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32

33  ABSTRACT

34

35 The mechanistic target of rapamycin (mTOR) signaling is influenced by multiple

36 regulatory proteins and post-translational modifications, however, underlying
37 mechanisms remains unclear. Here, we report a novel role of small ubiquitin-like
38 modifier (SUMO) in mTOR complex assembly and activity. By investigating the
39 SUMOylation status of core mTOR components, we observed that the regulatory
40  subunit, GBL, is modified by SUMO1, 2, and 3 isoforms. Using mutagenesis and mass
41  spectrometry, we identified that GPL is SUMOylated at lysine sites K86, K215, K245,
42 K261 and K305. We found that SUMO depletion reduces mTOR-Raptor and mTOR-
43  Rictor complex formation and diminishes nutrient-induced mTOR signaling.
44  Furthermore, we found that reconstitution with WT GBL but not SUMOylation defective
45 KR mutant GBL promote mTOR signaling in GPL-depleted cells. Taken together, we
46  report for the very first time that SUMO modifies GBL, influences the assembly of
47  mTOR protein complexes, and regulates mTOR activity.
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INTRODUCTION

The mechanistic target of rapamycin (mTOR) is a highly-conserved
serine/threonine kinase that senses amino acids, growth factors, and cellular energy
levels to coordinate metabolism, cell growth, and survival [1]. mTOR is the catalytic
subunit of two distinct complexes: mTORC1, which is activated by nutrients and growth
factors to regulate translation, cell growth, and metabolism, and mTORC2, which
promotes cellular survival, proliferation, and cytoskeletal organization. While both
mTOR and GPL (G protein -subunit-like protein, also known as mLST8), are the core
components that are assembled into both complexes, mTORC1 also includes Raptor
(regulatory protein associated with mTOR), and mTORC2 contains Rictor (rapamycin-
insensitive companion of mTOR). Together, these accessory proteins serve as scaffolds
to dictate substrate specificity, recruit regulatory components to each complex, and
govern Kkinase activity. However, it remains unclear how these regulators
mechanistically facilitate the integration of multiple environmental cues to coordinate
the dynamic assembly and activity of each complex based on cellular needs [1].

Reversible post-translational modifications (PTMs) influence multiple signaling
pathways by altering protein-protein interactions, spatiotemporal dynamics, and
signaling intensity [2-4]. Given the complexity and dynamic nature of protein
interactions that regulate mTOR signaling, several PTMs regulate mTORC1 activity,
complex assembly, and localization, including direct phosphorylation of Raptor [5] or
mTOR on multiple sites [6] and K63-linked polyubiquitination of mTOR, RagA GTPase,
and GBL [7-10].

Like ubiquitin, SUMO (three ubiquitously expressed paralogs in vertebrates:
SUMO1, SUMO2, and SUMO3) is a conserved ~10.5kDa protein modification that is
covalently attached to lysine residues on multiple substrate proteins in a dynamic and
reversible manner [11]. Although SUMOylation sites are usually within a WwKxE/D
consensus motif, where y represents a bulky hydrophobic group, K the SUMOylated
lysine, x any amino acid, and E/D a glutamic or aspartic acid, a large number of
substrates can be SUMOylated on non-consensus lysine residues [12-14]. SUMO
conjugation is analogous to ubiquitination and requires activation with a single E1
activating enzyme (Uba2/Aos1 heterodimer), followed by transthiolation by the sole E2

conjugating enzyme, Ubco, and attachment to target substrates by Ubcg alone or in
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96 conjunction with a SUMO-E3 ligase. We have also previously demonstrated that E1 and
97 E2 enzymes can be reciprocally SUMOylated by each other, a process termed “cross-
98  SUMOylation” [15]. Finally, SUMO-modified proteins are deconjugated by paralogue-
99 sensitive SUMO proteases (SENPs). SUMOylation of target substrates is well
100 documented to establish a diverse range of cellular processes, including gene
101  expression, intracellular trafficking, protein degradation, and meiotic recombination [3,
102 16-18].

103 Intriguingly, SUMO has been shown to regulate multiple kinases [19, 20] as well
104  as the activity and intracellular localization of PTEN [21, 22], Akt [23, 24], AMPK [25,
105 26] and TBK1 [27]. Additionally, the SUMO-specific isopeptidase SENP3 is directly
106  phosphorylated by mTOR [28], confirming that mTOR interacts with SUMO
107  conjugating machinery. SUMO1 and SUMOS3 are dispensable in normal development,
108  but SUMO2 deletion is embryonically lethal [29-31]. Furthermore, Sumo1 knock out
109 mice have reduced body weight and are resistant to diet induced obesity [29, 32],
110 similarly to adipose specific Raptor knockout mice [33]. We have previously
111  demonstrated that the striatal-enriched small G protein Rhes that harbors N-terminal
112 SUMO-E3-like domain that SUMOylates mutant huntingtin (mHTT) and directly binds
113  and activates mTOR to promote Huntington Disease (HD) pathogenesis [15, 34-37].
114 Thus, we hypothesized that SUMOylation may regulate mTOR signaling and
115 investigated it by employing biochemical and proteomic approaches.

116

117 MATERIALS AND METHODS

118

119 Reagents and antibodies

120 All reagents were purchased from Sigma unless indicated otherwise. Antibodies
121  against GBL (3274), mTOR (2972, 2983), pmTOR S2448 (5536), pmTOR S2481 (2974),
122 pS6K T389 (9234), pS6 S235/236 (4858), p4EBP1 T37/46 (2855) p4EBP1 S65 (9451),
123 pAkt S473 (4060), p44/42 ERK1/2 (9101), S6K (9202), S6 (2217), 4EBP1 (9644), Akt
124 (4691), ERK1/2 (4695), Raptor (2280), Rictor (9476), SUMO-1 (4930) and SUMO-2/3
125  (4971) were obtained from Cell Signaling Technology. 6x-His tag Antibody (MA1-125
126  21315) was from ThermoFisher Scientific. Antibodies for actin (sc-47778), Myc (sc-40),
127  and GST (sc-138 HRP) were obtained from Santa Cruz biotechnology. Flag antibody
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128  (F7425) was obtained from Sigma-Aldrich. HA-tag monoclonal antibody (901513) was
129  from BioLegend (previously Covance catalog# MMS-101R). HA-tag polyclonal Antibody
130  (631207) was from Clontech.

131

132 Cell lines, growth conditions, transfections and cell proliferation assay

133 HEK293 cells and Mouse Embryonic Fibroblasts (MEFs) were grown in DMEM
134 (11965-092, ThermoFisher Scientific) supplemented with 10% fetal bovine serum (FBS),

135 1% penicillin/streptomycin, and 5 mM glutamine. For transfections, cells were seeded in
136 6 well plates or 10cm plates. After 24 hours, transfections were performed with
137  corresponding DNA constructs and PolyFect (Qiagen) using the manufacturer’s
138  instructions. Cells were harvested for experiments 40h after being transfected. Mouse
139  STHdh@7/Q7 striatal neuronal cells were obtained from the Coriell Institute and cultured
140 in DMEM high glucose (10566-016, ThermoFisher Scientific), 10% FBS, 5% COz2, at
141  33°C as described in our previous works [34, 36, 46, 62-65]. GPL (sc-425272) and
142 SUMO1/2/3 deletion were carried out in striatal cells using CRISPR/Cas-9 tools
143 obtained from Santa Cruz, as described before [46, 63]. Cell proliferation was tested by
144  cell counting kit-8 (CCK-8) assay (No. K1018; ApexBio) as per the manufacturer’s
145  instructions. Briefly, Control and SUMO1/2/3A striatal neuronal cells were seeded in
146  96-well plate at a concentration of 5000 cells per well. Next day 10 ul CCK-8 solution
147  was added to each well of the plate and incubated at 33°C for 2-hours and thereafter, the
148  optical density was measured at 450 nm.

149

150  Plasmids and Site-Directed Mutagenesis

151 pRK5-HA-GBL was obtained from Addgene (1865). His-SUMO1, His-SUMOz2,
152  His-SUMO3, and His-SUMO-AA were obtained from Michael Matunis [34]. Site
153  directed mutagenesis was performed on pRK5-HA-GBL using the Quik-Change II Site

154  Directed mutagenesis kit (200523, Agilent Technologies) as per the manufacturer’s
155 instructions. Successful mutagenesis was confirmed by sanger sequencing (Genewiz).
156

157  Ni-NTA Denaturing Pull Down
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158 Ni-NTA pull down of His-SUMO conjugates was performed as previously
159  described [66]. Briefly, cells were rinsed in phosphate-buffered saline (PBS), scraped
160 from 10cm dishes, and centrifuged at 750 g for 5 min. Cell pellets were then directly
161 lysed in Pull Down Buffer (6 M Guanidine hydrochloride, 10 mM Tris, 100 mM sodium
162  phosphate, 40mM imidazole, 5mM B-mercaptoethanol, pH 8.0) and sonicated. Lysates
163  were then clarified by centrifugation at 3,000 g for 15 min. All subsequent wash steps
164  were performed with 10 resin volumes of buffer followed by centrifugation at 8oo g for 2
165 min. Ni-NTA Agarose beads (#30210; Qiagen) were pre-equilibrated by washing three
166  times with Pull Down Buffer. After equilibration, beads were resuspended in Pull Down
167 Buffer as a 50% slurry of beads to buffer. After quantification of cell lysates, 1mg of
168  lysate was added to 4ouL of NiNTA bead slurry to a total volume of 1mL in Eppendorf
169  tubes. Beads were then incubated overnight at 4°C mixing end over end. The following
170  day, beads were centrifuged and underwent washing once in Pull Down Buffer, once in
171  pH 8.0 Urea Buffer (8 M Urea, 10 mM Tris, 100mM sodium phosphate, 0.1% Triton X-
172 100, 20 mM imidazole, 5 mM B-mercaptoethanol, pH 8.0), and three additional times in
173  pH 6.3 Urea Buffer (8 M Urea, 10 mM Tris, 100mM sodium phosphate, 0.1% Triton-
174 X100, 20 mM imidazole, 5 mM [-mercaptoethanol, pH 6.3). Elution was performed
175  using 20 pL of Elution Buffer (pH 8.0 Urea Buffer containing 200 mM imidazole, 4X
176 ~ NuPAGE LDS loading dye, 720 mM B-mercaptoethanol). Samples were then heated at
177  95°C for 5 min and directly used for Western Blotting. Inputs were loaded as 1% of the
178  total cell lysate.

179

180  Mass Spectrometry

181 Identification of SUMO modification lysine sites were carried out as described
182  before [42-44]. Briefly HEK293 cells were transfected with mSUMO3 and HA-GpL,
183  followed by denaturating Ni-NTA pulldown as described above. The Ni-NTA resin was
184  extensively washed with 50 mM ammonium bicarbonate to remove traces of triton and
185 the proteins digested with trypsin directly on the Ni-NTA solid support for 16 hours at
186 37 °C. The mSUMO3-modified peptides were immunoprecipitated with a custom anti-
187 NQTGG antibody that recognizes the tryptic remnant created on the SUMO modified

188 lysine side chain, as described before [42-44].. Samples were analyzed on the Q-Exactive
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189  HF instrument (ThermoFisher Scientific) and raw files processed using MaxQuant and

190  Perseus, as described previously [42-44].

191
192  In Vitro SUMOylation
193 SUMOylation assays were performed as described previously [34] in 20 pL using

194  1xreaction buffer (20 mM HEPES, 2 mM magnesium acetate, 110 mM KCI, pH 7.4), 1 ug
195  of E1 (Aos1/Uba2), 500 ng of Ubcg, 2 ug of SUMO-1/2, 5 mM ATP, 0.2 mM DTT, and
196 200 ng of Rhes at 32°C for 30 min unless noted otherwise. GST-RanGAP1 was used as
197  positive control for SUMO E3 ligase activity of Rhes, as described before [15, 34]. To
198  stop reactions, 4x NuPAGE LDS sample buffer was added and samples were heated at
199  95°C for 5 min, followed by separation using SDS-PAGE and immunoblotting.

200

201  Purification of His-GBL and GST-GBL

202 pCMV-His-GBL was cloned from pRK5-HA-GPL into pGEX-6P2 and was
203  transformed into BL21 (DE3) cells (New England Biolabs) and purified using Ni-NTA

204  Agarose beads (#30210; Qiagen) according to manufacturer’s specifications. Briefly,
205  following IPTG induction at 16°C overnight, BL21 lysate was resuspended in lysis buffer
206 (300 mM NaCl, 50 mM sodium phosphate pH 8.0, 3% glycerol, 1% Triton X-100, 15 mM
207 imidazole, and 1x protease inhibitor [Roche, Sigma]) and sonicated. Lysate was clarified
208 by spinning at 30,000 g for 30 min. Ni-NTA beads were pre-equilibrated by washing
209  three times in 300 mM NaCl, 50 mM sodium phosphate (pH 8.0). Beads were incubated
210  with lysate mixing end over end at 4°C overnight. The following day, the beads were
211  washed three times in equilibration buffer, followed by elution using 300 mM NaCl, 50
212  mM sodium phosphate (pH 8.0), and 1 M imidazole.

213 pGEX6p2-GST-GBL was cloned from pRK5-HA-GPL into pGEX6p2-GST and was
214  transformed into BL21 (DE3) cells (New England Biolabs) and purified using
215  Glutathione Sepharose beads (45000139, Fisher) as described in our previous studies
216 [34, 35, 65, 67].

217

218  Preparation of Mouse Embryonic Fibroblasts (MEFs)

219 Sumo1 knock out mice (Sumoi~/-) were obtained from Jorma Palvimo [29].

220 MEFs were prepared on E13.5 as described previously [68]. Genotyping was performed
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221 by PCR with primer pairs for the wild-type allele (SUMO1 Fwd: 5-CTC AAA CAA CAG
222 ACC TGA TTG C-3’; SUMO1 Rev: 5-CAC TAT GGA TAA GAC CTG TGA ATT-3’) and for
223 the knockout allele (Neo1: 5-CCA CCA AAG AAC GGA GCC GGT T-3’; SUMO-1 Rev: 5’-
224  CAC TAT GGA TAA GAC CTG TGA ATT-3’). The wild type amplicon generated a
225  fragment of 475bp, while the knockout amplicon generated a fragment of 550bp. WT
226  mice (C57BL/6) were obtained from Jackson Laboratory and maintained in our animal facility
227  according to Institutional Animal Care and Use Committee (IACUC) at The Scripps Research
228  Institute. Mice were euthanized by cervical dislocation and striatal tissues dissected and rapidly
229  frozen in liquid nitrogen.

230

231  Amino Acid Treatments

232 MEFs were seeded in 6-well plates at least 24 hours prior. For essential amino
233 acid starvation, DMEM media was replaced with DMEM/F12 lacking L-leucine, L-
234 lysine, L-methionine, and FBS (F12—; D9785, Sigma). After 1 hour of starvation, cells
235  were lysed or stimulated with 3mM L-leucine for 15 min (+Leu). Amino acid treatment
236  in Krebs buffer was carried out as described in our previous work [36]. Briefly, striatal
237  cells were placed in Krebs buffer medium [20 mM HEPES (pH 7.4), glucose (4.5 g/liter),
238 118 mM NaCl, 4.6 mM KCI, 1 mM MgCl2, 12 mM NaHCO3, 0.5 mM CaCl2, 0.2% [w/V]
239  bovine serum albumin [BSA]) devoid of serum and amino acids for 1 hour to induce full
240 starvation conditions. For the stimulation conditions, after starvation cells were
241  stimulated for 15 min with 3mM L-leucine.

242

243 Western blotting

244 MEFs were rinsed briefly in PBS and directly lysed in lysis buffer [4omM Tris
245  (pH 7.5), 120mM NaCl, imM EDTA, 0.3% CHAPS, 1x protease inhibitor cocktail (Roche,
246  Sigma) and 1x phosphatase inhibitor (PhosStop, Roche, Sigma)]. Lysates were passed
247  several times through a 26-gauge needle and clarified by centrifugation at 11,000 g for
248 20 min at 4°C. Striatal neuronal cells were washed in PBS and lysed in lysis buffer [50
249 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% CHAPS, 1x protease inhibitor cocktail
250  (Roche, Sigma) and 1x phosphatase inhibitor (PhosStop, Roche, Sigma)], sonicated
251 for 3 x 5 sec at 20% amplitude, and cleared by centrifugation for 10 min at 11,000 g at

252 4°C. Protein concentration was determined with a bicinchoninic acid (BCA) protein
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253  assay reagent (Pierce). Equal amounts of protein (20-50 pg) were loaded and were
254  separated by electrophoresis in 4 to 12% Bis-Tris Gel (ThermoFisher Scientific),
255 transferred to polyvinylidene difluoride membranes, and probed with the indicated
256  primary antibodies. HRP-conjugated secondary antibodies (Jackson ImmunoResearch
257 Inc.) were probed to detect bound primary IgG with a chemiluminescence imager
258 (Alpha Innotech) using enhanced chemiluminescence from WesternBright Quantum
259 (Advansta) The band intensities were quantified with ImageJ software (NIH).
260  Phosphorylated proteins were then normalized against the total protein levels
261  (normalized to actin)

262

263 Immunoprecipitation

264 For in vitro SUMOylation assays containing HA-GPL, HEK293 cells were
265 transfected as described above and lysed directly in lysis buffer [4omM Tris (pH 7.5),
266 120 mM NaCl, 1 mM EDTA, 0.3% CHAPS, 1x complete protease inhibitor cocktail
267 [Roche, Sigma], 1x PhosSTOP [Roche, Sigma]). Lysates were passed several times
268  through a 26-gauge needle and clarified by centrifugation at 11,000 g for 20 min at 4°C.
269 Immunoprecipitation was performed using Anti-GPL (#3274; Cell Signaling
270  Technologies), Protein A/G Plus-Agarose beads (sc-2003; Santa Cruz Biotechnology),
271  and 500 pg of lysate mixing end over end at 4°C overnight. The following day, beads
272  were washed three times in lysis buffer, followed by a single wash in 1x reaction buffer.
273  Beads were then directly incubated in reaction buffer containing the above-mentioned
274  reaction components for SUMOylation assays.

275

276  Striatal cells (2 x 106) were plated in 10-cm dishes and next day after leucine stimulation
277  were washed in cold PBS and lysed in immunoprecipitation (IP) buffer [50 mM Tris-
278  HCI (pH 7.4), 150 mM NaCl, 1 % CHAPS, 10% glycerol, 1x protease inhibitor cocktail
279  (Roche, Sigma) and 1x PhosStop (Roche, Sigma)]. The lysates were run several times
280  through a 26-gauge needle in IP buffer and incubated on ice for 15 min and centrifuged
281 11,000 g for 15 min. Protein estimation in the lysate supernatant was done using a
282  bicinchoninic acid (BCA) method, a concentration (1 mg/ml) of protein lysates was
283  precleared with 35 ul of protein A/G Plus-agarose beads for 1 hour, supernatant was

284  mixing end over end for 1 hour at 4°C in mTOR IgG (2983, Cell Signaling Technology)
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285  or control IgG, and then 60 pl protein A/G beads were added and mixing end over end
286  overnight at 4°C. After 12 hours, the beads were washed five times with IP buffer
287  (without protease/phosphatase inhibitor), and the protein samples were eluted with 30
288 ul of 2x lithium dodecyl sulfate (LDS) containing +1.5% p-mercaptoethanol and
289  proceeded for western blotting as described above.

290

291 Immunostaining

292 Immunostaining was carried out as described in our previous work [36]. Briefly, striatal
293 cells grown on poly-D-lysine (0.1 mg/ml)—coated glass coverslips and after 48 hours of
294  transfection, the medium was changed to Krebs buffer medium devoid of serum and
295 amino acids for 1 hour to induce full starvation conditions. For the stimulation
296 conditions, cells were stimulated with 3mM L-leucine for 15 min. Cells were washed
297  with cold PBS, fixed with 4% paraformaldehyde (PFA; 20 min), treated with 0.1 M
298  glycine, and permeabilized with 0.1% (v/v) Triton X-100 (5 min). After being incubated
299  with blocking buffer [1% normal donkey serum, 1% (w/v) BSA, and 0.1% (v/v) Tween 20
300 in PBS] for 1 hour at room temperature, cells were stained overnight at 4°C with
301 antibodies against HA, pS6Ser235/236) pAKTSer473, and mTOR. Alexa Fluor 488— or Alexa
302  Fluor 568—conjugated secondary antibodies were incubated together with the nuclear
303 stain DAPI for 1 hour at room temperature. Glass coverslips were mounted with
304  Fluoromount-G mounting medium (ThermoFisher Scientific). Images were acquired by
305 using the Zeiss LSM 880 confocal microscope system with 63x objective.

306

307  Statistical analysis

308 Most experiments were performed in triplicate. Images were quantified using
309 ImageJ (FIJI). Data are presented as mean + SEM. Statistical analysis were performed
310 using Student’s unpaired t test with two-tails or one-way ANOVA followed by Tukey’s
311  multiple comparison test (Prism 7).

312 RESULTS

313

314 GPBL, the constitutively bound regulatory subunit of mTOR, is modified by
315 small ubiquitin-like modifier (SUMO)
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316 To understand the role of SUMOylation on mTOR activity, we first tested
317 whether any mTOR components can be SUMO-modified. To do so, we transiently
318 overexpressed HA-GBL, myc-Rictor, myc-Raptor, flag-PRAS40, and flag-mTOR in the
319 presence or absence of His-SUMO1 in HEK293 cells, followed by Ni-NTA denaturing
320 enrichment [38]. Since SUMOylated proteins exist at low stoichiometry and SUMO
321  proteases rapidly remove SUMOylation in native lysates [39], this strategy helped to
322  prevent cleavage of SUMO from corresponding target substrates and allowed for further
323  enrichment of potential SUMO substrates. As shown in Figure 1, high molecular weight
324  conjugates of GPL are enriched only in the presence of His-SUMO1 (S* GPL, Figure
325  1A), starting with a primary band at ~49kDa that is consistent with the ~11tkDa SUMO1
326  modification size. SUMOT1 lacking the essential diglycine conjugation motif (HisSUMO1-
327  AA), which cannot be covalently attached to target lysines [40], failed to enrich high
328 molecular weight species of GPL (Figure 1A). This result suggests that SUMO
329 modification on GPBL is specific and requires the covalent attachment of SUMO1 to GBL.
330 Preliminary data also indicated that GBL is heavily modified by SUMO1 compared to
331 other mTOR components (mTOR, Raptor, Rictor, or PRAS40; Figure 1B-D).
332  Furthermore, high molecular weight conjugates of GBL are enriched in the presence of
333  His-SUMO1, His-SUMOz2, and His-SUMO3, suggesting all SUMO isoforms can modify
334  GPL (Figure 1E). Together, these biochemical observations reveal that GBL, a primary
335  core component of mTOR, is strongly modified by SUMO1, SUMO2, and SUMOS3.

336

337 GPBLis SUMO modified at K86, K215, K245, K261 and K305

338 To identify the potential lysine residue(s) on GPL that are modified by SUMO1,
339  we performed lysine to arginine (K to R) site-directed mutagenesis. GBL contains eight
340 surface exposed lysine residues distributed across the primary sequence (K86, K158,
341 K213, K215, K245, K261, K305, and K313; Figure 2A,B) [41], with three predicted
342 SUMO consensus motifs (K158, K261 and K305). To identify potential lysine
343  modification sites, we generated single, double, quadruple, and full KR mutants of GPL.
344  First, we transfected HEK293 cells with wild-type (WT) HA-GPL or different KR HA-
345  GPL mutant constructs together with His-SUMO1, followed by enrichment of SUMO-
346  conjugates using Ni-NTA pulldown. If one or more of these lysines are conjugated by

347 SUMO1, then arginine substitution should prevent conjugation, and Ni-NTA


https://doi.org/10.1101/2020.09.03.281881
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.03.281881; this version posted September 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

348  enrichment of the corresponding construct should be impaired compared to WT GfL.
349  Mutagenesis of single lysines showed a varied degree of deficits in GBL SUMOylation
350 (Figure 2C). The deletion of SUMO consensus sites (K158, K261 and K305) did not
351 abrogate GPL SUMOylation, indicating that either 1) SUMOylation shifted to non-
352 consensus sites in the mutants or 2) GBL SUMOylation can occur on non-consensus
353 sites. Double and quadruple lysine mutation sites revealed that the predominant
354  SUMO1 acceptor sites on GBL are K213, K215, K305, and K313 (Figure 2D), indicated
355 by the reduced accumulation of high molecular weight conjugates when these sites were
356 mutated. Mutation of all lysine sites (HA-GPL Full KR) eliminated the SUMO
357 modification of GBL (Figure 2E), indicating that SUMOylation of GBL is dynamic and
358 fluid in nature. To better elucidate potential SUMO modification sites on GfPL, we
359 performed mass spectrometry on Ni-NTA pulldowns of HEK293 cells transfected with
360 HA-GPL and His-mSUMO3 [compatible for MS detection [42-44]] and confirmed that
361 GPL is SUMO3-modified at residues K86, K215, K245, K261 and K305 (Figure 2F and
362  Data S1). Our previous study also identified that GBL is SUMOylated in HEK293 that
363  stably expresses SUMO3 [43]. Furthermore, endogenous GBL is also shown to be SUMO
364 modified at K305 by MS analysis [45]. Taken together, these results from site-directed
365 mutagenesis and mass-spectrometry analysis demonstrated that GBL is SUMOylated at
366  multiple lysines, which may in turn regulate mTOR signaling via modulating protein-
367 protein interactions.

368

369 Recombinant GBL cannot be SUMOylated in vitro

370 SUMOylation of target substrates requires specific conjugation machinery to
371  occur in vivo, and E3-SUMO ligases facilitate substrate specificity and enhance SUMO
372  transfer from the E2-SUMO-conjugating enzyme, Ubc9. We tested whether GBL could
373  be SUMOylated using purified recombinant E1 and E2 in vitro. As shown before, GST-
374 RanGAP1 is rapidly SUMOylated in the presence of E1 and E2, and this effect, as
375 expected, is enhanced in the presence of the E3 ligase, Rhes [15, 34] (Figure 3A). In
376  contrast, when purified recombinant GST-GBL or His-GPL were incubated in the
377 presence of E1 and E2 and Rhes, we did not observe any high molecular weight
378 conjugates indicative of SUMOylation of GPL (Figures 3B-C). Furthermore,
379 immunoprecipitation of HA-GBL from HEK293 cells and subsequent in vitro
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380 SUMOylation revealed that GBL was not SUMOylated in the presence of E1 and E2 or in
381 the presence of the E3 ligase, Rhes (Figure 3D). These data suggest that SUMO E1 and
382  E2 are not sufficient to SUMOylate GBL in vitro, indicating that an E3 ligase other than
383  Rhes is required for the SUMOylation of GfL.

384
385 SUMDO regulates amino acid-induced activation of mTORC1 signaling
386 Since we found that the mTOR regulatory subunit GBL is SUMOylated, we

387 examined if the loss of Sumo1 influence mTORC1 activity. To test this hypothesis, we
388  generated Sumoi1 WT (Sumoi1+/+) and Sumoz1 knock out (KO, Sumoi~/-) primary mouse
389 embryonic fibroblasts (MEFs) at E13.5 and measured mTORC1 activity (pS6KT389,
390 pS65235/236, and p4EBP15¢5) under conditions of essential amino acid starvation (-AA) or
391 starvation and leucine stimulation (+Leu). We observed a slight decrease in the
392  phosphorylation of S6K target, pS65235/236, in amino acid starved Sumoi/- MEFs,
393  compared to Sumoi+/+ MEFs (Figure 4A, B). Upon leucine stimulation, we found a
394  strong reduction in the phosphorylation of direct mTOR targets, both pS6K”389 and
395  p4EBP15%5, in Sumoi~/- MEFs, compared to Sumoi1+/+ (Figure 4A, B). We also observed
396 a trend of decrease in pS65235/236 upon leucine stimulation (Figure 4A, B). These
397 results indicate that loss of Sumoz1 impairs but not completely abolish mTORC1 activity
398 upon amino acid stimulation.

399 Because studies have shown that SUMO2 and SUMO3 can compensate for the
400 SUMO1 loss of function in mice [29, 30], we hypothesized that SUMO2 or SUMO3
401 might compensate for SUMO1 and/or additionally contribute in regulating mTORC1
402  activity. To experimentally test this hypothesis, we employed SUMO1/2/3-depleted
403  striatal neuronal cells (STHdh?7/?7) generated using CRISPR/Cas-9 technology
404 (SUMO1/2/3A cells), which displayed ~40% reduction in unconjugated SUMO1, and
405 SUMOz2/3 levels compared to control cells [46] (Figure 5A, B). We compared the
406 mTORC1 signaling between control and SUMO1/2/3A cells in full media conditions
407 (serum + amino acids), amino acid (AA) starvation (Krebs media), and starvation
408 followed by leucine stimulation (+ Leu). We found a significant decrease in the
409  phosphorylation of mTOR at Ser2448 [a target of PI3K [47]] in SUMO1/2/3A cells

410 compared to control cells in all conditions (Figure 5A, C). However, the
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411  phosphorylation of mTOR at Ser248:, an autophosphorylation site [48], is not
412  significantly affected in full media or by starvation or leucine stimulation in
413  SUMO1/2/3A cells (Figure 5A, C). In full media and AA starvation conditions, the
414  phosphorylation of mTORC1 target (p4EBP1737/46) and S6K target (pS6S5235/236) is
415  significantly attenuated in SUMO1/2/3A cells, compared to control cells (Figure 5A,
416 D). Upon leucine stimulation, while control cell showed a strong activation of mTORC1
417  signaling (pS6KT389, pS65235/236, and p4EBP1737/46), which is markedly decreased in
418 SUMO1/2/3A cells (Figure 5A, D). These results indicate that depletion of all three
419  SUMO isoforms robustly decreases AA-induced activation of mTORC]1 in striatal neuron
420  cells.

421 Next, we investigated whether SUMOylation affects the activation of mTORC2
422  (pAktS473) or PI3K (pAktT308) signaling. In full media conditions, the levels of pAktS473 or
423  pAktT3o8 is comparable between control and SUMO1/2/3A cells (Figure 5A, E). Upon
424  starvation, consistent with previous reports [49-51] we found that the pAktS473 and
425  pAktT3o8 Jevels are increased in control cells, but not in SUMO1/2/3A cells (Figure 5A,
426  E). Leucine addition had no further impact on pAktS473 and pAktT308 levels in control
427 cells or SUMO1/2/3A cells (Figure 5A, E). These observations indicate that
428  SUMOylation regulates the starvation-induced upregulation of Akt activity mediated by
429 mTORC2 and PI3K. In contrast, we did not observe any changes in the levels of
430 pERKT202/Y204 in SUMO1/2/3A cells compared to control cells (Figure 5A, F). As
431  expected pERKT202/Y204 js downregulated upon starvation [52], which was similar and
432  unaffected upon Leu addition in both SUMO1/2/3A and control cells (Figure 5A, F).
433  These results indicate that SUMO selectively regulates the specific phosphorylation
434  status of mTORC1 and mTORC2 signaling without significantly interfering with ERK
435  signaling. Finally, we tested whether diminished mTORC1 signaling in SUMO1/2/3A
436  cells affect cell viability or proliferation. We did not observe floating cells indicative of
437  cell death, but we found a decreased cell numbers in SUMO1/2/3A cells compared to
438  control cells (Figure 5G). As mTOR signaling is implicated in cell growth and
439  proliferation [53], we conclude that diminished proliferation of SUMO1/2/3A cells may
440  be due to reduced mTOR signaling.

441
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442  SUMO regulates the mTORC1 and mTORC2 protein complex formation

443 We then wondered how SUMO might mechanistically regulate mTOR signaling.
444 One possibility is that SUMO regulates complex formation of mTORC1 and mTORC2.
445 To address this, we carried out immunoprecipitation experiments with antibodies
446  against mTOR and assessed its interaction with Raptor (mTORC1 complex), Rictor
447  (mTORC2 complex), and GBL (a constitutively bound component of both mTORC1 and
448 mTORC2) in control and SUMO1/2/3A cells. As expected, mTOR IgG, but not control
449  IgG, readily immunoprecipitated mTOR and co-precipitated Raptor, Rictor, and GBL
450 (Figure 6A, B). However, the abundance of mTOR-Raptor and mTOR-Rictor
451 interactions are diminished in SUMO1/2/3A cells compared to control cells, while the
452  interaction with mTOR-GBL is unaffected (Figure 6A, B). Note, the ~30% decrease in
453  the interaction is highly significant (Figure 6A, B) as SUMO1/2/3A cells show only
454  ~40% depletion of SUMO, compared to control cells (Figure 5B), indicating that
455 SUMO selectively and strongly regulates the interaction of mTOR with Raptor and
456  Rictor.

457

458 SUMOylation defective mutant of GBL fails to activate mTOR signaling

459 Because we found that the mTOR and GBL interaction is unaffected in SUMO
460  depleted cells (Figure 6A), we hypothesized that SUMOylation of GBL may participate
461  in the regulation of mTOR activity. To test this, we generated GBL-depleted (GBLA)
462  striatal neuronal cells using CRISPR/Cas9 tools. We obtained up to 70% loss of GBL
463  (Figure 7A, B). Consistent with previous reports [54, 55], both mTORC1 (pS6KT389 and
464  pS65235/236) and mTORC2 signaling (pAktS473), were diminished in GBLA cells in all three
465 conditions: full media, AA starved (Krebs), or AA starved and leucine stimulated
466  conditions compared to control cells (Figure 7A, B). We also found that pmTORS2448,
467  but not pERKT202/Y204 js diminished in GBLA compared to control cells (Figure 7A, B).
468  Thus, we successfully generated GBLA cells defective in mTOR activity. To test the role
469 of GBL SUMOylation in regulating mTOR signaling, we transfected HA-GPL WT and
470  HA-GPL Full KR mutant (HA-GBL-KR) into GBLA cells, followed by AA starvation (-
471  AA, Krebs) and stimulation with 3 mM leucine (+ Leu). We investigated mTOR
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472  signaling using confocal microscopy/immunofluorescence by measuring intensity levels
473  of pS65235/236 (MTORC1) or pAkt Ser473 (mTORC2) in individual GBLA cells expressing
474 HA-GBL WT or HA-GPL-KR. In GBLA cells expressing HA-GBL WT, we observed
475  enhanced staining of pS65235/236 following leucine stimulation (Figure 7C, D), whereas
476  HA-GPL-KR had negligible pS65235/236 signal (Figure 7C, D). Similarly, GBLA cells
477  transfected with HA-GPBL WT also showed enhanced pAktS473 compared to HA-GBL-KR
478  transfected cells (Figure 7E, F). We found no significant changes in mTOR staining
479  between HA-GPL WT or HA-GPL-KR expressing cells (Figure 7G, H). These results
480 suggest that SUMOylation of GBL has an essential role in controlling mTORC1 and
481 mTORCz2 signaling.

482
483 DISCUSSION
484 In this report, for the first time, our findings demonstrate that SUMO acts

485 as a novel regulator of mTOR activity and complex formation. We demonstrate that
486  GPL, the regulatory subunit of mTOR, is modified by SUMO1, SUMO2, and SUMOS3.
487  Our mass spectrometry analysis identified novel and multiple SUMOylation sites of
488  GPL, which may act as a scaffolding interface in the regulation of mTOR signaling.
489  Consistent with this notion, the putative SUMO sites of GPL are surface exposed in the
490  crystal structure [41], thus potentially modulating protein-protein interactions of mTOR
491  components via the SUMO moiety.

492 Our data indicates that SUMO predominantly mediates nutrient-induced mTOR
493  signaling. While we did not observe a robust defect in mTORC1 activity when Sumoz1~-
494  MEFs or SUMO1/2/3A cells were cultured in nutrient rich media, we found a strong
495  deficit in mTORC1 and mTORC2 signaling and mTOR complex formation upon leucine
496  stimulation in SUMO1/2/3A cells. Thus, SUMO may be necessary to facilitate mTOR
497  component assembly selectively depending on the availability of nutrients.

498 Nutrients, such as amino acids, induce the rapid localization of Raptor bound
499  mTOR on lysosomes [56], and it has been shown that nutrients affect mTOR-Raptor
500 interactions only in the presence of GPBL [54]. Thus, we predict that SUMOylation of
501  GPL may further facilitate this interaction. We did not find that mTOR/GpL interactions
502 are affected in SUMO1/2/3A cells, which is not surprising as GBL is constitutively bound
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503 to mTOR [54]. Our GPL reconstitution experiments, however, implies that the
504 SUMOylation of GBL is necessary to activate mTORC1 and mTORC2 signaling.

505 Mechanistically, we predict that SUMOylation may regulate the interaction of
506 mTOR with its other regulatory components. Interestingly, most SUMO targets
507 including GBL as reported here show low stoichiometry of SUMOylation, which is
508 sufficient to exert cellular and biological functions, although mechanisms are remains
509 not fully understood [17, 57]. Thus, we propose that SUMOylation may affect at least
510 three different processes: 1) promote complex assembly of mTORC1 and mTORC2, 2)
511 enhance mTOR kinase activity by promoting substrate recruitment, and 3) stimulates
512  proper intracellular localization (Figure 8).

513 Recent work indicates that K63-polyubiquitination of GPL regulates the
514  formation of mMTORC2, where loss of critical ubiquitin modification sites on GBL (K305,
515 K313) promoted the association of mSin1 with mTOR and enhanced mTORC2 complex
516 assembly and activity [10]. While it is possible that SUMOylation via unknown
517 protein(s) may similarly mediate both mTORC1 and mTORC2 complex formation and
518 activity, the mechanistic role of SUMO moiety of GBL in orchestrating the complex
519 assembly and the activity remains to be determined (Figure 8). Indeed, it is also
520  conceivable that GBL SUMOylation works in coordination with ubiquitination.

521 Furthermore, there could be unknown SUMO-modified proteins that may
522  facilitate mTOR complex formation and activity through SUMO-interaction motifs
523  (SIMs) (Figure 8). Accordingly, the mTOR kinase has consensus SUMO sites (K425,
524 K873, K2489) and potential SIMs (http://sumosp.biocuckoo.org/showResult.php),

525 which might play a role in mTOR activity. Although, we were unable to detect
526  SUMOylation of mTOR in our biochemical methods as mTOR may be present at a low
527  stoichiometry. It is possible that mTOR SUMOylation can be enhanced in presence of
528 the SUMO Eg-ligase Rhes, which directly binds and promotes the kinase activity of
529 mTORC1 [15, 35]. In addition, SUMOylation of other accessory mTOR components may
530 also influence mTOR signaling, but these prospects warrant further investigation.

531 Previously, we found that mHTT mediates nutrient-induced mTORC1 activity
532 [36]. Since mHTT is SUMOylated at multiple sites [34, 58] and enhances perinuclear
533  association of mTOR in HD cells [36], we speculate that SUMOylation of mHTT may
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534  further facilitate mTOR signaling and affect disease progression in cooperation with
535 SUMOylation of GBL. Likewise, SUMO may induce a multicomplex protein assembly
536  that initiates and sustains nutrient-induced mTOR signaling to orchestrate human
537 diseases such as cancer, neurological disorders, and neurodegenerative diseases [2, 59-
538  61]. Thus, our study reveals a novel link between SUMO and the mTOR pathway that
539 may impact variety of biological and disease-associated signaling processes.

540
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568 Figure Legends

569 Figure 1. GBL is the primary mTOR complex component that is SUMOylated.
570  A) Representative Western blot of Ni-NTA enrichment of proteins in denaturing
571  condition and corresponding input from HEK293 cells transfected with His-SUMO1 and
572 HA-GPL in full media conditions, showing an enrichment of HA-GBL high molecular
573  weight conjugates with His-SUMO1 but not His-SUMO1 AA (conjugation defective
574 mutant). B-D) Ni-NTA enrichment of His-SUMO1 conjugates associated with Flag-
575 mTOR (B), myc-Raptor or myc-Rictor (C), or Flag-Pras40 (D) as in panel A. E) Ni-NTA
576  enrichment of His-SUMO1, 2, and 3 conjugates associated with HA-GBL (indicated by
577  S* GBL) and corresponding inputs as in panel A.

578

579  Figure 2. GBL is SUMOylated at multiple lysines. A) Primary sequence domain
580 structure of GPL with predicated SUMO-modification sites for KR mutagenesis. B) 3D
581 representation of the mTOR-GL interface demonstrating that all lysines on GBL are
582 surface exposed and accessible. SUMO consensus sites are shown in orange, non-
583  consensus sites in yellow, mTOR in blue, and GBL in tan. The interface was modeled
584  using the reconstructed density from PDB 5FLC. C) Western blot analysis of Ni-NTA
585  denaturing pull down and corresponding input from HEK293 cells transfected with His-
586 SUMO1 and WT or single KR mutant HA-GBL plasmids. D-E) Western blot analysis as
587 in panel C from HEK293 cells transfected with HA-GBL KR mutant plasmids as
588 indicated. F) SUMO-conjugated lysine identification on HA-GPL by LC-MS/MS
589  (depicted with *) and corresponding location in the domain structure.

590

591 Figure 3. In vitro SUMOylation of GBL. In vitro SUMOylation reactions were
592  performed with RanGAP1 or GPL, E1, and E2 in the presence and absence of ATP
593  (5smM) or Rhes (200 ng) as indicated. A, B) In vitro SUMOylation of recombinant GST-
594  RanGAP1 (A) or GST-GBL (B), detected using anti-GST-HRP. C) In vitro SUMOylation
595  of purified recombinant His-GpL, detected using anti-GpL. D) In vitro SUMOylation on
596 beads from HA immunoprecipitates from HEK293 cells transfected with HA-GL,
597  detected using anti-HA.

598
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599 Figure 4. mTORC1 activity is altered in SUMO1/- MEFs. A) Representative
600 Western blot showing indicated phosphorylation of mTORC1 substrates in WT
601  (Sumoi+/+) and Sumo1 KO (Sumoi~/-) primary MEFs depleted of amino acids (- AA) or
602 starved and stimulated with 3mM L-leucine (+ Leu). B) Quantification of indicated
603 proteins from A. Error bars represent mean + SEM, **p < 0.01 by one-way
604 ANOVA/Tukey’s multiple comparison test, #p < 0.05 by Student’s-t test.

605

606 Figure 5. mTOR activity in SUMO depleted striatal neuronal cells. A)
607 Representative Western blot showing indicated signaling proteins in striatal control
608  CRISPR- (control) or SUMO1/2/3-depleted (SUMO1/2/3A) cells in full media, deprived
609 of amino acids (AA) in Krebs buffer (- AA), and starved and stimulated with 3 mM
610 leucine (+ Leu). B-F) Quantification of indicated proteins from A. (G) Cell proliferation
611 assay using cell counting kit-8 (CCK-8) assay. Error bar represents mean + SEM, **p <
612  0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA/Tukey’s multiple comparison
613  test.

614

615 Figure 6. SUMO influences mTOR complex formation in striatal neuronal
616 cells. A) Immunoprecipitation of mTOR with mTOR IgG or control IgG and Western
617 Dblotting for endogenous Raptor, Rictor or GPL from striatal control CRISPR- or
618 SUMO1/2/3-depleted (SUMO1/2/3A) cells in AA starved (Krebs) and stimulated with 3
619 mM leucine (+ Leu). B) Quantification of indicated protein interactions from A. Error
620  bar represents mean + SEM, ****p < 0.001 by Student’s-t test.

621

622 Figure 7. Effect of SUMOylation defective GBL on mTOR signaling. A)
623  Representative Western blot showing indicated signaling proteins in striatal control
624  CRISPR- (control) or GBL-depleted (GBLA) cells in full media, deprived of amino acids
625 (AA) in Krebs buffer (- AA), and starved and stimulated with 3 mM leucine (+ Leu). B)
626  Quantification of indicated proteins in full media from A. Error bar represents mean +
627 SEM, ****p < 0.0001 by Student’s-t test. C-H) Representative confocal
628 immunofluorescence images and quantification (n = 13-30) of the signal intensity of

629  pS65235/236 (C, D), pAktS473 (E, F), and mTOR (G, H) in GBLA cells expressing HA-GPL-
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630  WT or HA-GPL-KR mutant in AA starved (Krebs, — AA) or starved and stimulated with
631 3 mM leucine (+ Leu). DAPI was used for nuclear stain. Error bar represents mean +
632 SEM, ****p < 0.001 by one-way ANOVA/Tukey’s multiple comparison test.

633

634 Figure 8. Schematic depiction of role of SUMOylation in the regulation of
635 mTORC1/2 signaling. Our model predicts there are the three possible ways that
636 SUMO-modification may influences mTORC1 and mTORC2 signaling. 1. mTOR
637 complex assembly, 2. mTOR substrate phosphorylation, and 3. Intracellular localization
638 of mTOR complex. In addition to GBL, it is possible that one or more additional
639 components of the mTOR and other non-mTOR complex regulators [depicted as
640  question mark (?)], can be modified by SUMO and influence complex assembly and
641  activation. SIM; SUMO interacting motif.
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1. Complex assembly 2. Substrate phosphorylation 3. Intracellular localization
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