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CUPS, a compartment for unconventional secretion of signal sequence lacking proteins, is 18 

built during starvation. CUPS, lacking the Golgi specific glycosyltransferases, form by 19 

COPI independent extraction of membranes from the early Golgi cisterna, require PI4P 20 

for their biogenesis and PI3P for stability. We now show that a PI4P effector Drs2 of the 21 

trans-Golgi network, relocates to a new compartment monikered TCUPS because it 22 

touches CUPS. Although localized to TCUPS, Drs2 is required for CUPS formation 23 

specifically by interacting with Rcy1, and this process is essential for unconventional 24 

secretion. Visualizing cells by 4D SCLIM technology revealed that tubules emanating from 25 

TCUPS are often collared by CUPS and severed.  Incidentally, while CUPS are stable, 26 

TCUPS are vesiculated at late stages of starvation. This mirrors the dynamics of the early 27 

and late Golgi during conventional protein secretion. TCUPS and CUPS thus emerge as the 28 

functional equivalent of early and late Golgi of the conventional secretory pathway, thus 29 

representing key compartments in unconventional secretion. 30 

  31 

  32 
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Introduction 33 

The problem of how proteins that cannot enter the endoplasmic reticulum (ER)-Golgi pathway of 34 

secretion are released to the extracellular space remains a fascinating challenge. This is an 35 

important issue because cells secrete proteins like fibroblast growth factor (FGF) 2, Interleukin 36 

(IL)-1ß, Acyl CoA binding protein (Acb1/Diazepam binding inhibitor), Superoxide dismutase 37 

(SOD) 1, and tissue transglutaminase, which have important physiological roles in the 38 

extracellular space, particularly under conditions of stress. The prevailing schemes for the 39 

secretion of this class of cytoplasmic proteins include: involvement of an intracellular 40 

compartment, such as CUPS (compartment for unconventional protein secretion), for proteins 41 

like Acb1, SOD1 and many other antioxidants, or secretory endosomes or lysosomes, in the case 42 

of fatty acid binding protein 4 (FABP4), or direct translocation across the plasma membrane for 43 

FGF2 (Bruns et al., 2011; Cruz-Garcia et al., 2020; Schäfer et al., 2004; Villeneuve et al., 2017). 44 

IL-1ß is reported to use multiple routes of export such as translocation directly across the plasma 45 

membrane via a pore created by Gasdermin D, translocation by conventional cargo receptor 46 

protein TMED10 into the ER-Golgi intermediate compartment (ERGIC) prior to its release from 47 

cells, and by pyroptosis (He et al., 2015; Liu et al., 2016; Zhang et al., 2020).   48 

 There might indeed be different routes for this mode of transport, but we have focussed 49 

on the pathway for secretion of Acb1 and Sod1. The export of these proteins has the following 50 

essential requirements. 1, Their secretion is triggered upon carbon and nitrogen starvation, and 51 

growth in potassium acetate; 2, intracellular production of reactive oxygen species (ROS); 3, the 52 

need of a peripherally Golgi/ER exit site localized protein called Grh1 (GORASPs in mammals); 53 

and 4, a compartment called CUPS (Bruns et al., 2011; Cruz-Garcia et al., 2014, 2020; Curwin et 54 

al., 2016; Kinseth et al., 2007). It is of note that release of IL-1ß is also dependent on GORASP 55 
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proteins in LPS activated macrophages (Chiritoiu et al., 2019). GORASP is a key to unravelling 56 

this process because so far it is the only proteins that is required for many types of 57 

unconventional secretion of several different proteins in organisms through evolution, from yeast 58 

to mammals (add refs here).  59 

In yeast, CUPS is marked by the presence of the single GORASP orthologue, Grh1 60 

(Bruns et al., 2011). CUPS forms independent of COPI and COPII proteins, but requires the 61 

function of the phosphatidylinositol (PI) 4-kinase, Pik1, of the late Golgi membranes or trans-62 

Golgi network (TGN) (Cruz-Garcia et al., 2014). During the time course of starvation, and 63 

correlating with the timing of unconventional secretion, CUPS “mature”, ultimately acquire large 64 

enveloping membranes in a process that requires the function of the PI 3-kinase, Vps34 and a 65 

subset of ESCRT proteins. In the absence of Vps34 or ESCRT complexes I, II, or III CUPS 66 

initially form, but later fragment. The major subunit of ESCRT-III, Snf7, also transiently 67 

localizes to the CUPS (Curwin et al., 2016).  68 

We now report that that Drs2, a PI4P effector that functions as an aminophospholipid 69 

flippase and localized at the TGN in growth, is essential for CUPS biogenesis. This requirement 70 

in CUPS biogenesis is dependent on its binding partner Rcy1. Our data reveal that during 71 

unconventional secretion, cells create a new, TGN-derived compartment that is enriched in Drs2, 72 

Tlg2 (t-SNARE) and Snc2 (v-SNARE), which transiently contacts Grh1 containing CUPS. We 73 

have called this new compartment TCUPS for Touching CUPS. 4D imaging of cells by SCLIM 74 

revealed that CUPS and TCUPS make numerous, but transient contacts. Tubules emanating from 75 

TCUPS are often collared by CUPS. In some cases, the tubule appears to be severed post-76 

contact. We believe these contacts are essential during the stress of starvation to facilitate 77 
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compartment formation, maturation and stability of both CUPS and TCUPS. The discussion of 78 

our findings follows. 79 

  80 

 81 

Results 82 
 83 

PI4P effector Drs2 is necessary for CUPS biogenesis 84 

PI4P is produced at the TGN by the PI 4-kinase Pik1 and is essential for proper Golgi function 85 

via various PI4P dependent pathways (Graham and Burd, 2011; Walch-Solimena and Novick, 86 

1999). By use of a temperature sensitive allele, Pik1 was previously shown to be required for 87 

efficient CUPS biogenesis, however a PI4P fluorescent sensor does not localize to the Golgi, but 88 

is diffusely dispersed in the cytoplasm under these starvation conditions, indicating a decrease of 89 

Golgi PI4P levels (Cruz-Garcia et al., 2014). This is in accordance with published work 90 

indicating that glucose starvation leads to a rapid decrease of Golgi PI4P via re-localization of 91 

the enzymes, Pik1 and the Sac1 PI 4-phosphatase (Demmel et al., 2008; Faulhammer et al., 92 

2007). This therefore begs the question: what is the function of the late Golgi and Pik1 in the 93 

overall process of CUPS formation and what are the effectors of PI4P in this pathway?  94 

The multi-spanning transmembrane protein Drs2, aminophospholipid flippase, is a PI4P 95 

effector localized at the TGN membranes. We examined location of genomically expressed 96 

Grh1-2xmCherry and Drs2-3xGFP in growth and throughout the time course of starvation by 97 

confocal live spinning disk microscopy. In growth, Drs2 labelled 4-6 punctae per cell that were 98 

often apposed to but not colocalized with Grh1 (Figure 1A). Upon starvation, Grh1 re-localized 99 

to 1-3 larger foci, which we have shown previously to be the CUPS. Curiously, Drs2 also re-100 

localized to 1-3 larger foci per cell and in addition displayed faint diffuse localization throughout 101 
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the cytoplasm (Figure 1A). The foci of Grh1 and Drs2 were never observed to be stably 102 

localized, however, transient co-localization of the foci was frequently observed, particularly 103 

early in starvation (26% of cells). The rate of transient co-localization decreased throughout the 104 

time course of starvation (10% of cells), however this could be a reflection of the fact that the 105 

overall number of Drs2 compartments also decreased throughout starvation. The average number 106 

of Drs2 structures per cell decreased from 2.3/cell in the first 45 min to 1.5/cell in the last 30 min 107 

of starvation, while the average percentage of cells with no Drs2 structures increased from 7.9% 108 

to 13.8% in the same time period (Figure 1).  109 

Next, we asked if Drs2 contributed to the process of CUPS formation. We examined 110 

localization of Grh1-2xGFP in cells lacking Drs2 and found a strong defect in CUPS biogenesis 111 

as observed by Grh1 localized to numerous smaller structures (Figure 1B). After 2.5-3 hours of 112 

starvation, CUPS were still unable to form in the absence of Drs2.  113 

 114 

Drs2 functions specifically with Rcy1 in CUPS formation 115 

Drs2, a multi-spanning transmembrane protein functions at the TGN to flip mainly 116 

phosphatidylserine (PS), but also phosphatidylethanolamine (PE) to maintain phospholipid 117 

asymmetry and drive vesicle formation (Chen et al., 1999; Gall et al., 2002; Hua et al., 2002; Liu 118 

et al., 2008; Natarajan et al., 2004). The C-terminal domain of Drs2 has an autoinhibitory 119 

function that is relieved specifically upon binding of PI4P. Interaction of Drs2 with Arf-GEF 120 

Gea2 and Arf-like GTPase Arl1 are also critical in regulating multiple clathrin-dependent, 121 

anterograde pathways (Bai et al., 2019; Hankins et al., 2015; Natarajan et al., 2009; Timcenko et 122 

al., 2019; Tsai et al., 2013; Zhou et al., 2013). Clathrin and the PI4P sensor dissociate from the 123 

TGN upon starvation, we therefore did not expect a role for these players in CUPS formation. 124 
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Regardless, Gea2, Arl1 and clathrin (clathrin heavy chain or adaptor proteins) mutant strains 125 

lacking the function of these proteins were tested and revealed no effect on CUPS formation 126 

(Figure S1).  Drs2, via its interaction to Rcy1, also regulates a retrograde pathway required for 127 

recycling of exocytic v-SNAREs Snc1 to the TGN. This interaction is also via the C-terminal 128 

domain of Drs2 in a region proximal to the PI4P binding site, and partially overlapping with the 129 

Gea2 binding site (Furuta et al., 2006; Hanamatsu et al., 2014). Deletion of RCY1 resulted in 130 

highly vesiculated Grh1-positive structures, exactly as for loss of Drs2, clearly indicating the 131 

Drs2-Rcy1 branch of Drs2 function is specifically required for CUPS formation (Figure 2A).  132 

 133 

CUPS formation requires v-SNARE function 134 

A major known function of the Drs2-Rcy1 pathway is recycling of the exocytic v-SNARE Snc1, 135 

we asked if Snc1 is also required for CUPS formation. Snc1 and Snc2 are the only post-Golgi v-136 

SNARES in yeast and form an essential pair with redundant functions in cell growth and 137 

secretion (Protopopov et al., 1993). Single gene deletion of either produced no phenotype in 138 

CUPS formation (Figure S1). However, a double mutant temperature-sensitive strain lacking 139 

Snc1 and with Snc2 mutated to be inefficiently recycled from the plasma membrane, snc2-140 

V39A,M42A, (Shen et al., 2013) displayed the highly vesiculated CUPS phenotype, even without 141 

temperature shift (Figure 2). The double mutant cells grew in normal conditions, but the sole 142 

mutated v-SNARE, Snc2, did not support formation of CUPS upon starvation.  143 

Is the defect in CUPS due to a defect in recycling of v-SNAREs to the TGN or more 144 

directly related to the function of Drs2/Rcy1? Yeast have a minimal endomembrane system and 145 

an early TGN, marked specifically by the presence of the t-SNARE Tlg2, likely serves as an 146 

early endosome, while a later TGN is the site of exocytosis and clathrin-coated vesicle formation 147 
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(Day et al., 2018; Tojima et al., 2019). The recycling of Snc1 to the early TGN has been shown 148 

to follow 3 distinct pathways; Drs2-Rcy1, that sort the Snc1 from the early endosome-like TGN, 149 

while the sorting nexins Snx4 and Atg20, as well as retromer, sort v-SNAREs at late endosomes 150 

(or the prevacuolar compartment in yeast), although retromer likely only becomes important 151 

when the other 2 pathways are not functioning (Best et al., 2020; Hanamatsu et al., 2014; Ma and 152 

Burd, 2019). We tested these pathways in CUPS biogenesis and observed no defect in cells 153 

lacking the sorting nexins Snx4 and Atg20, or the retromer subunit, Vps35 (Figure 2). Therefore, 154 

the defect observed in Drs2/Rcy1 deleted cells is not simply due to loss of v-SNARE pool at the 155 

TGN. The combined data suggest that CUPS specifically require membranes from an early 156 

endosome-like TGN compartment, in Drs2/Rcy1 dependent manner.  157 

 158 

Rcy1 and Snc1/Snc2 are required for unconventional secretion 159 

Unconventional secretion in yeast leads to some secreted proteins being trapped in the cell wall 160 

or periplasmic space and to measure this secretion a mild cell wall extraction procedure is 161 

necessary to prevent cell lysis associated with perturbations to the rigidity of the cell wall 162 

(Curwin et al., 2016). As such, any genetic mutations or treatments (such as temperature shift) 163 

that exacerbate this problem of lysis cannot be tested by this assay to score unconventional 164 

secretion. Cells lacking Drs2 have numerous defects, particularly in lipid homeostasis (Hankins 165 

et al., 2015) and therefore could not be tested (data not shown). However, rcy1 cells do not 166 

exhibit as many defects associated with loss of Drs2 function, therefore we tested their capacity 167 

to secrete unconventional cargoes such as Acb1, and the antioxidants Sod1 and Trx2. Wild type 168 

and rcy1 cells were starved for 2.5 hours after which the secreted material was extracted from 169 

the cell wall, as described previously (Curwin et al., 2016). The intracellular and secreted 170 
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fractions were probed by western blot for the various cargoes, Cof1-which is used to monitor cell 171 

lysis, and the known cell wall protein Bgl2. Loss of Rcy1 led to a strong defect in release of 172 

Acb1, Sod1 and Trx2 without causing release of cytoplasmic content measured by the lack of 173 

Cof1 presence (Figure 3A). Similarly, the v-SNARE double mutant defective in CUPS formation 174 

(Figure 2) was tested and also exhibited a reduction in secretion of Acb1, Sod1 and Trx2 (50-175 

60% compared to control cells) (Figure 3B). Therefore, we can conclude that unconventional 176 

secretion in starvation requires Rcy1 (presumably in concert with Drs2) and v-SNARE activity, 177 

but the precise function of these players remains to be determined. 178 

 179 

Drs2 and the SNARE proteins Snc2 and Tlg2 label a new compartment that transiently 180 

contacts CUPS 181 

We generated N-terminal GFP fusions of the v-SNAREs, Snc1 and Snc2, and their cognate t-182 

SNARE, Tlg2, which preferentially labels the early TGN and therefore likely receives the v-183 

SNARE vesicles being recycled in a Drs2-Rcy1 dependent manner. Most analyses of v-SNARE 184 

itinerary have been performed by overexpression of an N-terminal GFP tagged Snc1, that at 185 

steady-state labels mostly the plasma membrane of growing buds and some internal structures 186 

(Lewis et al., 2000). Recently, Graham and colleagues generated an mNG-Snc1 construct 187 

expressed at much lower levels, which preferentially labelled the TGN and endosomes (Best et 188 

al., 2020). To avoid plasmid overexpression altogether, we integrated the GFP tag at the N-189 

terminus of each SNARE, at its endogenous locus, under the control of Sed5 promoter. 190 

Interestingly, a different steady state pattern for Snc1 and Snc2 was observed during growth. The 191 

overall signal of Snc1 was weaker than that of Snc2, and distinct localization of Snc1 was only 192 

observed in the tips of very small budded cells and somewhat in the necks of large budded cells 193 
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(Figure 4A). Unbudded and large/medium budded cells displayed mostly a diffuse signal of 194 

Snc1. Snc2, on the other hand, exhibited distinct localization in all cells, preferentially labelling 195 

mostly internal structures, the neck of large budded cells, and occasionally the plasma membrane 196 

of small and medium budded cells (Figure 4A). So, although the v-SNAREs are redundant in 197 

function they clearly have their own preferred steady-state itineraries. Tlg2 localized as expected 198 

in growth, labelling 4-6 punctae per cell (Figure 4A). None of the SNARE proteins could be co-199 

localized with Grh1 in growth conditions.  200 

Upon starvation the Snc1 signal rapidly became diffuse in most cells (less than 5% 201 

retained 1-2 faint foci) indicating Snc1 is the preferred v-SNARE for exocytosis. In contrast, the 202 

Snc2 signal remained high in all cells, labelling fewer and larger punctate elements (Figure 4B). 203 

Tlg2 also labelled fewer and larger structures immediately upon starvation, in the same manner 204 

as Drs2. Both Snc2 and Tlg2 structures could be found transiently co-localized with Grh1 205 

(Figure 4B). In the case of Snc2, this was observed on average in 13% of cells at any particular 206 

time point in starvation, whileTlg2 co-localization with Grh1 was more frequent early in 207 

starvation (14% of cells early and 7% of cells later in starvation), similar to Drs2. Examination of 208 

GFP-Tlg2 with Drs2-3xCherry revealed that they are indeed contained in the same compartment 209 

in starvation (Figure S2). Drs2 could be predicted to be in both the early and late TGN 210 

membranes due its function in anterograde and retrograde transport, while Tlg2 is specific to 211 

early TGN. We observed a partial co-localization in growth conditions, as expected if this were 212 

true (Figure S2). In starvation, the number of TGN membranes was reduced and the co-213 

localization of Drs2 and Tlg2 was greatly increased (Figure S2). The same was also observed 214 

when mCherry-Snc2 and GFP-Tlg2 were tested for their location during starvation. The signal of 215 

mCherry-Snc2 was very weak compared to the GFP version, but larger Snc2 structures were 216 
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observed to co-localize with Tlg2 (Figure S2). Therefore, starvation induces the formation of a 217 

new compartment derived from the early TGN that is enriched Drs2, Tlg2 and Snc2. We now 218 

discuss data showing this new compartment contacts CUPS transiently and based on this feature 219 

we have called it TCUPS for Touching CUPS. 220 

 221 

SCLIM reveals the process of CUPS formation in 4D  222 

We previously presented the ultra-structure of CUPS using CLEM (correlative light electron 223 

microscopy) as a spherical tubulovesicular structure that grows in overall size during starvation 224 

and acquires a large enveloping cup-shaped cisternae (Curwin et al., 2016). To gain better insight 225 

into the organization of membranes that compose CUPS and its potential interaction with 226 

TCUPS we used super-resolution confocal live imaging (SCLIM) (Kurokawa et al., 2013, 2019). 227 

SCLIM analysis of Grh1-2xGFP has confirmed these structures and further revealed their 228 

dynamic behaviour (Figure 5 and Movies1-4). Grh1 was localized to many small and mobile 229 

structures in growth conditions. Detailed analysis of larger Grh1-positive structures at 3 hours 230 

starvation revealed mature CUPS could be categorized in 3 forms; spherical, cup-like and curved 231 

(Figure 5B). Even though the overall mobility of structures decreased during the time course of 232 

starvation, the CUPS morphology could dynamically change between the different forms (Movie 233 

1). Dynamic Grh1 structures could be observed to contact each other at times, possibly fusing 234 

and becoming more stable (Figure 5C and Movies1-4). Moreover, a subsequent analysis earlier 235 

in starvation (1 - 1.5 hour), indicated dynamic Grh1-positive structures contacted numerous 236 

times, growing in size likely by fusion, as well larger Grh1 structures could also be observed to 237 

fragment at times (Movies S1-3). Altogether, the SCLIM analyses reveal that CUPS form by 238 

dynamic interactions between Grh1 containing membranes, which likely involves fusion and 239 
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fission. These highly dynamic interactions then reach a steady state and generate a more stable 240 

CUPS.  241 

 242 

Dynamics of Drs2 compartment (TCUPS) and contacts to CUPS 243 

Before monitoring Grh1 in combination with other proteins by SCLIM, we observed the changes 244 

in the TGN compartments induced upon starvation and the formation of TCUPS. We therefore 245 

examined of the organization of Drs2-3xmCherry and GFP-Tlg2 in growth and starvation. Tlg2 246 

localizes to an early TGN compartment while. In growth, co-localization of Drs2 and Tlg2 was 247 

observed in some cisternae, but not all. Following the structures over time revealed an order of 248 

events, with structures first labelled by Tlg2, then acquiring Drs2 (co-localization), subsequently 249 

losing Tlg2, and finally the loss of Drs2 (Figure 6A and Movie 5). In starvation, the extent of 250 

Drs2 and Tlg2 co-localization was greatly increased as TCUPS form. Interestingly, the same 251 

dynamics could be observed in starvation, with structures only marked by Tlg2 then acquiring 252 

Drs2, followed by Drs2 alone, and finally the loss if TCUPS compartment (Figure 6B and 253 

Movies 6-8).  254 

  255 

Fragmentation of TCUPS by contact with CUPS 256 

Finally, we analyzed the dynamics of Grh1-2xmCherry containing CUPS in combination with 257 

Drs2-3xGFP, GFP-Tlg2 or GFP-Snc2 to visualize the CUPS-TCUPS interaction. SCLIM 258 

analysis captured numerous contacts between CUPS and TCUPS. These contacts were not 259 

observed frequently, but given they are transient they are likely difficult to capture. The nature of 260 

contacts often involved insertion of a TCUPS tubule into CUPS. This could be observed with 261 

Drs2, Tlg2 or Snc2 as the marker of TCUPS. In Figure 7A and Movie 9 an example with Drs2 is 262 
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provided, where the Drs2-positive membranes inserted into CUPS and fragments were produced. 263 

In another remarkable movie, with Tlg2 as the TCUPS marker, the CUPS collar and appear to 264 

sever a tubule derived from TCUPS, although direct cutting of TCUPS by CUPS cannot be 265 

conclusively stated by this analysis alone (Figure 7B and Movie 10). In addition to TCUPS, 266 

Snc2, and to a lesser extent Drs2, also labelled numerous smaller structures that also often 267 

contacted with or were in the vicinity of CUPS (Figure S3 and Movies S4-8). These are likely 268 

vesicles/tubules, as Drs2 itself has been shown to be packaged into vesicles during its activity 269 

(Liu et al., 2008). The combined evidence suggests that TCUPS is being consumed during 270 

starvation in the process of vesicle formation, driven, at least partially, by the action of Drs2-271 

Rcy1. Although these vesicles are not fusing directly to the CUPS, as we do not observe this by 272 

SCLIM, the absence of Drs2-Rcy1 activity is essential for both CUPS formation and 273 

unconventional secretion.  274 

 275 
 276 
Discussion 277 

George Palade mapped the pathway of protein secretion, which laid the foundation for decades 278 

of research on how proteins are exported from the ER and transported via the Golgi complex to 279 

their ultimate destinations. Blobel revealed how proteins enter this ER-Golgi pathway of 280 

secretion via the N-terminal signal sequence. The knowledge that eukaryotic cells secrete 281 

proteins lacking the N-terminal signal sequence and therefore cannot follow the Blobel-Palade’s 282 

pathway of protein secretion is also beginning to receive attention. This unconventional secretory 283 

pathway releases a large and diverse class of proteins with varied vital physiological functions in 284 

extracellular space for immune surveillance, tissue reorganization, insulin homeostasis, and 285 

protection from oxidative damage, for example.  We showed that the Golgi associated protein 286 
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GORASP, is required for the secretion of Acb1 in nutrient-starved Dictyostelium discoideum 287 

(Kinseth et al., 2007). This function of GORASP (a single gene in invertebrates, two genes in 288 

vertebrates) is now known to be conserved. We have focused on the pathway of GORASP-289 

dependent unconventional secretion and our findings have led to identification of a compartment 290 

that we call CUPS, which is synthesized under the conditions that trigger unconventional 291 

secretion (Bruns et al., 2011; Cruz-Garcia et al., 2014). CUPS are composed of membranes 292 

recruited from the Golgi apparatus, identified by the presence of Grh1 (GORASP ortholog in 293 

yeast), and form without the function of COPI and COPII components. CUPS formation depends 294 

on the phosphoinositides PI4P for biogenesis and PI3P for its stability. The major ESCRT-III 295 

protein Snf7 is also found at the CUPS transiently (Curwin et al., 2016). Importantly, all of these 296 

molecular components are also required for secretion of Acb1, Sod1 and Trx2 (Cruz-Garcia et 297 

al., 2020; Curwin et al., 2016).   298 

 299 

Our new findings reveal that PI4P functions in the requirement of Drs2, a transmembrane 300 

aminophospholipid flippase, in both CUPS formation and unconventional secretion. Of the many 301 

proteins that function with Drs2 in trafficking at the TGN that includes Gea2, Arl1 and Rcy1, 302 

only Rcy1 is involved in unconventional secretion. We also report a requirement for v-SNARE 303 

function (Snc1 and Snc2 orthologous pair) in CUPS formation and unconventional secretion. 304 

Together, the starving yeast generate a single new compartment from the TGN that contains 305 

Drs2, the v-SNARE Snc2 (but not Snc1) and the t-SNARE Tlg2. This compartment that we have 306 

called TCUPS contacts Grh1 containing CUPS.  307 

  308 

Building and remodeling TCUPS during unconventional protein secretion.    309 
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Live cell 4D imaging (SCLIM) has revealed membrane contacts between CUPS and TCUPS. 310 

The contacts are transient and highly dynamic, with CUPS membranes often observed to enwrap 311 

or encircle TCUPS. We have captured a fascinating event in the contact of CUPS to TCUPS: a 312 

tubule emerging from TCUPS is collared by CUPS and appears to be severed. This event is 313 

reminiscent of the contact of ER and the endosomes and the fission of the latter compartment 314 

(Rowland et al., 2014). We have previously shown that Snf7, a protein of the ESCRT III 315 

complex, is recruited transiently to CUPS. However, Vps4 is not required for CUPS biogenesis 316 

or for the secretion of Acb1. We propose that CUPS collar the neck of a TCUPS derived tubule 317 

and Snf7 located at this junction is involved in events leading to the severing of the respective 318 

tubule. There is at least one example of ESCRT mediated severing of a tubule on the cytoplasmic 319 

face of a membrane bound compartment (McCullough et al., 2015).   320 

  321 

Unconventional secretion aping conventional secretion. 322 

In Palade’s conventional secretory pathway, proteins destined for secretion are translocated into 323 

the ER lumen, folded and sorted, transported to the Golgi, and from there on to their final 324 

destinations. Unconventionally secreted cargoes are not glycosylated so they do not need to enter 325 

the ER. But there is still the question of how a fraction of this class of proteins is selected and 326 

translocated from the cytoplasm for their subsequent delivery to the extracellular space. Our data 327 

reveal that membranes from the Golgi and the TGN are extracted by COPI-, COPII-, and 328 

clathrin-independent pathway to create two distinct compartments (Figure 8). These are marked 329 

by: 1, Grh1 (previously defined as CUPS) and 2, Drs2/Tlg2/Snc2 (TCUPS). CUPS and TCUPS 330 

are therefore the early and late Golgi equivalent of the unconventional secretory pathway. The 331 

only obvious difference being that they do not contain the Golgi specific glycosylating enzymes.  332 
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We have shown previously that CUPS contain Acb1, but this has only been observed with 333 

immunoelectron microscopy. We admit that we do not know if Acb1 enters directly into CUPS. 334 

CUPS and TCUPS transiently contact and it is possible that Acb1 is transferred from CUPS to 335 

TCUPS during their transient connection. TCUPS, we suggest are the sorting station for the 336 

cargo. How this is achieved is also not known. We have seen that CUPS collar a tubule 337 

emanating from TCUPS. Snf7 of the ESCRT pathway that is also recruited transiently to CUPS 338 

might be involved in generating and or severing this tubule from TCUPS. Are the tubules 339 

enriched in cargo destined to the cell surface? Over time, TCUPS are completely fragmented 340 

Much like the TGN during the conventional protein secretion. In the end this arrangement of 341 

creating new compartments is used by cells to deliver essential activities to the extracellular 342 

space during starvation. Upon return to the normal growth conditions, the remaining CUPS are 343 

reabsorbed to the ER by a COPI dependent manner. This is reminiscent of COPI dependent 344 

retrograde transport to the ER under growth conditions.  345 

In sum, during starvation, the cells use the preexisting Golgi membrane to create new 346 

compartments for capturing cytoplasmic proteins, their sorting and the export for secretion. This 347 

foundational scheme provides a means to address the mechanism of unconventional protein 348 

secretion. 349 

  350 
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Materials and Methods 351 

 352 

Yeast strains and media 353 

Yeast cells were grown in synthetic complete (SC) media (0.67% yeast nitrogen base without 354 

amino acids, 2% glucose supplemented with amino acid drop-out mix from ForMedium). All 355 

strains are derived from the BY4741 background (MATa his3∆1 leu2∆0 met15∆0 ura3∆0). 356 

Deletion strains were from the EUROSCARF collection with individual genes replaced by 357 

KanMx4. Strains expressing C-terminally 2xyeGFP- and/or 2xyomCherry-tagged Grh1 were 358 

constructed by a PCR-based targeted homologous recombination and have been described 359 

previously (Cruz-Garcia et al., 2014). In many cases, strains were generated by mating and 360 

sporulation, followed by selection of clones with appropriate markers, and confirmation of 361 

haploidy. The double mutant v-SNARE (BY4741 snc1Δ::kanMX4 snc2-V39A,M42A) strain was 362 

provided by Peter Novick. This mutant expressing Grh1-2xyeGFP was generated by mating, 363 

sporulation and confirmation of markers and temperature sensitivity. Drs2-3xGFP, KanMx4 364 

strain was a gift from Oriol Gallego (UPF).  365 

 366 

Construction of N-terminally tagged SNAREs 367 

The plasmid pYM-N9 (PCR toolbox) was used to generate a new template vector for PCR-based 368 

integration containing the NatNT2 selection cassette, the promoter of Sed5, followed by 2 369 

tandem yeGFP. The promoter of Sed5 was amplified from genomic DNA with primers “SacI 370 

PrSed5 Fw1”: ATAGAGCTCTTACCATGTCCTCCAGAATTACGA and “XbaI PrSed5 Rv1”: 371 

TCATCTAGAGGGAGTTGTGTGGTATGGTG to generate a 658 bp fragment and was cloned 372 

into pYM-N9, replacing the high expression ADH1 promoter. Subsequently a second yeGFP 373 
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fragment was generated using primers “XbaI ATG yeGFP”: 374 

TGATCTAGAAAAAATGTCTAAAGGTGAAGAATTATTCACTGG and “EcoRV non-stop 375 

yeGFP”: TCTGATATCAGGCCTCATCGATGAATTCTCTGTCGGA and cloned downstream 376 

of the first yeGFP. Finally, standard S1/S4 primers were used to generate the N-terminal 377 

integration fragment targeting the Snc1, Snc2 and Tlg2 loci. Strains were confirmed as positive 378 

by microscopy and PCR to confirm the presence of 2 yeGFP. In most cases, however only one 379 

GFP integrated and the resulting 1xyeGFP strains were used. In the case of Snc1, 2xyeGFP was 380 

initially analyzed and subsequently a single yeGFP version was generated and found to behave in 381 

an identical manner as the 2xyeGFP version. SnapGene software (from GSL Biotech, Chicago, 382 

IL; available at www.snapgene.com) was used for molecular cloning design. 383 

 384 

Antibodies  385 

All antibodies were raised in rabbit and have been described previously. Anti-Sod1 and anti-Trx2 386 

were the kind of gifts of Yoshiharu Inoue (Research Institute for Food Science, Kyoto 387 

University) and T. O’Halloran (Northwestern University, Chicago, IL), respectively. Anti-Cof1 388 

was kindly provided by John Cooper (Washington University in St. Louis) and anti-Bgl2 was a 389 

gift from Randy Schekman (UC Berkeley). Anti-Acb1 antibody was generated by inoculating 390 

rabbits with recombinant, untagged Acb1, purified from bacteria and has been described 391 

previously (Curwin et.al 2016). HRP conjugated anti-rabbit secondary was from Jackson 392 

Immunoresearch (Cat# 711-035-152). 393 

 394 

 395 

 396 
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Cell wall extraction assay 397 

Yeast cells were inoculated at a density of 0.003-0.006 OD600/mL in SC medium at 25C. The 398 

following day, when cells had reached OD600 of 0.4-0.7 equal numbers of cells (16 OD600 units) 399 

were harvested, washed twice in sterile water, resuspended in 1.6 mL of 2% potassium acetate 400 

and incubated for 2.5 hours. When growing cells were to be analyzed 16 OD600 units were 401 

directly harvested. The cell wall extraction buffer (100mM Tris-HCl, pH 9.4, 2% sorbitol) was 402 

always prepared fresh before use and kept on ice. To ensure no loss of cells and to avoid cell 403 

contamination in the extracted buffer, 2mL tubes were siliconized (Sigmacote) prior to 404 

collection. Cells were harvested by centrifugation at 3000xg for 3 minutes at 4C, medium or 405 

potassium acetate was removed and 1.6 mL of cold extraction buffer was added. Cells were 406 

resuspended gently by inversion and incubated on ice for 10 minutes, after which they were 407 

centrifuged as before, 3000xg for 3 minutes at 4C, and 1.3 mL of extraction buffer was removed 408 

to ensure no cell contamination. The remaining buffer was removed and the cells were 409 

resuspended in 0.8 mL of cold TE buffer (Tris-HCl, pH 7.5, EDTA) with protease inhibitors 410 

(aprotinin, pepstatin, leupeptin (Sigma)) and 10 L was boiled directly in 90 L of 2x sample 411 

buffer (lysate). For western blotting analysis, 30 g of BSA (bovine serum albumin (Sigma)) 412 

carrier protein and 0.2 mL of 100% Trichloroacetic acid (Sigma) was added to the extracted 413 

protein fraction. Proteins were precipitated on ice for 1 hour, centrifuged 16,000xg for 30 414 

minutes and boiled in 50 L 2x sample buffer. For detection, proteins (10 L each of lysate or 415 

wall fractions) were separated in a 12% polyacrylamide gel before transfer to 0.2 m 416 

nitrocellulose (GE Healthcare) for detection by western blotting. For preparation of cell wall 417 

extracts for mass spectrometry analysis, no BSA carrier protein was added and the proteins were 418 

precipitated with acetone and not TCA.  419 
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Epifluorescence microscopy 420 

After incubation in the appropriate medium cells were harvested by centrifugation at 3,000 g for 421 

3 min, resuspended in a small volume of the corresponding medium, spotted on a microscopy 422 

slide, and imaged live with a DMI6000 B microscope (Leica) equipped with a DFC 360FX 423 

camera (Leica) using an HCX Plan Apochromat 100x 1.4 NA objective. Images were acquired 424 

using LAS AF software (Leica) and processing was performed with ImageJ 1.47n software. 425 

 426 

Spinning disk confocal fluorescence microscopy 427 

After incubation in starvation medium for 20 min, 0.05 OD600nm of cells were plated in 428 

starvation medium on Concanavalin A–coated (Sigma-Aldrich) Lab-Tek chambers (Thermo 429 

Fisher Scientific) and were allowed to settle for 20 min at 25°C. Cells were continuously imaged 430 

up to 10 min throughout starvation. Whole cell Z stacks with a step size of 0.4 μm were 431 

continuously acquired (10 sec frames) using a spinning-disk confocal microscope (Revolution 432 

XD; Andor Technology) with a Plan Apochromat 100× 1.45 NA objective lens equipped with a 433 

dual-mode electron-modifying charge-coupled device camera (iXon 897 E; Andor Technology) 434 

and controlled by the iQ Live Cell Imaging software (Andor Technology). Some later images 435 

were taken on a newer spinning disk system (Andor Dragonfly) equipped with a 488nm and/or 436 

561nm diode, using a U Plan Apo 60x 1.4 oil objective and an iXON-EMCCD Du-897 camera. 437 

A 2x camera zoom was used to reach Nyquist sampling, Fusion software was used for 438 

acquisition. Post-acquisition processing was performed with ImageJ 1.47n software. 439 

 440 

 441 

 442 
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SCLIM (super resolution confocal live imaging) 443 

For high-speed live imaging, yeast cells were immobilized on glass slides using concanavalin A 444 

and imaged by SCLIM. SCLIM was developed by combining Olympus model IX-71 inverted 445 

fluorescence microscope with a UPlanSApo 100× NA 1.4 oil objective lens (Olympus), a high-446 

speed and high signal-to-noise ratio spinning-disk confocal scanner (Yokogawa Electric), a 447 

custom-made spectroscopic unit, image intensifiers (Hamamatsu Photonics) equipped with a 448 

custom-made cooling system, magnification lens system for giving 266.7× final magnification, 449 

and EM-CCD cameras (Hamamatsu Photonics) (Kurokawa et al., 2013). Image acquisition was 450 

executed by custom-made software (Yokogawa Electric). For 3D images, we collected optical 451 

sections spaced 100 nm apart in stacks by oscillating the objective lens vertically with a custom-452 

made piezo actuator. Z stack images were converted to 3D voxel data and processed by 453 

deconvolution with Volocity software (Perkin Elmer) using the theoretical point-spread function 454 

for spinning-disk confocal microscopy. Imaging analysis was done using Volocity and 455 

MetaMorph software (Molecular Devices). 456 

 457 

 458 

  459 
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Figure 1. Drs2 is required for CUPS biogenesis  636 

(A) Cells genomically expressing Drs2-3xGFP and Grh1-2xCherry were visualized by confocal 637 

spinning disk microscopy in growth conditions and starvation by incubation in 2% potassium 638 

acetate. Short movies were acquired at 10 second intervals to assess the frequency and duration 639 

of co-localization. Scale bar = 2m. 640 

(B) Wild type and drs2 cells expressing Grh1-2xGFP were visualized by epifluorescence 641 

microscopy in growth conditions and after incubation in 2% potassium acetate for the indicated 642 

times. Cells were classified with normal CUPS (1-3 larger foci per cell); intermediate CUPS 643 

(“int.”), where a large focus is observed in addition to smaller structures; and vesiculated CUPS 644 

(“ves.”) where only small foci of Grh1 are observed. Scale bar = 2m. 645 

 646 

Figure 2. Drs2-Rcy1 pathway and the v-SNAREs, Snc1 and Snc2, are required for CUPS 647 

formation 648 

Wild type and the indicated deletion or mutant strains expressing Grh1-2xGFP were visualized 649 

by epifluorescence microscopy in growth conditions and after incubation in 2% potassium 650 

acetate for the indicated times. Cells were classified with normal CUPS (1-3 larger foci per cell), 651 

intermediate CUPS (“int.”); where a large focus is observed in addition to smaller structures, and 652 

vesiculated CUPS (“ves.”); where only small foci of Grh1 are observed. Scale bar = 2m. 653 

  654 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465504doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465504
http://creativecommons.org/licenses/by/4.0/


 29 

Figure 3. Rcy1 and v-SNAREs are required for unconventional secretion 655 

(A+B) Wild type, rcy1 or snc1 snc2-V39A, M42A cells were grown logarithmic phase, 656 

washed twice and cultured in 2% potassium acetate for 2.5 hours. The cell wall proteins were 657 

extracted from equal number of cells followed by precipitation with TCA (“secreted”). Lysates 658 

and secreted proteins were analyzed by western blot and the ratio of the secreted/lysate for the 659 

indicated protein was determined and compared to that of wild type in each experiment. 660 

Statistical analyses were performed for the indicated unconventional cargo proteins and the 661 

reduction in secretion compared to wild type is indicated ± standard deviation.  662 

 663 

Figure 4. CUPS contain a pool of the v-SNARE Snc2 and the t-SNARE Tlg2 664 

(A) Cells genomically expressing Grh1-2xCherry with GFP-Snc1, GFP-Snc2 or GFP-Tlg2 were 665 

visualyzed by confocal spinning disk microscopy in growth conditions and (B) throughout the 666 

time course of culture in 2% potassium acetate. Short movies were acquired at 10 second 667 

intervals to assess the frequency and duration of co-localization. Scale bar = 2m. 668 

 669 

Figure 5. SCLIM reveals the dynamic structure of CUPS  670 

(A) Grh1-2xGFP cells were incubated in normal growth conditions or 2% potassium acetate for 671 

3 hours and visualized by SCLIM. In growth, Grh1 labelled many small and mobile structures 672 

(early Golgi membranes and ER-exit sites). In starvation, Grh1 labelled fewer, larger, and less 673 

mobile membrane structures (CUPS) Grid = 1.52m  674 

(B) Line scan analysis in 3D of multiple CUPS structures revealed three forms; spherical (3/14), 675 

complex curved (8/14) or cup-shaped (3/14).  676 
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(C) Visualization of CUPS over time showed stable, mature CUPS are still dynamic, able to 677 

change morphology between the different forms. Arrows = non-moving structures; dotted circles 678 

= moving structures. Red circle is the region in the time-lapse images at 25, 50 and 75 frames. 679 

Movies 1-4; regions 1-3 and red circle region. 20 sec intervals, 60x speed.  680 

 681 

Figure 6. SCLIM analysis of Drs2 and Tlg2 labelled structures in growth (TGN) and 682 

starvation (TCUPS) 683 

(A) Drs2-3xCherry (magenta) and GFP-Tlg2 (green) cells were visualized in growth condition. 684 

White indicates co-localization. Time-lapse images of the two regions indicated. Movie 5, 4 sec 685 

intervals, 20x speed. 686 

(B) Drs2-3xCherry (magenta) and GFP-Tlg2 (green) cells were visualized at 2 hours starvation. 687 

White indicates co-localization. Time-lapse images of the two cells indicated. Movie 7- zoomed 688 

out and Movies 8-9 – zoomed in of two indicated regions, 10 sec intervals, 20x speed. 689 

 690 

Figure 7. SCLIM analysis of CUPS-TCUPS contacts 691 

(A) Grh1-2xCherry (magenta) and GFP-Tlg2 (green) cells cultured in starvation condition 1.5 692 

hours. 3D time-lapse images (20 sec intervals). White arrowheads show separated membrane 693 

structures labeled with GFP-Tlg2. Yellow arrowheads indicate where the membrane structures 694 

have been cut. White arrows indicate where Grh1 contacts with Tlg2 protrusive membrane. Scale 695 

bar=0.5µm. Movie 9, 20 sec intervals, 20x speed.  696 

(B) Grh1-2xCherry (magenta) and Drs2-3xGFP (green) cells cultured in starvation condition 1.5 697 

hours. 3D time-lapse images (10 sec intervals). White arrowheads show separated membrane 698 

structures labeled with Drs2-3xGFP. Yellow arrowheads indicate where the membrane structures 699 
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have been cut. White arrows indicate where Grh1 contacts with Drs2 protrusive membrane. 700 

Scale bar=0.5µm. Movie 10, 10 sec intervals, 20x speed.  701 

 702 

Figure 8. A working scheme building CUPS-TCUPS for unconventional secretion  703 

During growth, cells predominantly depend on the conventional ER-Golgi pathway of protein 704 

secretion. When cells are cultured in starvation medium, there is a sharp reduction in the use of 705 

conventional secretory pathway and the cells switch to a new or an unconventional mode to 706 

release essential proteins to cell’s exterior. A cis Golgi membrane produces small fragments, that 707 

do not contain glycosylation enzymes, in a COPI independent manner to synthesize CUPS 708 

(magenta). The early TGN produces small membranes to generate a compartment that we have 709 

called TCUPS (green).  Our data show that tubules emanating from TCUPS are collared by 710 

CUPS, which is followed by severing of the tubule. We suggest that these contacts, over a 711 

period, lead to the consumption of TCUPS to produce smaller elements (vesicles + tubules). 712 

These smaller elements are likely used for delivering essential proteins to other compartments of 713 

the cell and release proteins like SOD1 and Acb1 to cell’s exterior. This mode of TGN 714 

consumption is common to both the conventional and unconventional protein secretion 715 

processes. Upon shifting cells to growing conditions, components of the CUPS are delivered by 716 

COPI vesicles to the ER, which then traffic the respective components to the Golgi, thereby 717 

restoring the Golgi to restart the conventional mode of protein secretion.  718 

 719 

Figure S1. No CUPS defect in cells lacking Gea2, Arl1, Chc1, Apl6, Aps1, Snc1 or Snc2 720 

The indicated deletion strains expressing Grh1-2xGFP were grown to log phase and starved for 721 

2.5h. Scale bar = 2m 722 
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Figure S2. Drs2, Tlg2 and Snc2 label the same compartment in starvation – TCUPS 723 

Cells co-expressing GFP-Tlg2 with Drs2-3xmCherry or mCherry-Snc2 were visualized by 724 

spinning disk confocal microscopy in the indicated conditions. In both combinations the average 725 

Pearson’s coefficient increased from ~0.3 in growth to ~0.7 in starvation (n=25-40 cells). Scale 726 

bar = 2m. 727 

 728 

Figure S3. Drs2 and Snc2 also label small vesicles that contact with, or are near CUPS 729 

Grh1-2xCh (magenta) cells co-expressing either (A) Drs2-3xGFP (green) or (B) GFP-Snc2 730 

(green) were cultured in starvation condition for 1 hour. Movies S4-8; 10 sec intervals, 20x 731 

speed.  732 

 733 

Supplemental movies 1-3. CUPS form by dynamic fusion and fission of existing membranes. 734 

Grh1-2xCherry (magenta) with GFP-Snc2 (green) at 1 hour of starvation. Movie S1 - smaller 735 

Grh1 structures can fuse. Movies S2 and S3 – larger Grh1 structures can separate and disperse. 736 

10 sec intervals, 20x speed.  737 

 738 

 739 

  740 
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