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Abstract  

 Despite ongoing advancements in care, patients affected by human immunodeficiency 

virus-1 (HIV-1) infection continue to have a shorter than average lifespan and a decreased 

quality of life1. Therefore, more research is still necessary to ensure better health outcomes for 

these patients. 

 In the early step of its replication cycle, HIV-1 enters a host cell, and reverse transcribes 

its RNA into DNA. The virus then integrates the reverse-transcribed DNA into the host cell’s 

genome using a viral integrase. The cell begins transcribing the integrated viral deoxyribonucleic 

acid (DNA) and producing fully spliced and processed messenger ribonucleic acids (mRNA)2. 

Rev protein, which itself is made from a fully spliced viral transcript, mediates the transport of 

intron containing viral RNAs out of the nucleus and into the cytoplasm via the CRM1 pathway. 

This enables the nucleocytoplasmic export of both genomic RNA (which will be packaged into 

virions,) and intron-containing RNA encoding for structural proteins. Rev also stabilizes viral 

RNAs, inhibits cellular splicing, and promotes translation of viral RNA. These functions make 

Rev protein essential for HIV-1’s continued survival in vivo and make it an attractive target for 

anti-HIV drug design3. 

 Triple helical RNA was first described in 19574 and triple helices have since been found 

to play a significant role in regulating gene expression5. Previous research has shown that 

translation of mRNA can be inhibited using triplex forming oligonucleotides (TFOs)6. TFOs are 

short sequences of nucleic acids that can form a triple helix with double stranded DNA or double 

stranded RNA, and a TFO can be composed of DNA, RNA, or peptide nucleic acid (PNA) 

backbone. 
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 In this study, we identified a double-stranded region within the predicted Rev mRNA 

secondary structure(s) suitable for TFO targeting. We designed a PNA-based TFO that bound to 

this region. This was done using our Python program TFOFinder7. We confirmed triple helix 

formation using a hairpin that modeled this Rev mRNA region. Then, we used a commercial 

transcription/translation kit8 to transcribe Rev mRNA and test the ability of our TFO(s) to inhibit 

translation of the Rev protein in vitro. 

 

Introduction 

Nucleic acids have multiple roles in biology. In addition to enzymatic and other 

functions, nucleic acids are best known for serving as the medium in which organisms store and 

transmit their genetic information. This information is stored within DNA in the nucleus of 

eukaryotes. Transcription factors are special proteins that help RNA polymerases bind to certain 

regions of the DNA and transcribe the DNA into pre-mRNA. This precursor mRNA is processed 

by 5’ capping, 3’ polyadenylation and splicing to yield the mature mRNA, which is exported into 

the cytoplasm via the Nxt1/Tap RNA export pathway and then translated by the ribosomes into 

proteins9. DNA as the genetic code, the transcription of DNA into mRNA, and the translation of 

mRNA into protein make up the central dogma of biology (Figure 1). 
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Each strand has its sugar/phosphate backbone facing outward and its nitrogenous bases 

facing inward. The two strands are antiparallel to each other, and bar any mutations, are fully 

complementary to each other. Adenine on one strand will match up with thymine on the other 

strand, and cytosine will match up with guanine. The two bases form hydrogen bonds with each 

other, adenine and thymine forming two hydrogen bonds with each other, and cytosine forming 

three hydrogen bonds with guanine. Due to the higher number of hydrogen bonds, the non-

covalent/H-bonding of cytosine and guanine is stronger than that of adenine and thymine (Figure 

2). 

RNA, unlike DNA, is generally made up of only one strand, but this strand will fold upon 

itself under physiological conditions (Figures 2, 3). The conformation that achieves the lowest 

free energy when folding will be most likely to form. Because the RNA is a single strand that 

folds upon itself, there will often be short regions with high complementarity that form canonical 

base pairs, and large loops containing low complementarity (Figure 3). The nucleic acid 

sequence of an RNA molecule can be input into energy minimization algorithms, such as 

mfold®10, which return the minimum free energy (MFE) and the most likely sub-optimal RNA 

secondary structures to form at 1M NaCl. An example of a predicted MFE mRNA structure is 

shown in Figure 3.  
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 Eukaryotic genomes contain introns and exons. Introns are not transcribed, while exons 

are transcribed and translated (except for UTRs- untranslated regions - which are regions at the 

ends of the RNA that are not translated) (Figure 7). The production of Rev protein is essential to 

HIV-1’s survival in the host organism because it allows the transportation of intron-containing 

viral RNA out of the nucleus and into the cytoplasm of the host cell3.  

 
 
 

 

 

Once a pre-mRNA has been transcribed and processed to yield the mature mRNA, the 

mRNA assumes a secondary (and tertiary) structure where different parts of the same strand of 

RNA interact with each other (Figure 8). RNA folding into the native conformation is required 

for performing proper cellular functions such as RNA transport and localization, translation, etc. 

Figure 7: Immature vs. mature mRNA. The transcript is spliced, meaning the 
introns, are removed, and protected caps are placed on both ends of the mRNA. 
Introns are untranslated regions of the transcriptH. 
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The capped, polyadenylated, spliced and folded mRNA then gets transported out of the 

nucleus and into the cytoplasm where it will be translated into protein(s) by ribosomes. 

Recent research by Rozners et al. has shown that specifically designed PNA molecules 

can inhibit translation of mRNAs both in vitro and in cells. This is true even for PNA molecules 

as short as nine nucleotides long. This effect is highly specific, and these researchers found that a 

mismatch of even one nucleotide eliminated any effects6. 

In this study, we explore the conformational and translational effects of the addition of 

specifically designed PNA molecules to Rev mRNA in solution and in vitro 

transcription/translation-coupled assays. 

 

 

Figure 8: Different structural motifs that can occur within the secondary structure of 
mRNAI. 
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Materials and Methods  

PNA OLIGOMER DESIGN 

The secondary structure of Rev mRNA was predicted using mfold and RNAstructure programs 

and the MFE and suboptimal structures were used for oligomer design. Using TFOFinder, we 

designed PNA1 (NH2-JJJJJTJJJTT-LysLysLys-CONH2) and PNA2 (NH2-TGCGTJJJJJTJJJTT-

LysLysLys-CONH2, which were predicted to form a triple helix with the 285-293 and 280-293 

region of Rev mRNA, respectively.  

 

 

TFO sequence designed for stem N-terminus JJJJJTJJJTT-LysLysLys C-terminus 

TFO sequence designed for stem and loop N-terminus TGCGTJJJJJTJJJTT-LysLysLys C-terminus 

 

J represents pseudoisocytosine, which replaces C and can form Hoogsteen base pairs at neutral 

pH17. These two PNA TFOs were synthesized and purified via HPLC using the services of 

Panagene Inc. 

 

TRIPLE HELIX FORMATION 

The RNA ideal model hairpin oligonucleotide (5’ 

AACCCUCCCCCCAACCGACGCAGGGGGAGGG 3’) was purchased from Integrated DNA 

Technologies Incorporated (Table 2).  

 

Natural sequence of hairpin 5’AACCCACCUCCCAACCGACGCAGGGGGUGGG 3’ 

Idealized sequence of hairpin 5’AACCCUCCCCCCAACCGACGCAGGGGGAGGG 3’ 

Table 2: Natural and idealized hairpin sequence 

Table 1: TFO sequences we designed. It should be noted that three lysine residues were added to 
the C-terminus of the TFOs in order to add a positive charge to the molecule, which improves its 
solubility in aqueous solutions. 



 14 

0.8 µL of 50 µM RNA hairpin was added to 9.2 µL of 20 mM incubation buffer (20 mM 

HEPES pH 7.5, 200 mM NaCl, 0.5 mM EDTA) in one tube, and 0.8 µL of 50 µM RNA hairpin 

and 8.2 µL of incubation buffer were added to another tube. The tubes were heated in boiling 

water for two minutes and placed on ice for 30 minutes. 1.0 µL of 100 µM PNA oligomer was 

added to the second tube and the tubes were incubated at room temperature for at least 1.5 hours. 

1.0 µL of 80% glycerol was added to each tube and they were loaded and run through 2% 

agarose gel electrophoresis containing ethidium bromide (4 µL 10mg/ml in 100 mL) with 1X 

TBE buffer. Gel electrophoresis was run at 170V for ~30 minutes at 4°C and was analyzed under 

ultraviolet light and using a Bio-Rad Gel Imaging System. 

A similar set-up was used to examine samples with varying concentrations of PNA1, 

PNA2, and a negative control RNA hairpin (5’ 

CCTTTTTTTTTTTAAAATCCAAAAAAAAAAGG 3’), as presented in Table 3. 

 

 

 1 2 3 4 5 6 7 8 9 
Rev HP  1µL 

of 
20µM 

1µL 
of 
20µM 

1µL of 
20µM 

1µL 
of 
20µM 

1µL of 
20µM 

1µL of 
20µM 

1µL of 
20µM 

1µL of 
20µM 

1µL of 
20µM 

PNA 1 0 1 µL 
of 
20µM 

2 µL 
of 
20µM 

0 0 0 0 1 µL 
of 
20µM 

2 µL 
of 
20µM 

PNA 2 0 0 0 0 1 µL 
of 
20µM 

2 µL 
of 
20µM 

0 0 0 

Negative 
control HP 

0 0 0 0 0 0 1 µL 
of 
20µM 

1 µL 
of 
20µM 

1 µL 
of 
20µM 

1X Incubation 
buffer 

1µL 1 µL 1 µL 1 µL 1 µL 1 µL 1 µL 1 µL 1 µL 

Water  8 µL 7 µL 6 µL 8 µL 7 µL 6 µL 8 µL 7 µL 6 µL 
 

Table 3: Setup for the PNA binding assay with the Rev model RNA hairpin, analyzed using 
horizontal agarose gel electrophoresis. 
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In order to increase the resolution of the bands within the gel, similar experiments were 

conducted using 12% polyacrylamide gel. The gel was made from 12 mL of water, 2 mL of 10X 

TBE buffer, 6 mL of 19:1 40% Accugel, 175 µL of 10% APS, and 15 µL of TEMED. The 

samples (as can be seen in Table 4) were loaded into the gel and ran at 125 Volts at 4°C for ~30 

minutes. 

 

 

 1 2 3 4 5 6 7 8 9 
RNA HP 2µL 

of 
20µM 

2µL 
of 
20µM 

2µL of 
20µM 

2µL 
of 
20µM 

2µL of 
20µM 

2µL of 
20µM 

2µL of 
20µM 

2µL of 
20µM 

2µL of 
20µM 

65% glycerol 2 µL 2 µL 2 µL 2 µL 2 µL 2 µL 2 µL 2 µL 2 µL 
1X incubation 
buffer 

2 µL 1 µL 0 0 1 µL 2 µL 1 µL 0 0 

PNA 1 0 1µL 
of 
10µM 

2µL of 
10µM 

2µL 
of 
20µM 

1µL of 
100µM 

0 0 0 0 

PNA 2 0 0 0 0 0 0 1µL of 
10µM 

2µL of 
10µM 

2µL of 
20µM 

 

To get quantitative data on the bands, the gels were analyzed with a software called 

ImageJ which was used to measure the brightness of each band in the gel. The relative brightness 

was calculated by comparing all values to the brightness of the hairpin alone. Three gels were 

run and analyzed. 

 

AMPLIFICATION OF Rev AND Rev-EGFP DNA USING PCR 

 A pUASp-Rev-EGFP plasmid was used to amplify Rev and Rev-EGFP coding DNA 

region by Polymerase Chain Reaction (PCR) to be used as template for the in vitro 

transcription/translation assay. One forward primer with the T7 promoter sequence (underlined 

Table 4: Setup for the PNA binding assay of PNAs 1 and 2 with the Rev hairpin, analyzed using 
vertical native polyacrylamide gel electrophoresis. 
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sequence) added at the 5’ end (5’ 

AATAATTAATACGACTCACTATAGGGAGAATGGCAGGAAGAAGCGGAG 3’) was used 

but two different reverse primers were used (5’ CTATTCTTTAGTTCCTGACTCCAATACTG 

3’ and 5’ GTTAACGTTCGAGGTCGACTCTAG 3’), which amplified the Rev, and Rev-EGFP 

fragment, respectively. The reactions were prepared as per Table 5. 

 

 

 

Solution Volume (µM) 
Water 32.5 
5X Phusion HF Buffer 10 
10 mM dNTPs 1 
10 µM Primer (forward) 2.5 
10 µM Primer (reverse) 2.5 
DNA template 1 
Phusion enzyme 0.5 
Total 50 

 

The PCR reaction was performed with an initialization temperature of 98°C for 30 

seconds. Each cycle involved a denaturation stage of 98°C for 10 seconds, an annealing stage of 

64°C for 15 seconds, and an elongation stage of 72°C for 15 seconds. 35 cycles were run, 

followed by a final elongation stage at 72°C for 10 minutes, and a final hold temperature of 4°C. 

The samples were run through 0.5X TAE 1% agarose gel electrophoresis to confirm the presence 

of DNA fragments of the expected size (374 bp for Rev and 1091 bp for Rev-EGFP). 

 

IN VITRO T7 TRANSCRIPTION/TRANSLATION-COUPLED ASSAY 

In vitro T7 transcription/translation was performed using Rev DNA with and without 

PNA present using the TnT® T7 Quick for PCR DNA System (Promega, catalog number 

Table 5: Reaction preparation for PCR. 
An aliquot of each PCR reaction was 
used to confirm the samples were run 
through agarose gel with ethidium 
bromide to detect DNA fragments. 
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L5900). A master mix was prepared by adding the following: 52µL TNT T7 Quick for PCR 

DNA master mix, 1.3µL 1mM methionine, 5.85µL PCR product, and 2.6µL Fluorotect (lysine 

with BODIPY dye). The master mix was split among three tubes, prepared as described in Table 

6. The samples were incubated at 30°C for 60 minutes and then placed on ice. They were then 

combined with 5X Laemmli buffer and run in an agarose gel as previously described. 

 

 

 

 Because we could not detect the protein product for the above transcription/translation 

reactions, we conducted another test to determine if a positive control protein supplied with the 

kit could be produced. Two samples were prepared, one with 9µL TnT® T7 Quick Coupled 

Transcription/Translation System master mix, 1µL 1mM methionine, 1µL EGFP PCR DNA, and 

1µL Fluorotect, and the other sample with 1µL of Fluorotect. These samples were run with 

glycerol in 1X TBE agarose gel at 80 Volts. 

 

GEL ANALYSIS AND BAND QUANTIFICATION 

 Gel images acquired with a BioRad gel imager instrument were imported into ImageJ and 

analyzed using the gel analysis plugin and further analyzed with a custom R-script (Appendix). 

The experimental data was fitted and the equilibrium constants of PNA1 and PNA2 dissociation 

from the RNA hairpin were determined using a sigmoidal dose response model, the log-logistic 

model with four parameters (two fixed) from the drc R-package18. 

 Sample 1 Sample 2 Sample 3 
Master mix 19 µL 19 µL 19 µL 
Water 1 µL 0 0 
PNA1 0 1 µL of 20 µM 0 
PNA2 0 0 1 µL of 20 µM 

Table 6: Setup for T7 transcription/translation assay with and without the presence of PNA 
TFO. 
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Results and Discussion 

SELECTION OF THE Rev-mRNA TARGET REGION  

Specific TFOs, which were predicted to form a triplex with Rev mRNA, were designed 

using TFOfinder. TFOfinder outputs many possible locations for TFO binding, so the candidate 

with the highest GA composition and lowest single strand count fraction (1 for fully single 

stranded and 0 for fully double stranded) was chosen.  

Multiple purine-rich duplexes are predicted to form within Rev-mRNA. The candidates 

chosen were TFOs that would theoretically bond to a part of the Rev mRNA that formed an 

internal loop (Figure 9). 

Hairpins are similar to internal loops and occur when single-stranded RNA folds upon 

itself to form a double stranded stem with a loop. 
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but to form a duplex with a 5-nt 5’ segment from the loop of the hairpin. We hypothesized that 

the additional length would help the TFO bind more tightly to the hairpin. Both TFOs also had 

an extra two T bases that would remain unbound near the base of the hairpin to add stability 

(Figure 14). 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

TRIPLE HELIX FORMATION 

The model Rev RNA hairpin was incubated with each of the two PNAs at varying 

concentrations, and native/non-denaturing gel electrophoresis was used to evaluate and analyze 

PNA binding to the hairpin. Simultaneously, the model Rev RNA hairpin alone was run through 

the same agarose gel in an adjacent well. Ethidium bromide fluoresces under ultraviolet light 

Figure 14: Structure of both PNAs and their predicted bonding 
arrangement to the idealized hairpin. 
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region of the RNA hairpin and was also complementary to five nucleic acids that were part of the 

single-stranded loop region. The effect with this PNA was so extreme that at a concentration of 4 

µM, absolutely no RNA was visible in the gel, indicating that it had all been unraveled. 

 The quantitative data from ImageJ can be seen in Table 7 and Figure 17: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Trial 1 Trial 2 Trial 3 Average 
sample duplex triplex duplex triplex duplex triplex duplex triplex 

1 1.01 0.00 1.23 0.00 1.12 0.00 1.12 0.00 
2 0.69 0.00 1.54 0.00 0.81 0.00 1.01 0.00 
3 0.38 0.02 0.49 0.00 0.52 0.02 0.46 0.01 
4 0.04 0.11 0.01 0.11 0.06 0.09 0.04 0.10 
5 0.00 0.10 0.00 0.13 0.03 0.09 0.01 0.11 
6 0.99 0.00 0.77 0.00 0.88 0.00 0.88 0.00 
7 0.56 0.12 0.55 0.07 0.46 0.14 0.52 0.11 
8 0.38 0.20 0.48 0.16 0.30 0.13 0.39 0.17 
9 0.01 0.30 0.00 0.14 0.03 0.18 0.01 0.21 

Table 7: Fractions of duplex and triplex after PNA complexing with RNA, as 
determined using ImageJ to measure the relative brightness of the bands within 
polyacrylamide gel. 
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These data were also input into a sigmoidal dose-response model, as mentioned 

previously. This can be seen in Figure 18. 
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Figure 17: Fraction of duplex and triplex after TFOs complex with RNA. Visual representation of data within 
Table 7. Note the increase in triplex fraction with increasing PNA concentrations and the almost total 
disappearance of the duplex at the highest concentration of each PNA. 
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mRNA from occurring. A transcription/translation kit was used on T7-Rev DNA both in the 

presence and absence of PNA. Unfortunately, despite repeated attempts, including we were not 

able to detect any translated protein. We tried to perform a control transcription/translation assay 

using Luciferase DNA, but this was also unsuccessful. 

 There are many possible reasons that translation was not successful. It could be that our 

PCR fragments are incomplete or somehow contain an error which prevents transcription from 

occurring. There could also be a problem with the transcription/translation kit that we used, 

either with the enzymes that transcribe the RNA or that translate the protein. It is possible that 

the detection sensitivity is also problem, because even though we were able to detect the 

fluorescently labeled lysine, Rev contains only 3 Lys residues. In addition, the recommended 

lower limit for template size is 300 bp for in vitro transcription assays and the Rev DNA 

template is close to this limit at 374 bp long. 

 

FUTURE EXPERIMENTS 

 As mentioned previously, the control transcription/translation of our PCR fragments was 

not successful. To determine which part of the process is not working properly, Dr. Irina Catrina 

and Jonah Rocheeld will attempt to transcribe the PCR fragments without translating them. To 

monitor RNA duplex invasion by TFO, a fluorescently labeled RNA hairpin will be designed. 

 

Conclusions 

 The appearance of a second band in the gels at a level slightly higher than the RNA, and 

the positive correlation between the disappearance of RNA and the addition of larger amounts of 

our TFOs indicates that both TFOs successfully bound to the RNA model hairpin, forming a 
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triplex, and invading the duplex. In addition to being a successful result for this project’s 

purpose, this also strengthens the efficacy of TFOFinder, showing that it can generate TFOs 

reliably. 

Despite repeated attempts, we were not able to analyze the effect of TFO on RNA 

translation into protein, however alternative detection methods such as Western blotting and 

silver staining may help answer this question. 
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Appendix 

# Irina E. Catrina 
# July 6th, 2022 
# This script is for the analysis of duplex disappearance for Rev mRNA hairpin model RNA 
# make these packages and their associated functions 
# available to use in this script 
library(dplyr) 
library(ggplot2) 
library(tidyverse) 
library(drc) 
#theme_set( 
#  theme_bw() + 
#    theme(legend.position = "top") 
#) 
#clear R's brain 
rm(list = ls()) 
#import data 
myfile2  <- read.csv("C:/Users/User/OneDrive - Yeshiva 
University/Desktop/AAA_YU/Research/AAA_R/AS_DH_2.csv") 
View(myfile2) 
myfile2 <- na.omit(myfile2) 
glimpse(myfile2) 
tbl_df 
model.LL3 <- drm(DH ~ Conc, data = myfile2, PNA, fct = LL.3(fixed=c(NA, 100, NA), names 
= c("Slope", "Upper Limit", "Kd"))) 
summary(model.LL3) 
#mselect(model.LL3, fctList = list(W1.3(fixed=c(NA, 100, NA)),W1.4(), W2.3(fixed=c(NA, 
100, NA)), W2.4(),  LL.4()),linreg=TRUE) 
#par(mfrow = c(1, 2)) 
#plot(DH~Conc, data = myfile2, log = "x") 
windowsFonts(A = windowsFont("Palatino Linotype")) 
plot(model.LL3, log = "x", xlab="log[PNA]", ylab = "% double helix", lty=0, lwd = 1, xlim = 
c(0, 100), col = c("red", "blue"), family = "A") 
plot(model.LL3, add = TRUE, type = "all", legend = (""), lty=2, lwd = 2, col = c("red", "blue"), 
family = "A") 
plot(model.LL3, add = TRUE, col = c("red", "blue"), type = "bars", legend = (""), lty = 0, family 
= "A") 
#main="LL.3(fixed=c(NA, 100, NA))" 
 




