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ABSTRACT

Nutrients and growth factors are sensed by a ubiquitous signaling network that converges
on the protein kinase complex mechanistic target of rapamycin (mTOR) complex 1 (mTORC1).
mTORCI functions to integrate a diverse set of growth cues to coordinate the important anabolic
processes fundamental to cell growth and proliferation. Upstream of mTORCI1, growth factor
signaling pathways impinge on the tuberous sclerosis complex (TSC) complex, comprised of the
tumor suppressors TSC1 and TSC2, and a third component, TBC1D7, to inhibit its ability to
regulate the direct mMTORCI activator, Rheb. The pathways that impinge on the TSC complex
are comprised of some of the most common oncogenes and tumor suppressors genetically altered
in human cancers. Moreover, direct mutations on TSC1 and TSC2 lead to the genetic tumor
syndrome tuberous sclerosis complex (TSC) and have also been identified in sporadic cancers. In
all these settings, mTORCI is aberrantly activated and results in uncontrolled cell growth.

The TSC complex acts as a GTPase Activating Protein (GAP) to stimulate GTP
hydrolysis on Rheb, converting it from its active to inactive form, and this regulatory function is
mapped exclusively to a small c-terminal domain on TSC2. Although significant progress has
been made towards understanding the canonical GAP domain of TSC2, many longstanding
questions underlying the mechanistic function of the TSC complex and its regulation of Rheb

remain unanswered.
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Through mechanistic studies, I have identified a novel binding interaction between the
TSC complex and Rheb that occurs outside of the canonical GAP domain of TSC2. I find that
the TSC complex preferentially engages Rheb in is inactive form and that this interaction occurs
in a highly phosphorylated region of TSC2 containing the most essential growth factor-
stimulated phosphorylation sites. Finally, I show that this interaction appears to be important for
complete mTORC1 suppression upon growth factor withdrawal from the cell. Collectively, these
studies have revealed previously unrecognized regulatory functions of the TSC complex and
provide updated molecular details towards our understanding of the rheb-mTORCI1 signaling

axis in both normal settings and disease.
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CHAPTER 1:

Introduction



mTORC1: a major regulator of cell gsrowth and proliferation

Overview

The growth and survival of all organisms is fundamentally dependent on the ability of an
organism to adapt to changes in nutrient abundance. As such, cells must be able to sense and
respond to growth signals, both within the cell and in its surrounding environment, to alter
metabolic processes accordingly. The anabolic (use of nutrients and energy to synthesize
macromolecules) and catabolic (breakdown of macromolecules to generate energy) processes
underlying regulated growth are controlled by an extensive signaling network. This signaling
network is highly connected through major signaling nodes that sense and integrate diverse
signals to coordinate proper growth of the cell, tissue, and organism’.

One of the major and essential nodes in this intricate network, is the serine/threonine
protein kinase complex mechanistic target of rapamycin (mTOR) complex 1 (mTORC1)2. The
catalytic subunit of mMTORC1, mTOR, exists in a second protein complex called mTORC?2.
mTORCI1 and mTORC?2 are distinct in both their biochemical composition and regulatory role in
the cell. In addition to the mTOR kinase, both complexes contain the protein mLST8. mTORC1
is defined by the additional subunit Raptor while Rictor, Protor and mSIN1 define mTORC2.
While less studied than mTORCI1, mTORC?2 is believed to regulate cell survival, proliferation
and actin cytoskeleton dynamics, primarily through activating or stabilizing phosphorylation
events on members of the AGC protein kinase family, such as Akt’.

In contrast, mTORCI functions as a master signaling node regulating cell growth and
metabolism. mTORCI1 is acutely responsive to growth promoting signals such as exogenous
growth factors, intracellular nutrients in the form of amino acids, glucose and oxygen, as well as

energy status (ATP) and initiates a shift from catabolic to anabolic processes such as protein,



lipid, and nucleotide synthesis. Given that these anabolic processes demand abundant nutrients
and energy, the activation state of mMTORC1 must be tightly controlled to balance the supply of
nutrients and energy with the demands for producing biomass to drive growth. Not surprisingly,
aberrant activation of mTORC1 underlies the pathophysiology of numerous human diseases
ranging from cancer to metabolic diseases, neurological disorders, and autoimmune and

inflammatory diseases®.

Downstream processes controlled by mTORC1

mTORCI1 promotes protein synthesis, an essential anabolic process required for cell
growth and proliferation, primarily through the phosphorylation of ribosomal protein S6 kinases
1 and 2 (S6K1/2) and eukaryotic translation initiation factor 4E (eIF4E)-binding proteins 1 and 2
(4E-BP) (Fig. 1.1). Phosphorylation of 4E-BP disrupts its engagement with eIF4E at the 5’ ends
of mRNAs, an interaction that in a basal state inhibits translation initiation>. Upon release from
4E-BP, elF4E recruits elF4G to assemble a larger translation initiation complex on the mRNA,
including the small (40S) subunit of the ribosome. mTORC1 also promotes acute stimulation of
mRNA translation through its phosphorylation and activation of S6K1/2, which subsequently
phosphorylates multiple downstream translation factors®. mTORCI preferentially stimulates the
translation of mRNAs encoding ribosomal proteins and translation initiation and elongation
factors, all of which contain a 5’terminal oligopyrimidine tract (TOP) or 5’-TOP-like sequence at
the start of its 5° UTR’. The molecular details of this selectively are still under active
investigation. Taken together, the processes regulated by the S6Ks and 4E-BPs promote a global

increase in the capacity of cells to synthesize protein.
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Figure 1.1 Anabolic and catabolic processes downstream of mTORC1 supporting growth

and proliferation.

When activated, mTORCI1 drives lipid synthesis through SREBP and protein synthesis via 4E-
BP and S6K. Through S6K mediated phosphorylation of CAD, and the transcription factors
ATF4, Myc and SREBP1/2, mTORCI drives nucleotide synthesis. mTORC1 promotes a shift
to aerobic glycolysis to further support its anabolic program. mTORC1 inhibits catabolic
processes such as lysosomal biogenesis and autophagy through TFEB, and ULK1 and

UVRAG, respectively.



mTORCI1 also regulates the production of nucleotides, a second anabolic process that is
required for proper cell growth (Fig. 1.1). Downstream of mTORCI, the S6K 1-mediated
phosphorylation of the enzyme carbamoyl-phosphate synthetase 2, aspartate transcarbamylase,
dihydroorotase (CAD), which catalyzes the first three reactions in the de novo pyrimidine
synthesis pathway, stimulates an increase in its activity, thereby linking pro-growth signals
upstream of mMTORCI to the biosynthesis of UTP, CTP, dTTP and dCTP%°. mTORC]1 also
promotes the de novo synthesis of purines, in a more delayed manner, through downstream
activation of the transcription factors ATF4, Myc, and the sterol regulatory element-binding
proteins (SREBP1/2), all of which induce the expression of specific metabolic enzymes within or
contributing to the de novo purine synthesis pathway!'’.

A third major anabolic process controlled by mTORCI1 is de novo lipid synthesis (Fig.
1.1). The SREBP family of transcription factors are master regulators of de novo lipid synthesis
and upon activation by mTORCI they induce the expression of a host of enzymes involved in
both fatty acid and sterol synthesis!!"'4. Briefly, sterol depletion is the canonical signal that
activates SREBP, whereby it moves from the endoplasmic reticulum to the Golgi apparatus for
processing. A mature and active form of SREBP then enters the nucleus to induce the expression
of sterol regulatory elements. mTORCI1 primarily activates SREBP by promoting its processing
and nuclear localization through a still unresolved mechanism in which the mTORCI1 substrates
S6K1 and Lipinl, and perhaps other mTORC]1 targets, have been implicated!!-1%1516,
Additionally, the splicing and maturation of SREBP-dependent transcripts encoding lipogenic
enzymes has been shown to be regulated by both mTORC1 and S6K1 through the activation of

SR protein kinase 2 (SRPK2), which regulates RNA splicing factors!’.



Aside from its primary role in stimulating protein, nucleotide, and lipid synthesis,
mTORCI regulates additional metabolic processes to further support its anabolic program.
Through these mTORC1 dependent mechanisms, a shift from oxidative phosphorylation to
aerobic glycolysis, also known as the Warburg effect, takes place within proliferating cells (Fig.
1.1). This shift towards glycolysis is believed to support anabolic metabolism by maintaining
redox balance and promoting the use of glycolytic intermediates for critical side branches such as
serine/glycine synthesis and the pentose-phosphate pathways. These pathways, in turn, provide
essential precursors such as ribose, glycerol, non-essential amino acids and one-carbon units for
the synthesis of proteins, nucleotides, and lipids!'!-'3.

In conditions of nutrient shortage or cellular stress, bulk autophagy provides an influx of
nutrients through the recycling of macromolecules or organelles via their degradation in the
lysosome. As such, in parallel to its role in promoting anabolic processes, mMTORC1 suppresses
this important catabolic process as well as lysosomal biogenesis to inhibit the turnover of
macromolecules (Fig. 1.1). The best described mechanism of autophagy suppression by
mTORCI is through its phosphorylation and inhibition of Unc51-like kinase 1 (ULK1), a key
regulator of the early phases of autophagy induction!->!. mTORC]1 also suppresses the later
stages of autophagy through its inhibition of UV radiation resistance-associated gene product
(UVRAG)?. Finally, though not exhaustively, the transcription factor EB (TFEB) is a key
inducer of the global expression of genes encoding both the autophagy machinery and
degradative components of the lysosome. Direct phosphorylation of TFEB by mTORCI causes it
to be sequestered to the cytosol where it can no longer initiate its transcriptional program, likely
contributing to the long term inhibitory effect of mMTORCI signaling on both autophagy and

lysosome biogenesis?3-26.



Integrated regulation of mTORC1 by nutrients and growth factors at the lysosome

Growth signals in the form of nutrients, energy, growth factors, cytokines and hormones
converge on mTORCI1 regulation through distinct signaling cascades. Two systems of Ras-
related small GTPases (or G-proteins), and their regulators, lie directly upstream of mTORC1
and coordinate a vast network of signals to activate mMTORCI1 on the cytosolic face of the
lysosome?”?! (Fig. 1.2). The family of Rag GTPases (RagA, RagB, RagC, and RagD) form a
heterodimer of RagA or B bound to Rag C or D, and in their activated state recruit mTORCI1 to
the surface of the lysosome?’-*2. The guanylate-loading state of the Rag GTPases is dictated by
several multi-protein complexes that sense intracellular amino acids and promote the activated
conformation of the Rag GTPases in nutrient replete conditions. The activated Rag GTPase
heterodimer, bound to a protein complex referred to as the Ragulator, serves as a docking site for
mTORCI at the lysosome where it is subsequently activated by the GTPase Ras homolog
enriched in brain (Rheb)?2.

Rheb is a ubiquitously expressed protein found on multiple endomembrane
compartments. A sub-pool of Rheb is localized to the lysosome, and in its activated state is an
essential activator of mMTORC 1334, The activation state of Rheb is directly controlled by the
tuberous sclerosis complex (TSC) protein complex. The TSC complex is comprised of the TSC1
and TSC2 tumor suppressors and a smaller protein, TBC1D7%%%3¢, Major growth factor
signaling pathways converge on the TSC complex and act to inhibit its ability to regulate Rheb
primarily through phosphorylation events on TSC22. One such mechanism by which the TSC

complex is inhibited is its dissociation from the lysosome following phosphorylation®*. Loss of
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Figure 1.2 Integrated regulation of mTORC1 by growth factors and amino acids at
the lysosome. In response to amino acids, mTORCI1 is recruited to the surface of the
lysosome via an activated Rag GTPase heterodimer. The Ragulator protein complex
engages the Rags to support tethering of mTORCI at the lysosome. Once at the lysosome,
mTORCI can be directly activated by the GTPase Rheb, a small pool of which resides on
the lysosome. Rheb is under the direct negative control of the TSC complex, which only
localizes to the lysosome to inhibit Rheb in the absence of growth factors. In response to
growth factors, the TSC complex is phosphorylated and is released from the lysosome,

allowing Rheb to become active and turn on mTORCI1 signaling.



the TSC complex at the lysosome relieves its negative regulation of Rheb, allowing Rheb to
directly activate mTORCI to promote downstream anabolic processes.

The molecular events leading to full mMTORCI1 activation act as an “AND-gate”, in which
mTORCI signaling is only turned on when both the Rags and Rheb are activated through distinct
upstream signals. Although nutrients are required to activate mTORCI, they are only sufficient
for its basal activity. Full activation of mTORC1 and its downstream anabolic program requires
the presence of both nutrients and growth factors®. Regulation of the Rags and Rheb by their
upstream regulatory proteins is, therefore, key to coordinating the activation state of mTORCI1
under constantly fluctuating growth conditions. As such, a mechanistic overview of the GTPase

cycle and GTPase regulators will be described in the following section.

GTPases and their regulators (GEFs, GAPs & GDIs)

GTPases & The GTPase cycle

GTP-binding hydrolases (or GTPases), also called G-proteins, serve as signaling switches
through their interconversion between GTP- and GDP-bound states. A superfamily of Ras-
related small G-proteins regulate a diversity of intracellular processes ranging from cell growth
and cell differentiation to vesicular and nuclear transport. The Ras superfamily is divided into
five major branches based on amino acid sequence and functionality: Ras, Rho, Rab, Ran and
Arf’’. GTPases share the common mechanism of acting as a molecular switch that toggles
between “on” and “off” signaling states, referred to as the GTPase cycle (Fig. 1.3). In the GTP-
bound form, the GTPase is “on” and capable of engaging its downstream effectors. In the GDP-
bound state, the GTPase is “off” and is unable to engage its effectors, thereby blocking further

propagation of a given signal’.
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Figure 1.3 The GTPase cycle. GTPases act as a molecular switch, toggling between
an activated, GTP-bound state and an inactive, GDP-bound state. GAP proteins
stimulate intrinsic GTPase activity of GTPases, promoting the inactive form of a
GTPase. GEF proteins release nucleotide (GDP) and enable exchange for GTP,
promoting the active form of a GTPase. A third regulatory class of proteins, GDIs,

maintain GTPases in their inactive form.
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Fundamental to all GTPases is their intrinsic ability to hydrolyze GTP to GDP, enabling
them to behave as molecular switches®. With few exceptions, GTPases have equally high
affinity for both GTP and GDP, with binding constants typically in the picomolar to nanomolar
range. Given the high affinity for nucleotide, GTPases are rarely, if ever, found in their
nucleotide-free state?. While in the GTP-bound conformation, GTPases send a sustained and
direct signal to keep the biological function to which they control in the “on state”. As such,
mutations that impair GTP hydrolysis prolong the activation state of a GTPase and lead to
hyperactivation of processes, such as occurs commonly in cancer with K-Ras*.

GTPases interact with a variety of effectors in distinct intracellular localizations, which
accounts for their functional specificity. However, all Ras-related small GTPases share the same
three-dimensional domain called the G-domain. The basic function of nucleotide binding and
hydrolysis is carried out in this roughly 20-kD domain and makes up most of the GTPase
structure®®. The G-domain is formed by a six-stranded B—sheet flanked by five a-helices and
contains five highly conserved sequence elements (G1-G5) surrounding the nucleotide binding
site. The most important motifs for tight nucleotide binding are the interactions between the
guanine base and the G4/G5 motifs and G1 with the -phosphate. The GXXXXGKS/T motif
(G1) is a conserved phosphate binding loop (or P loop) that interacts with the 3 and a.-
phosphates of the nucleotide. The second motif (G2) is in switch I not well conserved outside of
a threonine residue. The Asp side chain from the DXXG motif (G3) coordinates a magnesium
(Mg?") ion, which is essential for tight nucleotide binding and GTP hydrolysis. The Asp side
chain of the N/TKXD (G4) motif interacts with the nucleotide base and drives guanine

specificity, along with the weakly conserved EXSAK motif (G5)*'.
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Adapted from Vetter and Wittinghofer, 2001

Figure 1.4 The “Loaded Spring Mechanism” of GTP hydrolysis. A canonical
spring mechanism of GTP hydrolysis involves hydrogen bonds between the y-
phosphate of GTP and a conserved Thr in switch I and Gly in switch II. Release of
these interactions occurs during GTP hydrolysis and “relaxes” the switch regions

into the GDP bound confirmation.
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The P-loop, switch I and switch II domains form the active site for GTP hydrolysis and
enable GTPase effector and regulator binding*?. When bound to either GDP or GTP, GTPases
have similar confirmations but differ in their “switch regions”. While GDP bound, most GTPases
show a large variation in their structure, but the GTP bound forms are generally more alike. In
the GTP-bound form, two hydrogen bonds from the y-phosphate oxygens are formed with the
main chain amine groups of conserved Thr and Gly residues, located on switch I and switch II
respectively (Thr* and Gly® in Ras). The glycine residue is part of the DXXG motif (G3), while
the Thr is the conserved G2 domain. The confirmational change from GTP to GDP has been
described as a “loaded-spring” mechanism whereby release of the y-phosphate after hydrolysis
relaxes the switch regions into a GDP-specific conformation’® (Fig. 1.4). Although this is a
universal mechanism, the extent of conformational change varies between the different GTPases
and some require additional elements. Moreover, the precise switch region residues need to be
individually determined for the distinct proteins.

Following the G-domain, most GTPases end with a short sequence at their c-terminus
that undergo post-translational lipid modifications (prenylation) and proteolysis. These
modifications act as lipid “anchors” and are required for the proper subcellular membrane
localization of a GTPase. The majority of Ras and Rho proteins end with a specific motif
referred to as the CAAX box (C=Cysteine, A=aliphatic amino acid, X=methionine or serine).
The first modification occurs when a farnesyltransferase (FTase) or geranylgeranyl transferase
(GGTase) enzyme catalyzes the covalent addition of a 15-carbon farnesyl isoprenoid or a 20-
carbon geranylgeranyl isoprenoid, respectively, to the cysteine. Following this first reaction, the -

AAX is cleaved by peptide proteases and the new C-terminal carboxylate is
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carboxymethylated*’. The enzymes catalyzing these modifications reside on the cytosolic face of

the endoplasmic reticulum (ER).

GTPase regulators: GEFs, GAPs & GDIs

Although varying between different family members, small GTPases generally have high
affinity for both GDP and GTP (lower nanomolar to picomolar range), slow nucleotide
dissociation rates (half-lives on the order of one or more hours) and weak intrinsic GTP
hydrolysis rates. Given that biological processes must be regulated on a significantly faster
timescale, the GTPase cycle is modulated by two main classes of regulatory proteins that exist to
accelerate nucleotide binding, exchange, and hydrolysis: Guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs). Fundamentally, GEFs turn on GTPase signaling
while GAPs turn off GTPase signaling. GEFs and GAPs are generally regulated by cellular
signaling events to control the GTPase cycle**.

GEFs facilitate the exchange of GDP for GTP by increasing the rate of nucleotide
dissociation by several orders of magnitude®®. When GEFs engage a GTPase, the nucleotide-
binding pocket is modified such that nucleotide affinity is lowered, thus allowing for nucleotide
dissociation. A series of fast reaction steps make up the GEF reaction, which goes from a binary
and low affinity complex formed between the GTPase, nucleotide and GEF to a binary and stable
nucleotide-free complex. Free nucleotide can subsequently bind the empty nucleotide binding
pocket on the GTPase. Because of the reversibility of the GEF reaction, GEFs, in principle, act
as catalysts to increase the rate at which equilibrium between a GDP and GTP bound GTPase is

reached®®. The equilibrium is pushed towards the GTP bound state as the concentration of
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intracellular GTP is ten times more abundant than GDP. Upon binding of the GTP, the affinity of
the nucleotide bound GTPase for the GEF is lowered and it is subsequently displaced**.

The catalytic domain and exact mechanism of GEFs varies between families, however,
they all work under the same principle of inducing a conformational change in the switch regions
and P loop of the GTPase. This interaction deforms the GTPase nucleotide binding site to
displace the bound nucleotide, thereby reducing nucleotide affinity*®44. Specifically, GEFs first
take advantage of the flexible switch 1 region and project it away from the nucleotide-binding
site through steric hindrance. Second, GEFs make extensive contacts with the switch 2 domain of
a GTPase, which likely stabilizes the nucleotide free form of a GTPase (a highly unstable form).
In addition to these general mechanisms, some GEFs will insert acidic residues into the
phosphate-binding site which helps to expel the bound nucleotide. Others will sterically occlude
the Mg?" binding site directly, and some GEFs remodel the GTPase switch II domain such that a
methyl group from a conserved alanine will project towards the Mg?* binding site and contribute
to hydrophobic repulsion of the Mg?™. In the final step of a GEF reaction, the base of the
incoming nucleotide binds first as the GEF is displaced*:.

GEFs are regulated primarily through intramolecular autoinhibitory interactions.
Crystallization of GEF catalytic domains on their own or in complex with their target GTPase
have indicated that the catalytic domain remains largely unchanged in the different states.
Instead, domains outside of the catalytic domain appear to obstruct access to the GTPase-binding
site and only through large conformational changes of these domains is GEF activity promoted®.

The second essential regulator in the GTPase cycle, GAPs, enhance the intrinsic
hydrolysis rate of GTPases, accelerating the rate of conversion from GTP to GDP by many

orders of magnitude. As with GEFs, the exact mechanism of catalysis is not conserved and
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various ways to enhance GTPase activity is utilized. Early insights into GAP mechanisms came
from structural and biochemical studies of the Ras-RasGAP complex. First, RasGAP coordinates
the attacking water in the GTP hydrolysis reaction by stabilizing the position of Gln 61 in switch
IT of Ras. Next, RasGAP positions an arginine residue, called an arginine finger, into the
phosphate binding site of Ras. This insertion neutralizes the negative charge of the GTP y-
phosphate to stabilize the transition state*®. Similar mechanisms have subsequently been
determined for additional GAPs, which vary by their catalytic residue: Ras and Rho GTPases
have arginine-finger GAPs*, Rab GTPases have arginine/glutamine dual-finger GAPs*” and
Rap, Ral and Rheb GTPases have aspargine-thumb GAPs**!, Despite differences in catalytic
residue type and orientation, GAPs generally function to stabilize the intrinsic catalytic
machinery of a GTPase and insert a catalytic residue in trans, thereby stimulating GTP
hydrolysis*.

GAP regulation is essential for maintaining proper signaling downstream of GTPases.
Similar to GEFs, structural studies of GAP domains have indicated that the activity of a GAP is
not regulated by conformational changes within the GAP domain. Instead, other auxiliary
domains on a GAP are involved in spatiotemporal regulation. While GAP regulation is still being
investigated, membrane-interacting domains that recruit GAPs to membranes containing their
GTPase targets have been shown for the RhoGAP, B2-chimerin and ArfGAP152°3, Similar
mechanisms are likely at play for many other GAPs. In the context of the mTORCI signaling
pathway, the TSC complex acts as a GAP for Rheb. The specific mechanism of its catalytic
activity, and regulation, will be discussed in a later section.

Some GTPases are modulated by a third class of proteins called guanine nucleotide

dissociation inhibitors (GDIs). The GDIs that have been thus far characterized engage the
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prenylated C-terminal end of a GTPase, extract it from the membrane to which it is inserted, and
shield the hydrophobic tail from the aqueous cytosolic environment**. Through these steps, GDIs
function to prevent the dissociation of GDP and maintain them in a soluble and inactive
complex. Thus far, three families of this class of regulators have been identified: RhoGDI,
RabGDI and Phosphodiesterase-6 (PDEJ). The Rho and Rab GDIs recognize the
geranylgeranylated Rho and Rab proteins, respectively, while PDES binds specifically to
different classes of farnesylated GTPases*. While GDIs prevent the exchange of GDP, it has
now been established that their main function is to maintain their target GTPase in a soluble and
inactive complex. PDES now falls into the GDI category for this reason®’.

Both Rho and Rab GDIs have two distinct domains, one of which recognizes the GTPase
core while the other recognizes the geranylgeranylated C-terminus. While the GTPase core and
lipid binding domains are structurally unrelated between the two families, these domains are
positioned far away from each other, suggesting that these GDIs interact with their GTPases in a
stepwise fashion®*>°, Interestingly, the RhoGDI has been shown to associate with both GDP and
GTP bound Rho, while the RabGDI interacts specifically with Rab-GDP*. PDES is a small
protein (17 kDa), and structurally related to the lipid binding domain of RhoGDI°®. This protein
differs from the other two GDIs in that it does not contain a GTPase core recognition domain,
and only associates with GTPases through the farnesylated C-terminus. It is likely this reason
why PDES has a relaxed specificity that extends to unrelated proteins®’.

Unlike GEFs and GAPs, mechanisms of GDI regulation are still under investigation. It is
thought that GDI-displacement factors (GDFs) for RabGDI and PDES work by displacing the
lipid tail such that it is “squeezed” out through shrinkage of the lipid binding pocket*>.

Conversely, no GDFs have been proposed for Rho-GDI and it is instead regulated by
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phosphorylation. Phosphorylation on specific sites displace RhoGDI from its GTPase and bring
it into proximity to a membrane for GTPase depositing™®.

Not surprisingly, many missense mutations have been found in the genes encoding GEFs,
GAPs and GDIs that contribute to a variety of human diseases, highlighting the importance of
their regulatory role in the GTPase cycle. Many structures of these proteins are available and
have enabled the mapping of missense mutations onto structural elements. In doing so, the
mutations can be associated with the biochemical function of which they disrupt. For example,
mutations in the catalytic domain of GAPs reduce GAP activity and thereby prevent the
downregulation of GTPase signaling, gain of function mutations in GEFs can promote sustained
GTP-loading and GDI mutations have been shown to impair GTPase extraction from
membranes*->%-¢!. Of relevance to this dissertation, numerous missense mutations in the TSC
complex can lead to the disease tuberous sclerosis complex (TSC), which will be reviewed in a

later section.

Upstream regulation of mTORC1: The amino acid sensing branch

The Rag GTPase heterodimer

The heterodimeric Rag GTPase is central to the amino acid sensing and processing
network upstream of mTORC 192, One functional unit of the Rag heterodimer is formed when
RagA or RagB (RagA/B) tightly engages RagC or RagD (RagC/D)%*%4. The active confirmation
of this subunit occurs when RagA/B binds GTP and RagC/D binds GDP. In this state, the Rag
GTPases interact with the raptor subunit of mTORC1 and recruit the complex to the
lysosome?”-6%-:66, In the inactive confirmation, RagA/B binds GDP while RagC/D binds GTP.

This state repels mMTORCI into the cytosol and effectively shuts off the amino acid sensing
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pathway into mTORC1?7. The Rag GTPases do not contain any lipidation motifs and localize to
the lysosome through their engagement with Ragulator, a pentameric complex32¢7.

The nucleotide loaded state of the Rag GTPases occurs through extensive crosstalk
between the Rag subunits within the heterodimer. When a Rag subunit is loaded with GTP it
becomes dominant and controls the loading status of the second subunit either by 1) preventing
the binding of GTP to the second subunit or 2) stimulating hydrolysis to GDP if GTP does
spontaneously bind to the second subunit. The intrinsic GTP off rate and hydrolysis rate of the
Rag GTPases are extremely slow, which enables the Rag heterodimer to remain locked in either
an inactive or active state, thereby sending a direct and stable signal to mTORC]1. Dual binding

of the Rag heterodimer to either GDP or GTP is considered an unstable state, and the function of

this loading state is currently unknown®s,

Regulators of the Rag GTPase heterodimer

An intricate network of regulatory proteins act to control the loading state of the Rag
GTPases (Fig. 1.5). These protein complexes ensure that the Rag GTPases can quickly toggle
between their active and inactive state in response to nutrient availability and fluctuations.
mTORCI senses both intra-lysosomal and cytosolic amino acids, and regulators of the Rag
GTPases reside within these two branches of the nutrient-sensing pathway®’.

Lysosomal amino acids are sensed through a mechanism that requires the vacuolar H+-
adenosine triphosphate ATPase (V-ATPase) and SLC38A9. Both transmembrane proteins
positively regulate mTORCI1 signaling and have been shown to interact with Ragulator. In
addition to its role in lysosomal tethering of the Rag GTPases, Ragulator also serves as a GEF

for RagA/B, promoting the exchange of GDP for GTP. SLC38A09 is a direct sensor of intra-
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Figure 1.5 Amino acid sensing at the lysosome. In the presence of amino acids,
mTORCI is recruited to the lysosomal surface via an activated RAG GTPase heterodimer
and its association with Ragulator. Leucine, arginine and SAM (derived from methionine),
directly bind Sestrin, Castor and Samtor, respectively, thereby inhibiting GATOR1
through GATOR?2. Through intralumenal arginine sensing, SLC38 A9 mediates the release
of leucine and other amino acids into the cytosol. GEF activity towards RagA/B by

Ragulator and SLC38A9 is also promoted.
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lumenal arginine and transports leucine and other neutral amino acids out of the lysosome while
also working in concert with Ragulator as a second GEF for RagA/B. Thus, SLC38A9 works
both directly, as a GEF, and indirectly, through cytosolic release of leucine, to promote RagA/B-
GTP loading’72. More recently, Ragulator has been shown to function as a non-canonical GEF
towards the Rag Heterodimer and specifically accelerates the release of GTP but not GDP from
RagC/D73.

Sestrin2, CASTOR1 and SAMTOR sense cytosolic leucine, arginine and S-
adenosylmethionine, respectively and signal through the ‘GAP activity towards Rags 1’
(GATORI1) and GATOR? protein complexes’7%. GATORI1 is tethered to the lysosomal surface
by the KICSTOR complex and serves as negative regulator of mTORCI signaling. Under low
nutrient availability, GATORI acts as a GAP towards RagA/B, promoting inactivation of the
Rags’”7. Conversely, GATOR?2 acts as a positive regulator of mTORC]1 through its inhibition of
GATORI at the lysosome, the molecular mechanism of which is currently unknown. GATOR2
is inhibited by its interaction with CASTOR1 and Sestrin2. When these two amino acid sensors
bind arginine and leucine, respectively, a conformational change causes them to dissociate from
GATOR2. Upon this dissociation, GATOR?2 interacts with and inhibits GATORI1 thereby
promoting GTP loading on RagA/B and subsequent recruitment of mTORCI to the
lysosome’*738081 mTORCI also senses methionine levels through an intermediate in the
methionine cycle, S-adenosylmethionine (SAM). SAM binds SAMTOR which directly inhibits
GATOR17, A second identified GAP in this highly intricate amino acid sensing molecular
network is the Folliculin-FNIP2 complex, which acts on RagC/D, to promote Rag activation in
the presence of amino acids®?. A detailed overview of GATORI, the parallel GAP to the TSC

complex, will be provided in the following section.
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Detailed overview of GATOR1

Cryo-EM structural models have revealed that GATORI1 binds the Rag GTPase
heterodimer in two modes: A GAP mode and an inhibitory mode (Fig. 1.6). Interestingly, this
GAP-independent binding mechanism has yet to be described for other GAP proteins. GATORI1
is a heterotrimeric complex consisting of DEP domain-containing protein 5 (DEPDCS), Nitrogen
permease regulator 2-like protein (NPRL2) and nitrogen permease regulator 3-like protein
(NPRL3). The first cryo-EM model of GATORI captured it in the inhibitory mode as the GAP
mode, initially identified through genetic approaches, has 40-fold weaker affinity for the Rag
GTPase and could not be captured for structural studies®>. More recently, the Cryo-EM structure
of GATORI in the GAP mode was resolved using mutants of the Rag GTPase heterodimer and
GATORI1 that increase the affinity of the GAP mode interaction®*. In the inhibitory mode,
GATORI binds to the nucleotide binding pocket of RagA/B in its GTP-bound confirmation
through the B strand of DEPDCS called the “critical strip”, no contacts between GATOR1 and
RagC/D are observed. In this conformation, the GAP domain of GATOR1 does not engage the
Rag GTPases and GTP hydrolysis is 30-fold lower than in the GAP mode. It is suggested that the
purpose of the inhibitory binding mode is to prevent hyperactivation of GATORI1 to keep
mTORCI in an active state.

The structure of GATOR1 bound to the Rag GTPases in the GAP mode revealed
extensive contacts between all three of the subunits of GATOR1. The GAP interface is formed
between the heterodimerized longin domains of NPRL2-NPRL3 and the NBD of RagA/B while
an auxiliary interface is formed between RagC/D and the N-terminal domain (NTD) and C-
terminal domain (CTD) of DEPDCS. The structure of GATORI1 in the GAP mode also

confirmed that Arg78 of NPRL2 acts as the catalytic arginine finger to stimulate GTPase activity
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Figure 1.6 GATORI1 binds the Rag GTPase heterodimer in two modes. (A) GATOR1 binding

to the Rag GTPase heterodimer in the GAP mode. (B) GATORI1 binding to the Rag GTPase

heterodimer in the inhibitory mode.
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of RagA/B8-%, 1t is currently unknown how GATORI integrates signals to switch from an
inhibitory to gapping state and further biochemical studies will likely reveal this important

mechanism.

Upstream regulation of mTORC1: the gsrowth factor sensing branch

Overview

Like amino acid sensing pathways, signals from growth factors and hormones are also
integrated at the lysosome to activate mTORC1 (Fig. 1.7). These signaling pathways converge
on the TSC complex, the sole established regulator of Rheb. The PI3K-Akt and Ras-ERK
pathways are two major growth factor signaling pathways known to impinge on the TSC
complex. Activation of the PI3K-Akt pathway occurs upon binding of insulin or insulin-like
growth factor 1 (IGF1) to cell surface receptor tyrosine kinases (RTKs). RTKs stimulate
phosphoinositide 3-kinase (PI3K), a lipid kinase, which phosphorylates phosphatidylinositol-4-5-
bisphosphate (PIP») to produce phosphatidylinositol-3-4-5-bisphosphate (PIP3)%¢. Akt is recruited
to the plasma membrane by PIP3; where it is phosphorylated at T308 by membrane-bound
phosphoinositide-dependent kinase (PDK 1), leading to partial activation®”. Secondary
phosphorylation at S473 by mTORC?2 results in complete Akt phosphorylation®®. Upon
activation, AKT phosphorylates several proteins containing the RXXS/T motif to regulate
biological processes®. The TSC complex has many known and predicted Akt phosphorylation
sites and upon multi-site phosphorylation by Akt it is functionally inhibited®*!. Mechanistically,
phosphorylation by AKT at these sites causes the TSC complex to dissociate from the lysosome,

enabling Rheb to become GTP-loaded and activate mTORC134,
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Figure 1.7 The growth factor activated signaling pathways. The PI3K-Akt
and Ras-ERK pathways are two major growth factor signaling pathways
known to impinge on the TSC complex. The PI3K-Akt pathway is activated
upon binding of insulin/IGF1 to RTKs while the Ras-ERK pathway is

activated upon binding of EGF to RTKs.
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mTORCI is also regulated by the Ras-ERK pathway through TSC complex phosphorylation.
Upon binding of the growth factor epidermal growth factor (EGF) to cell surface RTKs, the
receptor is auto-phosphorylated and recruits and stimulates the Ras GTPase®?. Activated Ras
recruits and activates Raf at the plasma membrane which then phosphorylates the mitogen-
activated protein kinase (MAPK) kinase MEK. Phosphorylated MEK subsequently
phosphorylates the extracellular signal-regulated kinase (ERK), a kinase with many substrates
involved in cell cycle progression and growth. One such substrate in this signaling cascade is the
cytoplasmic protein p90 ribosomal S6 kinase (RSK), which also phosphorylates many
downstream targets®®. Like Akt, site-specific phosphorylation on TSC2 by both ERK and RSK
leads to inactivation of the TSC complex and activation of mMTORC1 by Rheb?*9021:9495 The
mechanism of TSC complex inhibition by ERK and RSK has yet to be formally established,
however unpublished data from the Manning lab demonstrates that phosphorylation of TSC2 by
these kinases changes the lysosomal localization of the TSC complex.

Conversely, intracellular and environmental stressors such as hypoxia, low ATP levels
and DNA damage negatively regulate mTORC1. Hypoxia and low cellular energy are sensed by
AMP-activated protein kinase (AMPK), a metabolic stress regulator. AMPK indirectly
suppresses mMTORCI through phosphorylation on the TSC complex at sites that activate the
complex, and directly inhibits mMTORC]1 by phosphorylation of Raptor®®-%. The Regulated in
DNA damage and development 1 (REDDI1) protein has also been shown to activate the TSC
complex in response to hypoxic conditions”. Finally, DNA damage responsive pathways lead to
increases in TSC complex activity through the induction of p53 target genes such as PTEN, the
AMPK regulatory subunit (AMPKB) and TSC2'%. Loss or mutation of TSC complex

components or constitutive activation of the pathways that inhibit its activity, results in
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uncontrolled levels of Rheb-GTP loading. In turn, high levels of Rheb-GTP promote aberrant

mTORC]1 signaling even in the absence of growth factors®.

The direct mnTORC1 activator, Rheb

Essential to mTORCI1 activation is Rheb, a Ras-like small GTPase. Rheb is a 21 kDa
monomeric protein belonging to the Ras superfamily of GTPases. Rheb, like other GTPases, acts
as a molecular switch and directly binds to and activates mTORC1 when in its GTP-bound

101

form'®". Rheb is highly conserved from yeast to human, however it is not found in plants.

Strikingly, early studies in S. pombe revealed that human Rheb can functionally replace Rhbl1,

the yeast homologue!??

. In lower eukaryotes, only one gene has been identified, whereas
mammalian cells contain two Rheb genes: Rhebl and Rheb2. Rhebl and Rheb2 likely perform
similar functions and differ in their tissue expression profiles. Rhebl (from here on referred to as
Rheb) is a ubiquitously expressed gene, while Rheb2 is limited to specific tissues'®.

Rheb is 184 amino acids long; the N-terminal GTPase domain makes up the first 169
amino acids, followed by a highly variable region (HVR) ending with a -CAAX motif. Rheb is
farnesylated at the cysteine, followed by cleavage of -AAX by Rcel and carboxymethylated by
Icmt1'%, The post-translational farnesylation on Rheb is required for its localization to
endomembranes and specifically the lysosome!%>1%, Within the HVR, Rheb lacks palmitoylated
cysteines or a polybasic domain, likely explaining why it does not localize to the plasma
membrane, as is the case with Ras!%4.

Rheb shares sequence homology with many other small GTPases but is particularly

homologous to the Ras and Rap subfamily!®. Several structures for Rheb (and Rheb mutants)

bound to GDP, GTP and GppNHp (a non-hydrolyzable GTP analog) have been determined by
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X-ray crystallography and NMR over the past 20 years'""!'!. These structures have revealed the
major conformational changes that take place during the GTPase cycle and highlight the unique
biochemical properties of Rheb. As previously described, the GTPase switch I and switch II
regions are involved in the recognition and interaction with GTPase regulators (GAPs and GEFs)
and their effectors. Switch I is particularly important for effector recognition and primary
sequence and structural differences in this region drive effector specificity®®!!2,

During the GTP to GDP transition, Rheb, like most GTPases, undergoes a
conformational change in the switch I region (residues 33-41) and is highly flexible. While Ras
and Rap undergo a similar confirmational change, the difference in confirmation between Rheb
and these GTPases is more pronounced in the GDP bound form. The switch II region on Rheb
(residues 63-79) is unique and drives the major structural differences between Rheb and other
GTPases. While most GTPases adopt a long a-helical confirmation in switch II when bound to
GTP or GppNHp, Rheb takes on an unraveled confirmation and forms an extended N-terminal
loop that leads into a short helix. Importantly, this structure is maintained through the transition
to Rheb-GDP, representing a distinctive structural property of Rheb that likely contributes to its
unique biochemical properties such as unusually slow GTPase activity and a high activation
state!?”.

Given its unique structural differences, established catalytic residues on Ras have been
shown to have no influence on Rheb activity and function. As such, Rheb has evolved a GTP
hydrolysis mechanism, described as an autoinhibitory mechanism, that is entirely different from
its close homolog, Ras. A single Tyr residue found in the switch I region is highly conserved but

differs in its function among GTPases. In Rheb, Tyr35 contributes to autoinhibition by covering

the nucleotide binding site and hindering intrinsic GTP hydrolysis, however this site is required
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for GAP activity. Mutation of this residue to alanine (Y35A) results in a 10-fold increase in
intrinsic GTPase activity. Further analysis of this mutant revealed that Rheb GTP hydrolysis
requires Asp65 in switch I and Thr38 in switch 1. Asp65 acts as the catalytic residue and
activates a water molecule for nucleophilic attack in GTP hydrolysis. Of particular importance is
the residue GIn64, which corresponds to the catalytic residue GIn61 in Ras. GIn64 is buried in a
hydrophobic core and is unable to engage GTP or the catalytic active site on TSC2. As such,

mutational studies have shown the GIn64 is dispensable to Rheb!!%!13,

Mechanism of mTORC]1 activation by Rheb

Recent structural determinations of Rheb bound to mTORCI have elucidated
mechanisms of mTORCI activation. In the following section I have provided a high-level
overview of mMTORCI1’s structure before describing its interaction with Rheb. The cryo-EM
structures of mMTORC1 have revealed that the complex adopts a 2-fold symmetry forming a
hollow rhomboid shaped core containing two copies of each subunit (mTOR, mLSTS8 and
Raptor). The mTOR subunit has two contiguous HEAT repeat domains at its N-terminus, N-
terminal HEAT (N-HEAT) and Middle HEAT (M-HEAT), followed by the FAT domain and the
C-terminal Kinase domain. The kinase domain is formed by two lobes (N-ter and C-Ter), that
make an active site cleft. Within the two lobes are the FKBP12-rapamycin Binding (FRB)
domain found in the N-ter lobe and the LSTS binding element (LBE) residing in the C-ter lobe.
As suggested by the name, LSTS binds to the LBE. The FAT domain adopts a C-shaped solenoid
and acts as the organizing core of mTOR. Both ends of the FAT solenoid clamp onto the kinase
domain N-ter and C-ter lobes, while the beginning of FAT packs with the start of the M-heat and

the middle of FAT packs with the end of the N-heat. The mTORCI1 dimer is formed through the
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Figure 1.8 Cryo-EM structure of mTORCT1 activation by Rheb. (A) One copy of the
RHEB-mTOR-RAPTOR-mLST8-4EBP1 complex with color coding corresponding to the
linear schematic below. Rheb-GTYYS is Red. (B) Two angles of dimeric mTORCI1 engaged to

Rheb.

30



packing of the N-HEAT region of one mTOR with the M-HEAT regions of the second mTOR.
RAPTOR binds to this interface creating a tripartite interface?>!!4115,

A Cryo-EM structure of Rheb-GTP in complex with mTORCI] indicates that Rheb forms
a four-way interface with mTORCI1 and binds the N-terminal portions of the N-heat, M-heat and
FAT domains on mTORCI (Fig. 1.8). Most of the contacts with mMTORCI1 are in the switch I and
switch II regions; switch I binds to M-heat and FAT and switch II interacts with all three of the
regions. A single Rheb molecule binds to each mTOR molecule within the mTORC1 complex.
Rheb allosterically activates mTORC1 by binding roughly 60 A away from the active site.
Binding induces a significant confirmational change, primarily through the FAT domain on

mTORC]1, that brings mTORC1’s active-site residues into the correct orientation for catalysis*.

The TSC complex: a Rheb-GAP

The TSC complex is a heterotrimeric protein complex composed of the tuberous sclerosis
complex (TSC) tumor suppressors TSC1 and TSC2, and a third subunit Tre2-Bub2-Cdc16 1
domain family member 7 (TBC1D7)**. TSC1 and TSC2, also referred to as hamartin and tuberin,
are large proteins of around 130 and 200-kDa, respectively!'!®!!7. These proteins are generally
not analogous to other proteins, apart from a 200 amino acid stretch at the C-terminus of TSC2.
This domain resembles the GAP domain of Rapl GAP and is the region that possesses GAP
activity towards Rheb?>!!811% TSC1 acts as a scaffold for TSC2 and TBC1D7, and collectively
the three proteins form a stable, high-molecular weight protein complex. While TSC1 is found
almost exclusively within the complex, a free pool of both TSC2 and TBC1D7 exists in cells, the
function of which is unknown?*. The mechanistic role of TBC1D7 within the TSC complex is

also currently unknown, however a loss of TBC1D7 in cultured cells leads to a modest growth-
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factor-independent activation of mTORCI. This activation is attributed to a reduction in GAP
activity due to partial destabilization of the TSC complex. Importantly, the level of mTORC1
activation upon loss of TBC1D7 is substantially less than that observed upon loss of TSC1 or
TSC2%.

The TSC complex directly regulates Rheb at the lysosome, however, the precise
molecular mechanism of TSC complex lysosomal localization remains elusive. In the absence of
Rheb at the lysosome, either through complete depletion of Rheb in the cell or by inhibiting
Rheb farnesylation, the TSC complex fails to localize to the lysosome?*. This finding revealed
that Rheb is required for TSC complex lysosomal localization. Several other proteins have also
been suggested to play a role in its recruitment including the Rag GTPases, RhoB and G3BP1!2-
122 Within the TSC complex, a recent study describes an interesting model in which localization
occurs through the N-terminal domain of TSCI1 via its affinity for lysosomal phosphatidylinositol
phosphate (PIP) lipids'?*. Whether or not TSC2 interacts with lysosomal lipids to tether the TSC
complex to the lysosome is currently unknown.

It was originally believed that TSC2 phosphorylation by Akt inactivated the TSC
complex by either turning off its Rheb-GAP activity or promoting disassembly or degradation of
the functional TSC complex. However, it is now established that phosphorylation on TSC2 by
Akt promotes the dissociation of the TSC complex from the lysosome®*. Although the results are
unpublished, findings from our lab have revealed that phosphorylation on TSC2 by ERK and
RSK similarly regulate lysosomal localization of the TSC complex. Thus, lysosomal dissociation
of the TSC complex represents a unifying mechanism of inhibition by the major growth factor-
activated kinases impinging on TSC2—the molecular nature of this release event is still under

investigation.
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Structure of the TSC complex

Despite extensive studies conducted on the TSC complex function over the past several
decades, a lack of structural insights into the complex have hampered a true mechanistic
understanding of complex assembly and regulation of mTORCI1 signaling. Until recently, only
partial isolated domains have been resolved including TSC1 bound to TBC1D7'?412% yeast N-
terminal domains of TSC1!%¢, and the N-terminal domain and GAP domain of TSC2 from the

thermophilic fungus Chaetomium thermophilum!?”-128

. The two newly resolved cryo-EM
structures of the full TSC complex are almost identical in overall shape and stoichiometry, with
the Yang et al. structure providing enhanced resolution and side chain identification (Fig. 1.9).
Despite providing only partial resolution of the complex, these structural data combined with the
individual domain structures, have significantly enhancing our understanding of TSC complex
stoichiometry and intra and intermolecular interactions!2%130,

The TSC complex is assembled in a 2:2:1 stoichiometry of TSC1, TSC2 and TBC1D7
with an asymmetrical organization. The overall structure exhibits an elongated arch shape fold
upwards of 40 nm in length. Two TSC2 molecules (TSC2a/TSC2b) each form a seahorse-shaped
conformation and interact through a dimerization domain in the central region of TSC2, forming
the “core” of the protein complex. In each TSC2 molecule, the GAP domain folds back on itself
and makes intramolecular contacts with the N terminal heat repeats. The two TSC1 molecules
(TSC1a/TSC1b) are largely unresolved outside of the core Coil-Coil domain (CCs, residues 746-
971) and intertwine in parallel to form an extended two helix bundle. The TSC1 dimer makes

multiple contacts with the two TSC2 molecules, stabilizing the overall conformation of the

complex. A single TBC1D?7 is positioned at the C-terminal helices of the
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TSC1 dimer (residues 937-971) and does not contact TSC2. The parallel dimerization of
TSC1 combined with the recruitment of a single TBC1D7 generates a unique asymmetrical
conformation of the complex'%.

Each TSC2 molecule consists of a HEAT repeat domain (HEAT), dimerization domain
(DD), followed by a C-terminal GAP domain. 18 HEAT repeats make up the HEAT domain, the
first 12 HEAT repeats (WHEAT) flank out of the central core and are stabilized by TSC1 while
the following six HEAT repeats (cHEAT) interact with the DD and GAP domains. In both TSC2
molecules a pseudo-symmetric fold is formed by the cHEAT-DD-GAP domains while the
wHEAT domains adopt distinct confirmations due to differences in their association with the
TSC1 dimer. The TSC1 CC dimer makes four major contacts with TSC2: 1) Central region of
TSCl1a-CC (residues 800-890) with a “saddle” formed by the TSC2 DD dimer 2) N-terminal
TSC1a-CC (residues 746-795) with a ridge formed by HEAT repeats 7-12 of TSC2a 3) C-
terminal TSC1-CC dimer (residues 890-936) with HEAT repeats 8-12 of TSC2b and 4) C-
terminal TSC1a-CC (residues 937-971) packed against a ridge of HEAT repeats 3-7 of TSC2b'?°,
The last interaction between TSC2 and TSC1 confirms a known interaction between the N-

terminus of TSC2 (1-418) and TSC1'%’.

34



A 1 n= 532
TeC2 HEAT oD GAP 1807

7] %) s 21
e | el e TBCIOT 8

Adapted from Yang et al., 2021.

TSC20-cHEAT

Figure 1.9 Cryo-EM structure of the TSC complex. (A) Color coded domain structure of the
three complex components with un-resolved regions shown in grey (B) Resolved structure of
the TSC complex (C) Cartoon model of a single TSC2 monomer, with each heat repeat

indicated. (D) Close-up view of the intramolecular contacts within the dimerization interface.
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The symmetrical core of the TSC complex is formed by the cHEAT-DD-GAP domains of
the two TSC2 molecules and stable dimerization occurs through the DD domain of each TSC2
molecule. The DD domain consists of a four-stranded antiparallel -sheet and five flanking
o—helices. A saddle-shaped eight-stranded -sheet is formed by the two -sheets of each TSC2.
Packed against the concave surface of the saddle is DaS (residues 1472-1483), which binds the
other TSC2 molecule on HEAT18 and the following loop (residues 1024-1038). A loop leading
into Do4 inserts into a hydrophobic pocket within a three-way junction formed by the cHEAT-
DD-GAP of the second TSC2. Lastly, The TSCla CC domain is engaged by DD helices of both
TSC2 molecules, further supporting TSC2 dimerization'?°. The GAP domain and N-terminal
domain of TSC2 are highly conserved and have described TSC complex functions (complex
stability and GAP activity, respectively). Interestingly, the middle region of TSC2, referred to as
the DD domain by Yang et al, is less conserved and in some cases almost completely missing, as
in the case of the S. pombe TSC2 orthologue'3!. This domain, in addition to its lack of
conservation, is a serine/threonine-rich region that his heavily phosphorylated. The newly
resolved structures have revealed its importance in TSC2 dimerization and a more detailed
description of this region, and speculation into its functional significance, will be discussed in

chapters two and three.

TSC2 GAP mechanism and interaction with Rheb

To date, the TSC complex is the only established regulator of Rheb, and this regulation is
mapped exclusively to the GAP domain. The homology between TSC2 GAP and Rap1 GAP is
especially pronounced in the catalytic helix of the GAP domain. Rapl GAP uses an asparagine-

thumb mechanism with residue Asn290 serving as the catalytic residue, which corresponds to
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Asn1643 in TSC2!'3, Interestingly, several studies have shown that in the absence of TSC1,
TSC2 is not functional in vivo®’. In addition to gaining a better understanding of the overall
conformation of the TSC complex, resolved structures from the last several years have
collectively provided important mechanistic details of the GAP domain, its positioning within
the TSC complex, and the interaction and catalytic mechanism of GAP activity towards Rheb.
These studies largely support early biochemical and mutational analyses of Rheb and The TSC
complex. It is important to note that to date, no structures of the TSC complex bound to Rheb
exist and the structural details of this interaction are based exclusively on docking models that
primarily use the Rap-Rap1 GAP structure as a backbone!?%12%,

The cryo-EM structure of the complete complex is well resolved in the GAP domain and
indicates that the GAP domain is positioned within the core of the complex. The GAP domain of
TSC2 adopts a characteristic mixed a/pB-fold and consists of a central seven-stranded f—sheet
stabilized by a long o helix (Ga5) that runs along the concave side. Packed against the convex
side of the B—sheet is the catalytic helix (Ga3) and two loops (L1 and L2). In the context of the
full complex, both catalytic cores are nearly identical in conformation with their catalytic pockets
opened outwards. This positioning is coordinated by interdomain contacts between TSC2 GAP
domain, HEAT domain, and DD domain as well as stabilizing interactions with TSC1'%°

Rheb docking models have confirmed that the N1643 residue of TSC2 acts as an
asparagine thumb to accelerate GTP hydrolysis of Rheb and is positioned near Y35 of Rheb,
which is likely the corresponding catalytic residue and in support of early biochemical studies.
Other residues on the catalytic helix that are likely important for substrate binding include K1638

and R1639 which face towards Rheb, L1641 which faces in towards the core of TSC2 GAP and

H1640 which putatively binds R15 of Rheb. Prior studies have shown that these sites are critical
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for GAP activity®!!13132 " and they are suggested to stabilize the conformation of the asparagine
thumb128°129.

These models have also revealed a unique recognition of Rheb by the TSC complex that
differs from that of Rap-Rap1 GAP and Ras-RasGAP binding patterns. First, L1 and L2 of the
GAP domain are positioned near switch I and switch Il on Rheb. Both alanine substitution and
disease associated mutations within these loops (L1594 & L1597 on L1 and Q1665 & F1666 on
L2) decrease GAP activity, suggesting that these loops support catalysis and substrate
recognition. Second, a helix pair, GaN (residues 1525-1536) and Ga.C (residues 1739-1754)
protrudes out of the catalytic core and is positioned near helices a2 and o3 of Rheb. These
helices likely play a critical role in mediating the Rheb-TSC2 interactions as mutation of residues
R1529, L1533 and the double mutation R1529/L.1533'2° on GaN and R1749'3? on Go.C results
in a decrease in GAP activity.

Collectively, modeled interactions between Rheb and the GAP domain of TSC2 have
provided an enhanced understanding of the important interactions required for the canonical
GAP activity of the TSC complex. However, further structural studies of Rheb engaged to the
TSC complex are needed to both validate these models and provide new insights into regulatory

functions of the TSC complex.

mTORCT1 signaling in human disease

Germline or loss of function mutations on TSC1 and TSC2 leads to aberrant mMTORC1
activation observed in lesions of the genetic tumor syndrome tuberous sclerosis complex (TSC).
TSC affects up to one in 6,000 births and is characterized by the formation of benign tumors in

multiple organ systems including skin, brain, heart, kidneys and other organs. Clinical
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manifestations can vary widely with a diversity of pathophysiological phenotypes including
malformations of the cerebral cortex, cardiac rhabdomyomas, renal angiomyolipomas, facial
angiofibromas, and many neurological pathologies such as epilepsy, autism spectrum disorder,
learning difficulties and behavior problems'**. Loss of TSC complex function through direct
mutations on TSC1 and TSC2 can also cause pulmonary lymphangioleiomyomatosis (LAM), a
destructive lung disease that exclusively affects women'?>. Moreover, genetic evidence has also
indicated tumor specific loss of function of TSC1 and TSC2 in sporadic cancers such as bladder

and liver cancer!36-137

. Both cell lines and patient-derived xenografts of hepatocellular
carcinomas (HCCs) contain mutations of both TSC1 and TSC2, while up to 13% of bladder
cancers contain TSC1 mutations'3”!3°. Of note, the homozygous loss of TSC1 or TSC2 in
humans has yet to be reported and knockout of these genes in mice results in early embryonic
lethality'40-142—highlighting the essential role of the TSC complex in regulating mTORC1
activity.

Despite its role as the third core subunit of the TSC complex, loss-of-function mutations
in the TBC1D7 gene have yet to be identified in TSC patients®>. Rather, germline homozygous
truncating mutations in TBC1D7 lead to its complete loss from the cell, causing a rare
autosomal-recessive megalocephaly and neurocognition syndrome referred to as “TBC1D7
Syndrome”. Like TSC patients, individuals with this syndrome display a range of
neuropsychiatric anomalies and intellectual disabilities, however, many of the other common
clinical manifestations of TSC, like tubers and benign tumors have not been reported for these
individuals!4*144, Growth compatibility upon complete loss of TBC1D7 further differentiates this

third, non-essential, unit of the TSC complex from TSC1 and TSC2. Given the rarity of patients

with TBC1D7 Syndrome, a complete clinical characterization, and the molecular underpinnings
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driving this condition, is limiting. However, a recent report from our lab characterizing a mouse
knockout model of TBC1D7 has highlighted a critical role of mMTORCI1 signaling in driving
brain overgrowth, resulting in a megalencephaly phenotype, upon loss of TBC1D7'4.

In parallel to TSC complex mutations, germline and loss-function mutations in all three
of the genes (DEPDCS, NPRL2 & NPRL3) that comprise GATOR1 have been identified in
patients with focal epilepsies associated with malformations of cortical development (MCD).
These patients present with a range of neurological pathophysiologies including seizures,
intellectual disability, language delay, anxiety, attention-deficit disorder, and autism spectrum
disorder'6. Related to GATOR1 mutations are those identified in genes encoding components of
the KICKSTOR protein complex, specifically KPTN and SZT2. Like GATORI, patients with
KICKSTOR mutations display neurological manifestations such as epilepsy, macrocephaly,
neurodevelopmental delays, and intellectual disabilities'47-15°,

Beyond the loss of function mutations found in the essential negative regulators of
mTORCI1, numerous oncogenic mutations are present in the pathways that directly regulate the
TSC complex. As such, these mutations are major drivers of growth factor-independent
activation of mTORC1 observed in most human cancers!*¢. For example, within the PI3K-AKT
pathway, loss of the tumor suppressor PTEN, the most important negative regulator of Akt
through its dephosphorylation of PIP3 to PIP2, is observed in many human cancers and leads to
constitutive activation of the pathway!!. Additionally, activating mutations are found in the
genes encoding both Akt and PI3K, the latter being one of the most ubiquitously activated
oncogenes in all human cancers'>>!3*, Within the RAS-Erk pathway, oncogenic mutation of both

Ras and BRAF promote hyperactive signaling observed in over 85% of cancers'>*. Finally,
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growth-factor independent hyperactivation of both signaling cascades is promoted through

oncogenic mutation of RTKSs and oncogenic fusion proteins!3¢!53,

Overview of the dissertation

In the past 20 years, remarkable progress has been made towards understanding the
highly intricate signaling network upstream of mTORCI1. However, as highlighted in this
chapter, many of the mechanistic details of the regulatory proteins in this network, specifically
the TSC complex and Rheb, have yet to be fully described. An observation that the TSC complex
preferentially binds to Rheb in its inactive form led me to hypothesize that the TSC complex
contains unrecognized regulatory functions towards Rheb outside of its canonical GAP activity.
In this dissertation, I have investigated this novel binding interaction between the TSC complex
and Rheb.

In chapter two, I first validate a prior discovery that the TSC complex preferentially binds
to Rheb in its GDP-bound form and confirm that this binding is a real biochemical property of
the TSC complex. I then expand on these findings and show that the interaction is direct, highly
conserved, and occurs outside of the canonical GAP domain of TSC2. Finally, I employ Cross
Linking Mass Spectrometry (CLMS) to broadly map putative interaction domains between
Rheb-GDP and TSC2. I find that crosslinks cluster on divergent loop regions of TSC2 and in the
absence of these loops, the TSC complex loses its preferential binding to Rheb-GDP.
Importantly, I demonstrate that the loop regions of TSC2 are important for suppression of
mTORCI signaling upon growth factor withdrawal from the cell.

In chapter three, I first demonstrate that phosphorylation on TSC2 diminishes the binding

interaction between the TSC complex and Rheb-GDP. In follow up to this, I provide an updated
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hypothetical model of TSC complex lysosomal localization that requires the loop regions. I also
provide perspectives on how these loops may be important for Rheb regulation and extend this to
an overview of the conservation of these loop regions and their broader role in mTORCI signal
integration. In conclusion, I discuss the immediate and long-term future directions that are

necessary to round out the findings made in this dissertation.

42



REFERENCES

1.

10.

Ben-Sahra, 1., and Manning, B.D. (2017). mTORCI1 signaling and the metabolic control
of cell growth. Curr Opin Cell Biol 45, 72-82. 10.1016/j.ceb.2017.02.012.

Dibble, C.C., and Manning, B.D. (2013). Signal integration by mTORC1 coordinates
nutrient input with biosynthetic output. Nat Cell Biol 75, 555-564. 10.1038/ncb2763.

Zoncu, R., Efeyan, A., and Sabatini, D.M. (2011). mTOR: from growth signal integration
to cancer, diabetes and ageing. Nat Rev Mol Cell Biol 72, 21-35. 10.1038/nrm3025.

Howell, J.J., and Manning, B.D. (2011). mTOR couples cellular nutrient sensing to
organismal metabolic homeostasis. Trends Endocrinol Metab 22, 94-102.
10.1016/j.tem.2010.12.003.

Siddiqui, N., and Sonenberg, N. (2015). Signalling to eIF4E in cancer. Biochem Soc
Trans 43, 763-772. 10.1042/BST20150126.

Valvezan, A.J., and Manning, B.D. (2019). Molecular logic of mTORCI1 signalling as a
metabolic rheostat. Nat Metab 7, 321-333. 10.1038/s42255-019-0038-7.

Thoreen, C.C., Chantranupong, L., Keys, H.R., Wang, T., Gray, N.S., and Sabatini, D.M.
(2012). A unifying model for mMTORC1-mediated regulation of mRNA translation. Nature
485, 109-113. 10.1038/nature11083.

Ben-Sahra, 1., Howell, J.J., Asara, J.M., and Manning, B.D. (2013). Stimulation of de
novo pyrimidine synthesis by growth signaling through mTOR and S6K1. Science 339,
1323-1328. 10.1126/science.1228792.

Robitaille, A.M., Christen, S., Shimobayashi, M., Cornu, M., Fava, L.L., Moes, S.,
Prescianotto-Baschong, C., Sauer, U., Jenoe, P., and Hall, M.N. (2013). Quantitative
phosphoproteomics reveal mMTORC1 activates de novo pyrimidine synthesis. Science
339, 1320-1323. 10.1126/science.1228771.

Ben-Sahra, 1., Hoxhaj, G., Ricoult, S.J.H., Asara, J.M., and Manning, B.D. (2016).
mTORCI induces purine synthesis through control of the mitochondrial tetrahydrofolate
cycle. Science 351, 728-733. 10.1126/science.aad0489.

43



I1.

12.

13.

14.

15.

16.

17.

18.

19.

Duvel, K., Yecies, J.L., Menon, S., Raman, P., Lipovsky, A.L., Souza, A.L., Triantafellow,
E., Ma, Q., Gorski, R., Cleaver, S., et al. (2010). Activation of a metabolic gene
regulatory network downstream of mTOR complex 1. Mol Cell 39, 171-183.
10.1016/j.molcel.2010.06.022.

Porstmann, T., Santos, C.R., Griffiths, B., Cully, M., Wu, M., Leevers, S., Griffiths, J.R.,
Chung, Y.L., and Schulze, A. (2008). SREBP activity is regulated by mTORC1 and
contributes to Akt-dependent cell growth. Cell Metab &, 224-236.
10.1016/j.cmet.2008.07.007.

Li, S., Brown, M.S., and Goldstein, J.L. (2010). Bifurcation of insulin signaling pathway
in rat liver: mTORCI required for stimulation of lipogenesis, but not inhibition of
gluconeogenesis. Proc Natl Acad Sci U S A 107, 3441-3446. 10.1073/pnas.0914798107.

Horton, J.D., Goldstein, J.L., and Brown, M.S. (2002). SREBPs: activators of the
complete program of cholesterol and fatty acid synthesis in the liver. J Clin Invest /09,
1125-1131. 10.1172/JCI15593.

Owen, J.L., Zhang, Y., Bae, S.H., Farooqi, M.S., Liang, G., Hammer, R.E., Goldstein,
J.L., and Brown, M.S. (2012). Insulin stimulation of SREBP-1c processing in transgenic
rat hepatocytes requires p70 S6-kinase. Proc Natl Acad Sci U S A 709, 16184-16189.
10.1073/pnas.1213343109.

Peterson, T.R., Sengupta, S.S., Harris, T.E., Carmack, A.E., Kang, S.A., Balderas, E.,
Guertin, D.A., Madden, K.L., Carpenter, A.E., Finck, B.N., and Sabatini, D.M. (2011).
mTOR complex 1 regulates lipin 1 localization to control the SREBP pathway. Cell 746,
408-420. 10.1016/j.cell.2011.06.034.

Lee, G., Zheng, Y., Cho, S., Jang, C., England, C., Dempsey, J.M., Yu, Y., Liu, X., He, L.,
Cavaliere, P.M., et al. (2017). Post-transcriptional Regulation of De Novo Lipogenesis by
mTORCI1-S6K1-SRPK2 Signaling. Cell 171, 1545-1558 e1518.
10.1016/j.cell.2017.10.037.

DeBerardinis, R.J., and Chandel, N.S. (2016). Fundamentals of cancer metabolism. Sci
Adv 2, ¢1600200. 10.1126/sciadv.1600200.

Egan, D., Kim, J., Shaw, R.J., and Guan, K.L. (2011). The autophagy initiating kinase
ULKI is regulated via opposing phosphorylation by AMPK and mTOR. Autophagy 7,
643-644. 10.4161/auto.7.6.15123.

44



20.

21.

22.

23.

24.

25.

26.

27.

28.

Shang, L., Chen, S., Du, F., Li, S., Zhao, L., and Wang, X. (2011). Nutrient starvation
elicits an acute autophagic response mediated by Ulkl dephosphorylation and its
subsequent dissociation from AMPK. Proc Natl Acad Sci U S A 108, 4788-4793.
10.1073/pnas.1100844108.

Dunlop, E.A., and Tee, A.R. (2014). mTOR and autophagy: a dynamic relationship
governed by nutrients and energy. Semin Cell Dev Biol 36, 121-129.
10.1016/j.semcdb.2014.08.006.

Kim, Y.M., Jung, C.H., Seo, M., Kim, E.K., Park, J.M., Bae, S.S., and Kim, D.H. (2015).
mTORCI phosphorylates UVRAG to negatively regulate autophagosome and endosome
maturation. Mol Cell 57, 207-218. 10.1016/j.molcel.2014.11.013.

Pena-Llopis, S., Vega-Rubin-de-Celis, S., Schwartz, J.C., Wolff, N.C., Tran, T.A., Zou,
L., Xie, X.J., Corey, D.R., and Brugarolas, J. (2011). Regulation of TFEB and V-ATPases
by mTORC1. EMBO J 30, 3242-3258. 10.1038/emb0j.2011.257.

Settembre, C., Zoncu, R., Medina, D.L., Vetrini, F., Erdin, S., Erdin, S., Huynh, T.,
Ferron, M., Karsenty, G., Vellard, M.C., et al. (2012). A lysosome-to-nucleus signalling
mechanism senses and regulates the lysosome via mTOR and TFEB. EMBO J 37, 1095-
1108. 10.1038/emboj.2012.32.

Martina, J.A., Chen, Y., Gucek, M., and Puertollano, R. (2012). MTORCI1 functions as a
transcriptional regulator of autophagy by preventing nuclear transport of TFEB.
Autophagy 8, 903-914. 10.4161/auto.19653.

Roczniak-Ferguson, A., Petit, C.S., Froehlich, F., Qian, S., Ky, J., Angarola, B., Walther,
T.C., and Ferguson, S.M. (2012). The transcription factor TFEB links mTORCI1 signaling
to transcriptional control of lysosome homeostasis. Sci Signal 5, ra42.
10.1126/scisignal.2002790.

Sancak, Y., Peterson, T.R., Shaul, Y.D., Lindquist, R.A., Thoreen, C.C., Bar-Peled, L.,
and Sabatini, D.M. (2008). The Rag GTPases bind raptor and mediate amino acid
signaling to mTORCI1. Science 320, 1496-1501. 10.1126/science.1157535.

Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T.P., and Guan, K.L. (2008). Regulation of
TORCI1 by Rag GTPases in nutrient response. Nat Cell Biol /0, 935-945.
10.1038/ncb1753.

45



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Inoki, K., Li, Y., Xu, T., and Guan, K.L. (2003). Rheb GTPase is a direct target of TSC2
GAP activity and regulates mTOR signaling. Genes Dev /7, 1829-1834.
10.1101/gad.1110003.

Tee, A.R., Fingar, D.C., Manning, B.D., Kwiatkowski, D.J., Cantley, L.C., and Blenis, J.
(2002). Tuberous sclerosis complex-1 and -2 gene products function together to inhibit
mammalian target of rapamycin (mTOR)-mediated downstream signaling. Proc Natl
Acad Sci U S A 99, 13571-13576. 10.1073/pnas.202476899.

Long, X., Lin, Y., Ortiz-Vega, S., Yonezawa, K., and Avruch, J. (2005). Rheb binds and
regulates the mTOR kinase. Curr Biol 75, 702-713. 10.1016/j.cub.2005.02.053.

Sancak, Y., Bar-Peled, L., Zoncu, R., Markhard, A.L., Nada, S., and Sabatini, D.M.
(2010). Ragulator-Rag complex targets mTORCI to the lysosomal surface and is
necessary for its activation by amino acids. Cell /417, 290-303.
10.1016/j.cell.2010.02.024.

Yang, H., Jiang, X., Li, B., Yang, H.J., Miller, M., Yang, A., Dhar, A., and Pavletich, N.P.
(2017). Mechanisms of mTORCI activation by RHEB and inhibition by PRAS40. Nature
552,368-373. 10.1038/nature25023.

Menon, S., Dibble, C.C., Talbott, G., Hoxhaj, G., Valvezan, A.J., Takahashi, H., Cantley,
L.C., and Manning, B.D. (2014). Spatial control of the TSC complex integrates insulin
and nutrient regulation of mTORCI1 at the lysosome. Cell 156, 771-785.
10.1016/j.cell.2013.11.049.

Dibble, C.C., Elis, W., Menon, S., Qin, W., Klekota, J., Asara, J.M., Finan, P.M.,
Kwiatkowski, D.J., Murphy, L.O., and Manning, B.D. (2012). TBC1D7 is a third subunit
of the TSC1-TSC2 complex upstream of mTORCI1. Mol Cell 47, 535-546.
10.1016/j.molcel.2012.06.009.

Zhang, Y., Gao, X., Saucedo, L.J., Ru, B., Edgar, B.A., and Pan, D. (2003). Rheb is a
direct target of the tuberous sclerosis tumour suppressor proteins. Nat Cell Biol 5, 578-
581. 10.1038/ncb999.

Wennerberg, K., Rossman, K.L., and Der, C.J. (2005). The Ras superfamily at a glance. J
Cell Sci 118, 843-846. 10.1242/jcs.01660.

Vetter, I.R., and Wittinghofer, A. (2001). The guanine nucleotide-binding switch in three
dimensions. Science 294, 1299-1304. 10.1126/science.1062023.

46



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Li, G., and Zhang, X.C. (2004). GTP hydrolysis mechanism of Ras-like GTPases. J Mol
Biol 340, 921-932. 10.1016/j.jmb.2004.06.007.

Bos, J.L. (1989). ras oncogenes in human cancer: a review. Cancer Res 49, 4682-4689.

Wittinghofer, A., and Vetter, I.R. (2011). Structure-function relationships of the G
domain, a canonical switch motif. Annu Rev Biochem 80, 943-971. 10.1146/annurev-
biochem-062708-134043.

Milburn, M.V., Tong, L., deVos, A.M., Brunger, A., Yamaizumi, Z., Nishimura, S., and
Kim, S.H. (1990). Molecular switch for signal transduction: structural differences
between active and inactive forms of protooncogenic ras proteins. Science 247, 939-945.
10.1126/science.2406906.

Rowinsky, E.K., Windle, J.J., and Von Hoff, D.D. (1999). Ras protein farnesyltransferase:
A strategic target for anticancer therapeutic development. J Clin Oncol /7, 3631-3652.
10.1200/JC0O.1999.17.11.3631.

Bos, J.L., Rehmann, H., and Wittinghofer, A. (2007). GEFs and GAPs: critical elements
in the control of small G proteins. Cell /29, 865-877. 10.1016/j.cell.2007.05.018.

Cherfils, J., and Zeghouf, M. (2013). Regulation of small GTPases by GEFs, GAPs, and
GDIs. Physiol Rev 93, 269-309. 10.1152/physrev.00003.2012.

Scheffzek, K., Ahmadian, M.R., Kabsch, W., Wiesmuller, L., Lautwein, A., Schmitz, F.,
and Wittinghofer, A. (1997). The Ras-RasGAP complex: structural basis for GTPase
activation and its loss in oncogenic Ras mutants. Science 277, 333-338.
10.1126/science.277.5324.333.

Pan, X., Eathiraj, S., Munson, M., and Lambright, D.G. (2006). TBC-domain GAPs for
Rab GTPases accelerate GTP hydrolysis by a dual-finger mechanism. Nature 442, 303-
306. 10.1038/nature04847.

Daumke, O., Weyand, M., Chakrabarti, P.P., Vetter, I.R., and Wittinghofer, A. (2004). The
GTPase-activating protein Rap1 GAP uses a catalytic asparagine. Nature 429, 197-201.
10.1038/nature02505.

47



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tee, A.R., Blenis, J., and Proud, C.G. (2005). Analysis of mTOR signaling by the small
G-proteins, Rheb and RhebL 1. FEBS Lett 579, 4763-4768.
10.1016/j.febslet.2005.07.054.

Shirakawa, R., Fukai, S., Kawato, M., Higashi, T., Kondo, H., Ikeda, T., Nakayama, E.,
Okawa, K., Nureki, O., Kimura, T., et al. (2009). Tuberous sclerosis tumor suppressor
complex-like complexes act as GTPase-activating proteins for Ral GTPases. J Biol Chem
284,21580-21588. 10.1074/jbc.M109.012112.

Scrima, A., Thomas, C., Deaconescu, D., and Wittinghofer, A. (2008). The Rap-RapGAP
complex: GTP hydrolysis without catalytic glutamine and arginine residues. EMBO J 27,
1145-1153. 10.1038/embo;j.2008.30.

Canagarajah, B., Leskow, F.C., Ho, J.Y., Mischak, H., Saidi, L.F., Kazanietz, M.G., and
Hurley, J.H. (2004). Structural mechanism for lipid activation of the Rac-specific GAP,
beta2-chimaerin. Cell 779, 407-418. 10.1016/j.cell.2004.10.012.

Bigay, J., Gounon, P., Robineau, S., and Antonny, B. (2003). Lipid packing sensed by
ArfGAPI couples COPI coat disassembly to membrane bilayer curvature. Nature 426,
563-566. 10.1038/nature02108.

Ignatev, A., Kravchenko, S., Rak, A., Goody, R.S., and Pylypenko, O. (2008). A structural
model of the GDP dissociation inhibitor rab membrane extraction mechanism. J Biol
Chem 283, 18377-18384. 10.1074/jbc.M709718200.

Dransart, E., Olofsson, B., and Cherfils, J. (2005). RhoGDIs revisited: novel roles in Rho
regulation. Traffic 6, 957-966. 10.1111/j.1600-0854.2005.00335.x.

Hanzal-Bayer, M., Renault, L., Roversi, P., Wittinghofer, A., and Hillig, R.C. (2002). The
complex of Arl2-GTP and PDE delta: from structure to function. EMBO J 21, 2095-2106.
10.1093/emboj/21.9.2095.

Zhang, H., Liu, X.H., Zhang, K., Chen, C.K., Frederick, J.M., Prestwich, G.D., and
Baehr, W. (2004). Photoreceptor cGMP phosphodiesterase delta subunit (PDEdelta)
functions as a prenyl-binding protein. J Biol Chem 279, 407-413.
10.1074/jbc.M306559200.

Garcia-Mata, R., Boulter, E., and Burridge, K. (2011). The 'invisible hand": regulation of
RHO GTPases by RHOGDIs. Nat Rev Mol Cell Biol 72, 493-504. 10.1038/nrm3153.

48



59.

60.

61.

62.

63.

64.

65.

66.

67.

D'Adamo, P., Menegon, A., Lo Nigro, C., Grasso, M., Gulisano, M., Tamanini, F.,
Bienvenu, T., Gedeon, A.K., Oostra, B., Wu, S.K., et al. (1998). Mutations in GDI1 are
responsible for X-linked non-specific mental retardation. Nat Genet /9, 134-139.
10.1038/487.

Mayer, K., Goedbloed, M., van Zijl, K., Nellist, M., and Rott, H.D. (2004).
Characterisation of a novel TSC2 missense mutation in the GAP related domain
associated with minimal clinical manifestations of tuberous sclerosis. ] Med Genet 4/,
e64. 10.1136/jmg.2003.010835.

Lepri, F., De Luca, A., Stella, L., Rossi, C., Baldassarre, G., Pantaleoni, F., Cordeddu, V.,
Williams, B.J., Dentici, M.L., Caputo, V., et al. (2011). SOS1 mutations in Noonan
syndrome: molecular spectrum, structural insights on pathogenic effects, and genotype-
phenotype correlations. Hum Mutat 32, 760-772. 10.1002/humu.21492.

Nicastro, R., Sardu, A., Panchaud, N., and De Virgilio, C. (2017). The Architecture of the
Rag GTPase Signaling Network. Biomolecules 7. 10.3390/biom7030048.

Schurmann, A., Brauers, A., Massmann, S., Becker, W., and Joost, H.G. (1995). Cloning
of a novel family of mammalian GTP-binding proteins (RagA, RagBs, RagB1) with
remote similarity to the Ras-related GTPases. J Biol Chem 270, 28982-28988.
10.1074/jbc.270.48.28982.

Sekiguchi, T., Hirose, E., Nakashima, N., Ii, M., and Nishimoto, T. (2001). Novel G
proteins, Rag C and Rag D, interact with GTP-binding proteins, Rag A and Rag B. J Biol
Chem 276, 7246-7257. 10.1074/jbc.M004389200.

Anandapadamanaban, M., Masson, G.R., Perisic, O., Berndt, A., Kaufman, J., Johnson,
C.M., Santhanam, B., Rogala, K.B., Sabatini, D.M., and Williams, R.L. (2019).
Architecture of human Rag GTPase heterodimers and their complex with mTORCI.
Science 366, 203-210. 10.1126/science.aax3939.

Rogala, K.B., Gu, X., Kedir, J.F., Abu-Remaileh, M., Bianchi, L.F., Bottino, A.M.S.,
Dueholm, R., Niehaus, A., Overwijn, D., Fils, A.P,, et al. (2019). Structural basis for the
docking of mMTORC1 on the lysosomal surface. Science 366, 468-475.
10.1126/science.aay0166.

Bar-Peled, L., Schweitzer, L.D., Zoncu, R., and Sabatini, D.M. (2012). Ragulator is a
GEF for the rag GTPases that signal amino acid levels to mTORCI. Cell 7150, 1196-1208.
10.1016/j.cell.2012.07.032.

49



68.

69.

70.

71.

72.

73.

74.

75.

76.

Shen, K., Choe, A., and Sabatini, D.M. (2017). Intersubunit Crosstalk in the Rag GTPase
Heterodimer Enables mTORCI1 to Respond Rapidly to Amino Acid Availability. Mol Cell
68, 821. 10.1016/j.molcel.2017.10.031.

Sabatini, D.M. (2017). Twenty-five years of mTOR: Uncovering the link from nutrients
to growth. Proc Natl Acad Sci U S A 774, 11818-11825. 10.1073/pnas.1716173114.

Zoncu, R., Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., and Sabatini, D.M. (2011).
mTORCI senses lysosomal amino acids through an inside-out mechanism that requires
the vacuolar H(+)-ATPase. Science 334, 678-683. 10.1126/science.1207056.

Wang, S., Tsun, Z.Y., Wolfson, R.L., Shen, K., Wyant, G.A., Plovanich, M.E., Yuan, E.D.,
Jones, T.D., Chantranupong, L., Comb, W, et al. (2015). Metabolism. Lysosomal amino
acid transporter SLC38A9 signals arginine sufficiency to mTORCI1. Science 347, 188-
194. 10.1126/science.1257132.

Wyant, G.A., Abu-Remaileh, M., Wolfson, R.L., Chen, W.W., Freinkman, E., Danai, L.V.,
Vander Heiden, M.G., and Sabatini, D.M. (2017). mTORCI1 Activator SLC38A9 Is

Required to Efflux Essential Amino Acids from Lysosomes and Use Protein as a Nutrient.
Cell 171, 642-654 ¢612. 10.1016/j.cell.2017.09.046.

Shen, K., and Sabatini, D.M. (2018). Ragulator and SLC38A9 activate the Rag GTPases
through noncanonical GEF mechanisms. Proc Natl Acad Sci U S A 115, 9545-9550.
10.1073/pnas.1811727115.

Chantranupong, L., Scaria, S.M., Saxton, R.A., Gygi, M.P., Shen, K., Wyant, G.A.,
Wang, T., Harper, J.W., Gygi, S.P., and Sabatini, D.M. (2016). The CASTOR Proteins Are
Arginine Sensors for the mTORC1 Pathway. Cell 165, 153-164.
10.1016/j.cell.2016.02.035.

Wolfson, R.L., Chantranupong, L., Saxton, R.A., Shen, K., Scaria, S.M., Cantor, J.R., and
Sabatini, D.M. (2016). Sestrin2 is a leucine sensor for the mTORC]1 pathway. Science
351,43-48. 10.1126/science.aab2674.

Gu, X., Orozco, J.M., Saxton, R.A., Condon, K.J., Liu, G.Y., Krawczyk, P.A., Scaria,
S.M., Harper, J.W., Gygi, S.P., and Sabatini, D.M. (2017). SAMTOR is an S-
adenosylmethionine sensor for the mTORC1 pathway. Science 358, 813-818.
10.1126/science.aa03265.

50



77.

78.

79.

80.

81.

82.

83.

84.

85.

Bar-Peled, L., Chantranupong, L., Cherniack, A.D., Chen, W.W., Ottina, K.A., Grabiner,
B.C., Spear, E.D., Carter, S.L., Meyerson, M., and Sabatini, D.M. (2013). A Tumor
suppressor complex with GAP activity for the Rag GTPases that signal amino acid
sufficiency to mTORCI. Science 340, 1100-1106. 10.1126/science.1232044.

Panchaud, N., Peli-Gulli, M.P., and De Virgilio, C. (2013). Amino acid deprivation
inhibits TORCI1 through a GTPase-activating protein complex for the Rag family GTPase
Gtrl. Sci Signal 6, ra42. 10.1126/scisignal.2004112.

Wolfson, R.L., Chantranupong, L., Wyant, G.A., Gu, X., Orozco, J.M., Shen, K.,
Condon, K.J., Petri, S., Kedir, J., Scaria, S.M., et al. (2017). KICSTOR recruits GATOR1
to the lysosome and is necessary for nutrients to regulate mTORC]1. Nature 543, 438-442.
10.1038/mature21423.

Saxton, R.A., Chantranupong, L., Knockenhauer, K.E., Schwartz, T.U., and Sabatini,
D.M. (2016). Mechanism of arginine sensing by CASTORI1 upstream of mTORCI.
Nature 536, 229-233. 10.1038/nature19079.

Saxton, R.A., Knockenhauer, K.E., Wolfson, R.L., Chantranupong, L., Pacold, M.E.,
Wang, T., Schwartz, T.U., and Sabatini, D.M. (2016). Structural basis for leucine sensing
by the Sestrin2-mTORC1 pathway. Science 357, 53-58. 10.1126/science.aad2087.

Tsun, Z.Y., Bar-Peled, L., Chantranupong, L., Zoncu, R., Wang, T., Kim, C., Spooner, E.,
and Sabatini, D.M. (2013). The folliculin tumor suppressor is a GAP for the RagC/D
GTPases that signal amino acid levels to mTORC1. Mol Cell 52, 495-505.
10.1016/j.molcel.2013.09.016.

Shen, K., Huang, R.K., Brignole, E.J., Condon, K.J., Valenstein, M.L., Chantranupong,
L., Bomaliyamu, A., Choe, A., Hong, C., Yu, Z., and Sabatini, D.M. (2018). Architecture
of the human GATOR1 and GATOR1-Rag GTPases complexes. Nature 556, 64-69.
10.1038/nature26158.

Egri, S.B., Ouch, C., Chou, H.T., Yu, Z., Song, K., Xu, C., and Shen, K. (2022). Cryo-EM
structures of the human GATOR1-Rag-Ragulator complex reveal a spatial-constraint
regulated GAP mechanism. Mol Cell 82, 1836-1849 ¢1835.
10.1016/j.molcel.2022.03.002.

Shen, K., Valenstein, M.L., Gu, X., and Sabatini, D.M. (2019). Arg-78 of Nprl2 catalyzes
GATOR1-stimulated GTP hydrolysis by the Rag GTPases. J Biol Chem 294, 2970-2975.
10.1074/jbc.AC119.007382.

51



86.

87.

88.

9.

90.

91.

92.

93.

94.

Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M., and Bilanges, B. (2010). The
emerging mechanisms of isoform-specific PI3K signalling. Nat Rev Mol Cell Biol 1/,
329-341. 10.1038/nrm2882.

Anderson, K.E., Coadwell, J., Stephens, L.R., and Hawkins, P.T. (1998). Translocation of
PDK-1 to the plasma membrane is important in allowing PDK-1 to activate protein
kinase B. Curr Biol 8, 684-691. 10.1016/s0960-9822(98)70274-x.

Sarbassov, D.D., Guertin, D.A., Ali, S.M., and Sabatini, D.M. (2005). Phosphorylation
and regulation of Akt/PKB by the rictor-mTOR complex. Science 307, 1098-1101.
10.1126/science.1106148.

Obata, T., Yaffe, M.B., Leparc, G.G., Piro, E.T., Maegawa, H., Kashiwagi, A., Kikkawa,
R., and Cantley, L.C. (2000). Peptide and protein library screening defines optimal
substrate motifs for AKT/PKB. J Biol Chem 275, 36108-36115.
10.1074/jbc.M005497200.

Manning, B.D., Tee, A.R., Logsdon, M.N., Blenis, J., and Cantley, L.C. (2002).
Identification of the tuberous sclerosis complex-2 tumor suppressor gene product tuberin
as a target of the phosphoinositide 3-kinase/akt pathway. Mol Cell /0, 151-162.
10.1016/s1097-2765(02)00568-3.

Inoki, K., L1, Y., Zhu, T., Wu, J., and Guan, K.L. (2002). TSC2 is phosphorylated and
inhibited by Akt and suppresses mTOR signalling. Nat Cell Biol 4, 648-657.
10.1038/ncb839.

McKay, M.M., and Morrison, D.K. (2007). Integrating signals from RTKs to
ERK/MAPK. Oncogene 26, 3113-3121. 10.1038/sj.onc.1210394.

Mendoza, M.C., Er, E.E., and Blenis, J. (2011). The Ras-ERK and PI3K-mTOR
pathways: cross-talk and compensation. Trends Biochem Sci 36, 320-328.
10.1016/j.tibs.2011.03.006.

Roux, P.P,, Ballif, B.A., Anjum, R., Gygi, S.P., and Blenis, J. (2004). Tumor-promoting
phorbol esters and activated Ras inactivate the tuberous sclerosis tumor suppressor
complex via p90 ribosomal S6 kinase. Proc Natl Acad Sci U S A 101, 13489-13494.
10.1073/pnas.0405659101.

52



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Ma, L., Chen, Z., Erdjument-Bromage, H., Tempst, P., and Pandolfi, P.P. (2005).
Phosphorylation and functional inactivation of TSC2 by Erk implications for tuberous
sclerosis and cancer pathogenesis. Cell 7217, 179-193. 10.1016/j.cell.2005.02.031.

Gwinn, D.M., Shackelford, D.B., Egan, D.F., Mihaylova, M.M., Mery, A., Vasquez, D.S.,
Turk, B.E., and Shaw, R.J. (2008). AMPK phosphorylation of raptor mediates a
metabolic checkpoint. Mol Cell 30, 214-226. 10.1016/j.molcel.2008.03.003.

Inoki, K., Zhu, T., and Guan, K.L. (2003). TSC2 mediates cellular energy response to
control cell growth and survival. Cell 775, 577-590. 10.1016/s0092-8674(03)00929-2.

Shaw, R.J., Bardeesy, N., Manning, B.D., Lopez, L., Kosmatka, M., DePinho, R.A., and
Cantley, L.C. (2004). The LKB1 tumor suppressor negatively regulates mTOR signaling.
Cancer Cell 6, 91-99. 10.1016/j.ccr.2004.06.007.

Brugarolas, J., Lei, K., Hurley, R.L., Manning, B.D., Reiling, J.H., Hafen, E., Witters,
L.A., Ellisen, L.W., and Kaelin, W.G., Jr. (2004). Regulation of mTOR function in
response to hypoxia by REDD1 and the TSC1/TSC2 tumor suppressor complex. Genes
Dev 18, 2893-2904. 10.1101/gad.1256804.

Feng, Z., Hu, W., de Stanchina, E., Teresky, A.K., Jin, S., Lowe, S., and Levine, A.J.
(2007). The regulation of AMPK betal, TSC2, and PTEN expression by p53: stress, cell
and tissue specificity, and the role of these gene products in modulating the IGF-1-AKT-
mTOR pathways. Cancer Res 67, 3043-3053. 10.1158/0008-5472.CAN-06-4149.

Heard, J.J., Fong, V., Bathaie, S.Z., and Tamanoi, F. (2014). Recent progress in the study
of the Rheb family GTPases. Cell Signal 26, 1950-1957. 10.1016/j.cellsig.2014.05.011.

Yang, W., Tabancay, A.P., Jr., Urano, J., and Tamanoi, F. (2001). Failure to farnesylate
Rheb protein contributes to the enrichment of GO/G1 phase cells in the
Schizosaccharomyces pombe farnesyltransferase mutant. Mol Microbiol 47, 1339-1347.
10.1046/5.1365-2958.2001.02599 .

Aspuria, P.J., and Tamanoi, F. (2004). The Rheb family of GTP-binding proteins. Cell
Signal 76, 1105-1112. 10.1016/j.cellsig.2004.03.019.

Takahashi, K., Nakagawa, M., Young, S.G., and Yamanaka, S. (2005). Differential
membrane localization of ERas and Rheb, two Ras-related proteins involved in the
phosphatidylinositol 3-kinase/mTOR pathway. J Biol Chem 280, 32768-32774.
10.1074/jbc.M506280200.

53



105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

Yamagata, K., Sanders, L.K., Kaufmann, W.E., Yee, W., Barnes, C.A., Nathans, D., and
Worley, P.F. (1994). rheb, a growth factor- and synaptic activity-regulated gene, encodes
a novel Ras-related protein. J Biol Chem 269, 16333-16339.

Castro, A.F., Rebhun, J.F., Clark, G.J., and Quilliam, L.A. (2003). Rheb binds tuberous
sclerosis complex 2 (TSC2) and promotes S6 kinase activation in a rapamycin- and
farnesylation-dependent manner. J Biol Chem 278, 32493-32496.
10.1074/jb¢.C300226200.

Mahoney, S.J., Narayan, S., Molz, L., Berstler, L.A., Kang, S.A., Vlasuk, G.P., and Saiah,
E. (2018). A small molecule inhibitor of Rheb selectively targets mTORC1 signaling. Nat
Commun 9, 548. 10.1038/s41467-018-03035-z.

Karassek, S., Berghaus, C., Schwarten, M., Goemans, C.G., Ohse, N., Kock, G., Jockers,
K., Neumann, S., Gottfried, S., Herrmann, C., et al. (2010). Ras homolog enriched in
brain (Rheb) enhances apoptotic signaling. J Biol Chem 285, 33979-33991.
10.1074/jbc.M109.095968.

Yu, Y, Li, S., Xu, X., Li, Y., Guan, K., Arnold, E., and Ding, J. (2005). Structural basis
for the unique biological function of small GTPase RHEB. J Biol Chem 280, 17093-
17100. 10.1074/jbc.M501253200.

Mazhab-Jafari, M. T., Marshall, C.B., Ishiyama, N., Ho, J., Di Palma, V., Stambolic, V.,
and Ikura, M. (2012). An autoinhibited noncanonical mechanism of GTP hydrolysis by
Rheb maintains mTORC1 homeostasis. Structure 20, 1528-1539.
10.1016/}.str.2012.06.013.

Zhang, C., Liu, Y., Zhang, Y., Wang, X., Zhang, T., and Ding, J. (2020). Molecular basis
for the functions of dominantly active Y35N and inactive D60K Rheb mutants in
mTORCI signaling. J Mol Cell Biol /2, 741-744. 10.1093/jmcb/mjaa025.

Hall, A. (2000). GTPases (Oxford University Press on Demand).

Marshall, C.B., Ho, J., Buerger, C., Plevin, M.J., Li, G.Y., Li, Z., Ikura, M., and
Stambolic, V. (2009). Characterization of the intrinsic and TSC2-GAP-regulated GTPase
activity of Rheb by real-time NMR. Sci Signal 2, ra3. 10.1126/scisignal.2000029.

Yang, H., Rudge, D.G., Koos, J.D., Vaidialingam, B., Yang, H.J., and Pavletich, N.P.
(2013). mTOR kinase structure, mechanism and regulation. Nature 497, 217-223.
10.1038/nature12122.

54



115.

116.

117.

118.

119.

120.

121.

122.

123.

Yang, H., Wang, J., Liu, M., Chen, X., Huang, M., Tan, D., Dong, M.Q., Wong, C.C.,
Wang, J., Xu, Y., and Wang, H.W. (2016). 4.4 A Resolution Cryo-EM structure of human
mTOR Complex 1. Protein Cell 7, 878-887. 10.1007/s13238-016-0346-6.

van Slegtenhorst, M., de Hoogt, R., Hermans, C., Nellist, M., Janssen, B., Verhoef, S.,
Lindhout, D., van den Ouweland, A., Halley, D., Young, J., et al. (1997). Identification of
the tuberous sclerosis gene TSC1 on chromosome 9q34. Science 277, 805-808.
10.1126/science.277.5327.805.

European Chromosome 16 Tuberous Sclerosis, C. (1993). Identification and
characterization of the tuberous sclerosis gene on chromosome 16. Cell 75, 1305-1315.
10.1016/0092-8674(93)90618-z.

Tee, A.R., Manning, B.D., Roux, P.P., Cantley, L.C., and Blenis, J. (2003). Tuberous
sclerosis complex gene products, Tuberin and Hamartin, control mTOR signaling by
acting as a GTPase-activating protein complex toward Rheb. Curr Biol 73, 1259-1268.
10.1016/s0960-9822(03)00506-2.

Garami, A., Zwartkruis, F.J., Nobukuni, T., Joaquin, M., Roccio, M., Stocker, H., Kozma,
S.C., Hafen, E., Bos, J.L., and Thomas, G. (2003). Insulin activation of Rheb, a mediator
of mTOR/S6K/4E-BP signaling, is inhibited by TSC1 and 2. Mol Cell /7, 1457-1466.
10.1016/s1097-2765(03)00220-x.

Liu, M., Zeng, T., Zhang, X., Liu, C., Wu, Z., Yao, L., Xie, C., Xia, H., Lin, Q., Xie, L., et
al. (2018). ATR/Chk1 signaling induces autophagy through sumoylated RhoB-mediated
lysosomal translocation of TSC2 after DNA damage. Nat Commun 9, 4139.
10.1038/s41467-018-06556-9.

Demetriades, C., Doumpas, N., and Teleman, A.A. (2014). Regulation of TORC1 in
response to amino acid starvation via lysosomal recruitment of TSC2. Cell 156, 786-799.
10.1016/j.cell.2014.01.024.

Prentzell, M.T., Rehbein, U., Cadena Sandoval, M., De Meulemeester, A.S., Baumeister,
R., Brohee, L., Berdel, B., Bockwoldt, M., Carroll, B., Chowdhury, S.R., et al. (2021).
G3BPs tether the TSC complex to lysosomes and suppress mTORCI signaling. Cell /84,
655-674 ¢627. 10.1016/j.cell.2020.12.024.

Fitzian, K., Bruckner, A., Brohee, L., Zech, R., Antoni, C., Kiontke, S., Gasper, R.,
Linard Matos, A.L., Beel, S., Wilhelm, S., et al. (2021). TSC1 binding to lysosomal PIPs
is required for TSC complex translocation and mTORCI regulation. Mol Cell 81, 2705-
2721 ¢2708. 10.1016/j.molcel.2021.04.019.

55



124.

125.

126.

127.

128.

129.

130.

131.

132.

Gai, Z., Chu, W., Deng, W., L1, W,, Li, H., He, A., Nellist, M., and Wu, G. (2016).
Structure of the TBC1D7-TSC1 complex reveals that TBC1D7 stabilizes dimerization of
the TSC1 C-terminal coiled coil region. J Mol Cell Biol &, 411-425.
10.1093/jmcb/mjw001.

Qin, J., Wang, Z., Hoogeveen-Westerveld, M., Shen, G., Gong, W., Nellist, M., and Xu,
W. (2016). Structural Basis of the Interaction between Tuberous Sclerosis Complex 1
(TSC1) and Tre2-Bub2-Cdc16 Domain Family Member 7 (TBC1D7). J Biol Chem 291,
8591-8601. 10.1074/jbc.M115.701870.

Sun, W., Zhu, Y.J., Wang, Z., Zhong, Q., Gao, F., Lou, J., Gong, W., and Xu, W. (2013).
Crystal structure of the yeast TSC1 core domain and implications for tuberous sclerosis
pathological mutations. Nat Commun 4, 2135. 10.1038/ncomms3135.

Zech, R., Kiontke, S., Mueller, U., Oeckinghaus, A., and Kummel, D. (2016). Structure
of the Tuberous Sclerosis Complex 2 (TSC2) N Terminus Provides Insight into Complex
Assembly and Tuberous Sclerosis Pathogenesis. J Biol Chem 297, 20008-20020.
10.1074/jbc.M116.732446.

Hansmann, P., Bruckner, A., Kiontke, S., Berkenfeld, B., Seebohm, G., Brouillard, P.,
Vikkula, M., Jansen, F.E., Nellist, M., Oeckinghaus, A., and Kummel, D. (2020).
Structure of the TSC2 GAP Domain: Mechanistic Insight into Catalysis and Pathogenic
Mutations. Structure 28, 933-942 €934. 10.1016/].5tr.2020.05.008.

Yang, H., Yu, Z., Chen, X., Li, J., Li, N., Cheng, J., Gao, N., Yuan, H.X., Ye, D., Guan,
K.L., and Xu, Y. (2021). Structural insights into TSC complex assembly and GAP activity
on Rheb. Nat Commun /2, 339. 10.1038/s41467-020-20522-4.

Ramlaul, K., Fu, W., Li, H., de Martin Garrido, N., He, L., Trivedi, M., Cui, W., Aylett,
C.H.S., and Wu, G. (2021). Architecture of the Tuberous Sclerosis Protein Complex. J
Mol Biol 433, 166743. 10.1016/j.jmb.2020.166743.

Huang, J., and Manning, B.D. (2008). The TSC1-TSC2 complex: a molecular
switchboard controlling cell growth. Biochem J 472, 179-190. 10.1042/BJ20080281.

Hoogeveen-Westerveld, M., Wentink, M., van den Heuvel, D., Mozaftari, M., Ekong, R.,
Povey, S., den Dunnen, J.T., Metcalfe, K., Vallee, S., Krueger, S., et al. (2011). Functional
assessment of variants in the TSC1 and TSC2 genes identified in individuals with
Tuberous Sclerosis Complex. Hum Mutat 32, 424-435. 10.1002/humu.21451.

56



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Li, Y., Inoki, K., and Guan, K.L. (2004). Biochemical and functional characterizations of
small GTPase Rheb and TSC2 GAP activity. Mol Cell Biol 24, 7965-7975.
10.1128/MCB.24.18.7965-7975.2004.

Henske, E.P., Jozwiak, S., Kingswood, J.C., Sampson, J.R., and Thiele, E.A. (2016).
Tuberous sclerosis complex. Nat Rev Dis Primers 2, 16035. 10.1038/nrdp.2016.35.

Gupta, N., and Henske, E.P. (2018). Pulmonary manifestations in tuberous sclerosis
complex. Am J Med Genet C Semin Med Genet /78, 326-337. 10.1002/ajmg.c.31638.

Ilagan, E., and Manning, B.D. (2016). Emerging role of mTOR in the response to cancer
therapeutics. Trends Cancer 2, 241-251. 10.1016/j.trecan.2016.03.008.

Knowles, M.A., Hornigold, N., and Pitt, E. (2003). Tuberous sclerosis complex (TSC)
gene involvement in sporadic tumours. Biochem Soc Trans 37, 597-602.
10.1042/bst0310597.

Ho, D.W.H., Chan, L.K., Chiu, Y.T., Xu, LM.J., Poon, R.T.P., Cheung, T.T., Tang, C.N.,
Tang, VW.L., Lo, I.LL.O., Lam, PW.Y., et al. (2017). TSC1/2 mutations define a

molecular subset of HCC with aggressive behaviour and treatment implication. Gut 66,
1496-1506. 10.1136/gutjnl-2016-312734.

Huynh, H., Hao, H.X., Chan, S.L., Chen, D., Ong, R., Soo, K.C., Pochanard, P., Yang, D.,
Ruddy, D., Liu, M., et al. (2015). Loss of Tuberous Sclerosis Complex 2 (TSC2) Is
Frequent in Hepatocellular Carcinoma and Predicts Response to mTORCI Inhibitor
Everolimus. Mol Cancer Ther /4, 1224-1235. 10.1158/1535-7163.MCT-14-0768.

Kwiatkowski, D.J., Zhang, H., Bandura, J.L., Heiberger, K.M., Glogauer, M., el-
Hashemite, N., and Onda, H. (2002). A mouse model of TSCI reveals sex-dependent
lethality from liver hemangiomas, and up-regulation of p70S6 kinase activity in Tsc1 null
cells. Hum Mol Genet /17, 525-534. 10.1093/hmg/11.5.525.

Kobayashi, T., Minowa, O., Kuno, J., Mitani, H., Hino, O., and Noda, T. (1999). Renal
carcinogenesis, hepatic hemangiomatosis, and embryonic lethality caused by a germ-line
Tsc2 mutation in mice. Cancer Res 59, 1206-1211.

Onda, H., Lueck, A., Marks, P.W., Warren, H.B., and Kwiatkowski, D.J. (1999). Tsc2(+/-)
mice develop tumors in multiple sites that express gelsolin and are influenced by genetic
background. J Clin Invest /104, 687-695. 10.1172/JCI7319.

57



143.

144.

145.

146.

147.

148.

149.

150.

151.

Alfaiz, A.A., Micale, L., Mandriani, B., Augello, B., Pellico, M.T., Chrast, J., Xenarios,
I., Zelante, L., Merla, G., and Reymond, A. (2014). TBC1D7 mutations are associated
with intellectual disability, macrocrania, patellar dislocation, and celiac disease. Hum
Mutat 35, 447-451. 10.1002/humu.22529.

Capo-Chichi, J.M., Tcherkezian, J., Hamdan, F.F., Decarie, J.C., Dobrzeniecka, S., Patry,
L., Nadon, M.A., Mucha, B.E., Major, P., Shevell, M., et al. (2013). Disruption of
TBC1D7, a subunit of the TSC1-TSC2 protein complex, in intellectual disability and
megalencephaly. J Med Genet 50, 740-744. 10.1136/jmedgenet-2013-101680.

Schrotter, S., Yuskaitis, C.J., MacArthur, M.R., Mitchell, S.J., Hosios, A.M., Osipovich,
M., Torrence, M.E., Mitchell, J.R., Hoxhaj, G., Sahin, M., and Manning, B.D. (2022).
The non-essential TSC complex component TBC1D7 restricts tissue mTORCI signaling
and brain and neuron growth. Cell Rep 39, 110824. 10.1016/j.celrep.2022.110824.

Iffland, P.H., 2nd, Carson, V., Bordey, A., and Crino, P.B. (2019). GATORopathies: The
role of amino acid regulatory gene mutations in epilepsy and cortical malformations.
Epilepsia 60, 2163-2173. 10.1111/epi.16370.

Pajusalu, S., Reimand, T., and Ounap, K. (2015). Novel homozygous mutation in KPTN
gene causing a familial intellectual disability-macrocephaly syndrome. Am J Med Genet
A 1674,1913-1915. 10.1002/ajmg.a.37105.

Baple, E.L., Maroofian, R., Chioza, B.A., Izadi, M., Cross, H.E., Al-Turki, S., Barwick,
K., Skrzypiec, A., Pawlak, R., Wagner, K., et al. (2014). Mutations in KPTN cause
macrocephaly, neurodevelopmental delay, and seizures. Am J Hum Genet 94, 87-94.
10.1016/j.ajhg.2013.10.001.

Venkatesan, C., Angle, B., and Millichap, J.J. (2016). Early-life epileptic encephalopathy
secondary to SZT2 pathogenic recessive variants. Epileptic Disord /8, 195-200.
10.1684/epd.2016.0828.

Basel-Vanagaite, L., Hershkovitz, T., Heyman, E., Raspall-Chaure, M., Kakar, N.,
Smirin-Yosef, P., Vila-Pueyo, M., Kornreich, L., Thiele, H., Bode, H., et al. (2013).
Biallelic SZT2 mutations cause infantile encephalopathy with epilepsy and dysmorphic
corpus callosum. Am J Hum Genet 93, 524-529. 10.1016/j.ajhg.2013.07.005.

Milella, M., Falcone, 1., Conciatori, F., Cesta Incani, U., Del Curatolo, A., Inzerilli, N.,
Nuzzo, C.M., Vaccaro, V., Vari, S., Cognetti, F., and Ciuffreda, L. (2015). PTEN:
Multiple Functions in Human Malignant Tumors. Front Oncol 5, 24.
10.3389/fonc.2015.00024.

58



152.

153.

154.

155.

Madsen, R.R., Vanhaesebroeck, B., and Semple, R.K. (2018). Cancer-Associated
PIK3CA Mutations in Overgrowth Disorders. Trends Mol Med 24, 856-870.
10.1016/j.molmed.2018.08.003.

He, Y., Sun, M.M., Zhang, G.G., Yang, J., Chen, K.S., Xu, W.W.,, and Li, B. (2021).
Targeting PI3K/Akt signal transduction for cancer therapy. Signal Transduct Target Ther
6,425.10.1038/s41392-021-00828-5.

Yuan, J., Dong, X., Yap, J., and Hu, J. (2020). The MAPK and AMPK signalings:
interplay and implication in targeted cancer therapy. J Hematol Oncol /3, 113.
10.1186/513045-020-00949-4.

Katoh, M. (2019). Fibroblast growth factor receptors as treatment targets in clinical
oncology. Nat Rev Clin Oncol /6, 105-122. 10.1038/s41571-018-0115-y.

59



Chapter 2:

A GAP-independent binding interaction between the TSC complex and Rheb reveals dual

modes of mTORCI1 regulation by the TSC complex

Alphafold protein structure modeling for figure 2.8 and 2.9 were done by Kenny Wang

Radio-labelled nucleotide loading experiments for figure 2.1B-C were done by Aaron Hosios



ABSTRACT

The mechanistic target of rapamycin (mTOR) complex 1 (mTORCI1) is a master
signaling node that integrates signals in the form of nutrients, growth factors, cytokines and
hormones to coordinate metabolic processes underlying cell growth. mTORCI is under the direct
control of two systems of GTPases, the Rag GTPase heterodimer and Rheb. In nutrient replete
conditions, the Rag GTPases recruit mTORCI1 to the surface of the lysosome where it is directly
activated by a lysosomal pool of Rheb. The activation state of Rheb is tightly controlled by the
tuberous sclerosis complex (TSC), a large protein complex comprised of the tumor suppressors
TSC1 and TSC2 and a third protein, TBC1D7. Through a small domain at the C-terminus of
TSC2, the TSC complex acts as a GTPase Activating Protein (GAP) to promote active, GTP-
bound Rheb to inactive GDP-bound Rheb, whereby it can no longer activate mTORC1. Major
growth factor signaling pathways converge on the TSC complex to inhibit its ability suppress
mTORCI1 signaling, primarily through inhibitory phosphorylation events on TSC2 that promote
dissociation of the TSC complex from the lysosome, where mTORCI1 activation by Rheb occurs.
Despite significant progress in understanding these spatial regulation events, many longstanding
questions underlying the mechanistic function of the TSC complex, and its regulation of Rheb
remain unanswered. Here, we report that the TSC complex preferentially engages Rheb in is
inactive, GDP-bound form and that this interaction is required for complete mTORC1
suppression upon growth factor withdrawal from the cell. Our results reveal that the preferential
binding occurs through divergent and highly phosphorylated loop regions on TSC2, that have

evolved to provide a second layer of regulation over Rheb-mTORCI signaling.
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INTRODUCTION

Cells sense and respond to growth signals to alter metabolic processes accordingly.
Anabolic and catabolic processes underlying regulated growth are controlled by a ubiquitous
signaling network that receives signals from nutrients, growth factors, cytokines and hormones.
The pathways sensing these signals converge on the protein kinase complex mechanistic target
of rapamycin (mMTOR) complex 1 (mTORC1) which functions to integrate these diverse cues to
coordinate metabolic changes that underlie cell growth!=.

The ability of growth factor signaling pathways to activate mTORCI1 is tightly controlled
by a protein complex comprised of the tuberous sclerosis complex (TSC) tumor suppressors,
TSC1 and TSC2, and the protein TBC1D7. The TSC complex functions as a direct and essential
negative regulator of mMTORC1 through its GTPase activating protein (GAP) activity towards the
small G-protein, Ras homolog enriched in brain (Rheb)*-. Contrary to its name, Rheb is
ubiquitously expressed and is essential for mTORCI activation. Only when Rheb is GTP-bound
can it bind and activate mTORC1%7. Thus, the TSC complex acts as a potent inhibitor of
mTORCI activation, at least in part, by stimulating the intrinsic GTPase activity of Rheb,
promoting its conversion to Rheb-GDP, which cannot activate mTORC1%.

mTORCI activation occurs on the cytosolic face of lysosomes, where it can integrate
signals from both amino acids and growth factor signaling pathways. Amino acid inputs promote
mTORCI1 activation by stimulating its docking at the lysosome through interactions with the Rag
family of small GTPases*®!!. Unlike Rheb, Rag protein binding to mTORC1 does not activate it.
However, the recruitment of mMTORCI to the lysosome serves to bring it into proximity to its

direct activator Rheb, a sub population of which resides at the lysosome®!2. Thus, the activation
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state of mMTORCI is ultimately decided by whether or not lysosomal Rheb is bound to GTP or
GDP, which is regulated by the TSC complex.

While many other GTPases have established known regulators such as Guanine
Nucleotide Exchange Factors (GEFs) and Guanine Dissociation Inhibitors (GDIs)!?, the TSC
complex remains as the only known and established direct regulator of Rheb. Despite the size of
the TSC complex (upwards of 700 kDa)'4, its regulatory domain is mapped exclusively to the C-
terminus of TSC2 where the GAP domain resides*!>'®. Here, we describe a novel interaction
between the TSC complex and Rheb. We find that the TSC complex preferentially engages Rheb
in its inactive, GDP-bound form, through a domain outside of the established GAP domain.
Furthermore, we determined that unstructured regions on TSC2, which we refer to as TSC2
loops, mediate this unique and preferential binding to Rheb-GDP. Our data suggests that the TSC
complex has two distinct binding modes: the canonical GAP mode that engages Rheb-GTP to
stimulate GTP hydrolysis, and a second mode, which we refer to as the “association mode” that

strongly engages Rheb-GDP to provide a second layer of mTORCI regulation at the lysosome.

RESULTS
The TSC complex preferentially binds to GDP-bound Rheb

We previously reported that the TSC complex localizes to the lysosome in the absence of
growth factors, and that this localization is dependent on farnesylated Rheb’. To investigate the
molecular nature of the interaction between the TSC complex and Rheb, the ability of
endogenous TSC complexes in cell lysates to bind to recombinant GST-Rheb loaded with

GTPyS or GDP was determined. Intriguingly, the TSC complex exhibited a strong preference for

binding to Rheb-GDP relative Rheb-GTPyS (Fig. 2.1A). This preferential interaction between
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Figure 2.1. The TSC complex preferentially binds to Rheb in its inactive, GDP-bound form.
(A) Endogenous TSC complex components were pulled down from lysates of serum-starved (16
hours) 293E cells with recombinant bacterially purified GST-Rheb, or the control protein
Rab5A, preloaded with no nucleotide (none), GTPyS (500 um), or GDP (500 um). GST-fused
bait proteins were detected with Ponceau S stain. (B) Recombinant purified GST-Rheb (0.2 pum)
was loaded with radio-labelled a-32-P-GDP (5 nM) or a-32-P-GTP (5 nM) for up to two hours
on ice, passed through a nitrocellulose filter, dried and the amount of nucleotide bound to Rheb
was exposed by phosphorimager. (C) Rheb was loaded as in (B) for two hours with increasing
concentrations of cold corresponding nucleotide as indicated on the figure. (D) Endogenous TSC
complex components were pulled down as in (A) with GST-Rheb preloaded with no nucleotide
(none) or a range of GTPyS or GDP concentrations (10 um to 1 mM) and compared to GST-
Rab5A loaded with the highest concentration of GDP (1 mM). (E) TSC complex components
were pulled down as in (A) with GST-Rheb or the control protein, GST-Rab5A, preloaded with
no nucleotide (none) or a panel of nucleotide analogs as indicated on the figure. (F) TSC
complex components pulled down as in (A) with a panel of recombinant purified GST-tagged

GTPases preloaded with nucleotide as in (A).
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Figure 2.1 (Continued).
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Rheb-GDP and the TSC complex was not due to differences in guanylate binding to Rheb, as
both loading (Fig. 2.1B) and release (Fig. 2.1C) kinetics of Rheb for GDP and GTP were similar.
Furthermore, the TSC complex preferentially bound to Rheb-GDP loaded over a range of
guanylate concentrations (10 um — 1 mM), even at a 100-fold lower concentration of GDP
versus GTP (Fig. 2.1D). To further characterize the importance of the purine nucleotide in the
binding of Rheb to the TSC complex, Rheb was loaded with a panel of nucleotides, including
ATP, GTP, GTP analogs (GMP-PNP and GTPyS), GDP, and a GDP analog (GDPfS). Again,
the TSC complex bound with a strong preference to Rheb-GDP and Rheb-GDPfS (Fig. 2.1E).
Importantly, the TSC complex did not show any binding above background to GST-Rab5A
loaded with these nucleotides. The binding preference of the TSC complex for GDP-bound
GTPases was specific to Rheb, as we detected no TSC complex components in pulldowns of
GTPyS- or GDP-loaded GST-Racl, Rab5A, or K-Ras, whereas the TSC complex robustly bound
Rheb-GDP and to a much lesser extent Rheb-GTPyS (Fig. 2.1F).

Farnesylation status, a post-translational C-terminal modification on Rheb, also did not
influence the preferential binding between the TSC complex and Rheb-GDP. Rheb purified from
bacteria is in its unfarnesylated form, while Rheb purified from mammalian cells is
farnesylated!’. Repeating the pull-downs in a side-by-side comparison of GST-Rheb purified
from bacterial or mammalian cells revealed the same preferential binding pattern between the
TSC complex and Rheb-GDP, regardless of the host purification system (Fig. 2.2A). Consistent
with this result, when GST-Rheb was purified from mammalian cells following overnight
treatment with a farnesyl transferase inhibitor (FTI), no difference in binding preference was
observed between the FTI treated or untreated purified Rheb proteins (Fig. 2.2B). Moreover,

purified wild-type Flag-Rheb and the farnesylation deficient mutant of Rheb (Flag-
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RhebACAAX) both preferentially engaged the TSC complex when GDP-bound (Fig 2.2C).
Curiously, we noticed a slight but reproducible increase in binding between Rheb-GDP and the
TSC complex in all conditions in which Rheb was unfarnesylated compared to its farnesylated
control. These observations suggest that Rheb farnesylation status does not dictate the
preferential binding between Rheb-GDP and the TSC complex, however a lack of farnesylation

on Rheb may enhance the binding interaction.
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Figure 2.2. Farnesylation status does not change the preferential binding of the TSC
complex for Rheb-GDP. (A) Endogenous TSC complex components were pulled down from
lysates of serum-starved 293E cells with GST-Rheb that had been purified from either bacterial
cells or mammalian 293E cells and compared to the control peptide, GST, which had also been
purified from either bacterial or mammalian cells. GST-Rheb or GST was preloaded with no
nucleotide (none), GTPyS (500 um), or GDP (500 um). GST-fused bait proteins were detected
with Ponceau S stain. (B) Endogenous TSC complex components were pulled down as in (A)
with GST-Rheb purified from 293E cells that had been pretreated for 16 hours prior to protein
purification with or without a farnesyltransferase inhibitor (10 pum) prior to cell lysis. Pre-loading
of Rheb with nucleotide was done as in (A). (C) Endogenous TSC complex components were
pulled down as in (A) with flag-tagged wild-type Rheb or the farnesylation defective mutant,
Rheb C181S (ACAAX mutant), purified from 293E cells and compared to control peptide, Flag,

also purified from 293E cells. Preloading of Rheb with nucleotide was done as in (A).

68



A B

Ponceau S.

GST Pulidown GST-Pulldown
Ex yrgtses':‘qn Bacterial Mammalian Bait: GST GST-Rheb
: I
. Nuc. o Z o A& o
Bait: GST GST-Rheb GST GST-Rheb [500 uM]: G e 3 & 5
) ) o O 0 0 o0
Nuc. o a o o a o FTI: - - -+ o+
[500 uM]: a =z = [a) [a) z = [a)
O] =z (&) (O] o 4 (O] (0] - R — _. TSC2
— — - TSC2 — - TBC1D7
A - - e
- e e ——— S
GST
- - e ——
C
Flag-Pulldown
Flag-Rheb Flag-Rheb
Bait: Flag WT C181S
. 2 . 2
Nuc. o c a o c a o
= 0 a
[500 uM]: S 2 6 o 2 6 o
e — & p TSC2
o PR ssss TBC1D7
Ponceau S.

Figure 2.2 (Continued).

69



The TSC complex binds to Rheb-GDP through TSC2

In the cell, TSC2 exists both as a subunit of the TSC complex and on its own in a “free
pool™”. To establish whether TSC2 could preferentially bind to Rheb-GDP without being fully
engaged in the TSC complex, TSC2 was exogenously expressed on its own or in combination
with the other two TSC complex components (TSC1 and TBC1D7). Interestingly, TSC2 lost its
ability to bind Rheb loaded with either guanylate when it was expressed on its own. However,
addition of TSC1 into the system restored the strong interaction between Rheb-GDP and TSC2.
TBC1D7 was dispensable for the interaction as no additional binding was observed upon
introduction of TBC1D7 into the system (Fig. 2.3A).

Ruling out the possibility that the TSC complex binds to Rheb-GDP through TSC1, when
TSC1 and TBC1D7 were fished out of TSC2”~ mouse embryonic fibroblasts (MEF) cell lysates,
no binding to Rheb was observed. As expected, all TSC complex subunits fished out of TSC2**
MEF cell lysates preferentially bound to Rheb-GDP (Fig. 2.3B). This indicated that the TSC
complex binds to Rheb through TSC2, but requires TSC1 for stabilization of the interaction. We
employed a parallel genetic system, TSC17- MEFs, to validate the finding that the TSC1-TSC2
interaction is required for the interaction between Rheb-GDP and TSC2. As expected, all TSC
complex components preferentially bound to Rheb-GDP in the TSC1"* MEF setting. In the
TSC17- MEF setting, TSC2 and TBC1D?7 lost their preference for Rheb-GDP, supporting the

initial finding that free TSC2 cannot bind to Rheb-GDP (Fig. 2.3C).
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Figure 2.3 The TSC complex binds to Rheb-GDP through TSC2 and full complex assembly
is required for the interaction. (A) Exogenously expressed TSC complex components were
fished out of 293E cell lysates containing 1) individually expressed Flag-TSC2 2) co-expression
of Flag-TSC2 with Myc-TSC1 or 3) co-expression of Flag-TSC2, Myc-TSC1 and HA-TBC1D7
with GST-Rheb, or the control protein GST-Rab5A, preloaded with no nucleotide (none), GTPyS
(500 pm), or GDP (500 um) (B) Endogenous TSC complex components were pulled down as in
(A) from TSC2** or TSC27-MEFs with GST-Rheb, or the control GST-Rab5A, preloaded as in
(A). (C) Endogenous TSC complex components were pulled down as in (A) from TSC17* or
TSC1-”- MEFs with GST-Rheb, or the control GST-Rab5A, preloaded as in (A). (D) HeLa cells
were serum starved overnight (16 hours) prior to cell lysis and fractionation by SEC. The
fractions containing the TSC complex, the free pool of TSC2 and the free pool of TBC1D7 were
collected and pooled. Endogenous TSC complex components were fished out of the separate
pooled fractions with GST-Rheb, or the control protein GST-Kras, preloaded with no nucleotide

(none), GTPyS (500 um), or GDP (500 pum).
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72

Cell

] Tsctl
[
o
s

| =

-_—
TSC2
TSC1

TBC1D7

_ Ponceau S.

SC1”
(2X)

TSC2

TSC1

TBC1D7



As previously described, two separate pools of TSC2 exists in cells. By size exclusion
chromatography (SEC), the TSC complex fractionates around 2 MDa while the free pool of
TSC2 fractionates around 600 kDa. Free TSC1 does not exist outside of the full TSC complex,
while a free pool of TBC1D7 exists outside of the complex and fractionates around 34 kDa’. To
understand how the disparate TSC2 pools from the same cell lysate behave in the context of
Rheb binding, we separated the free pool of both TSC2 and TBC1D7 from the TSC complex by
SEC. In line with the overexpression and genetic evidence that TSC2 requires TSC1 to bind to
Rheb-GDP, we only observed binding of TSC2 to Rheb-GDP from the SEC fractions containing
the TSC complex. The free pool of TSC2 from the same cell lysate lost its ability to strongly
engage Rheb in either loaded state. No binding of the free pool of TBC1D7 to Rheb was detected
(Fig. 2.3D). Collectively, these findings reveal that the strong binding between TSC2 and Rheb-
GDP requires the TSC2-TSC1 interaction, supporting a role for TSC1 whereby it positions TSC2

in a confirmation that enables it to engage nucleotide-bound Rheb.

The preferential binding of the TSC complex for Rheb-GDP is conserved in S. pombe.

The fission yeast, Schizosaccharomyces pombe (S. pombe) contains homologs of both
TSC1 and TSC2 (a homolog for TBC1D7 has yet to be identified), and the Rheb homolog,
Rhb1'¥Y S pombe TSC2 is highly conserved in the N-terminal HEAT repeats and GAP domain
but lacks most of the unstructured/dimer domain present in the middle of mammalian TSC2 (Fig.
2.4A)*°. We sought to characterize the conservation of the interaction between Rheb-GDP and
the TSC complex in this system to further elucidate the functional significance of the interaction

and narrow down the interaction domain on TSC2.
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Figure 2.4. The preferential binding of the TSC complex for Rheb-GDP is conserved in S.
pombe. (A) Human and S. pombe TSC2 primary structure with conserved domains indicated in
light pink and non-conserved regions indicated in red. (B) Schematic of S. pombe epitope-tagged
TSC1 (HA) /TSC2 (Flag) cell line in which gene cassettes were inserted into the endogenous loci
of TSC1 and TSC2. (C) Flag-Immunopurification (TSC2 handle) from the TSC1/TSC2 tagged S.
pombe cell lysate compared to a control immunopurification with agarose beads. (D)
Immunoblots of SEC fractions from TSC1/TSC2 tagged S. pombe cell lysate. (E) SEC fractions
from (D) containing the two different TSC complex pools and the free pool of TSC2 were
collected and pooled and TSC complex components were fished out of the separate pooled
fractions with GST-Rhbl1, or the control protein GST-Rasl, preloaded with GTPyS (500 um), or

GDP (500 pm).
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Figure 2.4 (Continued).
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To study this, we generated a new S. pombe cell line that co-expresses tagged versions of
endogenous TSC1 (HA) and TSC2 (Flag) under an exogenous promoter (Fig. 2.4B). We
confirmed that TSC1 co-immunopurified with TSC2, validating an intact TSC complex in the
new S. pombe strain (Fig 2.4C). The cell line was fractionated by SEC, and we detected two
disparate high molecular weight pools containing the TSC complex and a third lower molecular
weight pool containing free TSC2 (Fig. 2.4D). This contrasted with the two pools of TSC2
(complex and free TSC2) detected in the mammalian HeLa cell line (Fig. 2.3D). Based on SEC
studies in the mammalian system with overexpressed TSC complex components (data not
shown), we believe that TSC complex pool 1 (Fractions 7-9, Figure 2.4D) is driven by
overexpression of TSC1 and TSC2, and likely does not exist at endogenous levels. TSC complex
pool 2 (Fractions 15-17, Figure 2.4D) elutes in the fractions directly following the fractions
where endogenous mammalian TSC complex elutes (data not shown, the FPLC columns used in
figure 2.3D and 2.4D are not the same), tracking with the reduced size of S. pombe TSC1 (103
kDa) and TSC2 (154 kDa) compared to mammalian TSC1 (130 kDa) and TSC2 (200)!$2!-22,
This second TSC complex pool (pool 2) likely reflects the biologically relevant TSC complex in
S. pombe.

When we fished the TSC complex out of all three distinct SEC pools, we found that
TSC2 preferentially engaged Rhb1-GDP when it was engaged in the complex (pool 1 and pool
2) and also when it was isolated on its own (pool 3), in contrast to the mammalian free pool of
TSC2 (Fig 2.4E). This indicated that the preferential binding between the TSC complex and
Rheb-GDP is a highly conserved interaction. The discrepancy between Rheb/Rhb1-GDP and free
TSC2 in the human vs. S. pombe system is likely due to structural differences such that S. pombe

TSC2 does not require TSC1 stabilization to bind Rhb1-GDP. Given the binding conservation,
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this finding also suggested that the interaction interface may occur within a conserved region on

TSC2.

Purified TSC complex preferentially binds to Rheb-GDP in a reconstituted system.

The conserved nature of the interaction led us to ask if the interaction was direct or required
additional regulators to maintain the strong binding interaction between the TSC complex and
Rheb-GDP. First, we established purifications strategies for both Rheb and the TSC complex to
test the interaction in a reconstituted system. Rheb was purified from a bacterial system and the
TSC complex was purified from 293 Freestyle mammalian cells. The TSC complex eluted in one
large peak by SEC, as shown in the FPLC trace. Coomassie staining of both Rheb and the TSC
complex demonstrates highly pure final products for subsequent binding studies (Fig. 2.5A).

Consistent with previous results, in a reconstituted system, the TSC complex preferentially
engages Rheb-GDP, and the binding gradually increases as increasing amounts of Rheb-GDP are
titrated into the system. Importantly, even at the highest concentration of Rheb-GTPyS the amount
of TSC complex binding barely reached background levels (Fig. 2.5B). We repeated these studies
with the GST epitope tag cleaved from Rheb and confirmed preferential binding of the TSC
complex to Rheb-GDP over Rheb-GTPyS (Fig. 2.5C). The binding interaction between the TSC
complex and Rheb-GDP became increasingly stronger as increasing concentrations of Rheb-GDP

were added into the system (Fig. 2.5D).
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Figure 2.5. Purified TSC complex preferentially binds to Rheb-GDP in a reconstituted
system. (A) FPLC trace of the TSC complex, with the TSC complex peak indicated and
Coomassie staining of purified Rheb and the TSC complex subunits indicated. (B) Purified TSC
complex (5 nM) was incubated with increasing amounts of purified GST-Rheb (5 — 50 nM), or
the control protein GST-Kras (50 nM), preloaded with GTPyS (500 um), or GDP (500 pum) for 1
hour on ice. Incubated proteins were Flag-immunopurified (30 minutes) to detect the amount of
Rheb bound to the TSC complex (C) Purified TSC complex (5 nM) was incubated with GST-
free Rheb (100 nM) preloaded with GTPyS or GDP as in (B) and subsequently immunopurified
as in (B). (D) Purified TSC complex (5 nM) was incubated with increasing amounts of purified
GST-free Rheb (5 — 200 nM) preloaded with GDP (500 um) and subsequently immunopurified
as in (B). (E) Purified TSC complex (50 nM) was incubated on ice for 1 hour with with Rheb (1
uM) that had been preloaded with GDP (500 um). The crosslinker DSP [10 uM] or DMSO was
added to the incubation for an additional 30 minutes on ice and then quenched with Tris-HCL
(50 mM). The incubations were subsequently fractioned by SEC and immunoblots are shown.
(F) SEC fractions from (E) containing the TSC complex were collected and pooled (fractions 14-
16). The TSC complex was subsequently Flag-immunopurified from the pooled fractions to

detect the amount of Rheb bound to the TSC complex.
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To demonstrate the strength of this direct interaction, TSC complex/Rheb-GDP
incubations were treated with or without a chemical crosslinker (DSP) and fractionated by SEC
(Fig. 2.5E). Surprisingly, even in the absence of crosslinker, Rheb-bound TSC complexes were
detected in the SEC pool containing the TSC complex (fractions 14 — 16). The crosslinked sample
showed an increase in Rheb binding, informing us that crosslinker could be used to stabilize the
interaction between Rheb-GDP and the TSC complex (Fig. 2.5F). Despite our detection of
reconstituted Rheb-bound TSC complexes following SEC, a majority of the Rheb in both
conditions does not engage the TSC complex, as evidenced by the lower molecular weight
fractions in the SEC Rheb immunoblots (Fig. 2.5E). Despite adding a 20-fold molar excess of
Rheb to TSC complex into the system, less than one percent of the Rheb appeared to co-fractionate
with the TSC complex. The lack of complete engagement of Rheb in the system by the TSC
complex is likely due to both constraints on the total number of Rheb-GDP binding sites in the

system, as well as weak interactions that are not maintained during the SEC process.

The TSC complex preferentially binds to Rheb-GDP independent of the TSC2-GAP domain.
The sole established interaction interface between the TSC complex and Rheb is the
catalytic GAP domain of TSC2, which stimulates the intrinsic GTPase activity of Rheb*!>16,
Several interacting residues between TSC2 GAP and Rheb in its active, GTP-bound form have
been modeled. These interactions include both catalytic residues and residues that likely
contribute to stabilization of the TSC2 GAP mode with Rheb-GTP!4?3. We were curious if the
interaction between the TSC complex and Rheb-GDP occurred within the highly conserved GAP

4,15,16

domain , or in an alternative unknown Rheb-binding domain on TSC2.
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TSC2 lacking the entire catalytic domain of TSC2 but containing the last ~80 residues
directly following the GAP domain (TSC2AGAP) and a mutant lacking the entire GAP domain
and the ~80 residues following it (TSC2AC) (Fig. 2.6A), form intact TSC complexes (Fig. 2.6B).
These results were consistent with previous reports that the GAP domain of TSC2 is not required
for TSC2-TSC1 interactions?*-2°, Not surprisingly, when we reconstituted HeLa TSC2 KO cells
with the WILD-TYPEand GAPless mutants of TSC2, the GAPless mutants completely failed to
suppress mMTORCI signaling upon growth factor withdrawal from cells (Fig. 2.6C). Strikingly,
when we fished TSC complex components out of cells co-expressing TSC1, TBC1D7 and either
the WILD-TYPEor either of the two GAPless mutants of TSC2, we observed preferential
binding between Rheb-GDP and the TSC complex in all three overexpression conditions (WT,
TSC2AGAP, and TSC2AC) (Fig. 2.6D). This exciting finding revealed that TSC2 binds to Rheb-
GDP in a GAP-independent manner, suggesting that the TSC complex exhibits dual binding
modes: a GAP mode with active, GTP-bound Rheb and a GAP independent-mode with inactive,

GDP-bound Rheb.

82



Figure 2.6. The TSC complex preferentially binds to Rheb-GDP independent of the GAP
domain on TSC2. (A) Primary structure of full-length WILD-TYPETSC2 and TSC2 truncation
mutants lacking the GAP domain (B) TSC complexes from 293F cells expressing either Flag-
TSC2 WT, Flag-TSC2 AGAP or Flag-TSC2 AC with co-expression of Myc-TSC1 and HA-
TBC1D7 were pulled out of cell lysates by Flag-immunopurification and compared to an
agarose-bead immunopurification control. (C) Immunoblot of HeLa TSC2 KO cells
reconstituted with empty vector, Flag-TSC2 WT, Flag-TSC2 AGAP or Flag-TSC2 AC and serum
starved for 16 hours prior to cell lysis. (D) TSC complexes prepared as in (B) were pulled out of
cell lysates with GST-Rheb preloaded with GTPyS (500 um), or GDP (500 pum) and compared to

a control pull-down with GST-Kras preloaded with GDP (500 pum).
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Extensive interactions between the TSC complex and Rheb-GDP through predicted
unstructured regions on TSC2.

The important finding that TSC2 engages Rheb-GDP outside of the canonical GAP
domain led us to next ask what alternative region of TSC2 was required for this strong and direct
interaction. Recently resolved Cryo-EM structures of the TSC complex have revealed both the
stoichiometry and detailed interconnectedness of TSC1, TSC2 and TBC1D7. The TSC complex
is assembled in a 2:2:1 stoichiometry of TSC1, TSC2 and TBC1D7 with an asymmetrical
organization. Two TSC2 molecules each form a seahorse-shaped conformation and interact
through a dimerization domain located in the central region of TSC2, forming the “core” of the
protein complex. In each TSC2 molecule, the GAP domain folds back on itself and makes
intramolecular contacts with the N terminal heat repeats. The resolved Coil-Coil domain of the
TSC1 molecules intertwine in parallel and make multiple contacts with the two TSC2 molecules,
stabilizing the overall conformation of the complex. TBC1D7 is positioned at the C-terminal
helices of TSC1 and does not make contact with TSC2'4.

Given the complexity and interconnectedness of the complex, coupled to the requirement
of full complex assembly to capture the interaction between mammalian TSC2 and Rheb-GDP,
we decided to use a crosslinking mass spectrometry (CLMS) approach to broadly map the
region(s) of interaction in the context of the full TSC complex. The massive size differential
between the TSC complex (700 kDa) and Rheb (21 kDa) prompted us to incubate highly pure
TSC complex with 50-fold molar excess Rheb-GDP (Figure 2.7A) to enhance our likelihood of

capturing novel interactions.
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submitted for CLMS. The samples were run on a non-reducing gel and compared to a non-

crosslinked control sample.
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Prior to analyzing our CLMS results, we ran aliquots of the incubated sample prior to
crosslinking and after the reaction with the three different crosslinkers a non-reducing
immunoblot. In the non-crosslinked sample, TSC2 appeared as a large smear and Rheb appeared
as a dark band. In all three crosslinked samples, no TSC2 was observed on the immunoblot and
lighter Rheb bands were detected. As non-reduced TSC complex is too large to enter the gel, and
lighter Rheb indicated that at least a portion of the Rheb crosslinked to the complex, we
validated that crosslinking occurred in the samples that were submitted for the CLMS study (Fig.
2.7B).

We first compared the top ten crosslinks, ranked by confidence score (bino score),
between TSC2 and TSC1 and TSC1 and TBC1D7. We found the strongest crosslinks to be
highly consistent with the published structural data, indicating that the complex maintained its
structural integrity through the experimental process (Fig. 2.8 A)!*. Strikingly, of the 18
crosslinked peptides between Rheb-GDP and TSC2 (Fig. 2.8B), only one crosslink was detected
within the GAP domain on TSC2 (K1689) and importantly, had one of the lowest confidence
scores. The highest confidence score crosslink (K1748) was detected just outside of the GAP
domain on an a-helix that has been proposed to mediate interactions between Rheb-GTP and the
TSC complex, likely through TSC2 R1749 and Rheb Q72. Structural modelling has revealed
that the two residues are positioned near each other, while biochemical mutational analyses have
shown that mutation of R1749 results in reduced GAP activity'*?’. It is possible that the C-
terminal o-helix directly following the GAP domain may be an important structural element that
docks TSC2 onto Rheb in the GAP mode and is a maintained interaction during the binding

transition from Rheb-GTP to Rheb-GDP.
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Figure 2.8. Crosslinks detected between the TSC complex and Rheb-GDP cluster within the
dimerization domain and on disordered loop regions of TSC2. (A) Diagram of the top ten
highest scoring intermolecular crosslinks within the TSC complex (TSC2-TSC1 and TSCI-
TBC1D?7). Crosslinker type indicated by color and confidence score (Bino score) indicated by
shading. (B) Diagram of the 18 intermolecular crosslinks between TSC2 and Rheb. Crosslinker
type and confidence score indicated as in (A). (C) PDB structure of a single TSC2 monomer
within the TSC complex (full PDB TSC complex structure not shown) (D) AF2 prediction of
human TSC2 monomer in cyan overlaid on the PDB TSC2 monomer. (E) AF2 prediction of S.
pombe TSC2 monomer in purple overlaid on the PDB TSC2 monomer. (G) 3D visualization of
Rheb-TSC2 crosslinks mapped onto the AF2 human TSC2 monomer with domain shading

corresponding to (C).
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Several crosslinks between Rheb-GDP and TSC2 were detected at the N-terminus of
TSC2, while many of the crosslinks appeared to cluster within pockets of the HEAT repeats and
the unstructured dimer domain (Fig. 2.8B). To visualize the crosslinks in 3D, we mapped the
crosslinks onto a TSC2 monomer generated by the protein structure prediction tool, Alphafold
(AF2). To validate the predicted structure, we first visually isolated a TSC2 monomer from the
TSC Complex Cryo-EM structure (PDB: 7DL2)!* to visualize TSC2 confirmation in the context
of the full complex (Fig. 2.8C). This structure, as predicted, did not resolve many of the regions
on TSC2 that contained crosslinked residues to Rheb. To gain access to these unstructured
regions, we used the AF2 predicted structure of human TSC2 and overlaid it on top of the 7DL2
TSC2 monomer. The two structures were almost identical outside of the unresolved regions that
appeared as floppy loops in the AF2 structure (Fig. 2.8D). We also overlaid an AF2 prediction of
S. pombe TSC2 onto the 7DL2 TSC2 monomer and observed that the structure was almost
identical to the human TSC2 monomer, completely lacking the loop regions that appeared in the
AF?2 prediction of human TSC2 (Fig 2.8E). Although most of the unstructured/dimer region is
missing in S. pombe, we observed that the four stranded B-sheet that mediates mammalian TSC2
dimerization'# is conserved in the S. pombe ortholog, overlaying almost exactly with the human
TSC2 B-sheet. Collectively, these structural overlays led us to conjecture that the HEAT repeats,
four stranded -sheet & GAP domain of TSC2 are highly conserved core elements of the TSC
complex, while regions that were not resolved appear to have evolved overtime.

Finally, mapping the crosslinks onto the 3D structure of TSC2, we observed that several
crosslinks in the dimerization domain were located on the conserved B-sheet and many of the
crosslinks clustered on the TSC2 loop regions, which we refer to as Loop 1, Loop 2, and Loop 3

(Fig. 2.8F). In fact, two crosslinks (K967 on Loop 1 and K1106 on Loop 2) were detected twice
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with different digest products from the same crosslinked protein. These crosslinks enhanced our
confidence in the loop regions as they suggested that the interactions were specific, and not
random interactions between Rheb and the flexible and unstructured TSC2 loops. The quantity of
crosslinks on the loops, coupled to the dual detection of K967 (Loop 1) and K1106 (Loop 2)
promoted us to evaluate the putative role of these TSC2 loops in mediating the interaction

between TSC2 and Rheb-GDP.

The unstructured loops on TSC2 are required for the preferential binding of the TSC
complex to Rheb-GDP and for suppression of mTORCI1 signaling

To probe the potential role of the TSC2 loops in mediating binding to Rheb-GDP, we
generated a mutant of human TSC2 (TSC2ALoop1/2/3) that looked almost identical to S. pombe
TSC2. The TSC2 mutant maintained the highly conserved N-terminal HEAT repeats, f—sheet
dimerization domain and GAP domain but lacked the three major loops on TSC2. We combined
sequence alignments with structural analyses between human and S. pombe TSC2 to swap out
Loop 1 (917-1020), Loop 2 (1074-1192) and Loop 3 (1226-1496) of human TSC2 with very
short sequences from S. pombe corresponding to these loop regions (Fig. 2.9A,B). We generated
an AF2 predicted structure of the TSC2 human/S. pombe chimera and observed structural
integrity and proper folding of the mutant using this in silico validation method (Fig. 2.9C).

Despite observing consistently lower expression of TSC2 ALoop1/2/3 when co-expressed
in cells with TSC1 and TBC1D7, TSC1 and TBC1D7 co-immunopurified with both TSC2
WILD-TYPEand TSC2 ALoop1/2/3, indicating that the loop mutant forms an intact TSC
complex (Fig. 2.9D). Strikingly, when we fished overexpressed TSC complexes containing

either TSC2 WILD-TYPEor TSC2 ALoop1/2/3 out of cell lysates with GST-Rheb preloaded
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with GDP or GTPyS, we observed that TSC complexes containing TSC2 ALoop1/2/3 completely
lost their preferential binding to Rheb-GDP. This revealed the importance of the TSC2 loop
regions for driving the preferential binding of the TSC complex to Rheb-GDP (Fig. 2.9E).

Significantly, when we reconstituted Hela TSC2 KO cells with either TSC2 WILD-
TYPEor TSC2 ALoop1/2/3, we observed that despite containing an intact GAP domain, TSC2
ALoop1/2/3 was unable to suppress mTORCI signaling to the same extent as TSC2 WILD-
TYPEin this same system. The level of mMTORCI activity in the TSC2 ALoop1/2/3 expressing
cells was more comparable to the cells completely lacking TSC2, suggesting that the loops on

TSC2 are critically important for regulation of mMTORCI signaling through their engagement

with Rheb-GDP (Fig. 2.9F).
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Figure 2.9. TSC2 loop regions are required for the preferential binding of the TSC complex
to Rheb-GDP. (A) Primary structure of human TSC2 with loops 1, 2 and 3 indicated. (B) 3D
visualization of the crosslinks between Rheb and the TSC2 loops mapped onto the AF2 human
TSC2 monomer. (C) AF2 predicted structure of the TSC2 ALoop1/2/3 mutant. (D) TSC
complexes from 293F cells expressing either Flag-TSC2 WT, or Flag-TSC2 ALoop1/2/3 with
co-expression of Myc-TSC1 and HA-TBC1D7 were pulled out of cell lysates by Flag
immunoprecipitation and compared to an agarose bead immunopurification control.
Quantification of HA-TBC1D7 and Myc-TSCl1 binding ratio to Flag-TSC2 indicated in the
graph. (E) TSC complexes prepared as in (D) were pulled out of cell lysates with GST-Rheb
preloaded with GTPyS (500 um), or GDP (500 um) and compared to a control pull-down with
GST-Kras preloaded with GDP (500 pm). (F) Immunoblot of HeLa TSC2 KO cells reconstituted
with empty vector, Flag-TSC2 WILD-TYPEor Flag-TSC2 ALoop1/2/3 and serum starved for 16

hours prior to cell lysis.
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Discussion

Here, we describe a novel finding in which the TSC complex preferentially engages Rheb
in its inactive, GDP-bound form. Importantly, this interaction occurs outside of the GAP domain,
which to date, has been the only described interacting region between Rheb and the TSC
complex®!41623 Furthermore, we found that the strong interaction between the TSC complex
and Rheb-GDP is conserved through S. pombe, suggesting that it plays an important role in
regulating mTORCI activation.

Typically, GAP proteins engage GTPases in their GTP-bound state?®, and one prediction
from this provocative finding is that the TSC complex may have regulatory functions outside of
its canonical GAP domain. Specifically, through its engagement with Rheb-GDP, it is possible
that the TSC complex functions as a guanosine dissociate inhibitor (GDI), preventing the
exchange of GDP for GTP on Rheb?®. Interestingly, Rheb has unusually slow GTPase activity,
which places it in a highly active GTP-bound state in the absence of the TSC complex?’. Given
this unique biochemical feature of Rheb, it is not surprising that a regulatory function that
maintains Rheb in its inactive form is required to prevent hyper-activation of mMTORCI at the
lysosome.

Although we were unable to map the interaction between Rheb-GDP and TSC2 to a
precise region, our CLMS data prompted us to delete three major loops on TSC2. We determined
that these loops are not required for TSC complex assembly but are essential for the preferential
interaction between Rheb-GDP and the TSC complex. Significantly, we discovered that these
structural elements are required for complete suppression of mTORCI1 signaling upon growth

factor withdrawal from the cell.
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Previous reports have demonstrated that insulin stimulated phosphorylation of TSC2 by
Akt inhibits the ability of the TSC complex to regulate Rheb by causing an acute and rapid
release of the complex from the lysosome surface, where a fraction of Rheb resides’. The loop
regions of TSC2 are serine/threonine rich and heavily phosphorylated, with all five of the
established Akt sites residing on these loops?°. While it has been established that spatial
localization is a novel mechanism of TSC complex regulation, the molecular intricacies of this
mechanism are unknown. We suspect that the TSC2 loops are important structural elements that
may mediate lysosomal tethering of the TSC complex, and signal integration through these loops
dictate its lysosomal localization and regulation of Rheb nucleotide status. Follow up studies that
address TSC complex lysosomal localization in the absence of the loop regions is an essential
next step to uncover this potential mechanism.

Importantly, hundreds of missense mutations occurring on TSC2 alone have been
identified in patients with the genetic tumor syndrome TSC and the neoplastic lung disorder
lymphangioleiomyomatosis (LAM) and have also been found in tumor samples from sporadic

cancers>0-32

. Although these mutations are found across the length of TSC2, many of them cluster
on the loop regions but are not predicted to be pathogenic. The pathogenic patient mutations that
map exclusively to core structural regions on TSC2 impact TSC complex structure and GAP
activity, which are essential for its function®***, Meanwhile, we predict that the non-pathogenic
mutations that map to the loop regions may disrupt exchange activity, lysosomal localization, or
both, however redundancies have been built into these regions such that a single mutation does
not impact overall complex function.

Collectively, our findings reveal a novel interaction between the TSC complex and Rheb.

We propose a model in which the TSC complex initially engages Rheb in its GTP-bound form
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through the GAP domain to stimulate the conversion of Rheb-GTP to Rheb-GDP, and
subsequently engages Rheb-GDP through a GAP independent domain thereby maintaining Rheb
in an inactive state which we refer to as the “association mode”.

Curiously, the dual binding modes between the TSC complex and Rheb is a unique GAP
feature shared only, to our knowledge, with a parallel GAP upstream of mTORC1, the GAP for
the Rag Heterodimer, GATOR1%3-¢, Further structural analyses will help elucidate the dual
binding modes of the TSC complex with Rheb, and the switch from the GAP mode to the
association mode. Nonetheless, these studies reveal that outside of its established GAP activity,
the TSC complex has important but uncharacterized regulatory functions towards Rheb that are
essential for proper regulation of the TSC-Rheb-mTORCI1 signaling axis. In the following
chapter, I will further discuss the significance of these evolutionarily divergent loops, their
putative role in signal integration, and future perspectives on methods to uncover the molecular

intricacies of this novel Rheb-TSC complex interaction.
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MATERIALS & METHODS

Cell Culture

293E, HeLa and MEF (TSC2"*, TSC2”-, TSC1**, TSC17") cell lines were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM; Corning/Cellgro, 10-017-CV), without
pyruvate, with 10% fetal bovine serum (FBS; Sigma). The 293F suspension cell line was
maintained in FreeStyle™ 293 Expression Medium (Gibco, 12338018) with 1% fetal bovine
serum (FBS, Sigma). For transient expression of TSC complex components and mutants, 293E
and 293F cell lines were transfected with Polyethylenimine (PEI, Polysciences, 23966) for 48

hours before cell lysis.

S. Pombe Cell Line Generation

Gene cassettes containing the Nmtl promoter and 3X-Flag (for TSC2) or 3X-HA (for TSC1) and
the antibiotic resistance markers (Kanamycin for HA and Nourseothricin for Flag) were
generated by PCR amplification off the cassette containing plasmids (PMM21 for Flag and and
PMMS57 for HA) with long oligos that had 80 bp sequence homology upstream and downstream
of the TSC2 or TSCI start site. S. Pombe wild-type cell line was transformed with the cassettes
and replica plated on antibiotic plates to select for cells containing the inserted cassette. Once

cells were selected, they were maintained at 32 °C on YEA selection plates.

Plasmids
S. Pombe Rhbl and Rasl cDNAs were synthesized as a gBlock (www.IDT) and cloned into the
pGEX-4T2 expression vector derived from pGEX-4T2-Rheb by PCR In-Fusion (Takara

638910). Primers were designed with the In-Fusion Cloning Primer Design Tool (Takara). All
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other cDNA constructs are human sequences. pcDNA3-Flag TSC2AGAP was cloned by PCR
using In-Fusion, the GAP insert was cloned off the pcDNA3 AGAP plasmid gifted from D.
Kuemmel into the pcDNA3-Flag TSC2 backbone. pcDNA3-Flag-TSC2AC was cloned by PCR
In-Fusion off of the pcDNA3-Flag TSC2AGAP and into the pcDNA3-Flag TSC2 backbone.
TSC2ALoop1/2/3 was made by insertion site-directed mutagenesis and primers were designed by
NEB base changer (https://nebasechanger.neb.com). The plasmids for the TSC complex
purification (pDARMO-CMVT-TSC1-3C-TwinStrep, pPDARMO-CMVT-Flag-TEV-TSC2,

pDARMO-CMVT-TBC1D7) were gifted from K. Rogala.

Cell Lysis and Immunopurification

For protein extract lysates and Flag immunopurification cells were lysed in ice-cold Triton X-
100 lysis buffer (40 mM HEPES, pH 7.4, 120 mM NaCl, 1 mM EDTA, 1% Triton X-100,

5% glycerol, 10 mM sodium pyrophosphate, 10 mM glycerol 2-phosphate, 50 mM NaF, ImM
sodium orthovanadate, 1 uM Microcystin-LR (Enzo Life Sciences, ALX-350-012-C500) and
1:100 protease inhibitor cocktail (Sigma, P8340). Lysates were centrifuged at 20,000 g for 15
min at 4°C to remove insoluble material and protein concentrations were determined with
Bradford assay (Biorad, 500-0006). For immunoprecipitations, lysates were incubated with
Protein-A/G Agarose Beads (ThermoFisher, #20421) or anti-Flag M2 Affinity Gel (Sigma,
A2220) overnight at 4°C (unless otherwise indicated). Beads were washed five times with Triton
X-100 buffer. Input samples were 10% of lysate. Proteins were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and probed with primary antibodies overnight.
Membranes were incubated with either mouse (CST, #7076) or rabbit (CST, #7074) HRP-linked

secondary antibodies for 1 hour and were developed using KwikQuant Pro Imager.
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Primary antibodies used were: Myc (CST, 9B11), HA (C29F4), Flag (Sigma, F3165), TBC1D7
(CST, 14949), TSC1 (CST, 6935s), TSC2 (CST, 4308), p-S6K1 T389 (CST, 9234), S6K1 (CST,

2708). GST-tagged GTPases are shown by ponceau S. staining (Sigma, P7170).

Bacterial Rheb Lysis

Rheb expressed in BL21 cells was induced for 6 hours at 30°C when OD reached 0.6-0.8. Cell
pellets were resuspended in Rheb Resuspension Buffer (50 mM HEPES, 140 mM NaCl2, 1 mM
EDTA, 1 mM DTT and 1:100 protease inhibitor cocktail) followed by treatment with 0.25
mg/mL lysozyme for 15 minutes, 0.2% triton-X for 30 minutes and then 2-5 units of Benzonase
Nuclease and 12 mM MgCI2 for 30 minutes. Lysis reaction was spun at max speed (17000

RPM) to clear lysates. Lysates were snap frozen and stored at -80°C for long term storage.

S. Pombe Cell lysis

Cells were grown in 50 mL of YEA media at 32°C to OD 2.2-2.4 and pelleted by centrifugation
for 1.5 min, 4400 RPM room temperature, washed in 1X TBS and subsequently re-pelleted. Cell
pellets were weighed (.12-.15g) and flash frozen in LN2. Pellets were resuspended in 1.5
volumes of CHAPS lysis buffer (see GST-Rheb affinity purification) with the addition of 1 mM
PMSEF. 3 scoops of 0.5 mm glass beads were added to each sample (5 scoops/0.25g cells) and
bead beaten 4 times (30 sec/6000rpm) with 2 min on ice between cycles. Tubes were punctured
with 21G1 needles and lysate was spun into FACS tubes (1.5 min/4400rpm/4°C) for 1 min.

Lysates were clarified by centrifugation (12000rpm/4°C) for 10 min.
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Size Exclusion Chromatography

For the separation of endogenous proteins from HeLa cells, 10 near-confluent 15-cm dishes were
washed with cold PBS and lysed in a total volume of 5 mL 0.3% CHAPS buffer (as in GST-
Rheb Affinity Purification). Cleared lysate was loaded into a 5 mL sample loop on the FPLC,
injected onto the column (HiLoad 16/600 Superdex 200, Cytiva) and eluted with 0.3% CHAPS
lysis buffer. Fractions containing the TSC complex and free TSC2 were collected and pooled.
For the separation of S. Pombe TSC complex proteins, 100 mL of yeast culture was pelleted and
lysed (as in S. Pombe Cell Lysis) and 1 mL of cleared lysates was loaded into a 1 mL sample
loop on the FPLC, injected onto the column (Superose 6 increase 10/300 GL, Cytiva) and eluted
and collected as described with the mammalian cells. Before each run the system was

equilibrated with three column volumes of lysis buffer.

(See protein purification section for specific columns used in purifications)

Protein Purifications

To purify the TSC complex, TSC1, Flag-TSC2 and TBC1D7 were co-expressed in a 2:2:1
stoichiometry in 1 L of 293F cells for 48 hours. Cells were lysed by resuspension in 40 mL lysis
buffer (50 mM HEPES, 100 mM NaCl2, 0.3% CHAPS, 50 mM Glu-Arg, 10% Glycerol plus 1
mM TCEP, 500 uM PMSF, 2 cOmplete protease inhibitor tablet, 1 uL Universal Nuclease)
followed by 1 hr. rotation in cold room. Lysates were clarified by centrifugation for 1 hour at
17000 rpm, 4°C and passed through a 100 uM cell strainer. The complex was immunopurified
with 500 uL packed anti-Flag M2 Affinity Gel (Sigma, A2220) (1:1 bead slurry in PBS) for at

least 2 hours at 4°C. The bead slurry was run over a PD-10 column fitted with a filter to collect
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bead bound complex. The beads were washed on the column with 15 mL low-salt buffer (50 mM
HEPES, 150 mM NaCl2, 0.3% CHAPS, 50 mM Glu-Arg plus 500 uM TCEP and 500 uM
PMSF), 15 mL high-salt buffer (50 mM HEPES, 150 mM NaCl2, 20 mM MgCl2, 0.3% CHAPS,
50 mM Glu-Arg, S mM ATP plus 500 uM TCEP and 500 uM PMSF) followed by 15 mL low-
salt buffer. Washed beads were eluted twice in elution buffer (50 mM HEPES, 150 mM NacCl2,
0.3% CHAPS, 50 mM Glu-Arg, 10% Glycerol) containing 0.2 mg/ml 3X flag peptide (Sigma,
F4799), rotating at 4°C for 30 minutes. The elution’s were pooled and concentrated and loaded
into a 0.5 mL loop on the FPLC and injected onto the column (Tskgel G4000SWXL, Tosoh)
with elution buffer (25 mM HEPES, 300 mM NacCl2, 0.3% CHAPS, 10% Glycerol and 500 uM

TCEP). Protein containing fractions were concentrated and snap frozen in LN2.

To purify GST-Rheb/GST-Kras/GST-Rab5A/GST/Racl: GST-tagged Rheb was expressed in 1
L of E. coli culture, enzymatically lysed in 20 mL of Rheb lysis buffer (see GST-Rheb bacterial
lysis) and subsequently passed through a GST-Trap column (GSTrap HP, Cytiva). The GST-
Rheb bound to the column was washed in Rheb wash buffer (50 mM HEPES, pH7.4, 500 mM
NaCl, 2 mM EDTA, 0.2% Triton X-100 with 1 mM DTT and 1:100 protease inhibitors added
fresh) and eluted from the column with 30 mL HBS containing 30 mM glutathione. Fractions
containing eluted GST-GTPase were spin concentrated, loaded into a 1 mL loop on the FPLC
and injected onto the column (Superose 6 increase 10/300 GL, Cytiva) with Rheb elution buffer
(50 mM HEPES, 150 mM NaCl, 1 mM EDTA). Protein containing fractions were concentrated

and snap frozen in LN2.
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To purify Rheb, purified GST-Rheb was passed through a desalting column (HiTrap Desalting,
Cytiva) into PBS and incubated overnight on ice with Thrombin. Cleaved sample was passed
back through the GST-Trap, treated with 1 mM PMSF, loaded into a 1 mL loop on the FPLC and
injected onto the column (Superdex 75 increase 10/300 GL, Cytiva) with Rheb Elution buffer.

Protein containing fractions were concentrated and snap frozen in LN2.

GST-Rheb Affinity Purifications

Cells were lysed in ice-cold CHAPS lysis buffer (40 mM HEPES, pH 7.4, 120 mM NaCl, 1 mM
EDTA, 0.3% CHAPS, 5% glycerol, 10 mM sodium pyrophosphate, 10 mM glycerol 2-
phosphate) with 1 uM Microcystin-LR (Enzo Life Sciences, ALX-350-012-C500) and 1:100
protease inhibitor cocktail (Sigma, P8340). Cell lysates were then centrifuged at 20,000 g for 15
min to remove insoluble material, and normalized for protein concentration between samples
using Bradford assay. GST-tagged proteins were captured from bacterial lysates with
glutathione-agarose beads (Pierce, P116101), washed 3X in Rheb wash buffer (50 mM HEPES,
pH7.4, 500 mM NaCl, 2 mM EDTA, 0.2% Triton X-100 with I mM DTT and 1:100 protease
inhibitors added fresh), washed 2X in loading buffer (50 mM HEPES, pH 7.4, 1 mM EDTA, 5
mg/ml BSA, and 1:200 protease inhibitors), and loaded with 500 pM GDP or GTPgS in loading
buffer for 15 min at 30°C with gentle agitation. Following loading, samples were placed on ice
and nucleotide binding was locked in by adding 10 mM MgCl; for at least 5 min. 1 ml of lysate
(normalized to 2 mg/mL for cells with overexpressed complex components, and 4 mg/mL for
cells with endogenous complex components, TSC1-/- MEF cells were normalized to 8 mg/mL to
account for reduced TSC2 levels in these cells) was added to loaded GST-GTPase on

glutathione-beads (20 pl 1:1bead/buffer slurry). After addition of the lysate, 5 mM EDTA was
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added for the nucleotide-free treatment or 10 mM MgCl2 and 500 uM of the appropriate
nucleotide for the nucleotide loaded treatments. Samples were rocked for 4 hr at 4°C. Beads
were washed briefly 4 times with CHAPS lysis buffer plus 10 mM MgCI2 and then heated in 15

pl 1X SDS sample buffer at 70°C for 10 min.

Filter Binding Assay

For the equilibrium binding assay, purified GST-Rheb was loaded in loading buffer (50 mM
HEPES, 100 mM KoA, 2 mM MgCI2, 2 mM DTT, 0.1% CHAPS) with GTP[a.-*?P] or GDP[a.-
32P] (PerkinElmer BLUOO6H) for up to two hours on ice and subsequently passed through a
nitrocellulous membrane (Biorad, 162-0012) by vacuum suction. The membrane was washed

with loading buffer, dried and exposed by phosphorimager.

For the competition assay, purified GST-Rheb was loaded in loading buffer with GTP[a-*2P] or
GDP[a-*P] for up to two hours on ice with increasing concentrations of cold GTP and GDP and
subsequently passed through a nitrocellulous membrane by vacuum suction. The membrane was

washed with loading buffer, dried and exposed by phosphorimager.

In Vitro Binding Assays

Purified Rheb or GST-Rheb was loaded with 1000-fold molar excess GDP or GTP in solution
with loading buffer (50 mM HEPES, 100 mM NaCl, 5 mM EDTA 0.1% CHAPS) for 15 minutes
at 30°C with gentle agitation. Nucleotide loading was locked in with the addition of 10 mM
MgCI2 for 5 minutes on ice. Loaded Rheb and purified TSC complex were spiked into CHAPS

binding buffer containing 500 uM of excess nucleotide (40 mM HEPES, 120 mM NaCl, 1 mM
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EDTA, 0.3% CHAPS, 10 mM MgCI2), mixed gently and incubated on ice for 1 hour. Following
incubation, 10% of the reaction was saved for the input sample and the remaining reaction was
combined with 450 uL of incubation buffer (40 mM HEPES, 120 mM NaCl2, ]| mM EDTA,
0.3% CHAPS, 10 mM MgCl2) and 10 uL of packed anti-Flag M2 Affinity Gel (Sigma, A2220).
Samples were immunopurified for 30 minutes at 4°C and washed 5X with incubation buffer.

Beads were heated in 20 pl 1X SDS sample buffer at 70°C for 10 min.

For experiments using DSP (ThermoFisher, 22585), 20-fold molar excess DSP to total protein
concentration was used. Samples were crosslinked on ice for 30 minutes following incubation
and subsequently quenched for 15 minutes with 50 mM Tris-HCL. 50 mM Tris-HCL was added

to the incubation buffer during immunopurification.

AlphaFold prediction and Conservation analysis
The structures of human TSC2, Rhebl, S.pombe TSC2 were predicted using AlphaFold
v2.0%"(https://github.com/deepmind/alphafold) with the following parameters: db_present =

full dbs, max_template date = 2022-03-10.

Cross-Linking Mass Spectrometry (in collaboration with S. Gygi Lab)

Purified Rheb (16.2 uM) loaded with GDP (as in the in vitro binding assay) and purified TSC
complex (324 nM) were incubated in 80 uL of Binding Buffer (as in in the in vitro binding
assay) for one hour on ice. Following incubation, the reaction was split into three tubes and
subjected to 1 hour of crosslinking with either Extended EDC (100 mM), EDC (100 mM) and

BS3 (2 mM) at room temperature. Following crosslinking, the proteins were digested with
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trypsin and the resulting peptides were analyzed by mass spectrometry. See (Ref*®) for complete

details on crosslinking procedure and subsequent analysis.
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Chapter 3:

Discussion and Future Directions



Overview

In this dissertation, I investigated a unique biochemical feature of the TSC complex
whereby it preferentially engages the GTPase Rheb in its inactive, GDP-bound form. First, I
validated reproducibility and specificity of this interaction, which had been initially reported in a
previous study from our lab. I established that the preferential binding for Rheb-GDP was not
due to differences in guanylate affinity, and ruled out contributions from additional experimental
factors such as the host purification system for Rheb, the nature of specific nucleotide analogs
and the presence of epitope tags on exogenously expressed proteins. From these results, I
concluded that the preferential binding between the TSC complex and Rheb-GDP is an inherent
biochemical feature of the TSC complex. Next, using both overexpression and genetic systems |
established that TSC complex binding to Rheb-GDP occurred through TSC2 within the complex
and that engagement of TSC2 with TSC1 is required for the interaction. I discovered that this
binding interaction is evolutionarily conserved between the S. pombe orthologs of the TSC
complex and Rheb. I subsequently determined that the interaction is direct, as the preferential
binding property can be recapitulated in a reconstituted system using purified TSC complex and
Rheb. Using TSC2 mutants that lacking its Rheb-GAP domain, I found that binding between the
TSC complex and Rheb-GDP occurs through a GAP-independent domain on TSC2. Given the
complexity, size, and interconnectedness of the TSC complex, revealed by a recent partial cryo-
EM structure, I chose to use CLMS to broadly map regions on TSC2 that may be interacting with
Rheb-GDP. I detected many crosslinks between TSC2 and Rheb on predicted unstructured
“loop” regions between the N-terminal HEAT repeats and C-terminal GAP domain of TSC2. To
investigate the putative role of these loops in mediating the established binding property, I

replaced the three major loops with short corresponding sequences from S. pombe, which lack
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these loops. I found that when these loops were removed from TSC2, it lost its ability to engage
Rheb-GDP, despite forming intact TSC complexes. Importantly, in contrast to wild-type TSC2,
the loop mutant was unable to suppress mTORCI1 signaling upon growth factor withdrawal,
despite having an intact GAP domain. These results revealed that the unstructured loop regions
on human TSC2 are important structural elements that are required for the engagement of the
TSC complex with Rheb-GDP and provide a second layer of TSC complex regulation of Rheb

and mTORCI to its canonical GAP activity.
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Future perspectives on the “GAP mode” and “association mode” of TSC2

The TSC complex acts a major node of signal integration, receiving growth signals from
the intra- and extracellular environment to control the nucleotide-bound status of Rheb and,
ultimately, the activation state of mMTORC1. Most signals characterized to date that impinge on
the TSC complex modify its ability to regulate Rheb primarily through phosphorylation events
on TSC2. Indentified phosphorylation sites on TSC2 span the length of the protein
(www.phosphosite.org), and many of the upstream protein kinases that phosphorylate these sites
have been identified, including Akt, ERK, RSK, PKC, GSK3, CDK1, AMPK and others'.
Phosphorylation on TSC2 by these kinases can both promote or inhibit the ability of the TSC
complex to regulate Rheb and mTORCI1. Growth factor signaling through Akt, ERK, RSK, and
PKC have all been reported to inhibit the TSC complex and thus activate mMTORCI1 signaling.
Conversely, depletion of intracellular energy or oxygen transmit signals, at least in part, through
GSK3 and AMPK to TSC2, which promote the ability of the TSC complex to suppress Rheb-
mTORCI signaling®.

Despite the identification of these signal specific protein kinases modifying TSC2, the
molecular mechanisms by which these phosphorylation events modulate TSC complex behavior
remains largely unknown. One of the most well characterized kinases as it relates to TSC
complex regulation is Akt, which has been established to phosphorylate TSC2 on five sites (Fig.
3.2). As described in chapter one, our lab has demonstrated that insulin stimulated
phosphorylation of TSC2 by Akt on these five sites inhibits the TSC complex by causing an
acute and rapid release of the complex from the lysosomal surface, where a fraction of Rheb
resides!®. Unpublished work from the Manning laboratory (not included in this dissertation) has

found that growth factor signaling through ERK, RSK, and PKC, protein kinases that can also
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Figure 3.2 Known phosphorylation sites on TSC2. Akt, ERK, RSK & PKC inhibit the ability of the TSC
complex to regulate Rheb.
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directly phosphorylate TSC2, (Fig. 3.2) also acutely stimulates loss of lysosomal localization of
the TSC complex through a mechanism not requiring the 5 Akt phosphorylation sites on TSC2.
These data suggest that spatial control of TSC complex lysosomal localization through multi-site
phosphorylation is a general mechanism of Rheb-mTORCI regulation used by diverse growth
factor signaling pathways upstream of the TSC complex.

The predicted unstructured loop regions of TSC2 identified in this dissertation to be
essential for Rheb-GDP engagement are serine/threonine rich and heavily phosphorylated.
Mapping all experimentally identified TSC2 phosphorylation sites from PhosphositePlus
(www.phosphosite.org) revealed that most of the sites (70 percent) clustered on the three major
loops of TSC2 (yellow), with all five of the established Akt sites residing on these loops as well
(green) (Fig. 3.3A). In chapter two, I described the novel finding that these TSC2 loops are
required for TSC complex preferential binding to Rheb-GDP and previous work from our lab has
established that the TSC complex required membrane localized Rheb to associate with the
lysosomal surface!®. One prediction from these collective findings, is that phosphorylation of
residues on these loops influence the ability of the TSC complex to engage Rheb-GDP. Thus, I
have investigated whether growth factor signals could influence the interaction between Rheb-
GDP and the TSC complex as they do for TSC complex lysosomal localization. Strikingly, I
found that when cells were stimulated with either insulin, EGF in the presence of the Akt
inhbitor MK2206, or the PKC-activating phorbol ester PMA, the binding of TSC2 in cell lysates
with recombinant Rheb-GDP was diminished. Importantly, pre-treatment of the cells with
inhibitors of Akt (MK2206) for insulin, MEK (Trametenib) for EGF and PKC (GO6983) for

PMA (Fig. 3.3B), restored TSC2-Rheb-GDP interactions to that of the serum starvation condition
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Figure 3.3 Phosphorylation on TSC2 reduces the binding interaction between Rheb-GDP
and TSC2. (A) All TSC2 phosphorylation sites from Phosphosite residing in the loop regions
(yellow) and Akt sites (green) were mapped onto the AF2 predicted human TSC2 monomer
(yellow). (B) Schematic of the PI3K-Akt and Ras-ERK pathways and their activators and
inhibitors. (C) HeLa cells were serum-starved for 16 hours prior and stimulated with insulin
(100nM) or pretreated with the Akt inhibitor MK2206 (2 uM) for 30 minutes prior to insulin
stimulation. Endogenous TSC2 was pulled down from lysates of these cell treatment groups with
recombinant purified GST-Rheb pre-loaded with GDP (500 pum), compared to control pull-down
with GST-Rab5A preloaded with GDP (500 um). GST-fused bait proteins were detected with
Ponceau S stain. (D) Cells were treated and pulled down as in (C) but in the presence of
MK2206 (2 uM) with EGF (100 ng/mL) or EGF and Trametinib (5 uM). (E) Cells were treated

and pulled down as in (C) and (D) but with PMA (100 ng/mL) or PMA and GO6983 (1 uM).
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(Fig. 3.3C-E). These findings suggest that phosphorylation of TSC2 on distinct sites within these
loop regions impacts the interaction between the TSC complex and Rheb-GDP.

The molecular details of TSC complex spatial localization and its regulated release from
the lysosome are unknown. My data indicates that the TSC complex strongly engages Rheb-GDP
through TSC2 loop regions and that growth factor-mediated phosphorylation events on TSC2
correlate with a decrease in this interaction. These data, coupled to the fact that TSC complex
lysosomal localization is also regulated by growth factor signaling, suggests that disruption of
the interface between Rheb-GDP and the TSC2 loop regions by growth factor stimulated
phosphorylation might be the key event leading to release of the TSC complex from the
lysosome—highlighting the critical influence of Rheb binding in spatial control of the TSC
complex.

Here, I propose a model in which the TSC complex first localizes to the lysosome in the
absence of growth factors and engages GTP-bound Rheb through the GAP domain to stimulate
GTP hydrolysis (Figure 3.1, “GAP mode”). Following GAP-mediated conversion to GDP-bound
Rheb, the TSC complex engages Rheb through a mechanism requiring the TSC2 loop regions,
and potentially other regions conserved in S. pombe Tsc2 (Figure 3.1, “association mode”). In the
association mode, the TSC complex might have the potential to maintain Rheb in its inactive
state, preventing the exchange of GDP for GTP, thereby acting as a GDI towards Rheb. If such
GDI activity exist, it would be distinct from established GDIs for small GTPases, as to our
knowledge, the TSC complex does not sequester Rheb from its target membranes, as in the case
of other reported GDI-GTPase interactions'!. In fact, in this proposed model, Rheb-GDP
reciprocally regulates the TSC complex by tethering it to the lysosome and preventing its release

following GAP activity. Site-specific, growth factor-mediated phosphorylation of TSC2 on the
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loop regions disrupts the association mode, thereby releasing the TSC complex from the
lysosome and allowing Rheb to exchange GDP for GTP and activate mTORCI1.

Rheb has unusually slow GTPase activity, which places it in a highly active GTP-bound
state in the absence of the TSC complex!2. This biochemical feature of Rheb makes the GAP
activity of the TSC complex critical to Rheb inhibition. I speculate that its sustained engagement
with the product of the GAP reaction, Rheb-GDP, perhaps maintains Rheb in its inactive form,
preventing the exchange back to GTP-bound Rheb. This speculation is simply a model at this
point and needs to be experimentally tested. Studying the intrinsic nucleotide exchange property
of Rheb, especially in comparison to other GTPases with known GEFs, will be an important
biochemical feature of Rheb to dissect to establish this putative GDI model of TSC complex
regulation. However, in support of this model, the TSC2 loop mutant fails to completely
suppress mTORCI1 signaling in response to growth factor withdrawal from the cell. As TSC2
GAP activity is not predicted to be impacted by replacing the TSC2 loops with the shorter
sequences from S. pombe Tsc2, 1 predict that the TSC2 loop mutant fails to engage Rheb-GDP in
the association mode at the lysosome, thereby allowing increased local levels of Rheb-GTP and
unchecked mTORCI1 signaling.

Here, I have proposed a mutual regulation model in which the TSC complex acts as a
GDI towards Rheb and Rheb-GDP reciprocally tethers the TSC complex to the lysosome to
dictate its spatial localization. However, it is possible that GDI activity of the TSC complex is
secondary to the tethering activity of TSC complex to Rheb-GDP, and thus acts as a non-
canonical GDI in that it does not sequester Rheb-GDP from the lysosome to prevent GDP
exchange. For example, the way in which the TSC complex engages Rheb-GDP in the

association mode may prevent exchange by sterically inhibiting GEF activity towards Rheb,
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although a Rheb GEF has yet to be reported. Alternatively, in the absence of a GEF, Rheb may
constantly exchange GDP for GTP even when engaged in the association mode, but given the
proximity of the TSC2 GAP domain, Rheb-GTP might be rapidly turned over to Rheb-GDP.
Finally, sustained binding of TSC2 to its product, Rheb-GDP, through a GAP-independent
domain, might be important for processivity of the GAP reaction. This would allow a single TSC
complex to rapidly convert a local population of Rheb-GTP to Rheb-GDP while staying engaged
at the lysosome through the Rheb-GDP tethering activity. Guanine nucleotide exchange assays,
in the presence or absence of the TSC complex containing wild-type or loop mutants of TSC2
are needed in the future to properly address these questions. Moreover, Rheb GDP/GTP-
exchange assays on liposomes to recapitulate the lysosomal surface could highlight spatial
constraints associated with a putative GDI mechanism of the TSC complex and the role of loop
phosphorylation in modulating this activity.

Signal convergence and integration through phosphorylation events on the TSC2 loops
might enable “fine-tuning” of Rheb’s activation status to match the perceived state of the cell.
However, the requirement of the TSC2 loops for TSC complex localization in response to growth
factor signaling is correlative and has yet to be directly tested. As such, investigating the
lysosomal localization of the TSC2 loop mutant is a critical next step in follow-up to this
dissertation work. It is also possible that the loop mutant localizes to the lysosome but to a lesser
extent than full-length TSC2. This result would suggest that the loop regions are required for
complete localization, but not essential, and other regulators may further mediate spatial
regulation of the TSC complex. Furthermore, if the TSC2 loop mutant does localize to the
lysosome, it will be important to investigate its responsiveness to PI3K-Akt and Ras-ERK

signaling. Finally, it is essential to directly measure the GAP activity of the TSC2 loop mutant to
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confirm that this activity is maintained and, thus, not contributing to the inability of this mutant
to suppress mTORCI1 signaling. In parallel to these studies, a characterization of the binding
interaction between the TSC2 loop mutant and Rheb-GDP under these same signaling conditions
should also be completed. Finalizing these studies will substantially contribute to our working

model of mMTORCI1 activation by growth factors at the lysosome.

Evolution of the TSC2 loops to coordinate growth factor signaling to mTORC1

The mTOR pathway is highly conserved and serves as a critical regulator of growth in
most eukaryotes. In both the budding yeast S. cerevisiae and the fission yeast S. pombe, two
distinct TOR containing complexes have been identified, TOR1 and TOR2. Both complexes
contain yeast-specific components, however homologs of Raptor, mLST8, Rictor and mSIN1
have been identified'*-!°. While yeast TORC]1 senses and responds to environmental stimuli, the
specific environmental cues and upstream pathway components differ for these single cell
organisms compared to multicellular organisms'®!7. Within the nutrient sensing branch
GATOR1, GATOR?2 and the RAG GTPases (Gtrl/Gtr2) have been identified in both S.
cerevisiae and S. pombe'”'%1°. However, homologs of the TSC complex (TSC1 and TSC2) have
only been identified in S. pombe’*?’.

Importantly, while yeast cells possess conserved upstream components involved in
mTORCI regulation, exogenous growth factor signaling evolved with multicellularity, where
cells needed to receive information from distinct cell types and tissues. In contrast, nutrient
inputs in the form of carbon, nitrogen and phosphate sources appear to be the primary pro-
growth inputs into mTORCI in yeast!®. Evidence suggests that in yeast, nTORCI is involved in

amino acid sensing, however in S. cerevisiae sensing differs from mammals in that amino acids
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do not appear to influence the localization of mTORCI to the vacuolar membrane, the equivalent
of the metazoan lysosome!®!. Subsequent reports in S. pombe found that Gtrl, Gtr2 and
mTORCT also localize to the vacuolar membrane, but like S. cerevisiae, amino acids do not
dictate the localization status. Amino acids were instead shown to stimulate formation of the
Gtr1-Gtr2 heterodimer and promote the interaction between Gtrl and Mip1 (Raptor)?2.

In general, S. pombe is quite divergent from S. cerevisiae in that it shares more common
features with mammalian cells and is a particular useful model organism for studying conserved
cellular processes®®. Like mammalian Rheb, Rhb1 is essential for growth and under the direct
control of TSC complex GAP activity in S. pombe’*?. Loss of Rhb1 results in growth arrest
similar to arrest caused by nitrogen starvation, a phenotype shared by loss of pombe mTOR
signaling®®-28, Moreover, loss of pombe TSC1 and TSC2 results in defects in amino acid uptake
and in the nitrogen starvation response, with Rhb1 being genetically epistatic to these
effects?*2%30. Thus, although the upstream signals are unknown, all evidence indicates that the
pombe TSC complex acts as a GAP for pombe Rheb to control mTORCI1 signaling. S. pombe
TSC2 is highly conserved in both the extended N-terminal HEAT repeats and C-terminal GAP
domain but lacks most of the unstructured domain connecting these two regions in mammalian
TSC2°. 1 originally hypothesized that if the preferential binding between Rheb-GDP and the TSC
complex was conserved, then the GAP-independent binding interface between TSC2 and Rheb
could be narrowed down to a highly conserved region between the two proteins. While |

discovered that preferential binding for Rheb-GDP is a conserved biochemical property of
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Figure 3.4 Phylogenetic analysis of the TSC2 loop regions. 54 representative species were
selected for sequence alignment and phylogenetic tree creation with Clustal Omega. The
residue-based conservation analysis and coloring was based on the sequence alignment of the

selected 54 sequences and generated using the ConSurf server.
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pombe TSC2, the bulk of the binding interactions between human TSC2 and Rheb was found to
reside in the divergent loop regions of TSC2 that are almost completely missing in S. pombe.

In addition to the loop regions, several crosslinks were detected in the CLMS study on
the highly conserved -sheets found to be extensively involved in TSC2 dimerization in the
partial cryo-EM structure of the TSC complex3!. These B-sheet interactions with Rheb-GDP
likely mediate the “association mode” in S. pombe but are not sufficient for the interaction in
humans, which require the later-evolving loop regions. Interestingly, phylogenetic analysis of
TSC2 revealed that all three of the major unstructured loops on TSC2 become increasingly
longer and more conserved through evolution from fungi to metazoans (Fig. 3.4). An apparent
lower degree of evolutionary constraint on these regions, compared to the core structure of TSC2
(HEAT repeats, dimerization 3-Sheets and GAP domain), suggests a role for these loops in
metazoan-specific regulation of the complex, rather than core structure and function.

Thousands of mutations of various types have been documented for the 7SC2 and, to a
lesser extent, T7SC1 genes in patients with TSC. While many of these variants have obvious
functional consequences (e.g., nonsense mutations or deletions), missense mutations affecting
amino acid residues spanning the lengths of both proteins, but are more commonly found in
TSC2 than in TSC1, often have varying severity of pathogenic consequences®?. Hundreds of
TSC2 missense variants have been publicly reported in the TSC Leiden Open Variation Database
(https://databases.lovd.nl/shared/genes/TSC2) and are classified by their probable pathogenicity
based on the presence of other TSC mutations in a given patient and functional assays of
mTORC]1 suppression carried out by the laboratory of Mark Nellist’*-3°. Remarkably, all of the
missense variants affecting residues on the TSC2 loop regions are classified as “benign” or

“likely benign” with no evidence of functional effects. This is in stark contrast to the numerous
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pathogenic variants mapped to the core structure of TSC2, which disrupt the conserved HEAT
repeats involved in TSC1 binding or the GAP domain?*. Mapping the pathogenic variants onto
the cryo-EM and alpha-fold structures of TSC2 reveals that the only cluster of pathogenic
mutations within the large region between the HEAT and GAP domains affect the highly
conserved four-stranded B-sheet that mediates TSC2 dimerization3!. These pathogenic variants
likely disrupt a third core function, TSC2 dimerization, thereby affecting formation of the TSC
complex. The lack of observed pathogenicity associated with loop variants highlights the
evolutionary flexibility of these regions such that the core form and function of the complex is
largely resistant to changes influencing these loops, perhaps with built in redundancies to
compensate for mutations.

The TSC2 gene, located on chromosome 16p15, encodes a transcript of 41 exons. Several
functional splice variants of TSC2, expressed in multiple tissues, lack either exon 25 (encoding
human 946-988), exon 31 (encoding human 1272-1294) or both*®*’. These exons are located on
loop 1 (917-1020) and loop 3 (1226-1496), respectively, with exon 25 (loop 1) missing from
isoform 4 and exon 31 (loop 3) missing from isoform 4 and 5 (https://www.uniprot.org/). Taken
together, human genetics support the concept that these loops lack the evolutionary constraints
exerted on the core conserved structure of TSC2. I hypothesize that this property has allowed
metazoan TSC2 to readily adapt new modes of phospho-regulation to accommodate an

increasingly complex and diverse array of growth signals received in animal species.

Future Directions

To date, studies of Rheb regulation by the TSC complex have primarily focused on the

TSC2 GAP interaction and mechanism. The work from this dissertation has established that
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outside of this canonical interaction, a second Rheb binding site exists within the TSC complex,
adding a second layer of regulation to mMTORCI1. Given the novelty of this interaction, the
findings from this work have opened many new questions regarding the dual Rheb binding
modes of the TSC complex and their role in controlling mTORCI1 signaling. Direct follow up
studies, described in more detail previously in this chapter, includes a complete characterization
of TSC2 loop contribution to both TSC2 lysosomal localization and Rheb nucleotide exchange.
Such studies will address the outstanding questions regarding the regulatory function of the
association mode (e.g., spatial regulation and/or GDI activity). Moreover, while I don’t predict
that the loop regions influence TSC2 GAP activity, measuring this biochemical property will be
important for a complete description of the functional effects of the TSC2 loop regions.

It is possible that the TSC2 loops have evolved redundancies such that one loop alone is
sufficient to mediate the association mode. While completing my dissertation work, I generated
individual TSC2 loop mutants (TSC2ALoop1, TSC2ALoop2 & TSC2ALoop3) and found that
deletion of each individual loop does not impact complex formation (data not shown). Moving
forward, characterizing Rheb-GDP binding, lysosomal localization, nucleotide exchange and
effects on mTORCI signaling for each of these loop mutants will further refine the association
mode domain and its contribution to regulation of the Rheb-mTORCI signaling axis.

Lacking from this dissertation work is an analysis of Rheb mutants and their ability to engage
the TSC complex. Specifically, TSC2 pulldown experiments from cells expressing Rheb
constitutively bound to GTP (activating) or GDP (dominant negative) would provide a strong
complementary approach to the GST-pulldown assays primarily used in my studies. Identified
dominant negative mutants include Rheb D60V, D60K and S20K3*%3° however, these mutants

express poorly in cells and have been reported to primarily take on a nucleotide free, rather than
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GDP-bound, state—limiting their usefulness. More recently, a crystal structure of Rheb-D60K
was determined, and the authors surprisingly found that a GDP was bound to the active site
despite no addition of GDP during the protein purification process. However, this mutant was
also incapable of binding Mg?", an effect that should promote less stable binding of guanylates*’.
Thus, a true mutant of Rheb that is in its native state constitutively bound to GDP has yet to be
identified for use in studies of TSC complex binding.

The mechanism of TSC2 GAP activity and its interaction with Rheb-GTP have been well
characterized. However, it should be recognized that to date, no structure of the TSC complex
bound to Rheb, in either nucleotide state, has been resolved. All reported interacting residues
between Rheb and the TSC complex are based on structural docking models and mutational

3141 Given the significant advances in the field of structural biology over the last

analyses alone
decade, resolving the structure of the TSC complex bound to Rheb in both nucleotide states is an
important and essential path of investigation moving forward. These structures will solidify
current models of regulation and significantly expand our understanding of how the TSC
complex regulates Rheb through both GAP-dependent and independent mechanisms.
Theoretically, well-resolved structures should identify residue level interactions between TSC2
and Rheb in the association mode, proving ample opportunity for mutational analyses to
precisely refine this regulatory interface. Finally, these structures will reveal important spatial
aspects of the GAP mode and association mode, helping us dissect how the TSC complex makes
a switch from engaging GTP-bound to GDP-bound Rheb.

As the preferential binding between Rheb-GDP and the TSC complex is conserved through S.

pombe, this genetic system can be used to further probe the mechanistic details of the interaction.

First, repeating the CLMS study with Rhb1-GDP would be an interesting parallel approach to
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identify conserved interacting residues (likely within the -sheet) outside of the loop regions.
Additionally, employing S. pombe proteins for cryo-EM analysis of the TSC complex bound to
Rhb1-GDP could be an attractive approach for structural studies, given the reduced size (and
assumed complexity) of the TSC complex in this genetic setting. Finally, localization studies
addressing TSC complex localization to the vacuole would be an interesting avenue of
exploration to elucidate the conservation of spatial regulation of the TSC complex in the absence

of the divergent TSC2 loops.

Conclusion

In this dissertation research, I investigated a novel biochemical interaction between the
TSC complex and Rheb. While GAP proteins typically engage the GTP-bound form of their
target GTPase, | found that the TSC complex preferentially engages the GDP-bound form of its
target GTPase, Rheb. Mapping this interaction to regulatory loop regions on TSC2, I found that
the TSC complex loses its ability to preferentially engage Rheb-GDP in the absence of these
loops. Importantly, these loops are not found in the S. pombe homolog of TSC2, yet a lack of
these loops in mammalian cells prevents full suppression of mTORCI signaling upon growth
factor withdrawal from the cell. This finding suggests that these TSC2 loops have evolved in
multicellular organisms to contribute to Rheb and mTORCI1 regulation. Collectively, these
findings revealed that the TSC complex exhibits two binding modes: the catalytic GAP mode,
and regulatory association mode. Strikingly, the dual binding modes of the TSC complex is a
unique GAP feature shared only, to our knowledge, with a parallel GAP upstream of mTORCI1,
GATORI. The “inhibitory mode” of GATORI1 differs from the association mode of the TSC

complex in that it functions to prevent hyperactivation of GATOR1. While the TSC complex
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engages GDP-bound Rheb in the association mode, GATOR1 binds GTP-bound RagA/B in the
inhibitory mode, thus maintaining the Rags in a prolonged “on” state*>**. Nonetheless, the dual
binding mode feature of both GATORI1 and the TSC complex suggests a shared mechanism of

layered regulation, secondary to GAP activity, that has evolved to acutely regulate mMTORCI1

signaling in response to fluctuations in growth conditions and signals.
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MATERIALS & METHODS

Cell Lines and Chemical Compounds

HeLa cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM;
Corning/Cellgro, 10-017-CV), without pyruvate, with 10% fetal bovine serum (FBS; Sigma). For
insulin, EGF, and PMA stimulation, subconfluent cells were washed twice with PBS, serum
starved in DMEM for 16 hr and without a media change were stimulated with either 1 uM
insulin (Alpha Diagnostic, INSL-16-N-5), 100ng/mL EGF (Thermo Scientific, PHG0311) or
100ng/mL PMA (Sigma, P1585) for 15 min. Inhibitor pretreatments were for 30 minutes with 2
uM MK2206, 5 uM Trametinib or 5 uM GO6983 (Selleckchem, all inhibitors resuspended in

DMSO at 1000X stocks)

AlphaFold prediction and Conservation analysis

The structures of human TSC2, Rheb1, S.pombe TSC2 were predicted using AlphaFold
v2.0*(https://github.com/deepmind/alphafold) with the following parameters: db_present =
full_dbs, max template date = 2022-03-10. For phylogenetic analysis of TSC2, TSC2 sequences
from 54 representative species were selected based on the plant and fungi clades of the
phylogenetic tree from CLIME®, and sequence alignment and phylogenetic tree for TSC2 were
generated using Clustal Omega. The residue based conservation analysis and coloring were
generated using the ConSurf server*® based on the sequence alignment of the selected 54

sequences.
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