomsen, 2005). 

After discovering the function of Golgi-Resident transporter of UDP-N-acetylglucosamine, 

researchers were able to control the disease and prevent further transmission. This is relevant to 

the present study where we are trying to understand how the SCN5a and SLC35a genes relate to 

protein misfolding and human disease.   

Cotranslational Protein Translocation   

 Protein synthesis begins in the cytosol where ribosomal subunits come together around 

an mRNA strand at the 5’ end and start translating (Akopian et. al., 2013). After the protein has 

been translated by the ribosome in the endoplasmic reticulum (ER), it is transported to the ER 
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lumen where it follows the secretory pathway to be released outside the cell. (Akopian et. al., 

2013). The most critical part of this process is during translation where the signal sequence is 

bound to the signal recognition particle (SRP) (Driessen and Nouwen, 2008). The signal 

sequence is transferred from the SRP to a translocon membrane channel (Driessen and Nouwen, 

2008). The signal sequence interacts with the translocon channel that opens it and the sequence is 

cut off by a signal peptidase (Akopian et. al., 2013).  It is crucial to understand the process of 

protein synthesis because there is a high chance of error with the growing polypeptide chain. 

Alphaviruses and Negative One Programmed Ribosomal Frameshifting (-1PRF) 

Alphaviruses infect humans and cause a range of symptoms that may be deadly. They contain a 

positive sense RNA genome composed of structural and nonstructural proteins (Kuhn et. al. 

2009). Many RNA viruses have developed methods to exploit the host cells translational system in 

ways that increase the coding capacity of the viral genome. Ribosomal frameshifting occurs when 

the translating ribosome collides with a structural RNA element which causes the tRNA to shift its 

position on the transcript. In alphaviruses, the recoding signal is known as -1 Programmed 

Ribosomal Frameshifting (-1 PRF) which allows the ribosome to adjust its translating of the 

genetic code to produce two different polyproteins from a single transcript. One polyprotein is 

comprised of structural proteins, while the frameshifted polyprotein is comprised of the transframe 

(TF) protein, which is produced by -1PRF. The TF protein is known as a virulence factor for 

alphaviruses. 

Protein misfolding caused by -1PRF   

It was found in alphaviruses that the cause of -1PRF is through translocon mediated 

membrane integration of a hydrophobic transmembrane domain. Transmembrane domain 2 
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(TM2) is at an ideal distance to exert force on the ribosome as it reads the slip site therefore 

acting as a switch to mediate PRF.   

Alphaviruses infect humans that cause a range of symptoms that can be fatal. They have 

developed mechanisms to expand their viral genome through programmed ribosomal 

frameshifting. The ribosome recoding the mRNA strand has been observed in viruses and with a 

mammalian gene, Edr (Shigemoto et al., 2001). This study reports that Edr is a eukaryotic gene 

that uses -1PRF during translation (Shigemoto et al., 2001). After this was confirmed, there was 

an additional pulling force discovered that was triggered when a hydrophobic segment transit 

through the translocon (Heijne et. al., 2012). When the transmembrane helix, in red, reaches the 

translocon, there is a pulling force on the emerging chain that triggers PRF (Heijne et. al., 2012) 

(Fig. 1).    
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Figure 1. Model for membrane integration. A strong pulling force is exerted on the nascent 
chain during the brief moments when the transmembrane helix (red) reaches the translocon 
channel (I) and when it partitions from the transclocon into the surrounding lipid (II). G. Von 
Heijne (2012). Nature structural and molecular biology.  
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Present Study  

Recent work in the Schlebach lab shows -1PRF will produce an alternative gene 

containing a transframe protein (TF). It was found the innate cause of -1PRF happens when 

translocon mediated membrane integration of a hydrophobic transmembrane domain causes 

tension on the ribosome triggering the slip into the -1 reading frame. Results show the efficiency 

of -1PRF relies on the hydrophobicity of the alpha helix within the polyprotein. A computation 

scan for slip sites revealed similar sequence motifs within the human proteome. Once similar 

motifs were found, a model system was created to incorporate a gene of interest into plasmids.  

To understand how -1PRF regulates genes within the human proteome, our model 

consisted of the isolation of a section of DNA from the SCN5a and SLC35a genes using a vector 

DNA molecule and a DNA insert. Our DNA insert or gene of interest was linked through 

phosphodiester bonds to our vector (1) DNA molecule which replicated once introduced to a host 

cell. Once inserted into the host cell, all of the recombinant DNA now including our DNA of 

interest linked to the vector (1).  

Due to complications with the unsuccessful incorporation of SCN5a and the plasmids, a 

new vector (2) was created where we reoptimized the whole plasmid, this was used on SLC35a 

TM4 and SLC35a ISO3 (Fig. 6 and fig. 7). Renillaluciferin 2-monooxygenase (RLuc) has 2 

cryptic splice sites, an mRNA sequence that could potentially interact with the spliceosome, that 

reduces the glow-type signal. Firefly Luciferase (FLuc) still has the same glow-type signal. This 

difference in signal was fixed by knocking the splice sites out while the linker sites were inserted 

(linker DNA stand that connects two nucleosomes). SCN5a and SLC35a3 were put it in the new 

vector (2). Different primers were used to amplify the new fragment of SLC35a gene, while 

another lab member took on the SCN5a gene. From this new model system, we will be able 
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visualize possible regulatory roles of -1PRF within the human proteome. Future directions include 

testing these constructs by transfecting each plasmid into HEK293T cells and evaluating the 

luciferase activity generated by the expression of the sensor using a luminescence plate reader.  
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Materials and Methods  
  

SnapGeneTM Software  

Used to plan, visualize, and create primers to join selected DNA fragments and to 

generate plasmid maps. These maps are used to order primers, ampicillin, and luciferase 

enzymes.  

  

Polymerase Chain Reaction (PCR)  

Primers were ordered from ThermoFisher ScientificTM and diluted with correct amounts 

of diH2O for a final concentration of 50nM. A forward (1.5 µL) and reverse (1.5 µL) primers 

were added along with Q5 Buffer (10µL), DNTP (5µL), dimethyl sulfoxide (DMSO) (1.5µL), 

Q5 DNA polymerase (1µL), H2O (34.6 µL) and our gene block (0.4 µL) in a PCR tube for a total 

volume of 50µL. This tube was placed in a thermocycler as seen in the PCR program in Table I.  
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Table I. Thermocycler conditions for PCR tube. 

 

 

 

 

  

  

  

Temperature (°C)  Time (seconds)   Cycles 

98  10    

98  30   
 

60  15   
30 

72  30  
 

72  60  
- 
 

4  ¥ hold  - 
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Gel Electrophoresis   
  

Used to separate DNA by size for visualization. 5µL of PCR product was mixed with 

2µL loading dye and inserted into a lane next to 4µL of 1KB ladder. This was run out on a 1% 

agarose gel (100 mL TAE and 2µL EtBr) using an electrical field at 40 volts for 1.5 hours. DNA 

bands were identified using Bio-Rad imaging technology.   

  

DPN1 Digest   

Dpn1 degraded the template DNA and reduced the number of background colonies after 

transformation. 2uL:20uL ratio of Cutsmart buffer (5µL of Cutsmart buffer and 1µL DPN1) was 

added to the PCR product. The PCR tube incubated overnight at 37˚C.   

  

DNA Clean and Concentrate -5 Kit    

DNA was cleaned and concentrated using PCR purification kit (Zymo ResearchTM). The 

plasmid ratio of binding buffer to our sample is 100µL:50µL. The mixture was transferred to a 

zymospin column and centrifuged for 30 seconds at 13500 RPM. The flow through was 

discarded. Two hundred µL of DNA wash buffer was added to the column and centrifuged again 

for 30 seconds at 13500 RPM. The DNA wash buffer step was repeated. The mixture was eluted 

in 8µL H2O and sat for 5 minutes then was transferred to a 1.5 mL microcentrifuge tube and 

centrifuged for 30 seconds.   
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Gibson Assembly   

Used to join multiple linear DNA fragments (New England BioLabs TM Inc.) The vector 

was kindly provided by a lab member. Fifty ng of vector and 100ng of our insert (Clean and 

Concentrate product), 10µL of NEB builder and 9.4µL of H2O for a final volume of 20µL. 

Sample incubated at 50°C for 1 hour.   

Transformation   

To transform the plasmid DNA, 50µL of E. coli was added to each tube already 

containing 10µL of the plasmid DNA. The mixture was placed on ice for 10 minutes. The tubes 

were heat shocked at 42˚C for 30 seconds to allow for the plasmid. DNA to enter the e. coli cell. 

Tubes were then placed on ice for 2 min. One hundred µL of Lysogeny broth (LB) was added to 

each tube and 250 µL of the mixture was plated on ampicillin resistant peatri dishes. Plates were 

incubated at 37˚C overnight. 

Colony Extraction  

To isolate our DNA, 5mL of LB and 5µL of ampicillin were added to 15mL conical tube 

and left to shake in a warm room at 23˚C overnight.   

ZymoPURETM Plasmid Miniprep Kit  

Designed for efficient isolation of plasmid DNA from E.coli. Samples were taken from 

the warm room and spun down using the centrifuge at 4200 RPM for 10 minutes to form a pellet 

in the bottom of the tube. Supernatant was poured off into hazardous waste and pellet was 

resuspended in 250 µL resuspension buffer and transferred to 1.5mL tube. Two hundred and fifty 

µL of Lysis buffer was added, tubes were inverted 6 times, and kept at room temperature for 2 

minutes then spun down at 13500 RPM. Liquid flow through was discarded each time. Three 
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hundred and fifty µL of neutralization buffer was added, and tubes were inverted 6 times. Tubes 

were spun down at 13500 RPM for 10 minutes and poured liquid into Thermofisher spin tubes. 

Tubes were spun at 13500 RPM for 30 seconds and 500µL of wash buffer was added then spun 

down again for 30 seconds. Wash buffer step was repeated, and one final spin was done. 

Contents of the spin column were transferred to a new 1.5 mL Eppendorf tube and 50µL H2O 

was added directly to the filter in the spin column and sat for 3 minutes. The liquid was spun 

down at 13500 RPM for 30 seconds. Spin column was discarded, and Eppendorf tube was kept 

and labeled.  

ThermoFisherTM Plate reader  

Used to calculate concentrations at 260 nm of our DNA from the ZymoPURETM Plasmid 

Miniprep Kit. Water was used as a blank.    

ACGT INC Sequencing  

From the plate reader, DNA concentrations were used to make a 20ng DNA reaction with 

2 µL of FWD and REV primer from the constructs made in Snapgene TM. These tubes were 

processed by ACGT, INC. Constructs were viewed using SnapgeneTM Software. 
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Results  

  
To assess the potential function of -1PRF motifs, several genetic constructs were 

produced to compare PRF levels across genes. A series of ribosomal frameshifting sensor 

constructs were designed in silico using SnapGeneTM software (Fig. 5, fig. 6, fig. 7). 

Constructs were assembled from synthetic DNA fragments by polymerase chain reaction 

(PCR) and Gibson assembly and verified via western blot analysis (Fig. 4). Recombinant 

plasmids containing these constructs were purified from E. coli and analyzed by Sanger 

sequencing (Fig. 3, fig. 8, fig. 9, fig. 10).   

  
Model to test -1PRF in Alphaviruses and the Human Proteome   

Previous work reveals a transmembrane helix (TM2) in the Alhpavirus polyprotein sequence is 

at an ideal distance to impose a force on the ribosome as the slip site occupies the active site of 

the translating ribosome. This is the first example of nascent chain regulation of 1PRF (Fig. 2). 

Computational scan for slip sites shows sequence motifs found within the human proteome 

similar to those found in the alphavirus, this allowed us to further evaluate other genes in the 

human proteome (Fig. 3). Constructs were made, then through sanger sequencing, we found the 

plasmids were successfully combined in SLC35a TM4 and SLC35a ISO3 constructs. The vector 

(1) plasmid does not fully contain the SCN5a variants (Fig. 8). Changes were made to vector (2) 

by knocking the splice sites out while the linker sites were inserted. The vector (2) plasmids fully 

inserted all SLC35a TM4 (Fig. 9) and SLC35a ISO3 (Fig. 10). Vector (1) failed because of 

cryptic splice sites were not removed, so the new vector (2) was successful because those sites 

were taken out. Using this new vector, the successful recombinant plasmids will be used in 

further studies to better understand the regulatory roles of PRF.  
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Figure 2. -1PRF is caused by translocon-mediated membrane integration of a hydrophobic 

transmembrane domain. Image A depicts the ribosomal exit tunnel shown in brown,  
the translocon is shown in gray, its lateral gate is highlighted in green, the nascent chain is shown 
in blue, TM1 is shown in orange and TM2 is shown in red. Image B depicts relative mKate 
intensity that was calculated from cellular measurements in which mKate fluorophore was in the -
1 reading frame for each mutant plotted. This intensity was plotted against the force measurements 
obtained from the CGMD simulations and shows a linear correlation with the cellular 
measurements. (Figures from Haley Harrington, 2019)  

 
 
  
  
  
  
  
  

A        B 



  15  

  
  
  
  
  
  
  
  
  
  
  

  
  

Figure 3. Several genetic constructs were produced to compare frameshifting across genes.  
The slip site in SCN5a gene is 45 amino acids away from the hydrophobic domain.  
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 TM4  ISO3  

  
  

  
  

Figure 4. Gel Electrophoresis analysis of the transmembrane domain 4 (TM4) and ISO 3 in 
the SLC35a3 gene. A representative gel reveals their relative abundance of transmembrane 
domain 4 (left) and ISO3(right). A 1KB ladder was used for measuring molecular weight. 
  

  
  
  
  
  
  
  
  
  
  
  

1KB ladder 
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Figure 5. -1 PRF Reporter Construct. Plasmid contains SCN5a, primers, and slip site using 
ampicillin resistance, Firefly Luciferase (FLuc) and Renillaluciferin 2-monooxygenase (RLuc) 
and vector 1.  Primer 1 was unsuccessfully incorporated.  
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Figure 6. -1 PRF Reporter Construct. Plasmid contains the TM4 section of SLC35a, primers, 
ampicillin resistance, Firefly Luciferase (FLuc)  and Renillaluciferin 2-monooxygenase (RLuc) 
and slip site using vector 2. Reverse primers are shown at 1669 base pairs and forward primers 
are shown at 2543 base pairs.  
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Figure 7. -1 PRF Reporter Construct. Plasmid contains the ISO3 section of SLC35a gene, 
primers, ampicillin resistance, Firefly Luciferase (FLuc) and Renillaluciferin 2-monooxygenase 
(RLuc), and slip site using vector 2. Forward primer is shown at 2777 base pairs and reverse 
primer is shown at 1669 base pairs.  
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Figure 8. -1 PRF Frameshift Reporter Construct of SCN5a. Red Arrows represent the SCN5a 
variants. The plasmid is 7143 base pairs long. Ampicillin resistance, Renillaluciferin 2-
monooxygenase (RLuc) and Firefly Luciferase (FLuc) are present in the final construct. 
.   
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Figure 9. -1 PRF Frameshift Reporter Construct of SLC25a3. Red Arrows represent the 
successful SLC35a3 variants. The plasmid is 6726 base pairs long. Ampicillin resistance, 
Renillaluciferin 2-monooxygenase (RLuc) and Firefly Luciferase (FLuc) are present in the final 
construct. 
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Figure 10. -1 PRF Frameshift Reporter Construct of SLC35a3. Red Arrows represent the 
SLC35a3 variants. The plasmid is 6492 base pairs long. Ampicillin resistance, Renillaluciferin 
2-monooxygenase (RLuc) and Firefly Luciferase (FLuc) are present in the final construct. 
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Discussion   

In an ongoing investigation of PRF, the Schlebach lab has recently discovered a novel -

1PRF mechanism that affects the translation of several disease-linked human genes. To validate 

this method and to assess the potential function of human -1PRF motifs, we produced a model 

system containing several genetic constructs needed to compare PRF levels across genes. The 

results show that recombinant plasmids were successfully able to incorporate the SLC35a TM4 

and SLC3a ISO3 genes with vector 2. The work done with SCN5a and vector 1 was 

unsuccessful. from the present study will provide insights into the nature of this mechanism and 

will suggest new ways in which -1PRF is employed to regulate gene expression.  

The purpose of this study was to create a model that was able to successfully create 

recombinant plasmids containing gene of interest. SnapGeneTM software was used was used to 

design our plasmids containing genes SCN5a and SLC35a (Fig. 5, fig. 6, fig. 7) along with 

correct primers, ampicillin resistance, and firefly and renillla luciferase. We chose firefly and 

renilla because of their high specificity and sensitivity to luciferase activity. After completing 

PCR to amplify our gene of interest, gel electrophoresis analysis was completed to check if the 

bands were the correct length using DNA ladder (Fig. 4). The SCN5a gene was tested with 

vector (1) and results indicate the gene fragments were not successfully inserted into the full 

plasmid (Fig. 8). The SLC35a3 gene was tested with vector (2) and results show the inserts were 

successfully inserted into the plasmids.  The next step is to prepare the gene of interest for 

transfection into the HEK293 cell line. 

The genes tested with the vector (1) before the changes were made to the cryptic splice 

sites in Renilla, were unsuccessfully cloned. Once the new vector (2) was made, the 

incorporation of the genes became successful (Fig. 9, fig. 10). Red arrows in (Fig. 8, fig. 9, and 
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fig. 10) represent the different inserts, the ones incorporated successfully with vector 2 are fully 

red (Fig. 9, fig. 10) while the ones incorporated unsuccessfully with vector 1 are broken up and 

not completely red (Fig. 8). The molecular cloning was unsuccessful in the SCN5a gene because 

the vector (1) was made improperly (Fig. 8).  

This model can be used for the study of disease pathology. When studying any disease , 

early diagnosis is critical for vaccination and public health interventions (Guarner et. al. 2004). 

There are many methods for disease identification, such as antigen detection through Polymerase 

Chain Reaction (PCR). A recent study found that to validate observations made in vitro, PCR 

assay techniqes can be used to further understand the pathology of Neisseria meningitidis 

(Pathogenesis and diagnosis of Human). PCR methodology has also been developed for 

molecular detection and epidemiology purposes (Atlas, 1999). With this information, the 

population will be less at risk for contracting diseases. The research done with PCR in the 

present study has made it possible for advancements in understanding and stopping diseases 

through genes.  

Triggers of PRF  

Other studies have shown a force is exerted on a transmembrane protein as it goes 

through the translocon channel (Ismail et. al., 2012). The work done by Gunner von Heijne 

(2012) focuses on the forces acting on transmembrane helices and an additional pulling force on 

the ribosome is present which also holds true in the present study (Ismail et. al., 2012). Results 

from the previous alphavirus work done in the Schlebach lab demonstrates the cotranslational 

folding of the nascent chain activating a force that triggers PRF. The hydrophobic 

transmembrane domain was found to be 44 amino acids from the slippery sequence in 

alphaviruses and was also found to be true is SCN5a (Fig. 3). Further research is needed to 
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accurately show this in SLC35a3. For the molecular cloning experiments, both the TM4 and 

ISO3 variants of SLC35a were successfully inserted into the plasmid. The present study created 

a model that prepared the gene of interest for future transfection into the cell line.   

The study of genes helps researchers, doctors diagnose, treat, prevent, and cure diseases.  

Recent studies on the Breast Cancer gene (BRCA), show that 45% of women with the BRCA 

mutation will develop breast cancer before the age of 70 (National Breast Cancer Foundation, 

INC). Since this gene is hereditary, women are more likely to get tested for the presence of the 

gene because if they are positive then this could potentially be passed on to their offspring and 

put their daughters at risk for getting breast or ovarian cancer. It is important to understand how 

these genes mutate to guide health care providers in treatment of disease or reduce possible risks 

for cancer. With a growing demand for information regarding disease and genetics, it has 

become more important to understand how these processes work. To better understand diseases, 

new models need to be created, like the one for SLC35a in the present study.  

Future directions 

In continuation of this study, SLC35a3 plasmids would be transfected into HEK293T 

cells. Using a luminescence plate reader, luciferase activity would be evaluated. Luciferase is an 

indicator of transcription within cells. Topological signals that direct the protein into the cytosol 

will produce a fluorescence from a Green Fluorescent Protein (GFP). If the protein goes into the 

lumen there will be no fluorescence. The results of future studies will provide insight to the ways 

in which -1PRF can regulate protein synthesis.   

Conclusions 

This experiment aimed to create a model system to understand how the novel -1PRF 

mechanism impacts protein misfolding and the influence this has on human disease. It was found 
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that the vector has a huge impact on the success of molecular cloning experiments as seen in the 

results. Vector (1) was unsuccessful because of the Renillaluciferin 2-monooxygenase (RLuc) 2 

cryptic splice sites which caused a difference in signal. This was corrected by knocking the 

splice sites out and inserting the linker sites.  Now that the PCR model is corrected, we can use it 

to study different genes and how they are regulated from PRF. Further research will provide 

insights into the nature of this mechanism and will suggest new ways in which -1PRF is 

employed to regulate gene expression. 
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