
UCLA
UCLA Electronic Theses and Dissertations

Title
Characterizing the Interactions of the mTORC1 Scaffold Protein Raptor with mTOR 
Substrates

Permalink
https://escholarship.org/uc/item/4qw4n369

Author
Tetlow, Ashley LeAnn

Publication Date
2015
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4qw4n369
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

Characterizing the Interactions of the mTORC1 Scaffold Protein Raptor  

with mTOR Substrates 

 

A thesis submitted in partial satisfaction 

of the requirements for the degree Master of Science in  

Microbiology, Immunology and Molecular Genetics 

 

by 

 

Ashley LeAnn Tetlow 

 

 

 

 

 

 

 

 

 

 

 

2015 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT OF THE THESIS 

 

Characterizing the Interactions of the mTORC1 Scaffold Protein Raptor 

with mTOR Substrates 

 

by 

Ashley LeAnn Tetlow 

 

Master of Science in Microbiology, Immunology and Molecular Genetics 

University of California, Los Angeles, 2015 

Professor Fuyuhiko Tamanoi, Chair 

 

 mTOR complex 1 integrates the input from several upstream pathways, including growth 

factors, insulin and amino acids. It can also sense the nutrient, oxygen and energy status of the 

cell. The mTOR pathway is often dysregulated in human diseases, specifically cancer. This 

central integration center is often modulated in order to promote uncontrollable cell growth, 

regardless of extracellular input. The protein known as Raptor (Regulatory Associated Protein of 

mTOR) is largely responsible for substrate protein recognition. Not much is known about how 

Raptor recruits mTOR substrate proteins. This study seeks to better understand the specific 

contribution of structural regions of the Raptor protein in recognizing and binding mTOR 

substrate proteins S6K1 and 4E-BP1. This study shows that the conserved N-terminal portion of 

the Raptor protein is involved in these interactions. 

 

 

  ii 
 



 

The thesis of Ashley LeAnn Tetlow is approved.  

 

Arnold Berk 

Robert Clubb 

Fuyuhiko Tamanoi, Committee Chair 

 

University of California, Los Angeles 

2015 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  iii 
 



TABLE OF CONTENTS 

LIST OF FIGURES .......................................................................................................................vi 

ACKNOWLEDGEMENTS ..........................................................................................................vii  

CHAPTER I: Introduction ..............................................................................................................1 

CHAPTER II: Results......................................................................................................................4 

1. Characterization of the Raptor/4E-BP1 Interaction by Far-Western Blot Analysis  

2. Mutations in the RCR decreased the ability of 4E-BP1 to serve as a substrate for 

mTORC1 in vitro and in vivo 

3 Mutation in the RNC1 domain of Raptor increases binding to 4E-BP1 in vitro 

4. Raptor RNC Fragments 

CHAPTER III: Discussion ..............................................................................................................9 

CHAPTER IV: Materials and Methods.........................................................................................10 

1. Generation of Mutant Plasmids 

2. Far Western Blot 

3. mTORC1 Purification 

4. HEK293T Transfection and Vectors 

REFERENCES………..……………………………………………………………………........20 

 

 

 

 

 

  iv 
 



LIST OF FIGURES 

Figure 1. Schematic of mTOR complex 1 and its downstream effector phosphorylation 

Figure 2. Cartoon depiction of Raptor and 4E-BP1 structural motifs and crosslinking regions 

Figure 3. Raptor 4E-BP1 crosslinking as revealed by cross-linking couple mass spectrometry 

(CXMS) and predicted structure model 

Figure 4. Far western blot experiment showing the interation of Raptor and wild type 4E-BP1 

Figure 5. Far western blot experiment showing 4E-BP1K56L/K68L and Raptor binding 

Figure 6. 4E-BP1K56L/K68L  mutant does not interact with Raptor by pull-down assay and is not 

phosphorylated.  

Figure 7. Construction of Raptor mutants, mutagenesis scheme and sequence analysis that 

confirmed that the mutant was generated 

Figure 8. RaptorK120A and RaptorWT binding to 4E-BP1on PVDF membrane 

Figure 9. RaptorK120A  pull-down assay 

Figure 10. Raptor fragment expression in E. coli  

 

 

 

 

 

 

 

  v 
 



Acknowledgements 

Firstly, I would like to express my sincere gratitude to my advisor Professor Fuyuhiko 

Tamanoi for the continuous support of my study and related research, for his patience, 

motivation, and immense knowledge. 

In addition to my advisor, I would like to thank the rest of my thesis committee: 

Professor Arnold Berk and Professor Robert Clubb for their insightful comments and 

encouragement. 

My sincere thanks also goes to Professor Kenneth Bradley, Professor Peter Bradley and 

Proessor Carrie Miceli who provided me an invaluable council and guidance during my years at 

UCLA. 

I thank my fellow labmates for their stimulating discussions, for sharing their knowledge, 

and for all the fun we have had in the last four years. Naphat Chantaravisoot helped me greatly 

with adjusting my western blot protocols. Jeff Heard let me borrow his cell lines countless times. 

I would like to thank Dr. Jie Lu for his assistance with various aspects of the project and his 

research suggestions. Many of my fellow graduate students, including Brendan Amer, Liz Peek, 

Amy Fluitt, Michele Kattke, and Kathryn Zavala, all helped me through the rough times during 

graduate school.   

Last but not the least, I would like to thank my family: my parents Sherry Tetlow and 

Darren Tetlow and my brother Teddy Tetlow for supporting me in my dreams of becoming a 

scientist and enduring my constantly curious nature. 

  vi 
 



I. INTRODUCTION  

Mammalian/mechanistic target of rapamycin (mTOR) is an evolutionarily conserved 

serine/threonine kinase that, through its two distinct signaling complexes mTOR complex 1 and 

mTOR complex 2, regulates cell functions such as growth, proliferation, motility, survival, 

protein synthesis, and mRNA translation. It is a member of the phosphatidylinositol 3-kinase-

related protein family. mTOR complex 1 and 2 act as signal integration centers to control cell 

growth in response to nutrients, growth factors, and metabolic status. mTOR signaling has been 

implicated in an increasing number of pathologies including type 2 diabetes mellitus, obesity, 

neurodegeneration, and cancer [1].  

The kinase mTOR is the core protein of the nutrient sensitive multi-protein complexes 

mTORC1 and 2, which are known to have differential sensitivity to the macrolide rapamycin. 

Rapamycin was discovered in the 1970s by Brazilian researchers as a product of Streptomyces 

hygroscopicus in a soil sample from Easter Island (Rapa Nui) that was able to inhibit the growth 

of Candida albicans, Microsporum gypseum and Trichophyton granulosum[2]. The complex of 

rapamycin with its intracellular receptor, FK506-binding protein 12 (FKBP12), binds directly to 

mTOR and perturbs its function as a regulator of cell growth and mass accumulation via a 

mechanism that is still not completely understood[3]-[4]. In 1994, the mTOR kinase was 

identified as the target of rapamycin in mammals and discovery of the companion proteins that 

make up mTOR complexes 1 and 2 followed roughly a decade later[5] [3]. mTOR complex 1 is 

comprised of the individual proteins: mTOR, MLST8, Raptor, PRAS40, and DEPTOR. The 

Rapamycin-FKBP12 complex inhibits mTORC1 signaling by binding to mTOR, which ablates 

its interaction with Raptor and thus substrate recruitment. Raptor is typically regarded as a 

scaffolding protein or co-factor in relationship to mTOR as it has no known catalytic activity of 
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its own, but interacts directly with transcription regulator 4E-BP1, ribosomal protein S6K1, 

RagC, and IRS1 [6]-[7] (Figure 1). Raptor is an important, yet ill-defined conserved adaptor 

protein that regulates much of the complex’s activity.  

Regulatory-associated protein of mTOR (Raptor) is a 150 kDa protein that binds mTOR, 

4E-BP1, and S6K1. mTOR catalyzed phosphorylation of 4E-BP1 and S6K1 requires the binding 

of Raptor. Like mTOR, Raptor shows a high degree of conservation amongst all eukaryotes with 

completed genome projects, including D. melanogaster, S. pombe, S. cerevisiae, C. elegans, 

and A. thaliana. A northern blot analysis of mouse Raptor showed that Raptor was expressed 

ubiquitously as a single transcript in many tissues, with higher expression in brain and kidney[8]. 

All Raptor homologs have a novel N-terminal domain with three blocks of at least 67%-79% 

sequence similarity with each other. These three conserved motifs near the N-terminus of the 

peptide were deemed RNC1 (Raptor N-terminal Conserved), 2, and 3 which are predicted to 

have a high propensity to form α-helices. The RNC domain has an invariant catalytic Cys-His 

dyad, which is structurally and evolutionarily related to known caspases. Raptor also has other 

structural features such as three HEAT (Huntington, EF3, ATM, TOR) repeats, and seven WD40 

repeats in the C-terminal third of the protein[9]. Other than the fact that the RNC domains are 

evolutionarily conserved, not much is known about their function. 

Raptor is known to bind directly to S6K1 (p70 S6 kinase 1) and 4E-BP1 (eukaryotic 

initiation factor-4E Binding Protein 1) and is essential for TOR signaling in vivo[10].  4E-BP1is 

a transcriptional regulator that binds to eukaryotic initiation factor-4E (eIF4E) to prevent 

formation of the active protein transcription complex. mTOR phosphorylates 4E-BP1 at residues 

Th-37/Thr-46, which is a required priming event for the subsequent phosphorylation of several 

carboxy-terminal serum sensitive sites[11]. Thus, phosphorylation acts as an intramolecular 

  2 
 



structural modulator that biases the free energy landscape for the disorder–order transition of 4E-

BP1 by destabilizing the α-helix to favor the unfolded form that cannot bind eIF4E and thus 

cannot prevent cap-dependent mRNA-ribosome binding. 4E-BP1 phosphorylation relieves eIF4E 

inhibition in cells stimulated by amino acids[12][13]. S6K1 phosphorylates many of its own 

diverse effector proteins; this leads to an increase in protein synthesis and cell proliferation[14]. 

Raptor is necessary for effective mTOR-catalyzed phosphorylation of S6K1 and 4E-BP1 in vivo. 

The interaction between Raptor and 4E-BP1 has been shown to occur through the TOS 

(conserved TOR signaling) and RAIP (named after amino acid sequence) motifs of 4E-BP1. 

Previous studies have already shown the amino-terminal portion of Raptor is required for 

binding the TOS motif in S6K1. Furthermore, S6K1 overexpression has also been shown to 

interfere with the phosphorylation of 4E-BP1, suggesting that these proteins compete for a 

common binding site on Raptor[15].  Recent experiments in our lab suggest that the important 

interaction site near the N-terminus of Raptor in the conserved domain known as RNC1 comes in 

close proximity to a region near the middle of 4E-BP1. One aim of this research project is to 

better characterize the interactions taking place at the conserved N-terminus of Raptor with 

effectors 4E-BP1 and S6K1, explained in more detail later on. 

In our lab’s recently published paper, we analyzed the interaction(s) between Raptor and 4E-

BP1 using chemical cross-linking coupled with mass spectrometry (CXMS)[16]. CXMS can be 

utilized to characterize protein-protein interactions; it is especially useful for subunit interactions 

that are within multi-protein complexes that aren’t amenable to purification or crystallization. 

We used a chemical cross-linker (BS3) in order to link reactive lysine residues that are located in 

close proximity. BS3 has a spacer arm length of 11.4 Å. The cross-linked proteins are digested 

with protease, separated by liquid chromatography, and then can be identified using mass 
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spectrometry. We found that the Raptor/4E-BP1 cross-links involve the RNC 1 domain of Raptor 

and the central region of 4E-BP1 (Figure 2). Previous work has demonstrated that the 

recognition of substrates by Raptor is thought to require a TOR signaling motif (TOS motif), as 

mutations of this five amino acid sequence result in decreased interaction with Raptor[12]. We 

went on to show that peptides composed of the Raptor Cross-linking Region (RCR) domain of 

4E-BP1 inhibit Raptor/4E-BP1 cross-linking. Residues 89-180 of Raptor were shown to be a 

major site of interaction with 4E-BP1. On 4E-BP1, the cross-linked lysines were clustered in the 

central region residues 56-72, deemed the RCR. Raptor, a protein of 1335 amino acids contains 

52 lysine residues, only six of which were found to cross-link to 4E-BP1. Additionally, the 

CXMS data also revealed Raptor intramolecular cross-links. This data defined two structured 

domains, each located at the N-terminal and C-terminal region respectively. This study seeks to 

elucidate the mechanism of Raptor substrate recognition through a variety of experimental 

approaches. 

II. RESULTS 

Characterization of the Raptor/4E-BP1 Interaction by Far-Western Blot Analysis 

It was reported in 2009 that mTOR-mediated phosphorylation of 4E-BP1 is modulated by 

interaction of the RNC domain of Raptor with the TOS motif of 4E-BP1[17]. The interaction 

between Raptor and 4E-BP1 occurs at the TOS and RAIP motifs of 4E-BP1[18]. As mentioned 

before, it is thought that S6K1 and 4E-BP1 bind to the same region on Raptor. Our CXMS data 

has given us a different picture of the interaction between 4E-BP1 and Raptor. This study 

summarized in Figure 3 revealed that the central region of 4E-BP1 is involved in the interaction, 

suggesting the presence of a new region of 4E-BP1 involved in Raptor interaction. Figure 3A 

depicts an enlargement of the crosslinked sections of Raptor and 4E-BP1. In Figure 3B we 
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present a model of Raptor/4E-BP1 interaction based on the cross-linking study. The Raptor 

RNC1 was predicted to have two helices, encompassing residues 95-112 and 127-140, arranged 

in a parallel fashion. For the 4E-BP1 fragment, residues 57-62 likely form a short helix, followed 

by a loop structure. When interacting with RNC1, the short helix of 4E-BP1 mainly interacts 

with the second helix of RNC1 with a large angle between the two helices, whereas the helix C-

terminus and the following loop swing towards the first helix of RNC1. The tertiary structures 

for Raptor RNC1 domain and 4E-BP1 fragment were modeled using the iterative threading 

assembly refinement. 

The molecular biological method known as far-western blotting has been used in a variety of 

studies to show direct protein-protein interaction in vitro. Since 4E-BP1 is a small protein 

without a folded structure[19][20], a refolding step was not necessary in this particular case. I 

used this qualitative method to detect interactions between PVDF membrane bound 4E-BP1 and 

FLAG-Raptor.  Figure 4 shows a representative far western blot of wild type 4E-BP1 and Raptor 

binding on a PVDF membrane, as proof of concept. Increasing concentration of purified 4E-BP1 

were loaded onto the gel and detected by its interaction with Raptor.  

Mutations in the RCR decreased the ability of 4E-BP1 to serve as a substrate for mTORC1 

in vitro and in vivo  

To investigate the significance of 4E-BP1 central region for the interaction with Raptor, I 

first introduced mutations in 4E-BP1 and then examined Raptor interaction using Far-Western 

blotting. The mutant was generated by using the PCR mediated mutagenesis. Briefly, site-

directed mutagenesis is an in vitro procedure that uses overlapping custom designed 

oligonucleotide primers to confer the desired substitution into the double-stranded DNA plasmid 

that can then be selected and transformed into competent E. coli for expression. 
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Mutant 4E-BP1 and wild type 4E-BP1 were used as mTORC1 substrates in a kinase assay. 

These mutations in the RCR decreased the ability of 4E-BP1 to serve as a substrate for 

mTORC1. 4E-BP1K56L/K68L Thr37/46 phosphorylation was undetectable by western blot. We 

quantified the kinase activity of mTOR with a phospho-4E-BP1Thr37/46 antibody in mutant and 

wild type 4E-BP1. This showed that 4E-BP1K56L/K68L is not efficiently being recognized by 

mTORC1.  I then examined the direct binding of the mutant and wild type 4E-BP1 with Raptor 

in vitro.  

Figure 5 depicts a far-western blot (overlay) study that was done in order to show that 4E- 

BP1K56L/K68L interacts with Raptor significantly less than the wild type 4E-BP1, reassuring that 

the RCR region is playing an important role in the interaction with Raptor. I ran purified HIS-

4E-BP1 on a 15% SDS-PAGE gel and then transferred it to a PVDF membrane by 

electroblotting. The blot was incubated overnight in blocking buffer and FLAG-Raptor lysate 

from HEK293T expressing cells. The membrane was then washed and probed for epitope tagged 

Raptor. Raptor protein could be detected binding to the location of 4E-BP1 on the blot (around 

20 kDa). There was a stark difference in the amount of Raptor able to bind to WT and 4E- 

BP1K56L/K68L.  

The Far Western blotting results were further supported by two types of experiments shown 

in Figure 6. In one of the experiments, we found that the mutant protein was not phsophoylated 

when expressed in HEK293T cells. In the other experiment, we found that the mutant protein did 

not associate with Raptor as revealed by pull-down assays. 

Mutation in the RNC1 domain of Raptor increases binding to 4E-BP1 in vitro 
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I next turned to Raptor and aimed to investigate this protein for interaction with 4E-BP1. 

Raptor/4E-BP1 cross-links exist in a small region of the structured N-terminal domain, known as 

RNC1. We know that the RCR region of 4E-BP1 is important for binding to Raptor, but we 

wanted to show that the cross-linked region of Raptor in the RNC domain is also needed for 

substrate binding. In order to probe this specifically, I chose to create a FLAG-RaptorK120A 

mutant, since this residue has been shown to cross-link to two mTORC1 substrates: 4E-BP1 and 

S6K1. It was not known if this residue was even involved in binding substrates, only that the 

cross-linked lysines came in close proximity during Raptor and 4E-BP1 interaction.  

The Raptor mutant was constructed by PCR mutagenesis using the primers 5'-

gtcctttgggggtgttaaggccacaggcgagttc-3' and 5'-ccgacactccatcaggaataaccggtcatagatgattctg-3' 

(obtained from Invitrogen) to mutate lysine-120 to alanine as depicted in Figure 7A. Sequencing 

of the mutant shown in Figure 7B confirmed that I successfully introduced the mutation into 

Raptor. No other regions were mutated in the process.  

I used RaptorK120A and wild type Raptor in a similar far western blot experiment as 

mentioned in the sub-chapter preceding this one. I once again immobilized 4E-BP1 protein on a 

PVDF membrane, incubated it with diluted cell lysate from Raptor expressing HEK293T 

mammalian cells in tissue culture. The PVDF membrane was then probed for the presence of the 

FLAG tag. I also chose to run the respective lysates on the membrane in order to compare 

protein expression of the RaptorK120A and RaptorWT. Figure 8 shows that RaptorK120A appears to 

bind to 4E-BP1 more tightly than RaptorWT. Of course this is only a single amino acid mutation 

and can only shed so much light on the interaction of Raptor/4E-BP1, but it may be worthwhile 

to take a closer look at the importance of the RNC domain of Raptor in substrate recognition and 

binding. 
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In vitro characterization of Raptor is informative, but in order to understand the impact of 

Raptor perturbation we need to examine the cellular effects of wild-type and mutant Raptor in 

vivo. In order to understand the effect of the lysine to alanine mutation in Raptor, I expressed 

these constructs in HEK293T cells and performed a pull-down assay using magnetic beads 

conjugated to FLAG antibodies. Figure 9 shows that RaptorK120A binds to mTOR and Rheb, just 

as wild type Raptor does. From this we can postulate that the mutation in RaptorK120A is not 

grossly altering the structure of the Raptor protein because it can still integrate into the mTORC1 

complex. 

Raptor RNC Fragments 

The above results suggest that the RNC1 region of Raptor is important for binding 4E-BP1. 

To further investigate this point, I made epitope-tagged Raptor peptide fragments spanning the 

RNC1-3 region and RNC1 alone. We utilized robust E. coli protein expression with hopes we 

would generate enough purified protein to perform NMR (Nuclear Magnetic Resonance) 

analysis. 

The Raptor N-terminal fragments were PCR amplified and cloned into E. coli expression 

vector pET28a(+). The construct was transformed into E. coli – and the expression was induced 

by the addition of IPTG. As shown in Figure 10, a band of approximately 17 kDa was detected 

with the construct. Western blotting confirmed that the band represents Raptor.   

The Raptor RNC1 domain by itself is not readily soluble, which is necessary for affinity 

purification. We attempted to re-fold the fragment using guanidinium chloride, dialysis, and 

limited dilution methods. I made some slightly larger fragments encompassing RNC1-3 in hopes 

that the domains would be able to fold properly and the protein would be soluble. None of the 
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tagged RNC constructs were able to be purified due to protein precipitation, thus NMR analysis 

could not be utilized in this case. 

III. DISCUSSION 

 The goal of this thesis was to better understand the regions of importance on the protein 

Raptor for successful substrate recognition. Raptor is a scaffolding protein on which the mTOR 

kinase depends to bind its substrates 4E-BP1 and S6K. These experiments have demonstrated a 

limited perspective of Raptor protein binding and substrate recognition through mostly in vitro 

methods. Certainly more investigation is necessary in order to draw concrete conclusions from 

these data.  

However, this study has shown the importance of the RCR of 4E-BP1 and RNC1 of 

Raptor. Our CXMS data showed multiple cross-linked peptides that were clustered largely to a 

single region of each protein. These results represent the first observation of Raptor and 4E-BP1 

crosslinking. Further understanding of how Raptor interacts with 4E-BP1 may open up a novel 

approach to inhibit mTORC1-driven tumor formation. We have also shown that mutation of the 

RCR of 4E-BP1 decreases Raptor interaction, suggesting that this region is needed for efficient 

binding to Raptor, in addition to the TOS and RAIP motifs.  

We discovered that mutation of amino acid 120 of Raptor to alanine resulted in altered 

binding to 4E-BP1. During our analysis of Raptor/4E-BP1 crosslinks, we also evaluated 

intermolecular crosslinks that suggest that the Raptor protein has two separate structured 

domains: one in the N-terminal half and the other in the C-terminal half of the protein. 

Speculatively, the change from a positively charged lysine to a hydrophobic alanine could be 

accentuating the predicted C-shape of the Raptor protein, leading to a tighter interaction with 4E-

BP1 in vitro. We have also established a reliable protocol to assess Raptor/4E-BP1 in vitro 
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protein interaction through far western blot experiments. The far western blot results have 

suggested that Raptor and 4E-BP1 interact directly without another protein needed to mediate 

contact. Improvements can be made to this protocol in the future such as more washing steps to 

prevent high background signal, which can obscure the faint bands detected in the far western. 

 In order to understand Raptor/4E-BP1 binding in depth, a high resolution protein 

structure is needed. Due to the rather large size of the Raptor protein it is difficult to crystallize. 

It is often necessary to determine a protein’s three-dimensional structure in order to understand 

its function on a molecular level. Further experimentation on the expression and purification of 

Raptor protein fragments is necessary to achieve this goal. In order to elucidate the true function 

of the conserved RNC domains of Raptor, systematic mutagenesis and/or deletion of the region 

is needed. This study has generated some interesting questions on the importance of Raptor as a 

substrate recognition partner protein for mTOR. Scaffolding proteins have emerged as interesting 

new drug targets for treating diseases associated with aberrant signaling pathways, such as 

mTOR in cancer[21]. Most of the research on mTOR signaling has been focused on the kinase 

itself or its downstream effector proteins, but I postulate that there is more to be learned about 

Raptor’s contribution to the modulation of this critical signaling pathway. 

IV. MATERIALSAND METHODS 

Generation of Mutant Plasmids 

 The pLMJ1-FLAG-Raptor plasmid was used as a template in the creation of RaptorK120A. 

Using the following primers: 5'-caagggcccggtacgcgcagagccttgac -3', 5'-

gtcaaggctctgcgcgtaccgggcccttg -3' (Invitrogen), I introduced a mutation at residue 120 in the 

RPTOR gene, causing the sequence to incorporate an alanine residue instead of a lysine residue. 

This was done using a QuikChangeLightning Multi-Site-Directed Mutagenesis Kit. The fully 
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methylated parental DNA was digested with the endonuclease Dpn I, which leaves hemi-

methylated DNA intact. Mutation was confirmed by gene sequencing analysis (GENEWIZ, 

Inc.). The resultant pLJM1-FLAG- RaptorK120A plasmid was used to transfect HEK293T cells. 

 

 Far Western Blot 

 Far western blot was carried out following published protocol[22]. Briefly, 0.2-2 ug of 

bacterially expressed His-tagged 4E-BP1 was separated on a 15% SDS-PAGE gel and 

transferred onto a PVDF membrane by electroblotting. The membrane was blocked for 1 h with 

5% (w/v) fat-free milk in PBS and 0.02% (v/v) Tween 20. The membrane was incubated 

overnight at 4°C with FLAG-Raptor lysated diluted in blocking buffer (1:10). The FLAG-Raptor 

lysate was obtained by lysing FLAG-Raptor expressing HEK293T cells in a 15-cm dish with 1 

mL of lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% CHAPS) and centrifuged for 

30 min to remove insoluble fraction. The PVDF membrane washed in blocking buffer and 

probed with anti-Raptor antibody (1:500) for 1 h, washed again, probed with secondary HRP-

conjugated anti-rabbit antibody (1:10,000) (GE Healthcare) for 1 h. incubated with enhanced 

chemiluminescence solution (ECL) (Pierce) for 60s, and exposed to autoradiography film. 

mTORC1 Purification 

 Cells stably expressing FLAG-Raptor protein were established using pLJM1 FLAG 

Raptor plasmid (Addgene no. 26633). The lentivirus containing this plasmid was generated by 

the UCLA Vector Core Facility. HEK293T cells were infected with the lentivirus, and cells 

stably expressing FLAG-Raptor were obtained by puromycin selection. The resulting cell line, 

FLAG-Raptor2 was cultured using Dulbecco’s modified Eagle’s medium enriched with 10% 

fetal bovine serum and 1X penicillin/streptomycin at 37°C and 5% CO2.Cells expressing FLAG-
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Raptor were grown, washed with PBS, and stored at -80°C for subsequent experiments. Cells 

(3.3 X 107) were lysed in 1 mL of 50 mM HEPES, ph7.4, 150 mM NaCl, 0.4% CHAPS, 1X 

Complete EDTA-free protease inhibitor mixture (Roche Applied Science), and I mM Na3VO4. 

The cell suspension was cleared of insoluble debris by centrifugation at 16,000 x g for 10 min 

before being mixed with FLAG M2 affinity gel (Sigma) for affinity purification. The affinity gel 

was collected, washed twice with wash buffer including ATP (50 mM HEPES, pH 7.4, 150 mM 

NaCl, 2mM DTT, 0.1% CHAPS). Bound proteins were eluted using 62 ug/ml 3X FLAG peptide 

(Sigma) in 50 mM HEPES, 150 mM NaCl, 0.4% CHAPS. Eluted proteins were concentrated 

using Amicon Ultra 0.5 mL centrifugal filters NMWL 100K (EMD Millipore, Bellerica, MA). 

HEK293T Transfection and Vectors 

FLAG-4E-BP1 and FLAG-Raptor (wild type and mutant) were transfected with Lipofectamine 

2000 into ~70% confluent HEK293T cells in a 10 cm plate. HEK293T cells were grown in 

Dulbecco’s modified Eagle’s medium enriched with 10% fetal bovine serum and 1X 

penicillin/streptomycin at 37°C and 5% CO2. Before transfection, standard media (DMEM + 

10% FBS + 1% penicillin/streptomycin) was replaced with media without antibiotics added. 40 

ul of Lipofectamine 2000 reagent was diluted in 100 ul of OPTI-MEM (Life Technologies) and 

17 ug of plasmid DNA was diluted in 100 ul of OPTI-MEM. These mixtures were incubated for 

5 minutes at room temperature, then the diluted DNA was added to diluted Lipofectamine 2000. 

The resultant DNA-lipid complex was incubated for 30 minutes at room temperature and then 

added drop-wise to HEK293T cells. After 24 hours, the cells were either washed with PBS and 

frozen at -80°C or utilized immediately. 
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Figure  Legends 

Figure 1. This figure depicts mTORC1 as a complex of several proteins and its downstream 

signaling partners, which when phosphorylated by mTOR increases protein synthesis. 

Figure 2. This cartoon depicts the structural components of Raptor and 4E-BP1 as well as the 
location of chemical crosslinks between the RNC1 domain and the central region of 4E-BP1. 

Figure 3. A: This illustration shows the location of specific peptides that were obtained from 

CXMS experiments on Raptor and 4E-BP1 that were chemically cross-linked. B: This figure 

depicts a predicted model of the Raptor RNC1 domain and 4E-BP1 fragment interacting at the 

molecular level. This model was generated using iterative threading assembly refinement server 

known as I-TASSER. 

Figure 4. This figure is a representative western blot of the far western blot technique working in 

the context of 4E-BP1 and Raptor binding. Wild type 4E-BP1 was ran on a gel and 

immunoblotted to a PVDF membrane that was incubated with FLAG-Raptor lysate.  

Figure 5. WT and Mutant 4E-BP1 were loaded in increasing concentrations on a SDS-PAGE gel 

and immunoblotted to a PVDF membrane. This blot was then incubated with FLAG-Raptor cell 

lysate and probed for total 4E-BP1 protein and Raptor binding. 

Figure 6.  In vivo effects of mutating 4E-BP1 residues within the RCR. A: FLAG-tagged mutant 

and wild type 4E-BP1 were expressed in HEK293T cells and the FLAG-tagged proteins were 

immunoprecipitated with anti-FLAG M2 affinity gel. Phosphorylation of 4E-BP1 was examined 

using anti-phospho (Thr37/46) antibody (WT: wild type; Mut: Mutant) as described on the right 

hand side of the figure. Because the antibody was raised against the human protein, Rattus 4E-

BP1 residue numbering should be shifted by one residue (-1 residue). B: In vivo interaction of 
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Raptor with 4E-BP1 was examined. FLAG-tag immunoprecipitaed proteins were analyzed with 

anti-Raptor antibody to detect binding of Raptor with 4E-BP1. 

Figure 7. A: Shows WT Raptor cDNA sequence with the crosslinking region highlighted in 

yellow. It also shows the WT Raptor protein sequence and a small cartoon representing the 

transfection of HEK293T cells with pLJM1-FLAG-RaptorK120A. B: Confirmation of the 

introduction of the KA mutation at residue 120 of Raptor through sequencing and alignment to 

WT Raptor. 

Figure 8. This figure shows the results of two far western blot experiments using the WT and 

K120A Raptor proteins. The first blot is probed with anti-FLAG antibody to detect Raptor 

exogenous Raptor protein expression. The second blot shows the results of the far western 

experiment where 4E-BP1 was used as the bait protein and binding to it was detected by probing 

with anti-FLAG. The graphs below are represent relative band intensity of the western blots 

above measured by ImageJ. 

Figure 9. This is a Raptor pull-down experiment in which Raptor was isolated by FLAG-

conjugated beads and ran on a SDS-PAGE gel. This protein was transferred to a PVDF 

membrane and probed for the mTOR kinase and phospho-4E-BP1-T37/46. 

Figure 10. This image shows the design of the Raptor fragments that were PCR amplified, 

ligated into the E. coli expression vector pET28a(+). The bottom image is a Gel Code Blue stain 

of an SDS-PAGE gel on which induced and uninduced E. coli cell lysates were ran. 
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Figure 9. 
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