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Abstract 

 
Located downstream of nutrients and growth factors, the mechanistic target of Rapamycin 

Complex 1 (mTORC1) is a protein kinase that coordinates cell growth with environmental 

conditions, promoting cell growth processes like protein and lipid synthesis in response to 

feeding. The activation of mTORC1 in response to amino acid levels occurs at the lysosomal 

surface and is controlled by a heterodimeric complex of Rag GTPases, tethered to the 

lysosomal membrane through its interaction with the Ragulator Complex. The membrane 

protein SLC38A9 senses intralysosomal amino acids levels, and transports essential amino 

acids to the cytosol, triggering a nucleotide switch that activates the Rag GTPases complex, 

and enables it to recruit mTORC1 at the lysosomal surface where it is activated by another 

small GTPase called Rheb.  

Being at the center of cell growth, mTORC1 signaling is often mutated in cancer. Pancreatic 

cancer cells for example, tend to use protein scavenging as a food source, which requires the 

action of SCL38A9.  

 

This thesis research aims to study the conformational changes induced by the nucleotide’s 

switches within the Rag GTPases heterodimer at the structural level. In addition to this it 

focuses on the potential of SLC38A9 as a potential drug target for pancreatic cancer patients. 

Its reconstitution into a membrane scaffold protein nanodisc for structural studies sets the 

foundations for further structural biology centered drug screening experiments targeting 

SLC38A9. Similarly, the reconstitution of the Ragulator-Rag GTPases in different 

nucleotide-binding states will later enable to image them using Cryo-Electron microscopy, 

gaining more insight on the conformational changes induced by GTP and GDP binding 

within the heterodimer. 
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1 Introduction  

1.1 mTOR and cell growth  

 

The mechanistic target of Rapamycin also called mTOR is a serine/threonine 

Phosphoinositide 3-kinase (PI3K) related protein kinase that is part of a major nutrient-

sensitive signaling network, also known as the mTOR pathway. This signaling pathway is 

involved in many cellular processes such as protein synthesis, lipid synthesis and autophagy, 

thus playing a key role in cell growth regulation (1). This protein kinase is targeted and 

inhibited by Rapamycin, a small molecule isolated from bacteria that possesses 

immunosuppressive and anti-tumor properties. Rapamycin forms a complex with the 

peptidyl-prolyl-isomerase FKBP12 that directly binds the FKBP-rapamycin-binding (FRB) 

domain of mTOR, narrowing its catalytic cleft, thus preventing substrate binding to the 

kinase active site, and resulting in the inhibition of cell growth and proliferation (2)(3) 

(Figure 1). 

1.1.1 Introduction the mTOR complexes 1 and 2 

 

The kinase mTOR is the catalytic subunit of two protein complexes respectively 

called mTOR complex 1 and mTOR complex 2 thereafter referred as mTORC1 and 

mTORC2 (4). mTORC1 possesses 3 main components : mTOR responsible for its catalytic 

activity, Raptor a regulatory protein responsible for substrate recruitment with a key role in 

the subcellular localization of mTORC1 (5), and finally mLST8 that stabilizes the kinase 

activation loop. In addition to the 3 components listed above, mTORC1 contains two 

inhibitory subunits : DEPTOR and PRAS40 (6) 
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Figure 1 : 3D structure of mTORC1 bound to FKBP12-Rapamycin. 

This figure shows mTORC1’s 3 core components, mTOR, the catalytic subunit of the complex ; Raptor 

responsible for its subcellular localization and mLST8, regulator of the kinase activation. Each of 

these molecules are present in double. The FKBP12-Rapamycin complex is shown in yellow. Only the 

two regulatory subunits PRAS40 and DEPTOR are missing in this structure). (1)   

 

The second complex, mTORC2 also possesses mTOR, mLST8 and DEPTOR, though Raptor 

is there replaced by another protein of similar function : Rictor, also called Rapamycin 

insensitive companion. The protein complex mTORC2 also contains a regulatory subunit 

called mSin1. Unlike mTORC1, mTORC2 does not seem to be inhibited by rapamycin. It 

controls cell proliferation and survival mainly through the activating phosphorylation of Akt, 

an important molecule of the insulin/PI3K signaling pathway (7).  

1.1.2 Role of mTOR Complex 1 in cell metabolism 

1.1.2.1 Signaling pathway upstream of mTORC1  

 

To achieve growth, cells need to promote anabolic processes such as protein and lipid 

synthesis, producing macromolecules through conversion of nutrients and energy, while 

inhibiting catabolic pathways. Located downstream of several growth controlling signals 

(Figure 2A and 3), mTORC1 plays a key role in controlling the balance between anabolism 

and catabolism in response to environmental conditions (Figure 2B) and promotes cell 

growth in response to growth factors, oxygen and energy levels, as well as amino acid levels 

(8). 

 

 
Figure 2 : mTORC1 metabolism in response to environmental conditions. (A) Growth promoting 

signals such as growth factors, amino acids, and high levels of energy or oxygen , activate mTORC1 

https://en.wikipedia.org/wiki/AKT1S1
https://en.wikipedia.org/wiki/DEPTOR
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that itself activates protein and lipid synthesis, and inhibits autophagy, resulting in cell growth. (B) 

mTORC1 is activated in response to feeding and inhibited in response to fasting, controlling the 

balance between anabolism and catabolism (Figure adapted from(1)). 

 

Growth factors influence mTORC1’s activity through signaling cascades resulting in the 

inhibition of the Tuberous Sclerosis Protein Complex, thereafter called TSCC (Figure 3). The 

GAP (GTPase activating protein) activity of the TSC2 subunit of this heterotrimeric complex, 

that consists of the 3 subunits Tuberous Sclerosis Complex 1, 2 and 17 respectively (TSC1, 

TSC2 and TSC17), enables it to inhibit the small GTPase Rheb, key activator of mTORC1, 

through hydrolysis of its GTP nucleotide into GDP, shifting the GTPase to an inactive state 

(9).  

The action of the TSC complex limits cell growth in response to poor-growth conditions and 

increases it in the presence of growth factors through the small GTPase Rheb, located 

downstream of growth factors and TSCC (Figure 3). In its GTP-bound active form, Rheb 

binds and activates mTORC1 by inducing a conformational change resulting in the 

stimulation of its  

kinase activity (6). 

 

 
Figure 3: Upstream signaling of mTORC1 in response growth promoting signals such as growth factors, 

glucose and amino acids, each triggering a signaling response resulting in the regulation of mTORC1’s activity 

(Figure adapted from Biorender). 
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On the other hand, low ATP levels, low energy and DNA damage, all incompatible with cell 

growth, also trigger an mTORC1 response. Low glucose levels and stress signals result in the 

activation of AMPK (AMP-dependent protein kinase), an important metabolic regulator that 

inhibits mTORC1 both directly, through the phosphorylation of Raptor and indirectly through 

the activating phosphorylation of TSC2 (Figure 3) which as mentioned above inhibits Rheb 

and thus mTORC1 (10,11). 

mTORC1’s inhibition in such conditions can also be achieved in an AMPK-independent 

mechanism through the inhibition of the Rag GTPases complex which plays a key role in its 

activation. This enables AMPK lacking cells to inhibit mTORC1 when glucose levels are 

low. Other conditions such as hypoxia and DNA-damage are also able to inhibit mTORC1 

through AMPK dependent and independent mechanisms, very often involving TSCC (12,13). 

 

mTORC1 is also activated in response to the increase of amino acids levels. The mechanisms, 

that will be discussed in detail further down, involve the Rag GTPases heterodimer of RagA 

or Rag B with RagC or Rag D. The presence of amino acids enables the Rag GTPases to 

move from an inactive state with RagA/B bound to GDP and RagC/D bound to GTP, to an 

active state with RagA/B bound to GTP and RagC/D bound to GDP (Figure 3), resulting in 

mTORC1’s recruitment and activation at the lysosomal surface (14). 

 

The GATOR1 and GATOR2 complexes (Gap Activity TOwards Rags complex 1 and 2), 

controlled by sestrins, are also involved in mTORC1 activation by amino acids. GATOR1 

has a GTPase-activating protein activity on RagA, catalyzing the hydrolysis of its GTP bound 

nucleotide and thus shifting the Rags to an inactive state. GATOR2 is a GATOR1 inhibitor. 

During amino acid starvation, Sestrins are bound to GATOR2, blocking its inhibiting effect 

on GATOR1, thus keeping the Rag GTPases in an inactive state. While on the opposite, 

amino acid sufficiency triggers the dissociation of sestrins from GATOR2, enabling it to 

inhibit GATOR1 and shift the GTPases to their active state in which mTORC1’s activation 

occurs (15). In addition to this, Arginine, a non essential amino acid plays a role in mTORC1 

activation through several pathways, one of which targets TSCC-Rheb signaling, while others 

target the Rag GTPases complex (16,17). 
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1.1.2.2 Signaling pathway downstream of mTORC1   

 
mTORC1 is located in the upstream signaling pathway of several transcription factors and 

key effectors of metabolic processes involved in cell growth such as protein, nucleotide and 

lipid synthesis, or autophagy inhibition (Figure 4) (8). mTORC1 initiates protein synthesis 

through the activating phosphorylation of S6K1 and the inhibiting phosphorylation of 4EBP1 

(4E-binding protein 1, 4E is a eukaryotic translation initiation factor), both involved in the 

assembly of the eukaryotic initiation factor 4F (eIF4F), involved in the initiation of mRNA 

translation (18)(19) 

 

 

Figure 4 : Cell growth driving signaling pathways downstream of mTORC1. mTORC1 targets many proteins 

involved in cell growth processes such as protein synthesis, lipid synthesis, energy metabolism, lysosome 

biogenesis or autophagy. (20) 

 

De novo lipid synthesis is also promoted by mTORC1 through the activation of sterol 

regulatory element binding proteins (SREBPs), transcription factors that control the 

expression of enzymes necessary for sterols and phospholipids synthesis. It also does so 

through the inhibition of Lipin-1, an important SREBPs inhibitor (Figure 4) (21). 

In order to provide the necessary energy for the cell to achieve all these processes, mTORC1 

stimulates the translation of HIF1⍺ (Hypoxia inducible factor-1 alpha), initiating a shift in 

glucose metabolism from oxidative phosphorylation to glycolysis enabling the cell to 

incorporate nutrients in its metabolism more efficiently (22). At last, mTORC1 inhibits 

autophagy through phosphorylation of ULK1 (Unc-51 like kinase 1, an autophagy activating 

kinase), a key component of the ULK1-complex, formed with ATG13 (Autophagy related 

13) and FIP200 (Figure 4) involved in autophagosome formation (23). 
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1.2  Mechanisms of mTORC1’s activation at the 

lysosomal surface  

 

The activity of mTORC1 is mainly regulated by nutrients. The focus here is on the 

mechanisms of mTORC1’s activation at the lysosomal surface, in response to intralysosomal 

amino-acid levels.  

 
Figure 5 : Structural side view of the docking and activation of mTOR Complex 1 at the lysosomal surface. 

mTORC1 is recruited to the lysosomal surface when Raptor binds the GTPases heterodimer RagA-RagC, 

tethered to the lysosomal membrane through its association with the Ragulator complex. (Appendix 1) 

 

 

This mechanism relies on the lysosomal membrane protein SLC38A9 (Sodium-coupled 

neutral amino-acid transporter 9) that is an amino acid sensor and transporter, and on the 

heterodimeric complex of small GTPases RagA or RagB bound to RagC or RagD, anchored 

to the lysosomal membrane through its interaction with the pentameric complex Ragulator 

(Figure 5) (24,25) 

 

GTPases are able to change their conformation and activate or deactivate themselves by 

hydrolysing Guanosine Triphosphate nucleotides. The presence of amino acids inside 

lysosomes sensed by SLC38A9, triggers a nucleotide switch on Rag GTPases complex, 

shifting it from an inactive state (RagA/B bound to GDP and RagC/D bound to GTP) to an 

active state with RagA/B bound to GTP and RagC/D to GDP. The conformational change 

induced, allows Raptor to bind to the complex and dock itself in between the Rag GTPases 

heterodimer (Appendix 1), thus recruiting mTORC1 to the lysosomal surface where it can be 

activated by Rheb when growth factors are present (Figure 5 and Figure 3) (26). 
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Thus, SLC38A9, Rags and Ragulator all have an important role to play in mTORC1’s 

activation at the lysosomal surface in response to amino acid levels. 

1.2.1 Ragulator 

 
The Ragulator complex acts as a scaffold tethering the Rag GTPases complex to the 

lysosomal membrane. This protein complex consists of 5 subunits : p18 (Lamtor1), p14 

(Lamtor2), MP1 (Lamtor3), c7orf59 (Lamtor4/p10) and finally HBXIP (Lamtor5). p14 and 

MP1, are in close interactions and form a heterodimer within the complex, so do c7orf59 and 

HBXIP. They are packed side by side and wrapped around by p18 (Figure 6), which interacts 

with p14, MP1, c7orf59 and HBXIP through both hydrophilic and hydrophobic interactions, 

making itself essential for complex assembly (27).  

 

The p18 subunit plays a key role in Ragulator’s structure and function. In addition to its role 

in assembling and maintaining the complex with MP1-p14 and c7orf59-HBXIP heterodimers, 

p18 is also responsible for anchoring the Ragulator complex to the lysosomal membrane. Its 

N-terminal region is not involved in the complex assembly but contains lipid enriched sites 

that underwent palmitoylation and myristoylation, post-translational modifications during 

which saturated fatty acids are attached to single amino-acid residues (28,29). These lipids 

enriched regions enable p18 to interact with the lipid rafts present in the lysosomal 

membrane, thus tethering the whole Ragulator complex, the Rag GTPases and later mTORC1 

to the lysosomal membrane. (30) 

 

The three subunits p18, p14 and MP1 interact with the Rag GTPases heterodimer, making 

Ragulator essential for localizing the Rag GTPases heterodimer at the lysosomal surface. It is 

also known, in the presence of amino acids, to act as a Guanine nucleotide exchange factor 

(GEF) on RagA/B, favoring the release of its bound GDP nucleotide, thus enabling it to bind 

GTP and become active (31). Finally, Ragulator is also in complex with a v-ATPase at the 

lysosomal surface, also required for amino acids to activate mTORC1 and believed to have a 

role in efflux of amino acids outside lysosomes. (32) 
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Figure 6: Structure of the Ragulator complex showing its 5 components : p18, p14, MP1, c7orf59 and HBXIP. 

p18 wraps around the two heterodimers formed by p14 and MP1, and c7orf59 and HBXIP respectively. (28) 

 

1.2.2 Rag GTPases 

 

The activation of mTORC1 at the lysosomal surface happens in two steps, each controlled by 

a different GTPase system : Rags control translocation of mTORC1 and Rheb activates its 

kinase activity in the presence of growth factors (33). They belong to the superfamily of Ras 

GTPases: GTP binding enzymes, that are able to switch between active and inactive states by 

hydrolyzing GTP nucleotides (34). They catalyze a large range of reactions, thus playing a 

key role in regulating a variety of cellular processes, such as cell-cycle progression, cell 

proliferation, gene expression, cytoskeletal reorganization, cell shape and polarity (35). They 

act as molecular switches, controlled and regulated by guanine nucleotide exchange factors 

(GEFs) that enable the dissociation of the GDP bound nucleotide from the GTPase, enabling 

it to rebind GTP and shift to its active state and GTPase activating proteins (GAPs) that 

stimulate the hydrolysis of these GTP nucleotides, shifting the GTPase to an inactive state 

(Figure 7). (36) 

 
Figure 7 : GTPase activating protein (GAP) and Guanosine Exchange Factors (GEF) activities in response to  
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ligand-receptor signaling. The GAP activity catalyzes the hydrolysis of GTPase-bound GTP nucleotides into 

GDP, shifting the GTPase to an inactive state. The GEF activity on the other hand, releases the GDP 

nucleotides bound to the GTPase, enabling it to rebind GTP and become active. (Figure made in Biorender) 

 

Anchored to the lysosomal surface through its interaction with Ragulator, the Rag GTPases, 

responsible for the translocation of mTORC1 to the lysosomal surface, are an obligate 

heterodimer. They form a functional unit that can bind two guanine nucleotides (as each Rag 

binds one guanine nucleotide). Each of them possesses a C-terminal roadblock domain 

(CRD), that interacts with one another and is responsible for the heterodimer’s formation, and 

a N-terminal GTPase domain, responsible for nucleotide-binding (NBD, also called G 

domain) (37). The binding of the heterodimer with Ragulator relies on the interaction of their 

CRD with p18, p14 and MP1, enabling p18 to wrap around the three blocks of heterodimers : 

MP1-p14, c7orf59-HBXIP and RagA/B-RagC/D (38) (Figure 8).  

 

 
Figure 8: Structure of the Rag-Ragulator complex. The assembly relies on the interactions between the GTPases 

heterodimer of RagA and RagC and p14, MP1 and p18. (Figure based on Appendix 1) 

 

The key to the heterodimer’s switch between active and inactive state is the 

intercommunication between the two Rag GTPases subunits. GTP nucleotide-binding is 

highly stabilized by Mg2+ ions present in the nucleotide-binding pocket of the Rags, which 

results in a stronger affinity of Rags with GTP than with GDP (39). The Rags dimer is stable 

in two nucleotide-binding states : RagA•GTP–RagC•GDP and RagA•GDP–RagC•GTP, 

while the two other states RagA•GDP–RagC•GDP and RagA•GTP–RagC•GTP are unstable 

and thus transient (40).  
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The functionally active nucleotide-binding state, with RagA bound to GTP and RagC bound 

to GDP is maintained by a key hydrogen bond between one single residue in the NBD of 

RagA or C and another single residue in the CRD of the opposite Rag GTPase (41).   

The NBD is a network of secondary structures called switches, that experience 

conformational changes based on the hydrolysis or exchange of GTP and GDP nucleotides 

(42). The binding of GTP to one of the Rag GTPases induces a conformational change that 

prevents its dissociation from the NBD. Moreover, it prevents the other Rag from binding 

GTP (GTP binding on RagA prevents RagC to bind GTP and inversely), and stimulates the 

hydrolysis of the second GTP, in the case that the second Rag would indeed bind GTP, thus 

making RagA•GTP–RagC•GTP a highly transient state extremely unstable in nature (Figure 

9) (40,43) 

 

The activity of the Rag GTPases is not only regulated by Ragulator but also by other protein 

complexes such as GATOR1, acting downstream of GATOR2 and exhibiting a GAP activity 

towards RagA ; and FLCN-FNIP2 (folliculin in complex with the folliculin-interacting 

protein 2) that also exhibits a GAP activity but towards RagC, stimulating the hydrolysis of 

its GTP-bound nucleotide (44) 

 

 

Figure 9: Activation and inactivation of the Rag GTPases based on amino acid levels. The interdomain 

communication between the Rag GTPases prevents both Rags from binding GTP simultaneously. Thus the 

action of GATOR1, hydrolysing RagA’s GTP results in the inhibition of the Rags, while the action of FLCN-

FNIP2, hydrolysing RagC’s GTP spontaneously pushes the dimer towards its active state. (40) 

 

Each of them plays a role in “shifting” the Rags between inactive and active states in 

response to amino acid levels (Figure 9).  It has been shown that RagA’s exchange of GDP to 
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GTP occurs spontaneously (44). Thus, the hydrolysis of RagC’s GTP into GDP automatically 

results in RagA binding a new GTP. The action of the FLCN-FNIP2 complex then converts 

the Rag GTPases into their active state by converting RagC•GTP into RagC•GDP, while the 

action of GATOR1 converts the heterodimer into its inactive state through hydrolysis of 

RagA•GTP into RagA•GDP (Figure 9) (45,46). 

 

1.2.3  Interactions between Raptor and the Rag GTPases 

 

mTORC1’s recruitment at the lysosomal surface relies on the direct interaction of Raptor 

with the Rag GTPases heterodimer, which occurs in the RagA•GTP–RagC•GDP  

conformation, at the N-terminal nucleotide-binding domains of the GTPases. Raptor is thus 

the key mediator to the interaction between mTORC1 and the Rag GTPases (47) 

 

 

Figure 10: Interactions of Raptor with the Rag GTPases heterodimer. Raptor interacts very closely with the 

nucleotide-binding domains of both RagA and RagC, at several residue positions. (Appendix 1) 

 

As mentioned previously, the GTPase domain contains secondary structures that act as 

switches and change conformation based on the GTPase’s nucleotide-binding state. Raptor 

interacts with the switch I region of RagA’s GTPase domain through three 𝛼helices : 𝛼24, 

𝛼26 and 𝛼29 of its 𝛼-solenoid section (Appendix 1) (Figure10). This interaction only occurs 

when RagA is bound to GTP, as GDP binding is thought to trigger a rearrangement in the 

switch I region of RagA, thus compromising its interaction with Raptor (37,48). This enables 

Raptor to detect RagA’s nucleotide-binding state. 
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Nevertheless, how Raptor detects the one of RagC originally appeared to be more complex, 

as the 𝛼-solenoid section that interacts with RagA’s switches is located further away from 

RagC’s nucleotide-binding pocket (Appendix 1). A section of Raptor, identified as the N-

terminus Raptor claw, enters the space between the GTPases where it interacts with the NBD 

of RagC, detecting RagC’s GDP nucleotide through a direct hydrogen bond interaction. GTP 

binding to RagC triggers a small shift in the position of two of the switch I residues that 

“closes” the inter-space between the GTPases and prevents the Raptor claw from entering 

(Appendix 1) (49) 

To summarize, only the RagA•GTP–RagC•GDP state is able to recruit mTORC1 because the 

𝛼-solenoid section of Raptor cannot interact with RagA’s switch regions when GDP is bound 

and similarly, RagC binding to GTP prevents the Raptor claw from inserting between the Rag 

GTPases.  

 

1.2.4  SLC38A9 

 

The whole machinery that enables the recruitment and activation of mTORC1 at the 

lysosomal surface in response to intralysosomal amino acid levels, requires an amino acid 

sensing mechanism. This function is fulfilled by the amino acid sensor and transporter 

SLC38A9, located on the lysosomal membrane. It possesses 11 transmembrane domains, and 

an N-terminal cytosolic tail that interacts with the Rag-Ragulator complex (50).  

 

 
Figure 11: SLC38A9 interacts with the Rag-Ragulator complex and activates mTORC1 and transports leucine 

outside of the lysosome in an arginine-dependent fashion. (51) 
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Its arginine binding site enables it to sense intralysosomal arginine levels. Moreover, it is able 

when bound to arginine, to transport leucine and other essential amino acids from the 

lysosomal lumen into the cytosol and activate mTORC1 (Figure 11) (51,52). The cytosolic 

amino acids are then sensed by other proteins such as sestrins and CASTOR1, that 

respectively react to leucine and arginine levels in the cytosol and regulate the activity of the 

Rag GTPases dimer, enabling its activation (53,54) (Figure 12).  

 

Figure 12: Summary of the key effectors of Rag GTPases activation and inhibition in response to cytosolic and 

intralysosomal arginine and leucine levels. (Modified from (54)) 

 

The N-terminal domain of SLC38A9 is the key of the amino-acid mediated activation of 

mTORC1. In amino acid starvation conditions, when no arginine is detected, this N-terminal 

tail was found to be inserted within the SLC38A9 transporter, in the arginine binding pocket 

(50). Moreover, in such conditions, FLCN-FNIP2 is bound to the Rag GTPases and unable to 

exhibit its GAP activity towards RagC, while GATOR2 is inhibited through the action of 

sestrins, enabling GATOR1 to keep the Rag GTPases inactive (Figure 12). The presence of 

arginine in the lysosomal lumen triggers its dissociation from the pocket, enabling it to bind 

the Rag-Ragulator complex. This binding disturbs the Lysosomal folliculin complex (LFC), 

consisting of Ragulator bound to the inactive Rags dimer, itself bound to the FLCN-FNIP2 

complex (55). The disruption of the LFC triggers the GAP activity of  FLCN-FNIP2 towards 

RagC, enabling it to shift from RagC•GTP to RagC•GDP, which as mentioned previously, 

will spontaneously lead to the exchange of RagA’s GDP into GTP and thus result in shifting 

the Rag GTPases to their active state, where mTORC1 can be recruited and activated (56,57). 

Moreover, the transport of leucine to the cytosol enabled by SLC38A9 will inhibit the action 
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of the sestrins, enabling GATOR2 to inhibit GATOR1, which also results in the Rag 

GTPases’ activation. 

 

To summarize, the presence of arginine in the lysosomal lumen is signaled to mTORC1 

through the action of SLC38A9, transporting amino acids outside lysosomes and triggering 

the switch of the Rag GTPases to their functionally active state, thus recruiting mTORC1 to 

the lysosomal surface where it is activated by Rheb to promote cell growth.  

 

1.3 mTORC1 and SLC38A9 in pancreatic cancer 

 

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest forms of cancer, with 

patients exhibiting a life expectancy of no more than 5 years for 6.7% of the cases (58). The 

main cause for this is the difficulty of diagnosis, due to the lack of symptoms. Thus, such 

cancers are usually detected at a very advanced stage, making tumor removal by surgery only 

possible in 15 to 20% of the cases (59). Surgery is the only efficient way to cure PDAC, that 

has shown to be quite unresponsive to other treatments such as chemotherapy, radiotherapy 

or immunotherapy, with no true improvement of the patient’s life expectancy(60). Thus, 

more personalized therapeutic strategies are being investigated for PDAC treatment.  

A subpopulation of PDAC has shown to exhibit a high activation of mTOR. In such cases, its 

inhibition resulted in cancer cell death. The mTOR pathway could thus be an interesting 

therapeutic target for PDAC treatment (61,62).   

The high growth rates of such pancreatic cancer cells are achieved through active scavenging 

of nutrients, mainly proteins, from their extracellular environment, digesting and recycling 

them to generate energy and produce glucose, lipids or other proteins. This results in fast 

tumor spreading to neighboring organs and explains the high mortality rate (63).  

90% of pancreatic cancer patients exhibit oncogenic KRAS mutations, located upstream of 

the PI3K/Akt/mTOR pathway, thus affecting many cellular processes including cell 

proliferation, migration, metabolism, and autophagy (64,65). 

Oncogenic Ras signaling increases nutrient uptake from the extracellular environment 

through macropinocytosis, a route of vital importance for KRAS-transformed cells’ 

metabolism. It has been shown that macropinocytosis inhibition resulted in slowing the 

growth of such cells. (66) 
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Figure 13: Macropinocytosis and lysosomal degradation of proteins, leading to mTORC1 activation. (A) Ras 

and PI3K induce actin-rich ruffles in the cell membrane, forming a macropinosome. The taken up albumin is 

digested by lysosomal enzymes after macropinosome and lysosome fusion. (B) The resulting amino acids (here 

leucine) are sensed and transported by SCL38A9, activating mTORC1 in an arginine-dependent fashion. (Fig. 

13B from (51)) 

 

Macropinocytosis is a unique form of endocytosis that, unlike the others, is independent from 

both clathrin and caveolin (67,68). It instead relies on Ras and PI3K induced actin 

cytoskeletal rearrangement, leading to the formation of ruffles in the cell membrane (Figure 

13A) (69). Albumin is here used as an example : it is taken up by the cell through 

macropinocytosis and later degraded by lysosomal proteases in the lysosome (Figure 13A). 

The amino acids resulting from this degradation are stored in lysosomes and sensed by 

SLC38A9, enabling the switch in the Rags nucleotide bound state and thus the translocation 

and activation of mTORC1. 

As mentioned previously, SLC38A9 mediates the transport of amino acids, especially leucine 

outside of the lysosomes in an arginine-dependent fashion, making it essential for these 

amino acids to activate mTORC1 (Figure 13B) (70) 

Thus, SLC38A9 plays an important role in fueling cancer cell growth in PDAC with 

oncogenic KRAS, both by using the amino acids resulting from protein scavenging to 

activate mTORC1 (through the Rag GTPases), but also by transporting them outside 

lysosomes, where they can be used as building blocks for several cell growth processes. 

Thus, SLC38A9 is an interesting drug target for targeted pancreatic cancer therapy.  
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2 Aim of the Study  

 
The study of the mTORC1 signaling components involved in its activation by amino acids 

was divided into two distinct projects.  

 

We previously investigated the interactions that enable the Rag-Ragulator complex to recruit 

and activate mTORC1 at the lysosomal surface, through interaction of Raptor with the Rag 

GTPases heterodimer  in its active RagA•GTP–RagC•GDP nucleotide-binding state. To push 

this study further, we want to investigate the conformational changes triggered by the change 

in the nucleotide-binding state of the Rag GTPases, in other words how the Rags move either 

towards or apart from each other depending on which nucleotides are bound to them. To do 

so, we aim to reconstitute the Rag-Ragulator complex in its 4 nucleotide-binding 

conformations : RagA•GTP–RagC•GTP ; RagA•GDP–RagC•GDP ; RagA•GDP–RagC•GTP 

; RagA•GTP–RagC•GDP for their structures to be later determined using Cryo-Electron 

microscopy.   

 

Interacting with the Rag-Ragulator complex, the amino-acid sensor and transporter SLC38A9 

is essential to mTORC1’s activation by intralysosomal amino acids. Aggressive pancreatic 

cancer cells, with oncogenic Kras signaling require SLC38A9 to use proteins as a food 

source. Taken up through macropinocytosis, they are digested in the lysosomes and the 

resulting amino acids are used to fuel cancer cell growth, enabling such cancers to achieve 

extremely high growth rates. The role of SL38A9 in this mechanism makes it a perfect drug 

target for pancreatic cancer patients. The long-term aim of this project is to find a novel 

inhibitor to bind and inhibit SLC38A9 amino acid transport, preventing them from being 

released in the cytosol to be used for cancer cell growth.  To do so, the first step will be to 

reconstitute SLC38A9 onto a membrane scaffold protein nanodisc for further structural 

studies.  
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3 Material and Methods  

3.1  Reconstitution of the Rag-Ragulator Complex 

 

 

 
Flow chart of the Rag-Ragulator complex reconstitution project.  
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3.1.1 Cloning of the subunits : RagA, RagC and Ragulator 

3.1.1.1 PCR, Agarose gel electrophoresis, Gel Extraction 

 

The gene inserts of RagA, RagC, the RagA–RagC dimer and Ragulator along with their 

respective pFloat backbones (Appendix 3), were amplified through 27 cycles of  Polymerase 

chain reactions. A Master mix was prepared with 5X Phusion HF Buffer (Thermo fisher), 

dNTPs (Thermo fisher), H2O, and KAPA DNA polymerase (Roche). 0.2 µL of the 

corresponding DNA template, and 0.8 µL of primers were added to each reaction before 

puttting the samples in the PCR cycler (Thermo fisher). The resulting PCR products were 

analyzed through Agarose gel electrophoresis, enabling the separation of the DNA fragments 

based on their size. The Agarose gel was prepared by dissolving 1.6 g of Agarose 

(Invitrogen) in 160mL 1x Tris Acetate-EDTA (TAE) buffer, supplemented with 10 µL of 

SYBR safe (Invitrogen). The samples were run at 140 V for 40 minutes.   

 

After analysis, the bands corresponding to our gene inserts and vectors were excised and 

purified from the agarose gel using the Gel Extraction Kit and Protocol (Qiagen), to which a 

few adjustments were made. The agarose gel bands were dissolved in a 3x v/w of 

solubilization buffer at 50°C with 1000 RPM shaking. One volume of Isopropanol was added 

before transfer on a QIAquick spin column for centrifugation at 21 000 g for 30 minutes in a 

room temp benchtop centrifuge. The column was then washed with 500 µL of solubilization 

buffer, and 650 µL of ethanol wash buffer (PE), with 1 minute of 21 000 g centrifugation 

each. In order to remove any ethanol remaining from the PE buffer wash, an extra 

centrifugation step was performed for 1 minute at 21 000 g. The spin column was then placed 

into a clean 1.5mL Eppendorf tube for DNA collection, eluted with 12 µL of warm H2O. 

After a 5 minutes incubation the samples were spun down for 2 minutes at 11 000 g. The 

concentration of the obtained DNA was estimated through measurement of the sample’s 

absorbance at 260 nm.  using Nanodrop 2000 (Thermo scientific).  

 

 

 

 



19 

 

3.1.1.2 Gibson Assembly and Transformation 

 

Gibson Assembly was used for insertion of the genes into their respective vectors. This 

cloning method enables to join DNA fragments with sequence similarity at the extremities 

without restriction enzymes, in a short, single isothermal reaction using 3 enzymatic 

activities: T5 Exonuclease, Phusion DNA polymerase and Taq Ligase (71).  

The exonuclease, operating at 37°C recognizes the DNA sequences from 5’ end to 3’ end. 

They are then ligated by the ligase and polymerase that both operate at 50°C. The purified 

DNA fragments and backbones were added in equimolar concentrations to the 1.33X Gibson 

reaction mix (Thermo fisher), in 2 µL reactions. The reactions were then incubated for 10 

minutes at 37°C, followed by 15 minutes at 50°C, after what transformation was performed 

(Figure 14). 

 

 
Figure 14: Gibson Assembly (adapted from Biorender)  

 

For both RagA and RagC, the insert gene was cloned into a pFloat.cspA vector (Appendix 3) 

with Kanamycin resistance, conferring the protein an N-terminal Hexa-histidine Tag and a 

HRV-3C protease cleavage site. The insert gene of the Ragulator construct was cloned into a 

pFloat.assemble(AB) vector (Appendix 3) with an Hexa-histidine tag on its c7orf59 subunit 

and a GST-tag on the p18 subunit for affinity purification.  

 

The recombinant ligated DNA obtained from the Gibson assembly was transformed into NEB 

(New England Biolabs) 10-Beta E. coli competent cells according to the following protocol : 

0.5 µL of recombinant DNA was added to 50 µL of freshly thawed NEB 10-Beta competent 

cells in a 1.5 mL microtube and incubated on ice for 30 minutes. The cells were then heat 

shocked at 42°C for 45 seconds. 500 µL of SOC medium (Thermo fisher) were added to the 
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transformation reaction and cells were incubated for recovery at 37°C  with shaking 200 

RPM for 1 hour. The recovered cells were pelleted down by centrifugation at 3000 g and 

plated on an LB agar plate 50 μg/ml Ampicillin or Kanamycin (Sigma). The plates were 

incubated overnight at 37°C and individual colonies were picked the day after to be grown 

for minipreps and sequencing. The antibiotic resistance gene was placed in the insert, to 

avoid obtaining colonies from an empty ligated backbone. Thus, only a successfully ligated 

insert would result in bacterial colonies.   

 

3.1.1.3 Miniprep, DNA quantification and sequencing 

 

Individual colonies were resuspended in LB medium (Thermo fisher) and antibiotics 

(Ampicillin/Kanamycin) at a 1:1000 v/v dilution from a 50 μg/mL stock, i.e. 10 µL of 

antibiotics for 10mL of growth medium. They were grown overnight at 37°C with 200 RPM 

shaking in 50 mL bio-reaction tubes (Celltreat scientific). The overnights were minipreped 

the day after using the Qiagen miniprep kit and protocol (Appendix 4). Plasmid DNA was 

quantified through nanodrop measurement of Absorbance at 260 nm using Nanodrop 2000 

(Thermo scientific) and sequenced by Quintarabio.  

 

3.1.2 Expression and growth in LOBSTR cells 

 

The recombinant DNA was transformed into LOBSTR (Low background strain) E. coli 

competent strain (Kerafast), with Chloramphenicol resistance, and plated on LB agar plates 

with 50 μg/mL Kanamycin. This strain is a good choice for expression and purification of 

Histidine-Tagged proteins, because of the very low production of other Histidine-rich 

contaminants (72) The colonies resulting from this transformation were grown as pre-cultures 

in Terrific Broth (TB) medium (Thermo fisher) at 37 °C for 6 hours. 10 mL of pre-culture 

were later added to each 2.8L growth flasks,  containing 1.5 L of TB medium each in addition 

to 25 μg/mL of Kanamycin, 17 μg/mL Chloramphenicol and 0.025% antifoam reagent SE-15 

(Sigma). The cells were grown at 37°C with 200 RPM shaking. 

 

The gene expression of the Rag GTPases was controlled by a Cold shock protein A (cspA) 

promoter, a small bacterial protein whose expression is stimulated by cold shock (73,74). 
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Once the cells OD600 exceeded 2.0, they were cold shocked through incubation on iced water 

for 30 minutes prior to induction of protein expression with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG). Cells were then grown at 15°C and harvested 48h later in 1L 

bottles by centrifugation at 6000 g for 8 minutes in a JLA-8.1000 rotor (Beckman Coulter). 

The cell pellets were frozen in Liquid Nitrogen (LN2), weighed, and stored at -20°C.  

 

The Ragulator construct’s expression is controlled by a bacteriophage T7 RNA polymerase. 

Its transcription is controlled by a lac promoter, on which a lac repressor is bound, inhibiting 

the translation of the T7 RNA polymerase. The induction of protein expression through the 

addition of IPTG inhibits the lac repressor, thus triggering the polymerase’s translation and 

simultaneously translating of our protein of interest (75). After their OD600 exceeded 2.0, 

cells were incubated at 4°C for 45 minutes and protein expression was later induced with 

0.5mM IPTG. Cells were then grown at 18°C and harvested 24 hours later in 1L bottles, also 

by 8 minutes centrifugation at 6000 g, in a JLA-8.1000 rotor . The pelleted cells were frozen 

in LN2, weighed and stored at -20°C.   

 

3.1.3 Purification of the Rag GTPases and Ragulator 

constructs 

 

The entire protein preparation and purification processes were performed at 4°C to avoid any 

protein degradation. Samples were taken at each step, from cell lysis to gel filtration and 

supplemented with 5x SDS-loading dye for SDS-PAGE analysis.  

 

3.1.3.1 Bacteria cell lysis 

 

Lysis buffer A and B (Appendix 5) were added to the frozen cell pellets of the Rag GTPases 

and Ragulator respectively, at a 1:3 w/v ratio. The cells were supplemented with lysozyme 

and stirred at 4°C for 1 hour for initial lysis. In the case of the Rag GTPases constructs, the 

pellets in lysis were supplemented with high quality GTP nucleotides and MgCl2 (Appendix 

5, Lysis Buffer A), to improve the stability of the constructs during the cell lysis and avoid 

protein degradation. In order to ensure the breakage of bacterial cell walls, the pre-lysates 
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were then transferred to a microfluidizer reservoir operating at 4°C, pre-equilibrated with 

cold Phosphate-buffered saline (PBS) (Thermo fisher). Cells were lysed by 3 passages under 

15 000 PSI air pressure, and the final PBS wash was added to the total lysate. 

The proteins to be purified are soluble, the debris from cell lysis were thus pelleted through 1 

hour centrifugation of the lysate at 30 000 g in a JLA-16.250 rotor (Beckman Coulter) at 4°C. 

The supernatant was then passed through a 0.45 μm bottletop-filter (Corning) to remove any 

remaining debris before binding to affinity resin. 

 

3.1.3.2 Affinity Chromatography of the Rag GTPases 

 

For the RagA, RagC, and Rags dimer constructs, the spun-filtered lysate was supplemented 

with 20 mM imidazole and 2 mL bed volume of Nickel (Ni-NTA) agarose resin (Qiagen) 

previously equilibrated with 3 x 10 mL of binding/wash buffer A (50mM HEPES pH 7.0, 100 

mM NaCl, 20 mM imidazole, 0.5 mM TCEP, 0.5 mM PMSF, 2 mM MgCl2, 0.1% Tween20) 

and incubated for binding at 4°C for an hour on a roller mixer.   

The resin-lysate mix was then passed through a 50 mL affinity chromatography column 

(CrystalCruz) to capture the protein-bound Ni-NTA resin. The flowthrough was discarded, 

and the resin was washed in the following order with 150 mL of wash buffer A, 200 mL of 

ATP/High salt buffer A (50mM HEPES pH 7.0, 300 mM NaCl, 5mM ATP, 20 mM 

imidazole, 0.5 mM TCEP, 0.5 mM PMSF, 20 mM MgCl2, 0.1% Tween20) and at last 50 mL 

of wash buffer A. The ATP/High salt wash is used to remove contaminants that cannot be 

removed with regular buffer wash, such as Chaperone proteins, that bind polypeptide chains 

and stabilize them, often acting as a folding helper (76). As our proteins are being purified for 

structural studies, it is important to have a final protein sample as pure as possible. In a 25 

mL volume of wash buffer A, the resin-bound protein was supplemented with 0.18 μM of 

GST-HRV3C protease and incubated overnight in the column at 4°C on a roller-mixer for 

cleavage of the His-Tag. The cleavage flowthrough was collected in a 50 mL falcon tube, and 

the resin was washed 3 times with 5 mL of wash buffer A. Samples were taken at each step : 

40 µL in ½ Column volume (CV) of wash buffer A + 10 μL of 5x SDS-loading dye (the resin 

samples were taken from stirred resin with a cut pipet-tip). An SDS-PAGE analysis was run 

to verify protein expression, purification and release from the resin. The wash and 

flowthrough fractions of the Rag GTPases constructs were concentrated before nucleotide 

exchange, on Amicon Ultra 15 mL (Millipore) regenerated cellulose membrane, with a 10K 
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molecular weight cut-off (MWCO) for RagA and RagC, and 30K for the Rags dimer.  The 

concentration was estimated given the protein’s absorbance at 280 nm its molar extinction 

coefficient (calculated using the ProtParam tool in ExPASy) and molecular weight : 

respectively 29910 and 37015.21 Da for RagA ; 37105 and 44770.16 Da for RagC ; 59250 

and 80795.09 Da for the Rags dimer.  

 

3.1.3.3 Affinity Chromatography of Ragulator 

 

The spun-clarified lysate containing the Ragulator construct was at first incubated for 2 hours 

on a roller mixer at 4°C, with 10 mL bed volume of GSH resin pre-equilibrated with wash 

buffer B (50mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 0.5 mM PMSF, 0.1% 

Tween20). The resin-bound protein was then passed through a 50 mL affinity 

chromatography column and washed with 200 mL of wash buffer B , 250 mL of ATP/High 

salt buffer B (50mM HEPES pH 7.5, 300 mM NaCl, 5mM ATP, 0.5 mM TCEP, 0.5 mM 

PMSF, 0.1% Tween20), and finally 50 mL of wash buffer B. In a 30 mL volume, the resin-

bound protein was supplemented with 2.69 µM of His6-3C protease and 0.45 µM of His7-

TEV protease and incubated overnight at 4°C on a roller-mixer for cleavage of p18’s GST-

tag and c7orf59’s hexa-histidine tag. Similarly as for the Rag GTPases, the cleavage 

flowthrough was collected in a 50 mL falcon tube, and the resin was washed 3 times with 5 

mL of wash buffer B, collected in a separate falcon tube. Samples were taken at each step : 

40 µL in ½ CV of wash buffer B + 10 μL 5x SDS-loading dye (the resin samples were taken 

from stirred resin with a cut pipet-tip) and ran on SDS-PAGE analysis.  

 

In order to remove the His-Tagged proteases, the cleavage flowthrough and wash fractions 

were pulled together and incubated with 2.5 mL bed volume of Ni-NTA resin, for 1 hour at 

4°C on a roller mixer. The protein-bound resin was then again passed through a 50 mL filter 

column and the flowthrough, containing our Ragulator complex free of proteases 

contamination was collected, along with the 3 buffer washes of 5 mL each. The flowthrough 

and washes  were pulled together and concentrated down to 1 mL on an Amicon Ultra 15 mL, 

30K MWCO (Millipore), regenerated cellulose membrane for size exclusion purification. The 

protein concentration was then estimated through absorbance measurement at 280 nm using 

Nanodrop given Ragulator’s molar extinction coefficient 34840 (calculated using the 

ProtParam tool in ExPASy) and molecular weight 65107.01 Da.  
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3.1.3.4 SDS-PAGE Analysis 

 

All protein samples from the affinity purifications (and later size exclusion chromatography 

purifications) were supplemented with 5x SDS denaturing loading dye and incubated at 95°C 

for 3 min, before 8 µL of each sample was applied per well to Bis-Tris 4-12% gels 

(Invitrogen), next to 4 µL of color-prestained 10-250 kDa protein standard (NEB), in 1x MES 

buffer (50/50 of fresh and used) (Thermo fisher), supplemented with 5 mM of Sodium 

bisulfate (Spectrum Chemical). The gels were run at 160V for 60 minutes. In the case of 

SLC38A9, whose purification will be detailed later, the samples were run in 1x MOPS buffer 

(Thermo fisher) at 180V for 60 minutes. The gel was then rinsed with distilled water and 

boiled before staining with InstantBlue® Coomassie Protein Stain (Abcam).  

 

3.1.3.5 Size exclusion purification 

 

As previously mentioned, the protein samples of Ragulator and the post-nucleotide 

exchanged Rags were concentrated down to a 1 mL on regenerated cellulose membranes with 

a molecular weight cut-off no larger than half the molecular weight of the purified proteins. 

The samples were then centrifuged at 21 000 g for 10 min in 1.5 mL tubes, to pellet any 

debris. The resulting supernatants were manually loaded with a syringe onto an Äkta 

purification system (Figure 15) via a 2.0 mL loop and injected at a 0.5 mL/min rate on a 

Superdex 200 16/600 column (Sigma), pre-equilibrated with 1.1 CV of SEC running buffer 

(Appendix 5). Proteins were eluted at a 1 mL/min rate, in 96-deep well blocks with a fixed 

fractionation of 1mL, starting at 0.27 CV.    
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Figure 15: Steps of Fast protein liquid chromatography on an AKTÄ system. (Adapted from Biorender)  

 

Size exclusion chromatography (SEC), also called gel filtration separates proteins based on 

their molecular weight (size). The columns contain small pores, in which smaller proteins 

will be trapped while larger proteins will flow faster. The low molecular weight proteins will 

thus be eluted later than the larger molecular weight proteins. It also enables to evaluate the 

stability and folding of the purified proteins based on their size exclusion profile (peak) (77). 

The fractions corresponding to the different protein peaks were run on SDS-PAGE analysis 

and those containing our purified constructs were pulled and again concentrated on 

regenerated cellulose membranes with the corresponding MWCO : 30 kDa for Ragulator and 

the RagA–RagC dimer and 10 kDa for the single Rag GTPases constructs. The protein 

concentration was estimated through absorbance at 280 nm using Nanodrop, based on the 

given molecular weight and molar extinction coefficient calculated using the ProtParam tool 

in ExPASy. An average was made with 4 measurements of diluted sample after blanking the 

machine with SEC buffer (Appendix 5). The concentrated protein samples were then 

supplemented with 10% glycerol and flash frozen in LN2 in 50 μL aliquots and stored at -

80°C for later use.  

 

3.1.4 Rag-Ragulator complex reconstitutions 

 

The Rag-Ragulator complex is aimed to be reconstituted in its 4 different nucleotide-binding 

states : RagA•GTP–RagC•GTP ; RagA•GDP–RagC•GDP ; RagA•GDP–RagC•GTP and 

RagA•GTP–RagC•GDP. The purified Rag GTPases are heterogeneously bound to GTP and 
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GDP nucleotides, as it is in nature. Thus, the best way to ensure them to be bound to specific 

nucleotides is to “manually” exchange them, with GDP and GppNHp nucleotides. GppNHp 

being a non-hydrolysable GTP analog (Figure 16), this will enable to lock the Rag GTPases 

in their GTP bound conformation. Nucleotide exchange reactions were then performed on 

RagA and RagC after affinity purification before size exclusion chromatography.  

  

 
Figure 16: Molecular structures of GTP, GDP and GppNHp nucleotides.  

 

3.1.4.1 Nucleotide exchange on RagA 

 

The concentrated sample of wild type RagA, obtained after the His-affinity purification, was 

exchanged with both GDP and GppNHp separately in two distinct reactions, enabling to 

obtain two different nucleotide-bound RagA constructs : RagA•GppNHp and RagA•GDP. 

The exchange was made in a 1:5 MgCl2/EDTA molar ratio. Mg2+ ions play a key role in the 

binding of nucleotides to the binding pocket of the Rag GTPases. EDTA removes MgCl2  

which disturbs the nucleotides binding interactions, removing it from the pocket. Thus, 

EDTA will enable to remove the previously bound nucleotides while the presence of Mg2+ 

will enable the rebinding of the added GDP and GppNHp nucleotides.  

The total 1 mL reaction consisted of 200 nmol of the purified RagA, incubated with 20 fold - 

4000 nmol of high quality GppNHp and GDP nucleotides, 4 mM MgCl2 and 20 mM EDTA, 

supplemented with 50 mM GluArg. The Rag GTPases were purified in the presence of 

MgCl2, so a bit extra was added to reach the 4 mM concentration and the reaction was topped 

up with H2O. The exchange reactions were incubated overnight at 4°C, and ran on gel 

filtration the next day.   
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3.1.4.2 Nucleotide exchange on RagC 

 

In the case of RagC, the nucleotide exchanges were also performed on the concentrated 

sample resulting from His-affinity purification. The exchange with GDP was performed 

following the exact same protocol as for RagA, using MgCl2 and EDTA. Nevertheless, in the 

case of exchanging RagC with GppNHp, a less nucleotide-consuming protocol was favored, 

using Calf Intestinal alkaline Phosphatase (QuickCIP) (NEB). This enzyme specifically 

degrades the GTP and GDP nucleotides present in the binding pocket of RagC, leaving it free 

for GppNHp to bind. As the reaction was this time catalyzed by an enzyme, a 10-fold excess 

of GppNHp was sufficient for a complete exchange. 200 nmol of wild-type RagC were added 

to 2000 nmol of GppNHp high quality nucleotides (Jena Bioscience), in exchange buffer : 10 

mM HEPES pH 7.5, 50 mM NaCl, 150 mM (NH4)2SO4, 0.05 mM ZnCl2, 5 mM DTT. The 

Quick CIP enzyme was added - (NEB), at a dose of 0.1 U per nmol from a 5 U/µL stock. The 

reaction was topped up with H2O up to a volume of 1 mL, incubated overnight at 4°C and ran 

on gel filtration the next day.  

 

3.1.4.3 Nucleotide exchange on the Rags dimer 

 

Similarly as for RagA, 200 nmol of the GTPases dimer RagA – RagC was  exchanged with 

high quality GDP nucleotides, added in a 20 fold molar excess,  in a 1:5 molar ratio of MgCl2 

and EDTA, supplemented with 50mM GluArg in a 1 mL reaction volume. The reaction was 

again run on gel filtration after an overnight incubation at 4°C. 

 

3.1.4.4 Ultra Performance Liquid Chromatography  

 

After each nucleotide exchange, the Rags were purified through size exclusion 

chromatography and concentrated to be used in complex reconstitutions. In order to check the 

successful exchange with the chosen nucleotides, the laters were extracted from the purified 

exchanged Rags to be run on Ultra Performance Liquid Chromatography (UPLC). 3 nmol of 

the exchanged Rag GTPases were taken into a 200 μL PCR tube, and the volume was topped 

up to 44 μL by SEC buffer addition (Appendix 5). 2.5 µL of 10% HClO4 was then added to a 
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spin-column filtrate to precipitate the protein, followed by 3.5 µL of 2 M CH3COONa pH 4.0 

to raise the pH. The precipitated protein was pelleted through centrifugation at 21 000 g for 5 

minutes. The supernatant containing the 50 µL nucleotide solution was transferred to an 

insert and placed in a UPLC vial (Waters). 5 µL of each nucleotide sample was then injected 

and run on a 0.2 mL C18 UPLC column (Thermo fisher), monitoring the nucleotide 

absorbance at 254 nm (nucleotides absorb light at 254 nm), using the following standards :  

●      500 µM GTP - Guanosine 5′-triphosphate sodium salt hydrate ≥95% (HPLC) 

(Sigma) 

●      500 µM GDP - Guanosine 5′-diphosphate sodium salt Type I, ≥96% (HPLC) 

(Sigma) 

●      500 µM Gpp(NH)p, ≥ 95 % (HPLC) (Jena Bioscience) 

 

3.1.4.5 Reconstitution and purification of the Rags-Ragulator 

complexes 

 

To allow spontaneous reconstitution of the Rags-Ragulator complex, the Rag GTPases were 

incubated overnight at 4°C with the Ragulator complex at a 1:1:3 ratio, 15 nmol of RagA, 15 

nmol of RagC and 45 nmol of Ragulator. Because of its tail-like structure, the p18 subunit of 

Ragulator can easily be degraded by proteases which is why this ratio was favored to a 1:1:1 

ratio increasing the chances of getting a fully assembled complex. The total reaction volume 

was 250 µL, to enable the reconstituted complex to be loaded directly, without any further 

concentration needed via a 250 µL syringe on a Superdex200 10/300 column (Sigma) pre-

equilibrated with 1.1 CV of SEC buffer (Appendix 5). The sample was directly injected 

through a 500 µL injection loop emptied with 1 mL was injected at a 0.25 mL/min rate, and 

eluted at a 0.5 mL/min rate with a fixed fractionation of  0.3 mL into 96-deep well blocks, 

starting at 0.28 CV.  The reconstituted complex containing fractions were then pulled and 

concentrated on a 30K MWCO regenerated cellulose membrane, and the concentration was 

estimated through nanodrop measurements given the complex’s molar extinction coefficient 

109620  calculated using ProtParam tool in ExPASy, and molecular weights given for the 4 

nucleotide-binding states : 146930.45 Da for RagA•GppNHp – RagC•GppNHp, 146850,50 

Da for both RagA•GDP – RagC•GppNHp and RagA•GppNHp – RagC•GDP, and finally 

146770.49 Da for RagA•GDP – RagC•GDP.  
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3.2 Reconstitution of SLC38A9 into a membrane 

scaffold protein nanodisc 

 

Membrane proteins tend to be extremely unstable when outside of their natural lipid bilayer 

environment. This is a challenge for structural studies, as protein imaging requires the protein 

to be as stable and nicely folded as possible (78). Therefore, membrane protein SLC38A9 is 

to be reconstituted in a membrane scaffold protein (MSP) nanodisc using NW11 as an MSP, 

giving a nanodisc of an 11 nm diameter, reconstituting the natural environment of the protein 

to facilitate later structural studies (78) 

 

3.2.1 Expression and purification of the membrane 

scaffold protein NW11 

3.2.1.1 Expression of NW11 

 

The NW11 construct was designed as follows: NW11-Cys-Avi-3C-His10 with a deca-

histidine-tag for his affinity purification, an HRV3C protease cleavage site to facilitate it’s 

release from Ni-NTA resin, an Avi-Tag to enable future protein biotinylation and a Cysteine-

Tag to be targeted in drug screening experiments (79). The construct was amplified through 

PCR, purified from Agarose gel and cloned into a pFloat.T7 vector (Appendix 3) through 

Gibson assembly. The resulting DNA was cloned into NEB10 beta competent cells using the 

previously described transformation protocol. The DNA from the resulting colonies was 

isolated through miniprep and sequenced to ensure the rightful plasmid assembly.   

The assembled final plasmid was then transformed into LOBSTR (Low background strain)  

E. coli competent strain with Chloramphenicol resistance, on LB agar plates with 50 μg/ml 

Kanamycin. The colonies resulting from this transformation were grown in TB medium as 10 

mL pre-cultures at 37 °C for 6 hours. The pre-cultures were later added to six 2.8L growth 

flasks, each containing 1.5L of TB medium in the presence of Kanamycin 25 μg/mL, 

Chloramphenicol 17 μg/mL and 0.025% antifoam reagent SE-15. The cells were grown at 

37°C with 200 RPM shaking for 17 hours. The protein was expressed with the T7 RNA 

polymerase system. After their OD600 exceeded 2.0, cells were incubated at 4°C for 45 

minutes and protein expression was induced with 0.5mM IPTG. Cells were then grown at 
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18°C and harvested after 24 hours in 1L bottles by centrifugation for 8 minutes at 6000 g, in a 

JLA-8.1000 rotor. The pelleted cells were frozen in LN2 in a 500 mL square bottle, weighed 

and stored at -20°C.   

 

3.2.1.2 Purification of NW11 

 

The cells were thawed and stirred in 1:3 w/v ratio of lysis buffer C (Appendix 5) 

supplemented with lysozyme, at 4°C for 1 hour for initial lysis. The pre-lysate was then 

transferred to  a microfluidizer reservoir operating at 4°C, pre-equilibrated with cold PBS and 

passed 3 times under 15 000 PSI air pressure, to break the bacterial cell walls. The final PBS 

wash was added to the total lysate. The cell lysate was then spun down at 30 000 g for 1 hour 

at 4°C in a JLA-16.250 rotor. The supernatant containing the membrane scaffold protein 

NW11 was passed through a 0.45 μm bottletop-filter to remove any remaining debris, and the 

spun-clarified lysate was supplemented with 20mM imidazole and incubated with 1.5 mL bed 

volume of Nickel-NTA agarose resin pre-equilibrated with 3 x 10 mL of wash buffer C 

(50 mM HEPES pH 7.0, 100 mM NaCl, 0.5 mM TCEP, 0.5 mM PMSF, 20mM imidazole,  

0.1% Tween) for 1 hour at 4°C on a roller mixer. The protein-bound resin was then passed 

through a 50 mL affinity chromatography column, and washed with 150 mL of wash buffer 

C, 200 mL of ATP/High salt buffer C (50 mM HEPES pH 7.0, 500 mM NaCl, 0.5 mM 

TCEP, 0.5 mM PMSF, 20mM imidazole, 5mM ATP, 0.1% Tween) and finally 50 mL of 

wash buffer C. In a 25 mL volume (of wash buffer C), the resin-bound protein was 

supplemented with 1.2 μM of GST-HRV3C protease and incubated overnight in the column 

placed at 4°C on a roller-mixer for cleavage of its deca-histidine tag. The cleavage 

flowthrough was collected in a 50 mL falcon tube, and the resin was washed with 20 mL of 

wash buffer C, separately collected. Samples were taken at each step and ran on SDS-PAGE 

at 160 V for 60 minutes to verify protein expression, purification, and release from the resin.  

The cleavage flowthrough and wash were then pulled together and concentrated on Amicon 

Ultra 15 mL, 10K MWCO, regenerated cellulose membrane (Millipore). The final 

concentration was estimated through absorbance measurement at 280 nm using Nanodrop 

2000 (Thermo Scientific), based on the given molecular weight 24146.3 Da and molar 

extinction coefficient 23950 calculated using the ProtParam tool in ExPASy. The protein was 

supplemented with 10% glycerol and flash frozen in LN2 and stored at -80°C for later use.  
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3.2.2 Expression, Isolation and Purification of SLC38A9 

3.2.2.1 Expression of SLC38A9 

 

SLC38A9 was expressed in mammalian cells with a single Flag-tag. The stable cell line for 

expression was generated through lentiviral transduction of SLC38A9’s gene in Expi293 

cells adapted to Freestyle 293 medium with 1% serum and 1% PenStrep. Similarly as other 

lysosomal proteins, SLC38A9 possesses glycans on its intralysosomal side to protect it from 

degradation by lysosomal proteases (80,81).  

 

In order to shorten the glycans and facilitate later drug screening experiments, the cells were 

treated with 1 µg/mL Kifunensine during culture and expansion. Kifunensine is a drug that 

inhibits α-mannosidase, an enzyme with a crucial role in N-glycans processing and 

polymerization (82). Cells were grown in large volumes of 8 to 12 Liters at 37°C, with 80% 

humidity and 8% CO2 and shaking at 125 rpm. Cells were supplemented with 4 mM VPA 24 

hours after reaching a 2 millions/mL confluency, and harvested 48 hours later in 1L bottles at 

4000 g in a JLA-8.1000 rotor. The cells pellets were weighed and frozen in LN2 and stored at 

-20°C.  

 

3.2.2.2 Cell lysis and membrane isolation 

 

Cells were later thawed in a 1:4 w/v ratio of lysis buffer D (Appendix 5), stirring for 1 hour at 

4°C for initial lysis. In order to complete cell lysis and disruption, the pre-lysate was then 

transferred to a microfluidizer reservoir operating at 4 °C, and passed 3 times under 15 000 

PSI air pressure. Cold PBS was used for initial buffer equilibration and final wash. The 

resulting lysate was spun down at 30 000 g in a JLA-16.250 rotor for 45 min at 4°C, to pellet 

as many debris as possible before membranes isolation. The supernatant was then transferred 

to new ultracentrifuge tubes pre-chilled on ice and centrifuged at 165 000 g for 1 h 30 at 4°C 

in a Ti45 rotor (Beckman), to pellet the cell membranes. The supernatant was discarded and 

the pelleted membranes were resuspended in membrane resuspension buffer, added at a 1:5 

w/v ratio, containing 50 mM HEPES pH 8.0, 500 mM NaCl, 20% glycerol, 1 mM TCEP, 1 

mM PMSF,  ~1 % DDMw/v and 1 tablet of half dose EDTA-free protease inhibitors (Roche 

Ultra) per 50 mL of buffer. The membranes were left stirring in the buffer at 4°C for 16 hours 



32 

 

until complete homogenization. The solubilization mixture was then transferred to clean 

ultracentrifuge tubes and spun down at 165 000 g for 30 minutes at 4°C in a Ti-45 rotor for 

final debris removal. The resulting supernatant was used for binding to 1.5 mL of bed volume 

of Anti-FLAG M2 Affinity Gel (Sigma), pre-equilibrated with wash buffer D and incubated 

for 2 hours at 4°C on a roller mixer.  

 

3.2.2.3 SLC38A9 Purification 

 

The resin-bound protein was then captured on a filter column and washed with 30 mL and 

later 70 mL of binding wash buffer D (50 mM HEPES pH 8.0, 150 mM NaCl, 10% glycerol, 

0.5 mM TCEP, 1 mM PMSF,  0.5mM  DDM), and finally 75 mL of ATP/High salt Buffer D 

(50 mM HEPES pH 8.0, 500 mM NaCl, 10% glycerol, 0.5 mM TCEP, 1 mM PMSF,  0.5 mM  

DDM, 5mM ATP), followed with 20 mL of wash buffer D. The Flag-SLC38A9 was then 

eluted from the resin with 5 rounds of 10 minutes incubations with 4 mL of Elution buffer 

(50 mM HEPES pH 8.0, 150 mM NaCl, 10% glycerol, 0.5 mM TCEP, 1 mM PMSF,  0.5mM  

DDM, 175 μM of 3xFLAG peptide). Similarly as for previous purifications, samples were 

taken at each step, and ran on SDS-PAGE in 1x MOPS buffer (Thermo fisher) at 180V for 60 

minutes to verify protein expression, purification and release from the resin. The elution 

fractions were then supplemented with 50mM GluArg and concentrated on Amicon Ultra 15 

mL, 30K MWCO, regenerated cellulose membrane (Millipore), down to 0.5 mL to be run on 

size exclusion chromatography. Glycans being known to have an important role in protein 

stability (83), this will also enable to assess the overall stability and folding of the protein 

after its glycans have been shortened through Kifunensine treatment.  

 

After a spin at 21 000 g to remove any debris or precipitated protein, the concentrated protein 

sample of SLC38A9 was injected onto a Superdex 200 10/300 column (Sigma) through a 1 

mL injection loop into an Äkta purification system and eluted at a 0.5 mL/min rate with Size 

exclusion buffer (25 mM HEPES pH 8.0, 150 mM NaCl, 0.5 mM TCEP, 0.04% DDM). After 

the size exclusion run, the fractions were analyzed through SDS-PAGE electrophoresis. 

Those corresponding to the SLC38A9 protein peak were pulled and concentrated on 30K 

MWCO Amicon regenerated cellulose membranes. The protein concentration was estimated 

through absorbance at A280 using Nanodrop, based on the given molecular weight 64793.61 

Da and molar extinction coefficient 88240 calculated using the ProtParam tool in ExPASy. 
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The protein was supplemented with 10% glycerol and flash frozen in LN2 and stored at -80°C 

for later use.  

 

3.2.3 Reconstitution of SLC38A9 into the NW11 nanodisc 

3.2.3.1 Determining the ideal lipid composition 

 

Human membranes contain a variety of lipids. In order for the reconstituted nanodisc to be as 

representative as possible, the lipid composition must be as close to the one of human 

lysosomes as possible. Endosomal membranes appear to contain 30% of Phosphatidylcholine 

(PC), 30% of Cholesterol (CHS), 15% of Sphingomyelin (SM), 11% of 

Phosphatidylethanolamine (PE), 7% of Phosphatidylinositol (PI) and 7% of bis(monoacyl-

glycero) phosphate (BMP)  (84). Though, in the case of lysosomes, BMP doesn’t seem to be 

a part of the outer lysosomal membrane composition and is thought to be sitting on the 

intralysosomal part of the membrane (85).  

 

The following lipid composition was tried for nanodisc assembly, based on the composition 

of endosomal membranes and the available lipids:  

- 42% (21µmol) of zwitterionic phosphatidylcholine (POPC) (Avanti),  

- 16% (8µmol) of Positively charged phosphatidylethanolamine (POPE) (Avanti),  

- 42% (21µmol) of Cholesterol (CHS)  

at different NW11:Lipids ratios (1:25, 1:50, 1:75, 1:100, 1:150 and 1:200) to determine 

which one would give the best nanodisc assembly and the cleanest separation on gel 

filtration. Lipids were dissolved in 25 mM HEPES pH 7.5 and 300 mM sodium cholate to a 

100 mM stock solution (3 x excess of detergent), and sonicated to get rid of micelles. These 

stock solutions were then used in nanodisc reconstitution trials with NW11.  

 

30 μM of NW11 was added to lipids in buffer (25 mM Hepes pH 8.0, 150 mM NaCl) with a 

final sodium cholate concentration of 30mM, and incubated at room temperature for 30 

minutes. 70 mg of biobeads, previously washed with methanol, water and SEC buffer 

(Appendix 5) were added to the reaction and incubated overnight at 4°C for detergent 

removal and nanodisc assembly. The reconstitution sample of a 100 µL total volume, was 

then spun down on a 2.2 μm spin filter at 21 000 g to remove biobeads and any “solid debris” 
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before injection of the size exclusion column. The resulting eluate was then again spun down 

for 10 min at 21 000 g before injecting 25 μL on a 3.2/300 superose6 column (Sigma) for size 

exclusion chromatography, eluting with  the nanodisc reconstitution SEC buffer (Appendix 

5). 

 

The same protocol was then tried with SLC38A9, this time with two different lipids 

compositions:  

● 42% of POPC (21µmol), 16% of POPE (8µmol), 42% of CHS (21µmol)  

● 35% of POPC (17.5µmol), 13% of POPE (6.5µmol), 35% of CHS (17.5µmol), and 

17% of SM (8.5µmol)   

And 3 molar ratios of SLC38A9:NW11:Lipids  

● 1:10:250 

● 1:10:500 

● 1:10:750 

The resulting samples were also run on gel filtration on a 3.2/300 superose6 column, eluted 

with the same buffer SEC buffer (Appendix 5)  

 

3.2.3.2 Nanodisc reconstitution 

 

These trials enabled to optimize of the reconstitution protocol. The 1:10:750 ratio was 

favored and used for the final reconstitution of SLC38A9 into the NW11 nanodisc. The aim 

is for each molecule of NW11 to be loaded with one SLC38A9 molecule. The separate 

components were added in the following order in a 250 µL reaction. 

1) 7.5 mM POPC:POPE:CHS 

2) Size Exclusion buffer (25 mM Hepes pH 8.0, 150 mM NaCl, 0.5 mM TCEP) 

3) Cholate buffer (25 mM Hepes pH 8.0, 150 mM NaCl, 0.5 mM TCEP, 200 mM sodium cholate) 

4) 9 μM SLC38A9 

5) 90 μM NW11 

 

The mixture was incubated on ice for 1 hour, before addition of 175 mg of Biobeads 

previously washed in 1 mL rounds, 4 times with methanol, 3 times with H2O, and 2 times 

with size exclusion buffer. After 30 minutes incubation on ice, the tube containing the 

reconstitution mixture and the biobeads was incubated for 3 hours on a roller-mixer at 4°C 
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(86). It was observed in the reconstitution trials that biobeads tend to add an extra volume 

~25 μL, which was taken into account in the total reaction volume. The reconstituted 

nanodiscs mixture was then transferred to a 1.5 mL tube containing a 0.45 μm spin-filter and 

span down at 21,000 g for 2 min to remove all biobeads. The filtered nanodiscs were again 

centrifuged at the same speed for 10 min to pellet any precipitated protein before loading 

onto a Superdex200 10/300 column for size exclusion chromatography. The peaks resulting 

from this purification were analyzed through SDS-PAGE. Those containing the reconstituted 

SLC38A9 loaded nanodisc were pulled and concentrated on 30K MWCO Amicon 

regenerated cellulose membrane. The protein concentration was estimated through 

absorbance at 280 nm using Nanodrop, based on the given molecular weight 113050.18 Da. 

and molar extinction coefficient 136140 calculated using the ProtParam tool in ExPASy. The 

concentrated protein was then flash frozen in LN2 and stored at -80°C for structural studies. 
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4 Results and Discussion 

4.1 Rag-Ragulator Complex reconstitution 

4.1.1 Cloning, transformation and sequencing 

 

The genes for RagA, RagC and Ragulator were successfully amplified through PCR, inserted 

and ligated to their respective vectors through Gibson assembly. After the obtained DNA was 

transformed into NEB10BETA competent cells (NEB) and minipreped, DNA sequencing 

showed the correct insertion of RagA, RagC and Ragulator genes in their respective vectors. 

Thereafter, the assembled plasmids were transformed into LOBSTR competent cells that 

were grown for large scale protein expression. 

 

4.1.2 Expression and purification of the core components 

4.1.2.1 RagA 

 
The RagA construct, efficiently expressed in the LOBSTR E. coli strain, was at first purified 

by affinity chromatography. In order to increase the purity, the protein was not eluted but  

released from the resin through cleavage of its Hexa-histidine tag by a Glutathione S-

transferase-tagged HRV3C protease.  

                   
Figure 17: SDS-PAGE analysis of RagA’s His-Affinity purification. Lysate samples were taken before and after 

binding to Ni-NTA resin. The HRV3C cleavage samples were taken directly on the resin bound-protein, 
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respectively after the last buffer wash (before), after the overnight incubation with the HRV3C protease 

(cleavage) and from the cleavage flowthrough and wash.   

 

 

The RagA construct, appearing as the heavy bold band below 43 kDa, showed a high 

expression in bacteria, as it seems to be present in significant amounts in the cell lysate 

before Ni-NTA binding (Figure 17). The absence of that band in the binding flowthrough 

shows an efficient binding to the Ni-NTA resin. As mentioned above, the protein was not 

eluted but was instead released from the resin through overnight cleavage of its His-Tag by a 

HRV3C protease. The cleavage wasn’t 100% efficient, as there appears to be quite a 

population of uncleaved RagA construct. It did enable to increase the purity of the final 

protein sample, releasing the cleaved construct along with its chaperone proteins. Only a 

small portion of which remained on the resin, along with the uncleaved construct (probably 

because it is attached to the chaperones). Releasing the protein through protease cleavage was 

successful as both the uncleaved construct and the Histidine-rich contaminants remained 

bound to the resin (Figure 17). The pulled cleavage flowthrough and wash, concentrated to a 

4.6 mL volume gave a concentration of 117.02 µM. 

 

4.1.2.2 RagC 

          
Figure 18: SDS-PAGE analysis of RagC’s His-affinity purification. This gel shows the analysis of all the 

samples taken throughout the RagC’s affinity purification, after each resin buffer wash and at each cleavage 

step, and finally from the leftover resin.  
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Similarly as for RagA, RagC was purified through Histidine-affinity chromatography. The 

ATP/high-salt buffer wash did not increase the overall purity and did not actually remove the 

chaperone proteins. The release of the protein by cleavage of its N-terminal His-Tag by a 

GST-tagged HRV3C protease, enabled to improve the purity of the final sample. RagC 

truncations are observed in Figure 18, especially in the washes and leftover resin samples. 

This could be due to partial digestion by proteases, and is a possible explanation for why the 

RagC construct band became smeary after cleavage, overlapping with the truncations bands. 

Thanks to a high cleavage efficiency, most of the cleaved construct was released from the 

resin in both the cleavage flowthrough and wash fractions. Only a small portion remained on 

the leftover resin. A few contaminants seem to remain in the final protein sample (Figure 18), 

but will be removed by size exclusion chromatography after the nucleotide exchange is 

performed. The pulled flowthrough and wash, concentrated to a 4 mL volume gave a 

concentration of 447.24 µM. 

 

4.1.2.3 RagA – RagC dimer 

 

Some issues faced with the GDP exchange of RagC, described later in this section, 

compromised the reconstitution of the RagA•GDP–RagC•GDP and RagA•GTP–RagC•GDP 

complexes with Ragulator. To counteract this issue and enable the reconstitution of the GDP-

GDP complex, the wild type Rag GTPases were expressed as a dimer, with an hexa-histidine 

tag on RagC, for nucleotide exchange with GDP nucleotides.  
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Figure 19: SDS-PAGE analysis of the His-affinity purification of the RagA–RagC dimer construct. This gel 

shows the analysis of all the samples taken throughout the Rags dimers’ Ni-NTA purification. 
 

The cleavage of RagC’s hexa-histidine tag by HRV3C protease, enabled the Rags dimer to be 

released from the Ni-NTA resin after the buffer washes. Both RagA and RagC bands are 

observed in the cleavage flowthrough and wash fractions, though some cleaved RagC 

construct, in monomer, seems to have remained bound on the resin, along with most of the 

impurities and a very small proportion of RagA. (Figure 19) The pulled cleavage flowthrough 

and wash fractions, concentrated to a 1.5 mL volume gave a concentration of 460.76 μM. 

 

4.1.2.4 Ragulator 

 

The pentameric complex Ragulator, is the other core component of the Rag-Ragulator 

complexes that are to be reconstituted.  This complex consists of 5 different subunits : 

c7orf59, HBXIP, p14, MP1 and p18. Tags were attached to two of these subunits, along with 

the protease cleavage sites : an hexa-histidine tag and an HRV3C protease cleavage site on 

c7orf59 and a GST tag with a TEV protease cleavage site on p18. The complex was at first 

purified through GSH-affinity chromatography, both tags were cleaved off on GSH resin 

using His7-TEV and His6-HRV3C, and the purified complex was then incubated with Ni-

NTA resin to remove cleaved tag and the proteases.  

                                
Figure 20: SDS-PAGE analysis of the Ragulator complex’s GSH-affinity purification. This gel shows the 

analysis of all the samples taken throughout this affinity purification. 

 

The ATP/High-salt wash did not improve the overall purity before cleavage by proteases and 
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did not significantly affect the presence of the chaperone protein (Figure 20). Several bands 

are observed in the washes samples in Figure 20, between 55 kDa and 26 kDa. The obvious 

one is GST-p18 between 55 and 43 kDa, but there also appears to be some GST-p18 

truncations between 43 and 30 kDa, along with some GST-Tag unbound to p18 above 26 

kDa, which may be due to leaky expression. The cleavage of GST-p18 by the His7-TEV 

protease was close to a 100% efficient, as the GST-p18 band disappears and a size shift is 

observed from 44,5 kDa to distinctively ~24 kDa for p18, that runs above its real 17,7 kDa 

size, and ~27 kDa for GST (Figure 20). Similarly, a shift is observed on the c7orf59 subunit 

running below 17 kDa, after the cleavage of its hexa-histidine tag by the His6-HRV3C 

protease. This subunit runs above its 10,7 kDa size and forms the dome observed on the gel. 

The bands of p14 and MP1, of respectively 13,5 and 13,6 kDa, overlap on the gel. Finally the 

band corresponding to HBXIP, can be observed around 11 kDa, above its 9,6 kDa size. Both 

the binding to GSH resin and the release by tag cleavage enabled to get a sample with very 

little impurities. It also avoided GST tag sample pollution as it remained bound to the GSH 

resin, improving the chance to obtain a very pure sample after gel filtration. In order to 

remove the small number of remaining contaminants, along with the leftover tags and 

proteases, the cleavage flowthrough and wash fractions were pulled and incubated with His-

affinity resin and later passed through a filter column.  

 
Figure 21: SDS-PAGE analysis of the Ragulator complex’s Histidine-affinity purification. This gel shows the 

analysis of all the samples taken throughout Ragulator’s His-affinity purification. 

 

 

The binding flowthrough shows clean protein fractions of the 5 ragulator subunits : c7orf59, 

HBXIP, p14, MP1 and p18. It looks like some GST bound unspecifically to the Ni-NTA resin 
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(Figure 21), which enabled to get a very clean final sample before the gel filtration run. Only 

the large molecular weight chaperone remained present.   

The Ragulator complex was then run on a Superdex200 16/600 size exclusion 

chromatography column to separate the full complex from the large molecular weight 

chaperones that didn’t get off in the affinity chromatography step. 

 

Figure 22: Size exclusion purification of the Pentameric Ragulator Complex. (A) Gel filtration chromatogram. 

(B) SDS-PAGE analysis.   

 

Some chaperone still came out in the Ragulator peak, although most of it came out earlier 

during the run (Figure 22A,B). This could be a chaperone that plays an important role in 

maintaining the Ragulator complex, which could explain why it doesn’t fully separates. There 

also appears to be some partially assembled Ragulator contamination in the second peak, 

where p18 appears to be degraded (Figure 22B). Nevertheless, the final sample is overall 

quite pure. The peak 1 containing fractions were pulled and concentrated giving a final 

concentration of 407.58 μM in a 1.5 mL volume.  

 

4.1.3 RagA•GppNHp – RagC•GppNHp – Ragulator  

 
The aim is to image the Rag-Ragulator complex in one of its transient states, when both Rag 

GTPases are bound to GTP. Nevertheless, it is hard to predict which nucleotide bound state 

the purified Rag GTPases will be in at the point of imaging. Moreover, the GTP bound state 

is transient, as GTP is easily hydrolyzable. Therefore, RagA and RagC were exchanged with 

GppNHp, a non hydrolyzable GTP analog, enabling to lock the Rag GTPases in this specific 
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GTP bound conformation. The exchanged Rags were then run on size exclusion 

chromatography for purification and desalting before undergoing UPLC analysis to ensure 

the success of the exchange. 

4.1.3.1 Size exclusion purification of the GppNHp exchanged     

GTPases 

 

Both constructs were run on size exclusion chromatography on a Superdex200 16/600 

column to remove the excess nucleotides, along with potential impurities from the Ni-NTA 

purification.   

 

 

Figure 23: Size exclusion purification chromatograms of RagA and RagC after Nucleotide exchange, showing 

sample absorbance at 254 and 280 nm. (A) RagA - GppNHp. (B) RagC - GppNHp.  

 

 

The size exclusion profiles showed the separation of the exchanged constructs from the 

excess nucleotides. RagA’s purification resulted in a clean and sharp peak. (Figure 23A) The 

RagC construct shows a higher level of void aggregation and was eluted quite early in the run 

(Figure 23B), which is due to a mistake in the Äkta program that started the elution after 0 

CV instead of 0.28 CV as for the RagA construct. Nevertheless, the purification was 

successful. The concentrated collected fractions of each construct gave a final concentration 

of 95.3 µM in a 1 mL volume for RagA and 192.97 µM in a 250 µL volume for RagC.  
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4.1.3.2 UPLC Analysis 

 

         
Figure 24: UPLC analysis of the nucleotide exchange of RagA with GppNHp nucleotides, along with  

the nucleotide standards of GDP, GTP and GppNHp  showing the nucleotides absorbance at 254 nm in 

pourcentage. 

 

The nucleotide standards of GppNHp, GTP and GDP were included in the UPLC analysis, 

enabling to compare the peaks with those obtained by the analysis of the GppNHp exchanged 

RagA. The peaks observed in the GTP and GDP nucleotides analysis, do not show in the 

RagA•GppNHp sample analysis (Figure 24). On the other hand, peaks are observed on both 

the GppNHp standard and the RagA•GppNHp sample around 0.90 min, 1.45 min and 3.10 

minutes, with a 1 to 4 seconds difference. The exchange of RagA with GppNHp was thus 

successful.  

                    
Figure 25: UPLC analysis of the nucleotide exchange of RagC with GppNHp nucleotides, along with the 

nucleotide standards of GDP, GTP and GppNHp, showing the nucleotides absorbance at 254 nm in 

pourcentage.  
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Similarly as for RagA, the purified RagC construct exchanged with GppNHp does not present 

the peaks observed for the GDP and GTP nucleotide standards, but presents peaks at the same 

time points as the GppNHp standard around 0.90 min, 1.45 min and 3.10 minutes with a 1 to 

5 seconds difference (Figure 25). The exchange of RagC with GppNHp was thus successful.  

 

4.1.3.3 Reconstitution of the complex 

 

As mentioned previously, the p18 subunit of Ragulator plays a big role in its interaction with 

the Rag GTPases and thus in the assembly and stability of the Rag-Ragulator complex along 

with p14 and MP1. Because of its N-terminal tail-like structure, p18 gets easily truncated by 

proteases. A too large concentration of degraded p18 in the complex reconstitution would 

compromise the assembly of the Rag-Ragulator complex, to the profit of a significant amount 

of the RagA–RagC heterodimer. To avoid this, the complex reconstitution reaction was set up 

with a stoichiometry of 1:1:3 (RagA : RagC : Ragulator), increasing the chances of a 

successful Rag-Ragulator complex assembly. The reconstituted complex was obtained after 

an overnight incubation and ran on size exclusion chromatography through injection onto a  

Superdex200 10/300 column.  

 

 

Figure 26: Size exclusion of the RagA•GppNHp–RagC•GppNHp–Ragulator complex reconstitution. (A) 

chromatogram, (B) SDS-PAGE analysis.  

 

The different protein profiles were nicely separated by size exclusion chromatography. The 

fully reconstituted complex is eluted in the first peak, around 12.5 mL (Figure 26A). All the 
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complex components of the complex : RagA, RagC, and the 5 Ragulator subunits, appear in 

the SDS-PAGE analysis of this first protein profile, though the HBXIP subunit looks very 

shady (Figure 26B) which has also been observed in previous reconstitutions (Appendix 1). 

The second profile eluted around 15 mL also seems to contain the 5 Ragulator subunits as 

well as RagC, but RagA appears to be less present, which explains the size shift observed. In 

the third peak, eluted around 17 mL, both RagA and RagC appear to have been degraded. In 

addition to this, the Ragulator subunit p18, previously running right below 26 appears to be 

truncated, as a small size shift is observed between the peak 2 and peak 3 samples on the gel 

(Figure 26B). The concentrated peak 1 containing fractions gave a final concentration of 

90.77 µM, in a 50 µL volume.  

 

4.1.4 RagA•GDP – RagC•GppNHp – Ragulator  

 

The RagC•GppNHp construct obtained from the exchange of RagC with GppNHp, and used 

in the previous reconstitution was here also used as a binding partner for RagA. Thus, the 

nucleotide exchange was only performed on RagA to obtain a GDP bound construct.  

 

4.1.4.1 Nucleotide exchange of RagA with GDP 

 
The sample resulting from the exchange of RagA with GDP was run on a Superdex 16/600 

for size exclusion chromatography and a UPLC analysis was later performed to ensure that 

the construct was successfully loaded with GDP. The size exclusion chromatography of 

RagA•GDP gives a clean protein profile, nicely separated from the excess nucleotides (Figure 

27B). 
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Figure 27: Nucleotide exchange of RagA with GDP. (A) UPLC chromatography analysis, showing the 

nucleotides absorbance at 254 nm in pourcentage (B) Size exclusion purification of the exchanged 

RagA•GDP, showing absorbance curves at 280 and 254 nm.  

 

The UPLC analysis of GDP exchange on RagA (Figure 27A) appears to be quite strange. The 

GDP peak is clearly present at 1.19 minutes, but there seems to be a lot of “background” 

contamination, observed from the small peak at 1.79 minutes and the loopy peak at 3.12 

minutes. This could be due to contaminations from the previous runs. RagA nevertheless 

appears to be loaded with GDP.  

 

4.1.4.2 Complex reconstitution 

 

 

 

Figure 28: Size exclusion of the complex reconstitution (A) chromatogram, (B) SDS-PAGE analysis 

 

 

As observed in the previous reconstitution, the fully reconstituted complex is eluted at 12.5 

mL. The corresponding peak shown in the SDS-PAGE analysis contains all 7 proteins of the 

reconstituted complex : RagA•GDP, RagC•GppNHp, p18, p14, MP1, c7orf59 and HBXIP. 

Whereas only p14, MP1, c7orf59 and HBXIP are present in the second peak and the third 

peak contains almost no protein (Figure 28A,B). The concentrated peak 1 containing 

fractions gave a final concentration of 24.04 µM, in a 30 µL volume.  
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4.1.5 RagA•GDP – RagC•GDP – Ragulator 

4.1.5.1 Nucleotide exchange of RagC with GDP 

 
The RagA construct, previously exchanged with GDP nucleotides was to be used in this 

reconstitution as well. Thus, only RagC remained to be exchanged with GDP. 

 
Figure 29: Size exclusion chromatogram of RagC after nucleotide exchange with GDP. 

 

 

The size exclusion profile of the GDP exchanged RagC construct shows a nice separation of 

the protein from the excess GDP nucleotides. Nevertheless, there appears to some unexpected 

protein profiles : a large peak is eluted around 70 mL and other small peaks are observed 

around 80 mL, 90 mL and 100 mL (Figure 29) when it had been observed from previous 

protein preps that RagC is usually eluted between 85 mL and 90 mL on Superdex200 16/600 

column. 

 

This could be explained by a possible phenomenon of polymerization of RagC. It is unlikely 

to be aggregated, as very little protein is present in the void volume, eluted around 45 mL 

(Figure 29). Regardless, the uncertainty made this exchanged RagC useless for complex 

reconstitution for further structural studies. This compromised both the RagA•GDP– 

RagC•GDP–Ragulator and RagA•GTP–RagC•GDP–Ragulator reconstitutions. In order to 

skirt this issue, the Rag GTPases were exchanged with GDP as a dimer, aiming to perform 

the RagA•GDP–RagC•GDP–Ragulator reconstitution. 
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4.1.5.2 Nucleotide exchange of the Rags dimer with GDP 

 
Just like the RagA construct, the RagA–RagC dimer was exchanged with high quality GDP 

nucleotides in a 1:5 molar ratio of MgCl2 and EDTA, supplemented with 50mM GluArg.  

 

 
Figure 30: UPLC chromatography analysis of the Nucleotide exchange of the RagA-RagC dimer with GDP,  

showing the nucleotides absorbance at 254 nm in pourcentage. 

 

 

The UPLC analysis of the GDP exchanged Rags dimer shows a sharp peak at 1.20 minutes, 

which can be identified in the GDP nucleotide standard, but also a sharp peak at 1.78 minutes 

that is identified in the GTP standard. In addition to this, the sample also presents a peak at 

3.14 minutes, similarly as the one observed in the GppNHp standard,  (Figure 30) which can 

be assimilated to a small GppNHp contamination of the column. Nevertheless, there seems to 

be a mixture of GTP and GDP bound RagA–RagC dimer, from which it can be concluded 

that the GDP exchange was unsuccessful. Despite several more trials, this compromised the 

reconstitution of the GDP-GDP complex.  
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4.2 Reconstitution of SLC38A9 in an NW11 nanodisc 

4.2.1 Cloning, transformation, and sequencing of NW11 

 

After the NW11 gene insert was amplified through PCR, inserted and ligated to the pFloat.T7 

vector through Gibson Assembly, the DNA was transformed into NEB10BETA competent 

cells and minipreped. DNA sequencing showed the correct insertion of the gene into the 

vector. After what, the assemble plasmid was transformed into LOBSTR competent cells that 

were grown for large scale protein expression. 

 

4.2.2 Expression and purification of NW11 

 

The membrane scaffold protein NW11 construct was cloned with an Avi-Tag to later enable 

protein biotinylation and with a Cysteine-containing fusion tag for site targeted drug 

screening experiments. A deca-histidine tag was also added, along with a 3C protease 

cleavage site for His affinity purification.  

 
Figure 31: SDS-PAGE analysis of the His-Affinity purification of the NW11 construct 

 

 

The NW11 construct showed a high expression in bacteria. The corresponding band, running 

right above 26 kDa appears quite smeary. This is especially observed in the washes and 

cleaved samples in Figure 31, and could be due to the high protein expression. There also 
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appears to be two NW11 populations, even before cleavage by HRV3C. The band running at 

the size of the cleaved construct could be a His-tagged NW11 truncation, as it’s not coming 

off the resin during the washes. The later slightly improved the purity, but many of the 

impurities remained present. It is hard to evaluate the efficiency of the cleavage by HRV3C 

because of the presence of the NW11 truncation running at the same size, though the band 

right below 26 kDa seems to get thicker in the cleavage sample (Figure 31). Nevertheless, 

some cleavage did occur as the cleavage flowthrough and wash samples contain the cleaved 

construct with a very high purity. Nonetheless, a strong population of uncleaved construct is 

still present both in the cleavage sample and on the leftover resin. Thus, the NW11 bound to 

the leftover resin was again incubated at 4°C overnight with 1.2 µM HRVC protease for 

further cleavage.   

 

  
Figure 32: SDS-PAGE analysis of the Second incubation of the NW11 construct with HRV3C protease for 

further cleavage.  

 

 

This second cleavage looks similar to the first one, though the band of the uncleaved NW11 

construct gets weaker more significantly, while the band of the cleaved construct gets 

stronger. The cleaved construct is again released from the resin in the cleavage flowthrough 

and wash fractions. The two populations of NW11 are still present on the leftover resin 

(Figure 32), but a more significant amount got released compared to the first cleavage.  

Considering the level of sample purity, the flowthrough and wash fractions from both 

cleavages were pulled together, concentrated and flash frozen in LN2 for later use in nanodisc 

reconstitution.  
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4.2.3 Expression and purification of SLC38A9 

4.2.3.1 Affinity Purification 

 
SLC38A9 is to be expressed with short glycans, to facilitate future drug screening 

experiments. This was done through treatment of the cells with Kifunensine. The protein was 

expressed with a Flag-tag, facilitating purification to obtain a very pure sample, as very few 

of the other proteins will be binding to the anti-flag resin.  

 

Figure 33: SDS-PAGE analysis of SLC38A9’s Flag-purification 

 

 

Elution from Anti-flag resin using a 3xFlag peptide indeed enabled to obtain an almost 

contaminant-free protein preparation, even before the buffer washes. The only contaminant 

that seems to remain and is eluted by the Flag-peptide addition is running right above 72 kDa 

(Figure 33). It could be a chaperone protein of SLC38A9, which would explain why it 

doesn’t get separated by Flag-affinity purification. The fully glycosylated SLC38A9 tends to 

run as a large smear (52), the reason for this stretch is the length of the glycans and their 

heterogenous distribution. The expression with short glycans looks successful, as there seems 

to be a homogenous glycans distribution, resulting in the protein running as a clear band 

rather than a smear. The elution fractions were pulled and concentrated for size exclusion 

purification, enabling to assess the stability of SLC38A9 when expressed with short glycans.  
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4.2.3.2 Size exclusion purification 

 
Even though the sample obtained after elution of SLC38A9 from flag resin was highly pure, a 

size exclusion chromatography step was performed both to remove the high molecular weight 

contaminant that remained after the Flag purification, and to assess protein stability after its 

expression with short glycans. This cannot be seen on SDS-PAGE as the protein is denatured. 

Thus, the concentrated protein sample was injected onto a Superdex 200 10/300 column for 

gel filtration purification.  

 

 

 
Figure 34: Size exclusion chromatogram of SLC38A9 showing the absorbance curve at 280 nm and SDS-PAGE 

analysis of the corresponding protein peak.  

 

 

The size exclusion profile of the short glycans SLC38A9 shows a nice and sharp peak, which 

emphasizes a nice protein folding and stability (77). This step seems to have significantly 

removed the contaminant running above 72 kDa, though a small amount remains. (Figure 34) 

This is very promising for the next steps of the nanodisc reconstitution and later the drug 

screening experiments. The concentrated fractions of the SLC38A9 protein peak gave a final 

concentration of 17.82 μM in a 240 µL volume.   
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4.2.4 Determination of the lipid composition and ratio for 

nanodisc assembly 

 
Different ratios and compositions of the lipids majoritarily present in biological membranes 

were used in order for the SLC38A9 in nanodisc to be as representative as possible to those 

found in Nature. This simultaneously enabled to assess the assembly, stability and separation 

of the reconstituted nanodiscs, both with and without SLC38A9 through size exclusion 

chromatography. 

4.2.4.1 Empty nanodisc reconstitution trials 

 
NW11 was incubated with different ratios of lipids for nanodisc reconstitution trials. The 

resulting samples were run on size exclusion chromatography on a superose 6 3.2/300 

column.  

 

 
Figure 35: Overlay of size exclusion runs of nanodiscs reconstitution with NW11 and lipids 

(Phosphatidylcholine, phosphatidylethanolamine and cholesterol) at 6 different ratios : 1:25, 1:50, 1:75, 1:100, 

1:150, and finally 1:200.  

 

A small size shift is observed in Figure 35 between the empty NW11 (MSP) coming out 

around to 2.1 mL, and the NW11 loaded with lipids, coming out closer to 1.9 mL. This 

enables to evaluate the successful assembly of the nanodisc. The lipid ratios above 1:100 

gave a lot of aggregates, as a significant amount of protein came out in the void volume. It is 

observed from the curves that the higher the lipid ratio, the higher the amount of aggregates 
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(Figure 35). In the case of the 1:150 and 1:200 ratios, the amount of aggregates is even higher 

than the amount of assembled nanodisc. This can easily be explained as the hydrophobic 

interactions increase with the amount of lipids, thus forming more aggregates.  

The ratios below 1:100 on the other hand give a nicer result. There seems to be very little 

aggregation in the 1:75 ratio, whereas the 1:50 and 1:25 ratios almost don’t give any, while 

still exhibiting a successful nanodisc assembly (Figure 35). 

 

4.2.4.2 Reconstitution trials of the nanodisc with SLC38A9 inside 

 
After the reconstitution trials with NW11 alone, the NW11:lipis ratios 1:25, 1:50 and 1:75 

were favored for reconstitution with SLC38A9, as they gave a nice separation and a very low 

amount of aggregates. SLC38A9 was added at a 1:10 ratio with NW11. Two lipid 

composition were tried :  

● Phosphatidylethanolamine (POPE), Phosphatidylcholine (POPC), Cholesterol (CHS) 

● Phosphatidylethanolamine (POPE), Phosphatidylcholine (POPC), Cholesterol (CHS), 

Sphingomyelin (SM) 

 

 
Figure 36: Overlay of size exclusion runs of nanodisc assembly trials with NW11 and SLC38A9, with different 

ratios of NW11 and Lipids (1:25, 1:50 and 1:75) and different lipid compositions of phosphatidylcholine, 

phosphatidylethanolamine, cholesterol and Sphingomyelin. 

 

Once again, the successful assembly of the nanodisc with SLC38A9 inside is evaluated based 

on the size shift observed : the nanodisc containing SLC38A9 is eluted slightly before 1.5 

mL, while the empty nanodisc with NW11 and lipids is eluted closer to 2 mL (Figure 36).  

The reconstitution without Sphingomyelin seems to result in a nicer assembly and 

incorporation of SLC38A9 into the nanodisc. The peak is sharper with the 1:75 ratio, which 

shows a more efficient entry of SLC38A9, while the ratio 1:50 results in a less sharp peak 
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and a stronger overlap with the empty NW11 nanodisc peak. The 1:25 ratio, doesn’t seem to 

be enough for SLC38A9 to enter the nanodisc, as only the empty nanodisc peak is observed, 

while the peak around 1.5 mL is not (Figure 36). The presence of Sphingomyelin seems to 

complicate the incorporation of SLC38A9 into the nanodisc. Indeed, the peak around 1.5mL 

is not present for any of the tried lipid ratios, only the empty nanodisc peak is observed for all 

three. It thus seems like the ratio 1:75 is the one that would give the best full nanodisc 

assembly. Nevertheless, the successful incorporation of SLC38A9 will have to be evaluated 

by SDS-PAGE analysis, after the protocol scale-up. 

4.2.5 Reconstitution of SLC38A9 into NW11 nanodiscs 

 
The membrane protein SLC38A9 was reconstituted into the NW11 nanodisc in the following 

ratio 1:10:750 (SLC38A9 : NW11 : Lipids). 

 

 
Figure 37: Size exclusion chromatography of the nanodisc reconstitution with SLC38A9 inside. (A) size 

exclusion chromatogram. (B) SDS-PAGE analysis.    

 

The analysis of the protein profiles resulting from the size exclusion chromatography (Figure 

37A), shows that the first eluted peak contains both SLC38A9 (expressed with short glycans) 

and the membrane scaffold protein NW11 whereas the secondly eluted profile contains 

NW11 alone (Figure 37B). It appears that SLC38A9 was fully incorporated in the nanodisc, 

as it doesn’t show alone in any of the protein profiles. More interestingly, it looks from the 

gel in Figure 37B, that SLC38A9 and NW11 are present in the fully assembled nanodisc at a 

close to 1:1 ratio which would imply that each NW11 molecule is loaded with one SLC38A9. 

This implies that all the excess NW11 is eluted in the second peak, which is confirmed by 

SDS-gel observation.    
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5 Conclusions and Future directions 

 

 

The two main focuses of the Master project were the reconstitution of the Rag-Ragulator 

complex in its 4 nucleotide-binding states, and the assembly of the membrane protein and 

amino acid transporter SLC38A9 in a membrane protein nanodisc, both involved in the 

activation of mTORC1 in response to amino acids. 

 

The reconstitution of the RagA•GDP–RagC•GTP–Ragulator and RagA•GTP–RagC•GTP– 

Ragulator (using a non hydrolyzable GTP analog),  is the first step for further investigating 

the conformational changes induced within the heterodimer, by the change in nucleotide-

binding state. This would provide more knowledge on the GTPases mechanisms, but also 

more structural insight on how the Rag GTPases “open” and “close” the door of Raptor’s 

binding in the RagA•GTP–RagC•GDP conformation.  

 

The reconstitution of the two remaining conformations, RagA•GTP–RagC•GDP–Ragulator, 

and RagA•GDP–RagC•GDP–Ragulator, was highly compromised by the challenges faced 

with the GDP exchange of both RagC and the GTPases heterodimer. In future trials, the 

GTPase-activating protein activity of GATOR1 might be used on a GTP exchanged Rags, to 

hydrolyse the GTP nucleotide bound to RagA, thus enabling the RagC-bound GTP to be 

hydrolyzed into GDP by the GAP activity of the FLCN-FNIP2 complex.  

The reconstituted complexes are later to be imaged through Cryo-Electron microscopy for 

detailed structural studies, aiming to obtain structures of each of the four nucleotide-bound 

conformations.  

 

The amino acid sensor and transporter SLC38A9, involved in pancreatic cancer cell growth, 

was produced in mammalian cells, treated with Kifunensine, which enabled the protein to be 

generated with short glycans. The purification of SLC38A9 through flag-affinity 

chromatography enabled to obtain a very pure protein sample to be used in nanodisc 

reconstitution. The Phosphatidylcholine : Phosphatidylethanolamine : Cholesterol lipid 

composition was favored over the one with added Shingomyelin, as it seemed like the 

presence of the later prevented the incorporation of SLC38A9 into the nanodisc. A possible 

explanation for this might be that the presence of Shingomyelin tightens the lipid rafts, 
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making it more difficult for SLC38A9 to incorporate into the nanodisc. Nevertheless, the 

reconstitution in a 1:10:750 ratio of SLC38A9, NW11 (MSP) and lipids resulted in a 

successful nanodisc assembly and SLC38A9 incorporation.  

In order to increase the expression of SLC38A9, while generating it with short glycans, a new 

stable line for expression is to be be generated in Expi GnT1- cells. These cells will lack N-

acetylglucosaminyltransferase I (GnTI) activity and will therefore lack complex N-glycans.  

The next steps should be the selection of potential binders from a yeast nanobody library. 

Ultimately, the protein on nanodisc is to be imaged using Cryo-Electron Microscopy. 
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7 Appendix  

1. Publication in Science : Structural basis for the 

docking of mTORC1 on the lysosomal surface  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

2. Cloning Primers 

 

 

RagA 

5′ sequencing primer : TTCTGTTCCAGGGGCCCAACACCGCTATGAAAAAAAAAG 

3′ sequencing primer : AGCAGCCGGATCTCATCAGCGCATCAGCAGGCTG 

 

RagC 

5′ sequencing primer : TCTGTTCCAGGGGCCCTCACTGCAATACGGTGCTG 

3′ sequencing primer : CAGCCGGATCTCATCAGATTGCATTACGCGGGG 

 

Ragulator  

5′ sequencing primer : GAAAACCTGTACTTTCAGGGCGGGTGCTGCTACAG 

3′ sequencing primer : GCCCTGAAAGTACAGGTTTTCACCAGAAGACAGATCCG 

 

NW11  

5′ sequencing primer : AGAGGAGAATACTAGATGAGCACCTTTAGCAAACTGC 

3′ sequencing primer : GAAGATGTCGTTCAGACCGCACCCACCCTGGGTGTTCAGTTTTTTGG 

 

 

 

 

 

 



 

 

3. Cloning vectors 

 

Cloning vector Rag-GTPases 

 

 

 

 

 
 

 

 

 

 



 

 

Cloning vector NW11 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 



 

 

Cloning vector Ragulator 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

4. Miniprep Kit Protocol 

 

 

 
 

A few adjustments were made to the protocol :  

- 350 µL of P1 and P2 was used for steps 2 and 3 

- 450 µL of N3 was used for step 4 

- For step 5, the tubes were centrifuged for 30 minutes at 21 000 g to make sure to get 

rid of all the debris.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

5. Buffers 
 

 

Lysis Buffer A (Rag GTPases) 

❖ 50 mM HEPES pH 7  

❖ 100 mM NaCl 

❖ 2 mM MgCl2  

❖ 1 mM TCEP  

❖ 0.5 mM PMSF  

❖ protease inhibitors (EDTA-free, Roche, half dose) - 1 tablet per 100 mL 

❖ Lysozyme - a tip of spatula (human recombinant, expressed in rice, 100,000 units/mg 

protein, Sigma Aldrich)  

❖ Universal Nuclease (Pierce) - 0.01 μL per mL of lysate 

❖ 0.15 mM GTP  

❖ 0.1% Tween20  

 

Lysis Buffer B (Ragulator) 

❖ 50 mM HEPES pH 7.5  

❖ 100 mM NaCl 

❖ 1 mM TCEP  

❖ 0.5 mM AEBSF  

❖ protease inhibitors (EDTA-free, Roche, half dose) - 1 tablet per 100 mL 

❖ Lysozyme - a tip of spatula (human recombinant, expressed in rice, 100,000 units/mg 

protein, Sigma Aldrich)  

❖ Universal Nuclease (Pierce) - 0.02 μL per mL of lysate 

❖ 0.1% Tween20  

 

 



 

 

 Lysis Buffer C (NW11)  

❖ 50 mM HEPES pH 7  

❖ 100 mM NaCl 

❖ 1 mM TCEP  

❖ 0.5 mM PMSF  

❖ protease inhibitors (EDTA-free, Roche, half dose) - 1 tablet per 100 mL 

❖ Lysozyme - a tip of spatula (human recombinant, expressed in rice, 100,000 units/mg 

protein) (Sigma Aldrich)  

❖ Universal Nuclease (Pierce) - 0.01 μL per mL of lysate 

❖ 0.1% Tween20  

 

 Lysis Buffer D (SLC38A9)  

❖ 50 mM HEPES pH 8.0  

❖ 500 mM NaCl 

❖ 1 mM TCEP  

❖ 1 mM PMSF  

❖ protease inhibitors (EDTA-free, Roche, half dose) - 1 tablet per 100 mL 

❖ Lysozyme - a tip of spatula (human recombinant, expressed in rice, 100,000 units/mg 

protein, Sigma Aldrich)  

❖ Universal Nuclease (Pierce) - 0.01 μL per mL of lysate 

❖ 10% Glycerol  

 

 

Size exclusion (SEC) buffer for the Rag GTPases and Complex reconstitutions 

❖ 25 mM HEPES pH 7.5  

❖ 100 mM NaCl 

❖ 0.5 mM MgCl2  

❖ 0.5 mM TCEP  



 

 

Ragulator SEC Buffer 

❖ 25 mM HEPES pH 7.5  

❖ 100 mM NaCl 

❖ 0.1 mM AEBSF 

❖ 0.5 mM TCEP  

 

NW11 SEC Buffer 

❖ 25 mM HEPES pH 7.5  

❖ 150 mM NaCl 

❖ 0.5 mM MgCl2  

❖ 1 mM DDM 

 

SLC38A9 SEC Buffer 

❖ 25 mM HEPES pH 8.0  

❖ 150 mM NaCl 

❖ 0.04% DDM  

❖ 0.5 mM TCEP  

Nanodisc reconstitution SEC Buffer 

❖ 25 mM HEPES pH 8.0  

❖ 150 mM NaCl 

❖ 0.5 mM TCEP  

 

 

 

 

 

 



 

 

6. Hardware and Units  

 

 

Hardware      Manufacturer 

 

Microcentrifuge 5427 R    Eppendorf 

Avanti Centrifuge JXN-26    Beckman Coulter 

Ultracentrifuge Optima XE      Beckman Coulter 

Äkta Purification System    GE Healthcare 

Nanodrop 2000     Thermo fisher 

 

 

Units of measurement  

g   gram     L   Liter 

mg  milligram    mL  milliliter 

µg  microgram    µL  microliter 

Da  Dalton     nm  nanometer 

kDa  Kilo Dalton    mM   millimolar 

°C  Degree celcius    µM   micromolar 

M  Molar     nmol  nanomol  

V  Volt  

 

 

 

 

 
 


