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Activation of mitochondrial TRAP1
stimulates mitochondria-lysosome
crosstalk and correction of lysosomal dysfunction

Fannie W. Chen,1 Joanna P. Davies,1 Raul Calvo,2 Jagruti Chaudhari,3 Georgia Dolios,1 Mercedes K. Taylor,4

Samarjit Patnaik,2 Jean Dehdashti,1 Rebecca Mull,2 Patricia Dranchack,2 Amy Wang,2 Xin Xu,2 Emma Hughes,2

Noel Southall,2 Marc Ferrer,2 Rong Wang,1 Juan J. Marugan,2,* and Yiannis A. Ioannou1,5,*

SUMMARY

Numerous studies have established the involvement of lysosomal and mitochon-
drial dysfunction in the pathogenesis of neurodegenerative disorders such as Alz-
heimer’s and Parkinson diseases. Building on our previous studies of the neurode-
generative lysosomal lipidosis Niemann–Pick C1 (NPC1), we have unexpectedly
discovered that activation of the mitochondrial chaperone tumor necrosis factor
receptor-associated protein 1 (TRAP1) leads to the correction of the lysosomal
storage phenotype in patient cells from multiple lysosomal storage disorders
including NPC1. Using small compound activators specific for TRAP1, we find
that activation of this chaperone leads to a generalized restoration of lysosomal
and mitochondrial health. Mechanistically, we show that this process includes in-
hibition of oxidative phosphorylation and reduction of oxidative stress, which re-
sults in activation of AMPK and ultimately stimulates lysosome recycling. Thus,
TRAP1 participates in lysosomal-mitochondrial crosstalk to maintain cellular ho-
meostasis and could represent a potential therapeutic target for multiple disor-
ders.

INTRODUCTION

Lysosomal storagedisorders (LSDs) areagroupofmore than60geneticdisorders inwhich the functionofcellular

endosomes/lysosomes is impaired. They arise owing to defects in lysosomal hydrolases, lysosomal membrane

proteins, or other non-lysosomal proteins that participate in lysosomal function (Parenti andMedina, 2021) and

collectively constitute themost commongenetic defect inman.Neurological impairment is a feature of�80%of

LSDs, for which there are currently very limited treatment options. A prototypical neurodegenerative LSD is

Niemann–Pick type C1 (NPC1) disease, which is characterized by cholesterol and other lipid accumulation in

the endosomal/lysosomal (E/L) system (Pentchev et al., 1994). Although the precise function of NPC1 remains

ambiguous (Davies et al., 2000; Höglinger et al., 2019; Infante et al., 2008), its loss results in a generalized block

in lipid transport from late endosomes to the trans-Golgi network and plasma membrane (PM).

We and others previously showed that overexpression of the small GTPase Rab9 can be beneficial for NPC1

disease, independent of NPC1 protein function (Hao et al., 2009; Kaptzan et al., 2009; Walter et al., 2003). In

addition, facilitating the escape of mutant proteins from endoplasmic reticulum (ER)-associated degrada-

tion (ERAD) has been proposed as an alternative approach to developing therapeutics for NPC1 and other

diseases in which the mutant proteins are partially functional (Carlile et al., 2007; Gelsthorpe et al., 2008).

Based on these observations, we developed reporter assays to implement high throughput screens (HTS)

to identify Rab9 and NPC1 gene upregulators. Active compounds from the HTS were confirmed in pheno-

typic screening assays that measured the reduction of lipid storage in NPC1 cells. Lead compounds were

subjected to structure activity relation (SAR) studies to improve their efficacy andmetabolic properties. Sur-

prisingly, optimized lead compounds, although extremely effective at reducing lysosomal lipid storage,

were ultimately found to have no effect on Rab9 and/or NPC1 transcript or protein levels.

Here, in a paradigm shift, we determine that these novel compounds act as agonists of the mitochondrial

chaperone tumor necrosis factor receptor-associated protein 1 (TRAP1). TRAP1 is a member of the Hsp90
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family of chaperones and appears to play a crucial but poorly understood role in mitochondrial metabolic

homeostasis and health (Joshi et al., 2020). Previous reports have focused on its role in promoting the War-

burg effect (i.e., aerobic glycolysis) in tumor cells, but there has been no consensus reached, as different

and sometimes contradictory data are obtained depending on the tumor type being studied (Masgras

et al., 2017; Rasola et al., 2014; Yoshida et al., 2013). Similar to Hsp90, TRAP1 has ATPase activity, although

its client proteins, which are required for efficient ATP hydrolysis (McLaughlin et al., 2002; Sung et al., 2016),

have not been completely identified (Faienza et al., 2020). In addition to its role in energy metabolism

(Yoshida et al., 2013), TRAP1 also serves a protective role against oxidative stress and mitochondrial

dysfunction (Costa et al., 2013; Liu et al., 2020; Zhang et al., 2015).

We show that these first-in-class TRAP1 agonists act in a manner that is consistent with increased TRAP1

activity and also modulate processes known to be regulated by TRAP1(Joshi et al., 2020; Liu et al., 2020;

Yoshida et al., 2013; Zhang et al., 2015). We confirm that increased TRAP1 expression in NPC1 patient cells

corrects their lipid storage phenotype and restores cholesterol transport. In addition, increased TRAP1

expression in patient cells from other LSDs, such as Fabry, Farber, andWolman diseases, also corrects their

lipid storage phenotype, raising an important question: how does the modulation of a mitochondrial chap-

erone positively impact the E/L storage phenotype of LSDs? These results can potentially be explained by

considering the role of the mitochondria-lysosome axis in cellular health (Deus et al., 2020; Raimundo et al.,

2016). A growing body of evidence indicates that crosstalk between the two organelles is critical for the

maintenance of cellular homeostasis and response to stress, and disruption of this axis is thought to be

a major contributor to the pathogenesis of LSDs and neurodegenerative disorders (Audano et al., 2018;

Deus et al., 2020; Plotegher and Duchen, 2017; Stepien et al., 2020). Certain proteins, such as adenosine

monophosphate-activated protein kinase (AMPK) (Laker et al., 2017), mechanistic target of rapamycin com-

plex 1 (mTORC1) (Morita et al., 2017), and transcription factor EB (TFEB) (Settembre et al., 2011), have been

posited as key mediators of this crosstalk. The lysosomal v-ATPase Ragulator complex has been shown to

modulate the activity of AMPK and mTORC1 (Zhang et al., 2014), but there have been no reports of mito-

chondria-associated proteins that perform a similar role. Here we show that the activation of mitochondrial

TRAP1 downregulates oxidative phosphorylation, which, in turn, activates AMPK and ultimately stimulates

lysosome recycling.

RESULTS

Upregulators of Rab9 and NPC1 expression

Our previous studies identified the small GTPase Rab9 as a suppressor of the NPC1 disease phenotype

(Walter et al., 2003). Additionally, we and others observed that transient expression of NPC1 proteins

bearing disease-causing mutations also suppresses the disease phenotype in NPC1 cells, presumably

because overexpression allows low levels of the mutant NPC1 protein to escape ERAD and localize to

late endosomes, where it is partially functional (Gelsthorpe et al., 2008).

Based on these observations, we hypothesized that small chemical compounds that could upregulate the

expression of the Rab9 and/or NPC1 genes would be therapeutically relevant for treating NPC1 disease.

Thus, we carried out Rab9 and NPC1 reporter gene screens of a library containing �320,000 structurally

diverse compounds (https://pubchem.ncbi.nlm.nih.gov/bioassay/485297; https://pubchem.ncbi.nlm.nih.

gov/bioassay/485313). Selected active molecules from the screen were further optimized for improved po-

tency, physicochemical and metabolic properties through SAR and medicinal chemistry studies (the

screening strategy and SAR will be described elsewhere) to yield our two lead compounds,

NCGC00348147 (ML405) and NCGC00351685 (1685) (Figure 1A).

The pharmacokinetic (PK) profiles of ML405 and 1685 are shown in Figure S1 and their PK parameters are

summarized in Table S1. Following single IP injection at 10 mg/kg, systemic exposures measured by Cmax

and AUC0-N were 6,050 ng/mL and 9,980 ng*h/mL for ML405, and 4,100 ng/mL and 44,500 ng*h/mL for

1685, respectively. The higher AUC observed for 1685 may be owing to slower elimination, as the t1/2 of

1685 was ca. 2.5-fold longer (i.e., 3.2 h for 1685 vs 1.3 h for ML405). As the dose increased to 30 mg/kg,

in vivo exposures increased with the dose with a longer t1/2 for both compounds.

The liver to plasma AUC ratios were about 7 and 14 for ML405 and 1685, respectively. The brain AUC of

ML405 and 1685 was �4% of plasma AUC values, which indicated that both compounds had low brain

penetration (Table S1).
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The lead compounds are active against multiple LSDs, including NPC1

We first evaluated the compounds in NPC1 patient cell lines with different genotypes to assess their ability

to correct the NPC1 cellular phenotype irrespective of the causative mutation. We used a fluorescently

labeled anthrolysin O (AloD-594) protein to probe for free cholesterol (Endapally et al., 2019), which is

abundant in NPC cells but undetectable in wild-type cells. The NPC4 cell line is homozygous for the

most common NPC1 patient mutation, I1061T (Millat et al., 1999), whereas the NPC3 (V1165M/X) and

NPC17 (I1061T/X) lines each have amissensemutation in one allele and a truncatingmutation in the second

allele. Treatment of these cell lines with ML405/85 reduced their E/L cholesterol storage (Figure 1B, NPC3,

NPC17, NPC4), indicating that the compounds are broadly active against the NPC1 lipid storage defect. In

addition, these compounds also ameliorated lipid storage in NPC1 mouse cells (Figure 1B, C57-NPC1),

which are homozygous for the D1005G mutation in the region where most human mutations, including

the I1061T mutation, are found (Maue et al., 2012). These results suggested that the putative protein target

of the compounds is conserved between mice and humans. Of note, the reduction of lipid storage was not

equivalent across all cell lines; NPC3 and NPC17 were slightly less responsive to the compounds and ex-

hibited more AloD staining than NPC4 and C57-NPC1 (Figures 1B and 1I), suggesting a minor contribution

of the specific NPC1 genotype.

To determine whether the compounds depend on partial NPC1 protein activity for their lipid-lowering ef-

fects, we generated stable NPC1-null human retinal pigment epithelial (ARPE) cell lines using CRISPR-Cas9

editing. Clone E10 had no detectable NPC1 protein and stored large amounts of cholesterol (Figures 1C

and 1D), so it was selected for use in subsequent studies. ML405/85 reduced the lipid storage in these cells

(Figures 1E and 1I), indicating that their effects are independent of the NPC1 protein. To further charac-

terize their activity, we established a cholesterol efflux assay to dynamically determine the amount of

E/L cholesterol that can reach the PM, a step that is impaired in NPC1 disease cells (Wojtanik and Liscum,

2003). NPC1 cells were treated with 1685 in the presence of U18666A, an inhibitor that prevents cholesterol

egress from the E/L system (Liscum and Faust, 1989). At the end of the treatment, PM cholesterol was first

extracted from cells withmethyl-b-cyclodextrin to create a baseline fromwhich tomeasure new transport to

the PM. Cells were then grown in lipid-freemedia for 3 h to release the U18666A block and allow E/L choles-

terol to reach the PM. E/L-derived PM cholesterol was extracted as above and quantified. As shown in Fig-

ure 1F, 1685 increased cholesterol efflux in multiple NPC1 cell lines, indicating a restoration of intracellular

lipid transport (Low et al., 2012). Furthermore, both 1685 and 405 decreased SREBP2 processing similarly to

the oxysterol 25-hydroxycholesterol (Figure 1G), which indicates themovement of cholesterol to the ER (Du

et al., 2004).

Recent studies have shown that there is only a small amount of PM cholesterol that is ‘‘available’’ (i.e., not

complexed with sphingomyelin in lipid rafts) for efflux (Abrams et al., 2020). We developed another assay

using a NanoBiT structural complementation reporter system to determine the effect of the compounds on

raft-associated PM cholesterol. Cells treated as above were paraformaldehyde-fixed and incubated with an

OlyA-SmallBiT probe, which binds to cholesterol-sphingomyelin domains in cell membranes. Lumines-

cence was generated when LargeBiT was added and the fragments formed an active enzyme in the pres-

ence of substrate. As shown in Figure 1H, the treatment with 1685 resulted in a concentration-dependent

Figure 1. Lead compounds correct the lipid storage phenotype in NPC1 and other LSDs

(A) Structure of lead compounds (see also Figure S1 and Table S1).

(B) Representative images showing correction of cholesterol storage (red; AloD-594) in NPC1 patient cell lines (NPC3, 17, 4) and NPC1 mouse cells (C57-

NPC1) treated with 2-mM ML405/85 for 48 h.

(C) Representative western showing CRISPR-generated NPC1-ARPE clones C1, E10, and D12 have varying amounts of NPC1 protein.

(D and E) Representative image showing that E10 has no detectable NPC1 protein and stores large amounts of cholesterol (D, red; AloD-594), which is

reduced after treatment with ML405/85 (E).

(F) PM cholesterol efflux is restored after treatment with 5-mM 1685 for 18 h in NPC1 patient (NPC4, NPC3) and mouse (C57-NPC1) cells.

(G) Treatment of NPC1 cells with ML405/85 for 3 h decreases SREBP2 processing. The blot shown is representative of four independent experiments.

(H) PM raft cholesterol levels (probed with the raft probe OlyA) increase after treatment with 1685 in NPC1 patient cell lines in a compound concentration-

dependent manner.

(I) Quantitation of lipid storage in NPC1 cells treated with ML405/85 shown in (B) and (D–E).

(J) Treatment of different LSD patient cell lines with 1-mMML405 reduces lipid storage (as determined by OlyA staining except for Fabry, which was probed

with the Fabry lipid-specific probe VTB). At least 150 cells were quantitated for each sample and each experiment was repeated three times. Images for

comparison of lipid storage were taken using the same exposure settings and represent the average of at least three independent experiments. Scale bar,

50 mm. Data are represented as mean G SD ***p < 0.0005, **p < 0.001, *p < 0.05.
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increase in PM-raft cholesterol in three different NPC1 patient cell lines, confirming that the compounds

can mobilize different cholesterol pools.

As the compounds act independently of the NPC1 protein, we speculated that the target of ML405/1685

might be a general regulator of E/L function. To test this hypothesis, we evaluated the effects of ML405 in

patient cell lines derived from LSDs both with and without neuronal involvement: Fabry, Gaucher,

Niemann-Pick A, Farber, neuronal ceroid lipofuscinosis 2 (CLN2), Pompe, mucopolysaccharidosis type

VII (MPS VII), andWolman diseases. Although the primary storage molecule in these disorders is dissimilar,

many LSDs accumulate cholesterol and other lipids as secondary storage molecules (Walkley and Vanier,

2009). Using an mCherry-coupled ostreolysin A (OlyA) protein to probe for cholesterol-rich domains (Sha-

ner et al., 2008), we found that treatment with ML405 reduced the cholesterol storage in these cells, irre-

spective of the lysosomal enzyme defect (Figure 1J), lending further support to the idea that the protein

target of ML405 is a broad modulator of lysosomal function that is therapeutically effective in multiple

LSDs.

The mitochondrial chaperone TRAP1 is the protein target

To clarify the mechanism of action of ML405/85, we set out to identify their protein target(s) using the drug

affinity responsive target stability (DARTS) approach. This method is based on the rationale that a protein

bound to a small molecule compound will exhibit subtle changes in its proteolytic profile, which can then

be detected by quantitative proteomic analyses (Lomenick et al., 2011; Pai et al., 2015). After treating cells

with ML405, 1685, or vehicle, we performed limited proteolysis of the protein extracts followed by tandem

mass spectrometry. As expected, the peptide profiles of the three samples (DMSO-, ML405-, and

1685-treated) were remarkably similar, with 1,016 proteins having the same profile in all three populations

(Figure 2A). To ascertain potential targets, we focused on the 69 proteins that had distinct profiles in the

compound-treated samples compared with the vehicle-treated sample (Figure 2A); specifically, we identi-

fied proteins for which the number of peptides detected in the vehicle-treated sample was altered by more

than two-fold in both of the compound-treated samples. Initial analyses yielded 19 proteins that satisfied

these criteria (Table 1); interestingly, three candidates (ERP29, HYOU1, and TRAP1) are members of the

heat shock family (HSP) of proteins.

To identify the target out of this group of candidates and determine whether ML405/85 act as agonists or

antagonists, we transiently expressed each protein in NPC3 patient cells and evaluated their effectiveness

in reducing E/L lipid storage. The majority of the candidates, including IPO7, PLEK, PRDX1, PSB8, PSMC6,

and TPM3, had little effect on OlyA staining (red) compared with surrounding untransfected (non-green)

cells (Figure 2B). Intriguingly, expression (Figure 2C, left panel, red) but not silencing (Figure 2C, right

panel, green) of the three chaperones had varying effects on the lipid storage. Both ERP29 and HYOU1

expression reduced the lipid storage slightly, whereas expression of the predominantly mitochondrial

TNF receptor-associated protein 1 (TRAP1) consistently and dramatically reduced the lipid storage in hu-

man NPC3 cells and also mouse NPC1 cells (Figure 2C, left panel). The inhibition of endogenous TRAP1

expression using shRNA had no effect (Figure 2C, right panel), indicating that ML405/85 act as TRAP1

agonists.

Based on our results that the compounds reduce lipid storage in multiple LSDs (Figure 1J), we hypothe-

sized that if TRAP1 is the correct protein target, then TRAP1 expression in these LSD patient cells should

also reduce their lipid storage. Indeed, transient TRAP1 expression in Fabry, Farber, and Wolman disease

cells (Figure 2D; Fabry, green; Farber/Wolman, magenta) led to a marked reduction of their Gb3 (Fabry) or

Figure 2. Identification of the protein target of ML405/85

(A) Venn diagram of protein peptide profiles identified by DARTS in DMSO-, ML405-, and 1685-treated cells; 1,016 proteins had essentially the same peptide

profile in all three samples, whereas 69 proteins had a different profile from the DMSO control sample.

(B) Representative images for the lack of an effect of candidate target protein expression (green) on the cholesterol storage (red) of NPC3 patient cells.

(C) Representative images showing the effects of transient expression (left panel) or suppression (right panel) of HSP candidates ERP29, HYOU1, and TRAP1

on cholesterol storage in NPC3 patient cells or mouse NPC1 cells. Left panel: cells expressing candidate proteins are red and cholesterol is green. Right

panel: cells in which protein is silenced are green, cholesterol is red.

(D) Representative images showing expression of TRAP1 (green) in Fabry disease patient cells decreases the Gb3 storage as determined by VTB staining

(red). Likewise, the expression of TRAP1 (red) in Farber and Wolman disease cells decreases the cholesterol storage (green; OlyA) in these cells. Images are

representative of at least three independent experiments. Graphs indicate the percentage of transfected cells corrected for lipid storage (n = 50–75) and are

represented as mean G SD Scale bar, 50 mm.
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cholesterol (Farber, Wolman) storage (Figure 2D; Fabry, magenta; Farber/Wolman, green). These results

provided further evidence that TRAP1 is the protein target of ML405/85, albeit raising a significant ques-

tion: how does a mitochondrial chaperone affect lysosome function?

TRAP1 agonists prevent phosphorylation of c-Src and downregulate the activity of SDH and

cytochrome c oxidase

To better understand the mechanism by which TRAP1 activation leads to the restoration of lysosome func-

tion, we performed analyses based on reported functions of TRAP1 (Joshi et al., 2020; Liu et al., 2020; Yosh-

ida et al., 2013; Zhang et al., 2015) to determine if ML405/85 are biologically active in the same pathways.

Mitochondrial c-Src is a tyrosine kinase that has been shown to phosphorylate and promote the activity of

several components of themitochondrial respiratory chain, including complex II [succinate dehydrogenase

(SDH) A] and complex IV [cytochrome c oxidase (COX)] (Miyazaki et al., 2003; Ogura et al., 2012). TRAP1

inhibits mitochondrial c-Src activity by binding to it and preventing its auto-activation by phosphorylation,

and it has been postulated that TRAP1 exerts some of its effects on mitochondrial respiration through its

effects on this kinase (Yoshida et al., 2013). Thus, we reasoned that TRAP1 activation by ML405 should lead

to reduced hosphor-c-Src levels and a concomitant decrease in SDH and COX activity (Masgras et al.,

2017). To confirm this hypothesis, we first expressed a mitochondrial-targeted, Flag-tagged c-Src cDNA

(Ogura et al., 2012) in wild-type ARPE cells and then treated the cells withML405. Flag-immunoprecipitated

lysates were separated and the blots probed for total mitochondrial c-Src or the Tyr-416 phosphorylated

form of c-Src (Figure 3A). As expected, ML405 treatment led to a detectable decrease in mitochondrial

c-Src Tyr-416 phosphorylation (Figures 3A and 3B, Src-pY416), which is consistent with TRAP1 overexpres-

sion (Yoshida et al., 2013). Notably, there was no appreciable difference in total c-Src levels (Figure 3A,

Table 1. List of potential protein targets for the ML405/1685 compounds

Protein kDA DMSO 405 1685
aEndoplasmic reticulum resident protein 29 ERP29_HUMAN 29 0 10 9

Isoform 2 of Tropomyosin alpha-3 TPM3_HUMAN 29 1 11 11

Pleckstrin PLEK_HUMAN 40 0 5 5

26S protease regulatory subunit 10B, PSMC6 PRS10_HUMAN 44 0 4 5

Importin-7 IPO7_HUMAN 120 2 7 7

Synaptic vesicle membrane protein VAT-1

homolog

VAT1_HUMAN 42 3 8 9

Histone H1.2 H12_HUMAN 21 1 4 4

Isoform 3 of Tyrosine-protein phosphatase

non-receptor

PTPN6 63 9 18 15

Transitional ER ATPase TERA_HUMAN (VCP) 89 10 19 19

Isoform 2 of E3 ubiquitin-protein ligase UBR4 sUBR4_HUMAN 576 1 4 5

26S proteasome non-ATPase regulatory

subunit 12

PSD12_HUMAN 53 1 3 3

Crk-like protein CRKL_HUMAN 34 3 6 6

Acetyl-CoA acetyltransferase, mitochondrial THIL_HUMAN 45 7 11 14

Peroxiredoxin-1 PRDX1_HUMAN 22 7 13 13

Isoform 2 of Proteasome subunit beta type-8 PSB8_HUMAN 30 3 6 5

14-3-3 protein theta 1433T_HUMAN 28 4 7 7

aHypoxia up-regulated protein 1, HYOU1 E9PL22_HUMAN 105 8 3 3

aHeat shock protein 75 kDa, mitochondrial,

TRAP1

TRAP1_HUMAN 80 7 3 3

Serpin B6, SERPINB6 SPB6_HUMAN 43 12 5 6

Following the application of the DARTS technique (see STARMethods), a list of potential candidates was compiled based on

their altered proteomic profile in the presence (405, 1685) or absence (DMSO) of drug compounds.
aHeat shock family protein.
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Input), confirming that ML405 affects c-Src phosphorylation rather than its expression. Similar effects were

obtained with endogenous c-Src (not shown).

TRAP1 has been shown to inhibit the activity of both SDH and COX (Sciacovelli et al., 2013; Yoshida et al.,

2013), so we assessed the compounds’ effects on the activity of those enzymes. Purified mitochondria from

treated ARPE cells were used for in vitro enzyme assays. Treatment with ML405/85 resulted in a 40–60%

inhibition of SDH activity (Figure 3C), with an attendant increase in cellular succinate levels as expected

(Figure 3D) (Sciacovelli et al., 2013). Furthermore, ML405 treatment reduced the COX activity by�50% (Fig-

ure 3E). These outcomes are predicted to shift cellular metabolism from oxidative phosphorylation to

glycolysis, perhaps to allow for the reduction of oxidative stress by TRAP1 (Yoshida et al., 2013). Such a

glycolytic shift would result in increased lactate production and secretion, which was confirmed in

ML405/85 -treated cells (Figure 3F). Interestingly, 1685 stimulated more than double the amount of lactate

production as untreated cells, whereas ML405 only increased production by �25%, indicating that the two

compounds are not equivalent. Overall, these results suggest that the compounds recapitulate the effects

of TRAP1 on components of the mitochondrial respiratory chain.

TRAP1 agonists reduce mitochondrial dysfunction in NPC1 cells

Mitochondrial dysfunction in NPC1 disease has previously been reported (Kennedy et al., 2014; Wo�s et al.,

2016; Yu et al., 2005). Because of the mitochondrial location of TRAP1 and its protective effects on the

organelle, we queried if our TRAP1 agonists would improve mitochondrial health in NPC1 cells. To assess

mitochondrial health, we used the Mitotimer reporter, which encodes a mitochondrial-targeted green

Figure 3. ML405/85 mimic TRAP1 actions on mitochondrial respiratory chain enzymes and metabolites

(A) Treatment with ML405 inhibits phosphorylation of transiently expressed mitochondria-targeted c-Src at Tyr-416 (p-Y416) but has no effect on total

mitochondrial c-Src (Input) in ARPE cells. The blot shown is representative of four independent experiments.

(B) Densitometry of phospho-c-Src bands in (A) normalized to total c-Src (Input).

(C and D) ML405/85 inhibit complex II (SDH) activity of the mitochondrial respiratory chain in purified ARPE mitochondria (C), which results in the expected

increase in cellular succinate levels (D). TTFA: thenoyltrifluoroacetone, complex II inhibitor (positive control).

(E) Treatment with ML405 lowers COX activity in purified ARPE mitochondria.

(F) Treatment with ML405/85 increase cellular and secreted lactate levels in ARPE cells. Data are represented as the mean G SD ***p < 0.0005, **p < 0.001.
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fluorescent protein that shifts irreversibly to red fluorescence under conditions of mitochondrial stress

(Laker et al., 2014). Quantifying the number of red and green puncta in a cell produces a red/green fluores-

cence ratio, which decreases as mitochondrial stress is alleviated. Vehicle-treated NPC1 cells expressing

Mitotimer exhibited considerable stress, as shown by the many red puncta (Figure 4A, DMSO), which

was lessened in ML405-treated cells, as shown by increased yellow and green fluorescence (Figure 4A,

ML405). ML405 treatment resulted in an�30–40% reduction in the red/green ratio of these cells (Figure 4B),

indicating a reduction of oxidative stress in those mitochondria. Similar results were obtained in live cells

with themitochondrial dyeMitoSOX Red, which fluoresces red when oxidized by superoxide. Isogenic wild-

type and NPC1 ARPE cells treated with ML405/85 had fewer oxidized mitochondria than vehicle-treated

cells, although there was a more dramatic reduction in NPC1 cells, especially with 1685 (Figure 4C). Inter-

estingly, NPC1 ARPE cells do not show appreciably more MitoSOX Red staining compared with their

isogenic wt counterparts, as would be expected, given that increased ROS is a feature of NPC1 (Kennedy

et al., 2014); this result may be because the reagent only detects superoxide and no other reactive oxygen

species or it may be a cell-type-specific issue. However, NPC1 ARPE cells expressing the more generalized

oxidation-sensitive Mitotimer marker exhibit clear signs of mitochondrial stress, denoted by red puncta

(Figure 4A, DMSO).

In isogenic ARPE cells without TRAP1; however, neither compound had an effect (Figure 4C), providing

compelling evidence that the compounds mediate their effects through TRAP1. ML405/85 had no effect

on the number of mitochondria in treated cells compared with vehicle-treated cells (not shown). Taken

together, the effects of the compounds on mitochondria are consistent with the well-documented protec-

tive role of TRAP1 against oxidative stress (Costa et al., 2013; Pridgeon et al., 2007; Yoshida et al., 2013).

Concurrent with reduced activity of respiratory chain enzymes, NPC1 mouse brains and neurons are char-

acterized by markedly decreased ATP levels, and the addition of exogenous ATP has been shown to stim-

ulate neurite outgrowth in neurons in these mice (Yu et al., 2005). ATP deficiencies have also been reported

for other LSDs such as Fabry disease (Ivanova et al., 2019; Lücke et al., 2004). Based on the above results, we

reasoned that ML405 should lead to healthier mitochondria and increased cellular ATP levels. Indeed,

ML405-treated NPC1 patient cells had three times more ATP than vehicle-treated cells (Figure 4D, blue

bars), whereas treated Fabry cells had almost twice the amount of ATP (Figure 4D, magenta bars). These

results are consistent with TRAP overexpression in stressed cells (Zhang et al., 2015) and indicate that

TRAP1 agonists can restore the mitochondrial function in multiple LSDs.

Activation of TRAP1 reduces ER stress and allows maturation of mutant LSD enzymes

TRAP1 has been reported to be protective against ER stress by downregulating the unfolded protein

response (UPR) and assisting in refolding damaged proteins (Amoroso et al., 2012; Sisinni et al., 2014;

Takemoto et al., 2011). To determine if ML405 acts in this pathway, we took advantage of the fact

that in many LSDs, a small percentage of residual activity mutant proteins can escape UPR and reach

the lysosome, leading to a measurable enzymatic activity (Gelsthorpe et al., 2008). Chemical chaperones

or ERAD inhibitors have previously been proposed as methods by which to increase the survival of

mutant proteins (Berardi et al., 2014; Yam et al., 2006). We hypothesized that TRAP1 activation by

ML405/85 should facilitate the escape of these residual activity mutant enzymes from the ER, leading

to increased enzymatic activity and potentially offering an explanation for their therapeutic effects

against multiple LSDs. For these studies, we utilized three patient cell lines for Fabry disease (Figure 4E)

with different distinct mutations and one each for CLNII, Wolman, and Krabbe disease (Figures 4F–4H)

(Aslanidis et al., 1996; Berardi et al., 2014; Fan et al., 1999; Kohan et al., 2013; Yam et al., 2006). As pre-

dicted, treatment with ML405 significantly increased the detectable enzyme activity for these four

different LSDs (Figures 4E–4H), emphasizing the therapeutic potential of these compounds and their

broad applicability toward multiple LSDs.

TRAP1 bridges mitochondria and lysosome health

The above results raise an important and intriguing question: how does activation of a mitochondrial chap-

erone increase lysosome function and cycling? Clues to answering this question may come from a study

showing that acute but not chronic mitochondrial respiratory chain defects trigger lysosome biogenesis

via AMPK signaling (Fernández Mosquera et al., 2017). We hypothesized that the brief shutdown of oxida-

tive phosphorylation (OxPhos) by activated TRAP1 would have a similar effect, which could explain its ther-

apeutic activity against multiple LSDs as described above. To test this hypothesis, we first determined
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Figure 4. TRAP1 agonists ameliorate mitochondrial and ER stress

(A and B) ML405 decreases the red/green fluorescence ratio in Mitotimer-expressing NPC1 cells, indicating reduced mitochondrial oxidative stress (A,

representative image of cell mitochondria quantified in B).

(C) Treatment with ML405/85 reduce superoxide levels (red; MitoSox) in isogenic wt and NPC1-null cells but have no effect in isogenic TRAP1-null cells,

indicating that the reduction of mitochondrial superoxide is mediated by TRAP1.

(D) Treatment with ML405 increases ATP levels in both NPC3 and Fabry patient cells.

(E) Treatment with ML405 increases the residual a-galactosidase activity in Fabry patient cells to varying degrees based on the specific a-galactosidase

mutation of each cell line.

(F–H) Similarly, treatment with ML405 increases the activity of lysosomal acid lipase in Wolman (F), tripeptidyl peptidase 1 in CLNII (G), and

galactocerebrosidase in Krabbe (H) patient cells. Data are represented as the mean G SD ***p < 0.0005, **p < 0.001.
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Figure 5. Mitochondrial dysfunction affects lysosomal function

(A) Representative images showing that cell treatment with mitochondrial respiratory chain inhibitors antimycin A (complex III) or atpenin A5 (SDH) induces

the lysosomal lipid storage in wt cells and exacerbates the storage in NPC1 cells.
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whether inhibition of mitochondrial OxPhos could signal the lysosome. Treatment of wild-type cells with

antimycin A to inhibit complex III or atpenin A5 to inhibit SDH caused a four- to eight-fold increase in lyso-

somal lipid storage as determined by OlyA-Cherry staining (Figures 5A and 5B, wt), indicating that respi-

ratory chain defects do affect lysosomal function as has been described (Baixauli et al., 2015). In NPC1 cells,

with already a significant accumulation of lysosomal storage, both inhibitors exacerbated the disease

phenotype by increasing the amount of storage (Figures 5A and 5B, NPC1).

We next reasoned that inhibition of OxPhos by TRAP1 would shift the cellular AMP:ATP ratio, which is

known to activate AMPK (Hardie, 2011, 2014). AMPK activation would, in turn, inhibit mTORC1, which would

mobilize lysosomal transport and recycling (Figure 5C) (Laplante and Sabatini, 2009). To characterize this

process, we treated cells with 1685 for 3 or 18 h and found a dramatic increase in phospho-AMPK (pAMPK)

levels at 3 h of treatment, which was no longer detectable at the later time point, suggesting that the effect

of 1685 is not long-lasting (Figure 5D, pAMPK). Transient expression of TRAP1 in these cells also increased

pAMPK levels (Figure 5D, Trap), although not to the same extent as 1685, as TRAP1 expression does not

equate to TRAP1 activation. The similar effects on AMPK levels and phosphorylation indicate that the ef-

fects of 1685 occurred via activation of TRAP1. The above results suggested that AMPK activation is rapid,

so we treated cells with ML405/85 for 1 or 3 h and confirmed that induction of pAMPK was rapid, with 1685

showing the highest pAMPK levels at 1 h (Figures 5E and 5F). Interestingly, both TRAP1 agonists induced

pAMPK at higher levels than metformin, a ubiquitous diabetes medication that is known to inhibit OxPhos

and induce pAMPK (Rena et al., 2017), and at a thousand-fold lower concentration (1 mM for ML405/85 vs.

1 mM for metformin; Figures 5E and 5F). Treatment with 1685 also inhibited the phosphorylation of the

mTORC1 target p70S6 kinase (Figure 5G), suggesting that the compound inhibits mTORC1 activity. Simi-

larly to the activation of AMPK by 1685, mTORC1 inhibition is rapid, with about 50% inhibition at 4 h but

almost none at 8 h. These results are consistent with recent findings that intervention at the mitochondria

results in rapid but not long-lived effects (Long et al., 2022).

TRAP1 agonists show efficacy in mouse LSD models

The results of the cellular studies described above suggested that these molecules could be therapeuti-

cally beneficial in LSDs. To evaluate their potential, we first utilized a mouse model of Fabry disease (Ioan-

nou et al., 2001). Mice were treated with either 30 mg/kg ML405 or vehicle by intraperitoneal (IP) injection

three times/week for four weeks. Upon the completion of the study, mouse tissues were processed and

analyzed for their levels of globotriaosyl ceramide (Gb3), the glycosphingolipid stored in Fabry disease,

using an ELISA assay (Zeidner et al., 1999). ML405 reduced Gb3 levels in kidney and heart, the Fabry-rele-

vant tissues, by more than 50% (Figures 6C and 6D) as well as in liver and plasma (Figures 6A and 6B).

Treatment of a mousemodel of NPC1 (Maue et al., 2012) with compound produced only amodest improve-

ment in lifespan (not shown), which could be owing to the poor brain penetration of the compounds as

determined in preliminary PK studies. Further modification of the compounds will be required to obtain

a true picture of their efficacy for LSDs with neuronal involvement.

DISCUSSION

In recent years, inter-organelle crosstalk has emerged as a critical process for the maintenance of cellular

homeostasis. In particular, numerous studies have suggested that the proper function of the mitochondria

and lysosomes is interlinked, with deficiencies in mitochondrial function directly impacting the lysosomal

Figure 5. Continued

(B) Quantitation of the lipid storage seen in wt and NPC1 cells (A). At least 150 cells were quantitated for each sample and each experiment was repeated

three times. Images were taken using the same exposure settings.

(C) Schematic showing the importance of mTORC1 as a sensor of glucose availability and a master regulator of mitochondria and lysosome/autophagy

function.

(D) Treatment with 1685 or exogenous TRAP1 expression increases the levels of cellular AMPK and phosphorylated AMPK (pAMPK). GAPDH: glyceraldehyde

3-phosphate dehydrogenase.

(E) Effect of ML405/85 on pAMPK levels is rapid, reaching a maximum at about 1 h following treatment. Metform: metformin, known inducer of pAMPK

(positive control).

(F) Densitometry of pAMPK bands from (E) normalized to GAPDH signal.

(G) Treatment with 1685 inhibits phosphorylation of the mTOR target p70S6 kinase in a rapid manner. Graph represents levels of normalized phosphorylated

p70S6 kinase relative to total p70S6 kinase protein levels. The blots shown are representative of three independent experiments. Data are represented as the

mean G SD ***p < 0.0005, **p < 0.001, *p < 0.05.
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function and vice versa (Baixauli et al., 2015; Demers-Lamarche et al., 2016; Fernández Mosquera et al.,

2017; Ivanova et al., 2019; Kennedy et al., 2014; Yambire et al., 2019). One way that this bidirectional inter-

action may be facilitated is by physical contacts between organelles(Wong et al., 2018). The mechanisms of

communication between lysosomes and mitochondria are particularly relevant in the context of LSDs and

especially those disorders with neuropathology. Whereas the pathogenesis of neurodegeneration in LSDs

is not well understood, it has been suggested that mitochondrial dysfunction may be an important contrib-

utor (Deus et al., 2020; Saffari et al., 2017; Yu et al., 2005).

It is well established that cholesterol accumulation in NPC1 and other LSDs leads to increased mitochon-

drial cholesterol, which in turn results in mitochondrial dysfunction ranging from decreased activity of en-

zymes involved in OxPhos, repressed autophagy, and reduced mitochondrial biogenesis (Ivanova et al.,

2019; Kennedy et al., 2014; Lücke et al., 2004; Solsona-Vilarrasa et al., 2019; Yambire et al., 2019; Yu

et al., 2005). Similarly, mitochondrial dysfunction disrupts E/L system trafficking and function as well as lyso-

some biogenesis (Baixauli et al., 2015; Demers-Lamarche et al., 2016; Fernández Mosquera et al., 2017),

creating a vicious feedback loop of organelle dysfunction, which disrupts cellular homeostasis. For

example, in macrophages, mitochondrial ATP production has been shown to regulate cholesterol efflux,

highlighting a direct link between energy metabolism and lipid transport (Karunakaran et al., 2015). In

agreement with those results, the present studies show that inhibition of complex II or III of the mitochon-

drial respiratory chain induces lipid storage even in non-disease cells (Figures 5A and 5B).

Our discovery that agonists of themitochondrial chaperone TRAP1 ameliorate the E/L lipid storage pheno-

type inmultiple LSDs provides the first example of amitochondrial protein that can directly affect lysosomal

transport and recycling. Not only do the TRAP1 agonists ML405/85 restore the movement of multiple

cholesterol pools within the cell and improve lipid storage in a mouse model of Fabry disease, but they

also alleviate the mitochondrial dysfunction in NPC1 patient cells, suggesting that TRAP1 may play a hith-

erto unappreciated role as a modulator of the mitochondria-lysosome axis. Our data indicate that although

the agonists are equally effective against TRAP1 in in vitro assays, they do show differences in vivo, possibly

owing to their pharmacokinetic properties.

The functions of TRAP1 are only beginning to be elucidated, but multiple studies have shown that it is a key

protector against oxidative stress and mitochondrial dysfunction (Costa et al., 2013; Liu et al., 2020; Zhang

Figure 6. TRAP1 agonists show efficacy in a mouse Fabry model

Age-matched Fabry mice treated with 30 mg/kg ML405 three times/week for four weeks showed a reduced Gb3 storage

in the liver (A) plasma (B) kidney (C), and heart (D). Values shown are the average of three replicates, n = 9–10.

***p < 0.0005, **p < 0.001, *p < 0.05.
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et al., 2015). Its role as a negative regulator of OxPhos (Yoshida et al., 2013), the main contributor of

damaging reactive oxygen species (ROS), may be directly related to this protective function. It is notable

that OxPhos is compromised in NPC1 cells (Yu et al., 2005); increased cholesterol at mitochondrial mem-

branes deregulates mitochondrial potential, leading to increased ROS production, oxidative stress,

reduced transfer of electrons, and decreased ATP production. The mitochondrial respiratory chain has

evolved to produce maximal energy with minimum ROS production by maintaining adequate membrane

potential. Reduction of complex II and complex IV activity (Figures 3C–3E) in NPC1 cells by our TRAP1 ac-

tivators would facilitate a decrease in ROS and oxidative stress (Figures 4A–4C). Restoration of mitochon-

drial potential will, in turn, lead to a temporal elevation of the AMP/ATP ratio and activation of AMPK

(Figures 5D–5F), with a concomitant inhibition of mTORC1 activity (Figure 5G). Activated AMPK promotes

lipid homeostasis, lysosome recycling, reduction of ER stress, which ultimately leads to the recovery of

cellular ATP levels.

In support of the above hypothesis, ATP levels in both NPC1 and Fabry cells increase after ML405 treatment

(Figure 4D), suggesting that energy generation recovers after TRAP1 activation, as shown in cardiomyo-

cytes following injury (Zhang et al., 2015). Furthermore, a distinction must be made between TRAP1 protein

levels and its activation, leading to an increase in its ATPase activity. TRAP1 expression studies suffer from

the inherent inability to correlate observations to the levels of ‘‘active’’ TRAP1 protein. ML405/85 have no

effect on TRAP1 protein levels (not shown) but as shown in these studies, they do recapitulate the cellular

effects attributed to active TRAP1, indicating that they act as agonists.

To understand how the activation of a mitochondrial chaperone can alleviate the lysosomal lipid storage in

LSDs, we considered proteins that have been shown to act as downstreammediators of the mitochondrial-

lysosomal crosstalk. AMPK is a global sensor of cellular energy levels (Herzig and Shaw, 2018), whereas

mTORC1 is a nutrient sensor that coordinates cell growth and metabolism (Laplante and Sabatini, 2009);

together, they work in a double-negative feedback loop (Holczer et al., 2019) to integrate nutrient and en-

ergy signals for the maintenance of cellular homeostasis. AMPK is activated by high AMP:ATP ratios, in-

hibits mTORC1, and stimulates lysosomal recycling and autophagy, whereas mTORC1 is activated when

nutrients are plentiful and acts to oppose active AMPK, inhibit autophagy and lysosome recycling, and pro-

mote macromolecule synthesis and cell growth. Interestingly, the NPC1 protein and the lysosomal trans-

membrane protein SLC3849 act together to inhibit mTORC1 signaling (Castellano et al., 2017), which could

explain why, in NPC1 disease, a defective NPC1 protein leads to mTORC1 hyperactivation and reduced

autophagy/mitophagy (Davis et al., 2021). In contrast to our results with ML405/85 (Figure 1), direct inhibi-

tion of mTORC1 restores lysosomal function and autophagy without correcting the lipid storage in NPC1

cells (Davis et al., 2021), indicating that mTORC1 inhibition is only one of the effects of TRAP1 activation. For

example, TRAP1 activation has the added effect of reducing mitochondrial stress, leading to a reduction in

autophagic load lysosomal storage. Also, TRAP1 activation reduces ER stress (Sisinni et al., 2014), allowing

for more efficient synthesis and processing of lysosomal proteins. These additional effects may be key to

facilitating lysosome unloading.

Our data showing that TRAP1 and its agonists activate AMPK sheds light on the partial mechanism by which

TRAP1 corrects the lysosomal andmitochondrial dysfunction in LSDs. As discussed above, the activation of

AMPK would, in turn, inhibit mTORC1 and stimulate autophagy and lysosomal recycling, as has been

described for statins (Bruiners et al., 2020). However, we find that this activation is rapid and short-lived,

peaking at �1 h and undetectable by �18 h (Figures 5D–5F), which is consistent with recent findings

that intervention at the mitochondria results in rapid but not long-lived effects (Long et al., 2022). The

importance of timing recalls a study in which opposing responses to acute (<12 h) vs. chronic mitochondrial

stress led to lysosome biogenesis or complete lysosome repression, respectively (Fernández Mosquera

et al., 2017). This difference in timing could explain why the TRAP agonist 1685 induced higher levels of

AMPK phosphorylation after 3 h than TRAP expression overnight (Figure 5D), or it may be a difference

of expression vs. activation, as discussed above.

The discovery that TRAP1 activation can modulate AMPK and correct the lysosomal and mitochondrial

dysfunction in LSDs has implications for other diseases. Most familial forms of Parkinson disease are caused

by mutations in genes that regulate either lysosomal or mitochondrial function and furthermore, mutations

in one pathway often appear to affect the other (reviewed in Plotegher and Duchen 2017). In addition, the

disruption of cellular lipid homeostasis and impaired autophagy/mitophagy has been observed in
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Parkinson’s as well as Alzheimer disease (Holczer et al., 2019; Roca-Agujetas et al., 2021). The ability of the

TRAP1 agonists to increase the residual activity of mutant LSD enzymes (Figure 4E) suggests that they may

be of therapeutic value in diseases in which the protein defect is an ER-targeted protein, such as cystic

fibrosis or one of the more than 60 LSDs (Carlile et al., 2007; Gelsthorpe et al., 2008). Thus, therapeutics

that can target and activate TRAP1 may be of great benefit for many devastating disorders (Davis et al.,

2021; Klein and Mazzulli, 2018; Kuk et al., 2021).

Limitations of the study

The downstream effects of TRAP1 activation by the agonists described in this study are well characterized

and in agreement with other studies investigating TRAP1 activation. However, we cannot totally exclude

the possibility that the agonists may have off-target effects that we have not identified. Furthermore, it

has been proposed that TRAP1 is also present outside the mitochondria at the ER membrane. This study

does not evaluate the effects, if any, of our TRAP1 agonists in this pool of TRAP1 protein.
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Holczer, M., Hajdú, B., L}orincz, T., Szarka, A.,
Bánhegyi, G., and Kapuy, O. (2019). A double
negative feedback loop between mTORC1 and
AMPK kinases guarantees precise autophagy
induction upon cellular stress. Int. J. Mol. Sci. 20,
E5543. https://doi.org/10.3390/ijms20225543.
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Mouse monoclonal anti-GAPDH EMD Sigma Cat#MAB374; RRID:AB_2107445

Mouse monoclonal anti-M2-Flag EMD Sigma Cat#1804; RRID:AB_262044

Mouse monoclonal anti-total c-Src (clone GD11) EMD Sigma Cat#05-184; RRID:AB_2302631
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Rabbit monoclonal anti-total AMPK a (D5A2) Cell Signaling Technology Cat#5831, RRID:AB_10622186

Rabbit monoclonal anti-AMPK a phospho-Thr172 (Clone 40H9) Cell Signaling Technology Cat# 2535, RRID:AB_331250

Rabbit monoclonal anti-total-p70S6 kinase (clone 49D7) Cell Signaling Technology Cat# 2708, RRID:AB_390722

Rabbit monoclonal anti-p70S6 kinase phospho-Thr389 (108D2) Cell Signaling Technology Cat# 9234, RRID:AB_2269803

Anti-DYKDDDDK (M2 Flag) Magnetic Agarose ThermoFisher Cat#A36797

Goat anti-rabbit IgG (H+L) secondary antibody, HRP ThermoFisher Cat#32460; RRID:AB_1185567

Goat anti-mouse IgG (H+L) secondary antibody, HRP ThermoFisher Cat# 32430, RRID:AB_1185566

Rabbit polyclonal anti-b-actin Abcam Cat#ab8227; RRID:AB_2305186

Rabbit polyclonal anti-SREBP2 Abcam Cat# ab30682; RRID:AB_779079

Bacterial and virus strains

BL21(DE3) pLysS ThermoFisher Cat#C606010

Chemicals, peptides, and recombinant proteins

1685 This paper

ML405 This paper

Verotoxin B-594 (VTB-594) This paper

Verotoxin B-StrepTagII (VTB-Strep) This paper

OlyA-mCherry This paper

OlyA-AcGFP This paper

OlyA-Bit This paper

ALOD-594 This paper

C11 TopFluor Glucosyl Ceramide Avanti Polar Lipids Cat#810267; CAS:1246355-70-3

Amplex Red (1-(3,7-dihydroxy-10H-phenoxazin-

10-yl)-ethanone)

Cayman Chemical Cat#10010469; CAS:119171-73-2

Methyl-ß-cyclodextrin EMD Sigma Cat#4555; CAS:128446-36-6

Horseradish peroxidase EMD Sigma Cat#P6782; CAS: 9003-99-0

Cholesterol oxidase EMD Sigma Cat#C5421; CAS:9028-76-6

Shrimp Alkaline Phosphatase New England Biolabs Cat#M0371S

4-methylumbelliferyl oleate EMD Sigma Cat#75164; CAS:18323-58-5

4-Methylumbelliferyl b-D-galactopyranoside-6-sulfate

sodium salt

EMD Sigma Cat#68903; CAS:126938-14-5

Ala-Ala-Phe-7-amido-4-methylcoumarin EMD Sigma Cat#A3401; CAS: 62037-41-6

4-methylumbelliferyl a-D-galactopyranoside SantaCruz Biotechnology Cat#sc-280454; CAS: 38597-12-5

Critical commercial assays

TransIT-X2 dynamic delivery system Mirus Bio Cat#MIR-6000

Alexa Fluor 594 C5 maleimide ThermoFisher Cat#A10256

HiTrap Talon column Cytiva Cat#28953766
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MitoSox Red Superoxide Indicator ThermoFisher Cat#M36008

Nano-Glo HiBiT Lytic detection system Promega Cat#N3030

Cytochrome C oxidase assay kit EMD Sigma Cat#CYTOCOX1

Succinate-Glo� JmjC Demethylase/Hydroxylase Assay Promega Cat#V7990

CellTiter-Glo 2.0 Cell Viability Assay Promega Cat#G9241

M-PER Mammalian Protein Extraction Reagent ThermoFisher Cat#78053

BluePhos microwell substrate kit Seracare Cat#5120-0059

Pierce BCA Assay Kit ThermoFisher Cat#23227

LiChrolut 500 RP-18 columns EMD Sigma Cat#1196870001

Deposited data

Raw data from screen of NPC1 activators This paper PubChem: AID485313

Raw data from screen of Rab9 activators This paper PubChem: AID485297

Experimental models: Cell lines

Human: NPC4 cell line: I1061T/I1061T Isolated from patient; Denny Porter N/A

Human: NPC17 cell line: I1061T/truncation at codon 962 Isolated from patient; Denny Porter N/A

Human: NPC3 cell line: V1165M/truncation at codon 1249 Isolated from patient; Denny Porter N/A

Human: NPC23: R978C/IVS21-22 splice mutation AtoG Isolated from patient; Denny Porter N/A

Human: NPC25: N701K/truncation at codon 1005 Isolated from patient; Denny Porter N/A

Human: Fabry 821A: N215S "late" (cardiac variant) Isolated from patient; Robert Desnick N/A

Human: Gaucher Type II Disease Coriell Cat#GM00877; RRID:CVCL_0R27

Human: Niemann-Pick, Type A Disease Coriell Cat#GM16195; RRID:CVCL_AX26

Human: Farber Disease Coriell Cat#GM18313; RRID:CVCL_8A68

Human: CLN2 Disease Coriell Cat#GM16485; RRID:CVCL_DA46

Human: Pompe Disease Coriell Cat#GM20124; RRID:CVCL_0H82

Human: MPS Type VII Disease Coriell Cat#GM02784; RRID:CVCL_Z830

Human: Wolman Disease Coriell Cat#GM06144; RRID:CVCL_X456

Human: ARPE-19 cell line ATCC Cat# CRL-2302, RRID:CVCL_0145

Human: ARPE-NPC1 null This paper

Human: ARPE-TRAP1 null This paper

Mouse: NPC1 cells: C57BL/6J-Npc1nmf164/J This paper

Human: Fabry N34S "classic" Isolated from patient; Robert Desnick N/A

Human: Fabry P250T "classic" Isolated from patient; Robert Desnick N/A

Experimental models: Organisms/strains

Mouse: Fabry knockout Pagant et al., 2021 N/A

Mouse: NPC1 mouse,

C57BL/6J-Npc1nmf164/J

The Jackson Laboratory Cat#004817; RRID:IMSR_JAX:004817

Mouse: C57BL6 Charles River Cat#027; RRID:IMSR_CRL:027

Oligonucleotides

CRISPR targeting sequence for NPC1:

50-AAAGAGTTACAATACTACGT-30
This paper https://zlab.bio/guide-design-resources

CRISPR targeting sequence for TRAP1:

50-GCGCCCGCAGCAAAGGCCGC-30
This paper https://zlab.bio/guide-design-resources

ERP29 Human shRNA kit Origene Cat#: TL313167

HYOU1 Human shRNA kit Origene Cat#:TG312275

TRAP1 Human shRNA kit Origene Cat#:TG300868
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yiannis A. Ioannou (yiannis.ioannou@mssm.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact upon completion of a

Materials Transfer Agreement.

Data and code availability

d The results of the reporter screens that led to development of the lead compounds have been deposited

and are publicly available (https://pubchem.ncbi.nlm.nih.gov/bioassay/485297 and https://pubchem.

ncbi.nlm.nih.gov/bioassay/485313). Western blot, microscopy, and enzymatic data reported in this pa-

per will be shared by the lead contact upon request.

d This paper does not report original code.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

eSpCas9(1.1)_No_FLAG_ATP1A1_G2_Dual_sgRNA Agudelo et al., 2017 Addgene plasmid #86612

pcDNA3-MTS-CA-c-Src-Flag Ogura et al., 2012 Addgene plasmid #44654

IPO7 (Myc-DDK-tagged)-Human importin 7 Origene Cat#RC215943

PLEK (Myc-DDK-tagged)-Human pleckstrin Origene Cat#RC203780

PSMC6 (Myc-DDK-tagged)-Human proteasome

(prosome, macropain) 26S subunit, ATPase, 6

Origene Cat#RC202809

TPM3 (Myc-DDK-tagged)-Human tropomyosin 3 Origene Cat#RC209904

ERP29 (Myc-DDK-tagged)-Human endoplasmic reticulum

protein 29

Origene Cat#RC210918

PRDX1 (Myc-DDK-tagged)-Human peroxiredoxin 1 Origene Cat#RC221235

TRAP1 (Myc-DDK-tagged)-Human TNF receptor-associated

protein 1

Origene Cat#RC203439

Human PSMB8 cDNA ORF clone Genscript Clone ID OHu19302; Acc#NM_004159.5

Human HYOU1 cNDA ORF clone Genscript CloneID OHu15674; Acc#NM_001130991.3

pMitoTimer Laker et al., 2014 Addgene plasmid #52659

pALOD4 Endapally et al., 2019 Addgene plasmid #111026

pRSET-OlyA-mCherry This paper

pRSET-OlyA-AcGFP This paper

pRSET-VTB-StrepTagII This paper

pRSET-OlyA-Bit This paper

Software and algorithms

MetaMorph Microscopy Automation

and Image Analysis Software

Molecular Devices RRID:SCR_002368

ImageQuant TL (v.10.1) Cytiva RRID:SCR_018374

Mascot, version 1.4.0.288 Matrix Science RRID:SCR_014322

X! Tandem, version CYCLONE (2010.12.01.1) The GPM, thegpm.org RRID:SCR_015645

Sequest Proteome Discoverer, version 1.4.0.288 ThermoFisher RRID:SCR_014477

Scaffold, version 4.11.0 Proteome Software RRID:SCR_014345

Phoenix WinNonlin Certara RRID:SCR_021370

MassLynx v4.1 Waters Corporation RRID:SCR_014271
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d Any additional information required to reanalyze the reported data is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The NPC1 gene encodes a 1279 amino acid protein. The NPC1 patient cell lines (NPC3, female 13yrs,

V1165M/truncation at codon 1249; NPC4, male 5yrs, I1061T/I1061T; NPC17, male 6yrs, I1061T/truncation

at codon 962, NPC23, female 8yrs, R978C/IVS21-22 splice mutation A/G; NPC25, female 7yrs,

N701K/truncation at codon 1005) were a generous gift of Denny Porter. Fabry 821A ("late" variant, adult

male), Fabry P250T (adult male), and Fabry N34S (adult male) cells were a gift of Robert J. Desnick. All other

lysosomal storage disease patient cell lines were from Coriell. The retinal pigment epithelial cell line ARPE-

19 was from ATCC. Cells were routinely maintained in DMEM medium supplemented with 10% FBS, 2mM

L-glutamine, and 50 mg/mL gentamicin in a humidified incubator at 37�C with 5% CO2.

Generation of cell lines derived from the livers of 3–6 day old C57/Bl6 NPC1 male mice (Maue et al., 2012)

was accomplished by trypsin digestion of minced liver tissue and cell dispersal as we have described for

another NPC1 mouse model (Chen et al., 2005).

Mice

The Fabry knockout mouse has previously been described (Pagant et al., 2021). Affected mice breed nor-

mally; hemizygous adult male mice (age 25–35 days) were used in all studies. Animals were fed ad libitum

water and standard chow (Purina, Pico #5053) and housed by cage group on Anderson BedOCob 1/400 inch
bedding in filter-topped cages at 68–79�F and 30–70% humidity with 12-hour light/dark cycles. Animal hus-

bandry and all experiments were conducted under the Icahn School of Medicine Institutional Animal Care

and Use Committee approved protocols.

METHOD DETAILS

Synthesis of lead compounds

ML405

ML405 is N-(3-(N-(4-bromophenyl)sulfamoyl)-4-methoxyphenyl)-4-methylnicotinamide and was produced

as follows (see Figure S1 for reaction scheme):

Step 1 A solution of 1-methoxy-4-nitrobenzene A (6.2 g, 41 mmol) in CICH2CH2CI (5 mL) was cooled to

0 �C and treated with dropwise addition of chlorosulfonic acid (4 mL, 6 mmol). The reaction was

warmed to RT, refluxed for 2 hr, and then cooled. Water was added carefully to quench excess

chlorosulfonic acid. Precipitation of solids was observed that dissolved back on addition and

stirring of the mixture with chloroform. The organic layer was separated, dried with MgSO4,

filtered, and concentrated to provide 2-methoxy-5-nitrobenzene-1-sulfonyl chloride B (1.78 g,

7.07 mmol, 17.5% yield).

Step 2 B (1.7 g, 6.8mmol) was treatedwith 4-bromoaniline (1.7 g, 10mmol) in pyridine (10mL). The reaction

was attached to a reflux condenser and stirred for 16 hr at 90 �C. Most of the pyridine was removed

via rotary evaporation; the residue was diluted with EtOAc and then washed with water, and then

brine. The organic layer was separated, dried with MgS04, filtered, concentrated, and purified to

yield 1.7 g (65%) of C. LC/MS (Agilent system) Retention time ti (short) = 3.50min,MS (ESI) m/z calcu-

lated for C26H22Br2N4NaO10S2 [2M + Na]+ 796.9, found 796.8. 1H NMR (400 MHz, DMS0d6) 8 ppm

10.54 (br. s., 1 H), 8.49 (d, J= 2.7 Hz, 1 H), 8.45 (dd, J = 8.4Hz, J= 2.8 Hz, 1 H), 7.38 - 7.43 (m, 3 H), 7.09 -

7.02 (m, 2 H), 4.01 (s, 3 H).

Step 3 C (0.90 g, 2.30 mmol) was dissolved in EtOH (24 mL), treated with tin (II) chloride dihydrate (2.1 g,

9.3 mmol). The reaction was refluxed for 1 hr, cooled, and treated with 1 N NaOH till pH�6. A

white suspension, presumably consisting of tin salts, was observed. EtOAc was added and the

mixture stirred overnight vigorously. The aqueous layer was still a white suspension. The mixture

was filtered through celite, the organic layer was separated, dried with MgSO4, filtered, and

concentrated. Purification by flash silica gel chromatography with an isocratic 35% EtOAc/hex-

anes solvent system separated a closely eluting non polar compound to provide pure aniline D

(0.56 g, 1.57 mmol, 67% yield). LC/MS (Agilent system) Retention time t1 (short) = 2.78 min, MS
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(ESI) m/z calculated for C13H14BrN2O3S [M + H]+ 357.0, found 356.9. 1HNMR (400MHz, DMSO-

d6) 9.96 (s, 4H), 7.44 - 7.33 (m, 8H), 7.09 - 6.97 (m, 12H), 6.87 (d, J=8.8 Hz, 4H), 6.72 (dd, J= 8.7,

2.8 Hz, 4H), 5.02 (s, 10H), 4.03 (q, J= 7.1 Hz, 1H), 3.71 (s, 12H), 1.99 (s, 1H), 1.17 (t, J= 7.1 Hz, 1H).

HNMR (400 MHz, DMS0-d6) 6 9.96 (s, 1H), 7.42 - 7.33 (m, 2H), 7.07 - 6.98 (m, 3H), 6.87 (d, J=

8.8 Hz, 1H), 6.72 (dd, J= 8.7,2.8 Hz, 1H), 5.02 (s, 2H), 3.71 (s, 311).

Step 4 5-Amino-N-(4-bromophenyl)-2-methoxybenzenesulfonamide D (70 mg, 0.20 mmol) was dis-

solved in DMF and treated with 4-methylnicotinic acid (81 mg, 0.59 mmol), 2,4,6-tripropyl-

l,3,5,2,4,6-trioxatriphosphinane 2,4,6-trioxide (0.37 g, 0.59 mmol) (T3PR), and triethylamine

(0.11 mL, 0.78 mmol). The reaction stirred at 60 �C for 48 hr. After cooling the mixture, which

had turned into a gel, was diluted with water and extracted with EtOAc. The organic layer

was separated, concentrated, and purified by C18 reverse phase column chromatography to

yield N-(3-(N-(4-bromophenylsulfamoyl)-4-methoxyphenyl)-4-methylnicotinamide (ML 405):

32 mg (0.07 mmol, 34%): LC/MS (Agilent system) Retention time t1 (long) = 4.13 min, MS (ESI)

m/z calculated for C20H18BrN3O4S [M + H]+ 476.0 found 476.0 ; 1H NMR (400 MHz, DMSO-d6)

d 10.58 (s, 1H), 10.17 (s, 1H), 8.72 (s, 1H), 8.58 (d, 7 = 5.1 Hz, 1H), 8.25 (d, J = 2.6 Hz, 1H), 7.88

(dd, J = 9.0, 2.7 Hz, 1H), 7.45 (d, J = 5.2 Hz, 1H), 7.43 — 7.37 (m, 2H), 7.19 (d, J = 9.0 Hz, 1H),

7.10 — 7.03 (m, 2H), 3.86 (s, 3H), 2.44 (s, 311); HRMS (ESI) m/z calculated for C20H19BrN3O4S

[M + H]+ 476.0274 found 476.0284.

1685

NCGC00351685 (1685) is N-(3-(N-(4-bromophenyl)sulfamoyl)-4-methoxyphenyl)-2-phenyl-1H-imidazole-4-

carboxamide and was produced as follows (see Figure S1 for reaction scheme):

A mixture of 5-amino-N-(4-bromophenyl)-2-methoxybenzenesulfonamide D (0.5 g, 1.400 mmol), 2-phenyl-1H-

imidazole-4-carboxylic acid (0.790 g, 4.20 mmol), HOBt (0.729 g, 4.76 mmol) was treated with DMF/CH2Cl2 1:1

(Volume: 2.80 mL). To the solution was added DIEA (2.445 mL, 14.00 mmol) followed by EDC (0.805 g,

4.20 mmol). The resulting solution was microwaved at 80�C for 20 minutes then stirred at 50�C overnight. After

cooling to room temperature, the reaction solution was diluted with water and extracted with EtOAc. The

organic layer was separated, concentrated andpurified byC18 reversedphase columnchromatography to yield

N-(3-(N-(4-bromophenyl)sulfamoyl)-4-methoxyphenyl)-2-phenyl-1H-imidazole-4-carboxamide (1685): 100mg

(0.19 mmol, 14%) LC/MS (Agilent system) Retention time t1 (long) = 4.86 min, MS (ESI) m/z calculated for

C23H19BrN4O4S [M + H]+ 527.4 found 527.0 1H NMR (400 MHz, DMSO-d6) d 10.22 (s, 1H), 10.11 (s, 1H), 8.33

(d, J = 2.7 Hz, 1H), 8.10 – 8.03 (m, 2H), 8.03 – 7.96 (m, 2H), 7.55 – 7.47 (m, 2H), 7.47 – 7.40 (m, 1H), 7.40 – 7.34

(m, 2H), 7.19 – 7.13 (m, 1H), 7.07 – 7.01 (m, 2H), 3.84 (s, 3H).

Production and purification of lipid binding toxins

The ostreolysin A (OlyA) (Sko�caj et al., 2014) fusions were custom synthesized by Gene Art (Life Technolo-

gies) into the prokaryotic expression vector pRSET-A, with mCherry or AcGFP (Shaner et al., 2008) added to

the 30 end of the vector, followed by a 6-His tag for purification. For the OlyA-NanoBiT construct, OlyA-BiT

(Promega) was custom synthesized in pRSET with the 6-His and small BiT tag (VSGWRLFKKIS) at the 30 end
of the OlyA gene. The anthrolysin O (AloD) fusion construct, pALOD4, was a gift from Arun Radhakrishnan

(Addgene plasmid # 111026 ; http://n2t.net/addgene:111026 ; RRID:Addgene_111026) (Endapally et al.,

2019).

Fusions were transformed into E. coli strain BL21 pLysS for protein expression as we have described (Liapis

et al., 2012). Briefly, bacteria were pelleted, resuspended in binding buffer (300mMNaCl, 50mMNaH2PO4,

pH 8, 1mM PMSF), and lysed using a French press. Cell debris was removed by centrifugation twice at

33,000 xg for 15 min. Proteins were purified on a 5mL HiTrap Talon column (Cytiva) followed by Mono Q

ion exchange chromatography using an ÄKTA pure system (Cytiva). AloD was subsequently coupled to

Alexa Fluor 594 using the Alexa Fluor 594 C5 maleimide reagent (ThermoFisher) according to the manufac-

turer’s recommendations.

Verotoxin B (VTB) was produced as we have previously described (Zeidner et al., 1999), purified as above,

and coupled to Alexa Fluor 594 as above (VTB-594). The verotoxin-StrepTagII fusion (VTB-Strep) was

custom synthesized by Gene Art to contain the StrepTag II sequence (WSHPQFEK) (Schmidt and Skerra,

2007) at the 30 end of VTB in the pRSET-A vector and then expressed and purified as described above.
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Microscopy

For all studies, cells were grown on glass coverslips in 6-well dishes to 75% confluence and treated with

compound or DMSO (vehicle) for 17–20 hrs. For multi-day experiments, cells were given fresh media con-

taining compound or DMSO each day. Cell monolayers were rinsed with PBS and fixed with phosphate

buffered formalin for 10 min at room temperature (RT).

Cell transfections were accomplished using TransIT-X2 reagent (Mirus Bio) according to themanufacturer’s

recommendations unless otherwise indicated.

Cholesterol/sphingolipid (OlyA) staining

Cells were permeabilized with 6mM CHAPSO in PBS for 10 minutes at RT, washed with PBS, and blocked

with 1% BSA for 30 min at RT with gentle rocking. Cells were incubated with OlyA-mCherry in PBS for 1hr at

RT with rocking, then washed with PBS and counterstained with Hoechst 33342 for 5 min. Coverslips were

mounted onto glass slides using Fluoromount G (Southern Biotech) and fluorescence visualized on a Nikon

Eclipse microscope fitted with a charge-coupled-device camera driven by Metamorph software. For stor-

age comparisons, images were acquired using the same exposure time for samples being compared.

Free cholesterol (AloD) staining

Cells were permeabilized with 0.025% Triton X-100 in PBS for 5 min at RT, blocked, and then incubated with

AloD-594 before processing for microscopy as above.

Globotriaosyl ceramide (Gb3) staining

Cells were permeabilized with 50 mg/mL digitonin in PBS, blocked, and then incubated with VTB-594 before

processing for microscopy as above.

Detection of superoxide

Live cells were stained with MitoSox Red reagent (ThermoFisher) according to the manufacturer’s recom-

mendation and Hoechst 33342 simultaneously and then mounted with PBS and imaged as above.

Generation of stable NPC- and TRAP-null ARPE cell lines

The CRISPR targeting sequences for NPC1 (50-AAAGAGTTACAATACTACGT-30) or TRAP1 (50-GCGCCCG

CAGCAAAGGCCGC-30) were cloned into the vector eSpCas9(1.1)_No_FLAG_ATP1A1_G2_Dual_sgRNA

(a gift from Yannick Doyon: Addgene plasmid #86612; http://n2t.net/addgene:86612; RRID:Addgene_

86612) (Agudelo et al., 2017). Plasmids were transfected into ARPE-19 cells, and stable NPC1-null and

TRAP1-null ARPE cells were generated by selection using 0.2mM ouabain for 2 weeks or until individual col-

onies could be distinguished. Individual clones were assessed by western blot analyses to confirm knockout

of NPC1 or TRAP1 before expansion.

Western blot analyses

NPC1, AMPK, and p70S6 kinase

ARPE cells were collected by scraping into ice-cold PBS and centrifugation at 450xg for 5 min. The cells

were lysed in buffer (100mM NaPi, pH 7.5, 150mM NaCl, 2mM EDTA and 1% Igepal, with protease inhib-

itors) for 15 min at 4�C and centrifuged at 20,000 xg to remove insoluble debris. For detection of AMPK and

p70S6 kinase, phosphatase inhibitors were added to the lysis buffer. Protein concentration was determined

using a BCA assay kit (ThermoFisher). Approximately 20mg protein was resuspended in NuPage LDS

loading dye (ThermoFisher) containing 50mM DTT, heated at 70�C for 10 min, and subjected to electro-

phoresis and transfer using a Novex 4–12% BisTris gel (Invitrogen) in MOPS buffer as we have described

(Chen et al., 2005). Blots were probed using primary antibodies against: NPC1 (ab134113; Abcam), total

AMPK (5831; Cell Signaling Technology), AMPK phospho-Thr172 (2535; Cell Signaling Technology),

p70S6 kinase (2708; Cell Signaling Technology), or p70S6 kinase phospho-Thr389 (9234; Cell Signaling

Technology) and GAPDH (MAB374; EMD Sigma) and secondary anti-rabbit and anti-mouse antibodies

conjugated with horseradish peroxidase (ThermoFisher). Proteins were visualized by chemiluminescence

using SuperSignal West Dura substrate (ThermoFisher) according to the manufacturer’s recommendation

as we have described (Chen et al., 2010) on an ImageQuant 800 system (Cytiva).
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Flag-tagged c-Src

ARPE cells were grown in 10 cm dishes to 75% confluence and then transfected with 12mg pcDNA3-MTS-

CA-c-Src-Flag (a gift from Yoshimi Homma; Addgene plasmid #44654; http://n2t.net/addgene:44654;

RRID:Addgene_44654) (Ogura et al., 2012) using 18mL Fugene reagent (Promega). At 24 hr post-transfec-

tion, cells were treated with DMSO or 1mMML405 for 24 hrs. Cells were collected and lysed as above, with

the addition of phosphatase inhibitors to the lysis buffer. Flag-tagged c-Src in the lysate was immunopre-

cipitated usingM2-Flag/agarose beads (ThermoFisher). After washing, beads were processed as above for

electrophoresis and transfer. c-Src was detected using primary antibodies against M2 Flag (1804; EMD

Sigma), total c-Src (05-184; EMD Sigma), or c-Src phospho-Tyr416 (05-677; EMD Sigma) and secondary

anti-mouse antibodies conjugated with horseradish peroxidase. Proteins were visualized as above.

SREBP2

Cells were treated for 3 hrs with 5mM ML405, 1685, or 20mM 25-hydroxycholesterol and then collected as

above. Cells were lysed in RIPA buffer for 1hr at 4�C and then centrifuged at 20,000 xg. Protein concentra-

tion was determined using the BCA method and 50mg was used for Western blot analysis as above using

antibodies against SREBP2 (ab30682; Abcam) and b-actin (8227; Abcam).

Cholesterol efflux assay

PM cholesterol efflux was determined using an Amplex Red-based assay (Amundson and Zhou, 1999; Low

et al., 2012). Cells were plated at 20,000 cells/well in a 96-well plate and treated with compounds for 16–

20 hrs in full media containing 5mM U18666A to prevent cholesterol transport. Cells were then washed

with serum-free media (SFM) and incubated with 1mM methyl-ß-cyclodextrin and 5mM U18666A in SFM

for 15 min at 37�C to remove available plasma membrane cholesterol from cells and inhibit new transport.

Cells were washed with SFM and then incubated in SFM for 3 hrs at 37�C in a 5% CO2 incubator. At the end

of that time, media was removed from wells and cells were incubated with fresh SFM containing 1mM

methyl-ß-cyclodextrin for 30 min at 37�C in a 5% CO2 incubator. To quantify the amount of cholesterol, me-

dia was transferred to a black 96-well plate and mixed with reaction solution (final concentrations: 150mM

Amplex, 1U/mL horseradish peroxidase, 0.125U cholesterol oxidase in buffer: 50mMpotassium phosphate,

pH 7.4, 25mMNaCl, 2.5mM cholic acid, 0.05% Triton X-100) for 30min at 37�C. Newly effluxed cholesterol in

the media was determined by reading plates in a Bio-Tek Synergy H1 microplate reading using excitation

554nm/emission 593nm. The amount of cholesterol in the media was calculated by comparing values to a

standard curve generated using cholesterol reference standards.

Determination of PM raft cholesterol

The Nano-Glo HiBiT Lytic detection system (Promega) was used to measure the amount of cholesterol in

PM rafts (and thus unavailable for efflux as determined above). Cells were plated at 10,000 cells/well in

white plates and treated for 20 hr. Cells were fixed in 4% paraformaldehyde for 20 min at RT, washed,

blocked with 1% BSA in PBS for 30 min, and then incubated with OlyA-BiT for 1 hr at RT. For detection, cells

were washed and incubated with LargeBit according to the manufacturer’s recommendation. Lumines-

cence was read in a Modulus microplate multimode reader (Turner Biosystems).

Drug affinity responsive target stability (DARTS)

ARPE cells were treated for 20hr with 5mM ML405 or 1685 and then subjected to DARTS essentially as

described (Lomenick et al., 2011). Briefly, cells were pelleted, washed with cold PBS, and lysed for 10min

on ice in freshly made M-PER buffer (M-PER reagent, protease inhibitor cocktail, 50mM sodium fluoride,

10mM ß-glycerophosphate, 10mM sodium pyrophosphate, 0.1mM sodium orthovanadate). The lysate

was centrifuged for 10min at 18,000xg at 4�C and then 10X TNC buffer (500mM Tris-HCl, pH 8.0, 500mM

NaCl, 100mM CaCl2) was added to produce a final concentration of 1X TNC buffer in the lysate. The lysate

was divided into aliquots of 99mL and mixed with 1mL vehicle or compound stock solutions and rocked for

15min at room temperature. Limited proteolysis was achieved by adding 4mL of 1.25mg/mL pronase in

1X TNC buffer (1:100 solution) to the lysate for exactly 30min at room temperature. Digestion was stopped

by addition of protease inhibitor solution. Samples were incubated with 0.1U benzonase for 30 min at 37�C
to digest nucleic acids. Proteins were precipitated by mixing with 100% trichloroacetic acid (TCA) to a final

concentration of 20% TCA and incubating for 1 hr on ice. Samples were centrifuged at 20,000xg for 15 min

at 4�C, and the pellet was washed twice with ice-cold acetone before being air-dried and processed for

mass spectrometry.
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Mass spectrometry

The pellets generated from DARTS were resuspended in 8M urea/100mM Tris-HCl, pH 8.5 and then

reduced with 5mM tris(2-carboxyethyl)phosphine, alkylated with 10mM iodoacetamide, and digested

with trypsin. The tryptic peptides were purified using PepClean C18 spin columns (ThermoFisher) and

then the eluates were dried under vacuum.

The LC-MS/MS analysis was performed on a Waters NanoAcquity UPLC system (Waters) interfaced to a

Thermo LTQ-Orbitrap mass spectrometer (ThermoFisher). Reversed-phase LC separation was performed

on a Waters BEH300 C18 column (75 mm 3 250 mm, 1.7 mm particle size). Samples were trapped and

washed on a Waters Symmetry C18 trap column (180 mm 3 100 mm, 5 mm particle size) prior to separation

on the nanocolumn. Gradient elution was performed with 0.1% formic acid in water as solvent A and in ACN

as solvent B, with solvent B raised from 7 to 30% in 300 min, then 30 to 80% in the next 40 min, followed by a

10-min hold at 80%, and a return to 5% for 20 min at a flow rate of 0.25 ul/min. The mass spectrometer was

operated in positive mode with spray voltage at 1.4 kV, capillary voltage at 40 V and ion transfer tube tem-

perature at 140�C. A normalized collision energy of 35% and activation time of 30 ms were applied in

MS/MS acquisitions. The top eight most intense ions were selected for fragmentation in the LTQ analyzer.

The following dynamic exclusion settings were applied to precursor ions chosen for MS/MS analysis: repeat

count – 1; repeat duration – 30 s and exclusion duration – 120 s.

Compound candidate expression and silencing studies

NPC3 cells were transfected with Flag-tagged expression plasmids: IPO7 (Origene RC215943), PLEK (Or-

igene RC203780), PRDX1 (Origene RC221235), PSMB8 (Genscript), PSMC6 (Origene RC202809), TPM3 (Or-

igene RC209904), ERP29 (Origene RC210918), HYOU1 (GenScript), TRAP1 (Origene RC203439). Cells were

processed at 48 hrs post-transfection as described above for cholesterol storage except that following the

blocking step, cells were incubated with M2 Flag antibody for 1 hr at RT and then washed 3 3 5 times with

PBS before incubation with anti-mouse secondary antibodies conjugated to Alexa Fluor 488 and OlyA-

mCherry simultaneously for 1 hr at RT in the dark. Alternatively, mouse secondary antibodies conjugated

to Alexa Fluor 594 and OlyA-acGFP were used. After washing with PBS, cells were counterstained with

Hoechst 33342 and coverslips mounted as described above.

Gene silencing experiments were accomplished using shRNAs cloned into the pGFP-V-RS vector (se-

quences determined by Origene). Vectors were validated to knock down genes of interest by Western

blot prior to their use in expression experiments. Cellular expression of the shRNA was confirmed by

GFP fluorescence and lipid storage was determined with OlyA-mCherry as described above.

Mitotimer studies

Cells were transfected with pMitoTimer (a gift from Zhen Yan; Addgene plasmid #52659; http://n2t.net/

addgene: 52659; RRID:Addgene_52659) (Laker et al., 2014). Compound was added 5 hrs post transfection

and cells were evaluated at 24 hrs post-transfection after fixing with 4% paraformaldehyde. MitoTimer im-

ages were acquired at 100x magnification using the green (excitation/emission 488/518 nm) and red (exci-

tation/ emission 543/572 nm) channels with identical acquisition parameters for all samples to ensure no

signal saturation and similar intensity of the green and red channels in control samples. Each channel

was saved as an individual file.

Respiratory chain enzyme assays

Mitochondria were purified from ARPE cells grown in 15cm dishes as follows: cells were collected by

scraping into ice-cold PBS and centrifuging at 450xg for 5 min. The pellet was resuspended in mitochon-

drial isolation buffer (200mM sucrose, 10mM Tris/MOPS pH 7.4, 1mM EGTA/Tris) using ten strokes of a

Potter–Elvejehn homogenizer at 700 rev/min, followed by centrifugation at 600 xg for 10 min at 4�C. The
supernatant containingmitochondria was removed and centrifuged at 10,000 xg for 5min at 4�C. The pellet
containing mitochondria was resuspended in isolation buffer and protein concentration was determined

using the Bradford method.

Succinate dehydrogenase (complex II) activity was determined as described (Trounce et al., 1996). Briefly,

mitochondria were incubated for 10 min at 30�C in buffer (50 mMpotassium phosphate, pH 7.4, 20 mM suc-

cinate). Antimycin A (2 mg/mL), rotenone (2 mg/mL), KCN (2 mM), and 50mM 2,6-dichlorophenolindophenol
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(DCPIP) were added and the reduction of DCPIP was measured at 600 minus 520 nm for 1 min to record the

blank rate. The reaction was initiated by adding 50mMdecylubiquinone (DB) and the change in absorbance

was measured for 3 min.

Cytochrome C oxidase (complex IV) activity was determined by monitoring the decrease in ferrocyto-

chrome c absorbance at 550nm using the cytochrome C oxidase assay kit (Sigma) according to the manu-

facturer’s recommendations.

Metabolite quantitation

ARPE cells were plated and treated as for microscopy (above). Cells were trypsinized, washed in full me-

dium, and centrifuged at 1,000xg for 5 min. The pellet was resuspended, washed in PBS, and collected

by centrifugation.

Succinate

The pellet was resuspended in 500mL boiling water and placed on a heat block at 95�C for 5 min, after which

it was placed on ice for 10 min. Following centrifugation at 10,000xg for 10 min, the supernatant was

collected and incubated with 2 units of shrimp alkaline phosphatase (New England Biolabs) at 37�C for

30 min to remove ATP, followed by incubation at 65�C for 10 min to inactivate the phosphatase. Succinate

was measured using the Succinate-Glo assay kit (Promega) according to the manufacturer’s recommenda-

tions. A succinate standard curve from 1–15mM was run concurrently.

Lactate

Cells were subjected to perchlorate extraction as described (Zhu et al., 2010). Briefly, the pellet was resus-

pended in 250mL ice-cold 0.25M perchloric acid solution, incubated on ice for 5 min, and then neutralized

with 6mL 5M potassium carbonate, pH 6.5. The solution was centrifuged at 10,000 xg for 5 min and 10mL of

the supernatant was added to wells of a black 96-well plate in triplicate and mixed with 90mL assay buffer

(50mM Tris, pH 7.5, 0.5 units/mL lactate oxidase, 0.5 units/mL horseradish peroxidase, 50mM Amplex Red)

with shaking for 5 min at RT. Lactate was determined by reading plates in a Bio-Tek Synergy H1 microplate

reader using excitation 554nm/emission 593nm. For media lactate, media was collected and centrifuged at

800xg for 5 min to remove cell debris, and then 10mL was used for quantitation as above.

ATP

ARPE cells were plated at 20,000 cells/well in white plates and treated with 2mMML405 or DMSO for 20 hrs.

Cellular ATP levels were determined using CellTiter-Glo (Promega) according to the manufacturer’s

recommendation.

Lysosomal enzyme assays

Cells were plated at 90,000 cells/well in 12 well plates in triplicate and treated with 2mMcompound for 48 hr.

At the end of that time, cells were collected and lysed in buffer (150mM NaCl, 50mM Na2HPO4, pH 6.9,

1mM EDTA, 1% Igepal containing protease inhibitor cocktail) for 30 min on ice and then centrifuged at

20,000xg for 10min at 4�C. Three-fourths of the lysate was assayed in 96-well plates for 1 hr at 37�C essen-

tially as described (Ioannou et al., 2001; Ribbens et al., 2013; Sheriff et al., 1995; Sohar et al., 2000). Briefly,

for Wolman disease, lysosomal acid lipase activity was determined by mixing lysate with 1mM

4-methylumbelliferyl oleate in citrate-phosphate buffer, pH 4.4 and the reaction was stopped with 0.1M

Tris-HCl, pH 7.6. For Krabbe disease, b-galactocerebrosidase activity was determined by mixing lysate

with 0.4mM 6-hexadecanoylamino-4-methylumbelliferyl-b-D-galactopyranoside and 1 mg/mL sodium

taurocholate in citrate-phosphate buffer, pH 4.6. The reaction was stopped with 0.4M glycine, pH 10.8.

For Batten disease, tripeptidyl peptidase II activity was determined by mixing lysate with 250mM Ala-

Ala-Phe-7-amido-4-methylcoumarin in citrate-phosphate buffer, pH 4.4 and the reaction was stopped

with 0.3% trifluoroacetic acid. For Fabry disease, a-galactosidase A activity was determined by mixing

lysate with an equal volume of 4 mM 4-methylumbelliferyl a-D-galactopyranoside in PBS/0.2 M acetic

acid, pH 4.2 (1:1), and the reaction was stopped with 1M glycine/1M NaOH, pH 10. The fluorescence signal

for each assay was read in a Tecan Infinite F200 Pro using the 360/460 nm excitation/emission filter pair.

One-tenth of each lysate was used for protein determination using a BCA assay kit (Pierce) and enzyme ac-

tivity for each sample was normalized to protein concentration.
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In vivo mouse studies

ML405 was formulated in saline/solutol/dimethylacetamide (70/25/5) as described (Strickley, 2004). 30mg/

kg ML405 or vehicle was injected through intraperitoneal (IP) route of administration 3 times/week for

4 weeks in age-matched adult male Fabry mice (n = 10 for vehicle group, n = 9 for treated group), after

whichmice were sacrificed. Organs and plasma were collected and snap frozen in liquid nitrogen for further

analyses.

Gb3 ELISA

Neutral glycolipids were extracted and purified frommouse organs and plasma essentially as we described

(Zeidner et al., 1999), except that C11 TopFluor Glucosyl Ceramide (Avanti Lipids) was added to each sam-

ple as an extraction control. Briefly, a part of each organ was weighed and homogenized in chloroform:

methanol (2:1) at 10mL/100mg wet weight using a Tissue Tearor homogenizer (Biospec Products) at setting

17, after which 0.5mL was removed and 1mL TopFluor was added. Plasma (25mL) was extracted with 20 vol-

umes of chloroform: methanol (2:1) and processed similarly. Extracts were incubated at 37�C for 15–30 mi-

nutes with rocking and then centrifuged at 20,000 xg for 5 min at 4�C. One-fifth volume water was added to

the supernatant and the samples were incubated for at least 30 min at 4�C. Samples were then centrifuged

at 20,000 xg for 5 min at 4�C and the bottom layer was removed and dried under nitrogen using a Techne

sample concentrator and heat block. The dry residue was resuspended in chloroform and applied to a

LiChrolut 500 RP-18 column (EMD Sigma) which had been preequilibrated with chloroform. The bound gly-

colipids were washed with chloroform and eluted with acetone-methanol (9:1). The eluted neutral glyco-

lipids were dried under nitrogen and resuspended in 0.5 mL methanol. TopFluor values were obtained

by reading 50mL of each sample in a black plate in a Tecan Infinite F200 Pro using the 485/535nm excita-

tion/emission pair.

For determination of Gb3 levels, 50mL of each sample was spotted 3 times in a 96-well microplate. Pure Gb3

was used to create a standard curve. The plate was placed on a 37�C heating block until the samples were

dry (�2hrs). The plate was washed with Tris-buffered saline (TBS) and then incubated with blocking buffer

(1% casein in TBS) for 1 h at 37�C. The plate was washed once in TBS and then incubated with VTB-Strep in

TBS at 37�C for 90 min. Plates were washed with TBS 3 3 5min and then incubated with streptavidin-con-

jugated alkaline phosphatase in TBS for 45 min at 37�C. Plates were washed with TBS 3 3 5min and devel-

oped with KPL BluePhos substrate (Seracare) according to themanufacturer’s instructions. Gb3 values were

normalized using TopFluor values for each sample.

Pharmacokinetic studies of ML405 and 1685 in mice

Adult male C57Bl6 mice (n = 3/sampling time point) were obtained from Charles River Laboratories (Wil-

mington, MA). All experimental procedures were approved by the Animal Care and Use Committee

(ACUC) of the NIH Division of Veterinary Resources (DVR). A single dose of 10 and 30 mg/kg was adminis-

tered IP. Dosing solutions were freshly prepared on the day of administration in 50% PEG200/50% water.

Mouse blood samples were collected in K2EDTA tubes at 0.167, 0.5, 1, 1.5, 2, 4, 7 and 24 hr after drug

administration, and plasma was harvested after centrifugation at 3000 rpm for 10 min. Liver and brain tis-

sues were collected, flash frozen in liquid nitrogen and transferred to 48-well plates. All plasma and tissue

samples were stored at �80�C until analysis.

The pharmacokinetic parameters were calculated using the non-compartmental approach (Model 200) of

the pharmacokinetic software Phoenix WinNonlin, version 6.2 (Certara, St. Louis, MO). The area under the

plasma concentration versus time curve (AUC) was calculated using the linear trapezoidal method. The

slope of the apparent terminal phase was estimated by log linear regression using at least 3 data points

and the terminal rate constant (l) was derived from the slope. AUC0-N was estimated as the sum of the

AUC0-t (where t is the time of the last measurable concentration) and Ct/l. The apparent terminal half-

life (t½) was calculated as 0.693/l.

Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) methods were

developed to determine ML405 and 1685 concentrations in mouse plasma and tissue samples. Mass spec-

trometric analysis was performed on a Waters Xevo TQ-S triple quadrupole instrument using electrospray

ionization in positive mode with the selected reaction monitoring. The separation of test compounds from

endogenous components was performed on an Acquity BEH C18 column (50 3 2.1 mm, 1.7 mm) using a

Waters Acquity UPLC system with 0.6 mL/min flow rate and gradient elution. The mobile phases were
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0.1%formic acid in water and 0.1% formic acid in acetonitrile. The calibration standards and quality control

samples were prepared in the blank mouse plasma and tissue homogenate. Aliquots of 10 mL samples were

mixed with 200 mL internal standard in acetonitrile to precipitate proteins in a 96-well plate. 0.5 mL super-

natant was injected for the UPLC-MS/MS analysis. Data were analyzed using MassLynx v4.1 (Waters Corp.,

Milford, MA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Microscopic data analyses

All experiments were performed 3 or more times. For quantitation of lipid storage in cell lines, fluorescence

intensity was determined using the integrated intensity function of Metamorph software as we have

described (Chen et al., 2010); between 100-150 cells were quantitated for each sample. For determination

of lipid storage correction in transfected cells, the lipid intensity in 50–75 individual transfection-positive

cells was compared to the average lipid intensity of the same number of transfection-negative cells in

the same population; cells were considered "corrected" if they had at least 25% less lipid staining than un-

transfected cells. For Mitotimer ratiometric analysis, the green and red signal intensity was quantified using

the integrated intensity function of Metamorph. The ratio of red to green was calculated for each individual

mitochondrion and the signals for each condition were averaged.

Western blot analyses

All western blots were performed 3 or more times. Quantitation of western blots was achieved with

ImageQuantTL software (v10.1, Cytiva) using rolling ball (radius 2) background subtraction.

Mass spectrometric data analysis

MS/MS data were analyzed using Mascot (Matrix Science; version 1.4.0.288), Sequest (ThermoFisher;

version 1.4.0.288) and X! Tandem (The GPM, thegpm.org; version CYCLONE (2010.12.01.1)). Peptide

parent mass tolerance was set to 10 ppm, and the fragment ion mass tolerance was 0.6 Da. The enzyme

was set to ‘‘trypsin’’ with two maximum missed cleavage sites and the search was against uniprot_Homo_

sapiens_20140220 database. Carbamidomethylation of cysteine was specified as a fixed modification. Py-

roglutamic acid conversion of N-terminal glutamic acid or glutamine, deamidation of asparagine and

glutamine, oxidation of histidine, methionine and tryptophan were specified as variable modifications.

The output files were integrated into Scaffold (version Scaffold 4.11.0, Proteome Software), which was

used to validate MS/MS based peptide and protein identifications.

STATISTICAL ANALYSES

Differences between 2 groups were analyzed using Student’s unpaired two-tailed t tests using GraphPad

Prism 5.0 software. Data are presented as mean GS.D. and statistical significance was set at p < 0.05. De-

tails for individual analyses are provided in the figure legends.
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