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Partitioning into ER membrane 
microdomains impacts autophagic 
protein turnover during cellular 
aging
Simon Prokisch  & Sabrina Büttner  *

Eukaryotic membranes are compartmentalized into distinct micro- and nanodomains that rearrange 
dynamically in response to external and internal cues. This lateral heterogeneity of the lipid bilayer 
and associated clustering of distinct membrane proteins contribute to the spatial organization of 
numerous cellular processes. Here, we show that membrane microdomains within the endoplasmic 
reticulum (ER) of yeast cells are reorganized during metabolic reprogramming and aging. Using 
biosensors with varying transmembrane domain length to map lipid bilayer thickness, we 
demonstrate that in young cells, microdomains of increased thickness mainly exist within the nuclear 
ER, while progressing cellular age drives the formation of numerous microdomains specifically in the 
cortical ER. Partitioning of biosensors with long transmembrane domains into these microdomains 
increased protein stability and prevented autophagic removal. In contrast, reporters with short 
transmembrane domains progressively accumulated at the membrane contact site between the 
nuclear ER and the vacuole, the so-called nucleus-vacuole junction (NVJ), and were subjected to 
turnover via selective microautophagy occurring specifically at these sites. Reporters with long 
transmembrane domains were excluded from the NVJ. Our data reveal age-dependent rearrangement 
of the lateral organization of the ER and establish transmembrane domain length as a determinant of 
membrane contact site localization and autophagic degradation.

Cellular compartmentalization into membrane-delimited organelles allows the spatial separation of various, often 
incompatible, biochemical reactions. Each intracellular membrane possesses its own characteristic lipid profile, 
thereby specifying organelle identity and biophysical membrane properties. Further subcompartmentalization 
and organization within each lipid bilayer at the micro- and nanoscale is achieved by the formation of lateral 
membrane subdomains, among them lipid rafts1–4. Following the initial proposal of the lipid raft hypothesis4, 
the definition of lipid rafts has been refined to "small (10–200 nm), heterogeneous, highly dynamic, sterol- and 
sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts can sometimes be stabilized 
to form larger platforms through protein–protein and protein-lipid interactions" almost 20 years ago5. Until 
today, controversies exist in respect to their life time, size, composition and properties in biological membranes. 
These membrane subdomains have been shown to represent versatile platforms for the trafficking and sorting of 
associated proteins4–7. The lateral heterogeneity in biological membranes is studied intensively in particular in 
respect to lipid rafts associated with the plasma membrane8. Still, raft-like microdomains also exist in organellar 
lipid bilayers, including the membranes of the endoplasmic reticulum (ER), despite the sterol and sphingolipid 
content within the ER membrane being rather low compared to the plasma membrane1,8–10. The ER represents 
the largest intracellular membrane system and serves as entry point into the secretory pathway, giving rise to 
almost 30% of the proteome of eukaryotic cells, mostly membrane proteins11–14. These membrane proteins carry 
one or more transmembrane domains (TMDs), composed of 17–29 hydrophobic amino acids that span the lipid 
bilayer as alpha-helices14–16. The sorting of these membrane proteins to their final compartment within the secre-
tory pathway is strongly influenced by physiochemical features of their TMDs, including length, hydrophobicity 
and amino acid volume17–19. The mean TMD length is 20.6 amino acids for membrane proteins retained within 
the ER, 23.6 amino acids for those in the trans-Golgi network and 27.0 for proteins in the plasma membrane20, 
reflecting the need to match the increasing thickness of the lipid bilayer along the secretory pathway21,22. Thus, 
a longer TMD is required to reach the thicker lipid bilayer of the plasma membrane, while a rather short TMD 
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directs proteins to the Golgi or towards the endosomal and vacuolar pathway, supporting a lipid-based sorting 
mechanism along the secretory pathway18,20,23. Even within the ER membranes, lateral heterogeneity of the lipid 
bilayer compartmentalizes this membrane system into different regions, including raft-like microdomains of 
increased lipid bilayer thickness, leading to a segregation of membrane proteins according to TMD length19,24,25. 
In yeast and mammalian cells, these ER membrane microdomains contribute to protein sorting and targeting, 
serve as platforms for signaling and support proper protein folding and multimer formation1,6,10,26–31. Interest-
ingly, also the contact sites between the ER and mitochondria at so-called mitochondria-associated ER mem-
branes (MAMs) represent raft-like microdomains rich in sphingolipids and sterols32,33, suggesting that micro-
domain formation contributes to interorganellar connectivity. Genomically-encoded fluorescent reporters with 
differing TMD length facilitated the visualization of distinct microdomains within the yeast ER membranes, 
marking the cortical ER membrane region at the neck of the nascent bud as raft-like microdomain with increased 
lipid bilayer thickness25. This sphingolipid-rich microdomain seems to restrict the passage of proteins with short 
TMD, likely contributing to the asymmetric inheritance of ER material between mother and daughter cell25,34. 
Still, subdomain features such as size, formation, lifetime, physiological regulation and dynamic remodeling 
depending on the cellular status remain mostly elusive.

Here, we map how microdomains in the ER membranes are rearranged in response to changing metabolic 
demands and cellular aging. Using recently established biosensors with differing TMD length to visualize ER 
lipid bilayer thickness25, we show that cellular age drives the formation of numerous microdomains of increased 
thickness particularly in the cortical ER. Moreover, we find that selectively sensors with short TMD overaccu-
mulate at the ER membrane patches that form the nucleus-vacuole junction (NVJ), the contact site between the 
perinuclear ER and the vacuole that largely expands in size as cells age. In contrast, proteins with long TMD were 
excluded from the NVJ, suggesting that the associated ER membrane represents a subdomain with decreased lipid 
bilayer thickness. Partitioning into specific ER microdomains prominently affected protein turnover rates and 
determined whether the integral ER protein was preferentially removed via macroautophagy, microautophagy or 
ER-associated degradation (ERAD), all contributing to the turnover of the ER and the nucleus35–38. Collectively, 
our results show that cellular age causes a dynamic remodeling of microdomains in the ER that results in TMD-
dependent partitioning to membrane contact sites and modulates protein turnover rates.

Results
Age‑dependent remodeling of the ER membrane
To assess how ER bilayer thickness and organization is affected by cellular age, we equipped yeast cells with a 
collection of previously established biosensors for membrane thickness (WALPs)25. These genomically-encoded 
reporters are based on a TMD of varying length (28.5 Å to 43.5 Å), achieved by a variable number of alanine-
leucine dipeptide (AL)n repeats, flanked by the bulky hydrophobic amino acid tryptophan (W) and a proline (P) 
as helix breaker. The TMD is fused to a GFP moiety to enable visualization, targeted to the ER membrane via an 
N-terminal signal sequence (SSSuc2) and retained within the ER by a classical retention signal (KKXX) (Fig. 1A). 
Importantly, these biosensors do not induce microdomain formation and clustering themselves25. They are consti-
tutively expressed, insert efficiently into the ER membrane, do not aggregate and are highly stable25, thus allowing 
in vivo monitoring of ER bilayer organization throughout aging. The distribution of WALPs was analyzed in 
young, exponentially dividing cells (collected 8 h after inoculation and referred to as day 0), in cells at the end 
of the diauxic shift as well as in cells during early chronological aging (Fig. 1B). Survival was not affected by the 
endogenous expression of the reporters (Fig. 1C). Sec66, a translocon subunit with a single TMD of 21 AA, thus 
reflecting the average length of TMDs within the yeast ER membrane, served as reference protein. In young cells, 
WALP19 and WALP21 localized evenly throughout the perinuclear ER (nER) and the cortical ER (cER) patches, 
reminiscent of the distribution of Sec66mCherry (Fig. 1D). With increasing cellular age, these WALPs remained 
evenly distributed but localized mainly to the nER, with a slight enrichment at the interface between the nER and 
the vacuole, representing the NVJ. Interestingly, slightly longer TMDs (WALP23 and WALP25) accumulated at 
distinct foci at the rim of the NVJs. In line with previous findings demonstrating that reporters with very long 
TMD specifically decorate so-called ‘regions of increased thickness’, indicative of raft-like microdomains19,25, we 
observed a punctate distribution for WALPs with long TMDs (WALP27 and WALP29) in exponentially dividing 
cells (Fig. 1D). Metabolic reprogramming during the switch from fermentation to respiration upon glucose deple-
tion resulted in the accumulation of these WALPs in a few distinct foci at the nER. With progressing cellular age, 
those foci disappeared and WALP27 and WALP29 were mostly excluded from the nER and instead accumulated 
in numerous microdomains along the cER (Fig. 1D). To quantify this age-dependent change of ER membrane 
organization, we determined the ratio of cER to nER GFP intensities per cell for each individual WALP. While 
WALPs with short TMD became more abundant in the nER over time, WALP27 and in particular WALP29 
progressively accumulated in the cER (Fig. 1E). Automated quantification of GFP foci per cell, visible in one 
focal plane, demonstrated an overall increase of the frequency of WALP29-decorated ER membrane microdo-
mains with cellular age (Fig. 1F), though the number of these microdomains varied substantially between cells 
within a heterogenous clonal population. Imaging of cells simultaneously expressing GFPWALP and Sec66mCherry 
followed by calculation of the ratio of GFP to mCherry fluorescence intensities for all ER pixels confirmed that 
WALP19 and Sec66 signal intensities correlated well (Fig. 1G; Supplementary Fig. S1). In contrast, WALP29-
enriched structures did not correspond to membrane regions with increased Sec66mCherry signal, supporting that 
these foci indeed represent microdomains. In young cells, the WALP29-enriched microdomains of increased 
bilayer thickness were mainly restricted to the nER, while aged cells formed these microdomains specifically 
in the cER (Fig. 1G). In support of this, GFP intensity profiles of the cER revealed a prominent increase in the 
number and intensity of GFPWALP29 foci in aged cells, while GFPWALP19 remained evenly distributed (Fig. 1H). 
Using these intensity profiles to calculate the mean difference between minimal and maximal GFP fluorescence 
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Figure 1.   Age-dependent remodeling of the ER membrane. (A) Schematic of the ER membrane thickness reporters (GFPWALPs) 
based on a transmembrane domain (TMD) of varying length (19–29 AA), achieved by different numbers of Ala-Leu dipeptides. The 
SSSuc2 signal sequence facilitates ER membrane targeting and the KKXX signal retains the reporters within the ER. (B) Schematic 
illustrating the time points analyzed. Cells were assessed during exponential growth (0 day/8 h), at the end of the diauxic shift (1 day) 
and in early/late stationary phase (2 day and 3 day). (C) Flow cytometric quantification of cell death during chronological aging via 
propidium iodide staining of wild type (WT) and cells endogenously expressing GFPWALPs. Mean ± s.e.m.; n = 4. (D) Micrographs 
of cells expressing Sec66mCherry and indicated GFPWALPs. Scale bar: 3 μm. Schematics of age-dependent redistribution of the WALP 
sensors and vacuolar GFP accumulation. (E) Ratio of the mean GFP intensities of the cortical (cER) and nuclear ER (nER) of cells 
expressing GFPWALPs, quantified from confocal micrographs and depicted as fold of the WALP21 cER/nER ratio in young cells (0 d). 
Mean ± s.e.m.; n = 5, with > 50 cells per n. (F) WALP29 foci frequency, showing individual cells from 4 independent experiments (gray 
dots), the average for each experiment (blue dots; 17–40 cells per n), and the grand mean ± s.e.m. (lines) of the individual experiments 
(n = 4). (G) Micrographs of young and old cells expressing Sec66mCherry and WALP19 or WALP29. The ratio of GFPWALP to Sec66mCherry 
visualizes the ER membrane regions with specific GFPWALP accumulation. Scale bar: 3 μm. (H) GFP fluorescence intensity profiles 
of the cER of a representative cell expressing WALP19 or WALP29 at day 0 and day 3. (I) GFP intensity profiles as shown in (H) were 
used to calculate the average difference between the minimal and maximal GFP intensity of the cER per cell. Individual cells from 3 
independent experiments (gray dots), the average for each experiment (colored dots; 10–30 cells per n), and the grand mean ± s.e.m. 
(lines) of the individual experiments (n = 3) are shown. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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intensity along the cER per cell supported that shorter WALPs with TMD lengths of 19–23 AA localized evenly 
along the cER, while long WALPs accumulated in foci that gradually increased in intensity over time (Fig. 1I). 
In young, dividing cells, some of the WALP29-positive foci have been shown to correspond to ER-Golgi con-
tact sites25. Thus, we tested for co-localization of WALP29 with two established markers for these contact sites: 
Nvj2, which mainly resides at the NVJs but redistributes to and increases ER-Golgi contact sites upon stress39 
and Osh1, which targets both the NVJs and the ER-Golgi contact sites to support sterol transfer40. Microscopic 
analysis revealed that only a small subpopulation of the numerous WALP29-decorated foci formed during aging 
were juxtaposed to Nvj2mCherry- or Osh1mCherry-positive foci, while the majority corresponded to microdomains 
unrelated to ER-Golgi contact sites (Supplementary Fig. S2). Consistently, compromising ER-Golgi contact for-
mation by genetic ablation of Nvj2 and Osh1 individually or simultaneously did not impact the distribution or 
frequency of WALP29-positive microdomains (Supplementary Fig. S3), indicating that the increased number of 
WALP29 foci during cellular aging is not caused by a re-organization of ER-Golgi contact sites. Collectively, this 
suggests a remodeling of ER lipid bilayer organization during cellular aging that drives a progressive exclusion 
of proteins with long TMDs from the nER and a formation of microdomains with increased bilayer thickness 
specifically within the cER.

TMD length as determinant of NVJ localization
Following the diauxic shift, biosensors with shorter TMDs seemed to overaccumulate at the ER membrane 
regions of the NVJs, the contact sites between the vacuole and the nER. This organellar contact is established 
by interactions of the integral nER protein Nvj1 with the armadillo repeat-containing protein Vac8, anchored 
to the vacuolar membrane via palmitoylation41. This tethering pair provides a multi-functional platform for the 
recruitment of additional contact site components, most of them involved in lipid metabolism42. For instance, 
the sterol transporter Lam6 is targeted to the NVJs by association with Vac843, and the recruitment of Snd3 and 
Osh1 to the contact sites depends on interactions with the cytoplasmic domain of Nvj144–46. The enoyl-CoA 
reductase Tsc13 and the Hmg-CoA reductase Hmg1, two polytopic ER membrane proteins, seem to associate 
with Nvj1 via their transmembrane regions47,48. Interestingly, the sequestration of these proteins to NVJs is 
impacted by sterol sensing (for Hmg1)47 and fatty acid biosynthesis (for Tsc13)48, pointing to further regulatory 
cues that influence partitioning into NVJs. We equipped GFPWALP-expressing cells with Nvj1mCherry to visualize 
the NVJs and analyzed these cells after the diauxic shift, where NVJs prominently expand mainly due to a tran-
scriptional upregulation of Nvj146,49. WALPs with a TMD length of up to 25 AA colocalized with Nvj1mCherry and 
decorated the NVJs, whereas a longer TMD resulted in an exclusion from the ER membrane region forming the 
NVJs (Fig. 2A). Fluorescence intensity profiles of the nER demonstrated that in particular WALP19, WALP21 
and WALP23 overaccumulated at the NVJs, while WALP27 and WALP29 were absent (Fig. 2B). Likewise, the 
quantification of cells showing colocalization of GFPWALP and Nvj1mCherry revealed that WALP19-25 decorated 
the NVJs in almost all cells, while WALP27-29 were excluded from these contact sites (Fig. 2C). These biosensors 
only differ in the length of the TMD and are devoid of any protein domains that might facilitate specific targeting 
to NVJs via protein–protein or protein-lipid interaction, suggesting that partitioning of these biosensors into 
NVJs is determined simply by TMD length (Fig. 2B). With increasing TMD length, the reporters accumulated 
at distinct foci that either still co-localized with Nvj1mCherry at the rim of the NVJs (WALP23 and in particular 
WALP25) or that were excluded from NVJs but formed juxtaposed (WALP27 and WALP29) (Fig. 2A,D). The 
rim of the NVJ has been suggested to contribute to lipid droplet biogenesis and organization specifically upon 
nutrient limitation and the subsequent diauxic shift49,50. As the WALP foci, reflecting the formation of specific 
membrane domains, appeared frequently at the elongated NVJs in cells after the diauxic shift, but were rare in 
exponentially growing cells, which typically display small, punctate NVJs (Fig. 2D), we assessed lipid droplet 
localization. Co-staining with the neutral lipid dye monodansylpentane revealed that some but not all WALP25 
foci forming at the edges of the NVJs in nutrient-exhausted cells were juxtaposed to a lipid droplet (Supplemen-
tary Fig. S4). Still, the formation of these WALP25-decorated microdomains did not depend on NVJ-localized 
lipid droplet organization and biogenesis, as genetic ablation of Mdm1, which has been shown to be critical for 
lipid droplet clustering at the NVJs49,51, did not impact WALP25 foci formation at these sites (Supplementary 
Fig. S4). In sum, our data suggest that the length of the TMD can impact the localization to membrane contact 
sites. A short TMD supported the accumulation of the biosensors at the NVJs, though it remains to be explored 
how this contributes to the distribution of physiological contact site residents that are targeted to these sites 
depending on protein–protein interactions, various regulatory and functional domains and complex metabolic 
cues. Long TMDs resulted in an exclusion from the NVJs, suggesting that the ER membrane subdomains estab-
lishing this organelle contact likely represent specific regions with decreased lipid bilayer thickness. Instead, the 
sensors with long TMD accumulated in foci at the rim of the NVJs, potential raft-like microdomains that form 
specifically after the diauxic shift.

Partitioning into raft‑like microdomains increases protein stability and prevents autophagic 
removal
The turnover rates of proteins differ substantially and are impacted by numerous factors, such as protein locali-
zation, abundance, size, assembly into complexes, and the general cellular state52–54. Global determination of 
protein turnover rates in exponentially dividing yeast cells has revealed an average half-life of around 2.3 h for ER 
proteins54. To test whether the TMD length of ER-resident proteins affects stability and turnover rates, we assessed 
WALP21 and WALP29 protein levels following inhibition of de novo protein biosynthesis by cycloheximide. 
WALP21 was rapidly degraded, with a half-life of less than 1 h, while WALP29 was rather stable, displaying a half-
life of around 4 h (Fig. 3A–C). Flow cytometric determination of cellular GFP intensities during aging revealed 
an accumulation of GFPWALPs with TMDs longer than 25 AA over time (Fig. 3D). In line, immunoblotting 
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Figure 2.   TMD length as determinant of NVJ localization. (A) Micrographs of cells endogenously expressing 
Nvj1mCherry and one of the six GFPWALPs at day 1 of chronological aging. Scale bar: 3 μm. (B) Relative GFP and 
mCherry fluorescence intensity profiles of the nuclear ER (nER) of cells expressing GFPWALPs and Nvj1mCherry 
from micrographs as shown in (A). The profiles were obtained by encircling the nER using the free-hand tool in 
Fiji, starting at the opposite site of the nucleus vacuole junctions (NVJs). Fluorescence intensity fold values are 
shown. Four individual experiments were performed, and for each experiment, profiles of 20–64 cells have been 
averaged. Data is depicted as mean ± s.e.m. of these individual experiments (n = 4). (C) Quantification of cells in 
which GFPWALP is excluded from the NVJs at indicated time points. Data represent mean ± s.e.m.; n = 5, and at 
least 100 cells per n were analyzed. (D) Percentage of cells with GFPWALP foci at the rim of the NVJ. Cells have 
been grouped according to GFPWALP foci at only one or both sides of the NVJ. Data represent mean ± s.e.m.; 
n = 5, and at least 100 cells per n were analyzed. **p ≤ 0.01, ***p ≤ 0.001.
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demonstrated that the levels of WALPs with longer TMDs gradually increased with cellular age, while the levels 
of WALPs with shorter TMDs dropped over time (Fig. 3E,F). Thus, partitioning into microdomains of increased 
bilayer thickness protects ER membrane proteins from proteolytic removal. Integral ER proteins can be removed 
via ER-associated degradation (ERAD), facilitating their retrotranslocation to the cytosol for subsequent deg-
radation by the proteasome, or via autophagy, resulting in protein breakdown upon delivery to the vacuole35–38. 
Autophagic removal of GFP-tagged proteins results in the accumulation of free GFP, as the GFP moiety is 
rather resistant to vacuolar hydrolysis, allowing the quantification of autophagic protein removal. We observed 
a time-dependent increase of free GFP specifically in cells expressing WALPs with shorter TMDs (Fig. 3E,G). 
In contrast, free GFP was completely absent in cells expressing WALP27 and WALP29 throughout the aging. 
Consistently, microscopic analysis demonstrated that WALP21 but not WALP29 was delivered to the vacuole 
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for subsequent breakdown (Fig. 3H), suggesting that a long TMD prevents WALP turnover via autophagy. This 
was not due to the age-dependent redistribution of WALP29 foci from the nER to the cER, as other proteins that 
predominantly reside within the cER were accessible to autophagic turnover (Fig. 3I,J). The ER-shaping reticulon 
protein Rtn1 and the tricalbin Tcb3, an ER-plasma membrane tethering protein, have been shown to almost 
exclusively localize to the cER and to insert into the membrane via hairpin-like transmembrane domains55–58. 
Microscopic analysis of endogenously expressed Rtn1mCherry and Tcb3mCherry revealed that these cER proteins were 
not specifically enriched at WALP29-decorated microdomains (Fig. 3I), though a subpopulation of Tcb3-marked 
ER-plasma membrane contacts correlated with WALP29 foci, indicating a thicker bilayer at these sites. Still, Tcb3 
in addition localized to WALP29-negative membrane regions. Both Tcb3mCherry and Rtn1mCherry were subjected 
to autophagic breakdown, indicated by the age-dependent appearance of vacuolar mCherry signal (Fig. 3I). In 
line, immunoblotting demonstrated mCherry liberation from Rtn1mCherry and Tcb3mCherry in stationary phase, 
suggesting autophagic delivery to and turnover in the vacuole (Fig. 3J). Collectively, this suggests that not the 
age-induced targeting of WALP29 to the cER but rather the prominent partitioning into raft-like microdomains 
prevents removal via autophagy.

Reporters with short TMD are degraded via piecemeal microautophagy of the nucleus
Bulk degradation of ER membrane proteins occurs via micro- and macroautophagic processes. Macroautophagy 
of parts of the ER and the continuous nuclear membranes, termed ER-phagy and nucleophagy, is mediated by the 
selective autophagy receptors Atg39 and Atg40, which interact with Atg8 to facilitate autophagosome formation 
and cargo engulfment36,37,59. Microautophagic degradation of portions of the nuclear and nER membranes, so-
called piecemeal microautophagy of the nucleus (PMN), occurs only at the NVJs and refers to the pinching-off 
and release of PMN-vesicles into the vacuolar lumen38,60. As WALPs with short TMDs overaccumulated at the 
NVJs in post-diauxic shift cells, we tested whether this primes for degradation via PMN using Nvj1mCherry as 
marker for NVJs and associated micronucleophagy. Indeed, GFPWALP21 (but not GFPWALP29) decorated the 
nER blebs that emerged when cells reached stationary phase, budding into the vacuole (Fig. 4A). In line with 
the notion that degradation via PMN occurs specifically upon nutrient exhaustion, PMN vesicles were absent in 
cells growing exponentially in glucose-rich media (day 0). Immunoblotting and quantification of vacuolar GFP 
liberation from GFPWALP21 confirmed prominent autophagic degradation following the switch from fermen-
tative to respiratory metabolism upon glucose depletion (Fig. 4B,C). Genetic ablation of Nvj1 largely reduced 
the levels of free GFP, demonstrating that the autophagic turnover of GFPWALP21 requires NVJ formation and 
mainly occurs via PMN (Fig. 4B,C). The residual GFP liberation in cells lacking Nvj1, indicative of low levels of 
autophagic degradation via alternative mechanisms, was completely blocked by additional deletion of ATG39 
to inhibit nucleophagy (Fig. 4D,E). Thus, a short TMD results in enrichment of the reporter at the NVJs and 
subsequent autophagic removal mainly via PMN and, to a minor extent, also Atg39-mediated macronucle-
ophagy. Although simultaneous inactivation of macro- and micronucleophagy completely prevented autophagic 
turnover of GFPWALP21, this did not result in a prominent accumulation of the reporter, suggesting removal by 
alternative means when nucleophagy is blocked. Vacuolar GFP liberation was absent for GFPWALP29 (Fig. 4D,E), 
demonstrating that a long TMD, which drives partitioning into raft-like microdomains, prevents removal from 
the ER via nucleophagic processes.

TMD‑independent degradation of ER membrane proteins via ERAD
To assess the contribution of ER-associated degradation (ERAD) to the removal of WALPs, we genetically inacti-
vated ERAD via deletion of the genes coding for the ubiquitin-conjugating enzymes Ubc6 and Ubc735,61. Contrary 
to nucleophagic degradation of GFP-tagged proteins, no free GFP will be generated upon retrotranslocation 
of clients from the ER membrane via ERAD and subsequent proteasomal degradation. Confocal microscopy 
revealed that all WALPs were stabilized to some extend upon loss of ERAD (Fig. 5A). Likewise, flow cytometric 
evaluation of total cellular GFP intensity as well as determination of protein level using immunoblotting showed 

Figure 3.   Partitioning into raft-like microdomains increases protein stability and prevents autophagic removal. 
(A–C) Immunoblot analysis of total protein extracts from WT cells expressing GFPWALP21 or GFPWALP29 
collected at indicated time points. After 8 h of growth, cells were treated with cycloheximide (CHX) to stop 
translation and the turnover of GFPWALP was determined. Representative blots (A, B) and corresponding 
densitometric quantification of the GFPWALP protein levels (C) are shown. Blots were probed with antibodies 
directed against GFP and tubulin as loading control. The GFPWALP protein levels are shown as percentage 
of protein level before CHX treatment (0 h); Data represent mean ± s.e.m.; n = 5. (D) Flow cytometric 
quantification of total cellular GFP fluorescence intensity of WT cells expressing one of the six GFPWALPs at 
indicated time points. Dead cells were excluded from the analysis via counterstaining with propidium iodide. 
GFP intensity is shown as fold of WALP21 at day 0; Data represent mean ± s.e.m.; n = 6. (E–G) Immunoblot 
analysis of total protein extracts from WT cells expressing one of the six GFPWALPs collected at indicated time 
points. Blots were probed with antibodies directed against GFP and tubulin as loading control. A representative 
blot (E) and corresponding densitometric quantification of GFPWALP protein levels normalized to tubulin (F) as 
well as of the ratio of free GFP to GFPWALP, indicative of autophagic turnover (G), are shown. Values have been 
normalized to the respective values of GFPWALP21 at day 1. Dot plots with mean ± s.e.m.; n = 8. (H) Micrographs 
of cells expressing GFPWALP21 or GFPWALP29 at day 2 of chronological aging. Scale bar: 3 μm. (I) Micrographs 
of cells expressing GFPWALP29 and either Tcb3mCherry or Rtn1mCherry at indicated days during aging. Scale bar: 
3 μm. (J) Immunoblot analysis of total protein extracts from cells described in (I). Blots were probed with 
antibodies directed against mCherry and tubulin as loading control. *p ≤ 0.05, ***p ≤ 0.001.
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Figure 4.   Reporters with short TMD are removed via piecemeal microautophagy of the nucleus. (A) Micrographs of exponentially 
growing and stationary cells endogenously expressing Nvj1mCherry and GFPWALP21 or GFPWALP29. Scale bar: 3 μm. Schematics of 
TMD length-dependent exclusion of WALP29 from the nucleus vacuole junction (NVJ) and piecemeal microautophagy of the nucleus 
(PMN). (B, C) Immunoblot analysis of total protein extracts from wild type (WT) and Δnvj1 cells expressing GFPWALP21 collected at 
indicated time points during chronological aging. A representative blot (B) and corresponding densitometric quantification of the ratio 
of free GFP to GFPWALP21 (C) are depicted. Blots were decorated with antibodies directed against GFP and tubulin as loading control. 
The free GFP/GFPWALP values are shown as fold of the ratio at day 1. Dot plots with mean ± s.e.m.; n = 8. (D, E) Immunoblot analysis 
of total protein extracts from WT, Δnvj1, Δatg39, and Δnvj1Δatg39 cells expressing GFPWALP21 or GFPWALP29 collected at day 2. 
Representative blots (D) as well as corresponding densitometric quantification of the ratio of free GFP to GFPWALP (E) are depicted. 
Blots were probed with antibodies directed against GFP and tubulin as loading control. The free GFP/GFPWALP values are shown as 
fold of the ratio of GFPWALP21 in WT. Dot plots with mean ± s.e.m.; n = 7. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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an overall accumulation of GFPWALPs over time in cells with inactivated ERAD (Fig. 5B–D). Hence, our results 
suggest that all biosensors can be degraded via ERAD independent of their TMD length, while the partitioning of 
sensors with long TMD into microdomains of increased bilayer thickness prevents their turnover via autophagy.

Discussion
A cell adapts to changing metabolic needs by a prominent reorganization of numerous cellular structures, net-
works and processes. Upon nutrient limitation, yeast cells exit cell cycle, enter a non-proliferative, stationary 
state characterized by increased stress tolerance and undergo chronological aging. The redirection of resources 
from the biosynthesis of macromolecules to support rapid cell growth towards maintenance, storage and the 
induction of stress response pathways requires remodeling of organelle function and connectivity.

Here, we provide first insights into the rearrangement of microdomains within organellar membranes in 
response to metabolic reprogramming and cellular aging. In the ER membrane of young, proliferating yeast cells, 
raft-like microdomains mainly exist within the nER. With the shift to a respiratory metabolism, entry into a 

Figure 5.   TMD-independent degradation of ER proteins via ERAD. (A) Micrographs of young and old 
wild type (WT) cells and cells lacking the two ubiquitin-conjugating enzymes Ubc6 and Ubc7 (ΔΔubc6/7), 
endogenously expressing GFPWALP21, GFPWALP25, GFPWALP27, or GFPWALP29. Scale bar: 3 μm. (B) Flow 
cytometric quantification of GFP fluorescence intensity of WT and ΔΔubc6/7 cells expressing indicated 
GFPWALPs. Dead cells were excluded from the analysis via counterstaining with propidium iodide. Data 
represent mean ± s.e.m.; n = 8. (C, D) Immunoblot analysis of total protein extracts from WT and ΔΔubc6/7 
cells expressing GFPWALP21, GFPWALP25, GFPWALP27, or GFPWALP29 collected at indicated time points. 
Representative blots (C) as well as corresponding densitometric quantification of the GFPWALP protein levels 
(D) are shown. Blots were probed with antibodies directed against GFP and tubulin as loading control. 
GFPWALP protein levels were normalized to tubulin and are shown as fold of the respective 0 day time point. Dot 
plots with mean ± s.e.m.; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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non-dividing state and progressing age, these nER microdomains disappear, and the cells instead form numerous 
microdomains in the cER. This might reflect adaptation to changing anabolic demands within the ER network, 
which serves as hub for lipid synthesis and protein biogenesis. The formation of distinct lateral microdomains 
in the ER is assumed to be critical for protein sorting within the secretory pathway, where not only protein–pro-
tein interactions, depending on specific sequences and sorting machineries, but also the interaction between 
the TMD and the lipid bilayer contribute to protein partitioning into specific platforms and correct protein 
trafficking62. Similar to the plasma membrane, association with ER-localized raft-like microdomains, either via 
glycosylphosphatidylinositol (GPI)-anchor or TMD, restricts lateral diffusion of the protein63. Chronological 
aging in yeast is associated with a restructuring and thickening of the cell wall and thus an increased demand for 
proteins associated with its synthesis, often GPI-anchored surface proteins associated with plasma membrane 
lipid rafts such as Gas164. Sorting of these surface proteins into sphingolipid-rich rafts has been shown to already 
start within the ER membrane and to be essential for efficient delivery to the plasma membrane26. Similarly, the 
plasma membrane-localized proton pumping ATPase Pma1, necessary to maintain pH homeostasis, is sorted 
into raft-like microdomains already within the ER26. Thus, the increased frequency of these domains within 
the ER membrane as cells age might contribute to the rearrangement of the protein composition of the plasma 
membrane. This increased capacity to sort and deliver different surface proteins via raft-like platforms could, for 
instance, support age-associated cell wall biosynthesis, tailor nutrient uptake and counteract cytosolic acidifica-
tion, which is linked to premature cellular demise during chronological aging65,66.

Beyond their function in protein sorting, raft-like microdomains in the ER have also been implicated in the 
formation of membrane contact sites. Mitochondria-associated ER membranes, the MAMs, have been shown 
to represent raft-like microdomains32,33. Similarly, the membrane contact sites between the ER and the plasma 
membrane have been suggested to exhibit raft-like characteristics67. We find that a subpopulation of Tcb3-
demarcated ER-plasma membrane contact sites correlates with WALP29 foci, in particular in aged cells. Whether 
the increased number of microdomains in the cER that we observed in aged yeast cells is a response to enhanced 
ER-plasma membrane tethering remains to be investigated. As these contacts are linked to lipid metabolism68,69, 
ER stress surveillance70 and general ER function and morphology71, the rearrangement of the microdomains 
within the cER might support cellular adaptation to changing anabolic and catabolic needs during aging. Inter-
estingly, we find that the extended ER membrane patches in contact with the vacuole at NVJs represent distinct 
microdomains that do not resemble lipid rafts. While biosensors with long TMDs were excluded from the NVJs, 
those with short TMDs freely passed and even overaccumulated at the extended NVJ patches as cells aged, sug-
gesting that the associated ER membrane represents a subdomain with decreased bilayer thickness.

Importantly, we find that the length of the TMD and thus partitioning into distinct microdomains impacts 
how fast and by which degradative pathway the artificial ER membrane protein will be removed. Biosensors with 
short TMD were turned over rather quickly, and protein levels dropped as cells aged, mainly due to the combined 
action of selective micro- and macroautophagy. While a small portion of theses WALPs was removed by Atg39-
mediated nucleophagy, their overaccumulation at the large NVJ patches in aging cells prominently targeted them 
for microautophagic degradation via PMN. Our results indicate that the ER membrane at this contact site likely 
represents a thinner and thus more flexible membrane subdomain, which might prime this region for the frequent 
deformation and budding-off of PMN vesicles into the vacuole occurring in stationary cells. In contrast, a long 
TMD and the associated clustering in raft-like microdomains increased the biosensor half-life about fourfold 
and resulted in gradually increasing protein levels over time. Notably, these microdomain-associated biosensors 
were excluded from age-induced autophagic degradation of the ER membrane system. The removal of ER and 
nuclear material via selective macroautophagy requires cargo sequestration by specific transmembrane receptors 
and subsequent membrane protrusion towards the cytosol before packing into autophagosomes72,73. The thicker 
and stiffer raft-like microdomains might impede receptor-mediated deformation of the ER membrane and thus 
preclude cargo turnover via selective autophagy.

Raft-like microdomains most prominently form in the plasma membrane but likely exist in most intracellular 
membranes as well, including not only the ER but also the Golgi, lysosomes/vacuoles and also mitochondria1. 
Proteomic profiling of detergent-resistant membranes, corresponding to raft-like microdomains, in Candida 
albicans revealed that numerous proteins that partitioned into these domains were linked to mitochondria, 
Golgi, and the ER74. Though the existence of specific microdomains that enable further subcompartmentalization 
seems to be characteristic for most biological membranes1, the physiological relevance, regulation, molecular 
composition, size and dynamics of these clusters remain largely unexplored. Our results suggest a prominent 
rearrangement of distinct ER microdomains during metabolic adaptation and cellular aging that impacts on 
protein targeting to membrane contact sites and autophagic protein turnover.

Materials and methods
Yeast strains and genetics
All experiments were performed using S. cerevisiae BY4741 (MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0). Yeast 
transformation was carried out following established protocols75, and deletion or endogenous tagging was per-
formed via homologous recombination as previously described76. All yeast strains, plasmids and oligonucleotides 
used in this study are listed in Supplementary Tables S1 and S2, respectively. For yeast transformations, complex 
medium (YPD) containing 20 g/L peptone (Gibco™ Bacto™ BD Biosciences, 16219761), 10 g/L yeast extract 
(Bacto™ BD Biosciences, 288620) and 4% glucose was used, and positive transformants were selected on respec-
tive selection media. At least three transformants were analyzed for all strains to rule out clonogenic variation.
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Media and culturing conditions
Strains were grown at 28 °C, shaking at 145 rpm in synthetic complete medium (SC) containing 0.17% yeast 
nitrogen base (BD Difco™, 233520), 0.5% (NH4)2SO4 (Carl Roth, 3746.3) and 30 mg/L of all amino acids (except 
80 mg/l histidine and 200 mg/L leucine), 30 mg/L adenine and 320 mg/L uracil, with 2% glucose (SCD). Over-
night cultures incubated for 16–18 h in SCD were used to inoculate cultures to OD600 0.1 in 15 mL or 20 mL 
fresh SCD in 100 mL baffled Erlenmeyer flasks. Unless stated otherwise, samples were collected at exponential 
phase (8 h = 0 day), the end of the diauxic shift (24 h = 1 day), early stationary phase (48 h = 2 day) as well as late 
stationary phase (72 h = 3 day).

Flow cytometric analyses
The relative GFP intensity of GFPWALP-expressing cells was assessed via flow cytometry using a Guava® easy-
Cyte 5HT with a 488 nm laser and the following emission filters: 488/16 (SSC), 525/30 (green), 605/50 (red). To 
exclude dead cells, cells were stained with propidium iodide (Sigma-Aldrich, 81845), which accumulates in cells 
that lost their membrane integrity, as previously described77. Briefly, approximately 1 × 106 cells were harvested 
in a 96-well plate and incubated in phosphate buffered saline (PBS, 25 mM potassium phosphate; 0.9% NaCl; 
adjusted to pH 7.2) containing 500 ng/mL of propidium iodide for 10 min in the dark. Cells were pelleted, washed 
once in PBS and the GFP intensity per cell was recorded. Per sample, 5000 events were evaluated. Data were 
analyzed with InCyte™ software (3.1), and propidium iodide-positive cells were excluded.

Immunoblot analysis
3 OD600 of cells were harvested at indicated time points, resuspended in 150 μL lysis buffer (1.85 M NaOH; 
7.5% 2-mercaptoethanol) and incubated on ice for 10 min, with a brief vortexing after 5 min. Then, 150 μL 55% 
TCA was added, samples were vortexed and incubated on ice for another 10 min, with a brief vortexing after 5 
min. The samples were centrifuged (10 min, 10,000×g at 4 °C), the supernatant was removed and the pellet was 
resuspended in 75 μL 1 × Laemmli buffer (0.3 M Tris Base, 12% SDS, 70% glycerol, 4% 2-mercaptoethanol, 9 mM 
bromophenol blue) and boiled at 95 °C for 5 min. 12 μL of protein extract were loaded on 12.5% SDS-acrylamide 
gels using Tris–glycine running buffer (25 mM Tris Base; 200 mM glycine; 0.05% SDS). Proteins were separated 
by electrophoresis at 200 mA and blotted onto PVDF membranes (ROTH, T830.1) using wet electro-transfer 
protocols (220 V for 60 min). After blotting, proteins were fixed to the membrane using acetone fixation78. To this 
end, membranes were immediately incubated in acetone at 4 °C for 30 min and then dried at 50 °C for another 
30 min. Membranes were reactivated in ethanol for some seconds before blocking for 1 h in 5% milk powder 
solubilized in TBS (500 mM Tris; 1.5 M NaCl; pH 7.4). Membranes were incubated with primary antibodies 
against the GFP-epitope (dilution 1:2500, mouse, Sigma-Aldrich, 1181446001), the mCherry-epitope (dilu-
tion 1:1000, rabbit, Abcam, AB167453) and tubulin (dilution 1:10,000, rabbit, Abcam, 184970) and respective 
peroxidase-conjugated secondary antibodies against mouse (dilution 1:10,000, rabbit, Sigma-Aldrich, A9044) or 
rabbit (dilution 1:10,000, goat, Sigma-Aldrich, A0545). For the detection on a ChemiDocXRS + Imaging System 
(BIO-RAD, 1708265), Clarity Western ECL Substrate (BIO-RAD, 1705060) was used. Subsequent densitometric 
quantification was performed using the ImageLab 5.2.1 Software (BIO-RAD, 1709690). Full-length immunoblots 
including molecular weight markers are shown in Supplementary Fig. S5.

Cycloheximide chase assay
To determine the stability of WALP21 and WALP29, yeast cells expressing either GFPWALP21 or GFPWALP29 were 
inoculated to OD600 0.1, incubated for 8 h and treated with 10 mg/L cycloheximide to block protein biosynthesis. 
Samples were collected at indicated time points, lysed and assessed via immunoblotting as described above.

Confocal microscopy
For confocal microscopy cells were harvested, immobilized on agar slides (3% agar in PBS), and visualized using 
an LSM800 Airyscan confocal microscope (ZEISS) equipped with an 63 ×/1.40 oil objective. To visualize lipid 
droplets, cells were resuspended in 250 μL PBS containing 100 μM monodansylpentane (MDH) (#SM1000a, 
AUTODOT, Abcepta), incubated for 10 min in the dark and washed with PBS prior to immobilization on 
agar slides. All images were analyzed and processed using the open-source software Fiji79. To reduce image 
noise, Gaussian filtering (σ = 1–2) and background subtraction (rolling ball radius = 50–150 pixel) was applied. 
Pictures within one experiment were taken and processed in the same way. To visualize the accumulation of a 
specific WALP in respect to a control ER membrane protein with average TMD length, the ratio of GFPWALP to 
Sec66mCherry per pixel was calculated and visualized using a look-up table that depicts regions of WALP overac-
cumulation in respect to Sec66. The quantification of WALP29 foci in the ER membrane, refering to regions of 
WALP29 overaccumlation in respect to Sec66 as reference protein and indicative of regions of increased bilayer 
thickness, was performed semi-automatically. All cells were encircled manually, followed by automated quanti-
fication of regions of increased bilayer thickness per cell, visible in one focal plane.

Statistical analysis and data preparation
Data were analyzed and graphs were generated using GraphPad Prism 8 and 9, and figures were prepared in 
Adobe Illustrator. Results are shown as dot plots, superplots or line graphs with means of individual experiments 
and error bars representing standard error of mean (s.e.m.). Comparisons were performed using unpaired, 
parametric Welch t-tests (Figs. 4C,E, 5B,D), a one-way ANOVA followed by Tukey’s multiple comparison test 
(Figs. 1F,I, 2C), or a two-way ANOVA followed by Sidak’s multiple comparison test (Fig. 3C,D). Significances 



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:13653  | https://doi.org/10.1038/s41598-024-64493-8

www.nature.com/scientificreports/

are indicated with asterisks: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Sample size is provided in the corresponding 
figure legend.

Data availability
The data generated and used in this study will be made available by the corresponding author upon reasonable 
request.
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