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Starvation-induced metabolic
rewiring affects mTORC1
composition in vivo
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Ron D. Jachimowicz%%7, Volkmar Gieselmann' & Melanie Thelen:%6>*

Lysosomes play a crucial role in metabolic adaptation to starvation, but detailed in vivo studies are
scarce. Therefore, we investigated the changes of the proteome of liver lysosomes in mice starved
short-term for 6h or long-term for 24h. We verified starvation-induced catabolism by weight loss,
ketone body production, drop in blood glucose and an increase of 3-methylhistidine. Deactivation

of MTORC1 in vivo after short-term starvation causes a depletion of mTORC1 and the associated
Ragulator complex in hepatic lysosomes, resulting in diminished phosphorylation of mTORC1 target
proteins. While mTORC1 lysosomal protein levels and activity in liver were restored after long-term
starvation, the lysosomal levels of Ragulator remained constantly reduced. To determine whether this
mTORC1 activity pattern may be organ-specific, we further investigated the key metabolic organs
muscle and brain. mTORC1 inactivation, but not re-activation, occurred in muscle after a starvation
of 12 h or longer. In brain, mTORC1 activity remained unchanged during starvation. As mTORC1
deactivation is known to induce autophagy, we further investigated the more than 150 non-lysosomal
proteins enriched in the lysosomal fraction upon starvation. Proteasomal, cytosolic and peroxisomal
proteins dominated after short-term starvation, while after long-term starvation, mainly proteasomal
and mitochondrial proteins accumulated, indicating ordered autophagic protein degradation.

Lysosomes are membrane-limited cellular organelles with an intraluminal acidic pH which is maintained by the
vacuolar H*-ATPase in combination with various anion- and cation channels!. This acidic environment promotes
the degradation of proteins, lipids, nucleic acids and polysaccharides by more than 60 known lysosomal hydrolases
and their cofactors, followed by an export of metabolites to the cytoplasm by highly specialized transporters,
where they are used as substrates for anabolic and catabolic reactions. Since the discovery of lysosomes by
Christian de Duve in 19552, a tremendous amount of research has placed the lysosome in the center of a complex
signaling network mediating control of cellular metabolism. While the degradative function of the lysosome
is carried out inside the lumen, the surface of the lysosome facing the cytosol is covered by protein complexes
which participate in intracellular signaling pathways to regulate crucial anabolic and catabolic pathways. In
response to alterations of nutrient availability, lysosomes change their size, number, enzymatic activity and
positioning (reviewed by?). The investigation of the molecular mechanisms underlying these observations
uncovered ion and nutrient transporters, protein kinases and phosphatases as well as transcription factors to
be part of a lysosomal regulatory network. Central to these findings was the discovery that the localization and
activation of the mTOR complex 1 (mTORC1), which contains the crucial kinase mammalian target of rapamycin
(mTOR), changes in response to nutrient availability. Under nutrient-rich conditions, mTORC1 binds to the
lysosomal surface and is activated. Vice versa, during nutrient starvation, the mTORC1 complex is inactivated
and dissociates into the cytoplasm. mTORCI is composed of its key components mTOR, regulatory-associated
protein of mTOR (RAPTOR), mammalian lethal with Sec13 protein 8 (mLST8) and the two inhibitory subunits
proline-rich AKT substrate 40 kDa (PRAS40) and DEP-containing mTOR-interacting protein (DEPTOR)*-. It
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is the center of a large protein supercomplex on the lysosomal surface, additionally containing the RagA/RagC
and RagB/RagD GTPase heterodimers and the pentameric Ragulator complex. mTORCI1 can be activated by
the small GTPase ras-homolog enriched in brain (Rheb)’, which itself is inhibited by the tuberous sclerosis
complex (TSC). Amino acid-dependent activation is mediated by the GTP/GDP loading state of the RagA/RagC
and RagB/RagD GTPase heterodimers, and is further signaled from within the lysosome by the amino acid
transporter SLC38A9%(for extensive review of mTORCI activation patterns see®”'%). mTORCI activity is central
to metabolic adaptation. Its activity impacts e.g. transcription of many genes, translation, autophagy, nucleotide
biosynthesis, glucose and lipid metabolism.

Mainly fueled by the unraveling of mTORCI functionality and regulation, there have been considerable
advances in the understanding of lysosome-mediated metabolic regulation. While the vast majority of studies
addressing starvation-induced effects on lysosomes have been performed in vitro'"'%, there have rarely been
studies in animal models!?, and to our knowledge, no comprehensive dataset on mouse starvation metabolism
and lysosomal proteome composition in vivo has been published. To gain more insight into the metabolic
regulation in vivo, we investigated the activity of the mTORC1 complex and changes in body metabolism in
C57/Bl6] wildtype mice after short- and long-term starvation. We identified starvation-induced changes of
the lysosomal compartment by mass spectrometry comparing lysosome-enriched fractions after 6h and 24h
of starvation, and show organ-specific MTORCI activation patterns and a sequential degradation of organelle-
specific proteins by macroautophagy.

Results

Starved mice loose body weight and activate ketone body synthesis after prolonged
starvation

Responses of cells and organisms to starvation are dependent on the duration of food deprivation. By
measurement of body weight, blood glucose levels and ketone body production, we monitored the metabolic
adaption to two starvation conditions in mice: short-term starvation for 6h and long-term starvation for 24h.
Mice exhibited a significant decrease in body weight with an average weight loss of 3.2% after 6h of starvation
progressing to 14.6% after 24h (Fig. 1A). Blood glucose levels did not differ between mice starved short-term
and control animals fed ad libitum, but dropped from 190 mg/dl to 90 mg/dl after long-term food deprivation
(Fig. 1B). In contrast, ketone body production already increased significantly after 6h of starvation and further
intensified after 24h as indicated by a twofold and 5.6-fold increase, respectively, of B-hydroxybutyrate in
serum (Fig. 1C). When analyzing the gene expression of key ketogenic enzymes, we observed an upregulation
of mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2) by 1.7-fold after 6h starvation and
5.2-fold after 24h, and carnitine palmitoyl transferase 1a (Cptla) expression levels raised by 4.8-fold and 19.2-
fold after short- and long-term starvation, respectively. Both enzymes are involved in fatty acid oxidation and
ketogenesis and are regulated by peroxisome proliferator-activated receptor alpha (Ppara), which is activated
after prolonged starvation'*!” as reflected by a moderate (2.4-fold) to stronger tenfold increase after long-term
starvation (Fig. 1D). Due to considerable inter-animal variations, not all differences shown by RT-PCR reached
statistical significance. Selected acylcarnitines like C16:1 and C18, which are intermediate metabolites enabling
transport of long-chain fatty acids across the mitochondrial membrane, were significantly increased in serum
of mice starved for 24h (Fig. 1E). Likewise, 3-methylhistidine as a biomarker of muscle protein degradation in
rodents'® showed a 2.6-fold increase from 3.5 uM in control mice to 9.2 uM in mice starved long-term (Fig.
1E). In summary, mice of both starvation groups showed clear metabolic adaptations to changed nutrient
conditions, with more significant changes in respective metabolic parameters after 24h starvation compared
to 6h, respectively. These verified metabolic changes allowed further analysis of lysosome-specific starvation
effects.

Lysosomal protein composition varies depending on starvation time

Given the pivotal role of the lysosome as a major catabolic organelle and central hub of metabolic regulation, we
hypothesized that the observed metabolic alterations in starved mice are accompanied by changes in lysosomal
protein composition. Lysosome-enriched fractions isolated from livers of control, 6h and 24h starved mice by
differential centrifugation after triton WR1339-induced lysosomal density shift'’-!° (tritosomes) were subjected
to mass spectrometric analysis. Lampl immunoblotting demonstrated that the extent of lysosome enrichment
was independent of the feeding status (Supplementary Fig. 1), showing a gradual increase in Lamp1 throughout
enrichment steps. Proteins of lysosomal fractions were digested with trypsin and tryptic peptides were labeled
using a 10-plex tandem mass tag (TMT) labeling, enabling analysis of n=3-4 biological replicates of 6h and
24h starved animals and controls fed ad libitum in one measurement. Mass spectrometric analysis yielded 3417
identified proteins in total. After filtering low-quality data such as non-unique peptides and single-hit proteins
from exported PD 2.3 raw files and only accepting proteins with at least two unique peptides, 1725 proteins
were suitable for quantification and further statistical analysis. To enhance the statistical analysis, quality control
procedures were applied to investigate the sample distribution and the correlation between replicates. The results
were visualized by boxplots and principal component analysis plot (PCA) (Supplementary Fig. 2 and 3), showing
a near normal sample distribution. All proteins with a corrected p-value <0.05 as well as increased or decreased
amounts by a log2 fold change of at least -0.75 or 0.75, respectively, according to their starvation/control ratios,
were considered elevated or diminished in the lysosomal fraction. Changes of protein abundance in lysosomal
fractions (for a complete list, see Table S1) were visualized using Volcano Plots (Fig. 2A and B), depicting data
after 6h and 24h of starvation, respectively. Here, it became apparent that the majority of changes in protein
amount were due to an elevation of proteins rather than to a diminishment especially after 6h. After 6h and 24h
of starvation, respectively, the amount of 155 and 166 proteins was significantly increased including an overlap
of 51 proteins (Table S2) for both conditions. In contrast, only 23 and 139 proteins were diminished after 6h and
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Fig. 1. Starvation consequences in mice. 6-month-old male wild-type mice were starved for 6 or 24h. Control
mice were fed ad libitum prior to sacrifice and analyses. (A) Average body weights are depicted as grams
(n=12-18). Shown are mean + SEM. White bars depict data for the Oh, grey bars for the 6h and black bars for
the 24h starved mice. For every time point, striped bars represent the average weight at time of Triton WR1339
injection and solid bars average weight after starvation, at time of sacrifice. (B) Blood glucose concentrations
(mg/dl) were determined for each group. N=8-12. Shown are mean + SEM. (C) Average concentrations of
ketone bodies (nmol/pl), determined by beta-hydroxybutyrate (3-HB) colorimetric assay. N=8-12. Shown
are mean + SD. (D) Real-time PCR. Fold changes of ketogenesis-related genes (Ppara, Hmgcs2 and Cptla)
were analyzed by 2724€t method. Samples from control (n=3), 6h (n=3) and 24h (n=4) starved mice were
statistically analyzed. Shown are mean + SEM. (E) determination of 3-methylhistidine (3-MH) and long-chain
acylcarnitines in serum. Shown are mean + SEM. *=p <0.05.

24h of starvation, respectively. Differently abundant proteins were further analyzed by the WEB-based GEne SeT
AnaLysis Toolkit (Webgestalt), analyzing enriched KEGG pathway classifications?*-?2 and GO-terms of cellular
components of up- and downregulated proteins (Fig. 2 C-F). The majority of proteins elevated after 6h belonged
to the KEGG pathway classifications ‘proteasome’ with a 22-fold enrichment, histidine/tryptophane metabolism
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Fig. 2. Differentially regulated proteins after short- and longterm starvation. Enriched lysosomal fractions
from control, 6h (A) and 24h (B) (n=3-4) starved mice were tryptically digested. TMT labeled peptides

were mixed and fractionated prior to MS measurement. Raw data were searched by proteome discoverer 2.3.
Normalized proteins were statistically analyzed and p-values were corrected by the Benjamini-Hochberg
method with a threshold of 0.05. The -log, , p-values were plotted against log, fold change of starved/

control. Proteins with a log, fold change <-0.75 or>0.75 are considered differentially regulated. C-F:
Overrepresentation analysis of KEGG pathways?*~22 and GO term cellular component with calculated
enrichment factors for proteins that were differentially regulated after 6h (C,E) or 24 h of starvation (D,F), only
results with a corrected p-value <0.05 are shown. In C, D, E, and F left diagrams refer to proteins diminished
and right diagrams to proteins enriched in lysosomes, respectively.

(18.3/12.8-fold enrichment) and ‘peroxisome’ (11.4-fold enrichment). After 24h, the pattern of elevated proteins
had changed considerably with proteins assigned to ‘mitochondrial oxidative phosphorylation  (99-fold
enrichment) being the most abundant followed by KEGG pathway classifications ‘neurodegenerative disorders’
and ‘metabolic pathways’ This is also reflected in the GO-term cellular component (CC) classifications, where
a mainly mitochondrial cellular localization of proteins enriched after 24h was annotated in 9 of 10 enriched
categories (Fig. 2 D). Interestingly, proteins with decreased abundance in tritosome fraction after 6 h (23 proteins)
were almost exclusively annotated to the KEGG pathway classifications autophagy (19-fold enrichment) and
mTOR signaling pathway (16-fold enrichment). Following the 24-h starvation period, 139 proteins were reduced
compared to non-starved animals, here the mTOR-signaling pathway and cholesterol metabolism emerged as
significantly enriched pathways. GO analysis of diminished proteins after 24h starvation shows an assignment
to mainly lipoproteins and endocytosis proteins (Fig. 2F). In summary, we identified a particular signature
of proteins with changed abundances clearly indicating adaptations of the mTORCI signaling pathway and
autophagic protein degradation, which were only partially overlapping between short- and long-term starvation.
This suggests differential metabolic responses depending on the duration of nutrient deprivation.
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Changes in bona fide lysosomal proteins are mostly connected to mTORC1 signaling

In lysosomal fractions, proteins usually comprise a mixture of bona fide lysosomal proteins with their primary
and functional location being the lysosome, and proteins usually resident in other cellular compartments that
have been targeted to the lysosome for degradation or temporary location. Therefore, we examined lysosomal
and non-lysosomal proteins separately.

In our dataset we quantified 233 proteins which are lysosomal according to the protein center database
and gene ontology (GO) analysis tool in PD 2.3, which equals 13.5% of all quantified proteins (listed in table
S$3). After 6h of starvation, 11 lysosomal proteins were significantly reduced and only 1 lysosomal protein,
peroxiredoxin-6, elevated (Tables S1 and S4). Four out of 11 depleted proteins are lysosome-associated proteins
related to the mTOR signaling pathway, namely GATOR complex protein WDR59, the Rag complex members
RagA and RagC and mTORCI1 itself. Of the remaining 7 diminished proteins assigned to lysosomes via GO
analysis, only three—all membrane proteins—can be considered as resident lysosomal proteins, namely WD
repeat containing protein 81 (Wdr81), transmembrane protein 106B (Tmem106B), and ganglioside- induced
differentiation-associated protein 2 (Gdap2). After 24h of starvation, 17 lysosomal annotated proteins were
reduced and only peroxiredoxin-6 elevated (Tables S1 and S4, respectively). Eight out of 17 reduced lysosomal
proteins are lysosome-associated proteins involved in the mTORCI1 signaling pathway: the Ragulator complex
components Lamtorl, 2, 3 and 5 and the GATOR complex subunits WDR59, MIOS, NPRL2 and DEPDCS.
Of the remaining 9 proteins assigned to the lysosome by GO analysis again only three can be considered as
primarily lysosomal: Wdr81, Gdap2 and ATP-binding cassette sub-family A member 2 which, however, also
occurs in endosomes. For a detailed listing of all results including fold-changes please refer to tables S1-S4.

In conclusion, under starvation conditions, the quantities of proteins associated with lysosomes, as determined
by GO analysis, were predominantly reduced, with a particular emphasis on the depletion of mMTORC1-related
proteins.

The observed nutrient dependence of components of the mTORC1 complex on the lysosomal surface has
been described in multiple cell culture models, e.g. HEK 293T cells??. Nutrient availability causes mTORC1
association with the cytosolic lysosomal surface, while starvation causes its dissociation into the cytoplasm.
This is in accordance with the lysosomal mTORCI diminishment upon starvation in our mass spectrometric
data set. However, we wanted to confirm these data by western blot analyses. Since we were unable to reliably
detect mTOR directly by western blots, we used antibodies against RAPTOR and PRAS40, which are integral
components of the mTORC1 complex to monitor its localization. To verify that changes in protein amounts
detected in tritosome fractions were not due to an overall change in protein amount, we quantified all proteins
selected for western blot analysis in tritosome fractions and whole liver lysates with respect to Gapdh in lysates
and T1 in tritosomes, respectively (Fig. 3). While Raptor levels in crude liver lysates of animals starved for
6h and 24h did not show any significant changes, in tritosome fractions from the same animals, Raptor was
significantly diminished to around 40% after 6h of starvation and reached baseline levels again after 24h. Pras40
showed a comparable pattern (Fig. 3 A, B). Essential recruiters of mTORCI to the lysosomal surface are the
Rag GTPase heterodimers, part of the Ragulator-Rag complex, which bind to mTORCI in their active forms,
GTP bound-RagA/B and GDP bound-RagC/D (reviewed by’). Our mass spectrometric data showed RagA to
be significantly diminished by a log2 fold change of -0.78 after 6h, but not after 24h of food deprivation, which
was consistent with the western blot analysis (Fig. 3). Meanwhile, in mass spectrometry RagC showed a log2 fold
change of -0.94 after 6h and -0.6 after 24h. In western blot analysis, reduction of RagC protein amount after 6h
was verified however, after 24h, an increased protein amount compared to baseline samples was observed (Fig.
3A, C). Except for the latter finding, changes of mTORC1 complex members were therefore in accordance with
mass spectrometric data.

The pentameric Ragulator complex is located on the lysosomal surface and plays an important role in
mTORCI activation’. The binding of both RagA/B and and RagC/D heterodimers to the lysosomal surface is
mediated by Ragulator which consists of the proteins Lamtor1-5. No dissociation of Lamtor proteins from the
lysosome has been reported in the literature so far, however, log2 fold change ratios of Lamtorl, 2, 3 and 5 in our
mass spectrometric results indicated indicated reduced amounts after 6h and further reduction after 24h (Table
S1and S2).

Western blot validation experiments confirmed a significant decrease in the abundances of Lamtorl, 2
and 5 in tritosomes after long-term- and also short-term starvation. At the same time, the analysis of all three
Ragulator complex proteins in crude liver lysate revealed a continuous increase in Ragulator protein amount
during the starvation period. Thus, overall, our mass spectrometric and western blot data are in accordance with
a dissociation of the Ragulator complex from the lysosomal surface into the cytoplasm.

Differential mMTORC1 responses to starvation: Deactivation followed by reactivation in liver,
continuous deactivation in muscle and unchanged activity in brain
When bound to the lysosomal surface during nutrient availability, mTORCI is active and phosphorylates
specific downstream targets. To investigate how mTORCI activity correlates with the reduction of mTORC1
components in tritosome fractions, we analyzed the phosphorylation status of mMTORCI target proteins during
short- and long-term starvation (Fig. 4). Importantly, while starvation times for investigations of mTORC1
activity in vitro mostly vary from several minutes to one hour, no conclusive data on mTORCI activity in vivo
have been reported. Wildtype mice were subjected to food starvation between 6 and 20h and the extent of
phosphorylation of the mTORCI targets 4EP-binding protein (4E-BP1) and S6 kinase (S6K) was determined.
Since the metabolic adaptation to catabolism is not limited to liver but also affects muscle and brain, these organs
were also included into the analysis to generate a comprehensive picture of mTORCI activity in vivo (Fig. 4).
In liver, a continuous decrease in phosphorylation of 4E-BP1 was observed after 6, 9 and 12 h of starvation,
followed by an increase and reaching of control levels after 16 and 20h, respectively (Fig. 4B,E). Similarly, S6
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Fig. 3. Regulation of mTORCI1 complex proteins. (A) Enriched tritosome fractions and whole liver lysates
were extracted from mice starved for six hours or one day and control animals fed ad libitum before sacrifice.
Proteins were separated by SDS-PAGE, blotted and probed with indicated antibodies.* =loading controls were
Gapdh for whole liver lysate and tripeptidyl peptidase 1 (Tppl) for tritosome fractions. (B-D) Densitometric
quantified signals were normalized to the corresponding Gapdh/Tpp1 intensity. Shown are mean + SEM; n=38.
*=p <0.05. Control samples were set to 1. Western blot images were cropped for better representation. Full-
size images are available in the supplementary information.

phosphorylation dropped to minimum levels already after 6 h of starvation and even surpassed initial levels
already after 12 h of starvation (Fig. 4B,E). This argues for a rapid mTORCI reactivation in liver after initiation
of starvation. The total levels of 4E-BP1 and S6K were unchanged during the starvation time course, except
for a small but significant increase in S6K protein levels after 6 and 20h of starvation (Fig. 4B, E-G). Since the
activation of autophagy is tightly regulated by mTORC1 and starvation-induced autophagy indicates mTORC1
inactivation!, autophagy was monitored by LC3B immunoblotting, following the ratios between the lipidated
(LC3II) and non-lipidated forms (LC3I) of LC3B, either relative to Gapdh levels or to each other (Fig. 4G). This
ratio shifted to the lipidated form II of LC3B in liver tissue after 9 and 12 h of starvation, inversely correlating
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Fig. 4. mTORCI activity during starvation time course. (A) Schematic overview about experimental flow.
Created in BioRender. Thelen, M. (2023) BioRender.com/c65y449. Adult C57BL/6 mice were starved for

6h, 9h, 12h, 16h or 20h and control mice were fed ad libitum before sacrifice. After liver (B), brain (C) and
muscle (D) were removed and lysed, proteins were separated by SDS-PAGE, blotted and probed with indicated
antibodies ( E-F) Densitometric quantified signals were normalized to the corresponding Gapdh intensity.

G: LC3-1I signals were either normalized to Gapdh (left diagram) or LC3-I (right diagram). Respective
controls were set to 1. Shown are mean + SEM; n=3. *=p <0.05. Western blot images were cropped for better
representation. Full-size images are available in the supplementary information.

with mTORCI target protein phosphorylation (Fig. 4 B, G). p4E-BP1 in skeletal muscle decreased to around
15% of control levels only after 12 h of starvation, and although there seems to be an increasing pattern similar
to liver, levels of phosphorylated protein stay well below control levels. A similar pattern was found for S6
phosphorylation. Thus, in contrast to liver muscle does not show a pronounced reactivation of mTORCI after
prolonged starvation, which may warrant a more in-depth analysis. While LC3-II levels remained unchanged
in muscle compared to loading control, LC3-II/LCI levels strongly increased (Fig. 4G) indicative of increased
autophagic flux. In brain, no changes of phosphorylation or proteins levels were observed for any of the
investigated proteins (Fig. 4D-G). In conclusion, our data show an organ specific mTORCI activation pattern
in liver, muscle and brain. While in liver, mTORCI is deactivated early after 6h of starvation followed by a
rapid reactivation, this is not true for muscle, where mTORCI is deactivated later and without reactivation after
prolonged starvation periods. No change of mTORCI activity or LC3I/LC3-II levels was detected in brain.

Changes in non-lysosomal proteins indicate ordered protein degradation during starvation
An increased presence of non-lysosomal proteins in the tritosomal fractions can be either caused by their
enhanced association to the outer lysosomal membrane, or an accumulation inside the lysosomal lumen due
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to autophagy and indicative of degradation. The degradation of various organelles by macroautophagy was
reported in several publications (reviewed by?®). For further analysis, we concentrated on selected proteins
showing with increased amounts in tritosome fractions based on mass spectrometry and verified their lysosomal
accumulation by western blotting. After 6h and 24h of starvation, 14 and 12 proteasomal subunits, respectively,
were shown to be enriched in tritosomal fractions according to mass spectrometry (Table S1). We confirmed
this result through western blotting, revealing a fourfold lysosomal increase of Psma7 and a 2.5-fold increase of
Psmb5 (Fig. 5A, D). In contrast, the Psma7 and Psmbb5 levels in whole liver lysates remained unchanged (Fig.
5A, D). KEGG pathway and GO analysis of proteins upregulated after 6h further revealed strong enrichment of
peroxisomal proteins in our dataset (Fig. 2 C,E), for example of peroxisomal trans-2-enoyl CoA reductase and
phytanoyl-CoA dioxygenase, that are enriched after 6 but not 24 h of starvation (Table S1). The peroxisomal
proteins Lon peptidase 2 (Lonp2) and NAD-capped RNA hydrolase (Nudt12), were probed by western blotting
and while Lonp2 shows increased protein levels of 1.9 after 6h but not 24h of starvation, a slight increase in
Nudt12 did not reach significance. Protein levels in whole liver lysates remained constant (Fig. 5B, E). As detailed
above, after 24h of starvation, GO-term analysis indicated a strong enrichment of mitochondrial proteins within
tritosome fractions (Fig. 2 D, F). Carnithine-palmitoyltransferase 2 (Cpt2), voltage-dependent anion-selective
channel 1 (Vdacl), the NADH dehydrogenase subunits Ndufbl1 and Ndufb7 were significantly increased in
tritosomes according to mass spectrometry (Table S1). Western blot confirmed that Cpt2, Vdacl and Ndufb11
are elevated in tritosomes in particular after 24h of starvation and less so at 6h (Fig. 5 C; F), respectively, while
Ndufb7 protein level changes were statistically significant only in our mass spectrometry analysis but not in
western blotting (Fig. 5 C, F). Thus, based on our mass spectrometry data and western blot analysis, an ordered
degradation pattern of proteins within the lysosome emerges: proteasomal and peroxisomal proteins undergo
early degradation during starvation, followed by the enhanced degradation of mitochondrial proteins in later
stages.

Discussion

The current study provides a comprehensive, lysosome-focused analysis of starvation metabolism in mice.
Starvation induces strong metabolic changes on an organismal and cellular level. We were able to measure these
changes by detecting a weight loss of 3.2% and 14.6% after 6h and 24h, as well as a decrease in blood glucose
levels after 24h but not 6h of starvation. The observed weight loss and drop in blood glucose levels are within the
range reported in other studies, as reviewed by Jensen and colleagues®, verifying mice in our study displayed
a robust induction of starvation metabolism and different starvation times were reflected by specific metabolic
changes.

After consumption of stored glycogen in the liver, gluconeogenesis is used for glucose production from
glucogenic amino acids. Source of these amino acids can be breakdown of intracellular proteins by autophagy,
which is essential to maintain blood glucose levels during starvation periods?’. Early studies have shown that
during a 48 h starvation time, 7-weeks old CD-1 mice lose on average 36% of their hepatic protein content
with a more pronounced decline in the initial 12 hours?®. In our study high levels of 3-methylhistidine
at 24h of starvation as a marker of muscle protein degradation correlated with the decline of blood glucose
suggesting that this low glucose level is maintained by gluconeogenesis from muscle derived glucogenic amino
acids. In agreement with this mTORCI activity in muscle remained unchanged at 6h and was reduced only
after 12h of starvation. Concomitantly LC3-I levels declined as an indicator of autophagy. The degradation of
proteins by autophagy is generally divided into non-selective bulk autophagy, thought to occur in response
to nutrient deprivation and precluded by ubiquitination of cargo or selective autophagy via specific receptor
proteins?®. Our analysis indicates varying kinetics of protein accumulation in the lysosomal compartment,
suggesting that protein degradation due to starvation in vivo follows a predetermined sequence. Previously, a
mass spectrometry-based study of amino acid starvation in vitro defined six distinct protein clusters based on
their cellular localization. This analysis of the whole cell proteome revealed a sequential degradation pattern
of proteins, starting with cytosolic proteins and proteasomes later followed by mitochondrial proteins®®. This
finding aligns with research by Cuervo and co-workers, who observed the accumulation of proteasomes in
rat liver lysosomes after nutrient starvation®’, and studies on HeLa cervical carcinoma cells demonstrated that
starvation-induced autophagy by amino acid depletion leads to a rise in autophagic proteasome degradation
after its ubiquitination®'. These results are in accordance with our data which show a degradation of proteasomal
proteins after 6h and mitochondrial proteins after 24h of starvation, respectively. We further see indications
of a preferential degradation of peroxisomal proteins after 6 but not 24h, which needs further experimental
validation. Mitochondria are thought to be excluded from bulk autophagy mechanisms in early starvation
periods by morphological adaptations in vitro and in vivo*?and may be degraded at later timepoints by specific
mitophagy, although we did not find explicit accumulation of known mitophagy adaptor proteins®.

Nutrient deprivation further induces ketone production to provide an alternative fuel source for the brain.
This was reflected in our starved mice by increased beta-hydroxybutyrate levels and increased transcription of
ketogenesis-related genes. The observed increase in ketogenesis is consistent with the inactivation of mTORCI1
as displayed by dissociation of mMTORCI from the lysosomal compartment after 6 h of starvation and decreased
phosphorylation of 4E-BP1 and S6 kinase. mTORCI1 activity has been shown to control the production of ketone
bodies in vitro and in vivo by a liver-specific knock-out of Tscl in mice, which leads to defective ketogenesis®.
How the reactivation of mTOR that we observed in liver correlates with ongoing ketogenesis remains to be
investigated further. Regarding the composition of the mTORC complex during the different starvation phases,
we detected localization changes of the TORC1 complex members Raptor and Pras40. Our data suggest a
dissociation of mMTORCI from the lysosomal surface after 6h and a reassociation after 24h in liver. This correlates
with mTORCI1 target protein phosphorylation status which is low after 6h of starvation and increases again upon
longer starvation. This indicates an early inactivation of mTORCI correlating with its dissociation from the
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Fig. 5. Accumulation of proteins from selected organelles indicate autophagy. Whole liver lysates and enriched
trisosome fractions were extracted from mice starved for six hours or one day and control animals fed ad
libitum before sacrifice. Proteins annotated to the proteasome (A), peroxisome (B) or mitochondrium (C) were
separated by SDS-PAGE, blotted and probed with indicated antibodies.* =loading controls were Gapdh for
whole liver lysate and tripeptidyl peptidase 1 (Tpp1) for tritosome fractions. (D-F) Densitometric quantified
signals were normalized to the corresponding Gapdh/Tpp1 intensity. Shown are mean+SEM; n=8. *=p <0.05.
Control samples were set to 1. Western blot images were cropped for better representation. Full-size images are
available in the supplementary information.
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lysosomal surface, followed by retranslocation and reactivation. mT'ORCI activation and lysosomal localization
requires binding of Ras-related small G-proteins, Rag- and Rheb GTPase, in their active form (reviewed by>*).
The Ragulator complex, consisting of the proteins Lamtor 1-5, is an activation platform on the lysosomal surface
interacting with a variety of proteins**and has been described to anchor mTORCI to the lysosomal surface via
interaction with the Rag GTPases'!. Furthermore, it signals amino acid availability to mTORCI and interacts
with SLC38A9 and the v-ATPase®. While the lysosomal presence of the Rag GTPases analogous to mTORC1
complex members is reflected in our data, we observed decreasing levels of the Ragulator proteins Lamtor 1,
2, 3 and 5. The Ragulator complex is involved in starvation responses in vitro®®, but it has never been reported
that it may change its localization or detach from the lysosome. A possible alternative mechanism of mTORCI
reactivation without Ragulator involvement in vivo, as suggested by our observations, has not yet been described.
It requires further clarification that lays beyond the scope of this present study. In vitro, mMTORCI reactivation
during starvation conditions has been observed in different cell lines and the underlying mechanism is not
completely understood. While Yu and colleagues showed knock-out of ATG5 or ATG7 reduces reactivation
of mTOR after starvation in rat kidney cells in vitro, suggesting reactivation is mediated by nutrients gained
by autophagic degradation®’, another study by Buel et al. found no such effect of ATG5 knock-out but instead
demonstrated the Pi3K/Akt pathway to be responsible for mTORCI reactivation in U20S cells*®. A study using
the liver cancer cell lines Huh-7 and HepG2 also proposed Akt activation during starvation to mediate mTORC1
activity™.

After long-term starvation, protein degradation especially in muscle could be detected by an increase in
3-methylhistidine levels. In contrast to liver tissue, in muscle no reactivation of mTORCI could be detected
which is in accordance with the continuously elevated 3-methyl-histidine levels as an indicator of ongoing protein
degradation. This can be reconciled with the result that mice with muscle-specific deletion of mTOR or Raptor
display muscle atrophy“®4!. Overall, the observed metabolic changes are in line with the general perception of
starvation metabolism, with the liver mediating the nutrient supply of the body by stabilizing blood glucose
levels*’and producing ketone bodies. The substrates for these processes do not only stem from liver proteins,
but are yielded from muscle through release of amino acids from protein degradation by e.g. autophagy, that are
used for gluconeogenesis. Expectedly, mTORCI activity in brain was not affected by starvation conditions and
showed no changes in comparison to control mice, since here a permanent nutrient supply is ensured by glucose
transporter 3 expression and the uptake of ketone bodies produced by the liver*>*3.

Technically, the isolation of tritosomes from mouse liver enables a reliable purification of lysosomal fractions
from our study mice, as treatment of mice with a Triton-based detergent leads to a lysosomal density shift*‘.
This density shift is accompanied by changes in the tritosomal lipid composition. In an earlier study, we have
compared tritosomes with a more crudely enriched 20,000 x g fraction, showing that changes in protein amounts
between tritosomes from wildtype and Cln6-deficient mice, which display a lysosomal storage disorder, could be
reproduced in lysosomal fractions devoid of Triton WR1339%. Most importantly, due to our control group which
has been treated equally to the fasted animals, we believe that the changes detected in this study are truly caused
by fasting and not by Triton WR1339 treatment. The total protein number as well as the amount of lysosomal
proteins identified in our analysis is comparable to similar studies?®*’and normalized replicates showed a close
to normal distribution and high correlation of between replicates of the same nutrient condition, demonstrating
the validity of our approach. Our mass spectrometric dataset shows the presence of various proteins from
basically all cellular compartments. Very likely, most of these proteins are present within lysosomes to be
degraded, but we cannot exclude a contamination with small amounts of other cellular organelles, although they
typically sediment at densities different from the lysosome-containing interphase band within the gradients!”.

In conclusion, our study demonstrates novel insights to cellular metabolism and signaling during nutrient
deprivation. Accumulation of distinct proteins at both starvation time points indicated an ordered degradation
scheme during nutrient deprivation. We could show in vivo that in liver, mTORCI is reactivated after prolonged
starvation time by an unknown mechanism that may be independent of the Ragulator complex. In skeletal
muscle, mnTORCI shows a gradual deactivation, while it remains continuously activated in brain tissue.

Materials and methods

Animals

Mice were housed according to the respective institutional guidelines in the animal facility at the University
Hospital Bonn, and experimental procedures were performed according to the institutional guidelines and
approved by the Landesamt fuer Natur, Umwelt- und Verbraucherschutz Nordrhein-Westfalen with the
application number 84-02.04.2017.A142. All experiments were conducted in compliance with the ARRIVE
guidelines. All mice used in this study belonged to the C57/BI6] substrain and were bred in-house or purchased
from Charles River. For starvation, mice were deprived of food for 6, 9, 12, 16, 20 or 24 h while water was
available ad libitum. Euthanasia was performed by cervical dislocation.

Lysosome enrichment from mouse liver

Lysosomes were isolated from mouse livers using a sucrose-gradient-based-technique*4as described previously*°.
Briefly, 3 days ahead of sacrifice, adult mice were intraperitoneally injected with 17% triton WR1339 solution
(Sigma-Aldrich, St. Louis, MO) in 0.9% NaCl at 4pl per gram of body weight. After extraction, the liver was
homogenized with 3 strokes in 5 volumes of 250 mM sucrose on ice using a Teflon Potter Elvehjem homogenizer.
After differential centrifugation, a pellet containing mitochondria and lysosomes (ML), was resuspended in
sucrose forming the first layer of a discontinuous sucrose gradient. After ultracentrifugation, a lysosome-
containing interphase band was collected, stored at -20 °C and from here on referred to as “tritosomes”.
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Sample preparation for mass spectrometry and TMT labeling

Cell lysates were digested in-solution on centrifugal filter units adapted according to**->!. In brief, solutions of
50 pg protein were loaded onto 10 kDa cut-off modified PES centrifugal filters (Pall Filtersystems, Crailsheim,
Germany) and reduced with 20 mM DTT at 55°C for 30 min. 40 mM acrylamide was used for alkylation of
thiol groups for 30 min at RT. After buffer exchange to 20 mM tetraethylammoniumbromide (TEAB), 0.5%
natriumdesoxycholate (SDC) in a total volume of 50 yl, digestion of protein with a 1:100 trypsin:sample ratio was
performed for 10 h at 37°C. Peptides were collected and SDC was precipitated with TFA (2% final). Remaining
SDC was removed by phase transfer with equal volume of ethyl acetate. Peptides were vacuum concentrated,
redissolved in 20 mM TEAB, and labeled with isobaric TMT10plex reagents (Thermo Fisher Scientific,
Darmstadt, Germany). Redissolved and pooled peptides were desalted on Oasis HLB cartridges (Waters GmbH,
Eschborn, Germany). Eluates containing 70% acetonitrile, 0.1% formic acid (FA) were dried and fractionated to
12 fractions according to their isoelectric point with an Offgel fractionator (Agilent Technologies, Waldbronn,
Germany). Fractions were vacuum concentrated, dissolved in 20 pl 5% ACN, 5% FA and desalted using C18
homemade STAGE tips as described>2.

LC-MS measurements and data analysis

Measurement of mass spectrometry samples was performed as extensively described in**(Orbitrap Fusion
Lumos, SPS-MS3 measurements). MS raw files were analyzed by the proteome discoverer software 2.3. For
peptide identification, database searches were performed using an in-house made server (Mascot 2.6.1). Using
the annotated protein sequences (SwissProt, Mus muscululs sequencs) and contaminants of the common
repository of adventitious proteins (CRAP) as reference databases. A maximum of two trypsin missed cleavages
was accepted. The precursor mass tolerance was 10 ppm and the fragmentation tolerance (CID) was 0.5 Da.
Propionamide at cysteine, TMT on N-terminus and lysine were searched as static modifications, oxidation at
methionine was set as dynamic modification. The percolator algorithm™ was applied to validate the Mascot
results. Spectral matches with a g-value<0.01 were sent to a second Mascot database search of semi-tryptic
peptides with one missed cleavage. Precursor and fragment mass tolerance parameters were kept the same.
In addition to the previously mentioned dynamic modifications, acetylation at protein N-termini was added.
Quantified reporter ions were derived from the MS3 level. Peptide spectral matches (PSMs) were filtered for a
strict FDR of 0.01 and ‘total peptide amount’ was used as a normalization method.

Statistical analysis

Raw MS-data, processed by Proteome Discoverer 2.3, were subjected to a comparative statistical analysis. The
statistical analyses of the peptide-spectrum match (PSM) level data were carried out in R environment (R
version 4.3.3)>*using an in-house developed workflow. The R-script was provided by Dr. Farhad Shakeri from the
Core Unit for Bioinformatics Data Analysis of Bonn University Hospital. Non-unique peptides and single-shot
proteins (proteins identified/quantified by only one peptide) were filtered-out prior to the statistical analysis.
From all available fractions, only those with the least number of missing values per feature and maximum
average intensity across all TMT labels were selected. The PSM-level data were then normalized and transformed
to log-scale using the VSN package®and then aggregated to protein-level by applying the Tukey’s median polish
method. The differential expression analysis was performed using the moderated t-tests from the R package
limma®¢. Contrary to the normal t-test that calculates variance for each feature (here protein) independently,
the moderated t-test borrows information across all proteins, which leads to more accurate and stable variance
estimates, particularly when sample size is small. This reduces the impact of outliers and increases the statistical
power>®. For each statistical contrast the resulting P-values were adjusted for multiple testing and the false
discovery rates (FDR) were calculated by the Benjamini-Hochberg method.

For evaluation of western blots, densitometric quantification values were determined and normalized to the
respective loading control. The values were then normalized to the respective mean value of Oh starvation by
log2 transformation, and a linear regression was performed with blot as a cofactor. p-values were extracted and
Benjamini-Hochberg correction was applied to account for multiple testing.

The online software WEB-based GEne SeT AnaLysis Toolkit, Version 20197 (https://www.webgestalt.org/)
was used for overrepresentation analysis for pathways (KEGG)?**-2? and gene ontology (cellular component)
against the current (November 2023) protein-coding reference set for Mus musculus.

Statistical graphs and diagrams were created using GraphPad Prism 6.01 (https://www.graphpad.com/),
FactoMineR 1.42, ggplot2 3.2.0 and Venny 2.1 (https://github.com/benfred/venn.js) software®-61,

Serum preparation

After sacrifice, whole blood samples were collected and coagulation at RT was performed for 30 min. Samples
were centrifuged at 18,000 x g for 10 min at 4 °C and the supernatant was transferred to a new 1.5 ml reaction
tube.

Metabolite analysis by mass spectrometry

Metabolite analysis for the determination of amino acid and acylcarnitine concentrations was performed by
mass spectrometry by Dr. Eberhard & Partner medical care center (Dortmund, Germany). For acylcarnitines,
50 pl of serum samples were mixed with 200 pl of methanol extraction buffer containing stable isotope-labeled
acylcarnitines, which were used as an internal standard (IS). The mixture was centrifuged at 15,000 x g for 5 min
at 4 °C using a refrigerated centrifuge. The collected supernatant was concentrated and dried under a nitrogen
stream at 60°C for 20 min. Following this, acylcarnitines were derivatized to their butyl esters by adding 50
ul of an anhydrous n-butanol/HCI solution to the dried samples. After the derivatization step, the samples
were concentrated and dried again under the same conditions as described above. Reconstituted samples in a
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100 pl acetonitrile-based solution were then ready for ESI-MS/MS measurement. 7 ul of the analyte mixture
was directly injected into the MS ionization source without prior chromatographic separation. The ionization
was conducted using a positive electrospray ionization (ESI+) mode (cone voltage 35 V, collision energy 25 V,
capillary voltage 3000 V, source temperature 120 °C). After setting the measurement mode to parent ion scan
(PIS), ions within a mass range of 200-500 Da were scanned in MS1. The ions corresponding to the mass-to-
charge (m/z) ratio of butylated acylcarnitines were isolated and fragmented in the collision cell containing argon
gas. The characteristic fragment ion of m/z 85 Da was selected and transferred through MS2.

For amino acids, 50 pl of serum samples were mixed with 200 pl of methanol extraction buffer. The extraction
buffer contained stable isotope-labeled amino acids, which were used as an internal standard (IS). After the
centrifugation at 15,000 x g for 5 min at 4 °C, 10 pl of the supernatant was mixed with 70 ul of borate buffer (pH
8.0) and 20 pl of 6-aminoquinolyl-n-hydroxysuccinimidyl carbamate solution leading to a substitution reaction at
the primary and secondary amino groups. Processed samples were then ready for LC-MS/MS measurement. The
serum amino acid concentrations in the processed samples were measured using an LC-MS/MS system. Briefly,
the liquid chromatography (LC) separation was carried out on a C18 analytical column and the autosampler was
set to 1 pl per injection. The column was equilibrated using 0.1% (v/v) formic acid. Molecules were separated
at a flow rate of 0.4 ml/min during a 9 min linear gradient ranging from 1 to 95% using a solvent composed of
90% (v/v) acetonitrile and 0.1% (v/v) formic acid. The LC system was connected to a tandem mass spectrometer.
The multiple reaction monitoring (MRM) mode was used for the detection of the amino acids (cone voltage
25V, collision energy 20 V, capillary voltage 400 V, source temperature 150 °C), where only defined ions were
scanned in MS1. After the fragmentation in the collision cell containing argon gas, the selected fragment ions
were transferred through MS2. The internal standard (IS) was used to compensate potential effects caused by co-
eluting matrix components such as the changes in the ionization and chromatographic response of target amino
acids®. By calculating the peak area of the recorded chromatogram, the respective peaks provided quantitative
information about the analyzed amino acids. The quantitative analysis was performed using a 7-point calibration
standard and a blank. The calculation was based on a linear calibration function.

Preparation of protein extracts

Mouse tissues were weighed and homogenized in five volumes of ice-cold tissue homogenization buffer (10 mM
Tris-HCl pH 7.4 250 mM sucrose, 1 mM EDTA, protease and phosphatase inhibitor cocktails (Roche Diagnostics,
Rotkreuz, Switzerland). After douncing for 20 strokes using a 1 ml dounce homogenizer, 1% (v/v) Triton X-100
was added to the homogenate and incubated for 1 h on ice. For a separation into soluble and insoluble Triton
X-100 fractions, the mixture was centrifuged at 15.000 x g for 15 min at 4 °C. After centrifugation, the insoluble
fraction (pellet) was discarded and the soluble fraction (supernatant) was transferred into a new 1.5 ml reaction
tube for protein concentration determination or stored at -20 °C.

Western blotting

Equal protein amounts of samples were heated with 1x Laemmli®® for 5 min at 95 °C, separated by SDS-PAGE
and blotted on either nitrocellulose (NC) or polyvinylidene fluoride (PVDF) membranes. After blocking with
5% milk powder solved in Tris-buffered saline with 0.05% Tween-20 (TBS-T) for 1 h at RT, the membranes
were incubated with one of the primary antibodies: anti-4E-binding protein 1 (4E-BP1), anti-phospho-4E-BP1,
anti- microtubule associated protein 1 light chain 3 beta (LC3B), anti-LAMTOR 2 and 3, anti-PRAS40, anti-
NPRL2, anti-PSMB5, anti-RAGA, anti-RAGC, anti-Raptor, anti-S6-ribosomal protein (S6), anti VDACI (all
Cell Signaling technology, Danvers, USA), anti-CPT2, anti-PSMA?7, anti-WASHC4 (all Proteintech, Manchester,
UK), anti-GAPDH, anti-TPP1 (Santa Cruz, Dallas, USA) overnight at 4 °C. Following a further incubation
for 45 min with horseradish peroxidase-coupled secondary antibodies, blots were developed with enhanced
chemiluminescence solution. Densitometric measurements of band intensity were performed with Fusion Capt
advance software Version 16.15 (Vilber, Marne-la-Vallée, France) to quantify band intensities.

Measurement of blood glucose and B-hydroxy butyrate levels

Blood glucose levels were used immediately after blood collection according to the manufacturer’s instructions
with an Accu-Check guide instrument. The test results were obtained in mg/dl. f-hydroxy butyrate levels were
determined in serum and the p-hydroxy butyrate assay kit (Abcam, Cambride, UK) was used according to the
manufacturer’s instructions.

RNA isolation and real-time PCR analysis

All RNA isolation steps were performed on ice and mice liver tissues were placed on dry ice, unless stated
differently. Tissue samples were resuspended in 500 ul TRIzol reagent* and homogenized at low speed using Ultra
Thurrax T 10 basic. After 5 min incubation at RT, 100 pl chloroform was added and the samples were vortexed
for 15 s. Samples were again incubated under the same conditions as described above and then centrifuged for
15 min at 16,000 x g at 4 °C, creating three phases within each sample. The upper mRNA phase was carefully
transferred to a new 1.5 ml reaction tube and the remainder of the sample was discarded. After adding 500 pl of
isopropanol, samples were incubated for 15 min at RT and centrifuged again for 15 min at 16,000 x g at 4 °C. The
resulting pellet was washed with 700 pl of 70% ethanol. Remaining ethanol was removed, pellets were dried at
RT and resuspended in 40 ul nuclease-free water. Samples were stored at -80 °C and the concentration and purity
of isolated RNA were measured using a spectrophotometer. To perform a cDNA synthesis, RevertAid™ H Minus
First Strand cDNA Synthesis Kit was carried out as described by the manufacturer’s instructions. To amplify
the gene of interest (GOI), appropriate forward and reverse primers were selected and a primer test PCR was
performed. For quantitative real-time PCR, SYBR© Select Master Mix was used to detect the amplified gene by
increased fluorescence intensities using the SYBR GreenER™ dye. As recommended by the manufacturer, 125 ng
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cDNA was pipetted in triplicates into a 96-well microplate together with the reaction mixture. The reaction was
conducted by the 7300 Real-Time PCR System using a thermocycling program (50°C 2} 95°C 2}, 40x(95°C 157,
60°C 1’)). Data analysis was performed by 7300 System SDS RQ Study 1.4 software, and the 2 — AACt method®®
was used to analyze the changes and relative gene expression. Together with each target gene reaction, an internal
control such as actin as well as water control reactions were performed in triplicates.

Data availability
Mass spectrometric data have been uploaded to the public repository https://www.proteomexchange.org/ with
the dataset identifier PXD047158.
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