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97 Abstract

98  Neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) are often associated with

99 mutations in proteins that are associated with stress granules. Stress granules are condensates formed
100 by liquid-liquid phase separation which, when aberrant, can lead to altered condensation behaviours
101 and disease phenotypes. Here, we identified lipoamide, a small molecule which specifically prevents
102  cytoplasmic condensation of stress granule proteins. Thermal proteome profiling showed that
103 lipoamide preferentially stabilises intrinsically disordered domain-containing proteins. These include
104  SRSF1 and SFPQ, stress granule proteins necessary for lipoamide activity. The redox state of SFPQ
105 correlates with its condensate-dissolving behaviour, in concordance with the importance of the
106  dithiolane ring for lipoamide activity. In animals, lipoamide ameliorates aging-associated aggregation
107  of a stress granule reporter, improves neuronal morphology, and recovers motor defects caused by
108  expression of ALS-associated FUS and TDP-43 mutants. In conclusion, lipoamide is a well-tolerated
109  small molecule modulator of stress granule condensation and dissection of its molecular mechanism
110 identified a cellular pathway for redox regulation of stress granule formation.

111  Introduction

112  Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease, primarily affecting motor
113 neurons, with poor prognosis and few options for therapy®. Currently three FDA approved drugs are
114 available: riluzole, edaravone, and, recently approved, relyvrio™ (a combination of sodium
115 phenylbutyrate and taurursodiol)*™. However, none blocks disease progression, and thus investigating
116  new therapeutic routes is important to overcome ALS. Many mutations associated with familial ALS
117  are found in RNA-binding proteins. Notably, TAR DNA-binding protein 43 (TDP-43) and fused in
118  sarcoma (FUS), with >40 ALS-associated mutations described in each>”. These RNA-binding proteins
119 have large intrinsically disordered regions (IDRs) with low sequence complexity.

120  TDP-43 and FUS are examples of stress granule proteins which normally localise to the nucleus, where
121  they have crucial functions in gene expression regulation and DNA damage responses. For example,
122 FUS localises to paraspeckles and DNA damage foci in the nucleus®®. Upon cellular stress, TDP-43 and
123 FUS are exported to the cytoplasm where they become incorporated into stress granules, although
124  neither are necessary for stress granule formation'®. Stress granules are liquid-like cytoplasmic
125  assemblies, or condensates, which are formed by liquid-liquid phase separation of both nuclear
126  exported and constitutively cytoplasmic proteins, along with mRNA3, Stress granule formation is
127  triggered by cellular stresses, such as oxidative stress. This is often dependent on the cytoplasmic
128  stress granule protein G3BP1¥. When the cellular stress is alleviated, stress granules dissolve and
129 proteins that normally reside in the nucleus, including FUS and TDP-43 translocate back to the nucleus.

130 It has been proposed that ALS-linked FUS and TDP-43 mutants cause diseases in part by inducing
131  aberrant phase transition of stress granules!>'*!>, This reduces the dynamics of stress granule proteins,
132 preventing them from dissolving when stress is removed, thus trapping nuclear proteins in the
133  cytoplasm. Supportive evidence is that FUS and TDP-43 mutants often show constitutive
134  mislocalisation to the cytoplasm, and FUS tends to aggregate more readily in the cytoplasm®®. Both
135 mechanisms may cause a loss-of-function phenotype in the nucleus or a gain-of-function (cytotoxic)
136  phenotype in the cytoplasm as cytoplasmic aggregates or fibrils: these are associated with motor
137 neuron dysfunction leading to neurodegenerative disease!’™°. Either way, dissolving aberrant stress
138 granules, reducing sensitivity to triggers of stress granule formation, preventing or reversing stress
139  granule protein aggregation, and/or driving protein back to the nucleus might be an efficient way to
140  prevent or reverse the consequences of ALS.
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141  Small molecules have been an essential tool for relating cytology to function. For instance, the
142 microtubule polymerization inhibitor nocodazole have helped us to study cytokinesis and microtubule-
143 mediated intracellular trafficking. Inhibitors against actin/myosin Il activities such as cytochalasin and
144  Y-27632 have illuminated pivotal roles of these cytoskeletal proteins in cell shape, division, and
145 migration. Indeed compounds have been identified that can disrupt stress granule condensation,
146  especially 1,6-hexanediol®® and similar alcohols?'. However, these compounds are both toxic and non-
147  specific, as they affect multiple condensates*?>. There is an unmet need for non-toxic and specific
148  compounds able to specifically dissolve condensates. Here we searched for compounds that both
149 prevented the formation of stress granules, and induced their dissolution, and identify lipoamide,
150  which partitions into stress granules in cells and alleviates pathology caused by ALS-associated FUS
151  and TDP-43 mutants in both motor neurons in vitro and in fly models of ALS. Using lipoamide as a tool
152  compound, we identify a pathway that allows stress granules to sense the oxidative state of the cell.

153  Results

154  We performed a cell-based screen of 1,600 small molecules to identify compounds which affect stress
155  granule formation upon arsenate treatment, by monitoring GFP-tagged FUS (FUS-GFP) localisation in
156  Hela cells (Fig. 1A—C). Many compounds altered FUS-GFP localisation in stressed cells, often reducing
157  the number of FUS-GFP-containing stress granules (Fig. 1B,C). Emetine, known to prevent stress
158  granule formation by stabilising polysomes?®, was present in the library and acted as a positive control.
159 Edaravone, an FDA-approved ALS therapeutic®®, had no significant effect.

160  The 47 strongest hits in Hela cells were further tested in vitro for an effect on condensation of purified
161 FUS-GFP under physiological (low salt, 50 mM KCl and reducing, 1 mM DTT) conditions, with the aim
162  of selecting for compounds which can directly affect stress granule proteins (Fig. S1A). Seven
163  compounds significantly affected FUS-GFP condensates in vitro and fell into three compound classes
164  (Fig. S1B,C). Of these, surfactants have no plausibility as a systemic therapeutic, and heterotri- and
165  tetracyclic compounds have previously been investigated for anti-prion properties with limited
166  success®. Lipoamide was a novel hit for stress granule modulation. Lipoic acid, a related compound
167  featuring a carboxylic acid instead of the carboxamide, was also a good hit in HelLa cells (Fig. 1B).

168 Lipoamide prevents and reverses stress granule formation in cultured cells

169  To test whether lipoamide and lipoic acid affect stress granule formation or solely partitioning of FUS
170 into stress granules, we treated Hela cells expressing five different GFP-tagged stress granule proteins
171  with lipoamide or lipoic acid. Pre-treatment with either compound for 1 h prior to 1 h arsenate stress
172 prevented cytoplasmic condensation for all proteins we tested, including G3BP1 (Fig. 1D). Addition of
173 lipoamide and lipoic acid to arsenate-stressed cells, in continued presence of arsenate, also led to
174  dissolution of pre-existing stress granules (Fig. S1D).

175 To assess whether lipoamide acts specifically on stress granules, we tested its effects on other
176 intracellular condensates such as P-bodies, Cajal bodies, and DNA damage foci and found that these
177 nuclear or cytoplasmic condensates were not affected (Fig. S1E). The specificity extended to stressor
178  types, as stress granule formation induced by oxidative stress and osmotic shock was inhibited
179  whereas stress granules still formed after heat treatment or inhibition of glycolysis (Fig. S1F). Therefore,
180 we conclude that the lipoamide activity is comparatively specific with regard to modulating the
181 properties of a cellular condensate.

182  To confirm that lipoamide enters cells and to determine its intracellular concentration, we synthesised
183 [15N]-lipoamide, which can be quantitatively detected by >N NMR (Fig. S2). Upon treatment of Hela
184  cells with 100 uM [15N]-lipoamide, loss of [15N]-lipoamide signal from the growth medium indicated
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185  that it accumulates in millimolar concentrations in cells. There was also a corresponding gain in [15N]-
186 lipoamide signal in the cell pellet (Fig. S2A—C). These indicate that lipoamide is taken into cells.

187  We used two strategies to ask whether lipoamide partitions into stress granules. Firstly, we used [15N]-
188 lipoamide with FUS condensates, as a minimal in vitro model of the stress granule environment. [15N]-
189 lipoamide from the dilute phase following FUS-GFP condensation under low salt reducing conditions
190 (Fig. S3A-D) partitioned into the FUS-GFP condensate phase by a factor of ten (Fig. 2A). To analyse
191 partitioning of lipoamide into stress granules in cells, we synthesized a lipoamide analogue derivatised
192  with a diazirine (for UV-induced crosslinking) and alkyne (for click chemistry) groups (Fig. 2B). This
193  dissolved stress granules with a slightly lower potency than lipoamide (Fig S3E), but allowed us to
194  crosslink this analogue to proteins in the vicinity by UV irradiation, subsequently labelling it via click
195 reaction with a fluorophore. Using the click-crosslink analogue at 30 uM (insufficient to dissolve stress
196  granules), we observed signal particularly in nuclei, mitochondria, and stress granules both without
197  and with crosslinking. Crosslinking increased colocalization with stress granules (Figs. 2C,D and S3F).
198  Comparison of signal intensity without and with crosslinking suggests that >50% of the analogues are
199 part of high affinity complexes with fixable macromolecules and/or are covalently bound to proteins
200 in each compartment (Fig. 2E). We suspect that this represents nonspecific binding of the reduced
201  dithiolane to proteins. Taken together, these data indicate that lipoamide partitions into stress
202  granules, along with other organelles.

203  SAR study identifies more potent lipoamide analogues and the dithiolane as a key feature

204  To determine which chemical features of lipoamide are required for activity, we synthesised a panel of
205 lipoamide-like compounds and tested the structure-activity relationship (SAR). As a reference, we
206  confirmed lipoamide potency: lipoamide pre-treatment, in both Hela and induced pluripotent stem
207  cells (iPSCs), caused a dose-dependent decrease in stress granule numbers while an increase in
208  partition of FUS-GFP back to the nucleus with a similar dose-dependency (Fig. 3A). Titration analyses
209  of the series of lipoamide analogues identified 16 compounds with more than approximately five-fold
210  increased potency (ECsp < 2.5 uM, summarised in Fig. 3B-J), compared to lipoamide. Specifically,
211  lipoamide  derivatives of  6-amino-3-substituted-4-quinazolinones and  five-membered
212  aminoheterocyclic amides represented the most potent analogues (Fig. 3I).

213 The (R) and (S) isomers of lipoamide and lipoic acid had a similar ECso, indicating little stereoisomer
214  specificity (Fig. 3B). The chemical structure of lipoamide is similar to that of the lipoyl moiety, used as
215  a hydrogen-accepting cofactor by two mitochondrial Krebs cycle enzymes, which is recycled to the
216  oxidised state by dihydrolipoamide dehydrogenase (DLD, also mitochondrial)?®. Cells exclusively use
217  the (R)-lipoyl moiety stereoisomer. However, the comparable ECso between the (R)- and (S)-isomers of
218 lipoamide and the absence of a lipoate ligase in eukaryotic cells®® indicate that lipoamide does not
219 primarily function through these mitochondrial proteins to effect stress granule dissolution.

220  Mono-methylation of lipoamide on the amide improved the activity, while di-methylation reduced it
221  (Fig. 3C). However, other disubstituted amide analogues showed activity in the context of more
222  complex amide structures (Fig 3D). Indeed, many mono-substitutions of the lipoamide amide
223  improved the activity, with no clear trend for beneficial substitutions, i.e., a relatively 'flat' SAR space
224  inthe carboxamide group. Dissimilar substitutions could similarly increase potency to low uM (Fig. 3E),
225  while some similar heterocycle substitutions could have a wide range of potencies (Fig. 3F). Activity
226  could be retained and even increased by shortening the alkane ‘backbone’ (Fig. 3G). A compound
227  without a carboxamide or carboxylic acid moiety (i.e., unlike both lipoamide and lipoic acid) was active,
228  with increased potency (Fig. 3H), although the most potent compounds were mono-substituted
229  amides (Fig. 3I).
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230 Importantly, the dithiolane ring is necessary for activity, indicating a redox activity for stress granule
231  dissolution. Lipoamide derivatives are likely reduced in the cellular environment. Indeed, the reduced
232 dihydrolipoamide form was active (Fig. 3J). Furthermore, a labile thiol modification (two thioesters)
233  was active while non-labile derivatives (thiol benzylation and substitution to a tetrahydrothiophene, a
234  thiolane ring) were not (Fig. 3J). A six-membered disulfide ring removed activity (Fig. 3J). As redox
235 potential is linked to disulfide ring size, this also indicated a redox-linked mechanism. Since Edaravone
236 and ascorbic acid, other redox active compounds?”%8, did not reduce stress granules at micromolar
237  concentrations comparable to lipoamide (Fig. 1B and S1G), this suggests that lipoamide is more potent
238 than those compounds to control stress granule dynamics. Taken together, the SAR suggests that
239 lipoamide acts through a non-enzymatic route and likely through a redox-associated process.

240 Lipoamide weakly increases liquidity of FUS condensates in vitro

241  To test if lipoamide interacts with known stress granule proteins, we turned again to FUS, using the
242  classical methods of isothermal titration calorimetry (ITC) and chemical shift perturbation in
243 “fingerprint” 'H->N 2D protein NMR spectra. We could not detect interaction of FUS-GFP with
244  lipoamide in vitro by ITC. NMR of the N terminal prion-like domain of FUS showed only extremely weak
245  H and N shifts in the presence of lipoamide (Fig S4A,B). To test if lipoamide alters FUS condensate
246 formation, we examined the critical salt concentration and temperature of in vitro FUS condensates,
247 but found no detectable change in the presence of lipoamide (Fig. S4C).

248  We then tested whether lipoamide alters FUS condensate properties, first testing the effect on in vitro
249  condensate liquidity using laser optical tweezers to assay droplet fusion. This showed significantly
250  decreased droplet fusion times in the presence of lipoamide and thus increased liquidity (higher ratio
251  of surface tension to viscosity) (Fig. S4D,E). Over time FUS condensates gradually harden, visible as an
252  increasing viscosity and decreasing mobile fraction of FUS, and eventually forming solid fibres. This is
253 particularly prominent for condensates of ALS-linked mutant FUS G156E, which hardens then forms
254  fibres rapidly’®. We tested whether lipoamide maintains condensate liquidity, using fluorescence
255 recovery after photobleaching (FRAP). Both lipoamide and lipoic acid reduced FUS G156E-GFP
256  condensate hardening and fibre formation (Fig. S4F—H).

257 Finally, we turned to mass spectrometry to analyse changes in FUS G156E self-interaction in vitro in
258 the presence of lipoamide. We used lysine-lysine (K-K) chemical crosslinking and, following tryptic
259  digest, mass spectrometry detection of the cross-linked peptides as evidence for inter- and intra-
260  molecular interactions under different conditions. This technique requires lysine residues, which the
261 N-terminal IDR of WT FUS lacks. Therefore, we also analysed a FUS mutant with 12 lysine substitutions
262  in the N-terminal domain. Lipoamide caused a change, predominantly decrease, in the intensity of
263  identified K-K cross-linking sites and therefore suggested reduced FUS-FUS interactions (Fig. S4l,)).
264  Taken together, lipoamide has a weak effect on FUS condensate properties in vitro by modulating FUS-
265 FUS interactions and does so without strong small molecule-protein binding typically detectable by ITC
266  or NMR.

267 Lipoamide stabilises proteins with arginine/tyrosine-rich low complexity domains in cells

268  As the effects of lipoamide on FUS in vitro were likely too small to explain the effect of lipoamide on
269  stress granule dynamics in cells, we turned to thermal proteome profiling (TPP). Here, aliquots of HelLa
270 cells treated with DMSO (solvent control), lipoamide, arsenate, or lipoamide and arsenate were heated
271  to a range of different temperatures, and the abundance of soluble proteins was measured by
272  quantitative mass spectrometry. Relative increase in abundance with temperature is indicative of
273  protein thermal stability?>3° (Fig. 4A), summarised as z-scores (Fig. 4B and S5A,B). Increased protein
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274  thermal stability in the presence of a small molecule often indicates interaction®"32. Thermal stabilities
275  of proteins in lipoamide vs. lipoamide and arsenate-treated cells showed a strong positive correlation,
276  butarsenate vs. lipoamide and arsenate-treated cells did not, indicating a dominant effect of lipoamide.
277 Furthermore, lipoamide treatment also broadly reversed the thermal stability changes occurring due
278  to arsenate treatment (Fig. S5A,B). Therefore, we focused on the analysis of the sample treated with
279 both lipoamide and arsenate. As a positive control, we confirmed that the thermal stability of DLD was
280  weakly but significantly increased, consistent with lipoamide binding to the active site (z = 0.66+0.007,
281  adjusted p-value: false discovery rate [FDR] = 2.6 x 10™*). As we would predict from its mitochondrial
282 localization and enzymatic function, RNAi of DLD affected neither stress granule formation nor the
283 lipoamide activity to prevent it (Fig. S5C). Histone deacetylase 1 (HDAC1) and HDAC2 were also
284  stabilized (z = 3.58, FDR = 1.8 x 10™** and z = 4.75, FDR = 7.4 x 107°, respectively), consistent with a
285  recent report®.

286  Many proteins had higher TPP z-scores than DLD (Fig. 4B): Lipoamide and arsenate treatment resulted
287  in significantly increased thermal stability of 70 proteins, while reducing the thermal stability of 144
288  proteins compared to no treatment (Fig. 4B). Stabilised proteins had disproportionately long IDRs
289  which contained a disproportionally high proportion of arginine (R), tyrosine (Y), and phenylalanine (F)
290 residues, while destabilised proteins showed the opposite trend (Fig. 4B—D). R and Y-rich IDRs are
291  characteristic of stress granule proteins such as the FET family (FUS, TAF15, and EWSR1)34, although
292  their thermal stability was not significantly increased (z = 0.84+1.3, FDR = 0.73; z = 2.08+1.5, FDR =
293 0.20; z = 0.05+0.82, FDR = 0.87, respectively). This is consistent with no obvious interaction between
294  FUS and lipoamide in vitro. Also, individual FET family proteins are neither necessary for stress granule
295  formation® nor lipoamide activity (Fig. S5C), further indicating that they are not primary targets of
296 lipoamide for stress granule dissolution.

297  Specific stress granule proteins are necessary for lipoamide activity in cells

298  To assess which of the proteins identified as interacting with lipoamide by TPP are necessary for
299 lipoamide activity, we performed an endoribonuclease-prepared small interfering RNA (esiRNA)*>-
300 mediated gene knockdown screen of all 122 proteins with increased thermal stability (z > 2) (Table S1,
301 Fig S5A). We looked for the genes whose depletion reduced lipoamide activity in preventing stress
302 granule formation, which identified two IDR-rich proteins: splicing factor proline- and glutamine-rich
303  (SFPQ) and splicing factor serine/arginine-rich splicing factor 1 (SRSF1)*®3’: Lipoamide pre-treatment
304 failed to prevent stress granule formation in cells with either gene depletion (Figs. 4E,F and S5D). RNAi
305 of SFPQ or SRSF1 also prevented dissolution of pre-existing stress granules following lipoamide
306 treatment (Fig. S5E). Stress granule formation was neither exacerbated in stressed cells nor induced in
307 non-stressed cells by these RNAis, showing that the phenotype of lipoamide pre-treated cells is not
308 simply due to basal increase in stress granule formation (Figs. 4E,F and S5F).

309 Both SFPQ and SRSF1 are stress granule proteins: like FUS and TDP-43, both localise to the nucleus in
310  unstressed cells and, in stressed cells, stress granules (Fig. 4G). Therefore, lipoamide activity dissolving
311  stress granules is dependent on at least two stress granule proteins.

312 Redox state controls SPFQ-mediated dissolution of stress granule protein condensates

313  Theactivity of lipoamide requires the redox active dithiolane (Fig. 3J), and SFPQ is notably rich in redox-
314  sensitive methionine (28 out of 707 amino acids; Fig. 5A). SRSF1 is not methionine-rich with only three
315  out of 248 amino acids. Pioneering work has previously shown that methionine oxidation modulates
316  function and material properties of phase separated yeast ataxin-23%, and methionine oxidation in
317  SFPQ has been detected in cells*. These suggest that SFPQ may be a main target of lipoamide in a
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318 redox-based mechanism of action. We used in vitro experiments using pure protein to analyse the
319 effect of oxidation of SFPQ on condensate formation, using the oxidizing agent hydrogen peroxide
320 (H20,). SFPQ condensation was induced at low salt concentration (75 mM KCl; Fig. S6A). Oxidation of
321  SFPQ, confirmed by modulated electrophoretic migratory aptitude in non-reducing SDS-PAGE (Fig.
322 S6B), led to dissolution of SFPQ condensates in an H,0, concentration-dependent manner (Fig. S6A),
323  similarto the behavior of axaxin-2 condensates®. This suggests that oxidation alters properties of SFPQ
324 proteins. In contrast, H,0; alone did not lead to FUS condensate dissolution (Fig. S6A). Therefore,
325  oxidation-mediated condensate dissolution is specific to a subset of proteins.

326  We next examined functions of SFPQ and its oxidation on FUS condensate dynamics at a physiological
327 salt concentration (150 mM KCI), which kept SFPQ proteins in diffused state (Fig. S6C). We found that
328 adding SFPQ prevented FUS condensation (Fig. S6C). This effect did not occur by adding only GFP
329 proteins (Fig. S6C). However, H,0, treatment restored FUS condensates even in the presence of SFPQ
330 (Fig. S6D). These suggest that SFPQ proteins dissolve stress granule protein condensates in a redox
331  state-dependent manner.

332 Based on these in vitro results, we hypothesized that stress granule formation would be attenuated if
333  SPFQis not oxidizable. To assess this possibility, we aimed to replace methionine with a non-oxidizable,
334  non-natural analogue L-azidohomoalanine (AHA), normally used for protein labeling® (Fig. 5B). Cells
335  were cultured in methionine-free medium supplemented with AHA for 2 h, resulting in methionine-
336  to-AHA replacement in newly synthesized proteins, and then stressed with arsenate for 1 h (Fig. S6E).
337  Thisresulted in attenuated stress granule formation (Fig. 5C), and normal stress granule formation was
338 rescued by depletion of SFPQ (Fig. 5C). This suggests that SFPQ in the reduced state is responsible
339 preventing stress granule formation. One possibility is that cellular stress leads to oxidation of SFPQ,
340 allowing stress granule condensation. In this scenario, lipoamide reduces SFPQ and restores its stress
341  granule dissolution activity (Fig. 5D).

342 Lipoamide treatment rescues nuclear localization and functions of FUS and TDP-43

343 FUS and TDP-43 have important nuclear functions in unstressed cells. We asked whether lipoamide
344  treatment not only dissolves stress granules but also returns these proteins to the nucleus. Similar to
345 FUS-GFP (Fig. 3A), lipoamide pre-treatment increased partition of TDP-43 and the ALS-associated
346  nuclear localisation sequence mutant FUS P525L-GFP to the nucleus in stressed Hela cells (Fig. S7A).
347  To confirm that these effects also occur in cells prominently defective in ALS, we analysed iPSC-derived
348  motor neurons (MNs). Lipoamide had similar effect on nuclear partitioning of wild-type TDP-43 in
349 stressed (prolonged oxidative stress with low dose [10 uM] of arsenite) and FUS P525L-GFP in non-
350 stressed but long-cultured conditions (Figs. 6A,B and S7B,C)*.

351  We characterised the functional importance of the re-localization to the nucleus by considering FUS
352  and TDP-43 nuclear functions. FUS forms condensates at DNA damage sites to engage in DNA damage
353 repair, and this malfunction caused by ALS-linked mutations on FUS is implicated to underlie neuronal
354  dysfunction in ALS*. Lipoamide increased recruitment of FUS-GFP (WT in iPSCs and P525L in iPSC-
355  derived MNs) to laser-induced DNA damage foci (Fig. 6C,D). TDP-43 contributes to normal transcript
356  splicing in the nucleus, particularly of Stathmin-2 (STMN2) transcript, and altered STMNZ2 splicing
357 leading to reduced transcript levels is a hallmark of ALS®**. In iPSC-derived MNs, the prolonged
358  oxidative stress recapitulated reduction in STMN2 mRNA levels. This reduction in splicing was rescued
359 by lipoamide treatment, concomitant with TDP-43 nuclear partitioning (Fig. 6B,E). Lipoamide action
360 therefore dissolves stress granules, allows return of those ALS-linked proteins to the nucleus, and
361  restores nuclear functions of FUS and TDP-43.
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362 Lipoamide alleviates ALS phenotypes in familial ALS models

363  The ultimately lethal phenotype of ALS is thought to be caused by axon defects in motor neurons.
364 Indeed, iPSC-derived MNs expressing FUS P525L show a motor neuron survival defect in vitro, with
365 reduced neurite growth and defective axonal transport*!. Lipoamide treatment rescued neurite growth
366 of iPSC-derived MNs stressed with arsenite, shown by increased area covered in neurites in a non-
367 polarised culture (Fig. 7A). We tested if this correlated with improved axonal transport, by tracking
368 lysosome transport in iPSC-derived MN axons grown through silicone channels (Fig. 7B). As previously
369 observed, in an unstressed condition, distal axonal transport of lysosomes was disrupted by expression
370  of FUS P525L*, and lipoamide recovered transport to a similar level to that in WT FUS iPSC-derived
371 MNs (Fig. 7C,D). Motor neuron degeneration caused by an ALS-associated FUS mutant can therefore
372  berescued by lipoamide.

373  Aggregation of TDP-43 and FUS in neurons is a hallmark pathology of ALS, and aggregation of proteins
374 s also a phenotype of aging more generally, including in C. elegans**. Feeding lipoic acid (it has higher
375  solubility in food media than lipoamide) caused a dose-dependent reduction in the number of
376  aggregates of transgenic PAB-1, an orthologue of the human stress granule protein PABPC1 (Fig. 7E),
377 but not those of a non-stress granule protein RHO-1 (Fig. S8A)

378 In D. melanogaster, motor neuron-specific expression of human FUS and TDP-43 induces ALS-like
379 phenotypes, including motor defects manifesting as a reduced ability for negative geotaxis**®. Feeding
380 eitherlipoamide or lipoic acid improved climbing ability in flies expressing FUS nuclear localizing signal
381  (NLS) mutants, either FUS P525L or R521C (Figs. 7F and S8B). Similarly, lipoamide feeding alleviated
382  climbing defects in flies expressing TDP-43, either WT or an ALS-linked mutant M337V (Fig. 7F). The
383  severe phenotype caused by TDP-43 M337V was associated with abnormal neuromuscular junction
384  morphology, the presence of satellite boutons, similar to previously described phenotypes of another
385  ALS-linked mutant TDP-43 G298S* . Lipoamide treatment suppressed appearance of satellite boutons
386  (Fig. S8C). Collectively, our data show that lipoamide can alleviate ALS-like phenotypes in patient-
387  derived motor neurons and animal models caused by expression of two ALS-associated stress granule
388  protein mutants.

389 Discussion

390  Stress granules are an example of a liquid cellular compartment formed by phase separation. Due to
391 the strong genetic association of ALS with stress granule proteins, we sought small molecules which
392  alterthe physiological function of stress granule proteins in forming biological condensates. Our screen
393 identified lipoamide, which partitioned into stress granules in cells and their in vitro model
394  (condensates formed with the stress granule protein FUS). Lipoamide caused rapid disassembly and
395 prevented formation of stress granules. Our SAR showed the potency of lipoamide for stress granule
396  dissolution could be increased, particularly by mono-substituted amines and some alkane backbone
397  modifications.

398 The dithiolane is always required for activity of lipoamide-like molecules. However, the degree to
399  which other areas of lipoamide could be modified while retaining activity was large. This shows the
400 lipoamide compound family has potential for medicinal chemistry development. The high degree to
401  which the non-dithiolane regions could be altered would be surprising for a molecule that binds a
402 protein at a structured binding site, although this is perhaps unsurprising given the interaction of
403 lipoamide with intrinsically disordered proteins. Overall, lipoamide is likely therefore acting by
404  delivering a redox-active dithiolane payload to physicochemical environments formed by its interacting
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405 proteins, including stress granules. More active lipoamide derivatives are likely improving targeting
406  (cell uptake and partition into stress granules) while leaving the dithiolane payload intact.

407  Our work has identified a plausible candidate for the protein likely to sense the redox state of the cell.
408 Among all the proteins stabilised by lipoamide, our RNAi screen showed only SFPQ and SRSF1 were
409 necessary for the rapid (<20 minute) lipoamide effect on stress granule dynamics. Both are stress
410 granule proteins. Uniquely, SFPQ is very methionine-rich, which likely confers high redox sensitivity not
411  found in most arginine/tyrosine-rich IDR-containing proteins. SFPQ activity was indeed methionine-
412  and redox-dependent. SFPQ appears the primary target for early lipoamide activity, which overrides
413  the ability of SFPQ to act as an oxidation sensor, promoting stress granule dissolution only when
414  reduced. While we saw some effect of lipoamide on FUS condensate liquidity in vitro, we suspect that
415  this is a similar effect of secondary importance on a less redox-sensitive stress granule protein or a
416  minor effect from strong partitioning of lipoamide into this condensate. Overall, our identification of
417 lipoamide allowed us to dissect a mechanism where dissolution of stress granule condensates involves
418  direct redox sensitivity of a key stress granule protein. Lipoamide therefore represents productive
419  small molecule intervention in an emerging paradigm: redox-sensitivity of proteins able to phase
420  separate as a homeostatic mechanism34849,

421  Oxidative stress is a common theme in ALS pathogenesis mechanisms>®>2, We showed that lipoamide

422  canrecover pathology in motor neurons and animals expressing ALS-associated stress granule mutants
423 (FUS and TDP43) with no explicit oxidative stress. This leaves the link between the redox-associated
424  cellular effects of lipoamide on stress granules and neuron/animal model outcomes ambiguous, but
425  consistent with modulated stress granule formation in response to stochastic oxidative stresses.
426  Previous works described that HDAC1 and 2 are responsible for long-term changes in histone
427  acetylation in motor neurons®? and that they are inhibited by lipoamide*. However, we did not find
428  them necessary for short-term lipoamide activity on stress granules, instead detecting the two stress
429  granule proteins both necessary for lipoamide activity. However, this does not preclude long-term
430 nuclear effects. FUS NLS mutations are strongly associated with ALS***°¢ and dissolution of stress
431  granules by lipoamide leads to return of FUS and TDP-43 to the nucleus. Indeed, we saw lipoamide
432  does not prevent nuclear FUS condensation and rescues nuclear TDP-43 functions. Ultimately, this
433 relates to central questions about ALS pathogenesis. Does persistent stress granules or stress granule
434  protein aggregation lead to harmful (gain-of-function) effects, or is stress granule formation
435 fundamentally beneficial over a short time scale but, over a long time scale, leads to defects from
436  nuclear loss-of-function by sequestration of proteins in the stress granules? — overall our results are
437  consistent with the latter.

438  Although lipoamide does not have the characteristics of a typical therapeutic, it is notable that lipoic
439  acid is used to treat diabetic neuropathy and, in humans, a 600 mg daily dose gives plasma
440  concentrations of 8 to 30 uM°”*8, This is comparable to the concentrations used in our cell-based
441  assays and we saw beneficial effects in patient-derived motor neurons and D. melanogaster models of
442  ALS. Therefore lipoamide, in addition to allowing our discovery of direct redox sensation by SFPQ for
443  stress granule dissolution, has some plausibility as the basis of a therapeutic with medicinal chemistry
444  potential for further improvements. However it is important to point out that we have not shown a
445  direct relationship between stress granule dissolution and phenotype rescue on our disease models.
446  Future work will be required to understand the relationship between stress granule formation and
447  disease in animal models. However the identification of lipoamide provides a powerful tool for such
448  investigation.
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449 Methods
450 Cells and cell lines

451 Kyoto Hela cells were maintained in high glucose Dulbecco’s modified Eagle’s medium (DMEM,
452  Thermo Fisher Scientific) supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C with 5%
453  CO,. Stable Kyoto Hela BAC cell lines expressing proteins with a C-terminal fluorescent protein were
454  generated using BAC recombineering>®. This gives near-endogenous expression levels of the fusion
455  protein'>®, In these lines, GFP is part of a modified localisation and affinity purification (LAP) tag®,
456  providing a short linker. The stable expression was kept under G418 selection (400 ug/ml; Gibco). The
457  following BAC lines were used: FUS (MCB_005340) (used also for the compound screen [see Small
458  molecule screen]), COIL (MCB_0002582), DCP1A (MCB_0003876), EWSR1 (MCB_0008863), PABPC1
459  (MCB_0006901), TIAL1 (MCB_0008967), and TRP53BP1 (MCB_0003740). HelLa FUS P525L-GFP cells
460  were generated similarly to the iPS cell lines as described previously*.

461 Human iPS cells were grown in either TeSR E8 or mTeSR1 medium (Stem Cell Technologies) at 37°C
462 with 5% CO; (ref.??). iPS cells lines, derived from two different donors, expressing FUS with a C-terminal
463  GFP fluorescent marker were used. All were generated using CRISPR/Cas9 assisted tagging and
464  mutagenesis and have been previously described*!. KOLF iPS cell lines expressing wild-type FUS-GFP
465  or FUS P525L-GFP were previously generated from the KOLF-C1 clonal iPS cell line produced as part of
466  the humaninduced pluripotent stem cell initiative (HipSci)®®. KOLF-C1 cells were derived from a healthy
467 male donor. In these lines, GFP is part of a modified localisation and affinity purification (LAP) tag®,
468  giving an identical fusion protein sequence to the Kyoto Hela BAC cell line. AH-ALS1-F58 iPS cell
469  expressing FUS P525L with a C-terminal GFP fluorescent marker were previously generated from a
470  clonal iPS cell line from a female ALS patient expressing FUS P521C. The P525L mutation and GFP tag
471  were introduced and the P521C mutation corrected by simultaneous tagging and mutagenesis*64¢>,

472 MNs for FUS P525L dynamics were induced and maintained as described previously®®. MNs for the
473 prolonged arsenite stress assay were derived from commercially available WTC-11 iPS cells (Coriell
474  Institute GM25256) and differentiated as described previously®’. MNs for axonal lysosome mobility
475  assays were generated from AH-ALS1-F58 iPS cells expressing FUS P525L. In short, the iPS cells were
476  differentiated into neuronal progenitor cells and matured to spinal MNs in Matrigel-coated plates as
477  previously described*"2. The coating and assembly of silicone microfluidic chambers (MFC; RD900,
478  Xona Microfluidics) to prepare for the subsequent seeding of MNs was performed as described
479  previously**®8%° MNs were eventually seeded into one side of an MFC for maturation to obtain a fully
480 compartmentalized culture with proximally clustered somata and their dendrites being physically
481  separated from their distal axons, as only the latter type of neurite was able to grow from the proximal
482  seeding site through a microgroove barrier of 900 um-long microchannels to the distal site (Fig. 7B).
483  All subsequent imaging in MFCs was performed at day 21 of axonal growth and MN maturation (day O
484 = day of seeding into MFCs).

485  All procedures using human cell samples were in accordance with the Helsinki convention and
486  approved by the Ethical Committee of the Technische Universitit Dresden (EK45022009,
487  EK393122012).

488  Recombinant protein purification

489 Recombinant proteins were purified using baculovirus/insect cell expression system, as previously
490  described'?. Briefly, 6xHis-MBP-FUS-GFP and 6xHis-MBP-FUS-SNAP were purified from Sf9 cell lysate
491 by Ni-NTA (QIAGEN) affinity purification. The 6xHis-MBP tag was cleaved by 3C protease, concentrated
492 by dialysis, and further purified by size exclusion chromatography. 6xHis-MBP-SFPQ-GFP was purified
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493  from Sf9 cell lysate by affinity purification using Ni-NTA and amylose resin (New England Biolabs). The
494  6xHis-MBP tag and, if necessary, the GFP tag were cleaved by 3C protease and TEV protease,
495 respectively, and the target proteins were concentrated by dialysis and further purified by cation
496  exchange chromatography. The composition of the storage buffer for the purified proteins was 1 M or
497 500 mM KCl, 50 mM Tris-HCI pH 7.4, 5% glycerol and 1 mM DTT, and FUS concentration was adjusted
498  to 30 uM in storage buffer prior to use.

499 Small molecule screen

500 For the small molecule screen we used the PHARMAKON 1600 library of small molecules, prepared as
501 10 mM solutions in DMSO. The Kyoto HelLa BAC cell line stably expressing FUS-GFP was seeded at 4000
502 cells per wellin 384 well plates 24 h before the assay. The cells were pre-treated with 10 uM compound
503 for 1 h and then stressed with 1 mM potassium arsenate (A6631, Sigma Aldrich). After 1 h, cells were
504 fixed in 4% formaldehyde and stained with 1 ug/ml Hoechst 33342 and CellMask blue (1:10,000;
505 H32720, Thermo Fisher Scientific) before imaged on a CellVoyager CV7000 automated spinning disc
506 confocal microscope (Yokogawa) with a 40x NA 1.1 air objective to assess FUS-GFP localisation.

507 FUS-GFP signal was analysed using CellProfiler’®, and the data were processed with KNIME. Cytoplasm
508 and nuclei were distinguished with weak (CellMask blue) and strong (Hoechst 33342) blue fluorescent
509 signals, respectively. Particle number and sum area, granularity (at 9, 10, and 11 px in the cytoplasm
510 orl,5,6,7,8,and 9 pxin the nucleus) scale, texture (at 10 px scale), and integrated signal intensity of
511 FUS-GFP in the nucleus and cytoplasm were measured. Z scores (z = (x - 1)/o where x is the observed
512 value, u the control mean and ¢ the control standard deviation) relative to the DMSO treated control
513  wells on each plate were calculated for these parameters and combined into the Mahalanobis distance.
514  Compounds of interest were selected on the criteria of: treatment returned the cells to the unstressed
515  state (ie. reducing stress granule number, increasing nuclear signal), a clear monotonic dose
516 dependent response, and by manual prioritisation by known mechanism (e.g. emetine, cardiac
517  glycosides) or implausibility as a cell-compatible compound (e.g. surfactants, used as topical
518  antiseptics).

519  The follow-up in vitro assay of compounds on FUS-GFP condensates was assessed in a 384 well plate
520 format. The compound volume (in DMSO) necessary for 1, 3, 10, 30 or 100 uM final concentration
521  were added by acoustic dispensing (Labcyte Echo 550) to 96 well plate wells containing FUS-GFP in 3 ul
522 of 50 mM Tris-HCI pH 7.4, 1 mM DTT, and 170 mM KCl. Final DMSO concentration was 0.01 to 1%.
523 Using a Freedom Evo 200 liquid handling workstation (TECAN) the FUS-GFP/compound mixture was
524  diluted in 7 ul 50 mM Tris-HCI pH 7.4 to reach the final composition of 50 mM Tris-HCI pH 7.4, 1 mM
525 DTT, 50 mM KCl, the indicated concentrations of each compound and DMSO, and 0.7 uM FUS-GFP.
526  Compound/FUS-GFP and assay buffer were mixed by a standardised pipetting procedure, split to four
527  wells in clear bottom 384 well plates, and then immediately imaged using a CellVoyager CV7000
528 automated spinning disc confocal microscope (as above). Condensates in suspension for six fields of
529 view were imaged as a maximum intensity projection of 6 focal planes at 2 um steps per sample.
530 Condensate number and FUS-GFP partition into condensates were analysed with a fixed intensity
531 threshold using Fiji. Number of condensates and partition were weakly time dependent due to
532  condensate sedimentation, so normalised assuming a linear change over time by reference to DMSO
533  controls at the start and end of each plate row.

534  Compound characterisation on cells

535 Compound effects were assessed under a variety of conditions in Hela cells, iPS cells, or iPSC-derived
536  motor neurons. Unless otherwise indicated, cells were pre-treated for 1 h using 10 uM compounds
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537  from 10 mM stock in DMSO (or an equal volume of DMSO control) then stressed for 1 h with 1 mM
538 potassium arsenate still in the presence of the compounds. Live cells were imaged by widefield
539  epifluorescence using an inverted Olympus IX71 microscope with a 100x NA 1.4 Plan Apo oil immersion
540 objective (Olympus) and a CoolSNAP HQ CCD camera (Photometrics), using a DeltaVision climate
541 control unit (37°C, 5% CO:) (Applied Precision).

542  Various cellular stresses were achieved by replacing 1 h 1 mM potassium arsenate treatment with
543 other conditions: 0.4 M sorbitol (S1876, Sigma Aldrich) from a 4 M stock in water for 1 h (osmotic
544  stress); 42°C in normal growth medium for 30 min (heat stress); 100 mM 6-deoxyglucose (D9761,
545 Sigma Aldrich) from a 1 M stock in H,O in glucose free DMEM (11966025, Thermo Fisher Scientific)
546  supplemented with 10% FCS for 1 h (glycolysis stress). L-ascorbic acid (A4544, Sigma Aldrich) was used
547  from 1 M stock in H,0. Sodium arsenite (57400, Sigma Aldrich) was used from 10 mM stock in H,O.

548 Compound dose responses

549 Dose dependent effect of lipoamide on HelLa and iPS cells expressing FUS-GFP were assessed with pre-
550 treatment of lipoamide for 1 h followed by 1 h treatment with 1 mM potassium arsenate similar to the
551  exvivo Hela cell screen, except serial compound dilutions in medium were prepared manually from
552 80 uM to ~0.4 nM at 1.189x dilution steps. Small dilution steps rather than concentration replicates
553  were selected as it provides greater statistical power from a set number of samples’. Final DMSO
554  concentration was 0.08% in all samples, and each plate included at least 12 control wells with 0.08%
555 DMSO. Cytoplasmic FUS-GFP condensate number and nuclear/cytoplasm partition of FUS-GFP were
556  analysed using custom macros in Fiji. Nuclei were identified by intensity thresholding of DNA images
557 labelled with Hoechst following a 5 px Gaussian blur. Cytoplasmic FUS-GFP condensates were identified
558 by intensity thresholding of the FUS-GFP images following a 10 px weight 0.9 unsharp filter masked by
559 the thresholded nuclei. The ratio of the number of cytoplasmic FUS-GFP condensates to that of nuclei
560  was taken as cytoplasmic FUS-GFP condensates per cell per field of view, and p, the ratio of partition
561 of FUS-GFP to the nucleus and the cytoplasm, was derived from a = v,/v, the ratio of nuclear to total
562  green signal per field of view, where p = a/(1 - a). These data were log transformed and fitted to a
563 Rodbard sigmoidal curve’® to determine ECso. Six fields of view were captured and analysed per
564  condition.

565  The series of lipoamide analogues including lipoamide and lipoic acid were newly synthesized by Wuxi
566  AppTec and provide through Dewpoint Therapeutics. To assess those dose response effect, the Hela
567 BAC cells of FUS-GFP were seeded in 384-well plates (4000 cell per well) 24 h prior treatment, pre-
568 treated with the compounds in a half-log dilution series (from 30 UM to 3 nM: seven concentrations)
569 using an Echo 650, and followed by a 1 h treatment with 1.5 mM potassium arsenate before fixation
570 with 4% formaldehyde for 15 min, permeabilization with 0.1% Triton X-100 for 10 min, and counter-
571  staining with Hoechst and cell mask blue as described above. Imaging was performed using an Opera
572 Phenix (PerkinElmer), 20x, 9 FOV, binning 2, and using Harmony 4.9 software to determine cytoplasmic
573 FUS-GFP condensates number as well as cytoplasmic and nuclear FUS-GFP intensities to calculate
574  nuclear to cytoplasmic ratio of FUS-GFP intensities. ECso was calculated either using CDD Vault curve
575  fitting or Harmony 4.9 software.

576 In vitro protein condensation, solidification, and oxidation assays

577 For the condensation assay at different KCl concentrations, FUS-GFP proteins in storage buffer was
578  diluted with 20 mM HEPES pH 7.25 containing DMSO and lipoamide to give 20 ul of indicated
579  concentrations of the protein and KCI, 0.3 mM DTT, and 300 uM lipoamide (0.3% DMSO), and placed
580 on a 384-well plate (781096, Greiner). Condensates were imaged on a Nikon TiE inverted microscope
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581  with a Nikon Apo 60x NA 1.2 water immersion objective using a Yokogawa CSU-X1 spinning disk head
582  and an Andor iXon EM+ DU-897 EMCCD camera

583  The assay to determine dilute phase concentrations at different temperature was performed with a
584  newly established technique, which will be reported in detail elsewhere. In brief, the technique is
585 based on mass and volume conservation and defined reaction volumes. We can use this method to
586 determine accurate values for both dilute and condensed branch protein concentrations. Here, FUS-
587  GFP phase separation was induced for a protein concentration titration in water-in-oil emulsions in a
588 buffer containing 25 mM Tris-HCI pH 7.4, 150 mM KCI, 1 mM DTT, and the indicated concentrations of
589 lipoamide (or DMSO as control) and imaged with a CSU-W1 (Yokogawa) spinning disk confocal system
590 atan IX83 microscope with a 40x UPlanSApo 0.95 NA air objective, controlled via CellSens (Olympus).
591  The dilute phase protein concentration was derived from a linear fit to the volume fractions of FUS-
592  GFP condensed phase versus the total concentrations of FUS-GFP. Temperature was controlled using a
593  custom-made stage’>.

594  For solidification assays, FUS-GFP in storage buffer was diluted in 50 mM Tris-HCl pH 7.4, 1 mM DTT to
595  give 10 uM protein, 50 mM Tris-HCl pH 7.4, 1 mM DTT, 50 mM KCl in a 20 pl volume in non-binding
596 clear bottom 384 well plates (781906, Greiner). Compounds, or an equal volume of DMSO, were then
597  added for a final compound concentration of 30 uM and 0.3% DMSO. ‘Aging’ to cause fibre formation
598  was induced by horizontal shaking at 800 rpm at room temperature, as previously described®. Fibre
599 and condensate formation were analysed by widefield epifluorescence using a DeltaVision Elite
600  microscope (GE Healthcare Life Sciences) with a Plan ApoN 60x NA 1.4 oil immersion objective
601 (Olympus) and an sCMOS camera (PCO). Fluorescence recovery after photobleaching (FRAP) of FUS-
602  GFP condensates and fibres was performed on a Nikon TiE inverted microscope with a Nikon Apo 100x
603 NA 1.49 oil immersion objective using a Yokogawa CSU-X1 spinning disc head and an Andor iXon EM+
604  DU-897 EMCCD camera. 10x10 px regions were bleached for 50 ns with a 6 mW 405 nm laser using an
605  Andor FRAPPA beam delivery unit then imaged for 5 min at 5 Hz. Recovery curves were derived using
606  scripts in Fiji.

607  Oxidation of SFPQ was detected by change in mobility in SDS-PAGE without reducing agents. 10 uM of
608  untagged SFPQ in buffer (20 mM HEPES pH 7.25 and 150 mM KCl) was incubated with H,0; at RT for
609 30 min before subjecting to SDS-PAGE. For condensation assays of individual proteins with H,0,,
610 condensates of SFPQ-GFP and FUS-GFP were induced in buffer (20 mM HEPES pH 7.25 and 75 mM KCl).
611  The assays for dissolution and revival of FUS-SNAP condensates were performed in buffer (20 mM
612 HEPES pH 7.25 and 150 mM KCI). FUS-SNAP was labelled with SNAP-Surface Alexa Fluor 546 (New
613 England Biolabs), and protein mixtures were oxidized with H,O, at RT for 1 h before image acquisition.
614  Proteins were imaged similarly to FUS-GFP condensates above.

615 Controlled droplet fusion using optical tweezers

616  Liquidity of FUS protein condensates was assessed by controlled fusion experiments using dual-trap
617  optical tweezers, as detailed previously!*34. In short, for each independent fusion event, two FUS
618  protein droplets in the presence of 300 uM lipoamide or equivalent amount of DMSO (0.3%) as the
619  control were trapped in each optical trap and brought into contact to initiate droplet coalescence.
620  Fusion relaxation times were accurately recorded as changes to the laser signal as condensate material
621  flows into the space between the two optical traps during coalescence. The laser signal was recorded
622 at 1 kHz, smoothed at 100 Hz and used to extract the characteristic relaxation time. After fusion was
623  complete —as indicated by a stable laser signal—the fused droplet was discarded, and two new droplets
624  were captured for quantifying an independent fusion event.
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625  Exvivo DNA cut assays

626 UV micro-irradiation was performed as previously described'>*. Briefly, iPSCs expressing wild-type
627 FUS-GFP were stressed by addition of 1 mM arsenate for 1 h, then treated with lipoamide or an equal
628  volume of DMSO for 1 h. A single point in the nucleus was subject to 3 UV pulses as described for FRAP,
629 but at 10% laser power. GFP fluorescence was imaged at 1 Hz, and intensity of response was analysed
630  on Fiji. iPSC-MNs expressing FUS P525L-GFP were pre-treated with 20 uM Lipoamide for 24 h before
631 laser irradiation. The UV laser cutter setup utilized a 355-nm UV-A laser with a pulse length of <350 ps.
632  AZeiss alpha Plan-Fluar 100x 1.45 oil immersion objective was used, and 12 laser shots in 0.5 um-steps
633  were administered over a 12 um linear cut.

634 NMR for FUS-lipoamide interaction

635 Untagged FUS low complexity domain (residues 1 to 163) was expressed, purified, and analysed using
636  'H-'N heteronuclear single quantum coherence NMR and sample conditions previously described’ in
637  the presence of 500 uM lipoamide or equivalent DMSO solvent control (1%).

638 NMR for lipoamide concentrations
639  Synthesis/validation of [15N]-labelled lipoamide

640 [15N]-racemic () and (R)-(+)-lipoamide were synthesized from racemic and (R)-(+)-lipoic acid,
641 respectively, by activating the carboxylic acid using N-hydroxysuccinimide and (1-ethyl-3-(3-
642  dimethylaminopropyl) carbodiimide hydrochloride. The NHS derivative was reacted with *NH4Cl to
643  incorporate the [15N]-labelling. Full details of the synthesis and subsequent biophysical validation are
644  included in Supplementary Information.

645 NMR based detection and quantification of [15N]-labelled lipoamide

646  'H detected °N edited 'H sensitivity enhanced HSQC NMR ((**N)*H) spectra were acquired on a 14.1 T
647  Varian Inova spectrometer equipped with a 5 mm z-axis gradient triple resonance room temperature
648  probe. The free induction decay was recorded for an acquisition time of 0.0624 s and a sweep width
649  of 8 kHz recorded over 1000 points and a recovery delay of 1s. Typically, 10000 transients were
650 collected giving a total experiment time of 3 h 1 min. The J coupling between the amide protons and
651 the >N in H,0 samples was determined to be 88 Hz, and so the transfer times of 1/4 J in the INEPT
652 portions of the pulse sequence were set to 2.6 ms. With these settings, >N ammonia or ammonium
653 ions would not be detectable. Chemical modification of [15N]-lipoamide (including covalent
654  attachment to an apoenzyme) would give a substantial change in the (**N)*H NMR spectrum. Similarly,
655  dissolution of lipoamide in a phospholipid membrane would give substantial peak broadening in the
656 cell samples. We observed neither, consistent with freely diffusing lipoamide.

657  Optimisation of the NMR measurement conditions of [15N]-labelled lipoamide

658  Solvent, pH and temperature sensitivity of the primary amide proton chemical shifts were determined
659 using dummy samples assembled from the appropriate solvent and added compounds.

660 Integrated NMR signal intensity is proportional to concentration if provided conditions (temperature
661  and pH) are identical’”®. Chemical exchange’®, expected as the amide protons in lipoamide should be
662 labile in water, must also be accounted for. To select appropriate conditions, we determined
663  temperature (Figure S2F) and pH (Figure S2G) sensitivity of the amide proton signal of 1 mM [15N]-
664 lipoamide in cell medium. Both amide protons showed chemical exchange under high temperature,
665 high pH conditions, with the trans-amide proton affected weakly (Figure S2F and S2G). We then
666  assessed degradation of the trans-amide proton over 10 h (Figure S2H). At 37°C, but not 10°C, the
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667  signal intensity decayed slowly, suggesting slow hydrolysis to form ammonia. We concluded that at
668  10°Cand below pH 8.6 the integrated sighal from the trans-amide proton resonance is a good measure
669  of [15N]-lipoamide concentration.

670 Quantification of [15N]-lipoamide cellular uptake
671  Sample preparation workflow

672 Hela cells expressing FUS-GFP were grown in 6 well plates to 10° cells/well in DMEM supplemented
673  with 10% FCS. To simultaneously stress and treat cells, the medium was replaced with 0.6 ml medium
674  supplemented with potassium arsenate and 100 uM [15N]-racemic (%) or (R)-(+)-lipoamide for 1 h at
675  37°C. High concentrations of compound were used to maximise the signal. The medium was then
676 removed and retained (medium sample), the cells washed with ~2 ml PBS, then the cells removed by
677  trypsinisation: addition of 0.3 ml TrypLE Express (12604013, Thermo Fisher Scientific) and incubation
678  at37°Cfor 5 min, then addition of 0.3 ml medium to quench the trypsin. The resuspended cells were
679 retained (cell sample). All samples were frozen at -80°C. Wells were prepared for all combinations of
680 no compound (1% DMSO control), [15N]-(%)-lipoamide or [15N]-(R)-(+)-lipoamide, with or without
681  potassium arsenate and with or without cells.

682  Calculation of cell volume and uptake

683  The concentrations of [15N]-lipoamide inside (Ccei) and outside (Cout) the cells were calculated from
684  measurements of signal intensity S of the trans-amide proton of lipoamide acquired in the absence
685  (—cells, sample i, Figure S2A) and presence (+cells, sample ii, Figure S2A) of Hela cells, using the
686  following equations (full derivation included in Supplementary Information):

CaaaV,
687 Cour = (1 — y)-add "add
Vout
CadaaVada
688 Cooy = U225
cell VlNcell

689  where N, = 10°% cgqq = 100 uM and V,;,; (added volume) = 600 ul, V; = 4.19 x 10® m3
690  (approximating Hela cells as spheres of radius 10> m) and U represents measured fractional uptake as

691 given by:
S

692 U=1-—tells
S—cells

693

694  In vitro partitioning of [15N]-(x)-lipoamide in FUS-GFP condensate phase
695  Sample preparation workflow

696  Phase separation of FUS-GFP, at room temperature, was achieved by diluting 12.5 ul of protein stock
697  at 170 uM concentration (in salty HEPES buffer — 50 mM HEPES, 500 mM KCl and 5% glycerol, at pH
698  7.25,DTT 1 mM) with 247 pl of salt-free buffer containing [15N]-(x)-lipoamide (50 mM HEPES, 5% D-0,
699 105 uM [15N]-(%)-lipoamide, 1.05% DMSO, at pH 8), resulting into samples of 260 ul with 8 uM FUS-
700  GFP, 100 uM [15N]-(z)-lipoamide and 25 mM KCl.

701  The sample was centrifuged for 10 min at 4000 x g and room temperature and the supernatant kept
702  for NMR analysis. The remaining supernatant was carefully pipetted out, without disturbing the
703  condensate pellet, and discarded. Perpendicular view photographs of the pellet were taken. Finally,
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the condensate pellet was resuspended in 260 ul of buffer with the same buffer conditions as the
phase separated sample (50 mM HEPES, 25 mM KCl, pH ~7.4).

Resuspended condensate or supernatant were loaded in D,O-matched 5 mm Shigemi tubes and
analysed by (**N)'H NMR. To achieve adequate signal to noise, the resuspended condensate was
scanned for 20 h, while the supernatant was scanned for 4 h. The signal factor (intensity ratio between
the dilute and resuspended condensate samples) was adjusted accounting for differences in sample
volume and number of scans.

Calculation of condensate phase volume

The volume of condensate was calculated from perpendicular photographs (see Fig. S3C), from the
pellet radius (a) and inner radius of the semi-spherical bottom of the microcentrifuge tube (r):

T 2
V= gr (2 4+ cos0)(1 —cosH)
a
0 = sin™"—
r
6= subtended angle, as showed in Fig. S3C.

Calculation of partition coefficient

The ratio between the concentration of lipoamide in the condensate and dilute phases (partition
coefficient - PC) was calculated using:

PC = Veona + Vaadea
SF VCond

where Viona is the volume of condensate phase, V4404 is the volume added to resuspend the
condensate phase (260 pl) and SF is the signal intensity ratio between the dilute phase and the
resuspended condensate measured by NMR.

The concentrations of lipoamide in the condensate ([L]cond) and dilute ([L]oi) phases were calculated
as:

[L] Tot * VTot

L =
[ ]Cond 1% + VTot — VCond
Cond PC
[L]Cond
Llpyg =
[ ]Dll PC

Where [L]wt is the total concentration of [15N]-(+)-lipoamide and Vot is the total volume of the phase
separated sample. The fraction (%) of [15N]-()-lipoamide signal in the condensate phase (see Fig. S3D)
was calculated as:

Lipoamide condensate signal fraction (%) = * 100

1+ SF

The full derivation of these expressions can be found in the Supplementary Information.
Crosslinking coupled to Mass Spectrometry (XL-MS)

FUS condensates were processed and analyzed essentially as described previously”’. In short,
reconstituted droplets of lysine-rich FUS K12 or FUS G156E were generated by low salt (80 mM KCl)
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736  and crosslinked by addition of H12/D12 DSS (Creative Molecules) in the presence or absence of
737 lipoamide for 30 min at 37°C, shaking at 600 rpm. Protein samples were quenched by addition of
738 ammonium bicarbonate to a final concentration of 50 mM and directly evaporated to drynes. The
739  dried protein samples were denatured in 8 M Urea, reduced by addition of 2.5 mM TCEP at 37°C for
740 30 min and subsequently alkylated using 5 mM lodoacetamide at RT for 30 min in the dark. Samples
741  were digested by addition of 2% (w/w) trypsin (Promega) over night at 37°C after adding 50 mM
742  ammonium hydrogen carbonate to a final concentration of 1 M urea. Digested peptides were
743  separated from the solution and retained by a C18 solid phase extraction system (SepPak Vac 1cc tC18
744 (50 mg cartridges, Waters) and eluted in 50% ACN, 0.1% FA. Dried peptides were reconstituted in 30%
745  ACN, 0.1% TFA and then separated by size exclusion chromatography on a Superdex 30 increase
746  3.2/300 (GE Life Science) to enrich for crosslinked peptides. Peptides were subsequently separated on
747  aPepMap C18 2 uM, 50 uM x 150 mm (Thermo Fisher Scientific) using a gradient of 5 to 35% ACN for
748 45 min. MS measurement was performed on an Orbitrap Fusion Tribrid mass spectrometer (Thermo
749 Fisher Scientific) in data dependent acquisition mode with a cycle time of 3 s. The full scan was done
750 in the Orbitrap with a resolution of 120000, a scan range of 400-1500 m/z, AGC Target 2.0e5 and
751  injection time of 50 ms. Monoisotopic precursor selection and dynamic exclusion was used for
752 precursor selection. Only precursor charge states of 3-8 were selected for fragmentation by collision-
753  induced dissociation (CID) using 35% activation energy. MS2 was carried out in the ion trap in normal
754  scan range mode, AGC target 1.0e4 and injection time of 35 ms. Data were searched using xQuest in
755  ion-tag mode. Carbamidomethylation (+57.021 Da) was used as a static modification for cysteine.
756  Crosslinks were quantified relative to the condition containing no lipoamide.

757 Transfection

758  Transfection for gene depletion was performed with Lipofectamine2000 (Thermo Fisher Scientific) and
759  esiRNA oligos targeting human genes (Eupheria Biotech), as listed in Table S1. esiRNA targeting Renilla
760  luciferase was used for a negative control. The medium was replaced 5 h after transfection, and the
761  cells were cultured for 3 days before analysis.

762  Immunocytochemistry of cultured cells

763 Hela cells were fixed with 4% paraformaldehyde (PFA) in PBS at room temperature for 15 min, then
764  washed with PBS containing 30 mM glycine. After permeabilization with 0.1% Triton X-100 in PBS at
765  4°C and the following wash with glycine-containing PBS, the cells were blocked with 0.2% fish skin
766  gelatin (Sigma) in PBS (blocking buffer) at room temperature for 20 min, incubated with primary
767  antibodies in blocking buffer overnight at 4°C, washed with blocking buffer, and incubated with
768  secondary antibodies and DAPI in blocking buffer at room temperature for 1 h. After washed with
769 blocking buffer, the samples were stored in PBS until imaging. For detecting endogenous SFPQ, cells
770  were fixed with cold methanol on ice for 10 min, and blocked with blocking buffer at room temperature
771  for 20 min before treated with primary antibodies. Samples were imaged on Zeiss LSM 700 or 880
772  confocal microscopes with a 40x NA 1.2 water objective (Zeiss). Segmentation of nuclei, the cytoplasm,
773 stress granules, and mitochondria, and measurement of fluorescence intensities at each segment were
774  performed using CellProfiler. The data were then processed using KNIME to calculate number of stress
775  granules per cell, nuclear-to-cytoplasmic intensity ratio of stress granule proteins, intensity ratio of the
776  click-crosslink lipoamide analogue (i) at stress granules, mitochondria, and nuclei over the cytoplasm
777  (excluding stress granules and mitochondria) or (ii) without crosslinking over with crosslinking, and
778  percent of cells that have more than 2 stress granules.

779  iPSC-MNs were fixed for 15 min at room temperature in 4% PFA in PBS. Permeabilization and blocking
780  was performed simultaneously using 0.1% Triton X-100, 1% BSA and 10% FBS in PBS at room
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781  temperature for 45 min. Subsequently, the primary antibodies were applied overnight at 4 °Cin 0.1%
782 BSA in PBS. The cells were washed with 0.1% BSA in PBS and incubated with secondary antibodies for
783 1 h at room temperature. Finally, the cells were washed three times with 0.1% BSA in PBS-T (0.005%
784  Tween-20), including Hoechst or DAPI in the second washing step. Neurofilament H (NF-H) was used
785  for a marker of MNs. Samples were imaged on either a CellVoyager CV7000 automated spinning disc
786  confocal microscope (Yokogawa) with a 40x NA 1.3 water objective or a Zeiss LSM880 laser scanning
787  confocal microscope.

788  The following primary antibodies were used: rabbit anti-G3BP1 (PA5-29455, Thermo Fisher Scientific);
789 mouse anti-Tom20 (F-10, Santa Cruz); mouse anti-SPFQ (C23, MBL); mouse anti-SRSF1 (103,
790 Invitrogen); rabbit anti-TDP-43 (80002-1-RR, Proteintech); mouse anti-Neurofilament H (SMI-32,
791 Millipore); mouse anti-3 Tubulin (T5076, Sigma-Aldrich). The secondary antibodies used are as
792  follows: Alexa Fluor 488-conjugated anti-mouse, Alexa Fluor 594-conjugated anti-rabbit, anti-mouse,
793  and Alexa Fluor 647-conjugated anti-rabbit and anti-mouse (Thermo Fisher Scientific).

794 UV cross linking and click reaction

795 Hela cells were treated with 3 mM arsenate for 1 h, followed by 30 uM of the click-crosslink lipoamide
796  analog for 30 min in the presence of arsenate. Then the cells were irradiated with a 305 nm light-
797  emitting diode for 10 sec for cross linking just before fixation with 4% PFA in PBS at room temperature.
798  The fixed cells were subjected to immunostaining as described above. After staining, the cells were
799  subjected to click reaction with 2 uM AF594-Picolyl-Azide (CLK-1296-1, Jena Bioscience) in buffer
800  containing 100 mM HEPES pH 7.25, 5 mM L-ascorbic acid, 0.5 mM THPTA, and 0.1 mM CuSO, at 37°C
801  for 40 min. Cells were then washed three times with 0.1% Triton X-100 in PBS to remove free dye.
802 Imaging was performed on CSU-W1 (Yokogawa) spinning disk confocal system on an IX83 microscope
803  (Olympus) with a 100x UPlanSApo 1.4 NA oil objective (Olympus).

804  Treatment with L-azidohomoalanine (AHA)

805  Wilde-type Hela cells were firstly washed with and cultured in methionine (Met)-free medium (Gibco
806  21013-24) supplemented with 10% FBS for 1 h. Then the medium was replaced with complete medium
807  or Met-free medium supplemented with 1 mM of Met (Sigma M9625) or AHA (Invitrogen C10102) for
808 2 h before the cells were stressed with 1 mM arsenate for 1 h. After fixation with 4% PFA in PBS, the
809  cells were subjected to immunostaining to label G3BP1.

810 Time-lapse imaging

811  Time-lapse imaging was performed at 37°C with 5% CO,. iPSC-derived MNs were treated with 20 pM
812 lipoamide or 0.02% DMSO (control) for 1 h and then treated with 20 pM arsenite just before image
813  acquisition. Maximum projection images were generated, and number of FUS-GFP foci was quantified
814 by Fiji.

815  Axonal transport assays

816  AH-ALS1-F58iPS MNs expressing P525L FUS were treated with 2 uM compound or an equal volume of
817 DMSO for 3 days. Longer incubation was selected to ensure penetration and action of compounds
818  along the length of the axon channel. 2 uM was selected as the highest concentration where there
819  were no toxic effects on this iPS line (assessed qualitatively). Analysis of axonal transport of lysosomes
820  were performed as previously described®. Briefly, lysosomes were labelled by addition of 50 nM
821 lysotracker red (Thermo Fisher Scirntific) and imaged using a Leica DMI6000 inverted microscope with
822  a 100x NA 1.46 oil immersion objective and an Andor iXON 897 EMCCD camera in an incubator
823 chamber (37°C, 5% CO2) at 3 Hz for 120 s at either the proximal or distal end of the silicone channels
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824  harbouring the axons. Kymographs were generated on Fiji. Particle tracking was used to identify
825 proportion of particles moving faster than 0.2 pm/s for five videomicrographs. Each video includes a
826  variable population of non-moving background particles, therefore, for each biological replicate, data
827  were normalised to the mean proportion of moving lysosomes (>0.2 um/s) at either MFC site (proximal
828  and distal) in the DMSO (solvent control)-treated FUS P525L samples in Fig. 7D.

829  Protein aggregation in C. elegans

830 The effect of lipoic acid on stress granule protein aggregation in vivo was analysed using a C. elegans
831 model for stress granule formation and aggregation. As previously described**’®, fluorescent-tagged
832 PAB-1 forms abundant stress granules and large solid aggregates during aging or upon chronic stress.
833 RHO-1 also aggregates during aging, but is not an RNA binding or stress granule protein. Two lines
834  were used: Fluorescently tagged PAB-1 (DCD214: N2; uqls24[pmyo- 2::tagrfp::pablgene]) and RHO-1
835  (DCD13: N2; uqls9[pmyo-2::rho-1::tagrfp+ptph-1::gfpl). Each were analysed as below, except DCD13
836  were maintained at 20°C.

837  The animals were exposed to lipoic acid in liquid culture in a 96 well plate starting from larval stage L4
838 in a total volume of 50 ul S-Complete per well (100 mM NaCl, 50 mM Potassium phosphate pH 6,
839 10 mM potassium citrate, 3mM MgSO;, 3mM CaCl,, 5pug/mL cholesterol, 50 uM
840  ethylenediaminetetraacetic acid (EDTA), 25 uM FeSQs, 10 uM MnCl;, 10 UM ZnSO4, 1 UM CuSO,)
841  supplemented with heat-killed OP50 and 50 ug/ml carbenicillin. Per experiment, a minimum of nine
842 wells each with 13 animals were treated with R-(+) or S-(-)-lipoic acid or an equivalent volume of
843  DMSO.

844 48 h after switching the L4s from 20°C to 25°C (day 2 of adulthood) extensive aggregation of
845  fluorescently tagged PAB-1 and RHO-1 occurs in the pharyngeal muscles. After immobilization with
846 2 mM levamisole aggregation was scored using a fluorescent stereo microscope (Leica M165 FC, Plan
847  Apo 2.0x objective). For PAB-1, aggregates occurred primarily in the terminal bulb of the pharynx, and
848  aggregation was scored by the number of aggregates (>10 per animal). For RHO-1, aggregates were
849  scored in the isthmus of the pharynx and aggregation was scored as high (>50% of the isthmus),
850 medium (<50%) or low (no aggregation). High-magnification images were acquired with a Leica SP8
851  confocal microscope with a HC Plan Apo CS2 63x NA 1.40 oil objective using a Leica HyD hybrid detector.
852  tagRFP::PAB-1 was detected using 555 nm as excitation and an emission range from 565-650 nm.
853 Representative confocal images are displayed as maximum z stack projection.

854  D. melanogaster ALS models

855  All fly stocks were maintained on standard cornmeal at 25°C in light/dark controlled incubator. w'!*é,

856 UAS-eGFP, D42-GAL4, and OK6-Gal4 flies were obtained from Bloomington Drosophila Stock Center.
857  UAS-FUS WT, UAS-FUS P525L, and UAS-FUS R521C flies were previously described*’®, UAS-TDP-43 WT
858  and UAS-TDP-43 M337V flies were provided by J. Paul Taylor®.

859  Tissue-specific expression of the human genes was performed with the Gal4/UAS-system?®.. Climbing
860  assays were performed as previously described’®. Briefly, flies expressing eGFP, human FUS, or TDP-43
861  were grown in the presence or absence of Lipoic Acid (430 uM, ethanol as the vehicle control) or
862 Lipoamide (430 uM, DMSO as the vehicle control), then anesthetised, placed into vials and allowed to
863  acclimatise for 15 min in new vials. Feeding these compounds did not show obvious lethality or toxicity
864  at this concentration. For each fly genotype, the vial was knocked three times on the base on a bench
865  and counted the flies climbing up the vial walls. The percentage of flies that climbed 4 cm in 30 s was
866  recorded. TDP-43-expressing flies were raised at 18°C to suppress lethality.
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867 For immunohistochemistry of neuromuscular junctions, parent flies were crossed on food
868  supplemented with DMSO or lipoamide, and the offspring were raised on the same food. Wandering
869 third instar larvae were dissected and subjected to immunostaining as described previously®. Briefly,
870 the dissected larvae were fixed with 4% PFA in PBS at room temperature for 20 min, then washed with
871 PBS. After removing unnecessary tissues, the samples were blocked with 0.2% fish skin gelatin (Sigma)
872  and 0.1% Triton X-100 in PBS (blocking buffer) at room temperature for 1 h, incubated with anti-HRP-
873  Cy3(1:200, Jackson Immunoresearch) in blocking buffer overnight at 4°C, washed with 0.2% Triton X-
874 100 in PBS (PBT), and incubated with Alexa Fluor 488 Phalloidin (1:5000, Thermo Fisher Scientific) at
875 room temperature for 2 h to visualize muscles. The samples were then washed with PBT and mounted
876  with 70% glycerol in PBS. Synaptic boutons of muscle 4 in abdominal segments 2, 3, and 4 (A2—-A4)
877  were imaged using Zeiss LSM 700 or 880 confocal microscopes with a 40x NA 1.2 water objective
878  (Zeiss). Numbers of synaptic boutons and satellite boutons were counted manually.

879  Quantitative RT-PCR (qPCR)

880 gPCR was performed with primers targeting GAPDH (control) and full-length STMN2, as described
881  previously®.

882  Thermal proteome profiling (TPP)

883  Thermal proteome profiling was performed as described previously®!. In brief, two 150 mm dishes of
884 Hela cells (~6 million cells per dish) were treated with 0.1% (v/v) DMSO (control) or 100 uM lipoamide
885  for 1 h. At the end of incubation one lipoamide- and one DMSO-treated dishes of Hela cell were
886  stressed with 1 mM arsenate for 1 h. The second set of cells served as the control (treatment with
887  water, vehicle in which arsenate was dissolved) for only lipoamide treatment and only DMSO
888  treatment. All incubations were performed at 37C with 5% CO,. Following the incubation, the cells
889  were washed with PBS and trypsinized. The cells were collected by centrifugation at 300 x g for 3 min.
890 The cell pellet was re-suspended in PBS containing the appropriate treatment concentrations of the
891  compounds (lipoamide, DMSO, and arsenate) at cell density of 4 x 10° cells/ml. This cell suspension
892  was split into 10 x 100 ul aliquots on a PCR plate, spun at 1000 x g for 3min, and finally 80 ul of
893  supernatant (PBS) was subsequently removed. The cell aliquots were then heated to ten to different
894 temperatures (37.0, 40.4, 44.0, 46.9, 49.8, 52.9, 55.5, 58.6, 62.0, and 66.3°C) for 3 min in a
895  thermocycler (SureCycler 8800, Agilent) and left at room temperature for 3 min. Subsequently, the
896  cells were lysed with 30 pl of lysis buffer (PBS containing protease inhibitors, 1.12% NP-40, 2.1 mM
897 MgCl,, and phosphatase inhibitors), and the PCR plates containing the cell lysate was centrifuged at
898 1000 x g for 5 min to remove cell debris. Next, the heat-induced protein aggregates were removed
899  from the cleared supernatant by passing it through a 0.45 um 96-well filter plate (Millipore) at 500 x
900 g for 5 min. Equal volumes of the flow-through and 2x sample buffer (180 mM Tris-HCl pH 6.8, 4% SDS,
901 20% glycerol, and 0.1 g bromophenol blue) were mixed and stored in —20°C until used for mass
902  spectrometry sample preparation. Protein digestion, peptide labelling and mass spectrometry-based
903  proteomics were performed as previously described??.

904  Data analysis of TPP

905 Abundance and thermal stability scores for every protein was calculated as described previously>%#*,
906  Briefly, the ratio of the normalized tandem mass tag (TMT) reporter ion intensity in each treatment
907 (only lipoamide, only arsenate, lipoamide and arsenate) and the control (only DMSO) was calculated
908 for each temperature. The abundance score for each protein was calculated as the average log, fold
909 change (FC) at the two lowest temperatures:
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log,FC37.0o¢ + 108, FCy acc
2

910 Abundance score =

911 The thermal stability score for each protein was computed by subtracting the abundance score from
912  thelog; fold changes of all temperatures, and then summing the resulting fold changes (requiring that
913  there were at least ten data points to calculate this score):

914 Thermal stability score = z (log,FCr — Abundanace score)
T

915 where T is the ten temperatures. Both the abundance and the thermal stability scores were
916 transformed into a z-distribution by subtracting the mean and dividing by the standard deviation. The
917  significance of the abundance and thermal stability scores was further assesses using limma®’ (the two
918  scores were weighted for the number of temperatures in which a protein was identified), followed by
919  FDR estimation using the fdrtool package®. Proteins with |z-score| > 1.5 and with FDR < 0.05 were
920 considered to be significant changes for the IDR analyses. Thermal stability scores indicated in the
921 result section are those in cells treated with lipoamide and arsenate.

922 Bioinformatics

923 Positions of amino acid sequences with disordered tendency were visualized using |UPred3
924  (https://iupred.elte.hu/). Length of IDRs in each protein was estimated using d2p2 database
925  (https://d2p2.pro/)®’. The IDR is defined as a region which is regarded as being disordered in more
926  than 75% of all predictors in the database as well as with more than ten successive disordered amino
927  acids. Then proportion of IDR(s) to the whole protein amino acid length was calculated. Enrichment of
928 individual amino acids in IDRs were calculated using Composition Profiler (http://www.cprofiler.org/).
929 IDRs of all the proteins detected in TPP were used as a background. Positive and negative scores
930 indicate enrichment and depletion of each amino acid compared to the background, respectively.

931  Statistical analysis

932  Statistical analyses were performed using the R statistical software or GraphPad Prism. The statistical
933  details (the p-value, the number of samples, and the statistical test used) are specified in the figure
934  panels or legends. A p-value below 0.05 was considered statistically significant.

935  Data availability

936  The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
937  viathe PRIDE®® partner repository with the dataset identifiers PXD039670 (for the crosslinking assay)
938  and PXD039501 (for the TPP assay).
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Figures
Fig. 1. Lipoamide reduces cytoplasmic condensation of stress granule proteins

A, Workflow for screening small molecules for effects on FUS-GFP localisation in Hela cells ex vivo. B, Ranked
Mahalanobis distances for all 1600 compounds screened (mean from six fields of view) where high values indicate
more compound effect. Several automated measures of FUS localisation were combined into a single Mahalanobis
distance score; the largest contributors were cytoplasmic FUS condensate number and area (see the method section).
A cut-off of 130 was used to select 47 compounds for further analysis. C, The sub-cellular localisation of FUS-GFP in
unstressed Hela cells, stressed cells with compound solvent (DMSO) negative control, and with the positive control
emetine. Stress causes nuclear export of FUS and formation of stress granules (cytoplasmic liquid FUS-containing
condensates). Insets, magnified images in the boxed areas. D, Representative images of Hela cells expressing GFP-
tagged stress granule markers (G3BP1, PABPC1, TIAL1, or EWSR1) from 3 independent experiments. The cells were
pre-treated with 10 uM lipoamide or lipoic acid (with DMSO solvent control) for 1 h followed by 1 mM arsenate for 1
h, or DMSO without arsenate.
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Fig. 2. Lipoamide partitions into compartments of stress granule proteins

A, Top, schema of lipoamide partitioning into FUS condensates in vitro. Bottom, mean + s.e.m. of concentration of
racemic [15N]-lipoamide in the condensate and the surrounding dilute phase of FUS-GFP in vitro, quantified using
>N(*H) NMR from 4 independent experiments. B, Chemical structure of the click-crosslink lipoamide analog, with the
lipoamide backbone (orange) and the groups for UV cross linking and click reaction (green). C, Representative images
of Hela cells treated with 3 mM arsenate for 1 h followed by 30 uM of the analogue or the control DMSO in the
presence of arsenate for additional 30 min before either irradiated with UV for cross-linking (+UV) or not (-UV), fixed,
immunostained, and subjected to the click reaction with the fluorophore (for all conditions). Stress granules were
labelled with G3BP1. Insets, stress granules in the boxed areas (analogue and G3BP1 boxed in green and magenta,
respectively). D, Boxplot of the partition coefficient of the analogue into stress granules, mitochondria, or nuclei
relative to the cytoplasm (excluding stress granules and mitochondria) based on signal intensity of the fluorophore.
Boxplot shows median (bold bar), 25" and 75™ percentiles, and outliers (open dots); whiskers extend to the most
extreme values. n = 344 (-UV) and 345 (+UV) cells from 3 experiments. p values by unpaired t-test. E, Mean  s.d. of
signal intensity ratio (-UV against +UV) of the fluorophore at indicated subcellular compartments.
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Fig. 3. Structure-activity relationship shows lipoamide activity is dependent on the dithiol but is non-enzymatic

A, Top, schema of the chemical structure of lipoamide (racemic) with highlighting its features. Bottom, lipoamide dose
response using Hela and iPS cells, showing FUS-GFP condensate (stress granule) number (solid circles, left axis) and
nuclear/cytoplasmic signal ratio (open circles, right axis) with 1 h pre-treatment with lipoamide followed by 1 h
arsenate stress under continued lipoamide treatment. B-J, Chemical structures and ECso (UM) of lipoamide and its
derivatives, using Hela cells and the treatment scheme in A. ECso was calculated from dose response curves (details in
the method section), and each concentration of each compound was tested in duplicated wells (n = 1750-2650 cells
per well) with 2 independent experiments. B, Enantiomers of lipoamide and lipoic acid. C, Comparison of mono- and
di-methylated lipoamide. D-F, Additional carboxamide analogs of lipoamide. G, Modifications of the linker length
between the carboxamide and the dithiolane ring of lipoamide. H, Substitution of the carboxamide of lipoamide. I,
Carboxamide analogs of 6-amino-3-substituted-4-quinazolinones and five-membered aminoheterocyclic amides. J,
Modifications of the dithiolane ring of lipoamide, lipoic acid or similar compounds.
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Fig. 4. Lipoamide interacts with disordered proteins in cells

A, Schema of TPP to see the effect of lipoamide treatment on protein thermal stability. In our TPP, Hela cells treated
with 100 uM lipoamide and/or 1 mM arsenate were heated to ten different temperatures. Heating causes protein
denaturing and precipitation, and lipoamide could prevent precipitation of the target proteins. The soluble protein
amount was quantified by mass spectrometry and normalized with the result of non-stressed 0.1% DMSO-treated
samples (control). B, Volcano plot of z-scores (mean from 3 individual experiments) and FDRs of protein thermal
stability in Hela cells treated with lipoamide and arsenate. A larger z-score indicates more thermal stabilization. Black
broken and solid lines indicate cutoffs of z-score (£1.5) and FDR (<0.05), respectively, used to classify stabilized (green)
and destabilized (blue) proteins in F and G. The positions of DLD, SFPQ, SRSF1, and several stress granule proteins are
indicated. C, Violin and box plots showing proportions of IDRs in each protein from cells treated with both lipoamide
and arsenate. The proteins were categorized into stabilised (z > 1.5, FDR < 0.05; 70 proteins), destabilised (z < —1.5,
FDR < 0.05; 144 proteins), and unaffected (the others detected; 5811 proteins). Boxplots show median (bold bar), 25"
and 75" percentiles, and outliers (closed dots); whiskers extend to the most extreme values. p values by a Wilcoxon
signed-rank test followed by Holm’s test. D, Enrichment (> 0) or depletion (< 0) of each amino acid in IDRs of the
stabilized (green) and destabilized (blue) proteins in cells treated with both lipoamide and arsenate, in comparison to
IDRs of all the detected proteins as background. p values by unpaired t-test followed by Bonferroni’s test. E,
Representative images of Hela cells from >3 independent experiments, depleted of SFPQ or SRSF1, treated with 10 uM
lipoamide or 0.1% DMSO for 1 h followed by 1 mM arsenate for 1 h in the presence of lipoamide. Stress granules were
labelled with G3BP1. F, Mean = s.d. of percentage of stressed Hela cells with 23 G3BP1-positive stress granules (SGs).
n =292-615 cells from 3 independent experiments. Dots indicate means of each experiment. p values by Tukey’s test.
G, Representative images of Hela cells from >3 independent experiments, treated with 1 mM arsenate for 1 h and
subjected to immunostaning with indicated antibodies. Outer and inner broken lines indicate edges of the cytoplasm
and nucleus of one cell each condition, respectively. Note that the SFPQ and SRSF1 signals were diminished by
individual RNAis.
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Fig. 5. SFPQ redox state may mediate the lipoamide activity

A, Schema of distributions of methionine (Met; 28 residues) and cysteine (Cys; 2) residues in human SFPQ. PLD, prion-
like domain; RRM, RNA recognition motif; NOPS, NonA/paraspeckle domain; NLS, nuclear localizing signal. B, Chemical
structures of Met and its non-natural analogue azidohomoalanine (AHA). C, Left, representative images of Hela cells
subjected to indicated RNAIs, cultured in complete medium (light grey) or Met-free medium supplemented with 1 mM
of Met (dark grey) or AHA (green) for 2 h followed by 1 mM arsenate for 1 h (experimental schema in Fig. S6E). Stress
granules (SGs) were labelled with G3BP1. Right, mean % s.d. of percentage of stressed Hela cells with >3 G3BP1-
positive SGs. n = 325-407 cells from 3 independent experiments. p values by Tukey’s test. D, Schema of SFPQ as a
redox sensor to modulate stress granule condensation.
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Fig. 6. Lipoamide improves nuclear localization of FUS and TDP-43

A, Representative images of iPSC-derived MNs from 3 independent experiments, treated with 0.1% DMSO or 10 uM
lipoamide for 1 day followed by 10 uM arsenite for 5 days in the presence or absence of lipoamide, and labelled with
TDP-43. Broken line, outline of nuclei. B, mean * s.e.m of nuclear TDP-43 levels normalized to those of unstressed
DMSO-treated MNs (control). n = 417-1741 cells from 3 independent experiments. p-values, Tukey’s test. C, (Left)
images showing recruitment of FUS-GFP to sites of UV laser-induced DNA damage (yellow arrow) in nuclei (outlined
with broken lines) of iPS cells at indicated times after laser irradiation. Cells were subjected after 1 h treatment with
lipoamide followed by 1 h arsenate stress. (Right) mean + s.d. of relative FUS-GFP signal intensity in response to DNA
damage. n = 5 (DMSO) and 7 (lipoamide) cells. D, (Left) images of nuclei (outlined with broken lines) of iPSC-derived
MNs expressing FUS P525L-GFP from 3 independent experiments, cultured for 21 days and then treated with 0.02 %
DMSO or 20 uM lipoamide for 24 h, at indicated times after laser irradiation. Yellow lines indicate laser-irradiated sites.
(Right) mean £ s.e.m. of relative intensity of FUS-GFP at DNA damage sites after ablation. n = 14 (DMSO) and 18
(lipoamide) cells from 3 independent experiments. E, Mean * s.d. of relative STMN2 full length mRNA levels normalized
to those of GAPDH from 2 independent experiments. P-values by Tukey’s test. In B and E, MNs were treated as in A.
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Fig. 7. Lipoamide improves cellular fitness in ALS disease models of iPSC-derived motor neurons and animals

A, (Left) representative images of iPSC-derived MNs treated as in Fig.5A. (Right) mean + s.e.m of percentage of neurite
(tubulin-positive) area. 18 image fields from 3 independent experiments. P-values, Tukey’s test. B, Schematic of neuron
culture, showing the channels through which the axons grow from the soma on the right. C, Kymographs of lysosome
movement in the distal portion of FUS P525L MN axons 3 days after treatment with compound solvent (DMSQO) or 2 uM
lipoamide, visualized with lysotracker. D, mean * s.e.m. of relative proportion of lysotracker-labelled lysosomes moving
with an average speed greater than 0.2 um/s following 3 days treatment with 2 uM lipoamide or equivalent DMSO
concentration solvent control for iPSC-derived MNs expressing either P525L or WT FUS, normalized to mean of
proportion moving (proximal and distal) in the DMSO-treated P525L FUS MNs. 6 (P525L) or 3 (wild-type) biological
replicates, analyzing 5 axon bundles per replicate. p values by Tukey’s test. E, (Left) Representative images of the
pharynx of worms expressing fluorescently tagged PAB-1 with or without lipoic acid treatment (2 mM). Broken lines,
the edge of pharynges. (Right) Mean + s.e.m. of incidence of each protein aggregation in the pharyngeal muscles.
Incidence of PAB-1 aggregation was scored from the proportion of animals with >10 aggregates. ***p < 0.0001 by
Fisher’s exact test. n > 100 for each sample. F, Mean + s.e.m. of proportion of flies that climbed, fed with 0.1% DMSO
(solvent control) or 430 uM lipoamide. Human WT or ALS-linked mutants of FUS (left) or TDP-43 (right) were expressed
in motor neurons. p values by unpaired t-test. n = 30-40 (FUS) and 130-202 (TDP-43) flies from 3 or 4 independent
experiments.
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Supplemental figures
Fig. S1. In vitro follow-up screening and lipoamide characterization in HelLa cells

A, Workflow for screening small molecules for effects on FUS condensation of purified FUS-GFP in vitro. B, Ranked Z
scores of change in condensate droplet number and signal partition into FUS-GFP droplets (formed under low salt
conditions) where larger positive or negative values mean more compound effect. Scores were calculated at the
maximum concentration at which the compound solvent (DMSO) negative control had no significant effect; 100 uM.
Lipoamide, surfactant and heterotri-/tetracyclic compounds are indicated by data point colour. C, Appearance of the
droplets with compound solvent (DMSO) negative control or examples of compound classes: cetylpyridinium chloride
(surfactant), lipoamide or mitoxantrone (heterotricyclic). Note the larger drops with cetylpyridinium chloride and
lipoamide and the fewer smaller drops with mitoxantrone. D, Mean = s.d. of percentage of Hela cells with > 3 G3BP1-
positive stress granules (SGs). Cells were treated with 1 mM arsenate for 1 h to induce SGs, followed by 10 uM
lipoamide, lipoic acid, or 0.1% DMSO (control) in the presence of arsenate for indicated minutes. n = 52—248 cells from
3 independent experiments. E, Images of Hela cells expressing GFP-tagged markers of other membrane-less organelle
compartments subjected to 1 h treatment with 10 uM lipoamide (or DMSO control). Where unclear, the position of
nuclei is indicated with a broken outline. Lipoamide does not disrupt P bodies (DCP1A), Cajal bodies (COIL), or DNA
damage foci (TRP53BP1). F, Images of Hela cells expressing FUS-GFP subjected to different stresses — arsenate, sorbitol
(osmotic), heat, or 6-deoxyglucose (glycolysis) — with concurrent treatment with 10 uM lipoamide or lipoic acid. G,
Representative images of Hela cells treated with 1 mM arsenate for 1 h, followed by 0.1% DMSO (control), 10 uM
lipoamide, or indicated concentrations of ascorbic acid for 15 min. SGs were labelled with G3BP1.
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Fig. S2. Tracking cellular uptake of [15N]-Lipoamide using NMR

A, Methodology for quantitation of [15N]-lipoamide uptake by Hela cells, using the trans-amide proton to measure
[15N]-lipoamide concentration (see F- H). Medium with 100 uM [15N]-lipoamide was incubated for 1 h in the absence
or presence of Hela cells. Following removal of medium, the cells were washed with medium (without arsenate) and
detached using EDTA-trypsin. Solution or cell pellet/in-cell NMR was used to determine [15N]-lipoamide concentration.
Example spectra for cells stressed with 3 mM arsenate and incubated with R-(+)-lipoamide are shown with the samey
axis scale. B, Cellular uptake was determined by subtracting signal from medium incubated with cells (red) from signal
from medium without cells (blue). This was carried out for all four combinations of stressed (3 mM arsenate) or
unstressed cells with [15N]-(R)-(+) or (x)-lipoamide. For stressed cells treated with [15N]-(R)-(+)-lipoamide the high
signal intensity from the washed cell sample (green) is consistent with the large uptake from the medium calculated
from the with (red) and without cell (blue) signal intensity. C, Quantitation of B showing percentage uptake and
calculated intracellular concentration, assuming that lipoamide is uniformly distributed within cells (see Supplemental
Methods). Uncertainty in measurement was approximately 30% and there was no significant difference in uptake
between conditions. All measurements indicated substantial uptake of lipoamide and cellular concentrations >1 mM.
D, Overview of synthesis of [15N]-lipoamide, highlighting the trans amide proton (14). E, *H NMR spectrum of [15N]-
lipoamide in CDCls. Peaks can be unambiguously assigned to individual proton environments. F-H, Controls determining
reliability of quantitation of [15N]-lipoamide using the amide protons in ®N edited 'H NMR experiments. F,
Dependency of the cis (13) and trans (14) amide proton signal on temperature, at a constant pH of 8.3. Both resonances
decreased with increasing temperature, indicating local molecular dynamics and/or interactions with H,0 on ms to ps
timescale reduce the signal. Trans amide proton resonance approaches a plateau towards 10°C. G, Dependency of the
cis and trans amide proton signal on pH, at a constant temperature of 10°C. Together, indicating at 10°C and below
pH 8.6 integrated signal intensity of the trans-amide proton of lipoamide in *°N edited *H NMR experiments is a reliable
proxy for concentration. H, Signal intensity of the trans-amide proton of lipoamide, when dissolved in growth medium,
decreased over time at 37°C but not at 10°C. At 10°C signal intensity is stable for >10 h experiments.
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Fig. S3. Experimental set up for portioning assays of lipoamide and its analogue

A-D, Methodology for determination of partition of [15N]-lipoamide into FUS condensates in vitro. (A) Schematic
showing the sample preparation process. (B) Example of *N edited *H NMR signal around the N cis and trans amide
protons for a dilute phase and condensate phase. Condensate phase spectrum is shown scaled by an experimentally
determined signal factor, used in calculation of the signal fraction. (C) Measurements for calculation of condensate
pellet volume from macro photographs of the sample within a microcentrifuge tube. (D) Mean # s.d. of measured °N
edited 'H NMR signal fraction and condensate volume fraction (from 4 independent experiments) and calculated
partition coefficient. Alternative presentation of the data in Fig. 2A. E, Representative images of Hela cells pre-treated
with indicated concentrations of lipoamide or the click-crosslink lipoamide analog in Fig. 2B for 1 h followed by 1 mM
of arsenate for additional 1 h in the presence of compounds. SGs were labelled with G3BP1. F, The images of Hela cells
treated with the analog and subjected to arsenate treatment and UV cross-linking from Fig. 2C, with a channel of Tom-
20 as a mitochondrial marker.
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Fig. S4. Lipoamide weakly increases liquidity of FUS condensates in vitro

A, NMR chemical shift deviations per residue for the FUS N-terminal PLD (residues 1 to 163) with 500 uM lipoamide
compared to the drug solvent control (1% DMSO). Light grey bars indicate tyrosine residues and residues neighbouring
atyrosine. B, Average *H and N shifts across residues zero, one, two, three or more than three residues from a tyrosine
in the presence of lipoamide. C, Top, mean * s.d. of fractions of FUS proteins condensed at indicated salt (KCl)
concentrations in the presence of 300 uM lipoamide or the DMSO control (0.3% v/v). n = 16 image fields. Bottom,
dilute phase concentrations (equivalent to saturation concentrations) of FUS-GFP at 150 mM KCl at different
temperatures and lipoamide concentrations (errors are s.d.) D, Schematic illustrating the quantitation of condensate
droplet liquidity using optical tweezers. Two droplets are brought into contact and begin to fuse: the time taken to
relax to a single spherical droplet (once adjusted for the geometric mean radius as the characteristic droplet size) is a
measure of the viscosity to surface tension ratio of the droplet —a proxy of liquidity. E, Droplet size-corrected relaxation
times for droplet fusions with either 300 uM lipoamide (n = 93 independent fusion event) or equivalent DMSO solvent
control (0.3%, n = 60). Box represents the 25", 50" and 75 percentiles, whiskers represent 5" and 95™ percentiles. p
value by unpaired t-test. Lipoamide reduces fusion time, indicating lower viscosity and/or greater surface tension. F—
H, Effect of 30 uM lipoamide or lipoic acid on FUS G156E-GFP condensates ‘aging’, relative to an equivalent DMSO
solvent control (0.3%). Condensates were formed under 50 mM of KCI while shaking. (F) Representative images after
1 and 3 h aging, showing fibre formation in the DMSO sample in contrast to the lipoamide or lipoic acid samples. (G)
Representative fluorescence recovery after photobleaching (FRAP) time series of FUS condensates and fibres at
corresponding time points. (H) Mean + s.d. of relative intensity of FUS-GFP FRAP in (G). Aged (3 h) condensates treated
with lipoamide or lipoic acid maintain large FUS-GFP mobile fraction. Both compounds delay fibre formation. I, Changes
in intramolecular crosslinking due to lipoamide of FUS in in vitro low salt (80 mM KCl) condensates using the lysine-
rich FUS K12 or FUS G156E. Significantly changed crosslinking sites with a change in intensity of more than two-fold
and FDR < 0.1; 3 independent experiments) are shown coloured in green (increased) or red (decreased). Other
crosslinking sites are shown in grey. J, Dose-dependent effect of lipoamide on FUS K12, plotting absolute change in
crosslink intensity relative to no lipoamide. Crosslinking sites with false discovery rate (FDR) > 0.1 are shown in blue,
those with FDR < 0.1 in orange (2 independent experiments). Two-fold change is indicated with a dashed red line.
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Fig. S5. SFPQ and SRSF1 are cellular targets of lipoamide not necessary for stress granule formation

A, Z-scores of protein thermal stability in HelLa cells treated with only lipoamide and both lipoamide and arsenate.
Proteins categorized as stabilized and destabilized in Fig. 4C,D are depicted in green and blue, respectively. The
positions of FUS, TAF15, DLD, SFPQ, and SRSF1 are indicated. Black solid and broken lines indicate cutoffs of z-scores
used for the IDR analysis in Fig. 4C (+1.5) and the targeted RNAi screen (+2), respectively. B, Z-scores of protein thermal
stability in Hela cells treated with only arsenate and both lipoamide and arsenate. Black lines indicate |z-score| = 1.5.
In most proteins with Increased or decreased thermal stability by only arsenate treatment (|z-score [arsenate]| > 1.5),
the shifts were prevented by lipoamide pre-treatment (|z-score [arsenate + lipoamide]| < 1.5; masked in orange).
Proteins categorized in stabilized and destabilized in Fig. 4C,D are depicted in the same colours; note that shifts in their
thermal stability was not primarily due to treatment with arsenate. C, Mean # s.d. of percentage of Hela cells with > 3
G3BP1-positive stress granules. Cells depleted of indicated genes were treated with 10 uM lipoamide or 0.1% DMSO
for 1 h followed by 1 mM arsenate for 1 h in the presence of lipoamide before stained with G3BP1. n = 324-393 cells
from 3 independent experiments. p values by Tukey’s test. D, Domain compositions and distributions of IDRs of human
SFPQ (left) and SRSF1 (right). PLD, prion-like domain; RRM, RNA recognition motif; NOPS, NonA/paraspeckle domain;
CC, coiled-coil domain; NLS, nuclear localizing signal; G-rich, glycine-enriched domain; SR-rich, serine/arginine-
enriched domain. E, Mean % s.d. of percentage of cells with >3 stress granules. Hela cells depleted of indicated genes
were treated with 3 mM arsenate for 1 h, and then with 100 uM lipoamide or the control DMSO in the presence of
arsenate for indicated minutes. n = 213-467 cells from 3 independent experiments. F, Representative images of Hela
cells treated and labeled as in Fig. 4E but without arsenate.
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Fig. S6. SFPQ dissolves FUS condensates in vitro

A, Representative images of SFPQ-GFP (top, 10 uM) and FUS-GFP (bottom, 7 uM) protein condensates at a low salt
condition (75 mM KCl) and in the presence of H,0, from >3 independent experiments. B, SDS-PAGE (non-reduced
condition) of 10 uM of the purified and untagged SFPQ proteins in diluted state oxidized with the indicated percentages
of H,0; for 30 min. C, Left, representative images of co-incubation of indicated concentrations of SFPQ-GFP and 6 uM
of FUS-SNAP at a physiological salt concentration (150 mM KCI) from >3 independent experiments. SFPQ proteins do
not form condensates at 150 mM KCl while they suppress condensation of FUS proteins in dosage-dependent manner.
Right, mean % s.d. of FUS condensate fraction in the presence of GFP (control) or SFPQ-GFP. n = 16 image fields. D,
Representative images of FUS-SNAP condensates (4 uM) co-incubated with 40 uM of GFP or SFPQ-GFP at a
physiological salt concentration (150 mM KCl) in the presence of indicated percentages of H,0; from 3 independent
experiments. E, Schema of the time course used in Fig. 5C. Cells were firstly cultured in methionine (Met)-free medium
and then in each medium (complete medium or Met-free medium supplemented with Met or AHA) before arsenate
treatment.
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Fig. S7. Lipoamide rescues nuclear localisation and functioning of ALS-linked proteins

A, Mean £ s.d. of nuclear-cytoplasmic intensity ratio of FUS and TDP-43 in Hela cells pre-treated with 10 uM lipoamide
(0.1% DMSO as the control) for 1 h followed by 1 mM arsenate for 1 h in the presence of lipoamide. n = 290-603 cells
from 3 independent experiments. p value by unpaired t-test. B, (Left) time-lapse images of iPSC-derived MNs
expressing FUS P525L-GFP cultured for 14 days. Cells were treated with 0.02% DMSO or 20 uM lipoamide for 1 h
followed by 20 uM arsenite for indicated minutes in the presence of lipoamide. Broken lines indicate outline of some
nuclei. Arrowheads indicate some cytoplasmic FUS P525L foci. (Right) mean * s.e.m. of number of FUS P525L foci per
MN after arsenite treatment. n = 16 (DMSO) and 18 (lipoamide) cells from 3 independent experiments. p value by
unpaired t-test. C, (Left) representative images of iPSC-derived MNs expressing FUS P525L-GFP cultured for 5 days and
then 30 days in the presence of 0.02% DMSO or 20 uM lipoamide. Broken lines indicate outline of some nuclei. (Right)
mean + s.e.m. of nuclear intensity of FUS P525L-GFP, normalized to that in the control (DMSO). n = 64—-198 cells from
5 independent experiments. p value by one-sample t-test.
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Fig. S8. Extended analysis of C. elegans and D. melanogaster animal models of ALS

A, Mean + s.e.m. of incidence of each protein aggregation in the pharyngeal muscles. Incidence of RHO-1 was scored
on a low, medium, high scale (see methods). B, Mean * s.e.m. of percentage of flies that climbed, with lipoic acid
feeding in place of lipoamide in Fig. 6F. p values by unpaired t-test. C, (Left) Representative images of synaptic boutons
of TDP-43 M337V-expressing flies, immunostained with an antibody against horseradish peroxidase (HRP), which
labels the neuronal membrane. Arrowheads indicate appearance of satellite boutons. (Right) mean + s.d. of
percentage of satellite boutons (number of satellite boutons/number of total boutons) per fly. The control flies fed
with 0.1% DMSO (grey; n = 9) and TDP-43 M337V-expressing flies fed with 0.1% DMSO (n = 19) or that containing
430 uM lipoamide (orange; n = 19) were examined. p value by Tukey’s test.
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