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ABSTRACT OF THE DISSERTATION 

 

Dynamics of eIF4F Mediated Messenger RNA Cap Recognition in Early Translation 
Initiation 

 

by  
 

Burak Cetin 
 

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental Biology 
University of California, Riverside, June 2022 

Dr. Seán O’Leary, Chairperson 
 
 

Translation initiation is a critical step of protein synthesis across all domains of life. In 

eukaryotes, the first step of this process is formation of a messenger ribonucleoprotein 

particle between the messenger RNA and the initiation factor complex named eIF4F. 

This process is required for canonical translation initiation in eukaryotes and is followed 

by recruitment of the ribosome and downstream initiation processes to form an 

elongation-competent ribosome. Here, I extensively characterized the formation of the 

eIF4F complex on yeast mRNAs, using a combination of in vitro reconstitution of this 

complex and single molecule techniques. A single-molecule FRET-based assay utilizing 

fluorescently labeled eIF4E and mRNA was used to measure the basal rates of 

formation and dissociation of the complex between the cap binding subunit eIF4E and 

using model mRNAs transcribed in vitro, in addition to pools of mRNAs extracted from 

cells. The eIF4E-mRNA interaction is highly dynamic and dependent on mRNA features, 

with the rate of binding causing variability between mRNAs. Characterizing the eIF4E 

binding of different mRNAs revealed that the binding is controlled by mRNA cap-
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proximal structure and length. The contributions of other eIF4F subunits to cap binding 

by eIF4F (eIF4A and eIF4G) were elucidated on different mRNAs. eIF4A and eIF4G can 

both enhance the formation of this complex by accelerating the rate of formation, 

whereas eIF4G also stabilizes the complex, increasing the bound lifetime of eIF4E to the 

mRNA cap. Further studies truncating the eIF4G peptide demonstrated that the multiple 

RNA-binding domains are required to increasing the bound lifetime, whereas the first 

domain is sufficient to accelerate the rate of formation of the eIF4E-mRNA complex. ATP 

further increases the rate of formation and lifetime of the complex. Lastly, three and four-

color single molecule fluorescence assays were developed, fluorescently labeling eIF4A, 

and eIF4G. Utilizing these, we revealed the order of disassembly of these factors on 

mRNA. eIF4E (together with eIF4G) is likely to be ejected from the mRNA cap after 

formation of the eIF4F complex, which appears to be similar between mRNAs. An 

approach for automating data analysis on our custom single molecule imaging platform 

is also discussed. Ultimately, the study elucidated the eIF4E cap binding dynamics on 

model mRNAs and populations, and elucidated the contribution of other eIF4F subunits, 

as well as the mechanism of eIF4F assembly and the ATP dependence.  
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Chapter 1. Dynamics of eIF4E binding to mRNAs 

 
Introduction 

 
Protein synthesis is a crucial stage of gene expression and is tightly regulated to 

ensure the right types of proteins are translated in the right dosage required by 

the cell. In eukaryotes, translational control is exerted particularly at the initiation 

step Sonenberg and Hinnebusch., 2009), and this regulation is crucial for cell 

growth, differentiation, and development. Translational control therefore 

determines the expression rate of many genes throughout the transcriptome 

(Gebauer and Hentze 2004). Translational control also allows cells to respond to 

stimuli faster than transcriptional control and is less wasteful in terms of energy 

required to synthesize new transcripts (Hershey et al., 2014). In addition, 

translational control is needed because there is a significant energy expenditure 

during translation from each round of elongation requiring nucleotide hydrolysis. 

The mechanism of canonical translation initiation involves the 5′ 7-

methylguanosine cap structure added to mRNA (Shatkin 1976, Sonenberg and 

Hinnebusch, 2009). The cap structure, which is co-transcriptionally added to 

mRNAs, plays an important role in determining translational efficiency and 

stability of transcripts, where the translation of many transcripts is strongly 

dependent on the presence of this structure, along with the poly(A) tail (Kozak 

1999, Ramanathan et al. 2016). This structure is bound and recognized by a core 

set of initiation factors before protein synthesis can take place. mRNA translation 



2 
 

efficiencies vary between transcripts, and initiation is tightly controlled based on 

mRNA features and sequence (Jackson et al. 2010). The rate of initiation is thus 

an important parameter for determining translational output (Sharma et al. 2019; 

Szavits-Nossan and Ciandrini 2020). 

Binding of eIF4F to mRNAs is thought to “prime” or activate them for protein 

synthesis. Formation of a complex between the mRNA 5′ cap and the 

heterotrimeric eIF4F complex is followed by recruitment of the small ribosomal 

subunit, as a 43S pre-initiation complex (PIC) with additional factors (Hinnebusch 

and Lorsch, 2012). The 43S PIC binds to the mRNA near the 5′ end, which is 

facilitated by eIF4F, eIF3, the poly(A) binding protein (which binds the eIF4F 

subunit eIF4G and the mRNA poly(A) tail) (Tarun and Sachs 1995, Tarun et al. 

1997, Kahvejian et al. 2005), resulting in the formation of a “closed-loop” particle 

through the interaction of the poly(A) binding protein with eIF4G. The resulting 

protein bridge from eIF4F factors and poly(A) binding protein facilitates the 

loading of the 43S PIC to the mRNA 5′ end. PABP binds the poly(A) tail present 

on mRNAs and activates translation in a dose-dependent manner (Machida et al. 

2018). Once loaded onto the mRNA, the PIC is thought to move through the 

mRNA 5′ leader toward the start codon, in a process known as scanning 

(Hinnebusch and Lorsch, 2012). This is followed by compositional (such as 

dissociation of eIF1, 1A) as well as conformational changes culminating in the 

joining of the large ribosomal subunit to produce an elongation-competent 80S 

particle (Nanda et al. 2013, Hinnebusch 2014; Pelletier and Sonenberg 2019, 
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Hussain et al. 2014). The ribosome can then proceed with elongation to 

synthesize the multitude of proteins required by the cell (Kozak 1999, Hershey et 

al. 2012). Since initiation of translation is thought to be the rate-limiting step 

(Shah et al. 2013), it is important to understand its molecular mechanisms and 

how they differ between mRNAs.  

eIF4F is composed of three subunits. The eIF4E subunit binds the mRNA cap 

specifically recognizing the 7-methylguanosine structure. This binding is a critical 

first step for loading of the ribosome to the 5′ end, with eIF4E directing other 

factors to the 5′ end. This factor was first isolated based on cross-linking to the 

mRNA cap structure (Sonenberg et al. 1978). Further studies using affinity 

purification identified other eIF4F factors that co-purify with eIF4E in a complex  

(Etchison and Milburn 1987; Grifo et al. 1983), which were later named eIF4G 

and eIF4A. eIF4G acts as a “scaffold” protein to assemble the complex and 

mediate interactions between eIF4F and the ribosome (Aitken and Lorsch 2012), 

and eIF4A is an ATP-dependent RNA helicase thought to resolve RNA structures 

that occur near the mRNA 5′  end (Lu et al. 2014, Gingras et al. 1999). eIF4A is a 

weak helicase on its own, but its processivity is enhanced by eIF4F and other 

factors such as eIF4B and eIF4H, shown in previous biophysical and biochemical 

experiments (Özeş et al. 2011, García-García et al. 2015) Binding of eIF4G and 

other factors to eIF4A favors a more active, “closed” conformation of the 

helicase, stimulating RNA unwinding through local strand separation as well as 

the rate of ATP hydrolysis (Schütz et al. 2008, Harms et al. 2014; Andreou and 
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Klostermeier 2014; Andreou and Klostermeier 2013, Nielsen et al. 2011) In 

addition, the unwinding is biased towards duplexes with 5′ overhangs in yeast 

(Rajagopal et al. 2012).  In addition, recent studies suggest eIF4A enhances the 

recruitment small ribosomal subunit to different mRNAs, regardless of structural 

complexity (Yourik et al. 2017). Furthermore, the protein is present in excess of 

the other eIF4F components (Duncan and Hershey 1983, von der Haar and 

McCarthy 2002), and the activity of the free fraction appears to regulate 

translation (Firczuk et al. 2013). Additional interactions between eIF4G and 43S 

PIC components result in PIC recruitment to the mRNA, directed to the 5′ end 

through the interaction between eIF4E and the mRNA cap structure (Merrick, 

2015). In mammals, eIF4G directly interacts with eIF3 subunits to promote 

ribosome recruitment to the mRNA (Villa et al. 2013).  

At the cellular level, the availability of eIF4E for incorporation into eIF4F is 

extensively regulated through interaction with 4E-binding proteins (4EBPs), 

which bind and sequester it away from eIF4G to globally inhibit translation (von 

der Haar et al., 2004). The large-scale, transcriptome-wide changes to 

translational output induced by 4EBP activity have been a key line of evidence 

highlighting the importance of eIF4F in controlling gene expression. 4EBP’s 

ability to interact with eIF4E is controlled through phosphorylation through 

several cellular pathways (Karaki et al. 2015). These pathways ultimately change 

the “active” eIF4E amount in the cell through 4E-binding proteins. Yeast has 
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additional 4E-binding proteins that differ from their mammalian counterparts in 

terms of their 4E-binding mode (Grüner et al. 2018). 

Several steps of translation initiation were characterized using yeast as a model 

system, such as scanning and the factors involved in start codon selection 

(Altmann and Linder 2010).. Because the translation process is conserved from 

yeast to human (and yeast eIF4E functions highly like other metazoan and 

mammalian counterparts, given that eIF4E knockouts in yeast can be restored 

with murine and D. melanogaster eIF4E). Yeast remains an attractive model 

organism for characterizing translation, given its relative simplicity in genetics 

before moving on to the mammalian system (Altmann and Linder 2010). 

The advent of ribosome profiling has allowed determination of translational 

efficiency of mRNAs transcriptome-wide in vivo (Ingolia et al., 2012). 

Furthermore, ribosome profiling has been applied to investigate how mRNAs 

depend on individual translation initiation factors such as eIF4B for their efficient 

translation genome-wide (Sen et al., 2016). Such studies have also shown that 

eIF4A dependence in mammals is correlated with the 5′ UTR secondary structure 

and G-quadruplex structures (Wolfe et al., 2014, Rubio et al., 2014). Moreover, 

these translatome profiling studies demonstrate vast heterogeneity in 

translational efficiencies across the transcriptome, which support a model of 

mRNA selection during translation. While it is well-established that mRNA 

features contribute to translation initiation (Hinnebusch et al. 2016; Leppek et al. 
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2018), the mechanistic basis of this differential dependence of mRNA 

translational efficiency on a particular initiation factor is unknown.   

Translation initiation is a multi-step process that is inherently complex, involving 

more than a dozen initiation factors and various transient intermediates. 

Molecular dynamics and conformational changes that take place in the order of 

seconds play a huge role in the fidelity of translation (Prabhakar et al. 2017). 

Because initiation involves numerous transient intermediates involving more than 

a dozen factors, it is difficult to characterize the kinetics. Furthermore, detailed 

characterization of the earliest step (eIF4E-cap binding) and the role of the m7G 

cap and poly(A) tail in stimulating eIF4F-mediated cap recognition is limited, even 

though this interaction is part of a rate-limiting step (Shah et al. 2013). 

Elucidating the distinct contributions of individual factors to cap binding remains a 

key challenge to understanding how mRNAs are selected for translation. In 

addition, the eIF4F-mRNA complex formation is too dynamic to be effectively 

characterized by conventional biochemical techniques. Previous rapid-reaction 

data has indicated rapid cycling between the cap-bound and unbound forms of 

eIF4E (Slepenkov et al. 2008, von der Haar and McCarthy 2002), which is ideally 

characterized by single-molecule approaches which can detect the formation of a 

highly dynamic complex in real time, while observing different populations in the 

same experiment. 

eIF4F is implicated in viral infection, and its activity is dysregulated in several 

diseases and select forms of cancer. The cap-binding subunit eIF4E plays an 
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important role in controlling cell growth (Sonenberg and Gingras 1998). The 

complex members show aberrant activity in specific types of cancer, making 

them attractive targets for suppression of cancer cells’ growth. Thus, the 

components of this complex are extensively being targeted for cancer therapy 

(Pelletier et al. 2015, Graff et al. 2008). eIF4E and eIF4A remain attractive 

targets, due to the observation that they appear to be overproduced/overactive in 

malignancy (Graff and Zimmer 2003). eIF4E is required for the translation of 

several oncogenic mRNAs, which require higher eIF4E/eIF4F activity more than 

other mRNAs, depending more on eIF4F for their translation (Silvera et al. 2010).  

Overexpression of eIF4E has been demonstrated to drive malignant 

transformation of cells and is associated with poor prognosis (Mamane et al. 

2004). Although eIF4E is a global regulator of translation, it can selectively 

increase translation of a specific set of transcripts (Fischer 2009, Graff and 

Zimmer, 2003). 

In vivo experiments utilizing snapshots of this interaction have suggested that 

eIF4F interacts differently with different mRNAs, ultimately affecting their 

translation efficiency (Costello et al. 2015). Other approaches that utilize eIF4E 

cross-linking to the cap structure have also been developed, certain motifs have 

been demonstrated to increase eIF4E interaction when present near the cap 

structure (Jensen et al. 2021). eIF4E also promotes functional folding of eIF4G 

(Hershey et al. 1999). However, little is known about the dynamics of this 

interaction of eIF4E with full-length mRNAs, and how of this variability is an 
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inherent property of eIF4F and its factors. Although the eIF4F-mRNA complex 

formation is critical for translation initiation, little is known about the rate of 

formation, or the lifetime of this complex, and whether it can vary between 

mRNAs (Sokabe and Fraser 2019). The rate of formation of this complex would 

kinetically control the downstream steps on initiation, and the lifetime of this 

complex would determine how long the mRNA is activated for ribosome 

recruitment. Past studies included kinetics and thermodynamic analysis using 

cap analogs (lacking an mRNA body) or fragments of other eIF4F subunits 

(Niedzwiecka et al. 2004 , Niedzwiecka et al. 2002, von der Haar et al. 2000, 

Slepenkov et al., 2008, Slepenkov et al. 2006). Thus, no information is available 

on the dynamics of this interaction on full-length mRNAs and thus how mRNA-to-

mRNA variability in those dynamics impacts translation and its regulation. 

 

In this study, we extensively characterized the eIF4F-mRNA interaction using 

biophysical methods. Using yeast as a model system, we designed an 

experimental approach to report real-time interactions between eIF4F subunit 

eIF4E and the mRNA cap structure in vitro using recombinant eIF4E and purified 

mRNAs at the single-molecule level. We first used this approach to examine the 

interaction of eIF4E with selected yeast mRNAs. The system uses single-

molecule FRET (smFRET) between mRNA labeled with a donor fluorophore and 

the eIF4E protein labeled with an acceptor fluorophore, using the classic Cy3-

Cy5 FRET pair which can be used to study the binding of one biomolecule to 

https://paperpile.com/c/vseuwj/38BD
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another (Hwang et al. 2009). We combined this with zero-mode waveguide 

technology to allow for a higher concentration of fluorescent proteins and higher 

throughput (Chen et al. 2014), which we used to measure the interaction on 

populations. This ZMW-based approach has been used for sequencing of DNA, 

studying translation from bacterial ribosomes, studying telomeric DNA synthesis 

by the telomerase reverse transcriptase, and steps of IRES-mediated and 

canonical eukaryotic translation initiation (Wang et al. 2019; Choi et al. 2016; 

Duss et al. 2018, Petrov et al. 2016, Hentschel et al. 2021). Binding of eIF4E to 

mRNAs is readily detected through bursts of FRET between the mRNA and the 

protein, and the experimental approach allows for addition of different initiation 

factors to probe how they affect the dynamics of eIF4E-mRNA interaction.  

 

The approach described above results in a molecular movie of this complex 

forming and dissociating in real time, at the single molecule level. Such use of 

single molecule methods makes it possible to discern differences in 

subpopulations of biological molecules (e.g., a transient vs. stable complex, or 

differential factor composition within the system under study), unavailable when 

conducting bulk experiments, where only the average of the population would be 

observed (Tinoco and Gonzalez 2011). We first describe this approach for only 

eIF4E, then extend to other eIF4F subunits with smFRET and other multicolor 

assays which probe eIF4E binding to mRNAs together with eIF4A. The multicolor 
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assays probe formation of the eIF4F complex and the order of dissociation of the 

eIF4E and eIF4A factors from the mRNA and each other.  

 

Results 

 

Development of a smFRET-based assay platform to study interactions 

between eIF4E and full-length mRNAs 

 

We first picked different model mRNAs to study for eIF4E-mRNA interaction, 

based on their past behavior in in vivo studies (NCE102, JJJ1 , HSP30, HXT2). 

We aimed to compare eIF4F-mRNA dynamics on mRNAs with variable in vivo 

eIF4E binding. This necessitated selecting a representative set of mRNA 

candidates from the ~6.600 genes in the S. cerevisiae genome (Hirschman et al., 

2006).  

 

Figure 1.1. Candidate mRNAs used for the study. Selection of mRNAs with 
varying in-vivo enrichment in eIF4E•eIF4G and translation dependence on eIF4A, 
as measured by Costello et al. (2015), and Sen et al. (2015). 
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To look at specific eIF4F-mRNA binding, we examined a previously published 

RIP-seq dataset that quantifies eIF4E-mRNA interaction transcriptome-wide, and 

allows for comparing and contrasting between eIF4E-enriched (JJJ1, HSP30) 

and eIF4E-depleted (NCE102, HXT2) mRNAs that also have varying affinity for 

other initiation factors such as the poly(A) binding protein (Costello et al., 2015, 

Figure 1.1.). Because we also aimed to define effects of eIF4A, from potential 

model mRNAs selected according to the RIP-seq data, we only looked at mRNAs 

with translation efficiencies that depended exclusively on eIF4A (HXT2, JJJ1). 

Later, additional mRNAs were added to obtain a larger sample size and variable 

length when contrasting between how mRNAs of different properties interact with 

eIF4E (MIM1, SSA1, GIC1). We then PCR-amplified the DNA corresponding to 

this transcript from yeast genomic DNA and transcribed the selected genes into 

mRNA using T7 RNA polymerase.  The isolated mRNAs were then treated with a 

recombinant capping enzyme to add a 5′ cap structure, and poly(A) polymerase, 

to add a poly(A) tail and yield a mature mRNA. The added poly(A) tail appears to 

be around ~100 nt, based on gel electrophoresis (Figure 1.2C). For a sample of 

the mRNAs, we also measured the in vitro capping efficiency via nuclease 

treatment which selectively degrades uncapped RNA (Figure 1.2B). The 

enzymes for this processing are commercially available, although we usually 

purify the T7 polymerase in our laboratory.  



12 
 

 

 

 

 

 

 

Figure 1.2. Preparation of mRNAs and recombinant proteins.  
A. Representative agarose gel electrophoresis of mRNA transcripts after capping 
and polyadenylation. B. Analysis of mRNA capping stoichiometry by dual 
enzymatic treatment with RNA 5ʹ polyphosphatase and RNA 5′ terminator 
dependent exonuclease. Uncapped mRNAs are selectively degraded upon this 
treatment. C. Analysis of mRNA poly(A) tail length. D. SDS-PAGE analysis of 
purified recombinant eIF4F factors. 
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The isolated mRNAs were subjected to an annealing reaction with a fluorescent 

oligonucleotide, biotin-5′-(dT)45-3′-Cy3 oligonucleotide. A biotinylated d(T) 

oligonucleotide (45 nucleotides) was ordered with a 3’ amine, which reacts 

readily with the NHS-ester derivative of common organic dyes that can act as 

part of FRET pairs.  The single-molecule imaging approach requires the RNA of 

interest be tethered on a glass surface to be able to track binding of a protein. 

The biotinylated oligonucleotide targets the mRNA poly(A) tail and therefore can 

be used for many different mRNAs. After conducting an annealing reaction, the 

mRNA of interest can then be immobilized onto the surface of zero-mode 

waveguides and will be labeled with a FRET donor at the 3’ end. We then 

prepared fluorescently labeled eIF4E to act as a FRET acceptor for monitoring 

the interaction (Figure 1.1.). The A124C mutant of wild-type yeast eIF4E is 

inserted into a pET28-based expression vector, also adding a polyhistidine tag at 

the N-terminus. The single cysteine mutation allows for site-specific labeling of 

the eIF4E protein. The mutant eIF4E protein can be expressed and purified using 

E. coli, and fluorescently labeled using Cy5-maleimide, which was described 

previously (O’Leary et al., 2013).  Upon preparation of fluorescently labeled 

mRNA and eIF4E, the binding can then be monitored using single-molecule 

FRET between fluorescent mRNA and eIF4E (Figure 1.2.A,B). The binding is 

detected through cycles of FRET between the RNA and protein (e.g, appearance 

and disappearance of FRET). FRET can also be used to detect conformational 

changes and measure distances within a biomolecule via monitoring the 
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efficiency, however this system only probes for total appearance and 

disappearance of FRET. This allows individual binding and dissociation events to 

be observed and fitting the dwell times of many binding and dissociation events 

allows us to obtain the rate constant for eIF4E-mRNA cap binding and 

dissociation.  While the tag is at the opposite end of the mRNA, we have been 

able to monitor the interaction as the 5′ and 3’ ends of purified mRNAs appear to 

be close when they are refolded in solution. This signal was previously this signal 

for oligoribonucleotides where the FRET donor was ~40 nt from the cap (O’Leary 

et al., 2013). Here, we instead used the same signal eIF4E-cap binding for full-

length mRNAs (~0.4 – 2 kb).  
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Figure 1.2. Real-time monitoring of eIF4E-mRNA interaction on full-length 
yeast mRNAs. A. Selection of mRNAs with varying in-vivo enrichment in 
eIF4E•eIF4G and translation dependence on eIF4A, as measured by Costello et 
al. (2015), and Sen et al. (2015). B. Schematic of single-molecule FRET 
experiment to detect binding of fluorescently-labeled eIF4E to surface-
immobilized, fluorescently-labeled mRNA. C. Sample smFRET trajectory 
showing eIF4E–mRNA interaction in the absence of other eIF4F components. 
Purified recombinant eIF4E (labeled with a FRET acceptor) is delivered to single 
mRNAs (labeled with a FRET donor) immobilized at the bottom of zero-mode 
waveguides to detect real-time binding. Binding of eIF4E to the mRNA leads to 
an appearance of FRET, and this is apparent in the fluorescence time trajectories 
leading to a decrease in donor fluorescence intensity with an increase in 
acceptor fluorescence intensity at the same time. The transient bursts of FRET 
indicate cycles of binding and dissociation for the eIF4E-mRNA interaction. Data 
from many binding events can be fit to an exponential model, and fitting data 
from many binding events allows for calculation of the macroscopic rate 
constants for the eIF4E-mRNA interaction. Different mRNAs with variable 
behavior in vivo can be tested in the experiments to generate the kinetics and 
compared in terms of their eIF4E interaction profiles (their eIF4E association as 
well dissociation rates, corresponding to how well eIF4E binds the particular 
mRNA). 
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The imaging approach uses zero-mode waveguides and a commercially 

available Pacific Biosciences RS II DNA sequencer (Chen et al. 2014). While 

originally built for DNA sequencing, the instrument is inherently a microscope that 

conducts single-molecule imaging and can be customized for single-molecule 

experiments of different types, involving immobilization of a biotinylated molecule 

at the bottom of the zero-mode waveguides. The previous approach used TIRF 

microscopy (O’Leary et al., 2013), which allowed observation of the eIF4E-mRNA 

interaction on oligonucleotides. However, the imaging platform based on the 

Pacific Biosciences DNA sequencer has several advantages: one is the high 

concentration of fluorescent ligand the user can add into the system (due to the 

use of zero-mode waveguides that restrict the illumination volume even further 

than TIRF microscopy), allowing observation of more binding events and 

generating more data. This is particularly important for molecules that interact 

slowly, since less binding would be observed at lower concentrations, rendering it 

difficult to conduct the experiment and observe sufficient binding for data 

analysis. Furthermore, the instrument is high throughput, imaging ~150.000 

single molecule reactions in parallel in ~20 minutes (for a typical 10-minute 

movie, preparing the chip and data acquisition). This allows for generation of 

large amounts of single molecule data/time trajectories in a short amount of time, 

ideal for studying protein-RNA interactions due to the ability to make many 

measurements in parallel. 
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Dynamics of eIF4E interaction vary between messenger RNAs 

 

We wanted to determine how much eIF4E interaction varies between mRNAs. 

The pulses of FRET that occur upon delivery allow for calculation of the rate of 

formation and the lifetime of the eIF4E-mRNA complex. Because each FRET 

event is a cycle of binding and release, fitting many binding events to a model 

(exponential fitting) allows one to obtain the macroscopic rate constants for the 

interaction and the equilibrium dissociation constant (Figure 1.3). The eIF4E-

mRNA interaction typically exhibits rapidly reversible binding and dissociation on 

all mRNAs tested, lasting around ~1-2 s. The binding rate of eIF4E can be 

compared between mRNAs using this approach, determining whether the binding 

and dissociation rates vary significantly. 
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Figure 1.3. Kinetics of eIF4E-mRNA interaction on full-length yeast mRNAs. 
A. eIF4E–mRNA association rates quantified from exponential fitting of arrival-
time and lifetime cumulative distribution functions. Error bars reflect the standard 
errors of the mean for three replicates of an experiment where the eIF4E–mRNA 
binding rate is measured across at least 100 mRNA molecules. B. eIF4E–mRNA 
association rates from the experiments C. eIF4E–mRNA dissociation rates from 
the experiments. D. eIF4E–mRNA equilibrium dissociation constants computed 
from the rates.  Purified recombinant eIF4E (labeled with a FRET acceptor) is 
delivered to single mRNAs (labeled with a FRET donor) immobilized at the 
bottom of zero-mode waveguides to detect real-time binding. Binding of eIF4E to 
the mRNA leads to an appearance of FRET, which is apparent in the 
fluorescence time trajectories leading to a decrease in donor fluorescence 
intensity with an increase in acceptor fluorescence intensity at the same time. 
The transient bursts of FRET indicate cycles of binding and dissociation for the 
eIF4E-mRNA interaction. Data from many binding events can be fit to an 
exponential model, and fitting data from many binding events allows for 
calculation of the macroscopic rate constants for the eIF4E-mRNA interaction, as 
well as the equilibrium dissociation constant. The equilibrium dissociation 
constant for the eIF4E-mRNA interaction (obtained through dividing the 
dissociation rate of eIF4E by the association rate) varies between ~20 and ~120 
nM on the mRNAs we tested, which is consistent with previous measurements 
made on shorter oligonucleotides (Figure 1.3D).  Different mRNAs with variable 
behavior in vivo can be tested in the experiments to generate the kinetics and 
compared in terms of their eIF4E interaction profiles (their eIF4E association as 
well dissociation rates, corresponding to how well eIF4E binds the particular 
mRNA). These rates are then correlated to mRNA features such as length, and 
in vivo data (Figure 1.4, Figure 1.5.).  
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Figure 1.4. Correlation between eIF4E binding rates and in vivo affinity. E. A 
weak correlation between eIF4E-mRNA association rates were observed across 
the sample. F. No correlation was observed between 5′ UTR length and eIF4E 
association rate.  
 

The kinetics of formation of the eIF4E-mRNA complex varied between four 

mRNAs (Figure 1.2), ranging from ~6 to ~23 μM–1 s–1 (highest for HSP30, 

NCE102 and lowest for JJJ1). The dissociation rate was less variable, ranging 

from ~0.4 to ~0.9 s–1. While we initially had four model mRNAs for study, we later 

added different mRNAs of different sizes and structural propensity near the 5′ 

end (0.4-2.1 kb). The range of association rates then increased, ranging from ~4 

to ~34 μM-1 s–1. We observed that eIF4E-mRNA association rates were 

correlated with ORF length and total length, where shorter mRNAs bind eIF4E 

faster (Figure 1.4.). These results suggested that the rate of formation of the 

eIF4F complex, but not the lifetime, control variable eIF4E-mRNA interaction.  

Thus, the eIF4E-mRNA interaction is high-affinity, although it dissociates rapidly 

when formed.  
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Figure 1.5. mRNA ORF length/total length reduces the eIF4E-mRNA 
association rate. Left: mRNAs with shorter ORFs bind eIF4E faster, clearly 
observed when the mean association rate for each mRNA is plotted alongside 
the ORF length.  Right: Since most of the mRNA length consists of the open 
reading frames for this set of mRNAs (NCE102 mRNA being the only exception), 
a similar correlation holds for the mRNA length. Both correlations are statistically 
significant, where the total mRNA length correlates better to the eIF4E 
association rate. Data includes eight mRNAs (JJJ1, NCE102, HXT2, MIM1, 
SSA1, GIC1, HSP30, ATP4). 
 

Determining the kinetics eIF4E-mRNA interaction at the transcriptome level 

The experiments outlined above involve in vitro transcription of a specific mRNA, 

and monitoring the eIF4E-mRNA interaction (e.g., monitoring the interaction on 

many copies of the same RNA, Figure 1.6.). We have also been interested in 

whether the eIF4E-mRNA interaction can be monitored at the global scale within 

the same experiment. Instead of T7 RNA polymerase-based in vitro transcription 

of an mRNA template, we isolated native mRNA from wild-type yeast culture 

using acid phenol-chloroform extraction and hybridized it to the same fluorescent, 

biotinylated oligonucleotide and captured total mRNA on the surface of ZMWs 

(Figure 1.6., 1.7.). This allowed us to distinguish between kinetics at the global 
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level vs. on many copies of the same transcript. This experiment acts as a global 

RNA-binding assay that computes the variability of eIF4E-mRNA interactions at 

the population-wide level. This can then be contrasted with the variability 

observed when eIF4E is binding to many copies of the same transcript.  
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Figure 1.6. Experimental approach to analyze single-molecule eIF4E-mRNA 
interaction dynamics on transcriptome-derived mRNA populations. Total 
RNA is isolated from yeast, then subjected to a hybridization reaction using a 
biotinylated, fluorescently labeled d(T) oligonucleotide, which binds to the poly(A) 
tail present of messenger RNAs. The resulting mRNA pool is captured on the 
surface of a zero-mode waveguide using a biotin-NeutrAvidin-biotin interaction. 
Binding of fluorescently labeled RNA binding proteins can be detected through 
pulses in the fluorescent signal (either co-localization of RNA and protein 
fluorescence, or a FRET signal). The size distribution of mRNAs immobilized on 
the zero-mode waveguide can be visualized through reverse transcription and 
cDNA library generation, and electrophoresis of the resulting library.  
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We assessed the size of mRNAs that immobilize in the zero-mode waveguides 

through RT-PCR and assessed the size distribution resulting cDNA library 

compared to mRNA that was not immobilized, finding that it has a bias for shorter 

mRNAs, which could be due to diffusion-related effects in ZMW loading (Figure 

1.5). We also subjected this cDNA library to RNA sequencing using an Illumina-

based sequencing approach and found that about ~50% of the transcriptome can 

be detected on the waveguide. We also detected individual genes with variable 

expression through RT-PCR, confirming the presence of different transcripts of 

varying abundance in cells (Figure 1.7.). The observed immobilization bias could 

likely be mitigated by fractionating the mRNAs based on size, and then repeating 

the experiments, where the immobilization bias based on size would be reduced, 

or not using a diffusion-based loading method. We repeated the same 

experiments using eIF4E and eIF4E together with eIF4A in the presence of ATP 

as a proof of principle, determining the kinetics of eIF4E-mRNA interaction, 

computing an average and the range of the dynamics when eIF4E is binding to a 

pool of mRNAs with and without eIF4A. The effect of adding another protein 

could also be monitored, where adding eIF4A+ATP produced a detectable 

change in the kinetics of eIF4E-mRNA interaction in replicate experiments on the 

same batch of RNA.  
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Figure 1.7. Preparation of Saccharomyces cerevisiae total RNA. (a) 
BioAnalyzer analysis of total RNA preparation. The dominant peaks confirm the 
presence of intact ribosomal RNA. (b) Hybridization of immobilization/fluorescent 
labeling oligo (biotin-5ʹ-(dT)45-3ʹ-Cy3) to total mRNA, assayed by TBE-agarose 
electrophoresis with imaging for Cy3 oligo fluorescence. (c) Single-gene PCR 
analyses of ZMW-derived cDNA library, confirming the presence of mRNA for 
highly expressed TDH3 (GAPDH) and UBC6 (~0.13-fold expression relative to 
GAPDH in publicly available RNA-seq data. 
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eIF4E–mRNA interaction throughout a population of immobilized mRNAs was 

characterized by rapidly reversible binding and dissociation of the protein, 

monitored through the same smFRET signal (Figure 1.7, 1.8.). Single-molecule 

fluorescence trajectories for each mRNA can therefore be used to determine the 

arrival times between FRET events, and their durations. The arrival times can 

then be subjected to exponential fitting to extract the rates of eIF4E binding and 

dissociation across the population, calculating different parameters. Arrival times 

typically showed a double-exponential distribution, with a fast arrival rate 

contributing >80% of the total amplitude in the cumulative distribution function. 

This is consistent with a stochastic, Poisson-type sampling process for eIF4E–

mRNA binding. Event-duration distributions were more complex but were 

typically dominated by an exponential distribution. These results support a two-

state equilibrium-binding model for yeast and human eIF4E. 
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Figure 1.8. Example results from mRNA hybridization and capture on the 
zero-mode waveguides. Top: A fluorescent intensity heatmap of mRNAs 
immobilized onto the zero-mode waveguide and an example smFRET trace for 
the interaction is also presented, where eIF4E rapidly binds to and dissociates 
from the mRNA. 
 

We analyzed eIF4E interaction with 438 mRNAs chosen arbitrarily from the 

population (Figure 1.9a,b). We constructed a distribution of the number of times 

each mRNA bound to eIF4E during a 10-minute observation, as censored by 

FRET-donor photobleaching. The 5th and 95th percentiles of this distribution lay 

at 1 and 104 events, respectively, representing a ∼100-fold variability in eIF4E 

binding (Figure 1.9e). The median mRNA bound to eIF4E 23 times, which scaled 

with eIF4E concentration. In contrast, distributions generated for similar 

populations of the JJJ1 and NCE102 transcripts showed variabilities of only ∼26- 
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and ∼18-fold. Thus, we propose that the ∼100-fold variability reflects authentic 

kinetic diversity driven by mRNA identity. We extracted mean eIF4E–mRNA 

binding rates for each mRNA in the population, by fitting the arrival-time 

distributions for each mRNA to an exponential model (Figure 1.9). We excluded 

molecules with fewer than 10 observed binding events to ensure robust fitting.  
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Figure 1.9. Real-time monitoring of eIF4E-mRNA interactions in mRNA 
populations. (a) Schematic of experimental approach showing smFRET signal 
between immobilized, Cy3-labeled mRNA and Cy5-labeled eIF4E cap-binding 
protein. (b) Representative single-molecule fluorescence trajectories for eIF4E-
mRNA binding, contrasting mRNAs with few (top) and many (bottom) eIF4E-
binding events. (c) Empirical cumulative probability distribution of eIF4E-mRNA 
arrival times from molecules showing 17, 27, and 55 events. (d) Empirical 
cumulative probability distribution of eIF4E-mRNA event durations on the same 
mRNAs as in panel (d). (e) Distribution of numbers of eIF4E–mRNA binding 
events observed across 438 mRNA molecules over a 10-minute observation. 
eIF4E binding to different transcripts throughout the transcriptome can be 
monitored through cycles of FRET. The molecules show vast heterogeneity, with 
some molecules binding eIF4E a small number of times, versus others that bind 
it many more times on a sample of several hundred mRNAs, which can be 
determined from smFRET traces. The rates for binding and dissociation can be 
obtained by fitting the dwell times to an exponential model. 
 

eIF4E–mRNA association rate constants were distributed between 0.32 and 119 

μM–1 s–1, with a median of 5.0 μM–1 s–1. The 5th and 95th percentiles of the 

distribution lay at 1.04 and 20.8 μM–1 s–1, a ∼20-fold variability. The fastest rate 

constants approached those for eIF4E binding to an unstructured, capped RNA 

oligonucleotide (O’Leary et al., 2013). Similar values were obtained in analyses 

that excluded trajectories with increasing goodness-of-fit stringency (Figure 10 

A,B.). The 20-fold association-rate range thus likely sets a lower limit on the true 

transcriptome-wide diversity. 
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Figure 1.10. Goodness-of-fit analysis for on-rate parameters. (a) Top – 
representative exponential fit for eIF4E binding rate on an arbitrarily chosen 
mRNA with 70 binding events. Bottom – residual plot for the same fit. (b) Effects 
of increasing stringency of fitting on distributions of fitted arrival rates for 70 nM 
eIF4E binding to the transcriptome-derived mRNA population, as refined by (top) 
the 95% confidence intervals of the fitted rate parameter being separated by < 
30% of the fitted rate, and (bottom) the root-mean-square error of the fit being 
<0.1.  

 

Arrival times fitting to a >70% fast phase observed slow association rate across 

all experiments involving eIF4E may be partially caused by measuring the 

binding rate in zero mode waveguides (Duss et al. 2018). Steric hindrance of the 

eIF4E-cap interaction could occur from ZMW walls. However, this phenomenon 

has also been observed in previous SPR-based studies with short 

oligonucleotides (von der Haar et al., 2000), suggesting it may be partially due to 

aggregation of eIF4E. We seem to obtain a similar (possibly the same) slow 
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binding phase which does not respond to the eIF4E concentration. The slow 

arrival rate seems to be between 0.04-0.06 s–1 regardless of which transcript (or 

even across a pool of native transcripts) is used. Another possible reason is an 

RNA conformation that is less likely to bind eIF4E (e.g., misfolded or 

aggregated). 

The approach described above computed a global range of association and 

dissociation (as a global RNA binding assay), however it is difficult to know 

exactly which RNA feature is causing this variability in cap binding. We therefore 

looked at the 5′ cap proximal structure, which was previously shown to impact 

eIF4E binding. For our analysis on how structural propensity near the 5′ mRNA 

cap may modulate eIF4E affinity, we examined a published dataset with in vitro 

measurements of mRNA secondary structure (PARS-seq) (Kertesz et al. 2010). 

Such measurements have used enzymatic treatment of isolated yeast RNA to 

determine the extent of secondary structure at various positions, giving an 

estimate for the likelihood for a specific region of the mRNA to be structured or 

unstructured. An unstructured region is expected to lead to higher accessibility 

and less of a steric block to the eIF4E-mRNA cap interaction (Cawley and 

Warwicker 2012), hence a higher eIF4E binding rate.   We in-vitro transcribed 

four yeast mRNAs that have a different extent of structure near the mRNA cap 

(SSA1, NCE102, GIC1, ATP4): these have PARS scores for the first thirty 

nucleotides of 45.7 and -54.13, where a higher score indicates higher extent of 

structure. We found that the eIF4E association rates for these mRNAs to be ~4 
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μM-1 s–1 and ~28 μM–1 s–1, respectively, i.e.  more structure resulted in a slower 

binding rate (Figure 1.11a., Figure 1.12e). This correlation held for the 5ʹ-

proximal 20, 30, and 40 nucleotides (Figure 1.11a).  
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Figure 1.11. Correlation between mRNA structural properties and eIF4E-
mRNA association rate.  (a) Correlation plots for eIF4E-mRNA association rate 
and PARS score for the first 20–40 nucleotides and the entire transcript. 
Insufficient data were available to calculate the PARS score for the first 10 
nucleotides. The SSA1 and ATP4 mRNAs bracket the range of available PARS 
scores transcriptome-wide. (b) Correlation plots for eIF4E-mRNA association 
rate and computed folding free energy change at 30˚C for the first 10–40 
nucleotides and the entire transcript. 

We also prepared and analyzed two mRNAs (GIC1 and NCE102) previously 

shown to contain internal ribosome entry site (IRES) elements in the literature 

(Gilbert et al. 2007) and found the eIF4E association rates to be ~8 μM–1 s–1  for 

GIC1 and ~25 μM–1 s–1 for NCE102, which respectively lie above and 

substantially above the population median. We did not observe a correlation 

between the computed folding energy of the cap-proximal nucleotides and the 

binding rate of eIF4E (Figure 1.11b). Interestingly, the two IRES-containing 

mRNAs still sustain eIF4E binding at a high rate, even though they do not require 

cap binding for their translation. Since these IRES elements are activated at 

certain conditions (such as starvation, Gilbert et al. 2007), this may be a 

mechanism to ensure they get translated when canonical eIF4E/cap dependent 

translation is the dominant pathway. These results support a model where extent 

of mRNA structure kinetically controls eIF4E association rate. Steric blocking of 

the eIF4E–cap interaction by the mRNA body is expected to vary between 

mRNAs. Barriers to dissociation are expected to be less variable, reflecting 

similar structural environments for mRNA 5′ ends in the eIF4E·mRNA complex. 

Since the free energy change for eIF4E binding to cap structure analogs lacking 

an RNA body is dominated by interactions with the methylated guanine base and 
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the triphosphate bridge, differences in affinity imply barrier-height variation 

between distinct mRNA–protein encounters marked by early transition states. 
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Figure 1.12. eIF4A affects the eIF4E binding rate transcriptome-wide. 
Distributions of protein-RNA binding kinetics. (a) On-rate distribution for 
eIF4E binding to 322 arbitrarily chosen mRNAs from the surface-immobilized 
population. (b) eIF4E-mRNA on-rate distribution in the presence of eIF4A. (c) 
Schematic with relative mRNA-binding sites of eIF4E and eIF4A. (d) Distribution 
of eIF4E-mRNA event durations in the absence (blue) and presence (green) of 
eIF4A. (e) Correlation of eIF4E-mRNA association rate with the extent of cap-
proximal 20 nucleotides, as measured by PARS score. (f) Correlation of eIF4E-
mRNA association rate with computed folding free energy change at 30˚C for the 
cap-proximal 20 nucleotides. Examples of the per-mRNA arrival rate distributions 
are contrast experiments where eIF4E alone was added, compared to eIF4E with 
eIF4A (and ATP). eIF4A can bind throughout the mRNA, presumably changing 
the structural landscape in an mRNA population. Addition of eIF4A, together with 
ATP, affects the arrival rate distribution, increasing eIF4E binding overall. 
Correlations of mRNA features to eIF4E binding rate on known specific 
transcripts are also provided. The extent of secondary structure near the mRNA 
5′ end is negatively correlated with eIF4E-binding rate. The folding energy of 
nucleotides near the cap does not seem to correlate significantly with eIF4E-
mRNA association rates on these set of mRNAs. 
 

The ends of mRNAs are close in solution 

 

We have also conducted some intramolecular FRET as a control to validate this 

signal (e.g., FRET between ends of RNAs in the absence of any protein). This is 

because the cap-binding protein can bind the mRNA without FRET between the 

fluorophores. Recent results suggest that mRNA folding brings the 5′ and 3’ ends 

within FRET distance in solution (2 – 8 nm for Cy3/Cy5) (Lai et al., 2018, Vicens 

et al., 2018). Hence, this also replicated results obtained previously in the 

literature, using mRNA sequences derived from yeast instead of mammals and 

viruses. To validate the smFRET signal described above, we conducted 

intramolecular FRET experiments (Figure 1.13.) that detect FRET between 5′ -3’ 

ends of mRNAs. In this case, mRNAs are labeled at the 5′ triphosphate moiety 
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according to a published method (Lai et al., 2018) instead of enzymatic capping 

with a capping enzyme. The mRNA is then poly(A) tailed as described in the 

Materials and Methods section. Instead of detecting binding of a protein to RNA 

via FRET (a FRET signal between protein and RNA), we measured the end-to-

end distance of selected model mRNAs using intramolecular FRET (FRET 

between fluorescent dyes attached at either end). To this end, we used a 

derivative of an experiment described in the literature (Lai et al. 2018), using the 

same 5′ end labeling approach, but changing the 3’ end labeling to hybridization 

at the poly(A) tail for consistency with previous eIF4E binding experiments. The 

mRNAs are labeled with a Cy3 (FRET donor) at the 5′ triphosphate, whereas a 

similar biotin-5′-(dT) 45-3′-Cy5 (using Cy5 fluorophore instead of Cy3) 

oligonucleotide is annealed to the 3’ end and imaged in a smFRET experiment 

(Figure 1.12.). The results obtained in this experiment demonstrate that the 

mRNAs studied here fold into structures bringing the ends within FRET distance 

(8 nm). This was also demonstrated with viral RNAs that are a large (>1 kb) size 

using single molecule confocal microscopy (Leija-Martínez et al. 2014).  

 

We tested four of the mRNAs used for our measurements (JJJ1, NCE102, MIM1, 

HXT2), which vary in length between ~0.4 to ~2.1 kb. We found that all of these 

mRNAs are likely to fold into structures that bring the mRNA ends within FRET 

distance, as computationally predicted and experimentally demonstrated for 

other mRNAs (Lai et al. 2018, Yoffe et al. 2011, Leija-Martínez et al. 2014). This 
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may be a global feature of mRNA sized RNAs, as argued in previous literature 

(Yoffe et al. 2011, Vicens et al., 2018). We found that the four mRNAs tested 

spend greater than two thirds of their lifetime (~67 to ~83%) in a FRET state 

(Figure 1.13). This contrasts with the mammalian mRNAs, which were found to 

be in a FRET state during the entire experimental period (Lai et al. 2018). The 

observed differences could be due to the base composition of yeast vs. 

mammalian RNA. A similar compaction was demonstrated in cells when 

translation was arrested through chemical inhibitors (Khong and Parker 2018). 
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Figure 1.13.  Intrinsic proximity of mRNA ends allows accurate 
determination of eIF4E–mRNA arrival rates. A.   Schematic of intramolecular 
smFRET experiment to assess intrinsic mRNA end-to-end proximity. Uncapped 
mRNA is labeled through its 5ʹ triphosphate group with a FRET donor (Cy3), and 
on its poly(A) tail with a FRET acceptor (Cy5), then surface-immobilized through 
poly(A) capture.  B–E. Representative smFRET traces showing 5′ - to 3’-end 
FRET for yeast mRNAs: NCE102, panel B; HXT2, C; JJJ1, D; MIM1, E. Efficient 
smFRET is terminated by apparent acceptor photobleaching. F. Plot showing the 
fraction of Cy5 lifetime spent in a detectable FRET state for all four mRNAs.In 
vitro transcribed yeast mRNAs (containing a 5′ triphosphate) are labeled with a 
FRET donor at the 5′ end (Cy3) and an oligonucleotide containing a FRET 
acceptor is hybridized to the poly(A) tail near the 3’ end. The labeling scheme 
results in a mRNA tagged with fluorophores on both end that serve as a FRET 
pair, and FRET between the two fluorophores can be detected, as well as 
conformational cycling between different FRET states.  
 

Discussion 

 

Variable recognition of the mRNA cap structure by eIF4E demonstrated on 

model mRNAs 

 

The basal eIF4E-mRNA interaction is highly dynamic and varies between 

mRNAs. We have been able to measure differences between mRNAs using a 

smFRET-based assay. Our assay allows for comparing and contrasting between 

how different mRNAs interact with eIF4E in terms of rate. We found that eIF4E 

by itself binds mRNAs with variable affinities, consistent with past results and 

proposals in the literature (Sonenberg and Hinnebusch 2009, Costello et al., 

2015, Truitt et al. 2015). Moreover, we found that the variation is largely due to 

differences in the rate at which eIF4E associates with the cap (the dissociation 

rate varies less). This basal eIF4E-cap association rate ranged over ~8-fold, from 
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~34 µM–1 s–1 to ~4.5 µM–1 s–1; the upper values are reminiscent of eIF4E 

association with an unstructured, capped oligonucleotide (O’Leary et al., 2013). 

mRNA length also appears to be the main determining factor that causes 

variable eIF4E binding along with secondary structure near the cap, at least 

when eIF4E alone is present in the experiment without additional eIF4F complex 

subunits.  

 

It has long been known from earlier studies that mRNA structure can hinder 

eIF4E-cap binding through steric effects. However, past work has ascribed the 

block to the effects of cap-local structure (Pelletier and Sonenberg 1985). 

Similarly, we propose that global mRNA tertiary structure can also pose a steric 

block that defines an mRNA-specific rate of eIF4E association, along with mRNA 

5′ cap-proximal structure. This may explain the anticorrelation between mRNA 

length and eIF4E binding rate.  This suggests that longer mRNAs need to be 

chaperoned by other RNA-binding proteins to bind eIF4E faster. In either case, 

eIF4E alone can kinetically discriminate between mRNAs (or mRNA identity 

defines the binding). This fundamental property of the cap-binding protein likely 

allows cells to differentially regulate translation of mRNAs. In addition, eIF4E 

binding may help stabilize mRNAs by protecting them from degradation. This 

was not assessed in the current research but may be a potential mechanism for 

determining mRNA stability, e.g, mRNAs that bind eIF4E/eIF4F better would be 

more stable overall, preventing decapping by enzymes such as Dcp2 by 
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occupying the cap structure and preventing them from accessing the cap 

structure.  

 

The eIF4E-mRNA interaction at the global scale 

 

Modulation of cellular active eIF4E concentration is a major control mechanism 

for protein synthesis (von der Haar et al. 2004). However, not all mRNAs are 

equally sensitive to changing eIF4E levels; mRNAs with structured 5′ ends are 

particularly sensitive (Bhat et al. 2015). The heterogeneity observed here in 

eIF4E–cap association rates suggest a kinetic mechanism for this differential 

sensitivity: mRNAs with intrinsically fast association are likely to sustain eIF4E–

cap binding sufficient to allow continued translation initiation even when the 

available concentration of eIF4E is reduced. Furthermore, recent work has 

implicated free eIF4A activity throughout the length of the mRNA as accelerating 

ribosome–mRNA recruitment (Yourik et al., 2017) 

Our results suggest that this effect may be exerted even at the very initial steps 

of mRNA selection for translation, by enhancing binding of eIF4E to the mRNA 

cap structure. Our results further demonstrate that RNA-binding proteins, even 

when binding at remote sites, can modulate the eIF4E binding rate to the cap, 

presumably by inducing 3D conformational rearrangements. Although not a direct 

goal of our experiment, we found that mRNAs are likely to fold into compact 

structures even when RNA-binding proteins are present, replicating results 
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already present in the literature. This brings the ends close together (within FRET 

range, which would be <8 nm), possibly separated when initiation progresses, 

and many ribosomes are loaded on the mRNA. This may have implications for 

the re-initiation of a mRNA, by ensuring that the mRNA is in a “closed loop” by 

default and that the ribosomal particle remains proximal to the 5′ end at the end 

of elongation. This end-to-end communication is a feature of many different types 

of RNA across all domains of life (including viral RNAs), likely to facilitate 

different processes such as RNA processing, assembly of protein complexes and 

RNA decay (Vicens et al., 2018, Ermolenko and Mathews 2021). The approach 

presented here is performed on yeast RNA, however, the experiment also works 

on total RNA extracted from 293T cells in the same manner.  

Overall, our results highlight how kinetic heterogeneity, determined by the 

sequence and structural information encoded throughout RNA transcripts, may 

contribute significantly to dynamic control of gene expression. In addition, a 

phenomenon that was observed both in many copies of the same mRNA and 

throughout pools of native mRNA, was that the eIF4E-mRNA interaction is highly 

transient (lasting around ~1-2 s). Translation initiation is thought to take longer, 

closer to tens of seconds (Ciandrini et al. 2013, Acker et al. 2009). Because 

translation initiation takes place at a longer timescale (around tens of seconds, 

although it can vary considerably between mRNAs), the eIF4E-mRNA 

dissociation rate consistently being over ~0.5 s suggested that additional factors 
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may be required to stabilize the interaction. eIF4E alone would not stay bound 

long enough to sustain translation initiation.   
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Chapter 2. 

 

Contributions of eIF4G and eIF4A to eIF4E–mRNA interaction dynamics. 

 

Introduction 

The eIF4F complex that mediates translation initiation has two subunits in 

addition to eIF4E. eIF4G is a second subunit, which has direct interactions with 

eIF4E and eIF4A (Hinnebusch and Lorsch, 2012, Merrick 2015). Binding of 

eIF4E to eIF4G induces a conformational change thought to stabilize the 

interaction between eIF4E and the mRNA cap structure, which was shown 

previously via structural studies of apo-eIF4E as well as eIF4E in complex with 

the eIF4E-binding domain of eIF4G (Gross et al. 2003). This would facilitate the 

loading of the ribosome at the 5′ end. eIF4A, an ATP-dependent RNA helicase, is 

also a component of the eIF4F complex. Biochemical, genetic, and structural 

studies have also established that dynamic inter-subunit coordination is an 

important property of eIF4F function (Oberer et al. 2005, Feoktistova et al. 2013). 

However, a detailed kinetic framework for the molecular mechanisms of this 

coordination has not yet been established. Past studies of eIF4F–RNA 

interaction have utilized the intact heterotrimeric eIF4F complex purified from cell 

lysates (Kaye et al. 2009), precluding isolation of the effects of individual 

subunits.  
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Where complexes have been reconstituted from purified subunits, to isolate 

effects of individual subunits, kinetics were measured with capped 

oligonucleotides, or only partial eIF4G sequences were used that lack RNA-

binding activity (Slepenkov et al. 2008, von der Haar and McCarthy 2002). How 

kinetics underpin the coordinated biochemical functions of the eIF4F subunits 

thus remains poorly understood. For example, while eIF4G was shown to greatly 

enhance eIF4E–cap affinity using crosslinking and pulldown assays and RNA-

binding activity (Haghighat and Sonenberg, 1997, Yanagiya et al. 2009), it is not 

known whether this is due to acceleration of initial eIF4E–mRNA binding, to 

stabilization of the eIF4E•eIF4G•mRNA complex after initial binding, or a 

combination of both. A single-molecule platform is ideal for characterizing this 

interaction because it detects eIF4E-G-mRNA complex formation in real time 

elucidating the precise mechanism by which eIF4G may exert such an effect.  

Likewise, while eIF4G–eIF4A interaction stimulates the eIF4A ATPase and 

helicase activities by modulating eIF4A conformational cycling (Andreou and 

Klostermeier 2014; Harms et al. 2014), and eIF4A globally promotes cap 

recognition (Sen et al. 2015), the extent to which eIF4A activity contributes to cap 

binding rates on different mRNAs is unknown.  
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Another outstanding question is the division of labor between eIF4F-bound eIF4A 

and the order-of-magnitude cellular excess of free eIF4A (Duncan and Hershey 

1983, von der Haar and McCarthy 2002) over the eIF4F-bound factors, is also 

not yet well understood, though the free eIF4A fraction is increasingly implicated 

as contributing to initiation in experiments looking at ribosome recruitment 

(Yourik et al., 2017, Chu et al. 2020). Indeed, although the function of eIF4A as 

an ATP-dependent RNA helicase is well established, the precise contributions of 

eIF4A ATP binding and hydrolysis to the dynamics of eIF4F-mRNA complex 

formation are not yet understood, along with their relative importance for eIF4F 

recognition of different mRNAs. More broadly beyond these examples for 

individual eIF4F subunits, the precise sequence of molecular events occurring in 

the eIF4F•mRNA complex prior to PIC recruitment is not fully known. To address 

this, we included other eIF4F factors in our assay, starting with eIF4G.  

 

Results 

 

eIF4G accelerates the binding rate of eIF4E to mRNAs 

 

We first isolated recombinant eIF4G using an established procedure (Liu et al. 

2019). Once included in our smFRET assay together with eIF4E, eIF4G 

accelerated eIF4E-mRNA association for all mRNAs tested (NCE102, JJJ1, 

HXT2, HSP30, MIM1, SSA1). However, the extent of acceleration differed by 
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mRNA, from ~7-fold for JJJ1 to ~2.3-fold for MIM1 resulting in rates from ~41 ± 7 

µM–1 s–1 to ~88 ± 14 µM–1 s–1. eIF4E binding remained faster for shorter mRNAs, 

though the range of rates was narrower than for eIF4E alone (Figure 2.1 A).  

 

Figure 2.1. eIF4G1 accelerates eIF4E–mRNA binding in an mRNA-
dependent manner. A. eIF4E-mRNA association rates in the absence (grey) 
and presence (red) of full-length yeast eIF4G1. B. eIF4E-mRNA association rates 
in the absence (grey) and presence (red) of eIF4G (1–452). 
 

We also isolated an eIF4G1 fragment (eIF4G 1–452) containing the N-terminal 

RNA-binding domain but truncated immediately N-terminal to the eIF4E-binding 

domain (Figure 2.2). This fragment retains one of the RNA-binding domains, and 

hence some RNA-binding activity (Figure 2.2.).  
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Figure 2.2. Preparation and activity of the eIF4G truncation. Left: Gel filtration 
separates the eIF4G fragment from contaminants. Right: The isolated eIF4G 
fragment binds the mRNAs used in our studies, which can be monitored via 
agarose EMSA, where the RNA binding causes a gradual mobility shift.  
 

This fragment showed comparably accelerated eIF4E association, except for the 

HSP30 mRNA (Figure 2.1B). Experiments with uncapped (5ʹ-triphosphate), 

polyadenylated NCE102 mRNA did result in eIF4E–mRNA FRET events (mean 

duration ~1 ± 0.31 s), but at only ~2% of the association rate relative to the 

capped mRNA (Figure 2.3A, B). When the N-terminal RNA-binding domain was 

removed further from this truncation (83-452), which abolishes its RNA-binding 

activity, no stimulation of eIF4E–mRNA binding was observed (Figure 2.3 C-E). 
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Figure 2.3. Analysis of eIF4E-G binding to uncapped RNA, and eIF4G (83-
452). A. eIF4E-mRNA association rate on uncapped vs. capped NCE102, and 
eIF4E-mRNA dissociation rate on uncapped vs. capped NCE102. B. 
Representative smFRET trace from an experiment with uncapped NCE102 and 
eIF4E•eIF4G1. C. SDS-PAGE analysis of purified eIF4G83–452, which lacks the N-
terminal RNA-binding domain. D. Analysis of RNA binding by full-length eIF4G 
and truncations, indicating reduction in RNA binding between full-length eIF4G 
and eIF4G1–452, and loss of binding on further removal of the RNA-binding 
domain in eIF4G83–452 relative to eIF4G1–452. E. Comparison of eIF4E–mRNA 
association rates between eIF4G1–452 and eIF4G83–452, indicating that removal of 
the N-terminal RNA-binding domain abrogates acceleration of eIF4E–mRNA 
association. 
 

Thus, direct eIF4G–mRNA interactions play a deterministic role in accelerating 

eIF4E–cap binding. The results are also consistent with previous results for 

mammalian eIF4F binding to RNAs, in that the affinity of eIF4F for RNA is driven 

dominantly by eIF4G (Kaye et al., 2009).  The degree of acceleration also 

correlated significantly with CDS and total mRNA lengths (Figure 2.4A,B.) 

Shorter mRNAs showed less acceleration, even when including two additional 

mRNAs (MIM1 and SSA1) to see if the correlation persists in a larger sample 

size and length differences.  

 

Figure 2.4. eIF4G stimulation of eIF4E binding depends on mRNA length. A. 
Fold-stimulation of eIF4E–mRNA association rate by eIF4G1, as a function of 
CDS length. B. Fold-stimulation of eIF4E–mRNA association rate by eIF4G1, as 
a function of mRNA length. Both correlations are statistically significant. 
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We previously showed that the extent of cap-proximal secondary structure 

impedes eIF4E–mRNA association in the absence of eIF4G, in an approximately 

linear anti-correlation over a wide range of secondary-structural propensities 

(Çetin et al., 2020). To investigate whether similar effects operate for 

eIF4E•eIF4G, we compared the eIF4E•eIF4G–mRNA association rates for 

mRNAs in our dataset that have well-defined PARS structural data (Kertesz et al. 

2010), spanning the range of structuredness in their cap-proximal 30 nucleotides. 

NCE102, the mRNA with the least structured 5′ end (PARS score: –15.18), 

bound eIF4E•eIF4G with the highest rate: 89 ± 18 µM–1 s–1. SSA1, which has a 

highly structured 5′ end (PARS score of 45.7), bound eIF4E•eIF4G the slowest, 

at 32 ± 4 µM–1 s–1. An mRNA with intermediate cap-proximal secondary 

structure, HXT2 (PARS score –6.38), also showed an intermediate 

eIF4E•eIF4G–mRNA association rate of 41 ± 7 µM–1 s–1. Thus, cap-proximal 

structure that impedes eIF4E–mRNA association also impedes eIF4E•eIF4G–

mRNA association. 

 

eIF4G stabilizes the eIF4E-cap interaction on individual mRNAs 

Our data were surprising in that, for eIF4E alone, cap-binding events were short 

relative to the initiation timescale (Acker et al. 2009, Palmiter 1975), contrasting 

with eIF4E remaining associated with the 48S ribosomal pre-initiation complex 

throughout scanning. Fast eIF4E dissociation would limit how long an intact 

eIF4F•mRNA complex is available for PIC recruitment. On the other hand, 
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different models have been proposed (Archer et al. 2016, Bohlen et al. 2020) in 

relation to whether eIF4E remains cap-bound as the mRNA 5ʹ end enters the PIC 

mRNA channel. eIF4E remaining cap-bound, or dissociating and rapidly 

rebinding, would favor maintaining eIF4G bound to the mRNA 5′ end, and thus 

looping of the leader as it moves through the PIC in search of the start site.  We 

therefore assessed how eIF4G impacted the eIF4E–cap binding duration. 

eIF4G slightly or moderately lengthened transient eIF4E–mRNA binding events 

for most mRNAs (koff = 0.35 ± 0.01 s–1 to 0.93 ± 0.25 s–1, Figure 2.6A), 

resembling its effect on eIF4E binding to capped oligonucleotides. The effect 

varied between mRNAs, yielding a slightly narrower range of dissociation rates. 

However, the interactions remained transient on the initiation timescale. 

Strikingly, though, a proportion of eIF4E-mRNA binding events lengthened by an 

order of magnitude in the presence of eIF4G (~10% – 34%, depending on 

mRNA). The effect was observed as double-exponential behavior (Figure 2.5 A-

B) in the event-duration distribution.  
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Figure 2.5. eIF4G1 allows the eIF4E-mRNA interaction to persist on the 
translation initiation timescale. A. Representative single-molecule 
fluorescence trace for eIF4E–mRNA binding in the presence of eIF4G1. The 
inset shows representative transient and prolonged events on an expanded time 
axis. B. Cumulative probability distributions of eIF4E–NCE102 mRNA event 
durations in the absence (grey) and presence (blue) of eIF4G1, showing 
appearance of slowly-dissociating events when eIF4G1 is present.  

These long events were not observed with the eIF4G1–452 fragment (Figure 2.6B), 

implying they result from direct eIF4E–eIF4G interaction. Increasing the eIF4G 

concentration to 1 µM did not increase the relative proportion of the longer events 

(Figure 2.6D.), arguing that the remaining transient events are not due to eIF4E–

mRNA binding without eIF4G. Similarly, titrating the eIF4G concentration from 75 

nM to 250 nM did not significantly alter the eIF4E–mRNA association rate, 

consistent with saturation of eIF4E in the eIF4E•eIF4G complex under our 

experimental conditions (Figure 2.5D.). As the Cy5 lifetime is greater than two 

minutes in our illumination conditions (observed in separate experiments labeling 

RNA), disappearance of FRET is unlikely to be due to Cy5 photobleaching. 
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Figure 2.6. eIF4E–mRNA kinetics with varying concentrations of full-length 
eIF4G1, and eIF4G1 (1–452). A. Sample smFRET trajectory for eIF4E–mRNA 
binding in the presence of eIF4G1 (1–452). B. Cumulative distribution function of 
the eIF4E-mRNA interaction lifetimes in the presence of eIF4G1 (1–452). C. 
Sample smFRET trajectory for eIF4E–mRNA binding in the presence of 1 µM 
eIF4G1. D. Cumulative distribution function of the eIF4E-mRNA interaction 
lifetimes in the presence of 1 µM eIF4G1 for the JJJ1 mRNA, and eIF4E–mRNA 
association rates on the POP5 mRNA at varying concentrations of full-length 
eIF4G. E. Correlation of eIF4E–mRNA association rates in the presence of 
eIF4G with in-vivo eIF4E RIP-seq enrichment from Costello et al. (2015). 
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The dissociation rate for longer events varied between mRNAs (koff = 0.03 ± 0.01 

s–1 to 0.15  ± 0.01 s–1, Figure 2.7B). Taken together, these results imply that the 

two dissociation events occur from two different states of the 

eIF4E•eIF4G•mRNA complex. The simplest possible interpretation for the identity 

of the second state is an alternative conformation in which one or more of the 

eIF4G RNA-binding domains have engaged the mRNA, leading to a higher 

energetic barrier for detachment of eIF4E from the eIF4E•eIF4G•mRNA complex, 

and thus the slower dissociation rate. Put otherwise, the data as a whole point to 

an accommodation mechanism where initial encounter of eIF4E•eIF4G with the 

mRNA through the cap structure precedes formation of more stable eIF4G–

mRNA contacts. 

 

Figure 2.7. Dissociation kinetics and equilibrium dissociation constants for 
the eIF4E-mRNA interaction in the presence of eIF4G. A. Kinetics of eIF4E–
mRNA dissociation for transient binding events in the presence (blue) and 
absence (grey) of eIF4G1. B. eIF4E–mRNA dissociation rates for long-lived 
binding events in the presence of eIF4G1. C. Apparent equilibrium dissociation 
constants for the eIF4E–mRNA interaction in the presence of eIF4G1. 
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These combined effects of eIF4G on eIF4E association and dissociation 

drastically enhanced the apparent eIF4E–cap affinity: Kd,app values for the 

interaction were reduced ~4.8 – 15.8-fold (Kd range: 2.8 ± 0.9 nM to 23 ± 9 nM, 

calculated based on a weighted average of the two dissociation rate constants, 

Figure 2.7C.). As in the case of eIF4E alone, these equilibrium dissociation 

constants did not trend with the in-vivo RIP-seq eIF4E enrichments of the 

mRNAs, but, on the whole, the mRNAs enriched in eIF4E again showed faster 

association rates (Figure 2.6E.). This would also be consistent with 

eIF4E•eIF4G–mRNA association being kinetically, rather than thermodynamically 

controlled in vivo.   

Taken together, our data show that the eIF4G RNA-binding activity is central to 

both accelerating cap recognition and allowing it to persist on the initiation 

timescale. While the accelerative effect is more pronounced on longer mRNAs, 

shorter mRNAs still bind eIF4E•eIF4G faster, at rates inversely dependent on 

cap-proximal secondary structure. Also, while eIF4G induces long eIF4E–mRNA 

binding events, the association rates still confer greater variability in eIF4E–

mRNA interaction dynamics between mRNAs.  
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eIF4A alone can stimulate eIF4E-mRNA binding 

We recently reported that free yeast eIF4A (without being bound to an eIF4F 

complex) increased eIF4E association rates across mRNA populations (Çetin et 

al., 2020). However, it remained unclear whether this effect operates to the same 

extent for all mRNAs, or whether they are affected differently. Moreover, the 

relationship of this phenomenon to translation dependence on eIF4A was 

unclear. 

We added eIF4E to the immobilized mRNAs together with eIF4A (2 µM) in the 

presence of 2.5 mM ATP. eIF4A and ATP addition indeed accelerated eIF4E-cap 

association for each mRNA (Figure 2.8A.). However, the fold-acceleration ranged 

from ~1.2 (very little stimulation) to ~4.2 -fold, yielding rates from ~25 µM–1 s–1 to 

~53 µM–1 s–1. As observed for eIF4G, the fold-acceleration of eIF4E–mRNA 

binding induced by eIF4A again was greater for longer vs. shorter mRNAs. No 

significant acceleration was observed when ATP was removed from the 

experiment (Figure 2.9.). Acceleration was the same when ATP was substituted 

by the slowly-hydrolyzable ATP analog ATP-y-S (Figure 2.8C).  



58 
 

 

 

 

 

 

 



59 
 

Figure 2.8. Free eIF4A with bound ATP stimulates eIF4E–mRNA association 
independently of eIF4G. A. Representative single-molecule trace showing 
eIF4E–mRNA interaction in the presence of 2 µM eIF4A and 2.5 mM ATP. B. 
eIF4E-mRNA association rates in the presence (red) and absence (grey) of 
eIF4A and ATP, compared with eIF4E-only rates. C. eIF4E–mRNA association 
rates in the presence of eIF4A and ATP or ATP-γ-S, for the NCE102 and JJJ1 
mRNAs. D. eIF4E–mRNA dissociation rates in the presence of free eIF4A and 
ATP. E. Relationship between translation-efficiency dependence on eIF4A and 
the fold-increase in eIF4E–mRNA association rate induced by free eIF4A and 
ATP. eIF4A accelerates the rate of eIF4E-mRNA binding when ATP is present in 
the experiment. The dissociation rates increase slightly. ATP-y-S is able to 
accelerate the eIF4E-mRNA binding rate almost as much as ATP, suggesting 
ATP binding by eIF4A is sufficient to observe the acceleration effect. Finally, the 
fold-stimulation of eIF4E-mRNA association rates by eIF4A correlates with the 
dependence of these mRNAs on eIF4A for their translation. 
 

We performed the ATP-y-S experiments on two of the mRNAs (NCE102 and 

JJJ1, which show the greatest stimulation of eIF4E binding by eIF4A) and 

obtained the same results (Figure 2.8C.). Nucleotide binding to eIF4A is thus 

sufficient to induce the acceleration observed. Meanwhile, the lifetime of eIF4E–

mRNA binding events with free eIF4A and ATP remained a similar length relative 

to the eIF4E-only condition (Figure 2.8D), which we had also observed previously 

across mRNA populations. 

Additionally, we correlated the eIF4E–mRNA association rates for each mRNA 

with ribosome-profiling data (Sen et al. 2015) for the mRNAs’ eIF4A–translation 

efficiency dependence. eIF4A indeed accelerates eIF4E binding to a greater 

degree for mRNAs that are hyperdependent (HXT2, JJJ1) on eIF4A compared to 

hypodependent mRNAs (HSP30, NCE102) (~1.8 vs. 3.6-fold, Figure 2.8E). This 

strongly suggests that an eIF4G-independent role of eIF4A in promoting cap 
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binding contributes significantly to translation efficiency right from the outset of 

initiation.  

 

Figure 2.9. ATP is required for stimulation of eIF4E–mRNA association by 
free eIF4A. eIF4E–mRNA association rates in the absence of eIF4A, and with 
eIF4A in the absence and presence of ATP. The JJJ1 and HXT2 mRNAs were 
chosen for this experiment as they show the greatest fold-acceleration of eIF4E–
mRNA association by eIF4A (ATP). 

 

eIF4G stabilizes the eIF4E-mRNA interaction at the global scale 

Our previous studies showed order-of magnitude variability in eIF4E affinity 

throughout the transcriptome driven mostly by the association rate. We next 

sought to address the role of other eIF4F complex members and initiation factors 

in defining cap recognition dynamics between transcripts. Due to the small 

sample size of mRNAs tested in our initial experiments (~0.1% of yeast mRNAs), 
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it was not possible to distinguish whether the observed effect of eIF4G on cap 

binding is specific to that set of mRNA, or if it takes place at the global level. Our 

assay is well suited for proposed models for eIF4F-based cap recognition and 

inferring rates of subsequent events and contributions of individual initiation 

factors, and their net effect across the transcriptome.  

To determine if eIF4G can exert the same effect at the global level, we also 

repeated our transcriptome-wide experiment looking at eIF4E-mRNA dynamics, 

but this time including eIF4G together with eIF4E. In this case, the same batch of 

total mRNA was used, allowing for easy measurement of eIF4G-induced effects 

in a population-wide experiment and comparison with previous experiments 

using eIF4E alone (Figure 2.6.). We included eIF4G (250 nM) together with Cy5-

labeled eIF4E (50 nM). Delivery of eIF4E to an mRNA population led to transient 

cycles of FRET, which is the same behavior observed with eIF4E alone. Due to 

the high affinity of eIF4G for eIF4E (Kd= 15 nM, Mitchell et al. 2010), under these 

conditions all the eIF4E protein is expected to be bound to eIF4G. Inclusion of 

full-length yeast eIF4G1 in the smFRET assay led to a reproducible acceleration 

of the median arrival rate across the mRNA population relative to the eIF4E-only 

condition previously reported (Figure 2.10B.).  
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Figure 2.10. Dynamics of the eIF4E-eIF4G interaction transcriptome-wide. 
A. eIF4G is added into the transcriptome-wide experiment along with eIF4G. 
eIF4G accelerates the eIF4E-mRNA binding rate across the population, where 
there is a measurable increase in the median binding rate in a population of 
mRNAs when eIF4G is included. The stabilization of the interaction is apparent 
upon visual inspection of the traces- the bursts of FRET last longer with eIF4G 
included. The interaction between eIF4E and the mRNA cap is now closer to the 
initiation timescale, with events occasionally lasting for more than five seconds. A 
transient population persists upon the addition of eIF4G1, which is suggestive of 
an alternative conformation that is less efficient at engaging the mRNA. This 
could partially be due to eIF4G being an unstable protein in solution, however we 
have observed the same behavior even when isolating the two as a complex, 
suggesting that it is not due to having excess free eIF4E. 
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We had previously reported an order-of-magnitude heterogeneity in the arrival 

rate distribution when measuring eIF4E binding to a transcriptome-derived 

mRNA population, where there is a 20-fold difference between the 5th and 95th 

percentile of arrival rates (Çetin et al., 2020). eIF4G1 also narrowed the same 

arrival rate distribution relative to the eIF4E-only condition, where the fastest and 

the slowest binding mRNA binding rates are less different compared to the 

eIF4E-only condition.  The 20-fold difference between the 5th and 95th percentile 

of the rates was reduced to ~4-fold (Figure 2.11.) 
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Figure 2.11. eIF4G reduces the heterogeneity in binding rates in an mRNA 
population. Top: Sample population-wide distribution of eIF4E-mRNA binding 
rates (per second) across an mRNA population when eIF4E alone is included in 
the experiment. Bottom: same distribution, but with both eIF4E and eIF4G 
included. 

 

eIF4G1 exerts the main effect on eIF4E-cap affinity by significantly increasing the 

average cap-bound lifetime across the population, where the prolonged binding 

can be detected through the dwell time of FRET events (Figure 2.10A.). Fitting 

the lifetimes to a double exponential to obtain the dissociation rates revealed that 

eIF4G1 induces a longer-lived eIF4E-mRNA complex, the median lifetime of 
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which is around 4 seconds throughout the population (50th and 95th percentile of 

the lifetimes: ~4s and ~21 s), and does not exist in the eIF4E-only experiment 

described in a previous study (where the fit lifetimes were best fit to a single 

exponential, with the 50th and 95th percentile being ~1.15 and 2s, respectively). 

These results highlight the importance in increasing the lifetimes of the eIF4F-

mRNA complex, as the binary eIF4E-mRNA cap interaction is highly dynamic. 

The quality of the fit for the lifetimes is also improved with eIF4G1 (relative to 

eIF4E alone), presumably because eIF4G increases the length of all events, 

allowing previously missed events to be detected (such as those that occur faster 

than the temporal resolution of the camera).  

There are multiple mechanisms through which eIF4G can stabilize the interaction 

between eIF4E and the mRNA. eIF4G can bind eIF4E and trigger a 

conformational change (Gross et al., 2003) that would retain eIF4E on the cap for 

longer. The multiple RNA-binding domains of eIF4G (Berset et al. 2003) could 

also be responsible for stabilizing the interaction. Furthermore, the interaction 

could possibly be stabilized by a combination of both factors. To distinguish 

whether this is an effect of RNA-binding activity by eIF4G1 or a result of altering 

eIF4E conformation, we also performed the same experiment with eIF4G1 (348-

513), which we had previously performed with short oligonucleotides (O’Leary et 

al., 2013). This truncation only includes the eIF4E-binding domain of eIF4G, 

lacking all RNA-binding domains. We conducted an analysis for n=100 molecules 

and found that eIF4G1 (348-513) does not induce the same long-lived population 
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(Figure 2.12.), although it does seem to stimulate the binding rate of eIF4E to the 

cap. 

 

Figure 2.12. eIF4G (348-513) does not extend the eIF4E-mRNA lifetime. 
Sample smFRET trajectories are presented from an experiment with eIF4E alone 
(identical to that in Figure 1.6.), compared to an experiment with eIF4G (348-
513). Upon visual inspection of the smFRET data it is apparent that the eIF4G 
fragment is unable to stabilize the eIF4E-mRNA interaction (relative to the full-
length eIF4G). Analysis was conducted on a sample of the experiment with the 
short eIF4G peptide containing only the eIF4E-binding domain. The per-mRNA 
arithmetic mean lifetime distribution is also plotted, comparing the two 
experiments.  

Our results highlight that eIF4G1 is required for stabilization of the eIF4E-cap 

interaction, enough to last on the initiation timescale, and that this is a global 

effect, because it was reproduced on both in vitro transcribed, model mRNAs 

(many copies of the same transcript) as well as pools of native mRNA. The 

observed heterogeneity in the lifetimes may be one of the driving factors behind 
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stochasticity of gene expression. Here, a fraction of the eIF4E-mRNA complexes 

become stable, rather than all. The broad range of eIF4F-mRNA complex 

lifetimes observed in these experiments could induce differences in the 

frequency of ribosome loading onto mRNAs. We also observed similar 

heterogeneous behavior in experiments conducted with copies of the same 

mRNA, suggesting it can be partially explained by conformational heterogeneity 

of the same type of mRNA molecule. We previously also observed different 

FRET states that interconvert for four different mRNAs, suggesting 

conformational heterogeneity in our mRNA samples (Chapter 1, Figure 1.13.). 

 In addition, eIF4G also alters the behavior of the association rates. We had 

previously reported that the eIF4E-mRNA association rates exhibit double-

exponential behavior (Çetin et al., 2020). Addition of eIF4G1 increases the 

prevalence of the faster phase in the double-exponential, reducing the slow 

phase. This suggests that eIF4G can alter the conformation of the RNA to make 

it bind eIF4E faster, or it relieves a conformation of eIF4E that binds mRNA more 

slowly.  

Dynamics of the eIF4F-mRNA interaction on individual mRNAs 

We next assessed how formation of the full eIF4F complex modulated eIF4E–

mRNA binding. We again included eIF4A (2 µM) and eIF4G (250 nM), reflecting 

their relative cellular concentrations and ensuring that eIF4E is near-

quantitatively bound to both proteins in the eIF4F complex. eIF4E was included 
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at 10 – 30 nM, as eIF4G potentiates nonspecific eIF4E interactions with the ZMW 

surface. Based on past thermodynamic analysis, under these conditions eIF4E is 

expected to be quantitatively bound in an eIF4F complex. 

In the eIF4F complex without ATP, eIF4E–mRNA association accelerated on all 

mRNAs relative to eIF4E alone (Figure 2.12C.), with rates between 43.3 ± 9.8 

µM–1 s–1 for JJJ1 and 102.2 ± 0.5 µM–1 s–1 for HSP30. This rate for HSP30 was 

the fastest measured in the present study. Acceleration again varied between 

mRNAs, from 6.8 ± 1.9 to 3.0 ± 0.4-fold. The net effect was to differentiate 

eIF4E–mRNA binding between mRNAs relative to the eIF4E•eIF4G condition, 

though, as with eIF4E and eIF4E•eIF4G, the shorter mRNAs (NCE102 and 

HSP30) retained faster association rates.  

Since the individual effects of eIF4G and eIF4A•ATP on eIF4E–mRNA cap 

association served to narrow the range of eIF4E–mRNA association rates 

relative to the eIF4E-only condition, this differentiation of rates observed with all 

components of the eIF4F complex present is reasonably ascribed to intersubunit 

coordination that leads to a different mode of mRNA engagement by the eIF4F 

heterotrimer than is afforded by the sum of the individual subunit activities. Based 

on the available structural and biochemical data, and supported by the results 

described below, we propose that the conformational changes induced in the 

eIF4F subunits on formation of the eIF4F complex enhance the ability of eIF4F to 

discriminate between mRNAs in cap recognition, relative to eIF4E•eIF4G.   
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Long and short eIF4E–mRNA binding events were also observed with eIF4F, and 

their relative incidence was unchanged within experimental error (Figure 2.13D-

E.). Transient eIF4E dissociation occurred at around ~0.3 s–1 – 0.6 s–1, similar to 

eIF4E•eIF4G, while long events dissociated at between ~0.05 s–1 and 0.10 s–1, 

slightly faster than for eIF4E•eIF4G. These results again place eIF4G as a 

dominant kinetic contributor to eIF4F–mRNA affinity, echoing thermodynamic 

data for human eIF4F. 

However, addition of ATP led to both mRNA-specific and global changes in 

dynamics. The HSP30 association rate was strikingly reduced, from being the 

fastest among the mRNAs, to being the slowest (32.8 ± 7.0 µM-1 s–1) with ATP 

present. This almost entirely reversed the acceleration in eIF4E–mRNA binding 

afforded to HSP30 by eIF4F (Figure 2.13F.).  

On the other hand, the NCE102, HXT2 and JJJ1 mRNAs showed small or no 

reductions in association rate on ATP addition. Since the eIF4F-independent 

activity of eIF4A•ATP universally had the effect of accelerating eIF4E–mRNA 

association, our data imply that the kinetic changes in eIF4E–cap binding 

observed on addition of ATP to eIF4F are mediated through eIF4A bound in the 

eIF4F complex. As in the cases of eIF4E with added “free” eIF4A(ATP), and 

eIF4E•eIF4G, the fold-acceleration of eIF4E–mRNA binding with eIF4F in the 

presence of ATP, relative to eIF4E alone, retained a length dependence – i.e., 

eIF4F(ATP) overall accelerated eIF4E binding to a greater extent for longer 
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mRNAs (e.g., JJJ1 vs. HSP30). Moreover, the net association rate following this 

acceleration was again fastest on the 5ʹ-unstructured NCE102 mRNA. 
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Figure 2.13. The eIF4F complex discriminates eIF4E–mRNA interaction 
dynamics in an ATP-dependent manner. A. Representative single-molecule 
fluorescence trace for eIF4E–mRNA interaction in the eIF4F complex without 
added ATP, on NCE102 RNA. B Representative trace for eIF4E–mRNA binding 
in the eIF4F complex with ATP, on NCE102. C. eIF4E–mRNA association rates 
for the eIF4F complex without ATP (red), compared with the rates in the 
presence of eIF4E only (grey). D. Dissociation rates of transient eIF4E–mRNA 
interactions in the eIF4F complex without ATP. E. Dissociation rates of long-lived 
eIF4E–mRNA interactions in the eIF4F complex without ATP. F. eIF4E–mRNA 
association rates in the eIF4F complex with ATP (red), compared with the rates 
in the presence of eIF4E only. G. Dissociation rates of transient eIF4E–mRNA 
interactions in the eIF4F complex with ATP. H. Dissociation rates of long-lived 
eIF4E–mRNA interactions in the eIF4F complex with ATP.  

ATP addition also shortened both the long and short eIF4E–mRNA binding 

events for the eIF4F complex, i.e. the complex became more dynamic (Figure 

2.12G-H.). For the long events, this effect ranged from a modest ~50% for 

HSP30 to around two-fold for HXT2. Dissociation kinetics also became even 

more similar between mRNAs than in the other conditions, pointing to a common 

rate-limiting step for eIF4E dissociation from the eIF4F•mRNA complex. 

However, the identity of that step still remained unclear. 

Because eIF4E–mRNA dynamics became much more similar between mRNAs 

with eIF4F in the presence of ATP, no trends were discernible with respect to the 

in vivo RIP-seq enrichment data. However, since yeast eIF4A does not co-purify 

with eIF4E•eIF4G, direct comparisons may not be possible between the RIP-seq 

experiment and our experimental conditions where eIF4E•eIF4G is exposed to 

constant and high eIF4A concentrations. Nevertheless, and as for eIF4E•eIF4G 

alone, our data indicate that the main source of mRNA-to-mRNA variability in 

eIF4E–mRNA interaction for the eIF4F(ATP) complex is the association rate.  
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We were initially surprised at the extent to which eIF4F(ATP) tended to equalize 

eIF4E association rates between mRNAs, with the exception of the NCE102 

which had a higher association rate. A priori, this would run counter to the 

proposal that differential eIF4F interaction differentiates translation between 

mRNAs. However, inspection of publicly available published data revealed that 

the JJJ1 , HXT2, and HSP30 mRNAs have quite similar ribosome occupancies 

and densities in vivo as measured by ribosome density mapping (Arava et al. 

2005), and JJJ1  and HXT2 have similar translation efficiencies as measured by 

ribosome profiling (the translation efficiency for HSP30 was not included in this 

ribosome profiling dataset). Meanwhile, NCE102 has significantly higher 

ribosome occupancies and densities, along with a higher translation efficiency 

than the other mRNAs. Thus, our data are consistent with a kinetic-control model 

for cap recognition in vivo, where differential eIF4F association rates limit 

translation differentially between mRNAs. 

 

Simultaneous direct observation of eIF4A– and eIF4E–mRNA interaction 

To broaden our view of eIF4F intersubunit coordination during cap recognition, 

we performed three-color experiments that included fluorescent Cy3-eIF4A (15 

nM) (Figure 2.13A), co-delivered with Cy5-eIF4E (10 nM) and unlabelled eIF4G 

(250 nM) to surface-immobilized Cy3.5-mRNA. Cy3-eIF4A RNA-dependent 

ATPase activity was indistinguishable from the unlabeled protein (Figure 
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2.14B,C). The Cy3-eIF4A concentration was limited to 15 nM to prevent non-

specific (i.e., RNA-independent) interactions with the surface at higher 

concentrations, which hinder data analysis. The concentrations of eIF4E and 

eIF4G were chosen for the reasons described previously. For these experiments 

we chose JJJ1, NCE102, and HXT2, which span the range of stimulation of 

eIF4E binding by eIF4A. 

 

 

Figure 2.14. Preparation and validation of Cy3-eIF4A. A. SDS-PAGE analysis 
of Cy3-eIF4A, imaged for Cy3 fluorescence. B. Time-courses of ATP hydrolysis 
catalyzed by eIF4A and Cy3-eIF4A in the presence of poly(U) RNA and eIF4G1, 
monitored at 340 nm in an NADH-coupled assay, and compared with a no-
enzyme control reaction. C. Quantitation of specific activity for eIF4A and Cy3-
eIF4A from the time-course data in panel B. 
 

We observed two types of eIF4A–mRNA binding event. In the first, eIF4A binding 

was accompanied by eIF4E–eIF4A FRET. (53%, 45%, and 43% of all eIF4A 

binding events for HXT2, JJJ1, and NCE102, respectively). Since no direct 

eIF4E–eIF4A interaction is known, we interpret these events to represent 

assembly of an intact eIF4F complex. In a second event type, eIF4A bound 
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mRNA without FRET to eIF4E (47%, 55%, and 57% for HXT2, JJJ1, and 

NCE102), (Figure 2.15B, traces showing behavior in Figure 2.16C-D). 

This second class of events results from two separate processes: binding of an 

authentic eIF4F complex in which the eIF4E is non-fluorescent, and eIF4A–

mRNA binding outside of eIF4F, i.e. “free” eIF4A–mRNA interaction 

(approximately 10% of eIF4A is expected to be free – i.e., not bound to 

eIF4E•eIF4G – under our conditions). Two types of this no-FRET eIF4A–mRNA 

binding mode were observed – transient and longer-lived, with the transient 

events constituting 25 – 90% of the eIF4A–mRNA encounters, depending on 

mRNA (Figure 2.14F).  

The eIF4A–mRNA dissociation rates in eIF4A–eIF4E co-binding events (i.e., 

authentic eIF4F–mRNA complex formation) were kinetically similar between 

mRNAs and ranged from 0.027 ± 0.007 s–1 (JJJ1) to 0.041 ± 0.003 s–1 (HXT2), 

(Figure 2.15E) Conversely, the dynamics of eIF4A–RNA binding events lacking 

eIF4E–eIF4A FRET varied between mRNAs and also differed kinetically from 

events where eIF4E–eIF4A FRET was observed, consistent with a portion of 

them reporting on eIF4A–mRNA interactions outside the eIF4F complex. The 

dissociation rates for the dominant (higher-amplitude) eIF4A dissociation 

pathway in these no-FRET events also varied considerably between the mRNAs, 

from 0.095 ± 0.03 s–1 (NCE102) to 0.325 ± 0.003 s–1 (HXT2).  
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Figure 2.15. Three-color smFRET to probe eIF4F- and eIF4A-mRNA 
interaction dynamics. A.   Schematic of the three-color smFRET experiment 
with two donors (on eIF4A and mRNA) and one acceptor (eIF4E). A FRET signal 
between Cy5-labeled eIF4E and the Cy3.5-labeled mRNA is tracked at the same 
time as a FRET signal between Cy3-eIF4A and Cy5-eIF4E. B. Relative incidence 
of eIF4A-mRNA binding occurring with and without FRET to eIF4E. n is the 
number of molecules analyzed to enumerate the event types on each mRNA. C. 
Reaction pathway and representative smFRET trace showing concomitant 
mRNA binding of eIF4E and eIF4A with eIF4E–eIF4A FRET, consistent with 
eIF4F–mRNA binding, on JJJ1. The eIF4A–mRNA lifetime measured in panel E 
is indicated. D. Reaction pathway and representative single-molecule 
fluorescence trace for eIF4A–mRNA binding without eIF4E–eIF4A FRET on 
JJJ1. These events result both from “free” eIF4A–mRNA interaction (“eIF4A(–
EG)”), and eIF4F–mRNA interaction where eIF4E is unlabeled (“eIF4A(+EG)”. 
The Cy3 and Cy5 signals were manually corrected by linear subtraction to 
equalize their background values, for clarity of presentation. E. eIF4A–mRNA 
dissociation rates following eIF4A–mRNA binding with eIF4E, i.e., with 
observable eIF4E–eIF4A FRET as shown in panel C. The Cy3 and Cy5 signals 
were manually corrected by linear subtraction to equalize their background 
values, for clarity of presentation.  F. eIF4A–mRNA dissociation rates following 
eIF4A–mRNA binding without FRET to eIF4E. G. eIF4A–mRNA association rates 
across all binding event types. 

 

eIF4A–mRNA association rates were identical between mRNAs within 

experimental error (Figure 2.15G). Interestingly, then, and in contrast to eIF4E, 

variable affinity of free eIF4A for different mRNAs appears to result from 

differences in the lifetimes of the eIF4A•mRNA complexes. This echoes results 

that demonstrate different conformational dynamics of eIF4A in the presence of 

RNA oligonucleotides that differ in their duplex properties, as well as unwinding 

by eIF4F. Extrapolating our data to cellular concentrations of eIF4A, these results 

further implicate free eIF4A as a multifunctional “mRNA chaperone” that 

maintains cap accessibility for eIF4F binding. 
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 ATP hydrolysis ejects eIF4E from the cap after initial eIF4F–mRNA binding 

Initial eIF4F•mRNA complex formation sets the stage for recruitment to the 

mRNA of the 43S ribosomal pre-initiation complex. A key question around cap 

recognition is how the mRNA 5ʹ end is transferred into its channel on the 40S 

subunit if the cap is bound by eIF4E/eIF4F. However, the sequence of events 

occurring in the eIF4F•mRNA complex immediately after its formation remains 

incompletely understood. 

In our two-color smFRET experiments with eIF4F, we found that addition of ATP 

increased the rate of eIF4E–mRNA dissociation. Our three-color experiments 

now allowed us to directly follow the fates of eIF4E and eIF4A once bound to 

mRNA. In these three-color experiments, we also found that eIF4E fluorescence 

frequently disappeared before eIF4A fluorescence after formation of an 

eIF4F•mRNA complex detected by co-arrival of Cy5-eIF4E and Cy3-eIF4A 

fluorescence displaying Cy3-Cy5 FRET (Figure 2.10). Within these eIF4F–mRNA 

events, eIF4E dissociation prior to eIF4A was the most common outcome, and 

occurred for ~66% of eIF4F–mRNA binding events on NCE102, 51% on JJJ1, 

and 61% on HXT2. Simultaneous disappearance of eIF4E and eIF4A 

fluorescence thus occurred in 34%, 49%, and 39% of eIF4F–mRNA binding 

events on NCE102, JJJ1, and HXT2, respectively. We observed hardly any 

occurrences of eIF4A departing the mRNA before eIF4E. Thus, there is a 
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preference for disrupting eIF4E–cap interaction whilst maintaining eIF4A–mRNA 

binding. This echoes findings for mammalian eIF4F where cap binding appears 

to reduce eIF4E affinity for eIF4F (Ray et al. 1985). 

Disappearance of eIF4E fluorescence could be due either to its complete 

dissociation from eIF4F•mRNA, or adoption of an extended eIF4F conformation 

that places eIF4E out of FRET range to both mRNA and eIF4A. To differentiate 

between these possibilities, we repeated the experiment with direct excitation of 

the Cy5-eIF4E fluorophore. In this illumination scheme, all eIF4E–mRNA 

interactions are detected, rather than only interactions that produce FRET – i.e., 

adoption of a no-FRET conformation would be reported by loss of FRET but 

persistence of the Cy5 signal. We found that disappearance of eIF4E–mRNA 

FRET following eIF4F–mRNA binding was due to complete dissociation of Cy5-

eIF4E from mRNA for 90% of the FRET events on the JJJ1 mRNA. Put 

otherwise, eIF4E is ejected from the eIF4F•mRNA complex shortly after cap 

recognition (Figure 2.16.).  

We also observed relatively frequent eIF4E rebinding after initial ejection. 

However, while the first eIF4E dissociation event occurred at a rate of 0.07 – 

0.09 s–1 across all mRNAs, dissociation during the subsequent rebinding events 

was slightly faster (koff ~0.11 s–1 – 0.14 s–1, Figure 2.17D,E). Evidently a change 

occurs in the eIF4F complex once it has established itself at the mRNA 5ʹ end 

which enhances eIF4E dissociation. Indeed, a regular feature of the 
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eIF4F•mRNA complex was fluctuation of the FRET efficiency during the binding 

events. This suggests the occurrence of conformational rearrangements once the 

complex once it is formed on mRNA. This raised the question of whether eIF4E 

was dissociating alone, or along with eIF4G. To directly address this question, 

we non-specifically labelled full-length eIF4G with Cy5.5, allowing eIF4E and 

eIF4G to be visualized simultaneously as they interact with mRNA.  

 

Figure 2.16. Differential eIF4F behavior once bound to mRNA revealed by 
three-color single molecule spectroscopy. The experimental setup allows 
distinguishing between events where the eIF4E and eIF4A dissociate from the 
mRNA as a unit. Examples of both are present in different fluorescence time 
trajectories, the upper trajectory (same as the one in Figure 2.5) indicates a case 
where the eIF4A remains bound to mRNA after eIF4E dissociates. The dwell 
time of eIF4A remaining bound is also quantified and plotted, in this case it is 
between ~15-20s.   
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We then co-delivered labelled eIF4E, eIF4G, and eIF4A to surface-immobilized 

mRNA. The most common behavior observed after co-arrival of eIF4E, eIF4G, 

and eIF4A (i.e., eIF4F•mRNA complex formation) was that the Cy5-eIF4E and 

Cy5.5-eIF4G fluorescence departed the mRNA simultaneously, which was 

observed in different trajectories (Figure 2.15F). Thus, our data support a model 

where the most likely possibility is eIF4E•eIF4G is ejected from the cap as a unit 

shortly after eIF4F•mRNA complex formation, leaving eIF4A bound to mRNA. 

This model is also consistent with the finding that RIP-seq enrichments for eIF4E 

and eIF4G1 are highly similar in yeast (Costello et al., 2015); if eIF4E was 

frequently ejected on its own, RIP-seq enrichments would be expected to be 

higher for eIF4G than for eIF4E.  
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Figure 2.17. Dynamic coordination within eIF4F after cap recognition. A.  
Representative smFRET trajectory showing event with ejection of eIF4E prior to 
eIF4A, and fluctuations in the eIF4F•mRNA conformation on JJJ1 . B. Relative 
incidence of initial eIF4E dissociation vs. eIF4E/eIF4A co-dissociation from 
eIF4F•mRNA complexes. n is the number of molecules analyzed to enumerate 
the event types on each mRNA. C. Reaction pathway and annotated 
representative single-molecule fluorescence trajectory for eIF4F•mRNA complex 
formation and dynamics, observed by dual red/green illumination which directly 
reports on the presence of both Cy3-eIF4A and Cy5-eIF4E. D. Rates for the 
initial eIF4E–mRNA dissociation event after eIF4F–mRNA complex formation. E. 
eIF4E–mRNA dissociation rates for events where eIF4E rebinds mRNA following 
initial dissociation from eIF4F•mRNA. F. Reaction pathway and representative 
single-molecule fluorescence trajectory for a four-color experiment where eIF4G 
is non-specifically labeled with Cy5.5, allowing its simultaneous detection with 
Cy3-eIF4A and Cy5-eIF4E. eIF4E and eIF4G fluorescence co-depart the mRNA. 
G. Reaction pathway and annotated representative single-molecule fluorescence 
trajectory for eIF4F•mRNA complex dynamics with ATP-γ-S. The Cy3 and Cy5 
signals were manually corrected by linear subtraction to equalize their 
background values, for clarity of presentation. H. Relative incidence of eIF4E or 
eIF4A dissociation, or co-dissociation from the eIF4F•mRNA complex in the 
presence of ATP-γ-S. 

 

To establish the role of ATP hydrolysis in ejection of eIF4E from the 

eIF4F•mRNA complex, we substituted ATP with ATP-γ-S and monitored the 

dynamics of the corresponding eIF4F•mRNA complexes. With the slowly-

hydrolyzable analog, the relative incidence of eIF4E–eIF4A co-dissociation from 

RNA increased at the expense of eIF4E ejection (Figure 2.17G,H). Thus, ejection 

of eIF4E is attributable to ATP hydrolysis in the eIF4F complex. 
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eIF4F increases eIF4E affinity to the cap across the transcriptome, 

dependent on ATP concentration 

We also looked at how eIF4F in the presence of variable amounts of ATP 

(binding of which to eIF4A can modulate activity) can modulate eIF4E-mRNA 

binding. We first included the eIF4F complex without ATP, where the on and off-

rates look similar to the eIF4E-G condition, although the lifetimes were slightly 

shorter. We then added varying concentrations of ATP into the experiment. 

Inclusion of ATP (0.5-2.5 mM) recovers the median lifetime of the long-lived 

population back to the eIF4E-eIF4G1 only condition (Figure 2.18) and further 

increases it at higher concentrations of ATP. Inclusion of the whole eIF4F 

complex and ATP accelerated further increased the binding rate, and higher 

concentrations of ATP (>0.5 mM) are required to achieve this (Figure 2.19.). At 

lower ATP concentrations, the binding and dissociation rates look identical to that 

of the eIF4E+eIF4G1 experiment.  The lifetimes remained similar as the 

eIF4E+eIF4G1 condition, with only a modest increase, which indicates that 

eIF4G1 is mainly responsible for driving the length of the eIF4F-mRNA 

interaction.  
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Figure 2.18. [ATP] modulates eIF4F-mRNA lifetime at the transcriptome-
wide level. Inclusion of varying amounts of [ATP] in the smFRET experiments 
gradually increases the eIF4E-mRNA bound lifetime, both for the transient and 
long-lived events. The binding rate is increased gradually with more ATP added.  
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These results suggest that formation of the eIF4F complex, with ATP, contributes 

to the observed discrimination between mRNAs by altering the rate-of formation 

differently on different mRNA transcripts. The observed variability in binding rates 

increases with increasing [ATP], suggesting that ATP concentration affects eIF4F 

dynamics to promote selectivity for binding (Figure 2.18). We found that higher 

(above 2.5 mM) amounts of ATP further stimulate the binding rate, which is not 

observed with lower concentrations of ATP (0.5 mM). At lower ATP 

concentrations (0.5 mM), we obtained essentially the same result as the 

eIF4E+eIF4G1 condition. However, when a larger (2.5 mM) amount of ATP is 

added, the binding rate of eIF4E to the cap is stimulated further compared to all 

other experiments that contain eIF4E+eIF4G1, eIF4F without ATP, eIF4F with 

AMPPNP (Figure 2.19.). The lifetime distribution of both the long-lived and short-

lived population is also shifted to the right (e.g., the duration of the observed 

eIF4F-mRNA interaction is increased). This effect is not observed when 

AMPPNP (a nonhydrolyzable ATP analog) is included in the experiment, 

suggesting that ATP hydrolysis may be involved in the observed effect rather 

than mere binding. In addition, we previously found that inclusion of free eIF4A 

and 2.5 mM ATP in this experiment does not cause an increase in the lifetime, 

although it does stimulate the binding rate relative to only including eIF4E.  



86 
 

 

Figure 2.19. Distribution of eIF4E-mRNA binding and dissociation rates 
across the transcriptome with varying concentrations of ATP. Per-mRNA 
binding rate distributions are presented in three different experiments where ATP 
concentration was varied. Increasing [ATP] increases the median binding rate 
across the population, along with causing the distribution to get broader (e.g, 
causing more variability between transcripts). Furthermore, adding more [ATP] 
gradually increases the eIF4E-mRNA lifetime. Data includes both the short-lived 
and long-lived populations of eIF4E-mRNA binding, which are separated via 
double exponential fitting of the dwell times, as described above.   
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Figure 2.20. Comparison of the eIF4E-G mRNA binding lifetimes to eIF4F 
with 2.5 mM ATP included. The plot on the left shows the mean eIF4E-only 
lifetime per mRNA (orange) overlaid with the eIF4E-G condition. The plot on the 
right shows the same eIF4E-only condition, but this time overlaid with the eIF4F+ 
2.5 mM ATP condition, where the lifetimes are increased. The mean lifetime 
distribution includes a “tail” with eIF4G1 added.  
 

Discussion 

Our results place eIF4G at the central role for defining the efficiency of cap 

binding. The ability of RNA-binding proteins to increase eIF4E-mRNA binding 

(such as when eIF4A is present without eIF4G) suggests that RNA-binding 

proteins can act as a chaperone in some cases to make eIF4E binding at the cap 

more efficient. The excess eIF4A (present at higher concentrations than eIF4E 

and eIF4G in cells) possibly acts as a chaperone on a cluster of mRNAs to make 

them more efficient in translation, and to prevent condensation, which would limit 

the formation of stress granules (Tauber et al. 2020). Our results show that 

eIF4E– and eIF4F–mRNA dynamics are sensitive to coding-sequence and 
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mRNA length, and that RNA-binding activity of individual initiation factors partially 

mitigates this sensitivity.  

 

Similar to eIF4A and eIF4G, other RNA binding proteins may also act to reduce 

this length dependence. Because both eIF4G and eIF4A, which bind RNA 

through different structural mechanisms, can both accelerate eIF4E–mRNA 

binding, our data point tertiary structure being more likely to form in longer 

mRNAs that pose a steric hindrance to eIF4E–cap binding as the source of the 

apparent length dependence in our experiments. Regardless, the variable 

association rates demonstrated in our biophysical experiments would confer an 

advantage to certain mRNAs during translation. An mRNA that binds eIF4E 

faster would retain high translation initiation even during cellular conditions where 

the active eIF4E concentration is reduced (e.g., when 4E-binding proteins are 

actively binding and sequestering eIF4E away from eIF4G). In addition, since 

certain mRNA decay mechanisms such as decapping require dissociation of 

eIF4E (Schwartz and Parker, 2000), mRNAs with lower eIF4E dissociation rates 

or higher association rates are likely to be more stable.  

 

 

Furthermore, previous studies indicated that shorter mRNAs are more likely to 

associate with eIF4F complex members (as well as PABP) (Thompson and 
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Gilbert 2017). Our data indicate that this may be partially due to the inherent 

property of shorter transcripts to bind eIF4F components faster.  

Moreover, our data indicate that mRNAs utilize eIF4G to arrive at their maximum 

potential affinity for eIF4E. Such as, eIF4G was enough to achieve the maximum 

or near-maximum binding rate relative to other conditions up to the inclusion of 

the eIF4F complex with ATP for most of the mRNAs tested. Variable eIF4F 

binding rates can explain variable translational efficiency, through kinetically 

controlling the efficiency of translation initiation on a given transcript through the 

formation rate of an eIF4E-mRNA complex. This is also significant because it 

could allow for fine tuning the rate of eIF4E-mRNA complex formation for 

different mRNAs when levels of individual initiation factors are altered, which is 

an additional point of regulation to the multi-component process of translation 

initiation. Furthermore, eIF4G reduces the apparent variability in eIF4E-mRNA 

association rates relative to eIF4E alone but leads to more heterogeneity in the 

dissociation (by causing a fraction of complexes to be stable). Moreover, the 

lifetime of the eIF4E-mRNA complex was largely similar among the mRNAs 

tested when eIF4F was present together with ATP, which is likely the in vivo 

situation. This was only tested on four mRNAs, the lifetime of the complex may 

be variable throughout the transcriptome and would add an additional layer of 

control by determining how long an mRNA remains activated for initiation (e.g., 

the time window where the mRNA is available for ribosome recruitment). 

However, we have not tested different ATP concentrations extensively with 
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individual mRNAs and cannot exclude that the complex would behave differently 

at different levels of ATP, which is bound and hydrolyzed by eIF4A. Indeed, our 

transcriptome-wide experiments indicate that the concentration of ATP plays a 

role in the dynamics.  

Cellular mRNAs begin de-novo translation in an environment replete with RNA-

binding proteins and are subsequently incorporated into polysomes. While our 

experiments do not contain the cellular complement of RNA-binding proteins, the 

two-color experiments containing eIF4A include it at concentrations that fully 

saturate its double-stranded RNA binding and significantly saturate single-

stranded RNA binding. Thus, the mRNAs in these experiments are expected to 

exist in an eIF4A mRNP. Our data then suggest that mRNP formation 

accelerates eIF4F–cap association in a length-dependent manner, and that the 

acceleration is physiologically relevant.  

 

While our study does not probe eIF4F–mRNA dynamics in polysomes, polysome 

formation is expected to disrupt both secondary and tertiary structures in mRNA. 

This is consistent with the finding that very long mRNAs engaged in translation 

show end-to-end separation that greatly reduces when ribosomes are released 

by puromycin treatment (Khong & Parker, 2018). Since our data suggest that 

disruption of mRNA structure leads to enhanced cap recognition, our model 

predicts that cap recognition may become more efficient as polysomes form and 

begin to grow in size. Interestingly this could also, in principle, permit a 
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cooperative effect on cap-/eIF4F-dependent pre-initiation complex loading rates 

during the earlier rounds of translation. As higher-order polysomes form, eIF4F-

dependence of initiation may become less prominent, due both to efficient re-

initiation of terminating ribosomes and also enhanced mRNA compaction 

observed in very heavy polysomes. Our data do not exclude a role for poly(A)-

binding protein in modulating how eIF4E binds the mRNA cap structure. PABP–

eIF4G interactions could change the conformation of eIF4F to increase the 

likelihood of efficient binding of eIF4E to the mRNA cap. This would be consistent 

with the ability of poly(A)-binding protein to stimulate translation on non-

polyadenylated mRNAs when provided poly(A) in previous experiments (Borman 

et al. 2002). Several classes of mRNAs have been identified with differing 

relative enrichments in eIF4E•eIF4G and Pab1p, pointing to the potential for 

differential interaction dynamics between these factors on different mRNAs 

(Costello et al., 2015). PABP also stimulates translation of different mRNAs to a 

different extent (Sonenberg et al. 1980). It is thus safe to assume that PABP 

would affect the eIF4E-mRNA dynamics in an mRNA-dependent manner.  

After accommodation of eIF4F onto the mRNA, eIF4G–mRNA interactions 

maintain the eIF4E–cap interaction on the initiation timescale. However, not all 

complexes that form between eIF4E-G and mRNA were stable, regardless of 

different strategies to ensure that all eIF4E is bound to eIF4G (e.g., isolating the 

two proteins as a complex, or titration of eIF4G into the experiment). This 

suggests an alternative conformation of the eIF4E-G complex where not all RNA-
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binding domains are contacting the mRNA, hence unable to prolong the lifetime 

as much, or different conformations of the mRNA causing variable complex 

lifetime.  

The complex appears to be conformationally dynamic from inspection of the 

FRET signal. eIF4A ATP hydrolysis then promotes eIF4E dissociation from the 

mRNA, most reasonably ascribed to allosteric communication mediated by 

eIF4G. Our data suggest that ATP hydrolysis and eIF4E dissociation are 

accompanied by a conformational change in the eIF4A•mRNA complex, since 

eIF4E that rebinds shortly after initial ejection has a shorter residence time than 

in the original eIF4F•mRNA encounter. eIF4F subunit thus plays a role in 

establishing the net efficiency of cap recognition. mRNA identity – asserted 

through a combination of length and structural features – contributes more to 

variability in cap recognition toward the beginning of this sequence of events, 

while the factor activities dominate the later stages. Such an arrangement is 

optimal for maximizing mRNA-to-mRNA discrimination through kinetic control of 

the recognition process. Our data further indicate that eIF4A can also act scaffold 

protein that assembles eIF4F by remaining bound to the mRNA and allowing 

rebinding of other eIF4F factors, along with eIF4G.  

ATP concentration in cells is affected by different perturbations such as stress 

(Gribble et al. 2000, Mendelsohn et al. 2018). Our results suggests that 

availability of ATP plays an important role for eIF4F discrimination of mRNAs. 

This may be a mechanism for retaining specific mRNAs in stress granules or 
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preventing specific mRNAs from being translated when ATP is less abundant. 

Under this model, mRNAs whose translation is activated upon stress would 

inherently bind eIF4F faster and be able to retain their ability to efficiently form a 

complex with eIF4F when less ATP is available.  
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Chapter 3. Development of an automated analysis scheme for smFRET data 

generated by the RS II instrument 

 

Introduction 

 

In this chapter, I will discuss a method for partially automating the data analysis 

for our imaging system. The custom MATLAB scripts developed previously in the 

Puglisi lab at Stanford University (Chen et al., 2014) work well for analysis of 

data generated by the RS instrument, where the user inspects time traces 

generated from each experiment, selects traces appropriate for data analysis, 

and then manually assign bound vs. unbound states, or dwell times. These have 

been described previously (Tsai 2013, Chen 2015). However, this process can 

be time consuming, and not ideal when many binding events are observed in 

each trace (such is the case in our system when observing eIF4E binding to 

mRNA, where many cycles of binding and dissociation are observed). It can also 

be time consuming to select the traces that contain functional signal (for 

instance, some ZMWs are empty, contain multiple molecules and/or contain 

noise and other unwanted artefacts). Therefore, analysis of such data manually 

is tedious, and the researcher devotes significant time, which could be spent 

elsewhere. In a typical experiment, binding of one molecule to the other is 

detected via cycles of FRET, which can easily be detected by certain software.  
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Software for automated analysis and fitting of smFRET data have been 

described previously (Blanco and Walter 2010; Bronson et al. 2009, Hadzic et al. 

2018, McKinney et al. 2006).  However, the data generated from the RS II 

instrument cannot be directly loaded into these programs, because the format 

does not quite match the input requested by the software. The RS II has four 

spectral channels which are stored in a matrix in MATLAB, whereas the analysis 

software is expecting only two (e.g, a FRET pair such as Cy3-Cy5). Therefore, 

before attempting to load the data into such software for analysis, a few 

processing steps are required. I have written basic code in MATLAB that 

resolves this and drastically shortens the time required for data analysis. The 

software doing the analysis is usually more efficient (taking less time) and 

accurate than human input (better at detecting events), provided that the data is 

not noisy in the acceptor channel and the state transitions are clear. The 

software is also more consistent between experiments and traces and therefore 

generates more confidence in the data.  After selecting the traces to be analyzed 

using the Puglisi laboratory scripts described previously, the user can simply run 

the code and then load the file generated into analysis software. I have tried 

several analysis software, such as vbFRET, ebFRET, SPARTAN, and HaMMy 

(McKinney et al. 2006, Bronson et al. 2009, Asher et al. 2021). I found ebFRET 

(van de Meent et al. 2014) to be the best for our application, in terms of software 

and operating system compatibility, accuracy, and speed. 



96 
 

 

Results 

The first processing step used for automating the data analysis process is 

removing the portion in the movies where there is no laser excitation. In the RS 

II, there is usually some part in the movie where the laser has not turned on 

(Figure 3.1.). This is from a delay in the instrument, the molecules cannot be 

observed without laser excitation and the background is also much less), even 

though the instrument has started recording the movie. This needs to be 

excluded, otherwise the software will either exclude the trace as photobleaching, 

or erroneously assign it as another FRET state. I have worked around this by 

setting a simple threshold for the donor fluorophore channel, where all the frames 

in the movie prior to reaching a certain intensity would be removed. Note that this 

would not work for static experiments and is better for an experiment where the 

movie is started, followed by molecules containing the acceptor fluorophore 

being injected into the sample. However, it should be relatively straightforward to 

simply alter the threshold (or use the acceptor channel’s background as a 

threshold) to adapt this to a static experiment (where both the donor and 

acceptor are present at the start of the movie, and FRET is observed from the 

beginning of the movie). If not, the user can also manually delete the frames 

where the laser is not turned on in the MATLAB matrix.  
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Figure 3.1. Example delay is laser excitation. No fluorescence is observed in 
the first ~16 seconds of the movie due to a delay in the lasers. The fluorescence 
is detected after the laser is turned on, and the part of the movie without laser 
excitation needs to be removed for automated analysis. 

The software used for analyzing the output, ebFRET, is available online, we 

typically use the modified version that is titled xlim-fix that is available via GitHub 

(https://github.com/ebfret/ebfret-gui/tree/xlim-fix). We use the GUI-based version 

launchable through the MATLAB command window when the ebFRET files are 

added to the default MATLAB path. Executing the following set of commands is 

sufficient to convert data generated by the RS II into a format that is readable by 

the software called ebFRET (van de Meent et al. 2014) (and a few others).  

 

ttotal2=ttotal(:,2:2:end);  

for i=1 

while mean(ttotal2(i,:))<90  
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ttotal2(i,:)=[]; 

end 

end 

i=2; 

while i<size(ttotal2,2) 

   ttotal2(:,i)=ttotal2(:,i)-normfit(ttotal2(1:150,i));  

   i=i+2; 

end 

 

data=ttotal2; 

z=zeros(size(data,1),2);  

for x=1     

while x<size(data,2)  

    z=horzcat(z, (data(:,x)-60));  

    z=horzcat(z, (data(:,x+1)));  

    x=x+2; 

end 

end 

z(:,1)=[]; 

z(:,1)=[]; 

 

% z(z<0)=0;  
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z=double(z); 

 

save data.dat z -ascii  

 

The user needs to load the extracted file containing the matrix with all the trace 

data into the MATLAB workspace. In our workflow, this is typically a file called 

Run_001-p.mat or Run_filter_61.mat (the numbers “001” and “61” can vary 

between files that have split up data). Note that several of the names included 

here in the scripts for the output file, matrix, as well as the variables themselves 

are arbitrary. Once run on a data file containing picked traces, these commands 

will then work on it and create a .dat file that can be loaded directly into ebFRET.  

 

It is possible to run it on traces that have not been picked, however, the user 

needs to be careful because this can cause software instability due to the large 

amount of data handled (in this case, the user would have to exclude traces 

unsuitable for analysis in ebFRET, which is more time-consuming. However, if 

most of the traces have functional signals, this is possible to do). I have made a 

slight modification to this code, which also allows it to be used on a Cy3.5-Cy5 

FRET pair (which we have also used to probe eIF4E-mRNA interaction). Note 

that there is no correction here for the cross-talk between the two channels 

(which is significant between Cy3.5-Cy5 due to the spectral overlap, Chen et al., 

2014), and this is only for identifying appearance or disappearance of FRET:  
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for i=2 

while mean(ttotal(i,:))<90  

ttotal(i,:)=[]; 

end 

end 

data=ttotal; 

z=zeros(size(data,1),2);  

for x=3 

while x<size(data,2)  

    z=horzcat(z, (data(:,x)-70));  

    z=horzcat(z, (data(:,x+1)-normfit(data(1:120,x+1))));  

    x=x+4; %move on to next molecule 

end 

end 

i=1; 

j=1; 

z(:,1)=[]; 

z(:,1)=[]; 

 

z=double(z);  

save data.dat z -ascii  
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In addition to this script, I have written other variations, that would also write each 

trace to a different text file which would then make it readable by other software 

that requires each trace be written to a separate file: 

 

ttotal2=ttotal(:,2:2:end); %extract even numbered columns, to get cy3 and cy5 

intensity. If using other channels this will not work! 

for i=1 

while mean(ttotal2(i,:))<90 %remove frames before the green laser is turned on 

ttotal2(i,:)=[]; 

end 

end 

i=2; 

while i<size(ttotal2,2) 

   ttotal2(:,i)=ttotal2(:,i)-normfit(ttotal2(1:150,i)); %corrects red background on a 

per-trace basis 

   i=i+2; 

end 

 

data=ttotal2; 

 

for x=1 
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    while x<size(data,2) 

      z=[];   

      z=horzcat(z, (data(:,x)-60)); % add cy3 channel, background is usually 60 

      z=horzcat(z, (data(:,x+1))); 

      z=double(z); 

      fname=strcat('molecule', num2str(x)); 

      save([fname '.txt'], 'z', '-ascii') ; 

      x=x+2; 

    end 

end 

 

Upon filtering of the trace data, ebFRET can then be used to detect FRET states. 

The output file of the scripts can be loaded directly into the ebFRET GUI which is 

launched through MATLAB. To proceed with analysis, the parts of a trace where 

photobleaching occurs must be removed. Fortunately, the software has a tool 

that aids this, along with the option of manually cropping each trajectory on the 

time axis. Once the traces have been processed to remove photobleaching, the 

user can then force the software to fit the data to two states (where state 2 is 

always a “bound” state). Due to the Bayesian statistics used by the software, it 

tends to get more accurate at identifying states when it is provided with a larger 

dataset. The number of restarts (typically at least two passes) as well as 

precision of the software can be increased by the user to make the software 
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more stringent at assigning states, at the cost of speed. However, for our 

datasets, I have found that >6 restarts gives only a marginal improvement. In 

addition, the priors are typically set to 0 for the minimum FRET efficiency and 

0.25 for the maximum (the minimum is zero because we have no FRET when the 

ligand is not bound, it would not be zero if the system is designed to always 

induce a FRET signal, such as in our intramolecular RNA smFRET experiments). 

 

 

 
Figure 3.2. Example state assignment of smFRET traces from the RS II 
using ebFRET. In this scheme, the ebFRET software marks all event positions 
with a darker blue color (assigning it as state two), whereas the frames where 
FRET is not observed are marked with turquoise (assigning as state one). 
 

Note that the FRET efficiency plotted here is usually not correct. While providing 

a rough estimate, the user would have to correct the background for the donor 

channel properly for accurate estimation of the FRET efficiency. In addition, we 

have never calibrated our RS II-based experimental setup and imaging system 

using a donor-acceptor pair with known distance, which is usually required to 

ensure that the system and the data analysis scheme is reporting distance 
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changes accurately. Fitting the data to three states and using the third state for 

the FRET efficiency using the default parameters usually gives the best 

separation of FRET efficiency data from noise. The software is usually good at 

setting priors when loading the data, the minimum center can be set to 0, since 

the experiments here will always have a state zero (no) FRET because eIF4E 

dissociates. In addition, the hybridization oligonucleotide used here probably 

binds at different sites throughout the poly(A) tail, changing the end-to-end 

distance, which would complicate the measurement because the tail is longer 

than 45 nucleotides.  

If provided noisy data, the software will occasionally make mistakes and a 

significant amount of user input and data exclusion will be required. The ebFRET 

session can be saved in the GUI, allowing the user to save their progress and 

return to data analysis at any point. This saved file contains all the event data.  

An additional script was developed to convert the ebFRET output file to a matrix 

where the events are scored for each frame (e.g, marking where the event 

occurred in each frame). Example commands for that is shown here, this 

basically extracts all the event positions from the ebFRET: 

 

state = {analysis(2).viterbi.state}.'; 

state1=state(~cellfun('isempty', state));  

z=zeros(5900,1)  

 for x=1 
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while x<=length(state1) 

    b=cell2mat(state1(x)) %extract numeric array from cells containing FRET state 

data 

    x=x+1 %advances to next molecule 

if length(b)<5900  

    b=vertcat(b,(zeros((5900-length(b)) ,1)))  

    z=horzcat(z,b)  

end 

end 

 end 

HMM=z-1;  

HMM=max(HMM,0) 

 

The matrix called “HMM” after this will now contain the event positions (e.g, 

which frames had an event occur). The co-authors on our earlier manuscript 

(Çetin et al. 2020) had previously developed scripts for generating the kinetics in 

a population. I made amendments to that script that also allows one to extract the 

aggregate kinetics for the entire population (combining all the events from all 

molecules). This can then be subjected to exponential fitting, determining the 

rates from the entire population using ebFRET, rather than executing a set of 

commands on the file containing the picked traces. The data is in frames (instead 

of seconds) and the obtained rates would need to be divided by the number of 
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frames to compute the rate per second. Since we typically record movies at ten 

frames/second, I have set it to divide the rates by ten. This workflow significantly 

reduces the time required for data processing (at least ten-fold), especially for an 

interaction such as eIF4F-mRNA (which is characterized by rapidly reversible 

binding and dissociation under our experimental conditions). This allows rapid 

analysis of data from experiments that require a large number of molecules, such 

as the transcriptome-wide experiments that determine the dynamics of the 

interaction at a larger scale. However, an algorithm which automates the 

selection of traces is also required to streamline data analysis.  

 

Figure 3.3. Comparison of manual and automated state assignment.  
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Conclusions and Future Directions 

 

In this study, we systematically characterized the dynamics of the eIF4F-mRNA 

interaction on full-length yeast mRNAs in vitro, for which no kinetic data was 

available (past work was limited to shorter RNAs and model oligonucleotides). 

Our results allowed construction of a detailed kinetic model for the interactions 

(Figure 4.1.).  

Yeast eIF4E binds shorter mRNAs faster in vitro, which is reduced by other 

initiation factors that make it recognize mRNAs with less variation. Given our 

finding that mRNA length impacts the eIF4E association rate, these results 

highlight how information encoded along the mRNA length intrinsically 

contributes to the efficiency of early initiation and offers one explanation for why 

longer mRNAs are often translated less efficiently and with higher eIF4F 

dependence. Moreover, reduction in the availability or activity of any one eIF4F 

subunit is expected to impact different mRNAs differently in this model. Short 

mRNAs and/or less structured mRNAs that effectively compete for eIF4F–cap 

binding are predicted to be less sensitive to depletion of active eIF4F. mRNAs 

that associate faster with eIF4F might be expected to have an advantage in 

terms of translational efficiency under conditions such as stress where eIF4F 

activity is downregulated, provided they do not accumulate in stress granules or 

P bodies. Other factors also make recognition more efficient. The free fraction of 

eIF4A can accelerate binding of eIF4E to mRNAs, and eIF4G prolongs the 
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interaction between eIF4E and mRNA, which was demonstrated on both native 

mRNA extracted from cells, and in vitro transcribed model mRNAs. While eIF4G 

can bind throughout the mRNA, the presence of eIF4E biases accommodation at 

the 5′ end. Our results implicate eIF4A as an RNA chaperone which can 

stimulate interaction of translation factors with mRNAs. The eIF4E-mRNA 

interaction has an equilibrium dissociation constant in the low nanomolar range. 

The variability in the interaction is mainly driven through association rates, which 

likely controls ribosome recruitment through the kinetics of the eIF4E-mRNA 

interaction.  

Overall, we determined that eIF4G is the main contributor to the dynamics, and 

that eIF4A can also exert an effect, both on individual mRNAs and on mRNA 

populations. We obtained modest correlations to in vivo binding and good 

correlation ribosome occupancy data, although on a small sample of mRNAs. 

Other factors and RNA-binding proteins in cells may further modulate the 

dynamics of the interaction to lead to the interaction profiles observed in vivo. It 

will be important to test how factors like eIF4B (which stimulates eIF4A activity), 

affect the dynamics of the interaction. Furthermore, factors like Ded1p interact 

with eIF4F components, and  
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Figure 4.1. Model summarizing kinetic data for eIF4F-mRNA interactions. 
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The kinetics of eIF4E-mRNA complex formation evidently vary between different 

mRNAs and offer a point of regulation during translation initiation. mRNAs that 

inherently form a complex with eIF4F at higher rates would be less sensitive to 

reduced eIF4E levels, or conditions where the active levels of eIF4E are reduced 

(such as binding of 4E-binding proteins to eIF4E, sequestering it away from 

eIF4G and preventing activation of mRNAs). Furthermore, our multicolor 

experiments dissected the mechanism of eIF4F-mRNA complex formation on 

different mRNAs, which was largely similar across three different 

transcriptstested in our experiments. We determined that ATP binding and 

hydrolysis by eIF4A likely triggers conformational changes in the intact eIF4F 

complex, and that eIF4E is likely to dissociate from the cap structure after initial 

binding. This is in the absence of ribosomes, or a scanning complex present on 

the mRNA. eIF4E-G is likely to dissociate first, leaving eIF4A bound to the 

mRNA, which remains bound to potentially recruit another eIF4E-G complex. 

eIF4G is typically considered to be a “scaffold” for eIF4F assembly. However, our 

results indicate that eIF4A can also act as a scaffold in yeast. eIF4E dissociating 

from the mRNA after assembly of the eIF4F complex contrasts with the 

expectation from previous results that eIF4E remains bound to the cap structure 

throughout scanning (Bohlen et al. 2020). This observation may be due to using 

yeast initiation factors in our experimental system, which may bind more 

transiently. ATP concentration also impacts eIF4F-mRNA association, where 

excess ATP would make the interaction more efficient. This would suggest that 



111 
 

eIF4F-mRNA interactions are reduced upon conditions that reduce the available 

[ATP] in the cell, such as stress (Mendelsohn et al. 2018). Since the effect was 

demonstrated on a population-wide experiment, this could be a global effect, or 

clusters of mRNAs may be less likely to bind eIF4E when ATP is depleted.  

 

 

ATP binding and hydrolysis also play important and distinct roles. ATP binding 

induces a conformational change in the eIF4F complex bringing eIF4E and eIF4A 

within FRET distance, whereas hydrolysis triggers ejection from eIF4E from the 

cap structure. The dynamics of the eIF4F•mRNA complex suggest a mechanism 

for coordinating eIF4F–cap recognition with PIC recruitment, and for conferring 

mRNA sensitivity to distinct translational control pathways. The structure of some 

of the core initiation factors (such as eIF4A and eIF4G) is rather different 

between yeast and mammals. Mammalian eIF4G includes an additional eIF4A-

interacting domain which may prolong the lifetime of the complex relative to the 

yeast counterpart. More experiments would be required to address whether this 

is also the case for the mammalian system. Furthermore, mammalian mRNAs 

are generally longer and more structurally complex due to their higher GC 

content. Hence, it will be important to separately characterize these dynamics for 

mammalian eIF4F in future experiments.  
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We also isolated recombinant Ded1p and eIF4B for future studies. These 

components are known to interact with eIF4F subunits (Gao et al., 2016, Gulay et 

al., 2020), and hence can make an impact on the interaction between eIF4F and 

the mRNA. It will be important to address this with eIF4F and additional factors. 

The inclusion of poly(A) binding protein may further modulate the dynamics of the 

interaction. Ultimately, the study was a thorough characterization of yeast eIF4E 

and eIF4F binding to mRNAs, and further studies will elucidate the dynamics 

when other factors and RNA-binding proteins are present.  
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Chapter 5: Materials and Methods 

 

In vitro transcription, RNA processing and labeling of oligonucleotides 

DNA templates to be transcribed were PCR-amplified from Yeast Genomic DNA 

(EMD Millipore) with Phusion DNA polymerase (NEB) using standard 

procedures. Primers sequences are reported in previous publications. A T7 

promoter (TAATACGACTCACTATAGG) was incorporated into the PCR product 

through the forward primer, where the underlined bases become +1 and +2 

nucleotides added to the transcript. Adding the two guanosines is necessary to 

obtain sufficient yield for when conducting transcription.  

The resulting templates were in-vitro transcribed to produce RNA using in-house 

purified or commercial (NEB) T7 RNA. Transcription reactions were typically 

carried out on a 40 µL scale, with ~5 µg of DNA template, in a buffer consisting of 

200 mM Tris-HCl, pH 7.9, 0.05% (v/v) Triton-X-100, 15 mM spermidine, 2 mM 

each NTP and 5 mM DTT. MgCl2 concentrations in this buffer were optimized for 

each transcript by titration, and were 15 – 30 mM. Unreacted nucleotides were 

removed from the transcription mixture with  MicroBio-Spin gel filtration columns 

(P30, Bio-Rad), and the RNA product was then precipitated using ½ volumes of 

7.5M lithium chloride. The resulting RNA pellet was redissolved after three 
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washes with 80% EtOH and run on a native 1% TBE-Agarose gel, to check for 

integrity.  The RNAs were then capped using the ScriptCap™ m7G Capping 

System (CellScript) with the following modifications to the manufacturer’s 

protocol: the incubation time with the capping enzyme was increased to two 

hours, and the volume of enzyme added was increased twofold. A poly(A) tail 

was added to the mRNA immediately after capping, using E. coli poly(A) 

polymerase (NEB), following the manufacturer’s guidelines. The capped and 

tailed mRNA was then re-purified by organic extraction with acidic phenol-

chloroform, precipitated with 0.1 volumes of 3 M sodium acetate and two 

volumes of ethanol, and resuspended in RNase-free water. 

 To assess the capping efficiency, the JJJ1 , HXT2, and NCE102 RNAs were 

desalted using MicroBioSpin gel filtration columns (BioRad) after capping and 

treated with RNA 5′  polyphosphatase (Epicentre) and RNA 5′  Terminator 

dependent exonuclase (Epicentre) for one hour for each enzyme. Batches of the 

same RNA, either capped and uncapped, were treated separately, and RNA 

integrity was assessed on a 1.2% TAE-Agarose gel immediately after treatment. 

For obtaining an estimate of the poly(A) tail length, RNA was run on a 1.5% TAE-

agarose gel for 20 minutes at 120V after poly(A) tailing, loaded next to the same 

mRNA lacking a poly(A) tail, staining using EtBr. 

5ʹ biotinylated and 3ʹ amino-modified oligonucleotides purchased from IDT were 

reacted with a 1:8 molar ratio of oligonucleotide to NHS-ester derivatives of Cy5 
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(for intramolecular FRET experiments with dual labeled RNA), Cy3 and Cy3.5 in 

0.1 M sodium bicarbonate for four hours at room temperature, followed by four 

successive chloroform extractions to remove unreacted dye, and by buffer-

exchange into ddH2O using MicroBio-Spin gel filtration columns (P30, Bio-Rad). 

Labeling efficiency was typically 75% as measured by UV/visible 

spectrophotometry. The labeled oligonucleotides were stored at –20 ˚C and used 

without further purification. 

For EMSAs, RNA (20 nM based on A260) was incubated with eIF4G truncations 

(800 nM) or full-length eIF4G (400 nM) for five minutes in 1x Assay Buffer (50 

mM HEPES-KOH, pH 7.4, 3 mM Mg (OAc)2, 100 mM KOAc), and run on a 1.5% 

TAE-agarose gel at 6C for 30 minutes at 80V. Bound complexes were visualized 

using gels including EtBr. 

Yeast growth and total RNA isolation. 

A 5 mL starter culture of the yeast strain W303 (a generous gift from Justin 

Chartron, UC Riverside) was grown in 5 mL YPAD medium at 30  ̊C overnight. 

The starter culture was then used to inoculate 1 L of YPAD medium, and the 

culture was grown overnight at 30  ̊C, to stationary phase (O.D.600~ 3.0). Cells 

were then harvested by centrifugation (at 4,000 × gfor 10 minutes at 15  ̊C). The 

resulting cell pellet was washed twice with ddH2O to remove traces of growth 

medium, and was then resuspended in 25 mL RNA Lysis Buffer (50 mM Tris-

HCl, pH 8.0 at 4C, 2% SDS, 2% b-mercaptoethanol, 10 mM EDTA). Cells were 
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lysed by vortexing with zirconium beads (0.5 mm; 33% (v/v) BioSpec), through 

five cycles of one-minute vortexing followed by a two-minute pause with 

incubation on ice.  

The resulting lysate was centrifuged at 13,000 × g for ten minutes at 4 ̊C, and the 

supernatant was recovered.  The supernatant, containing soluble  protein  and  

nucleic acids, was then subjected to two successive extractions with 1 volume of 

acidic phenol-chloroform (pH 4.5) to enrich for RNA. The aqueous phase was 

recovered, and nucleic acids were precipitated using 2.5 M LiCl. The resulting 

pellet was washed twice with 80% EtOH and resuspended in ddH2O (typically ~1 

mg /mL based on the 260-nm absorbance in a volume of ~4 mL). The total RNA 

preparation was first assessed for degradation on a 1% TBE-agarose gel,  

staining  with  ethidium  bromide.  To optimize the  density  of immobilized mRNA 

molecules in the ZMW array for single-molecule analysis, the RNA was then 

concentrated using Vivaspin® 6 centrifugal concentrators (Sartorius, MWCO 10 

kDa),  and aliquots  were  stored  at –20   ̊C.  Quality of RNA preparations  was  

further assessed by BioAnalyzer size distribution analysis. 

Protein purification and labeling 

Genes encoding translation factors were expressed from pET-28a(+) (Qiagen) or 

pTYB2 (New England Biolabs). Overexpression was carried out at 37 ˚C in LB 

medium, in volumes ranging from 1 L to 12 L. E. coli BL21(DE3) CodonPlus RIL 
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or BL21(DE3) cells expressing the target recombinant protein were grown to an 

OD600 of 0.5 – 1 at 37 ˚C.  

Overexpression was then induced via addition of 0.5 mM IPTG, then the 

overexpression was allowed to proceed overnight at 16 ˚C. For eIF4G, the 

induction was carried out at 37 ˚C for 2 – 3 hours. The resulting cells were 

harvested and stored at –80 ˚C until purification. 

His6-tagged yeast eIF4E(A124C) was purified as described previously (O’Leary 

et al., 2013). Briefly, cell lysate from the overexpression culture was loaded onto 

a gravity-flow Ni-NTA agarose column (Qiagen) pre-equilibrated with eIF4E 

buffer (50 mM HEPES-KOH, pH 7.4, 150 mM KCl, 2.5 mM TCEP). The column 

was then washed with 40 column volumes of eIF4E buffer containing 40 mM 

imidazole to remove nonspecifically bound proteins, then eIF4E was eluted using 

eIF4E buffer containing 250 mM imidazole. Imidazole was removed from the 

protein eluate by desalting on a Bio-Rad 10-DG column equilibrated in containing 

50 mM HEPES-KOH, pH 7.4, 150 mM KCl, 0.5 mM TCEP. The resulting protein 

was immediately labeled with a sulfonated Cyanine 5 maleimide (Lumiprobe) 

overnight at 6 ˚C in darkness. Unreacted fluorophore was then removed by 

desalting on a BioRad 10-DG column. The labeled protein was purified by gel 

filtration using a Superdex 75 Increase column (GE healthcare), equilibrated in 

storage buffer (50 mM HEPES-KOH, pH 7.4, 150 mM KCl, 2.5 mM TCEP). The 

labeling efficiency was assessed by UV/visible spectrophotometry and was 
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typically ~50%. The protein was stored at 6 ˚C in darkness, and was prepared 

freshly every week as needed. 

The plasmid containing recombinant full-length eIF4G1 was a gift from Sarah 

Walker (also available from Addgene as plasmid #122248). This full-length 

eIF4G1 construct with a C-terminal chitin binding domain fusion was purified 

according to a published procedure (Liu et al., 2019), with the following 

modifications: the cells were lysed using a sonicator, and the final protein after 

elution was stored in 250 mM KCl instead of 250 mM KOAc, skipping the dialysis 

after the anion-exchange chromatography step in the procedure, and DTT for 

storage was substituted with 2.5 mM TCEP.   Briefly, E. coli cells expressing full-

length eIF4G1 were thawed, and lysed using a sonicator after resuspending in 

Intein Lysis Buffer (50 mM HEPES-KOH, pH 7.4, 500 mM KCl, 1 mM EDTA). The 

lysate was then clarified by centrifugation at 20,000 × g for 15 minutes. The 

clarified lysate was rocked with 4 mL of chitin resin (New England Biolabs) for 30 

minutes at 4 ˚C. The resin was then loaded into a gravity-flow column and 

washed with 100 mL of Intein Lysis Buffer. The column was then treated with 

micrococcal nuclease to remove nucleic acids from E. coli which co-purified with 

eIF4G. Briefly, the resin was first equilibrated with microccocal nuclease buffer 

(50 mM HEPES-KOH, pH 7.4, 100 mM KCl, 2 mM CaCl2). Then, a 3 mL solution 

containing 3 U/µL microccocal nuclease was passed through the column. The 

resin was then incubated for 30 minutes at 37 ˚C.  
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Following nuclease treatment, the column was washed with a further 50 mL of 

lysis buffer. The column was then flushed with 8 mL of lysis buffer containing 50 

mM DTT, and 6 mL was allowed to pass through the column, which was then 

sealed and incubated overnight at 6 ˚C. The following day, the cleaved protein 

was eluted with 10 mL of lysis buffer. The resulting protein solution was diluted to 

100 mM KCl with lysis buffer lacking KCl, then manually loaded onto a Q HP 

column (1 mL; GE Healthcare Life Sciences) equilibrated in 50 mM HEPES-

KOH, pH 7.4, 10% (v/v) glycerol, 2.5 mM TCEP, 100 mM KCl, and washed with 

five column volumes of buffer containing 50 mM HEPES-KOH, pH 7.4, 10% (v/v) 

glycerol, 2.5 mM TCEP, 100 mM KCl. The column was then eluted manually with 

a step-gradient of 150, 200, 250 mM KCl in 50 mM HEPES-KOH, pH 7.4, 10% 

(v/v) glycerol, 2.5 mM TCEP (one column volume for each step). Eluate fractions 

were analyzed by SDS-PAGE; eIF4G typically eluted above ~220 mM KCl. 

Single-use aliquots of purified eIF4G1 were prepared and were stored at –80 ˚C. 

For non-specific fluorescent labelling, single-use aliquots of the eIF4G protein 

were treated with an equimolar concentration of Sulfo-Cy5.5 Maleimide 

(Lumiprobe) resuspended as a 2 mM stock in DMSO, for a total of two hours. 

The resulting fluorescent protein was then immediately used in the single 

molecule experiments. The His6-tagged eIF4G1–452 fragment (an NdeI fragment 

of the eIF4G1 CDS) was purified essentially as for eIF4E, but 1 M KCl was 

included in the purification buffers. 
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His6-tagged recombinant eIF4A was purified as described previously. E. coli cells 

expressing recombinant eIF4A were first thawed and resuspended in eIF4A lysis 

buffer (50 mM HEPES-KOH, pH 7.4, 300 mM KCl, 2.5 mM TCEP). After 

sonication for cell lysis, the resulting lysate was clarified by spinning at 20,000 × 

g for 15 minutes. The clarified lysate was applied to Ni-NTA agarose (equilibrated 

in lysis buffer) as a first step, after filtering the lysate through a 0.22 µm syringe 

filter. The bound protein was eluted with lysis buffer containing 250 mM imidazole 

after washing with 10 column volumes of lysis buffer containing 40 mM 

Imidazole. The eluate was buffer-exchanged to Buffer A using a BioRad 10-DG 

column (50 mM HEPES-KOH, pH 7.4, 100 mM KCl, 2.5 mM TCEP) and 

subjected to anion-exchange chromatography using a 5 mL Q HP anion-

exchange column (GE Healthcare). The column was eluted with a linear gradient 

of 0.1 – 1 M KCl. eIF4A typically eluted at 250 mM KCl. Fractions containing 

eIF4A were identified by SDS-PAGE analysis, then pooled, concentrated by 

centrifugal ultrafiltration, and further purified by gel filtration chromatography 

using a Superdex 200 column (GE healthcare) equilibrated in 50 mM HEPES-

KOH, pH 7.4, 100 mM KOAc, 2.5 mM TCEP, 10% (v/v) glycerol. The final protein 

sample was divided into single-use aliquots and stored in storage buffer at –80 

˚C. 6x Histidine-tagged recombinant eIF4G (83-452) was expressed in a pET-

28a(+) vector using E. coli BL21(DE3) CodonPlus RIL cells, under dual selection 

with chloramphenicol and kanamycin. The resulting transformants were grown in 
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a 10 mL starter culture at 37C for 16h. A 2L LB medium flask was inoculated with 

this culture, and the culture was grown until an O.D.600 value of 1. 

Overexpression was then induced via addition of 1 mM IPTG, then the 

overexpression was allowed to proceed overnight at 16 ˚C. Cells were harvested 

and resuspended in 30 mL of lysis buffer (50 mM HEPES-KOH, pH 7.4, 150 mM 

KCl, 2.5 mM TCEP, 40 mM imidazole). The resuspended cells were lysed using 

a sonicator, and the lysate was by centrifugation at 20,000 × g for 15 minutes. 

The lysate was then passed through a 0.2 micron filter and applied to a 1 mL 

HisTrap column (Cytiva) equilibrated with 5 column volumes of lysis buffer. The 

column was washed with 5 mL of lysis buffer, then the protein was eluted using a 

lysis buffer containing 250 mM imidazole. The resulting eluate was diluted 3-fold 

using lysis buffer without salt or imidazole, and applied to a 1 mL HiTrap Heparin 

column (Cytiva) equilibrated in buffer containing 50 mM HEPES-KOH, pH 7.4, 

10% (v/v) glycerol, 2.5 mM TCEP, 100 mM KCl. The column was washed with 5 

column volumes of the same buffer, and bound protein was then eluted with the 

same buffer containing 250 mM KCl. The eluted protein was stored at -80C. 

For preparation of labeled eIF4A, a construct was designed that expresses the 

native eIF4A sequence with an N-terminal Met-Ala-(pAz)Phe tripeptide extension 

for unnatural amino acid incorporation. This plasmid was co-transformed into E. 

coli BL21(DE3) cells with the pEVOL-ps plasmid (a generous gift from Abhishek 

Chatterjee, Boston College) under dual selection with chloramphenicol and 

kanamycin. The resulting transformants were grown in a 10 mL starter culture 
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overnight. Afterwards, a 1 L LB medium flask was inoculated with the starter 

culture and grown to an O.D.600 value of 0.5. 1 mM 4-azidophenylalanine was 

then added to the culture medium along with 2 mM arabinose to induce 

tRNA/aminoacyl-tRNA synthetase expression. Finally, 2 mM IPTG was added to 

induce expression of eIF4A. Overexpression was allowed to proceed for 5 hours 

in darkness, to avoid photochemical damage to the unnatural amino acid. The 

cells were harvested and stored at –80 ˚C until purification. MA(pAzF)-eIF4A was 

purified identically to unlabeled recombinant eIF4A, with the exception that after 

initial Ni-NTA purification the protein was treated with DBCO-Cy3 overnight to 

conjugate the fluorophore to the unnatural amino acid. Ded1p was isolated 

according to a published protocol (Iost et al., 1999). 
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Steady-state ATPase assay for eIF4A activity. 

The NADH-coupled ATPase assay was carried out according to a published 

procedure. Briefly, reactions were assembled on ice and started by adding Mg-

ATP. The reaction was set up with the KMg75 buffer (20 mM HEPES-KOH, pH 

7.4, 75 mM KCl, 1 mM DTT, 5 mM MgCl2), 250 nM eIF4A or Cy3-eIF4A, 125 nM 

full-length eIF4G, 1 mM ATP, 1 mM (measured as concentration of bases) 

poly(U) RNA (Sigma), lactate dehydrogenase (20 U/mL final concentration), and 

pyruvate kinase (100 U/mL) Absorbance was recorded at 340 nM with a 

Shimadzu UV2600 UV-visible spectrophotometer, measuring the decrease of 

NADH absorbance with time. The slope of the absorbance vs. time graph was 

converted to the rate of ATP hydrolysis using an extinction coefficient of 6,220 M–

1 cm–1 for NADH, and normalized to the eIF4A concentration to yield V / E0. 

Control reactions to establish the background rate of NADH oxidation included no 

eIF4A and no RNA. 
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Single-molecule experiments 

The custom RS instrument was set up as described previously. The RNA to be 

immobilized was hybridized through its poly(A) tail to (dT)45 conjugated to biotin 

at its 5ʹ end and Cy3 or Cy3.5 at its 3ʹ end, to act as a FRET donor. Annealing 

was performed using a thermocycler, by heating 100 nM labeled oligonucleotide 

to 98 ˚C for two minutes in the presence of two- to five-fold molar excess of 

mRNA, followed by cooling to 4 ˚C at a ramp speed of 0.1 ˚C s–1. The resulting 

mRNA:(dT)45 duplex was diluted to 3-10 nM fluorophore in smFRET assay buffer 

prior to immobilization on the ZMW using the assay buffer. 

Zero-mode waveguides were set up as described previously (Chen et al., 2014). 

Briefly, the ZMW chip was hydrated with assay buffer (final concentrations of 50 

mM HEPES-KOH, pH 7.4, 3 mM Mg(OAc)2, 100 mM KOAc) for two minutes, 

followed by incubation with 16 µM NeutrAvidin (Thermo Scientific) for five 

minutes to allow immobilization of biomolecules. The chip was then washed three 

times with the assay buffer, followed by addition of 10 nM mRNA:biotin-(dT)45-

Cy3.5 duplex, which was allowed to immobilize for 20 minutes. The chip was 

then washed again three times to remove non-immobilized nucleic acids, and an 

imaging buffer containing PCA/PCD oxygen scavenging system and 

photostabilizer (TSY) was added.  
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Prior to imaging on the RS II, the chip was treated with 5% (v/v) each of 

BioLipidure 203 and 206, 1 mg/mL BSA and unlabeled eIF4E; this blocking step 

mitigates non-specific Cy5-eIF4E interactions with the surface. Inclusion of this 

step did not detectably alter the kinetics of eIF4E-mRNA interaction.  After 

initiating the imaging on the RS II, between 4 and 30 nM Cy5-eIF4E were 

robotically injected onto the waveguide, starting the binding reaction. Where 

unlabeled eIF4G, and/or unlabelled or Cy3-eIF4A were included in experiments, 

they were co-delivered with Cy5-eIF4E at the concentrations indicated in the 

results section. Subunits were pre-incubated for ~15 minutes prior to co-delivery. 

The ZMWs were imaged with 10-minute movies acquired at 10 frames/second, at 

0.7 µW/µm2 green (532 nm) laser power and 0.07 µW/µm2 red (642 nm) laser 

power (for dual illumination experiments).  

Single-molecule data processing and analysis 

Raw movie data were extracted and analyzed with an in-house MATLAB 

processing pipeline as described previously (Chen et al., 2014). Image files were 

first converted to fluorescence vs. time traces. The locations of events in the 

traces were then manually assigned, resulting in distributions of event and inter-

event durations (i.e., lifetimes and arrival times). 
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For the two-color FRET experiments, events showing anticorrelated bursts 

between the FRET donor and acceptor were picked and manually assigned as 

FRET. For kinetic analysis, arrival-time or lifetime distributions for two-color 

smFRET experiments were constructed from analysis of events occurring on at 

least ~100 mRNA molecules, which included at least 500 events, and typically 

more than 1,000 events. Addition to the analysis of further molecules beyond this 

number neither significantly altered the kinetic parameters obtained, nor 

improved the quality of data fitting. Empirical cumulative distribution functions for 

unbinned distributions were fit in MATLAB, using nonlinear least-squares 

regression, to either single-exponential (1) or double-exponential (2) models, as 

appropriate: 

  

        P(t) = 1 – Ae–kt                                              (1) 

                                         P(t) = A(1 – e–kt) + (1 – A)(1 – e–lt)                        (2) 

  

 For double-exponential arrival-time distributions, the fast-phase rate, which 

typically constituted at least 70% of the amplitude, was used for comparison of 

eIF4E binding between different mRNAs and conditions. 

For goodness-of-fit evaluation, fits typically had an R2 value > 0.99 (for all 

distributions generated from experiments with eIF4E-G, eIF4F) and greater than 
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0.95 (for experiments containing only eIF4E and eIF4E-eIF4A.). Root-mean-

squared errors of the fits for arrival-time distributions were typically 0.02 or a 

lower value; lifetime distributions showed more variable RMSE values with an 

upper limit of 0.1. For correlation of kinetic parameters with mRNA lengths, and 

ORF lengths, Pearson correlation coefficients (R) were calculated using 

GraphPad Prism software (Version 9.1.). Correlations with p < 0.05 based on a 

two-tailed Student’s t-test were considered significant. For the three-color FRET 

experiments, events showing Cy3 signal only were scored as free eIF4A binding. 

Events showing appearance of Cy3 fluorescence with a concomitant increase in 

Cy5 fluorescence significantly beyond the negligible expected bleedthrough, and 

showing apparent FRET efficiency changes during the ensuing binding event, 

were characterized as eIF4E-eIF4A FRET. A further type of binding event where 

eIF4E-eIF4A FRET disappeared while eIF4A stayed bound was also scored in 

both the number of occurrences and the dwell time of the initial FRET event. 

During these Cy3 fluorescence pulses, the dwell time of FRET when eIF4E-

eIF4A FRET reappeared was also quantified. Rate constants were quantified by 

exponential fitting as described above. For four-color experiments, events 

showing Cy5.5 signal along with the same frame as a Cy3-Cy5 FRET signal 

were scored as formation of an eIF4F complex with fluorescent eIF4G.  
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