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Abstract 

Internal Ribosomal Entry Sites (IRESs) are conserved secondary structural elements present 

in the 5’ untranslated regions (UTR) of some essential eukaryotic mRNAs and many viral RNA 

genomes. IRESs allow the mRNA or viral RNA to bypass canonical cap-dependent translation 

initiation and entice the ribosome to assemble directly onto the RNA strand and initiate 

translation. Viruses utilize this method of translation initiation to hijack cellular translation 

machinery and eukaryotes utilize this to maintain levels of critical proteins when most 

translation is shut down due to cellular stress. 

Gurken (Grk) protein is an EGFR ligand essential for determining polarity and eggshell 

patterning in Drosophila melanogaster development. The gurken mRNA is believed to have an 

IRES for several reasons, including steady regulation of grk translation under nutrient limited 

conditions when canonical cap-dependent translation is repressed and the necessity of a RNA 

helicase for cap-dependent translation to occur under non-starvation conditions. Here we are 

interested in finding structural features corresponding to a potential internal ribosomal entry 

site (IRES) in the 5’ UTR of the gurken mRNA from D. melanogaster.  

Selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE) chemistry is a 

powerful tool used to investigate secondary structure in RNA molecules. We used this 

procedure to probe the grk 5’ UTR secondary structure and then compare the predicted 

structure to known IRES structural motifs. In collaboration with in vitro translation Luciferase 

assays and selective deletion or mutation of structural features, individual secondary structural 

features can be selectively analyzed and included or excluded as a potential IRES.  

Here I present the wild-type structure of the gurken 5’ UTR and correlations between the 

structural elements present there and known IRES structural features.  
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Introduction 

What is an IRES? 

The concept of an Internal Ribosomal Entry Site (IRES) was first proposed in the late 1970’s 

following the recognition of two seemingly disparate observations. The first being that in 

eukaryotes the 5’ cap of mRNAs was typically the site of ribosome assembly, which would then 

scan to the AUG start codon where translation would be initiated, as per Marilyn Kozak’s model 

of scanning translation initiation 1,2. The second observation was that viruses and other 

uncapped mRNA molecules were in certain cases capable of initiating translation without the 

benefit of the 5’ cap mechanism3–5. This led to the concept of internal structural features where 

the ribosome could assemble on or adjacent to the start codon, bypassing the scanning step 

and initiating translation directly 3–5.  

Research over the subsequent five decades has revealed IRES structures not only in viruses, 

where they are markedly common, but also in eukaryotic mRNAs of critical and highly 

conserved proteins 5–10. Viruses use the IRES method of translation initiation to hijack cellular 

machinery when infecting and overtaking a cell 4,10–14. Eukaryotes use IRESs to ensure critical 

protein production in situations where normal cap-dependent translation would be shut down, 

such as in responding to cellular stresses 6–10,15.  

One example of this eukaryotic usage is in the human insulin receptor 9. Nutrient 

deprivation or starvation conditions typically shut down translation, as energy conservation is 

paramount and expending cellular resources on non-critical protein production is not 

beneficial. However, the cell still needs to recognize and bind insulin to capture the available 

blood glucose. To this end, the insulin receptor is capable of being translated through both cap-

dependent and IRES mediated translation 9. This allows the insulin receptor to be produced in 

normal quantities under normal conditions and produced in much higher quantities under 

starvation conditions, to sensitize the cell to the available insulin and thus to the available 

nutrients 9.  

IRESs are not defined by conserved sequences, but rather by conserved structural 

elements4. The particular arrangement of stem-loops and bulges, as well as which translation 

proteins bind these structural features 4,6,8,10,11,16, is broadly what is used to classify viral IRES 

types. There are currently four types of viral IRES (Figure ) that have been identified and  
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Figure 1 - Cap-dependent Translation versus four classes of viral IRES translation 

C: Cap-dependent initiation defines the canonical accessory proteins. PIC assembly occurs on 

the 5’ cap, and the PIC then scans to the AUG start codon, where the ribosome assembles 

and begins translation. 

1: Type 1 IRESs have a highly complex 5’ UTR secondary structure, with multiple stem loops 

and pseudoknots. These IRESs do not require any accessory proteins, allow the ribosome to 

assemble directly on the mRNA, and are capable of initiating translation at a non-AUG codon. 

2: Type 2 IRESs have multiple stem loops in the 5’ UTR and require a few of the canonical 

accessory proteins. The ribosome assembles directly on the IRES at the AUG start codon and 

translation proceeds without scanning. 

3: Type 3 IRESs have multiple stem loops, require several canonical accessory proteins, as well 

as IRES trans-acting factor (ITAF) proteins. Ribosome assembly occurs on the IRES at the AUG 

start codon and translation proceeds without scanning. 

4: Type 4 IRESs have less complex secondary structure, require many the canonical accessory 

proteins, as well as ITAFs. PIC assembly occurs adjacent to the IRES and the PIC scans to the 

AUG start codon, where the ribosome assembles and begins translation. 

Images from 16 
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characterized 4,11,16. The functionality of each type depends in varying proportion on structural 

features, poly-U sequence motifs, and base-pairing with the 18S rRNA ribosomal subunit. 

Structural features can provide binding sites for IRES trans-acting factors (ITAFs), or structurally 

mimic tRNAs or pre-initiation complex proteins. Poly-U motifs are typically binding sites for 

ITAFs. Base-pairing with the ribosome encourages the ribosome to assemble on the mRNA and 

positions the mRNA in the translation channel to initiate translation. Any given IRES has a 

combination of these features. Some of these combinations allow the ribosome to assemble 

directly on the start codon, while some have assembly occur further upstream and then initiate 

scanning. Another class of IRES requires the mRNA to circularize, and the 3’UTR is involved in 

recruiting the small ribosomal subunit. This can complicate the identification and 

characterization of IRESs.  

Multiple eukaryotic IRESs have been identified, but as yet no eukaryotic-specific 

classification system has developed for these IRESs. This is due both to the smaller number of 

eukaryotic IRES which have been conclusively identified and to the lack of clear structural 

differences from viral IRESs observed thus far. However, research is progressing rapidly in this 

area. A 2016 publication from Weingarten-Gabbay, et al. detailed a groundbreaking 

bioinformatics study that used known IRES structure elements and sequence motifs to develop 

a high-throughput method to identify novel IRESs in eukaryotic mRNAs and positive-strand RNA 

viruses17. Through their combination of sequence analysis and a bicistronic reporter assay, 583 

novel eukaryotic IRESs and 471 positive-stranded RNA viral IRESs were identified. With this new 

capacity for high-throughput screening, rather than one by one analysis, identification of IRESs 

in eukaryotic mRNAs will happen much more rapidly. As new data are rapidly added to the 

literature, the question of how to best classify IRESs may be resolved in the near future.  

In this study, we have been particularly interested in Type 2 IRESs, as this type of IRES is 

what has corresponded most closely to what we have seen both structurally and functionally so 

far in the data presented here. The typical structural elements of a Type 2 IRES are shown in 

Figure . The oligopyrimidine tract, indicated in Figure , is a common feature in IRESs 6,11, and 

there is a class of proteins, polypyrimidine tract binding proteins (PTBs), which bind these 

sequences and serve as ITAFs to assist in translation4,8,11,13,18. The positioning of the 

oligopyrimidine tract varies between classes of IRESs, and in Type 2 it is positioned 

approximately 30 nucleotides upstream of the start codon 4.  
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Figure 2 - Type 2 Viral IRES structural features 

Typical stem loop arrangement of a Type 2 IRES. The underlined portion is the most highly 

conserved region of structure and most critical to function. The highlighted portion adjacent 

to the AUG start codon indicates the oligopyrimidine tract, which is 30-45 nucleotides 

upstream of the start codon. This region, as well as the indicated A-bulge, is most often the 

binding site of PTBs and ITAFs. Image from 4 

 

One example of a well-characterized Type 2 IRES is the Hepatitis C (HCV) IRES (Figure ). The 

HCV IRES has been shown to base pair to the 18S rRNA in order to position the start codon in 

the APE channel, with domain 2 of the IRES inserting into the E site of the 40S subunit, and 

domain 3 interacting with the exterior and recruiting the accessory proteins to initiate 

translation.  

The mRNA of interest here, which codes for the Gurken protein in Drosophila melanogaster, 

we believe to function in a similar way. This paper will detail the structure of the 5’ UTR of this 

mRNA, and discuss the structural similarities which lead to this conclusion.  
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Figure 3 – Structure of HCV IRES and translation initiation process 

The HCV IRES binds to the 40S ribosomal subunit by base pairing with the 18S rRNA and 

interacting with the ribosomal structural proteins. The ORF and start codon are guided into 

the translation channel by the domain II (green). The IRES then recruits eIF3, tRNAiMet, and 

eIF2-GTP to initiate translation. These displace domain II, allowing the 60S ribosomal subunit 

to join and begin translation.  

Figure from 19 

 

What is gurken and why do we believe it contains an IRES? 

All higher order organisms have conserved proteins which determine asymmetrical 

developmental patterning. In Drosophila, one of these proteins is Gurken, an epidermal growth 

factor receptor (EGFR) ligand, which is responsible for determining dorsal-ventral and anterior 

posterior patterning in the oocyte. When oocytes lack Gurken, the default patterning 

expression is ventral, resulting in a non-viable egg (Figure 4)15.  

Previous work in the Schüpbach lab identified a mutation, spindle-BBU (spn-BBU), which 

disrupted Gurken production, leading to ventralized spindle shaped eggs20. Spn-B controls 

double stranded break (DSB) repair during meiosis and the mutation, spn-BBU, fails to repair 



9 

these breaks. When the DSBs are not repaired, the cell does not pass the required checkpoints, 

does not proceed through meiosis, and is left with a fragmented karyosome 20. Other 

mutations, such as mei-41 or mei-W68, can correct the karyosome phenotype without repairing 

the DSBs, allow the oocyte to proceed through the checkpoint, and restore Gurken 

production20. Alternately, vasa mutations can cause the fragmented karyosome without DSBs 

present, and block Gurken production20. Simply having broken DNA does not necessarily inhibit 

Gurken production, but spn-BBU mutants have both persistent DSBs and a lack of Gurken 

production. This lack of Gurken is what leads to the abnormal, ventralized phenotype of the 

eggshell. It was also found that certain treatments could rescue the wild-type patterning 

phenotype in spn-BBU mutants, such as nutrient starvation or rapamycin treatment 15,20. These 

types of treatments served to greatly diminish normal cap-dependent translation, but 

conversely restored Gurken production (Figure 4). This was the first hint that there might be an 

IRES in the gurken mRNA, since for cap-independent translation to occur, there must be an 

alternative method of initiating translation. 

 

 Additionally, under normal conditions, when using cap-dependent translation, the gurken 

mRNA requires an RNA helicase, Vasa, to unwind secondary structure in the 5’UTR in order for 

translation to occur15,21 (Figure ). This strongly implies that there is significant secondary 

 
Figure 4 - Effect of spn-BBU on Gurken production 

WT: Color image, left, is confocal microscopy of Gurken localization (red) in a wild type egg 

chamber. Greyscale, right, is a scanning electron micrograph of a wild type Drosophila egg, 

with distinct and separated dorsal appendages marking the dorsal anterior region of the 

eggshell. 

V: Color image confocal image shows the lack of Gurken in spn-BBU mutants. The Greyscale 
images show increasingly severe degrees of ventralization in Drosophila eggs, in direct 
proportion to the decreasing amounts of Gurken production (Left to Right) in spn-BBU 
mutants. All images are from 15. 
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structure in the 5’ UTR of this mRNA, which must be removed for ribosomal scanning to occur. 

in vitro translation assays were also performed to determine the functional necessity of the 5’ 

and 3’ UTRs. It was shown that the 5’ UTR is necessary, but the 3’UTR is not necessary for 

gurken translation. As a number of critically important eukaryotic proteins have been found to 

have IRES structures in their mRNAs 10,11, and the hypothesis that gurken may have an IRES fits 

with all the observations thus far, members of this lab began probing the structure of the 

gurken 5’ UTR for features which might correlate to known IRES structures. 

 

 
Figure 5 - Modes of Gurken Translation Initiation 

In wild type eggs, under normal nutrient rich conditions, gurken translation proceeds via the 

canonical cap-dependent initiation mechanism [A]. Here, Vasa is required as an RNA helicase 

to unwind secondary structure, allowing preinitiation complex (PIC) scanning to occur. Target 

of Rapamycin (TOR) inhibits 4EPB, allowing the PIC to form. In nutrient deficient conditions 

[B], TOR is inhibited, preventing the PIC from forming and Vasa is phosphorylated when the 

checkpoint is not passed, preventing helicase activity. gurken translation is seen nonetheless. 

These data are consistent with the hypothesis that gurken can be translated using an IRES. 

Images are from 15.   

SHAPE Chemistry 

To probe the RNA structure, this lab utilized selective 2’-hydroxyl acylation analyzed by 

primer extension (SHAPE) chemistry. This method, first introduced by Wilkinson et al. in 2006 

22, relies on the reactivity of the RNA 2’-hydroxyl to determine whether the base is constrained 

by base pairing or single stranded and flexible. 

In this method, an electrophile is incubated with folded RNA molecules and preferentially 

reacts with unconstrained (i.e. non base paired) 2’-hydroxyl groups (Figure ), forming an adduct 
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which blocks primer extension by reverse transcriptase (RT) 22–25. Reverse transcriptase cannot 

extend past an adduct, therefore the resulting population of cDNA fragments is of variable 

lengths corresponding to their reactivity. This mixed population of cDNA fragments is visualized 

and analyzed by polyacrylamide gel or capillary electrophoresis, similarly to Sanger sequencing, 

to determine points where adducts are more likely to form.  

 

 

A single SHAPE experiment is comprised of a positive reaction and a negative control 

reaction. The positive reaction is carried out as above, with the folded RNA strand incubated 

with the electrophilic reagent to form adducts before reverse transcription. A negative reaction 

substitutes the same volume of inert solvent, in our case DMSO, for the electrophile compound 

in solution. When these reactions are visualized, there will be peaks present for the negative 

   
Figure 6 - SHAPE Chemistry reaction 

The proximity of the 2’-OH to the α-phosphate O- is determined by the orientation of the 
base. If there is base pairing, the backbone will be constrained in a helical conformation, 
bringing the two oxygens in closer proximity and sterically limiting the reactivity of the 2’-OH. 
When there is no base pairing, the backbone can be more flexible and the oxygens repel each 
other, allowing the 2’-OH to be more reactive. When incubated with NMIA, this will form an 
adduct on the flexible 2’-OH. Excess NMIA auto-hydrolyzes in aqueous solution, preventing 
excess adducts from forming. Image from 23 
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reaction, at points which have very strong structural elements that persist through pre-RT 

denaturation. In analysis, these peaks are subtracted from the positive reaction peaks, to 

remove the noise of inherent structure or failures of RT processivity. Each reaction is also 

multiplexed with a single ddNTP sequencing reaction, in order to accurately match data peaks 

to the correct base in the sequence. 

Bases are scored by the intensity of the peaks to give a relative measure of their flexibility, 

which is recorded as the SHAPE score. The SHAPE score is a relative scale of intensity, where 0 

would be no peak recorded and the largest peak set to an arbitrary maximum, typically 1 or 2. 

All other peaks are given a scaled score between the minimum and maximum. This, combined 

with the sequence of the RNA, is used to calculate probable base pairing and secondary 

structure of the RNA strand. 

Multiple compounds can be used in this method to analyze different patterns of base-

pairing and investigate different stereochemical arrangements. Structural predictions based on 

comparisons between the patterns of reactivity for different compounds is known as 

differential SHAPE26–29.  In our experiments, we have utilized three electrophilic compounds: N-

methylisatoic anhydride (NMIA), 1-methyl-6-nitroisatoic anhydride (1M6), and 1-methyl-7-

nitroisatoic anhydride (1M7) (Figure ). NMIA is the slowest of these to react, and preferentially 

forms adducts onto the 2’-OH of bases that have slow dynamics and are single stranded. Strong 

NMIA peaks indicate reliably single stranded bases. 1M6 is a weaker electrophile, and will stack 

with nucleobases that have one face exposed, and then form an adduct to that base’s 2’-OH. 

Peaks in these reactions are most often either at the top or bottom of a helical portion of the 

structure or are flipped out to base-pair in a long-range interaction. 1M7 is the fastest to react 

and measures local nucleotide flexibility with fast dynamics. This can return peaks for bases 

that have weaker or transient interactions, and can interrogate pseudoknot interactions, which 

may or may not also be represented in NMIA or 1M6 reactions. Combining information from 

two or more of these reagents gives a much more accurate picture of RNA structure.  
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Figure 7 - SHAPE reagents 

All SHAPE reagents target the ribose 2’-OH on flexible bases to form an adduct, but different 

R groups change the electrophilicity, and therefore the particular subset of bases which will 

be targeted. 

Image and table from 26 

 

Structure prediction and correlation to known IRES structures 

While SHAPE scores can be calculated manually, this is a tedious and time-consuming 

process, open to human error. Fortunately, this led to the development of the program 

QuSHAPE, which will take the raw capillary electrophoresis data and calculate the SHAPE 

score30. QuSHAPE allows the user to select the region of interest in the raw data, compares 

both the positive and negative SHAPE reactions to their respective sequencing reactions, and 

uses those sequencing reactions to align both reactions. Then the negative reaction peaks are 

subtracted from the positive reaction peaks. Signal degeneration along the length of the RNA 

and fluorophore-related mobility shifts are accounted for and adjusted accordingly, and a 

SHAPE score is generated.  

The SHAPE score, along with the RNA sequence, is input into RNAstructure, a structural 

prediction algorithm developed by the Mathews lab at University of Rochester 31. This 

calculates most probable base pairing, constrained by the SHAPE score for flexible regions, and 

determines the free energy calculations for the predicted structure. The algorithm gives several 



14 

predicted structures for each calculation, which must be reconciled with the SHAPE data and 

the free energy of the folded structure to determine the most likely structure.  

As steps have been made toward determining the structure of the gurken mRNA 5’UTR, we 

have been comparing our data to the literature in our search for structural elements which 

might correspond to known IRESs. These elements, as they have been discovered, were then 

shared with members of the Ferguson lab for in vivo mutational analysis, to analyze the 

function of the various structural features in an attempt to ascertain IRES activity. The initial 

structure predicted by previous lab members (Figure 8) featured two stem loops at 4 and 40 

nucleotides upstream of the start codon. These regions of the sequence were deleted for 

functional analysis of IRES activity using luciferase assays. These regions were found to have a 

negative regulatory function, which eliminated them from consideration as the putative IRES, 

but allowed for focus to shift to additional structural features. This elimination, in addition to 

new structural data, redirected the focus of the in vivo studies and prompted the creation of a 

series of constructs with sequential deletions along the entire length of the 5’UTR. These 

constructs are currently being examined with in vivo and in vitro translation assays to examine 

whether these regions of the 5’UTR are critical for IRES activity, or whether the global structure 

is necessary for IRES function.  
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Figure 8 - Original predicted structure for gurken mRNA 

In this image, SHAPE hits are highlighted in blue and the start codon in cyan. Multiple stem 

loops were predicted and served as the initial model for in vivo testing for functional analysis. 

Image courtesy of David DiPalma and Dr. Matthew Fountain from unpublished results. 
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Materials and Methods 

Creating RNA constructs 

E. coli containing plasmids with the DNA sequence for the wild type grk 5’ UTR (pSF90) 

fused to firefly Luciferase ORF were grown and mini-prepped (BioBasic EZ-10 Mini-Prep Spin 

Columns) according to manufacturer’s protocol 32 to isolate plasmid DNA. Constructs were PCR 

amplified out of the plasmids using primers Fwd SHAPE and Rev SHAPE in FF Luc (for primer 

sequences, see Table 1). The forward primer introduced a T7 polymerase promoter and a 

hairpin that helped increase the efficiency of the SHAPE reaction. The reverse primer contained 

an RT primer binding site and an additional hairpin to increase the efficiency of the SHAPE 

reaction. These hairpins, designed by Wilkinson et al. 22, are strongly base paired stems with 

tetra-nucleotide loops that reinforce the designed folding, and dinucleotide linkers to minimize 

stacking on the structure of interest. As the 10-20 nucleotides on either end of a reverse 

transcribed RNA cannot be well visualized, due to reverse transcriptase pausing during 

translation initiation and the intensity of the full length product, these cassettes allow us to 

visualize the entire region of interest, as well as provide promoter and primer sites. The reverse 

primer was inset in the firefly luciferase ORF. This ensured that we would be able to resolve the 

entirety of the 5’ UTR at its 3’ end rather than having the region adjacent to the start codon 

obscured by the primer. 

Table 1 – PCR Primer Sequences and Alignments 

Sequences for PCR primers used in these SHAPE experiments to create the transcription 

template constructs and the alignment of those primers to the plasmid sequence. 

 

PCR products were gel extracted to ensure purity and correct size, using Bio Basic EZ-10 

Spin Column Gel Extraction kit, according to manufacturer's protocol 32. Gel extractions were 
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eluted twice in 35 μL of elution buffer. Both elutions were combined, vacuum concentrated and 

resuspended in 11 μL of water. This was further PCR amplified to produce a stock of DNA 

template of our construct. The DNA concentration in this stock was quantified using a Shimadzu 

BioSpec Nano. 

Transcription of template DNA was carried out with Life Technologies MEGAscript T7 

Transcription kit, according to the manufacturer’s protocol 33, with minor variations as noted 

here. For each round of transcription multiple identical reactions were set up and the 

incubation time for the transcription reaction was extended to 16-24 hours. After incubation, 

all reactions were treated with 1 µL Turbo DNase, consolidated, precipitated with lithium 

chloride, and resuspended in 0.5X TE. A Shimadzu BioSpec Nano was used to quantify and to 

obtain an A260/280 ratio to verify purity. Stocks were diluted to a working concentration of 1 

pmol/µL.  

SHAPE Chemistry 

For all SHAPE reactions, 5 µl of RNA stock (5 pmol RNA in 5 µl of 0.5x TE) were denatured at 

95°C for 2 minutes, then crashed on ice. 3 µl of folding buffer (333 mM HEPES pH 8.0, 333 mM 

NaCl, 33.3 mM MgCl2) was added and reactions were incubated at 37°C for 10 minutes, then 

crashed on ice. To this, either 1 µl of electrophilic reagent (NMIA, 1M6, or 1M7) at 80mM in 

DMSO or 1 µl of neat DMSO, was added. This was incubated at 37°C for 22 minutes. Modified 

RNA was recovered with ethanol precipitation and resuspended in 10 µl of 0.5x TE. 

To reverse transcribe the modified RNA, 3 µl of 0.3 µM fluorescently labeled DNA primer 

was added to the resuspended RNA. Reactions were incubated at 95°C to remove latent 

secondary structure in the RNA, then primers were annealed at 58-65°C (depending on the 

primer) for 6 minutes, then crashed on ice. 6 µl of RT buffer (167 mM Tris pH 8.3, 250 mM KCl, 

10 mM MgCl2, 1.67 mM each dNTP) and 1 µl superscript III were added, then reactions were 

incubated at 45°C for 2 minutes, 52°C for 20 minutes, 65°C for 5 minutes. RT reactions were 

quenched with 4 µl of 50 mM EDTA. cDNA was recovered with ethanol precipitation and 

resuspended in 10 µl of deionized formamide immediately prior to capillary electrophoresis. 

SHAPE reagents – NMIA and 1M6 were purchased (Sigma-Aldrich, CAS Numbers 10328-92-4 

and 4693-01-0) in powdered form and resuspended in DMSO.  1M7 was synthesized from 4-

nitroisatoic anhydride and methyl iodide per 34, replacing dimethylformamide with acetonitrile, 

vacuum dried, and resuspended in DMSO. Master stocks of each reagent were stored at -20°C 

http://www.sigmaaldrich.com/catalog/search?term=10328-92-4&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=US&focus=product
http://www.sigmaaldrich.com/catalog/search?term=4693-01-0&interface=CAS%20No.&lang=en&region=US&focus=product
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in a desiccator. Working stocks were stored at room temperature, sealed with parafilm. NMIA 

was periodically checked for reactivity with a spectrophotometer. NMIA is excited at 375 nm 

when hydrolyzed and emits at 440 nm. As all of these reagents can spontaneously hydrolyze in 

solution once exposed to ambient humidity, this is a practical consideration for any solutions 

that are not made immediately prior to beginning an experiment. NMIA, being more stable at 

room temperature than the other two reagents, was replaced less frequently, but checked 

periodically. 1M7 has a colorimetric change once hydrolyzed, so whenever a color change was 

observed, the working stock was replaced with an aliquot that had been stored at -20⁰. 1M6, 

with a half-life of 31 seconds at 37⁰C, intermediate between the 1M7 at 17 seconds and NMIA 

at 260 seconds, was replaced every time 1M7 was deemed to be expired. For future, similar 

experiments, single use aliquots of these reagents, stored in a desiccator at -20⁰ would be 

recommended to eliminate issues with hydrolysis of working stocks.  

Ethanol precipitation – For all ethanol precipitations, reactions were transferred to 1.5 mL 

centrifuge tubes and incubated with 90 µl water, 4 µl 5 M NaCl, 4 µl 5 mg/ml glycogen, 2 µl 100 

mM EDTA pH 8, and 350 µl absolute ethanol, either overnight at -20°C or for >30 min at -80°C. 

Nucleic acids were sedimented by centrifuging at 14.8k RPM at <0°C for 15-20 minutes. Pellets 

were washed twice with 70% ethanol, and centrifuged at 14.8k RPM at <0°C for 15-20 minutes. 

RT primers – For all primer sequences and alignments, see Table 2. Initial analysis of this 

construct was done with the RT primer, FAM-1. However, there were significant issues with 

resolving the 5’ end of the construct, as reverse transcriptase would often be stopped by 

downstream adducts before reaching the midway point. This was due to the highly reactive, 

mainly single-stranded, 3’ end of the UTR. This resulted in multiple adduct formation on 

individual strands that hindered our ability to resolve SHAPE reactivity beyond approximately 

170 nucleotides upstream of the start codon. To solve this issue, an internal primer, FAM-2, was 

designed to better analyze the 5’ end of the construct. The primer inset in FF luciferase was also 

redesigned, FAM-2 REDO, to eliminate unnecessary termination from adducts in the ORF that 

we were not interested in. 
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Table 2 - Reverse Transcription Primer Sequences and Alignments 

RT primer sequences and alignments to the RNA sequence. FAM/HEX primers have identical 

sequences with different fluorophores, for multiplexing of components. FAM-1 was the original 

RT primer, but serious issues with intensity in electrophoresis and poor resolution for fragments 

>200nts prompted a redesign. FAM-1 REDO was the 3’ initial RT primer and moved to sit 41nts 

closer to the start codon. FAM-2 was the internal RT primer, designed to skip the large single 

stranded region at the 3’ end of the 5’UTR which was inhibiting upstream resolution.  

 

 

Sequencing reactions – to create the sequencing reactions that were multiplexed in 

capillary electrophoresis analysis, the same DNA template used for transcription reactions was 

Sanger sequenced, using the same RT primers as the reaction, and one ddNTP. 1 µL PCR 

product, 3 µL primer, 1 µL ddNTP, and 20 µL water were added to illustra PuReTaq Ready-To-Go 

PCR Beads (GE Healthcare Life Sciences, Catalog number 27-9557-01), which were incubated in 

a thermocycler at 95°C for 3 minutes, (95°C for 30 seconds, 52°C for 30 seconds, 72°C for 40 

seconds) x 40 cycles, 72°C for 5 minutes. Sequencing reactions were ethanol precipitated, then 

resuspended in 10 µl of Hi-Di™ Formamide (ThermoFisher Scientific, Catalog # 4311320). 

Fragment analysis 

All analysis of cDNA fragments was run on an Applied Biosystems Hitachi 3500 Genetic 

Analyzer via POP-7 capillary electrophoresis. 5 µl of resuspended sample, 4 µl of sequencing, 1 

µl of either GeneScan™ 600 LIZ® dye Size Standard or GeneScan™ 1200 LIZ® dye Size Standard 

(ThermoFisher Scientific, Catalog # 4366589, 4379950) and 1 µl of formamide were loaded in 
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each well. Positive and negative reactions were each run in separate capillaries, but 

simultaneously in a single row of a 96 well plate. All samples were run for 1600 seconds at 19.5 

kVolts with 30 steps in voltage at 15 second intervals and data readouts every 200 milliseconds; 

the pre-run was 180 seconds at 15 kVolts, and injections were 8 seconds at 1.6 kVolts.  

 
Figure 9 - Example Genetic Analyzer readout 

Capillary electrophoresis allows for readily quantifiable, single nucleotide resolution. Each 
sample run in the 3500 Genetic Analyzer capillary electrophoresis is labelled with the FAM 
fluorophore, attached to the RT primer. Samples are multiplexed with a sequencing reaction, 
labelled with HEX, and a ladder, labelled with LIZ. The Y axis is intensity of fluorescence; the X 
axis is the size of the fragment in number of nucleobases, calibrated to the ladder. Any 
misalignment between peaks, as with bases 179-182, is caused by differences in flow-through 
times due to differences in size between the fluorophores. This is adjusted for and corrected 
in QuSHAPE analysis. Electropherograms such as this one are used to initially, roughly assess 
sample quality and reaction success. Raw, tabulated data is exported for detailed analysis 
using QuSHAPE.  

 

Electropherograms (Figure 9) were checked to ensure run quality, with sufficient intensity 

and good peak alignment to warrant further analysis. If the typical peak intensity for the 

sample, sequencing, or ladder was below 1000, then those data were not used for further 

analysis. A ‘good’ run would typically have greater than 4000 intensity for all peaks and all 

components on the run.  
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Analysis with QuSHAPE and RNAstructure 

Raw data files from capillary electrophoresis were initially analyzed using QuSHAPE30. This 

program takes raw data from a positive and negative reaction, uses the multiplexed sequencing 

reaction to align both runs, then generates a SHAPE score. Initially, both data files are 

uploaded, then the program presents electropherograms for the positive reaction, negative 

reaction, and sequencing for each (Figure 10.A) From these electropherograms, a region of 

interest is selected by the user. This allows the program to ignore primer noise, unreadable 

regions, or other portions that are uninteresting. For the region of interest, the reaction peaks 

are then aligned to their respective multiplexed sequencing peaks (Figure 10.B). At this point, 

the user checks the alignment and can adjust if necessary. Then, using the identical sequencing 

reactions, the peaks are aligned across all four electropherograms (Figure 10.C) and to the 

sequence. Here again, the user can check and adjust the alignment of the peaks to each other 

and also to the sequence.  Then the negative reaction peaks are subtracted from the modified 

reaction peaks and a SHAPE score is generated. This is displayed graphically (Figure 10.D) and 

tabulated (Figure 10.E). The tabulated SHAPE scores, the “normDiff” column in the Figure 10.E 

table, are exported to Excel for averaging and reformatting. 

Data for FAM-1 and FAM-2 runs are aligned and combined and SHAPE scores for multiple 

runs are averaged in Excel. As the QuSHAPE outputs for SHAPE scores can range from negative 

numbers to very large positive numbers, in order to not have the averages biased by a single 

outlier with a very large SHAPE score, the data was compressed. All SHAPE scores that are 

negative numbers are marked as 0; all scores that are greater than 1 are marked as 1. All scores 

between 0 and 1 are left as they are. This allows us to preserve the dynamic range between 0 

and 1, without allowing single data point to override the average of other replicates. This is in 

line with convention, with either 1 or 2 being arbitrarily chosen as the max value for a SHAPE 

score and all numbers in a relative range between 0 and the max. Final averaged SHAPE scores 

are then exported into a text file to be used as SHAPE constraints for structure predictions. 
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Figure 10.A,B - QuSHAPE Analysis 

The process of QuSHAPE analysis takes the raw data from capillary electrophoresis and 
produces a SHAPE score. (A) The raw data for a modified reaction, a negative reaction, and the 
respective multiplexed sequencing reactions are input and a region of interest is selected (grey 
highlight). (B) The reaction and sequencing peaks for each run are aligned. (C) The sequences 
are automatically aligned, and then used to align all peaks for both runs. At this point, peak 
matching is checked and any misalignments can be corrected. (D) The negative reaction peaks 
are subtracted from the modified reaction peaks and a SHAPE score is generated for each 
nucleotide. (E) Tabulated data of peak measurements and SHAPE scores (“normDiff”) are 
generated, for export as constraints in structural analysis.  
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Figure 10.C,D - QuSHAPE Analysis 

The process of QuSHAPE analysis takes the raw data from capillary electrophoresis and 
produces a SHAPE score. (A) The raw data for a modified reaction, a negative reaction, and the 
respective multiplexed sequencing reactions are input and a region of interest is selected (grey 
highlight). (B) The reaction and sequencing peaks for each run are aligned. (C) The sequences 
are automatically aligned, and then used to align all peaks for both runs. At this point, peak 
matching is checked and any misalignments can be corrected. (D) The negative reaction peaks 
are subtracted from the modified reaction peaks and a SHAPE score is generated for each 
nucleotide. (E) Tabulated data of peak measurements and SHAPE scores (“normDiff”) are 
generated, for export as constraints in structural analysis.  
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Figure 10.E - QuSHAPE Analysis 

The process of QuSHAPE analysis takes the raw data from capillary electrophoresis and 
produces a SHAPE score. (A) The raw data for a modified reaction, a negative reaction, and the 
respective multiplexed sequencing reactions are input and a region of interest is selected (grey 
highlight). (B) The reaction and sequencing peaks for each run are aligned. (C) The sequences 
are automatically aligned, and then used to align all peaks for both runs. At this point, peak 
matching is checked and any misalignments can be corrected. (D) The negative reaction peaks 
are subtracted from the modified reaction peaks and a SHAPE score is generated for each 
nucleotide. (E) Tabulated data of peak measurements and SHAPE scores (“normDiff”) are 
generated, for export as constraints in structural analysis.  

 

To predict structures, we used RNAstructure31. This program predicts most probable base-

pairing, based on nearest neighbor free energy and overall free energy. SHAPE scores are used 

to impose energy penalties for base-pairing nucleotides that have a high score. The sequence 

and SHAPE scores were input into RNAstructure to get the structural predictions. All 

nucleotides downstream of the start codon were forced single stranded in this calculation. This 

adjustment would be prudent in most mRNA analyses, as regions past the start codon would 

necessarily be single stranded after translation initiation and could not participate in further 

recruiting for polyribosomal translation. Additionally, for our constructs the ORF and 3’ and 5’ 

extensions were added in vitro, so any interactions between the 5’ UTR and these extensions 

would not naturally be a part of the structure. SHAPE constraints were set to register chemical 

modification for all SHAPE scores above 0.4 and to force single stranded for all SHAPE scores 

above 0.8.  
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RNAstructure has both web servers and a desktop application. Both were used in predicting 

structures. These can give different predictions for the same input, when updates to the 

programming are not synchronized. When we received different predictions for the same input, 

the program version was first checked, and if it was the same version, then preference was 

given to the structure with the lowest calculated free energy that best matched the SHAPE 

results. Redrawing of the predicted structures were done with Microsoft PowerPoint, for 2013 

and 2015 structures, and with VARNA GUI35 for all other structures. 

 

Results and Discussion  

The original structural prediction was based on data obtained from SHAPE experiments 

utilizing the same sequence as the FAM-1 RT primer, but with the LI-COR IRD800 fluorophore 

instead of FAM. These runs were visualized on a 6.5% polyacrylamide gel in a LI-COR DNA 

Sequencer. This allowed for single nucleotide resolution, but did not allow easy quantification 

of peak intensity. Additionally, there was difficulty in resolving peaks for the 5’-most half of the 

UTR. The structure predicted from these data fit well with the NMIA hits (Figure 11), but the 

lack of clarity for the 5’ end prompted further investigation.  

In 2014, this lab began utilizing capillary electrophoresis to visualize SHAPE runs to improve 

resolution. Unfortunately, there was not an immediate translation between methods of 

visualization. Initially, there were problems in being able to visualize anything at all with the 

capillary electrophoresis. After multiple rounds of troubleshooting, this issue was identified as 

salt concentrations and dithiothreitol (DTT) in the samples run on the capillaries. Eliminating 

DTT from the reactions entirely and instituting ethanol precipitations with multiple washes 

after both modification and reverse transcription resolved the issue. Salt is a common 

contaminant in capillary electrophoresis, as it is necessary for the preparatory reactions, but 

can outcompete the sample for access to the capillary tips, leading to failures in loading the 

nucleic acids on to the capillary. However, DTT was an unexpected contaminant. There is not an 

obvious chemical or physical explanation for why it would disrupt visualization in capillary 

electrophoresis and, in searching the literature, there are other labs which use DTT in sample 

preparation for the same machine with no apparent issues. However, for this work, eliminating 

DTT improved sample loading and separation so our protocols were modified accordingly.  
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After the capillary electrophoresis and sample detection issues were resolved, SHAPE 

experiments were continued. The same RT primer sequence was utilized as in prior runs, but 

with the FAM fluorophore. The greater sensitivity of the capillary electrophoresis allowed us to 

resolve approximately 60 more nucleotides at the 5’ end of the UTR than could be accounted 

for in the previous experiment using the LI-COR and IRD800 fluorophore system. With capillary 

electrophoresis, the weak peaks at the 5’ end were resolvable, but they still had very low 

intensity. This created issues in normalization between the different sections of the UTR, as the 

signal decay was quite significant and not uniformly decreasing. There was a significant drop-off 

in the signal around 100-120 nucleotides upstream from the start codon, which was present in 

the data from both the LI-COR and the capillary electrophoresis. These data were nevertheless 

analyzed and used to predict an updated version of the structure (“2015”, Figure 11). This set of 

data and the resultant structure had a much greater sensitivity to the NMIA modification, but 

this also led to NMIA hits from these data that did not match the predicted structure as well as 

the previous version. To improve the resolution at the 5’ end, decrease signal decay issues, and 

simplify normalization, an internal primer, FAM-2 positioned approximately 150 nucleotide in 

from the 3’ end.  

The RT primer FAM-2 (Table 2) was designed to sit at the 3’ side of the more structured 5’ 

end (Figure 12), and after the single-stranded regions near the 3’ end. This primer provided 

even intensity from the primer site to the end of the construct and overall intensity that was 

multiple times higher than even the largest peaks in the FAM-1 primer runs (Appendix 3). This 

allowed for clear resolution of the 5’ end, which had not been well visualized previously.  
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Figure 11 - 2013 and 2015 Structural Predictions 

2013 – The original structural prediction, redrawn from the RNAstructure prediction in 

PowerPoint (top left) and VARNA GUI (top right). NMIA hits are highlighted in blue (top left) and 

red (top right). The start codon is in pink for both. For data from the LI-COR, SHAPE hits were 

determined as present or absent. 

2015 – The first capillary electrophoresis structural prediction, redrawn from the RNAstructure 

prediction in PowerPoint (bottom left) and VARNA GUI (bottom right). NMIA hits are 

highlighted in red and yellow (bottom right). The start codon is in pink for both. For data from 

capillary electrophoresis, SHAPE hits were determined on a relative scale between 0 and 1. The 

tallest peaks were designated as 1, the lowest and absent peaks as 0, and the intermediate 

peaks at a value relative to their intensity between those points. NMIA hits with an intensity 

between 0.40 and 0.85 are colored yellow. Hits between 0.85 and 1 are red.  

 

The better visualization of the 5’ end led to another version of the gurken 5’ UTR structure 

(Figure 13). The 2016 version of the structure fit the NMIA data better than the 2015 version, 

but still not as well as the 2013 version. The increased visualization and quantification 

capabilities offered by capillary electrophoresis also offered a greater sensitivity to NMIA 

modification. This meant that there were a greater number of nucleotides that were marked as 

modified, but not sufficiently modified to force the base to be single stranded. This caused the 

2015 and 2016 predicted structures to not line up as well with the data as the 2013 structure 

that had a more simplified modified or not modified notation.  
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Figure 12 - Primer Redesign 

The redesigned RT primers, FAM-1 REDO (orange) and FAM-2 (teal), are shown relative to the 

2013 (top) and 2015 (bottom) predicted structures. FAM-2 was designed to sit at the start of 

the more structured 5’ end, to bypass the mainly single-stranded 3’end. FAM-1 REDO was 

designed to start much closer to the start codon (pink) than FAM-1, which was located 41 

nucleotides further downstream. Enlargements of the primer binding sites are in Error! 

Reference source not found.. 

 

Additionally, with the increased intensity in visualization available for the 5’ end, the low 

intensity of the 3’ end became a concern. At this point, FAM-1 was redesigned. FAM-1 REDO 

was set 41 nucleotides closer to the start codon than FAM-1, so that it bound in the Luciferase 

open reading frame adjacent to the start codon, rather than at the RT primer binding site 

introduced in the reverse PCR primer (Table 1).  This redesign allowed for much better 

visualization, with increased intensity that maintained the patterns of modification that we had 

seen before (Appendix 1, 
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Appendix 2).  

 

Figure 13 - Iterations of gurken Structure: 2013, 2015, 2016 
The changes in visualization method, from polyacrylamide gels to capillary electrophoresis, led 

to changes in the predicted structure. For each, NMIA SHAPE hits are highlighted in red and 

yellow; the start codon is highlighted in pink. For 2013, NMIA hits are marked as present (red) 

or negative. For 2015 and 2016, NMIA hits between 0.40-0.85 are in yellow, between 0.85-1 are 

in red.   

For the most recent data, we have begun to use differential SHAPE to investigate stackable 

bases and pseudoknots. Differential SHAPE utilizes reagents 1M6 and 1M7 to examine other 

properties of the RNA structure, such as whether bases are available for stacking and rapid 

dynamics. Multiple runs were done for each reagent and runs were averaged together. To 

incorporate interactions for both slow and rapid dynamics, average SHAPE scores for NMIA and 

1M7 were combined in a 2:1 weighted average; those numbers were used as the SHAPE 
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restraints for the 2017 predicted structure (Figure 14). The 2:1 ratio was chosen to give more 

importance to the slow, stable dynamics, than to the fast, transient dynamics that might be 

present in the structure. However, the prediction was also run with SHAPE scores weighted 1:1 

and with the data we had, there was no difference in the structural predications between the 

different weightings. The RNAstructure structural prediction with the lowest calculated free 

energy was used for this structural prediction of the gurken 5’ UTR.  

This structure has some significant changes from previous structures, with the large central 

unstructured region and shifts in the more 3’-ward stem loop configurations. Several features in 

common with previous structures do remain; notably the stem loop from 45-79 which is 

present in every iteration.  

 
Figure 14 – 2017 Predicted Structure of the gurken 5’ UTR 

The 2017 predicted structure is based on a 2:1 average of the NMIA and 1M7 data. 
Incorporating SHAPE data from both reagents gives a prediction that is mainly based on the 
stable dynamics investigated by NMIA, but also reflects the rapid dynamics that 1M7 targets.  

 

In investigating a structure, we generally want the lowest free energy prediction, as this 

represents the most stable structure. However, structural predictions based solely on the free 

energy minima have an ~75% accuracy, and often fail to identify pseudoknots, long range 

interactions, and local high energy folds36.  Utilizing SHAPE data brings the prediction accuracy 

to >93% 37,38. Figure 15 shows the structure predicted without SHAPE constraints. The 2017 

SHAPE data for NMIA are overlaid on this structure to highlight the differences between what 

we see experimentally and what is predicted without this data. Figure 16 shows the same 
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comparison for each past iteration, with the NMIA SHAPE data for each structural prediction 

overlaid on the no constraints structure. For each iteration this lab has predicted, the free 

energy is higher than the no constraints structure, yet is better fit to the data than the 

unconstrained structure. Some structural features, such as the stem loop from 45-79 (Figure 

17) or regions that are single stranded or base paired, are present in both the SHAPE and no 

SHAPE structures, but overall the SHAPE constraints alter the prediction significantly. For an 

RNA that is suspected of being an IRES, this is not unexpected; there should be conserved 

structural elements, important to the function, which are not necessarily at the lowest energy 

minimum.  

 

Figure 15 - gurken 5'UTR Predicted without SHAPE Constraints 

Base pairing predicted by RNAstructure for the gurken sequence without any SHAPE constraints 

gives this structure. 2017 NMIA hits (red and yellow) are overlaid here to highlight how the 

lowest free energy structure may often not be correct. In RNAstructure the energy constraints 

imposed by SHAPE data either alter the prediction or raise the free energy of the predicted 

structure.  
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To probe these structural features, we used NMIA, 1M7, and 1M6. NMIA targets stable, 

dynamically slow, single stranded regions. 1M7 targets single stranded regions as well, but is far 

more sensitive to fast dynamics. 1M6 targets bases that are available for stacking interactions, 

typically in single stranded regions, at the ends of helices, or bases that are bulged or flipped 

out. The NMIA data for 2017 corresponds well to the structural prediction (Figure 18), with hits 

lying mainly in single stranded regions. There are a few points with hits in stems, such as the 

stem loop at 197-247, however these can be accounted for by their proximity other structural 

features.  
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Figure 16 - Comparison of Past and Present SHAPE Data 

SHAPE data for each iteration of the gurken structure is highlighted in the structural prediction 

and in the structure predicted without SHAPE data. The structure prediction changes with the 

updated data, but the regions of NMIA hits stay fairly stable.  
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Bases A-202, U-242, and G-243 are surrounding an A-bulge at 201, which torques the backbone 

and allows access to these hydroxyls. Additionally, G-203 and U-241 are in a mis-matched base 

pairing, which in close proximity to the A-bulge has the potential to open that section of the 

helix in a larger bulge, exposing all of these bases to NMIA; 1M7 and 1M6 hits for the same 

bases suggest that this region does open. 

NMIA hits for U-212 and A-233 are similarly adjacent to an A-bulge at 213 and have 

corroborating 1M7 hits at A-213 and A-233 and 1M6 at A-233.  

 

Figure 17 - Stem Loop 45-79 Across Structural Predictions 

The stem loop between bases 45-79 has remained constant between all iterations of the gurken 

5’UTR structure. Images show structure predictions for this region with (L-R): no SHAPE data, 

2013 SHAPE data, 2015 SHAPE data, 2016 SHAPE data, and 2017 SHAPE data. NMIA reactivity is 

highlighted (red and yellow) in all SHAPE data structures.  

The large unstructured region from 80 to 125 is a new feature of this structure. The NMIA 

patterns of reactivity for this stretch are similar to previous data, but the structural prediction 

for this iteration left this region unpaired to any other, in contrast to previous iterations.  

As there are is a strong region of NMIA reactivity from 80-93 and 106-125, with no hits in 

between, and significant 1M7 reactivity from 95-125, we wanted to ensure that the 1M7 data  
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Figure 18 - 2017 Predicted Structure with NMIA, 1M7, and 1M6 Hits 

Here the predicted structure has the NMIA (top), 1M7 (bottom left), and 1M7 (bottom right) 

data overlaid to highlight how this data predicts and reinforces this structural prediction. NMIA 

targets stable, dynamically slow, single stranded regions. 1M7 targets single stranded regions as 

well, but is far more sensitive to fast dynamics. 1M6 targets bases that are available for stacking 

interactions, typically in single stranded regions, at the ends of helices, or bases that are bulged 

or flipped out. The NMIA data here corresponds well to the structural prediction, with hits lying 

mainly in single stranded regions. There are a few points with hits in stems, such as the stem 

loop at 197-247, however these hits can be accounted for by their proximity to bulges, internal 

loops and base mismatches, all of which can destabilize the regional structure and lead to the 

helix being transiently opened. This is consistent with the increased 1M7 reactivity in this 

region relative to NMIA. Similarly, the data for 1M7 and 1M6 also lines up well, or can be 

explained easily with local structure features.  

 

were not solely responsible for this new aspect of the structure prediction. Since this structural 

prediction used both NMIA and 1M7 data in a weighted average as SHAPE constraints, the 

prediction was rerun with NMIA constraints only, to confirm this single stranded region. There 

was no change to the structure at all, with the exception of the small stem loop at the far 5’ 
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end, which shifted slightly. This indicates that this single stranded region is present in this data 

set, and either involved in pseudoknots or important for allowing flexibility in the structure. 

The structure was also run with through the RNAstructure webserver Fold, MaxExpect, 

and ProbFold algorithms. There were some differences between the predictions (see Figure 19 

and Figure 20), and this large unpaired region did close up. However, the cost of this was a 

dramatic shift in base pairing over the entire structure and the webserver predictions did not 

agree with the SHAPE data as well as the desktop program prediction.  

This flexibility of the large unpaired region in the 2017 prediction may be important for IRES 

function in the gurken 5’UTR. The most similar structure we have seen in the literature is the 

Hepatitis C Virus (HCV) IRES. The HCV IRES has multiple interactions with the 40S ribosomal 

subunit, documented from cryo-EM data19. The global structure does not precisely correspond 

between these two structures, but the gurken 5’UTR has several similarities to the interactive 

features of the HCV IRES (Figure 21). Additionally, the HCV IRES is a sub-type of the Type 2 viral 

IRES, and similarities have already been identified between the gurken 5’UTR and common 

Type 2 IRES features, such as the poly-pyrimidine tracts and global structure configurations.  
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Figure 19 - Difference in Predictions Between Desktop and Webserver Predictions 
The differences between the desktop (top) and webserver (bottom) predictions are significant, 

both in the base pairing and in the free energy. With the same sequence and SHAPE data, the 

RNAstructure desktop program predicts the top structure with a free energy of -71.6kcal/mol , 

while the webservers predict the bottom structure with a free energy of -152.8 kcal/mol. The 

stem loop from 45-79 is still present in both, but otherwise they are quite different predictions. 

The SHAPE data for NMIA (bases highlighted red or yellow) is in better agreement with the 

desktop prediction.  
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Figure 20 - ProbKnot and MaxExpect Predictions Compared to Desktop Prediction 

The ProbKnot and MaxExpect algorithms from RNAstructure are alternate methods of 

prediction that may or may not give more accurate results. In the case of this data, they do not 

seem to be more accurate than the prediction from the desktop program (A). The MaxExpect 

prediction (B) is very similar to the webserver Fold prediction (Figure 19), and does agree better 

with the SHAPE data than the webserver prediction, but still not as well as the desktop 

prediction. The ProbKnot prediction (C) agrees with the data even less well, and also predicts a 

physically impossible tetrahelix (D). The tetrahelix could not be accurately drawn in VARNA, so 

D shows an annotated drawing with blue lines indicating base pairings predicted by ProbKnot. 

Not only could this helix not bend enough for the loop to meet the adjacent seguence, but as a 

4bp helix would have just under half a turn, the loop at the top of the redrawing in D would be 

oriented in the reverse, making the indicated base pairing with the adjacent sequence even less 

likely. So the structure predicted by ProbKnot is probably not accurate in this case.  
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As shown in Figure 21, Domain II in the HCV IRES, which interacts with several proteins in the 

E-site of the 40S to position the start codon in the A-site and the ORF in the translation channel, 

is similar to the 45-79 stem loop in the gurken 5’UTR. The C-83 and U-86 in the HCV IRES at the 

terminal end of this stem loop that interact with uS11 are also present in the gurken 5’UTR at 

U-61 and C-64.  

In the HCV IRES there is a kissing-loop base pairing interaction between the G triplet at 266-

268 in the HCV IRES and a C triplet at 1116-1118 in the 18S rRNA. This is a critical positioning 

interaction for the HCV IRES, and requires enough distance between the C-83/U-86 E-site 

interactions and this for the RNA to fold over to the outside surface of the 40S subunit. In the 

Drosophila 18S rRNA, the corresponding loop is a U quadruplet at 1155-1158. There are two A 

quadruplets that might base pair with this region, at 34-37 and 183-186. The A quadruplet at 

34-37 is most likely too close to the end of 45-79 stem loop to be able to fold over and reach 

the rRNA loop on the outer surface of the 40S subunit. The A quadruplet at 183-186 is more 

likely to fill this role, both because of its position in the structure has more flexibility that would 

allow it to reach that region of the rRNA, and because it is strongly affected by NMIA and 1M7, 

ensuring that it would remain single stranded and available for pairing with the rRNA. There are 

some other potentially analogous regions in the gurken 5’UTR for interactions with eS27 and 

eS28, as shown in Figure 21, but these are tenuous projections without 3D data for the gurken 

5’UTR. 
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Figure 21 – Comparison of Structure and Interactions with the 40S Ribosomal Subunit for the HCV IRES and 
gurken 5’UTR 
The HCV IRES has multiple documented interactions with the 40S ribosomal subunit from cryo-EM data19. The 

gurken 5’UTR has several structural similarities to the HCV IRES, and particularly to these interactive features.  

*1- Domain II in the HCV IRES (green box, top left image) interacts with several proteins in the E-site of the 

40S to position the start codon in the A-site and the ORF in the translation channel. The gurken 5’UTR has a 

similar stem loop (green box, top right image). Additionally, the C-83 and U-86 at the terminal end of this 

stem loop in the HCV IRES that interact with uS11 are also present in the gurken 5’UTR.  

*2- There is a kissing-loop base pairing interaction between the G triplet at 266-268 in the HCV IRES and a C 

triplet at 1116-1118 in the 18S rRNA. This is a critical positioning interaction for the HCV IRES. The 

corresponding loop in the Drosophila 18S rRNA is a U quadruplet. There are two A quadruplets that might 

base pair with this region, at 34-37 and 183-186. A-34-37 is most likely too close to the stem loop predicted 

to go into the E-Site to reach the rRNA loop on the outer surface of the 40S subunit. A-183-186 is more likely 

to fill this role, both because of its position in the structure that would allow it to reach that region of the 

rRNA, and because it is strongly affected by NMIA and 1M7, ensuring that it would remain single stranded 

and available for pairing with the rRNA.  

*3 and *4- other potential correspondences for interaction between the IRES RNA and ribosomal proteins.  

HCV IRES figures from 19. 

 



41 

Preliminary functional data underscores the importance of flexibility in the 5’UTR for 

translation efficiency and IRES activity. Figure 22 shows functional data for deletion constructs; 

deletions in regions 25-49, 50-71, 97-121, 122-146, 297-321, and 322-346 show significantly 

lower translation efficiency. For 50-71, this would be expected if that stem loop is involved in 

interactions in the E-site and positioning the start codon for translation initiation, as with the 

HCV IRES.  The regions at 25-49, 97-121, 122-146, and 297-321 however are mostly predicted to 

be single stranded and, aside from the A quadruplet at 34-37, there are not any obvious points 

of functional similarity in these regions to the HCV IRES. However, the need for flexibility cannot 

be underestimated. If, as predicted, the stem loop at 45-79 is involved in interactions in the E-

site, then the rest of the 5’UTR must be flexible enough to fold over the outer surface of the 

40S subunit for the anchoring kissing-loop interaction and then to allow the ORF to fold back 

into the translation channel and be positioned for translation initiation. This requires a great 

deal of flexibility, which would be conferred by the single stranded regions investigated here, 

and removed in the preliminary functional data.  

For the future, to fully characterize the gurken 5’ UTR structure, thermal studies and 

ribosome mapping need to be done. In all experiments to date, RNA folding and SHAPE 

modification have been done at 37⁰C. While this is a common temperature for these types of 

studies, Drosophila RNA folds at ambient temperature, which is typically much lower, around 

20⁰ - 25°. To ensure we have an accurate native folding to base this structural data upon, 

experiments should be performed at room temperature for these steps, instead of being 

heated in the thermocycler.  

Additionally, ribosome mapping would provide a wealth of information on interactions 

between the gurken 5’UTR and the 40S subunit. This would involve folding the RNA construct as 

before, then incubating it with 40S ribosomal subunits and allowing these to bind before doing 

the SHAPE chemical modification. Bases that are involved in interactions with the ribosome 

would not be accessible to the SHAPE reagents, so we would see the adduct data for those 

regions disappear and could then make predictions about where those regions would interact 

with the ribosome, based on the sequence, without having to acquire 3D data on this structure.  

Also, additional functional data would further elucidate which are the active regions of the 

5’UTR, and greatly inform our literature searches for similarly functional structures.  
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Figure 22 - Preliminary Functional Data for gurken 5'UTR 

Preliminary functional data from the Ferguson Lab at SUNY Fredonia for deletion mutations 

shows significantly decreased translation efficiency when the regions highlighted in blue are 

removed. The region in green shows a small decrease in translation efficiency when that 

portion is deleted, but much less of a decrease than the other sections.  
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Appendices 

 

Appendix 1 - Electropherograms of reactions with original FAM-1 RT primer 

The original RT primer was inset in the firefly luciferase open reading frame of our construct, 47 

nucleotides downstream of the start codon. This primer allowed us to acquire the initial 

resolution of the gurken 5’UTR. However, there were significant issues with effectively resolving 

the full structure with this primer, as peak intensity was consistently low and typically 

unreadable for fragments larger than 160 nucleotides. This prompted the design of primers 

FAM-1 REDO and FAM-2. 
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Appendix 2 - Electropherograms of reactions with FAM-1 REDO RT Primer 

The redesigned FAM-2 primer was moved 41 nucleotides closer to the start codon, in order to 

eliminate a significant stretch of the firefly luciferase reading frame that was not pertinent to 

this experiment, and to amplify the signal for better resolution. This allowed us to get better 

resolution for the 3’ end of the 5’ UTR. 
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Appendix 3 - Electropherograms of reactions with FAM-2 RT primer 

The FAM-2 primer was designed to skip the mainly single stranded 3’ end of the 5’UTR to allow 

for better resolution of the more structured 5’ end, and was positioned to bind just before the 

start of these structures. This primer was particularly successful in providing clear, consistent, 

well-amplified resolution. 
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Appendix 4 - RT Primer Sites Enlarged 

The top image has the 2013 structure prediction with the RT primer sites enlarged. The bottom image is the 2015 
structure prediction with the same RT primer sites enlarged.  
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Appendix 5 - RNAstructure prediction without SHAPE constraints 

This secondary structure represents the lowest calculated free energy structure for the Gurken 

5’UTR from the possible arrangements predicted by RNA structure, using the MaxExpect 

subprogram of the overall algorithm. No SHAPE constrains were applied to this structure 

prediction. For image enlargements, see following pages. 
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Appendix 5 cont.- RNAstructure prediction without SHAPE constraints 
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Appendix 5 cont.- RNAstructure prediction without SHAPE constraints 
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Appendix 6 - RNAstructure predictions with 2017 SHAPE constraints 

The left figure is the RNAstructure prediction with 2017 NMIA constraints. The figure on the 

right is the RNAstructure prediction with 2017 NMIA and 1M7 constraints averaged together in 

a 2:1 ratio. The only difference in the structure is the arrangement of the initial stem loop at the 

5’ end (loop on bottom left of both structures).  For image enlargements, see following pages. 
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Appendix 6 cont.- RNAstructure predictions with 2017 SHAPE constraints 
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Appendix 6 cont. - RNAstructure predictions with 2017 SHAPE constraints 
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Appendix 6 cont.- RNAstructure predictions with 2017 SHAPE constraints 
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Appendix 7 - ProbKnot Prediction 

The 2017 data, run through the RNAstructure webserver ProbKnot algorithm, predicted this 

base pairing pattern. The redrawing of the structure can be seen in Figure 20C. The unlikely 

quadruple helix prediction in Figure 20D is shown here boxed in blue. 
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Appendix 8 - SHAPE Data Used for 2015 Prediction 
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Appendix 9 - SHAPE Data Used for 2016 Prediction 
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Appendix 10 - SHAPE Data Used for 2017 Prediction 

 


