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ABSTRACT

Macroautophagy is regarded as a nonspecific bulk degradation process of cytoplasmic material within the
lysosome. However, the process has mainly been studied by nonspecific bulk degradation assays using
radiolabeling. In the present study we monitor protein turnover and degradation by global, unbiased
approaches relying on quantitative mass spectrometry-based proteomics. Macroautophagy is induced by
rapamycin treatment, and by amino acid and glucose starvation in differentially, metabolically labeled
cells. Protein dynamics are linked to image-based models of autophagosome turnover. Depending on the
inducing stimulus, protein as well as organelle turnover differ. Amino acid starvation-induced
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macroautophagy leads to selective degradation of proteins important for protein translation. Thus, protein
dynamics reflect cellular conditions in the respective treatment indicating stimulus-specific pathways in

stress-induced macroautophagy.

Introduction

The 2 main protein degradation routes in eukaryotic cells are
the ubiquitin-proteasome system (UPS) and the autophago-
somal-lysosomal pathway. The UPS is mainly responsible for
the degradation of cytosolic proteins, whereas the autopha-
gosomal-lysosomal system is considered to be responsible
for the bulk degradation of organelles and long-lived pro-
teins.' Autophagy has been linked inter alia to innate and
adaptive immunity,2 as well as to several diseases, including
cancers and neurodegenerative disorders.>® Autophagy com-
prises several discrete lysosomal degradation pathways. In
chaperone-mediated autophagy (CMA) cytosolic proteins
translocate directly across the lysosomal membrane.” Micro-
autophagy is characterized by lysosomal membrane invagi-
nation or protrusion delivering portions of cytoplasm
directly into lysosomes." The hallmarks of macroautophagy
are specialized double-membrane organelles, phagophores,
that enclose parts of the cytoplasm destined for recycling,
presumably in a nonspecific, bulk manner; the phagophores
mature into autophagosomes that fuse with the lysosome.
Macroautophagic flux, describing protein degradation via
macroautophagy, is generally measured by western blot anal-
ysis of single proteins, microscopy techniques addressing

autophagosome formation/degradation, or “long-lived pro-
tein degradation” assays using radioisotope tracers." These
techniques monitor single proteins, whole organelles, or bulk
protein degradation, but are unable to identify the degrada-
tion rates of multiple individual proteins.

In contrast to classical cell/molecular biologic assays, quanti-
tative mass spectrometry (MS)-based proteomics allows the
proteome-wide analysis of protein turnover.’ The abundance
of a protein, A, at a given time ¢, can be calculated by the sim-
plified formula:

dAt / dt = ks - de[

where k; is the Oth-order rate constant of protein synthesis and
k4 the 1st-order rate constant of protein degradation.” Protein
turnover is defined as the difference between the rates of pro-
tein synthesis and degradation. In contrast to image-based
readouts of protein turnover that use ectopically expressed,
fluorescent-tagged fusion proteins,*” MS-based proteomics
allows the analysis of protein turnover,'®'? synthesis,"” and
degradation of endogenous proteins.'*'® Protein degradation
rates have so far been determined assuming steady-state
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Figure 1. Induction of macroautophagy. (A) Accumulation of autophagosomes. MCF7-eGFP-LC3B cells were left untreated, AA, Glc starved, or treated with Rap (100 nM)
for 24 h. Stimulus-dependent accumulation of autophagosomes was visualized by translocation of eGFP-LC3B into dotted structures. Nuclei were stained with DAPI. Scale
bar: 10 .«m. (B) Quantification of autophagosomes. Autophagosomes were counted in a minimum of 50 cells as shown in (A). Average autophagosome numbers + SD
are depicted. (C) Macroautophagic flux analysis using eGFP-LC3B-II. Cells were treated as in (A) and, in addition, ConA (2 nM) was added as indicated. Samples were nor-
malized to cell number and eGFP-LC3B-Il bands of ConA-treated samples were analyzed relative to respective untreated samples by western blot. Right panel depicts
quantification (n = 3). (D) Macroautophagic flux analysis using SQSTM1. Samples were treated and analyzed as in (C). (E) Inhibition of MTOR. Phosphorylation levels of
RPS6KB1 were monitored using a Thr389 phosphosite-specifc antibody (upper lane). Lower lane shows loading control. Right panel depicts quantification (n = 3). : p <

0.05; **: p < 0.01; ***: p < 0.001, unpaired T test.

conditions using the change in relative isotope abundance
(RIA) as a measure to calculate degradation constants,'' mea-
suring absolute protein levels,'” or relatively quantifying pro-
tein abundances of starved and nonstarved organisms.'” These
approaches rely on metabolic pulse labeling or saturation label-
ing, respectively.

To globally analyze protein turnover in differently induced
macroautophagy we have used classical pulse-labeling strategies
based on stable isotope labeling by amino acids in cell culture
(SILAC).'*'® In addition, a new, straightforward method for
the proteome-wide analysis of relative protein degradation rates
under nonsteady-state conditions termed pulse-chase SILAC
(pcSILAC) was developed. Quantitative MS-based proteomics
data are combined with mathematical models based on image
analyses of autophagosomes and autolysosomes to outline the
influences of specific stimuli on macroautophagy-dependent
protein turnover.

Results
Induction of functional macroautophagy

As model systems we used MCF7 breast cancer cell lines that
express fluorescently tagged versions of the rat autophago-
some-associated protein MAPILC3B/LC3B (microtubule-
associated protein 1 light chain 3 B).'>*° Cells expressing
eGFP-LC3B were used to monitor the induction of macroau-
tophagy by 3 well characterized stimuli, rapamycin (Rap) treat-
ment, amino acid (AA) and glucose (Glc) starvation.!
Translocation of eGFP-LC3B into dotted structures is com-
monly assayed to follow macroautophagy induction.' In
untreated control cells (Ctrl) eGFP-LC3B was found diffusely
in the cytosol and nucleus. As expected, after 24 h treatment

the number of eGFP-LC3B puncta increased indicating an
accumulation of autophagosomes (Fig. 1A-B).

Elevated autophagosome numbers may either be due to an
increased formation, a blockage of degradation, or a combina-
tion of both. To analyze macroautophagic flux we quantified
LC3B-II, the membrane-bound form of LC3B, as well as
SQSTM1 (sequestosome 1), the prototypic autophagy recep-
tor,”* by western blot. Macroautophagy was induced for 24 h in
the presence or absence of concanamycin A (ConA), an inhibi-
tor of the lysosomal vacuolar-type H"-ATPase that blocks lyso-
somal acidification and, by this, degradation. In 24 h
housekeeping proteins commonly used as loading controls in
western blots, such as ACTB (actin §) or GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase), also got degraded (see
Table S4). Therefore samples were normalized to cell numbers.
The 3 treatments led to an increased accumulation of LC3B-II
(Fig. 1C) and SQSTM1 (Fig. 1D) in the presence of ConA as
compared with the respective control cells. AA starvation led to
the highest flux, followed by Rap treatment. Glc starvation had
only a minor influence. The blockage of the kinase MTOR
(mechanistic target of rapamycin) is thought to be mandatory
for the induction of classical macroautophagy. All 3 stimuli
inhibited MTOR kinase activity as judged by the phosphoryla-
tion level of an MTOR substrate, RPS6KB1 (ribosomal protein
S6 kinase B1) (Fig. 1E). Thus, all 3 stimuli induced functional
macroautophagy in MCF?7 cells, glucose starvation having the
weakest effects.

Stimulus-specific autophagosomal turnover

To study potential influences of stress stimuli on organellar
turnover of autophagosomes, i.e. turnover kinetics and subcel-
lular localizations of organelles, we used MCF7 cells stably
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GFP:RFP object intensity

Figure 2. Autophagosome turnover analyzed by fluorescence microscopy. (A) Original and segmented images. MCF7-mRFP-GFP-LC3B cells were treated as in Figure 1
and images of GFP (green), RFP (red) and DAPI (blue) were acquired after 2, 12 and 24 h. An example of 15 merged z-stacks (100x) is shown (upper panel). The lower
panel shows the segmented objects. (B) Principal component analysis. The lines for each condition represent the trajectory connecting the average values at each time
point (the open circle indicates the untreated condition). AA starvation had the most pronounced effects, followed by Rap treatment and Glc starvation. (C) Accumulation
of GFP. All treatments led to an accumulation of GFP as indicated by object intensity (KS test p < 0.001 with Bonferroni correction). (D) Accumulation of RFP. Whereas AA
starvation led to strong accumulation of RFP intensity, Rap had only a moderate effect. Glc starvation did not change RFP intensity (KS test p < 0.001 with Bonferroni cor-
rection). (E) Autophagosome turnover. The ratio of GFP:RFP object intensity can be used as a surrogate for autophagosome turnover. AA starvation and Rap treatment led
to increased turnover. Glc starvation had no effect (KS test p < 0.001 with Bonferroni correction). (F) Autophagosome localization. Autophagosome localization and turn-
over T between plasma (pm) and nuclear (nuc) membrane is depicted using GFP:RFP ratios. A 2D histogram of the proportion of LC3B-containing organelles with a given
localization and GFP:RFP ratio is shown on a log scale. The Y-axis depicts the distance between nuclear and plasma membrane, 0 being at the nuclear membrane and 1
at the plasma membrane. Color indicates the proportion of organelles, with red indicating a high proportion (see color scale). AU, arbitrary units.

expressing mRFP and GFP tandem fluorescent-tagged LC3B.*
GFP is sensitive to an acidic pH, whereas mRFP is not. Thus,
autophagosomes appear as yellow puncta, whereas autolyso-
somes appear red (Fig. 2A). Using an image-based readout,
organelle turnover can be analyzed. Cells were treated as men-
tioned above using Rap or AA and Glc starvation and analyzed
2,12 and 24 h after macroautophagy induction. Cells were fixed

and 15 z-stacks per image were recorded. Using a local thresh-
old feature detector we built a bag-of-visual-words model in
which each time point for each condition is represented by the
composition of different types of objects. The major compo-
nents of variation among all samples were found by principal
component analysis (PCA) and the average trajectories of the 3
conditions were plotted in the resulting PCA space (Fig. 2B).



The 3 conditions showed step-wise differences in the spatial
distribution of LC3B, the most intense being AA starvation, fol-
lowed by Rap treatment, and Glc starvation; this is in agree-
ment with the autophagy flux data presented in Figure 1 and
was also confirmed by live cell imaging over 24 h (Fig. S1).

To further analyze the nature of the changes, we used a cell
segmentation and protein object detection algorithm to mea-
sure several aspects of the protein location pattern: spatial dis-
tribution of protein objects, relative proportion of GFP to RFP,
protein object counts, and size. GFP object intensities increased
in all treatments compared with control cells (Fig. 2C, KS test
p < 0.001 Bonferroni corrected). REP object intensities exhib-
ited a drastic increase after 12 h AA starvation and 24 h Rap
treatment compared with control (Fig. 2D, KS test p < 0.001
Bonferroni corrected). Hence, GFP:RFP object intensities,
which are a measure for autophagosome turnover, showed clear
effects for AA and Rap treatment and hardly any effect for Glc
starvation (Fig. 2E), as was expected from western blot experi-
ments. In AA starvation, increased GFP intensity was based on
increased autophagosome numbers, whereas increased RFP
intensity was due to fewer, but larger, autolysosomes (Fig. S2).
The spatial distribution of protein objects relative to the plasma
membrane and the outside border of the nucleus was also ana-
lyzed (Fig. 2F). Under control conditions, autophagosomes
were located near the nucleus (population on the lower right),
and a low frequency of autolysosomes was observed spread
between the nuclear and the plasma membrane. Under AA
starvation 2 populations of autophagosomes could be observed,
one close to the nucleus and another one in the periphery. After
12 h both were turned over to autolysosomes and after 24 h
autolysosomes appeared to move closer to the nucleus. Under
Rap treatment the 2 populations were also observable, although
the peripheral population was less pronounced. Autophago-
somes and autolysosomes appeared more heterogeneous. As
expected, under Glc starvation only autophagosomes could be
observed, which appeared to move toward the nucleus at 24 h.
Thus, these data imply stimulus-specific turnover and localiza-
tion of autophagosomes/autolysosomes. To study if these
observations are mirrored by stimulus-specific protein turnover
by macroautophagy we designed quantitative MS-based proteo-
mics approaches directly measuring autophagy-dependent pro-
tein synthesis, turnover and degradation.

Decreased protein turnover in functional macroautophagy

To study protein turnover in macroautophagy, defined as the net
change of protein abundance, i.e. as the difference between pro-
tein synthesis and degradation, we performed SILAC-based
pulse-labeling experiments. Amino acid pools and recycling rates
may influence quantification accuracy in pulse labeling experi-
ments, especially in vivo. In our experimental set-up this was not
the case. During pulse labeling, RIAs were on average approx.
90% and incorporation rates were constant (Fig. S3). Cells were
tully SILAC labeled by “heavy” AA, followed by 7-h and 24-h
pulses in “light” AA (Fig. 3A). During the pulse-phase cells were
either left untreated (Ctrl) or treated as outlined above. To study
the influence of pharmacological macroautophagy inhibition on
protein turnover, we also included treatments plus addition of 3-
methyladenine (3-MA). Turnover rates were determined by
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quantifying “light:heavy” peptide ratios. As treatments influence
the cell cycle, doubling times were determined for all conditions
and used to calculate proliferation-independent turnover rates.
Rap and Glc starvation led to a decreased cell proliferation, and
AA starvation led to a cell cycle arrest (Table S1). Whereas, we
did not identify global changes in protein turnover after 7 h of
treatment (Fig. 3B), 24 h of treatment led to overall changes in
proteome turnover for all experimental conditions (Fig. 3C,
Table S2, Fig. S4). All 3 treatments led to a decrease in protein
turnover compared with control, on average by 15.1%, 8.2%, and
12.5% for AA, Glc starvation and Rap treatment, respectively
(Fig. 3C), which is at least partly due to a dramatic decrease in
protein synthesis (Fig. S5). Interestingly, inhibition of macroau-
tophagy by 3-MA further decreased protein turnover in all condi-
tions to a similar extent (Fig. S6).

Under control conditions, proteins exhibit a skewed distri-
bution of turnover rates, similar to that described in yeast,23
with an average 50% protein turnover rate of approximately
23 h (Fig. 3C), which correlates well with recent MS-based pro-
teomics studies (Fig. $7).'"'” Mitochondrial and metabolic pro-
teins exhibited the lowest turnover rates under control
conditions, followed by ribosomal proteins, plasma membrane
and membrane proteins as analyzed by gene ontology (GO)
enrichment. Comparing 24-h stimuli by cluster analysis it
became evident that AA starvation was most distinct from the
control, followed by Rap treatment (Fig. 3D, Table S3). In AA
starvation and Rap treatment translation-associated and ribo-
somal proteins of the large and small subunit showed the most
dramatic decrease in protein turnover (Fig. 3E), whereas pro-
teins related to focal adhesions and lysosomes were affected in
Glc starvation. Lysosomal proteins were surprisingly stable in
Rap-treated and AA-starved cells, which might indicate their
importance for macroautophagy. Thus, inhibition of MTOR
leads to a general decrease of protein turnover, defined as the
net change of protein abundance, at least partially through a
drop in protein synthesis. Distinct macroautophagy-inducing
stimuli appear to exhibit differential effects on protein turnover
reflecting the nature of the respective stimulus.

Degradation of protein translation machinery by amino
acid starvation-induced macroautophagy

To study specific protein degradation under macroautophagy-
stimulating conditions, we have developed a SILAC-based deg-
radation assay. In pulse-chase (pc) SILAC, cells are pulse-
labeled with 2 different forms of “medium” and “heavy” amino
acids (Fig. 4A, Fig. S8). Both, “medium” and “heavy” cells
undergo a chase period in “light” medium, “medium” cells
under control conditions and “heavy” cells under macroau-
tophagy-inducing conditions, respectively. Afterwards cells are
mixed, normalized to cell numbers using the “proteomic ruler”
approach and intensity differences between peptides from
“medium” and “heavy” cells can be readily analyzed.** This
setup allows the determination of “heavy” protein degradation
during the chase period relative to “medium” control condi-
tions. Using pcSILAC, data comparable to the long-lived pro-
tein degradation assay using radioisotope labeling can be
generated (Fig. $9)."*° However, in contrast to radioisotope
labeling, pcSILAC yields a wealth of data.



1068 C. GRETZMEIER ET AL.

turnover
heavy ) ificati ) | _
light quantification i <>
= —> and identification —» - t ! : degtr"ildgtlon
treatment by LC-MS/MS v synthesis
o O
miz
B 1 Ctrl D Ctrl AA Glc Rap
800 7h
400
01' I | T ]
lysosome
800 AN transmembrane
= ] 7h
S 4004
] I 7 nucleolus
g 0 1' | ™ ribosome biogenesis
g Gle
g o9 7h
400 focal adhesion
oA,
800: Rap ribosome
7h mitochondrion
400 M
0 | ™
20 40 60 80 100
% turnover ribosome
proteasome
translation
C 1 cytoplasm
600 | Citrl
400 24 h
04 low turnover high
600 1 AA
— 4007 24 h
g 200: E
Q J
e 03 60, m RPL
= J
] 600 1 Glc RPS
§ 493 24h o
2001 3
] c
0! =
600 1 -
] Rap L
400 4 24 h
200
0 4
40 60 100 Ctl  AA Glc Rap
% turnover

Figure 3. Protein turnover in macroautophagy. (A) Experimental outline to determine protein turnover changes in macroautophagy. Cells were fully labeled with “heavy”
SILAC AA before 7-h or 24-h pulses under different treatments, and control conditions were performed with “light” SILAC AA. Cells were lysed, proteins separated by
SDS-PAGE and in-gel digested with trypsin. Resulting peptide mixtures were analyzed by LC-MS/MS. Peptide ratios of light:heavy represent turnover values of respective
proteins during 7 h or 24 h and reflect synthesis as well as degradation changes. (B) Histograms of protein turnover rates in 7-h stimulations. SILAC ratios were normalized
by cell growth to determine proliferation-independent protein turnover rates. Rates were binned and upper values are indicated. The red line indicates the average turn-
over rate under control conditions (17%) in 7 h. (C) Histograms of protein turnover rates in 24-h stimulations. Data were analyzed as in (B). The red line indicates the aver-
age turnover rate under control conditions (52%) in 24 h. (D) k-means cluster analysis of protein turnover values. SILAC ratios representing turnover rates of 2 biologic
replicates each were averaged, log2 transformed and z-score normalized. Clusters are indicated by numbers. Selected, significant enriched GO terms and keywords are
indicated (BH corrected p < 0.05). (E) Turnover rates of ribosomal proteins decrease during active macroautophagy. Average turnover rates of 46 proteins of the 60S large
ribosomal subunit (RPL) and 27 proteins of the 40S small ribosomal subunit (RPS) are depicted. Error bars indicate standard deviations. *: p < 0.05; 1 p < 0.01; """ p <

0.001, unpaired T test.

In 2 biological replicates each, 3,871 proteins were identified
and quantified (false discovery rate <1% on the peptide and pro-
tein level) giving rise to 1,747 degradation rates of individual pro-
teins being detected in all conditions (Fig. S10, Table S4).
pcSILAC data correlated well with quantitative western blots of
cycloheximide-treated cells (Fig. 4B; Fig. S11). Cycloheximide
inhibits protein synthesis allowing determination of protein deg-
radation. Autophagy receptors have been identified that target
proteins to phagophores and get degraded via macroautophagy.*®
We analyzed the degradation of the autophagosomal marker
MAPILC3B/LC3B and the autophagy receptor SQSTMI1 by

pcSILAC (Fig. 4C) and western blot (Fig. 4D). As expected all 3
stimuli led to the degradation of the 2 proteins, both methods
showing similar results. AA starvation had the biggest effect fol-
lowed by Rap treatment and Glc starvation. Importantly, 3-MA
was able to block degradation identifying macroautophagy as the
main degradation pathway. Western blot analysis of SQSTM1
degradation under Glc starvation gave contradicting results,
which likely reflect technical limitations.

To get a global impression of degradation differences we
analyzed data by k means clustering (Fig. 4E); this yielded 10
clusters of similar size. AA starvation had the strongest effect
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intensities of corresponding peptides. (B) Correlation of pcSILAC data and western blot analysis. Cells were treated as in (A) and protein synthesis was inhibited with
1 uM cycloheximide. Protein abundance was analyzed by western blot (Fig. S11). SILAC and western blot ratios of treated versus control cells were log2 transformed and
plotted. (C-D) Degradation of autophagy marker proteins. pcSILAC data of the 2 autophagy marker proteins MAP1LC3B and SQSTM1 (C) is compared with protein degra-
dation analysis by western blot (D) using cycloheximide-treated cells (n = 4 for LC3 and n = 3 for SQSTM1). The red line indicates degradation under control conditions.
3MA blocks macroautophagy-dependent protein degradation. Error bars represent standard deviations of replicate measurements, or peptide variability in the case of sin-
gle identifications. (E) k-means cluster analysis of protein degradation values. SILAC ratios representing degradation rates of 2 biologic replicates each were averaged,
log2 transformed and z-score normalized. Clusters are indicated by numbers. Selected, significant enriched GO terms and keywords are indicated (BH corrected p <

0.05). ": p < 0.05; **: p < 0.01; ***: p < 0.001, unpaired t test.

followed by Rap treatment and Glc starvation. Comparison
with 3-MA-treated samples highlights that stimuli not only
induced macroautophagy-dependent protein degradation; e.g.,
in cluster 2 the degradation of several proteins in AA starvation
could not be blocked by the addition of 3-MA. This cluster con-
tained no clearly enriched protein set. Cluster 8 behaved similar
for Rap treatment. Cluster 7 contained enzymes involved in
carbohydrate metabolism which were degraded under Glc star-
vation and which could not be blocked by 3-MA. Interestingly
several of these enzymes, such as PKM (pyruvate kinase, mus-
cle), are CMA substrates.”” Also, we observed the 3-MA nonre-
sponsive degradation of HK2 (hexokinase 2), a newly
identified, Glc starvation-dependent CMA target (cluster I,
Table S5).*® Importantly, we identified the 3 clusters 5, 6, and
10, which contained proteins that were degraded by AA starva-
tion-induced macroautophagy and which were blocked by the
addition of 3-MA. These clusters contained proteins involved
in protein translation, mRNA processing, and mitochondrial
homeostasis, respectively (Table S5).

As could be shown in the yeast Saccharomyces cerevisiae that
ribosomes can be selectively degraded under starvation condi-
tions by macroautophagy,”® we focused on the protein translation
machinery in our further analysis. AA starvation not only led to
degradation of large and small ribosomal subunits by

macroautophagy (Fig. 5A-B), but the EIF3 (eukaryotic transla-
tion initiation factor 3) complex was also selectively degraded
under AA starvation conditions (Fig. 5C). Importantly, the
increased degradation in AA starvation cannot be simply
explained by a general increase in protein degradation and auto-
phagic flux compared with the other 2 stimuli. Normalization to
the respective SQSTM1 degradation indicated that degradation of
protein translation machinery was selectively increased in AA
starvation conditions (Fig. 5D). The majority of tRNA ligase fam-
ily members was also degraded by AA starvation-induced macro-
autophagy (Fig. 5E). However, LARS and IARS (leucyl- and
isoleucyl-tRNA synthetase) appeared to be spared from degrada-
tion. Interestingly the former has been shown to be a critical AA
sensor upstream of MTOR.”® The apparent exclusion of LARS
from degradation by AA starvation-induced macroautophagy led
to an accumulation of the protein under starvation conditions
compared with other tRNA ligases as detected by quantitative MS
and western blot analyses (Fig. 5F).

Discussion

In the current study we globally analyzed protein turnover and
degradation as well as autophagosomal dynamics by a
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Figure 5. Degradation of protein translation machinery by amino acid-starvation induced macroautophagy. (A) Degradation of the large ribosomal subunit (RPL). Shown
is the average degradation value of 39 components of the RPL. Only in the case of AA starvation is 3-MA able to block degradation. Error bars indicate standard deviation.
(B) Degradation of the small ribosomal subunit (RPS). Shown is the average degradation value of 27 components of the RPS. Especially in the case of AA starvation 3-MA is
able to block degradation. Error bars indicate standard deviation. (C) Degradation of the EIF3 (eukaryotic translation initiation factor 3). Shown is the average degradation
value of 11 components of the EIF3 complex. Only in the case of AA starvation is 3-MA able to partially block degradation. Error bars indicate standard deviation. (D) Deg-
radation relative to SQSTM1. Degradation rates (panel A-C, and E) relatively normalized to respective SQSTM1 degradation are depicted. Error bars indicate standard devi-
ation. (E) Degradation of tRNA ligases by AA starvation-induced macroautophagy. Shown are average degradation values of tRNA ligases (n = 2). The amino acid sensor
LARS, and to a minor extent IARS, are spared from degradation. Error bars indicate standard deviations. The red line indicates degradation under control conditions. (F)
Quantification of protein abundances of LARS and NARS. Protein abundances of LARS and NARS after 24 h of amino acid starvation were quantified relative to untreated
control conditions using SILAC-based MS (n = 2) and western blot (WB) analysis (n = 5). Whereas NARS abundance decreases relative to control cells, LARS abundance
increases. *: p < 0.05; **: p < 0.01; ***: p < 0.001, unpaired t test.

complementary set of analytical techniques generating a data analyses highlighted stimulus-specific dynamics of autophago-
resource for the autophagy research community. Quantitative somes and autolysosomes. Thus, large-scale analyses outlined
MS-based proteomics data indicated stimulus-specific protein  discrete cellular responses in stress-induced macroautophagy.
degradation by macroautophagy. Image-based, time-resolved ~Whereas basal macroautophagy may indeed be a nonspecific,



bulk degradation pathway, stress-induced macroautophagy
clearly reflected specific, cellular conditions.

Protein turnover by quantitative MS has been studied in
diverse biologic settings, recently, and data presented here cor-
relate well with the respective studies.""'” In addition to MS-
based approaches large-scale image-based protein turnover
studies using ectopically expressed fusion-proteins have been
performed.*” Compared with these, MS data presented in this
investigation did not correlate. However, compared with each
other, imaging studies show also near random correlation.
Overexpression of tagged fusion proteins may alter intrinsic
protein properties, which may influence respective turnover
analyses.

To our knowledge, this is the first comprehensive study
of endogenous protein turnover in active macroautophagy
using a global MS-based proteomics approach. Although
automated global analyses may lead in single cases to
wrongly assigned peptide signals in the case of low abun-
dant and/or co-eluting peptides, this is often reflected by
higher quantification errors. Thus, respective data can be
investigated manually and checked for consistency. Interest-
ingly, protein turnover, defined as the net change of protein
abundance, i.e. as the difference between protein synthesis
and degradation, dropped regardless of the inducing stimu-
lus, which may be explained by a decrease in protein syn-
thesis through inactivation of MTOR.>"** For example, in
AA starvation, protein translation is impaired due to a lack
of protein building blocks, which is highlighted by a cell
cycle arrest and a dramatic decrease in protein synthesis.
Hence, ribosomes are no longer needed in large quantities,
are no longer synthesized, and, consequently, exhibit a pro-
nounced decrease in turnover. In Rap treatment, under
nutrient-rich conditions, protein turnover also decreased.
The drop of protein turnover despite increased degradation
by functional macroautophagy indicates the dominant influ-
ence of protein synthesis on turnover measurements in the
chosen experimental conditions. The lack of identifying
global stimulus-specific changes in protein turnover after
7 h of treatment likely reflects a combination of influences
of the chosen biologic system and technical limitations.
Shorter labeling periods lead to less label incorporation
making accurate quantification by MS more challenging. In
addition, MCF7 cells show low metabolic rates as
highlighted by the doubling time of 36.5 h, again leading to
less label incorporation. Currently, we are establishing new
cell line models and labeling protocols to study short-term
responses. Interestingly, 3-MA appears to interfere with
pulse labeling strategies. However, if this is due to interfer-
ence with protein synthesis or with label incorporation is
unclear.

As the direct effects of protein degradation by macroau-
tophagy cannot be easily deduced from pulse-labeling experi-
ments under nonsteady-state conditions, we designed a pulse-
chase-labeling strategy using stable isotopes, pcSILAC, to
directly study the effects of macroautophagy. In pcSILAC rela-
tive degradation differences compared with control conditions
are analyzed and different treatments can be compared with-
out the need to assume steady-state conditions and to perform
time course experiments.'®'” Similar labeling approaches have
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recently been taken, e.g. to study protein palmitoylation.’
Compared to the commonly used radioisotope labeling experi-
ments, or fluorescent approaches,” MS-based approaches
yield generally larger errors. However, proteome-wide degra-
dation rates can be readily analyzed allowing simultaneous,
detailed analyses of numerous proteins. We used 3 well-estab-
lished macroautophagy-inducing conditions to study their
effects on protein degradation by macroautophagy. Although
we cannot exclude other degradative routes influencing our
results,”” previous studies showed that on a global scale CMA
can be neglected in MCF7 cells during long-term starvation,”'
and that proteasome abundance as well as activity decreases
during active macroautophagy.” In addition, 3-MA blocked
protein degradation. Thus, we conclude that macroautophagy
was the main mechanism responsible for the observed
phenotypes.

Glc starvation did not globally alter degradation rates. The
weak global effects in Glc-starved cells were underlined by only
minor differences in autophagosome turnover as analyzed by
imaging. In contrast, AA starvation led to an approximately
10-fold increase in autophagosomal turnover, followed by a 2-
fold increase by Rap treatment. Additionally, image analyses
highlighted altered numbers, sizes, and localizations of auto-
phagosomes and autolysosomes depending on the inducing
stimulus. We monitored an efficient, perinuclear degradation
of autophagosomes under nutrient deprivation, which is in
agreement with lysosomal clustering around the nucleus under
these conditions.”® This population seemed to expand under
long-term treatments. In addition, a second peripheral auto-
phagosome population was observed. As images differ substan-
tially over the entire timeframe the observed differences in
organellar dynamics cannot simply be explained by altered,
stimulus-dependent kinetics. Rather, it appears that the charac-
teristics of the organelles and their cellular localization are
“unique” to each stimulus, possibly influencing target selection.
The overexpression of LC3B may influence these results, and
analyses of other LC3 isoforms may differ. However, as images
were used to relatively compare stimuli in the same cell line,
observed differences reflect differential, stimulus-specific cellu-
lar responses. In addition, image data, flux analyses by western
blot, and proteomics data are in agreement. Differences on
organellar level as analyzed by the first 2 bulk approaches, west-
ern blot and imaging, were relatively big compared with relative
protein degradation measurements by MS-based proteomics
indicating that the protein content per autophagosome has to
be rather small.

In AA starvation, proteins involved in translation, such as
ribosomal proteins and translation initiation factors, exhibited
pronounced degradation. It has been observed in RAS-driven
cancer cells that macroautophagy in response to acute amino
acid starvation has specific effects on cellular proteomes.””
Whereas in the respective study ribosomes appeared stable
within 5 h of starvation, we found that in long-term starvation
for 24 h ribosomes are specifically degraded by macroautoph-
agy. These observations are in agreement with the finding that
organelles are degraded at later time points, whereas cytosolic
proteins are degraded early in starvation.”' Also, the stimulus-
specific proteomic composition of autophagosomes underlines
the dominant effect of the inducing stimulus on the cargo
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targeted for autophagosomal degradation.”® The fact that
amino acids sensors such as LARS appear to be spared from
degradation further indicates that stress-induced macroautoph-
agy is specific,” either by explicitly targeting proteins to phago-
phores, or by specifically preventing this from happening.
Taken together, using a combination of quantitative MS-
based proteomics data and image-based modeling we out-
line stimulus-specific differences in protein and organelle
turnover in macroautophagy. A new, versatile, and generic
MS-based assay termed pcSILAC was developed for the
assessment of individual, relative protein degradation rates
on a proteomic scale without the need to assume steady-
state conditions or measure absolute protein abundances.
Using this assay stimulus-dependent degradation differences
by macroautophagy were outlined by monitoring more than
1,000 proteins. Whereas Glc starvation differed profoundly
from the other 2 stimuli and had effects on single proteins,
AA starvation and Rap treatment exhibited stronger out-
comes, with AA starvation specifically targeting protein
translation components for degradation. Among others, one
open question is if organelles are degraded as complete
structures or if sorting events lead to selective degradation
of substructures.”® In the future the analysis of signaling
events that are responsible for stimulus-specific autophago-
somal target selection may shed more light onto the selec-
tive nature of stress-induced macroautophagy. Our data
imply that these signaling events are not limited to a subset
of cargo proteins, but rather that a substantial part of the
protein population is selectively targeted to phagophores.

Materials and methods
Cell culture

MCF7-eGFP-LC3 cells were cultured in DMEM (Gibco,
Thermo Fisher, 21969035) containing 4.5 g/ glucose, sodium
pyruvate, 3.7 g/l NaHCO3, supplemented with penicillin/strep-
tomycin (100 U/ml, 100 pg/ml) (PAA, P06-07100), glutamine
(PAN, P04-80100), 10% fetal calf serum (Gibco, Thermo
Fisher, 10270-106).>> Cell populations were labeled with either
“medium” AA: L-arginine-"’C¢-"*N, (Arg6; EURISO-TOP
GmbH, CLM-2265-H-1) and L-lysine-°’H, (Lys4; EURISO-
TOP GmbH, DLM-2640-1), or “heavy” AA: L-argini-
ne-"Cs-""N, (Argl0; EURISO-TOP GmbH, CNLM-539-H-1)
and L-lysine-">C4-""N, (Lys8; EURISO-TOP GmbH, CNLM-
291-H-1) (10-cm cell culture dishes; ~50% confluent after
treatment). SILAC-DMEM (Thermo Fisher, 89985) supple-
mented with proline (Sigma, 81709), penicillin/streptomycin
(100 U/ml, 100 pg/ml), glutamine, and 10% dialyzed fetal calf
serum (Gibco, Thermo Fisher, 26400-044) was used during
labeling. For pulse-chase experiments cell populations labeled
with Argl0 and Lys8 (pulse) were subsequently treated for 24 h
(chase) after washing twice with DPBS (Genaxxon,
C4219.0500). Rapamycin (Sigma-Aldrich, R0395) was used in a
concentration of 100 nM, and 3-methylalanine 10 mM (Sigma-
Aldrich, M9281). HBSS (Pan Biotech, 14025050) contained cal-
cium, magnesium, 0.37 g/l NaHCO; and 1 g glucose per liter
supplemented with penicillin/streptomycin (100 U/ml, 100 g/
ml). Cycloheximide (C6255) was from Sigma Aldrich. All

treatments were performed at 37°C and 5% CO,. The cells
were trypsinzed and 3 aliquots of each sample were used for
normalization by cell counting.

MS sample preparation and antibodies

Harvested cells were centrifuged for 5 min at 2000 rcf at 4°C
and subsequently lysed in SDS-loading buffer. Benzonase
(Merck, 1.01695.0001) was added before samples were reduced
with DTT (100 mM; Sigma-Aldrich, 43817) and alkylated using
iodoacetamide (5.5 mM; Sigma-Aldrich, 11149). Protein mix-
tures were separated using SDS-PAGE (4-12% Bis-Tris gradi-
ent gel, NuPAGE; Invitrogen, Thermo Fisher, 1 mm, 10 well,
NP0321BOX), gel lanes were cut into 10 slices according to
their protein content, samples in-gel digested using trypsin
(Promega, V5113), and resulting peptide mixtures were STAGE
tipped.

The following antibodies were from Cell Signaling Tech-
nologt: RPS6KB1 phospho-Thr389 (9206), RPS6KB1 (9202),
SQSTM1 (5114). Antibodies against NARS (asparaginyl-
tRNA synthetase) and LARS were from Abcam: anti-NARS
(ab53473) and anti-LARS (ab204558). Antibodies from
Santa Cruz Biotechnology were: anti-GFP antibody (sc-
9996), anti-ACTB (sc-47778), anti-ATP2A1/SERCA1 (sc-
30110), anti-HSPA5 (sc-166490), anti-CAT (sc-69762), anti-
EEA1 (sc-137130), anti-TFRC (sc-32272), and anti-HSPA9
(sc-13967).

Mass spectrometry

Mass spectrometric measurements were performed on a
LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scien-
tific, Bremen, Germany) equipped with a nanoelectrospray
ion source (Proxeon Biosystems, Odense, Denmark) and
coupled to an Agilent 1200 nanoflow-HPLC (Agilent Tech-
nologies GmbH, Waldbronn, Germany). HPLC-column tips
(fused silica) with 75-um inner diameter (New Objective,
FS360-75-10-N-5-C25) were self packed with ReproSil Pure
C18-AQ 3 pum (Dr. Maisch, r13.aq) to a length of 20 cm.
Samples were applied directly onto the column without a
precolumn. A gradient of A (0.5% acetic acid [high purity,
LGC Standards GmbH, HPA-0050-B010] in Milipore water)
and B (0.5% acetic acid in 80% ACN [LC-MS Optigrade,
Wako, SO-9340-B025]) with increasing organic proportion
was used for peptide separation (loading of sample with 2%
B; separation ramp: from 10% to 30% B within 80 min).
The flow rate was 250 nl/min and for sample application
500 nl/min. The mass spectrometer was operated in the
data-dependent mode and switched automatically between
MS (max. of 1 x 10° jons) and MS/MS. Each MS scan was
followed by a maximum of 5 MS/MS scans in the linear ion
trap using a collision energy of 35% and a target value of
5,000. Parent ions with charge states from z = 1 and unas-
signed charge states were excluded for fragmentation. The
mass range for MS was m/z = 370 to 2000. The resolution
was set to 60,000. Mass-spectrometric parameters were as
follows: spray voltage 2.3 kV; no sheath and auxiliary gas
flow; ion-transfer tube temperature 125°C.



Identification of proteins and protein ratio assignment
using MaxQuant and data analysis

The MS raw data files were uploaded into the MaxQuant
software version 1.4.1.2, which performs peak detection,
SILAC-pair detection, generates peak lists of mass error cor-
rected peptides and performs database searches using the
following parameters: UniProt human decoy database,
August 2015, containing common contaminants such as
keratins and enzymes used for in-gel digestion was used,
carbamidomethyL-cysteine was set as fixed modification,
methionine oxidation, protein amino-terminal acetylation
formation of N-pyroglutamate and glutamine, were set as
variable modifications.” Double or triple SILAC were cho-
sen as quantification mode. Three missed cleavages were
allowed, enzyme specificity was trypsin/P, and the MS/MS
tolerance was set to 0.5 Da. Peak lists were searched by
Andromeda for peptide identification. The average mass
precision of identified peptides was in general less than
1 ppm after recalibration. Peptide lists were further used by
MaxQuant to identify and relatively quantify proteins using
the following parameters: peptide and protein false discov-
ery rates were set to 0.01, maximum peptide posterior error
probability (PEP) was set to 1, minimum peptide length
was set to 7, minimum number peptides for identification
and quantification of proteins was set to one, which must
be unique and identified proteins have been requantified.

In pcSILAC experiments H/M SILAC-ratios of the Max-
Quant output were used for data analysis. The SILAC-ratios
were normalized to cell count using the average ratios of identi-
fied histone proteins.”** Functional enrichment analysis was
performed using Perseus and significant enrichment was deter-
mined using the Fisher’s Exact Test (BH corrected p value <
0.05).%

Microscopy

For confocal imaging, cells were grown on coverslips as
described above and rinsed 3 times with DPBS before they
were fixed in 4% paraformaldehyde for 10 min. Coverslips
were mounted on glass slides using ProLong Gold antifade
reagent (Invitrogen, Thermo Fisher, P36930) and imaged
using a Zeiss LSM 510 Meta laser scanning confocal micro-
scope and ZEN 2008 Software (Carl Zeiss Microlmaging
GmbH, Esslingen, Germany). Each experiment was per-
formed as 2 biologic replicates and 4 pictures were taken
per experiment. Autophagosomes were identified by green
fluorescence of eGFP-fused LC3B. Cell nuclei were visual-
ized by DAPI staining contained in Pro Long Gold.

Widefield imaging was performed on paraformaldehyde-
fixed cells on the Axio Cell Observer microscope (Carl Zeiss
Microlmaging GmbH) equipped with the Axiocam Rev.3 CCD
camera using a 100x oil objective. Images were taken as 15 z-
stacks with a spacing of 0.5 um for 3 channels (ch1l: DAPI, ch2:
GEFP, ch3: RFP). Images were deconvolved using the Huygens
Essential software (Scientific Volume Imaging, Hilversum,
Netherlands).

Time-lapse live-cell imaging was performed on the Biosta-
tion IM (Nikon, Tokyo, Japan) using a 20x objective. For this,
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cells were cultivated in glass bottom micro-dishes (Ibidi
GmbH, 80136) at 37°C and 5% CO,.

Image analysis
Local feature models

For high resolution (100x) images, regions of connected pixels
with single local maxima, which we call objects, were found by
adaptive thresholding. Using k-means clustering, objects were
grouped into object types using 3D-Subcellular Object Fea-
tures.*' After choosing the number of object type clusters that
gave the lowest AIC, each image was represented by
concatenating the vectors that describe the proportion of each
object type in each of the RFP and GFP channels. The first 3
principal components of the average vectors for each condition
and time point were calculated. The same process as above was
performed using only the GFP channel of the lower resolution
(20x) time-series images.

Protein object model

Individual nuclei were found in the DAPI channel with region-
based active contour segmentation and their positions used for
seeded watershed segmentation on the summed GFP, RFP and
DAPI channels to determine the boundaries between all cells in
the image.*” Cells with a nucleus touching the border of the
image were discarded and not used in the analysis. The cell
boundary for each of the remaining cells was refined using
active contour segmentation on each cellular region with the
combined channels. For each channel, objects were detected
within each cell by active thresholding (to find regions of local
maxima) starting at the Ridler-Calvard intensity threshold for
each cell. The resulting image was ANDed with the highest
98% magnitude responses after convolving the image with a
3x3x3 pixel Laplacian of Gaussian filter (to find punctate
regions). Finally, the positions of each object relative to the
nucleus and cell boundaries, and the object intensities in each
channel were calculated.

Statistical analyses

To analyze if changes in abundance/turnover of specific pro-
teins/protein groups were significant unpaired Student ¢ test
with equal sample variance were performed. Input data were
quantified western blots (minimally 3 biological replicates) or
MS data of protein turnover and degradation rates. In enrich-
ment analyses using proteomic input data Fishers™ exact tests
were performed and p values were corrected for multiple test-
ing using the BH approach.

Abbreviations

3-MA  3-methyladenine

AA amino acid

BH Benjamini Hochberg

CMA  chaperone-mediated autophagy
ConA  concanamycin A

Glc glucose
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GO gene ontology

KS Kolmogorov Smirnov

MS mass spectrometry

PCA  principal component analysis

Rap rapamycin

RIA relative isotope abundance

SD standard deviation

SILAC stable isotope labeling by amino acids in cell culture
UPS ubiquitin-proteasome system
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