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ABSTRACT OF THE THESIS 

 

Bridging the Gap: Insights into the eIF4E-eIF4G1-PABP1-mRNA Complex 

 

by 

 

Alberto Pequeno 

Master of Science in Chemistry 

University of California San Diego, 2018 

Professor Simpson Joseph, Chair 

 

 Translation initiation is a highly regulated process that plays a significant 

role in maintaining homeostasis. It has been shown to be a critical step in the 

proliferation of cancer and a crucial target for a variety of viruses. Thus, it has 

become an attractive target for the development of therapeutic drugs. Further 

knowledge of the mechanism of translation initiation might be beneficial in 

improving the efficiency of novel therapeutic drugs.   

 Though extensive work has been done to understand the mechanism in 

different species, studies of human translation initiation (specifically the eIF4E ● 
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eIF4G1 ● PABP1 interactions) have been limited to cell-based assays and the 

use of small recombinant eIF4G1 variants. 

 Here we use a recombinant variant of eIF4G1 capable of interacting with 

both eIF4E and PABP1 to determine possible complex formations in the 

presence of different mRNAs. We find that complex formation is possible with a 

variety of mRNAs and in the presence or absence of the m7G cap or poly A tail. 

Furthermore, we demonstrate that eIF4G1 modulates eIF4E cap binding affinity 

and preferentially interacts with cap-bound eIF4E using a previously unidentified 

region. Finally, we show that eIF4G1 possess an additional RNA binding domain 

in its N-terminal region.  
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Chapter 1: Introduction 

 

1.1  Background 

 

Proteins are complex macromolecules that are responsible for a large 

array of cellular functions. Some of their functions include, but are not limited to, 

serving as antibodies to help protect the body from foreign invaders, enzymes for 

chemical reactions, messengers, structural components, and transport. Given its 

multitude of functions, it is evident that proteins are a critical component for the 

well-being and survival of an organism.   

 Genetic information is transferred from DNA to mRNA through a process 

called transcription, then to proteins through translation. Protein synthesis 

(translation) in eukaryotes is a complex process that involves a multitude of 

factors and is divided into three key steps: (1) initiation, (2) elongation, (3) 

termination. Misregulation of translation can lead to detrimental effects such as 

cancer1-4. Furthermore, the translation machinery has been shown to be a crucial 

target for a variety of viruses5-12. For these reasons, translation initiation has 

become an attractive therapeutic target for novel drugs13-17. 
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1.2  Translation Initiation 

 

Eukaryotic translation initiation has been characterized as a highly 

regulated and rate-limiting step for protein synthesis18. Canonical translation 

initiation begins with a 5’ – 7- methylguanosine capped (m7G cap) and 3’ 

polyadenylated (poly(A) tail) messenger RNA (mRNA). Various proteins, which 

includes a group of eukaryotic translation initiation factors (eIFs), play a 

significant role in the “activation” of the mRNA and the recruitment of the 

ribosome. The m7G cap and poly (A) tail are recognized and bound by eIF4E and 

polyadenylate-binding protein 1 (PABP1), respectively. A stable “closed loop” 

messenger ribonucleoprotein (mRNP) structure is formed by the interactions of 

eIF4E, PABP1, and mRNA with eIF4G1 (Figure 1.1). The helicase protein 

eIF4A1, which also binds directly to eIF4G1, is recruited along with its accessory 

protein eIF4B to break secondary mRNA structures. The 43S preinitiation 

complex (PIC) consists of the 40S ribosomal subunit ,eIF1, eIF1A, eIF3, eIF5, 

GTP bound eIF2, and a initiator methionyl-tRNA (Met-tRNAi) (Figure 1.1). The 

43S PIC is then bridged to the “activated” mRNA through eIF3’s interaction with 

eIF4G1. This positions the 43S PIC near the m7G cap which allows for mRNA 

scanning and recognition of the AUG start codon. Start codon recognition caused 

by Met-tRNAi base pairing induces the conversion of GTP-eIF2 to GDP-eIF2 and 

brings about the release of itself and several other eIFs. Lastly, incorporation of 
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the large 60S ribosomal subunit generates an 80S PIC which initiates the 

elongation phase of translation.          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Eukaryotic translation initiation. A model depicting key steps of 

eukaryotic translation initiation. tRNA represents Met-tRNAi. Light red circle 

represents GTP. eIF1 (green), eIF1A (black), eIF3 (dark blue), eIF5 (brown), and 

eIF4E (light blue) are labeled without the “eIF” in the diagram. 
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1.3  Architecture of eIF4E, eIF4G1, and PABP1 

 

Human eIF4E is a 217 amino acid (~25 kDa) protein consisting of an N-

terminal disordered region (aa 1-35), four α helices, and eight antiparallel β 

sheets which give it an overall “cupped hand” shape19-23. The 5’ m7G cap has 

been shown to sit between two tryptophan residues that reside in the concave 

region of eIF4E19-23. The binding affinity of eIF4E for the 5’ m7G cap has been 

reported as a broad range (100 – 450 nM) by different groups and has been 

shown to be dependent on salt concentration24-26.      

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2: Crystal structure of the human eIF4E-eIF4G1 complex. Human 

eIF4E (indigo) bound to m7GpppG cap analog and human eIF4G1 592-653 (light 

blue). Protein data code 5T46. 
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Human eIF4G1 is a 1599 amino acid (~176 kDa) protein that has been 

shown to possess numerous protein and RNA binding sites. This allows it to 

serve the bridge linking serval components of the translation initiation complex. 

The N-terminal region contains binding sites for PABP1 (a.a. 172-200) and eIF4E 

(a.a. 612-618; a.a. 632-642)27-32. In its middle region, eIF4G1 possesses two 

RNA-binding domains (a.a. 682-721, 773-115), along with binding sites for eIF3 

and eIF4A33-37. The C-terminal region contains a separate eIF4A and an Mnk1 

protein kinase binding site35,37. 

 

 

 

 

 

 

 

PABP1 is a 636 amino acid (~70 kDa) protein consisting of four N-terminal 

RNA recognition motifs (RRMs), a proline-rich linker, and a C-terminal domain38-

40. PABP1 binds to poly A RNA through its RRMs with an affinity of ~ 4 

nM9,38,39,41,42. Additionally, it binds to eIF4G1 cooperatively through RRM 229,30.  

 

 

 

Figure 1.3: Architecture of human eIF4G1. The relative location of each domain 

is depicted above. 
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1.4  Significance of the m7G cap, poly A tail, and their associated proteins 

 

The role of the m7G cap and poly A tail in translation initiation is one that 

cannot be belittled. Numerous studies have shown enhancement of translation 

efficiency as a result of a synergistic cooperation between the 5’ m7G cap, 3’ poly 

A tail and their associated proteins43-47. Furthermore, disruption of these 

interactions has proven to be detrimental40,45,48,49,54. However, the synergy 

between the components allows for enhanced affinity and overall greater stability 

of the complex50-54.  

Several studies have shown that eIF4G1 is able to enhance the binding of 

eIF4E to the 5’ m7G cap through its direct association with the mRNA33,51-53. It is 

thought that eIF4G1 binds to mRNA through its middle region, thereby anchoring 

Figure 1.4: Crystal structure of the human PABP1 binding site of eIF4G1 in 

complex with RRM1-2 of PABP1 and poly(A). Human PABP1 RRM1-2 (indigo) 

bound to poly(A)11 (blue)  and human eIF4G1 161-216 (gray). Protein data code 

4F02. 
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the mRNA and enhancing the stability of the eIF4E ● m7G cap complex. 

Similarly, it was shown that a small fragment of eIF4G1 was able to enhance the 

affinity of PABP1’s RRM1-2 for poly A by 10-fold30. Additionally, 

immunoprecipitation experiments have shown an enhancement of cap bound 

eIF4E in the presence of eIF4G1 and PABP150. Pull down experiments have also 

shown an enhanced eIF4G1 ● PABP1 interaction in the presence of eIF4E39. 

The role of the “closed-loop” messenger ribonucleoprotein structure in 

stimulating translation is quite interesting. Several mechanisms have been 

proposed to explain the functions of the “closed-loop” structure: (1) it promotes 

efficient ribosome recycling (2) it enhances the affinity and stability of the 

complex (3) it confirms the integrity of the mRNA (4) it stimulates the joining of 

the 60S ribosome40,43-45,48,49. With numerous interactions between components 

aiming to enhance its stability, it raises even more questions regarding its 

functions. Furthermore, the differences between species generates a greater 

interest in investigating the human complex. 

 

 

 

 

 

 

 



8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: eIF4F ribonucleoprotein complex. Model of the “closed-loop” 

structure formed by eIF4E, eIF4G1, and PABP1 with m7G capped and poly A-

tailed mRNA.   
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Chapter 2: Expression and purification of human eIF4G1 

 

2.1 Optimizing the purification of human eIF4G1 88-653 

 

Previous studies have shown that recombinant expression and purification 

of human full length eIF4G1 is difficult. Thus, obtaining enough purified eIF4G1 

for biochemical assays presents a challenge. Given our interest in studying the 

interactions between eIF4E, eIF4G1, and PABP1, we chose to isolate a region of 

eIF4G1 which binds to both eIF4E and PABP1 (Figure 2.1 A). The variant 

consisting of amino acids 88-653 was chosen for two reasons: (1) it contains 

both eIF4E and PABP binding sites (2) analysis using bioinformatics software 

(ExPASy) predicted this variant to have the highest stability of all the variants 

analyzed. The sequence coding for eIF4G1 88-653 was subcloned into various 

E. coli expression vectors containing different solubility fusion proteins and 

affinity tags. The expression vectors used were as follows: pMCSG7 (N-terminal 

hexahistidine tag), pMCSG9 (N-terminal hexahistidine tag and maltose binding 

protein (MBP) fusion), pMCSG10 (N-terminal hexahistidine tag and glutathione 

S-transferase (GST) fusion), pMCSG26 (C-terminal hexahistidine tag), and 

pETHSUL (N-terminal hexahistidine tag and small ubiquitin-like modifier (SUMO) 

fusion).  

Each construct was tested for expression at various temperatures (37°C, 

30°C, 25°C, 18°C, 12°C), isopropyl β-D-1-thiogalactopyranoside (IPTG) 
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concentrations (0.05 mM to 1 mM), OD600 (0.3 to 0.8), and length of induction 

(1, 2, 3, 4, 12, 16, 20 hrs.). Expression of recombinant eIF4G1 88-653 was poor 

regardless of vector or induction condition used. Purification of eIF4G1 88-653 

was attempted using affinity chromatography with a variety of resins (Ni-NTA, 

amylose, glutathione sepharose) and buffer conditions (e.g. varying salt 

concentration, stabilization additives, denaturants, etc.). Nevertheless, efforts 

resulted in low yields and unsatisfactory purify of protein.       

We sought to resolve our problem by enhancing protein expression 

through codon optimization. The sequence coding for eIF4G1 88-653 was codon 

optimized for E. coli expression (GENEWIZ), purchased as a FragmentGENE, 

and subcloned into the vectors mentioned above. Expression tests showed a 

significant improvement in recombinant eIF4G1 88-653 expression in all vectors. 

Unfortunately, purification attempts resulted in low yields and unsatisfactory 

purify yet again. This time however, the root of the problem stemmed from 

deficient binding to the affinity resin and not from poor expression. Various 

attempts to enhance binding to the resin (e.g. longer incubation times, increasing 

the amount of resin, using denaturants, etc.) proved to be unsuccessful. To 

attempt to circumvent the binding hindrance, a combination of ion exchange and 

size exclusion chromatography was employed. This method resulted in no 

significant improvement.  

Finally, the sequence coding for eIF4G1 88-653 was subcloned into the 

pTXB1 vector (NEB) which contains a C-terminal Mxe GyrA Intein and a chitin 
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binding domain. This vector was chosen specifically due to the high affinity and 

specificity of the chitin binding domain for chitin resin. This method yielded a 

significant increase in recombinant (tagless) eIF4G1 88-653.    

 

2.2 Isolation of additional eIF4G1 variants 

 

 Three additional eIF4G1 variants were purified from E. coli for our studies. 

The variant eIF4G1 190-653 is a 49 kDa protein that possesses a truncated 

PABP1 and complete eIF4E binding sites (Figure 2.1 C). To investigate the 

importance of the region between the PABP1 and eIF4E binding sites, we 

generated two variants which possess only one binding site. MBP-eIF4G1 69-

214 is a 59 kDa maltose binding protein fusion protein that contains only the 

PABP1 binding site and flanking regions on both sides (Figure 2.1 D). MBP-

eIF4G1 565-653 is a 54 kDa maltose binding protein fusion protein that contains 

only the eIF4E binding site and flanking regions on both sides (Figure 2.1 E). The 

MBP fusion was left on both constructs in order to mimic the size and isoelectric 

point (pI) of eIF4G1 88-653. 
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Figure 2.1: Architecture of human eIF4G1 variants. (A) Full length human 

eIF4G1 with known binding domains. (B-E) eIF4G1 variants used in this study. 

RBD is the RNA-binding domain. 
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Chapter 3: Investigating complex formation and interaction modulation 

between components 

 

Introduction 

 

 The importance of the “closed-loop” messenger ribonucleoprotein 

structure formed by the interactions of eIF4E, PABP1, and mRNA with eIF4G1 is 

one that cannot be undervalued. Previous studies have shown that disruption of 

this complex dramatically impairs translation initiation40,45. Additionally, the 

synergistic cooperation between the 5’ m7G cap and 3’ poly A tail to enhance 

translation initiation has been well documented in several species43, 44, 46, 47. In 

humans however, investigation of this complex has been limited to cell-based 

assays and biochemical studies using short fragments of eIF4G1. 

 In chapter 3 we use a large fragment of human eIF4G1 (containing both 

PABP1 and eIF4E binding sites), full length human eIF4E, and full length human 

PABP1 to perform qualitative and quantitative biochemical assays. Specifically, 

we test: (1) different complex formations using various mRNAs (Figure 3.1) (2) 

modulation of eIF4E cap binding affinity (3) eIF4E ● mRNA complex recognition 

by eIF4G1 and (4) RNA binding of eIF4G1. These assays provide insights into 

complex formation as well as how components modulate interactions between 

each other.          
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Figure 3.1: Ribonucleoprotein complexes. (A & B) complexes formed with Poly 

A(18) (C & D) complexes formed with m7G capped mRNA but no poly A tail (E) 

“closed-loop” complex formed with m7G capped and poly A tailed mRNA. 

A B 

C D 

E 



15 
 

3.1 Poly A – PABP1 – eIF4G1 complex 

 

 To confirm that eIF4G1 88-653 was able to interact with full length PABP1, 

we used a gel shift assay with Poly A(18) RNA. Using a 5-fold excess of PABP1 to 

Poly A(18) RNA resulted in nearly a complete shift (Figure 3.2). This is consistent 

with the previously reported strong affinity of full length PABP1 for Poly A RNA22, 

23, 24. To determine binding of eIF4G1 88-653 to the PABP1 ● Poly A(18) complex, 

eIF4G1 88-653 was titrated against a constant concentration of PABP1 and Poly 

A(18). Addition of eIF4G1 88-653 resulted in a concentration dependent super shift 

of Poly A(18) RNA (Figure 3.2). To rule out the possibility that the super shift was 

being caused by an interaction between eIF4G1 88-653 and Poly A(18), a control 

experiment was performed with just Poly A(18) and eIF4G1 88-653 (Figure 3.3, 

lane 3).  Results show no interaction between the two, thus, indicating the 

formation of a Poly A(18) ● PABP1 ● eIF4G1 88-653 complex.  

A previous study showed the affinity of eIF4G1 161-216 for a Poly A(11)  

bound RRM 1-2 PABP1 fragment to be in the micromolar range (KD= 1.6 µM)25. 

Interestingly, in our study, the Poly A(18) ● PABP1 ● eIF4G1 88-653 complex 

seemed to form in the nanomolar range. The higher affinity of our complex could 

be due to a variety of reasons such as, using full length PABP1, a larger 

fragment of eIF4G1, or a combination of both. Further studies, such as repeating 

the gel shift assay with a smaller eIF4G1 fragment or solving the structure of the 
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Poly A(18) ● PABP1 ● eIF4G1 88-653 complex, could provide more insights and 

allow us to determine the reason(s) for the enhanced complex affinity. 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Poly A(18) ● 

PABP1 ● eIF4G1  

Poly A(18) ● PABP1 

Poly A(18) 

Lanes 1 2 3 4 5 6 7 8 

Figure 3.2: Gel shift assays of Poly A(18) ± PABP1 & 

eIF4G1. 0.7 % agarose gel. Binding of 100 nM Poly A(18) 

to 500 nM PABP1 with an increasing concentration of 

eIF4G1 88-653. RNA was 3’ labeled with fluorescein.  
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3.2 Poly A – PABP1 – eIF4G1 – eIF4E complex 

 

 Having confirmed the formation of the Poly A(18) ● PABP1 ● eIF4G1 88-

653 complex, we sought to determine if eIF4E would be able to form part of this 

complex without being bound to an m7G cap. After verifying that eIF4E would not 

interact with Poly A(18), eIF4E was titrated against a constant concentration of 

PABP1, eIF4G1 88-653, and Poly A(18) (Figure 3.3). Without the addition of 

eIF4E, two distinct shifted bands which correspond to two different complexes 

can be seen: (1) Poly A(18) ● PABP1 and (2) Poly A(18) ● PABP1 ● eIF4G1 88-

653. As the concentration of eIF4E increases, several differences can be 

observed: (1) there is a slight decrease in the intensity of the Poly A(18) ● PABP1 

● eIF4G1 88-653 band (2) there appears to be a slight shift of the Poly A(18) ● 

PABP1 band which becomes more apparent at higher eIF4E concentrations.  

It is possible that the new slightly shifted band corresponds to a Poly A(18) 

● PABP1 ● eIF4G1 88-653 ● eIF4E complex. While it would be expected for the 

larger complex to show even a greater shift than that of Poly A(18)●PABP1● 

eIF4G1 88-653, several factors could account for the shift being less. It has been 

previously shown that conformational changes occur in both eIF4G1 and eIF4E 

upon binding23,26,55,56. Additionally, folding of eIF4G1 and PABP1 upon binding to 

each other and to Poly A have also been reported30,39. No extensive studies or 

structures have been reported for the complete PABP1 ● eIF4G1 ● eIF4E 

complex, thus it may be possible for additional conformational changes to occur 
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upon binding of all three proteins.  If these conformational changes cause the 

complex to adopt a more compact structure, that could explain why the Poly A(18) 

● PABP1 ● eIF4G1 88-653 ● eIF4E complex migrates farther down the gel than 

the Poly A(18) ● PABP1 ● eIF4G1 88-653 complex. 

We then looked at how eIF4E might modulate the binding of eIF4G1 to the 

Poly A(18)●PABP1. A previous study showed that PABP1 was able to pull down 

more eIF4G1 in the presence of eIF4E39. Interestingly, our gel shift assay (Figure 

3.3) shows a very slight decrease in the Poly A(18) ● PABP1 ● eIF4G1 88-653 

complex band with increasing eIF4E concentrations. Rather, the change is found 

in the Poly A(18)●PABP1 band which seems to shift slightly at higher eIF4E 

concentrations. This begs the question: is the enhanced affinity of eIF4G1 for the 

Poly A(18) ●  PABP1 complex a result of eIF4E binding to eIF4G1 first? This would 

suggest a mechanism in which eIF4E binds to eIF4G1 first before enhancing 

eIF4G1’s affinity for the Poly A ● PABP1 complex. It would be interesting to see 

how this mechanism is affected in the presence of a full-length capped mRNA.  
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3.3 m7G – eIF4E – eIF4G1 – PABP1 complex  

 

 Next, we looked to see if it was possible to form the PABP1 ● eIF4G1 ● 

eIF4E complex in the absence of a Poly A tail but presence of the m7G cap. For 

this experiment, we performed a gel shift assay with a short 17 nucleotide 

capped mRNA. The idea was to have only eIF4E bind to the capped mRNA while 

having the other components bind through RNA-independent interactions. As 

expected, our results showed a complete shift of the capped S17 mRNA by 

eIF4E, but not eIF4G1 88-653 (Figure 3.4, lanes 2-3). However, at the 

concentration used for this experiment, PABP1 exhibited some non-specific 

binding to the S17 mRNA (Figure 3.4, lane 4). Addition of eIF4G1 88-653 to the 

Poly A(18) ● 

PABP1 ● 

eIF4G1  

Poly A(18) 

Poly A(18) ● 

PABP1 

Poly A(18) ● 

PABP1 ● 

eIF4G1 ● eIF4E 

Figure 3.3: Gel shift assays of Poly A(18)  ± PABP1, eIF4G1, 

& eIF4E. 0.7 % agarose gel. Binding of 100 nM Poly A(18) to 

500 nM PABP1 and 500 nM eIF4G1 88-653 with an increasing 

concentration of eIF4E. RNA was 3’ labeled with fluorescein.  

Lanes 1 2 3 4 5 6 7 8 9 
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S17 ● eIF4E complex induced a super-shift of the band which is indicative of the 

formation a S17 ● eIF4E ● eIF4G1 88-653 complex (Figure 3.4, lane 5).  

Two additional observations can be made from this experiment. First, 

addition of PABP1 to the S17 ● eIF4E complex seemed to disrupt binding (Figure 

3.4, lane 6). The fact that the specific interaction of eIF4E for the m7G was 

disrupted by a non-specific interaction suggest that additional factors influence 

the stability of the m7G ● eIF4E complex. Second, adding eIF4G1 88-653 to the 

S17, eIF4E, PABP1 sample rescued the S17 ● eIF4E interaction and induced a 

slight shift (Figure 3.4, lane 7). This new slightly shifted band could indicate the 

formation of a S17 ● eIF4E ● eIF4G1 88-653 ● PABP1 complex. 

 It is possible that eIF4G1 88-653 can enhance m7G ● eIF4E complex 

formation through its association with eIF4E. Additionally, eIF4G1 88-653‘s 

interaction with PABP1 might alleviate the competitive interaction and promote a 

cooperation between all three proteins. Further studies would be required to 

determine if the m7G ● eIF4E complex is influenced by eIF4G1 and PABP in an 

RNA-independent manner.  
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3.4 mRNA – eIF4E – eIF4G1 complex affinity 

 

 We then wanted to determine if our eIF4G1 88-653 variant was able to 

enhance the affinity of the m7G ● eIF4E complex. A previous study showed that 

an eIF4G1 variant lacking the central RNA binding domain (RBD) failed to 

enhance cross linking of eIF4E to the m7G cap33. Additionally, a different study 

showed no significant difference in functional eIF4E binding to a cap analog in 

the presence of eIF4G1 557-64628. However, that same study reported that 

eIF4G1 does enhance binding of initially non-functional eIF4E to the m7G cap. 

They claimed that recombinant eIF4E that is purified incorrectly can contain a 

Lanes 1 2 3 4 5 6 7 

S17 ● 

eIF4E 

S17 

S17 ● eIF4E ● 

eIF4G1 ● PABP1 

S17 ● eIF4E 

● eIF4G1  

Figure 3.4: Gel shift assay of capped S17 mRNA. 0.7 % agarose gel. 

Binding of 10 nM capped S17 RNA to 1 µM eIF4E, 5 µM eIF4G1 88-653, 

and  5 µM PABP1. mRNA was 3’ labeled with fluorescein. 
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large amount of misfolded and inactive protein. That misfolded and inactive 

protein can then be rescued and activated by eIF4G1. Based on these studies, 

we expected our eIF4G1 88-653 variant (which does not possess the central 

RBD) to have no effect on the affinity of the m7G ● eIF4E complex.  

We first tested whether our recombinant eIF4E was functional. We 

quantified the equilibrium dissociation constant (KD) of eIF4E binding to 

fluorescein labeled capped S17 mRNA using fluorescence anisotropy (Figure 3.5 

A). We found the equilibrium dissociation constant (KD = 137.1 ± 17.4 nM) to be 

within the range of previously published values for functional eIF4E24-26. We then 

proceeded to test the binding of eIF4E to capped S17 mRNA in the presence of 

excess eIF4G1 88-653. Interestingly, we found a slight enhancement (KD = 95.2 

± 10.8 nM) in the binding affinity of eIF4E for capped S17 mRNA (Figure 3.5 B). 

The sample with just eIF4G1 88-653 and S17 mRNA showed no change in 

anisotropy. Additionally, we previously showed no interaction between eIF4G1 

88-653 and S17 mRNA in our gel shift assay (Figure 3.4, lane 3).  Furthermore, 

the greater change in anisotropy suggest a larger complex interacting with 

capped S17 mRNA. This can be once again confirmed with our gel shift assay 

(Figure 3.4, lane 5). Therefore, we can be confident that this enhancement is a 

result of eIF4G1 88-653 interacting with eIF4E.  

Our results suggest that aside from the significant enhancement provided 

by the central RBD, eIF4G1 is also able to enhance eIF4E’s cap binding through 

additional mechanisms. This is important because it can help increase the 
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stability of the complex by providing additional anchoring points between 

components.   

 

 

 

 

 

 

A B 

Figure 3.5: Fluorescence anisotropy measurements of eIF4E binding to 

S17 mRNA. (A) eIF4E titrated against 5 nM fluorescein-labeled S17 mRNA +/- 

m7G cap. (B) eIF4E titrated against 5 nM capped fluorescein-labeled S17 

mRNA in the presence and absence of 1 µM eIF4G1 88-653. All eIF4E 

binding trials were performed three times. Error bars depict standard deviation 

between trials.    
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Next, we looked at how the length of the mRNA might affect the m7G ● 

eIF4E ● eIF4G1 complex formation. We used two different model mRNAs for our 

studies: M35 (a 35-nucleotide mRNA with a 5’ m7G cap) and CRC1 (a 114-

nucleotide mRNA with a 5’ m7G cap and 3’ 25 nucleotide Poly A tail). Gel shift 

assays were performed with each mRNA by titrating an increasing concentration 

of eIF4E in the presence and absence of two different central RBD deficient 

eIF4G1 variants (Figure 3.6 A & B). For both mRNAs, eIF4E was able to induce 

a complete shift at higher concentrations. Additionally, in the presence of the 

central RBD deficient eIF4G1 variants, a super-shift can be observed. This 

super-shift corresponds to the mRNA ● eIF4E ● eIF4G1 complex. Results for 

both mRNAs were nearly identical, which might suggest that the mRNA ● eIF4E 

● eIF4G1 complex may form independent of mRNA length. However, the 

possibility does exist that longer mRNAs might behave differently and may 

require the central RBD missing from our variants. 

Another interesting observation can be made regarding the formation of 

the mRNA ● eIF4E ● eIF4G1 complex (Figure 3.6 A & B). At excess eIF4G1 

concentrations, the mRNA ● eIF4E ● eIF4G1 complex is the dominant species 

for both eIF4G1 variants. However, at equimolar concentrations of eIF4E and 

eIF4G1, the mRNA ● eIF4E complex is favored in the sample containing the 

shorter (MBP-eIF4G1 565-653) but not the longer (eIF4G1 88-653) variant. This 

is observed in both CRC1 and M35 mRNAs.  
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We then asked the question: is there an essential feature in the longer 

variant (eIF4G1 88-653) that allows for the preferential selection of mRNA bound 

eIF4E? We tested this using a gel shift assay with capped CRC1 mRNA (Figure 

3.7). In this experiment, eIF4E was kept at a constant saturating concentration 

and three different eIF4G1 variants were titrated. As the concentration of eIF4G1 

variants increased, the complex shifted from mRNA ● eIF4E to mRNA ● eIF4E ● 

eIF4G1. For MBP-eIF4G1 565-653, we observed the mRNA ● eIF4E ● eIF4G1 

complex form at higher concentrations. However, the longer variants (eIF4G1 

190-653, 88-653) promoted mRNA ● eIF4E ● eIF4G1 complex formation at lower 

concentrations. These results suggest that the N-terminal region may play a role 

in enhancing eIF4G1’s affinity for mRNA bound eIF4E. This may provide an 

additional way of ensuring the stability of the messenger ribonucleoprotein 

complex.        
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3.5 mRNA – eIF4E – eIF4G1 – PABP complex 

  

Next, we looked at the formation of the mRNA (m7G capped and Poly A(25) 

tailed) ● eIF4E ● eIF4G1 ● PABP1 complex using gel shift assays. An uncapped 

CRC1 mRNA was used as a control to show that eIF4E would not interact with 

an mRNA lacking the 5’ m7G cap (Figure 3.8, lane 2). Thus, preventing the 

formation of the “closed-loop” messenger ribonucleoprotein complex (Figure 3.8, 

lanes 3-5). For capped CRC1, eIF4E and PABP1 were kept at constant 

equimolar concentrations. Titration of eIF4G1 88-653 lead to the appearance of a 

new shifted band (Figure 3.8, lanes 6-14). Given the absence of this band in the 

sample lacking the 5’ m7G cap, it is likely indicative of an mRNA bound by eIF4E 

at the 5’ cap, PABP1 at the 3’ Poly A tail, and eIF4G1.  

 

 

 

 

 

 

 

 

 

CRC1 ● 

eIF4E 

CRC1 ● PABP1 ● 

eIF4G1 ● eIF4E 

CRC1 ● 

PABP1 

Figure 3.8: Gel shift assay of CRC1 +/- cap with initiation factors. 0.7 

% agarose gel. Binding of 250 nM uncapped CRC1 mRNA to 250 nM 

eIF4E, eIF4G1 88-653, and PABP1. For capped CRC1 mRNA, eIF4G1 

88-653 was titrated while keeping the eIF4E and PABP1 concentrations 

constant. mRNA was internally labeled with α32P UTP or ATP. 

CRC1 

14 7 8 Lanes 1 2 3 4 5 6 8 9 10 11 12 13 
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We then verified that the new band was a complex consisting of all three 

proteins (eIF4E, eIF4G1, PABP1) and not an mRNA ● eIF4E ● eIF4G1 complex. 

Figure 3.9 shows the migration of different complexes relative to each other. 

These results show the mRNA ● eIF4E ● eIF4G1 complex migrating further 

down the gel relative to the mRNA ● PABP and mRNA ● eIF4E ● eIF4G1 

complex. This suggest that the new shifted band (Figure 3.8, lanes 10-14) is a 

complex consisting of all three proteins (eIF4E, eIF4G1, PABP1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Gel shift assay of capped CRC1 with initiation factors. 1.5 

% agarose gel. Binding of 125 nM capped CRC1 mRNA to 500 nM eIF4E, 

eIF4G1 88-653, and PABP1. mRNA was internally labeled with α32P UTP 

or ATP. 

Lanes 1 2 3 4 5 6 
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Next, we further confirmed that the new band was an mRNA bound by 

eIF4E, eIF4G1, and PABP1. We performed a gel shift assay using different 

eIF4G1 variants. As previously mentioned, the MBP fusion was intentionally left 

on two of these shorter variants (eIF4G1 69-214, 565-653) to mimic the size and 

isoelectric point of the larger variants (eIFG1 190-653, 88-653). This would 

ensure a similar migration and allow for a better comparison between the 

samples. 

 Figure 3.10 shows the complexes formed by PABP1, eIF4E, and eIF4G1 

variants with CRC1 mRNA (± m7G cap). As expected, several differences can be 

observed between the eIF4G1 variants. Similarly, differences between 

complexes formed in the presence and absence of the 5’ m7G cap are evident. 

For all samples lacking the 5’ m7G cap, there is one predominant band 

regardless of the eIF4G1 variant used. Though two of the variants (eIF4G1 69-

214, 88-653) bind PABP1, the resolution in this gel is not enough to distinguish 

an mRNA ● PABP1 complex from an mRNA ● PABP1 ● eIF4G1 complex. 

Additionally, eIF4E is unable to directly interact with the uncapped mRNA and 

only one of the variants (eIF4G1 88-653) can bind to both eIF4E and PABP1. 

Any eIF4E in complex would be a result of an eIF4G1 88-653 mediated 

interaction (Figure 3.11 A). However, the absence of another band suggest that 

this complex is likely not forming.     

The appearance of a second band is evident in samples containing a 5’ 

m7G capped mRNA (Figure 3.10, lanes 5-10). Interestingly, the new band is only 
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found in samples containing an eIF4G1 variant capable of binding to eIF4E. 

Additionally, the intensity of the band is dependent on the length of the eIF4G1 

variant. This is consistent with previous results (Figure 3.7). However, the fact 

that the second band appears in samples containing an eIF4G1 variant incapable 

of binding to PABP1 presents a confounding result. A new question arises: is the 

“closed-loop” ribonucleoprotein complex truly forming or does this new complex 

represent an eIF4E ● eIF4G1 complex at the 5’ end with a PABP1 bound to the 

3’ end (Figure 3.11 B & C).  

Further assays and a structure would be needed to definitively 

demonstrate the formation of a “closed-loop” ribonucleoprotein complex. 

However, the possibility does exist that additional components (apart from the 

eIF4E and PABP1 binding sites on eIF4G1) may be required for the formation of 

the “closed-loop” complex.   

            

CRC1 ● 

PABP1 ● 

eIF4G1 ● 

eIF4E 

CRC1 

Figure 3.10: Gel shift assay of CRC1 +/- cap with initiation factors and 

different eIF4G1 variants. 1.5 % agarose gel. Binding of 250 nM CRC1 mRNA to 

1 µM eIF4E, 1 µM eIF4G1 variants, and 1 µM PABP1. mRNA was internally 

labeled with α32P UTP. 

7 8 Lanes 1 2 3 4 5 6 8 9 10 
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A 

C 

B 

Figure 3.11: Possible ribonucleoprotein complexes (A) Uncapped mRNA 

bound by PABP1, eIF4G1, and eIF4E (B) mRNA bound by eIF4E, eIF4G1, and 

PABP1 through a “closed-loop” complex (C) mRNA bound by eIF4E, eIF4G1, and 

PABP1 without the formation of a “closed-loop” complex.     
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3.6 eIF4G1 RNA binding 

 

 Previous studies have shown human eIF4G1 to possess two RNA-binding 

domains in its central region (Figure 2.1 A)33,34. Furthermore, one of those 

studies showed no RNA binding by the N-terminal region of eIF4G1 using a gel 

shift assay of an eIF4G1 197-674 variant with β-globin RNA33. Here, we present 

evidence that suggests human eIF4G1 may possess an N-terminal RNA-binding 

domain.        

 We first tested RNA binding of four N-terminal eIF4G1 variants using a gel 

shift assay with 1000-nucleotide Renilla luciferase mRNA (Figure 3.12 A). 

Interestingly, we observed a shift with the eIF4G1 88-653 variant but not with any 

of the other variants. This suggests that RNA-binding could be influenced by 

multiple, as opposed to one region within the variant. It may be possible that 

eIF4G1 folds in a specific way which allows distant regions (relative to amino 

acid number) to be in proximity to allow for RNA binding.  

 Next, we tested RNA binding of the four N-terminal eIF4G1 variants with a 

shorter 114-nucleotide CRC1 mRNA (Figure 3.12 B). Surprisingly, using the 

same concentrations of mRNA and protein as before, there was no shift with any 

of the variants. However, at higher concentrations, we can observe a shift for 

eIF4G1 88-653 (Figure 3.7, lane 16). This suggest that the affinity of eIF4G1 88-

653 for Renilla luciferase mRNA is significantly higher than for CRC1. 
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These results generate new questions regarding the RNA-binding activity 

of the N-terminal region of eIF4G1. First, why is the affinity for the two mRNAs 

tested significantly different and how is eIF4G1 discriminating between the two? 

It may be possible that this RNA-binding activity is dependent on the length of the 

RNA. Alternatively, it may recognize a specific sequence or secondary structure 

within the RNA. Furthermore, what is the biological significance of this N-terminal 

RNA binding domain? If indeed it is a length dependent interaction, it may act as 

an additional anchoring point to ensure the stability of the messenger 

ribonucleoprotein complex with larger mRNAs. Further experiments and a 

structure would be needed to gain insight on the purpose and mechanism of 

RNA binding by the N-terminal region of eIF4G1.   
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B 

A 

Figure 3.12: Gel shift assays of Renilla luciferase and CRC1 mRNA with 

eIF4G1 variants. 1.5 % agarose gel (A) Binding of 50 nM Renilla luciferase 

mRNA with 500 nM eIF4G1 variants. (B) Binding of 50 nM CRC1 mRNA with 

500 nM eIF4G1 variants. mRNA was internally labeled with α32P UTP or ATP. 

Lanes 1 2 3 4 5 6 7 8 9 10 

Lanes 1 2 3 4 5 6 7 8 9 10 
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Chapter 4: Conclusions and Future Directions 

 

4.1 Test binding affinity of eIF4E to the m7G cap in the presence of eIF4G1 

variants and PABP1 using fluorescence anisotropy  

 

 It was interesting to see an enhancement in the affinity of eIF4E for the 

m7G cap in the presence of an eIF4G1 variant lacking the middle RNA binding 

domain. However, it is unclear whether this is a result of eIF4G1 binding to eIF4E 

through its known binding domains or if the N-terminal region also plays a role. 

We plan to test this using an N-terminal truncated eIF4G1 variant. Additionally, 

we would like to see the influence that PABP1●eIF4G1 complex has on the 

affinity of eIF4E for the m7G cap. Finally, we would like to see how that 

interaction differs for a poly A bound PABP1. 

   

4.2 Isolate and solve the structure of the eIF4E●eIF4G1●PABP1●mRNA 

Complex 

 

 While the “closed-loop” ribonucleoprotein structure has been 

demonstrated in yeast, additional evidence is needed for the human complex. 

Though our gel shift assays showed the formation of a complex consisting of all 

components, we could not conclude if the complex was indeed a “closed-loop” 

structure. We plan to isolate the eIF4E●eIF4G1●PABP1●mRNA complex and 
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solve the structure using cryo-EM. This will provide evidence for the formation of 

the “closed-loop” structure in humans.    

 

4.3 Express and purify full length human eIF4G1  

 

 Though variants are a great way of demonstrating interactions between 

different components, they cannot account for the potential difference in behavior 

for a full-length protein. For that reason, we plan to express and purify full-length 

human eIF4G1. We hope that using the full-length protein will provide greater 

insights into the human translation initiation complex.   
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Chapter 5: Materials and Methods 

 

5.1 Expression and purification of human eIF4G1 variants 

 

The human eIF4G1 isoform 5 (NP_937884.1) gene (coding from amino 

acid 88-653) was codon optimized for E. coli expression and purchased as a 

FragmentGENE (GENEWIZ). The gene coding for eIF4G1 88-653 was 

subcloned using NdeI and SapI sites into the pTXB1 vector (NEB) which contains 

a C-terminal Mxe GyrA Intein and a chitin binding domain. An additional 

threonine was inserted after D653 to enhance cleavage during purification. The 

eIF4G1 190-653 variant was generated from the eIF4G1 88-653 (pTXB1) 

plasmid via PCR deletion mutagenesis. The eIF4G1 88-214 and eIF4G1 565-653 

variant were subcloned into the LIC expression vector pMCSG9 (DNASU 

plasmid repository) which contains a N-terminal hexahistidine-MBP fusion tag 

that is cleavable by TEV protease. To generate eIF4G1 69-214, a codon 

optimized gene sequence coding for amino acids 69-87 was inserted into the 

eIF4G1 88-214 (pMCSG9) plasmid via PCR insertion mutagenesis.  

 The eIF4G1 88-653, eIF4G1 190-653, MBP-eIF4G1 69-214, and MBP-

eIF4G1 565-653 expression plasmids were transformed into E. coli BL21 (DE3) 

Star cells (Novagen). Cells were grown overnight at 37°C in a 5 ml LB starter 

culture supplemented with 100 µg/mL ampicillin. A 1 L LB media containing 100 

µg/mL ampicillin was inoculated with 3-5 ml of the overnight starter culture and 
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grown at 37°C to OD600 ~0.5. The culture was cooled to 30°C then induced with 

0.4 mM IPTG and grown at that temperature for 2.5 – 3 hrs. Cells were pelleted 

at 5000 RPM for 15 min at 4°C and then stored at -80°C. 

 Cells expressing eIF4G1 88-653 and eIF4G1 190-653 were resuspended 

in pTXB1 lysis buffer (20 mM Hepes, 100 mM NaCl, 10% Glycerol, 1 mM PMSF, 

pH 8.5) at approximately 20 ml per gram of pellet, then lysed by French Press. 

Lysate was clarified at 50,000g for 30 min at 4°C then load onto a pre-

equilibrated column containing chitin resin (NEB) with a flow rate of ~0.5 ml/min 

at 4°C. The resin was washed with 10 column volumes of pTXB1 lysis buffer, 10 

column volumes of  pTXB1 wash buffer (20 mM Hepes, 1M NaCl, 10% Glycerol, 

1 mg/ml Heparin sodium salt, pH 8.5), then an additional 10 column volumes of  

pTXB1 lysis buffer. The resin was then quickly washed with 3 column volumes of 

cleavage buffer (20 mM Hepes, 100 mM NaCl, 10% Glycerol, 50 mM DTT, pH 

8.5) before closing and allowed to incubate in cleavage buffer for 16-20 hrs at 

room temperature. Fractions were collected, analyzed by SDS-PAGE, then 

pooled and concentrated to ~5 ml in an Amicon Ultra Centrifugal Filter (Millipore). 

Proteins were further purified on a Superdex 75 16/60 gel filtration column (GE 

Healthcare) in Buffer A (20 mM Tris-HCl, 100 mM KCl, 5% Glycerol, 2 mM DTT, 

pH 7.5). Fractions were analyzed by SDS-PAGE and only the purest fractions 

were pooled, concentrated, aliquoted, flash-frozen, and stored at -80°C. 

 Cells expressing MBP-eIF4G1 69-214 and MBP-eIF4G1 565-653 were 

resuspended in Ni-NTA lysis buffer (100 mM Tris-HCl, 100 mM KCl, 5% Glycerol, 
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5 mM Imidazole, 5 mM β-mercaptoethanol, 1 mM PMSF, pH 8.0) then lysed by 

sonication (12 cycles of 8 second pulse with 1 min rest). Lysate was clarified at 

50,000g for 30 min at 4°C then loaded onto a pre-equilibrated column containing 

Ni-NTA resin (MCLAB) with a flow rate of ~0.5 ml/min. The resin was washed 

with 50 column volumes of Ni-NTA stringent wash buffer (100 mM Tris-HCl, 1 M 

KCl, 5% Glycerol, 20 mM Imidazole, 5 mM β-mercaptoethanol, 1 mg/ml Heparin 

sodium salt pH 8.0) followed by 50 column volumes of Ni-NTA wash buffer (100 

mM Tris-HCl, 100 mM KCl, 5% Glycerol, 20 mM Imidazole, 5 mM β-

mercaptoethanol, pH 8.0). Protein was eluted in Ni-NTA elution buffer (20 mM 

Tris-HCl, 100 mM KCl, 5% Glycerol, 250 mM Imidazole, pH 8.0) and fractions 

analyzed by SDS-PAGE. Fractions containing protein were pooled together, 

concentrated to ~5 ml, and dialyzed overnight at 4°C into Buffer A using 

Spectra/Por 6-8 kD MWCO dialysis tubing (Spectrum). Protein was then 

concentrated, aliquoted, flash-frozen, and stored at -80°C.    

 

5.2 Expression and purification of human eIF4E  

 

 A plasmid with the gene coding for human eIF4E isoform 1 

(NP_001959.1) was purchased (Addgene plasmid 17343) and subcloned into the 

LIC expression vector pMCSG26 (DNASU plasmid repository) which contains a 

C-terminal hexahistidine fusion tag57. The eIF4E (pMCSG26) plasmid was then 

transformed into E. coli Rosetta 2 (DE2) pLysS cells (Novagen). Cells were 
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grown overnight at 37°C in a 5 ml LB starter culture supplemented with 100 

µg/mL ampicillin and 25 µg/mL chloramphenicol . A 1 L LB media containing 100 

µg/mL ampicillin and 25 µg/mL chloramphenicol was inoculated with 3-5 ml of the 

overnight starter culture and grown at 37°C to OD600 ~0.5. The culture was 

cooled to 16°C then induced with 0.2 mM IPTG and grown at that temperature for 

~16 hrs. Cells were pelleted at 5000 RPM for 15 min at 4°C and then stored at -

80°C.  

 Cells expressing eIF4E were resuspended in Ni-NTA lysis buffer (100 mM 

Tris-HCl, 100 mM KCl, 5% Glycerol, 5 mM Imidazole, 5 mM β-mercaptoethanol, 

1 mM PMSF, pH 8.0) then lysed by French Press. Lysate was clarified at 

50,000g for 30 min at 4°C then loaded onto a pre-equilibrated column containing 

Ni-NTA resin (MCLAB) with a flow rate of ~0.5 ml/min. The resin was washed 

with 50 column volumes of Ni-NTA stringent wash buffer (100 mM Tris-HCl, 1 M 

KCl, 5% Glycerol, 20 mM Imidazole, 5 mM β-mercaptoethanol, 1 mg/ml Heparin 

sodium salt pH 8.0) followed by 50 column volumes of Ni-NTA wash buffer (100 

mM Tris-HCl, 100 mM KCl, 5% Glycerol, 20 mM Imidazole, 5 mM β-

mercaptoethanol, pH 8.0). Protein was eluted in Ni-NTA elution buffer (20 mM 

Tris-HCl, 100 mM KCl, 5% Glycerol, 250 mM Imidazole, pH 8.0) and fractions 

analyzed by SDS-PAGE. Fractions containing protein were pooled together, 

concentrated to ~5 ml, and further purified on a Superdex 75 16/60 gel filtration 

column (GE Healthcare) in Buffer A (20 mM Tris-HCl, 100 mM KCl, 5% Glycerol, 

2 mM DTT, pH 7.5). Fractions were analyzed by SDS-PAGE and only the 
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fractions corresponding to monomeric protein were pooled, concentrated, 

aliquoted, flash-frozen, and stored at -80°C. 

 

5.3 In vitro transcription of RNA 

 

 Full length Renilla luciferase mRNA was produced by in vitro transcription 

(IVT) using T7 RNA polymerase. The sequence coding for full length Renilla 

luciferase mRNA was PCR amplified to generate a linear template with a 3’ 25-

nucleotide poly A tail for IVT. A 100 µl reaction was set up with a final 

concentration of 40 mM Tris pH 8.0, 20 mM MgCl2, 2 mM spermidine, 0.1% 

Triton X-100, 5 mM DTT, 4 mM of each NTP, 8 µg of linear PCR template, T7 

RNA polymerase, and 2 µl of 10 µCi/µl [α-32P] ATP or UTP (for radioactively 

labeled mRNA only). The reaction was incubated at 37°C for 6 hours and then 

purified using an RNA clean-up and concentration kit (Norgen Biotek or Monarch 

NEB). The RNA concentration was measured by its 260 nm absorbance in a 

NanoDrop 2000 Spectrophotometer and then stored at -80°C.   

 The sequence coding for CRC1 mRNA was produced by removing a large 

middle portion of full length Renilla luciferase through PCR deletion mutagenesis. 

The sequence coding for CRC1 mRNA was then PCR amplified to generate a 

linear template with a 3’ 25-nucleotide poly A tail for IVT. CRC1 mRNA was 

produced by IVT using T7 RNA polymerase and under the same conditions as 

full length Renilla luciferase. After IVT, 100 µl of 2X formamide loading dye (95% 
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formamide, 20 mM EDTA, 0.05% xylene cyanol and 0.05% bromophenol blue) 

was added to the reaction, heated at 95°C for 2 min then loaded into a pre-run 

1.5 mm thick 6% denaturing polyacrylamide gel (dPAGE). The gel was run at 

room temperature in 1X TBE (100 mM Tris, 100 mM Boric acid, 2 mM EDTA) for 

2 hours at 30 watts. The RNA was then visualized by UV shadowing. The RNA 

band was excised from the gel with a razor, cut into pieces, then placed in a 1.5 

ml Eppendorf tube. The RNA was extracted by adding 600 µl of RNA elution 

buffer (0.5 M sodium acetate pH 5.2, 0.1 mM EDTA pH 8.0, 0.1% SDS) and 

placed in an Eppendorf 5432 mixer overnight at 4°C. The RNA was then purified 

by chloroform extraction (three 600 µl extractions) and ethanol precipitation at -

80°C for a minimum of 1 hour. The sample was then centrifuged at 16000 x g for 

30 minutes at 4 °C. The supernatant was then removed, and the RNA pellet was 

washed with 500 µl of 70% ethanol. The sample was then centrifuged at 16000 x 

g for 1 min. The supernatant was removed, and the RNA pellet was dried without 

heat for 5 minutes in a SpeedVac. The RNA pellet was then dissolved in 20 µl of 

RNase-free water. The RNA concentration was measured by its 260 nm 

absorbance in a NanoDrop 2000 Spectrophotometer and then stored at -80°C. 

 M35 and S17 RNAs were produced by IVT using DNA oligonucleotides as 

templates for transcription by T7 RNA polymerase. A top strand (18T7T) and 

bottom strand (coding strand) were annealed to generate a duplex template in 

the T7 promoter region which allows for the initiation of transcription by T7 RNA 

polymerase. For annealing, 1000 picomoles of 18T7T and 1000 picomoles of the 
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coding strand were mixed in a final volume of 20 µl, heated to 95°C for 2 min, 

and then slow cooled to room temperature. A 100 µl reaction was set up with a 

final volume of 100 mg/ml PEG800, 40 mM Tris pH 8.1, 2 mM spermine, 5 mM 

DTT, 0.01% Triton X-100, 4 mM of each NTP, 20 mM MgCl2, 4 µl of annealed 

template, T7 RNA polymerase, and 2 µl of 10 µCi/µl [α-32P] ATP or UTP (for 

radioactively labeled mRNA only). The reaction was incubated at 37°C for 6 hrs. 

After IVT, the RNA was purified on a 12% dPAGE as described for CRC1. 

 

5.4 Labeling the RNA 3’ end with fluorescein 5-thiosemicarbizide 

 

 S17 was labeled at the 3’ end with fluorescein 5-thiosemicarbide (FTSC). 

First, the 3’ end of the RNA was oxidized for 90 minutes at room temperature in a 

50 µl reaction containing 100 mM sodium acetate (NaOAc) pH 5.2, 100 µM 

potassium periodate (KIO4), and 0.5 nmoles of RNA. Oxidized RNA was 

precipitated by adding 2.5 µl of 5M NaCl, 2 µl of 10mg/ml glycogen, 100 µl of 

100% ethanol, and incubating at -20°C for 20 min. The RNA was pelleted at 

16000 x g at 4°C for 25 min. The supernatant was removed, and the pellet was 

air dried for 5 min before being resuspended in 50 µl of FTSC labeling solution 

(100 mM NaOAc pH 5.2, 1.5 mM FTSC). The reaction was incubated at 4°C 

overnight in the dark. The RNA was then precipitated by adding 5 µl of 3 M 

NaOAc pH 5.2, 140 µl of 100% ethanol, and incubating at least 30 min at -20°C. 

The RNA was pelleted at 16000 x g at 4°C for 25 min. The supernatant was 
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removed, and the pellet was washed with 150 µl of 70% ethanol. The RNA was 

pelleted once more then resuspended in 20 µl of RNase-free water.  

 

5.5 Capping Reaction 

 

 For capping, RNA was first heated at 65°C for 5 min then placed on ice for 

an additional 5 min. The RNA was then incubated at 37°C for 2 hours in a 

reaction containing a final concentration of 50 mM Tris pH 8.0, 5 mM KCl, 1 mM 

MgCl2, 1 mM DTT, 0.5 mM GTP, 0.1 mM S-adenosylmethionine (SAM), and 

vaccinia capping enzyme (ratio of enzyme to RNA varied from 1:10 to 1:100). 

The RNA was then purified using a Monarch nucleic acid purification kit (NEB). 

Capped RNA was stored in RNase-free water at -80°C.  

 

5.6 Electrophoretic mobility shift assay (EMSAs or gel-shift assays) 

 

 Reactions were incubated in binding buffer (50 mM Tris pH 8.0, 70 mM 

KCl, 1 mM DTT, 0.01% Tween20, 50 ng/µl total tRNA from E. coli) and 1 µl of 

xylene cyanol loading dye (50% glycerol, 0.25% xylene cyanol) in a final volume 

of 10 µl for 1 hour at room temperature. Reactions were then loaded into a 

SeaKem GTG Agarose (Lonza) gel in 1X TBE. The gels were run at 66V for ~2 

hours at 4°C in a tray surrounded by ice. Fluorescein labeled RNA gels were 

then visualized using a Typhoon FLA9500. Radioactively labeled RNA gels were 
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incubated in gel fixing solution (20% Methanol, 10% Glacial Acetic Acid) for 15 

min before vacuum drying for 60 min at 80°C on a Hybond N+membrane 

(Amersham, Fisher Scientific) and a sheet of Whatman paper. Dried gels were 

exposed to a phosphorimager screen overnight then visualized using a Typhoon 

FLA9500.  

 

5.7 Fluorescence anisotropy binding assay 

 

 Reactions were incubated in binding buffer (50 mM Tris pH 8.0, 150 mM 

KCl, 1 mM DTT, 0.01% Tween20, 50 ng/µl total tRNA from E. coli) in a final 

volume of 100 µl for 1 hour at room temperature. Samples were measured in a 

non-binding 96 well plate using a Tecan Safire 2 plate reader by exciting at 470 

nm and emission measured at 520 nm with a 10 nm bandwidth. Anisotropy data 

was analyzed using GraphPad Prism. 
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