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 I 

I. Summary 

The endoplasmic re1culum (ER) forms an intricate network of sheets and tubules in eukaryo1c cells. It 

is a highly dynamic organelle and can be remodeled upon demand. The ER for example undergoes 

extensive morphological changes upon ER stress, a condi1on caused by the accumula1on of misfolded 

proteins within the ER lumen. Part of this stress-induced remodeling of the ER is mediated by a major 

ER stress response pathway, the Unfolded Protein Response (UPR). Apart from the UPR-induced ER 

expansion, membrane contact sites (MCSs) with other organelles are reorganized to maintain vital 

cellular func1ons.  

A machinery that is involved in membrane remodeling at various cellular membranes is the endosomal 

sor1ng complex required for transport (ESCRT) machinery. This mul1-subunit complex mediates 

membrane budding, repair and stabiliza1on in different biological contexts. In S. cerevisiae, the ESCRT-

III component Snf7 is recruited to specific regions of the ER, which we termed ER clusters, during ER 

stress. This recruitment requires the ESCRT-associated protein Bro1p.  

In this study, I set out to determine how the ESCRT machinery is recruited to ER clusters and what role 

it plays at these sites. To iden1fy proteins involved in this process, I used a proximity-dependent 

bio1nyla1on approach coupled with mass spectrometry (PDB-MS). I showed that proper recruitment 

of Snf7 to ER clusters requires two Bro1 domain proteins, Bro1p and Rim20p, and that they act par1ally 

redundantly in this recruitment. I further found that the second hydrophobic patch and the TPR-like 

domain within the Bro1 domain of Bro1p are essen1al for recruitment of Bro1p and Snf7 to the ER, 

whereas they are dispensable for ESCRT func1on at mul1vesicular bodies (MVBs), highligh1ng a 

specific role of these features for stress-induced recruitment to the ER.   

Furthermore, the hits of the PDB-MS experiment indicated that ER clusters are located at the ER-Golgi 

interface. I showed that several COPI coat components colocalize with ER clusters and established 

Cop1p as a suitable Golgi marker at these sites. I discovered that the ER-tether Nvj2p colocalized with 

Snf7 and Cop1p at ER clusters during stress and contributed to the finding that ESCRT recruitment to 

ER clusters was essen1al for the proper localiza1on of another ER-tether, Tcb3p, to these sites. Nvj2p 

and Tcb3p were shown to play a role in non-vesicular ceramide transfer at stress-induced ER-Golgi 

contact sites, sugges1ng that ER clusters represent ER-Golgi contacts. As my findings showed that Nvj2p 

and Tcb3p were not essen1al for the establishment of these contacts, they possibly play a downstream 

role in ceramide transfer. The ESCRT machinery might further be involved in stabiliza1on of these 

puta1ve stress-induced ER-Golgi contact sites.  

Taken together, I iden1fied several determinants for ESCRT recruitment to ER clusters during ER stress 

and defined a novel site of ac1on of the ESCRT machinery at stress-induced ER-Golgi contact sites. My 

study advances our understanding of the versa1le ESCRT machinery, as well as the stress-induced 

remodeling of the ER in yeast.   
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II. Zusammenfassung 

Das endoplasma1sche Re1kulum (ER) bildet ein komplexes Netzwerk aus tubulärem ER und flachen 

ER-Zisternen in eukaryo1schen Zellen. Es ist ein äußerst dynamisches Organell und kann bei Bedarf 

umgestaltet werden. Das ER weist beispielsweise umfangreiche morphologische Veränderungen bei 

ER-Stress auf, einem Zustand der durch die Ansammlung fehlgefalteter Proteine im ER-Lumen 

verursacht wird. Diese stress-induzierte Umgestaltung des ER wird zum Teil durch einen wich1gen 

Stress-Signalweg, die ungefaltete Protein-Antwort (UPR), vermi_elt. Neben der UPR-induzierten 

Erweiterung des ER, werden auch beispielsweise Membrankontaktstellen (MCS) mit anderen 

Organellen reorganisiert, um lebenswich1ge Funk1onen der Zelle aufrechtzuerhalten.  

Eine Maschinerie, die an der Umgestaltung verschiedener Membranen in der Zelle beteiligt ist, ist die 

ESCRT-Maschinerie (Endosomal Sor1ng Complex Required for Transport). Dieser aus mehreren Unter-

einheiten bestehende Komplex vermi_elt das Knospen, die Reparatur und die Stabilisierung von 

Membranen in verschiedenen biologischen Kontexten. In S. cerevisiae wird die ESCRT-III-Komponente 

Snf7 bei ER-Stress an bes1mmte Regionen des ER, die wir als ER-Cluster bezeichnet haben, rekru1ert. 

Diese Rekru1erung erfordert das ESCRT-assoziierte Protein Bro1p.   

In dieser Arbeit wollte ich herausfinden, wie die ESCRT-Maschinerie an ER-Cluster rekru1ert wird und 

welche Rolle sie an diesen Domänen spielt. Um Proteine zu iden1fizieren, die an diesem Prozess 

beteiligt sind, habe ich die Methode der Proximitäts-Bio1nylierung gekoppelt mit 

Massenspektrometrie verwendet (PDB-MS). Ich konnte zeigen, dass zur effizienten Rekru1erung von 

Snf7 an ER-Cluster zwei Bro1-Domänenproteine, Bro1p und Rim20p, gebraucht werden und dass diese 

zum Teil redundant agieren. Ich habe außerdem herausgefunden, dass der zweite hydrophobe Bereich 

und die TPR-ähnliche Domäne innerhalb der Bro1-Domäne von Bro1 essenziell für die Rekru1erung 

von Bro1p und Snf7 ans ER sind, wobei sie für die ESCRT-Funk1on an mul1-vesikulären Körpern (MVBs) 

nicht benö1gt werden, was auf eine spezifische Rolle dieser Merkmale für die stress-induzierte 

Rekru1erung ans ER hindeutet.    

Darüber hinaus wiesen die Treffer des PDB-MS-Experiments darauf hin, dass sich ER-Cluster zwischen 

ER und Golgi befinden. Ich habe gezeigt, dass mehrere COPI-Mantel-Komponenten mit ER-Clustern 

kolokalisieren und habe Cop1p als geeigneten Golgi-Marker an dieser Domäne etabliert. Ich habe 

entdeckt, dass das ER-Tethering-Protein Nvj2p bei Stress mit Snf7 und Cop1p an ER-Clustern 

kolokalisiert und habe zu der Erkenntnis beigetragen, dass die Rekru1erung von ESCRT an ER-Cluster 

essenziell für die korrekte Lokalisierung eines anderen ER-Tethering-Proteins, Tcb3p, an diesen 

Domänen ist. Es wurde gezeigt, dass Nvj2p und Tcb3p eine Rolle bei nicht-vesikulärem Ceramid-Transfer 

an stress-induzierten ER-Golgi-Kontaktstellen spielen, was darauf hindeutet, dass ER Cluster ER-Golgi-

Kontakte darstellen. Da meine Ergebnisse zeigten, dass Nvj2p und Tcb3p für die Bildung dieser Kontakte 

nicht essenziell waren, spielen sie möglicherweise eine Rolle beim Ceramid-Transfer. Die ESCRT-
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Maschinerie könnte darüber hinaus an der Stabilisierung dieser mutmaßlichen stress-bedingten ER-

Golgi-Kontaktstellen beteiligt sein.   

Alles in allem habe ich mehrere Determinanten für die ESCRT-Rekru1erung an ER-Cluster während ER-

Stress iden1fiziert und eine neue Zuständigkeit der ESCRT-Maschinerie an stress-induzierten ER-Golgi-

Kontaktstellen definiert. Meine Studie verbessert somit unser Verständnis der vielsei1gen ESCRT-

Maschinerie sowie der stress-induzierten Umgestaltung des ER in Hefe.  
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III. Contribu7ons by co-workers 

This study was part of a shared project with Oliver Pajonk, a fellow PhD student from the lab of 

Sebas1an Schuck. We used complementary approaches to iden1fy the recruitment mechanism of the 

ESCRT machinery to ER clusters upon stress, as well as their role. Oliver Pajonk, together with Carlos 

Mar1n de Hijas, Dimitris Papagiannidis, Peter Bircham, Jasmin Schäfer and Sebas1an Schuck performed 

microscopy-based gene1c screens to iden1fy genes involved in this process.   

Overall conceptualiza1on of this project involved Sebas1an Schuck and Oliver Pajonk. Unless otherwise 

stated, the experiments presented within this study were conceptualized, designed, performed and 

analyzed by me. Contribu1ons by other people are stated here, as well as in the Results sec1on, the 

Materials and Methods sec1on, and in the figure legends. Strains generated by other people are 

marked in the strain list.   

This project is based on the ini1al observa1on made by Jasmin Schäfer in the lab of Sebas1an Schuck, 

showing the phenotype of Snf7 recruitment to the ER upon ER stress. The images of the phenotype in 

Figure 3 were acquired by Oliver Pajonk. Jasmin Schäfer determined that Bro1p is essen1al for Snf7 

recruitment, whereas ESCRT-0, -I and -II were not required. She also gained first structural insight into 

ER clusters with correla1ve light and electron microscopy (CLEM), which inspired the schema1c 

representa1on of ER clusters in Figure 14B.   

Oliver Pajonk showed that Bro1p colocalized with Snf7 at ER clusters and that in a strain without tagged 

Snf7, Bro1p puncta at ER clusters were rare, which was used as a basis for the quan1fica1on performed 

by me in Figure 4E.  

The GFP-binder beads for the co-IP in Figure 4D were generated by Natalie Friemel and me.   

Carlos Mar1n de Hijas analyzed the Bro1 mutants expressed ectopically from the LYP1 locus in a BRO1 

dele1on background and found that the Bro1 domain is sufficient for Snf7 recruitment in this context, 

whereas the K246A and Y320D muta1ons disrupt recruitment. I used the plasmids he created with 

mutant Bro1 to introduce point mutants into endogenous Bro1.   

The strain background and the protocol of the streptavidin pull-down for the PDB-MS experiment were 

established by myself during my Master thesis. For the PDB-MS in triplicates shown in Figure 8, sample 

prepara1on star1ng with the SDS-PAGE of eluate samples from the pull-down, as well as the mass 

spectrometry runs were performed by Sabine Merker, Thomas Ruppert and Marcin Luzarowski from 

the ZMBH Mass Spectrometry Facility. Ini1al data analysis with MaxQuant was done by Georg Borner.  

Oliver Pajonk found that Rim20p-mNeonGreen colocalized with Snf7 at ER clusters during ER stress and 

showed that dele1on of RIM20 reduced recruitment of Snf7, as reproduced by me in Figure 9A and B.  

Carlos Mar1n de Hijas showed by RNA sequencing that there is no Bro1-dependent Rim101p signaling 

during ER stress.  

Oliver Pajonk determined that Cop1p-mNeonGreen frequently colocalized with Snf7 at ER clusters 
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during ER stress. The spa1al arrangement of Cop1p-mNeonGreen and Sec24p-Halo with Snf7 at ER 

clusters during ER stress was discovered by Oliver Pajonk and Chrysafenia Papavissarion and 

reproduced by me in Figure 13B.   

Oliver Pajonk found that Nvj2p and Tcb3p colocalized with Snf7 at ER clusters during ER stress. He also 

showed that Tcb3p, Snf7 and Cop1p omen coincided at ER clusters. The imaging experiment with Tcb3p-

mNeonGreen and Snf7 in wildtype cells vs bro1Y320D cells in Figure 14A and B was conceptualized and 

performed by Oliver Pajonk and me. I acquired images for one replicate, whereas he acquired the 

images for two replicates and quan1fied all three replicates. 

  



 
 

 IX 

IV. List of Abbrevia7ons 

BFP Blue fluorescent protein 
CLEM Correla1ve light and electron microscopy 
COPI Coat protein complex I 
COPII Coat protein complex II 
CPS Carboxypep1dase S 
CPY Carboxypep1dase Y 
DTT Dithiothreitol 
EM Electron Microscopy 
ER Endoplasmic re1culum 
ERAD Endoplasmic re1culum-associated degrada1on 
ERAS Endoplasmic re1culum arrival sites 
ERES Endoplasmic re1culum exit sites 
ERMES ER-mitochondria encounter structure 
ESCRT Endosomal sor1ng complex required for transport 
FDR False discovery rate 
GFP Green fluorescent protein 
GPI Glycosylphospha1dylinositol  
GPI-AP Glycosylphospha1dylinositol-anchored protein 
HTL HaloTag ligand 
ILV Intralumenal vesicles 
IPC Inositol phosphoryl ceramide 
LD Lipid droplet 
MCS Membrane contact site 
mNeon mNeonGreen 
mScarlet mScarlet-i 
MVB Mul1vesicular bodies 
NVJ Nuclear-vacuolar junc1on 
PDB Proximity-dependent bio1nyla1on 
PDB-MS Proximity-dependent bio1nyla1on coupled to mass spectrometry 
RESET Rapid ER stress-induced export 
SMP Synaptotagmin-like mitochondrial lipid-binding protein 
SPT Serine palmitoyl transferase 
Tm Tunicamycin  
TMD Transmembrane domain 
TPR Tetratricopep1de repeat 
UPR Unfolded protein response 
WT Wildtype 

 

  



 
 

 X 

V. List of Figures 

Figure 1: Membrane contact sites between the ER and other organelles. ............................................. 3 
Figure 2: Cellular func1ons and recruitment mechanisms of the ESCRT machinery. ............................. 7 
Figure 3: Recruitment of the ESCRT-III component Snf7 to ER clusters upon ER stress. ....................... 10 
Figure 4: Effect of tagged Snf7 on the Bro1p-Snf7 interplay at ER clusters and on MVB sor1ng 
efficiency. .............................................................................................................................................. 13 
Figure 5: Bro1 point mutants bro1K246A and bro1Y320D decrease Snf7 recruitment efficiency to ER 
clusters upon ER stress. ........................................................................................................................ 16 
Figure 6: Bro1 point mutants bro1K246A and bro1Y320D show decreased recruitment efficiency to ER 
clusters upon ER stress. ........................................................................................................................ 17 
Figure 7: Bro1 variants in mul1vesicular body forma1on. .................................................................... 19 
Figure 8: Proximity-dependent bio1nyla1on by Bro1p-TurboID coupled to mass spectrometry to 
iden1fy proteins involved in ESCRT recruitment to and func1on at ER clusters. .................................. 23 
Figure 9: Rim20p colocalizes with Snf7 at ER clusters and is required for Snf7 recruitment to ER 
clusters but not MVB sor1ng. ............................................................................................................... 26 
Figure 10: Rim20p and Bro1p are par1ally redundant in Snf7 recruitment to ER clusters. .................. 28 
Figure 11: Overexpression of one Bro1 domain protein displaces the other from ER clusters. ........... 31 
Figure 12: COPI components colocalize with Snf7 at ER clusters during ER stress. .............................. 33 
Figure 13: Spa1al arrangement of COPI components, COPII components and Snf7 at ER clusters during 
ER stress. ............................................................................................................................................... 35 
Figure 14: ER-tethering protein Tcb3p colocalizes with Snf7 at ER clusters during ER stress in a Bro1p-
dependent manner. .............................................................................................................................. 37 
Figure 15: Snf7 puncta do not extensively colocalize with Golgi markers. ........................................... 39 
Figure 16: Spa1al arrangement of Cop1p in rela1on to other Golgi proteins. ...................................... 41 
Figure 17: ER tethers, Cop1p and Snf7 colocalize at ER clusters upon ER stress. ................................. 43 
Figure 18: Model of ESCRT recruitment and possible func1on at ER-Golgi contact sites upon ER stress.
 .............................................................................................................................................................. 45 
 

 

  



 
 

 XI 

VI. List of Tables 

Table 1. Summary of hits from the PDB-MS experiment categorized according to their loca1on or 
func1on. ................................................................................................................................................ 25 
Table 2. Drugs and chemical compounds used in this study. ................................................................ 59 
Table 3. Buffers and solu1ons used in this study. ................................................................................. 59 
Table 4. Synthe1c complete amino acid mix. ........................................................................................ 61 
Table 5. Media used in this study. ......................................................................................................... 61 
Table 6. Plates used in this study. ......................................................................................................... 62 
Table 7. Enzymes used in this study. ..................................................................................................... 62 
Table 8. Standards used in this study. ................................................................................................... 62 
Table 9. Kits used in this study. ............................................................................................................. 63 
Table 10. Beads used in this study. ....................................................................................................... 63 
Table 11. An1bodies used in this study. ................................................................................................ 63 
Table 12. Plasmids used in this study. ................................................................................................... 63 
Table 13. Oligonucleo1des used in this study. ...................................................................................... 63 
Table 14. Yeast strains used in this study. ............................................................................................. 64 
Table 15. Recipe for colony PCR mix. .................................................................................................... 70 
Table 16. Recipe for 7.5% separa1ng gel. ............................................................................................. 76 
Table 17. Recipe for 10% separa1ng gel. .............................................................................................. 76 
Table 18. Recipe for 4% stacking gel. .................................................................................................... 77 
 

 

 

 

 

 



INTRODUCTION 

  1 

1. INTRODUCTION 

Each eukaryo1c cell contains a variety of different organelles: small, membrane-bound compartments 

that have developed over 1me and specialized to fulfil a certain task within the cell. They are tailored 

to the specific cell type; some are always present, others form when needed. Molecules, proteins and 

complexes work together within each organelle to perform their specialized job. Within the cell, each 

organelle plays their part while also coordina1ng with the other organelles via elegant communica1on 

strategies. Thus, they create a fine-tuned machinery that ensures the survival of the cell.    

However, cells do not exist in isola1on but are constantly in touch with their ever-changing 

environment. Proteins and organelles must adapt to changes in nutrient availability, temperature and 

pH by adjus1ng their jobs and redistribu1ng resources. When faced with adverse condi1ons, cells 

employ stress response pathways to survive. These emergency strategies heavily rely on collabora1on 

and communica1on between organelles.  

1.1. The Endoplasmic Re5culum  

The endoplasmic re1culum (ER) is the largest membrane-bound organelle within the cell and has 

essen1al func1ons in the synthesis, folding and secre1on of soluble and membrane-associated 

proteins, calcium storage, as well as in lipid metabolism. The perinuclear ER forms the nuclear 

envelope, safeguarding the gene1c material of the cell and providing an enclosed space for replica1on 

and transcrip1on of DNA. The peripheral ER further cons1tutes the entry point to the secretory 

pathway and communicates with other organelles via membrane contact sites (MCSs). 

1.1.1. ER morphology 

The architecture of the ER is complex and dynamic. It makes up the nuclear envelope interspersed with 

nuclear pore complexes and extends into the periphery as an interconnected network of sheets and 

tubules. ER sheets play a role in protein produc1on, whereas ER tubules are involved for example in 

lipid metabolism or contact site forma1on. Different ER shaping proteins are involved in the forma1on 

or stabiliza1on of sheets and tubules. Curvature-stabilizing proteins of the re1culon family for example 

localize to ER tubules or sheet edges, whereas sheets are stabilized by proteins like Climp63 and 

SigmaR1 (Voeltz et al., 2006; Shibata et al., 2010; Sawyer et al., 2024).   

ER morphology can vary largely between different cell types, depending on their specific needs (G. E. 

Palade & Porter, 1954; Porter & Palade, 1957). Whereas Leydig cells in testes, responsible for 

testosterone produc1on, show a huge amount of smooth, tubular ER, acinar cells in the pancreas 

contain many ER stacks for diges1ve enzyme produc1on (Fawce_, 1981). Furthermore, the ER can be 

remodeled upon internal cues or changes in the environment, for example for an1body produc1on 

during the differen1a1on of plasma cells or upon accumula1on of misfolded proteins during ER stress 

(Fawce_, 1981; Federovitch et al., 2005; Schuck et al., 2009).  
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Apart from tubules and sheets, the peripheral ER can adopt various other morphologies, such as 

tubular matrices, fenestrated sheets and nanoholes (Nixon-Abell et al., 2016; G. E. Palade, 1956; 

Schroeder et al., 2019). Within these morphological features of the ER, dis1nct ER subdomains related 

to specific func1ons can be defined, such as ER-exit sites (ERES), membrane contact sites (MCS) with 

other organelles and de-novo organelle biogenesis domains, e.g. for lipid droplets or autophagosomes 

(Jang & Haucke, 2024).  

1.1.2. ER exit sites 

Proteins which are des1ned for residence in the endomembrane system or at the plasma membrane, 

as well as for secre1on, are synthesized at the ER and transported to their des1na1on via the secretory 

pathway. Transla1on of these proteins takes place at the ER by ER-bound ribosomes. The polypep1de 

chain is translocated into the ER lumen via the translocon, its signal sequence for ER targe1ng is cleaved 

and ini1al modifica1ons, like N-glycosyla1on, take place for some proteins (Rapoport et al., 2017; 

Milstein et al., 1972; Yan & Lennarz, 1999; Chen et al., 2001). Once the proteins have adopted their 

correct fold with the help of chaperones within the ER, they can be exported from the ER via ERES (C. 

Barlowe & Helenius, 2016).   

At these sites, COPII vesicles form by sequen1al binding of COPII components. In S. cerevisiae, the 

process is ini1ated by ac1va1on and membrane binding of the small GTPase Sar1p (Nakano & 

Muramatsu, 1989). Sar1p recruits the heterodimeric complex of the inner coat proteins Sec23p and 

Sec24p and in turn, they recruit the heterotetrameric complex of outer coat proteins Sec13p and 

Sec31p (Matsuoka et al., 1998). Eventually, COPII-coated vesicles bud off the ER and deliver their cargo 

to the Golgi by fusion with the Golgi membrane.   

To sustain con1nuous ER to Golgi export, cargo receptors and membrane are returned to the ER via 

retrograde COPI-mediated Golgi to ER transport. COPI-coated vesicles travel to the ER, are tethered by 

the ER-localized Dsl1 complex and fuse with the ER membrane (C. K. Barlowe & Miller, 2013).  

ER export can be adapted for different kinds of cargoes. While proteins can leave the ER to some extent 

in a non-specific manner via bulk flow, they can also be sorted into ER-exit sites by specific export 

receptors. Some ERES are specialized for a certain type of cargo. In S. cerevisiae, this is the case for GPI-

anchored proteins (GPI-APs; (Muñiz et al., 2001)). Since they are anchored within the inner leaflet of 

the ER membrane and thus invisible from the cytosol, they rely on an export receptor, the p24 complex, 

bridging them with the COPII coat (Muñiz et al., 2000; Cas1llon et al., 2011). Furthermore, they use a 

Sec24p homologue, Lst1p, as part of the COPII coat (Miller et al., 2002; D’Arcangelo et al., 2015).  

In S. cerevisiae, the morphology of ERES ranges from slightly curved ER regions to regions portraying 

single or mul1ple budding events, induced by the COPII coat (Melero et al., 2022). In animal cells, COPII-

coated vesicular carriers at ERES, as well as more elaborate structures, coexist (Nair et al., 2025). Export 

of large procollagen fibers is mediated by larger tubular structures from ERES requiring TANGO1 (Saito 
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et al., 2009; Raote et al., 2020). In mammalian cells, ERES consis1ng of large tubular networks have 

been described as well (Shomron et al., 2021; Weigel et al., 2021). In this case, the COPII machinery 

has been proposed to remain associated with the neck region, whereas COPI components localize more 

distally at the ER (Weigel et al., 2021).  

1.1.3. Membrane contact sites  

The ER forms contacts with many other organelles of the cell including the plasma membrane, 

endosomes, the Golgi and mitochondria (Fig. 1). These 1ght contacts bringing membranes as close as 

10 nm in distance facilitate processes like lipid or calcium transfer, but also have effects on organelle 

matura1on, dynamics and localiza1on (Phillips & Voeltz, 2016; Wu et al., 2018). They are established 

by tethering proteins bridging the two membranes. At the ER, many MCSs are established by the VAP 

family proteins, which are tail-anchored membrane proteins at the ER, interac1ng with proteins of the 

partner membrane via their FFAT mo1ves. The la_er can act as mere tethers or fulfil addi1onal 

func1ons like lipid transfer (Wu et al., 2018).  

 

 

Figure 1: Membrane contact sites between the ER and other organelles. 
SchemaHc representaHon of the endoplasmic reHculum and some of the organelles it establishes membrane 
contact sites with: the plasma membrane (PM), mitochondria (mito), the Golgi, endosomes (endo) and the 
vacuole (in yeast and plant cells). Contact sites are established by tethering proteins that differ between sites and 
have been indicated here as red rods. 

Many lipids are synthesized at the ER and need to be transferred to other organelles. In part, this 

transport is mediated via vesicles, but MCSs facilitate rapid non-vesicular lipid transfer. Both 

phospha1dylserine and phospha1dic acid are synthesized at the ER and need to be transported to 
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mitochondria to be further converted into phospha1dylethanolamine or cardiolipin, respec1vely 

(Dennis & Kennedy, 1972; Osman et al., 2011). In S. cerevisiae, the ERMES complex between the ER 

and mitochondria appears to mediate transfer of certain lipid species (Kornmann et al., 2009; Kojima 

et al., 2016; Jeong et al., 2017). In mammalian cells, the nature and func1on of ER-mitochondria 

contact sites are less clear (Larrañaga-SanMiguel et al., 2025). At ER-plasma membrane contact sites, 

Osh3p, together with VAP proteins, controls PI metabolism in yeast (Stefan et al., 2011). Moreover, 

extended synaptotagmin-like proteins (E-Syts) in mammalian cells and tricalbins in yeast regulate ER-

PM contact forma1on and possibly also lipid transfer (Manford et al., 2012; Toulmay & Prinz, 2012). 

Transfer of ceramide and cholesterol from the ER to the Golgi involves the lipid transfer proteins CERT 

and OSBP respec1vely in mammalian cells (Hanada et al., 2003; Mesmin et al., 2013). These interact 

with VAPs at the ER and bind the Golgi via their PI4P sensing PH domain (Kawano et al., 2006; Hanada 

et al., 2003; Levine & Munro, 2002; Loewen et al., 2003). In S. cerevisiae, non-vesicular ceramide 

transfer is mediated at MCSs by the shu_ling protein Svf1p at steady state (Limar et al., 2023).  

Besides enabling non-vesicular lipid transfer, MCSs between the ER and other organelles can affect 

matura1on and dynamics of organelles. ER-mitochondria contact sites are for instance involved in 

fission of mitochondria and mark division sites on mitochondria in mammalian cells and S. cerevisiae 

(Friedman et al., 2011). Mobility of peroxisomes and distribu1on within cells depend on contacts with 

the ER as well (Costello et al., 2017). Thus, communica1on between the ER, as the largest organelle in 

the cell, and other organelles, is essen1al for the coordina1on of many cellular processes.   

1.2. Endoplasmic Re5culum Stress 

Cells are exposed to external s1muli and constantly need to adapt to changing condi1ons in their 

environment. Increases in temperature or nutrient scarcity are some of the factors that can lead to 

disrup1on of cellular processes. The ER is par1cularly affected by condi1ons that lead to protein 

misfolding, as the accumula1on of misfolded proteins in the ER lumen is causing ER stress (Walter & 

Ron, 2011). Experimentally, ER stress can also be chemically induced, e.g. by inhibi1ng N-linked 

glycosyla1on with tunicamycin (Tm) or by inhibi1ng disulfide bridge forma1on with the reducing agent 

dithiothreitol (DTT) (Braakman et al., 1992; Tkacz & Lampen, 1975). Cells have developed various stress 

response pathways to monitor and restore ER homeostasis. The major and best studied ER stress 

response pathway in cells is the Unfolded Protein Response (UPR) (Walter & Ron, 2011). In S. cerevisiae, 

the UPR is mediated by a single branch involving the kinase and endonuclease Ire1p at the ER, whereas 

it comprises two more branches involving ATF6 and PERK1 in higher eukaryotes (J. S. Cox et al., 1993; 

Harding et al., 1999; Haze et al., 1999). Upon accumula1on of misfolded proteins in the ER, the ER-

luminal Hsp70 chaperone Kar2p (BiP in mammalian cells) is 1trated away from its binding partner Ire1p 

and binds to the misfolded polypep1de chains (Bertolov et al., 2000; Okamura et al., 2000). Removal 

of Kar2p allows Ire1p to dimerize and form higher oligomeric assemblies (Bertolov et al., 2000; Shamu 
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& Walter, 1996; C. Y. Liu et al., 2000). An alterna1ve model describes the importance of direct binding 

of unfolded proteins to Ire1p for stabiliza1on of oligomers (Credle et al., 2005; Gardner & Walter, 2011). 

More recently, it has been found that the UPR can also be ac1vated by lipid bilayer stress, which is 

caused by perturba1ons of ER membrane proper1es and presumably increases membrane s1ffness 

and thus drives Ire1p oligomeriza1on (Ho et al., 2020; Volmer et al., 2013; Radanović & Ernst, 2021). 

Dimeriza1on and further oligomeriza1on of Ire1p induces trans-autophosphoryla1on of Ire1p and 

ac1va1on of its endonuclease ac1vity (Shamu & Walter, 1996; Welihinda & Kaufman, 1996). Ac1vated 

Ire1p, together with the tRNA ligase Trl1p then mediates splicing of HAC1 mRNA (XBP1 in mammalian 

cells) (Mori et al., 1996; Sidrauski et al., 1996; J. S. Cox & Walter, 1996; Sidrauski & Walter, 1997). Spliced 

HAC1 mRNA can be translated and acts as a transcrip1on factor in the nucleus, ac1va1ng ER stress 

response genes (Mori et al., 1996; Travers et al., 2000). This transcrip1onal response induces the 

upregula1on of folding capacity within the ER, an increase of protein degrada1on through ER-

associated degrada1on (ERAD) and the upregula1on of membrane lipid biosynthesis (Travers et al., 

2000; J. S. Cox et al., 1997; Walter & Ron, 2011).  

ER stress and the UPR also lead to prominent morphological changes of the ER. Expansion of the ER, 

mediated by the UPR-dependent upregula1on of lipid synthesis genes can be observed in yeast (Schuck 

et al., 2009). This expansion is mediated by an increased amount of ER sheets, thus providing more 

space to accommodate misfolded proteins and chaperones (Papagiannidis et al., 2021; Schuck et al., 

2009). ER size can be further influenced by stress-dependent selec1ve autophagy of the ER ac1vated 

by the UPR, which mediates degrada1on of misfolded proteins and controls ER size under stress 

condi1ons in mammalian cells (Ogata et al., 2006). In yeast, ER stress induces micro-ER-phagy, which 

entails the forma1on of mul1lamellar ER whorls and their uptake into the vacuole by invagina1on and 

scission of the vacuolar membrane mediated by the ESCRT machinery (Schuck et al., 2014; Schäfer et 

al., 2020).   

Apart from the morphology and size of the ER, its communica1on with other organelles via membrane 

contact sites is also affected by ER stress. The degree of associa1on between organelles, as well as the 

func1ons mediated by MCSs can be adapted. For instance, the number of contacts between the ER and 

mitochondria in mammalian cells increases upon ER stress to promote mitochondrial respira1on (Bravo 

et al., 2011). Similarly, in S. cerevisiae, the extent of contact between the ER and the Golgi increases by 

forma1on of stress-induced ER-Golgi contact sites. The ER-tethering protein Nvj2p was shown to be 

involved in forma1on of these contacts upon DTT treatment, by par1ally re-localizing from its steady-

state loca1on at nuclear-vacuolar junc1ons (NVJs) (Pan et al., 2000; L.-K. Liu et al., 2017). Another ER-

tethering protein, the tricalbin Tcb3p, which at steady state mediates contacts between the ER and the 

plasma membrane, par1ally localizes to ER-Golgi contacts in cells treated with tunicamycin (Manford 

et al., 2012; Ikeda et al., 2020). Both tethers seem to facilitate non-vesicular ceramide transfer during 
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ER stress (Ikeda et al., 2020; L.-K. Liu et al., 2017).  

Thus, the remodeling of the ER and the rearrangement of its subdomains strongly contributes to 

restoring ER homeostasis and it is conceivable that addi1onal pathways are involved to regulate these 

processes. 

1.3. The ESCRT machinery 

One of the machineries that mediates remodeling of various cellular membranes is the endosomal 

sor1ng complex required for transport (ESCRT) machinery. The machinery comprises four hetero-

oligomeric complexes, ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III, as well as the AAA+ - ATPase Vps4p. 

ESCRT-III and Vps4, as well as the mechanism of membrane remodeling by this machinery, are highly 

conserved from archaea to metazoan (Makarova et al., 2024; Schlösser et al., 2023; Souza et al., 2025). 

ESCRTs were first described to be involved in the forma1on of mul1vesicular bodies (MVBs) by 

media1ng the budding of intralumenal vesicles (Katzmann et al., 2001). Since then, a variety of different 

cellular func1ons have been ascribed to this versa1le machinery, such as the abscission step during 

cytokinesis, budding of HIV from the plasma membrane, repair of nuclear pore complexes (NPCs) and 

plasma membrane repair (Fig. 2A; (Morita et al., 2007; Carlton & Mar1n-Serrano, 2007; Garrus et al., 

2001; Webster et al., 2016; Scheffer et al., 2014; Jimenez et al., 2014)).  

1.3.1. Recruitment mechanisms for ESCRT-III 

Membrane remodeling is mediated by the ESCRT-III complex of the ESCRT machinery. Given the various 

roles of the ESCRT machinery in cells, ESCRT-III can be recruited in different loca1on- and process-

specific manners. Recruitment can be mediated in dis1nct, but not mutually exclusive ways: by 

upstream ESCRT complexes, ESCRT-0 to ESCRT-II; by Bro1 domain proteins; or by other loca1on-specific 

recruitment factors (Fig. 2B).   

In MVB sor1ng, ESCRT-0, -I and -II cons1tute a hierarchical recruitment cascade for ESCRT-III (Katzmann 

et al., 2001; Raiborg & Stenmark, 2009). The ESCRT-0 complex in yeast consists of a heterotetramer of 

two subunits of Vps27p and Hse1p each and interacts with ESCRT-I protein Vps23p via Vps27p (Mayers 

et al., 2011; Bache et al., 2003). Vps23p forms the ESCRT-I heterotetramer together with Vps28p, 

Vps37p and Mvb12p (Kostelansky et al., 2007). This in turn interacts with the ESCRT-II complex, a 

heterotetramer of Vps36p, Vps22p and two Vps25p proteins (Babst, Katzmann, Snyder, et al., 2002; Teo 

et al., 2006; Hierro et al., 2004). All three complexes can interact with ubiqui1nated cargoes (Hofmann 

& Falquet, 2001; Katzmann et al., 2001; Slagsvold et al., 2005; Alam et al., 2004). ESCRT-0 and ESCRT-II 

addi1onally interact with PI3P and thus target the ESCRT machinery to endosomal membranes (Teo et 

al., 2006; Raiborg et al., 2001).  
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Figure 2: Cellular func3ons and recruitment mechanisms of the ESCRT machinery. 
A: SchemaHc representaHon of some of the funcHons mediated by the ESCRT machinery within the cell. ESCRT-
III subunits forming spiral-like assemblies on different membranes are shown as blue spheres. The ESCRT 
machinery plays a role in budding events such as the formaHon of intralumenal vesicles in mulHvesicular body 
formaHon (reverse topology) or budding of pre-peroxisomal vesicles from the ER (classical topology). They also 
mediate membrane repair by shedding off damaged membrane at the plasma membrane or by sealing off 
aberrant nuclear pore complexes (NPCs). In some cases, membrane remodeling is not followed by scission and 
the ESCRT machinery has a stabilizing role, e.g. at membrane necks of viral replicaHon compartments. I based 
this schemaHc on the following reviews: (Hurley, 2015; Vietri et al., 2020).  
B: Flow chart of different mechanisms recruiHng ESCRT-III to membranes. Recruitment of the ESCRT machinery is 
iniHated by specific recruitment factors that vary depending on the locaHon and role played by the ESCRTs. 
Examples are ESCRT-0 interacHng with ubiquiHnated cargo at MVBs, Gag for HIV budding, CEP55 in cytokinesis, 
ALG2 for plasma membrane repair and Chm7p for NPC quality control. These factors either recruit ESCRT-III 
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directly or they interact with ESCRT-I and ESCRT-II and/or Bro1 proteins (Bro1p in yeast, ALIX in mammalian cells) 
that in turn recruit ESCRT-III. I based this schemaHc on secHon 1.3.1 and (Schöneberg et al., 2017).   

Bro1 domain proteins, such as Bro1p in yeast or ALIX or HD-PTP in mammalian cells, serve as ESCRT-

associated proteins. They contain an N-terminal Bro1 domain, followed by a V domain and a C-terminal 

PRD domain (Kim et al., 2005; Lee et al., 2007). The boomerang-shaped Bro1 domain is highly 

conserved and contains a TPR-like domain as well as two hydrophobic patches (Kim et al., 2005). The 

first hydrophobic patch in yeast Bro1p mediates its interac1on with ESCRT-III component Snf7p (Bowers 

et al., 2004; Kim et al., 2005). Bro1p has been proposed to recognize ubiqui1nated cargo at MVBs via 

its V-domain and mediate deubiqui1na1on of cargo by recrui1ng the deubiqui1nase Doa4 via the PRD 

domain (Pashkova et al., 2013; Luhtala & Odorizzi, 2004). In other ESCRT-mediated processes, Bro1 

domain proteins are directly involved in the recruitment of ESCRT-III. Viral budding of HIV from the 

plasma membrane of mammalian cells for instance requires ESCRT-I, -II, ubiqui1nated viral Gag protein, 

as well as ALIX to recruit ESCRT-III (VerPlank et al., 2001; Garrus et al., 2001; Carlton & Mar1n-Serrano, 

2007). Cytokinesis requires the specific recruitment factor CEP55 at the midbody ring, leading to the 

recruitment of ESCRT-III via ESCRT-I, ESCRT-II and ALIX (Morita et al., 2007; Carlton & Mar1n-Serrano, 

2007; Christ et al., 2016). ALIX can also recruit ESCRT-III on its own, as is the case for plasma membrane 

repair in mammalian cells, which is triggered by influx of calcium bound by ALG2, which in turn interacts 

with ALIX and recruits ESCRT-III component CHMP4B (Jimenez et al., 2014; Scheffer et al., 2014).  

The quality control of nuclear pore complexes is an example for ESCRT-III recruitment that is 

independent of Bro1 domain proteins and upstream ESCRTs. Here, the nucleus-specific factor Chm7p 

directly recruits Snf7p to defec1ve NPCs to seal off the membrane (Webster et al., 2016). 

1.3.2. Membrane remodeling by the ESCRT machinery 

The ESCRT-III subcomplex is responsible for the actual membrane remodeling step by assembling into 

large polymers on membranes. The ESCRT-III complex includes Vps2p, Vps20p, Vps24p and Snf7p as 

core subunits, as well as Vps60p, Did2p and Ist1p (Babst, Katzmann, Estepa-Sabal, et al., 2002; Rue et 

al., 2008; Pfitzner et al., 2023). The most abundant subunit, Snf7p, consists of six α-helices and exists 

as soluble subunit in its closed, inac1ve form in the cytosol (Tang et al., 2015; Teis et al., 2008). The 

folding of α-helix 5 onto helices α1-4 mediates this auto-inhibi1on and it can be released by interac1on 

with binding partners, such as Bro1p via α6 or Vps20p via α1 and α2 (Tang et al., 2015, 2016). In its 

open conforma1on, Snf7p can assembly into high-order polymers forming spiral-like assemblies on 

membranes (Cashikar et al., 2014; Chiaruvni et al., 2015; Shen et al., 2014).  

It was proposed that Vps20p nucleates oligomer assembly of Snf7p, whereas Vps24p and Vps2p are 

involved in termina1on of these assemblies and recruitment of the AAA+ - ATPase Vps4p (Teis et al., 

2008; Tang et al., 2016). Ac1va1on of Snf7p can addi1onally or in parallel be mediated by Bro1p (Tang 
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et al., 2016). Vps4p, together with its ac1vator Vta1p, is responsible for disassembly and recycling of 

ESCRT subunits (Babst, 1998). It is recruited by interac1on with the MIM domains of ESCRT-III subunits, 

such as Snf7p and acts as a hexamer, which disassembles ESCRT polymers by unfolding and threading 

them through its central pore (Obita et al., 2007; Stuchell-Brereton et al., 2007; Caillat et al., 2015; Yang 

et al., 2015). More recently, ESCRT-III assembly has been described as a polymeriza1on sequence in 

which different subunits are progressively exchanged. The sequence starts off with Snf7 polymers 

stabilizing wider spirals and ends up with Did2-Ist1 polymers stabilizing 1ghter spiral assemblies. The 

exchange of subunits, mediated by Vps4, leads to membrane constric1on (Pfitzner et al., 2020). ESCRT-

III filament buckling leads to membrane deforma1on, which can eventually entail scission of the 

membrane (Pfitzner et al., 2020; Schöneberg et al., 2017).   

The ESCRT machinery can facilitate membrane remodeling resul1ng in different topologies (Fig. 2A). In 

most processes known to date, the ESCRT machinery mediates membrane budding away from the 

cytosol, leading to so-called reverse-topology budding. However, more processes are emerging in 

which the ESCRTs mediate so-called classical topology budding events towards the cytosol. ESCRT-III 

proteins for instance drive the budding of pre-peroxisomal budding from the ER in yeast and the fission 

of recycling tubules from endosomes in mammalian cells, processes in which they assemble on the 

outside of the membrane neck (Allison et al., 2013; Mast et al., 2018).   

In many instances, the ESCRT machinery eventually induces membrane scission and budding of vesicles 

such as intralumenal vesicles at MVBs or HIV viruses at the plasma membrane. Membrane scission also 

cons1tutes the basis for membrane repair processes by the ESCRT machinery (Jimenez et al., 2014; 

Skowyra et al., 2018). Nevertheless, not all ESCRT-mediated processes require scission. During infec1on 

of yeast cells with brome mosaic virus, ESCRT proteins mediate the forma1on of protected replica1on 

compartments at the ER by invagina1on of the membrane and stabiliza1on of the membrane neck 

(Diaz et al., 2015). Moreover, in the fungal Rim/Pal pathway for sensing of extracellular pH, the ESCRT 

machinery stabilizes Rim proteins at the plasma membrane, ac1ng as a scaffold for Rim signaling rather 

than inducing membrane remodeling or scission (Xu et al., 2004; Calcagno-Pizarelli et al., 2011; Peñalva 

et al., 2014).  

All in all, membrane associa1on of the ESCRT machinery can mediate a variety of morphological and 

func1onal outputs.  

1.4. Previous work 

A former PhD student in the lab of Sebas1an Schuck, Jasmin Schäfer, observed that the ESCRT-III 

component Snf7 formed bright puncta at the ER when yeast cells were experiencing ER stress caused 

by treatment with tunicamycin (Fig. 3). Snf7-mNeonGreen localized to the cytosol and endosomes at 

steady state and massively re-localized to bright ER patches upon ER stress. CLEM imaging by Jasmin 

Schäfer further revealed a complex architecture for the Snf7-posi1ve ER regions, with tubular 
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extensions reaching into the cytosol. These structures, that we later termed ER clusters, occurred both 

at the nuclear envelope and at the cor1cal ER to a similar degree, as judged by fluorescence microscopy 

by Oliver Pajonk. As for the recruitment of Snf7, Jasmin Schäfer showed that upstream ESCRT 

components of the ESCRT-0, -I or -II complexes were not required, but the ESCRT-associated protein 

Bro1p was essen1al. Dele1on of BRO1 almost completely abolished Snf7 recruitment.  

 

Figure 3: Recruitment of the ESCRT-III component Snf7 to ER clusters upon ER stress. 
Fluorescence microscopy images of cells stably expressing the general ER marker mCherry-Ubc6 and Snf7-
mNeonGreen from the VPS24 promoter. ExponenHally growing cells were treated with tunicamycin (Tm) (1 
µg/mL) for 3 h or lej untreated. Images of all channels were deconvolved with the Wiener filter algorithm. 
DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. The Snf7 signal is addiHonally shown prior to deconvoluHon with the same 
display range between untreated and treated cells to allow for comparison of signal intensiHes between the 
condiHons. The scale bar indicates 2 µm. This observaHon was originally made by Jasmin Schäfer. Images were 
acquired by Oliver Pajonk. The strain was generated by Jasmin Schäfer.  

To inves1gate which genes are involved in the recruitment of the ESCRT machinery to ER clusters during 

stress, Oliver Pajonk, together with Jasmin Schäfer, Dimitris Papagiannidis, Carlos Mar1n de Hijas, Peter 

Bircham and Sebas1an Schuck, performed microscopy-based gene1c screens of the ER dele1on 

collec1on and the temperature-sensi1ve allele collec1on of essen1al genes. Genes that were required 

for Snf7 recruitment to the ER were iden1fied and included the following categories: ER export and ER-

Golgi trafficking, GPI-anchor remodeling, the GET machinery, ER structural genes, lipid metabolism 

genes, ribosome or proteasome-related genes (Pajonk, PhD disserta1on, 2025).  

During my Master Thesis, I set up a proximity-dependent bio1nyla1on approach coupled to mass 

spectrometry (PDB-MS) as a complementary method to ask which proteins are enriched at ER clusters 

during stress and thus possibly involved in ESCRT recruitment or func1on at these sites. This 

preliminary work served as a basis for the study described in this thesis.  

mCherry-Ubc6 Snf7-mNeon Snf7-mNeonmerge

+ 1 µg/mL Tm, 
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untreated

same display 
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2. AIMS OF THIS THESIS 

The occurrence of the ESCRT machinery, as a major membrane remodeling machinery, at specific 

stress-induced ER regions raised the ques1on whether the ESCRT machinery is involved in forma1on 

or remodeling of these sites. During my PhD, I aimed to shed light on the role of the ESCRT machinery 

at stress-induced ER clusters in S. cerevisiae.  

In par1cular, I aimed to: 

1) determine how the ESCRT machinery is recruited to the ER during ER stress. 

2) elucidate the func1on of the ESCRT machinery at stress-induced ER clusters. 

 

Addressing these aims will lead to a be_er understanding of the versa1le ESCRT remodeling machinery, 

as well as its puta1ve role in the cellular ER stress response in budding yeast. 
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3. RESULTS 

3.1. Bro1p-dependent recruitment of Snf7 to ER clusters 

3.1.1. Effect of tagging of Snf7 on Bro1p localizaFon and Snf7-Bro1p interacFon 

Before further characterizing the recruitment mechanism of Snf7 to ER clusters during ER stress, I set 

out to test the effect of tagged Snf7 on ESCRT func1on at MVBs and in stress-dependent recruitment 

to ER clusters. Tagging Snf7p has been shown to interfere with its func1on, whereas expressing tagged 

Snf7 version alongside endogenous, untagged Snf7p does not impair MVB forma1on (Teis et al., 2008; 

Adell et al., 2017). Thus, within this study, I used strains expressing fluorescently tagged Snf7 from the 

VPS24 promoter, which is weaker than the SNF7 promoter, alongside the endogenous Snf7p to follow 

Snf7 localiza1on within cells. This same strain background did not affect ESCRT func1on in micro-ER-

phagy (Schäfer et al., 2020).  

As a read-out for one of the major ESCRT-mediated processes at mul1vesicular bodies, I used the 

Mup1-pHluorin assay for MVB cargo sor1ng throughout this study (Prosser et al., 2016). This assay uses 

the methionine transporter Mup1 C-terminally tagged with a pH sensi1ve fluorophore, pHluorin, which 

is quickly internalized by endocytosis upon addi1on of methionine, sorted into MVBs with the help of 

the ESCRT machinery and subsequently reaches the vacuole (Fig. 4B). The decrease of Mup1-pHluorin 

fluorescence over 1me reports on the frac1on of Mup1-pHluorin that was sorted into the vacuole 

where quenching of the fluorescence occurs due to the low vacuolar pH.   

To assess the effect of tagged Snf7 on ESCRT func1on at MVBs, I applied this assay to strains stably 

expressing cytosolic BFP and Mup1-pHluorin in a wildtype or SNF7 dele1on background in presence or 

absence of Snf7-mScarlet-i expressed from the VPS24 promoter. Mup1-pHluorin and BFP fluorescence 

were measured by flow cytometry during a 1meframe of 90 minutes amer addi1on of methionine. 

Cytosolic BFP fluorescence was used to normalize Mup1-pHluorin fluorescence to the size and 

transla1onal capacity of the cells. Dele1on of SNF7 reduced the loss of rela1ve Mup1-pHluorin 

fluorescence over 1me, thus confirming impaired MVB sor1ng (Fig. 4A). Expression of tagged Snf7 in a 

SNF7 dele1on background mimicked the effect of the SNF7 dele1on, showing that Snf7-mScarlet was 

not func1onal on its own. Expression of Snf7-mScarlet-i from the VPS24 promoter alongside the 

endogenous Snf7 did not affect MVB sor1ng efficiency. Thus, expression of tagged Snf7 alongside 

endogenous Snf7 was indeed neutral in the case of MVB sor1ng, as shown before (Adell et al., 2017).  

Next, we addressed whether tagged Snf7 is also func1onally neutral in the stress-induced ESCRT 

recruitment to ER clusters. Oliver Pajonk could show that Bro1p-mNeonGreen colocalized with Snf7-

mScarlet at ER clusters upon ER stress (Pajonk, PhD disserta1on, 2025). He also found that in strains 

without tagged Snf7, Bro1p-mNeonGreen puncta could only rarely be observed at ER clusters.  
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Figure 4: Effect of tagged Snf7 on the Bro1p-Snf7 interplay at ER clusters and on MVB sor3ng efficiency. 
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A: Mup1-pHluorin assay of cells with and without Snf7-mScarlet-i expressed from the VPS24 promoter in a 
wildtype or SNF7 deleHon background. Cells were all expressing Mup1-pHluorin and cytosolic BFP and were 
grown to exponenHal growth phase in absence of methionine. At t = 0 min, one set of cultures was supplemented 
with methionine inducing endocytosis of Mup1-pHluorin and its vacuolar degradaHon via MVBs. The graph shows 
the relaHve Mup1-pHluorin fluorescence intensity of cells supplemented with methionine compared to cells 
growing in absence of methionine for the enHre Hmeframe of the experiment. GFP autofluorescence was 
subtracted and Mup1-pHluorin intensiHes were normalized to the cytosolic BFP signal to adjust for cell size and 
translaHonal capacity. Results from independent biological replicates are shown (n=3). The error bars indicate the 
standard error of the mean. The strains were generated by Petra Hubbe, Oliver Pajonk, SebasHan Schuck and me. 
B: SchemaHc representaHon of the Mup1-pHluorin assay for MVB sorHng. The methionine transporter Mup1 
tagged with pHluorin, a pH-sensiHve fluorophore, is used as a reporter for MVB sorHng. Upon addiHon of 
methionine, Mup1-pHluorin is internalized via endocytosis into endosomes, then sorted into mulHvesicular 
bodies with the help of the ESCRT machinery, parHcularly ESCRT-III mediaHng the scission of intralumenal vesicles 
(ILV). Upon fusion with the vacuole, the ILVs and their cargo are degraded, leading to degradaHon of Mup1-
pHluorin. pHluorin is quenched upon arrival in MVBs and further in the vacuole, thus the decrease of fluorescence 
intensity reports on MVB sorHng efficiency. Figure adapted from (Prosser et al., 2016). PM: plasma membrane, 
MVB: mulHvesicular body.  
C: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and Bro1p-
mNeonGreen in a background with or without Snf7-mScarlet-i expressed from the VPS24 promoter. ExponenHally 
growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h. Only the BFP and mNeonGreen channels are 
shown. Two examples are shown for the cells with tagged Snf7, one with a Bro1p punctum and one without. The 
same display range is shown for the mNeonGreen channel to appreciate the relaHve signal intensiHes between 
genotypes. The scale bar indicates 2 µm. The strains were generated by Oliver Pajonk and me.   
D: Western Blot of Bro1p-sfGFP and Snf7 from cell lysates (input) and eluates of co-immunoprecipitaHon of 
Bro1p-sfGFP. Cells were stably expressing Bro1p-sfGFP in the VPS27 deleHon background, to avoid stress-
dependent degradaHon of Bro1p, either with or without Snf7-mScarlet-i expressed from the VPS24 promoter. 
ExponenHally growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h. Bro1p-sfGFP was pulled down 
from cell lysates using GFP-binder beads. Membranes were probed against GFP and Snf7.  Bro1p-sfGFP remained 
under the detecHon limit in input samples. The asterisk (*) indicates a faint band for endogenous Snf7p in the 
eluate of treated cells without tagged Snf7.   
E: QuanHficaHon of Bro1p-mNeonGreen puncta at ER clusters per cell in strains with and without Snf7-mScarlet-
i expressed from the VPS24 promoter ajer treatment with tunicamycin (1 µg/mL) for 3 h from C. Puncta and cells 
were counted manually by blind analysis. Over 450 cells per genotype were quanHfied in independent biological 
replicates (n=3). The error bar indicates the standard error of the mean. The strains were generated by Oliver 
Pajonk and me. 

I quan1fied Bro1p-mNeonGreen puncta at ER clusters amer 3 h of tunicamycin-induced ER stress in cells 

with and without expression of Snf7-mScarlet-i. I confirmed that whereas more than 0.9 Bro1p-

mNeonGreen puncta per cell form in presence of tagged Snf7, only a minor frac1on of puncta (0.005 

puncta per cell) were observed at ER clusters in cells without tagged Snf7 (Fig. 4C and E). Moreover, 

the remaining puncta were less bright than the Bro1p-mNeonGreen puncta in presence of tagged Snf7. 

Thus, addi1onal expression of tagged Snf7 is not neutral in stress-induced ESCRT recruitment to ER 

clusters but rather seems to promote or stabilize accumula1on of Bro1p-mNeonGreen at ER clusters. 

ER clusters were s1ll present in strains without tagged Snf7, implying that endogenous Snf7p is 

sufficient for their forma1on and that they are not an ar1fact created by expression of tagged Snf7. 

Moreover, Oliver Pajonk could show that dele1on of SNF7 in cells expressing tagged Snf7 abolished the 
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recruitment of tagged Snf7 to ER clusters, underlining that tagged Snf7 is non-func1onal in ESCRT 

recruitment to the ER and that endogenous Snf7p is essen1al for puncta forma1on (Pajonk, PhD 

disserta1on, 2025).   

Bro1p and Snf7p interact in ESCRT-mediated processes like MVB sor1ng (Wemmer et al., 2011). To find 

out whether Bro1p interacts with both endogenous and tagged Snf7 upon ER stress, I performed a co-

immunoprecipita1on of Bro1p-sfGFP using GFP-binder beads and probed against Snf7. Lysates from 

cells with and without Snf7-mScarlet-i treated for 3 h with tunicamycin were used to determine 

whether expression of tagged Snf7 affects the interac1on between Bro1p and endogenous Snf7p. In 

stressed cells without tagged Snf7 a small amount of endogenous Snf7p was pulled down with Bro1p-

sfGFP (Fig. 4D). In stressed cells expressing tagged Snf7, both tagged and endogenous Snf7 interacted 

with Bro1p-sfGFP. Remarkably, more endogenous Snf7p interacted with Bro1p-sfGFP upon ER stress in 

cells that also expressed Snf7-mScarlet-i. The presence of tagged Snf7 promoted Bro1p interac1on with 

endogenous Snf7p. Since Snf7 puncta at ER clusters are very prominent upon ER stress, it is likely that 

this finding reported on an interac1on of Bro1p with both versions of Snf7 at ER clusters. However, it 

cannot be excluded that interac1on also takes place at other ESCRT processes upon ER stress. S1ll, I 

showed that Bro1p was able to interact with both endogenous Snf7p and Snf7-mScarlet-i upon ER 

stress.  

Thus, I could further confirm that even though the expression of tagged Snf7 from the VPS24 promoter 

is not neutral in stress-induced ESCRT recruitment to ER clusters, its stabilizing effect makes it a valuable 

tool for studying this process.  

3.1.2. Features of Bro1p required for Snf7 recruitment to ER clusters 

Amer determining the effect of non-func1onal tagged Snf7 on its interplay with Bro1p and on ESCRT 

recruitment to the ER, I set out to characterize the features of Bro1p that are essen1al for ESCRT 

recruitment. Previously, Carlos Mar1n de Hijas had shown during his lab rota1on that the Bro1 domain 

of Bro1 expressed ectopically from the LYP1 locus in a BRO1 dele1on background was sufficient for Snf7 

recruitment to the ER upon stress. Moreover, K246A and Y320D muta1ons in Bro1 strongly decreased 

Snf7 puncta forma1on in this background. Since the difference in the chromosomal context by ectopic 

expression of Bro1 might result in altered regula1on and expression levels of the protein, I set out to 

verify these findings by muta1ng endogenous Bro1p and assessing the effect on Snf7 recruitment to 

ER clusters. I generated strains with the Bro1 domain only, bro11-387, as well as strains with 

chromosomal point muta1ons in the TPR-like domain, bro1K246A, and the second hydrophobic patch, 

bro1Y320D, both within the Bro1 domain.   
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Figure 5: Bro1 point mutants bro1K246A and bro1Y320D decrease Snf7 recruitment efficiency to ER clusters upon 
ER stress. 
A: Fluorescence microscopy images of cells stably expressing the general ER marker mCherry-Ubc6, Snf7-
mNeonGreen from the VPS24 promoter and different Bro1 variants. ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h. The Snf7-mNeonGreen signal is shown in two different display ranges to 
portray both the signal distribuHon in each genotype (ideal display range) and the relaHve intensiHes of the signal 
between genotypes (same display range, comparable between genotypes). The scale bar indicates 2 µm. The 
strains were generated by Jasmin Schäfer, Oliver Pajonk and me.   
B: QuanHficaHon of Snf7-mNeonGreen puncta at ER clusters per cell in strains with different Bro1 variants ajer 
treatment with tunicamycin (1 µg/mL) for 3 h. Puncta and cells were counted manually in a blind analysis. Over 
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200 cells per genotype were quanHfied in independent biological replicates (n=3). The error bars indicate the 
standard error of the mean. The strains were generated by Jasmin Schäfer, Oliver Pajonk and me. 

 

Figure 6: Bro1 point mutants bro1K246A and bro1Y320D show decreased recruitment efficiency to ER clusters upon 
ER stress. 
A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Snf7-mScarlet-i 
from the VPS24 promoter and different Bro1 variants tagged with mNeonGreen. ExponenHally growing cells were 
treated with tunicamycin (Tm) (1 µg/mL) for 3 h. The mNeonGreen signal is shown in two different display ranges 
to portray both the signal distribuHon of the different Bro1 variants (ideal display range) and the relaHve 
intensiHes of the signal between variants (same display range, comparable between variants). The scale bar 
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indicates 2 µm. The strains were generated by Oliver Pajonk and me.   
B: QuanHficaHon of Snf7-mScarlet-i puncta and puncta of mNeonGreen-tagged Bro1 variants at ER clusters per 
cell in strains with different Bro1 variants ajer treatment with tunicamycin (1 µg/mL) for 3 h. Puncta and cells 
were counted manually in a blind analysis. Over 200 cells per genotype were quanHfied in independent biological 
replicates (n=3). The error bars indicate the standard error of the mean. The strains were generated by Oliver 
Pajonk and me. 

I then studied the effect of the different Bro1 variants on Snf7 puncta forma1on in cells that also stably 

expressed an ER marker and Snf7-mNeonGreen from the VPS24 promoter. Amer 3 h of tunicamycin 

treatment, stressed cells with full-length wildtype Bro1p showed prominent Snf7-mNeonGreen puncta 

at ER clusters with a ra1o of around 0.9 puncta per cell (Fig. 5B). Cells with bro11-387 s1ll had Snf7 puncta 

at ER clusters. However, they appeared weaker in many cases and were much more disperse, 

preven1ng a proper quan1fica1on (Fig. 5A). The respec1ve ER clusters were more variable in size and 

more dispersed all over the ER. Thus, in presence of the Bro1 domain, Snf7 was s1ll recruited to ER 

clusters, but the defined morphology of the clusters and puncta seemed to require the remaining parts 

of Bro1p. The K246A and Y320D point muta1ons almost completely abolished Snf7 recruitment to ER 

clusters, with less than 0.05 puncta per cell remaining (Fig. 5B). ER clusters were s1ll observed in these 

cells, but they appeared less defined and were rarely associated with Snf7-mNeonGreen puncta.  

To determine whether these muta1ons only interfered with Snf7 recruitment to ER clusters, or whether 

they affected the localiza1on of Bro1 itself, I repeated the same experiment using cells stably expressing 

the Bro1 variants tagged with mNeonGreen, an ER marker and Snf7-mScarlet-i from the VPS24 

promoter. Snf7 and wildtype Bro1p colocalized at ER clusters upon ER stress, as Oliver Pajonk had 

shown previously (Fig. 6A; Pajonk, PhD disserta1on, 2025). I observed that bro11-387-mNeonGreen also 

colocalized with Snf7 at ER clusters in the same disperse manner as observed above. However, both 

Bro1 point mutants, bro1K246A-mNeonGreen and bro1Y320D-mNeonGreen, remained mostly cytosolic 

with some endosomal puncta and only in a few rare cases colocalized with Snf7-mScarlet-i at ER 

clusters. The ra1o of Bro1 variant puncta per cell mimicked the ra1o of Snf7 puncta per cell, showing 

that the K246A and Y320D point muta1ons in Bro1 impaired both Bro1 and Snf7 recruitment to ER 

clusters during ER stress (Fig. 6B).  

The fact that bro1K246A-mNeonGreen and bro1Y320D-mNeonGreen s1ll associated with endosomal 

puncta during ER stress suggested that their role in mul1vesicular body forma1on is not affected by 

the muta1ons. Moreover, wildtype Bro1p, as well as the two point mutants showed a similar 

distribu1on in the cytosol and on endosomes in untreated cells (Fig. 7A).  
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Figure 7: Bro1 variants in mul3vesicular body forma3on. 
A: Fluorescence microscopy images of exponenHally growing cells stably expressing the general ER marker BFP-
Ubc6, Snf7-mScarlet-i from the VPS24 promoter and different Bro1 variants tagged with mNeonGreen. All 
channels are shown in the same display range to appreciate the relaHve intensiHes of the signal between variants. 
To allow for berer comparison of the signal between variants, both the mScarlet-i and mNeonGreen channels of 
the bro11-387 cells contain saturated pixels (less than 0.5% of pixels). The scale bar indicates 2 µm. The strains were 
generated by Oliver Pajonk and me.   
B: Mup1-pHluorin assay of cells stably expressing Mup1-pHluorin and cytosolic BFP in presence of different Bro1 
variants. Cells were grown to exponenHal growth phase in absence of methionine. At t=0 min, one set of cultures 
was supplemented with methionine inducing endocytosis of Mup1-pHluorin and its vacuolar degradaHon via 
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MVBs. The graph shows the relaHve Mup1-pHluorin fluorescence intensity of cells supplemented with 
methionine compared to cells growing in absence of methionine for the enHre Hmeframe of the experiment. GFP 
autofluorescence was subtracted and Mup1-pHluorin intensiHes were normalized to the cytosolic BFP signal to 
adjust for cell size and translaHonal capacity. Results from independent biological replicates are shown (n=3). The 
error bars indicate the standard error of the mean. The strains were generated by Petra Hubbe, Oliver Pajonk, 
SebasHan Schuck and me. 

To assess the impact of the different Bro1 variants on MVB sor1ng more directly, I used the Mup1-

pHluorin assay with cells stably expressing cytosolic BFP and Mup1-pHluorin in different Bro1 variant 

backgrounds. Dele1on of BRO1 par1ally impaired MVB sor1ng, although to a lesser extent than a SNF7 

dele1on (Fig. 7B). Cells that only contained the Bro1 domain, bro11-387, showed similarly impaired MVB 

sor1ng. Fluorescence microscopy also showed that these cells appeared larger and that bro11-387 forms 

very bright and par1ally clustered puncta, hin1ng at a possible defect in MVB sor1ng as well (Fig. 7A). 

As for the Bro1 point mutants, the MVB sor1ng efficiency in the Mup1-pHluorin assay was similar to 

wildtype cells, indica1ng that ESCRT func1on at MVBs was indeed s1ll intact, despite the point 

muta1ons (Fig. 7B). This is consistent with data from CPS sor1ng assays performed by (Kim et al., 2005).  

Thus, the TPR-like domain and the second hydrophobic patch of Bro1p play a role in stress-induced 

ESCRT recruitment to ER clusters, but not in MVB sor1ng. The K246A muta1on was proposed to have 

a destabilizing effect on the whole TPR-like domain, whereas the Y320D muta1on might abolish an 

interac1on interface with a yet unknown interac1on factor of Bro1p (Kim et al., 2005).     

Therefore, the point mutants bro1K246A and bro1Y320D can serve as tools to uncouple the ESCRT func1on 

at the ER during stress from one of the major other ESCRT-mediated processes in MVB forma1on.  

3.2. Proximity-dependent bio5nyla5on using Bro1p-TurboID to iden5fy proteins involved 

in ESCRT recruitment and func5on 

3.2.1. Establishing the method and proof-of-principle 

Bro1p is essen1al for Snf7 recruitment and colocalizes with Snf7 at ER clusters during stress. However, 

both Bro1p and Snf7p are soluble proteins and need to be targeted to the ER membrane, a step which 

likely involves addi1onal factors. Furthermore, it remained unclear what the func1on of the ESCRT 

machinery at ER clusters could be.   

Thus, the next step was to systema1cally iden1fy other factors involved in ESCRT recruitment and their 

func1on at ER clusters. Whereas gene1c screens prior to this study determined genes that are 

important for Snf7 recruitment (Pajonk, PhD disserta1on, 2025), I used a proximity-dependent 

bio1nyla1on approach coupled to mass spectrometry (PDB-MS) to iden1fy proteins enriched at ER 

clusters during ER stress. For this purpose, I made use of the fact that Bro1p, which can be 

endogenously tagged without impac1ng its func1on, is also present at ER clusters. More specifically, I 
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tagged Bro1p endogenously with a TurboID tag (Fig. 8A). This tag is a version of the promiscuous bio1n 

ligase BirA* and had been engineered from the ini1al BioID tagfor a more efficient bio1nyla1on of 

proximity partners (Choi-Rhee et al., 2004; Roux et al., 2012; Branon et al., 2018). Due to its enhanced 

labelling efficiency on a 1mescale of minutes and its high ac1vity at 30°C, it is ideal for use in S. 

cerevisiae. PDB-MS using the TurboID tag has been shown to be an efficient tool for iden1fica1on of 

proximity partners in fission yeast (Larochelle et al., 2019). Ac1vated bio1n is a_ached to proteins 

coming into proximity of Bro1p-TurboID (Fig. 5A).   

During my Master thesis, I set up this method and performed a pilot run as a proof-of-principle. I 

generated a strain expressing endogenously tagged Bro1p-TurboID-3xmyc (hereamer: Bro1p-TurboID) 

in a background with Snf7-mNeonGreen expressed from the VPS24 promoter to stabilize Snf7 puncta 

at ER clusters during ER stress and thus increase the probability of bio1nyla1ng proximity partners. I 

showed that tagging Bro1p with the TurboID tag did not interfere with Snf7 recruitment efficiency to 

the ER. Also, I was able to detect self-bio1nyla1on of Bro1p-TurboID by Western Blot, as proposed 

before (Roux et al., 2012; Branon et al., 2018), confirming its enzyma1c ac1vity. Since ER stress induced 

by tunicamycin led to a Vps27p-dependent degrada1on of Bro1p, presumably via microautophagy 

(Hatakeyama 2019, Hatakeyama and Virgilio 2019), I included a VPS27 dele1on in the PDB-MS strain. 

Lastly, I deleted the vacuolar proteases Pep4p and Prb1p to reduce ongoing post-lysis degrada1on of 

proximity partners over the dura1on of the pull-down (Lis Albert, Master Thesis, 2020).   

I then established the pull-down of bio1nylated proteins with streptavidin-coupled beads, adap1ng 

protocols from Schopp and Béthune, 2018, and scaled up the procedure to achieve an appropriate yield 

in the eluate frac1ons to be analyzed by mass spectrometry. In collabora1on with the ZMBH Mass 

Spectrometry Facility, I performed a PDB-MS pilot run with one biological replicate of untreated and 

tunicamycin-treated cells of the PDB strain and was able to detect proteins enriched in proximity of 

Bro1p during ER stress, confirming that this approach was suitable to iden1fy proximity partners of 

Bro1p (Lis Albert, Master Thesis, 2020).  

3.2.2. PDB-MS in triplicates 

In order to gain a comprehensive understanding of proteins that come into proximity of Bro1p upon ER 

stress at ER clusters, I further op1mized the PDB-MS procedure during my PhD and repeated it in 

biological triplicates. To ensure for iden1fica1on of proximity partners specific to ESCRT recruitment to 

and func1on at ER clusters during stress, I added a CHM7 dele1on to the PDB strain to prevent known 

ESCRT func1ons at the nuclear envelope (Webster et al., 2016). Thus, the final PDB-MS strain 

background included endogenously tagged Bro1p-TurboID, Snf7-mNeonGreen expressed from the 

VPS24 promoter and dele1ons of VPS27, PEP4, PRB1 and CHM7.  
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Figure 8: Proximity-dependent bio3nyla3on by Bro1p-TurboID coupled to mass spectrometry to iden3fy 
proteins involved in ESCRT recruitment to and func3on at ER clusters. 
A: SchemaHc representaHon of the bioHnylaHon of proximity partners by Bro1p-TurboID inside yeast cells. The 
TurboID tag, an engineered version of the promiscuous bioHn ligase BirA*, converts bioHn from the medium into 
bioHnoyl-5’-AMP, which reacts with proteins coming into proximity of Bro1p-TurboID during the duraHon of the 
experiment (Branon et al., 2018). The bioHnylaHon radius extends around 10 nm around the tag. Proteins entering 
this radius can be bioHnylated, if not sterically obstructed, whereas proteins located further away will not be 
bioHnylated. Ajer cell lysis, bioHnylated proteins can be pulled down by streptavidin beads.   
B: Workflow of the proximity-dependent bioHnylaHon experiment linked to mass spectrometry (PDB-MS). Cells 
stably expressing wildtype Bro1p-TurboID or bro1K246A-TurboID, as well as Snf7-mNeonGreen from the VPS24 
promoter in a VPS27, PEP4, PRB1 and CHM7 deleHon background were used. ExponenHally growing cells were 
treated with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. Cells were harvested and lysed. The cell lysates 
were used as input for a pull-down with streptavidin-coated beads. The eluates from the pull-down containing 
bioHnylated proteins were loaded on SDS-PAGE gels. In-gel trypsin digesHon and LC-MS/MS were performed by 
Thomas Ruppert, Sabine Merker and Marcin Luzarowski of the ZMBH Mass Spectrometry Facility.  
C: Western Blot of Snf7-mNeonGreen from a bioHnylaHon assay with cells stably expressing wildtype Bro1p-
TurboID or bro1K246A-TurboID, as well as Snf7-mNeonGreen from the VPS24 promoter in a VPS27, PEP4 and PRB1 
deleHon background. ExponenHally growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h or lej 
untreated. BioHnylated proteins were pulled down from cell lysates using streptavidin-coupled beads. Input and 
eluate samples were loaded. Membranes were probed against mNeonGreen. The strains were generated by 
Oliver Pajonk and me.  
D: Volcano plots of two-sided non-paired two-sample t-tests (FDR=0.05, 500 randomizaHons, S0=0.2) between 
tunicamycin-treated vs. untreated wildtype (WT) Bro1p strain (right) and tunicamycin-treated vs. untreated 
bro1K246A point mutant strain (lej). The data is from the PDB-MS experiment with cells stably expressing wildtype 
Bro1p-TurboID or bro1K246A-TurboID, as well as Snf7-mNeonGreen from the VPS24 promoter in a VPS27, PEP4, 
PRB1 and CHM7 deleHon background explained in B. The output from the MaxQuant MS analysis by Georg Borner 
was used for further analysis using the Perseus sojware by me. Only proteins with a logFC>0 shown, since those 
were considered hits, being significantly enriched in tunicamycin-treated cells versus untreated cells in proximity 
of Bro1 WT or K246, respecHvely. The volcano lines indicate the cut-off as determined by the t-test with an 
FDR=0.05 and an S0=0.2. Data points above the volcano line (marked in grey) are considered hits. Samples were 
prepared in biological triplicates (n=3).   
E: Venn diagram showing the overlap of hits from wildtype Bro1p and bro1K246A. The hitlist of wildtype Bro1p 
included 148 proteins enriched in proximity of Bro1p upon tunicamycin treatment, 20 of which overlapped with 
hits from bro1K246A, which in total included 24 proteins enriched in its proximity upon ER stress. The final hitlist of 
this experiment comprised all 128 hits that were only idenHfied for wildtype Bro1p.   
F: Volcano plot of two-sided non-paired two-sample t-test (FDR=0.05, 500 randomizaHons, S0=0.2) between 
tunicamycin-treated vs. untreated wildtype Bro1p strain illustraHng the final hit list (dark grey and colored data 
points). Some datapoints were colored according to category: ESCRT machinery, ER-associated proteins, Rim 
pathway proteins, COPI components and COPII components. The remaining hits are colored in dark grey.   

Since I established that ESCRT func1on at the ER can be uncoupled from MVB sor1ng by using point 

mutants of Bro1p, I used bro1K246A tagged with the TurboID tag in the PDB-MS strain background as a 

control strain to account for proteins that are enriched in proximity of Bro1p upon ER stress at MVBs 

or other loca1ons, and are thus not specific to ER clusters. A bio1nyla1on assay approach using these 

two TurboID tagged Bro1 variants revealed that ER stress induced an increase in the bio1nyla1on of 

Snf7 by Bro1p but not by bro1K246A, thus jus1fying the use of the K246A mutant as specificity control 

(Fig. 8C).  
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For the PDB-MS experiment, cells of the wildtype Bro1p-TurboID and control bro1K246A -TurboID strains 

were grown exponen1ally (Fig. 8B). One set of cultures was treated with 1 µg/mL tunicamycin for 3 h, 

whereas the other was lem untreated. During this 1me, the TurboID tag was able to bio1nylate 

proximity partners of Bro1p or bro1K246A using the bio1n present in the medium (2 µg/L) (Fig. 5A). Amer 

harves1ng and lysing the cells, I performed a pull-down with streptavidin-coupled beads to isolate 

bio1nylated proteins from the lysates (Fig. 8B). Triplicate mass spectrometry measurements were 

performed in collabora1on with Thomas Ruppert, Sabine Merker and Marcin Luzarowski of the ZMBH 

Mass Spectrometry Facility (Fig. 8B). The ini1al data analysis by MaxQuant was performed by our 

collaborator Georg Borner. I performed the subsequent data analysis using the Perseus somware. The 

data was filtered to remove contaminants and proteins only iden1fied with post-transla1onal 

modifica1ons. Only proteins iden1fied in all three replicates in at least one strain and condi1on were 

retained. I grouped the data according to strain (WT Bro1 or control) and condi1on (untreated or Tm-

treated) and imputed missing values using the imputa1on procedure of the Perseus somware. I 

performed two-sided non-paired two-sample t-tests with the data from tunicamycin-treated versus 

untreated WT Bro1p strain and from tunicamycin-treated versus untreated mutant bro1K246A strain. 

Proteins enriched in proximity of Bro1p were defined by a posi1ve log fold change and by an FDR below 

0.05 with a S0 value of 0.2. This resulted in hitlists of proteins enriched in proximity of WT (148 proteins) 

or mutant Bro1 (24 proteins) during ER stress (Fig. 8D, dark grey data points, Supplementary Tables S1-

S3). By removing the proteins that are shared between the two hitlists from the hitlist of WT Bro1, I 

determined the final hitlist of 128 proteins specifically enriched in proximity of WT Bro1p at ER clusters 

upon ER stress (Fig. 8E and F, Supplementary Table S1).  

The hits were assigned to the following categories: ESCRT machinery, ER-associated, Rim pathway, ER-

Golgi trafficking and Golgi internal trafficking (including COPI and COPII components), calcium signaling, 

the ubiqui1n-proteasome system, chaperones and others (Fig. 8F and Table 1). Several categories of 

hits overlapped with categories from the gene1c screens, especially hits involved in ER-Golgi trafficking, 

such as components of the COPI and COPII machineries (Pajonk, PhD disserta1on, 2025). This suggests 

that these factors are not only enriched in proximity of ER clusters upon stress, but that their dele1on 

also func1onally impacts Snf7 recruitment. 

The ESCRT machinery hits of the PDB-MS included Snf7p, which was expected to be enriched in 

proximity of Bro1p (Fig. 8C), as well as other ESCRT-III components, ESCRT-associated proteins and the 

AAA+ - ATPase Vps4p. ESCRT-0, -I and -II components were not found, consistent with the fact that 

upstream ESCRTs are not required for Snf7 recruitment to ER clusters.   

The fact that several ER-associated proteins were among the hits served as a valida1on for the ER 

localiza1on of the process. Oliver Pajonk had shown that Rtn1p-mCherry and Sec63p-mScarlet-i 

colocalized with Snf7-mNeonGreen at ER clusters upon ER stress.  
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Table 1. Summary of hits from the PDB-MS experiment categorized according to their loca3on or func3on. 
Category Hits from PDB-MS 

ESCRT machinery (6) Snf7, Vps4, Vps60, Vta1, Did2, Src1 

ER-associated (5) Rtn1, Sec63, Kar2, Sec53, Ero1 

Rim pathway (2) Rim20, Rim101 

ER-Golgi and Golgi internal trafficking (11) Gyp1, Sgm1, Gyp5, Gga1 

 > incl. COPI components (5) Ret2, Sec21, Sec27, Sec28, Arf1 

 > incl. COPII components (2) Sec16, Sec24 

Calcium signaling (2) Cmk1, Rcn1 

Ubiqui1n-proteasome system (11) Uba1, Cue3, Rpn1, Rpn5, Add66, Rup1, Ubp1, 
Ubp2, Doa1, Bre1, Rpt1 

Redox signaling (3) Grx1, Trx2, Mxr1 

Chaperones (5) Cct4, Ssa1, Cdc37, Hsp78, Vtc2 

Others (92) (complete list in Supplementary Table S1) 

 

3.3. Valida5on of the PDB-MS hits 

I set out to validate some of the hits by determining whether they colocalize with Snf7 at ER clusters, 

as well as assessing their effect on Snf7 recruitment to the ER. Whereas some proteins, like the UPS 

components or calcium signaling hits, could not be verified, others were validated and provided 

insights into ESCRT recruitment mechanism and ESCRT func1on at ER clusters. Specifically, the role of 

Rim proteins and of proteins of the ER-Golgi interface, in par1cular COPI components, were studied in 

the following. 

3.3.1. Rim20p is required for Snf7 recruitment to ER clusters and shows parFal redundancy to 

Bro1p 

The PDB-MS experiment showed that some proteins of the Rim pathway, namely Rim20p and Rim101p, 

were enriched in proximity of Bro1p upon ER stress. The canonical Rim pathway senses changes in 

external pH at the plasma membrane in different fungi (Peñalva et al., 2014). A signaling pla�orm is 

formed by the ESCRT machinery and Rim20p, which eventually mediates cleavage of Rim101p. The 
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generated cleavage product of Rim101p acts as a transcrip1on factor and induces a transcrip1onal 

response to the pH change (Li & Mitchell, 1997).  

 

Figure 9: Rim20p colocalizes with Snf7 at ER clusters and is required for Snf7 recruitment to ER clusters but not 
MVB sor3ng. 
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A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and Rim20p-
mNeonGreen, as well as Snf7-mScarlet-i expressed from the VPS24 promoter. ExponenHally growing cells were 
treated with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. The Rim20p-mNeonGreen signal is shown in 
two different display ranges to portray both the signal distribuHon in each condiHon (ideal display range) and the 
relaHve intensiHes of the signal between condiHons (same display range, comparable between untreated and 
treated). The scale bar indicates 2 µm. This observaHon was originally made by Oliver Pajonk. The strain was 
generated by Oliver Pajonk .  
B: Fluorescence microscopy images of cells stably expressing the general ER marker mCherry-Ubc6 and Snf7-
mNeonGreen from the VPS24 promoter in a wildtype or RIM20 deleHon background. ExponenHally growing cells 
were treated with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. The same display range is shown for the 
Snf7-mNeonGreen channel to appreciate the relaHve signal intensiHes between genotypes (comparable within 
untreated samples and treated samples). To allow for berer comparison of the signal between variants, the image 
of rim20∆ cells ajer tunicamycin treatment contains saturated pixels (less than 0.05% of pixels). The scale bar 
indicates 2 µm. This observaHon was originally made by Oliver Pajonk. The strains were generated by Jasmin 
Schäfer and SebasHan Schuck.  
C: Mup1-pHluorin assay of cells stably expressing Mup1-pHluorin and cytosolic BFP in wildtype cells and SNF7, 
BRO1 or RIM20 deleHon strains. Cells were grown to exponenHal growth phase in absence of methionine. At t=0 
min, one set of cultures was supplemented with methionine inducing endocytosis of Mup1-pHluorin and its 
vacuolar degradaHon via MVBs. The graph shows the relaHve Mup1-pHluorin fluorescence intensity of cells 
supplemented with methionine compared to cells growing in absence of methionine for the enHre Hmeframe of 
the experiment. GFP autofluorescence was subtracted and Mup1p-pHluorin intensiHes were normalized to the 
cytosolic BFP signal to adjust for cell size and translaHonal capacity. Results from one biological replicate are 
shown. Data from the 10 min Hmepoint was lej out due to technical issues of the measurement. The 
measurement for the snf7∆ strain showed atypical variaHons, presumably also due to an issue during sample 
preparaHon or technical issues of the measurement. The strains were generated by Petra Hubbe, Oliver Pajonk, 
SebasHan Schuck and me. 

I could show that dele1on of RIM101 did not affect Snf7 recruitment to the ER (data not shown).  Since 

Rim101p was highly enriched in proximity of Bro1p in the PDB-MS and Oliver Pajonk showed that 

Rim101p-mNeonGreen colocalized with Snf7-mScarlet-i at ER clusters, we asked whether ER stress 

induces a transcrip1onal response via Rim101p from ER clusters. However, an RNA sequencing analysis, 

performed by Carlos Mar1n de Hijas during his Master Thesis, did not reveal any gene induc1on or 

repression mediated by Bro1-dependent Rim101p signaling during stress.  

In the canonical Rim pathway, the ESCRT machinery adopts a scaffolding role for the Rim proteins 

instead of fulfilling its usual membrane remodeling role (Peñalva et al., 2014). Within the so-formed 

signaling pla�orm, Rim20p interacts with Snf7p and Rim101p (Xu & Mitchell, 2001). Interes1ngly, 

Rim20p is a homologue of Bro1p with an N-terminal Bro1 domain, but a different C-terminus.   

Oliver Pajonk showed that Rim20p-mNeonGreen colocalized with Snf7-mScarlet-i at ER clusters during 

ER stress (Fig. 9A). Addi1onally, he found that dele1on of RIM20 impaired the recruitment of Snf7 to 

the ER during stress (Fig. 9B). The cells showed some very bright Snf7 puncta, but rarely at ER clusters. 

I later quan1fied that Snf7 puncta at ER clusters were reduced to around 0.2 puncta per cell in absence 

of Rim20p (Fig. 10B). Thus, Rim20p promotes Snf7 recruitment to ER clusters.  
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Figure 10: Rim20p and Bro1p are par3ally redundant in Snf7 recruitment to ER clusters. 
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A: Fluorescence microscopy images of cells stably expressing the general ER marker mCherry-Ubc6 and Snf7-
mNeonGreen from the VPS24 promoter in different BRO1 and RIM20 overexpression and deleHon backgrounds 
of RIM20 and BRO1. ExponenHally growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h or lej 
untreated. The same display range is shown for the Snf7-mNeonGreen channel for both untreated and 
tunicamycin-treated cells to appreciate the relaHve signal intensiHes between genotypes across condiHons. The 
ideal display range for each genotype is shown for the ER marker. The scale bar indicates 2 µm. The strains were 
generated by Jasmin Schäfer, SebasHan Schuck and me.   
B: QuanHficaHon of Snf7-mNeonGreen puncta at ER clusters per cell in strains with BRO1 and RIM20 
overexpression and deleHon backgrounds in untreated cells or ajer treatment with tunicamycin (1 µg/mL) for 3 
h. Puncta and cells were counted manually in a blind analysis. Over 200 cells per genotype were quanHfied in 
independent biological replicates (n=3). The error bars indicate the standard error of the mean. The strains were 
generated by Jasmin Schäfer, SebasHan Schuck and me. 

The remaining puncta that were observed localized to the nuclear envelope, to regions devoid of ER 

clusters. These possibly arise due to a bigger pool of tagged Snf7 available for ESCRT-mediated 

processes at the nucleus, once RIM20 dele1on releases it from ER clusters. However, this effect was 

not seen when BRO1 was deleted.    

Even though Rim20p is a homologue of Bro1p and works together with the ESCRT machinery in the 

context of the Rim pathway, it has not been studied in other ESCRT-mediated processes. Since it 

par1cipates in Snf7 recruitment to ER clusters, I wondered whether it might also be involved in MVB 

sor1ng. Thus, I performed the Mup1-pHluorin assay with cells expressing Mup1-pHluorin and cytosolic 

BFP in the wildtype background, as well as SNF7, BRO1 or RIM20 dele1on backgrounds to compare 

effects of these dele1ons. While the SNF7 and BRO1 dele1ons both impaired MVB sor1ng, as shown 

previously, RIM20 dele1on did not affect sor1ng (Fig. 9C). Thus, Rim20p is not required for MVB sor1ng 

but is required for proper Snf7 recruitment to the ER.  

Bro1p and Rim20p both have an important role in Snf7 recruitment to ER clusters. Oliver Pajonk 

showed that Rim20p colocalized with Bro1p at ER clusters. He found that Rim20p recruitment requires 

Bro1p and endogenous Snf7p, but not upstream ESCRTs. Both Rim20p and Bro1p have a Bro1 domain 

with the two hydrophobic patches. In case of Bro1p, the first hydrophobic patch mediates interac1on 

with Snf7p (Kim et al., 2005). It is conceivable that the same holds true for Rim20p, as its interac1on 

with Snf7p also involves its Bro1 domain (Xu et al., 2004). This brought up the ques1on whether Rim20p 

and Bro1p act redundantly in Snf7 recruitment to ER clusters, perhaps because the total amount of 

Bro1 domain protein determines Snf7 recruitment efficiency. To test this idea, I inves1gated whether 

overexpression of one Bro1 domain protein could rescue the loss of the other. I created strains that 

overexpressed either RIM20 or BRO1 by exchanging their endogenous promoter with the excep1onally 

strong TEF promoter. The cells were also expressing an ER marker and Snf7-mNeonGreen from the 

VPS24 promoter either in a wildtype background, to check for the effect of the overexpression itself, 

or in a RIM20 or BRO1 dele1on background, to check for a possible rescue of Snf7 recruitment. I studied 

the effect of the different combina1ons of overexpressions and dele1ons in untreated cells and cells 
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treated for 3 h with tunicamycin (1 µg/mL) and quan1fied Snf7 puncta at ER clusters.  

In stressed cells, the overexpression of either Bro1p or Rim20p led to a similar number of Snf7 puncta 

per cell as in the wildtype (Fig. 10B). However, Snf7 puncta and ER clusters omen appeared brighter and 

more defined (Fig. 10A). Rim20 overexpression resulted in some addi1onal bright Snf7 puncta in the 

cytosol, not associated with ER clusters (Fig. 10A). Dele1on of RIM20 led to the aforemen1oned 

brighter puncta at the nuclear envelope, whereas Snf7 recruitment to ER clusters was strongly reduced 

to around 0.2 puncta per cell (Fig. 10). Also, the number of ER clusters was reduced. Overexpression of 

BRO1 in the RIM20 dele1on cells led to a slight increase of the number of ER clusters and Snf7 puncta 

(around 0.3 puncta per cell), but did not show a full rescue. Intriguingly, overexpression of RIM20 in a 

BRO1 dele1on strain increased the amount of Snf7 puncta from almost none in a BRO1 dele1on to 

around 0.5 puncta per cell. Although Snf7 recruitment did not reach the same efficiency as in wildtype 

cells, it was a notable increase, showing that RIM20 was able to par1ally rescue the BRO1 dele1on 

phenotype. RIM20 overexpression again led to forma1on of addi1onal bright Snf7 puncta in the 

cytosol, whereas this was not the case for BRO1, sugges1ng that Rim20p has other non-redundant 

func1ons related to Snf7.  

All in all, Bro1p and Rim20p are both required for proper Snf7 recruitment to ER clusters upon ER stress 

and have at least par1ally redundant func1ons in this recruitment.  

Interes1ngly, this experiment also revealed that overexpression of BRO1 and RIM20 induced the 

forma1on of ER clusters and Snf7 puncta in untreated cells, both in a wildtype and the dele1on 

backgrounds (Fig. 10). Even though Snf7 puncta formed at a lower rate than in stressed cells, with 

around 0.15 puncta per cell, and puncta omen appeared slightly weaker than the ones observed in 

stressed cells, I could show that ER cluster forma1on and ESCRT recruitment can be induced in absence 

of ER stress by overexpression of Bro1 domain proteins. This finding underlines the essen1al role that 

Rim20p and Bro1p play at ER clusters and for Snf7 recruitment.  

Since endogenously expressed Rim20p and Bro1p both colocalize with Snf7 at ER clusters, I next 

inves1gated whether the localiza1on of the individual proteins is affected by overexpression of the 

respec1ve other Bro1 domain protein. Therefore, I imaged cells stably expressing an ER marker, either 

Bro1p or Rim20p endogenously tagged with mNeonGreen, as well as Snf7 expressed from the VPS24 

promoter, in a wildtype background or with overexpression of either BRO1 or RIM20. In untreated cells, 

Rim20p was present in Snf7 puncta induced by BRO1 overexpression and vice versa (Fig. 11), sugges1ng 

that Snf7 puncta induced by overexpression of one Bro1 domain protein also involved the second one. 

In stressed cells, Rim20p s1ll colocalized with Snf7 at ER clusters when Bro1p was overexpressed, but 

Rim20p puncta appeared much weaker than in the wildtype (Fig. 11A). A similar effect was observed 

for Bro1p puncta with RIM20 overexpression (Fig. 11B). Thus, overexpression of one Bro1 domain 

protein par1ally displaced the respec1ve other Bro1 domain protein from ER clusters.  
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Figure 11: Overexpression of one Bro1 domain protein displaces the other from ER clusters. 
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A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and Rim20p-
mNeonGreen, as well as Snf7-mScarlet-i expressed from the VPS24 promoter, in a wildtype or BRO1 
overexpression background. ExponenHally growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h or 
lej untreated. The Rim20p-mNeonGreen signal is shown in two different display ranges to portray both the signal 
distribuHon for each genotype (ideal display range) and the relaHve intensiHes of the signal between genotypes 
(same display range, comparable within untreated and within treated). The scale bar indicates 2 µm. The strains 
were generated by Oliver Pajonk and me.   
B: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and Bro1p-
mNeonGreen, as well as Snf7-mScarlet-i expressed from the VPS24 promoter, in a wildtype or RIM20 
overexpression background. ExponenHally growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h or 
lej untreated. The Bro1p-mNeonGreen signal is shown in two different display ranges to portray both the signal 
distribuHon for each genotype (ideal display range) and the relaHve intensiHes of the signal between genotypes 
(same display range, comparable within untreated and within treated). The scale bar indicates 2 µm. The strains 
were generated by Oliver Pajonk and me.  

Notably, apart from displacing Bro1p from ER clusters, Rim20p overexpression also resulted in a class 

E compartment-like distribu1on of Bro1p (Fig. 11B). Possibly, Rim20p has a dominant-nega1ve effect 

in MVB sor1ng, as it can bind to Snf7p, but cannot replace Bro1p func1onally at MVBs, which then turn 

into aberrant class E compartments. This effect was not seen for Rim20p distribu1on when Bro1p was 

overexpressed (Fig. 11A). This again implies that although there is some redundancy between Rim20p 

and Bro1p, their overexpression entails individual effects as well.  

Taken together, Rim20p, besides Bro1p, is needed for full Snf7 recruitment to ER clusters, but not for 

MVB forma1on. Bro1p and Rim20p show par1al redundancy and possibly coordinate Snf7 recruitment 

to ER clusters together. 

3.3.2. COPI components colocalize with Snf7 at ER clusters 

Another prominent category of hits from the PDB-MS experiment were COPI components. COPI 

proteins are involved in the retrograde transport of protein from the Golgi to the ER, as well as internal 

trafficking pathways between Golgi cisternae (Letourneur et al., 1994; Papanikou et al., 2015; C. K. 

Barlowe & Miller, 2013). Four out of seven COPI coat proteins (Ret2p, Sec21p, Sec27p, Sec28p), as well 

as the small GTPase Arf1p needed for COPI coat forma1on, were enriched in proximity of Bro1p upon 

ER stress (Fig. 8F, Table 1). Moreover, COP1 was a hit in the gene1c screen with the temperature-

sensi1ve allele collec1on done by Oliver Pajonk complementary to the PDB-MS experiment. He could 

further show that Cop1p-mNeonGreen colocalized with Snf7-mScarlet-i puncta at ER clusters upon ER 

stress (Pajonk, PhD disserta1on, 2025).    

To validate the COPI hits from the PDB-MS experiment, I tagged the different coat proteins C-terminally 

with mNeonGreen in cells stably expressing an ER marker and Snf7-mScarlet-i from the VPS24 

promoter and inves1gated their localiza1on amer 3 h of tunicamycin treatment. Each COPI component 

showed a punctate distribu1on throughout the cells and omen overlapped with Snf7-mScarlet-i puncta 

at ER clusters (Fig. 12A). Upon quan1fica1on of Snf7 puncta colocalizing with COPI components, I found 
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that around 60% of Snf7-mScarlet-I puncta colocalized with each of the COPI coat components, 

confirming the findings from the PDB-MS experiment (Fig. 12B). Paralell experiments by Oliver Pajonk 

demonstrated that COPI components are required for efficient Snf7 recruitment.   

Thus, COPI components are present at the majority of ER clusters, implied in Snf7 recruitment and 

might be involved in downstream func1ons as well. 

 

Figure 12: COPI components colocalize with Snf7 at ER clusters during ER stress. 
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A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and different COPI 
components tagged with mNeonGreen, as well as Snf7-mScarlet-i from the VPS24 promoter. ExponenHally 
growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h. Images were deconvolved with the 
Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise level). DeconvoluHon leads to the 
appearance of some saturated pixels on the images and prevents quanHtaHve comparison between genotypes. 
A close-up of a Snf7 punctum is shown as an example for each genotype. The strains were generated by Oliver 
Pajonk and me.   
B: QuanHficaHon of colocalizaHon between Snf7-mScarlet-i puncta at ER clusters and mNeonGreen tagged COPI 
components ajer treatment with tunicamycin (1 µg/mL) for 3 h. ColocalizaHon was assessed manually in a blind 
analysis. 50 Snf7 puncta per genotype were considered. The strains were generated by Oliver Pajonk and me. 

3.4. Spa5al arrangement of COPI and COPII components at ER clusters 

Taking together the categories of hits from the PDB-MS experiment and the gene1c screens, the 

number of factors of the ER-Golgi interface was striking. Apart from the COPI components men1oned 

above, members of the Dsl1-tethering complex, which is involved in receiving COPI vesicles at the ER, 

were found in the gene1c screens. Moreover, many components of the COPII machinery, responsible 

for vesicular transport from the ER to the Golgi, were part of the hitlists. Apart from the general ER 

export machinery, the gene1c screens revealed genes related to the specific ER export of GPI-anchored 

proteins (GPI-AP), namely GPI-anchor remodeling enzymes and the p24 export receptor for GPI-APs. 

Upon valida1on of these hits, Oliver Pajonk could show that the export machinery for GPI-anchored 

proteins, COPII components and the Dsl1-tethering complex play a role in ER cluster forma1on and/or 

Snf7 recruitment to the ER upon ER stress (Pajonk, PhD disserta1on, 2025).  

We then set out to gain a be_er understanding of the spa1al arrangement of the different factors at 

ER clusters. Oliver Pajonk found that Dsl1p, the p24 complex and Gas1, a model GPI-anchored protein, 

colocalized with Snf7 puncta at ER clusters (Pajonk, PhD disserta1on, 2025). To further understand the 

rela1on between COPI and COPII components in the context of Snf7 puncta at ER clusters, I generated 

a strain stably expressing Sec24p-mNeonGreen and Ret2p-Halo, one COPII and one COPI component 

hit from the PDB-MS experiment, in a background with an ER marker and Snf7-mScarlet-i expressed 

from the VPS24 promoter. Addi1on of the SiR-HaloTagLigand (HTL) allowed the observa1on of Ret2p 

in the far-red channel. Ret2p and Sec24p showed dis1nct punctate distribu1ons at steady-state and 

amer 3 h of tunicamycin treatment (Fig. 13A). The COPI component Ret2p omen colocalized with Snf7 

puncta upon ER stress, as observed previously, whereas the COPII component Sec24p arranged in 

smaller puncta around a central Snf7 punctum, crea1ng a flower-like arrangement. Chrysafenia 

Papavissarion, a former rota1on student, observed similar arrangements in cells expressing a different 

combina1on of COPII and COPI components, namely Sec24p-mNeonGreen and Cop1p-Halo (Fig. 13B).  
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Figure 13: Spa3al arrangement of COPI components, COPII components and Snf7 at ER clusters during ER stress. 
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A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Sec24p-
mNeonGreen, Ret2p-Halo and Snf7-scarlet-i from the VPS24 promoter.  ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. They were imaged ajer adding the SiR-HaloTagLigand. 
Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise 
level). DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. A close-up of a Snf7 punctum is shown as an example for the treated cells.  
B: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Cop1p-
mNeonGreen, Sec24p-Halo and Snf7-scarlet-i from the VPS24 promoter.  ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. They were imaged ajer adding the SiR-HaloTagLigand. 
Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise 
level). DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. A close-up of a Snf7 punctum is shown as an example for the treated cells. This 
observaHon was originally made by Chrysafenia Papavissarion and Oliver Pajonk. The strain was generated by 
Chrysafenia Papavissarion.   
C: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Cop1p-
mNeonGreen, Ret2p-Halo and Snf7-scarlet-i from the VPS24 promoter.  ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. They were imaged ajer adding the SiR-HaloTagLigand. 
Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise 
level). DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. A close-up of a Snf7 punctum is shown as an example for the treated cells.  

Since this spa1al arrangement has been observed for two different COPI components, I wanted to 

determine whether those two components colocalized at ER clusters. Therefore, I tagged Ret2p with a 

HaloTag and Cop1p with mNeonGreen in cells expressing a general ER marker and Snf7 from the VPS24 

promoter. Surprisingly, Cop1p-mNeonGreen and Ret2p-Halo were only par1ally overlapping in both 

untreated and stressed cells (Fig. 13C). As for colocaliza1on with Snf7 puncta, some1mes Cop1p-

mNeonGreen colocalized and some1mes Ret2p-Halo colocalized. A more extensive overlap of the 

different COPI components would have been expected, since the COPI coat has been proposed to be 

recruited to membranes en bloc (Hara-Kuge, 1994). However, it cannot be excluded that tagging of two 

different COPI components might interfere with their localiza1on and interac1on.   

These findings reveal a complex spa1al arrangement of different factors at ER clusters in which Snf7 

coincides with Dsl1p, a GPI-anchored protein, the p24 complex and COPI components and is 

surrounded by COPII components.  

3.5. ER-tethers colocalize with Snf7 upon ER stress 

Amer having gained more insight into the requirements for ER cluster and Snf7 puncta forma1on, as 

well as the spa1al arrangement of the involved factors, we proceeded to inves1gate the possible 

func1onal output of the ESCRTs at ER clusters. Even though presence of general and specialized ER 

export machineries implied a role for the ESCRT machinery in protein export from the ER, no conclusive 

evidence suppor1ng this hypothesis was found.   

However, the occurrence of several Golgi-associated factors at ER-clusters suggested that ER clusters 

are Golgi-proximal regions of the ER, which raised the ques1on whether ER clusters mediate contacts 
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to the Golgi during ER stress. Indeed, stress-induced ER-Golgi contacts have been described before in 

S. cerevisiae, entailing the re-localiza1on of ER-tethering proteins Nvj2p and Tcb3p to these sites, which 

presumably facilitate non-vesicular ceramide transfer during ER stress (L.-K. Liu et al., 2017; Ikeda et 

al., 2020).   

Oliver Pajonk observed that Nvj2p-mNeonGreen and Tcb3p-mNeonGreen colocalized with Snf7-

mScarlet-i upon ER stress, sugges1ng that ER clusters indeed form stress-induced contact sites with the 

Golgi. He could further show that dele1on of NVJ2 and/or the tricalbin proteins TCB1, TCB2 and TCB3 

did not substan1ally reduce Snf7 recruitment to ER clusters (Pajonk, PhD disserta1on, 2025). They are 

not essen1al for Snf7 recruitment and might thus have a downstream role at ER clusters.  

 

Figure 14: ER-tethering protein Tcb3p colocalizes with Snf7 at ER clusters during ER stress in a Bro1p-dependent 
manner. 
A:  Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and Tcb3p-
mNeonGreen, as well as Snf7-mScarlet-i expressed from the VPS24 promoter, in a wildtype or bro1K246A 
background. ExponenHally growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h. The same display 
range is shown for the mScarlet-i and mNeonGreen channels to portray the relaHve intensiHes of the signal 
between genotypes. The scale bar indicates 2 µm. The strains were generated by Oliver Pajonk.  
B: QuanHficaHon of cytosolic Tcb3p-mNeonGreen puncta in the wildtype and bro1K246A background ajer 
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treatment with tunicamycin (1 µg/mL) for 3 h. Puncta and cells were counted manually in a blind analysis. Over 
200 cells per genotype were quanHfied in independent biological replicates (n=3). The error bars indicate the 
standard error of the mean. Oliver Pajonk generated the strains, acquired images for two of the three replicates 
and quanHfied all replicates. 

Since dele1on of these tethering proteins did not affect Snf7 recruitment to the ER, we inves1gated 

whether ESCRT recruitment might affect their localiza1on. Oliver Pajonk found that the number of 

cytosolic Tcb3p puncta was reduced in cells lacking BRO1 (Pajonk, PhD disserta1on, 2025). To 

understand whether this effect was dependent on ESCRT recruitment to the ER upon stress, Oliver and 

I imaged WT Bro1p and bro1Y320D cells expressing a general ER maker, Tcb3p-mNeonGreen and Snf7 

from the VPS24 promoter upon 3 h of tunicamycin treatment. Quan1fica1on of cytosolic Tcb3p puncta 

revealed that the forma1on of these cytosolic puncta was indeed reduced in cells with a defect in 

stress-dependent ESCRT recruitment to ER clusters (Fig. 14).   

Taken together, we could show that ESCRT recruitment to ER clusters is required for localiza1on of the 

stress-induced ER-Golgi tethering protein Tcb3p to ER clusters. The ESCRT machinery might play a role 

in the forma1on or stabiliza1on of these puta1ve ER-Golgi contact sites.   

3.6. Interplay between Snf7, ER-tethers and Cop1p as a Golgi marker 

3.6.1. SpaFal arrangement of Snf7 and typical cis-, medial- and trans-Golgi proteins 

In order to further study the role of the ESCRT machinery at prospec1ve ER-Golgi contact sites, I set 

out to determine a suitable Golgi marker for these structures. Addi1onally, I wanted to inves1gate 

whether there are any differences in the extent of associa1on of Snf7 with different parts of the Golgi, 

as it has been proposed that Nvj2p and Tcb3p primarily mediate contacts between the ER and the 

medial-Golgi (L.-K. Liu et al., 2017; Ikeda et al., 2020).    

In S. cerevisiae, cis-, medial- and trans-Golgi cisternae are distributed throughout the cell and are not 

arranged as stacks (Preuss et al., 1992). Thus, I tagged proteins assigned to the different parts of the 

Golgi (according to (Tojima et al., 2024)) either at the C-terminus with mNeonGreen or at the N-

terminus with yeGFP in cells expressing an ER marker and Snf7-mScarlet-i from the VPS24 promoter. 

All imaged Golgi proteins showed a punctate distribu1on throughout the cell at steady state (Fig. 15A). 

Amer 3 h of tunicamycin treatment, their distribu1on became more diffuse with a higher number of 

smaller puncta (Fig. 15B), sugges1ng that ER stress affected Golgi morphology as well. The Golgi 

proteins showed different degrees of overlap with Snf7 puncta at ER clusters. Whereas 30% of Snf7 

puncta colocalized with cis-Golgi components Grh1p and Mnn9p, even fewer showed an overlap with 

medial-Golgi component Gos1p or trans-Golgi components Gga2p and Apl6p (Fig. 15C). 
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Figure 15: Snf7 puncta do not extensively colocalize with Golgi markers. 
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A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and different Golgi 
proteins tagged with mNeonGreen, as well as Snf7-mScarlet-i expressed from the VPS24 promoter. ExponenHally 
growing cells were imaged. Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with 
automaHcally determined noise level). DeconvoluHon leads to the appearance of some saturated pixels on the 
images and prevents quanHtaHve comparison between genotypes. The scale bar indicates 2 µm.   
B: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6 and different Golgi 
proteins tagged with mNeonGreen, as well as Snf7-mScarlet-i expressed from the VPS24 promoter. ExponenHally 
growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h. Images were deconvolved with the 
Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise level). DeconvoluHon leads to the 
appearance of some saturated pixels on the images and prevents quanHtaHve comparison between genotypes. 
A close-up of a Snf7 punctum with the respecHve Golgi protein is shown as an example for each genotype.  
C: QuanHficaHon of colocalizaHon between Snf7-mScarlet-i puncta at ER clusters and mNeonGreen tagged Golgi 
proteins ajer treatment with tunicamycin (1 µg/mL) for 3 h. ColocalizaHon was assessed manually in a blind 
analysis. 50 Snf7 puncta per genotype were considered.  

In general, I could not observe an extensive overlap between Snf7 puncta at stress-induced ER clusters 

and any of the Golgi proteins I tested. Also, these findings did not support the idea that ER clusters 

preferen1ally associate with medial-Golgi due to the presence of Nvj2p and Tcb3p. However, it is 

possible that the few Golgi proteins that I selected are not part of the Golgi structures that are 

associated with ER clusters and thus I could not determine a greater degree of overlap.   

Thus, none of the Golgi proteins tested here were suitable markers for Golgi structures at ER clusters. 

Interes1ngly, however, COPI components and Snf7 puncta showed a higher degree of colocaliza1on, as 

described above, making them more informa1ve Golgi markers to study ESCRTs at ER clusters.  

3.6.2. COPI component Cop1p strongly colocalizes with Snf7 but only parFally with other Golgi 

proteins 

Apart from their role in retrograde transport from the Golgi to the ER, COPI components are also 

implied in internal recycling pathways within the Golgi. They appear to be present at many matura1on 

stages of early Golgi cisternae (cis- and medial-Golgi) in S. cerevisiae, sugges1ng that they could serve 

as more general early Golgi markers (Papanikou & Glick, 2014; Papanikou et al., 2015).  

To further explore the possibility of using COPI components, specifically Cop1p, as a marker for the 

Golgi at ER clusters, I inves1gated how Cop1p relates to different early Golgi proteins. Therefore, I 

imaged cells expressing Cop1p-Halo, an ER marker, Snf7-mScarlet-i from the VPS24 promoter, and 

mNeonGreen-tagged Golgi proteins. I used the cis-Golgi proteins Mnn9p and Grh1p, that showed the 

most overlap with Snf7, as well as another medial-Golgi protein Aur1p, with mNeonGreen.   

Cop1p-Halo and the Golgi proteins showed a punctate distribu1on at steady state with a more disperse 

distribu1on upon ER stress (Fig. 16). Cop1p only showed par1al overlap with the other Golgi proteins 

in both untreated and stressed cells. Aur1p exhibited the most overlap with Cop1p, although s1ll to a 

low degree (Fig. 16B). Instances where Snf7 overlapped with both Cop1 and another Golgi protein were 
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rare, sugges1ng that the Snf7 puncta colocalizing with early Golgi proteins were not a subset of the 

Snf7 puncta colocalizing with Cop1p. However, it cannot be excluded that tagging different proteins 

present at ER-Golgi contacts interferes with their loca1on and/or their assembly at the contacts.  

 

 

Figure 16: Spa3al arrangement of Cop1p in rela3on to other Golgi proteins. 
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A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Grh1p-
mNeonGreen, Cop1p-Halo and Snf7-scarlet-i from the VPS24 promoter.  ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. Cells were imaged ajer adding the SiR-HaloTagLigand. 
Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise 
level). DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. The scale bar indicates 2 µm.  
B: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Aur1p-
mNeonGreen, Cop1p-Halo and Snf7-scarlet-i from the VPS24 promoter.  ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. Cells were imaged ajer adding the SiR-HaloTagLigand. 
Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise 
level). DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. The scale bar indicates 2 µm.  
C: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Mnn9p-
mNeonGreen, Cop1p-Halo and Snf7-scarlet-i from the VPS24 promoter.  ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. Cells were imaged ajer adding the SiR-HaloTagLigand. 
Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise 
level). DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. The scale bar indicates 2 µm. 

In summary, amer exploring the rela1on between early Golgi proteins and Cop1p at ER clusters, I 

confirmed that Cop1p indeed serves as the best marker for the Golgi at ER clusters. Consequently, it 

was used as Golgi marker to further study ESCRT func1on at ER-Golgi contacts.   

3.6.3. Tcb3p and Nvj2p colocalize with Golgi marker Cop1p but do not affect its colocalizaFon with 

Snf7 

To eventually combine our findings into a comprehensive view of ER-Golgi contacts at ER clusters, we 

imaged cells stably expressing an ER marker, Cop1p-Halo as a Golgi marker, Snf7-mScarlet-i from the 

VPS24 promoter, and the ER-tethers Nvj2p or Tcb3p respec1vely tagged with mNeonGreen.   

I observed that Nvj2p-mNeonGreen, Cop1p-Halo and Snf7-mScarlet-i omen colocalized at ER clusters 

amer 3 h of tunicamycin treatment, underlining the fact that all of these components come together at 

these sites upon ER stress (Fig. 17A). Similarly, Oliver Pajonk showed that 60% of Snf7 puncta at stress-

induced ER clusters colocalize with both Tcb3p and Cop1p and the remaining puncta s1ll colocalized 

either with Tcb3p or Cop1p (Pajonk, PhD disserta1on, 2025).  

Now that I established Cop1p as a marker for the Golgi at ER clusters, I wanted to determine whether 

the proximity between Snf7 and Cop1p is mediated by the stress-induced ER-Golgi tethers Nvj2p and 

Tcb3p. For this purpose, I deleted NVJ2 and/or the tricalbins TCB1, TCB2 and TCB3 in cells stably 

expressing an ER marker, Cop1p-mNeonGreen and Snf7-mScarlet-i from the VPS24 promoter (images 

not shown) and assessed the frequency of colocaliza1on between Snf7 puncta at ER clusters and Cop1p 

amer 3 h of tunicamycin treatment. Neither the individual dele1ons of NVJ2 and TCB1/2/3 nor the 

combined dele1on led to a strong reduc1on of Snf7-Cop1p colocaliza1on at ER clusters, showing that 

these ER tethers were dispensable for proximity between ER cluster localized Snf7 and Golgi-associated 
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Cop1p (Fig. 17B). Possibly, Nvj2p and Tcb3p cooperate with other tethers to stabilize these contacts, or 

they play another downstream role, possibly in transfer of ceramides as was proposed before (L.-K. Liu 

et al., 2017; Ikeda et al., 2020).  

Taken together, these findings suggest that Snf7 is recruited to contacts between ER clusters and 

Cop1p-posi1ve Golgi structures upon ER stress and that its recruitment mediates the efficient 

localiza1on of stress-induced ER-Golgi tethers to these sites.  

 

 

Figure 17: ER tethers, Cop1p and Snf7 colocalize at ER clusters upon ER stress. 
A: Fluorescence microscopy images of cells stably expressing the general ER marker BFP-Ubc6, Nvj2p-
mNeonGreen, Cop1p-Halo and Snf7-scarlet-i from the VPS24 promoter. ExponenHally growing cells were treated 
with tunicamycin (Tm) (1 µg/mL) for 3 h or lej untreated. Cells were imaged ajer adding the SiR-HaloTagLigand. 
Images were deconvolved with the Richardson-Lucy algorithm (30 iteraHons with automaHcally determined noise 
level). DeconvoluHon leads to the appearance of some saturated pixels on the images and prevents quanHtaHve 
comparison between genotypes. A close-up of a Snf7 punctum is shown as an example for the treated cells. 
B: QuanHficaHon of colocalizaHon between Snf7-mScarlet-i puncta at ER clusters and Cop1p-mNeonGreen. Cells 
were stably expressing the general ER marker BFP-Ubc6, Cop1p-mNeonGreen and Snf7-scarlet-i from the VPS24 
promoter in a wildtype background as well as NVJ2 and/or tricalbin (TCB1, TCB2, TCB3) deleHon backgrounds. 
ExponenHally growing cells were treated with tunicamycin (Tm) (1 µg/mL) for 3 h. ColocalizaHon was assessed 
manually in a blind analysis. 50 Snf7 puncta per genotype were considered. The strains were generated by Oliver 
Pajonk and me. 
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4. DISCUSSION  

4.1. A novel role of the ESCRT machinery at poten5al ER-Golgi contacts during ER stress 

The recruitment of the ESCRT machinery to ER clusters during ER stress is a novel pathway. In this study, 

I iden1fied important determinants for this recruitment and further provided insight into the possible 

func1on of the ESCRT machinery at puta1ve contact sites between ER clusters and the Golgi.  

My findings show that although expressing tagged Snf7 alongside endogenous Snf7p is not neutral 

regarding ESCRT recruitment to the ER, it is a valuable tool for studying this process. I found that the 

Bro1 domain of Bro1p was sufficient for ESCRT recruitment to the ER and that muta1ons of the second 

hydrophobic patch or the TPR-like domain within this domain almost completely abolished recruitment 

of Bro1p and Snf7 to the ER. These mutants do not affect ESCRT func1on in MVB sor1ng, highligh1ng 

a specific role of these sites for stress-induced recruitment to the ER and providing a way to uncouple 

these ESCRT-mediated processes. Using a proximity-dependent bio1nyla1on approach coupled to mass 

spectrometry, I uncovered factors involved in the recruitment of ESCRTs to ER clusters. In par1cular, I 

established that Rim20p, a homologue of Bro1p, was required for proper Snf7 recruitment and is 

par1ally redundant with Bro1p in this process. I further found that Rim20p was not needed for MVB 

sor1ng, iden1fying it as another specific factor in Snf7 recruitment for this ESCRT process. The hits of 

my PDB-MS experiment, together with the hits from the gene1c screens, provided evidence for an ER-

Golgi contact site established at ER clusters during ER stress. I showed that COPI components colocalize 

with ER clusters and established Cop1p as a suitable Golgi marker at these sites. I further contributed 

to defining the spa1al arrangement of different factors at ER clusters, where Snf7, Bro1p, Rim20p, COPI 

components, the Dsl1 complex, the p24 complex and Gas1 colocalized with ER clusters, whereas COPII 

components were surrounding them. Moreover, together with Oliver Pajonk, I found that ESCRT 

recruitment to ER clusters was essen1al for the proper localiza1on of the ER-tether Tcb3p to stress-

induced ER-Golgi contacts. Eventually, I inves1gated the role of the ER-tethers Nvj2p and Tcb3p, and 

thus indirectly of the ESCRT machinery, at ER clusters during stress. My findings suggest that Tcb3p and 

Nvj2p are not essen1al for the establishment of ER-Golgi contacts and thus might cooperate with other 

tethering proteins and/or play a downstream role, e.g. in ceramide transfer at these sites.  

These findings, together with insights gained by Oliver Pajonk during his PhD, defined our current 

model of the ESCRT machinery at stress-induced ER-Golgi contact sites (Fig. 18). Upon ER stress, 

complex and highly curved clusters form at the ER. ER cluster forma1on requires factors involved in 

GPI-anchored protein export, sugges1ng that cluster forma1on is driven by accumula1on of GPI-

anchored proteins at these sites, poten1ally due to their compromised ER export (Pajonk, PhD 

disserta1on, 2025). Consequently, ER clusters would also contain elevated ceramide levels, as these 

lipid species typically co-cluster with GPI-APs before their coordinated vesicular export (Lopez et al., 
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2019). Elevated ceramide levels might serve as a trigger for Snf7 recruitment, since the amount of 

ceramide at the ER seems to correlate with the number of Snf7 (discussed below; Pajonk, PhD 

disserta1on, 2025). 

 

 

Figure 18: Model of ESCRT recruitment and possible func3on at ER-Golgi contact sites upon ER stress. 
A: SchemaHc representaHon of the recruitment mechanism of Snf7 to ER clusters. Upon ER stress, iniHal ER cluster 
formaHon occurs and presumably first leads to recruitment of Bro1p and Rim20p. Subsequent Snf7 recruitment 
depends on Bro1p and Rim20p. They both contain a homologous Bro1 domain (indicated by the dashed area). 
Point mutaHons in the TPR-like domain (K246A) or the second hydrophobic patch (Y320D) of Bro1p almost 
completely abolish Bro1p and Snf7 recruitment to ER clusters.   
B: SchemaHc representaHon of putaHve ESCRT funcHon at ER-Golgi contact sites. Upon ER stress, complex 
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structures with a high degree of curvature form at the ER upon ER stress. A speculaHve representaHon of ER 
cluster morphology is shown here. Snf7 is recruited to a yet unknown part of those structures. COPII components 
localize more distally from Snf7 in these structures, possibly bound to GPI-AP cargo via GPI-AP export receptors. 
ER clusters contain the stress-induced ER-Golgi tethers Tcb3p and Nvj2p (not shown here) and colocalize with 
COPI-posiHve Golgi cisternae. Tcb3p localizaHon to ER clusters depends on ESCRT recruitment. Furthermore, 
Tcb3p might mediate non-vesicular transport of ceramide from the ER to the Golgi at ER clusters. 

The Bro1 domain proteins Bro1p and Rim20p coordinate Snf7 recruitment to ER clusters via their Bro1 

domain. The TPR-like domain and the second hydrophobic patch of Bro1p are required for this 

recruitment (Fig. 18A). ER clusters also contain stress-induced ER-Golgi tethering proteins Nvj2p and 

Tcb3p, and they coincide with COPI-posi1ve parts of the Golgi, sugges1ng that ER clusters form contacts 

with the Golgi. Moreover, these sites are surrounded by COPII components, possibly bound to GPI-AP 

receptors and cargo unable to leave the ER. Tcb3p localiza1on to the poten1al ER-Golgi contacts 

depends on ESCRT recruitment. Thus, the ESCRT machinery seems to play a role at ER-Golgi contact 

sites, possibly in the forma1on of the contacts or by stabilizing pre-exis1ng contacts. They might further 

be involved in non-vesicular transfer of ceramide at these sites via Tcb3p (Fig. 18B) (Ikeda et al., 2020). 

Since vesicular transport of GPI-APs and thus ceramides are possibly impaired, as suggested by spa1al 

proteomics data from our lab (discussed below; (Platzek et al., 2025)), this ESCRT-mediated process 

would provide a way to avoid the toxic accumula1on of ceramide within the ER upon ER stress. 

4.2. Iden5fica5on of upstream and downstream factors of ESCRT recruitment by proximity-

dependent bio5nyla5on  

The proximity-dependent bio1nyla1on approach coupled to MS used in this study enabled to iden1fy 

Rim20p as recruitment factor for Snf7 to ER clusters, as well as sugges1ng proximity of ER clusters to 

the Golgi given that many hits were part of the ER-Golgi interface.   

Upon valida1on by fluorescence microscopy, some proteins from the hitlist, like the UPS components, 

did not accumulate at ER clusters. These false-posi1ve hits possibly arose due to the con1nuous 

bio1nyla1on by Bro1p-TurboID throughout the experiment. An exogenous bio1n pulse could have been 

employed to limit the temporal range for bio1nyla1on and thus reducing the extent to which cytosolic 

proteins just passing by ER clusters become bio1nylated. Another caveat of this approach is that steric 

obstruc1on can prevent the detec1on of proximity partners of Bro1p.  

The microscopy-based gene1c screens performed as a complementary approach enabled us to address 

the same ques1on from a different angle (Pajonk, PhD disserta1on, 2025). Overlaps between the two 

approaches included hits involved in ER-Golgi trafficking like COPI and COPII components. Other 

categories were only found by the gene1c screens: GPI-anchor remodelers, the GPI-AP export receptor, 

the GET machinery, ER structural genes, lipid metabolism genes, ribosome or proteasome-related 

genes. Some of these hits could not be validated in our strain background or were indirect hits, as they 
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affected ER morphology in general. Genes related to ER export of GPI-APs were shown to play a role at 

ER clusters (Pajonk, PhD disserta1on, 2025). Yet other categories of hits could only have been iden1fied 

by PDB-MS, like the ESCRT proteins, since they were not part of the strain collec1ons in the screen. 

Thus, the combina1on of the two approaches indeed provided a more complete overview of the factors 

involved in ESCRT recruitment to and func1on at ER clusters during stress. The PDB-MS approach 

reports on proximity and thus iden1fies proteins more closely associated with ER clusters, or even 

interac1ng with Bro1p. The gene1c screens brought up genes that play a role further upstream of ER 

cluster forma1on and ESCRT recruitment, as well as factors that could poten1ally sterically not be 

reached by Bro1p-TurboID. 

4.3. Recruitment of the ESCRT machinery to ER clusters upon ER stress 

4.3.1. Relevant features of Bro1p for recruitment to ER clusters 

The ESCRT-III subcomplex can be recruited to target membranes in various ways. Recruitment of Snf7 

to ER clusters upon ER stress requires Bro1p but not the upstream ESCRT-0, -I and -II complexes. 

Different roles have previously been ascribed to Bro1p regarding ESCRT ac1vity, namely roles in 

ac1va1on of Snf7, de-ubiqui1na1on of cargo and regula1on of ESCRT-III disassembly by Vps4p (Tang et 

al., 2015; Luhtala & Odorizzi, 2004; Tseng et al., 2021). Which role Bro1p plays at ER clusters, apart 

from enabling Snf7 recruitment, remains unclear. So far, there is no evidence for the need of ubiqui1n-

binding domains of Bro1p in this process. An interac1on between Bro1p and Vps4p at ER clusters is 

possible, as Vps4p was enriched in proximity of Bro1p-TurboID upon ER stress.   

Data from this study and previous work by Carlos Mar1n de Hijas showed that the Bro1 domain of 

Bro1p is sufficient for proper recruitment of Bro1p and Snf7 to ER clusters. The ER clusters, as well as 

Bro1p and Snf7 puncta, are more disperse than in presence of full-length Bro1p, sugges1ng a role of 

the Bro1p C-terminus in the organiza1on of ER clusters, possibly by media1ng interac1ons with other 

proteins relevant for this process. Muta1ons of the TPR-like domain or the second hydrophobic patch 

within the Bro1 domain disrupted recruitment of Bro1p and Snf7 to ER clusters. The K246A muta1on 

in the TPR-like domain did not cause a problem with MVB sor1ng but interfered with recruitment to 

ER clusters possibly due to the disrup1on of the structural proper1es of this domain or a poten1al 

interac1on site. Similarly, the Y320D muta1on within the second hydrophobic patch of the Bro1 domain 

abolished Snf7 recruitment. The highly conserved tyrosine at posi1on 320 prominently s1cks out of the 

Bro1 domain structure, making it a poten1al interac1on site for a yet unknown factor that could be 

essen1al for its recruitment to the ER (Kim et al., 2005). 
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4.3.2. A novel recruitment mechanism of ESCRT-III by Bro1p and Rim20p 

By showing that both Bro1p and Rim20p are needed for Snf7 recruitment to ER clusters, I defined a 

novel recruitment mechanism for ESCRT-III that implies two Bro1 domain proteins. Rim20p has not 

been described to play a role in ESCRT-mediated processes beyond the fungal Rim pathway for pH 

sensing (Boysen & Mitchell, 2006). Rim20p and Bro1p show par1al redundancy in Snf7 recruitment to 

ER clusters, as Rim20p was able to rescue loss of BRO1 to some extent. A full rescue was not observed, 

even though overexpression by the TEF promoter should lead to an amount of protein surpassing the 

combined amount of Bro1p and Rim20p in wildtype cells. Determining the levels of Bro1p and Rim20p 

in the overexpression strains used within this study would clarify whether the amount of Bro1 domain 

protein would have been sufficient. If so, Bro1p and Rim20p seem to play unique roles for Snf7 

recruitment, likely involving the C-terminal domains of the proteins which could mediate interac1ons 

with other factors relevant for the ESCRT machinery at ER clusters. Alterna1vely, the overexpression of 

Bro1 domain proteins to levels considerably exceeding their natural level might have an inhibitory 

effect on Snf7 recruitment. In that case, the use of a weaker promoter might have led to a more 

pronounced rescue.   

The fact that Rim20p does not play a role in MVB sor1ng, as shown in this study with the Mup1-

pHluorin assay and previous studies for CPY and CPS sor1ng (Odorizzi et al., 2003), indicates that it 

cannot take over the role of its homologue in any Bro1-mediated process. This is further supported by 

the fact that Rim20p seems to have a dominant-nega1ve effect on MVB sor1ng, as its overexpression 

leads to localiza1on of Bro1p to class E compartments. Thus, Rim20p is specifically involved in some 

ESCRT-mediated processes, whereas it is not needed for others.   

Prior to this study, Bro1p and Rim20p had not been described to jointly coordinate ESCRT-III 

recruitment, even though they are both known interactors of Snf7 (Bowers et al., 2004; Ito et al., 2001). 

Like for Bro1p, interac1on of Rim20p with Snf7 also involves its Bro1 domain (Xu et al., 2004). Since 

Bro1p and Rim20p are both needed for recruitment of Snf7, and their own recruitment is dependent 

on each other with Rim20p needing Bro1p for recruitment to the ER and vice versa, it is conceivable 

that they act in concert and not subsequently. Interac1on with Snf7 could rely on mixed dimers of 

Rim20p and Bro1p coordina1ng its recruitment to ER clusters. Dimeriza1on could possibly even be 

driven by their second hydrophobic patches. Dimer forma1on had been described for ALIX, the 

mammalian homologue of Bro1, but has not been established for yeast Bro1p (Pires et al., 2009). 

However, dimeriza1on of ALIX was described to involve its V-domain rather than parts of the Bro1 

domain (Pires et al., 2009). Co-immunoprecipita1on experiments performed in the context of this study 

did not provide evidence for an interac1on between Rim20p and Bro1p so far (data not shown). A 

possible interac1on could further be studied using the bio1nyla1on assay with TurboID-tagged Bro1p 

or Rim20p variants in stressed cells and probing for the respec1ve other Bro1 domain protein. 
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Alterna1vely, Bro1p and Rim20p might just individually interact with Snf7. In this case, they might be 

bridged by other factors or recognize similar features at the ER.   

Intriguingly, overexpression of Bro1p or Rim20p induced the forma1on of ER clusters with Snf7 puncta 

to a small degree in the absence of ER stress. The need for a specific stress-induced trigger might be 

overruled by sufficient levels of Bro1p and Rim20p, or smaller preexis1ng ER clusters in untreated cells 

expand and become visible. During ER stress, Rim20p levels slightly increase as suggested by 

proteomics data from our lab (Platzek et al., 2025), hin1ng at a possible way to regulate ER cluster 

forma1on. Since ER clusters caused by overexpression show a spa1al arrangement of COPI and COPII 

proteins reminiscent of stress-induced clusters (data not shown) and thus possibly mediate similar 

downstream func1ons, these clusters are not just overexpression artefacts.  

All in all, Rim20p and Bro1p seem to play an organiza1onal role for Snf7 at ER clusters. Furthermore, 

they may recognize a specific stress-induced recruitment factor or other stress-induced signal at ER, 

ini1a1ng ESCRT recruitment.  

4.3.3. RecogniFon of the target membrane at ER clusters via Bro1p and Rim20p 

In our current model, we propose that the accumula1on of ceramides at ER clusters could serve as a 

trigger for Snf7 recruitment. In cells with dele1ons of DGA1 and LRO1 Snf7 puncta formed to a low 

extent at ER clusters in absence of ER stress (Pajonk, PhD disserta1on, 2025). Dga1p and Lro1p convert 

ceramide into acyl-ceramide, enabling its subsequent storage into lipid droplets (LDs) (Voynova et al., 

2012). Their dele1on presumably results in a locally increased level of ceramide at the ER. Furthermore, 

dele1on of TSC3, an ac1vator of the serine palmitoyl transferase (SPT) complex media1ng the first rate-

limi1ng step of ceramide synthesis (Gable et al., 2000), decreased the number of Snf7 puncta upon 

tunicamycin treatment (Pajonk, unpublished). These findings suggested that the amount of ceramide 

at the ER correlate with the number of Snf7 puncta. Direct sensing of ceramides by Bro1 domain 

proteins has not been described so far, but it is conceivable that changes in membrane proper1es 

induced by high levels of ceramides lead to ESCRT recruitment, be it by direct associa1on with the 

membrane or via interac1on with another membrane-associated protein.   

The PDB-MS approach could have iden1fied poten1al recruitment factors bridging Bro1p and/or 

Rim20p and the ER. Although the hitlist included some ER-associated proteins, they were not 

specifically localized to ER clusters. Interac1on with these proteins might s1ll be possible, but addi1onal 

factors would be needed for specific targe1ng to ER clusters. Possibly, not all proteins enriched in 

proximity of Bro1-TurboID were bio1nylated due to steric effects, thus a poten1al recruitment factor 

might not have been captured by the PDB-MS approach. Assuming that the second hydrophobic patch 

of Bro1p and/or Rim20p is involved in recogni1on of the recruitment signal, a protein-protein 

interac1on would be probable due to the prevalence of hydrophobic patches as mediators of protein-

protein interac1ons (Rego et al., 2021). However, hydrophobic patches can also mediate interac1ons 
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between proteins and lipid bilayers, by inser1ng into the hydrophobic core of the bilayer, as is the case 

for phospholipase A2 (PLA2) enzymes (Lomize et al., 2007; Mouchlis et al., 2015). It is conceivable that 

Bro1p and/or Rim20p themselves associate with the membrane. In fact, ALIX, the mammalian 

homologue of Bro1, was shown to interact with the lipid LBPA (Matsuo et al., 2004). This interac1on, 

however, was proposed to be mediated by a lipid-binding loop specific to the Bro1 domain of ALIX, 

which is not present in S. cerevisiae Bro1p (Bissig et al., 2013). Another way of Bro1p and/or Rim20p 

to associate with membranes independently of the second hydrophobic patch would be via the 

concave boomerang-shaped structure of the Bro1 domain, reminiscent of how BAR domain proteins 

associate with curved membranes (Kim et al., 2005; Peter et al., 2004).  

Lipid composi1on and membrane shape could also determine ESCRT recruitment. GPI-anchored 

protein Gas1, as well as its export receptor, accumulates at ER clusters (Pajonk, unpublished). In S. 

cerevisiae, GPI-APs specifically cluster with ceramides with C26 acyl chains before their coordinated 

export, which drives the lateral segrega1on of GPI-APs and leads to local thickening of the ER 

membrane (Rodriguez-Gallardo et al., 2020; Lopez et al., 2019). Moreover, the C26 ceramides and the 

GPI-anchor exhibit a high degree of satura1on, as opposed to the usually unsaturated nature of ER 

membrane (Lopez et al., 2019). Even though these changes in lipid composi1on take place in the 

exoplasmic leaflet of the ER membrane, they might affect overall ER membrane proper1es and possibly 

act as a recruitment signal for Snf7 recruitment to ER clusters, which could be directly or indirectly 

sensed by Bro1 domain proteins.  

4.4. Contacts between ER clusters and the Golgi 

4.4.1. Golgi proteins at ER clusters 

Amer studying the localiza1on of different Golgi proteins within this study, I determined Cop1p as the 

most reliable marker for Golgi at ER clusters. COPI components have been shown to localize throughout 

the early Golgi and colocalize with early Golgi markers, like Vrg4p (Papanikou et al., 2015). For the early 

Golgi markers in this study, I could not confirm a major overlap with Cop1p, neither at steady-state nor 

upon stress. However, it is possible that COPI components only overlap with early Golgi markers that 

were not tested in this study. Moreover, depending on the protein and fluorescent tag used, tagging 

several components that come into proximity at ER clusters might interfere with their localiza1on. 

Addi1onally, during ER stress, the localiza1on of various Golgi proteins might differ from what is 

described in literature at steady state. Changes in the distribu1on of the Golgi proteins observed in this 

study are consistent with findings sta1ng that ER stress also induces molecular and structural changes 

within the Golgi. The UPR can for instance modulate the ac1vity of proteins involved in Golgi 

organiza1on and trafficking, such as the Arf-GTPase Arl1p (Hsu et al., 2016). Moreover, increased ER-

Golgi contact forma1on can lead to spa1al reorganiza1on of the Golgi (L.-K. Liu et al., 2017).   
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COPI coat proteins mediate internal recycling pathways within the early Golgi and retrograde transport 

from the Golgi to the ER (Letourneur et al., 1994; Papanikou et al., 2015). Whether the Cop1p-posi1ve 

Golgi membranes associated with ER clusters represent retrograde COPI vesicles or membranes 

involved in internal Golgi trafficking remains unclear. On the one hand, the presence of the Dsl1-

tethering complex at ER clusters could hint at a mechanism for receiving retrograde COPI-coated 

vesicles at ER clusters. Coincidence between ERES and ER-arrival sites (ERAS) had been described in P. 

pastoris and S. cerevisiae (Roy Chowdhury et al., 2020; Schröter et al., 2016). On the other hand, the 

presence of several stress-induced ER-Golgi tethers suggests contact with early Golgi cisternae (L.-K. 

Liu et al., 2017; Ikeda et al., 2020). Another op1on would be that COPI is present on tubular ERES, 

reminiscent of those that have been observed in mammalian cells for export of large protein assemblies 

such as procollagen (Weigel et al., 2021). In that case, COPI components were proposed to localize near 

the rims of this ER based structure (Weigel et al., 2021). However, such ER-Golgi carriers have not been 

observed in S. cerevisiae so far.   

Studying the dynamics of Cop1p at ER clusters might shed some light on the stability of the associa1on 

between Cop1p-posi1ve membranes and the ER and thus help to discriminate between these different 

op1ons.  

4.4.2. Role of ER-Golgi contact sites during ER stress 

Our current hypothesis suggests that ER clusters form contacts with the Golgi. Cells can adapt the 

frequency and func1on of membrane contact sites to changing condi1ons. Since they integrate signals 

from different compartments, MCSs play important roles in stress mechanisms, including ER stress 

(Prinz et al., 2020). Stress-induced ER-Golgi contact sites that form in S. cerevisiae involve ER-tethers 

Nvj2p and Tcb3p (L.-K. Liu et al., 2017; Ikeda et al., 2020). We found that those tethers coincide with 

Snf7 at ER clusters upon ER stress and thus we assume that ER clusters represent stress-induced 

contacts with the Golgi.   

At steady-state, Nvj2p is enriched at NVJs, membrane contact sites tethered by Nvj1p at the ER and 

Vac8p at the vacuole (Pan et al., 2000). Tcb3p mediates tethering at PM-ER contact sites with five other 

tethering proteins, namely the tricalbins Tcb1p and Tcb2p, the VAP homologues Scs2p and Scs22p, and 

Ist2p (Manford et al., 2012). Tcb3p is involved in curvature genera1on at the ER facing the plasma 

membrane together with the other tricalbins (Collado et al., 2019). Both Nvj2p and Tcb3p are anchored 

to the ER by a single transmembrane domain and comprise a synaptotagmin-like mitochondrial lipid-

binding protein (SMP) domain. SMP domains have been implicated in lipid transfer (Schauder et al., 

2014; Toulmay & Prinz, 2012). Tcb3p is involved in the regula1on of phospha1dylserine homeostasis at 

the PM in response to heat stress (Thomas et al., 2022). At ER-Golgi contact sites, Nvj2p and Tcb3p 

were proposed to impact ceramide transfer (L.-K. Liu et al., 2017; Ikeda et al., 2020). Whether Nvj2p 

and Tcb3p adopt similar roles in establishment of contacts, curvature induc1on and lipid transfer at 
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stress-induced ER clusters remains to be elucidated.  

The loss of the tricalbins and/or Nvj2p did not lead to a decrease of Snf7-Cop1p colocaliza1on within 

this study, implying that they are not essen1al for tethering the ER and the Golgi. It is possible that the 

effect of the dele1ons was masked by the presence of other ER-Golgi tethering proteins. I found that 

Scs2p also colocalized with a subset of Snf7 puncta (data not shown). It would be interes1ng to 

determine whether these same Snf7 puncta also colocalize with Cop1p. In general, determining which 

other tethers are present at ER clusters and studying the effect of their dele1on on the frequency of 

Snf7 puncta would provide insight into which proteins play a role in tethering.  

During ER stress, ceramide transfer from the ER to the Golgi is adapted. At steady-state, yeast cells rely 

mostly on vesicular transfer of ceramide to the Golgi, whereas non-vesicular transfer at MCSs mediated 

by Svf1p and tricalbin proteins plays a minor role (Funato & Riezman, 2001; Limar et al., 2023; Ikeda et 

al., 2020). During ER stress, non-vesicular transfer of ceramides via stress-induced tethers like Nvj2p 

seems to become more relevant as suggested by elevated ceramide levels observed in nvj2∆ cells (L.-

K. Liu et al., 2017). Vesicular transport of ceramides together with GPI-APs might be compromised 

during ER stress due to overload of misfolded proteins within ER (Lopez et al., 2019; L.-K. Liu et al., 

2017). In general, there are opposing views on the state and the regula1on of ER export mechanisms 

upon ER stress. ER-Golgi transport genes are upregulated upon ER stress, indica1ng the possibility that 

ER export might be promoted upon ER stress, possibly to alleviate protein load in the ER (Travers et al., 

2000). However, whether proteins can leave the ER upon ER stress seems to depend on their folding 

state, the type of protein and the organism. In mammalian cells, the ATF6 branch of the UPR relies on 

the vesicular transport of ATF6 from the ER to the Golgi during ER stress (Chen et al., 2002; Schindler 

& Schekman, 2009). Also, the quan1ta1ve export of GPI-anchored proteins during stress via the so-

called RESET pathway has been described in mammalian cells (Satpute-Krishnan et al., 2014; Cheatham 

et al., 2023). However, spa1al proteomics data from our lab suggested that newly synthesized GPI-

anchored proteins remain in the ER upon tunicamycin treatment in S. cerevisiae, likely because they 

cannot mature properly (Platzek et al., 2025). Together with the fact that GPI-anchored protein Gas1, 

GPI-AP export receptors and COPII components accumulate at and around ER clusters (Pajonk, PhD 

disserta1on, 2025), this led us to believe that GPI-anchored proteins might be stuck in their specialized 

ERES at ER clusters. Consequently, ceramide transfer could be maintained by Tcb3p and Nvj2p via 

contacts between ER clusters and the Golgi. 

4.5. Role of the ESCRT machinery at ER clusters 

4.5.1. Membrane remodeling  

Our current hypothesis suggests that the ER clusters comprise contacts to the Golgi. What role the 

ESCRT machinery plays at these sites will be subject to further studies. The ESCRT machinery mediates 
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membrane remodeling by sequen1al exchange of ESCRT-III subunits by Vps4p, which can be followed 

by scission, depending on the subset of ESCRT-III proteins involved (Pfitzner et al., 2020). As both Vps4p 

and its regulator Vta1p, as well as two other ESCRT-III proteins Did2p and Vps60p, were enriched in 

proximity of Bro1p-TurboID, it is possible that a dynamic exchange of subunits and membrane 

remodeling takes place at ER clusters. Did2p promotes constric1on of narrower membrane necks 

compared to Snf7 and together with Ist1p leads to membrane scission (Pfitzner et al., 2020). The later 

was however not found as a hit in the PDB-MS. Vps60p was described to ini1ate alterna1ve ESCRT-III 

filaments to the Snf7-based filaments, implying that different kinds of ESCRT assemblies might form at 

ER clusters (Pfitzner et al., 2023).   

Electron microscopy (EM) approaches used prior or in parallel to this study gave some insight into the 

morphology of ER clusters. CLEM imaging by Jasmin Schäfer revealed tubular structures extending from 

the ER. Fluorescence microscopy guided cryo-electron tomography done by Leanne De Jager, a 

collaborator in the Förster Lab at Utrecht University, provided a 3D impression of ER clusters, revealing 

various structures ranging between 200-500 nm with a high degree of curvature (De Jager, PhD 

disserta1on, 2025). The limited resolu1on of the fluorescence microscopy prevented us however from 

determining the localiza1on of Snf7 within these structures.   

Ini1al ER cluster forma1on seems to occur prior to Snf7 recruitment, since ER clusters were observed 

to some extent by fluorescence microscopy in the absence of Bro1p. Different factors present at ER 

clusters have curvature-inducing capaci1es. Dele1on of GPI-anchor remodelers and the GPI-AP 

receptor reduced the amount of ER clusters (Pajonk, PhD disserta1on, 2025). Accumula1on of long 

chain ceramides together with GPI-APs at ER clusters might induce curvature (Zelnik et al., 2020; Lima 

et al., 2025). Furthermore, COPI and COPII machineries drive vesicle budding by assembling into cage-

like structures (C. K. Barlowe & Miller, 2013). Since they colocalize or localize in proximity of Snf7, 

respec1vely, both machineries might be involved in shaping ER clusters prior to Snf7 recruitment or in 

concert with Snf7. Moreover, the ER-shaping protein Rtn1p was enriched in proximity of Bro1p upon 

ER stress.  

Amer ini1al ER cluster forma1on, Snf7 and other ESCRT-III components seem to mediate further 

remodeling, since ER clusters appear more defined in fluorescence microscopy in presence of Snf7 

recruitment. Also, the overexpression of Rim20p and Bro1p results in forma1on of Snf7-posi1ve ER 

clusters without stress. Since Rim20p and Bro1p are not known to induce curvature by themselves, this 

finding reports on ability of Snf7 to remodel prospec1ve ER clusters. 

4.5.2. StabilizaFon of membrane structures  

Apart from membrane remodeling, the ESCRT machinery might also play a role in stabilizing ER cluster 

structures and act as a scaffold, as it does in the Rim pathway providing a signaling pla�orm or in the 

forma1on of viral replica1on compartments by stabilizing the neck of the bud (Peñalva et al., 2014; 
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Diaz et al., 2015). Since ER clusters appear to be complex membrane structures, it is conceivable that 

stabilizing factors are needed. Furthermore, during ER stress, the membrane at ER clusters might be 

destabilized due to the accumula1on of ceramides and GPI-anchored proteins, possibly altering the 

membrane tension. In vitro studies have shown that ESCRT-III remodeling ac1vity is higher when 

membrane tension is lower (Booth et al., 2019). The ESCRT machinery might stabilize these regions to 

prevent damage.   

In the context of ER-Golgi contact sites, both remodeling and stabilizing func1ons might increase 

proximity of ER clusters to the Golgi, as shown for other contact sites like at ER-PM or ER and 

autophagosomes (Collado et al., 2019; Bieber et al., 2022). Parts of the membranous structures 

observed by cryo-EM were devoid of ribosomes (De Jager, PhD disserta1on, 2025). These might 

represent Golgi structures, but due to limited amount of EM data on the Golgi in S. cerevisiae, it 

impossible to make a clear dis1nc1on at this point. Ribosome-free zones at the ER have also been 

described previously for ER-exit sites and membrane contact sites (G. Palade, 1975; Phillips & Voeltz, 

2016). Higher order ESCRT assemblies on the cytosolic leaflet of the ER membrane might also play a 

role in restric1ng the localiza1on of ribosomes at ER clusters.   

4.5.3. Enabling ceramide transfer via Tcb3p and Nvj2p 

Lastly, this study, together with data from Oliver Pajonk, showed that Tcb3p and Nvj2p colocalize with 

ESCRT proteins Snf7 and Bro1p and Golgi marker Cop1p at ER clusters during stress. Furthermore, we 

established that localiza1on of Tcb3p to cytosolic puncta, representa1ve of its contacts to the Golgi, 

was dependent on Bro1p, and more specifically on the ability of Bro1p to recruit Snf7 to ER clusters. 

The ESCRT machinery might thus indirectly play a role in ceramide transfer at ER clusters by efficiently 

recrui1ng Tcb3p to these sites. Addi1onally, its membrane remodeling func1on might facilitate lipid 

extrac1on from posi1vely curved membranes, which seems to be more energe1cally favorable 

compared to extrac1on from flat membranes. This has been shown for instance for PA extrac1on by 

the yeast lipid transfer protein Ups1, media1ng PA transfer within the mitochondrial intermembrane 

space (Sadeqi et al., 2025). 

4.6. Implica5ons of ESCRT func5on at ER clusters on the ER stress response 

The fact that Snf7 recruitment to ER clusters upon ER stress is very prominent and that stress-induced 

Golgi tethers localize to ER clusters, implies that this process is specific for ER stress. However, we 

cannot exclude that the ESCRT machinery also plays a role at ER-Golgi contact sites in untreated cells, 

possibly promo1ng transfer of ceramide. Non-vesicular ceramide transfer only accounts for a minority 

of ceramide transfer at steady-state in S. cerevisiae (Funato & Riezman, 2001), thus these sites might 

not be visible by fluorescence microscopy. Nevertheless, the extent of ESCRT recruitment to ER clusters 

dras1cally increases upon tunicamycin treatment, implying that it might play a role in the cellular stress 
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response. Oliver Pajonk previously showed in hac1∆ cells that Snf7 recruitment to ER clusters is 

independent of the UPR (Pajonk, PhD disserta1on, 2025). S1ll, the ESCRT func1on at ER clusters might 

help alleviate ER stress in coopera1on with the UPR. To test whether Bro1 mutants show increased 

sensi1vity to ER stress, I used a Hac1-splicing reporter assay to compare Hac1-splicing in wildtype Bro1p 

and Bro1 mutants amer tunicamycin treatment, but the results were inconclusive (data not shown; 

(Pincus et al., 2010)). The setup would need further op1miza1on to ensure that the maximal degree of 

UPR ac1va1on is not already reached for the wildtype.  

A coopera1on between the UPR and the ESCRT func1on at ER clusters is conceivable. Accumula1on of 

ceramide within the ER membrane can trigger the UPR and eventually lead to cell death (Eisenberg & 

Bü_ner, 2014). Moreover, the ERAD system is impaired upon ceramide accumula1on, as it prevents 

the extrac1on of ubiqui1nated proteins from the membrane (Hwang et al., 2023). By promo1ng the 

transfer of ceramide to the Golgi, the ESCRT machinery might alleviate this burden.  

4.7. Conserva5on of ESCRT recruitment and func5on at ER clusters  

As the ESCRT machinery and many ESCRT-mediated processes are highly conserved, it is conceivable 

that the ESCRT recruitment to ER clusters is conserved as well. In mammalian cells, the homologues of 

Snf7p and Bro1p, CHMP4 and ALIX respec1vely, work together to remodel membranes e.g. in 

cytokinesis, plasma membrane wound repair, as well as HIV release from cells (Morita et al., 2007; 

Jimenez et al., 2014; Garrus et al., 2001; Strack et al., 2003). Mammalian cells have two other Bro1 

domain proteins, HD-PTP and BROX. Collabora1on between these Bro1 domain proteins for CHMP4 

recruitment, as we found for Rim20p and Bro1p, has not yet been described but would be possible. 

As for ER-Golgi contact sites in mammalian cells, the architecture might vary due to the stacking of the 

Golgi compartments. These contacts contain VAPA/B proteins as tethers, as well as lipid transfer 

proteins such as OSBP and CERT (Vendiv et al., 2019; Wyles et al., 2002; Hanada et al., 2003). Ceramide 

transfer from the ER to the trans-Golgi is predominantly mediated through the non-vesicular route via 

CERT (Hanada et al., 2003). So far, the homologues of Nvj2 and Tcb3, TEX2 and extended 

synaptotagmins (E-Syts) respec1vely, have not been implicated at ER-Golgi contacts. The human 

homologue of Nvj2, can compensate for the loss of NVJ2 in non-vesicular ceramide transfer in S. 

cerevisiae (L.-K. Liu et al., 2017). E-Syts are known tethers for ER-PM contacts (Giordano et al., 2013).  

4.8. Challenges encountered within this study 

The ini1al findings of this study underline that expression of tagged Snf7 alongside the endogenous 

Snf7p is not neutral in ESCRT recruitment to the ER, although it does not affect MVB sor1ng as shown 

in this and previous studies (Teis et al., 2008; Adell et al., 2017). Presumably, the integra1on of tagged 

Snf7 proteins into the hetero-oligomeric assemblies specifically formed at ER clusters stabilizes them 

and thus changes the dynamics of a usually faster process. While this stabiliza1on served as a valuable 
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tool to iden1fy proteins present at ER clusters and needed for Snf7 recruitment, it might interfere with 

the func1onal outcome usually mediated by the ESCRT machinery at ER clusters. To increase the 

chances of iden1fying the role of the ESCRT machinery at ER clusters, it would be ideal to use strains 

without tagged Snf7 for future func1onal studies.   

Another issue for studying the role of ESCRTs at ER clusters is that iden1fica1on of ER clusters becomes 

more difficult when ESCRT recruitment is prevented by Bro1 point mutants, as tagged Snf7 is not 

present at the clusters to mark them. So far, we did not find another marker that remains present at 

ER clusters when ESCRT recruitment is impaired.   

Furthermore, this study lacks controls regarding the colocaliza1on between Snf7 and different Golgi 

proteins. I quan1fied the frequency with which Golgi or COPI proteins overlap with Snf7 puncta, 

without considering how much overlap would randomly be expected between them due to their 

punctate distribu1on. The extent of overlap between Snf7 and different parts of the Golgi seems to 

correlate with the number of puncta observed for the specific Golgi protein, raising the ques1on 

whether the effect might be random. However, the fact that Mnn9p and Cop1p both showed a similar 

number of puncta and yet did not show the same amount of overlap with Snf7 puncta speaks against 

a random effect. Future quan1fica1ons should include a step in which the amount of overlap between 

the original Snf7 channel and the Golgi protein channel reflected across the axis of each cell is assessed, 

allowing comparison between random overlap of signals and actual colocaliza1on.  

4.9. Future direc5ons 

This study presents a novel recruitment mechanism of ESCRT-III protein Snf7 by Bro1p and Rim20p. The 

interplay between the two Bro1 domain proteins could be further explored using co-IP experiments 

studying the interac1on between each protein with Snf7 in presence and absence of the respec1ve 

other. Alterna1vely, bio1nyla1on assays with Rim20p and Bro1p tagged with TurboID and probing for 

Snf7 could be used. Moreover, 1melapse imaging with minimal 1me intervals could provide 

informa1on on the temporal sequence of recruitment to ER clusters.  

It is possible that not all factors involved in ESCRT recruitment were iden1fied by the PDB-MS approach 

or the gene1c screens. To gain a more complete overview of the molecular environment of Bro1p 

and/or Rim20p during stress, co-IPs followed by MS could be performed as a third complementary 

method. Furthermore, the PDB-MS approach could be refined by using a split-TurboID approach (Cho 

et al., 2020). For this, Bro1p and Rim20p would be tagged with inac1ve fragments of TurboID 

respec1vely and proximity labelling could only occur in instances when Rim20p and Bro1p are in close 

proximity.  

The contact sites between ER clusters and the Golgi could be further characterized by electron 

microscopy-based imaging. In this case, immunogold labelling of Snf7 could be included to gain be_er 

spa1al resolu1on. The loca1on of Snf7 within ER clusters might reveal where ESCRT-mediated 
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remodeling and/or ER-Golgi contacts occur. Contact sites could also be visualized and studied with the 

help of split fluorescent protein approaches. Moreover, live imaging could provide insight into the 

dynamics of Cop1p, which would be expected to be more sta1c at ER clusters if these indeed form 

contacts with Cop1p posi1ve Golgi.   

Our current model suggests that the ESCRT machinery plays a role in ceramide transfer at ER clusters, 

together with Tcb3p and Nvj2p, and thus might be recruited by elevated ceramide levels at the ER. As 

there is no suitable ceramide sensor to probe for ceramide-rich regions, the effect of ceramide levels 

on Snf7 recruitment could be assessed only indirectly. Local thickening induced by accumula1on of 

ceramide and GPI-APs could be detected by sensors with specific TMD length (Rodriguez-Gallardo et 

al., 2020; Prasad et al., 2020). Also, ceramide levels at the ER could be decreased by use of the drug 

fumonisin B, which inhibits the ceramide synthase Lag1p/Lac1p at the ER (Wang et al., 1991), to check 

whether the frequency of Snf7 puncta upon ER stress decreases, similarly to what was observed for 

the tsc3∆ strain (Pajonk, unpublished). Vice versa, the increase of ceramide levels at the ER, either by 

use of phosphomime1c and thus cons1tu1vely ac1ve mutants of Lag1p/Lac1p, or by dele1on of 

ceramidases Ydc1p and Ypc1p at the ER, might lead to an increase in Snf7 puncta (Fresques et al., 2015; 

Mao, Xu, Bielawska, & Obeid, 2000; Mao, Xu, Bielawska, Szulc, et al., 2000). Whether the ESCRT 

machinery directly impacts non-vesicular ceramide transfer at ER clusters s1ll needs to be determined. 

Lipidomics approaches could be used as a read-out for ceramide transfer. Ceramide is synthesized in 

the ER and converted into complex sphingolipids, such as inositol phosphorylceramide (IPC), amer 

transport to the Golgi (Levine et al., 2000). The ra1o between the levels of ceramides and complex 

sphingolipids in wildtype vs bro1Y320D cells could thus report on the efficiency of ceramide transport 

from the ER to the Golgi in these strains. A similar approach was used by Limar et al to study ceramide 

transfer by Svf1p (Limar et al., 2023). Determinants of other ceramide transfer pathways, such as non-

vesicular transfer to the Golgi mediated by Svf1p, or storage in lipid droplets amer conversion into 

acylceramide by Lro1p and Dga1p, could be deleted to increase specificity. Using both untreated cells 

and cells treated with tunicamycin could reveal whether ESCRT recruitment to the ER generally impacts 

ceramide transfer or whether this process is specific for ER stress. A flux analysis using radioac1vely 

labelled serine and/or inositol and measuring incorpora1on into complex sphingolipids over 1me, as 

employed by Limar et al and Liu et al, could further detect differences between wildtype and bro1Y320D 

cells (Limar et al., 2023; L.-K. Liu et al., 2017).   

To understand whether the ESCRT machinery ac1vely remodels ER clusters, the dynamics of the ESCRTs 

at the ER could be studied. Timelapse, mul1-color imaging of different factors involved at ER clusters 

could provide insight into how stable these structures are. Studying the dynamics in absence of tagged 

Snf7 would prevent stabiliza1on of the structures.  
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All in all, this study presents an ESCRT-mediated pathway ini1ated by a novel recruitment mechanism 

in S. cerevisiae, underlining the versa1lity of the ESCRT remodeling machinery. It further advances our 

understanding of ER-Golgi trafficking and membrane contact site forma1on at the ER, in par1cular 

during ER stress.  
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5. MATERIALS AND METHODS 

5.1. Materials 

5.1.1. Drugs and chemical compounds 

Table 2. Drugs and chemical compounds used in this study. 
Compound Supplier 
Acrylamide mix (30%; 37,5:1) Roth 
Tunicamycin (Tm) Sigma-Aldrich 
Dithiothreitol (DTT) Roche 
Phenylmethylsulfonyl fluoride (PMSF) Applichem 
cOmplete protease inhibitors Roche 
DNA stain G Serva 
G418 Biochrom 
Hygromycin B Invivogen 
Nourseothricin (ClonNat) Werner BioAgents 
Bio1n Sigma-Aldrich 
TEMED Applichem 
dATP Thermo Fisher Scien1fic 
dGTP Thermo Fisher Scien1fic 
dCTP Thermo Fisher Scien1fic 
dTTP Thermo Fisher Scien1fic 
Acetonitrile (for MS) Biosolve 
H2O (for MS) Biosolve 
Formic Acid (for MS) ProteoChem 
Orange G Merck 

 

5.1.2. Buffers and soluFons 

Table 3. Buffers and solu3ons used in this study. 
Buffer/SoluFon ComposiFon 
Amino Acid mix 2% (w/v) in water, autoclaved 
Ammonium persulfate (APS) 10% (w/v) in water 
Betaine 5 M in water containing 0.5% orange G, 

sterile-filtered 
Blovng buffer 25 mM Tris 

192 mM glycine 
20% (v/v) ethanol 

Colony PCR buffer (10x) 200 mM Tris, pH 8.8 
100 mM (NH4)2SO4 

100 mM KCl 
25 mM MgCl2 

cOmplete protease inhibitors (25x) 1 tablet in 2 mL water 
Dithiothreitol (DTT) 1 M in water 
dNTPs 10 mM of each in water 
Elu1on buffer (Streptavidin IP) 1 x SDS-PAGE sample buffer 

2 mM bio1n 
Glucose (10x) 20% (w/v) in water, autoclaved 
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Glycerol (2x) 30% (v/v) in water, autoclaved 
Lithium acetate 1 M in water, sterile-filtered 
Loading dye for agarose gels (5x) 50% (v/v) glycerol 

10% (v/v) 10x TAE buffer 
0.05% (w/v) orange G 

Lysis Buffer (GBP co-IP) 50 mM HEPES, pH 7.5 
150 mM NaCl 
1% (v/v) Tri1on X-100 
2 mM EDTA 

Lysis Buffer (Streptavidin IP) 50 mM Tris, pH 7.5 
150 mM NaCl 
0.4% (w/v) SDS 
2% (v/v) Tri1on X-100 
5 mM EDTA  

Methionine (stock for Mup1) 200 µg/mL in SCD-methionine 
Na-deoxycholate  10% (w/v) in water 
Phenylmethylsulfonyl fluoride (PMSF) 1 M in water 
Polyethylene glycol (PEG) 3350 50% (w/v) in water, sterile-filtered 
Salmon sperm DNA 10 mg/mL in water 
SDS-PAGE running buffer 0.1% (w/v) SDS  

25 mM Tris-HCl 
192 mM Glycine 

SDS-PAGE sample buffer (4x) 278 mM Tris-HCl, pH 6.8 
44.4% (v/v) glycerol 
4.4% (w/v) LDS 
0.02% (w/v) bromophenol blue 
0.1 volumes ß-mercaptoethanol, freshly added 

Separa1ng gel buffer 2 M Tris-HCl, pH 8.8 
Sodium dodecyl sulfate (SDS) 15% (w/v) in water 
Stacking gel buffer 0.5 Tris-HCl, pH 6.8 
TAE buffer (50x) 2 M Tris 

1 M ace1c acid 
50 mM EDTA 

TBS 10 mM Tris, pH 7.4 
150 mM NaCl 

TBS/Tween (TBST) 10 mM Tris, pH 7.4 
150 mM NaCl 
0.1% (v/v) Tween-20 

Transforma1on Mix 33% (w/v) PEG 3350 
100 mM lithium acetate 
0.28 µg/mL salmon sperm DNA, freshly boiled 
before use 

Triton X-100  10% (v/v) in water 
Tunicamycin (Tm) 1 mg/mL or 10 mg/mL in DMSO 
Wash buffer (GBP co-IP) 150 mM HEPES, pH 7.5 

150 mM NaCl 
2 mM EDTA 

Wash buffer 1 (Streptavidin IP) 50 mM Tris, pH 7.5 
150 mM NaCl 
0.4% (w/v) SDS 
2% (v/v) Triton X-100 
5 mM EDTA  



  MATERIALS AND METHODS 
 

  61 

1x cOmplete protease inhibitors 
1 mM DTT 

Wash buffer 2 (Streptavidin IP) 2% (w/v) SDS in water 
Wash buffer 3 (Streptavidin IP) 50 mM HEPES, pH 7.4 

500 mM NaCl 
1 mM EDTA 
1% (v/v) Triton X-100 
0.1% (w/v) Na-deoxycholate  

Wash buffer 4 (Streptavidin IP) 50 mM Tris, pH 7.5 
50 mM NaCl 
0.1% (v/v) Triton X-100 

Yeast nitrogen base (YNB) 6.9% (w/v) in water, autoclaved 
 

5.1.3. Growth media and plates 

Table 4. Synthe3c complete amino acid mix. 
Amino Acid Amount 
Adenine 0.5 g  
Alanine 2 g 
Arginine 2 g 
Asparagine 2 g 
Aspar1c acid 2 g 
Cysteine 2 g 
Glutamine 2 g 
Glutamic acid 2 g 
Glycine 2 g 
His1dine 2 g 
Inositol 2 g 
Isoleucine 2 g 
Leucine 4 g 
Lysine  2 g 
Methionine 2 g 
para-Aminobenzoic acid 0.2 g 
Phenylalanine 2 g 
Proline 2 g 
Serine 2 g 
Threonine 2 g 
Tryptophan 2 g 
Tyrosine 2 g 
Uracil 2 g 
Valine 2 g 

 

Table 5. Media used in this study. 
Medium ComposiFon 
SCD 2% (w/v) glucose 

0.69% (w/v) YNB 
0.2% (w/v) amino acid mix 

YPD 1% (w/v) yeast extract 
2% (w/v) peptone 
2% (w/v) glucose 



  MATERIALS AND METHODS 
 

  62 

 

Table 6. Plates used in this study. 
Plates ComposiFon 
SCD plates 0.69% (w/v) YNB 

0.2% (w/v) amino acid mix 
2% (w/v) glucose 
2% (w/v) agar 

YPD plates 1% (w/v) yeast extract 
2% (w/v) peptone 
2% (w/v) glucose 
2% (w/v) agar 

YPD G418 plates 1% (w/v) yeast extract 
2% (w/v) peptone 
2% (w/v) glucose 
2% (w/v) agar 
400 µg/mL Gene1cin (G418) 

YPD hph plates 1% (w/v) yeast extract 
2% (w/v) peptone 
2% (w/v) glucose 
2% (w/v) agar 
400 µg/mL hygromycin B 

YPD nat plates 1% (w/v) yeast extract 
2% (w/v) peptone 
2% (w/v) glucose 
2% (w/v) agar 
100 µg/mL nourseothricin (ClonNat) 

5-FOA plates 0.69% (w/v) YNB 
0.2% (w/v) amino acid mix 
2% (w/v) glucose 
2% (w/v) agar 
1 mg/mL 5-Fluoroora1c Acid (5-FOA) 

 

SCD dropout plates or media were prepared using amino acid mix omivng the respec1ve amino acid.  

5.1.4. Enzymes, Standards and Kits 

Table 7. Enzymes used in this study. 
Enzyme Supplier 
Op1Taq DNA polymerase Roboklon 
Taq DNA Polymerase Sigma-Aldrich 
Q5 High-fidelity DNA polymerase New England Biolabs 
Restric1on Enzymes New England Biolabs 

 
Table 8. Standards used in this study. 

Standard Supplier 
GeneRuler 1kb Plus DNA Ladder Thermo Fisher Scien1fic 
PageRuler Plus Prestained Protein Ladder Thermo Fisher Scien1fic 
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Table 9. Kits used in this study. 
Kit Supplier 
miniBio Column Plasmid MiniPrep miniBio Life Science Products 
miniBio Gel and PCR Cleanup miniBio Life Science Products 
Pierce Rapid Gold BCA Protein Assay Kit Thermo Fisher Scien1fic 
SuperSignal West Pico PLUS 
Chemiluminescent Substrate 

Thermo Fisher Scien1fic 

 

5.1.5. Beads and anFbodies 

Table 10. Beads used in this study. 
Beads Source 
Pierce High Capacity Streptavidin Agarose 
Beads 

Thermo Fisher Scien1fic 

GFP-binder beads Home-made according to (Galmozzi et al., 2019) 
 

Table 11. An3bodies used in this study. 
AnFbodies DiluFon Source 
Primary  Mouse an1-mNeonGreen (32F6)  1:2000 Chromotek 

Mouse an1-GFP (7.1/13.1) 1:5000 Roche 
Rabbit an1-Snf7 1:5000 Ralf Kölling Lab 

Secondary  Goat an1-mouse HRP (31452) 1:10000 Thermo Fisher Scien1fic 
Goat an1-mouse Alexa-680 (A21057) 1:10000 Thermo Fisher Scien1fic 
Donkey an1-rabbit IRDye-800CW (926-32213) 1:10000 LI-COR 

 

5.2. Molecular biology methods 

5.2.1. Plasmids 

Table 12. Plasmids used in this study. 
Plasmids Source 
p413-bro1(K246A) This study (Carlos Mar1n De Hijas) 
p413-bro1(Y320D) This study (Carlos Mar1n De Hijas) 

 

5.2.2. OligonucleoFdes 

Table 13. Oligonucleo3des used in this study. 
Primers Sequences 
Bro1+434-S1 CGAGGGAGAATATCAATGAGGACTACAAAAACTCAATCGCCGTACGCTGCAGGTCGAC 
Bro1+963-S2 GCCTTAATGGAATCAACCTGCACAACGGCTGGAACGCTTTCATCGATGAATTCGAGCTCG 
Bro1+415 CGAGGGAGAATATCAATGAGG 
Bro1+983 GCCTTAATGGAATCAACCTGC 
Bro1+180_fw GCAAATGGAGAACTAGCACC  
Bro1+1295_rev GGTCCCTCATCAATTGTCCC 
Bro1+1161-F2 GGAAAGTATTTACTCAGAAGAAAAAGCGACGCTGTTGAGACGGATCCCCGGGTTAATTAA 
Bro1+1161-F2-like GGAAAGTATTTACTCAGAAGAAAAAGCGACGCTGTTGAGATAAGGCGCGCCACTTCTAAA 
F2-like-comp TTTAGAAGTGGCGCGCCTTA 
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5.3. Yeast methods 

5.3.1. Yeast strains 

Table 14. Yeast strains used in this study. 
Strain genotype Alias Source 

leu2-3,112 trp1-1 can1-100 ura3-1 his3-11,15  SSY122 (Szoradi et al., 2018) 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
BRO1-mNeonGreen::nat 

SSY2834 This study (Oliver Pajonk) 

trp1::PTEF-BFP-Ubc6-TRP1 BRO1-mNeonGreen::nat SSY4710 This study 

BRO1-sfGFP::kan vps27∆::nat SSY3485 This study 

BRO1-sfGFP::kan ura3:: PVPS24-Snf7-mScarlet-i-URA3 vps27∆::nat SSY3510 This study 

his3::PGPD -BFP-hph SSY795 (Schmidt et al., eLife 2019) 

his3::PGPD -BFP-hph ura3::Mup1-pHluorin-URA3 SSY3677 This study (Petra Hubbe) 

his3::PGPD -BFP-hph snf7∆::nat ura3::Mup1-pHluorin-URA3 SSY3669 This study (Petra Hubbe) 

his3::PGPD -BFP-hph ura3::Mup1-pHluorin-URA3 leu2:: PVPS24-Snf7-
mScarlet-i-LEU2 

SSY4375 This study 

his3::PGPD -BFP-hph ura3::Mup1-pHluorin-URA3 leu2:: PVPS24-Snf7-
mScarlet-i-LEU2 snf7∆::nat 

SSY4469 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 

SSY2544 This study (Jasmin Schäfer) 

bro1Y320D ura3:: PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-
Ubc6-TRP1 

SSY4323 This study (Oliver Pajonk) 

bro1K246A ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-
Ubc6-TRP1 

SSY4324 This study (Oliver Pajonk) 

ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 bro11-387::nat 

SSY4470 This study 

bro1K246A-mNeonGreen-HA::HIS3 trp1::PTEF-TagBFP-Ubc6-TRP1 
ura3::PVPS24-Snf7-mScarlet-i-URA3 

SSY3378 This study 
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bro1Y320D-mNeonGreen-HA::HIS3 trp1::PTEF-BFP-Ubc6-TRP1 
ura3::PVPS24-Snf7-mScarlet-i-URA3 

SSY3474 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
bro11-387-mNeonGreen-HA::HIS3 

SSY4541 This study 

his3::PGPD-BFP-hph bro1∆::nat ura3::Mup1-pHluorin-URA3 SSY3707 This study (Petra Hubbe) 

his3::PGPD-BFP-hph bro1∆::nat ura3::Mup1-pHluorin-URA3 bro11-

387::nat 
SSY4315 This study (Oliver Pajonk) 

bro1K246A his3::PGPD-BFP-hph ura3::Mup1-pHluorin-URA3 SSY3735 This study 

bro1Y320D his3::PGPD-BFP-hph ura3::Mup1-pHluorin-URA3 SSY3733 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 BRO1-TurboID-3xmyc::kan 
vps27∆::nat pep4∆::hph prb1∆::klTRP1 chm7∆::HIS3 

SSY3290 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 bro1K246A-TurboID-
3xmyc::kan vps27∆::nat pep4∆::hph prb1∆::klTRP1 chm7∆::HIS3 

SSY3292 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 BRO1-TurboID-3xmyc::kan 
vps27∆::nat pep4∆::hph prb1∆::klTRP1 

SSY3015 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 bro1(K246A)-TurboID-
3xmyc::kan vps27∆::nat pep4∆::hph prb1∆::klTRP1 

SSY3088 This study (Oliver Pajonk) 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
RIM20-mNeonGreen-HA::HIS3 

SSY3073 This study (Oliver Pajonk) 

ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 rim20∆::nat 

SSY3040 This study (SebasHan 
Schuck) 

his3::PGPD-BFP-hph ura3::Mup1-pHluorin-URA3 rim20∆::nat SSY3796 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 bro1∆::nat 

SSY2555 This study (Jasmin Schäfer) 

ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 hph-PTEF-BRO1 

SSY3556 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 hph-PTEF-RIM20 

SSY3557 This study 

ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 hph-PTEF-BRO1 rim20∆::nat 

SSY3558 This study 
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ura3::PVPS24-Snf7-mNeonGreen-URA3 trp1::PGPD-cherry-Ubc6-
TRP1 hph-PTEF-RIM20 bro1∆::nat 

SSY3559 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
BRO1-mNeonGreen::nat hph-PTEF-RIM20 

SSY3654 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
RIM20-mNeonGreen-HA::HIS3 PTEF-BRO1::hph 

SSY3643 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
COP1-mNeonGreen-HA::HIS3 

SSY3493 This study (Oliver Pajonk) 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
RET2-mNeonGreen-HA::HIS3 

SSY3555 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
SEC21-mNeonGreen::HIS3 

SSY4609 This study (Oliver Pajonk) 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
SEC27-mNeonGreen::HIS3 

SSY4610 This study (Oliver Pajonk) 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
SEC28-mNeonGreen::HIS3 

SSY4611 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
COP1-mNeonGreen-HA::HIS3 RET2-Halo::kan 

SSY4040 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
SEC24-mNeonGreen-HA::HIS3 RET2-Halo::kan 

SSY4041 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
COP1-mNeonGreen-HA::HIS3 SEC24-Halo::kan 

SSY3897 This study (Chrysafenia 
Papavissarion) 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
TCB3-mNeonGreen::HIS3 

SSY4153 This study (Oliver Pajonk) 

bro1Y320D trp1::PTEF-BFP-Ubc6-TRP1 ura3::PVPS24-Snf7-mScarlet-i-
URA3 TCB3-mNeonGreen::HIS3 

SSY4190 This study (Oliver Pajonk) 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
GRH1-mNeonGreen::HIS3 

SSY4170 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 nat-
PADH-yeGFP-GOS1 

SSY4174 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
GGA2-mNeonGreen::HIS3 

SSY4175 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
APL6-mNeonGreen::HIS3 

SSY4176 This study 
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ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
MNN9-mNeonGreen::HIS3 

SSY4213 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
MNN9-mNeonGreen::HIS3 COP1-Halo::kan 

SSY4465 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
GRH1-mNeonGreen::HIS3 COP1-Halo::kan 

SSY4466 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
AUR1-mNeonGreen::HIS3 COP1-Halo::kan 

SSY4467 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
NVJ2-mNeonGreen::HIS3 COP1-Halo::kan 

SSY4748 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
tcb3∆::hph tcb2∆::nat tcb1∆::LEU2 COP1-mNeonGreen-HA::HIS3 

SSY4708 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
tcb3∆::hph tcb2∆::nat tcb1∆::LEU2 nvj2∆::kan COP1-
mNeonGreen-HA::HIS3 

SSY4709 This study 

ura3::PVPS24-Snf7-mScarlet-i-URA3 trp1::PGPD-BFP-Ubc6-TRP1 
nvj2∆::kan COP1-mNeonGreen-HA::HIS3 

SSY4747 This study 

 

5.3.2. Yeast strain generaFon 

All yeast strains in this study are based on the Saccharomyces cerevisiae W303 background with ma1ng 

type a. In the wildtype strain used as a basis for all further strains in our lab, the ADE2 locus was 

repaired, thus rescuing the ade2-1 muta1on present in the original W303 wildtype strain.   

Yeast strains with gene dele1ons, endogenous protein tags or exchanged promoters were generated 

using the PCR-based method established by (Long1ne et al., 1998) and modified by (Janke et al., 2004). 

Primers for tagging and dele1on and plasmids of the pFA6a series were used as described in these 

publica1ons and are not included in Tables 12 and 14. PCRs were done using the Op1Taq DNA 

Polymerase (Roboklon) or the Q5 High-fidelity DNA polymerase (New England Biolabs) according to the 

suppliers’ guidelines. Loading dye (Table 3) was added to the PCR products and they were checked on 

1% agarose gels in 2x TAE containing Stain G.  

For ectopic expression of proteins, genomic integra1on of expression constructs by homologous 

recombina1on was done as described by Sikorski and Hieter, 1989. Plasmids of the pRS series were 

used and either digested by restric1on enzymes (New England Biolabs) according to the supplier’s 

guidelines or amplified by knock-in PCR using the Op1Taq DNA Polymerase (Roboklon) into the specific 

locus prior to transforma1on.  

To generate strains with the bro1 point mutants bro1K246A and bro1Y320D, a two-step procedure was used 

to first delete a part of the BRO1 gene (between nucleo1des 434 and 963) including the nucleo1des 
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that should be mutated using the URA3 casse_e and then re-introducing that part of BRO1 containing 

the mutated nucleo1des. For the first step, the standard procedure for dele1ons as described above 

was performed with the Bro1+434-S1 and Bro1+963-S2 primers, annealing up- and downstream of the 

respec1ve part of BRO1, and the pFA6a-URA3MX6 plasmid as a template. The wildtype strain was 

transformed with the resul1ng PCR product. Cells were plated on SC-URA selec1ve plates and clones 

were tested for integra1on by colony PCR with primers binding upstream of the BRO1 locus and within 

the transformed casse_e. The resul1ng strain was used as a parent strain for both point mutants. In 

the second step, PCR products were generated using the Bro1+415 and Bro1+983 primers and the 

p413-bro1(K246A) or p413-bro1(Y320D) plasmids (generated by Carlos Mar1n de Hijas) respec1vely 

using the Op1Taq DNA Polymerase (Roboklon) according to the supplier’s indica1ons. The resul1ng 

PCR products contained the part of BRO1 that we previously deleted and overhangs on both sides that 

are homologous to the neighboring regions in the BRO1 gene, as well as the K246A or Y320D muta1ons, 

respec1vely. The strain resul1ng from the first step was transformed with either of the two PCR 

products and cells were plated on YPD plates. Plates were incubated for 24 h at room temperature, 

then they were replica plated onto 5-FOA plates to counter select for the URA3 casse_e and grown at 

30°C. Once colonies were visible, they were restreaked on YPD plates, on which they grow if they 

integrated the PCR product, and on SC-URA plates, on which they should not grow. Single colonies were 

then tested by colony PCR using the Bro1+415 and Bro1+983 primers. PCR products were sent to 

sequencing to check for successful introduc1on of the point muta1ons. Another round of sequencing 

with primers annealing further away from the point muta1on, Bro1+180_fw and Bro1+1295_rev, was 

performed to make sure that the regions between the insert and genome were intact.   

Strains with the Bro1 domain mutant, bro11-387, were generated by par1al dele1on of BRO1. The 

standard procedure for tagging was used as described above to either create tagged versions of bro11-

387 using the pFA6a-neon-natNT2 or pFA6a-neon-HIS3MX6 plasmids as template with the Bro1+1161-

F2 and Bro1-S2 primers, or to create bro11-387 without tag but including a stop codon using the same 

template plasmids and the Bro1+1161-F2-like and Bro1-S2 primers. The F2-like primer anneals to a 

region in the template plasmids that contains a stop codon and precedes the terminator of the tag, 

thus allowing to add these features to the end of the truncated BRO1 gene. Microscopy or colony PCR 

with Bro1+415 and F2-like-comp primers were used to check for successful genera1on of the mutant 

strains.  

5.3.3. Growth condiFons  

Yeast cells were grown in glass tubes (for imaging and harves1ng) or 96-deep-well plates (for flow 

cytometry) at 30°C in a shaking incubator. For experiments, cells in logarithmic growth phase, namely 
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with an OD660nm = 0.2-1, were used. Cells were generally grown in SCD medium or in SCD-methionine 

medium for the Mup1-pHluorin assays. For transforma1ons, cells were grown in YPD medium.  

ER stress was induced by trea1ng cells with tunicamycin. For this, cultures with an OD660nm = 0.3 were 

treated with a final concentra1on of 1 µg/mL tunicamycin for 3 h. For the Mup1-pHluorin assay, cells 

were grown to exponen1al growth phase in SCD-methionine medium and part of the cultures were 

then supplemented with methionine to a final concentra1on of 20 µg/mL to induce internaliza1on of 

the Mup1 receptor.  

For long-term storage, saturated yeast cell cultures were mixed in a 1:1 ra1o with 30% (w/v) glycerol 

and stored at -80°C.  

5.3.4. Yeast TransformaFon 

For transforma1on, yeast strains were grown into satura1on in YPD medium at 30°C overnight. Cells 

were diluted in 5 mL fresh YPD in order to reach an OD660nm= 1 amer four hours of growth. Cells were 

then harvested by centrifuga1on at 1,000 x g for 5 min, washed with 1 mL of water, and spun down 

again at 10,000 x g for 2 min. The supernatant was discarded. The transforming DNA was added to the 

pellet (1/10 of a PCR product for tagging or dele1on of genes, 0.25 µg for linearized plasmids), which 

was then resuspended in 360 µL of transforma1on mix (Table 3). Cells were subjected to a heat shock 

at 42°C for 40 min. Amer that, cells were spun down at 10,000 x g for 2 min, the supernatant was 

discarded and cells were resuspended in 1 mL of YPD medium. 100 µL of the cell suspension were 

plated onto the respec1ve selec1ve plate using glass beads. In cases where the transforming DNA 

contained an an1bio1c resistance gene, cells were grown for 3-6 h at 30°C before pla1ng. Plates were 

incubated for 2-3 days at 30°C un1l colonies grew. Colonies were restreaked on a new selec1ve plate 

and integra1on of the transforming DNA was verified by colony PCR, microscopy or flow cytometry.  

5.3.5. Colony PCR 

To confirm whether cells had acquired the desired gene1c modifica1on, colony PCRs were performed. 

Single colonies from the transforma1on plates were restreaked onto a new plate. A small amount of 

yeast from the different clones on those plates was transferred into a 0.5 mL PCR tube each. Cells were 

resuspended in 40 µL of colony PCR mix (Table 15). Primers that bind upstream of the gene locus in the 

genome and within the transformed casse_e were used. PCR was performed using the Taq polymerase 

(Sigma-Aldrich) according to a standard PCR protocol by the manufacturer. 8 µL of each PCR reac1on 

were then run on a 1% agarose gel in 2x TAE containing Stain G, to check for posi1ve clones. GeneRuler 

1kb Plus DNA ladder (ThermoFisher Scien1fic) was used as size marker.  
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Table 15. Recipe for colony PCR mix. 
Colony PCR mix (per colony) 
10 x colony PCR buffer 4 µL 
dNTPs (10 mM) 1.5 µL 
Betaine (5 M) 4 µL 
Forward primer (10 µM) 2 µL 
Reverse primer (10 µM) 2 µL 
Taq DNA Polymerase (Sigma) 0.5 µl 
Water 26 µl 

 

5.3.6. Fluorescence microscopy 

Microscopy experiments were performed at two different widefield microscopes throughout this study. 

On the one hand, the Olympus IX81 CellSens microscope equipped with a PLAPO 100x/1.45 Oil DIC 

objec1ve lens (Olympus), an Orca R2 camera (Hamamatsu) and a Spectra X illumina1on system 

(Lumencor) was used at the ZMBH imaging facility of Heidelberg University. This was the case for 

images acquired for Figures 3A, 9A, 10A and 11. On the other hand, the Nikon Ti2 microscope equipped 

with a PLAN APO 100x/1.45 objec1ve lens (Nikon) and an Orca Fusion-BT camera (Hamamatsu) was 

used at our lab. This was the case for images acquired for Figures 3B, 4C, 5, 6, 7A, 9B, 10B, 12-17.   

Cells were grown in SCD medium. Prior to imaging, 1 mL of yeast cultures in logarithmic growth phase 

were spun down at 10,000 x g for 2 min, the supernatant was removed leaving only about 20 µL 

remaining. Cells were resuspended in the remaining liquid and 3 µL were pipe_ed onto a glass cover 

slip. To keep cells in the same plane and facilitate imaging, cell suspensions on the cover slip were 

covered with a pad of 1% agarose in SCD medium.   

For strains expressing a protein with a HaloTag, cells were treated with the SiR-HaloTagLigand (provided 

by the Johnsson lab at the MPI for Biomedical Research in Heidelberg), a far-red dye, prior to imaging. 

For this, 1 mL of yeast cultures in logarithmic growth phase were spun down at 10,000 x g for 2 min, 

the supernatant was removed completely, and cells were resuspended in 50 µL sterile PBS. SiR-HTL was 

added to the cell suspension (final concentra1on of 500 nM) which was then incubated for 10 min at 

room temperature, shaking at 800 rpm. Cells were then prepared for imaging as described above.  

Mul1channel, z-stack images were acquired at the microscopes with a default step size of 1 µm and a 

step size of 0.2 µm for images that were subsequently deconvolved. When used for quan1fica1on, z-

stacks were recorded such that the en1rety of the cells was covered.  

5.3.7. Image processing of light-microscopy images and quanFficaFon of puncta  

The Fiji somware was used to assemble hyperstacks and collages of images, to create maximum 

intensity projec1ons and manually count puncta (Schindelin et al., 2012; Rueden et al., 2017).   

For deconvolu1on of images acquired at the Olympus IX81 CellSens microscope, the in-built 
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deconvolu1on algorithm, “Wiener filter”, was used. This was done for Figure 3A. For deconvolu1on of 

images acquired at the Nikon Ti2 microscope, the NIS Elements Somware (Nikon) was used. The 

“Richardsson-Lucy” algorithm with 30 itera1ons and automa1c detec1on of noise level was applied. 

This was the case for Figures 12, 13, 15, 16, 17.  

For manual quan1fica1on of Snf7 and Bro1 puncta, maximum intensity projec1ons were created, and 

image names were randomized using the “Blind Analysis Tool” plugin in Fiji to allow for an unbiased 

assessment. Both the number of puncta at ER clusters and the total cell number were counted to 

determine the ra1o of puncta/cell. At least 200 cells were considered per strain and replicate.  

Quan1fica1on of colocaliza1on of Snf7 with other proteins was manually done on deconvolved images. 

Image names were randomized using the “Blind Analysis Tool” plugin (Astha Jaiswal and Holger Lorenz) 

in Fiji. 50 Snf7 puncta per strain were chosen and checked for colocaliza1on with the respec1ve other 

protein in each z-stack.  

5.3.8. Mup1-pHluorin assay for ESCRT funcFon 

Strains expressing Mup1-pHluorin and cytosolic BFP were used. For each strain background, a version 

without tagged Mup1 was included to serve as a control for autofluorescence. Yeast cells were first 

grown to satura1on overnight at 30°C in SC-methionine medium in 96-deepwell plates. Different 

dilu1ons of overnight cultures were prepared for each strain by adding 1, 2, 4 and 8 µL of the saturated 

precultures to 1 mL fresh SCD-methionine in a 96-deepwell plate. Cultures were incubated in a 

programmable incubator, which first kept cells at 14°C, then shimed to 30°C and shaking at 750 rpm at 

midnight or 2 am, so that one of the dilu1ons of the cultures reached an OD660nm = 0.5 before the start 

of the experiment. The cultures closest to OD660nm = 0.5 were then chosen for each strain and two new 

cultures at OD660nm = 0.05 were prepared per strain in 900 µL SCD-methionine. For each strain, 100 µL 

of SCD-methionine were added to one culture, serving as a control. 100 µL of 200 µg/mL methionine 

were added to the other culture (final concentra1on of 20 µg/mL) to induce internaliza1on of the Mup1 

receptor. Cultures were grown at 30°C and shaking at 750 rpm. For each 1mepoint, 100 µL of the 

control and test cultures were transferred into a regular 96-cell plate and GFP and BFP fluorescence 

were measured by flow cytometry.  

For the analysis, the geometric mean of GFP and BFP fluorescence was first calculated. Then, the GFP 

autofluorescence of the treated and untreated cultures of the autofluorescence control strain was 

subtracted from the mean GFP values of the respec1ve Mup1-pHluorin strains. Next, the GFP/BFP 

ra1os were determined. Lastly, the GFP/BFP ra1o from samples supplemented with methionine were 

divided by the GFP/BFP ra1o in samples without methionine, to calculate the methionine induced 

quenching of Mup1-pHluorin.  

 



  MATERIALS AND METHODS 
 

  72 

5.3.9. Flow Cytometry 

Flow Cytometry measurements for yeast strain genera1on and the Mup1-pHluorin assay were 

performed at a FACS Canto flow cytometer (BD Biosciences) using a high throughput sample (HTS) 

loader. Laser sevngs were 465 V for the 488 nm laser, 410 V for the 405 nm laser and 575 V for the 

561 nm laser. Sevngs for sample collec1on were 10,000 recorded events and a flow rate of 1 

µL/second. To check for successful integra1on of a fluorescent tag during strain genera1on, the 

respec1ve wavelength was used. For the Mup1-pHluorin assay, the 488 nm and 405 nm lasers were 

used to measure fluorescence of Mup1-pHluorin and of the cytosolic BFP. 

5.4. Biochemistry Methods 

5.4.1. Cell lysis 

Cells were lysed by glass bead lysis. First, cells in logarithmic growth phase were harvested by 

centrifuga1on at 3,000 x g for 5 min at 4°C, resuspended in one volume of cold water and spun down 

again at 10,000 x g for 2 min. Cell pellets were either immediately used for cell lysis (for GBP co-IP) or 

frozen in liquid nitrogen and stored at -80°C un1l use (for Streptavidin IP).  

For co-immunoprecipita1on with GFP-binder beads (GBP), 30 ODs were harvested. In this case, the 

pellets were resuspended on ice in 20 µL/OD cold lysis buffer (GBP co-IP) (Table 3) containing 1x 

cOmplete protease inhibitors (Roche, Table 3). The cell suspension was transferred into pre-cooled 2 

mL screw-cap tubes with 0.7 g 1-mm glass beads and lysed by vortexing for 40 seconds at 6 m/s on the 

FastPrep 24 (MP Biomedical). Lysates were collected by piercing a hole at the bo_om of the screw-cap 

tube, placing it atop a new microfuge tube and centrifuga1on at 1,000 x g for 10 seconds. The lysates 

were cleared by centrifuga1on at 13.000 x rpm for 2 min at 4°C and the supernatant was transferred 

into a new tube.   

For streptavidin bead pull-downs, 50 ODs were harvested for the bio1nyla1on assay experiment (Fig. 

8C) and 500 ODs for the PDB-MS experiment (Fig. 8D-F). The pellets were resuspended on ice in 10 

µL/OD cold Lysis Buffer (Streptavidin IP) (Table 3) containing 1x cOmplete protease inhibitors (Roche, 

Table 3) and 1 mM DTT. The cell suspension was transferred into pre-cooled 2 mL screw-cap tubes with 

0.7 g 1-mm glass beads and lysed by vortexing for 40 seconds at 6 m/s on the FastPrep 24 (MP 

Biomedical). If more than 40 ODs of cells were used, the samples were split into mul1ple screw-cap 

tubes with glass beads to allow for efficient rupture. Lysates were collected by piercing a hole at the 

bo_om of the screw-cap tube, placing it atop a new microfuge tube and centrifuga1on at 1,000 x g for 

10 seconds. The collected lysate was incubated at 65°C for 5 minutes. The lysates were cleared by 

centrifuga1on at 13,000 x rpm for 2 min at 4°C and the supernatant was transferred into a new tube.  

For the PDB-MS experiment (Fig. 8D-F), cells were harvested with some modifica1ons: Cells were first 

spun down by centrifuga1on at 3,000 x g for 15 min at 4°C in 1L centrifuga1on buckets, the pellet was 
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washed with 16 mL of cold water, transferred to a 50 mL falcon tube and cells were spun down again 

for 5 min at 1,000 x g.  

5.4.2. Protein determinaFon 

Protein concentra1on of cell lysates was determined using the Pierce Rapid Gold Protein Assay Kit 

(Thermo Fisher Scien1fic) in 96-well plates. BSA stock solu1ons ranging from 0-20 mg/mL protein were 

used to prepare a reference series. 10 µL of the BSA standard solu1ons were pipe_ed in duplicates. 

1 µL of cell lysate was diluted with 9 µL of water, also in duplicates. BCA reagents A and B were mixed 

in a 50:1 ra1o, as indicated by the manufacturer, and 200 µL of the BCA solu1on were added to each 

sample and standard well. Samples were incubated for 10-30 minutes at room temperature, before 

measuring absorbance at 480 nm using a plate reader (Tecan infinite50). Protein concentra1ons of the 

cell lysates were calculated using the standard curve obtained by the BSA reference samples .  

When normaliza1on of protein concentra1on was required before proceeding with the following steps, 

lysates were diluted with the respec1ve lysis buffer to the required concentra1on.  

5.4.3. Co-immunoprecipitaFon with GFP-binder beads 

Home-made Sepharose beads coupled to GFP-binder protein from our lab (prepared according to the 

protocol in (Galmozzi et al., 2019)) were used for co-immunoprecipita1on (co-IP) experiments of Bro1p-

sfGFP.  

3 mg of protein in a volume of 900 µL were used for the pull-down. Pull-downs were performed in 

microfuge tubes. 150 µL of bead slurry were used per sample. They were first washed twice with 1 mL 

Lysis Buffer (GBP co-IP) (Table 3) and spun down at 450 x g for 1 min and the supernatant was 

completely removed. Then the cell lysate was added to the beads, and the suspension was incubated 

on a rota1ng wheel at 4°C for 45 min. Beads were then spun down at 450 x g for 1 min and the 

supernatant was discarded. Next, several washing steps were performed. For each wash step, 1 mL of 

the respec1ve buffer was added, beads were resuspended, incubated for 5 min on a rota1ng wheel, 

spun down again at 450 x g for 1 min and the supernatant was discarded. Wash steps were as follows: 

three 1mes with Lysis Buffer (GBP co-IP) at 4°C and once with Wash Buffer (GBP co-IP) at 4°C (Table 3). 

Amer the last wash step, the remaining supernatant was removed completely. 75 µL 2x SDS-PAGE 

sample buffer (Table 3) were added to each sample, beads were resuspended and then incubated for 

10 min at 65°C. Beads were then spun down at 450 x g for 1 min and the supernatant was collected as 

the eluate frac1on. The eluates were stored at -20°C un1l further use.  

5.4.4. Proximity-dependent bioFnylaFon and pull-downs with Streptavidin beads 

The principle of proximity-dependent bio1nyla1on using Bro1 variants tagged with a TurboID tag was 

used in this study for a bio1nyla1on assay to check specifically for bio1nyla1on of Snf7 by Bro1p (Fig. 
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8C), as well as for a whole cell approach using PDB coupled to mass spectrometry to iden1fy proximity 

partners of Bro1p (Fig. 8D-F). Bio1nyla1on was not triggered by an exogenous bio1n pulse but was 

based solely on the bio1n present in the SCD medium (2 µg/L). The pull-down protocol was adapted 

from (Schopp & Béthune, 2018).  

For the bio1nyla1on assay, 2 mg of protein in a volume of 500 µL were used for the pull-down. High 

Capacity Streptavidin Agarose Beads (ThermoFisher Scien1fic) were used. Pull-downs were performed 

in microfuge tubes. 15 µL of 50% bead slurry were used per sample. They were first washed twice with 

200 µL Lysis Buffer (Streptavidin IP) (Table 3) and spun down at 2,000 x g for 2 min and the supernatant 

was completely removed. Then, the cell lysate was added to the beads, and the suspension was 

incubated on a rota1ng wheel at 4°C for 3 h. Beads were then spun down at 2,000 x g for 2 min and 

the supernatant was discarded. Next, several washing steps were performed. For each wash step, 

500 µL of the respec1ve buffer were added, beads were resuspended, incubated for 5 min on a rota1ng 

wheel, spun down again at 2,000 x g for 2 min and the supernatant was discarded. Wash steps were as 

follows: twice with Wash Buffer 1 (Streptavidin IP) at 4°C, twice with Wash Buffer 2 (Streptavidin IP) at 

room temperature, twice with Wash Buffer 3 (Streptavidin IP) at 4°C and twice with Wash Buffer 4 

(Streptavidin IP) at 4°C (Table 3). Amer the last wash step, the remaining supernatant was removed 

completely. 25 µL Elu1on Buffer (Streptavidin IP) (Table 3) were added to each sample, beads were 

resuspended and then incubated for 10 min at 65°C. Beads were then spun down at 2,500 x g for 2 min 

and the supernatant was collected as the eluate frac1on. The eluates were stored at -20°C un1l further 

use.   

For the PDB-MS the procedure was similar, except for the following changes. 500 ODs of cells were 

harvested and lysed. Protein concentra1ons were normalized to 25 mg of total protein and sample 

volume adjusted to 4.8 – 5.0 mL. Pull-downs were performed in 15 mL falcon tubes. 60 µL of 50% bead 

slurry were used per sample. They were first washed twice with 1 mL Lysis Buffer (Streptavidin IP) (Table 

3) and spun down at 2,000 x g for 2 min and the supernatant was completely removed. The pull-down 

and the washes were performed as described above, except that all washes were performed at room 

temperature. Proteins were eluted in 30 µL Elu1on Buffer (Streptavidin IP) (Table 3).  

5.4.5. Mass spectrometry for proximity-dependent bioFnylaFon samples 

Samples for mass spectrometry were generated using in-gel tryp1c diges1on. Prepara1on of this step 

was done together with Sabine Merker from the ZMBH mass spectrometry facility of Heidelberg 

University. Eluate frac1ons from the streptavidin pull-down were first loaded on precast 10% Bis-Tris 

Plus Bolt SDS-PAGE gels (Invitrogen). The PageRuler Unstained Protein Ladder (ThermoFisher Scien1fic) 

was used as a marker. The gels were run in 1x MOPS running buffer (Thermo Fisher Scien1fic) at 80 V 

un1l the samples entered the gel, then at 120 V un1l the running front entered 1 cm of the gel. 

Coomassie staining was used to visualize protein bands. Some bands of endogenously bio1nylated 
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proteins were very prominent. Since the high amount of Arc1 at 50 kDa might have distorted MS 

measurements, each gel lane was cut into 2 pieces at the 60 kDa marker band. Thus, per sample, 2 gel 

pieces were further processed individually, one with proteins above 60 kDa (gel piece A) and one with 

proteins running below 60 kDa (gel piece B).   

Mass spectrometry was performed by Sabine Merker, Marcin Luzarowski and Thomas Ruppert from 

the ZMBH mass spectrometry facility. In-gel tryp1c diges1on and LC-MS/MS analysis were performed 

as described previously (Bärenz et al., 2013). In summary, all gel pieces were reduced, alkylated and 

digested with trypsin. Amer pep1de extrac1on from the gel, they were concentrated in a vacuum 

centrifuge and dissolved in 15 µl 0.1% TFA. Nanoflow LC-MS2 analysis was performed with an Ul1mate 

3000 liquid chromatography system coupled to an Orbitrap QE HF (Thermo Fisher Scien1fic). For this, 

an in-house packed analy1cal column (75 µm x 200 mm, 1.9 µm ReprosilPur-AQ 120 C18 material (Dr. 

Maisch, Germany)) was used. Mobile phase solu1ons were prepared with solvent A containing 0.1% 

formic acid/1% acetonitrile and solvent B consis1ng of 0.1% formic acid and 89.9% acetonitrile. 

Pep1des generated from the upper part of the gel (gel piece A) were separated in a 60 min linear 

gradient started from 3% B and increased to 23% B over 50 min and to 38% B over 10 min, followed by 

washout with 95% B. Pep1des generated from the lower part of the gel (gel piece B) were separated in 

a 25 min linear gradient started from 3% B and increased to 23% B over 21 min and to 38% B over 4 

min, followed by washout with 95% B. The mass spectrometer was operated in data-dependent 

acquisi1on mode, automa1cally switching between MS and MS2. MS spectra (m/z 400–1600) were 

acquired in the Orbitrap at 60,000 (m/z 400) resolu1on and MS2 spectra were generated with 

normalized collision energy of 27 and isola1on width of 1.4 m/z for up to 15 precursors.  

The raw data from the mass spectrometry was used by our collaborator Georg Borner as a basis for 

data analysis. The MaxQuant 2.0.1.0 somware (J. Cox & Mann, 2008) was used and the MS/MS spectra 

were searched against the Uniprot S. cerevisiae protein database from March 2022. The reference 

strain was ATCC 204508. Sta1s1cal analyses were performed by me using the Perseus somware 

(Tyanova et al., 2016). LFQ intensi1es were considered for the analysis. The data was first pre-filtered 

removing the 1% false hits introduced by MaxQuant somware, proteins that were only iden1fied by 

pep1des with a modifica1on and contaminants. LFQ intensi1es were log2 transformed. Normaliza1on 

was not needed, as the data was normally distributed. Samples were grouped according to strain and 

condi1on into “Wildtype untreated”, “Wildtype Tunicamycin”, “Control untreated”, “Control 

Tunicamycin” (4 protein groups à 3 replicates). To ensure that the analysis is based on reliably iden1fied 

proteins, the data was filtered to retain only proteins with 3 valid values in at least one of the groups. 

Missing values were imputed with the imputa1on procedure of Perseus from a normal distribu1on 

with a width of 0.3 and a 1.8 standard devia1on down shim. Two-sided non-paired two-sample t-tests 

were performed for the following combina1ons of samples: tunicamycin-treated vs. untreated 
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wildtype strain and tunicamycin-treated vs. untreated bro1 mutant strain. Volcano plots served as an 

output with the following sevngs: 500 randomiza1ons, a false discovery rate of 0.05 and an S0 value 

of 0.2. Hits were termed significant when the FDR-based q-value was below 0.05. To create a final 

candidate of proteins enriched in proximity of wildtype Bro1 during tunicamycin treatment, both hit 

lists of wildtype and mutant bro1 were first filtered for significant hits with a posi1ve log fold change 

(resul1ng in lists with 150 and 24 proteins respec1vely). Proteins that only came up as hits for wildtype 

Bro1, but not mutant Bro1, were included in the final candidate list (128 proteins).  

5.4.6. SDS-PAGE 

Samples for SDS-PAGE were prepared by dilu1ng cell lysates with water to equal volumes and to the 

preferred amount of total protein. Then, 4x SDS-PAGE sample buffer (Table 3) containing 0.1 volumes 

ß-mercaptoethanol were added to each sample to a final concentra1on of 1x. For eluate frac1ons from 

pull-downs that were already eluted using SDS-PAGE sample buffer, no further buffer was added. 

Samples were incubated at 65°C for 5 min and either immediately further used or stored at -20°C. 

Samples were loaded onto an SDS-PAGE gel (7.5 – 10%) (Tables 16, 17 and 18). For input samples, 20 

µg of total protein were loaded. In the case of streptavidin pull-down experiments, the whole eluate 

frac1ons were loaded. For the GBP co-immunoprecipita1on, a third of the eluates was loaded. The 

PageRuler Prestained Protein Ladder (Thermo Fisher Scien1fic) was used as a marker. Gels were run in 

1x SDS-PAGE running buffer (Table 3) at 200 V for 40-50 min. 

Table 16. Recipe for 7.5% separa3ng gel. 
7.5% separaFng gel  
H2O 3.2 mL 
Separa1ng gel buffer 1.2 mL 
30% acrylamide mix 1.5 mL 
15% SDS 40 µL 
10% APS 60 µL 
TEMED 6 µL 

 

Table 17. Recipe for 10% separa3ng gel. 
10% separaFng gel  
H2O 2.7 mL 
Separa1ng gel buffer 1.2 mL 
30% acrylamide mix 2 mL 
15% SDS 40 µL 
10% APS 60 µL 
TEMED 6 µL 
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Table 18. Recipe for 4% stacking gel. 
4% stacking gel  
H2O 1.2 mL 
Separa1ng gel buffer 0.5 mL 
30% acrylamide mix 0.27 mL 
15% SDS 13 µL 
10% APS 20 µL 
TEMED 2 µL 

 

5.4.7. Western Blot 

The wet blovng procedure was used. Western Blot sandwiches were assembled in the casse_es 

between sponges using one layer of Whatman paper, the SDS-PAGE gel, a nitrocellulose membrane (GE 

Healthcare) and another layer of Whatman paper. Proteins were blo_ed at 100 V for 1 h at 4°C in 1x 

blovng buffer (Table 3). Amer disassembly of the sandwich, the membrane was rinsed in TBST and 

incubated for 30 min in TBS (if developed with the Licor system) or TBST (if developed with 

chemiluminescence) with 5% (w/v) skimmed milk powder for blocking.   

The membrane was then incubated with the primary an1body (Table 11) diluted in TBST containing 5% 

(w/v) skimmed milk at 4°C overnight. The membrane was washed 3 1mes for 5 min in TBST and was 

then incubated with a fluorophore-coupled or HRP-coupled secondary an1body (Table 11) diluted in 

TBST containing 5% (w/v) skimmed milk at room temperature for 1 h.   

For fluorescent signal detec1on using fluorophore-coupled secondary an1bodies, membranes were 

again washed 3 1mes for 5 min, twice with TBST and once with TBS. They were then scanned at the 

Odyssey CLx system (LI-COR Biotech) in the 680 or 790 channel, depending on the fluorophore. 

For detec1on of chemiluminescent signal using HRP-coupled secondary an1bodies, membranes were 

washed 3 1mes for 5 min with TBST. For visualiza1on, SuperSignal West Pico Plus Chemiluminescent 

substrate solu1ons A and B (Thermo Fisher Scien1fic) were mixed in a 1:1 ra1o and added to the 

membrane for a 5 min incuba1on at room temperature. The membrane was scanned at an Amersham 

Imager 600. 
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6. SUPPLEMENT 

Table S1. Final Hitlist (WT only hits) of the PDB-MS. 

Protein IDs Gene names Protein names 
Q03790 NUP53 Nucleoporin NUP53 
P43621 RET2 Coatomer subunit delta 
Q08484 GYP1 GTPase-acFvaFng protein GYP1 
P33400 RIM101 pH-response transcripFon factor pacC/RIM101 
Q03103 ERO1 Endoplasmic oxidoreducFn-1 
P39078 CCT4 T-complex protein 1 subunit delta 
P40340 YTA7 Tat-binding homolog 7 
Q12033 RIM20 pH-response regulator protein palA/RIM20 
P14742 GFA1 Glutamine-fructose-6-phosphate aminotransferase [isomerizing] 
P16474 KAR2 78 kDa glucose-regulated protein homolog 
P14906 SEC63 Protein translocaFon protein SEC63 
P39723 SPC72 Spindle pole component SPC72 
Q04368 CSI1 Cop9 signalosome-interactor 1 
P10591 SSA1 Heat shock protein SSA1 
P14743 NMT1 GlycylpepFde N-tetradecanoyltransferase 
Q00764 TPS1 Alpha,alpha-trehalose-phosphate synthase [UDP-forming] 56 kDa subunit 
P27466 CMK1 Calcium/calmodulin-dependent protein kinase I 
P25373 GRX1 Glutaredoxin-1 
P39730 FUN12 EukaryoFc translaFon iniFaFon factor 5B 
P07276 RAD2 DNA repair protein RAD2 
Q06505 SPN1 TranscripFon factor SPN1 
P07246 ADH3 Alcohol dehydrogenase 3, mitochondrial 
P04806 HXK1 Hexokinase-1 
P41895 TFG1 TranscripFon iniFaFon factor IIF subunit alpha 
P40361  YJL070C InacFve deaminase YJL070C 
Q03761 TAF12 TranscripFon iniFaFon factor TFIID subunit 12 
P09959 SWI6 Regulatory protein SWI6 
Q03707 SRC1 Inner nuclear membrane protein SRC1 
Q08641 ABP140 tRNA(Thr) (cytosine(32)-N(3))-methyltransferase 
P22515 UBA1 UbiquiFn-acFvaFng enzyme E1 1 
P53137 CUE3 CUE domain-containing protein 3 
P34110 VPS35 Vacuolar protein sorFng-associated protein 35 
P17106 CBF1 Centromere-binding protein 1 
Q06344 ESF1 Pre-rRNA-processing protein ESF1 
Q08971 YPL225W Protein PBDC1 homolog 
P38764 RPN1 26S proteasome regulatory subunit RPN1 
P39926 SSO2 Protein SSO2 
Q12343 MED4 Mediator of RNA polymerase II transcripFon subunit 4 
P32528 DUR1,2 Urea amidolyase;Urea carboxylase;Allophanate hydrolase 
Q12250 RPN5 26S proteasome regulatory subunit RPN5 
P38845 CRP1 Cruciform DNA-recognizing protein 1 
P40316 PDS1 Securin 
P50111 ZDS1 Protein ZDS1 
P36047 SDS22 Protein phosphatase 1 regulatory subunit SDS22 
P36040 ADD66 Proteasome assembly chaperone 2 
Q03533 TDA1 Serine/threonine-protein kinase TDA1 
P47018 MTC1 Maintenance of telomere capping protein 1 
Q12242 RUP1 UBA domain-containing protein RUP1 
P25037 UBP1 UbiquiFn carboxyl-terminal hydrolase 1 
P15019;P53228 TAL1 Transaldolase 
P36037 DOA1 Protein DOA1 
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P53111 ARI1 NADPH-dependent aldehyde reductase ARI1 
Q06677 SWA2 Auxilin-like clathrin uncoaFng factor SWA2 
P40482 SEC24 Protein transport protein SEC24 
P07264 LEU1 3-isopropylmalate dehydratase 
P38822 BZZ1 Protein BZZ1 
P53981 YNL010W Uncharacterized phosphatase YNL010W 
Q12265 PRS5 Ribose-phosphate pyrophosphokinase 5 
Q06263 VTA1 Vacuolar protein sorFng-associated protein VTA1 
Q12044 RCN2 Regulator of calcineurin 2 
P52553 YKE2 Prefoldin subunit 6 
P32074 SEC21 Coatomer subunit gamma 
P09938 RNR2 Ribonucleoside-diphosphate reductase small chain 1 
Q06671 ATG23 Autophagy-related protein 23 
P39929 SNF7 Vacuolar-sorFng protein SNF7 
P07283 SEC53 Phosphomannomutase 
P35207 SKI2 AnFviral helicase SKI2 
Q01476 UBP2 UbiquiFn carboxyl-terminal hydrolase 2 
P06101 CDC37 Hsp90 co-chaperone Cdc37 
Q08977 YPL260W UPF0662 protein YPL260W 
P14832 CPR1 PepFdyl-prolyl cis-trans isomerase 
Q06523 YPR148C Uncharacterized protein YPR148C 
Q06685 VIP1 Inositol hexakisphosphate and diphosphoinositol-pentakisphosphate kinase 
Q12514 NOT5 General negaFve regulator of transcripFon subunit 5 
Q06385 VPS74 Vacuolar protein sorFng-associated protein 74 
P33416 HSP78 Heat shock protein 78, mitochondrial 
P43585 VTC2 Vacuolar transporter chaperone 2 
Q03558;P41816 OYE2 NADPH dehydrogenase 2 
P48415 SEC16 COPII coat assembly protein SEC16 
P43597 YFR016C Uncharacterized protein YFR016C 
Q08966 PCL8 PHO85 cyclin-8 
P38749 YAP3 AP-1-like transcripFon factor YAP3 
P47068 BBC1 Myosin tail region-interacFng protein MTI1 
Q07457 BRE1 E3 ubiquiFn-protein ligase BRE1 
P41811 SEC27 Coatomer subunit beta 
P69771 DID2 Vacuolar protein-sorFng-associated protein 46 
P11154 PYC1 Pyruvate carboxylase 1 
Q04947 RTN1 ReFculon-like protein 1 
P39081 PCF11 Protein PCF11 
P38255 RXT2 TranscripFonal regulatory protein RXT2 
P33328 SNC2 Synaptobrevin homolog 2 
P14904 APE1 Vacuolar aminopepFdase 1 
P32599 SAC6 Fimbrin 
Q05027 TAF9 TranscripFon iniFaFon factor TFIID subunit 9 
P47166 SGM1 Protein SGM1 
P25343 RVS161 Reduced viability upon starvaFon protein 161 
P09032 GCD1 TranslaFon iniFaFon factor eIF-2B subunit gamma 
P40219 OSW5 Outer spore wall protein 5 
P17065 SEC2 Rab guanine nucleoFde exchange factor SEC2 
Q06336 GGA1 ADP-ribosylaFon factor-binding protein GGA1 
P07806-2;P07806 VAS1 Valine--tRNA ligase, mitochondrial 
Q12344 GYP5 GTPase-acFvaFng protein GYP5 
P27351 APL1 AP-2 complex subunit beta 
P04807 HXK2 Hexokinase-2 
P43123 QRI1 UDP-N-acetylglucosamine pyrophosphorylase 
Q04951 SCW10 Probable family 17 glucosidase SCW10 
P22803 TRX2 Thioredoxin-2 
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P38903 RTS1 Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit delta isoform 
P11076;P19146 ARF1;ARF2 ADP-ribosylaFon factor 1;ADP-ribosylaFon factor 2 
P40029 MXR1 PepFde methionine sulfoxide reductase 
P33299 RPT1 26S protease regulatory subunit 7 homolog 
P40509 SEC28 Coatomer subunit epsilon 
P32914 SPT4 TranscripFon elongaFon factor SPT4 
Q12515 PAR32 Protein PAR32 
P25558 BUD3 Bud site selecFon protein 3 
Q12373 HIF1 HAT1-interacFng factor 1 
Q06449 PIN3 [PSI+] inducibility protein 3 
Q03390 VPS60 Vacuolar protein-sorFng-associated protein 60 
Q08581 SLK19 Kinetochore protein SLK19 
Q04533 YML082W PutaFve cystathionine gamma-synthase YML082W 
P38066 RIB1 GTP cyclohydrolase-2 
P32419 MDH3 Malate dehydrogenase, peroxisomal 
P16550 APA1 Protein APA1;5,5-P-1,P-4-tetraphosphate phosphorylase;ADP-sulfurylase 
Q12494 KCS1 Inositol hexakisphosphate kinase 1 
P32867 SSO1 Protein SSO1 
P47044 YJL055W LOG family protein YJL055W 
P52917 VPS4 Vacuolar protein sorFng-associated protein 4 
P32776 TFB1 RNA polymerase II transcripFon factor B subunit 1 
 

Table S2. Hits in both WT Bro1 and bro1K246A of the PDB-MS. 

Protein IDs Gene names Protein names 
P15303 SEC23 Protein transport protein SEC23 
Q00055 GPD1 Glycerol-3-phosphate dehydrogenase [NAD(+)] 1 
P06780 RHO1 GTP-binding protein RHO1 
P53250 TWF1 Twinfilin-1 
P17709;Q04409 GLK1 Glucokinase-1 
P18899 DDR48 Stress protein DDR48 
P31539 HSP104 Heat shock protein 104 
Q04792 GAD1 Glutamate decarboxylase 
Q04279 SEG1 Eisosome protein SEG1 
P00924 ENO1 Enolase 1 
P38809 YHR097C Uncharacterized protein YHR097C 
P36139 PET10 Protein PET10 
P22517 CMK2 Calcium/calmodulin-dependent protein kinase II 
P34760;Q04120 TSA1 Peroxiredoxin TSA1 
P38934 BFR1 Nuclear segregaFon protein BFR1 
P53622 COP1 Coatomer subunit alpha 
P17967 PDI1 Protein disulfide-isomerase 
Q07551 YDL124W NADPH-dependent alpha-keto amide reductase 
P54838 DAK1 Dihydroxyacetone kinase 1 
P11986 INO1 Inositol-3-phosphate synthase 
 

Table S3. Hits in bro1K246A only of the PDB-MS. 

Protein IDs Gene names Protein names 
P12385 SUP45 EukaryoFc pepFde chain release factor subunit 1 
P32527 ZUO1 ZuoFn 
P53912 YNL134C Uncharacterized protein YNL134C 
P06785 CDC21 Thymidylate synthase 
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