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Abstract 
 

Unicellular eukaryotes are suggested to undergo self-inflicted destruction. However, molecular 

details are sparse by comparison to the mechanisms of cell death known for human cells and 

animal models. Here we report a molecular pathway in Saccharomyces cerevisiae leading to 

vacuole/lysosome membrane permeabilization and cell death. Following exposure to heat-ramp 

conditions, a model of environmental stress, we observed that yeast cell death occurs over 

several hours, suggesting an ongoing molecular dying process. A genome-wide screen for 

death-promoting factors identified all subunits of the AP-3 adaptor complex. AP-3 promotes 

stress-induced cell death through its Arf1-GTPase-dependent vesicle trafficking function, which 

is required to transport and install proteins on the vacuole/lysosome membrane, including a 

death-promoting protein kinase Yck3. Time-lapse microscopy revealed a sequence of events 

where AP-3-dependent vacuole permeability occurs hours before the loss of plasma membrane 

integrity. An AP-3-dependent cell death pathway appears to be conserved in the human 

pathogen Cryptococcus neoformans.  

[150 words] 

 
Running title: Vesicle trafficking cell death pathway in yeast 

Keywords: yeast, programmed cell death, vesicle trafficking, AP-3, vacuole, cryptococcus 

 
 
Introduction 
Two long-standing conventions have challenged the existence of programmed or regulated cell 

death (PCD/RCD) mechanisms in unicellular eukaryotes. First, from observations of orderly 

patterns of cell death in developing animals (Lockshin and Williams, 1965), programmed death 

was thought to arise during the evolution of multicellular organisms. Second, for decades the 

prevailing evolution theory rejected the possibility of cell suicide as an adaptation (the ultimate 

altruistic behavior) in unicellular organisms because this conflicted with the concept of 

individual-level theory of selection (versus multi- or group-level selection) (Durand, 2020). 

Supporting both of these ideas, unicellular eukaryotes and bacteria lack key molecular players 

of classical apoptosis, the best-studied cell death pathway in mammals (BAX-inducible, 

caspase-3-mediated cell fragmentation and engulfment by neighboring cells) (Kuida et al., 1996; 

Lindsten et al., 2003; Nagata and Segawa, 2021). However, these conventions are not mutually 

exclusive with programmed death in unicellular organisms. 
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Accumulating evidence has prompted reappraisal of these conventions, including 

observations of cell suicide as a defense mechanism in bacteria (Iranzo et al., 2014). The 

emerging alternative concept is that programmed unicellular death predates and was required 

for the emergence of multicellular organisms, rather than the inverse (Koonin and Zhang, 2017). 

While there is little doubt that selfish genes drive evolution of cell death (Ramisetty et al., 2015), 

this does not preclude group level selection theory explanations that accommodate unicellular 

programmed cell death (Durand, 2020). Similarly, while classic apoptosis (caspase-3-mediated 

cell death) likely arose with metazoans where it plays a key role in ontogeny, its absence in 

unicellular organisms does not reject the concept of self-inflicted unicellular death, as the 

molecular details of cell death may be as diverse as the organisms themselves (Ameisen, 2002; 

Teng and Hardwick, 2015). However, new parallels between microorganisms and mammals 

have emerged for non-apoptotic programmed death mechanisms. For example, pore-forming, 

cell suicide-inducing gasdermin proteins were recently found in bacteria and multi-

cellular/filamentous fungi (Clavé et al., 2021; Johnson et al., 2021). Despite low sequence 

similarity, they share striking structural and mechanistic similarities to mammalian gasdermins 

that mediate pyroptosis (a form of programmed necrosis) (Liu et al., 2016; Ruan et al., 2018). 

Multiple additional cell death mechanisms with compelling empirical evidence have been 

identified in bacteria and filamentous fungi, with and without parallels in animals (Erez et al., 

2017; Goncalves et al., 2017; Heller et al., 2018; Smith et al., 2020). However, an equivalently 

advanced understanding of the dying processes in unicellular eukaryotes has not been 

demonstrated. Early evidence for yeast metacaspases and other components resembling 

mammalian apoptosis machinery were impactful by stimulating the field, but they have not 

garnered molecular support (Aouacheria et al., 2018; Minina et al., 2020). Thus, despite the 

arguments for altruistic death in unicellular eukaryotes, the question is unsettled.  

Yeast are widely used models for a range of disciplines (e.g. autophagy, vesicle 

trafficking, cancer, neurodegeneration) and are ideal models for dissecting unicellular eukaryotic 

cell death. Many Saccharomyces cerevisiae genes have been reported to promote or inhibit 

death (Chaves et al., 2021), some with semblances to mammals (Fannjiang et al., 2004; Gao et 

al., 2019; Ivanovska and Hardwick, 2005). A common theme shared by the four best-

characterized mammalian cell death pathways is membrane permeabilization carried out by 

pore-forming proteins such as BAX (apoptosis), MLKL (necroptosis), and gasdermins 

(pyroptosis), or by lipid peroxidation (ferroptosis), which typically mark a commitment or final 

step to cell death. Permeabilization of the yeast vacuole/lysosome has been implicated in yeast 

cell death, similar to death by lysosome membrane permeabilization, LMP, in mammals, but 
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again the details are unknown (Eastwood et al., 2013; Kim and Cunningham, 2015; Kim et al., 

2012; Watson and Khaled, 2020).  

Surprisingly few yeast genetic screens have been aimed at identifying yeast genes that 

may contribute to cell death following stress (Dong et al., 2017; Jarolim et al., 2013; Kim et al., 

2012; Sousa et al., 2013; Teng et al., 2011; Teng et al., 2013). Instead, more efforts have 

focused on yeast genes that promote drug resistance and survival, seeking to control pathogens 

and support wine-making industries (Todd and Selmecki, 2020; Velazquez et al., 2016). Thus, 

the death of drug-treated fungal pathogens are generally not studied from the perspective of 

understanding molecular dying processes despite public health relevance. One example of a 

pathogenic yeast is Cryptococcus neoformans, which is a major threat for HIV-infected 

individuals, worsened by expanding fluconazole resistance with the advent of prophylactic 

usage (Stott et al., 2021). Identifying mechanisms of cell death in fungi could lead to the 

discovery of new antifungal therapies. 

Yeast may have multiple unconventional cell death mechanisms. Whether these were 

selected as true adaptations during evolution, or whether they can be harnessed for therapy, 

analogous to the anti-cancer BCL-2 inhibitor venetoclax (Roberts et al., 2016), is not yet known. 

Here we provide evidence for a regulated cell death pathway in Saccharomyces cerevisiae, and 

potentially in Cryptococcus neoformans. We propose a model where membrane-associated 

proteins delivered to the yeast vacuole/lysosome by AP-3 are triggered to permeabilize 

permeabilize the membrane and cause cell death in response to stress.  

 
Results 
Yeast cell death occurs over hours following stress 
Non-programmed, unregulated cell death is defined by the Nomenclature Committee on Cell 

Death as a sudden catastrophic assault (Galluzzi et al., 2018). In this case, the cell does not 

contribute to its own death, and death is not preventable by any action from the cell or by any 

therapeutic treatment. To minimize unregulated cell death by assault, yeast cultures were 

treated with a near-lethal stress using a tunable heat-ramp delivered with a programmable 

thermocycler that heats cells gradually, 30°C to 51°C over 20 min, avoiding the assault of 

sudden heat shock (Figure 1A) (Teng et al., 2011; Teng and Hardwick, 2013).  

Our previous results suggested that yeast die slowly following a heat-ramp or other 

death stimulus (Teng et al., 2011). This conclusion was based on vital dye staining at early time 

points compared to clonogenic survival (colony forming units/cfu) at 2-days, with the caveat that 

these assays measure different cell properties. Therefore, to determine if vital dyes are useful 
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proxies for cell death, we compared two vital dyes over an extended time course following heat-

ramp, revealing that vital dyes approximate loss of clonogenic survival at 48 h (Figure 1B). 

Remaining differences are likely attributed to uncounted microscopic colonies. In addition, we 

observed that phloxine B, which is reportedly pumped out of living cells (Kwolek-Mirek and 

Zadrag-Tecza, 2014; Minois et al., 2005), detects dead/dying yeast cells several hours earlier 

than the DNA stain propidium iodide (PI), a field standard based on a molecule that enters cells 

only after plasma membrane integrity is compromised (Figure 1B). Using the sensitive phloxine 

assay, median time-to-50%-death was 11.5 h (range 9-14 h) after heat-ramp for five wild type 

strains (BY4709, BY4741, BY4742, W303 and SEY6210) determined by time-lapse 

microscopy of cells immobilized on agar (Figure 1C). Video frames illustrate the delay in 

phloxine staining (white arrows), delayed proliferation of survivors (yellow arrows), and no 

phloxine-positive cells reverted to phloxine-negative or began proliferating in these fields during 

the 16 h observation (Figure 1D). Death could occur first in the older mother or younger 

daughter cell (Figure 1E). Thus, yeast appear to die slowly, suggesting an ongoing molecular 

dying process. While this is consistent with gene-dependent cell death, it does not eliminate the 

possibility that cell damage incurred during heat-ramp requires many hours to manifest itself in a 

passive deterioration of cell function. Therefore, we took a genetic approach to identify death-

promoting genes.  

 

Genome-wide screen identifies death-resistant AP-3 deletion strains 
To identify yeast genes that promote cell death, we reanalyzed our previous genome-wide 

screen (Teng et al., 2011; Teng et al., 2013), this time to identify death-resistant deletion strains 

among ~5000 S. cerevisiae knockouts (BY4741) treated with a heat-ramp (20 min, linear 30° to 

62°C). Raw images of microscopic colonies in eight replicates were reacquired from a BioSpot 

Reader, visually inspected to remove artifacts, and systematically corrected for undercounting at 

increasing colony densities. A stringent cutoff yielded a hit rate of 1.84% (Figure 2A, 
Supplementary Table S1). Gene ontology function analyses of the 84 hits readily identified all 

four deletion strains for the small (Δaps3), medium (Δapm3), and two large subunits (Δapl5, 

Δapl6) of the heterotetrameric AP-3 adaptor complex involved in vesicle trafficking to the 

vacuole/lysosome membrane (Figure 2B). Our screen did not identify knockouts for AP-1 or 

AP-2 adaptor complexes, or the Gga1 and Gga2 adaptors that are also involved in vacuole 

trafficking via a separate pathway distinct from AP-3 (Buelto et al., 2020; Casler and Glick, 

2020; Daboussi et al., 2012), suggesting an AP-3-specific phenotype. 

The three heterotetrameric adaptor complexes AP-1, AP-2 and AP-3 in yeast (AP-1 to 
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AP-5 in mammals), sort, transport, and deliver membrane-associated proteins to their 

respective subcellular destinations (Dell'Angelica and Bonifacino, 2019; Robinson and 

Bonifacino, 2001). While different AP complexes share significant sequence homology, they 

traffic different sets of cargo proteins in different paths with minimal overlap. Similar to 

mammals, yeast AP-1 and AP-3 adaptor complexes engage their respective cargo proteins by 

recognizing amino acid sequence motifs present in nascent, recycled or internalized proteins 

protruding from late/post-Golgi or endosome membranes. After engaging their cargo, AP-1 and 

AP-3 plus other proteins generate vesicles that transport and deliver their cargo by fusing to a 

target membrane with the aid of additional factors (Casler and Glick, 2020; Cowles et al., 1997a; 

Hirst et al., 2001; Schoppe et al., 2020; Vowels and Payne, 1998). Yeast AP-3 traffics from 

late/post-Golgi membranes directly to the vacuole/lysosome membrane (Cowles et al., 1997a; 

Odorizzi et al., 1998; Simpson et al., 1997; Stepp et al., 1997), while AP-1 is more important for 

Golgi and endosome recycling pathways, with a lesser role in trafficking to the vacuole 

(Buelto et al., 2020; Casler and Glick, 2020; Daboussi et al., 2012).  

The striking death-resistant phenotype of AP-3 deletion strains (BY4741) after heat-ramp 

was confirmed in small scale tests (Figure 1A) and was more robust than our previous death-

resistant landmark Δdnm1 (Fannjiang et al., 2004; Ivanovska and Hardwick, 2005) (Figure 2C 
and D). Similar results were observed for the four AP-3 deletion strains in the SEY6210 

background strains (Figure 2E and F), and for newly constructed knockouts including a 

CRISPR-Cas9 deletion of APM3 (Figure 2G, Supplementary Figure S1A-D) and four APS3 

deletion strains engineered by different methods in two different backgrounds (Figure 2H and I, 
Supplementary Figure S1E-H). In contrast, knockouts of AP-1 subunits (Apl2, Apl4, Apm1, 

Apm2, Aps1), AP-2 subunits (Apl1, Apl3, Apm4, Aps2), and monomeric clathrin adaptors (Gga1 

and Gga2) were all sensitive to heat-ramp similar to wild type, consistent with screen results 

(Supplementary Figure S2).  

Cell death-resistance was not dependent on cell proliferation, as vital dye staining 

reliably distinguished AP-3-deficient yeast from wild type within 15 min after heat-ramp by 

phloxine staining (Figure 3A), and by the less sensitive PI stain (Figure 3B). Time-lapse 

microscopy revealed that AP-3-deficient yeast recovered cell proliferation faster, and linear 

regression analysis predicts a more protracted 50% time-to-death (20.3 h) compared to wild 

type (10.3 h) (Figure 3C, 3D, Supplementary Movie S1). These findings are consistent with an 

ongoing death process promoted by the AP-3 complex.  

 

Cell death induced by multiple stimuli is AP-3 dependent 
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We previously demonstrated that 60-70% of yeast knockout strains have evolved a second 

gene mutation strongly affecting cell death/survival following stress, and that independent 

knockouts of the same gene (or genes of the same protein complex) tend to acquire mutations 

in a shared second gene (Cheng et al., 2008; Teng et al., 2013), analogous to Δsod1 strains 

that repeatedly develop mutations in PMR1 (Lapinskas et al., 1995). Therefore, death-

resistance of AP-3 knockouts could potentially be explained by natural selection for one or more 

second gene mutations that arose as a consequence of deleting any one of the AP-3 genes.  

However, this was not the case because cell death susceptibility was rescued by 

reinserting APS3 with its native promoter into the Δaps3 deletion strain (Figure 3E and F). 

Successful rescue of AP-3-dependent vesicle trafficking in unstressed cells was verified by 

monitoring the maturation of the AP-3 cargo protein alkaline phosphatase (ALP/Pho8), which 

defines the AP-3 pathway (also known as the ALP pathway). In the absence of AP-3, ALP/Pho8 

is shunted to the vacuole by an alternate default pathway, impairing its normal maturation on 

the vacuole membrane by lumenal proteases that cleave the ALP/Pho8 precursor to generate 

mature and soluble forms (Cowles et al., 1997b; Klionsky and Emr, 1989). Using this 

traditional assay, we found that reinsertion of APS3 prevented the accumulation of 

unprocessed ALP/Pho8 precursor (Figure 3F). In further support of AP-3-dependent cell 

death, analysis of tetrad spore sets derived from Δapl5 and Δaps3 backcrossed to wild type 

(BY4742 or other strains) resulted in 100% co-segregation of death-resistance with the AP-3 

locus (KanMX replacing AP-3 genes) (Figure 3G). We conclude that AP-3, and not confounding 

secondary gene mutations, can promote yeast cell death following stress.  

Resistance to cell death was not limited to thermal stress as disruption of AP-3 also 

conferred resistance to acetic acid, a biproduct of alcohol fermentation known to trigger yeast 

cell death, unlike other acids (Sousa et al., 2013; Vilela-Moura et al., 2011) (Figure 3H), and to 

hydrogen peroxide, a mimic of oxidative bursts produced by phagocytic host immune cells  

(Figure. 3I and 3J). Consistent with our findings, several AP-3 deletion strains were scored as 

death-resistant in supplementary tables of yeast cell death screens using acetic acid (Sousa et 

al., 2013), ER-stress (Kim et al., 2012), or thiosemicarbazone Ni(S-tcitr)2 to trigger cell death 

(Baruffini et al., 2020). Thus, AP-3 appears to contribute to cell death induced by multiple 

stimuli.  

 

Vesicle trafficking function of AP-3 promotes cell death 
Our genome-wide screen, plus additional analyses of Δapl5, Δapm3, and Δaps3 described 

thus far, imply that the AP-3 complex, rather than its individual components, can promote 
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yeast cell death. This further implicates its vesicle trafficking function in the dying process 

following stress. To test this more directly, we investigated the requirement for Arf1, a small 

GTPase known to be required by human/yeast AP-1 and AP-3 complexes (inferred for yeast 

AP-3) for docking onto donor membranes to collect cargo (Anand et al., 2009; Nie et al., 2003; 

Ooi et al., 1998; Schoppe et al., 2020; Seaman et al., 1996). To address the role of yeast Arf1 

without disrupting other membrane trafficking pathways requiring Arf1, we designed point 

mutations in AP-3 to prevent binding to Arf1. Mutations were selected based on sequence 

homology with human orthologs and a crystal structure with supporting biochemical evidence 

for a human-mouse hybrid AP-1 complex bound to human Arf1-GTP (PDB: 4HMY). In this 

structure, one Arf1 molecule is bound on the edge of each of the two large AP-1 subunits 

(Morris et al., 2018; Ren et al., 2013). Two amino acid changes in human AP-1b1 

(corresponding to yeast Apl6 L117D/I120D in AP-3) were shown to abolish Arf1 binding and 

suppress Golgi localization without affecting heterotetrameric complex assembly, while 

mutations in the second Arf1-binding site on mouse AP-1g1 (yeast AP-3 subunit Apl5) were only 

partially disruptive (Ren et al., 2013). Therefore, the Apl6 L117D/I120D changes were inserted 

into the yeast genome using CRISPR and sequence validated (Figure 4A, Supplementary 
Figure S3).  

As predicted, the Apl6(L117D/I120D) mutant strain was defective for vesicle trafficking 

when tested with the AP-1/AP-3 cargo reporter GFP-Sna2 (Renard et al., 2010). Normally 

present on the vacuole membrane (marked with FM4-64) in wild type cells, GFP-Sna2 was 

mislocalized to the plasma membrane (approximated by cell wall stain UVITEX) in the 

apl6L117D/I120D mutant, similar to the knockout Δapl6 (Figure 4B). These results were confirmed 

for the endogenous AP-3 cargo protein ALP/Pho8 based on accumulation of its precursor form 

in apl6L117D/I120D, although to a lesser extent compared to Dapl6, indicating partially defective 

AP-3 trafficking in the mutant apl6L117D/I120D (Figure 4C and D). Importantly, the pro-death 

function of AP-3 was diminished by ~85% by the Arf1 binding site mutations on Apl6 

(apl6L117D/I120D) in three independent strains following heat-ramp (Figure 4E and F). Thus, 

specific disruption of the trafficking function of AP-3 also impairs cell death. A second Arf1 

binding site on Apl5 could potentially account for the incomplete effects of Apl6(L117D/I120D) 

(Morris et al., 2018; Ren et al., 2013). These findings indicate that a conserved Arf1 binding site 

on yeast Apl6 is required both for normal vesicle trafficking and for stress-induced yeast cell 

death.  

 

AP-3 is required shortly before the death stimulus  
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The AP-3 complex could potentially exhibit a gain of pro-death function to act as an activated 

direct effector of cell death under stress conditions. However, this model is challenged by the 

unlikely possibility that the large 275,000 kDa AP-3 tetramer is thermostable under heat-ramp 

conditions (Leuenberger et al., 2017). We also disfavor the possibility that heat-induced 

malfunction of AP-3, or the resulting mislocalization of its cargo, promotes cell death, as these 

scenarios are more in line with the AP-3 knockout condition (which survive better). Instead, we 

favor a model where AP-3 is the delivery vehicle for cargo proteins that exhibit stress-induced 

toxic effects resulting in vacuole membrane damage. In this model, AP-3 is predicted to deliver 

its death-promoting payload to the vacuole prior to a death stimulus.  

To investigate this possibility, the auxin-induced degron (AID) system (Morawska and 

Ulrich, 2013; Nishimura and Kanemaki, 2014) was used to inactivate AP-3 rapidly. Strains were 

engineered with an AID-6xFlag cassette fused to the C-terminal knockin TAP-tag to generate 

endogenous AID-tagged AP-3 subunits (Snyder et al., 2019). This cassette also encodes the 

auxin-responsive OsTIR1 cullin adaptor needed to recruit AID-tagged proteins to the yeast 

cullin-1 E3 ligase for ubiquitination and degradation. Of the four AID-tagged AP-3TAP strains, 

Apl5 (Apl5TAP-AID-flag) was the most stably expressed subunit and was used for testing 

thereafter. Importantly, only the AID-tagged strain was protected from heat-ramp-induced death 

when pre-treated 4 h with auxin (50 µM IAA) to degrade Apl5, restoring survival to a level similar 

to the apl5 knockout (Figure 5A and 5B). Reduced baseline survival after heat-ramp of the 

Apl5TAP-AID strain relative to the Apl5TAP control is likely due to leaky auxin-independent 

activities of OsTIR as reported (Yesbolatova et al., 2020). Together these findings indicate that 

AP-3 is required prior to the death stimulus.  

To determine how long AP-3 is needed prior to the death stimulus, a time course of 

progressively shorter auxin pre-incubation times were compared. Apl5-AID protein was 

maximally degraded by ~30 min after addition of auxin (50 µM IAA) (Figure 5C upper), and 

AP-3 trafficking function was noticeably impaired by ~1 h after auxin treatment assessed by 

the accumulation of unprocessed ALP/Pho8 precursor (Figure 5C and 5D). For cell death, 

AP-3 was required for at least 1-2 h prior to heat-ramp to stimulate significant cell death, as 

degradation of Apl5 within the hour prior to the death stimulus did not significantly impair cell 

death (Figure 5E). This supports the model that AP-3 delivers sufficient amounts of its latent 

deadly cargo to the vacuole by 2 h before the death stimulus to initiate cell death. Thus, AP-3 

is a critical component of this death pathway, but is not necessarily a direct effector of death.  

 

AP-3 cargo protein Yck3 is a death effector of AP-3 at the vacuole 
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AP-3 cargo proteins are prime candidate mediators of cell death. AP-3 is likely a substantial 

contributor to the vacuole membrane proteome, yet relatively few AP-3 cargo proteins have 

been identified, and none of these are among the 84 hits from our screen. However, because 

most yeast knockouts contain a secondary mutation in at least 20% of their cell population that 

strongly affects cell death, typically increasing death (Teng et al., 2013), we tested single cell-

derived colonies/substrains from each knockout for ten confirmed AP-3 cargo proteins: 

ALP/Pho8, the protein kinase Yck3 (Sun et al., 2004), a vacuole tSNARE Vam3 (Cowles et al., 

1997a) and vSNARE Nyv1 (Darsow et al., 1998), amino acid transporters Ypq1-3 (Llinares et 

al., 2015), a transmembrane component of ESCRT-0 also involved in phagophore formation 

Atg27 (Segarra et al., 2015), the AP-3 reporter proteins Sna2 (Renard et al., 2010) and Sna4 

(Pokrzywa et al., 2009) of unclarified functions, and two candidate AP-3 cargo Cot1 and Zrt3 

(Yang et al., 2020). Small scale validation experiments confirmed the genome-wide screen 

results for all candidates tested with the exception of Δyck3 substrains, which were strikingly 

death-resistant similar to AP-3 knockouts in the log phase heat-ramp assay from figure 1A 

(Figure 5F, Supplementary Figure S1 and S4). In contrast, the same Δyck3 substrains were 

death-sensitive in the post-diauxic growth phase heat-ramp assay used for the genome-wide 

screen (Supplementary Figure S5A). In addition, this discrepancy is due to a secondary gene 

mutation present in Δyck3 affecting survival only in the post-diauxic assay based on 

backcrossing to WT (and Δaps3) and tetrad analysis (Figure 5G, Supplementary Figure S5B 
and S5C). Thus, loss of YCK3 appears to be responsible for death-resistance, indicating pro-

death effects of Yck3 following stress. 

Consistent with the AP-3 complex and the Yck3 kinase working together in the same 

trafficking pathway, they also appear to work together in the same cell death pathway following 

stress, as double knockouts (Δaps3/Δyck3) phenocopy single knockouts (Figure 5G, 
Supplementary Figure S5C). Interestingly, endogenous and expressed Yck3 kinase was 

reported by others to promote loss of yeast viability after heat stress (Karim et al., 2018).  

 

Vacuole membrane permeabilization occurs long before early markers of cell death 
Vacuole/lysosome membrane permeabilization has been suggested to be a key event during 

yeast cell death (Chaves et al., 2021; Eastwood et al., 2012; Eastwood and Meneghini, 2015; 

Kim and Cunningham, 2015; Kim et al., 2012). The yeast vacuole is a large organelle that can 

make up a quarter of the cell volume (Klionsky and Eskelinen, 2014). Thus, it is expected that 

consequential disruption of pH and redox states and the release of degradative enzymes or 

other events upon leaking vacuolar contents could lead to cell demise. However, detailed 
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mechanisms of vacuole membrane permeabilization and whether this event is a facilitator or 

consequence of the dying process is more challenging to address. To determine if AP-3 

promotes loss of vacuole membrane integrity  following stress, cells were stained prior to heat-

ramp with the thiol-reactive dye CMAC-blue (210 MolWt). CMAC accumulates in vacuoles and 

fluoresces in response to the reducing environment, but can leak into the cytoplasm if the 

vacuolar membrane is compromised (Karim et al., 2018; Llinares et al., 2015). In unstressed 

cells, CMAC was uniformly restricted to vacuoles (Figure 5H). However, vacuoles of both wild 

type and Δaps3 likely underwent homotypic fusion during heat-ramp as cells tended to have a 

single large vacuole, consistent with previous reports of protective vacuole stress responses 

after heat (Schoppe et al., 2020). In support of our model, fewer wild type cells retained 

vacuolar CMAC compared to Δaps3 at 30 min post heat-ramp (Figure 5H). Thus, AP-3 can 

promote permeabilization of the vacuole membrane following stress. 

To further address the role of vacuole membrane permeabilization, we determined if 

permeabilization is an early or late event in the dying process by monitoring the timing of CMAC 

leaking into the cytoplasm relative to cell death following heat-ramp. CMAC release was 

consistently observed in cells before the first hints of phloxine staining, an early marker of cell 

death. In the example cell, CMAC begins to leak at ~6.0 h after heat-ramp (Figure 6A, arrows in 

heatmap) and released CMAC gradually diffused throughout the cell by 7.0 h (green 

fluorescence) (Figure 6A and Supplementary Movie S2). Not until approximately 3 h after 

CMAC began leaking from the vacuole, the early death marker phloxine became detectable in 

the cytoplasm (Figure 6A, arrowheads), which gradually accumulated over the next 30 min. 

From figure 1B, the plasma membrane is not expected to become permeable to propidium 

iodide for several more hours after phloxine staining. Cells that die at earlier times after stress 

can also have similar delays between CMAC leakage and phloxine staining (Supplementary 
Figureure S6A), although this timing can vary considerably, similar to mammalian cell death 

following treatment with the death agonist TRAIL (Spencer et al., 2009).  

To determine if vacuole membranes also become permeable to larger molecules, we 

monitored localization of the endogenous vacuolar protease Pep4 with a C-terminal GFP-Envy 

tag (Pep4-Envy, 71.5 kDa). We observed non-vacuolar cytoplasmic Pep4-Envy in live phloxine-

negative cells after heat-ramp, and only in cells with CMAC staining outside the vacuole (Figure 
6B, arrows). Thus, the pores that develop in the vacuole membrane are sufficiently large to 

pass intact proteins. These results indicate that stress-induced release of vacuolar contents into 

the cytoplasm occurs before early detection of impending cell death, and further suggests that 

this is a key event leading to cell death. 
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AP-3-dependent vacuole membrane permeabilization during cell death 
To evaluate the effects of AP-3 on vacuole membrane permeabilization relative to cell death at 

the single cell level, cells were prestained with the vacuolar dye CMAC before heat-ramp and 

cell death was assessed with phloxine. We also found that dead/dying (phloxine-positive) wild 

type cells typically have stronger cytoplasmic-to-vacuole CMAC signals, indicative of 

compromised vacuole membrane integrity in dying cells (rose arrows, 6C). In contrast, 

phloxine-positive Δaps3 cells have an inverse ratio of cytoplasmic-to-vacuole CMAC (yellow 
arrows, 6C), supporting the model that AP-3 promotes vacuole membrane permeabilization 

during cell death. Importantly, of the cells that had leaked CMAC into the cytoplasm, fewer 

Δaps3 cells were also stained with phloxine compared to wild type (Figure 6D). However, 

vacuole permeability was not completely blocked in AP-3-deficient cells, potentially reflecting 

default AP-3-independent transport of pro-death cargo proteins to the vacuole, or due to 

alternative molecular dying processes.  

To further assess the structural integrity of vacuole organelles following membrane 

permeabilization, vacuole morphology was monitored in yeast expressing GFPEnvy fused to the 

C-terminus of endogenous Vph1, a subunit of the vacuole membrane-embedded Vo domain of 

the V1Vo-ATPase. Vph1-Envy rings marking the vacuole membrane remain clearly visible in 

cells that have fully or partially released CMAC from the vacuole (rose arrows, 6E), and the 

vacuolar membrane remains visible even in cells at the early/dim stages of phloxine staining 

(red arrows, 6E). Conversely, the vacuole membrane is no longer detectable in cells brightly 

stained with phloxine. Thus, vacuole membranes become leaky before loss of organelle 

integrity. Localized membrane disruptions are consistent with microscopy imaging in figure 6A 

(arrows). The mechanism of permeabilization could be non-specific (e.g. lack of membrane 

repair, unfolded integral membrane proteins). However, the general trend in the mammalian cell 

death field is that death-promoting, pore-forming molecules continue to be identified, suggesting 

the specificity of these processes. For example, 16 kDa human/mouse NINJ1 oligomerizes and 

ruptures the large plasma membrane balloons that emerge on dying mammalian cells in culture, 

previously assumed to be a passive event (Kayagaki et al., 2021). In contrast, Ninj1 is required 

to release proinflammatory DAMPs (but not IL-1b) during pyroptosis (Kayagaki et al., 2021). Our 

results in yeast are consistent with selective vacuole membrane permeabilization as a key step 

in the dying process. 
 

Potential conservation of an AP-3-dependent cell death pathway 
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To test the possibility that AP-3 may promote cell death in other yeast species, we obtained the 

deletion strain of CNAG_02468 encoding Cryptococcus neoformans Ap3d1, homolog of 

Saccharomyces cerevisiae Apl5. Using a modified heat-ramp assay to accommodate the known 

heat-sensitivity of Cryptococcus species, we found that C.n. Δapl5, was strikingly death-

resistant compared to wild type control (Figure 7A and B).  

Heat-resistance of C.n. at body temperature versus temperatures below 30 oC has been 

associated with virulence (Robert and Casadevall, 2009). An analysis of thermal tolerance of 

fungal species revealed that the majority grew well at temperatures below 30 oC but there was a 

rapid decrease with higher temperatures such that only a minority could survive at mammalian 

temperatures (Robert and Casadevall, 2009). Consequently, mammalian body temperatures 

create a thermal restriction zone for many potential fungal pathogens and thus provide 

considerable protection against mycoses. Thus, we also uncovered a new mechanism for 

thermal killing of fungi.  

 

How do yeast die in the AP-3 pathway? 

We suggest a model for a molecular cell death pathway conserved in distantly related yeast 

species. In this model, cell death is mediated by the delivery of cargo-laden AP-3 vesicles to the 

vacuole membrane, where specific cargo proteins including Yck3 kinase facilitate vacuole 

membrane damage following stress (Figure 7C and D). The pro-death effects of Yck3 and 

presumably other factors are dependent on cell stress, but the mechanisms that activate or 

otherwise alter Yck3 function resulting in localized permeabilization of vacuole membranes are 

unknown. We suppose that the protracted time-to-death after heat-ramp is required for 

potentiation of pro-death effector function. AP-3-dependent release of vacuole proteases 

presumably digests cellular substrates in dying cells, which are predicted to facilitate the 

utilization of this digested material by surviving cells (Figure 7C and D). Analogous to 

mammalian cell death pathways leading to membrane disruption, vacuole membrane 

permeabilization in yeast may serve as the point of no return beyond which few cells survive. 

 
Discussion 

We describe a new mechanism for thermal killing in fungi, suggesting a potential new 

avenue for drug discovery as drug-mediated stimulation of these cell death pathways could 

represent a novel strategy for antifungal drug discovery (Kulkarni et al., 2019; Robert and 

Casadevall, 2009). 
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How does Yck3 promote cell death? 

Because AP-3 and its cargo are found on both the Golgi/endosome membranes where vesicles 

are formed (where Arf1 is required), and also on the destination membrane where cargo are 

delivered (e.g. Sna2), it is challenging to distinguish which of these sites is the nexus for cell 

death. However, an enforced-retargeting strategy recently confirmed that Yck3 is dispensable 

for vesicle formation at origin membranes, and instead functions at the vacuole membrane 

where Yck3 promotes tethering and SNARE-mediated fusion of vesicles with vacuole 

membranes (Cabrera et al., 2010; Schoppe et al., 2020). These findings support our model that 

Yck3 kinase promotes cell death by acting at the vacuole membrane. However, the targets of 

Yck3 kinase that are responsible for cell death are unclear, and whether this involves a pore-

forming factor that permeabilizes the vacuolar membrane is unknown.  

However, AP-3 and Yck3 may facilitate cell death by an alternative mechanisms. 

Consistent with our findings, others found that an overactive Yck3 kinase (D44N), or Yck3 

overexpression, reduces yeast viability following stress induced by cycloheximide or mild heat 

(Karim et al., 2018). However, they propose an alternative but not mutually exclusive 

mechanism of cell death. These pro-death effects of Yck3 are suggested to occur through its 

role in vacuole-vacuole organelle fusion. In this model, overzealous Yck3 impairs vacuole 

membrane turnover, thereby depriving cells of a protein quality control mechanism, and 

simultaneously limiting the supply of vacuole membranes and proteins as nutrient sources 

(Karim et al., 2018). This is because homotypic vacuole fusion is one type of protein quality 

control mechanism for turning over vacuole membranes and proteins that become entrapped 

within a membrane disc that forms were two vesicles become pressed together (McNally et al., 

2017). Cycles of Yck3 kinase activity are suggested to fine-tune the hemifusion pore that forms 

between two vesicles. Their model proposes that active Yck3 speeds up homotypic vacuole 

fusion too fast to permit the formation of membrane discs, known as intralumenal fragments 

(ILF), carrying proteins for degradation. Conversely, more limited Yck3 activity allows expansion 

of the hemifusion pore that forms between two vacuoles prior to fusion, facilitating full fusion to 

occur along the rim of the disc, thereby releasing the membrane disc into the vacuole lumen for 

recycling (Karim et al., 2018). The key target of Yck3 kinase activity for these events is Vps41 in 

the HOPS complex. Dephosphorylated Vps41 stabilizes primed SNAREpins to delay fusion. In 

this scenario, Yck3 could promote cell death by suppressing turnover of misfolded proteins and 

damaged membranes. Other proteins phosphorylated by Yck3, such as Env7 (vacuole 

membrane kinase) (Manandhar et al., 2020), Mon1-Ccz1 (GTP exchange factor/GEF for 

Ypt7/Rab7) (Lawrence et al., 2014), and the SNARE Vam3 (Brett et al., 2008) are also potential 
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death effectors. 

Another more passive mechanism of cell death resistance by AP-3 and Yck3 knockouts 

is that the abundance of proteins in the vacuole membrane may be reduced compared to wild 

type, and in turn reduces the problem of stress-induced unfolded vacuole membrane proteins 

that destabilize the membrane. Thus, the need for this quality control mechanism could be 

reduced in the absence of AP-3. A related mechanism of mammalian cell death has been 

suggested, where the heavily membrane-laden mitochondrial inner membrane may undergo 

permeability transition when cell stress leads to misfolded polytopic proteins resulting in 

membrane disruption (Lemasters et al., 2009).  

  Yck3 kinase was previously shown to be an AP-3-specific cargo protein (Sun et al., 

2004). Mutation of a consensus tyrosine motif Yxxf (Yck3 residue 444-YDSI) required for its 

interaction with AP-3 impairs its vacuole membrane localization, although like ALP/Pho8, Yck3 

can reach the vacuole by default pathways (Sun et al., 2004). The involvement of Yck3 in cell 

death further supports the role of AP-3-dependent vesicle trafficking in cell death. Alternative 

paths to the vacuole may contribute to vacuole membrane protein in AP-3-deficient cells and 

YCK3 knockouts. 

One potential caveat to our model is that Yck3, in addition to being an AP-3 cargo 

protein, is also critical for the fusion of AP-3 vesicles to the vacuole by phosphorylating Vps41 in 

the HOPS tethering complex that regulates fusogenic SNAREs such as the AP-3 cargo proteins 

Vam3 and Nvy1 (Brett et al., 2008; Cabrera et al., 2009; LaGrassa and Ungermann, 2005). 

However, Yck3 as a cargo protein versus as a regulator of subsequent membrane fusion are 

separable functions. For one example, a short segment of Yck3 containing its Tyr motif 

(residues 409-462) is sufficient to confer AP-3-dependent trafficking to a heterologous protein 

(Sun et al., 2004). 

 
Methods   
Yeast strain generation, culturing and plasmids 

Yeast strains for this study are listed in Supplementary Table S2, and plasmids, 

primers, gene blocks in Supplementary Table S3. Frozen S.c. yeast stocks were grown on 

YPD (2% peptone, 1% yeast extract, and 2% dextrose) agar plates for 2 days at 30°C. GFP-

SNA2 plasmids with native promoter (pRS416) were provided by Pierre Morsomme (Renard 

et al., 2010). Yeast were transformed as described (Gietz and Schiestl, 2007), selected and 

maintained on synthetic complete (SC) medium (Teng et al., 2018) minus uracil. Tetrad 

analysis was performed as reported (Teng et al., 2013). 
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Genetic rescue of APS3 deletion strains was engineered by integrating the APS3 

gene with 133 bp 5’ UTR (distance to next gene) and C-terminal flag-tag (pRS303) into the 

his3 locus. After selection in minus-histidine, strains were cultured in YPD. Envy-tagged 

strains were engineered by capturing GFP-Envy from Addgene plasmid #60782 using PEP4 

or VPH1-specific primers as described (Slubowski et al., 2015). 

CRISPR-modified strains were engineered using gBlocks (Integrated DNA 

Technologies/IDT) with ³45 bp flanking the Cas9 recognition site, and inserted into the uracil 

pCRCT plasmid (Addgene #60621) as described (Bao et al., 2015). Transformants were 

maintained under selection (-uracil) for 6-days, and confirmed by genome sequencing. 

Synthetic complete minimal medium SCAUX (0.67% yeast nitrogen base w/o amino acids, 

amino acids for BY4741/BY4742 auxotrophies, 2% dextrose, 20 mg/L uracil) (Teng et al., 2018) 

was used for tetrad analyses of CRISPR-derived strains (Teng et al., 2013). For APL6 

knockin mutations, strains were screened for loss of pCRCT plasmids prior to transformation 

with the cargo tracking plasmids pGFP-SNA2 (-URA). Auxin-inducible degron (AID)-tagged 

strains were constructed as described (Snyder et al., 2019) and freshly prepared 10,000x 

stocks (500 mM) 3-indole acetic acid (IAA) (Sigma Aldrich) dissolved in 100% ethanol were 

used to treat yeast cultures (YPD) at 50 µM IAA. NatMX6 gene-replacement was performed by 

amplifying the NatMX6 cassette from the p41Nat 1-F GW plasmid (Addgene #58546) using 

45 bp primers flanking the APS3 ORF. Linear fragments were transformed into BY4742 and 

selected on YPD agar containing nourseothricin sulfate (100 µg/ml, GoldBio).  

 

Genome-wide cell death screen analysis 

Screen analysis and batch correction were performed for the heat-ramp cell death 

assay previously reported Cell death was determined by quantifying microscopy colonies 

using a BioSpot reader at 18 h after heat-ramp (Teng et al., 2011; Teng et al., 2013). For this 

study, original images from four replicates plated at each of two dilutions were reacquired 

from the BioSpot reader and batch corrections were applied to systematically correct for 

undercounting at higher colony densities. Hit cutoff was 1.5 x IQR beyond 75th percentile of all 

z-scores. Gene ontology (GO) component analysis was performed at the Saccharomyces 

Genome Database (SGD https://www.yeastgenome.org/). 

 

Heat-ramp cell death assays 

Heat-ramp assays were performed on log phase cultures throughout this study as 

(30°C to 51°C, over 20 min, Figure 1A) (Teng et al., 2011; Teng and Hardwick, 2013), except 
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the genome-wide screen performed on post-diauxic cells (linear 30°C to 62°C over 20 min) 

(Teng et al., 2013). Briefly, log-phase yeast grown on a roller drum at 30°C overnight (~16 h), 

were normalized to 0.2 OD600/mL in 4-5 mL fresh YPD and grown for ~3-4 h to log phase with 

adjustment to have all strains arrive at the same growth state approximately simultaneously. 

Equal cell numbers (100 µL of 0.4-0.5 OD600/mL YPD) were treated with a heat-ramp using an 

equilibrated programmable thermocycler. Heated and unheated samples (3 µl or 5 µl) were 

quickly spotted on agar plates in 5-fold serial dilutions in YPD, incubated 18-24 h at 30°C for 

semi-automated counting of microscopic colonies on a BioSpot Reader, or 2-days for colony 

visualization, and calculated as cfu/mL relative to untreated (Supplementary Figure S5).  

Cryptococcus strains were grown in Sabouraud dextrose broth (SAB, BD Difco) for 2 

days without shaking at 30°C. Cells were diluted 1:5 in fresh SAB and treated with a linear 

heat-ramp of 30°C to 52°C over ~30min. Pre and post heat-ramp samples were spotted on 

SAB agar and incubated 48 h at 30°C before imaging. 

 

Immunoblot analysis 

Approximately equal cell numbers (equivalent to 2.0 OD600) were pelleted and stored 

frozen at -80°C. For time-course experiments, cells were rapidly lysed with 192 µl 100% 

trichloroacetic acid (TCA), held on ice for at least 30 min, and cell pellets were washed three 

times with water, once with acetone, dried under vacuum for 10 min and stored frozen at -80°C 

(adapted from (Hughes Hallett et al., 2015). Frozen pellets from either protocol were 

resuspended in 200 µl sample buffer (62.5 mM Tris-HCl pH 6.8, 2% w/v SDS, 10% glycerol, 

0.01% bromophenol blue, fresh 50 mM DTT, and HaltTM protease inhibitor cocktail from 

ThermoFisher Scientific). Lysates were vortexed 4 x 45 sec with glass beads (Sigma Aldrich), 

maintained on ice between pulses, and heated to 95°C for 5 min before analysis by SDS-PAGE. 

Blots were probed with antibodies against flag-epitope (Sigma, 1:5000), PGK (Abcam, 1:5000), 

Pho8 (1:1000, Gregory Payne), Apm3 (1:5000, Sandra Lemmon), followed by HRP-conjugated 

anti-rabbit or anti-mouse (GE Healthcare, 1:5000). 

 

Cell death by vital dye staining 

Following heat-ramp, yeast were stained with phloxine B (2 µg/mL, Fisher Scientific) 

or propidium iodide (10 µg/mL, Sigma Aldrich) and 10 µL stained cells loaded on a 

hemocytometer were imaged using a Zeiss AxioImager M2 (10x Olympus objective equipped 

with a Hamamatsu Orca R2 camera. Alternatively, 3 µL of stained cells were spotted directly 
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onto YPD agar plates and imaged using an Applied Precision DeltaVision Elite microscrope 

system (GE Healthcare) equipped with 20xPh objective and automated stage in a 30°C 

incubator chamber. Time-lapse images of cells in fresh YPD with phloxine B (2 µg/mL, Fisher 

Scientific) were acquired every 10-20 min and analyzed using ImageJ/FIJI. Initial total cell count 

was calculated using phase images from the first imaging time point.  

 

Imaging vacuole membrane permeabilization 

Yeast strains were grown overnight, normalized to equal cell numbers in fresh YPD (0.2 

OD600/mL) and incubated ~4 h. During the final 30 min, 1-mL aliquots of cell suspensions were 

stained at 30°C with FM4-64 (10 µg/mL, ThermoFisher Scientific) and/or CellTracker™ Blue 

CMAC (100 µM, 7-amino-4-chloromethylcoumarin, ThermoFisher Scientific). Stained cultures 

were re-normalized to equal cell numbers (0.5 OD600/mL), heat-ramp treated, and 50 µL were 

immobilized for 10 min on a concanavalin A-coated 8-well µ-Slide (Ibidi) containing 200 µL of 

fresh YPD, with addition of UVITEX 2B (1 µg/mL, Polysciences, Inc.) for cell wall staining. YPD 

was aspirated and replaced with 200 µL of the media type required for imaging. For cell death, 

fresh YPD contained phloxine B (2 µg/mL, Fisher Scientific). For imaging in FITC/GFP 

channels, YPD was replaced with 200 µL synthetic complete (SC) medium to avoid 

autofluorescence. Prototroph BY4709 strains were imaged in minimal SCMIN (0.67% yeast 

nitrogen base without amino acids, 2% dextrose, 20 mg/L uracil), and BY4741/4742 strains 

were imaged in SCAUX (Teng et al., 2018). Images were captured on a DeltaVision Elite 

microscope with a 60x (N.A. 1.42) oil immersion objective in a 30°C incubator chamber, and 

single image slices or 0.2 µm Z-stacks were deconvolved (Softworx, Applied Precision). To 

avoid phototoxicity, time-lapse microscopy used spaced time-lapse intervals (10 min), optical 

axis integration (OAI, z-sweep acquisition technology) and subsequent deconvolution. Images 

were analyzed with ImageJ/FIJI software.  
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Figure Legends 
Figure 1. Protracted time-to-death following heat-ramp stress.  
(A) Temperature plot for the 20 min, 30℃-51℃ heat-ramp cell death stimulus used throughout 

this study to treat log phase yeast using a programmable thermocycler (Teng et al., 2011). 

(B) Cell death of wild type yeast BY4709 determined as percent of starting cell number stained 

by propidium iodide (PI) or phloxine B (Phlox) and by visible colony forming units (cfu, 48 h only, 

which was unaffected by the presence of dye) comparing the same samples after heat-ramp. N 

= 3-4 independent experiments per condition. Comparing phloxine and PI, two-tailed t-test, *p = 

0.0157, **p = 0.0122, and p = 0.316 at 24 h. No significant differences between the three assay 

types at 48 h, two-way ANOVA with Tukey’s HSD, p = 0.1006. 

(C) Time-to-death determined by time-lapse microscopy of ~300 cells per strain after heat-ramp 

determined by phloxine staining on YPD agar. Median time-to-death (dashed line), range (blue 

box) for five wild type strains. 

(D) Time-lapse microscopy frames for two wild type strains from an independent time-lapse 

experiment analyzed on agar as described in panel C. Examples of yeast cells dying at 9-16 h 

post heat-ramp (white arrows), and early or delayed proliferation/clonogenicity (yellow arrows). 

Scale bar 25 µm.  

(E) Examples of budded mother (lower) and daughter (upper) cell pairs stained with phloxine to 

detect death (arrows).  

 

Figure 2. AP-3 deletion strains have greatly increased survival after heat stress.  
(A) Rank ordered survival of yeast knockout strains (BY4741) from genome-wide screen after 

heat-ramp treatment (20 min, 30°-62°C linear ramp applied to post-diauxic cells). Hit cutoff set 

at 1.5x interquartile range + 75% percentile of z-scores, ~2.47.   

(B) Gene ontology component enrichment analysis of the 84 screen hits compared to all strains 

analyzed with Bonferroni correction for multiple hypothesis testing. 

(C) Low throughput cell death assay of log phase OD600-adjusted cultures (BY4741 knockout 

collection) spotted on plates pre and post heat-ramp.  

(D) Quantified data and boxplots from panel C for 3 independent experiments. Two-way ANOVA 

with Tukey’s HSD test post-hoc, *p ≤ 0.0048.  

(E and F) As described for C and D except for SEY6210 background strains. N= 3 independent 

experiments; two-way ANOVA with Tukey’s HSD test post-hoc, *p ≤ 0.0043. 

(G) Survival (cfu) of newly generated CRISPR-Cas9 deletion of APM3 in the amino acid 
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prototroph BY4709 pre and post heat-ramp. Three independent experiments, two-way ANOVA 

with Tukey’s HSD test post-hoc, *p = 0.0068. Genome sequencing and functional assays in 

Supplementary Figure S1A-D. 

(H) As described for panel G except for newly generated CRISPR-Cas9 deletion of APS3 

(BY4709). N= 6 independent experiments, two-way ANOVA with Tukey’s HSD test post-hoc, *p 

= 1.24E-08. Genome sequence and trafficking function tests in Supplementary Figure S1E-H. 

(I) As described for panel G except for new APS3 deletion strain generated by conventional 

recombination in BY4742. N= 6 independent experiments, two-way ANOVA with Tukey’s HSD 

test post-hoc, *p = 2.4E-08. 

 

Figure 3. AP-3 promotes death induced by multiple stimuli.  
(A) Cell death of wild type and Daps3 determined by percent phloxine B-positive (Phlox) before 

and 15 min after heat-ramp using a hemocytometer. N = 3 independent experiments per 

condition, two-way ANOVA with Tukey’s HSD test post-hoc, *p = 4.77E-07. 

(B) As described for panel A except staining with propidium iodide (PI), *p = 1.54E-04. 

(C) Images from time-lapse microscopy showing accumulation of phloxine-positive WT and 

Daps3 cells after heat-ramp analyzed on YPD agar. Scale bars = 25 µm. 

(D) Cumulative data for 3 independent experiments described in panel C. One-way ANOVA with 

repeated measures, *p = 1.5E-07.  

(E) Rescue of Daps3 cell death sensitivity by expressing C-terminal flag-tagged (fl) APS3 from 

its native promoter. Viability determined by cfu on selection medium before and after heat-ramp. 

(F) Quantified survival data for panel E. Three independent experiments, two-way ANOVA with 

Tukey’s HSD test post-hoc, *p = 1.53E-7 and 1.78E-07 for Daps3-rescue vs. Daps3 +/- empty 

vector. WT vs. Daps3 (p = 1.95E-07), WT vs. Daps3 + empty vector (p = 2.29E-7).  

(G) Summary of tetrad analysis for 42 of 44 dissections yielding 42 true tetrads for all markers 

resulting from WT BY4742 mated to Dapl5 and sporulated, and of all 6 analyzed tetrads for 

Daps3. Death-resistance uniformly segregated 2:2 with the KanMX (KO) marker.  

(H) Resistance of the new CRISPR Daps3 strain (log phase) to 242 mM acetic acid-induced 

death. N=3 independent experiments, two-way ANOVA with Tukey’s HSD test post-hoc, *p = 

0.0064, **p = 0.0043.  

(I) Resistance of Daps3 (CRISPR KO strain in log phase) to 50 mM H2O2-induced death. N=6 

biological replicates from 3 independent experiments, two-way ANOVA with Tukey’s HSD test 

post-hoc, *p = 0.0014, **p = 7.95E-06. 
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(J) Resistance of Dapm3 (CRISPR KO strain) to 50 mM H2O2-induced death. N=6 biological 

replicates from 3 independent experiments, two-way ANOVA with Tukey’s HSD test post-hoc, 

*p = 3.25E-05.  

 

Figure 4. Restriction of viability relies on canonical trafficking functions.  
(A) Amino acid sequence alignment of yeast AP-3 subunit Alp6 with human counterparts in AP-

1 (AP1b) and AP-3 (AP3b). Boxes mark the Arf1 binding sites from Ren et al. (Ren et al., 2013).  

(B) Fluorescence microscopy to monitor GFP-Sna2 localization/trafficking in the indicated yeast 

strains also stained with FM4-64 (red) to mark the vacuole membrane and with cell wall stain 

UVITEX (blue) to approximate the plasma membrane. Scale bar = 5 µm. This WT strain was 

transformed with the parent iCas9 and tracrRNA plasmid pCRCT (Addgene #60621) in parallel 

with the construction of Δapl6 and apl6L117D/I120D for CRISPR modifications.  

(C) Immunoblot of endogenous alkaline phosphatase (ALP/Pho8) to detect vacuole-dependent 

processing of the ALP/Pho8 precursor to proteolytically matured forms.  

(D) Quantification for panel C, calculated as the amount of Pho8 precursor protein relative to 

total (precursor+mature+soluble) for 3 independent experiments after pooling results for 2-3 

independent strains per genotype. Two-way ANOVA with Tukey’s HSD test post-hoc, *p = 

1.56E-06, **p =3.23E-05, ***p = 1.57E-10. 

(E) Viability of the CRISPR modified APL6-modified yeast strains following heat-ramp (20 min, 

30°-51°C) and spotted on agar plates. All strains were verified by Sanger sequencing 

(Supplementary Figure S3). 

(F) Quantified data for panel E. Viability following heat-ramp is plotted as log10 cfu/mL for 3 

independent experiments after pooling results for 2-3 independent strains per genotype. Two-

way ANOVA with Tukey’s HSD test post-hoc, *p = 2.67E-06, **p =3.98E-12, ***p= 1.06E-12.  

 

Figure 5. AP-3 is required shortly before the cell death stimulus.  
(A) Effect of transient degradation of AP-3 determined by survival of yeast preincubated 4 h with 

either solvent control (ethanol) or 50 μM auxin (IAA) to degrade Apl5-TAP-AID-6xflag, and 

plated in 3-fold serial dilutions before and after heat-ramp (20 min, 30°-51°C).  

(B) Quantified data for panel A for 6 independent experiments plotted as [(log10 cfu/mL with 

auxin) - (log10 cfu/mL with ethanol)]. Two-way ANOVA with Tukey’s HSD test post-hoc, *p= 

6.81E-07. Comparing Δapl5 to either APL5TAP-AID (p = 0.931) or to APL5TAP-AID (p = 2.2E-07).  

(C) Immunoblots of the APL5-AID strain to monitor the degradation of Apl5-TAP-AID-6xflag 

during 0-4 h incubation with either solvent control (ethanol) or 50 μM auxin (IAA) detected with 
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anti-flag (upper), and AP-3 function was monitored by maturation status of Pho8 detected with 

anti-alkaline phosphatase (lower). *Non-specific band.  

(D) Quantification for panel C. ALP/Pho8 defect was calculated from densitometry as amount of 

precursor protein relative to total (precursor+mature+soluble), and relative ALP/Pho8 defect was  

plotted as [(ALP defect with auxin or ethanol)/(ALP defect of untreated)] for 4 independent 

experiments. Two-way ANOVA with Tukey’s HSD test post-hoc, ****p = 9.5E-4, ***p = 5.7E-4, 

**p = 0.00201, *p = 2.09E-5, ns = 0.128.	
(E) Enhanced yeast survival requires degradation of Apl5-AID (Apl5-TAP-AID-6xflag) 1-2 h prior 

to a death stimulus. Relative survival calculation [(log10 cfu/mL with auxin or ethanol) - (log10 

cfu/mL untreated)] for samples pre-incubated with either solvent control (ethanol) or 50 μM 

auxin (IAA) prior to heat-ramp (20 min, 30°-51°C) at time = 0 (yellow arrow). Auxin/ethanol-

containing samples were plated and colonies enumerated at 48 h. N = 5 independent 

experiments, two-way ANOVA with Tukey’s HSD test post-hoc, *p = 0.0016, **p = 5.2E-9, ***p = 

<1.0E-13. 

(F) Heat-ramp cell death assay (20 min, 30°-51°C) for three single cell-derived substrains 

(BY4741 KO collection) corresponding to AP-3 cargo proteins Yck3 and Atg27. 

(G) Survival of plated yeast after heat-ramp (20 min, 30°-51°C), and NAT or KAN (G418) drug 

selectivity are shown for a representative tetrad resulting from crossing Δaps3::NatMx6 with 

Δyck3::KanMx4. The number of spore-derived strains tested (total of 8 tetrads) and their heat-

ramp phenotypes are indicated.  

(H) Wild type and Δaps3 cells were pre-stained with vacuole dye CMAC, and unstressed and 

heat-ramp-treated samples were imaged in rich (YPD) medium at 30°C. Two-tailed t-test for 3 

fields from one experiment, counting >1500 cells per genotype, *p = 0.006319.  

 

Figure 6. AP-3-dependent vacuole membrane permeabilization.  

(A) Time-lapse microscopy of wild type yeast cells stained with CMAC prior to heat-ramp (20 

min, 30°-51°C), and imaged every 10 min in rich (YPD) medium containing 2 µg/mL phloxine at 

30°C. CMAC is presented as pixel intensity heatmap (color key on right), gray scale and 

green fluorescence. Scale bar 2.5 µm. 

(B) Yeast expressing genomic PEP4-ENVY were pre-stained with CMAC and heat-ramp-treated 

as in panel A, except cells were transitioned to synthetic complete medium (SCAUX, to avoid 

autofluorescence) (Teng et al., 2018) containing 2 µg/mL phloxine at 30°C immediately before 

imaging at ~20 min after heat-ramp. Arrows mark examples of live (phloxine-negative) cells with 
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vacuole markers CMAC and Pep4-Envy present in the cytoplasm. Scale bar 5 µm. 

(C) WT and Δaps3 cells were pre-stained with CMAC prior to heat ramp and imaged in YPD 

medium containing 2 µg/mL phloxine at 20-30 minutes after heat-ramp treatment. 

Representative images presented. Scale bar 5 µm. 

(D) Quantification for panel C. Each cell imaged was classified as phloxine-positive (Phlox+), 

phloxine-negative with permeabilized vacuole membranes (Phlox-/VMP+), or intact vacuoles 

(Vac). Two-way ANOVA with Tukey’s HSD test post-hoc for 3 fields from one experiment, 

counting >300 cells per genotype, *p = 0.0035, **p = 0.012, ***p = 1.05E-5. 

(E) Yeast cells expressing genomic VPH1-ENVY were imaged as in panel B. Rose arrows mark 

dying cells that have cytoplasmic CMAC staining but retain vacuole organelle integrity (VPH1-

ENVY) but no detectable phloxine dye staining. Red arrows mark cells in the process of staining 

with phloxine-positive that have undergone vacuolar membrane permeabilization. Scale bar 5 

µm. 

 
Figure 7. Cryptococcus neoformans AP-3-deficiency enhances survival.  
(A) Heat-ramp cell death assay adapted for Cryptococcus neoformans, comparing wild type and 

AP-3 knockout of the Apl5 homolog (CNAG_02468) for survival. 

(B) Quantified data for A, n=4 biological replicates on the knockout population and two 

subcolonies tested in 2 independent experiments, normalized to wild type control and presented 

as mean +/-SD. Two-tailed t-test, *p = 0.0177.  

(C) Proposed model for healthy and pro-death AP-3 vesicle trafficking pathway. Arf1-GFPase-

dependent docking of AP-3 at late Golgi/trans-Golgi network (TGN) membranes (not stacked in 

yeast, e.g. Movie S3 of (Levi et al., 2010)) AP-3-specific recognition of newly synthesized di-

leucine and tyrosine motif (Yxxf)-containing proteins (cargo), vesicle formation and transport, 

vesicle fusion to the vacuole to deliver resident vacuole membrane proteins that carry out 

normal cell functions, including the membrane-associated casein kinase Yck3, which 

phosphorylates several other membrane-associated proteins to regulate vesicle fusion, 

homotypic vacuole fusion, and other functions. Following cell death-inducing stresses, Yck3 and 

potentially other AP-3 cargo proteins and/or lipids result in permeabilization of the vacuole 

membrane by an unknown mechanisms, resulting in yeast cell death.  

(D) Sequence of events during yeast cell death in response to lethal stress. Yeast vacuoles 

undergo Yck3-regulated homotypic fusion (when membrane damage could potentially occur). 

Minutes to hours after stress, vacuolar membranes begin to leak and become permeable to 

CMAC blue, and several minutes-hours later the cytoplasm undergoes a gradual increase in 
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staining by redox-sensitive phloxine B. Minutes-hours later the plasma membrane becomes 

permeable to propidium iodide, and the release of cellular content from dying cells may serve as 

a nutrient source for survivors.  

 

 

SUPPLEMENTARY FIGURE LEGENDS 
 

Supplemental Figure S1. CRISPR-Cas9 design and sequencing for APM3 and APS3 
knockout strains. [supports Figure 2 main text] 
(A and E) Sequence alignments of genomic DNA from three colony-derived yeast clones 

(BY4709) transformed with gene-targeted or untargeted CRISPR pCRCT plasmids. CRISPR-

Cas9 guide RNA sequence (box), PAM sequence (violet), and resulting in-frame stop codon 

(rose) following 8 bp deletion.  

(B and F) Sanger sequencing chromatograms for A and E.  

(C and G) Heat-ramp cell death assays for sequenced clones (30◦C to 51◦C as described in 

Figure 1A) confirm that death-resistance correlates with gene disruptions.  

(D and H) Tests for AP-3 trafficking function by assessing transport and processing of the 

precursor form of alkaline phosphatase (ALP/Pho8) to mature and soluble forms detected with 

anti-ALP antibody (from Gregory Payne, UCLA). Apm3 immunoblots confirm lack of expression 

in Δapm3, and evidence for AP-3 complex stability in Δaps3, assessed with anti-Apm3 

antibodies provided by Dr. Sandra Lemmon, University of Miami (Panek et al., 1997).  

 

Supplementary Figureure S2. Cell death assay confirming lack of death-resistance for 
deletion strains of adaptor complexes AP-1 and AP-2. [supports Figure 2 main text] 
Log phase yeast cultures of AP-1 (blue boxes), AP-2 (violet boxes) and other yeast knockout 

strains (BY4741 MATa YKO collection) were spotted on plates before (upper) and after (lower) 

heat-ramp treatment (20-min, 30°-51°C, from Figure 1A) and compared to the death-resistant 

AP-3 subunit Apl6 knockout (Δapl6). Ranks from the genome-wide heat-ramp screen in Figure 

2A and Supplementary Table S1 are shown.  

 

Supplemental Figure S3. CRISPR-Cas9 design and sequencing for APL6 knockin and 
knockout mutant strains. [supports Figure 4 main text] 
(A) Genomic DNA sequence alignment of APL6-disrupted strains in BY4709 background, 

showing CRISPR-Cas9 guide RNA sequence (box), PAM sequence (violet), the resulting in-

.CC-BY-NC-ND 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 August 3, 2021. ; https://doi.org/10.1101/2021.08.02.454728doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.02.454728
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

frame stop codon (rose) following 8 bp deletion, and corresponding Sanger sequencing 

chromatograms.  

(B) Genomic DNA sequence alignment of Arf1-interacting site mutations engineered into APL6 

knockin strains (BY4709). CRISPR-Cas9 guide RNA sequence (box); PAM sequence (violet); 

knockin Leu117Asp/Ile120Asp  mutations (rose) based on Ren et al. Cell 2013; synonymous 

C>T nucleotide change engineered to eliminate PAM sequence (lower case, yellow highlight); 

corresponding Sanger sequencing chromatograms. 

 

Supplementary Figureure S4. Retesting knockout strains of AP-3 cargo for cell death 
phenotypes. [supports Figure 4 main text] Cell death assays for knockouts of AP-3 cargo 

proteins that contain a di-leucine motif (A and B), or a tyrosine motif (C), for interacting with AP-

3, and other candidate cargo (D). Growth/survival of spotted yeast cultures before and after 

heat-ramp (20 min, 30℃ to 51℃, Figure 1A). Each strain from the BY4741 YKO collection was 

streaked onto rich (YPD) agar plates and three single cell-derived colonies (substrains #1-3) 

were tested in parallel with the AP-3 knockout Δaps3 and its parental wild type (BY4742). Five-

fold serial dilutions were plated (5 μL) and imaged after incubating 2-days at 30℃. Rank: z-

scores for cell death resistance from the genome-wide screen.  

 

Supplementary Figureure S5. Tetrad analyses demonstrating deletion of YCK3 confers 
death-resistance. [supports Figure 4 main text]  
(A) Heat-ramp cell death assay for single cell-derived substrains of Δyck3 (BY4741 YKO 

collection) and reference strains tested in log-phase (20-min, 30ºC to 51ºC, Figure 1A) and in 

post-dauxic phase used in the genome-wide screen (20-min, linear 30ºC to 62ºC). 

(B) Cell death assay results for example tetrad (4 spore-derived strains) from crossing WT x 

Δyck3 and tested as in A. ODs of yeast cultures during sample preparation prior to heat-ramp 

(left) to minimize effects of metabolic state differences on cell death versus survival. Tetrad 

validation markers (upper right), reveal co-segregation of the knockout locus (KanMX) with 

death-resistance, summarized for all tetrads tested (lower right). Death-resistance (R), death-

sensitive (S).  

(C) Summary of cell death results for all tetrads tested from crossing Δyck3 x Δaps3 in log and 

post-dauxic phases as in A. Cell death sensitivity in post-dauxic phase only is due to a 

secondary mutation that segregates independently, and is assumed to be present in the original 

Δyck3 strain as it is present in crosses to both Δaps3, and to WT (B), while crosses Δaps3 or 

other AP-3 knockouts to WT lack this mutation. 
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Heat-ramp method details. Strains were streaked onto rich YPD agar, incubated 2-days at 30ºC, 

and approximately matched numbers of cells from individual colonies (substrains) or the 

population, were grown in liquid YPD on a roller at 30ºC for ~16 h. Starting OD600 was recorded, 

cultures were normalized to 0.2 OD600/mL in 3 mL fresh YPD, and grown for 3 h with rotation at 

30ºC to reach log phase with closely matched OD600 between samples (~0.45 OD600). Cultures 

were re-normalized to 0.4 OD600, 100 μL was transferred to 0.2 mL tubes for heat-ramp 

treatment in a thermocycler, and 3 μL of serial dilutions were immediately spotted on YPD agar 

and incubated 18-24h for BioSpot imaging, or 2-days for visual imaging on a ChemiDoc® 

Imager (Bio-Rad, CA, USA), exposure time 0.175 seconds. 

 

Supplementary Figureure S6. Vacuole membrane permeabilization after heat-ramp 
treatment. [supports Figure 6A main text] Top: Another example as described in Figure 6A 

main test. Scale bar 2.5 µm. Bottom: Non-deconvolved micrographs of an independent 

experiment showing vacuole permeabilization and subsequent phloxine staining of WT cells 

after heat-ramp treatment. Scale bar 2.5 µm. 

 

SUPPLEMENTARY Movies 
Supplementary Movie S1. Movie for images in Figure 3C main text. 
Supplementary Movie S2. Movie for images in Figure 6A main text. 
 

SUPPLEMENTARY TABLES 
Supplementary Table S1. Genome-wide cell death screen results and Z-scores 

Supplementary Table S2. Yeast strains used in each figure panel  

Supplementary Table S3. Plasmid list and sequences of primers and gBlocks 
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Figure S1. CRISPR-Cas9 design and sequencing for APM3 and APS3 knockout strains. (A and E) Sequence alignments of 
genomic DNA from three colony-derived yeast clones (BY4709) transformed with gene-targeted or untargeted CRISPR 
pCRCT plasmids. CRISPR-Cas9 guide RNA sequence (box), PAM sequence (violet), and resulting in-frame stop codon 
(rose) following 8 bp deletion. (B and F) Sanger sequencing chromatograms for A and E. (C and G) Heat-ramp cell death 
assays for sequenced clones (30◦C to 51◦C as described in Figure 1A) confirm that death-resistance correlates with gene 
disruptions. (D and H) Tests for AP-3 trafficking function by assessing transport and processing of the precursor form of 
alkaline phosphatase (ALP/Pho8) to mature and soluble forms detected with anti-ALP antibody (from Gregory Payne, 
UCLA). (D and H) Apm3 immunoblots confirm lack of expression in Δapm3, and evidence for AP-3 complex stability in 
Δaps3, assessed with anti-Apm3 antibodies provided by Dr. Sandra Lemmon, University of Miami. 
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Figure S2. Cell death assay confirming lack of death-resistance for deletion strains of adaptor 
complexes AP-1 and AP-2. Log phase yeast cultures of AP-1 (blue boxes), AP-2 (violet boxes) and 
other yeast knockout strains (BY4741 MATa YKO collection) were spotted on plates before (upper) 
and after (lower) heat-ramp treatment (20-min, 30°-51°C, from Figure 1A) and compared to the 
death-resistant AP-3 subunit Apl6 knockout (Δapl6). Ranks from the genome-wide heat-ramp screen 
in Figure 2A and Supplementary Table S1 are shown.
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Supplemental Figure S3. CRISPR-Cas9 design and sequencing for APL6 knockout and knockin mutant strains. 
(A) Genomic DNA sequence alignment of APL6-disrupted strains in BY4709 background, showing CRISPR-Cas9 
guide RNA sequence (box), PAM sequence (violet), the resulting in-frame stop codon (rose) following 8 bp 
deletion, and corresponding Sanger sequencing chromatograms. 
(B) Genomic DNA sequence alignment of Arf1-interacting site mutations engineered into APL6 knockin strains 
(BY4709). CRISPR-Cas9 guide RNA sequence (box); PAM sequence (violet); knockin Leu117Asp/Ile120Asp
mutations (rose) based on Ren et al. Cell 2013; synonymous C>T nucleotide change engineered to eliminate 
PAM sequence (lower case, yellow highlight); corresponding Sanger sequencing chromatograms. 
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Supplementary figure S4. Retesting knockout strains of AP-3 cargo for cell death phenotypes. Cell death assays 
for knockouts of AP-3 cargo proteins that contain a di-leucine motif (A and B), or a tyrosine motif (C), for 
interacting with AP-3, and other candidate cargo (D). Growth/survival of spotted yeast cultures before and after 
heat-ramp (20 min, 30℃ to 51℃, Fig 1A). Each strain from the BY4741 YKO collection was streaked onto rich 
(YPD) agar plates and three single cell-derived colonies (substrains #1-3) were tested in parallel with the AP-3 
knockout Δaps3 and its parental wild type (BY4742). Five-fold serial dilutions were plated (5 μL) and imaged after 
incubating 2-days at 30℃. Rank: z-scores for cell death resistance from the genome-wide screen.
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Saccharomyces cerevisiae strains used in Stolp et al.
Strain Parental Strain Genotype/Description Figures Method of Generation Source/Reference
BY4709 n/a MAT⍺  ura3Δ0 Figure 1B-D n/a Brachmann et. al. Yeast 1998
BY4741 n/a MATa  his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Figure 1C; Figure 2D; Figure S2 n/a Brachmann et. al. Yeast 1998
BY4742 n/a MAT⍺  his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Figure 1C-D; Figure 2-I; Figure 3E-G; Figure 5F; Figure S4-

5;Figure 5H
n/a Brachmann et. al. Yeast 1998

SEY6210 n/a MATα leu2-3,112 ura3-52 his3-Δ200 trp1-Δ901 suc2-Δ9 lys2-801; GAL Figure 1C; Figure 2E-F n/a Susan Michaelis/Robinson et. al. Mol Cell Biol. 1988
W303a n/a MATa  leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 Figure 1C n/a Susan Michaelis
BY4741-JMH n/a MATa  his3Δ1 leu2Δ0 met15Δ0 ura3Δ0  *replicative aged Figure 2C n/a Laboratory Stocks
Δdnm1 BY4741 MATa  Δdnm1 ::KanMX4 Figure 2C Yeast Knockout Collection
Δfis1/whi2-1 BY4741 MATa  Δfis1 ::KanMX4 whi2-1 Figure 2C Yeast Knockout Collection
Δapl5 BY4741 MATa  Δapl5 ::KanMX4 Figure 2C-D; Figure 3G;Figure 5A-B n/a Yeast Knockout Collection
Δapl6 BY4741 MATa  Δapl6 ::KanMX4 Figure 2C-D; Figure S2 n/a Yeast Knockout Collection
Δapm3 BY4741 MATa  Δapm3 ::KanMX4 Figure 2C-D n/a Yeast Knockout Collection
Δaps3 BY4741 MATa  Δaps3 ::KanMX4 Figure 2C-D; Figure 3G n/a Yeast Knockout Collection
CCY254 SEY6210 MATα Δapl6::HIS3 Figure 2E-F n/a Scott Emr/Cowles et. al. Cell. 1997
GOY4 SEY6210 MATα Δapl5::HIS3 Figure 2E-F n/a Scott Emr/Cowles et. al. Cell. 1997
GOY3 SEY6210 MATα Δapm3::HIS3 Figure 2E-F n/a Scott Emr/Cowles et. al. Cell. 1997
GOY5 SEY6210 MATα Δaps3::HIS3 Figure 2E-F n/a Scott Emr/Cowles et. al. Cell. 1997

ZSY200 BY4742 MAT⍺ Δaps3::NatMX6 Figure 2I; Figure 5F; Figure S4-5; Figure 5H Homologous Recombination 
Using PCR Product

This Study

ZSY201 BY4709 pCRCT control colony #1 (D1) for APS3/APM3 CRISPR strains Figure S1G non-targeting CRISPR This Study

ZSY202 BY4709 pCRCT control colony #2 (E1) for APS3/APM3 CRISPR strains Figure 2G-H; Figure S1C; Figure 2A-D; Figure 3H-J; Figure 
6A, 6C; Figure S6

non-targeting CRISPR This Study

ZSY203 BY4709 Δaps3 CRISPR colony #1 (D2); sequence confirmed Figure S1E-H CRISPR This Study
ZSY204 BY4709 Δaps3 CRISPR colony #2 (E2); sequence confirmed Figure 2I; Figure S1E-H, Figure 3A-D, 3H-I; Figure 6C CRISPR This Study
ZSY205 BY4709 Δaps3 CRISPR colony #3 (F2); sequence confirmed Figure S1E-H CRISPR This Study
ZSY206 BY4709 Δapm3 CRISPR colony #1 (D4); sequenced as WT Figure S1A-D CRISPR This Study
ZSY207 BY4709 Δapm3 CRISPR colony #2 (E4); sequenced as WT Figure S1A-D CRISPR This Study
ZSY208 BY4709 Δapm3 CRISPR colony #3 (F2); sequence confirmed Figure 2G; Figure S1A-D, Figure 3J CRISPR This Study
ZSY243 ZSY200 pRS303 integration Figure 3E-F HIS3 integrating Plasmid This Study
ZSY248 ZSY200 pRS303-endo. prom. APS3-Flag integration Figure 3E-F HIS3 integrating Plasmid This Study
ZSY209 BY4709 pCRCT control colony #1 (B8) for APL6 CRISPR strains; sequence confirmed Figure 4C-F; Figure S3 non-targeting CRISPR This Study
ZSY210 BY4709 pCRCT control colony #2 (B9) for APL6 CRISPR strains; sequence confirmed Figure 4B-F; Figure S3 non-targeting CRISPR This Study
ZSY211 BY4709 Δapl6 CRISPR colony #1 (C8); sequence confirmed Figure 4B-F; Figure S3 CRISPR This Study
ZSY212 BY4709 Δapl6 CRISPR colony #2 (C9); sequence confirmed Figure 4C-F; Figure S3 CRISPR This Study
ZSY213 BY4709 Δapl6 CRISPR colony #3 (C10); sequence confirmed Figure 4C-F; Figure S3 CRISPR This Study
ZSY214 BY4709 apl6L117D/I120D CRISPR colony #1 (D8); sequence confirmed Figure 4C-F; Figure S3 CRISPR This Study
ZSY215 BY4709 apl6L117D/I120D CRISPR colony #2 (D9); sequence confirmed Figure 4C-F; Figure S3 CRISPR This Study
ZSY216 BY4709 apl6L117D/I120D CRISPR colony #3 (D10); sequence confirmed Figure 4B-F; Figure S3 CRISPR This Study
Δyck3 BY4741 MATa  Δyck3 ::KanMX4 Figure 5F-G; Figure S5 n/a Yeast Knockout Collection

ZSY216 BY4741/BY4742 Δyck3::KanMX4/Δaps3::NatMX6 Figure 5G mating and sporulation This Study

ZSY217 BY4741/BY4742 Δyck3::KanMX4 Figure 5G mating and sporulation This Study
ZSY218 BY4741/BY4742 WT equivalent Figure 5G mating and sporulation This Study

ZSY219 BY4741/BY4742 Δaps3::NatMX6 Figure 5G mating and sporulation This Study
APL5-TAP BY4741 APL5-TAP Figure 5A-B Kyle Cunningham/Tap Tagged Collection
APL5-AID APL5-TAP APL5-TAP-AID-6XFLAG; OsTIR1::URA3 Figure 5A-E Kyle Cunningham/Snyder et. al. G3. 2019
ZSY223 BY4741 PEP4-ENVY-SpHIS5 Figure 6B Homolo Recomb, PCR Product This Study
ZSY221 BY4741 VPH1-ENVY-SpHIS5 Figure 6D Homolo Recomb, PCR Product This Study

Cryptococcus neoformans 
Strain Parental Strain Genotype/Description Figures Method of Generation Source/Reference
KN99alpha n/a WT for Madhani library deletion library Figure 7A-B n/a Madhani Laboratory Knockout Library
∆apl5 KN99alpha ∆apl5 (CNAG_02468) deletion mutant Figure 7A-B n/a Madhani Laboratory Knockout Library



Plasmids, primers and gblocks  used in Stolp et al.
Plasmid Description/Use Source
p41Nat 1-F GW natMX6 PCR template Addgene 58546
pCRCT CRISPR Vector Addgene 60621
pFA6A-link-GFPEnvy-SpHis5 PCR template for C' terminally tagging genes at endogenous locus Addgene 60782
pCRCT-APS3 disruption insert 8 bp deletion within APS3 by CRISPR and HDR This Study
pCRCT-APM3 disruption insert 8 bp deletion within APM3 by CRISPR and HDR This Study
pCRCT-APL6 disruption insert 8 bp deletion within APL6 by CRISPR and HDR This Study
pCRCT-APL6 L117D/I120D insert substitution mutation in APL6 by CRISPR and HDR This Study
pRS303 HIS integrating vector Susan Michaelis
ZDS100 pRS303-pAPS3 -APS3-FLAG This Study
pRS416-pSNA2 -GFP-SNA2 GFP-SNA2 Expressing vector Pierre Morsomme



Primer Use/Description Sequence
Δaps3 NAT FW Upstream primer for generation of Δaps3::NatMx6 5'-AGATCTGGGTTACAGAGGCCAGAACACATATAACGTTACACAATGGAC ATGGAGGCCCAGAATACC-3'
Δaps3 NAT REV Upstream primer for generation of Δaps3::NatMx6 5'-CTTGACGAACGAAAATAACCATCATCCGATTAATTTGTTTGTTTACAGTA TAGCGACCAGCATTCA-3'
APS3 Primer A v2 FWD primer for APS3 Genotyping 5'-TAGTTCTCATTCAGTCTTTTTTCTTTCTTTTTGAATACGATGG-3'
APS3 Primer D v2 Reverse primer for APS3 Genotyping 5'-CCTGTCAAAAAGAAAGAAAACTCATTCTCTAGACACAGCGAGAT-3'
5' NatMX6 REV 5' insertion genotyping primer for Δaps3::NatMx6 5'-GAAAGAAGAACCTCAGTGGCAAATCCTAACCTTTTATATT-3'
3' NatMX6 FWD 3' insertion genotyping primer for Δaps3::NatMx6 5'-TCAGTACTGACAATAAAAAGATTCTTGTTTTCAAGAACTT-3'
APS3 Primer B 5' WT internal REV genotyping primer for APS3 5'-TTGCTCTAATAGCAGTTTTTGCTTT-3'
APS3 Primer C 3' WT internal FWD genotyping primer for APS3 5'-TGAATTGATTTCTCAAAGGAATAGC-3'
APM3 Primer A v2 FWD primer for APM3 Genotyping 5'-ATGTTGCTAAATATATTTCCAATACTATTTGGAACGCTGTTGGTA-3'
APM3 Primer D v2 REV primer for APM3 Genotyping 5'-TTTTGACTGTTTCCCCTCCTGCCATTCAATTAACTCAAATCACTC-3'
APL6 Primer A FWD primer for APL6 Genotyping 5'-AAGTTACCAAAAGATTCGAAGAGGT-3'
APL6 Primer D REV primer for APL6 Genotyping 5'-TGTATTAGGCTTGACTTTCTTCACC-3'
VPH1-Envy FWD FWD primer for generation of VPH1 C' terminally tagged with 

Envy
5'-ATGGAAGTCGCTGTTGCTAGTGCAAGCTCTTCCGCTTCAAGC GGTGACGGTGCTGGTTTA-3'

VPH1-Envy REV REV primer for generation of VPH1 C' terminally tagged with 
Envy

5'-GTACTTAAATGTTTCGCTTTTTTTAAAAGTCCTCAAAATTTATCGAT GAATTCGAGCTCG-3'

PEP4-Envy FWD FWD primer for generation of PEP4 C' terminally tagged with 
Envy

5'-TACGATTTGGGCAACAATGCGGTTGGTTTGGCCAAAGCAATTGGTG ACGGTGCTGGTTTA-3'

PEP4-Envy REV REV primer for generation of PEP4 C' terminally tagged with Envy 5'-GCAGAAAAGGATAGGGCGGAGAAGTAAGAAAAGTTTAGCTCATC GATGAATTCGAGCTCG-3'

APS3 Endo Prom FWD FWD primer for cloning APS3 under native promoter into pRS303 5'-TAGAACTAGTGGATCTTTCTTTTTTATATTTCTTCTCTT-3'

APS3 FLAG REV REV primer for cloning APS3-FLAG into pRS303 5'-TAGAACTAGTGGATCTTTCTTTTTTATATTTCTTCTCTT-3'



gBlocks Sequence
APS3 disruption CTTTGGTCTCACCAAAACTTGGTATAGTCAATAAGAAATGCCAACCAAGATTAGTGAAATTCTACAGACCTTCCAA

AGCAAAAACTGCTATTAGAGCAAGTATATGAATTGATTTCTCATTAGTGAAATTCTACACGCGTTTTAGAGAGAG
ACCTTTC

APM3 disruption CTTTGGTCTCACCAAAACCTTATTTTCCAGTATCTTTTAGGTGCAACAGCTCCCTCCTTCAAGCACCCGCGTTCAGTC
CACATGTCCTCAATTGCTCGAAGATAGCAGTAGTGATGATCTCCCTCCTTCAAGCACCTGGTTTTAGAGAGAGACC
TTTC

APL6 disruption CTTTGGTCTCACCAAAACAGACTTATTCACCTGTATTTACTTAGATTTGCAGAAAATGACCCAAACCTTATCTATTA
ATTtTCTTCAAAAATCATTGTCTGATTCGAATTCCGAACTGAAGAGAATTAATAGATAACAGTTTTAGAGAGAGAC
CTTTC

APL6 L117D/I120D CTTTGGTCTCACCAAAACAGACTTATTCACCTGTATTTACTTAGATTTGCAGAAAATGACCCAAACCTGACtgatTTA
TCTgatAATTCTCTTCAAAAATCATTGTCTGATTCGAATTAAGAGAATTAATAGATAACAGTTTTAGAGAGAGACC
TTTC


