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Abstract

Cell growth is regulated primarily by the mammalian/mechanistic Target of Rapamycin
Complex 1 (mTORC1) that functions both as a nutrient sensor and a master controller of
virtually all biosynthetic pathways !. This ensures that cells are metabolically active only
when conditions are optimal for growth. Notably, although mTORCI1 is known to regulate
fatty acid (FA) biosynthesis, how and whether the cellular lipid biosynthetic capacity signals
back to fine-tune mTORCI1 activity remains poorly understood. Here, we show that
mTORCI1 senses the capacity of a cell to synthesize FAs by detecting the levels of malonyl-
CoA, an intermediate of this biosynthetic pathway. We find that, in both yeast and
mammalian cells, this regulation is very direct, with malonyl-CoA binding to the mTOR
catalytic pocket and acting as a specific ATP-competitive inhibitor. When ACCI1 (acetyl-CoA
carboxylase 1) is hyperactive or FASN (fatty acid synthase) is downregulated/inhibited,
elevated malonyl-CoA levels are channelled to proximal mTOR molecules that form direct
protein-protein interactions with ACC1 and FASN. Our findings represent a conserved,
unique, homeostatic mechanism whereby impaired FA biogenesis leads to reduced mTORC1
activity to coordinatively link this metabolic pathway to the overall cellular biosynthetic
output. Moreover, they reveal the first-described example of a physiological metabolite that

directly inhibits the activity of a signalling kinase by competing with ATP for binding.

Cell growth is a highly energy-consuming and, hence, tightly-regulated process. Cells accumulate
mass by taking up essential nutrients from their environment and using them to build
macromolecules, such as proteins, lipids, and sugars, through intricate metabolic pathways 2.

mTORCI is a central integration point in cellular signalling, linking metabolic cues to cell growth
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and homeostasis. Work over the last 15 years has identified complex signalling cascades through
which growth factors (GFs), nutrients (like amino acids; AAs), and energy availability regulate
mTORCI (reviewed in ). Accordingly, cholesterol levels were previously shown to influence
mTORCI activity at the lysosomal surface via mechanisms that involve the Niemann-Pick CI
(NPC1), SLC38A9 and Rag GTPase proteins 7, with the latter also playing a central role in AA
and glucose sensing by recruiting mTOR at this subcellular location !9, In turn, mTORC1
upregulates multiple metabolic processes, including protein and cholesterol biosynthesis *.
Similarly, active mTORCI1 promotes FA biosynthesis by driving the expression of key enzymes

in this process—Ilike FASN—in response to GF signalling !'!. Interestingly, however, whether and

how FA synthesis controls mTORCI1 activity remains enigmatic.

Fatty acids serve both structural and regulatory roles in cells (e.g., by participating in membrane
formation and by post-translationally modifying proteins, respectively), while also functioning as

1213 In de novo FA biosynthesis, acetyl-CoA, generated from glucose

energy storage molecules
catabolism, is converted to malonyl-CoA by ACCl-mediated, ATP-dependent carboxylation,
which is then used by FASN to produce palmitate, the precursor of longer fatty acids '%!°. This
process is well conserved from human to yeast cells, where the homologous acetyl-CoA
carboxylase, Accl, and the Fas1- and Fas2-containing fatty acid synthase (FAS) complex catalyse
the conversion of acetyl-CoA to FAs '® (Fig. 1a). Because various metabolites were previously
shown to impact mMTORCI via regulating the activity of upstream signalling components (e.g., by
17,18.

AMP and inositol allosterically influencing AMPK activity ; or o-ketoglutarate and

glutaminolysis somehow affecting the lysosomal Rag GTPases '°), we hypothesized that a
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metabolic intermediate of FA biosynthesis may be signalling directly or indirectly to mTORCI,

thus forming a regulatory feedback loop.

Functional pharmacogenetic interactions between TOR pathway components and the core
FA biosynthesis machinery reveal a role for malonyl-CoA in TOR signalling

Our previous interactome studies of the Rag GTPases in yeast indicated that the RagA/B
homologue, Gtrl, may directly or indirectly interact with Accl and the Fasl subunit of the FAS
complex (see Supplemental Table S1 in 2°). Because both of these enzymes are part of essential
protein complexes that work together to synthesize FAs, this suggested a possible functional
interplay between TORCI] signalling and the core FA biosynthetic machinery. To study this, we
first probed the pharmacogenetic interaction of TORC1 pathway mutants with the FAS inhibitor

cerulenin 2!-22

. Interestingly, loss of Gtrl/2, expression of the nucleotide-free Gtr152L allele, loss
of other TORC1 pathway components (i.e., Ego1-3, Torl, Tco89), or co-treatment with rapamycin,
all of which reduce TORCI1 activity 2, rendered cells highly sensitive to cerulenin (Extended Data
Fig. 1a,b). Conversely, expression of the GTP-locked Gtr1?%L allele, which activates TORCI,
caused cerulenin resistance (Extended Data Fig. 1a). These observations match our targeted re-

analyses of recently published SATAY (saturated transposon analyses in yeast) data 2+

, showing
that transposon events in TORC1 pathway genes were under-represented when cells were grown
on cerulenin or rapamycin (Extended Data Fig. 1c,e). Intriguingly, however, in these datasets,
TORCI pathway genes were over-represented when cells were grown in the presence of soraphen
A, which inhibits the antecedent enzyme in FA biosynthesis, Accl 2° (Extended Data Fig. 1d,e).

One interpretation of these findings is that malonyl-CoA, the intermediate metabolite between

Accl and FAS, may be functionally linked to TORC1 activity. In support of this hypothesis,
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92 cerulenin-mediated FAS inhibition, which increases intracellular malonyl-CoA levels more than
93 8-fold (as assayed with a specific reporter system 27) (Fig. 1b,¢), strongly reduced TORC1 activity
94 (assayed by the phosphorylation of its direct target Sch9) in vivo (Fig. 1b,d). Next, we hypothesised

95 that FAS inhibition could be downregulating TORCI1 either by increasing the levels of its substrate

96 (i.e., malonyl-CoA) or by reducing the levels of its product (i.e., palmitate). To distinguish between
97 these two possibilities, we used a hyperactive Acc15!1574 allele, which causes malonyl-CoA levels
98 to increase (Extended Data Fig. 2¢,d) 27-%. This allele aggravated the sensitivity of cells to sublethal
99 combinations of cerulenin and rapamycin (Extended Data Fig. 2a,b), indicating that the elevated
100 malonyl-CoA—and not the reduced palmitate—is responsible for this phenotype. Together, these
101 data suggest that TORC1 may be inhibited by malonyl-CoA, in response to perturbations in Accl

102 and FAS activity.

103

104 Supporting this model, accl5/?>74 cells exhibited significantly reduced TORCI1 activity when
105 grown exponentially, and were partially impaired in glutamine-stimulated reactivation of TORC1
106 in nitrogen-starved cells (Fig. le,f). These defects correlated well with significantly increased

107 levels of malonyl-CoA in cells expressing Accl5!'57A (Extended Data Fig. 2c,d). Moreover,
108 combining the accl3/°74 mutation with an accl?**?X mutation (also known as accl-7-1 %), a
109 temperature-sensitive allele (Extended Data Fig. 2e) that is hypomorphic for malonyl-CoA
110 production at the permissive temperature (Extended Data Fig. 2¢,d), suppressed both the elevated

1811574 cell

111 malonyl-CoA levels and the reduced TORCI1 activity that are observed in acc
112 (Extended Data Fig. 2¢,d,f,g). Similarly, C-terminal GFP-tagging of Acc15!1574 rendered this allele
113 less active, which significantly reduced the cellular malonyl-CoA levels (Extended Data Fig. 3a,b)

114 and suppressed the cerulenin-sensitivity (Extended Data Fig. 3c), the rapamycin-sensitivity
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115 (Extended Data Fig. 3c), and the TORCI activity defect (Extended Data Fig. 3d,e) that are
116 observed in untagged Accl5!'!>7A-expressing cells. In contrast, C-terminal GFP-tagging of Fasl
117 lead to cerulenin sensitivity in wild-type cells, and further enhanced this effect in acc15/7°74 cells
118 (Extended Data Fig. 3c).

119

120 FASN inhibition controls mTORCI1 activity independently from FA biosynthesis

121 A similar molecular machinery is responsible for FA biosynthesis in mammalian cells, which
122 differ from yeast by expressing a single fatty acid synthase (FASN) enzyme that catalyses the
123 conversion of malonyl-CoA to palmitate and other FAs (Fig. la). Therefore, we sought to
124 investigate if accumulation of malonyl-CoA influences mTORCI1 activity also in mammalian cells.
125 To test this, we blocked FASN activity in human HEK293FT cells, either by specific
126 pharmacological inhibition using Fasnall (also known as benzenesulfonate) 3! (Fig. la,g,h) or
127 cerulenin (Fig. la,i,j), or by transient FASN knockdown by siRNA transfection (Fig. 1k,1). In
128 accordance with the yeast data, all perturbations suppressed mTORCI activity, as indicated by
129 decreased phosphorylation of its direct substrates S6K and 4E-BP1 (Fig. 1g-1). As expected,
130 cerulenin or FASN knockdown led to a detectable increase in total protein malonylation, detected
131 by immunoblotting with an anti-malonyl-lysine (a-Mal-K) antibody (Fig. 2i,k), indicative of
132 elevated intracellular malonyl-CoA levels 323, Similar results were obtained by inhibiting or
133 knocking down FASN in MEFs (mouse embryonic fibroblasts) (Extended Data Fig. 4a-c), MCF-
134 7 human breast cancer cells (Extended Data Fig. 4d,e), WI-26 human lung fibroblasts (Extended
135 Data Fig. 4f), or U20S human osteosarcoma cells (Extended Data Fig. 4g,h), showing that this
136 effect is not cell type-specific. Further supporting that malonyl-CoA is able to inhibit mTORCI,

34,35

137 exogenous addition of this metabolite caused a significant drop in mTORCI1 activity in
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138 HEK293FT cells (Extended Data Fig. 5a,b). Importantly, FASN inhibition specifically affected
139 mTORCI, but not mTORC?2, as treatment with Fasnall or cerulenin did not significantly alter
140 phosphorylation of Akt, a typical mMTORC2 substrate in human cells (Extended Data Fig. 5c-f).
141 Similarly, treatment with cerulenin or expression of Acc15''574 did not inhibit the phosphorylation
142 state of Ypk1™762 a bona fide TORC2 target residue in yeast (Extended Data Fig. 5g-j).

143

144 Palmitate, the main FASN product, was previously suggested to be important for mTORCI1 activity
145 in specialized cell types 3938, We therefore tested if FASN inhibition downregulates mTORC1 due
146 to a decrease in palmitate or an increase in malonyl-CoA by modulating the levels of these two
147 metabolites. Notably, neither culturing of cells in charcoal-stripped FBS that is depleted of lipids
148 (Extended Data Fig. 6a,b) nor supplementation of culture media with BSA-conjugated FAs

149 modulated the inhibition of mMTORCI1 by Fasnall or cerulenin treatment (Fig. 1m and Extended

150 Data Fig. 6b). In contrast, exogenous expression of the constitutively active ACC157°A mutant
151 demonstrated a synergistic effect with cerulenin towards mTORCI inhibition, without
152 significantly affecting the response to amino acid starvation (Extended Data Fig. 6¢,d), also hinting

153 that the inhibition of mMTORCI is due to elevated malonyl-CoA levels.

154

155 A previous study proposed that malonylation of mMTOR on lysine 1218 (K1218) negatively impacts
156 mTORCI activity in endothelial cells 3. Therefore, we tested if the accumulation of malonyl-CoA

157 upon FASN/Fas1 inhibition is downregulating mTORC1/TORCI via this mechanism. However,

158 by using an antibody that detects malonylated lysine (Mal-K) residues on proteins, we were not
159 able to detect malonylation of immunopurified human mTOR or yeast Torl, from control or
160 cerulenin-treated cells, in our system (Extended Data Fig. 6e,f). In contrast to mTOR, and in
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161 agreement with previous proteomics analyses of the human malonylome 334, lysine malonylation
162 was readily and robustly detectable on immunopurified human FASN and yeast Fas1 from control
163 cells, with the malonylation increasing further in cerulenin-treated cells (Extended Data Fig. 6e,f).
164 Taken together, our data from yeast and mammalian cells indicate that hyperactivation of ACC1
165 or inhibition of FAS downregulate mMTORC1/TORCI via a mechanism that involves accumulation
166 of malonyl-CoA, independently from mTOR malonylation and from its role in FA biosynthesis.
167

168 Perturbations in yeast and mammalian ACC1/FAS activity control mTORC1 independently
169 of upstream regulatory complexes

170 To study how malonyl-CoA may be regulating TORCI1 activity, we first employed genetic

171 epistasis in yeast. Nutrients such as amino acids regulate TORC1 in part via the Gtr/Rag GTPases
172 23, Expression of constitutively active Acc15!'374 however, rendered not only wild-type cells, but
173 also gtrid, gtr1%°%t, gtr24, and gtr25?F mutant cells cerulenin-sensitive (Extended Data Fig. 2a,b),

174 indicating that Accl or its product malonyl-CoA may impinge on TORC1 independently of Gtr1/2.

175 To further corroborate this assumption, we assayed the effects of hyperactive AcclS!1574
176 expression on TORC1 upon combined loss of Gtrl and Gtr2, which, in control experiments, did
177 not prevent the AcclS!'37A-mediated increase in malonyl-CoA (Extended Data Fig. 7a). As

178 expected, either expression of AcclS!574 or loss of Gtrl/2 reduced TORCI activity (Extended
179 Data Fig. 7b,c). Expression of Accl5!!'*7A in the Gtrl/2 double-mutant background decreased
180 TORCI activity further, suggesting that Accl15!'374 acts on TORC1 independently of Gtrl/2
181 (Extended Data Fig. 7b,c). Furthermore, the presence of the Acc13!!574 allele did not affect the
182 vacuolar localization of GFP-tagged Torl or Gtrl (Extended Data Fig. 8a,b), while expression of

183 constitutively active Gtr19®t was unable to revert the Accl5!'¥7A-mediated TORC1 inhibition
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184 (Extended Data Fig. 7d,e). Together, these results establish that the effects of uncontrolled, Accl-
185 dependent malonyl-CoA synthesis on TORCI1 do not require the presence of the Rag GTPases in

186 yeast cells.

187
188 The heterodimeric Rag GTPases and the TSC complex are two major signalling hubs upstream of
189 mTORC1 in mammalian cells 3%#-%4 Therefore, we next tested if malonyl-CoA regulates

190 mTORCI through one of these complexes. In agreement with our yeast data, FASN inhibition by
191 Fasnall or cerulenin decreased mTORCI activity to a similar extent in wild-type, RagA/B, or
192 RagC/D double knockout cells, suggesting that it acts independently from the Rags (Extended

193 Data Fig. 7f-h). Furthermore, Fasnall treatment was equally capable of downregulating mTORCI1

194 in both control cells and cells that exogenously express an 'active'-locked RagA/C mutant dimer,
195 which partially prevents mTORCI inactivation upon amino acid starvation (Extended Data Fig.
196 71,j). Finally, TSCI1 knockout cells, that demonstrate a compromised response to amino acid
197 removal *2, showed a similar mTORC1 downregulation when treated with Fasnall (Extended Data
198 Fig. 7k,1) or cerulenin (Extended Data Fig. 7m,n), compared to wild-type controls. Because
199 inhibition of FASN can inactivate mTORC]1 independently of the two major upstream signalling
200 hubs, these data suggest that malonyl-CoA accumulation may act downstream of these regulatory

201 complexes, possibly by directly acting on mTORCI.

202

203 The lysosomal recruitment of mTORCI1 by the Rag GTPases is an important aspect of its
204 reactivation in response to AA re-supplementation 34!, Interestingly, we observed that FASN
205 inhibition by Fasnall or cerulenin also led to a significant dissociation of mTOR from lysosomes,

206 as assayed by its colocalization with the lysosomal marker LAMP2 (Extended Data Fig. 8c-f).
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207 However, since active RagA/C overexpression or loss of TSC1 (both of which were previously
208 shown to retain lysosomal mTOR even upon starvation 4142) still allow downregulation of

209 mTORCI upon treatment with FASN inhibitors (Extended Data Fig. 7i-n), we conclude that the

210 delocalization of mTOR away from lysosomes is not the cause of its inactivation.

211

212 The mTOR-FASN-ACCI1 proteins form reciprocal interactions in yeast and mammalian
213 cells at multiple subcellular locations

214 Because our data in yeast and mammalian cells indicated that the modulation of the carbon flux

215 through ACC and FAS affected TORC1/mTORC1 in a Rag GTPase-independent manner
216 (Extended Data Fig. 7a-j), we entertained the idea that either or both of these enzymes may directly
217 interact with TORC1/mTORCI. In support of this assumption, we found myc-tagged Accl to
218 interact with the yeast TORC1 subunits Kog1-HA or Tco89-HA both in the presence and absence
219 of Gtrl/2 (Fig. 2a,b). Similarly, myc-tagged Fasl also interacted with Kogl-HA even in the
220 absence of Gtrl/2 (Fig. 2c). Notably, reciprocal interactions between endogenous FASN, ACC1
221 and mTOR proteins were also detected in mammalian cells (Fig. 2d-f), with mTOR and ACCI co-
222 immunoprecipitating with FASN even in RagA/B double knockout cells that lack an intact Rag

223 GTPase dimer (Fig. 2g).

224

225 In conditions of amino acid sufficiency, the active Rag GTPase complex recruits mTORCI to the
226 lysosomal surface, while in cells that lack a functional Rag GTPase dimer mTORC1 demonstrates
227 a diffuse cytoplasmic localization pattern %442, Hence, our observation that FASN inhibition

228 downregulates mMTORC1 independently from the Rags (Extended Data Fig. 7a-j), and that mTOR

229 interacts with FASN and ACC to the same extent in both Rag-proficient (in which mTOR is

10
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230 lysosomal) and Rag-deficient cells (in which mTOR is non-lysosomal) (Fig. 2g) prompted us to

231 investigate where FASN localizes in cells. In line with the fact that FA biosynthesis takes place
232 primarily in the cytoplasm, and in agreement with publicly available protein localization databases
233 (e.g., the human protein atlas *), endogenous FASN immunostaining showed a diffuse

234 cytoplasmic signal, a portion of which colocalized with the lysosomal marker LAMP2 (Fig. 2h
235 and Extended Data Fig. 8g). Indeed, proximity ligation assay (PLA) experiments using antibodies
236 against endogenous FASN and LAMP2 proteins confirmed that a subpopulation of FASN
237 molecules specifically localize at—or proximal to—the lysosomal surface (Fig. 2i,j). Taken
238 together, these data show that FASN (and possibly also ACC1) physically interact with mTOR

239 both at the lysosomal surface and away from it, suggesting that FASN inhibition and the

240 subsequent accumulation of malonyl-CoA may be directly affecting mTORCI1 activity at multiple
241 subcellular locations.

242

243 Molecular dynamics simulations indicate mal-CoA can bind to the mTOR catalytic pocket,

244 similar to ATP

245 Our genetic, pharmacological, and biochemical data hinted at a possible direct role of malonyl-
246 CoA in the inhibition of mTORCI. Taking into consideration that the adenine-moiety of malonyl-
247 CoA structurally resembles ATP (Fig. 3a), we hypothesized that malonyl-CoA may be inhibiting
248 mTOR by binding to its catalytic pocket. To investigate this possibility further, we looked at the

249 binding of malonyl-CoA, acetyl-CoA, and Coenzyme A (CoA) to mTOR at the atomistic level, by

250 modelling the complexes starting from the crystallographic structure of mTOR bound to ADP
251 (PDB ID: 3JBZ; see methods). Since the interaction between these compounds and mTOR has not
252 been described before, we first hypothesized that the adenine ring, that is present in all compounds,

11
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253 would localise similarly to ADP in the binding pocket of the kinase domain (KD) of mTOR. Thus,

254 the adenine ring of each compound was first aligned to ADP, and then, to find a good arrangement
255 of the lateral chain in the pocket, site-specific docking simulations were performed, allowing the
256 torsion of the lateral chain only (see also methods). For each compound, three best poses were
257 selected considering the most favourable binding energy values (Extended Data Fig. 9a-c), and
258 subsequently used as a starting point to perform all atom Molecular Dynamics (MD) simulations.

259 As expected, ATP remained in the binding pocket during the entire simulation (Fig. 3b,c and
260 Extended Data Video 1). Similarly to ATP, the adenine ring of malonyl-CoA also remained stable
261 in the binding pocket (Fig. 3b,c and Extended Data Video 2). In stark contrast, however, Coenzyme
262 A and acetyl-CoA, quickly (after 15-45 ns and 67-80 ns, respectively) detached from the protein
263 and moved away from the binding pocket of mTOR (Fig. 3¢ and Extended Data Videos 3, 4). The
264 origin of these differences in interactions between malonyl-CoA and the other CoA-containing
265 compounds with mTOR is likely due to the negatively charged chain (COOH") of its malonyl
266 group that engages in multiple interactions with positively charged mTOR residues just outside
267 the binding pocket (Extended Data Fig. 10a), such as R2168, R2170, and K2187. In contrast, the
268 respective acetyl-CoA (-CH3) and CoA (-SH) groups are not charged and, thus, do not engage in
269 similar interactions (Extended Data Fig. 10b,c). Accordingly, MD simulations and in silico
270 mutagenesis of mTOR in the R2168/R2170 residues, that seemingly participate in the stabilization
271 of malonyl-CoA (mTQRR2168AR2I70A "hinted at a possible role of these residues in malonyl-CoA
272 binding (Extended Data Fig. 10d and Extended Data Video 5). Intriguingly, these residues are
273 strongly conserved in mTOR over a wide range of organisms, spanning from yeast to humans
274 (Extended Data Fig. 10e).

275

12
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276 Mal-CoA is a direct ATP-competitive inhibitor of mTORC1 activity

277 To experimentally test our in silico analyses, we next sought to investigate whether malonyl-CoA
278 is able to inhibit mTORCI activity directly, in a cell-free system. Strikingly, classical in vitro
279 enzyme kinetics assays, using TORC1 purified from yeast cells and recombinant Lst4 (i.e. Lst4-°°P
280 46) or co-purified Tco89 #7 proteins as substrates, showed that this was indeed the case. Similar to
281 what we observed in cells, when added to the in vitro kinase (IVK) reaction, malonyl-CoA

282 inhibited TORC1 in a dose-dependent manner with a calculated ICso of 0.73 mM, while the
283 respective ICso values for acetyl-CoA and CoA were 2.98 mM and above our detection limit of 6
284 mM, respectively (Fig. 4a,b). Accordingly, mTORCI1 IVK assays with increasing amounts of
285 malonyl-CoA, acetyl-CoA, and CoA, using immunoprecipitated mTORC]1 from mammalian cells
286 and recombinant 4E-BP1 as substrate, revealed a dose-dependent inhibition of mTORCI by
287 malonyl-CoA (ICso = 0.23 mM), with acetyl-CoA being substantially less potent (ICso = 1.03 mM),
288 and CoA being unable to inhibit mTORCI activity under our experimental conditions (ICsp > 5
289 mM) (Fig. 4c-e). As a control, malonyl-CoA addition to cell lysates before immunoprecipitation,
290 did not influence mTORCI stability, as indicated by the interaction of mTOR with RAPTOR and

291 mLST8 proteins (Extended Data Fig. 10f). Overall, our data confirm that malonyl-CoA (and, to a

292 lesser extent, acetyl-CoA) can act as a direct mTORCI inhibitor, without affecting complex
293 composition.

294

295 The resemblance of malonyl-CoA to ATP and our MD simulation experiments suggested that

296 malonyl-CoA may inhibit TORC1/mTORCI directly, through competition with ATP. In strong
297 support of this hypothesis, IVK assays performed with increasing ATP concentrations, using yeast

298 TORCI1 (Fig. 4g) or human mTORCI1 complexes (Fig. 41), when subjected to regression analyses
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299 using the GraphPad Prism curve fitting program, indicated that the behaviour of malonyl-CoA
300 matched best with that of an ATP-competitive TORC1/mTORCI inhibitor with a calculated K; of
301 0.76 mM or 0.77 mM, for yeast or human complexes, respectively (Fig. 4h,j). In sum, our data

302 reveal that malonyl-CoA is a direct, ATP-competitive inhibitor of mTORCI in both yeast and

303 human cells, thus serving as a key metabolite that directly connects the cellular FA biosynthetic
304 capacity to the activity of the main cellular metabolic regulator (Fig. 4k).

305

306 Discussion

307 A key characteristic of mTORCI is that it forms homeostatic feedback loops, acting both as a
308 molecular sensor and as a regulator of individual biosynthetic processes. For instance, mTORCI

309 is the master controller of protein synthesis via directly phosphorylating S6K and 4E-BP1, while

310 it also senses the sufficiency of amino acids and energy, thus ensuring that cells only make proteins
311 when all building blocks are available . Whereas mTORC1 was previously described to regulate
312 lipid biosynthesis at several levels, by controlling the activity and localization of Lipin-1 #3->* and

313 the activity of SREBP transcription factors >3

, how the FA biosynthetic metabolic status signals
314 back to regulate mTORCI activity is less clear. Here, we report that this interplay also happens in
315 the opposite direction, with key components of the core FA biosynthesis machinery (namely ACCl1
316 and FASN) interacting directly with mTOR, and their activity being tightly connected to that of
317 mTORCI. This way, the FA biosynthesis capacity of a cell is closely coupled to cell growth,
318 metabolism, and other mTORC1 downstream cellular functions. Accordingly, SREBPs are the
319 best described transcription factors controlling FASN expression -*, By mTORC]1 controlling

320 SREBP activity, and thereby FASN levels !!, our findings reveal a positive feedback loop between

321 mTORC1 and FASN that could function to sustain lipid biosynthesis when conditions are optimal.
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322

323 Endogenous metabolites are known to control the activity of key signalling molecules by directly
324 binding to them and modifying their structure and function. For instance, binding of four cAMP
325 molecules to the two regulatory subunits of PKA (protein kinase A) cause their dissociation from
326 the catalytic PKA subunits, which are then activated and directly regulate downstream effectors,
327 such as the CREB transcription factor, to modulate cellular metabolism >>%7, Similarly, under low

328 energy conditions, AMP allosterically activates AMPK by binding directly to its y subunit !7.
329 Along the same lines, a recent study showed that inositol directly competes with AMP for binding

330 to AMPKY, thereby allosterically inhibiting AMPK enzymatic activity, with low inositol driving

331 the AMPK-dependent mitochondrial fission upon energetic stress '8. Our work here describes
332 another example of an endogenous metabolite (i.e., malonyl-CoA) that functions as a direct
333 regulator of a central signalling complex (i.e., mTORCI). However, unlike the allosteric
334 modulation of kinase activities described above, malonyl-CoA acts as a direct, ATP-competitive
335 mTORCI inhibitor, an attribute that stems from the structural similarity between the CoA moiety
336 and ATP. Molecular dynamics simulation experiments also support a model where the charged
337 malonyl group helps to stabilize malonyl-CoA binding to mTOR via interactions with residues just
338 outside its catalytic pocket. Importantly, we find that this is an ancient mechanism that is present
339 already in yeast cells, and is conserved through evolution all the way to humans.

340

341 We were, unfortunately, not able to experimentally test the role of the R2105/R2107 residues of
342 Torl (R2168/R2170 in human mTOR) in cells, as the respective alanine mutant protein was
343 extremely unstable. Moreover, when expression between WT and mutant Torl was artificially

344 matched (by introducing additional DNA/cDNA copies to cells), the latter showed diminished
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345 Kogl/Raptor binding in co-immunoprecipitation experiments (data not shown). Therefore, in
346 addition to participating in the stabilization of malonyl-CoA in the mTOR catalytic pocket (as
347 shown from our in silico mutagenesis and MD simulation analyses), these residues seemingly also

348 play important roles in mMTORC1 formation and mTOR stability.

349
350 While the absolute concentration of malonyl-CoA in yeast and mammalian cells has not been
351 accurately measured before, our IVK experiments show that malonyl-CoA inhibits mTORC1 with

352 ICs0=0.23 mM and K; = 0.77 mM (ICso = 0.23 mM, K; = 0.76 mM, for yeast TORC1). Although
353 it is possible that the average intracellular malonyl-CoA concentration does not increase to this
354 extent, the direct physical association between ACCI1/FASN and mTOR/Raptor indicates that,

355 upon FASN blockage or ACC1 hyperactivation, a local increase in malonyl-CoA levels could

356 inhibit proximal mTORCI. Because FASN can interact with both lysosomal and non-lysosomal
357 mTOR, perturbations in its activity are able to control all subpopulations of mTORCI in cells.
358 Such metabolic proximity channelling principles have been described before *® and can facilitate
359 efficient transfer of a metabolite from one enzyme to the next, thus bypassing the need for
360 alterations in total intracellular metabolite levels.

361

362 Because of its central role in FA biosynthesis, FASN has emerged as a critical player in cancer
363 cell metabolism, growth and survival 13361 with several FASN inhibitors currently being tested
364 in clinical trials 2. Interestingly, previous work suggested that the accumulation of malonyl-CoA,

365 rather than the inhibition of FASN itself, is the underlying cause in FASN-inhibitor-induced
366 toxicity in breast cancer cells **. In the present study, we find that FASN inhibition also leads to

367 mTORCI1 downregulation due to malonyl-CoA accumulation, in addition to its well-known role
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in FA biosynthesis. As mTOR activity is commonly dysregulated in the majority of human
cancers, our work raises the plausible hypothesis that part of the beneficial effect of FASN
inhibition in cancer treatment may be due to the concomitant drop in mTORCI signalling %3. Of
note, in our experiments, nN"TORC1 and FASN inhibitors demonstrated synergistic effects in yeast,
even when combined at sublethal doses for each individual compound. These data are in agreement
with a previous report showing synthetic lethality of cerulenin and rapamycin in cancer cell lines
6 In sum, our findings identify a direct connection between the core FA biosynthesis machinery
and mTORCI activity, reveal novel concepts of how metabolic signalling is coordinated in cells,
and provide the basis for the development of advanced therapeutic tools to treat human conditions

that are linked to hyperactive mTORCI1 signalling.
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380 Figure 1. Increasing malonyl-CoA levels by genetic and pharmacological perturbation of
381 Fas1/Accl activity reduces mTORCI1 activity in yeast and mammalian cells.

382 (a) Schematic diagram of de novo fatty acid biosynthesis. Yeast and mammalian proteins shown
383 in orange or blue, respectively.

384 (b-d) Cerulenin boosts malonyl-CoA levels and inhibits TORCI1 activity. Immunoblots with
385 lysates from yeast cells expressing the fapR/fapOp-yeGFP malonyl-CoA reporter system, treated
386 with 20 uM cerulenin (Ceru) for the indicated times. GFP expression shows Mal-CoA levels.
387 TORCI activity assessed by Sch9 phosphorylation (b). Quantification of relative Mal-CoA levels

388 (GFP/Adhl ratio) in (c). Quantification of relative TORC1 activity (p-Sch9'737/Sch9 ratio) in (d),

389 n=4.
390 (e-f) Immunoblots with lysates from wild-type (wt) or AcclS!!57A-expressing yeast cells,
391 exponentially growing (Ctrl), starved for nitrogen (-N), or starved and restimulated with Gln for

392 the indicated times. TORC1 activity assessed by Sch9 phosphorylation (e). Quantification of
393 relative TORCI1 activity (p-Sch91737/Sch9 ratio) in (f), n = 3.

394 (g-h) Pharmacological inhibition of FASN downregulates mTORC1. Immunoblots with lysates
395 from HEK293FT cells treated with 25 pM Fasnall for the indicated times. mTORCI1 activity
396 assayed by phosphorylation of S6K and 4E-BP1 (g). Quantification of p-S6K™38%/S6K ratio in (h),
397 n=>6.

398 (i-j) Immunoblots with lysates from HEK293FT cells treated with 50 uM Cerulenin (Ceru) for the
399 indicated times. mTORCI] activity assayed by phosphorylation of S6K. Malonyl-lysine (Mal-K)
400 blots indicate total protein malonylation, as a read-out for Mal-CoA levels (i). Quantification of p-

401 S6K1389/S6K ratio in (j), n = 8.
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(k-1) Immunoblots with lysates from control (siCtrl) or FASN knockdown (siFASN) HEK293FT
cells. mMTORCI activity assayed by phosphorylation of S6K and 4E-BP1. Mal-K blots show total
protein malonylation (k). Quantification of p-S6K™#/S6K ratio in (1), n = 6.

(m) FASN inhibition downregulates mTORC]1 activity independently from lipid availability.
Immunoblots with lysates from control (—) or Fasnall-treated (25 uM, 30 min) HEK293FT cells,
supplemented with BSA-conjugated FAs as indicated, or BSA as control. mTORCI activity
assayed by phosphorylation of S6K and 4E-BP1.

Data in graphs shown as mean + SEM. * = p < 0.05, ** = p < 0.005, *** = p < (0.0005.
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412 Figure 2. The mTORCI1-FASN-ACC1 proteins form reciprocal interactions in yeast and
413 mammalian cells.

414 (a-b) Accl physically interacts with TORC1 in a Rag-independent manner. Wild-type and gtr/4
415 gtr24 cells expressing genomically tagged Accl-myci3 and untagged (—) or genomically HA3-
416 tagged (+) TORCI1 subunits Kogl (a) or Tco89 (b) were grown exponentially. Lysates (Input) and
417 anti-HA immunoprecipitates (a-HA IP) were analysed by immunoblotting with anti-myc and anti-
418 HA antibodies.

419 (¢) Fasl physically interacts with TORCI in a Rag-independent manner. As in (a-b), using wild-
420 type and gtrid gtr2A cells harbouring genomically tagged Fasl-myciz and untagged (—) or
421 genomically HAs-tagged (+) Kogl.

422 (d) FASN directly interacts with mTOR, Raptor and ACCIl. Endogenous FASN was
423 immunoprecipitated from HEK293FT cell lysates and co-immunoprecipitated proteins were
424 identified by immunoblotting as indicated.

425 (e) As in (d), but with ACC1 immunoprecipitation.

426 (f) As in (d), but with mTOR immunoprecipitation.

427 (g) The interaction between FASN, mTOR/Raptor and ACC1 is independent from the Rags. FASN
428 was immunoprecipitated from WT or RagA/B KO HEK293FT cell lysates and co-
429 immunoprecipitated proteins were identified by immunoblotting as indicated.

430 (h) Immunofluorescence of FASN and LAMP2 (lysosomal marker) in MCF-7 cells shows
431 primarily diffuse cytoplasmic FASN localization. Scale bar = 10 um.

432 (i-j) FASN shows proximity to lysosomes. PLA assays in MCF-7 cells using FASN and LAMP2

433 antibodies. Specificity of the PLA signal (red dots) verified by FASN and LAMP2 knockdowns.
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434 Scale bars =25 um (i). Quantification of PLA signal intensity in (j). Data shown as mean + SEM.

435 %% =p<0.0005.

436
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Figure 3. Molecular dynamics simulation of Mal-CoA binding to the mTOR catalytic pocket.
(a) Chemical structures of ATP (left) and malonyl-CoA (right) highlight structural similarities
between the two molecules. Identical parts marked in blue.

(b) Structural alignment of representative snapshots of malonyl-CoA (green; initial conformation
shown) and ATP (magenta) bound to the mTOR catalytic pocket (top view).

(¢) Distances of the ligands from the mTOR binding pocket during the MD simulations. The
distances were computed between the center of mass (COM) of the adenine ring and the COM of
the amino acid residues defining the pocket. Three replicas were run for each compound, and
individual dots represent averages over 100 ns of MD simulation (n = 9). Data in box plots: central
line, median; box, interquartile range (IQR) [25" (Q1) - 75" (Q3) percentile]; whiskers,

Q3+1.5*IQR and QI-1.5*IQR.
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450 Figure 4. Mal-CoA is a direct ATP-competitive inhibitor of mTORCI1.

451 (a-b) Malonyl-CoA, and to a lesser extent acetyl-CoA, inhibit TORC1 activity in vitro. IVK assays
452 using TORC1 purified from yeast with recombinant Lst4-°°" and co-purified Tco89 proteins as
453 substrates, in the presence of increasing Mal-CoA, Ac-CoA, or CoA amounts. Substrate
454 phosphorylation detected by autoradiography (*?P). Total protein detected by Sypro Ruby staining
455 (2). Quantification of TORCI1 activity (Lst4-°°" phosphorylation) in (b). Curve fitting and ICso
456 calculations performed with GraphPad Prism. Data shown as mean + SEM, n = 3.

457 (c-f) IVKs as in (a), but with mTORCI purified from HEK293FT cells and recombinant 4E-BP1
458 protein used as substrate in the presence of increasing Mal-CoA (c), Ac-CoA (d), or CoA (e)
459 amounts. 4E-BP1 phosphorylation detected by immunoblotting. Quantification of mTORCI1
460 activity in (f). Curve fitting and ICso calculations performed with GraphPad Prism. Data shown as
461 mean + SEM, n =4.

462 (g-h) Malonyl-CoA inhibits TORC1 in an ATP-competitive manner. [IVKs performed as in (a)
463 using increasing ATP concentrations without or with 0.66 or 2 mM Mal-CoA. Quantification of
464 TORCT1 activity (Lst4-°° phosphorylation) in (h). Curve fitting and calculations of K atp and K
465 Mal-Coa performed with GraphPad Prism. Data shown as mean + SEM, n = 3.

466 (i-j) IVKs as in (¢) using increasing ATP concentrations, in the presence or absence of 2 mM Mal-
467 CoA (i). Quantification of mTORCI activity in (j). Curve fitting and calculations of Km atp and K
468 Mal-Coa performed with GraphPad Prism using a mixed inhibition model. Data shown as mean +
469 SEM, n=4.

470 (k) Model of mTOR inhibition by Mal-CoA. When the FA biosynthesis machinery is active, ACC1
471 converts Ac-CoA to Mal-CoA, which is, in turn, rapidly converted to palmitate by FASN (left). In

472 contrast, when ACCI1 is hyperactive or FASN is downregulated, accumulating Mal-CoA competes
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473 with ATP for binding to proximal mTOR molecules causing its inactivation. Hence, by
474 complexing with ACC1 and FASN, mTORCI1 functions as a direct sensor for Mal-CoA to adjust
475 growth and coordinate cellular metabolic activity in response to decreased cellular FA biosynthesis
476 capacity (right).

477
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478 Methods

479 Yeast culture

480 Yeast cells were grown in liquid to exponential growth phase in SC medium (1.7 g/l yeast nitrogen
481 base (#1545, CONDA) 5 g/l ammonium sulfate (#4808211, MP Biomedicals), 20 g/l glucose
482 (#1422, AppliChem), 2 g/l amino acid dropout -His (#D9520, US Biological), 35 mg/I histidine
483 (#A1341, AppliChem)) at 30°C, unless otherwise stated in the figure legends. All yeast strains

484 used in this study are listed in Suppl. Table 1.

485

486 Yeast culture treatments

487 For starvation/re-addition experiments, yeast cells growing in exponential phase were filtered and
488 shifted to prewarmed (30 °C) nitrogen starvation medium (1.7 g/l yeast nitrogen base, 20 g/l

489 glucose) for 20 min. Subsequently, glutamine (#119951000, Acros) was added to a final
490 concentration of 3.3 mM (using a 50x stock solution). Treatment with the pharmacological FAS

491 inhibitor cerulenin (#C2389, Sigma-Aldrich) was carried out by adding the drug directly to the cell

492 cultures at the concentration and times indicated in the figure legends.
493
494 Mammalian cell culture

495 All cell lines were grown at 37 °C, 5% CO». Human female embryonic kidney HEK293FT cells
496 (#R70007, Invitrogen; RRID: CVCL_6911), human female breast adenocarcinoma MCF-7 cells
497 (#HTB-22, ATCC; RRID:CVCL_0031), immortalized mouse embryonic fibroblasts (MEFs), and
498 human female bone osteosarcoma U20S cells (#HTB-96, ATCC; RRID:CVCL 0042) were
499 cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) (#41965-039, Gibco),

500 supplemented with 10% FBS (#F7524, Sigma; #S1810, Biowest). MCF-7 cells were also
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501 supplemented with 1x NEAA (non-essential amino acids) (#11140-035, Gibco). Human male
502 diploid lung WI-26 SV40 fibroblasts (WI-26 cells; #CCL-95.1, ATCC; RRID: CVCL_2758) were
503 cultured in DMEM/F12 GlutaMAX medium (#31331093, Thermo Fisher Scientific), containing
504 10% FBS. All media were supplemented with 1x Penicillin-Streptomycin (#15140-122, Gibco).
505

506 HEK293FT cells were purchased from Invitrogen. Wild-type control immortalized MEFs were a
507 kind gift of Kun-Liang Guan (described in ). U20S cells were a kind gift of Nils-Goran Larsson.
508 The identity of the WI-26 cells was validated using the Short Tandem Repeat (STR) profiling
509 service, provided by Multiplexion GmbH. The identity of the HEK293FT and MCF-7 cells was
510 validated by the Multiplex human Cell Line Authentication test (Multiplexion GmbH), which uses
511 a single nucleotide polymorphism (SNP) typing approach, and was performed as described at
512 www.multiplexion.de. All cell lines were regularly tested for Mycoplasma contamination, using a

513 PCR-based approach and were confirmed to be Mycoplasma-free.

514
515 Mammalian cell culture treatments
516 Amino acid starvation experiments were carried out as described before 2. Treatments with the

517 pharmacological FASN inhibitors Fasnall (#SML1815, Sigma-Aldrich) and cerulenin (#C2389,
518 Sigma-Aldrich) were performed by adding the drugs directly to the media at the concentrations
519 and for times indicated in the figure legends, with DMSO (#4720.1, Roth) used as control. For
520 lipid depletion experiments, cells were cultured in media containing 10% charcoal-stripped FBS
521 (CD-FBS) (#A3382101, Thermo Fisher Scientific), instead of full FBS, for 24h prior to treatments
522 with FASN inhibitors. For fatty acid supplementation, each fatty acid was first conjugated to 10%

523 fatty-acid-free BSA (bovine serum albumin fraction V) (#10735086001, Roche) for 1 hour at 50°C
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524 in a 50:50 volumetric ratio. The BSA-conjugated C16:0, C16:1, C18:1, and C18:2 fatty acids (100
525 uM) were then added to the media both 16 h prior to and at the start of the treatment with FASN
526 inhibitors. Exogenous Mal-CoA treatments were performed by adding 250 pM malonyl-CoA
527 lithium salt (#M4263, Sigma-Aldrich) in the culture media for 30 min before cell lysis.

528

529 Antibodies

530 All antibodies used in this study are listed in Suppl. Table 2.

531

532 Plasmids and molecular cloning

533 The pcDNA3-FLAG-hRagA®Q: (Q66L) and hRagCSN (S75N) vectors expressing the
534 constitutively-active Rag GTPases were described previously *?. The pcDNA3-FLAG-Luc control
535 vector was described in %. To generate the pcDNA3-FLAG-ACCI expression vector, the long
536 ACCI1 isoform 4 (Uniprot ID Q13085-4; not used in this study) was PCR amplified from cDNA
537 (prepared from MCF-7 cells) using appropriate primers and cloned in the Xhol/Xbal restriction
538 sites of pcDNA3-FLAG. Next, the canonical, shorter ACC1 isoform 1 (Uniprot ID Q13085-1) was
539 generated using the isoform 4 expression vector as a template and appropriate PCR primers, and
540 cloned in the Xhol/BglII restriction sites of pcDNA3-FLAG-ACC1%4, thus replacing the long N-
541 terminal part with that of ACC1 isoform 1. The respective pcDNA3-FLAG-ACC157° (isoform 1)
542 plasmid was generated by site-directed mutagenesis using appropriate primers, and the insert was
543 cloned in the Xhol/BglIl restriction sites of pcDNA3-FLAG-ACC1. The pETM-11-4E-BP1
544 vector, used to express Hiss-tagged 4E-BP1 in bacteria, was generated by PCR-amplifying human

545 4E-BP1 from cDNA (prepared from HEK293FT cells) using appropriate primers and cloned in the

30


https://doi.org/10.1101/2022.11.06.515351
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.06.515351; this version posted November 6, 2022. 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-NC-ND 4.0 International license.

546 Ncol-Notl restriction sites of pETM-11. The integrity of all constructs was verified by sequencing.
547 All DNA oligonucleotides used in this study are listed in Suppl. Table 3.

548

549 mRNA isolation and cDNA synthesis

550 Total mRNA was isolated from cells using a standard TRIzol/chloroform-based method
551 (#15596018, Thermo Fisher Scientific), according to manufacturer's instructions. For cDNA
552 synthesis, mRNA was transcribed to cDNA using the RevertAid H Minus First Strand cDNA
553 Synthesis Kit (#1631, Thermo Fisher Scientific) according to manufacturer's instructions.

554

555 Plasmid DNA transfections

556 Plasmid DNA transfections in HEK293FT cells were performed using Effectene transfection
557 reagent (#301425, QIAGEN), according to the manufacturer's instructions.

558

559 Generation of knockout cell lines

560 The HEK293FT RagA/B, RagC/D and TSC1 knockout cell lines were generated using the pX459-
561 based CRISPR/Cas9 method, as described elsewhere ¢’. The sgRNA expression vectors were
562 generated by cloning appropriate DNA oligonucleotides (Suppl. Table 3) in the BbsI restriction
563 sites of pX459 (#62988, Addgene). An empty pX459 vector was used to generate matching
564 negative control cell lines. In brief, transfected cells were selected with 3 pg/ml puromycin
565 (#A11138-03, Thermo Fisher Scientific) 48 h post-transfection. Single-cell clones were generated
566 by single cell dilution and knock-out clones were validated by immunoblotting.

567

568
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569 Gene silencing experiments

570 For mTORCI1 activity assays, transient knockdown of FASN was performed using a pool of 4
571 siGENOME siRNAs (Horizon Discoveries). An siRNA duplex targeting the R. reniformis
572 luciferase gene (RLuc) (#P-002070-01-50, Horizon Discoveries) was used as control.

573 Transfections were performed using 20 nM siRNA and the Lipofectamine RNAiIMAX transfection

574 reagent (#13778075, Thermo Fisher Scientific), according to the manufacturer’s instructions. Cells
575 were harvested or fixed 48 h post-transfection and knockdown efficiency was verified by
576 immunoblotting.

577

578 Yeast genomic manipulation

579 Site-directed mutagenesis in yeast was performed by CRISPR/Cas9 using the method described in
580 %8 with minor optimizations. Gene deletions and genomic tagging were performed with a standard
581 high-efficiency transformation protocol using cassettes amplified from various plasmids of the
582 pFA6a PCR toolbox %°, or by mating and tetrad dissection. See Suppl. Table 4 for the full list of

583 the plasmids used.

584

585 Yeast cell lysis and immunoblotting

586 For yeast protein extractions, 10 ml of cell culture were mixed with TCA (trichloroacetic acid) at
587 a final concentration of 6%. After centrifugation, the pellet was washed with cold acetone and

588 dried in a speed-vac. The pellet was resuspended with an amount of lysis buffer (50 mM Tris-HCl
589 pH 7.5, 5 mM EDTA, 6 M urea, 1% SDS) that was proportional to the ODsoonm 0f the original cell
590 culture. Proteins were extracted by disruption in a Precellys machine in the presence of glass beads.

591 Subsequently, a Laemmli-based sample buffer (350 mM Tris-HCI pH 6.8, 30% glycerol, 600 mM
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592 DTT, 10% SDS, 0.2 mg/ml bromophenol blue) was mixed (1:1) with whole cell extracts and boiled

593 at 98°C for 5 minutes. The analysis was carried out by SDS-PAGE using antibodies as indicated

594 in the figure legends. Band intensities were quantified using the ImageJ software.

595

596 Mammalian cell lysis and immunoblotting

597 For standard SDS-PAGE and immunoblotting experiments, cells form a well of a 12-well plate

598 were lysed in 250 pl of ice-cold Triton lysis buffer (50 mM Tris pH 7.5, 1% Triton X-100, 150
599 mM NaCl, 50 mM NaF, 2 mM Na-vanadate, 0.011 gr/ml beta-glycerophosphate), supplemented
600 with 1x PhosSTOP phosphatase inhibitors (#4906837001, Sigma-Aldrich) and 1x cOmplete
601 protease inhibitors (#11836153001, Roche), for 10 minutes on ice. Samples were clarified by
602 centrifugation (14.000 rpm, 15 min, 4 °C) and supernatants were boiled in 1x SDS sample buffer
603 (5x SDS sample buffer: 350 mM Tris-HCI pH 6.8, 30% glycerol, 600 mM DTT, 12.8% SDS,

604 0.12% bromophenol blue). Samples were analysed by SDS-PAGE using specific primary

605 antibodies as indicated in the figures. Band intensities were quantified using the ImageJ software.
606

607 Co-immunoprecipitation (co-IP)

608 For yeast co-immunoprecipitations experiments, cells were collected by filtration and immediately
609 frozen in liquid nitrogen. Subsequently, the pellets were mechanically disrupted in a FastPrep

610 machine in 50 ml tubes containing 5 ml of ice-cold lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM
611 NaCl, 10% glycerol, 0.1% Nonidet P40), supplemented with 1x EDTA-free protease inhibitor
612 cocktail (#11697498001, Roche), 1x PhosSTOP phosphatase inhibitor (#04906837001, Roche)
613 and 4 ml glass beads. Total cell extracts were recovered from beads and cleared by centrifugation.

614 At this stage, samples were taken for input analysis and denatured with a Laemmli-based sample
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615 buffer (350 mM Tris-HCI pH 6.8, 30% glycerol, 600 mM DTT, 10% SDS, 0.2 mg/ml bromophenol
616 blue). 10-20 mg of cleared lysates were incubated with anti-HA pre-conjugated magnetic beads
617 (#88837, Pierce) for 2 hours at 4 °C. The beads were then washed 5 times with high salt lysis
618 buffer (50 mM Tris-HCI pH 7.5, 300 mM NacCl, 10% glycerol, 0.1% Nonidet P40) and eventually
619 resuspended in 20 pl lysis buffer and 20 pl 2x Laemmli buffer. Samples were analysed by SDS-
620 PAGE using specific primary antibodies as indicated in the figures.

621

622 For mammalian endogenous protein co-immunoprecipitation experiments, cells of a near-
623 confluent 10 cm dish were lysed in CHAPS IP buffer (50 mM Tris pH 7.5, 0.3% CHAPS, 150 mM
624 NaCl, 50 mM NaF, 2 mM Na-vanadate, 0.011 gr/ml beta-glycerophosphate), supplemented with
625 Ix PhosSTOP phosphatase inhibitors and I1x EDTA-free cOmplete protease inhibitors
626 (11873580001, Roche) for 10 minutes on ice. Samples were clarified by centrifugation (14000
627 rpm, 15 min, 4 °C) and supernatants were subjected to IP by the addition of 3 pl of each antibody,
628 incubation at 4 °C rotating for 3 h, followed by incubation (4 °C, rotating) with 30 pl of pre-washed
629 Protein A agarose bead slurry (#11134515001, Roche) for an additional hour. Beads were then
630 washed four times with CHAPS IP wash buffer (50 mM Tris pH 7.5, 0.3% CHAPS, 150 mM NaCl,
631 50 mM NaF) and boiled in 1x SDS loading buffer. A portion of the samples was kept aside as
632 inputs, prior to the addition of antibodies. Samples were analysed by SDS-PAGE and the presence
633 of co-immunoprecipitated proteins was detected by immunoblotting with appropriate specific
634 antibodies.

635

636 To test if malonyl-CoA influences mTORC1 complex stability/composition, ] mM malonyl-CoA

637 lithium salt solution was added to the lysates before immunoprecipitation of mTOR, as described
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638 above. For mTORCI in vitro kinase assays, endogenous mTOR was immunopurified from 1x 10
639 cm dish per condition as described above. To test malonylation of FASN and mTOR, endogenous
640 proteins were immunopurified from 1x 10 cm dish per condition as described above, except for

641 using a high-stringency Triton IP lysis buffer (50 mM Tris pH 7.5, 1% Triton X-100, 500 mM
642 NaCl, 50 mM NaF, 2 mM Na-vanadate, 0.011 gr/ml beta-glycerophosphate, 1x PhosSTOP
643 phosphatase inhibitors, 1x EDTA-free cOmplete protease inhibitors) and washing 3x with Triton
644 IP wash buffer (50 mM Tris pH 7.5, 1% Triton X-100, 500 mM NaCl, 50 mM NaF) and 2x with
645 Tris wash buffer (50 mM Tris pH 7.5) to remove interacting proteins. Protein malonylation was
646 assayed by immunoblotting using a Mal-K-specific antibody.

647

648 Production of recombinant Hise-tagged 4E-BP1 protein in bacteria

649 Recombinant Hise-tagged 4E-BP1 protein was produced by transforming E. coli BL21 RP
650 electrocompetent bacteria with the pETM-11-4E-BP1 vector described above, according to
651 standard procedures. In brief, protein expression was induced with IPTG (isopropyl-B-D-
652 thiogalactopyranoside) for 3 h at 30 °C, and His¢-4E-BP1 was purified using Ni-NTA agarose
653 (#1018244, QIAGEN) and eluted with 250 mM imidazole (#A1073, Applichem).

654

655 Yeast TORCI1 Kkinase activity assays

656 TORC1 was purified from yeast cells and radioactive in vitro kinase assays were performed
657 essentially as previously described *°. In brief, kinase reactions (total volume 30 ul) were
658 performed with 400 ng purified Hise-Lst4-°P protein and 60 ng TORCI in kinase buffer (50 mM
659 HEPES/NaOH pH 7.5, 150 mM NacCl). To test the effect of Mal-CoA (#M4263, Sigma-Aldrich),

660 Ac-CoA (#A2181, Sigma-Aldrich) and CoA (#C3144, Sigma-Aldrich), the kinase reaction was
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661 preincubated for 15 min with 2 pl of each compound from a 15x stock solution. Reactions were
662 started by adding 2 pl of ATP mix (62.5 mM MgCl, 4.5 mM ATP, 0.8 uM [y-**P]ATP (#SRP-
663 501, Hartmann Analytic). For kinase assays with different ATP concentrations, reactions were
664 started by adding 2 pl of serial 3-fold dilutions of a more concentrated ATP mix (72 mM ATP, 0.8
665 uM [y-*2P]ATP), always containing 62.5 mM MgCl,. All reactions were carried out at 30°C for
666 10 min and stopped by the addition of 3x sample buffer (50 mM Tris-HCI pH 6.8, 5% SDS, 0.05%
667 bromophenol blue, 630 mM DTT, 30% glycerol) and heating at 65°C for 10 min. Proteins were
668 separated by SDS-PAGE and stained in-gel with SYPRO Ruby (#S4942, Sigma-Aldrich) as
669 loading control. Substrate phosphorylation was analysed by autoradiography using a Typhoon
670 FLA 9500 phosphorimager (GE Healthcare) and the raw density of the signals was quantified
671 using the gel analysis tool of ImageJ.

672

673 Mammalian mTORCI1 kinase activity assays

674 In vitro mTORCI kinase assays were developed based on previous reports '%7!. In brief,
675 endogenous mTORC1 complexes were purified from HEK293FT cells, essentially as described in
676 the 'Co-immunoprecipitation' section, with minor modifications. Following the last wash step with
677 CHAPS IP wash buffer, beads were washed once with kinase wash buffer (25 mM HEPES pH 7.4,
678 20 mM KCIl) and excess liquid was removed with a Hamilton syringe, with final bead volume
679 being approximately 10 pl. Kinase reactions were prepared by adding 10 ul 3x kinase assay buffer
680 (75 mM HEPES/KOH pH 7.4, 60 mM KCl, 30 mM MgCl,) to the beads. To test the effect of Mal-
681 CoA (#M4263, Sigma-Aldrich), Ac-CoA (#A2181, Sigma-Aldrich), and CoA (#C3144, Sigma-
682 Aldrich) on mTORCI1 activity, 1 pl of each compound was pre-incubated with the kinase complex

683 for 5 minutes prior to initiation of the reaction. Compound concentrations are indicated in the
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6384 figures. Reactions were started by adding 10 pl of kinase assay start buffer (25 mM HEPES/KOH
685 pH 7.4, 140 mM KCl, 10 mM MgCl), supplemented with 500 uM ATP (final concentration in the
686 reaction) and 35 ng recombinant Hise-4E-BP1 substrate. For competition assays, ATP
637 concentrations are described in the respective figures. Reactions were incubated at 30 °C for 30
638 min, and stopped by the addition of one volume 2x SDS loading buffer and boiling (5 min, 95 °C).
689 Samples were run in SDS-PAGE and the mTORC1-mediated phosphorylation on 4E-BP1T37/46
690 was detected by immunoblotting with a specific antibody (#9459, Cell Signaling Technology).
0691 Signals were quantified using the gel analysis tool of ImageJ and shown as phospho-4E-

692 BP17137/46/4E-BP1 ratio.

693

694 Immunofluorescence and confocal microscopy

695 Immunofluorescence / confocal microscopy experiments were performed as described previously
696 4272 In brief, cells were seeded on glass coverslips (coated with fibronectin for experiments with

697 HEK293FT cells), treated as described in the figure legends, and fixed with 4% paraformaldehyde
698 (PFA) in 1x PBS (10 min, RT), followed by two permeabilization/washing steps with PBT (1x
699 PBS, 0.1 % Tween-20). Cells were blocked in BBT (1x PBS, 0.1% Tween-20, 1% BSA) for 45
700 minutes. Staining with anti-mTOR (#2983, Cell Signaling Technology) and anti-LAMP2 (#H4B4,
701 Developmental Studies Hybridoma Bank) primary antibodies diluted 1:200 in BBT solution was
702 performed for 2h followed by three washes with PBT. Next, cells were stained with highly cross-
703 adsorbed fluorescent secondary antibodies (Donkey anti-rabbit FITC, Donkey anti-mouse TRITC;
704 both from Jackson ImmunoResearch) diluted 1:200 in BBT for 1 h. Nuclei were stained with DAPI
705 (#A1001, VWR) (1:1000 in PBT) for 5 min and coverslips were washed three times with PBT

706 solution before mounting on glass slides with Fluoromount-G (#00-4958-02, Invitrogen). All
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707 images were captured on an SP8 Leica confocal microscope (TCS SP8 X or TCS SP8 DLS, Leica

708 Microsystems) using a 40x oil objective lens. Image acquisition was performed using the LAS X
709 software (Leica Microsystems).

710

711 Quantification of colocalization

712 Colocalization analysis in confocal microscopy experiments was performed as in +*72, using the
713 Coloc2 plugin of the Fiji software 7*. A minimum of 12 representative images captured from 3-4
714 independent experiments were used per condition and Manders’ colocalization coefficient (MCC)
715 with automatic Costes thresholding 7476 was calculated in individual cells. The area corresponding
716 to the cell nucleus was excluded from the cell ROI to prevent false-positive colocalization due to
717 automatic signal adjustments. MCC is defined as a part of the signal of interest (mTOR), which

718 overlaps with a second signal (LAMP2). Values are displayed as mean + SEM, and significance
719 was calculated using Student's t-test (for pairwise comparisons) and one-way ANOVA with post
720 hoc Holm-Sidak comparisons using GraphPad Prism.

721

722 Proximity Ligation Assays (PLA)

723 Proximity of endogenous FASN to lysosomes (LAMP2 as lysosomal marker) was assessed in
724 MCF-7 cells by PLA assays, using the Duolink In Situ Red Starter Kit Mouse/Rabbit
725 (#DUO92101, Sigma-Aldrich), according to the manufacturer's instructions with minor
726 modifications. To test specificity of the FASN/LAMP2 PLA signal in the respective assays,
727 transient knockdown of FASN or LAMP2 was performed using a reverse transfection protocol
728 with appropriate siRNAs (siGENOME, Horizon Discoveries) and Lipofectamine RNAIMAX

729 transfection reagent, according to the manufacturer’s instructions. Cells were trypsinized 48 h
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730 post-transfection, re-seeded in 16-well chamber slides (#171080, Nunc Lab-Tek), and assayed
731 approximately 24 h later. In brief, cells were fixed in 4% PFA (in 1x PBS), washed/permeabilized
732 with PBT (1x PBS, 0.1 % Tween-20), and blocked with Blocking solution from the Duolink kit.
733 Samples were incubated overnight at 4 °C with specific anti-FASN (#PA5-22061, Thermo Fisher

734 Scientific; dilution 1:400) and anti-LAMP2 (#H4B4, Developmental Studies Hybridoma Bank;

735 dilution 1:200) primary antibodies, processed according to the kit instructions and mounted on
736 slides with a drop of DAPI-containing Duolink in situ mounting medium. Images were captured
737 on a Leica TCS SP8 confocal microscope. A minimum of 10 randomly chosen fields were acquired
738 per condition as z-stacks, and total PLA signal was calculated on the maximal projections of the
739 single PLA channel using ImagelJ. Data in graphs presented as the average PLA area per cell, with
740 nsicul = 1100, ngrasy = 1272, and ngrampz = 1311 individual cells. Statistical analysis was

741 performed with GraphPad Prism.

742

743 Protein modelling

744 From the crystallographic structure of human mTOR (PDB ID: 3JBZ), the missing residues were
745 built by means of the Modeller version 10.0 77, using the amino acid sequences provided by the
746 Uniprot database (UniProtKB: P42345). Next, the kinase domain (KD) region (residues 684-1058)

747 was extracted and used for the docking calculation. The mTOR R2168A/R2170A double mutant

748 was modelled with UCSF Chimera, using the Dynameomics rotamer library 78, starting from the
749 mTOR structure described above.

750

751

752
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753 Ligand modelling
754 Starting from the x-ray structure of human mTOR in a complex with ADP (PDB ID: 3JBZ) initial
755 placement of the different ligands inside the binding pocket was performed. For ATP, the missing

756 phosphate group to obtain the ATP molecule from ADP was rebuilt manually. For malonyl-CoA,

757 its structure was extracted from PDB ID: SMYO0 and subsequently aligned to the ATP structure in
758 the mTOR catalytic pocket. Similar procedures were used for acetyl-CoA and Coenzyme A, and
759 their coordinates were retrieved from PDB ID: 1MZJ and 418A, respectively. All compounds were

760 parameterized using the Ligand Reader & Modeller tool of the CHARMM-GUI software 78!,

761

762 Docking simulations

763 For each compound, ten docking simulations were performed using the AutoDock software
764 (version 4.2) #2. Polar hydrogens and Kollman charges were added to the macromolecule *3.
765 Gasteiger charges were added to the ligands 34 and, to confine the adenosine group in an ATP-like
766 orientation, all rotatable bonds were blocked except for the lateral chain. The grid dimension was
767 adjusted to 54 x 40 x 40 points, and the ligand-macromolecule interaction maps were computed
768 using AutoGrid 8. The automated docking software AutoDock Vina 3¢ was used to calculate the

769 binding affinity of ligands and the mTOR kinase domain. Docking energies were evaluated by

770 using empirical-free energy functions and Lamarckian genetic algorithms 87. A regular precision
771 and a rigid ligand-docking were set for each docking run. To assess the stability of each docked
772 pose the energy values obtained by the docking were considered.

773

774 Molecular Dynamics (MD) simulations
775 For ATP, MD simulations of the human mTOR kinase domain (KD) region (residues 684-1058)

776 (PDB ID: 3JBZ) were started after manual addition of the missing phosphate group to the structure

40


https://doi.org/10.1101/2022.11.06.515351
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.06.515351; this version posted November 6, 2022. 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-NC-ND 4.0 International license.

777 of ADP in complex with two Mg?" ions. For the other compounds (malonyl-CoA, acetyl-CoA, and

778 CoA), the three most favourable poses from the docking calculation were selected as the starting
779 point for the MD simulations. Each system was solvated with the TIP3P water model % and
780 neutralized with Na* and CI" ions at physiological concentration (0.15 M). An energy minimization
781 step was performed using the steepest descent algorithm. After the minimization, a NVT
782 equilibration of 50 ps at 300K was performed, using the V-rescale thermostat with a 1T = 1 ps and
783 an integration time step of 2 fs ¥, Then, NPT simulation was run with a time step of 2 fs, using the
784 Parrinello-Rahman barostat *°, isotropic coupling and tp = 2 ps. The temperature was kept constant
785 at 310 K. The electrostatic interactions were calculated using the particle mesh Ewald method °!
786 with a cut-off of 1.2 nm. The same cut-off was also applied for the van der Waals interactions. The

787 simulations were performed with GROMACS (version 2020) 2 and using the CHARMM-36 force

788 field *3. For each complex, we performed three replicate measurements lasting 400 ns, resulting in
789 an aggregated time of 1.2 ps per system.

790

791 Statistical analysis

792 Statistical analysis and presentation of quantification data was performed using GraphPad Prism
793 (version 9.1.0). Data in graphs shown as mean = SEM. Box plots: central line, median; box,

794 interquartile range (IQR) [25" (Q1)-75" (Q3) percentile]; whiskers, Q3+1.5*IQR and Ql-
795 1.5*IQR. Significance was calculated using Student's t-test (for pairwise comparisons) or one-way
796 ANOVA with post hoc Holm-Sidak test (pairwise comparisons to controls). Sample sizes (n) and
797 significance values are indicated in figure legends (* p < 0.05, ** p < 0.005, *** p < (0.0005, ****
798 p < 0.00005, ns = non-significant).

799
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