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BIOCHEMISTRY

Structure of the human TSC:WIPI3 lysosomal

recruitment complex
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Gareth D. Jones’, Joel R. Steele?, Hari Venugopal3, Ralf B. Schittenhelm?,

Michelle L. Halls*, Andrew M. Ellisdon'*

Tuberous sclerosis complex (TSC) is targeted to the lysosomal membrane, where it hydrolyzes RAS homolog-mTORC1
binding (RHEB) from its GTP-bound to GDP-bound state, inhibiting mechanistic target of rapamycin complex 1
(mTORC1). Loss-of-function mutations in TSC cause TSC disease, marked by excessive tumor growth. Here, we over-
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come a high degree of continuous conformational heterogeneity to determine the 2.8-A cryo-electron microscopy
(cryo-EM) structure of the complete human TSC in complex with the lysosomal recruitment factor WD repeat domain
phosphoinositide-interacting protein 3 (WIPI3). We discover a previously undetected amino-terminal TSC1 HEAT
repeat dimer that clamps onto a single TSC wing and forms a phosphatidylinositol phosphate (PIP)-binding pocket,
which specifically binds monophosphorylated PIPs. These structural advances provide a model by which WIPI3 and
PIP-signaling networks coordinate to recruit TSC to the lysosomal membrane to inhibit mTORC1. The high-resolution
TSC structure reveals previously unrecognized mutational hotspots and uncovers crucial insights into the mecha-

nisms of TSC dysregulation in disease.

INTRODUCTION
Tuberous sclerosis complex (TSC) is a crucial inhibitory checkpoint for
the serine and threonine kinase mechanistic target of rapamycin com-
plex 1 (mTORC1). mTORCI is a central regulator of eukaryotic cell
growth pathways, autophagy, and metabolism and is dysregulated in
disease and aging (I). TSC functions as a guanosine triphosphatase
(GTPase)-activating protein (GAP) and catalyzes the hydrolysis of
RAS homolog-mTORC1 binding (RHEB) from its active guanosine
5'-triphosphate (GTP)-bound state to the inactive guanosine diphos-
phate-bound state (2-5). RHEB allosterically activates mTORC1, and
RHEB-GTP hydrolysis by TSC acts as an off switch for cell growth (6).
TSCis formed by TSC1 (hamartin), TSC2 (tuberin), and TBC1 domain
family member 7 (TBC1D?7) (7). Loss-of-function mutation of either
TSCI or TSC2 causes the autosomal dominant genetic disease TSC
(affects ~2 million people worldwide) characterized by increased RHEB
activation, hyperactive mTORCI signaling, and tumor growth (8).
TSC functions as a signaling convergence point balancing the cellu-
lar response to growth signals and energy stress by regulating RHEB and
the activation state of mMTORC1 (9). Under conditions of energy stress,
adenosine 5’ -monophosphate-activated protein kinase (AMPK) and
glycogen synthase kinase-3f phosphorylate and activate TSC, triggering
RHEB-GTP hydrolysis and inhibiting mTORC1 and cell growth
(10, 11). Conversely, under conditions of energy sufficiency, extracellu-
lar signal-regulated kinase (12), p90 ribosomal S6 kinase (13), and Akt
(14-16) phosphorylate and inhibit TSC, enabling mTORC1 activation.
TSC activity depends on its recruitment to lysosomes, where it in-
teracts with RHEB, which is anchored by C-terminal farnesylation (5).
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Several proteins appear to modulate TSC targeting to the lysosomal
membrane, but it is unclear whether TSC lysosomal recruitment pro-
teins act redundantly, overlap, vary by cell type, or jointly coordinate
their actions. Under starved conditions, WD repeat domain phos-
phoinositide-interacting protein 3 (WIPI3) recruits TSC to lysosomes,
a process that is mutually exclusive with active mMTORCI, indicating
co-regulation of mMTORCI1 inhibition by TSC and WIPI3 (17). In
addition, the RagGTPase complex can act as a switch, modulating
the localization of TSC or mTORCI to the lysosomal membrane
(18, 19). LAMP1-bound Ras GTPase-activating protein-binding pro-
teins 1 and 2 (G3BP1/2) also localize TSC to lysosomes with G3BP1
knockout breast cancer cells displaying cell growth defects that pheno-
copy the loss of TSC component TBC1D7 (20). Despite these insights,
the structural and mechanistic basis of TSC lysosomal recruitment
remains unclear.

RESULTS

The cryo-EM structure of the complete TSC bound to WIPI3
To investigate the mechanism of TSC docking at the lysosomal mem-
brane, we determined the structure of the full-length TSC:WIPI3
complex by single-particle cryo-electron microscopy (cryo-EM)
(Fig. 1, figs. S1 to S3, and table S1). The remarkable structural flexibil-
ity of TSC, with deviations of ~10 nm between extrema (fig. S2), posed
a challenge for high-resolution structure determination. While mod-
erate ~4.5-A resolution cryo-EM reconstructions have described the
stoichiometry and architecture of TSC (21, 22), the overall domain
structure and sequence assignment remain incomplete due to sub-
stantial conformational flexibility. Here, focused refinement and clas-
sification stepped along the 40 nm length of the TSC:WIPI3 complex
enabled us to achieve a final composite reconstruction with an average
nominal resolution of 2.8 A (Fig. 1 and fig. $3). The TSC:WIPI3 re-
construction was of sufficiently high resolution to build a complete
domain- and residue-assigned model of the human TSC, revealing
a previously unresolved TSC1 HEAT repeat (HR) dimer domain that
clamps onto one TSC wing (Fig. 1, B and C).
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Fig. 1. Overall structure of the TSC:WIPI3 complex. (A) High-resolution reconstruction (composite) of the TSC:WIPI3 complex. Scale bar, 5 nm. (B) Cartoon model of the
TSC:WIPI3 complex [oriented as in (A)]. Below, a two-dimensional (2D) schematic of the TSC:WIPI3 architecture. (C) Schematic showing the domain structure of the TSC
components, as well as approximate interfaces and interactions (gray shading) between subunits. CC, coiled coil; HR, HEAT repeat.

Overall, in the TSC:WIPI3 structure, TSC2 forms an extended,
arc-shaped dimeric scaffold with C2 symmetry, with a central inter-
face formed by a dimer of the TSC2 Rap-GAP domain (Fig. 1). In
contrast, TSC1 forms an asymmetric dimer that extends from one
end of the TSC2 arc to the other, breaking the overall apparent sym-
metry of TSC (Fig. 1). The C-terminal domain of each TSC1 chain
forms an extended coiled coil (CC) that runs along the ridge of the
TSC2 dimer arc, buttressing the HRs of TSC2. TBC1D?7 is bound at
the C-terminal region of TSC1, making minor contact with TSC2. A
single copy of WIPI3 is bound to TSC at the opposite end to TBC1D?7,
forming a highly dynamic cap at the TSC1 tip (Fig. 1 and fig. S2).

The TSC1 N terminus forms an HR dimer clamped to

one TSC wing

Notably, the previously unresolved TSC1 N terminus forms a large
dimer clamped at the opposite tip of TSC from the TBC1D7 sub-
unit (Figs. 1 and 2A). The TSC1 N-terminal dimer consists primar-
ily of HRs (TSC1 HR) with a central pseudosymmetrical interface
formed by TSCI residues 197 to 237 (fig. S4). The interface is ex-
tensively hydrophobic, except for two pairs of intermolecular salt
bridges (R204:E225) (fig. S4). The TSC1 CC domain binds only a
single TSC1 HR subunit interacting at the primary binding site
(Fig. 2, A and B). An extensive intrinsically disordered TSC1 loop
region (IDR1) connects the N-terminal TSC1 dimer to the TSC1
CC domain to accommodate this conformation (fig. S1). The TSC1
IDRI1 also partially occupies the open secondary binding site on
the alternate TSC1 dimer subunit (Fig. 2, A and C). Overall, this
architecture prevents TSC oligomerization and aligns the TSC1
HR dimer and TBC1D?7 at opposite tips of the arc-shaped TSC
fold. This structure contrasts with the two-site model proposed
from the isolated Chaetomium thermophilum TSC1 N-terminal
crystal structure that supported a model of TSC oligomerization
(23). Throughout the study, we observed no obvious capacity for
the TSC:WIPI3 complex to form extended polymers. In addition,
the TSC:WIPI3 structure does not provide an obvious mechanistic
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explanation for the formation of extended linear polymers by TSC,
as seen in endogenous samples (24).

The TSC:WIPI3 interaction is mediated by a conserved WIR
motif in TSC1

The WIPI3 lysosomal recruitment factor was located bound to a
helix-turn-helix at the end of the TSC1 CC domain, providing an
anchor point for docking at the TSC tip (Fig. 2D). A single copy
of TSC1 coordinates WIPI3 via a moderately conserved WIPI-
interacting-region (WIR) motif, positioning WIPI3 such that the WIR
motif on the second TSC1 chain is sterically occluded (fig. S4C). The
resolution of WIPI3 in the cryo-EM reconstruction was reduced due
to its extensive flexibility that resulted in a pivoting motion around the
TSC1 anchor point (fig. S2).

To capture the TSC1:WIPI3 interaction at high resolution, we
generated several TSC1 truncation constructs for co-crystallization
trials with WIPI3 (fig. S5). This approach allowed us to determine
the 3.17-A resolution crystal structure of WIPI3 bound to a trun-
cated TSC1 fragment (residues 467 to 685, A500 to 603) (Fig. 2E, fig.
$4D, and table S2). Only TSC1 residues 659 to 680 were resolved in
the structure with the TSC1 WIR motif mediating the WIPI3 inter-
action, consistent with the cryo-EM reconstruction. The hydro-
phobic TSC1 WIR motif meanders across the WIPI3 surface with
conserved residues W676 and F679, mediating key hydrophobic in-
teractions that clamp to strand p5 of WIPI3, while the conserved
TSC1 H678 forms an electrostatic interaction with WIPI3 D81
(Fig. 2E and fig. S4D). The TSC1:WIPI3-binding mode is broadly
analogous to the ATG2A:WIPI3 structure (25), whereby WIPI3
binding is facilitated by a conserved WIR motif in the phospholipid-
transfer protein ATG2A (fig. S5). Therefore, to confirm critical TSC1
residues for WIPI3 binding, we conducted alanine scanning across
the TSC1 WIR motif, finding that mutation of conserved residues
W676, H678, or F679 completely abolished WIPI3 binding (fig. S5,
E and F). Previously, the dissociation constant (Ky) for the interac-
tion between the WIPI3 and ATG2A WIR motif was measured at
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Fig. 2. The TSC1 HR domain and the structural basis of WIPI3 binding. (A) Focused view of the TSC HR dimer. A single subunit of the TSC1 HR dimer mediates contacts
to the TSC1 CC domain and the TSC2 HRs. Two regions of the large extended loop (TSC1 IDR1) shield the exposed second binding site of the TSC1 N-terminal dimer. Top:
Schematic of the TSC1 HR dimer in context of TSC. (B) The TSC1 HR dimer clamps onto a hydrophobic helix of the TSC1 CC domain. The second TSC1 helix is hidden for
clarity [shown in (A), dark blue]. (C) Key contacts in the TSC1 HR dimer interface mediated by the first TSC1 extended loop (IDR1). (D) Focused view of the WIPI3:TSC1
interaction as resolved by cryo-EM. (E) The 3.17-A crystal structure of WIPI3 in complex with the TSC1 WIR motif. Bottom: Schematic of the WIPI3 binding site in

context of TSC.

6.3 = 0.2 pM (25). Given the strong structural similarity (fig. S5), we
propose that the TSC1:WIPI3 interaction likely exhibits a compa-
rable affinity. Overall, this observation would be consistent with a
relatively fast rate of TSC dissociation from the endolysosomal
membrane. Therefore, we suggest that WIPI3 likely facilitates the
stable recruitment of TSC to the endolysosomal membrane through
cooperative mechanisms, such as avidity with other binding partners
[e.g., phosphatidylinositol phosphates (PIPs)].

Given the flexibility of WIPI3 bound to TSC, we conducted
cross-linking mass spectrometry to validate the placement of the
WIPI3:TSC1 crystal structure into our cryo-EM reconstruction
(fig. S6). We observed excellent agreement between the peptide-
derived distance constraints, our cryo-EM TSC:WIPI3 reconstruc-
tion, and our TSC:WIP3 crystal structure.

TSC binds monophosphorylated PIP

Inspection of the TSC structure revealed a positively charged pocket
defined by the dimer interface of the two TSC1 HR domains (Fig. 3, A
and B, and fig. 7). Two symmetrically related TSC1 residues, R204 and
K238, coordinate to form a positively charged and conserved band that
encircles the recessed cleft (Fig. 3C and fig. S7). Given these observa-
tions, we measured the binding of recombinant full-length TSC to dif-
ferent lipids using PIP Strip analysis (Fig. 3D). We observed specific
binding of TSC to monophosphorylated phosphatidylinositol lipids
PI(3)P (phosphatidylinositol 3-phosphate), PI(4)P, and PI(5)P, as well
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as to phosphatidylserine (PS). In contrast, no substantial binding was
detected for di- or tri-phosphorylated PIPs (Fig. 3D). This observation
suggests that binding depends on the number of phosphorylation sites.
These findings are in contrast to the isolated TSC1 N-terminal dimer
that was previously observed to bind PIPs more broadly, with a minor
preference for PI(3,4)P, and PI(4,5)P, (23). Several surface-exposed
charged regions in the isolated N-terminal TSC1 dimer (23) structure
are shielded in the context of full-length TSC, suggesting that surface
charge differences between the isolated TSC1 N-terminal domain and
full-length TSC may explain the observed differences in PIP binding.

To explore the role of the positively charged TSCI pocket in
PIP binding, we mutated TSC1 R204 and K238 to alanine and
observed a broad reduction in TSC binding to monophosphorylated
PIPs and PS by PIP Strip analysis (Fig. 3E and fig. S7). Next, we
used surface plas-mon resonance analysis to demonstrate that full-1
ength TSC bound PI(3)P with a relatively high affinity of 237 nM
(Fig. 3, F and G, and fig. S7). Substitution of R204 and K238 to
alanine showed a loss in PI(3)P binding affinity and a more
notable reduction in the maxi-mum observed binding signal
(Rmax) (Fig. 3, F to H, and fig. S7). In addition, we tested the
binding of TSC with a switched charge TSC1 mutation (R204E) to
PI(3)P and observed a similar loss of affinity and reduction in Ryax
(Fig. 3, F to H, and fig. S7). The Ryax is dependent on the number of
binding sites and the immobilized lipid bilayer. The observed
decrease in Rpyax is, therefore, consistent with the loss of a lipid
binding site in the TSC1 HR domain due to mutation (Fig. 3H
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Fig. 3. The TSC1 HR dimer is a monophosphorylated PIP selective membrane association domain. (A) Cartoon rendering of the TSC N-terminal PIP-binding domain
and the WIPI3:TSC interaction. Inset: lllustration of the PIP binding sites of WIPI3 and the TSC1 HR dimer. (B) Surface rendering colored by coulomb potential. Several
positively charged regions are presented on the surface. (C) The symmetrical arrangement of conserved lysine and arginine residues define an electro-positive recessed
pocket. (D) Immunoblot of full length TSC probed against phosphatidylinositol lipid membrane strips illustrating specificity for monophosphorylated phosphatidylinosi-
tols. LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; Pl, phosphatidylinositol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PA, phosphatidic acid;
PS, phosphatidylserine; SIP, sphingosine-1-phosphate. (E) Densitometry analysis of replicate phosphatidylinositol lipid membrane strips. WT, wild type. AA, TSC K238A,
R204A. Symbols show values from independent experimental replicates, the bold line shows the mean, and error bars show SEM; n.s., not significant; P values were deter-
mined using ordinary one-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test (***P < 0.0002 and ****P < 0.0001). (F) Steady-state binding of TSC to
5% molar PI(3)P lipid bilayer (L1 chip) with 1,2-dioleoyl-sn-glycero-3-phosphocholine:1,2-dioleoyl-sn-glycero-3-phosphoethanolamine. Symbols show values from inde-
pendent experimental replicates. RU, response units. (G) Stead-state affinity measurement of wild-type TSC (one-to-one binding model, solid line) estimates an apparent
dissociation constant (Ky) of 237 nM, compared to 353 nM for both TSC K238A, R204A (AA) and TSC R204E (RE). (H) Plateau values of maximal response, Ryax, correspond-

ing to model fit (F). Symbols show values from independent biological replicates, and the bold line shows the mean.

and fig. S7). However, given that binding is not completely abolished,
these data suggest that TSC may contain additional PI(3)P binding
sites beyond the TSC1 HR domain. We note the presence of extensive
positively charged surface patches within the full TSC, which may
independently mediate interactions with negatively charged lipids.

Together, we conclude that the TSC N-terminal dimer is a mem-
brane association domain that recognizes PI(3)P, PI(4)P, and PI(5)
P. Here, the two PIP binding sites, contributed by WIPI3 and the TSC1
N-terminal dimer, together define a single flat surface. This configura-
tion suggests that WIPI3 and TSC1 simultaneously engage PIPs, thereby
positioning TSC flush against the lipid bilayer (fig. S7). Given the role of
lysosomal PI(3)P and PI(4)P levels in endolysosomal organization and
mTORC1 regulation (26, 27), we postulate that the TSC:PIP interaction
may provide a mechanism for endolysosomal PIP-signaling pathways to
fine-tune TSC lysosomal recruitment and mTORCI activity.

Disease-associated mutations cluster to the TSC1 N-terminal
and TSC2 catalytic domains

Disease-associated TSC mutations reduce TSC activity, increase the
amount of active RHEB-GTP, and drive mTORCI1 activation (8). To

Bayly-Jones et al., Sci. Adv. 10, eadr5807 (2024) 20 November 2024

explore the structural basis for mutation-associated TSC loss of
function, we mapped disease-associated TSC mutations across
the entire sequence-assigned complex (Fig. 4A and fig. S8). As
expected from previous crystal and cryo-EM structures, mutation
hotspots cluster to the TSC2 catalytic Rap-GAP domain (Fig. 4A
and fig. S8). In addition, we discover a second clear mutation
hotspot located at the TSC1 N-terminal HR dimer (Fig. 4A and fig.
S8). Several mutations are clustered at the HR dimer PIP binding
site and at the interface between the TSC1 HR dimer and the TSC
core scaffold (Fig. 4A and fig. S8). Last, mutation hotspots correlate
with areas of high surface conservation, further suggesting func-
tional selection pressures on these regions (Fig. 4A and fig. S9).
These data, in combination with structural data, suggest that the
PIP-binding HR dimer domain plays a critical role in TSC function.
Similarly, we find smaller mutational clusters located within the
TSC:WIPI3 interface and at key regions within the TBC1D7 and
the TBC1D7:TSCI1 interface. Together, these data highlight how
TSC disease—associated mutations exploit multiple mechanistic
pathways to drive TSC loss of function, mTORC1 activation, and
tumor growth.
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Fig. 4. TSC:WIPI3 disease-associated mutations and model of the TSC:WIPI3:RHEB lysosomal mTORC1 inhibitory complex. (A) Cax atoms of all disease-associated
missense mutations are rendered as spheres of size and color proportional to the frequency of observation (COSMIC, LOVD, and HGMD) (55-57). Disease-associated muta-
tions cluster to the TSC1 HR PIP-binding dimer (left), as well as the TSC2 Rap-GAP central core (right). (B) Surface rendering of the complete human TSC with RHEB mod-
elled according to AlphaFold (58). The binding sites of RHEB, TSC1:PI(3)P, and WIPI3:PI(3)P define a membrane binding plane that is consistent with a singly occupied

RHEB-binding model of the TSC:WIPI3:RHEB lysosomal mTORC1 inhibitory complex.

DISCUSSION

The recruitment of TSC to the lysosomal membrane to hydrolyze
RHEB-GTP is a pivotal step in regulating eukaryotic cell growth.
Despite its importance, the structural basis of this mechanism has re-
mained unclear. Previous studies have determined that WIPI3 binds
PI(3)P and PI(3,5)P; across two distinct binding sites in blades 5 and
6 of the p-propeller fold (28, 29). To gain further insight into TSC ly-
sosomal docking, we performed rigid-body fitting of the WIPI3:PI(3)
P structure (29) to our full-length TSC:WIPI3 complex to visualize
the overall position of each PIP binding site (fig. S7). Our analysis re-
vealed that the WIPI3:PIP binding site is oriented in the same plane
and directly adjacent to the TSC1 HR dimer PIP-binding pocket.
These two PIP anchor points align TSC horizontally along the mem-
brane, forming an orientation compatible with RHEB binding (Fig. 4B
and fig. S7). We propose that this model represents an active organiza-
tion of TSC on the lysosomal membrane (Fig. 4B). In this model, the
asymmetrical arrangement of the TSC1 dimer acts as a central deter-
minant in providing flexibility to regulate the TSC2 catalytic domains.
For example, TSC1 asymmetry enables TBC1D7, the TSC1 HR dimer,
and WIPI3 to bind at different positions along the TSC curvature.
TSC2 only appears to provide minor contributions to binding these
regulatory domains and accessory proteins. In this manner, TSC1 acts
as an interaction module regulating the cellular localization and activ-
ity of the catalytic TSC2 GAP domains.

Several kinases regulate TSC through phosphorylation, including
AMPK, which has been shown to activate TSC, and Akt, which in-
hibits TSC (9, 10, 14-16). To assess the structural impact of TSC phos-
phorylation, we mapped known phosphorylation sites onto our model
of membrane-bound TSC (fig. S10). Notably, almost all known phos-
phorylation sites map to unresolved loop regions in TSC1 and TSC2,
which are predicted to be intrinsically disordered (figs. S1 and S10).
These loops are extensive (40 to 300 residues) and likely of sufficient
length to reach the lipid membrane regardless of TSC orientation.
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Therefore, the phosphorylation state of TSC is unlikely to promote a
specific orientation of TSC on the lysosomal membrane. The exact
mechanism by which these posttranslational modifications regulate
TSC function remains to be determined.

Further layers of TSC regulation at the endolysosomal membrane
also remain to be resolved. For example, a recent study determined
that mTORCI cellular localization and activity is regulated by a PI(3)
P/PI(4)P switch with increased PI(3)P levels driving mTORCI1 lyso-
somal localization and activity (26). The mTORC1 component Raptor
directly binds PI(3)P, providing a potential mechanism for lysosomal
localization (26). In agreement, the direct binding of TSC to mono-
phosphorylated PIPs may provide a mechanism to modulate TSC en-
dolysosomal recruitment. Hence, direct PIP binding by TSC may
coordinate with lysosomal recruitment factors such as WIPI3 (17)
to drive TSC localization, regulation, and potentially compete with
mTORCI for PI(3)P binding. In addition, in our model, TSC orienta-
tion positions TBC1D7 to interact with membrane-bound proteins or
lipids. Intriguingly, the exposed surface of TBC1D?7 is also well con-
served, indicating a potential for mediating further functional inter-
actions (fig. S9). TBC1D?7 is a nonessential TSC component with
TBC1D7 knockout, reducing but not eliminating TSC activity (30).
These findings align with a possible role of TBC1D7 in modulating
lysosomal TSC positioning. Added layers of TSC regulation are pro-
vided by Rag GTPase and G3BP1/2 binding, in addition to TSC phos-
phorylation (9, 18-20). It will be important for further studies to
elucidate whether these multiple layers of TSC regulation act redun-
dantly, have overlapping functions, depend on cell type, or operate in
a coordinated manner.

In summary, the structure of the TSC:WIPI3 lysosomal recruitment
complex highlights a combined role for protein lysosomal recruitment
proteins and phosphoinositide-signaling networks in coordinating
TSC lysosomal localization, RHEB hydrolysis, and mTORC1 inhibition.
TSC disease—associated mutations cluster at multiple hotspots on
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the TSC structure, providing several mechanistic pathways to TSC loss
of function and tumor growth. A structural understanding of the TSC
mutational landscape will guide future endeavors to predict the severity
of TSC loss of function from clinical genomic screening.

MATERIALS AND METHODS

Protein expression and purification

TBC1D7 was polymerase chain reaction amplified from pET-28a
TBC1D7 (Addgene plasmid no. 32047 was a gift from C. Arrowsmith)
and cloned into pcDNA 3.1 (Thermo Fisher Scientific) with a C-terminal
FLAG-tag. pRK7 FLAG TSC2 (Addgene plasmid no. 8996) was a gift
from J. Blenis, and pcDNA 3.1 myc TSC1 (Addgene plasmid no. 12133)
was a gift from C. Walker. The recombinant proteins were co-expressed
in Expi293F cells (Thermo Fisher Scientific) grown in Expi293 Expres-
sion Medium (Thermo Fisher Scientific) at 37°C in a humidified atmo-
sphere with 5% CO2. Cells were transfected with an equal amount of
each TSC component vector (at a final DNA amount of 1.25 pg ml™")
using polyethylenimine (PEI) Max (Polysciences) at a PEL:DNA ratio of
5:1. After 72 hours, cells were harvested by centrifugation and frozen at
—80°C before purification. Cells were lysed by sonication in buffer
containing 20 mM tris-HCI (pH 8.0), 250 mM NaCl, 2% (v/v) glycerol,
10 mM NaF, and 2 mM dithiothreitol (DTT). Lysate was clarified by
centrifugation, filtered at 0.8 pm, and then incubated with anti-FLAG
resin (GenScript, L00432-25) for 30 min at 4°C with agitation. The resin
was washed with lysis buffer, and TSC was eluted with lysis buffer
containing FLAG peptide (0.1 mg ml™"; GenScript). TSC was fur-
ther purified by anion-exchange chromatography using a Mono Q
5/50 GL (Cytiva) with a linear gradient of 100 to 1000 mM NaCl in
20 mM Hepes (pH 8.0) and 2 mM DDT. Protein was concentrated using
a 100-kDa molecular weight cutoff (MWCO) centrifuge concentra-
tor and aliquots snap frozen in liquid nitrogen before storage at —80°C.

To produce WIPI3, an N-terminally His-tagged Aloop construct
(residues 12 to 344, A75 to 77 and A264 to 281) (25) was cloned into the
pFastBac Dual (Thermo Fisher Scientific) polyhedron multiple cloning
site. Expression of WIPI3 was performed in Sf9 cells for 2.5 days follow-
ing infection with baculovirus (Bac-to-Bac, Invitrogen). Cell pellets
were harvested by centrifugation and resuspended in lysis buffer
[20 mM tris-HCI (pH 8), 500 mM NaCl, 10% (w/v) glycerol, and 5 mM
B-mercaptoethanol]. Cells were disrupted by sonication and subse-
quently clarified by centrifugation to remove debris. Cell lysate
was supplemented with 10 mM imidazole and batch bound on
Ni-NTA for 1 hour at 4°C. Resin was washed with lysis buffer con-
taining 20 mM imidazole and eluted with 400 mM imidazole. Pooled
fractions were bufter exchanged, concentrated using a 3-kDa MWCO
centrifuge concentrator, and purified by size exclusion chromatog-
raphy (Superdex75 16/60, Cytiva).

For crystallography and alanine scanning, the N-terminally His-
tagged Aloop WIPI3 construct was co-expressed with TSC1. Here,
the open reading frame coding for TSC1 (residues 467 to 685, A500
to 603) was cloned into the p10 multiple cloning site of the same
WIPI3 pFastBac Dual expression construct. His-tagged WIPI3 and
TSC1 were co-expressed in Sf9 cells for 2.5 days following infection
with baculovirus (Bac-to-Bac, Invitrogen). The TSC1:WIPI3 com-
plex was purified following the same procedure as WIPI3 alone.

Mass photometry
Standard mass photometry landing assays were conducted at 20°C
using the TwoMP instrument (Refeyn Ltd., Oxford, UK). Precleaned
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glass coverslips were purchased (Refeyn Ltd., Oxford, UK). Image
series were collected for 60 s with an 8-ms exposure (128 Hz) at
488 nm with a field of view of 12 pm by 17 pm. TSC samples were
diluted into 10 mM Hepes (pH 7.5) and 250 mM NacCl for a final con-
centration of 10 to 20 nM. Standards of bovine serum albumin (Merck)
and apoferritin (Merck) were measured on the same day to calibrate
extracted particle contrast to mass. Analysis and acquisition were
performed using the Refeyn AquireMP and DiscoverMP packages
(v2.5), respectively. Frame and pixel binning were applied, with a
factor of 3 and 6, respectively, for an effective pixel size of 72 nm.

Cryo-EM sample preparation and data collection

Quantifoil R1.2/1.3 200 mesh Cu grids were glow discharged using
a Pelco easiGlow instrument at 30 mA for 30 s. Freshly purified protein
(3.5 pl at 0.4 pM) was applied immediately to the discharged grid and
vitrified in liquid ethane using a Vitrobot Mk IV (Thermo Fisher Scien-
tific) after blotting by hand using Fisherman Grade 1 filter paper. The
temperature was maintained at 4°C with the relative humidity at 100%.
Data were collected on a Titan Krios G1 (Thermo Fisher Scientific)
operating at 300 kV with a 50-um C2 aperture. Micrographs were
acquired using a Gatan K3 direct electron detector in counting mode at
a nominal energy-filtered transmission electron microscopy magnifica-
tion of X105,000, corresponding to a calibrated physical pixel size of
0.8234 A. A Gatan GIF Quantum energy filter was used with a slit width
of 10 eV. The electron dose rate was set to 8.505 electrons pixel ' s~ with
a total exposure time of 3.71 s, yielding a total dose of 46.54 electrons
A~ distributed across 60 frames. Automated collection was carried out
using EPU (v.2.12.1.2782) with beam shift to collect 21 images per stage
movement. The average nominal defocus value was —1.4 pm.

Cryo-EM image analysis and model building

A total of 12,807 dose-fractionated movies were corrected for beam-
induced motion and compensated for radiation damage within
MotionCor2 (v1.1.0) (31). All aligned movie frames were subsequently
summed into dose-weighted averages for further processing. The con-
trast transfer function (CTF) parameters were estimated with CTF-
FIND (v4.1.8) (32). Multiple rounds of autopicking and blob picking in
cryoSPARC (33) were performed, followed by particle duplicate remov-
al and two-dimensional (2D) classification. Clean classes were used
to train both TOPAZ (34) and crYOLO (35) models to perform a final
round of particle picking. All particles were pooled and included for
further processing. These were subjected to multiple rounds of 2D clas-
sification in both RELION (v3.1, 4.0b) (36) and cryoSPARC (33), yield-
ing 1,176,292 particles of sufficient quality and homogeneity. These
were extracted in a box of 800 X 800 pixels and down-sampled by
Fourier cropping to 440 X 440, for a pixel size of 1.5 A pixel . A con-
sensus reconstruction was generated in cryoSPARC (33) by refining
this subset using nonuniform refinement with C1 “symmetry” yielding
a 3.4-A map that suffered from a high degree of flexibility and
anisotropy due to preferred orientation. Particle polishing was per-
formed in RELION (36), re-extracting particles for a final pixel size
of 1.17 A pixel ™!, and the particles were re-refined.

We defined several regions of interest and began signal subtraction
followed by 3D classification with angular searches, both in RELION
(36). Because of the size of TSC and the degree of flexibility, it was nec-
essary to regenerate consensus reconstructions along the length of the
complex after re-centering and re-extracting particles. This process en-
abled the most accurate signal subtraction and focused classification by
reducing the effects of flexibility. Several subsets were obtained for each
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subregion, each were re-refined using RELION (36) and/or nonuni-
form refinement in cryoSPARC (33), yielding high-resolution maps.
Per-particle CTF parameters were refined in cryoSPARC (33). Conver-
sions between software were performed with EMAN (v2.2) (37), with
code written in-house, or by pyem. The fourier shell correlation (FSC)
was used to estimate resolution at the 0.143 threshold. Local resolution
was estimated by the windowed blocres FSC method (0.5 threshold) as
implemented in cryoSPARC (33). Map sharpening in cryoSPARC (33),
deepEMhancer (38), and EMReady (39) was performed to assist
in residue assignment and model building. Atomic models were built
into individual focused reconstructions using rigid-body fitting of
AlphaFold (40) predictions, and the TBC1D?7 crystal structure (41)
and, ultimately, much of the model were built de novo. A combination
of Coot (42), ISOLDE (43), and ChimeraX (44) was used for model
building, analysis, and figures.

Lastly, a composite representation was generated using Chimera
(45). Briefly, each sharpened map was rescaled to have the same mean
and SD. Overlapping regions of each focused refinement were used to
superimpose and align the fragments. Next, soft masks were applied
to remove diffuse signal and regions of poor density (this was per-
formed for reconstructions with overlapping regions, taking those
which had higher local resolution). Last, the maps were combined by
performing a pairwise voxel comparison (UCSF Chimera “vop maxi-
mum”) to discard voxels with lower density. To estimate the resolu-
tion of the composite reconstruction, composite half maps were
generated by the same procedure applying identical rigid-body trans-
formations to align each half map with the sharpened composite
(according to the same procedure as phenix.combine_focused_maps).
No scaling, masking, or filtering was performed on the half maps
other than pairwise voxel selection by “vop maximum.” A FSC
analysis was then performed on the independent half maps with a
loose global mask, estimating the global resolution to be 2.8 A.

Crystallization and structure determination

Final TSC1:WIPI3 crystals were obtained from a complex formed be-
tween TSC1 (residues 467 to 685, A500 to 603) and a modified WIPI3
construct, in which two loops corresponding to residues 75 to 80 and
residues 264 to 281 were removed. This WIPI3 Aloop construct had
previously been used to facilitate structural determination of the
WIPI3:ATG2A complex (25). In the final TSC1:WIPI3 crystal struc-
ture, only TSCI residues 659 to 680 were observed. These data sug-
gest that the remaining TSC1 residues were likely unstructured and
did not participate in complex formation. This conclusion is further
supported by site-directed mutagenesis studies that highlight the key
role of the TSC1 WIR motif in WIPI3 binding.

TSC1:WIPI3 crystals were grown at 20°C by hanging drop vapor
diffusion in 0.2 M ammonium tartrate, 20% (w/v) PEG3350, and
0.25 M sodium acetate. Crystal were flash cooled in liquid nitrogen in
mother liquor supplemented with 20% (v/v) glycerol. Crystallo-
graphic data were collected at the MX2 microfocus beamline (46)
of the Australian Synchrotron at a wavelength of 0.95373 A and tem-
perature of 100 K. Data were processed and scaled using XDS (47)
and programs within the CCP4 suite (48). The high-resolution cut-
oft was determined by the criteria of CCy/, > 0.3 (table S2) (49). The
structure was solved by molecular replacement using WIPI3 (Pro-
tein Data Bank 6IYY) (29) as the search model in Phaser (50). Itera-
tive cycles of refinement and rebuilding were carried out using
PHENIX Refine (50) with local rebuilding in Coot (51). The struc-
ture had no Ramachandran outliers, with 92.8% of residues in favored
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regions and 100% in allowed regions and a final MolProbity score of
1.65 (100th percentile) (52).

Cross-linking mass spectrometry

The TSC:WIPI3 complex was assembled at a 1:2 molar ratio using
3 pM TSC, 6 pM WIPI3 in 20 mM Hepes (pH 8.0), 150 mM NaCl,
5 mM MgCl,, and 2 mM DTT. Cross-linking mass spectrometry was
then performed by adding 600 pM BS’ (Thermo Fisher Scientific)
cross-linker to the complex or respective components and incubated
at room temperature for 20 min. Samples were quenched by the addi-
tion of 50 mM tris-HCI (pH 8.0) and then snap frozen in liquid nitro-
gen before further processing. Samples were subsequently denatured
for 30 min at 65°C in the presence of 10 mM DTT. Chloroacetamide
was added to 40 mM before incubation for 20 min at room tempera-
ture. A 1:100 (w/w) ratio of trypsin was added to the samples and fur-
ther incubated at 37°C overnight. An additional 1:100 (w/w) ratio of
trypsin was then added and the samples further incubated at 37°C for
2 hours. Digestion was stopped with the addition of 1% (v/v) formic
acid. Samples were subsequently cleaned using OMIX C18 pipette tips
(Agilent Technologies) and stored in 0.1% (v/v) formic acid before
mass spectrometry.

Samples were analyzed by liquid chromatography-tandem mass
spectrometry using a Dionex Ultimate 3000 RSLCnano system cou-
pled onto an Orbitrap Fusion Tribrid instrument (Thermo Fisher
Scientific). An Acclaim PepMap RSLC analytical column (75 pm by
50 cm, nanoViper, C18, 2 pm, 100 A; Thermo Fisher Scientific) and an
Acclaim PepMap 100 trap column (100 pm by 2 c¢cm, nanoViper,
C18, 5 um, 100 A; Thermo Fisher Scientific) were used to separate
tryptic peptides by increasing concentrations of 80% (v/v) acetonitrile
(can)/0.1% (v/v) formic acid at a flow of 250 nl min™" for 90 min.
The mass spectrometer was operated in data-dependent mode with
the following parameters. The cycle time was controlled for 3 s. The
MS1 resolution was set at 120,000 and scan range of 375 to 2000 mass/
charge ratio. The automatic gain control (AGC) target was set at
1.0 X 10° with an injection time of 118 ms. The MS2 resolution was set
at 60,000, and the AGC target was set at 4.0 X 10° with an injection time
of 118 ms. pLink and pLink2 were used to identify BS’-cross-linked
peptides (53). Each cross-linking dataset is derived from at least
duplicate experiments, and cross-linked peptides were analyzed if
they were identified at least twice with a P < 0.0001. Visual represen-
tations of cross-linked peptides were generated in Circos (54) or UCSF
ChimeraX (44).

Surface plasmon resonance

Surface plasmon resonance experiments were performed on a Biacore
T200 (GE Healthcare) in running buffer containing 10 mM Hepes
(pH 7.5), 250 mM NaCl, 0.1% (w/v) bovine serum albumin (BSA),
and 2% (w/v) glycerol at 25°C with a flow rate of 30 pl min~". To
measure binding of TSC to PIPs, we generated lipid bilayers on an
L1 sensor chip (GE Healthcare). Briefly, a lipid/chloroform suspen-
sion was generated with 1,2-dioleoyl-sn-glycero-3-phosphocholine,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, and PI(3)P in a
8:8:1 ratio and dispensed into glass tubes for a total mass of 1 mg.
As a negative control, the same composition was used in 1:1 ratio
excluding PI(3)P. Chloroform was evaporated under argon gas, and
lipid films were resuspended in running buffer (without BSA or glyc-
erol) by vortex and allowed to rehydrate in a sonicating water bath for
1 hour at 25°C. This mixture was passed through a 0.2-pm filter to
remove large vesicles and insoluble aggregates.
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The L1 chip was prepared by washing with 20 mM CHAPS, 40 mM
octyl-B-p-glucopyranoside, and running buffer. Next liposomes were
mixed with acetate buffer (pH 4.5) to a final concentration of 100 mM
acetate and injected at 5 pl min ™" until the baseline was stabilized. The
flow rate was subsequently adjusted to 50 pl min~" to remove loosely
bound material and a final injection of 50 mM NaOH was performed.
The flow rate was adjusted to 5 pl min~", and the chip was left to stabi-
lize for 10 min. Indicated serial dilutions of TSC in running buffer
were injected for 180 s, and dissociation was monitored for 1800 s.
We carried out three independent analyses for each variant of TSC.
Affinity, measured from steady state curves, is expressed as the
mean. After each analyses, the sensor surface was regenerated using
20 mM CHAPS and 10 mM NaOH, and liposome deposition was
performed again.

Phosphatidylinositol immunoblot

Immobilized phosphatidylinositol lipid strips (Thermo Fisher Scien-
tific, P23750) were blocked with 1% (w/v) skim milk in 20 mM
tris-HCI (pH 7.4) and 150 mM NaCl [tris-buffered saline (TBS)]
for 1 hour at 25°C. A solution of recombinant TSC (7 pg ml™) in
1% (w/v) skim milk TBS solution was incubated with the strips for
16 hours at 4°C. After binding, each strip was washed three times in
TBS with 0.002% (w/v) Tween 20 for 5 min. The membranes were
probed with anti-FLAG M2 antibody (Sigma-Aldrich, F3165) for
1 hour in 1% (w/v) skim milk TBS (1:1000 dilution), washed three
times, and subsequently probed with anti-mouse horseradish peroxi-
dase (HRP)-conjugated secondary antibody (Cell Signaling Technol-
ogy, 7076) for 1 hour in 1% (w/v) skim milk TBS (1:2000 dilution).
Triplicate blots were performed for each TSC variant, including wild
type, and all blots were developed for the same total duration to
enable consistent normalization.

Disease-associated mutation analysis

All mutations and variants identified in TSC1, TSC2, TBC1D7, and
WIPI3 were manually curated from the Catalogue of Somatic Muta-
tions in Cancer (COSMIC), Leiden Open Variation Database (LOVD),
and Human Gene Mutation Database (HGMD) databases (55-57).
Variants corresponding to alterations other than missense mutations
were discarded. All variants associated with disease were isolated, and
other reported variants were ignored. An in-house python program
was used to parse and combine all remaining variants. These were
subsequently exported to ChimeraX (44) as residue level attributes to
enable visualization in the context of the structural model.

WIPI3:TSC1 mutation analysis

Small-scale protein co-expressions were conducted using the Bac-
to-Bac baculovirus system (Invitrogen). WIPI3-Hiss and mutants of
TSC1-FLAG (residues 467 to 685, A500 to 603) were cloned into
pFastBac Dual for baculovirus production according to the manu-
facturer’s protocol (Thermo Fisher Scientific). For WIPI3:TSC1 co-
expressions, 50-ml cultures of Sf9 cells at 1.1 x 10° cells ml™" were
infected with 50 pl of baculovirus. After 3 days, cell pellets were har-
vested by centrifugation, washed in phosphate-buffered saline (PBS;
Gibco, no. 10010023), and lysed by sonication. Lysate was clarified
by centrifugation at 25,000¢ and passed through a 0.2-pm centrifugal
filter. Lysate protein concentrations were normalized to a total protein
content (2 mg ml™") with PBS. Pull-downs were conducted using para-
magnetic Ni-nitrilotriacetic acid (NTA) beads by incubating 100 pl of
lysate with 20 pl of Ni-NTA Dynabeads (Thermo Fisher Scientific, no.
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10104D) supplemented with 10 mM imidazole to prevent nonspe-
cific binding. Beads were washed with 1 ml of PBS (with 20 mM
imidazole) for a total of three washes. The beads were then subjected
to 18% (w/v) SDS-polyacrylamide gel electrophoresis. Western blot
of the resolved protein species was conducted with anti-FLAG M2 anti-
body (Sigma-Aldrich, F3165) and anti-mouse HRP-conjugated second-
ary antibody, with blocking and wash conditions as described above
(phosphatidylinositol immunoblots).

Supplementary Materials
This PDF file includes:

Figs.S1to S10

Tables S1 and S2
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