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Abstract

Structural Investigation of mMTORC1 Regulation at the Lysosomal Membrane
by
Rachel Marie Jansen
Doctor of Philosophy in Molecular & Cellular Biology
University of California, Berkeley

Professor James H Hurley, Chair

The mechanistic target of rapamycin complex 1 (mTORC1) regulates cell growth and
catabolism by phosphorylating key substrates in response to nutrient fluctuations. Recruitment of
mMTORCL to the lysosomal membrane by the Rag-Ragulator complex is important for activation
of its kinase activity and interaction with select substrates. The Rag-Ragulator complex is
comprised of two small GTPases, Rag A/B and Rag C/D, and the pentameric scaffold protein
complex Ragulator. The Rags GTPases exist predominately in an active (RagA€T™:RagCCPP) or
inactive (RagACPP:RagCC™P) state, with mTORC1 binding to the active state. The Rag GTPase's
nucleotide state and activity are modulated by two GAPs, FLCN and GATORL1, transitioning the
complex between active and inactive forms. Additional protein complexes (KICSTOR,
GATOR2) and nutrient sensors (SLC38A9, Castorl, Sestrin2 and Samtor) regulate the activity of
these GAPs in response to nutrient levels ultimately regulating the activity of mTORCL. In this
work, structural analysis and in vitro reconstitution were used to elucidate the mechanisms of
FLCN and GATOR1 regulation. The network of GATOR1 regulation was dissected to
understand how the KICSTOR complex regulates GATOR1 and how nutrient sensors Castorl
and Sestrin2 relay information to the GATOR2 complex.
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Mechanistic Target of Rapamycin Complex 1 and Lysosomal Regulation

Lysosomes are highly dynamic organelles that play a crucial role in various cellular
functions, including gene regulation, metabolic signaling, cell motility, and immunity. These
organelles use a diverse array of integral membrane proteins and lysosome-associated proteins to
integrate environmental signals and adjust cellular processes accordingly. Appropriately, the
lysosome has been termed a regulatory hub for cellular homeostasis and is implicated in various
diseases associated with cellular imbalance, such as neurogenerative disorders and cancer 1.

The mechanistic target of rapamycin complex 1 (mTORC1), a notable lysosome-
associated protein, plays a central role in the response to fluctuations in nutrients, growth factors,
and energy in cells by altering cell growth. Upregulation and overactivation of the mTORC1
pathway have been implicated in numerous types of cancer. Similarly, inhibition of mTORC1
has been shown to increase autophagic flux leading to the clearance of aggregate prone proteins
seen in many neurodegenerative diseases 2. The criticality of mTORC1 regulation in human
disease has made mTORCL1 a highly sought-after drug target. Ever since the discovery of
rapamycin, the first mTOR inhibitor, it has been a long-standing goal to develop equally
efficacious inhibitors with less toxic off-target effects. As a result, mMTORC1, its regulation and
its involvement in various signaling pathways has been widely studied.

As a member of the phosphoinositide 3-kinase (P13K)-related kinase family, mTORC1
integrates and propagates signals through phosphorylation of multiple substrates. Many of these
substrates share a mTORCL1 recognition sequence such as 4E-BP1 and S6K1 that function to
regulate cell growth, transcription and translation®. However, some transcription factors, such as
transcription factor EB and E3 (TFEB/TFE3), that function to regulate lysosome biogenesis and
autophagy do not share the same binding motif. Instead, the interaction between TFEB/TEF3 and
mTORC1 requires co-localization to the nutrients-sensing, lysosome-associated Rag-Ragulator
complex.

The Rag-Ragulator Complex

The Rag GTPases, a unique subgroup of the Ras superfamily, localize to the lysosomal
membrane and function as indirect nutrient sensors by adapting their nucleotide state in response
to nutrient levels. The Rag GTPases function as an obligate heterodimer containing Rag A or B
in complex with Rag C or D. The inactive dimer (RagA or BGPP:RagC or D®P) is present under
low nutrient conditions, and the active dimer under high nutrient conditions (RagA or B¢™":RagC
or DCPP) 4, Two longin domain-containing GTPase activating proteins (GAPs) complexes,
folliculin: folliculin interacting protein 2 (FLCN:FNIP2) and GATOR1, convert the Rag
GTPases between two stable states > (Figure 1.1). Unlike most small GTPases, the Rags lack
the lipid modifications required to directly interact with the membrane. Instead, they are
localized to the membrane through the scaffold protein complex, Ragulator. Ragulator is
comprised of five subunits, LAMTOR 1-5, and interacts with the Rags through LAMTOR1 and
LAMTORZ2 to form the Rag-Ragulator complex ’-°. Through the Rag-Ragulator complex,
mTORC1 is localized to the lysosomal membrane under high nutrient conditions -1, Tight
regulation of the Rag GTPase nutrient state through FLCN:FNIP2 and GATORL is critical for
proper localization and activity of mMTORCL1.



Regulation of the GTPase Activating Protein FLCN

The FLCN:FNIP complex functions as a GAP for RagC/D, transitioning the Rag-
Ragulator complex from an inactive to active state under high nutrient conditions °. Two forms
of FNIP are expressed in most cell types, FNIP1 and FNIP2, and both complexes are active
against RagC/D 5. FLCN and RagC/DCP? are uniquely important for a subset of mTORC1
substrates, the MiT-TFE transcription factors 1213, The transcription factors EB and E3
(TFEB/TFE3) are the best known members of this family. The phosphorylation of other well-
known mTORC1 substrates, as well as mTORCL1 localization to lysosomes, is essentially
independent of RagC/D nucleotide state 1212 (Figure 1.2B). Phosphorylation of TFEB/TFE3
promotes its sequestration to the cytosol, preventing transcription of genes important for
autophagy and lysosome biogenesis (Figure 1.2B). Thus, FLCN and RagC/DCPP selectively
regulate a "non-canonical™ subset of mMTORCL1 substrates.

Cryo-EM structures have provided snapshots of FLCN:FNIP2 interacting with Rag-
Ragulator to elucidate the GAP mechanism and nuances of FLCN:FNIP2 regulation (Figure
1.3A). Although FLCN:FNIP2 functions as a RagC/D GAP, presumably at lysosomes, under
high nutrient conditions, paradoxically, it localizes most strongly to the lysosome under
conditions of amino acid starvation 4 (Figure 1.2A). The cryo-EM structure of FLCN in
complex with Rag-Ragulator, termed the lysosomal folliculin complex (LFC), demonstrated that
this binding mode was a GAP inhibitory binding mode where FLCN rests in the cleft between
RagA and RagC making substantial contacts with both Rag GTPases 2. In this binding mode,
the catalytic Arg finger residue, Arg-164, is positioned more than 20 A away from the RagC
nucleotide binding pocket, confirming FLCN is inactive. To accommodate FLCN in this
position, when inactive, the Rags undergo a conformational change, rotating to increase the size
of the cleft by nearly double that of the active state 12. The lack of FLCN lysosomal localization
under high nutrients suggested that the GAP active binding mode for FLCN was transient. This
led to challenges in determining a cryo-EM structure of the active FLCN complex and left a gap
in knowledge about the mechanisms of FLCN GAP activity.

It is known that the transition between the inhibitory binding state and active binding
mode is triggered by the presence of cellular nutrients. A nutrient sensor in the mTORC1
pathway, the amino acid transporter solute carrier family 38 member 9 (SLC38A9), was shown
to stimulate this conversion upon increase in cellular nutrients 1516, When lysosomal arginine
levels are low, the N-terminal tail of SLC38A9 is nestled in the transmembrane portion of the
transporter. As arginine levels increase, binding of arginine to SLC38A9 outcompetes binding of
the N-terminal tail (SLC38A9NT) and liberates it on the cytosolic face of the lysosomal
membrane. The liberated SLC38A9NT then binds to the Rag dimer inter-domain cleft 17 (Figure
1.2B). SLC38A9NT hinds in such a way that it competes with FLCN as it binds to the inactive
LFC, so breaking up the LFC 17. It remains elusive if the binding of SLC38A9NT is compatible
with the active GAP interaction and if SLC38A9 passively or actively engages with FLCN to
promote the active binding mode.



Regulation of the GTPase Activating Protein GATOR1

RagA/BCTP makes the major direct contact with mTORC1 involved in its lysosomall
localization, and as such, it is critical for activation. The GAP for RagA/B is the GATOR1
complex. GATOR1 consists of three subunits NPRL2, NPRL3 and DEPDC5. GATOR1
inactivates the Rag dimer by converting RagA/B®™P to the RagA/BCPP under low nutrient
conditions. Under these conditions, mTORCL1 is inactive with respect to all of its substrates,
canonical and non-canonical (Figure 1.2A).

In a striking parallel to the FLCN:FNIP complex, cryo-EM structures of GATOR1 bound
to Rag dimers have revealed both a GAP inhibitory and an active GAP binding mode 1819
(Figure 1.3B). In the inhibitory binding mode, GATORL1 interacts with RagA predominately
through the non-catalytic DEPDC5 domain 1°. In this conformation, there is no interaction
between the catalytic finger Arg-78 of NPRL2 and RagA 2°. The Rag GTPases remain in their
active form with the cleft in its open conformation. The GAP active binding mode occurs when
GATORL1 is reoriented such that the catalytic domains NPRL2-NPRL3 interact with RagA and
the catalytic Arg-78 is positioned in the nucleotide binding pocket 18 (Figure 1.4A and B). In this
binding mode, GATOR1 DEPDCS5 domain also makes substantial contacts with RagC. This
contrast FLCN, where in its GAP active binding mode, it only interacts with the GTPase it is
stimulating hydrolysis of, RagC. The stimuli that trigger the conversion between the inhibitory
and active binding modes have yet to be determined.

The answer may lie within the identified regulators that interact directly with GATORL1.
A handful of GATOR1 regulators have been uncovered such as GATOR2, KICSTOR and the
nutrient sensor SAMTOR 6:21.22. GATOR?2 is a negative regulator of GATOR1. The GATOR2
complex is massive, consisting of five subunits (WDR24, MIOS, WDR59, SEH1L and SEC13)
that adopt an open cage-like structure with an octagonal scaffold 23, Extending from the scaffold
are eight pairs of WD40 B-propellers that could mediate interactions between GATOR1,
KICSTOR and additional nutrients sensors in the pathway 22 (Figure 1.5).

The membrane-associated protein complex KICSTOR is comprised of a large scaffold -
like protein SZT2 and three additional subunits KPTN, ITFG2, and KICS2 22 (Figure 1.5). The
large size and limited structural homology of SZT2 with other proteins has posed challenges for
gaining structural insight into the nature of this complex. GATOR1 is thought to interact with the
complex through SZT2, but all four KICSTOR subunits are necessary for GAP activity 22:24, It
remains unclear if GATOR?2 is required to mediate the interaction between GATOR1 and
KICSTOR. It is possible that KICSTOR functions as a nutrient sensor or interacts with GATOR2
and/or additional nutrient sensors to trigger the conversion between the GATOR1 binding
modes. Additional studies into the interactions between GATOR1, GATOR2 and KICSTOR are
necessary for determining the mechanism of each within the pathway in response to fluctuations
in nutrients.

Nutrient Sensors and the GATOR complexes

The activity of the GATOR complexes depends on cellular nutrient levels, specifically
amino acids, although direct amino acid binding to these complexes has not been demonstrated.



Instead, smaller proteins in the pathway serve as nutrient sensors, interacting with GATOR
complexes to convey signals about nutrient availability. Three known nutrient sensors,
SAMTOR, Sestrin2, and Castorl, each recognize specific amino acids and integrate those signals
into the pathway (Figure 1.5). SAMTOR binds to SAM, derived from methionine and ATP,
while Sestrin2 binds leucine, and Castorl binds arginine.

The nutrient sensor SAMTOR, is the only identified sensor that directly interacts with
and alters the activity of GATOR1 and KICSTOR. Under low-nutrient conditions it binds to the
interface between KICSTOR and GATORL1 facilitating GATOR1 GAP activity. Upon binding to
SAM, SAMTOR releases from the complexes transitioning GATORL1 to an inhibitory mode.
Structural studies of Drosophila SAMTOR MTase domain suggest SAM binding induces a
conformational change blocking SAMTOR's interaction with GATOR1 and KICSTOR?25. On the
other hand, Castorl and Sestrin2 relay information about nutrient levels through interaction with
GATORZ2. In low-nutrient conditions, both nutrient sensors interact with GATOR2 subunits,
preventing GATOR2 from inhibiting GATOR1 GAP function. It’s been proposed that Castorl
and Sestrin2 interacts with the GATOR2 subunits MIOS and WDR24 respectively?6:27. Upon
increases in nutrient levels, these sensors dissociate, allowing GATOR?2 to interact with
GATORL1 in a manner that inhibits GAP activity.

Structural information about Castorl and Sestrin2 have provided insights into their
nutrient dependent regulation of GATOR?2 activity. Castorl forms a functional homodimer with
each monomer binding to one arginine?’-2%, The arginine molecule is buried inside the Castorl
structure and located at the interface of the N-terminal domain (NTD) and C-terminal domain
(CTD). Visualization of the location of the arginine molecule in initial crystal structures
suggested Castorl potentially underwent an open-close mechanism upon arginine binding?”.
However, a later structure of apo Castorl revealed that the global architecture of the structure
remained the same as the arginine bound state3°. This left questions about how Castorl interacts
with GATOR?2 in a nutrient dependent manner given there was no obvious conformation change
in the structure. The crystal structure of Sestrin2, revealed it was a monomeric globular protein
that binds a single leucine molecule in the CTD. The leucine molecule is position in the interior
of Sestrin2 cover by a “lid” formed by two alpha helices3. The determination of this structure
suggested Sestrin2 may transmit signals to GATOR?2 through a "lid-latch” mechanism 31.
However, attempts to determine a structure of apo-Sestrin2 to verify this mechanism have been
unsuccessful. As a result, there are many questions still persist including how Sestrin2 interact
with GATOR?2 to relay information about nutrient availability.

Focus of this Work

This work aims to fill gaps in knowledge in the regulation of FLCN and GATOR1. The
first part focuses on the FLCN, elucidating its structure when bound to Rag-Ragulator in its
active mode and determining the mechanism of GAP activity. This allows for a more complete
picture of how FLCN interacts with and regulates the Rag-Ragulator complex in a nutrient
dependent manner. The second part delves into the GATOR1 axis, examining the role of the
KICSTOR and GATOR?Z2 in the regulation of GATORL1. Specifically focusing on structural and
functional insights into the KICSTOR as well as the interaction of the nutrient sensors Castorl



and Sestrin2 with GATOR2. This works has been a collaborative effort with members of the
Zoncu Lab and integrates structural insights with cellular biology understanding.
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Figure 1.1 Activity of the Rag-Ragulator complex determined by nutrient availability. The
Rag-Ragulator complex exists primarily in two stable states and active and inactive complex.
The two states are cycled between with the help of the GAPs GATOR1 and FLCN:FNIP2 that
function under low and high nutrient conditions respectively. This figure was adapted from

Simon Fromm.
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Figure 1.2. Schematic representation of the regulation of Rag-Ragulator in different
nutrient conditions. (A) (1) Upon depletion of nutrients, GATOR1 transitions from its GAP
inhibitory binding to its GAP active binding mode. (2) GATOR1 stimulates hydrolysis of RagA-
GTP to form RagA-GDP. RagC spontaneously exchanges GDP for GTP generating the inactive
Rags (RagACPP:RagCCT™). FLCN:FNIP2 binds to inactive Rags in its GAP inhibitory binding
mode. (3) Inactivation of Rags prevents mTORC1 recruitment and activation leading to no
phosphorylation of all mMTORCL1 substrates. (B) (1) As cellular nutrients increase, the N-terminal
of SLC38A9 (SLC38AINT) (purple) is freed from the transmembrane domain (dark grey) and
displaces FLCN (orange):FNIP2 (green) in its GAP inhibitory binding mode. (2) FLCN:FNIP2
reorients to interact with the Rag-Ragulator complex (blue and grey) in its GAP active binding
mode. (3) FLCN:FNIP2 stimulates the hydrolysis of RagC-GTP forming RagC-GDP. RagA-
GDP undergoes spontaneous exchange to RagA-GTP generating active Rags
(RagACTP:RagCCPP). Active Rags recruit mTORC1 to the lysosomal membrane. (4) TFEB/TFE3
co-localizes with mTROC1 at the lysosomal membrane allowing mTORC1 to phosphorylate
TFEB/TFE3. Phosphorylated TFEB/TFE3 is retained in the cytosol through interaction with 14-
3-3 proteins. Not shown, following GATOR1 GAP inactivation, GDP to GTP exchange on RagA
activates mTORC1 phosphorylation of canonical substrates, which include 4E-BP1, S6K, and
ULKL1.
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Figure 1.3 Dual binding modes of FLCN and GATORL1. (A) Cryo-EM structure of
FLCN:FNIP2 (orange and green) bound to the Rag-Ragulator complex (blue and grey) reveals
inhibitory binding mode (PDB: 6NZD). (B) Cryo-EM structures of GATOR1 complex
containing NRPL2, NRPL3 and DEPDCS5 (purple) bound to the Rag-Ragulator complex in two
alternative binding modes (PDB: 7T3A and 7T3B).
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Figure 1.4 GATORI1 interaction with Rag-Ragulator in active mode and GAP mechanism.
(A) Overall cryo-EM structure of GATOR1 complex containing NPRL2 (light purple), NRPL3
(blue-purple) and DEPDC5 (magenta) in complex with Rag-Ragulator (blue and grey) in active
GAP binding mode (PDB: 7T3B). (B) Close-up view of GATORL1 interaction with RagA
nucleotide binding site.
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Figure 1.5 Regulation of GATOR1 and the corresponding structures. RagA GTPase
activating protein (GAP), GATORL1 is regulated by a complex network of protein complexes and
nutrient sensors. GATOR?2 is proposed to be a negative regulator of GATOR1 while KICSTOR
is hypothesized to be an activator. The core large complexes, GATOR1, GATOR2 and
KICSTOR have been shown to interact although the extent and conditions surrounding these
interactions remains elusive. Nutrient signals are integrated into the pathway through nutrient
sensors Castorl and Sestrin2 which interact with GATOR2 and SAMTOR which interacts with
GATOR1 and KICSTOR.
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Introduction

The mechanistic target of rapamycin complex 1 (MTORCL1) plays a central role in the
response to fluctuations in nutrients, growth factors, and energy in cells by altering the balance
between cell growth and catabolism. In nutrient-rich environments, mTORC1 activates anabolic
processes including protein and lipid synthesis while inhibiting catabolic ones such as autophagy
L2 mTORCI1 regulates its pro-anabolic programs through phosphorylation of key targets, some
of which contain a conserved TOS motif 34. The microphthalmia (MiT-TFE) family of
transcription factors, including similarly regulated transcription factors EB and E3 (TFEB and
TFE3), that activate transcription of genes involved in autophagy ® and lysosome biogenesis 6,
and are regulated by mTORC1 7-°. Among well-known mTORC1 substrates, MiT-TFE family
members lack the TOS motif responsible for docking some other substrates onto mMTORC1 via
its Raptor subunit. Also, in contrast to other mTORC1 substrates, MiT-TFE phosphorylation and
negative regulation are completely dependent on the activity of the RagC GAP, FLCN 10-12,

The Rag-Ragulator complex consists of two Rag guanosine triphosphatases (commonly
referred to as Rags) that function as obligate heterodimers and are anchored to the lysosomal
membrane by the pentameric Ragulator 1314, The Rags respond to lysosomal and cytoplasmic
nutrient levels, which regulate the proportion of inactive (RagA or B6PP:RagC or D) and
active (RagA or B6TP:RagC or DCGPP) Rag dimers 5. Conversion between active and inactive
states is regulated by the RagA/B-specific GAP, GATOR1, and by the RagC/D-specific GAP,
folliculin: folliculin interacting protein 2 (FLCN:FNIP2) 16.17, |n response to amino acid levels,
as sensed by the transceptor SLC38A9 among other mechanisms 18-20, FLCN stimulates the
conversion of Rags to their active form enabling mTORCL1 recruitment and interaction with
MIT-TFE members. Upon phosphorylation, MiT-TFE members bind to 14-3-3 proteins and is
sequestered in the cytosol where they remain inactive. The regulation of TOS motif-containing
mTORC1 substrates 3, including regulators of mMRNA translation and cell proliferation, such as
4E-BP1 and S6K1 is unaffected 191121 Taken together, FLCN directly and selectively controls
mTORC1 regulation of MiT-TFE members but not other substrates 1911, These findings support
the existence of separate mechanisms for control of mMTORC1-dependent anabolic versus
catabolic programs 22, and highlight a therapeutic potential for FLCN to be targeted as a means
of mTOR inhibition for treating LSDs and neurodegenerative diseases, with fewer toxic effects
on cell proliferation and translation.

The transient nature of the GAP interaction with Rag-Ragulator has proven challenging
for visualizing details necessary for deducing the mechanism of GAP activity. Previous
structural investigation into the basis for FLCN localization to lysosomes during amino acid
starvation 23 revealed a stable inhibitory FLCN-Rag-Ragulator complex, the lysosomal folliculin
complex (LFC) 11.24, This begged the question as to how FLCN binds to RagC to promote
nucleotide hydrolysis, and what are the interfaces in FLCN essential for stimulating catalysis?
We sought to understand how these residues interact with the RagC nucleotide binding pocket,
and what makes FLCN specific for RagC. We previously found that the amino acid transporter,
SLC38A9, promotes FLCN GAP activity by inserting its cytosolic domain in the cleft between
the RagA and C G-domains and thereby disrupting the LFC 19, Here, we trapped FLCN in its
GAP-competent binding mode using a fusion construct with the N-terminal of SLC38A9
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(SLC38A9NT), determined the cryo-EM structure, and deduced the mechanism of FLCN GAP
activity essential for interrogating this interaction during drug development.

Results

To provide a structural framework for understanding the mechanism of FLCN GAP
activity, we stabilized the transient complex and determined the cryo-EM structure, hereafter
referred to as the Active Folliculin Complex (AFC). We began by generating a stable complex of
FLCN:FNIP2, Rags, Ragulator and SLC38A9NT, utilizing a mutant FLCNF18P known to disrupt
the LFC without affecting GAP activity 11. To tether FLCN to the Rag-Ragulator complex, we
designed a fusion construct containing a 10-residue glycine-serine linker between the C-terminus
of SLC38A9NT and the N-terminus of FNIP2 (Figure 2.1). The C-terminal tail of SLC38A9NT
contains ~20 disordered residues, effectively increasing the linker length to ~30 residues
allowing for up to 90 A in length. We used a phosphate analog (BeF3) during complex formation
to capture FLCNF118D hound to Rag-Ragulator 2°. Rags were loaded into a state mimicking
starvation conditions (RagACPP:RagCCTP) and incubated with Ragulator to form a stable
complex. Next, FLCNFL18P and the SLC38A9NT-FNIP2 (SLC-FNIP2) fusion protein were added
to RagACPP:RagCC™ — Ragulator immediately followed by addition of BeFs (Figure 2.2).
Incubating the complex overnight, we generated a nucleotide ground-state analog that trapped
FLCNF118D in an active conformation and allowed for isolation of a stable active FLCN complex
via size exclusion chromatography (Figure 2.1).

The cryo-EM structure of the AFC was determined to an overall resolution of 3.5 A
(Table 2.1, Figure 2.3). The cryo-EM density was of sufficient quality to model the ordered mass
of the complex constituting the AFC (Figure 2.4 and 2.5). In the AFC, the longin domains of
FLCNF118D and FNIP2 interact with the RagC G-domain such that the FLCNF118D:ENIP2
approaches Rag-Ragulator from the side (Figure 2.6). The SLC38A9NT sits in the cleft between
the Rags and does not interact directly with FLCNF118D:ENIP2, suggesting it does not play a role
in positioning the GAP. The overall dimensions of the complex are ~120 A by ~180 A (Figure
2.6). To interact with RagC in a GAP-competent conformation, FLCNF18D:ENIP2 reorients 90
degrees and transitions from its elongated position in the LFC to bind the side of RagC in the
AFC. In the LFC, FLCN:FNIP2 interacts with both RagC and RagA extensively, with 870 A2
and 645 A2 interfaces, respectively. In contrast, in the AFC conformation, FLCNF118D:EN|P2
interacts solely with RagC, burying 1,141 A2 of surface area with RagC, but none with RagA.

To visualize the AFC catalytic complex in as much detail as possible, we used local
refinement at the FLCN-RagC interface to increase the resolution to 3.16 A and allow for clear
placement of the nucleotide analog and previously identified arginine finger (Arg-164) in RagC
nucleotide-binding domain (NBD) ! (Figure 2.5 and 2.7). Asbound to GDP-BeF-3, RagC adopts
an architecture analogous to GTP-bound RagC and Gtr2 2627 (Figure 2.6). In this state, the switch
| region is ordered and forms a lid at the top of the binding pocket. Additional density in the
RagC NBD, adjacent to the BeF-3, aligned with the placement of the highly conserved Arg-164.
The position of FLCNFL18D Arg-164 resembled the geometry of previously identified arginine
fingers in Rab1 GAP structures trapped with BeF-3 nucleotide analogs 282° (Figure 2.8). The
nucleotide binding pocket is composed of primarily charged residues with a 534 A 2 surface area,
while the overall volume of the larger surrounding pocket is 865 A3 30 (Figure 2.7).
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To determine the basis for FLCN specificity for RagC over RagA, we modeled the GAP
interaction with RagA-GTP. The FLCNF18D |oop containing residues 10-16 was accommodated
when interacting with RagC (Figure 2.7). In contrast, in the RagA model, FLCNF118D (Phel6,
His!4, Pro'®) clashed with RagA at the interface (Figure 2.7). We sought to further explore FLCN
specificity for RagC by understanding why GATOR1 does not function as a GAP for RagC. We
modelled RagC with GATOR1 and observed residues in GATOR1 (Thr8 and Pro!9) that clashed
with RagC at the interface (Figure 2.9). We also compared the RagC structure to that of Arfl,
which is a substrate of another longin domain GAP, SMCRS8 3132 |n the Arf1 model, FLCNF118D
(Leu®® and His!*) clash with Arf1 residues (Figure 2.9), rationalizing specificity for RagC. To
determine why other longin domain GAPs do not function to stimulate nucleotide hydrolysis of
RagC, we modelled RagC with SMCRS, a longin GAP that acts on Arf GTPases. The binding
between SMCR8 and RagC is incompatible due to clashes between SMCR8 (Glu®? and Phe®3)
and RagC (Figure 2.9).

We analyzed the interface whereby FLCNFL18D:ENIP2 interacts with RagC. Two
hydrophobic residues FLCN Phel0 and FNIP2 Val146 form prominent contacts in the RagC
binding interface interacting with Thr96, Lys78, Met121 and Phel28 (Figure 2.10). We
hypothesized that these residues were critical for GAP activity. To validate the importance of
these residues, we created two mutants FLCNF118D/F10D (F10D:Phel®— Asp) and FNIP2V146E
(V146E:Vall*6—Glu). We used a tryptophan-based GAP activity assay to monitor the activity of
FLCNFM8D:ENIP2 and mutants FLCNF118D/FI0D:EN|P2 and FLCNFH18D:EN|P2V146E toward
inactive Rags (RagACPP:RagCCTP) 1119 The GAP activity of the FLCNF18D:S|_C-FNIP2 fusion
protein was identical to the FLCNF18D:FENIP2 without the SLC38A9 N-terminus fusion (Figure
2.11). Both FLCNF!18D/F10D:ENP2 and FLCNFI18D:ENIP2V146E aholished GAP activity as
compared to FLCNFL18D:ENIP2 confirming their importance in facilitating GAP binding (Figure
2.10).

We sought to investigate whether these GAP-inactive mutants, FLCNF10P and
FNIP2V146E affected the ability of Rag-Ragulator to activate mTORC1 with respect to its various
substrates. We used cell-based assays to image the localization of MiT-TFE family transcription
factor TFE3. In amino-acid deprived cells reconstituted with either WT FLCN (FLCNWT) or WT
FNIP2 (FNIP2WT), both FLCNWT and FNIP2WT were localized to the lysosome and TFE3 was
present in the nucleus (Figure 2.10). Cells expressing FLCNFOP and FNI1P2V146E during
starvation resulted in lysosomal localization and nuclear localization of the MiT-TFE family
member TFE3 (Figure 2.10). When cells were restimulated with amino acids, those reconstituted
with FLCNWT and FNIP2WT resulted in translocation of TFE3 to the cytoplasm. In contrast, in
cells expressing FLCNF10D and FNIP2V146E TFE3 remained nuclear, phenocopying the catalytic
loss-of-function mutant FLCNR64 11 (Figure 2.12) and was not sequestered to the cytoplasm
despite high cellular nutrients (Figure 2.10). These results further supported that the mutants
FLCNFI0D and FNIP2V146E gliminated GAP activity and confirmed that loss of GAP activity
resulted in mis-regulation of MTORC1 and TFE3. Immunoblot analysis confirmed that the
mutants did not have any effect on the phosphorylation of the TOS-motif containing substrates
S6K and 4E-BP1 (Figure 2.13).
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Discussion

The cryo-EM structure presented in this work reveals that FLCN:FNIP2 undergoes a
dramatic re-orientation to convert from the inactive LFC to the active AFC. The AFC structure
confirmed the prediction that FLCN activates nucleotide hydrolysis of RagC through the
catalytic arginine finger Arg-164 1133, We identified features on the FLCN surface that are
complementary to RagC and confer the high degree of specificity that is seen biologically. Our
structure revealed that the loop containing residues 10-16 in FLCN make it incompatible as a
GAP for other small GTPases. In the AFC structure, SLC38A9NT sits in the cleft between the
Rags, while FLCN:FNIP2 binds only RagC. This confirms the previously proposed model that
SLC38A9NT displaces inactive FLCN:FNIP2 in the LFC to allow for binding in the GAP
competent mode 1°. SLC38A9NT does not, however, play a role in GAP activity through
interaction with FLCN or either Rag nucleotide binding pocket in the AFC, as further supported
by the near-identical RagC-GAP activity of FLCNFL18D:ENIP2 with or without the SLC38A9NT
fusion.

RagA is regulated by a different GAP complex, GATORL1. A recent cryo-EM structure of
the GAP-competent interaction between Rag-Ragulator and GATORL1 suggested GATORL1 is
stabilized by both Rag GTPases in its GAP mode 34. The overall geometry and the role of the
Arg finger in the active GATOR1 complex resembles that of FLCNF118D:ENIP2 seen here, as
well as that of another longin-domain based GAP, the C9orf72-SMCR8 complex with ARF1 31,
In comparison to GATOR1, the structure of the AFC revealed that FLCN solely interacts with
RagC to stimulate GTP hydrolysis. This finding is consistent with observations that while
GATOR1 RagA GAP activity depends on the RagC nucleotide state, the RagC G AP activity of
the AFC is independent of the RagA nucleotide state 1°.

The past few years have seen a paradigm shift in understanding how the MiTF family of
transcription factors is regulated downstream of mTORC1 in a uniquely FLCN and RagC GPP-
dependent manner 1911, Numerous studies corroborate the discovery of a "non-canonical”
mTORC1 pathway that specifically regulates MiT-TFE transcription factors 12:21.35-38 The new
knowledge of FLCN structural mechanism provided by the AFC structure can potentially be
exploited for therapeutic benefit. The AFC presents itself as an attractive avenue for the long-
standing goal of developing substrate selective mTORCL1 inhibitors which can upregulate
autophagy and lysosomal capacity without toxic consequences for immune function, epithelial
renewal and other physiological processes that require mTORC1-dependent anabolic programs.
Such inhibitors could be highly specific for MiT-TFE upregulation, in turn promoting autophagy
and increasing lysosomal capacity. The latter could be of potential benefit for treating LSDs,
while both could potentially benefit neurodegenerative diseases involving intracellular protein
aggregates. On the other hand, excessive upregulation of MiT-TFE transcription factors in FLCN
loss of function has been shown to cause kidney cystogenesis, and tumorigenesis and induce
melanoma 1035, Therapeutics that promote FLCN activity, for instance through inhibition of the
LFC, might have potential for treating these conditions. An important consideration in
therapeutic use of FLCN GAP antagonists would be to avoid the complete shutdown of FLCN
activity and so avoid promoting tumorigenesis. The structural insights into the AFC presented
here fulfill a key step necessary to leverage FLCN as a drug target and develop selective
mTORCL1 inhibitors or activators for MiT-TFE-dependent transcriptional upregulation.
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Materials and Methods

Cloning and Protein Purification:

The pCAG-GST-SLC38A9NT-FNIP2 fusion construct was designed to contain a ten-residue
glycine-serine linker. Codon-optimized DNA coding for SLC38A9NT and the C-terminal linker
was amplified by polymerase chain reaction (PCR). DNA containing SLC38A9NT and the C-
terminal linker was subcloned into the pPCAG-GST vector containing codon-optimized DNA
coding for FNIP2. The pCAG-GST-FNIP2 vector was linearized using Kpnl and Xhol restriction
sites. DNA containing SLC38A9NT and C-terminal linker was inserted N-terminal to FNIP2 by
Gibson assembly. HEK293-GNTI cells were transfected with 1mg DNA at 2:1 ratio (FLCN:
SLC38A9NT-FNIP2) and 3mg P.E.I per 1L of cells at 2E6 cells/ml. Cells were pelleted at 2000
xg for 20 min at 4 °C and purified as described previously. 11

Mutants FLCN F10D and FNIP2 VV146E were generated by site-directed mutagenesis using
KAPA HiFi HotStart ReadyMix (Roche) from pCAG-FLCN and pCAG-GST-FNIP2
respectively. HEK293-GNTI cells were transfected with 1mg DNA at 2:1 ratio (FLCN:FNIP2)
3mg P.E.I per 1L of cells at 2E6 cells/ml. Cells were pelleted at 2000 xg for 20 min at 4 °C and
purified as described previously 11,

RagA:RagCP18IN and Ragulator were expressed and purified from Sf9 cells via baculovirus
infection as described 1. GATOR1 was expressed and purified from HEK293-GNTI cells as
described 11,

Nucleotide Loading:

Purified RagA:RagCP 181N heterodimers were diluted 1:10 (v/v) in 1X phosphate-buffered
saline (PBS) containing 5mM EDTA and 0.5 mM TCEP for 10 minutes at 25°C. Desired tri-
phosphate nucleotides were added at a 10-fold molar excess over Rags and incubated for 30
minutes at 25°C. Next, MgCl2 was added to a final concentration of 20 mM and incubated for 10
minutes at 25°C. Excess nucleotides were removed using a PD-10 desalting column (Cytiva) and
wash buffer containing 25 mM HEPES, 130 mM NaCl, 2.5 mM MgCI2, 2 mM EGTA, pH 7.4
and 0.5mM EDTA. To obtain the inactive state for Rag heterodimers, RagA®T™":RagC*xT? was
incubated with GATORL1 at a 1:100 GAP:Rag molar ratio at 37 °C for 30 minutes.

Active FLCN Complex Assembly:

To assemble the active FLCN complex, RagA:RagCP18IN heterodimers in desired nucleotide
state were incubated for 1 hour at 25°C with a 1.2x molar excess of Ragulator. FLCN:
SLC38A9NT-FNIP2 was added to Rag-Ragulator complex at a 2-fold molar excess followed
immediately by the addition of 0.5 M BeFs. BeFs was prepared by mixing BeSO4 and NaF to
final concentration of 0.5mM and 5mM respectively and incubating for 20 minutes at 25°C prior
to addition to complex. The complex containing Rags, Ragulator, FLCN: SLC38A9NT-ENIP2
and BeFs was incubated at 25°C for 30 minutes, then at 4°C for 16 hours. Following incubation,
the complex was centrifuged at 17,000 xg for 10 minutes and then loaded onto a Superose 6 (GE
Healthcare) column equilibrated in wash buffer containing 25 mM HEPES, 130 mM NaCl, 2.5
mM MgClI2, 2 mM EGTA, pH 7.4 and 0.5mM EDTA. Fractions were analyzed via SDS PAGE
and those containing assembled active FLCN complex were collected, concentrated to 1 mg/ml
and immediately frozen onto grids for imaging via cryo-EM.
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Cryo-EM Grid Preparation and Imaging:

For data collection of active FLCN complex, 3 pl sample (1 mg/ml protein in 25 mM HEPES,
130 mM NacCl, 2.5 mM MgCI2, 2 mM EGTA, 0.5 mM TCEP, pH 7.4) was deposited onto
freshly glow-discharged (PELCO easiGlow, 45 s in air at 20 mA and 0.4 mbar) holey carbon
grids (C-flat: 2/1-3Cu-T). FEI Virobot Mark 1V was used to blot grids for 2 seconds with a blot
force of 20 (Whatman 597 filter paper) at 4 C and 90-100 % humidity and subsequentially
plunged into liquid ethane. The Titan Krios G3i microscope equipped with a Gatan Quantum
energy filter (slit width 20 eV) and a K3 summit camera at a defocus of -1.0 to -2.0 um was used
to record 4968 movies. Automated image acquisition was performed using SerialEM 3° recording
four movies per 2 um hole with image shift. Image parameters are summarized in Table 1.1

Cryo-EM Data Processing:

The data processing workflow is summarized in Figure S1. In short, Relion-3.1.1 wrapped
MotionCor2 program was used to motion-correct gain-corrected movies 4%:41, Motion-corrected
micrographs were imported into cryosparc2 v3.3.1 42, Patch CTF estimated (multi) was used for
CTF determination and two rounds of cryosparc2 blob picker with a diameter range of 150A-
220A was used to generate 1,165,732 and 1,025,735 particles. Particles were extracted with a
box size of 440x440 pixels in cryosparc2. A series of 2D classifications followed by an ab-initio-
reconstruction was used to generate three reference maps. The resulting 3D maps were used for
consecutive rounds of heterogenous refinement from the initial particle sets following a round of
2D classification to remove obvious ‘junk’. The resulting particle sets from round 1 and round 2
of picks were merged and duplicates were removed. The combined particle set contained
177,018 particles. A final round of homogenous refinement resulted in a 3.47A map at 0.143
FSC. A mask was generated surrounding the interface between RagC and FLCN:FNIP2 using
UCSF Chimera and imported into cryosparc2 v3.3.1 where it was lowpass filtered and dilated 43.
The mask was used for subsequent local refinement and resulted in a focused map reaching a
resolution of 3.16A.

Atomic Model Building and Refinement:

The coordinates from RagC were based on GTP-bound crystal structure (3LLU), the coordinates
for FLCN and FNIP2 were based off the LFC (6NZD) and all five Ragulator, RagA and
SLC38A9NT were based on Rag-Ragulator-SLC38A9NT structure (6WJ2). All coordinates were
rigid body fitted separately into the density map using UCSF Chimera. The interface was refined
using a map generated from local refinement separately by iterative rounds of Phenix real-space
refinement and manual correction in coot 44. Secondary structure restrains were enabled during
real-space refinement. The interface was combined with the remaining components of the
complex in coot and refined using iterative round of Phenix real-space refinement and ISOLDE
45 The final model was validated using MolProbity 46. Coordinate models can be found in the
Protein Data Bank (PDB) with accession code 8DHB. Summarized in Table 2.2.

Tryptophan Fluorescence RagC XTPase Assay:
Tryptophan fluorescence experiments were performed in triplicate according to Fromm et al.
(16).
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Cell Culturing:
HEK?293T and HEK293A cells were grown in Dulbecco’s modified Essential Media (DMEM,

Thermo Fisher Scientific) supplemented with 10% (v/v) fetal bovine serum (FBS, VWR), 100
U/ml penicillin and 100 U/ml streptomycin (Life Technologies) and were maintained at 37 °C and
5% CO:s..

Reagents and Antibodies:

The following antibodies were employed in this study: phospho-T389 S6K1 (9234S), S6K1
(2708S), phospho-S65 4EBP (9451S), 4EBP (9644S and 9452S), FLCN (3697), TFE3 (14779),
TFEB (37785), V5 (13202), FLAG (14793) from Cell Signaling Technology; LAMP2 (sc-18822)
from Santa Cruz Biotechnology.

RNAI
The control pLKO.1-LUC shRNA vector and the pLKO.1-FLCN lentiviral ShRNA vector were
obtained respectively from Addgene (Plasmid #30324) and the RNAIi Consortium
(TRCNO0000237886). Target sequences are:

shLUC: TCCTAAGGTTAAGTCGCCCTCG.

ShFLCN: GATGGAGAAGCTCGCTGATTT
RNAI experiments were prepared as described below.

Lentiviral Infection and Stable Cell Line Generation:

Lentivirus was generated using the PEI method. 5 ug of a lentiviral vector (desired construct in
pLIM1-PURO) was combined with 3.75 pg of psPAX2 and 1.25 pg pCMG.2 viral packaging
plasmids in 500 pl optiMEM (Thermofisher), mixed, and then combined with 60 ul 1 mg/mL P.E.L
This solution was incubated at room temperature for 30 minutes, then added toa 10 cm dish
containing 2 million recently plated 293T cells.

24-48 hours after that, media containing virus was collected from cells, spun down at 1,300 x rpm
for 5 minutes to remove cell debris, and sterile filtered. Cells were plated at a density of 200,000-
300,000 cells per well in a 6-well plate in the presence of Polybrene transfection reagent (Sigma-
Aldrich) and infected with 10% of the total virus from one 10 cm plate of the indicated constructs.
24 hours later, media was supplemented with 200 nM puromycin.

Live Cells Treatments:

HEK?293T cells were seeded and allowed to attach overnight in complete DMEM medium. 24h
after seeding, cells were rinsed with PBS and incubated in amino acid-free RPMI for 2 hours (-
AA) and restimulated with amino acids for 15 minutes or overnight with complete media (+AA).
Amino acid solutions were prepared from powders and the final concentration of amino acids in
the media was the same as in commercial RPMI. Torinl treatment was performed for 4 hours in
complete media.

Western Blotting:

HEK-293T cells were plated in a 6-well plate at 1,000,000 cells/well in complete media. After the
treatments (see above), the medium was removed and 150 pul of Lysis Buffer (40 mM HEPES [pH
7.4], 4 mM EDTA, 1% Triton X-100, 10 mM sodium [B-glycerol phosphate, 10 mM sodium
pyrophosphate, and one tablet of EDTA-free protease inhibitors per 50 ml) were added to each
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well. Total extracts were collected from each well after scraping, rotated over-end for 10 minutes,
and then centrifuged at 13,000 x g for 10 min at 4 °C. Samples were normalized to a total
concentration of 1 mg/mL protein and combined with protein sample buffer, then boiled for 5
minutes at 95 °C.

Ten micrograms of protein were loaded into each lane of Tris-Glycine precast gels (Thermo Fisher
Scientific). PVDF membranes were blocked in 5% skim milk dissolved in Tris-buffered saline
with Tween 20 for 1 hour at RT. Membranes were incubated overnight at 4 °C with the indicated
primary antibodies, all diluted in 5% skim milk prepared in TBST. Secondary antibodies
conjugated to horseradish peroxidase were used for protein detection. B-Actin was used as loading
controls.

Immunofluorescence:

HEK-293T cells were plated on fibronectin-coated glass coverslips in 12-well plates, at 300,000
cells/well. The following day, cells were subjected to amino acid depletion/or complete media
restimulation (see above) and then fixed in 4% paraformaldehyde (in PBS) for 15 min at RT. The
coverslips were rinsed twice with PBS and cells were permeabilized with 0.1% (w/v) saponin in
PBS for 10 min. After rinsing twice with PBS, the slides were incubated overnight at 4°C with the
indicated primary antibody in 5% normal donkey serum, then rinsed with PBS, and incubated with
fluorophore-conjugated secondary antibodies produced in goat or donkey (Life Technologies,
diluted 1:500 in 5% normal donkey serum) for 45 min at room temperature in the dark. Coverslips
were then washed three times in PBS and mounted on glass slides using Vectashield Antifade
Mounting Medium (Vector Laboratories) containing DAPI stain. All images were collected on a
Nikon Ti-E inverted microscope (Nikon Instruments, Melville, NY) equipped witha Plan Apo 60x
oil objective. Images were acquired using a Zyla 5.5 sSCMOS camera (Andor Technology), using
iQ3 acquisition software (Andor Technology).

Live Imaging:

HEK?293A cells were plated onto glass-bottom 35mm culture dishes and transfected with the
Indicated FLCN-FLAG-eGFP, HA-FNIP2, and LAMP2-RFP-FLAG constructs. The following
day, cells were subjected to amino acid depletion/or amino acids restimulation (see above). Starved
cells were transferred to imaging buffer (10 mM HEPES, 136 mM NacCl, 2.5 mM KCI, 2 mM
CaCl2, 1.2 mM MgCI2, pH 7.4), while restimulated cells were transferred to imaging buffer
supplemented with amino acids, 5mM glucose, and 1% dialyzed FBS (+AA) and imaged using the
Nikon Ti-E inverted microscope (Nikon Instruments, Melville, NY) as explained above.

Quantitation of Lysosomal Enrichment Score:

For immunofluorescence and live imaging datasets, a home-built MATLAB (Mathworks) script
was used to determine the lysosomal enrichment of both V5-FNIP2 and FLAG-FLCN stains as
previously described (9). Briefly, a single cell was manually selected in the lamp channel and its
nucleus was excluded from further analysis. Then, a mask was created in the LAMP2 channel to
segment cellular pixels into LAMP2 (lysosomal) or non-LAMP?2 (cytosolic) pixels. This mask was
then applied to the non-LAMP2 channel. The Lysosomal Enrichment Score was determined by
dividing the average intensity of pixels in the lysosomal region by the average intensity of the
pixels in the cytosolic region. For each condition, at least twenty cells were analyzed from different
multi-channel images.
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Quantitation of Cytoplasmic:Nuclear TFE3 Ratio:
To measure TFE3 nuclear localization, the Pearson’s coefficient of at least 10 different fields was
measured using the ImageJ plugin JACoP 4.

Acknowledgements: We thank Zhicheng Cui and Aaron Joiner for discussions, Andrea Ballabio
for comments on the manuscript, Rick Hooy for workstation support and Dan Toso and Jonathan
Remis for electron microscope support.

Funding: This work was supported by the NIH grants R01 GM111730 (J.H.H.) and RO1
GM130995 (R.Z.), a National Science Foundation Graduate Research Fellowship (R.M.J.), and
an Italian Cancer Research Association (AIRC) postdoctoral fellowship (R.P.).

Author contributions: R.M.J. and J.H.H. conceived and designed research, R.M.J. and R.P.
carried out research, A.L.Y. and S.F. trained R.M.J. in cryo-EM, R.Z. and J.H.H. supervised
research, R.M.J. and J.H.H. wrote the first draft, and all authors edited the manuscript.

Competing interests: J.H.H. is a co-founder and shareholder of Casma Therapeutics and
receives research funding from Casma Therapeutics, Genentech, and Hoffmann-La Roche. R.Z.
is a cofounder and shareholder of Frontier Medicines and receives research funding from
Genentech. The authors declare no other competing interests.

Data and materials availability: All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials. Coordinates and density are deposited
in the RCSB (PDB ID 8DHB) and EMDB (EMD-27435), respectively. The fusion construct
used to generate the purified AFC is deposited in Addgene.org (189869). The DNA constructs
used for FNIP2 localization will be provided on request pending a completed material transfer
agreement. Requests for the FNIP2 DNA constructs should be submitted to Roberto Zoncu at
rzoncu@berkeley.edu.

24



Figures

A . L FNIP2 ] c M, (kDa)
1 119 1 1,114 i v
100 250 —
RagC*™:RagAS°? 150 —
B Ragulator \ 100 = T SLo-FNIP2
Actlve FLCN complex 80
] 75~ . - FLCN
RagC*™:RagA®°” § 5
< 60 50 -
- RagC
RagC*™:RagA°®™ +BeF, E; S
+GATOR1 1. 30 min 25°C ) 37- ~ RagA
———. s e + TS 40
30 min 37°C 1hr4a°c 2.0N 4°C
Ragulator FLCN:SLC-FNIP2 5 ~ Lamtor 1,5
: 20 20—
15— — Lamtor 2,3,4
0 o
0 5 10 15 20  10-

Elution volume (ml)

Figure 2.1 Active FLCN complex formation. (A) Construct design for SLC38A9NT-FNIP2
fusion construct. (B) Complex formation workflow. (C) Size exclusion profile for active FLCN
complex. Fraction containing all components of complex is labelled with a black arrow and
visualized on adjacent gel.
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Figure 2.2 Purification of individual active FLCN components. (A) Superdex 75 SEC elution
profile for Ragulator and Coomassie blue stained SDS-PAGE analysis of protein sample
collected from peak indicated with asterisk. (B) Superdex 75 SEC elution profile for Rag
GTPases and Coomassie blue stained SDS-PAGE analysis of protein sample collected from peak
indicated with asterisk. (C) Superose 6 increase SEC elution profile for FLCNFL18D:ENIP2-SLC
fusion and Coomassie blue stained SDS-PAGE analysis of protein sample collected from peak
indicated with asterisk. (D) Superose 6 increase SEC elution profile for FLCNF18D:ENIP2 and
Coomassie blue stained SDS-PAGE analysis of protein sample collected from peak indicated
with asterisk. (E) Superose 6 increase SEC elution profile for FLCNF118D/F10D:EN P2 and
Coomassie blue stained SDS-PAGE analysis of protein sample collected from peak indicated
with asterisk. (F) Superose 6 increase SEC elution profile for FLCNFL18D:ENIP2V146E and
Coomassie blue stained SDS-PAGE analysis of protein sample collected from peak indicated

with asterisk.
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Figure 2.3 Cryo-EM data processing pipeline. (A) Representative cryo-EM micrograph (B)
Power spectrum and CTF estimation of micrograph shown in (A). Exemplary 2D class averages
for the active FLCN complex. (D) Data processing pipeline for final map determination.
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Table 2.1 Cryo-EM data acquisition and image processing.

Active FLCN complex

Data acquisition

Image

Microscope
Voltage (kV)
Camera
Magnification
Pixel size (A)

Cumulative exposure (e7/A2)
Energy filter slit width (eV)
Defocus range (um)
Automation software
Exposure navigation
Number of movies

processing
Initial picked particles (no.)
Final refined particles (no.)
Map resolution (A)

FSC threshold

Titan Krios

300

Quantum-K3 Summit
165,000

0.524 (super-resolution)
50

20 eV
-1.0t0-2.0
SerialEM
Image Shift
4968

Round 1: 1,165,732 Round 2: 825,484

177,018
Overall: 3.53 Interface: 3.16
0.143
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RagC nucleotide
binding pocket

RagC nucleotide
binding pocket

Figure 2.4 AFC local resolution estimation. (A) Overall cryo-EM map for AFC colored
according to local resolution. Resolution ranges from 3 A to 9 A. (B) Cryo-EM map of RagC —
FLCN/ogin:EN|P2'ongn interface generated from focused refinement colored according to local
resolution. Resolution ranges from 3 A to 6 A.
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A RagC G domain B FLCN longin domain

\ FLCN R164

Figure 2.5 AFC map-model fit. Representative refined coordinate model fit in cryo-EM density
for (A) RagC (B) FLCN (C) FNIP2 (D) RagC nucleotide and FLCN arginine finger.
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Figure 2.6 Cryo-EM structure of active FLCN complex. (A) Domain organization for
components of active FLCN complex. (B) Composite map for complex. Focused map of
interface was combined with overall map to produce composite map containing highest
resolution information for each component. (C) Reconstructed model for AFC with overall
dimensions of the side view of the complex. Dotted regions in model represent unstructured
regions in FLCN connecting the two domains. Red spheres indicated locations of mutations in
FLCN F10D and FNIP2 V146E.



Collision

Figure 2.7 Specificity of FLCN-RagC GAP interaction in AFC. (A) Nucleotide binding
pocket of RagC (blue) in AFC containing XDP-BeFs nucleotide analog. Location of FLCN
(orange) arg-finger indicated. Hydrogen bonds between nucleotide and RagC residues (blue
sticks) in surrounding pocket represented by dashed lines (green). (B) Surface representation of
RagC binding site with FLCN arg-finger (orange). RagC colored based on electrostatic potential.
(C) RagC (blue) FLCN (orange) interface in AFC. Loop residues 10-16 in FLCN indicated as
sticks (black labels). (D) RagA (purple) FLCN interface modelled with GTP-bound RagA
(PDB:6S6D). Residues in FLCN loop that clash with RagA are shown in red.
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A RagC:FLCN Rab1b: Rabib:
(this study) ~ (PDB4I10) (PDB 4HLQ)

Figure 2.8 Structural comparison between RagC:FLCN and other small GTPases:GAP.
(A) Rablb:LepB and Rab1lb:THC1D20. (A) Structural comparison of RagC:FLCN (AFC
structure), Rablb:LepB (PDB 4110) and Rab1b:THC1D20 (PDB 4HLQ). Structures are shown
in the same orientation. (B) Close-up of the nucleotide binding pocket with catalytic arginine-
finger residue positioned in active site.
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A Arf1:FLCN B RagC:GATOR1 c RagC:SMCRS

E62

Figure 2.9 Structural investigation of RagC:SMCR8 and Arf1:FLCN interface. (A) Model
of Arfl (pink) and FLCN (orange) interface generated by aligning Arf1 from Arf1:SMCR8
structure (PDB: 7MGE) with RagC in AFC structure (27). Residues in FLCN at interface that
clash are indicated and labelled in red. (B) Model of RagC (pink) and SMCR8 (orange) interface
generated by aligning SMCR8 from Arf1:SMCRS structure (PDB: 7MGE) with FLCN in AFC
structure (27). Residues in SMCR8 at interface that clash are indicated and labelled in red.
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Figure 2.10 Hydrophobic residues in the FLCN:RagC interface necessary for GAP activity.
(A) RagC (blue) and FLCN (orange):FNIP2 (green) interface in AFC. FLCN:FNIP2 residues
mutated at interface indicated (red). (B) Tryptophan fluorescence XTPase assay with
FLCN:FNIP2 mutants. FLCNWT:FNIP2 (gray), FLCNFLOP:ENIP2 (orange), or FLCN:FNIP2V146&
(green) was incubated with RagACGPP:RagCXTP. Plotted are means + SEM. n=3 replicates. (C)
Immunofluorescence images of HEK293T cells stably expressing shRNAs targeting the
indicated genes and FLCN rescue constructs. Cells were starved for amino acids (-AA) or
restimulated with complete DMEM (+AA). (D) Quantification of TFE3 nuclear localization for
immunofluorescence images and the positive control FLCN164 identified previously 11 shown in
Figure 2.12 (means £ SD, n=10 fields). ****p<0.0001. (E) Fluorescence images of HEK293A
cells expressing the indicated FLCN:eGFP construct along with HA-FNIP2 and the lysosomal
marker LAMP2:RFP. Cells were starved for amino acids (-AA) or starved and then restimulated
with amino acids for 15 min (+AA). (F) Quantification of the lysosomal localization of over-
expressed FLCN for immunofluorescence images (means + SD, n=15 cells) **p<0.01. (G)
Immunofluorescence images of HEK293T cells stably over-expressing the FNIP2WT-eGFP-V5
or FNIP2V146E.eGFP-V5 constructs. Cells were starved for amino acids (-AA) or maintained in
complete media (+AA). (H) Quantification of TFE3 nuclear localization for immunofluorescence
images (means = SD, n=10 fields) ****p<0.0001. (1) Immunofluorescence images of HEK293T
cells stably over-expressing the indicated FNI1P2-eGFP-V5 constructs. LAMP2 was used as
lysosomal marker. Cells were starved for amino acids (-AA) or maintained in complete media
(+AA). (J) Quantification of the lysosomal localization of over-expressed FNIP2 for
immunofluorescence images (means + SD, n=15 cells) ***p<0.001.
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Figure 2.11 GAP activity of FLCN:SLC-FNIP2. Tryptophan fluorescence XTPase assay with

FLCN:SLC-FNIP2 fusion construct. FLCNF118D: EN|P2 (gray), FLCNF118D: S|_C-FNIP2 (red),
was incubated with RagACPP:RagC*TP. Plotted are means + SEM. n=3 replicates.
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Figure 2.12 Immunofluorescence for FLCNR164. Immunofluorescence images of human
embryonic kidney 293T (HEK?293T) cells stably expressing the indicated genes shRNA and
FLCN rescue constructs. Cells were starved for 2 hours for amino acids (-AA) or restimulated
with complete DMEM for 2 hours (+AA).
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Figure 2.13 Immunoblot analysis for mTORC1 targets. (A) HEK-293T cells stably
expressing FNIP2WT or FNIP2V146E were either untreated or treated with Torinl, or starved of
amino acids for 2 hours, or starved and then restimulated with amino acids for 15 minutes. Cells
were lysed, followed by immunoblotting for the indicated proteins and phospho-proteins. (B)
HEK-293T cells stably expressing shRNAs targeting the indicated genes were starved of amino
acids for 2 hours, or starved and then restimulated with amino acids for 15 minutes. Cells were
lysed, followed by immunoblotting for the indicated proteins and phospho-proteins.
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Table 2.2 AFC coordinate model refinement and assembly.

PDB access code
EMDB

Refinement
Software
Refinement target (A)

8DHB
EMD-27435

Phenix 1.19, ISOLDE
3.2 (interface) 3.5 (overall)

Non-hydrogen atoms 15171
Residues 1898
Ligands GDP (1) XDP-BeF3 (1)
RagA, Ragulator, SLC38A9NT reference PDB  6WJ2
FLCN:FNIP2 reference PDB 6NZD
RagC reference PDB 3LLU
Map-model statistics
R.M.S deviations
Bond lengths (A) 0.006
Bonds angles (A) 1.037
Validation
Molprobitity 1.93
Clash score 8.98
Rotamer ouliers (%) 0
CpB outliers (%) 0
CaBLAM outliers (%) 3.95
Ramachandran
Favored (%) 92.97
Allowed (%) 6.7
Outlier (%) 0.33
Final model composition
Number of chains 10
Number of Residues 1898
Ligands 2
B-factors
Protein (min/max/average) 0.27/55.15/27.92
Ligands 10.59
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Chapter 3: Structural Basis for GATOR2 inhibition by Sestrin2 and
Castorl

Introduction

The GATOR2 complex functions as a negative regulator of GATOR1, inhibiting
GATOR1 GAP activity in high nutrient cellular conditions!. The activity of GATOR2 is
modulated by interactions with nutrient sensors, Sestrin2 and Castor122. In a low nutrient state,
Sestrin2 and Castorl are not bound to their respective amino acids, enabling them to interact
with GATORZ2. This interaction between GATOR2 and the nutrients sensors impedes the ability
of GATOR? to inhibit GATOR1, allowing GATORL1 to function as an active GAP. When there
Is an increase in nutrient levels, Sestrin2 and Castorl bind to leucine and arginine, respectively,
triggering their release from the GATOR2 complex and facilitating the inhibitory interaction
between GATOR1 and GATOR223, Under these conditions, GATOR1 is inactive and does not
perform its GAP function (Figure 3.1). Previous structural studies have been helpful to visualize
the structures of key proteins in this pathway and better understand their individual function#-19.
However, there are gaps in the understanding of how these proteins shift their interactions, in a
nutrient-dependent manner, to regulate mTORC1 activity.

Castorl and Sestrin2 are critical for GATOR2 nutrient-dependent regulation of
GATOR1, yet their dynamic interactions with GATOR2 and regulatory mechanisms remain
unclear. In 2016, the crystal structure of Castorl in an arginine-bound state was solved, although
the apo structure could not be determined at that time>:6.9, Castorl was shown to form a
homodimer with a single arginine ligand bound in the core of each monomer. Critical residues
for the interaction with GATOR2 were identified through sequence conservation and
mutagenesis studies®. One of the key residues (D121), identified as mediating the interaction
with GATORZ2, was in the interior of Castorl. This prompted the hypothesis that Castorl uses
“open- closed clamp” mechanism for binding and release from GATOR?2. In this model, apo
Castorl would exists in an “open” state exposing residues necessary for interaction with
GATORZ2. Upon arginine binding, Castorl would undergo a global conformational change
clamping down on the arginine and transitioning to a “closed” state. In this conformation,
residues critical for GATOR?2 interaction would be blocked, facilitating Castorl dissociation
from GATORZ2S. In 2019, a pseudo apo Castorl structure was obtained by mutating key arginine
binding residues (D304A and S111A)0. Overlay of this structure with the arginine-bound
Castorl structure revealed no significant structural rearrangement upon arginine binding,
disproving the open-closed clamp hypothesisi®. This left a critical gap in the understanding of the
Castorl regulatory mechanism as there was no clear explanation for how arginine binding to
Castorl triggers its release from GATOR?Z, a step that has been shown to be essential for the
mTORC1 pathway to respond to arginines.

The crystal structure of Sestrin2 in a leucine bound state revealed Sestrin2 adopts a
globular a-helical structure with a single leucine bound. The leucine molecule is buried in the
core of the C-terminal domain (CTD) covered by a “lid” formed by a loop connecting two
helices in the CTD'L. The CTD lid makes key hydrogen bonds with residues in the N-terminal
domain (NTD) that form a “latch” to lock the lid in place over leucine!!. Structure guided
mutagenesis studies and immunoprecipitation experiments identified residues mediating Sestrin2

45



interaction with GATOR2 and confirmed both the CTD and NTD of Sestrin2 were essential for
this interaction!. These findings led to the hypothesis that Sestrin2 uses a lid-latch mechanism to
regulate GATOR?Z activity. In this model, apo Sestrin2 would be in a confirmation where the
CTD “lid” is open and not secured by the NTD “latch”. Upon leucine binding, Sestrin2 would
undergo a confirmational change closing the “lid” to secure leucine in the CTD with the NTD
“latch” and releasing Sestrin2 from GATOR2. Attempts were made to determine an apo structure
of Sestrin2 to validate this regulatory mechanism. However, mutating residues critical for leucine
binding was not sufficient to determine a true apo structure, as the solved structure still contained
density for a bound leucinel2, This left an ambiguity in the understanding of the Sestrin2
regulatory mechanism as there was no concrete explanation for how leucine binding to Sestrin2
triggers its release from GATOR?2, a step that has been shown to be essential for the mTORC1
pathway to respond to leucine?.

Biochemical experiments revealed Castorl interacts with the MIOS B-propeller in
GATOR?2 and Sestrin2 with the WDR24 subunit!3, but failed to identify the exact GATOR2
residues mediating the binding of the nutrient sensors and how that translates to GATOR2
inhibition of GATORL1. A cryo-EM structure of human GATOR2 alone revealed GATOR?2
adopts a large cage-like architecture composed of two WDR24-SEH1L, four MIOS-SEH1L and
two WDR59-Sec13 heterodimers®. It is possible that these nutrient sensors allosterically alter the
GATOR2-GATOR1 interaction by breaking or distorting the intricate cage. It is also possible
that the nutrient sensors directly disrupt the interaction between GATOR1 and GATOR2 with
competing binding sites. Additional structural insights into Castorl and Sestrin2 in complex with
GATORZ2 are necessary to provide a more complete understanding of how these nutrient sensors
regulate the activity of GATOR2 and GATOR1.

To understand if the nutrient sensors disrupt the GATOR1-GATOR?2 interaction through
direct binding competition, additional structural insights into the human GATOR1-GATOR2
complex are critical. A major limitation of the human GATOR2 structure was the portion of
GATORZ2, WDR59 B-propeller, shown to interact with GATOR1 was not resolved restricting the
information that could be gathered about the GATOR1- GATOR?2 interaction®. A cryo-EM
structure of the yeast GATOR1-GATOR2 complex (SEA complex), which adopted a similar
cage-like structure as the human GATOR?2, provided some additional insights 13. In this
structure, the corresponding subunits for both WDR59 and GATOR1 were clearly resolved
suggesting a potential interaction mode between human GATOR1 and GATOR213, However, it
is unclear if this interaction mode is conserved between yeast and humans because the yeast
system lacks KICSTOR, a complex necessary for regulating GATOR1 and GATOR2 in
humans4. Furthermore, given the ability of GATOR2 to enhance mTORC1 activity through
GATORLI inhibition, a detailed regulatory mechanism and understanding of the dynamic
interactions between Castorl, Sestrin2, GATOR1 and GATOR2 would be necessary if this
system were to be targeted therapeutically to tune mTORCL1 activity in disease states.

Small Scale Expression Tests for Gator2
The GATOR complexes were purified to understand how GATORZ is regulated by

Sestrin2 and Castorl. While the GATOR1 complex had been routinely purified in the Hurley lab,
GATOR?2 purification had not been previously performed in the lab. The structure of GATOR2,
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published in Nature in 2022, and studies on the yeast GATOR1 and GATOR2 complex, known
as the SEA complex provided insights into possible purification methods®. Codon-optimized
genes for the GATORZ subunits were synthesized by Twist Biosciences and cloned into pCAG
expression vectors with various tags, including GST, 2X STREP, and FLAG (Figure 3.2). Small-
scale expression tests were conducted in HEK 293 GnTI cells to determine the optimal
combination of plasmids and tags for expression and purification of the complex. Since
purification of the yeast complex used a tagged MIOS subunit to pull down the rest of the
complex endogenously, attempts were made to transfect MIOS alone, as well as co-transfecting
MIOS with additional subunits.

Small scale expression tests were performed using 50 mL of cells transfected with 0.05
mg of DNA and polyethyleneimine (PEI) at a 1:4 ratio (DNA:PEI). The cells were harvested
after 48 hours and resuspended in lysis buffer containing 1% TritonX-100 for rocked for 1 hour
at 4°C. The cells were then centrifuged for 30 minutes at 15,000xg. The clarified lysate was
incubated with 30 pL of equilibrated resin for 1 hour rocking at 4°C. The resin was washed 3X
with 500 pL wash buffer, and the proteins were eluted for sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) visualization.

The first attempt to express and purify the full GATOR2 complex involved co-expression
of all subunits and purification using a GST or STREP tags on the MIOS subunit. The results
from these small-scale expression tests showed that not all the GATOR?2 subunits were
visualized using SDS-PAGE (Figure 3.3). Next, a FLAG-tagged MIOS construct was used in the
expression to see if the full complex could purify when co-expressed with other subunits (Figure
3.4). It was possible to co-express FLAG-MIOS, WDR24, and WDR59, as well as FLAG-MIOS,
WDR24, and SEH1L. However, the presence of the remaining endogenous subunits could not be
confirmed using SDS-PAGE because of the similar molecular weights of the subunits. Then,
tests were done with a FLAG tag on different GATORZ2 subunits. First to see if the subunit could
be purified independently of the other subunits and then to see if any subunit could pull down the
full complex when co-expressed with all other subunits (Figure 3.5). The results from these tests
indicated that a FLAG-tag on other subunits were not sufficient to pull down the full complex
(Figure 3.5A). However, it appeared that the MIOS subunit and SEC13 could potentially be
purified separately (Figure 3.5B).

To increase the amounts of protein obtained from the cells, harsher lysis conditions and
additional lysis buffer additives were used to improve extraction and the stability of the protein.
The cells were first dounce homogenized and then incubated for 1 hour incubation with 1% n-
dodecyl-B-D-maltoside (DDM): cholesteryl hemisuccinate (CHS) (10:1). Additionally, an
increased amount of NaCl (final concentration 500 mM), 10% glycerol, and 1 mM PMSF was
added to the lysis buffer to stabilize the protein. These adjusted lysis conditions led to successful
small-scale purification of GATOR?2 after co-transfection of all five codon-optimized GATOR2
subunits and a STREP-tag on the MIOS subunit. The yields obtained were greater than those
observed using non-codon optimized constructs from the GATOR2 structure paper8. This
updated protocol was used for large scale purification of the complex.
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Large Scale Purification of Gator2

The GATOR2 purification was scaled up to gather enough protein to use for structural
studies. The large-scale method for purifying GATOR2 involved utilizing a STREP tag on the
MIOS subunit and leaving the other subunits (WDR24, WDR59, SEH1L, Sec13) untagged. The
purification protocol for STREP-GATOR2 began with co-transfection of plasmids (1 mg total)
containing all five GATOR?2 subunits into 1 L HEK 293 GnTI cells. It is important to note that
for many activity assays and structural studies, 2 L of cells were commonly used per purification.
This is because the sample frequently aggregated with concentration using Millipore Sigma
Amicon centrifugal filters, so protein was used directly from the gel filtration.

The cells were harvested after 48 hours and resuspended in lysis buffer containing 25
mM 4-(2-hydryoxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5, 500 mM NacCl, 2
mM MgClz, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM tris(2-
carboxyethyl)phosphine (TCEP) and protease inhibitor pellet (1 pellet per 50 mL buffer). The
cells were homogenized via dounce homogenizing using the B pistol 20X. Next, 10% n-dodecyl-
B-D-maltoside (DDM): cholesteryl hemisuccinate (CHS) (10:1) was added to the dounce
homogenized cells for a final concentration of 1% DDM: CHS (10:1). The homogenized cells
were incubated while rocking for 1 hour at 4 °C prior to centrifugation at 17,000 rpm for 35
minutes.

The clarified lysate was incubated with 5 mL pre-equilibrated STREP resin for a
minimum of 3 hours (maximum overnight incubation). The resin was washed with 3-5 column
volumes (CV) of high salt/adenosine triphosphate (ATP) wash buffer (25 mM HEPES pH 7.5,
500 mM NaCl, 2 mM MgClz, 1 mM TCEP, 1 mM ATP, 50 mM arginine, 50 mM glutamic acid)
containing 0.03% DDM:CHS (10:1), 3-5 CV low salt/ATP wash buffer (25 mM HEPES pH 7.5,
200 mM NaCl, 2 mM MgClz, 1 mM TCEP, 1 mM ATP, 50 mM arginine, 50 mM glutamic acid)
containing 0.03% DDM:CHS (10:1), 3-5 CV of low salt wash buffer containing 0.03%
DDM:CHS (10:1) without ATP and 3-5 CV of low salt wash buffer without detergent.

The protein complex was eluted in ~20 mL of low salt wash buffer containing 4 mM
desthiobiotin. Before elution, the resin was incubated for 30 minutes on ice with elution buffer.
The eluted sample was concentrated to 1 mL using 100 kDa Millipore Sigma Amicon
centrifugation filter for gel filtration using a Superose 6 increase column. Gel filtration buffer
contained 25 mM HEPES pH 7.5, 200 mM NaCl, 2 mM MgClz, 1 mM TCEP. The protein
complex eluted ~11.9 mL and the fractions were visualized on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 3.6). Another important note is that
while the sample is best in the presence of detergent, detergent was not optimal for structural
characterization. Therefore, it was removed in later wash steps and during gel filtration. If
experiments allow, keeping low amounts of detergent present in sample could help with stability
and preventing aggregation.

Cryo-EM of GATOR2

To validate the structural integrity of the purified GATOR2 complex using the new
purification method, samples were prepared for cryo-EM analysis. The sample was diluted to
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ensure individual particles were visible on the micrographs and frozen on CF-2/1-3Au-T grids
using a blot time of 3 seconds, blot force of +20, temperature at 4C and 100% humidity. Five
screening images were taken on the Arctica. Each image showed similar particle dispersion and
structure. While a complete dataset was not collected, the particles observed in the screening
images closely resembled the previously published 2D classes from the human GATOR2
structure (Figure 3.7). This suggested that the GATOR2 complex purified in our lab adopts the
same conformation to the previously characterized structure.

Purification of Castorl and Sestrin2

Small scale expression tests were conducted with Sestrin2 and Castorl to obtain purified
sample to use to dissect interactions between GATOR2 and the nutrient sensors (Sestrin2 and
Castorl). Initially, wild-type (WT) Sestrin2 and Castorl were expressed in HEK 293 GnTI cells
using the pRK5 expression vector and FLAG tags (Figure 3.8). Previous literature has reported
these proteins could be purified from both mammalian cells and E. coli. Therefore, to enhance
yields, simplicity, and cost-effectiveness of the purification, subsequent purification of the
protein used E. coli. To improve the yields of Castorl and Sestrin2 in E. coli, codon-optimized
genes were synthesized by Twist Bioscience and cloned into the E. coli expression vector
pET28a(+), containing a N-terminal 6X-His tag. The purification protocol for Castorl followed a
previously published method®. Castorl mutants were purified using the same protocol as WT.
Example SDS-PAGE and chromatogram from Castorl purification can be seen in Figure 3.9.

The purification protocol for Sestrin2 was adapted from a previously published
protocolt!. The modifications to the purification protocol for Sestrin2 included running the
clarified lysate through Ni-NTA resin 3X, followed by ~150 mL wash with of lysis buffer and
~70 mL elution using the described buffers. The eluted sample was concentrated to 2 mL for gel
filtration using a HiLoad Superdex 200 column. The gel filtration buffer contained 10 mM Tris-
HCI (pH 8.0), 150 mM NaCl, 0.1 mM ethylenediamine tetraacetic acid (EDTA), and 1 mM
dithiothreitol (DTT). To remove a prominent contaminating species, fractions containing
Sestrin2 were passed through a cation-exchange chromatography column, and the flow-through
(FT) was collected. The contaminant remained attached to the column resin. The FT was
concentrated, and the sample was utilized for subsequent structural and functional studies.
Example SDS-PAGE and chromatogram from the Sestrin2 purification can be seen in Figure
3.10.

Low Resolution Initial Cryo-EM for Castorl + GATOR2 Complex
Arctica Data Set

Cryo-EM was used to visualize the interaction between Castorl and GATOR2. To
prepare the sample for cryo-EM, GATOR2 was purified using STREP tag on MIOS. After
elution from the STREP resin, GATOR2 was concentrated to ~440 nM and incubated overnight
at 4°C with 20-fold molar excess of “apo” Castorl, a mutant (D304A, S111A) lacking critical
arginine binding residues. The complex was then run on gel filtration using a Superose 6 increase
column, resulting in a chromatogram showing a heterogenous peak. The left peak, which eluted
at ~12 mL, corresponded to GATOR?2 alone, as confirmed by SDS-PAGE analysis of the
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fractions. In contrast, the right shoulder, eluting at ~13 mL, corresponded to GATOR2 bound to
Castorl (Figure 3.11).

Fractions from the peak corresponding to the GATOR2-Castorl complex were
concentrated, and another 10-fold molar excess of Castorl was added for complete saturation of
binding sites. After overnight incubation at 4°C, the complex was frozen on CF-2/1-3Au-T grids
and ~9,000 micrographs were collected over a two-day Arctica session. The grid freezing
conditions included a blot time of 3 seconds, blot force of +20, temperature at 4°C and 100%
humidity. The particles on the collected movies appeared evenly dispersed across the images
(Figure 3.12A and B).

The data processing workflow began with motion correction in Relion using MotionCor2
before being imported for further processing in cryoSPARC-17, The cryoSPARC blob picker
was used to create an initial particle set, and further rounds of 2D classification produced a
smaller subset of particles exhibiting a distinct cage-like shape (Figure 3.12C and D). This shape
differed from that observed with GATOR?2 alone, indicating a potential conformational change
upon Castorl binding. Particles from the best 2D classes were used to construct an ab initio
model. Multiple additional rounds of particle picking using blob picker, template picker, and
Topaz were conducted until all the best particles from the micrographs were exhausted 8. The
resulting ~60,000 best particles were used to generate a low-resolution map with a resolution of
~9 A (Figure 3.12E and F).

The low resolution map was of sufficient quality to rigid body fit the known cryo-EM
and crystal structure of GATOR2 and Castorl (Figure 3.12E). In the map, there was a clear
density for a single Castorl dimer that revealed two interfaces with GATOR2. The first interface
observed touched one of the MIOS B-propellers, while the second interface touched an
unassigned density adjacent to the inner core of the complex. Additional local refinement was
used to try to improve the resolution of the map. The map was segmented into small sections
around regions with likely rigidity. Masks were created around these regions for use in local
refinement. The resolution in these regions was improved to ~5-7 A (Figure 3.13) although the
maps were still noisy and only some portions appeared to accurately show secondary structure.
The most important region at the GATOR2-Castorl interfaces had considerable noise and it was
hard to accurately fit secondary structure. Further improvement of this map will be needed to
accurately reconstruct these interfaces. It is possible that the low resolution at the Castorl
interface is a result of weak binding of Castorl to the complex. Based on the heterogeneity from
the gel filtration of the complex during sample preparation it would suggest that Castorl is only
stably binding a portion of the GATOR2 sample.

Another ambiguity from the map is that given that there are four copies of the MIOS
subunit, it is unclear why only a single monomer of Castorl interact with GATOR2 in this map.
One possibility is that there are multiple binding sites, but they are not occupied simultaneously,
and the dataset was too small to capture all the different binding modes. Another hypothesis is
that binding of a single Castorl molecule constrains the cage in a conformation that makes the
other subunits incompatible for binding to other Castorl molecules. This could be why Sestrin2
is needed to also regulate the cage. It is possible that Castorl interacts with half of the cage,
while Sestrin2 regulates the other half. A higher resolution structure and investigation into the
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interplay with Sestrin2 is needed to elucidate the exact mechanism underlying the interaction
between Castorl and GATOR2.

Experimentally Guided Alphafold Prediction for Castorl + GATOR2 Complex

Alphafold2 was used to generate predictions for the structure of the GATOR2-Castorl
interface!®20. The low resolution cryo-EM revealed Castorl, a functional homodimer, interacts
with the GATOR2 complex through two distinct interfaces, each involving one of the Castorl
monomers. Generation of the alphafold prediction models of GATOR2-Castorl interfaces were
guided by the experimental low-resolution map. This approach proved helpful in predicting
interface mutations, prior to completing experimental structural work, allowing for a jump start
on complimentary biochemical and cell-based experiments.

Interface #1: Castor1l-MIOS

After performing rigid body fitting of the cryo-EM and crystal structures of GATOR2
and Castorl into the low-resolution map density, it became evident that while Castorl fit well
into the density, the MIOS beta propeller interacting with Castorl did not (Figure 3.14). This
suggested the interface in the rigid body fit structure was inaccurate, hindering the dissection of
critical residues. To address this, residues corresponding to the MIOS B-propeller (residue 1-355)
were modeled using Alphafold2 with residues corresponding to a single full length Castorl
monomer®20, A prediction was generated for the interface between the two protein chains with
high confidence (ipTM 0.87) (Figure 3.14B). Upon fitting the Alphafold predicted structure into
the cryo-EM map, using the well-fitting Castorl monomer as a reference, the MIOS B-propeller
snugly fit into the EM density (Figure 3.14A). The alignment between the Alphafold model and
the EM map suggested improved accuracy at this interface.

Examination of the residues at the interface revealed electrostatic interactions facilitated
the binding between Castorl and MIOS. The MIOS subunit has multiple positively charged
arginine and lysine residues (K64, K111, K134, R137, R206, R225 and R288) on its surface,
while Castorl displayed a highly negative surface composed of aspartic acid, glutamic acid, and
tyrosine residues (E2, D121, E146, E150, E192, E234, Y236, D252, E261, D292, Y296, and
E310) (Figure 3.14C). This charge complementarity was likely driving the binding between
MIOS and Castorl at the interface. Mutants targeting the MIOS and Castorl interfaces were
generated for follow biochemical validation experiments. Three residues on the Castorl interface
(D121, D292, and E261) had been previously identified as critical for Castorl interaction with
GATOR269, further supporting the predictions made by Alphafold 219,

A fundamental open question regarding the GATOR2-Castorl interaction is how Castorl
dissociates from the complex upon arginine binding. To address this, the Castorl monomer from
the Castorl-MIOS interface Alphafold model (resembling the "apo™ bound state) was overlaid
with a single monomer in the Castorl arginine-bound crystal structure to identify changes
between the two structures (Figure 3.15A). This overlay revealed a difference in the location of a
critical loop in Castorl formed by residues 83-93. In the Alphafold structure, the loop was
predicted in an open conformation with low confidence suggesting it may be disordered when
Castorl is in an apo state and bound to MIOS (Figure 3.15A). Comparison with the apo crystal
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structure of Castorl revealed that this critical loop is in fact disordered in the apo crystal
structure (Figure 3.15B). The key residue in Castorl mediating the interaction between Castorl
and GATORZ2, D121, is located behind the loop formed by residues 83-93 only in the arginine-
bound state. This suggests a new regulatory mechanism where arginine binding induces the
ordering of a critical loop to block the interaction between Castorl and GATOR2. In this model,
the highly negative pocket on Castorl containing residue D121 is exposed in the apo state when
the loop is disordered, allowing MIOS to interact with Castorl (Figure 3.15C). In the arginine-
bound state, the loop becomes ordered and forms a “lid” covering the negative pocket (Figure
3.15C). This turns the Castorl surface more neutral charge and disrupts the electrostatic
interactions with GATOR2 facilitating dissociation.

Interface #2: Castorl-WDR59

Analyzing the interface with the second Castorl monomer posed more challenges. The
density interacting with the second Castorl monomer was unassigned in the cryo-EM map, and
no portion of the original GATOR?2 structure clearly fit (Figure 3.16A). From the rigid body
fitting of GATOR?2, it was evident that Castorl binding causes the inner cage to become
constrained since the diameter on the cage is narrower than the original structure. This suggests a
potential reorientation of a portion of the inner cage upon Castorl binding, which could account
for the unassigned density. Initially, residues of the WDR59 and WDR24 subunits from the inner
cage were ran simultaneously with a single full length Castorl monomer in Alphafold219:20,
However, none of these Alphafold predictions, incorporating portions of WDR59 and WDR24
visible in the original GATOR2 structure, yielded predictions with high confidence that aligned
with the experimental map.

Upon closer examination of the GATOR2 cryo-EM structure, it was observed that a
significant portion of the WDR59 subunit was disordered. However, in the yeast structure, more
residues of this subunit were ordered. The yeast SEA complex was rigid body fitted into the map,
and the entire yeast WDR59 subunit was examined. A region of the yeast WDR59 that was
disordered in the human GATOR2 structure seemed to adopt a shape like the unassigned density.
Sequence alignment between the yeast WDR59 and human WDR59 subunit identified the
residues corresponding to this region in the human WDR59 subunit. These WDR59 residues
(residues 392-502) were modeled using Alphafold2 with a single full-length Castorl monomer to
generate a prediction. While the prediction was lower confidence (ipTM 0.22), the structure fit
well in the EM density (Figure 3.16A and B). Iterative Alphafold runs helped assign the initially
unassigned density to different regions of WDR59.

The Alphafold model revealed that the interface between the second Castorl monomer
and WDR59 was also mediated by electrostatic interactions (Figure 3.16C). Castorl exhibited a
highly negative surface (E2, Y118, Q119, E150, D190, E192, E234, Y236, D252), while
WDRS59 contained key arginine and lysine residues (R426 and K428) that formed a positive
surface. Upon examination of all residues on the Castorl surface, six residues (E2, E150, E234,
Y236, E192, and D252) were found to interact with MIOS on the first monomer. In addition, two
residues (Q119 and Y118) that had been previously identified as critical for binding but were not
observed in the first interface were seen on this interface, and one residue (D190) that was not
seen in either the first interface or in previous studies was identified.
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To elucidate why Castorl dissociates from the GATOR2 complex upon arginine binding,
the surface charges of the Alphafold monomer (pseudo-"apo™) and the arginine-bound crystal
structure were compared (Figure 3.17). This comparison revealed that in the apo structure, there
are two negatively charged pockets that interact with the positively charged residues K428 and
R426 in the WDR59 subunit. However, in the arginine-bound crystal structure, small
rearrangements in the structure, likely from side chains, changed the charge of pocket where
WDR59 R426 binds neutral, potentially disrupting the interaction at this interface (Figure 3.17).
While this interface appears to play a lesser role in Castorl dissociation from GATOR?2
compared to the Castorl-MIOS monomer, both sides may contribute to the process. Follow-up
studies will be necessary to determine the extent to which each interface contributes to the
dissociation of Castorl from GATOR2.

Sample Optimization for GATOR2-Castorl Complex

Four different approaches were used to optimize the GATOR2-Castorl complex sample
prep. Additional datasets were collected on the Kios G3 microscope in attempts to improve the
resolution of the initial data collection. The approach that yielded a high-resolution map involved
purifying GATOR2 and concentrating the gel filtration peak to ~360 nM. Castorl was added to
the GATOR2 sample at a 3-fold molar excess and incubated on ice for 45 minutes — 1 hour to
facilitate complex formation. The sample was not further concentrated after incubation and was
not subjected to gel filtration to remove excess Castorl. The sample was frozen directly on CF-
2/1-3Cu-T grids using the following grid freezing conditions: blot time of 3 seconds, blot force
of +20, temperature at 4°C and 100% humidity.

A Dbrief overview of the additional optimization attempts that were tried and problems
with the approaches are below.

1. One of the main problems with the original data set was low concentration of
particles on the micrograph. In attempts to increase concentration, a GATOR2 sample
was prepared and mixed with excess Castorl. After incubation, the sample was
concentrated to obtain a higher sample concentration. Grids were frozen and a dataset
was collected. After processing the data, it was clear that all the protein precipitated
and the only particles left on the micrographs were contaminants (chaperone,
ribosome, etc).

2. To improve the stability of the sample during concentration, detergent was kept
present throughout the entirety of the GATOR2 prep and complex formation with
Castorl. Detergent typically improves the stability and yield for the GATOR2 sample
alone. However, the when the GATOR2-Castorl complex was concentrated, soluble
aggregates were observed on the grids when imaging on the microscope. In the
sample with no concentration and detergent, the percentage of detergent was too high,
and the protein was clustered at the rim of the holes on the grids.

3. To avoid concentrating the sample following GATOR2-Castorl complex formation, 2
nm carbon coated grids were used. These allow for ~10X less protein in the final
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concentration. After screening the grids, particles looked evenly dispersed. However,
during data processing the 2 nm carbon background made it hard to align the particles
limiting the data processing.

High Resolution Data Collection for GATOR2-Castorl Complex

The Krios G3i microscope was used to collected ~12,000 micrographs for the GATOR2-
Castorl complex. The micrographs exhibited uniform particle dispersion with particles whose
shape and size were indicative of GATOR2 (Figure 3.18A and B). The raw movies were
imported into cryoSPARC for data processing!®. The movies were motion corrected using Patch
Motion Correction and the CTF was estimated using Patch CTF. To generate initial particle sets,
the cryoSPARC blob picker was used with a particle diameter range of 200 — 280 A. The particle
picks were inspected, and ~1.7 million particles were extracted using a box size of 560. The
particles were sorted initially in 2D to select the best classes for an ab initio reconstruction. A
three-class ab initio revealed a class representing an intact GATOR2 cage and one Castorl
bound. The additional two classes represented a broken half cage and noise. Using the 3D classes
generated from ab initio as well as 3D classes generated from the initial Arctica data collection,
heterogenous refinement was used to re-sort all the particle picks (Figure 3.18C and D). A
prominent class emerged using the volume generated by the ab initio reconstruction. After
filtering the particles extensively, ~140,000 remained and these particles were used in a
homogenous refinement to generate a map with an overall resolution of 3.89 A (Figure 3.18E).
Additional local refinement was used to increase the resolution in regions of the map to ~3.0 —
3.7 A. The interface between MIOS and Castorl was refined to a resolution of 3.24 A allowing
for clear visualization and placement of amino acids at the interface (Figure 3.18F).

The high-resolution map revealed a different binding mode from the low-resolution map
of GATOR2-Castorl obtained from the Arctica. In the high-resolution structure, Castorl is
bound symmetrically across the cage with each Castorl monomer in the dimer engaging with a
MIOS subunit. This is likely a result of differences in sample preparation. For the Arctica data
collection, the sample was subjected to gel filtration prior to grid preparation. Since the gel
filtration chromatogram for the GATOR2-Castorl complex was heterogenous, it is likely there
are two different binding states. By selecting only one of the peaks after gel filtration, the second
higher resolution binding mode was filtered out. However, in the data set for the high-resolution
structure no gel filtration as used to separate the two states. Therefore, all binding modes could
be observed, revealing the symmetrical high resolution binding mode. The particles representing
the low-resolution binding mode could be selected for but in low quantities. The binding mode in
the low-resolution structure may function as a transition state and could be biologically relevant.
Additional follow up studies will be needed to explore this additional binding mode.

Reconstituting the GATOR1 and GATOR?2 System In Vitro

The regulation of GATOR1 by GATORZ2 has been shown in cell-based experiments but
has never been reconstituted with purified protein in vitro. To better understand the molecular
mechanisms of GATOR?2 inhibition of GATOR1 and the role Castorl and Sestrin2 play in this
regulation, efforts were made to reconstitute the system in vitro. Having a reconstituted system
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provides an isolated system to dissect the effects of direct interactions between proteins without
the complications of the full cellular environment.

Design of Promega GTPase Glo Assay

The Promega GTPase Glo is a commercially available assay for measuring the activity of
GTPases and their corresponding GAPs. This was used to monitor GATOR1 GAP activity in
vitro. For this assay, the GTPase/GAP reaction is set up in the presence of excess GTP. The
reaction is allowed to proceed for a given time until a GTPase Glo Reagent is added to convert
any remaining GTP in the sample to ATP. A detection reagent is then added, and the
luminescence of the sample is read. The intensity of the luminescence corresponds with the
amount of ATP (a proxy for remaining GTP) in the sample. Therefore, high luminescence is
indicative of low GAP activity while low luminescence is high GAP activity (Figure 3.19).

The assay was first used to monitor GATOR1 activity towards the Rag GTPases. Rags
(1uM) were incubated with GATOR1 (100 nM) for 1 hour in the presence of 0.5 mM GTP.
Under these conditions, the luminescence for Rags + GATORL reaction was significantly lower
compared to Rags alone reaction after 1 hour (Figure 3.20). GATOR2 was then added to the
system to see if it would alter the activity of GATOR1. When using GATORZ2 in these assays,
GATOR?2 was always prepared fresh and never freeze/ thawed to ensure the integrity of the
protein complex. Initial tests using Rags (2 uM) + GATORL1 (100 nM) + GATOR2 (100 nM) ,
there was a noticeable difference in the resulting luminescence from the Rags (2 uM) +
GATOR1 (100 nM) baseline (Figure 3.21). This difference was not altered by the presence of
KICSTOR (100 nM). However, the signal for Rags (2 uM) + GTP (0.5 mM) alone was much
higher than when GATOR2 was added suggesting GATOR2 was not a complete inhibitor. This
could be a result of the concentrations or conditions in the reaction not being suitable for this
system. Another possibility is contaminants in the sample prep altered the activity or other
components in the reagents. For example, the sample of purified GATOR?2 is often contaminated
with chaperone proteins. This is unavoidable and they are hard to remove during sample prep.
These chaperones could have reduced the ATP in solution leading to an inaccurate GTP readout
for this assay.

While the assay was not fully sufficient to examine the system in vitro, initial tests for
adding Castorl were conducted. In the reaction with Rags (1 uM) + GATORL1 (6.25 nM) +
GATOR2 (100 nM) + Castorl (1 uM), the luminescence was restored to that of Rags (1 uM) +
GATORL1 (6.25 nM), suggesting that Castorl could reverse the inhibitory potential of GATOR2.
However, the signal for Rags (1 uM) + GATORL1 (6.25 nM) + GATOR2 (100 nM) was still
significantly less than that of Rags (1 uM) + GTP (0.5 mM) alone (Figure 3.22) making the
result less conclusive due to the challenges described in the above paragraph. The problems with
the GTPase Glo kit led to the decision to switch to an HPLC-based assay that produces a direct
readout of nucleotides.

Design of HPLC Based Assay

A second attempt to reconstitute the system in vitro was made using an HPLC-based
assay. The HPLC assay allows for a direct readout of nucleotides in solution. The reaction was
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set up similarly to the GTPase Glo. Rags (2 uM) were incubated with an excess of GTP (0.5
mM) in the presence or absence of GATORL1 (20 nM). Initial tests indicated that GATOR1 was
able to stimulate the hydrolysis of GTP in the Rags and there was an increase in the amount of
GDP present in the sample (Figure 3.23A and B). When GATOR2 was added to the sample, the
resulting amount of GDP decreased suggesting GATOR?2 inhibited the GAP activity of
GATORL1 (Figure 3.23C). Controls testing the activity of GATOR1 and GATOR2 alone showed
no increase in GDP compared to the baseline of Rags alone (Figure 3.23D and E). These results
are preliminary, and replicates of this experiment will need to be conducted to confirm the effect
of GATOR2 on GATOR1 GAP activity in vitro. In addition, once this system is validated in
vitro, Castorl will be introduced into the system to observe the ability of the protein to inhibit
GATOR2 and restore GATOR1 GAP activity.
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Figure 3.1 Schematic of Nutrient Dependent GATOR?2 regulation of GATOR1. In low
nutrients, nutrient sensors (Castorl and Sestrin2) are bound to the GATOR2 complex. In this
state, GATOR?2 is “inactive” and unable to inhibit the GAP activity of GATORI, allowing
GATORI to function as an “active” GAP. In high nutrients, nutrient sensors (Castorl and
Sestrin2) are not bound to the GATOR2 complex. In this state, GATOR2 is “active” and able to
inhibit the GAP activity of GATOR1.
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WDRS59
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WDR24 Mios
~102kpa 1. GSTtag

2. Tandem STREP/ FLAG

WDR24, WDR59, SEHIL,
1. No tag
2. Tandem STREP/ FLAG

Figure 3.2 Constructs designed for GATOR2 subunits. Different tags used for protein
purification were cloned on to the different subunits of GATOR2.
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A Subunits of GATOR2 used in transfection
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Figure 3.3 Initial small scale expression tests for GATOR2 with STREP and MIOS tags.
(A) SDS-PAGE for small scale expression tests using GST tag. GST-MIOS was co-transfected
with all other GATOR?2 subunits containing 2X-STREP-FLAG tags (purple), all other GATOR2
subunits untagged (green), alone (blue) and with one other GATOR2 subunit (orange). (B) SDS-
PAGE for small scale expression tests using 2X-STREP tag. 2X-STREP-MIOS was co-
transfected with all other GATORZ2 subunits untagged (purple), one other subunit (green), two
other subunits (blue) and three other subunits (orange).
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Figure 3.4 Initial small scale expression tests for GATOR2 with FLAG-MIQOS. (A) SDS-
PAGE for small scale expression tests using FLAG tag on MIOS. FLAG-MIOS was co-

transfected with all other GATOR2 subunits untagged (purple), alone (green), with one other
GATORZ2 subunit (blue). (B) SDS-PAGE for FLAG-MIOS was co-transfected with two other

GATOR2 subunit (blue and yellow) and three other subunits (purple and green).
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WDRS59 (112 kDa)
FLAG tag on specified GATOR2 subunits !:ND‘RZ‘4(104% kDa)
Flag-MI0S SR T
2. Flag-WDR59
3. FLAG-WDR24 SEH1L (42 kDa)
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Figure 3.5 Initial small scale expression tests for GATOR2 using FLAG -tagged subunits.
(A) SDS-PAGE for FLAG tagged GATORZ2 subunits were co-expressed with all other GATOR?2

subunits (untagged). (B) SDS-PAGE for FLAG tagged GATOR?2 subunits were expressed alone.
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Figure 3.6 Large scale purification of STREP-GATOR2. (A) Representative SDS-PAGE and

(B) Chromatogram from purification.
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Figure 3.7 Cryo-EM analysis of GATOR2 sample. (A) Representative micrograph. (B)
Individually picked particles compared to 2D class averages from the original Gator2 cryo-EM
structure®.
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Figure 3.8 Purification of FLAG-Sestrin2 and FLAG-Castorl from HEK 293 GnTI. (A)
SDS-PAGE gels of Sestrin2 (A) and Castorl (B) following elution from FLAG resin.
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Figure 3.9 Castorl Purification from E.Coli. (A) Representative SDS-PAGE gel and (B)

Chromatogram from purification.
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Figure 3.10 Sestrin2 Purification from E. coli. (A) Representative SDS-PAGE gel of fractions
from HiLoad Superdex 200 and (B) Concentrated flow through (FT) from cation exchange
column containing Sestrin2. (C) SDS-PAGE gel of fractions from cation exchange column step
containing the contaminating species.

66



Gator2 (~440 mM)
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excess Castorl
(D304A/511A)

1. SEC - peak fractions pooled
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Figure 3.11 GATOR2-Castorl complex formation. (A) Process of GATOR2-Castorl complex
formation. (B) SDS-PAGE gel from gel filtration using Superose6 increase. (C) Chromatogram

from gel filtration.
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A Representative micrograph B

Microscope: Arctica
# of Movies: ~9,000
Grid type: CF-2/1-3Au-T

Freezing conditions:
- Blot time: 3 sec

- Blot force: + 20
-Temperature: 4 °C
- Humidity: 100%

Glow discharge:
30 sec at 15 mA and 0.4 mBar
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Figure 3.12 Data Processing for GATOR2-Castorl initial map. (A) Representative
micrograph from data collection. (B) Overview of data collection and grid preparation
conditions. (C) Overview of data processing work from to generate particle picks. (D) Best 2D
classes (E) Low resolution map of GATOR2-Castorl. Known cryo-EM and crystal structure of
GATOR?2 (turquoise) and Castorl (pink) are rigid body fitted into map (grey) (F) FSC and
orientation plots corresponding to map in E.
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GATOR2
interface

Figure 3.13 Improved resolution of GATOR2-CASTOR1 complex using local refinement.
(A) Masks made from segments of the GATOR2 map. (B) Map after local refinement using
mask in A. Colors correspond to the map generated using respective mask.
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A Gator2 Mios (PDB: 7UHY) - Castor 1 Alphafold Mios - Castor1
(PDB: 5GV2) rigid body fit into map generated interface
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Figure 3.14 Castor1-Mios Interface Analysis. (A) Comparison of Castorl-Mios fit in cryo-EM

map using rigid body fitting and Alphafold model. (B) Alphafold model generated between

Castorl monomer and MIOS beta propeller and confidence of the prediction. (C) Analysis of the

electrostatics of the interface between MIOS and Castorl.
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A Castor1 - Arg bound (PDB:5GV2) overlayed with Castor1 - Apo (alphafold model)

Low cofidence, potentially disordered loop (residues 83-93)
in alphafold model (colored by alphafold confidence)

Residues critical
for Arg binding

Residue D121

Ordered loop in crystal structure
blocks D121 (residues 93-93)

B Castor1 - Arg bound (PDB:5GV2) overlayed with

Residues 85-94 disordered in Castor
apo crystal structure

(-) charged pocket

Ordered loop covers (-) N containing D121 exposed
charged pocket
containing D121

Residue Q90

Figure 3.15 GATOR2-Castorl Release Mechanism for Castor1-MIOS interface. (A)
Overlay of a single monomer of Castorl arginine-bound crystal structure with Castorl monomer
from alphafold model. The box depicts a difference in the maps between the two overlays. (A)
Overlay of a single monomer of Castorl arginine-bound crystal structure with monomer of
Castorl apo crystal structure. The box depicts a difference in the maps between the two overlays.
(C) Comparison of the electrostatics of the Castorl surface the interact with GATOR2 in the arg-
bound (left) and apo (right) Castorl states.
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Figure 3.16 Castor1l-WDR59 Interface Analysis. (A) Comparison of Castorl-WDR59 fit in
cryo-EM map using rigid body fitting and Alphafold model. (B) Alphafold model generated
between Castorl monomer and portions of WDR59 and confidence of the prediction. (C)
Analysis of the electrostatics of the interface between WDR59 and Castorl.
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Figure 3.17 GATOR2- Castorl Release Mechanism at Castor1-WDRS59 interface.
Comparison of the electrostatics of the Castorl surface the interact with GATOR?2 in the Arg-
bound (left) and apo (right) Castorl states.
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A Representative micrograph B

Microscope: Krios G3i
# of Movies: ~12,000
Grid type: CF-2/1-3Cu-T

Freezing conditions:
- Blot time: 3 sec

- Blot force: + 20

- Temperature: 4 °C
- Humidity: 100%
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Figure 3.18. Data processing for GATOR2-Castorl high resolution map. (A) Representative
micrograph from data collection. (B) Overview of data collection and grid preparation
conditions. (C) Overview of data processing work to generate best 3D map. (D) 2D classes used
to generate best 3D map (E) Overall map of GATOR2-Castorl. Known cryo-EM and crystal
structure of GATORZ2 (turquoise) and Castorl (pink) are rigid body fitted into map (grey). FSC
and orientation plots corresponding to overall map. (F) Local refinement of GATOR2 -Castorl
interface.
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Figure 3.19 Overview of Promega GTPase Glo Assay. (A) Overview of the GTPase-Glo
Assay protocol provide from Promega. (B) Example of the results from the GTPase Glo assay.
High luminescence values correspond with low GAP activity while low luminescence
correspond with high GAP activity.
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Figure 3.20 GTPase Glo GATOR1 GAP activity towards Rag GTPases. Reactions set up for

GTPase Glo using 96 well plate. N=3 for each reaction. The error bars represent the SEM.
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Figure 3.21 GTPase Glo GATOR1 GAP activity towards Rag GTPases is altered by
GATORZ2. Reactions set up for GTPase Glo using 96 well plate. N=3 for each reaction. The
error bars represent the SEM.
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Figure 3.22 Castorl restores GATOR1 GAP activity in presence of GATOR2 in GTPase
Glo Assay. Reactions set up for GTPase Glo using 384 well plate. N=3 for each reaction. The
error bars represent the SEM.
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Figure 3.23 HPLC Based GAP Activity Assay for GATOR1. Resulting chromatograms from
the HPLC for reactions containing (A) Rags alone (B) Rags + GATORL1 (C) Rags + GATORL1 +
GATOR?2 (D) GATORL1 alone (E) GATOR2 alone.
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Chapter 4: Regulation of GATOR1 and GATOR2 by Membrane
Interacting Protein Complex KICSTOR

Introduction

Nutrient-dependent recruitment of mMTORCL to the lysosomal membrane is a critical step
in the activation of mTORC1 kinase activity. This recruitment is facilitated by the Rag-Ragulator
complex, comprised of two Rag GTPases and a membrane scaffold protein complex Ragulator.
The Rag GTPases convert between two stable nucleotide states, inactive (RagA or BPP:RagC or
DCTP) in low nutrients and active (RagA or B¢™P:RagC or D®PP) in high nutrients, dictating
MTORCL1 recruitment. The mTORC1 complex is recruited to the membrane by the active Rag-
Ragulator complex. Two GTPase activating proteins (GAPs), GATOR1 and FLCN, facilitate the
conversion between the two different states, stimulating the hydrolysis of GTP in RagA and
RagC respectively. While significant process has been made to understand the activation of the
complex by the RagC GAP FLCN, including that described in Chapter 2, inactivation of the
complex by GATORL presents a more intricate and less understood scenario. Large protein
complexes, KICSTOR and GATORZ2, have been shown to interact with and alter the activity of
GATORL. In addition, signals about nutrient availability are integrated into this axis by smaller
nutrient sensors, Sestrin2, Castorl and SAMTOR that dynamically interact with the complexes
(Figure 4.1)%6,

The KICSTOR complex, a core regulator of GATOR1, is composed of four subunits
SZT2 (=350 kDa), KPTN (~50 kDa), KICS2 (or c120rf66) (~50 kDa), and ITFG2 (~50 kDa)*.
The complex was shown to interact with GATORL1 and stimulate its GAP activity through
facilitating GATOR1 recruitment to the lysosomal membrane*’. However, the two papers that
identified these finding presented conflicting evidence on the role of GATOR2 in the KICSTOR-
GATOR1 membrane interaction. Wolfson et al. proposed that KICSTOR was sufficient to recruit
GATORL1 to the membrane and the interaction with GATOR2 was indirect*. On the other hand,
Peng et al. suggested the three complexes formed a synergistic higher order complex where all
three complexes were necessary to mediate membrane recruitment’. While both papers put forth
that KICSTOR localizes to lysosomes, it is unclear if KICSTOR localization is a result of direct
or indirect interactions with the membrane, and if direct which subunit is mediating this
interaction.

Despite these initial discoveries, no follow up in vitro investigations have been conducted
to clarify the structure and function of KICSTOR. This is likely due to challenges with purifying
and structurally characterizing the KICSTOR complex, which totals over 500 kDa. Structural
studies will be helpful to reveal the potential membrane interaction site and to clarify which
subunit is necessary for membrane recruitment. In addition, they may provide insights into the
role of KICSTOR as a regulator of GATOR1 and GATOR2. Complimenting structural analysis
with in vitro assays will clarify if KICSTOR directly or indirectly interacts with the GATOR
complexes. In yeast, the GATOR1-GATOR?2 interaction occurs independent of KICSTOR,
which is not present®. It remains unclear if in humans KICSTOR is simply a scaffold protein,
holding together GATOR1 and GATORZ2, or if it plays a more active role in the pathway.
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Designing DNA Constructs for KICSTOR

To address these unresolved questions, a viable, purified sample of the protein complex
was obtained. This involved several steps, including determining DNA constructs for the
complex, selecting an appropriate expression system, identifying purification tags, and
determining a purification workflow. Other large protein complexes in this pathway, including
FLCN and GATOR1, were purified using codon-optimized genes, the pCAG expression vector,
and the HEK 293 GnTI expression system. This gave a good starting point for determining a
KICSTOR purification scheme. Genes encoding KICSTOR subunits were synthesized by Twist
Biosciences and codon-optimized for mammalian cell expression. These codon-optimized genes
were cloned into the pCAG expression vector, incorporating various purification tags such as
glutathione S-transferase (GST), STREP, and FLAG (Figure 4.2).

Small Scale Expression Tests for KICSTOR

Small-scale expression tests were conducted with the new constructs to determine
optimal transfection conditions, including which subunits to co-transfect, the ideal tag and tag
location for purification (Figure 4.3). To perform small scale expression tests, 50 mL of human
embryonic kidney (HEK) 293 GnTI cells were transfected with 0.05 mg of DNA and
polyethyleneimine (PEI) at a 1:4 ratio (DNA:PEI). The cells were harvested after 48 hours and
resuspended in lysis buffer (25 mM HEPES, 130 mM NaCl, 2 mM EGTA, 2.5 mM MgClz, 0.5
mM TCEP and 1 protease inhibitor tablet per 50 mL) containing 1% TritonX-100 and rocked for
1 hour at 4°C. The cells were then centrifuged for 30 minutes at 15,000xg. The clarified lysate
was incubated with 30 uL of equilibrated resin for 1 hour rocking at 4°C. The resin was washed
3X with 500 pL wash buffer (25 mM HEPES, 130 mM NaCl, 2 mM EGTA, 2.5 mM MgCl, 0.5
mM TCEP). Initially, the resin was heated to denature bound proteins before visualization using
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). However, for later
small-scales expression tests, the proteins were eluted from the resin prior to SDS-PAGE
visualization to ensure the protein was not aggregated on the resin.

In the initial small-scale tests, individual expression of GST-KPTN, GST-ITFG2, and
GST-KICS2 was performed to assess whether endogenous amounts of other subunits could be
pulled down or if individual subunits could be purified independently. If the complex
components were able to be purified independently it could be possible to form the full
KICSTOR complex afterwards. The results from these tests showed that GST-KPTN could pull
down endogenous ITFG2, and GST-ITFG2 could pull down endogenous KPTN (Figure 4.3A). It
was unclear from these tests if endogenous SZT2 and KICS2 were pulled down as well. In
addition, GST-KICS2 demonstrated good independent expression.

Follow up small scale tests involved co-transfecting KPTN and ITFG2 to assess if the
proteins could be purified independently of the full KICSTOR complex. It was observed that
GST-KPTN/ITFG2 and GST-ITFG2/KPTN co-expression yielded well-expressed dimers in
stoichiometric amounts independent of the SZT2 and KICS2 subunits (Figure 4.3B). Later
expression tests were conducted to include expression with the larger SZT2 subunit. For these
tests the protein was eluted from the resin prior to visualization using SDS-PAGE. GST-SZT2
was co-transfected with KPTN, ITFG2, and KICS2 at a ratio of 1:1:1:1 and 2:1:1:1. The most
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complex was expressed from cells that were co-transfected at a ratio of 2:1:1:1, along with the
GST-tag on SZT2 (Figure 4.3C). To verify that all the subunits were present in the sample, the
bands from the gel were analyzed via mass spectrometry confirming the largest band contained
the SZT2 protein, and the thicker, smaller band contained the remaining three subunits (Figure
4.4).

Using a GST tag presented limitations in later experiments due to the additional cleavage
and tag removal steps which prompted small scale expression tests using the SZT2 construct
tagged with STREP. The 2X-STREP-FLAG SZT2 construct was co-transfected with untagged
KPTN, ITFG2, and KICS2 at a ratio of 1:1:1:1 (Figure 4.3D). These transfection conditions led
to full complex formation and was best for subsequent structural studies and activity assays,
particularly for cryo-EM studies where leaving the GST tag on the protein was not ideal. The
results from all small-scale expression tests can be found in Figure 4.3.

Large Scale Purification of KICSTOR

Method #1: Purification of Full-Length KICSTOR using GST-SZT2

Following initial small scale expression tests, full-length KICSTOR was purified using
the GST tag on the SZT2 subunit. The additional three subunits (KPTN, ITFG2 and KICS2)
contained a 2X STREP-FLAG tag but these tags were not utilized for this purification method. In
latter purification attempts, described below, they were used. The purification workflow for
GST-KICSTOR began with co-transfection of plasmids (1 mg total) containing the KICSTOR
subunits (ratio of 2:1:1:1 = GST-SZT2:KPTN:ITFG2:KICS2) into 1 L HEK 293 GnTI cells.
The cells were harvested after 72 hours and resuspended in lysis buffer containing 25 mM
HEPES pH 7.4, 130 mM NacCl, 2.5 mM MgClz, 2 mM EGTA, 1% Triton-X, 0.5 mM TCEP and
protease inhibitor pellet (1 pellet per 50 mL buffer). The cells were lysed via rocking for 1 hour
at 4°C prior to centrifugation at 37,000xg for 30 minutes.

The clarified lysate was incubated with ~3 mL pre-equilibrated GST resin for a minimum
of 3 hours (maximum overnight incubation). The resin was washed with 40 mL of wash buffer A
(25 mM HEPES pH 7.4, 130 mM NacCl, 2.5 mM MgClz, 2 mM EGTA, 1% Triton-X, 0.5 mM
TCEP), 40 mL of buffer B (25 mM HEPES pH 7.4, 500 mM NacCl, 2.5 mM MgClz, 2 mM
EGTA, 1% Triton-X, 0.5 mM TCEP), 40 mL of buffer C (25 mM HEPES pH 7.4, 130 mM
NaCl, 2.5 mM MgClz, 2 mM EGTA, 0.1% CHAPS, 0.5 mM TCEP) The protein complex was
eluted in ~20 mL of elution buffer (25 mM HEPES pH 7.4, 130 mM NaCl, 2.5 mM MgCl;, 2
mM EGTA, 0.1% CHAPS, 0.5 mM TCEP, 50 mM GSH). Before elution, the resin was
incubated for 30 minutes on ice with elution buffer. The sample was incubated overnight with
tobacco etch virus (TEV) protease to cleave the GST tag. The eluted sample was concentrated to
1 mL using 100 kDa Millipore Sigma Amicon centrifugal filter for grid preparation. (Figure 4.5).
This purification method was used for cryo-EM analysis on the Arctica and Krios G3
microscopes. Improvements to this purification method were made to increase yield and purity of
the sample. These updated methods are described below.

Method #2: Purification of Full-Length KICSTOR using STEP-SZT2
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A second method for purifying full-length KICSTOR involved utilizing a STREP tag on
the SZT2 subunit and leaving the smaller subunits (KPTN, ITFG2, and KICS2) untagged. The
purification workflow for STREP-KICSTOR began with co-transfection of plasmids (1 mg total)
containing the KICSTOR subunits into 1 L HEK 293 GnTI cells. The cells were harvested after
48 hours and resuspended in lysis buffer containing 25 mM HEPES pH 7.5, 500 mM NaCl, 2
mM MgClz, 10% glycerol, 1 mM TCEP and protease inhibitor pellet (1 pellet per 50 mL buffer).
The cells were homogenized via douncing using the B pistol 20X. Next, 10% DDM:CHS (10:1)
was added to the homogenized cells for a final concentration of 1% DDM:CHS (10:1). The
homogenized cells were incubated while rocking for 1 hour at 4°C prior to centrifugation at
17,000 rpm for 35 minutes.

The clarified lysate was incubated with 3-5 mL pre-equilibrated STREP resin for a
minimum of 3 hours (maximum overnight incubation). The resin was washed with 3-5 column
volumes (CV) of high salt wash buffer (25 mM HEPES pH 7.5, 500 mM NaCl, 2 mM MgClz, 1
mM TCEP) containing 0.03% DDM:CHS (10:1), 3-5 CV low salt wash buffer (25 mM HEPES
pH 7.5, 200 mM NaCl, 2 mM MgClz, 1 mM TCEP) containing 0.03% DDM:CHS (10:1), and 3-
5 CV of low salt wash buffer without detergent. The protein complex was eluted in ~20-30 mL
of low salt wash buffer containing 4 mM desthiobiotin. Before elution, the resin was incubated
for 30 minutes on ice with elution buffer. The eluted sample was concentrated to 1 mL using 100
kDa Millipore Sigma Amicon centrifugal filter for gel filtration with a Superose 6 increase
column. Gel filtration buffer contained 25 mM HEPES pH 7.5, 200 mM NaCl, 2 mM MgCl;,
and 1 mM TCEP. The protein complex eluted ~11.8 mL and the fractions were visualized with
SDS-PAGE. Representative SDS-PAGE of fractions from Superose 6 and chromatogram are
shown in Figure 4.6.

Method #3: Purification of GST-KICSTOR using STREP-KPTN, STREP-ITFG2 and STREP-
KICS2

A second approach for purifying a full-length GST tagged KICSTOR complex was
established to get higher yields and cleaner protein preps. Similar to the first method, SZT2 was
tagged with a GST, while the remaining three smaller subunits (KPTN, ITFG2 and KICS2)
contained 2X-STREP tag. This configuration enabled purification of the complex using STREP
resin. The purification protocol for GST-KICSTOR followed the same steps as described above
for the purification with STREP-SZT2. Representative SDS-PAGE of fractions from Superose 6
and chromatogram as shown in Figure 4.7. The GST-KICSTOR complex obtained through this
method was used in pull-down assays to investigate the interaction between KICSTOR and
GATOR complexes.

Purification of ITFG2-KPTN Dimer

Prior to the purification of the full KICSTOR complex, an attempt was made to purify the
GST-ITFG2-KPTN dimer independently. Small scale expression tests indicated that these
proteins could be co-expressed and purified together in high yields independent of the other two
complex proteins. These proteins were purified as described in purification method #1 for
KICSTOR. The GST-tag on the ITFG2 subunit was used to isolate the complex prior to TEV
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cleavage and gel filtration. Representative SDS-PAGE of fractions from Superose 6 and
chromatogram as shown in Figure 4.8.

Single Particle Cryo-EM for Full-Length KICSTOR Complex

Initial attempts to structurally characterize the KICSTOR complex used purification
method #1. The yields from the initial purification method were low, posing challenges for gel
filtration due to additional sample loss. To circumvent this issue, the sample was frozen on grids
directly after elution from the GST resin and TEV cleavage. However, this approach resulted in a
heterogenous sample comprising full-length KICSTOR, GST, TEV and a background of
glutathione (GSH) in the buffer. To increase the number of particles on the grid, this sample was
frozen on graphene grids prepared by Zhicheng Cui using a blot time of 6 seconds, wait time 30
seconds, blotch for +20, temperature 4°C and 100% humidity. The glow discharge conditions for
the graphene grids were 20 seconds in air at 5 mA and 0.4 mbar. Two data sets were collected
resulting in ~2,400 movies from the Arctica microscope and ~6,400 movies from the Krios G3
microscope. CryoSPARC was used for motion correction and CTF estimation®. Particles from
the data sets were picked using cryoSPARC blob and template picker. The resulting 2D class
averages were smaller than the predicted ordered mass of the complex and did not have clear
secondary structure visible at this stage resulting in no clear 3D map.

Comparing the experimental 2Ds to those generated as a back projection from the
Alphafold model, it was clear that they didn’t represent the full complex. While the back
projected 2D class averages resembled the experimental particles on the micrograph, adopting a
thin U shape, this feature was not observed in the experimental 2D class averages (Figure 4.9).
This observation suggested that the sample may possess intrinsic flexibility, making alignment
challenging in 2D. In efforts to improve sample quality and reduce heterogeneity, an additional
dataset was collected using freshly purified STREP-KICSTOR, eliminating the need for a TEV
cleavage step. Purified STREP-KICSTOR complex was frozen on CF-2/1-3Cu-T grids using a
blot time of 3 seconds, blot force of +20, temperature 4°C and 100% humidity. A dataset
containing ~3,600 movies was collected using the Arctica microscope. Following motion
correction in Relion with MotionCor2, further data processing was conducted in cryoSPARC®-1L,
Initial particle picking was performed using blob and manual picker methods, with templates
selected from resulting 2D classes. These templates were then utilized to generate picks with
cryoSPARC template picker. Subsequently, a Topaz picking model was trained, resulting in the
extraction of approximately 450,000 particles for 2D classification??.

The resulting 2D classes exhibited discernible secondary structure, notably featuring two
adjacent B-propeller domains. These particles were used to generate an ab initio model, further
refined through heterogeneous and homogeneous refinement processes. The refined map
achieved a resolution of approximately 7.5 A and demonstrated good alignment with one arm of
the KICSTOR complex, specifically where the smaller subunits KPTN and ITFG2 bind to the
larger SZT2 complex. The alignment to this region of the complex suggested that this portion of
KICSTOR may be more rigid, while the remainder of the complex remains highly flexible. The
processing workflow and resulting low resolution map are shown in Figure 4.10.
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Phase Plate Dataset for Full-Length STREP-KICSTOR

A small dataset was collected using the phase plate in collaboration with the Holger Lab.
STREP-KICSTOR was purified as described previously and frozen on R1.2/1.3 grids using a
blot time of 3 seconds, blot force of +20, temperature 4°C and 100% humidity. ~240 movies
were collected with the phase plate. The resulting data was processed in cryoSPARC using both
blob picker and manual picker to pick particles. However, the resulting 2D images exhibited
poor alignment and appeared blurry (Figure 4.11). This issue is likely attributed to either a lack
of particles due to the low throughput of data collection with the phase plate or poor data/sample
quality. Further optimization of data collection methods or sample preparation may be necessary
to improve the quality of the dataset.

Structural Understanding of KICSTOR with AlphaFold?2

Amid experimental challenges in characterizing the KICSTOR structure, the release of
Alphafold2, an open-source structural prediction algorithm, offered an alternative avenue for
investigation314, Alphafold2 operates by users inputting protein sequences, and the algorithm
generates structural predictions as output along with an overall confidence score for each
prediction. Given the complexity and size of the KICSTOR complex, computational limitations
required breaking down the complex into smaller sections to predict its structure effectively.

Initially, full-length sequences of individual subunits were modeled using Alphafold?2 to
generate structural predictions®14, The results indicated KPTN and ITFG2 may adopted a -
propeller structure, with KPTN featuring an additional alpha helix extending from the propeller
and ITFG2 containing three smaller a-helices nestled together and extending from the propeller.
The predicted structure for KICS2 was primarily composed of a large a-helical bundle, featuring
a longin domain-like fold at the end, potentially serving as an interaction point for a small
GTPase. In contrast, SZT2, when analyzed individually, exhibited a donut-shaped structure with
a larger ordered base and two arms wrapping up to form a large pore. The collapsed nature of the
SZT2 structure prediction indicated that this prediction alone may not be accurate for the full-
length SZT2 when in complex with the smaller subunits.

To generate a more accurate model for the full-length SZT2 subunit, the protein sequence
was divided into two segments with ~300 amino acids overlapping. The first segment
encompassed residues 1-1750, while the second segment contained residues 1414- 3432. Residue
1414 was chosen as the starting point for the second segment due to its location at the beginning
of a clearly ordered structural region, providing a suitable alignment point for overlapping the
two prediction models. The predicted structures generated from this approach exhibited moderate
to high confidence (pTM 0.62 and pTM 0.5 respectively). To construct a model for the full-
length SZT2, the two models were overlaid at the overlap region in ChimeraX*°. All five
prediction models generated by Alphafold2 were overlapped and visualized. While the general
structure of the models remained consistent, variations were observed in the exact angles of the
arms of the structure, depending on the specific prediction model used. This variability suggested
that KICSTOR may possess flexibility, with the ability to open and close in response to different
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interactions or biological contexts. This confirmed why the cryo-EM data collection had been
challenging and there was difficulty in particle alignment.

To pinpoint the regions where KPTN, ITFG2, and KICS2 interacts with SZT2, the SZT2
protein was dissected into smaller segments of ~1300 amino acid each. These segments were
individually analyzed with each of the subunits. This iterative process allowed for identification
of binding regions on SZT2 for the smaller subunits. The predictions revealed that KICS2
interacts with the C-terminus of SZT2, through an a-helical platform. KPTN and ITFG2 were
shown to interact with the region of SZT2 consisting of residues 2040- 3314. Since KPTN and
ITFG2 were shown to form an independent dimer and their binding site were adjacent to each
other on the SZT2 protein, the SZT2 segment encompassing residues 2040 — 3314 was tested
with both KPTN and ITFG2 simultaneously. This prediction corroborated the binding sites of
these subunits with SZT2 as seen in previous predictions with SZT2 and the individual subunits.
Additionally, it highlighted potential interactions between KPTN and ITFG2, suggesting that
their interaction may occur through both the B-propellers and the additional a-helices extending
from them.

The accuracy of the Alphafold model was further supported by findings from the original
KICSTOR paper, which conducted immunoprecipitation experiments using three segments of
SZT2 (1-1021, 1021-2241, and 2241-end) and KPTN, ITFG2, and KICS2. These experiments
indicated that all three subunits interacted specifically with the C-terminal segment comprising
residues 2241- 3432, consistent with the predictions made by Alphafold. However, there was a
slight inconsistency with the immunoprecipitation results for KPTN, which showed its
interaction with all portions of SZT2. This observation suggests there could be additional binding
sites for KPTN on SZT2 that were not seen in the Alphafold predictions.

The predicted portions of SZT2 in the models containing KICS2, KPTN, and ITFG2
remained structurally consistent with the predictions of the full-length SZT2 generated by the
two segments. This allowed for the creation of a model incorporating all four subunits (Figure
4.12). Regions of SZT2 predicted to interact with KPTN, ITFG2, and KICS2 were overlaid with
the corresponding SZT2 regions in the full-length model, utilizing ChimeraX. Upon overlaying
these models, it became evident that the binding of KPTN and ITFG2 to SZT2 conferred rigidity
to that arm of the complex, while the portion of SZT2 not bound to additional subunits retained
its flexibility (Figure 4.13). The region of SZT2 not interacting with KPTN, ITFG2, and KICS2
was previously identified to interact with GATOR14. This observation raises questions regarding
the dynamics of KICSTOR and its potential significance for interaction with GATORL1 in a
biological context.

Membrane Binding Ability of KICSTOR

Since KICSTOR was identified as a lysosomal membrane localized protein, the full-
length Alphafold predicted structure was carefully analyzed to identify potential membrane
interaction sites. Particularly of interest were the a-helices extending from KPTN and ITFG2 as
well as the charged interface of KICS2, which exhibited two hydrophobic loops extending from
the plane. Upon closer examination, it was determined that neither the a helix of KPTN nor
ITFG2 exhibited clear amphipathic properties with membrane-binding potential. However, the
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analysis indicated that KICS2 had the most promising membrane-binding site (Figure 4.14). The
charged interface and hydrophobic loops observed in KICS2 suggested its potential affinity for
membrane interaction.

To assess the membrane binding potential of the KICSTOR complex, Guvacine
Unilamellar Vesicles (GUV) recruitment assays were conducted. In these assays, a GFP tag was
introduced to the KICS2 subunit of KICSTOR, while SZT2 was tagged with STREP and KPTN
and ITFG2 were left untagged. The complex was then purified using the same protocol as the
non-GFP-tagged KICSTOR complex and concentrated to a final concentration of 200 nM.
Highly charged GUVs were utilized for initial membrane recruitment experiments, consisting of
a lipid composition of DOPC (49.5%), DOPS (50%), and DOPE-Atto 488 (0.5%). The
rehydration buffer for the GUVs contained 230 mM sucrose, and the final imaging buffer for all
experiments consisted of 25 mM HEPES (pH 7.4), 137.5 mM NacCl, 0.1 mM MgClz, 46 mM
sucrose, and 0.45 mM TCEP, with an osmolarity of 312 mOsm. During the assays, recruitment
of KICSTOR to the membrane was monitored over a period of 24 minutes at 30-second
intervals. A gradual increase in GFP signal around the GUV's was observed over the course of 24
minutes, with a strong signal detected at the end of the experiment, indicating robust binding of
KICSTOR to the membrane (Figure 4.15).

To confirm the hypothesized membrane binding site on KICS2, mutants targeting the
proposed site (Figure 4.14B) were generated. Two different mutants were created. The first
mutant (mutant 4D) targeted the critical residues in loop #1 (K77D, F83D, F84D, and R86D) and
the second mutatnt (mutant 10D) targeted the critical residues in both loop #1 and loop #2
(K77D, F83D, F84D, R86D, R234D, K237D, K238D, H239D, F241D, and K247D). These
mutants were purified using the same protocol as the GFP-tagged KICSTOR complex and
concentrated to 200 nM for utilization in GUV assays. The conditions used to perform the GUV
assays for the mutants were consistent with those of WT KICSTOR. At the completion of the 30-
minute monitoring period, robust membrane binding comparable to WT was observed for the 4D
mutant, indicating that removal of loop #1 alone was insufficient to disrupt membrane binding.
However, the 10D mutant showed a significant reduction in membrane binding, suggesting that
both loops in KICS2 played a role in facilitating membrane binding to the GUV (Figure 4.16).
There was still a minimal amount of membrane binding observed after 30 minutes for the 10D
mutant. Given the large size of the KICSTOR complex, it's possible that an additional, weaker
membrane-interacting site exists. Further experiments will be necessary with a third mutant,
specifically targeting loop #2, to determine whether loop #2 is primarily responsible for
membrane binding, or if loop #1 and loop #2 are capable of compensating for the loss of the
other.

Interaction of KICSTOR with GATOR Components

The proposed biological role of KICSTOR has been to regulate the activity of GATOR1
through interaction with GATOR1 and GATOR2. However, besides the initial papers, no follow-
up studies focused on these interactions*®. To validate the interactions between KICSTOR,
GATORL1 and GATORZ2 in vitro, a pulldown assay was used. In these experiments, 100 pL of
purified GST-tagged KICSTOR (1 uM) complex was incubated with purified 100 pL of
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GATOR1 (1 uM) and/or 100 pL of purified GATOR2 (1 uM), along with 30 puL of GST resin.
The resin was washed three times with 500 pL of wash buffer (25 mM HEPES pH 7.5, 200 mM
NaCl, 2 mM MgClz, 1 mM TCEP) and eluted with 30 pL of wash buffer 50mM GSH. The eluted
proteins were then visualized using SDS-PAGE. The results showed that GST-KICSTOR
successfully pulled down both GATOR1 and GATORZ2 individually. Moreover, GST-KICSTOR
was capable of simultaneously pulling down GATOR1 and GATOR?Z2, indicating that the binding
sites for these complexes on KICSTOR are not mutually exclusive (Figure 4.17).

Membrane Recruitment Assay for KICSTOR and GATOR Components

Preliminary GUV assays suggested that the KICSTOR complex interacted with
negatively charged membranes via the KICS2 subunit (as described above). Given this
observation and the known interaction of KICSTOR with the GATOR complexes, GUV assays
were employed to investigate whether KICSTOR played a role in recruiting the GATOR
complexes to the membrane. First, to determine if GATOR1 and GATOR2 acted as membrane
binding proteins independently of KICSTOR, these complexes were tagged with fluorescent tags
and their membrane recruitment was analyzed using GUV assays under the same conditions as
GFP-KICSTOR. While GATOR1 was not anticipated to interact with the membrane, the
GATOR?2 structure revealed a charged patch on the WDR24 B-propeller, suggesting a potential
membrane interaction site!®,

To monitor GATOR1 membrane recruitment, an mCherry tag was engineered on the
NPRL3 subunit of the GATOR1 complex. The purification process for GATOR1-mCherry
followed the same protocol as for WT GATORL1. However, gel filtration yielded a more
heterogeneous peak, with the smallest peak (#1) corresponding to the GATOR1-mCherry sample
and an adjacent peak (#2) representing incomplete formation of the GATOR1 complex and
degraded NPRL3-mCherry (Figure 4.18). This outcome may be attributed to too short linker
between NPRL3 and mCherry that potentially disrupted proper GATOR1 complex formation.
Future experiments should explore extending the linker between mCherry and NPRL3. Despite
the presence of some broken complex, there was sufficient GATOR1-mCherry to conduct initial
control GUV assays to investigate if GATORL interacts with charged membranes. After a 1-hour
time course, no GATOR1 was observed to interact with the negatively charged membrane
(Figure 4.19).

To monitor GATOR2 membrane recruitment, a GFP tag was added to the Sec13 subunit
of the GATOR2 complex. Purification of the GFP-GATOR2 followed the same purification
protocol as WT GATOR2. The chromatogram indicated the sample eluted ~12 mL and SDS-
PAGE confirmed the presence of the GFP-GATOR2 complex (Figure 4.20). This sample was
used to perform initial control GUV assays to assess the potential interaction of GATOR2 with a
charged membrane. Following a 1-hour time course, no interaction between GATOR2 and
negatively charged membranes was observed. There were some large clumps that interacted
transiently with the membrane that can likely be attributed to partial aggregation of the complex
throughout the duration of the assay (Figure 4.21).

To perform recruitment assays with all three protein complexes simultaneously, the tag
for GATOR2 was switched from a GFP to a halo tag. GATOR2-halo was purified using the
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same protocol as WT GATOR2 except prior to gel filtration the protein was incubated with halo
ligand. However, through gel filtration, it was observed that the GATOR2 protein aggregated
and was no longer present in useable concentrations for GUV assays. This purification will need
to be optimized, or an alternative fluorescent tag may need to be added to the GATOR2.

Cryo-EM for KICSTOR-GATOR1-GATOR2 Complex

In attempts to 1) physiologically stabilize the flexible KICSTOR complex and 2)
visualize the interactions between KICSTOR and GATOR complexes, the three protein
complexes were purified to form a higher order complex.

KICSTOR-GATOR1-GATOR2 Complex Formation

In the first approach to form a higher-order complex, a pull-down method was utilized.
GATORL1 and GST-KICSTOR were individually purified following established protocols, while
GATOR?2 was purified similarly to the method described in Chapter 3, with gel filtration omitted
to preserve higher yields. The three protein complexes were incubated overnight at 4°C to
promote complex formation. The following day, the GST tag on KICSTOR was utilized to
separate the formed complex from excess GATOR1 and GATOR2 (Figure 4.22A). The complex
was eluted from the GST resin and incubated with TEV protease for 10 hours at 4°C. The sample
was concentrated to 1 mL for gel filtration. SDS-PAGE analysis of this sample indicated that all
three complexes were present (Figure 4.22B). Gel filtration using buffer containing 25 mM
HEPES pH 7.5, 200 mM NaCl, 2 mM MgClz, 1 mM TCEP showed a single peak at ~10.5 mL.
This appeared to be a shift from the typical elution of ~12 mL for KICSTOR alone (Figure
4.22D). Fractions corresponding to the peak and the concentrated peak sample were visualized
using SDS-PAGE revealing only KICSTOR were present in the sample (Figure 4.22C). It is
possible that during gel filtration the complex broke apart and the peak shift was attributed to
GST-KICSTOR that did not have the GST-tag properly cleaved.

In the next attempt, the pull-down step was eliminated since previous experiments
indicated that the complex readily interacted. GATOR1, GATOR2 and STREP-KICSTOR were
purified using established protocols and incubated overnight at 4°C to enable complex formation.
Gel filtration of half of the sample showed a heterogenous profile with peaks corresponding to
KICSTOR, GATOR?2 and GATOR1 separately indicating that the complex likely fell apart
during gel filtration (Figure 4.23). The second half of the sample that didn’t undergo gel
filtration was concentrated to freeze grids. The final target concentrations for the sample were 50
nM GATORZ2, 200 nM GATORL1, and 200 nM KICSTOR. The grids were frozen using a blot
time of 3 seconds, blot force of +20, temperature 4°C and 100% humidity on CF-2/1-3Au-T
grids. The grids were glow discharged for 30 seconds at 15 mA and 0.5 mbar.

Data processing for KICSTOR-GATOR1-GATOR2 Complex

A test dataset was collected on the Arctica. The sample on the micrographs was very
dilute with each micrograph only containing a few particles. It is possible that the sample
aggregated during concentration prior to freezing or the actual concentrations were too low for
open hole. This may be fixed using a carbon support layer. Nonetheless, movies from the data
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collection were motion corrected in Relion!® using MotionCor2! before being imported into
cryoSPARC? for further data processing (Figure 4.24A). Particle picking was performed using
the cryoSPARC blob picker with various particle diameters, including 130 A — 150 A, 180 A —
250 A, and 250 A — 300 A (Figure 4.24B). Particles corresponding to GATOR1 and KICSTOR
were observed at smaller picking diameters, while larger diameters revealed new 2D classes.
Upon further analysis, it was identified that these particles corresponded to the 60S and 40S
ribosome subunits, a contaminate from GATOR2 sample preparation (Figure 4.24C). Additional
datasets at a higher sample concentration would be necessary to determine if the higher order
complex is stable enough to be visualized with cryo-EM.
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GATOR2

GATOR1

KICSTOR RagC/D

Ragulator

Sestrin2

. Cytoplasm

Lysosome
Figure 4.1 Schematic of GATORLI regulation. RagA GTPase activating protein (GAP),
GATORL1 is regulated by a complex network of protein complexes and nutrient sensors.
GATORZ2 is proposed to be a negative regulator of GATOR1 while KICSTOR is hypothesized to
be an activator. The large complexes, GATOR1, GATOR2 and KICSTOR have been shown to
interact although the extent and conditions surrounding these interactions remains elusive.
Nutrient signals are integrated into the pathway through nutrient sensors Castorl and Sestrin2
which interact with GATOR2 and SAMTOR which interacts with GATOR1 and KICSTOR.

93



1 436 1 436

xsmes

1 445

e T R o
1

B o s

1 436 1 447 1 445

3432

1 3432

BT - [

Figure 4.2 Constructs designed for KICSTOR subunits. All genes were ordered codon-
optimized from Twist Bioscience and cloned into pCAG expression vectors with different tags
including GST, 2X-STREP and FLAG. Subunits containing no tag were created for KPTN,
ITFG2 and KICS2
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Figure 4.3 Small scale expression tests for KICSTOR complex. SDS-PAGE visualization of
small-scale tests. (A) Lanes 1, 2, and 3 are heated resin samples from the small-scale
purification. (B) Lanes 1, 2, and 3 are heated resin samples from the small-scale purification. (C)
Lanes 1, 2, 3 and 4 are proteins eluted from GST resin in the small-scale purification. (D) Lanes
1, 2, and 3 are proteins eluted from STREP resin in the small-scale purification. The subunits of
KICSTOR expressed in 50 mL HEK 293 GnTI cells is shown in the table to the right of all gels.
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Sequence Spectrum Sequence

Locus Count Count Coverage Length Molwt pl Descriptive Name
splQ5TO11ISZT2 o Protein SZT2 OS=Homo
_HUMAN 63 103 22.50% 3432 378030 6.3 sapiens GN=SZT2 PE=1 SV=3

Sequence Spectrum Sequence

Locus Count Count Coverage Length  MolWt rl Descriptive Name
UPF0536 protein C120rf66
Spggﬁlﬂ%ﬂﬁ"o 48 110 65.60% 445 50415 8.9 0S=Homo sapiens
- GN=C120rf66 PE=2 SV=4
Integrin-alpha FG-GAP
splQ969R8IITFG o repeat-containing protein 2
2 HUMAN 35 94 65.60% 447 49313 5.2 0S=Homo sapiens
GN=ITFG2 PE=1 SV=1
splQ9YE64IKPT Kaptin OS=Homo sapiens
N_HUMAN 24 84 50.70% 436 48080 5.3 GN=KPTN PE=1 SV=2

Figure 4.4 Mass spectrometry analysis of SDS-PAGE bands correlating with KICSTOR
components.
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Figure 4.5 Representative large-scale purification of KICSTOR complex using GST-SZT?2

(method #1 — no SEC). SDS-PAGE of elution from GST resin in lane 1. Lane 2 is the GST resin
elution concentrated.

97



A
Peak #2

Peak #1

(kDa)
250 2 e .
150 I\ &
13 ;A

100 _ N /)
75— I\ o
| \ / \

| TR

37 |

25

20

Figure 4.6 Representative large-scale purification of KICSTOR complex using STREP-
SZT2. (A) SDS-PAGE of fractions from Superose 6 increase gel filtration. (B) Chromatogram

from Superose 6 increase gel filtration.
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Figure 4.7 Representative large-scale purification of GST-KICSTOR complex using
STREP tagged smaller subunits. (A) SDS-PAGE of fractions from Superose 6 increase gel
filtration. (B) Chromatogram from Superose 6 increase gel filtration.
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Figure 4.8 Large scale purification of ITFG2/KPTN dimer. (A) SDS-PAGE of fractions from
Superose 6 increase gel filtration. (B) Chromatogram from Superose 6 increase gel filtration.
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Figure 4.9. Comparison of KICSTOR cryo-EM datasets with Alphafold. Best particles and
2D class averages from each data set compared to Alphafold model generated 2D class averages.
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Figure 4.10 Data collection and processing workflow for STREP-KICSTOR. (A)
Representative micrograph from the data collection. (B) Example particles generated from
manual picking. (C) Data processing workflow performed in cryoSPARC. (D) Example of initial
2D class averages generated from blob and manual picker. (E) Best templates selected from
block picker and manual picker. (F) Particles after Topaz was trained with particles picked using
templates from blob picker and template generated from manual picking. (G) FSC graph from
resulting map. (H) Orientation map for final 3D map. (J) Overview of 3D map generated after
homogenous refinement and the arm of KICSTOR it corresponds to. (I) 2D classes used to
generate 3D map (K) 3D map overlayed on the Alphafold generated KICSTOR structure.
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Figure 4.11 Phase plate data collection for KICSTOR. (A) Representative micrograph from
the data collection. (B) Resulting 2D classes generated from blob and manual picking in
cryoSPARC.
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KPTN

KPTN - §ZT2

S§ZT12

KICS2 - SZT2

Figure 4.12 Alphafold2 generated model of full-length KICSTOR complex. (A) Overview of
the whole complex containing SZT2 (purple), KPTN (blue), ITFG2 (pink) and KICS2 (green).
(B) The Alphafold model colored by confidence.
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Figure 4.13 KICSTOR complex flexibility seen in Alphfold2 model. (A-D) Different
confirmations of the KICSTOR complex based on the alignments and modeling of Alphafold
predictions.
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Figure 4.14 Proposed membrane binding site in KICS2 subunit of KICSTOR complex. (A)
Visual representation of potential KICSTOR interaction with the lysosomal membrane. (B)
Membrane binding site on KICS2 subunit. The interface is colored by electrostatics and the key
membrane interaction residues are in loops #1 and #2 are annotated.
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- Lipid composition: DOPC (49.5%), DOPS (50%), DOPE-Atto 488 (0.5%)

- GUV rehydration buffer: 230 mM Sucrose; 234 mOSM Sucrose

- Final imahing buffer: 25 mM HEPES (pH 7.4), 137.5 mM NaCl, 0.1 MgCl2, 46 mM Sucrose, 0.45 mM TCEP; 312 mOsm
- [KICSTOR - GFP] = 200 nM

B KICSTOR - GFP channel Lipid channel

T=0s T=600s T=1200s T=1800s T =2400s T=3000s T=3570s

Figure 4.15 GUV assay for WT KICSTOR-GFP membrane binding. (A) Overview of
conditions used for GUV assay. (B) KICSTOR — GFP and lipid channels (C) Snapshots from
time course of KICSTOR-GFP interaction with GUV.
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- Lipid composition: DOPC (49.5%), DOPS (50%), DOPE-Atto 647 (0.5%)

- GUV rehydration buffer: 230 mM Sucrose; 234 mOSM Sucrose
Final imahing buffer: 25 mM HEPES (pH 7.4), 137.5 mM NacCl, 0.1 MgCl2, 46 mM Sucrose, 0.45 mM TCEP; 312 mOsm

- [KICSTOR - GFP] = 200 nM (WT, 4D mutant and 10D mutant)

4D mutant (Loop 1) 10D mutant (Loop 1 and 2)

WT KICSTOR - GFP

30 min

T

Figure 4.16 GUV assay for KICSTOR-GFP mutant 4D and mutant 10D membrane
binding. (A) Overview of conditions used for GUV assay. (B) KICSTOR — GFP membrane
binding comparison for WT, 4D mutant, and 10D mutant after 30-minute time course.
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(kDa) 1 2 3 4
S b e e GST-5ZT2 (378 kDa)
1228 - DEPDC5 (181 kDa)
100 MIOS, WDR59, WDR24 (100-110 kDa)
75 - - - NPRL3 (68 kDa)
50 - - KPTN, ITFG2, KICS2 (50-53 kDa)
NPRL2 (48 kDa)
37 Sec13, SEH1L(36-40 kDa)
25
20
Lane Proteins added
1 | GST-KICSTOR
2 GST-KICSTOR + Gatorl
3 GST-KICSTOR + Gator2
4 GST-KICSTOR + Gatorl + Gator2

Figure 4.17 Pulldown assay with GST-KICSTOR and GATOR complexes. GST resin was
used to pull down GST-KICSTOR and interacting complexes. Table describes proteins added to
each pull down reaction and corresponding lane on SDS-PAGE.
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Figure 4.18 Purification of GATOR1-mCherry. (A) SDS-PAGE visualization of fractions

from Superose 6 increase gel filtration. (B) Chromatogram from Superose 6 increase gel
filtration.
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- Lipid composition: DOPC (49.5%), DOPS (50%), DOPE-Atto 647 (0.5%)

- GUV rehydration buffer: 230 mM Sucrose; 234 mOSM Sucrose
- Final imahing buffer: 25 mM HEPES (pH 7.4), 137.5 mM Nacl, 0.1 MgCl2, 46 mM Sucrose, 0.45 mM TCEP; 312 mOsm

- [GATORT1 - mCherry] =200 nM

B Gator1 - mCherry channel Lipid channel

60 minutes

T=

Figure 4.19 GUV assay for GATOR1-mCherry membrane binding. (A) Overview of
conditions used for GUV assay. (B) GATOR1-mCherry and lipid channels after completion of

the 1-hour time course.
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Figure 4.20 Purification of GATOR2-GFP. (A) SDS-PAGE gel of fractions from Superose 6
increase gel filtration. (B) Chromatogram from Superose 6 increase gel filtration.
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- Lipid composition: DOPC (49.5%), DOPS (50%), DOPE-Atto 488 (0.5%)

- GUV rehydration buffer: 230 mM Sucrose; 234 mOSM Sucrose

- Final imahing buffer: 25 mM HEPES (pH 7.4), 137.5 mM NacCl, 0.1 MgCl2, 46 mM Sucrose, 0.45 mM TCEP; 312 mOsm
- [GATOR2- GFP] = 100 nM

B GATOR2 - GFP channel Lipid channel

T=0s T=600s T=1200s T=1800s  T=2400s T=3000s T=3600s
Figure 4.21 GUV assay for GATOR2-GFP membrane binding. (A) Overview of conditions

used for GUV assay. (B) GATOR2 — GFP and lipid channels (C) Snapshots from time course of
GATOR2-GFP interaction with GUV.
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Figure 4.22 Attempt #1 - large scale complex formation for KICSTOR, GATOR1 and
GATORZ2. (A) Complex formation scheme for higher order complex. Each step in the complex
formation is numbered and colored to match the SDS-PAGE in (B). (C) SDS-PAGE
visualization of fractions from Superose 6 increase and (D) corresponding chromatogram.
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Figure 4.23 Attempt #2 - large scale complex formation for KICSTOR, GATORL1 and
GATOR2. (A) Complex formation scheme for higher order complex. (B) SDS-PAGE
visualization of fractions from Superose 6 increase and (C) corresponding chromatogram.
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A Representative Micrograph

B Particle Picking using Cryosparc Blob Picker
Particle diameter: Particle diameter: Particle diameter:
130A - 1504 180A - 2504 2504 - 3004
(~350,000 particles) (~160,000 particles) (~72,000 particles)

Expanded 2Ds from
largest radius

Figure 4.24 Cryo-EM for KICSTOR and GATOR components. (A) Representative
micrograph from complex formation. (B) 2Ds generated from different picking diameters. (C)
Particles from the larger diameter were expanded to generate more 2Ds.
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