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Abstract
Saccharomyces cerevisiae share extracellular vesicles for protection from heat stress

Joshua Oliver

Proteostasis is partly dependent on quality control mechanisms to detect unfolded
proteins and either refold or degrade them. These pathways clear toxic unfolded protein
aggregates that appear during aging or under stress for cell survival. However, recent studies
suggest that survival of cell populations also rely on extracellular vesicles (EVs) shared under
proteotoxic stress. EVs are nanosized lipid membrane-bound carriers of complex biomolecules
thought to mediate intercellular communication underlying diverse physiology in humans and

across phyla. However, their contributions to proteostasis remain unclear.

Given that the molecular machinery underlying EV biogenesis is conserved in all
eukaryotes, I reasoned that Saccharomyces cerevisiae (baker’s yeast) may serve as a simple
model to better understand how EVs may circumvent proteotoxicity in molecular detail. I first
optimized methods for isolating and characterizing EVs from yeast by tracking GFP-tagged
Brol, the yeast homolog of ALIX, an established EV biomarker in humans. Using fluorescence
microscopy, I show that yeast cells readily share EVs during mild heat stress, and characterize
morphology, size and protein content using, scanning probe microscopy, dynamic light scattering
and mass spectrometry. Adding these isolated EVs to naive (unstressed) cells protects them from
lethal heat stress. This effect is lost when EVs were collected during osmotic stress or from cells
lacking HSCS82 or SS42, genes encoding protein chaperones that are abundant in EVs. I conclude
that yeast share EVs containing protein chaperones during heat stress to protect against
proteotoxicity for survival, and speculate that EVs may help coordinate proteostasis between

cells in all organisms.
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Chapter 1: Introduction

1.1 Brief overview of extracellular vesicle physiology

Intercellular communication is a fundamental biological process required for homeostasis
of prokaryotic and eukaryotic organisms (Brown et al., 2015; Coelho et al., 2019). In the past
few decades, extracellular vesicles (EVs) have emerged as important contributors; however, their
physiology remains enigmatic. EV is an umbrella term that defines diverse populations of
released lipid-bound vesicles, which differ on the basis of their origin and size. EVs are
categorized as ectosomes, exosomes, or apoptotic bodies (Freitas et al., 2019). In brief,
ectosomes (or microvesicles) are products of outward budding of the plasma membrane that are
released into the extracellular milieu, with diameters ranging between 100 to 1,000 nm (Wu et
al., 2017). Exosomes range between 30 to 200 nm in diameter and are derived from endosomal
membranes by coordinated activities of ESCRTS, endosomal sorting complexes required for
transport (Freitas et al., 2019; Wu et al., 2017). Finally, apoptotic bodies are generated during the
disassembly of apoptotic cells and are 500 to 1,000 nm in diameter (Maas et al., 2018).
Regardless of type, the principle function of EVs is to sequester and export macromolecules
including lipids, proteins, nucleic acids, and carbohydrates into the extracellular space (Oliveira

et al., 2010; Kutralam-Munisamy et al., 2015; Toledo Martins et al., 2018) (Figure 1).

EVs were originally described as ‘pro-coagulant platelet derived particles’ by Chargaff
and West in 1946 when investigating thromboplastic activators within mammalian tissue
(Chargaff et al., 1946). In 1967, Peter Wolf observed similar structures following centrifugation
of intact platelets which he termed ‘platelet dust’ (Wolf, 1967). In the same decade, bacterial
EVs were first described whereby Escherichia coli, was reported to ‘pinch off” EVs from the
outer membrane sequestering periplasmic elements; these EVs were termed outer-membrane
vesicles (OMVs) (Brown et al.,, 2015). Further analysis of OMVs showed these vesicles
encapsulate diverse cargo such as; virulence factors, DNA, RNA and immunogenic factors
involved in biofilm formation, viral propagation, antibiotic resistance and colonization of host
tissues (Brown et al., 2015). Similar studies on Gram-positive bacteria were avoided because
researchers initially believed their cell walls may physically impede EV release. However, EVs
derived from fungal species that possess cell walls were reported in the early 1970s. Images of
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the pathogenic fungi Cryptococcus neoformans by freeze-etching electron microscopy captured
intracellular compartments filled with intralumenal vesicles (ILVs) called, multivesicular bodies
(MVBs), appearing to fuse with the plasma membrane to presumably release their contents as
EVs (Takeo et al., 1974). Transmission electron micrographs of Candida albicans taken later,
also suggested EV production via direct budding from the plasma membrane (Anderson et al.,
1990). These and other early discoveries demonstrate that EV biogenesis and release seems to be

evolutionary conserved among all studied prokaryotic and eukaryotic organisms.

Once released into the extracellular space (interstitial fluid, blood, urine, or the
environment), EVs are thought to be recognized by specific cell communities, where their cargo
is internalized and elicits diverse responses, depending on composition and target tissue. For
example, mammalian EVs are conductors of angiogenesis, glia-neuron communication, tissue
development, and metastasis (Wu et al.,, 2017). Additionally, EVs mediate inter-species or
organismal communication. For example, EVs harvested from pathogenic fungi such as C.
neoformans, C. albicans or Paracoccidioides brasiliensis were shown to drive changes in
mammalian cell gene expression or prevent host immune cell activation (Nimrichter et al., 2016;
Freitas et al., 2019). Thus, in all, fungi seem to be great models to study general EV biology in
context to underlying molecular mechanisms, eukaryotic cell physiology, and infectious disease

(Figure 1).

1.2 EV biogenesis
1.2.1 The ESCRT - dependent biogenic pathway

ESCRTs represent a sequentially acting series of evolutionary conserved multi-protein
complexes that drive exosome (a subclass of EVs) biogenesis and supposedly select membrane
and lumenal cargo protein composition (Wubbolts et al., 2003; Mears et al., 2004; Gatti et al.,
2005; Albuquerque et al., 2008; Rodrigues et al., 2008; Panepinto et al., 2009; Choi et al., 2014;
Wang et al., 2019). Endosomes within eukaryotic cells undergo MVB maturation in which four

ESCRT complexes (ESCRT-0, I, II, III), accessory proteins (Brol, Doa4) and ATPase complex



(Vps4) are sequentially recruited to the cytoplasmic face of the endosomal membrane where they
drive cargo protein selection and ILV formation (Hessvik et al., 2018). In Saccharomyces
cerevisiae, ESCRT-0 initiates the exosome biogenesis pathway and is composed of Hsel and
Vps27 (Vacuole Protein Sorting) (Hurley et al., 2010). When recruited to endosomal membranes,
the ubiquitin binding domains (UBD) of both subunits recognize and bind ubiquitylated cargo
proteins. ESCRT-0 then recruits ESCRT-I complex, consisting of Vps23, Vps28, Vps37 and
Mvb12 by interacting with Vps23 (Wollert et al., 2009; Wollert et al., 2010; Hurley et al., 2010).
Vps23 and Mvbl12 both possess UBDs and Vps28 associates with ESCRT-II, comprised of
Vps22, Vps25 and Vps36 via interaction with subunit Vps36 (Katzmann et al., 2001;
Kostelansky et al., 2007; Hurley et al., 2010). Vps36 then engages ubiquitylated cargoes while
Vps25 recruits ESCRT-III through its interaction with Vps20 (Alam et al., 2004; Hurley et al.,
2010).

The final stages of exosome biogenesis involve cargo sequestration and ILV formation;
driven by ESCRT-III comprised of Snf7, Vps20, Vps24, and Vps2. Snf7 drives cargo
sequestration and interacts with the accessory protein Brol to stabilize ESCRT-III ensuring
sufficient cargo loading prior to membrane scission (Wemmer et al., 2011). Brol also recruits
the deubiquitylase Doa4 that removes ubiquitin from cargo (Johnson et al., 2017; Buysse et al.,
2020). Brol is of particular interest because it is homologous to ALIX (Apoptosis-Linked gene
2—Interacting protein X), an established mammalian exosome biomarker due to its lumenal
enrichment specifically within these vesicle subtypes (Mears et al., 2004; Subra et al., 2007,
Baietti et al., 2012; Colombo et al., 2013; Yang et al., 2017). Finally, after cargo loading into
membrane invaginations encircled by ESCRT-III the Vps4 AAA+ ATPase complex is recruited
via Vps2, driving final membrane scission and catalyzing ESCRT disassembly for additional
rounds of ILV formation (Babst et al., 2002; Teis et al., 2008). Perimeter membranes of mature
MVB:s filled with hundreds of ILVs then fuse with the plasma membrane releasing the I[LVs as

exosomes into the extracellular space.

Although the basis of EV biogenesis remains enigmatic, numerous reports suggested that
EVs resembling exosomes can be made without ESCRTs. In S. cerevisiae, EVs continue to be

secreted in the absence of ESCRT components: deleting HSE! (ESCRT-0), VPS23 (ESCRT-I),



VPS36 (ESCRT-II), VPS2 (ESCRT-III) or BROI did not inhibit exosome biogenesis, nor did it
reduce effects of EVs on recipient cell survival following antifungal treatment (Zhao et al.,
2019). Of these, only some mutations seemed to reduce total EV secretion (VPS2A, VPS23A),
and in all cases the majority of EVs secreted from ESCRT mutants had diameters between 30 -
150 nm, the size of exosomes, although proportionally more large EVs (150 - 500 nm) were
observed compared to wild-type cells (Zhao et al., 2019). However, proteomic analysis of
isolated EVs revealed that cargo protein content in samples from most ESCRT mutants was
different than from wild-type cells. Similar observations were made when SNF'7, which encodes
key component of ESCRT-III, was deleted (Oliveira et al., 2010). Together, these studies suggest
that exosomes likely represent at least two EV populations, derived from ESCRT —dependent or
—independent processes, that contain different cargo proteins. Thus, EV biosynthesis is not

entirely understood in molecular detail warranting further study.

1.3 Fungal EV physiology

Nearly all studies on yeast EV biology address possible roles in virulence when released
by pathogenic fungi. This reasoning was originally based on the realization that mammalian EVs
seem critical for priming and coordinating cellular activities underlying innate and adaptive
immune responses. For example, antigen-specific T cells release EVs containing genomic and
mitochondrial DNA that are delivered to dendritic cells (DCs) causing changes in expression of
> 1,600 genes including those required for activation of antimicrobial activity (e.g. the interferon
(IFN) type I pathway) (Torralba et al., 2018). Similarly, EVs derived from macrophages infected
with Mycobacterium bovis (bacillus Calmette-Guérin) stimulate the activation and proliferation
of T-cells and IFN-y production (Giri et al., 2008). It is now thought that many fungal pathogens
release EVs that target these mechanisms to regulate virulence, in part, by controlling the host

immune system.

The first extensive study of fungal EVs was conducted in 2007 using C. neoformans, an
opportunistic fungal pathogen that is responsible for causing cryptococcosis, an infectious

disease characterized by the fungal colonization of the respiratory system and dissemination to



the central nervous system in either immunocompromised or immunocompetent hosts (Perfect et
al., 2014). Through sterol analysis, it was shown that the lipid bilayer of C. neoformans EVs was
primarily enriched in ergosterol, phosphatidylcholine (PC) and virulent factors glycosphingolipid
glucosylceramide (GlcCer) and glucuronoxylomannan (GXM) (Chang et al., 1998; Chang et al.,
1999; Ritterhaus et al., 2006; Yoneda et al., 2006; Rodrigues et al., 2007; Oliveira et al., 2009,
Nimrichter et al., 2011). Supporting evidence showed C. neoformans-derived EVs increased
surface expression of immune cell adhesion receptor CD44 upon interaction with human brain
microvascular endothelial cells (Huang et al., 2012). Cryptococcus gattii, also a causative agent
of human cryptococcol disease, releases EVs which seem to mediate a ‘division of labour’
mechanism which pertains to coordination between fungal cells to enhance dissemination within

host macrophage cells (Bielska et al., 2018).

When internalized by bone marrow—derived murine macrophages or dendritic cells, EVs
secreted from the human commensal fungus C. albicans stimulate NO production in a dose-
dependent manner (Zarnowski et al., 2018). Prolonged incubation of host cells with these EVs
seems to drive production of distinct cytokine profiles: RAW 264.7 macrophages exposed to
these EVs showed low production of IL-10 and TGF-p and elevated IL-12 production, whereas
bone marrow—derived murine macrophages exhibit increased levels of IL-10, IL-12p40 and
TNF-a (Vargas et al., 2015). Together, these results suggested that EVs may contribute to C.

albicans infection by modulating host immune cell function.

EVs collected from Paracoccidioides brasiliensis (the fungal pathogen that causes
paracoccidioidomycosis, a systemic mycosis endemic in Latin America), when added to
J7774A.1 macrophage cells, drive production of proinflammatory cytokines (NO, IL-12p40, IL-
12p70, IL-6, TNF-0) as well as promoting polarization of M2 ‘non-protective’ macrophages to
M1 ‘protective’ macrophages. This suggested that, in tandem with differentiation, these EVs
stimulate the fungicidal activity of macrophages, a critical aspect of the host defense strategy (da

Silva et al., 2016).



Proteomic analyses of EVs isolated from Histoplasma capsulatum (the fungal pathogen
causative of histoplasmosis, another endemic in developing Latin American countries) revealed
enrichment in chaperone-associated proteins, such as Hsp60, which was shown to bind CDI18
receptors on the surface of host macrophages (Lysangela et al., 2019). Interestingly, these EVs
are highly immunoreactive with sera from patients diagnosed with histoplasmosis (Albuquerque
et al., 2008), and when added to bone marrow-derived macrophages, they trigger phagocytic and
fungicidal activity exhibited by patient phagocytes, further supporting the pathogenic nature of

these EVs and their cargo proteins.

Overall, these and other studies collectively demonstrate that fungal EVs play critical
roles in immunomodulation and pathogenecity. However, most aspects of fungal EV biogenesis,
release, recognition, uptake, cargo delivery and bioactivity are not understood in molecular
detail. Further dissection of yeast EV physiology will inevitably provide further insight into
pathogenesis, and possibly lead to development of new strategies for therapies or to control

spread of infection.
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Figure 1. EVs are complex mediators of intercellular communication

(A) Cartoon illustrating both interspecies and intraspecies trafficking of fungal EVs. EV
biogenesis occurs through either ESCRT-dependent processes or ESCRT-independent processes
(7). Bioactive cargo is sequestered within the lumenal space of vesicles or oriented on the
vesicular membrane surface. Cell-cell communication occurs via either internalization of EVs or
through direct membrane fusion with the neighboring cell (?) in which the physiological

outcome is dependent on EV cargo composition and recipient cell type.



1.4 Saccharomyces cerevisiae — model organism to study EV physiology

To better understand fungal EV biology, I reasoned that the non-pathogenic yeast S.
cerevisiae would serve as an outstanding model to explore this phenomenon in molecular detail.
This is because it has been used successfully and extensively to glean mechanistic insight into
numerous fundamental cellular processes including key contributors to proteostasis, e.g. the
ubiquitin proteasome system, ESCRTs and the canonical heat stress response (Verghese et al.,
2012; Feyder et al., 2015). In addition, due to its genetic tractability and low-cost culturing
methods, this organism has been used to bio-manufacture recombinant cyclic peptides for
therapeutic applications, such as insulin (Bacon et al., 2020). Despite these advances, the

contributions of EVs to S. cerevisiae physiology remains largely enigmatic.

Although their purpose is largely unexplored, exosomes and other EVs are released by S.
cerevisiae, a subpopulation of which seems to be made by ESCRTs (Zhao et al., 2019). Limited
proteomic studies suggested these EVs contain homologous proteins to those in EVs collected
from fungal pathogens or humans, suggesting that key elements of EV biology are conserved
(Vallejo et al., 2012; Yang et al., 2017). To date, there are only a few reports of EV function in S.
cerevisiae. The first suggests a role in cell wall homeostasis (Zhao et al., 2019): two enzymes
critical for maintaining cell wall integrity (chitin synthase and 1, 3-B-glucan synthase) present in
EV fractions were proposed to help mediate trans-cell wall EV passage after release and were
hypothesized to be recognized and taken up by neighboring cells with defective cell walls to
promote cell wall biogenesis and survival (Zhao et al., 2019). Low doses of the antifungal drug
caspofungin, which targets and weakens cell walls to kill yeast, promotes EV release suggesting
S. cerevisiae cells may use them for drug-resistance within the population through two
mechanisms: by sharing cargo to promote survival, or as an ‘EV decoy’ that bind and sequester
the antifungal agent (Zhao et al., 2019). This finding also demonstrates that S. cerevisiae cells

share EVs upon stress, a function conserved in mammals (Bewicke-Copley et al., 2017).

Mammalian EVs have been shown to be key players in the intercellular spreading of
proteinaceous infectious particles (prions), including those associated with neurodegenerative

diseases (Saa et al., 2014; Cerevenakova et al., 2016). Consistent with these findings, S.



cerevisiae cells secrete EVs containing the translation termination factor and classic prion
protein, Sup35 in its priogenic state (Kabani et al., 2015). These EVs are internalized by
recipient cells where they release Sup35 triggering self-sustained aggregation in the cytoplasm,
which in turn reduces free pools of Sup35 suppressing translation of downstream transcripts that
alter cell metabolism (Liu et al., 2016; Wickner, 2016). To prevent toxic aggregation of Sup35 or
to revert cells to their original metabolic state, it was shown that protein chaperones involved in
the canonical heat stress response, such as ribosome-associated Hsp70s, bind to and dissolve
prion protein aggregates (Chernoff et al., 1999). In support, elevated expression of other heat
shock proteins (e.g. Hsp40, Hsp90 and Hsp104) prevented Sup35 prion aggregate formation. On
the contrary, absence of these protein chaperones lead to persistent protein misfolding and
further imbalance in the cell’s functional proteome (Wickner, 2016). Interestingly, these protein
chaperones are some of the most abundant cargos enriched in EVs across phyla (De Maio and
Vazquez, 2013). However, their roles in prion handling or proteotoxicity by EVs have not been
explored in any detail in yeast or mammalian cells. To address this, I hypothesize that perhaps

EVs are critical mediators of proteostasis in S. cerevisiae populations (Figure 2).

1.5 Thesis summary

To test this central hypothesis and better establish S. cerevisiae as a model to study EV
biology, I first developed and optimized methods for (1) isolating EVs released from yeast in
liquid culture under acute stress using ultracentrifugation or filtration, (2) conditioning S.
cerevisiae cells to heat stress (that induces proteotoxicity) under conditions that better mimic
nature and facilitates efficient intercellular communication using a simple colorimetric assay to
assess cell viability, and (3) tracking yeast EVs using GFP tagged to Brol, the presumed
ortholog of ALIX, an established marker of mammalian EVs, using fluorometry and

fluorescence microscopy.



With new methods in hand, I show that subjecting yeast cells to mild heat stress (42°C,
30 minutes) is sufficient to protect them from subsequent application of a stronger lethal heat
stress. During the conditioning period, I find that cells readily release (and take up) Brol-GFP
positive particles, which I isolated from the extracellular medium. Analysis of these Brol-GFP
positive fractions by quasielastic light scattering (QELS) and atomic force microscopy (AFM)
show that they contain nanosized vesicles with diameters averaging 110 nm, characteristic of
exosomes. Adding these isolated exosomes to naive, untreated yeast cells confers protection

from lethal heat stress, in a dose-dependent manner, confirming involvement in this response.

Repeating this experiment with recipient cells lacking END3 abolished protection
suggesting that uptake of EVs by endocytosis is necessary. Adding EVs collected during osmotic
stress did not protect wild-type cells against lethal heat stress, suggesting cells release different
EV populations tailored to unique stress responses. In support, proteomic analysis of these two
EV populations revealed different protein content. Notably, two key protein chaperones, Ssa2
and Hsc82, seemed to be enriched in EVs isolated only during heat stress. When I collected EVs
from cells missing HSC82 or SSA42, I found that they no longer conferred protection against heat

stress when added to wild-type cells, indicating that they likely contribute to this response.

In all, T conclude that S. cerevisiae seems to share EVs containing protein chaperones to
protect against proteotoxicity triggered by heat stress. I speculate that this may represent an
altruistic mechanism for population survival, and discuss how this process contributes to
intercellular prion spread. Finally, this work helps establish S. cerevisiae as a model to better
understand the roles of EVs in proteostasis, and the underlying mechanisms responsible for

fungal EV biology applicable to infectious disease.
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Figure 2. EVs confer protection against lethal heat stress

(A) Working model showing cells subjected to heat stress selectively sorting heat shock proteins
into the lumen of intralumenal vesicles (ILVs); an endosomal sorting complex required for
transport (ESCRT) driven process along with accessory protein Brol (yeast ALIX homolog) — an
exosomal biomarker, and the subsequent formation of membrane bound endocytic compartments
to which sequester these ILVs — referred to as multivesicular bodies (MVBs). MVBs then
undergo fusion with the plasma membrane in which ILVs are released into the extracellular
milieu; it is at this stage where ILVs are recognized as exosomes. These exosomes shuttle HSPs
to adjacent recipient cells and following endocytosis, release their contents into the cytosol of the

recipient cell and promote a pro-survival response.

11



Chapter 2: Materials and Methods
2.1 Yeast strains and reagents

All Saccharomyces cerevisiae strains used in this study are listed in Table 1. Reagents for
yeast growth, EV isolation and imaging or biochemical assays were purchased from Thermo

Scientific, BioShop Canada Inc., Invitrogen and Sigma-Aldrich.

2.2 EV isolation by ultracentrifugation

In brief, yeast strains were grown for 8 hours at 30 °C in 15 mL of yeast peptone dextrose
(YPD) medium. The ODgppnm/mL was measured and approximately 0.5 ml of pre-culture was
added to 1 L YPD medium, which was then incubated for 17 hours at 30 °C bringing the final
culture ODgponm/ml to ~ 6. Yeast cells were harvested at 3500xg for 10 minutes and the pellet
was subjected to mild, sublethal heat stress, which includes incubation at 42 °C for 15 minutes,
resuspension in 30 mL of phosphate buffered saline (PBS, pH 7.4), and incubation at 42 °C for
an additional 15 minutes. The cell suspension was then centrifuged at 5,000xg for 15 minutes at
4 °C, and the supernatant (containing the extracellular medium) was collected and then
centrifuged at 15,000xg for 15 minutes at 4 °C to clear it of cellular debris. The supernatant was
then filtered (0.22 um pore size; Corning Inc.) and centrifuged at 100,000xg for 60 minutes at 4
°C to sediment EVs. The pellet was resuspended in 100 pl pre-cooled PBS (4 °C) and stored on
ice prior to further characterization. Protein concentration of EV fractions was determined by
Bradford assay, using bovine serum albumin (BSA) to generate standard curves and absorbance

was measured at 595nm using a multimode plate reader (Synergy H1, Biotek).

2.3 EV isolation by polyethylene glycol (PEG) - based precipitation

Yeast cells were grown, harvested, and subjected to mild heat stress, and the extracellular
medium was collected and filtered as indicated above (for EV isolation by ultracentrifugation).
To collect EVs, instead of ultracentrifugation, PEG was added to 30 mL of clarified extracellular
medium bringing its final concentration to 10%; the preparation was mixed by inversion, and

then incubated overnight at 4 °C. Mixture was then centrifuged at 3,200xg for 60 minutes at 4
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°C to sediment EVs. The pellet was resuspended in 100 pl pre-cooled PBS (4 °C) and stored on

ice prior to further characterization.

2.4 Yeast cell viability assay

Yeast cells were grown in 5 mL synthetic complete (SC) medium for 16 — 18 hours at 30
°C, sedimented by centrifugation at 3500xg for 1 minute, and resuspended in 1mL of fresh SC
medium. Cell density (ODgoonm/mL) was measured, cultures were back-diluted to OD = 20 using
fresh SC medium to a final volume of 3 mL, and then incubated at 30 °C (CTL) or 42 °C
(sublethal heat stress) for 30 minutes. During this time, some yeast cell cultures were treated
with 1 pg of EVs isolated from a separate yeast culture (containing “donor” cells) as described
above. Cultures were then subjected to lethal heat stress (50 °‘C, 30 minutes), cells were
sedimented, washed once with SC medium, and resuspended in 100 pL of SC medium prior to
addition of 100 pL 0.1% (w/v) methylene blue solution. After incubation for 5 minutes at room
temperature, cells were transferred to glass coverslips and imaged under ambient light using a
Nikon Eclipse TiE inverted epifluorescence microscope equipped with a 40 X objective lens
(Nikon CFI Plan Apo Lambda 0.95 NA), DIC optics, and a color CMOS digital camera (Nikon
DsRi2, 4908 x 3264 pixels). Dead methylene blue positive (MB+) and live unstained cells were
counted manually using Image] software to calculate culture viability. At least three biological
replicates (separate yeast cultures on different days) were conducted, and > 200 cells were

analyzed using > 5 micrographs for each condition.

2.5 Live cell fluorescence microscopy

To assess EV secretion, live yeast cells were stained with FM4-64 to label vacuole
membranes using a pulse-chase method described previously (Brett et al., 2008). Cells were
incubated for 1 hour at 30 °C in YPD medium containing 3 pM FM4-64 and then sedimented by
centrifugation at 3500xg for 1 minute. The cell pellet was washed with 1 mL PBS, and then
incubated in the absence (CTL) or presence of sublethal heat stress (42 °C for 30 minutes). The
pellet was resuspended in 100 pL. PBS and imaged using a Nikon Eclipse TiE inverted

microscope equipped with a motorized TIRF (Total Internal Reflection Fluorescence)
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illumination unit, Photometrics Evolve 512 EMCCD (Electron Multiplying Charge Coupled
Device) camera, Nikon CFI ApoTIRF 1.49 NA X 100 objective lens, and 488 nm or 561 nm 50
mW solidstate lasers operated with Nikon Elements software. Cross sectional images were
recorded 1 pm into the sample. At least three biological replicates were conducted, and > 300

cells were analyzed using > 10 micrographs for each condition.

For EV uptake, yeast cells were grown in 5 mL synthetic complete (SC) medium for 16 —
18 hours at 30 °C, sedimented by centrifugation at 3500xg for 1 minute, and resuspended in 1
mL of fresh SC medium. Cell density (ODgoonm/mL) was measured, cultures were back-diluted to
OD = 0.1 using fresh SC medium to a final volume of 1 mL (Zhao et al., 2019). Cells were then
resuspended in calcofluor white (Fluorescent Brightener 28-Sigma, F3543) solution (1 mg of
calcofluor white dissolved in 1 mL of 100 mM Tris, pH 9.5, filter sterilized) and incubated at
room temperature for 20 minutes in order to label cell wall. Cell suspension was washed in 1 mL
SC and resuspended in 80 uL of SC. EV fractions were diluted to a concentration of 0.1 pg/uL
in pre-cooled PBS. 10 pL of diluted cells, 10 pL of diluted EV fractions and 80 pL of SC
incubated for 30 minutes in the absence (CTL) or presence of sublethal heat stress treatment at
42 °C for 30 minutes and imaged as above. At least three biological replicates were conducted,

and > 100 cells were analyzed using > 10 micrographs for each condition.

2.6 EV characterization by fluorometry and quasi-elastic dynamic light scattering (QELS)

GFP fluorescence (Aex = 488 nm; Ay = 510 nm) was measured after transferring 100 puL of
EV samples to a black 96-well conical-bottom microtiter plate using a fluorescence multimode
plate reader (Synergy H1, Biotek). To measure size by QELS, EV fractions were diluted (1:5) in
PBS to reach a final volume of 100 pL and loaded into a QS 1.50 mm quartz cuvette. Using a
DynaPro-Microsampler (Wyatt Technology), particle size analysis was conducted at 4 °C and
laser power was manually adjusted to acquire a count rate of > 1 million. Size distribution
profiles were examined using Dynamics 6.7.7.9 analysis. At least three biological replicates were

conducted and the average diameter was measured by 100 consecutive acquisitions per sample.
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2.7 Atomic force microscopy (AFM)

EVs isolated from yeast cells expressing Brol-GFP were diluted (1:5) in PBS to a final
volume of 100 pL, added to freshly cleaved mica sheet (Ted Pella Inc), and airdried. 1% triton
(Anapoe) X-100 (Anatrace) was added to some samples to help determine if observed particles
were membrane-bound. Using a multimode AFM (Veeco Metrology Instruments) configured
with a 10X objective lens (Nikon ), charged-coupled device (CCD) camera and scanning probe
controller (Nanoscope 3a with a Quadrex Extender), images of samples were then captured with
Nanoscope v5.30 acquisition software. Specifically, samples were scanned in air by tapping
mode AFM using a silicon AFM probe (Tap300AI-G) with a resonant frequency of 300 kHz and
force constant of 40 N/m (Budget Sensors). Scanning rate was fixed at 1.00 Hz, and amplitude
set—point was adjusted to 75% of the pop-off voltage for medium tapping. Image analysis was
conducted using NanoScope v1.5 analysis software. Each sample was imaged at least three times
(technical replicates) and at least three EV samples from different yeast cultures (biological

replicates) were examined.

2.8 Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

For proteomic analysis by LS-MS/MS, EV fractions (2 pg) isolated from yeast expressing
Brol-GFP during sublethal heat stress or osmotic stress were resolved by SDS-PAGE, gels were
stained with Coomassie Brilliant Blue R-250 (BioShop) to visualize protein samples that were
excised. Gel pieces were then added to 200 pL 50 mM NHsHCO; containing 10 mM
dithiothreitol (DTT; a reducing agent) and incubated for 30 minutes at room temperature. 200 pL
50 mM NH4HCOj; containing 50 mM iodoacetamide (for alkylation) was added, and the sample
was incubated for 30 minutes at room temperature. Reduced and alkylated gel pieces were then
washed at room temperature with 50 mM NH4HCO; for 15 minutes, 25 mM NH4HCO;
containing 5% acetonitrile (ACN) for 15 minutes, 25mM NH4HCO; containing 50% ACN for 30
minutes (twice), and 100% ACN for 10 minutes. Gel pieces were then dried at 43 °C by Speed
Vac (Savant) and rehydrated in 25 mM NH4HCO; containing porcine pancreas trypsin (Sigma
Aldrich) for 12 — 14 hours at 30 °C. Digested peptides were then extracted by incubating samples
with 60% ACN containing 0.5% formic acid. Extracted peptides were dried at 43 °C by Speed
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Vac and stored at -20 °C. Samples were resuspended in 10 pL. 5% methanol containing 0.1%
trifluoroacetic acid (TFA) and analyzed by LC-MS/MS using a Thermo LTQ Orbitrap Velos
mass spectrometer with a nano-spray ion source confiigured with Thermo EASY nLC II liquid
chromatography system at the Centre for Biological Applications of Mass Spectrometry
(CBAMS) at Concordia University. At least two biological replicates were conducted per

condition.

2.9 Data analysis and presentation

Micrographs and GFP fluorescence intensity profiles were processed using Imagel

software and Adobe Photoshop CC.

GFP intensity measurements shown in Fig. 3C were generated using the Imagel] Cell
Counter plugin. Micrographs were quantified by calculating relative intracellular GFP
fluorescence. Prior to quantification, background fluorescence was subtracted and GFP
fluorescence intensities were determined using a 4x4 pixel region of interest to measure mean

GFP fluorescence of the cells.

GFP location measurements shown in Fig. SA were generated using the ImageJ Cell
Counter plugin. Micrographs were quantified by counting the total number of cells and the

number of cells where the GFP fluorescence was detected on the intracellular puncta.

For cell viability assays, proportion of positively MB stained cells (dead) in Figs. 3AB,
6A-E, 7D, 9B and S2A were manually counted using the Image] Cell Counter plugin.
Micrographs were quantified by counting the total number of cells and the number of cells

stained with MB (dead).

Mass spectrometry data was analyzed using Proteome Discoverer 2.4 software (Thermo
Scientific). Of the total 543 proteins identified in this study, acquired data was compared to
Vesiclepedia (Version 3.1, 2017) to assess overlap of previously conducted EV protein
enrichment analyses experiments. Venn diagrams were generated using functional enrichment

software FunRich (Version 3.1.3, 2020). Protein abundances were calculated and normalized by
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consensus workflow nodes: precursor ions quantifier node and reporter ions quantifier node as

programmed in the proteome software.

Data are reported as mean =+ S.E.M. Comparisons were calculated using Student two-
tailed t-test; P- values are indicated and P < 0.05 suggests significant differences. An experiment
is defined as a sample prepared from a separate yeast culture on different days. Micrographs

were processed using ImageJ and Adobe Photoshop CC software.
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Table 1. 5. cerevisiae strains used in this study

Strain Genotype Source
BY4741 MATa his3-AT leu2-AQ metid- Huh et al., 2003
A wura3-Ad
Brol-GFP BY4741, Brol-GFP:: His3MX This study
chslA BY4741. chsl:: EanMYX This study
end3A BY4741, end3A:: KanMX This study
hisc82A BYATA1, hsc82A:: KanMX This study
s5a2A BYA4T41, ssaZA:: KanMX This study
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Chapter 3: Results

3.1 EVs are released from S. cerevisiae when conditioned to heat stress

Previous reports demonstrated that fungal EV shuttling is increased in densely grown cell
cultures (Rodrigues et al., 2019). Moreover, EVs derived from heat stressed epithelial cells
enhanced the ability of naive (unstressed) recipient cells to survive subsequent heat stress
treatment suggesting EVs possess prosurvival information (Bewicke-Copley et al., 2017). Given
that EV intercellular communication is evolutionary conserved, I first tested the hypothesis that
growing S. cerevisiae cell cultures in high density and subjecting these cells to sublethal heat
stress would enhance EV-mediated communication which would assist in maintaining cell
viability. As predicted, after 30 minutes at 42 “C (sublethal) high density cell cultures (6x10"
cells/mL), cell viability did not significantly differ from cell cultures incubated for 30 minutes at
30°C (control temperature) (Figure 3A and B). To begin testing the central model (Figure 2), |
hypothesized donor yeast cells under milder (sublethal) heat stress release EVs and enable
recipient cells to better mitigate the deleterious effects induced by subsequent extreme (lethal)
heat stress. To test this, high density cell cultures were subjected to sublethal heat stress for 30
minutes followed by another 30 minute incubation period at 50 “C (lethal). I found that cell
viability significantly differed from cell cultures incubated for 30 minutes at 50 °C (lethal) alone
(Figure 3A and B). These data suggested the involvement of a protective mechanism, however,

it still remained unclear if EV spread was the direct contributor of this effect.

Because mammalian EVs have been implicated in proteotoxicity in heat stress conditions
(Asai et al., 2015; Bewicke-Copley et al., 2017), we next tested the hypothesis that S. cerevisiae
release EVs during mild, sublethal heat stress. Because ALIX is considered an established
biomarker of EVs by the research community (Théry et al., 2018), I used its yeast ortholog,
Brol, tagged to GFP to track EVs in populations of S. cerevisiae. Brol-GFP is present at MVBs
within cells, where it contributes to ILV (exosome) biogenesis, and gets entrapped in newly
formed EVs, allowing us to follow them from synthesis within donor cells, to release into the

extracellular medium, to consumption after uptake by recipient cells.

19



Using highly inclined laminated optical sheet (HILO) fluorescence microscopy, I first
imaged Brol-GFP within live donor yeast cells (Figure 3C). As expected, Brol-GFP localized
to multiple puncta near vacuoles (stained with FM4-64), reminiscent of MVBs filled with newly
formed EVs (Karim et al., 2018). Next, I subjected cells to sublethal heat stress (42 ‘C) and
found fewer puncta and less Brol-GFP fluorescence within cells after 30 minutes (Figure 3C
and D). Loss of Brol-GFP signal within cells suggested that either the protein was degraded or
MVBs fused with the plasma membrane releasing EVs containing Bro1-GFP.

To explore the latter possibility, I used differential ultracentrifugation to isolate EVs from
the extracellular medium collected from yeast cultures. Originally, I attempted to use existing
protocols (Rodrigues et al., 2019), but EV yields were incredibly low preventing further
characterization. Moreover, previous studies only collected EVs released from (unstressed) cells
during culture growth for 16 — 41 hours, which if replicated would not render EVs exclusively
released during stress. Thus, after substantial trial and error, I optimized a new method to isolate
EVs released only during 30 minutes, with or without sublethal heat stress, and at yields
sufficient for characterization (Figure 3E). After collecting EV fractions from stressed and
unstressed cells, I detected significantly higher protein concentration (Figure 3F) and higher
Brol-GFP fluorescence (Figure 3G) when heat stress was applied, as determined by Bradford
assay and fluorometry, respectively. This suggested that under sublethal heat stress, Brol-GFP

labeled EVs are released from donor cells into the extracellular medium.
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Figure 3. Sublethal heat stress stimulates Brol-GFP release from live yeast cells

(A) Light micrographs of wild-type cells stained with methylene blue to assess cell death. A
sublethal heat stress preconditioning treatment involved a 30 minute exposure at 42 °C, followed
by a 30 minute recovery growth period at 30 °C. Lethal heat stress (50 °C for 30 minutes) was
applied after the preconditioning period. (B) Using micrographic shown in A, the proportion of

methylene blue-negative cells (viable) from all cells imaged was calculated (n



Fluorescence micrographs of live wild-type yeast cells expressing GFP tagged Brol stained with
FM4-64 to label vacuole membranes after treatment without (control) or with sublethal heat
stress. (D) Using micrographic data shown in C, total cell GFP fluorescence was measured (n >
120 cells per condition). (E) Schematic of EV isolation protocol. (F, G) EVs isolated after 30
minutes with or without heat stress were analyzed by Bradford assay (to assess total protein
concentration, F) and fluorometry (to assess Brol-GFP levels, G) (n = 3). Mean = S.E.M. and P-

values from two-tailed Student t-tests are shown. Scale bars, 1 um.

3.2 Dimensional characterization and visualization of yeast EV fractions

EVs are a heterogeneous population of membrane-bound particles released from
eukaryotic cells, which are classified primarily by size (Wu et al., 2017). With this in mind, I
aimed to confirm that extracellular fractions collected from S. cerevisiae during heat stress
contained membrane-bound vesicles, and that they are exosomes based on size, as inferred by the
presence of Brol-GFP. I first used atomic force microscopy (AFM) to visualize EV fractions, as
individual exosomes (30 — 150 nm diameter) are too small to be discerned by light microscopy,
and AFM was successfully used to determine size and composition of EV populations derived
from human cells (Sharma et al., 2018). I found that fractions collected under heat stress showed
an abundance of circular features 30 — 80 nm in diameter (Figure 4A). I next treated samples
with the detergent Triton X—100 (1 %) to dissolve lipid membranes, and predicted to observe no
features if they represent EVs. As expected, no discernible circular features were observed in the
presence of detergent (Figure 4B), suggesting that they represent membrane-bound EVs in the

size range of exosomes.

Isolation by ultracentrifugation may crush or fragment vesicles, possibly leading to
inaccurate assessments of structure and size (Konoshenko et al., 2018). Thus, I repeated this
experiment using an alternative method for EV isolation that involved gentle precipitation with
10 % PEG, avoiding exposure of samples to potentially damaging centrifugal force and reducing
possible contamination by soluble protein complexes (Rider et al., 2016). Upon imaging these

samples by AFM, I observed similar, but less abundant, circular features that disappear upon
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Triton X-100 treatment (Figure S1). This suggested the presence of EVs in the extracellular

medium collected from yeast exposed to heat stress.

Although AFM is an accepted method to visualize individual nano-sized vesicles, a
drawback is that sample fixation requires dehydration, which effectively reduces vesicle volume
resulting in an underestimate of diameter (Skliar et al., 2019). Thus, to better estimate their size,
I instead measured diameters of the EV population in solution, immediately after isolation, using
quasi-elastic light scattering (QELS). I observed particles with diameters from 100 to 130 nm in
diameter when examining samples prepared by ultracentrifugation (Figure 4C) or PEG
sedimentation (Figure S1). As expected, these measurements were larger than estimates
provided by AFM, and a more accurate measure of EV size, but both methods rendered values
within the size range (30 — 150 nm diameter) that defines exosomes, confirming that they are the

dominant subpopulation of EVs released from yeast cells during heat stress.
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Figure 4. Visualization and particle size analysis of EV samples isolated from yeast during

sublethal heat stress

(A, B) Phase (left) and topographical mapping (right) images of EV fractions isolated by
ultracentrifugation from yeast cultures during sublethal heat stress in the absence (A) or presence
(B) of Triton X-100 acquired using AFM. Examples of 3 independent experiments are shown.
(C) QELS analysis of EV fractions collected from yeast cells expressing Brol-GFP after 30
minutes at 30 °C (—) or 42 °C (+ sublethal heat stress) (n = 3). Mean = S.E.M and P-value from

Student’s t-test are shown. Scale bars, 200 nm, 1 pym x 1 pm scan.

3.3 EVs are readily endocytosed by S. cerevisiae during heat stress

Although it is now evident that particles resembling EVs are released by yeast cells
during sublethal heat stress, it remains unclear if or how they may contribute to the observed
protective response. For example, as originally proposed when EVs were discovered (Pan et al.,
1983), yeast cells may sequester proteins and other biomolecules susceptible to becoming toxic
under heat stress within EVs and release them as “trash bags” to improve odds of survival.
Alternatively, EVs may be recognized by recipient cells and deliver their bioactive cargo to
trigger a protective response, i.e. mediate intercellular communication. If so, cargo delivery from
the lumen of EVs to the cytoplasm of recipient cells is thought to occur by either direct EV-
plasma membrane fusion, or EV uptake by endocytosis whereby sequestered EVs supposedly
undergo back—fusion with endosome membranes within cells (Hessvik et al., 2018; Maas et al.,

2018).

To determine whether these EVs mediate intercellular communication, I first assessed
whether they are internalized and sequestered within endosomes of recipient cells. To do so, I
added Brol-GFP labeled EVs isolated from donor cells during heat stress to live naive
(unstressed), GFP-free recipient cells in culture and imaged them using HILO fluorescence
microscopy. After 30 minutes at 30 “C (control temperature), I observed Brol-GFP puncta only
within live recipient cells treated with EVs, whose outer perimeters were stained with calcofluor

white that selectively labels the cell wall (Figure SA). This result suggested uptake of EVs
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within endosomes, where they accumulate permitting visualization by fluorescence microscopy
(as reported by others; Toribio et al., 2019). It also supported the notion that EVs can pass
through large pores within the glycoprotein matrix that forms the yeast cell wall (see Pereira and
Geibel, 1999; Pillet et al., 2014; Casadevall et al., 2015), supported by my observation that EVs
are also released from intact yeast cells into the surrounding environment, which again requires

passage through the cell wall but in the opposite direction (Figure 3).

Because subtlethal heat stress stimulates EV release, I hypothesized that EV uptake is
also enhanced to support efficient intercellular communication. To test this hypothesis, recipient
cell cultures were subjected to sublethal heat stress (42 °C) following EV treatment (Figure SA).
As expected, I found that more recipient cells in the population contained Brol-GFP and these
cells seemed to contain more Brol-GFP puncta (Figure 5B). Thus, I concluded that both EV
release and uptake are stimulated during sublethal heat stress, suggesting they mediate

intercellular communication.
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Figure 5. Sublethal heat stress stimulates EV uptake by recipient cells

(A) Fluorescence micrographs of live non-GFP expressing WT cells stained with calcofluor
white to label cell wall and treated with Brol-GFP" labelled EVs derived from stressed cultures
under low cell density conditions in absence (CTL) or presence of sublethal heat stress. (B)
Using micrographic data shown in A the proportion of cells with GFP™ puncta was quantified (n

=3). Mean £+ S.E.M and P-value from two-tailed Student t-test shown. Scale bar, 1 um.

3.4 EVs confer protection against lethal heat stress

After taken up within endosomes by recipient cells, EVs must release their cargo to elicit
a response, the end-point of communication. Alternatively, they may be sent to lysosomes (or
vacuoles in yeast), the terminal compartment of the endocytic pathway, where they are
catabolized and used as a source of nutrients (McNally and Brett, 2017). Thus, it remains unclear
if EVs shared during conditioning are simply digested or contribute to a response by recipient
cells that specifically protects them from lethal heat stress. To determine if EVs confer heat
tolerance, I repeated experiments that assess cell viability after sublethal heat stress (Figure 3),
except instead of conditioning cells with a brief sublethal heat stress (42 °C) for 30 minutes, |
added EVs collected from a separate yeast culture, to naive (unstressed) cells at control
temperature (30 °C). I predicted that the EVs alone (collected under sublethal heat stress from
Brol-GFP cells) should confer protection if they contribute to this response. As expected,
addition of EVs were sufficient to protect naive cells from lethal heat stress (Figure 6A). This
effect was dose-dependent showing an equivalent effect to conditioning (by sublethal heat stress)
when 1 pg of EVs or more were added (Figure 6B). These data demonstrated that intercellular

communication by EVs is an important contributor to cell survival upon heat stress.

With this EV bioactivity assay in hand, I next tested the involvement of the cell wall and
endocytosis in this response. First, to confirm that the cell wall does not impede communication
by EVs, I examined effects of deleting CHS1, a gene encoding a chitin synthase required for cell
wall biosynthesis (Casadevall et al., 2015), on the ability of EVs to confer protection against heat

stress. If the cell wall obstructs EV passage, then chsIA recipient cells that possess weakened
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cell walls should be more accessible to EVs and show a stronger response. However, as
predicted, deleting CHS!I had no effect on cell survival after lethal heat stress, with or without
conditioning or treatment with EVs (Figure 6D). This finding is consistent with the cell wall

allowing free passage of EVs for intercellular communication.

Next, to confirm that endocytosis of EVs contributes to the observed response, I repeated
the experiment with recipient cells lacking END3, a gene encoding an essential component of the
endocytic machinery (Giardina et al., 2014), to impair endocytosis. As predicted, the protective
effect observed when adding isolated EVs to naive end3A cells was diminished, but not
completely abolished (Figure 6E). In support, conditioning end3A cells with sublethal heat
stress (without adding purified EVs) showed less protection as compared to wild-type cells (see
Figure 6A). This result suggested that endocytosis of EVs, presumably needed to deliver their
cargo, contributes in part to this protective response, but other mechanisms may be at play (e.g.

direct EV-plasma membrane fusion).
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Figure 6. EVs protect yeast cells from lethal heat stress

(A) The proportion of methylene blue-negative cells (live) from all cells imaged was determined
(n = 3). (B) Dose-dependent response curve showing wild-type recipient cells treated with
increasing amounts of EVs isolated from donor cells after sublethal heat stress (n = 3). (C)(D)(E)
Proportion of methylene blue-negative stained WT, cell wall mutant (chs/A) and endocytosis
mutant (end3A) recipient cells treated with EVs derived from derived from WT donor cells
subjected to sublethal heat stress (n = 3). Mean £ S.E.M. and P-values from two-tailed Student t-

tests shown are shown.

3.5 Protection by EVs shared during conditioning is stressor-specific

Currently, it is unclear if S. cerevisiae or other fungal cells selectively release different
EV populations to mediate specific cellular responses (the favoured view with insufficient
supporting evidence), or if they contain a single “universal” EV population that is constitutively
biosynthesized and released to ensure survival when confronted with toxic stress. This is because
prior to this study, researchers only collected EVs over 16 — 41 hours from unstressed S.
cerevisiae cells (Liu et al., 2016; Rodrigues et al., 2019; Zhao et al., 2019). These samples likely
contain diverse EV populations, given that they are collected during multiple, different stages of
culture growth, but also lack any EVs that may be exclusively shared when the cell population is
confronted with stress. Rather, herein, I isolated EVs during a short, 30—minute period
(unaffected by culture growth) when defined stressors are applied (or not) offering the

opportunity to begin to address if EV-mediated communication is stressor-specific.

To do so, I tested if yeast EVs collected under a different stressor confer protection
against lethal heat stress. To begin, I tested exposure to hypoosmotic medium (2 % glucose in
water; 100 mOsm versus 280 mOsm for PBS used under control and heat stress conditions) for
30 minutes at 30 °C. It is worth noting that standard yeast growth medium contains 1 % yeast
extract, 2 % peptone and 2 % glucose (250 mOsm). I removed all components except for glucose

(the carbon source) to induce hypoosmotic stress, but recognize that all sources of nitrogen are
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missing. A similar strategy is sometimes used to study nitrogen starvation, but requires many
hours to trigger a cellular response (Johnstone et al., 1977). Rather, I only stress cells for 30
minutes, a period that includes their acute responses to an immediate drop in extracellular
osmolarity, but not initiation of known starvation signaling. This stressor was used because it
was predicted to drive MVB—plasma membrane fusion, releasing EVs from cells (Rice et al.,
2015), or drive cell swelling to trigger cell wall remodeling which may involve signaling by EVs

(Zhao et al., 2019).

I first used differential ultracentrifugation to isolate EVs from yeast cells expressing
Brol-GFP exposed to hypoosmotic stress, and found that samples contained significantly higher
total protein concentration but lower Brol-GFP fluorescence as compared to EVs isolated under
heat stress (Figure 7A and B). QELS analysis showed that EVs collected under either condition
had similar mean diameters (Figure 7C). However, when 1 added EVs collected under
hypoosmotic stress to naive recipient cells, I found that they did not confer protection to lethal
heat stress (Figure 7D), suggesting that different EV populations are released under osmotic or
heat stress. If true, and these are separate pools of EVs made or stored within cells, then I
hypothesize that the amount of EVs released from a single cell population should be additive
when stressors are applied in tandem. As predicted, I found that EV release was additive when
collecting EVs from donor cells treated with sublethal heat stress immediately followed by
hypoosomotic stress, based on measuring protein concentration and Brol-GFP fluorescence of
EV fractions (Figure 7A and B). These important findings support the idea that yeast cells can

selectively release unique pools of EVs with different bioactivities depending on stress.
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Figure 7. Protective effect of yeast EVs appears to be stressor-specific

(A)(B) EV fraction protein concentration and fluorescence was determined by Bradford protein
assays and fluorometry assays, respectively (n = 2). (C) Results from QELS analysis are shown,
to provide preliminary confirmation of isolated EVs from donor cells subjected to hypoosmotic
stress or heat stress (n = 3). (D) Proportion of methylene blue-negative stained WT recipient cells
treated with EVs derived from hypoosmotically shocked donor cells (n = 3). Mean = S.E.M. and

P-values from two-tailed Student t-tests shown are shown.
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3.6 Protein chaperones are enriched in EVs released during heat stress

EVs are composed of complex biomolecules (lipids, sugars, proteins, nucleotides)
responsible for all aspects of intercellular communication. In theory, these include essential
components of basic EV structure and integrity as well as machinery for cell recognition, uptake
and membrane fusion for example, presumably found in all EVs. However, different EV
populations should also contain unique cargoes (RNAs or proteins) that elicit specific responses

by recipient cells.

In an effort to identify cargo proteins within EVs that contribute to protection from lethal
heat stress, I conducted proteomic analysis of yeast EV samples by liquid chromatography -
tandem mass spectrometry (LC-MS/MS). I decided to analyze EVs collected during either
sublethal heat stress or hypoosmotic stress, and compare their proteomes to identify unique or
enriched proteins packaged within EVs during heat stress. During heat stress, 402 proteins were
identified in released EVs and 435 in EVs during hypoosmotic stress (Figure 8A). Of these, 294
were found in both samples, likely representing, in part, common EV machinery. I then
compared my dataset to the published proteome of EVs collected from unstimulated S. cerevisiae
for 16 — 41 hours during culture growth (Oliveria et al., 2010; Zhao et al., 2019; obtained from
Vesiclepedia, an online, open-access EV molecular database). When cross-referenced to these
1,268 proteins, I found that EVs isolated in this study shared 284 proteins, 201 of which were
identified under all conditions tested, representing 16% of previously documented EV proteins
(Figure 8A). From this analysis, I also identified 80 proteins uniquely found in EVs isolated
during sublethal heat stress (Figure 8A; Table S2). Although most showed low-abundance and
low-peptide coverage, some proteins represent interesting candidates warranting further
investigation in the future, e.g. Hchl, a Hsp90 co-chaperone implicated in protein refolding as

part of the canonical heat stress response.

Rather, I focused on the most abundant proteins found in EVs collected during heat stress
(Table S2). These include enolases Enol and Eno2, phosphoglycerate kinase Pgkl, glucan 1, 3-
beta-glucosidase Exgl, Hsp70 family ATPase Kar2, as well as four key protein chaperones
involved in the canonical heat stress response: Hsp90 isoforms Hsp82 and Hsc82, and the Hsp70

family members Ssal and Ssa2. Hsc82 and Ssa2 are orthologs of the human HSPs most
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commonly found in EVs, based on proteomic studies (Wyciszkiewicz et al., 2019). Interestingly,
when I examined abundance of these proteins in EVs collected during heat or hypoosmotic
stress, | found that both were enriched in EVs secreted during sublethal heat stress (Figure 8B).
This finding suggests that high levels of protein chaperones, such as Ssa2 and Hsc82, shared by

EVs may protect yeast cells from lethal heat stress.
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(A) Venn diagram depicting overlap of proteins detected in EV fractions from stress conditions
compared to proteins identified in S. cerevisiae based studies documented on Vesiclepedia. (B)
Protein enrichment analysis of EV fractions collected from heat stress conditions compared to

hypoosmotic stress conditions (n=2). Mean + S.E.M shown.
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3.7 Chaperones Hsc82 and Ssa2 are necessary for EV-mediated protection from heat stress

Given that the protein chaperones Hsc82 and Ssa2 play critical roles in clearing toxic
misfolded proteins, and that they are abundant in EVs, I hypothesized that they contribute to EV-
mediated protection from heat stress (Figure 2). To test this hypothesis, I collected EVs from
donor cells lacking HSCS2 or SSA2 and predicted that they would not confer protection against
heat stress. After using QELS analysis to confirm that EVs collected from mutants did not differ
in mean diameter (Figure 9A), I repeated the bioactivity assay and found that EVs from Asc82A
or ssa2A donor cells showed a diminished protective effect (Figure 9B). This result suggests that
EVs share protein chaperones between yeast cells to help protect against proteotoxicity by heat

stress.
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Figure 9. Hsc82 and Ssa2 depleted EVs do not confer protection against heat stress

(A) Results from QELS analysis are shown, to provide preliminary confirmation of isolated EVs
from donor cells lacking HSCS82 or SS42 (n = 3). (B) Proportion of methylene blue-negative
stained WT recipient cells treated with EVs derived from either WT donor cells or donor cells
lacking heat shock proteins hsc82 or ssa2 was determined (n = 3). Mean + S.E.M. and P-values

from two-tailed Student t-tests shown are shown.
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Chapter 4: Discussion

4.1 Intercellular communication by EVs protects cells from proteotoxicity triggered by heat

stress

As previous studies have demonstrated, insoluble protein aggregates are deleterious to
cell survival (Wickner, 2016). However, cells have developed protein quality control
mechanisms to mitigate the damaging effects of misfolded proteins (Fulda et al., 2012). Of the
many biological processes involved, HSPs are critical for eradicating cells of misfolded proteins.
However, the ability of cells to prevent proteotoxicity is not limited to the intracellular niche
(Hessvik et al., 2018). EV-mediated signaling enables the sharing of prosurvival information
between cells and appears to provide protection against environmental challenges, such as salt
stress and heat stress (Bewicke-Copley et al., 2017; Zhao et al., 2019). Further dissection of this
pathway illustrated that HSPs are shared between cells via EV signalling and elicit a pro-survival
response over and above that conferred by the canonical chaperone driven intracellular heat
stress response pathway (Morano et al., 2012). Herein, I show that EVs are secreted into the
environment from S. cerevisiae during mild heat stress, a trigger of proteostasis (Figure 3).
These EVs are exosomes, as they are membrane-bound particles, ~120 nm diameter in size and
contain Brol, the yeast ortholog of ALIX (Figure 3 and 4). These exosomes are then readily
taken up (within minutes) by recipient cells though endocytosis (Figure 5). Here, they trigger a
response that protects cells from lethal heat stress (Figure 6 and 7). Moreover, this response
appears to be dependent on two enriched exosomal cargo proteins, Hsc82 and Ssa2, which are
key protein chaperones known to prevent proteotoxicity (Figure 8 and 9). Thus, intercellular
communication by exosomes plays a previously underappreciated but important role in

protecting the S. cerevisiae population from proteotoxicity.

Since the discovery of EVs, scientists realized that not all of them contribute to
intercellular communication. Some larger EVs are simply products of cell death for example
(Maas et al., 2018). Thus, it is possible that this is also the case for some EVs released during
heat stress because: (1) yeast cells would be more likely to survive if they clear toxic proteins
that form under heat stress by sequestering them into EVs for release into the environment; or (2)

EVs are valuable sources of nutrients, and their endocytosis and catabolism may help rebuild
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cells recovering from proteotoxic shock, promoting survival. However, it is unlikely that
observed EVs are products of cell death, as yeast culture viability was not affected by sublethal
heat stress as compared to unstressed conditions (Figure 3), and the mean diameter of the EV
population was much smaller than apoptotic bodies (500 — 1,000 nm) (Figure 4; Maas et al.,
2018; Zhao et al., 2019).

Rather, most evidence presented support the idea that exosomes drive protection from
proteotoxicity, including three key findings: (1) isolated exosomes (collected from a different
yeast culture under heat stress) added to naive, unstressed cells are endocytosed and are
sufficient to completely protect cells in place of conditioning (Figure 5 and 6). Thus, toxic
protein shedding by EVs does not exclusively contribute to this response; otherwise these
exosomes would not have bioactivity. (2) Adding exosome collected during hypoosmotic stress
does not confer protection (Figure 7), eliminating the possibility that EVs taken up by cells are
simply a nutrient source to support recovery and survival. (3) In support, adding isolated
exosomes devoid of chaperones Hsc82 or Ssa2 reduces their protective effect on wild-type, naive
yeast cells (Figure 9). This result also begins to reveal mechanistic underpinnings, as these are

key enzymes for protein refolding necessary for toxic protein aggregate disassembly.

4.2 Basis of EV communication is dependent on environmental stressor

Prior to this study, researchers only collected EVs from S. cerevisiae or pathogenic fungi
under unstressed conditions and for 16 — 41 hours during multiple, different stages of culture
growth, and found that they have bioactivity (Liu et al., 2016; Rodrigues et al., 2019; Zhao et al.,
2019). The same is true for most studies that collect diverse, mixed EVs from patient or animal
samples whereby the donor cells are often unknown as well (Bewicke-Copley et al., 2017;
Harmati et al., 2019). On the other hand, acute stressors were shown to affect size and
composition of EV communities released by cultured mammalian cells, but specific bioactivities
of these different EV populations remain unclear (Takahashi et al., 2017). As such, this has led to
a debate in the field whether there are universal EVs constitutively released that mediate diverse

cellular responses, or there are unique EV populations that are selectively released to mediate
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specific physiological events. Based on published work both likely exist, but this study offers
strong support for the latter model by offering the following key evidence:

First, I find that EV release from S. cerevisiae occurs constitutively, but it is stimulated
by sublethal heat stress or hypoosmotic stress (Figure 7), suggesting donor yeast cells sense and
respond to stressors to release EVs, probably by regulating the MVB-plasma membrane fusion
machinery, akin to conventional regulated exocytosis (e.g. synaptic vesicle fusion). Second, EVs
released were between 80 — 120 nm in diameter (Figure 4), suggesting only exosomes are
selectively released, not other larger EVs. Third, exosomes released under the two conditions
had different protein compositions (Figure 8), suggesting they represent different populations
and inferring that protein sorting during biogenesis can be regulated. Forth, exosome release was
additive when different stressors were applied in tandem (Figure 7), suggesting that donor cells
may have multiple pools of EVs and release of each is separately triggered. Fifth, exosome
uptake by endocytosis was stimulated by heat stress (Figure 5), which is required for efficient
intercellular communication by EVs under this condition. Lastly, only exosomes collected under
mild heat stress exhibited protection against subsequent lethal heat stress (Figure 6 and 9),
confirming that stressor-specific release is essential for selective bioactivity. To my knowledge,
this study is the first to demonstrate specificity of stress triggered EV communication from

release to response in S. cerevisiae.

4.3 Unique, enriched and common proteins for EV signaling during heat stress

To further understand the function of EVs, it is important to identify their biomolecular
composition (proteins, lipids, nucleic acids). In this study, I compared heat stress derived EVs
with existing S. cerevisiae-derived EV proteomic studies (Oliveira et al., 2010; Zhao et al., 2019)
in which I detected 229 commonly shared proteins (Figure 8). Of these 229 proteins, frequently
reported EV biomarkers in fungal studies were detected, including glucan 1, 3-B -glucosidases
and enolases (Table S1). This supports previous hypotheses concerning trans-cell wall transport
in which EVs containing cell wall modifying enzymes would facilitate local disassembly of the

cell wall to improve passage (Brown et al., 2015). Interestingly, enolases have been reported to
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be enriched in cancer cell-derived exosomes which enhanced metastasis (Didiasova et al., 2019).
Detection of these glycolytic enzymes in S. cerevisiae-derived EVs would suggest an existing
orthology between selective EV cargo sorting between yeast and human systems in stress
inducing conditions. In further support, eukaryotic translation initiation factor (EIF) Suil and
40S ribosomal subunit Rps28 were detected in EVs derived from heat-stressed S. cerevisiae
(Table S2). EIFs have been previously reported to be enriched in EVs derived from brain
endothelial cells subjected to pro-inflammatory cytokine tumour necrosis factor (TNF) treatment
(Dozio and Sanchez, 2017; Yang et al., 2018). It has been also demonstrated that RNA species
are detected in EV fractions derived from human embryonic kidney cells (D1 Liegro et al., 2017;
Sork et al., 2018). Moreover, I detected phosphoglycerate kinase Pgkl and glyceraldehyde-3-
phosphate dehydrogenase Tdh3 which are commonly reported EV biomarkers in pathogenic
fungi including: C. neoformancs, P. brasiliensis, and H. capsulatum although their virulent

function is understudied (Vallejo et al., 2012).

Finally, of the 229 shared proteins between heat stress-derived EVs (this study) and
unstressed S. cerevisiae-derived EVs available on Vesiclepedia (Figure 8); indicated peptide
coverage and protein abundance suggested that HSPs Hsc82 and Ssa2 are enriched in EVs
released during heat stress (Table S1). Additionally, HSPs Hchl, Hsp82 and Ssal were
identified and have been also shown to be bioactive components of human-derived EVs in
response to heat stress conditions (Table S1 and S2) (De Maio and Vazquez, 2013; Bewicke-
Copley et al., 2017; Lauwers et al., 2018; Reddy et al., 2018). Thus, provided such evidence
would warrant further study of these proteins in which I speculate are critical to prevent

proteotoxicty (Figure 2).

4.4 EVs may represent an altruistic mechanism for protecting cell communities from

proteotoxicity

Does an individual cell optimize population survival when challenged with stress? As
previously demonstrated, EVs harvested from non-stressed S. cerevisiae donor cells were shown

to rescue stressed cell wall defective recipient cell populations (Zhao et al., 2019). Furthermore,
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heat stress-derived EVs from epithelial cells were shown to promote pro-survival responses in
naive cells following repeated cycles of stress (Bewicke-Copley et al., 2017). Together, these
findings are in support of the bystander effect phenomenon; which describes naive cells
exhibiting signs of stress when introduced to previous stressed cells. I speculate within this
biological phenomenon exists an altruistic mechanism, which in a cell population; acting donor
cells release EVs to enhance survival of surrounding cells challenged with stress, however, in the
process; donor cells are at the disadvantage to having to bear the sole responsibility of

functioning as EV suppliers.

To my knowledge, this hypothesis has not been formally tested. However, this
proposition seems reasonable through devising strategies to identify separate EV donor or
recipient cell populations. In this study, I confirmed the release of EVs through loss of
intracellular GFP fluorescence of EV biomarker Brol, however, not all cells were depleted of
Brol puncta and thus, revealing two populations — those that showed loss in fluorescence are
donors (Figure 3). Moreover, I demonstrated that Brol-GFP enriched EVs are readily
internalized by recipient cells (Figure 5) and again I find that some cells uptake EVs more
readily relative to other nearby cells that do not — whereby cells that do likely represent recipient
cells (Figure 5). I speculate that what differentiates donor cells and recipient cells could be
dependent on expression levels of HSPs. Perhaps EV donor cells are cells that are aged and have
undergone intracellular changes as a result of previous stress exposure, thus exhibiting greater
HSP expression. On the contrary, EV recipient cells can be defined as young, naive cells that
minimally express HSPs. A possible strategy to test this hypothesis is to use a single cell sorting
approach to cell cultures with and without fluorescently labeled HSPs in order to potentially
distinguish EV donor and recipient cell populations. For example, I expect that young cells with
low HSP levels should not release EVs and not respond to applied heat stress. In sum, I
anticipate that the proposed altruistic mechanism hypothesis is critical for propagating
proteostatic information (HSPs) to naive, younger cells in order to ensure population survival

when challenged with lethal stressors.
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4.5 Broader physiological relevance

The canonical intracellular heat stress response pathway was first discovered, in part, and
characterized in molecular detail in S. cerevisiae (Lindquist and Craig, 1988). It is critical for
preventing proteotoxicity in all eukaryotic species studied, including humans where it counters
aging and pathological processes. As previously reported, any dysfunction in this pathway can
induce and exacerbate neurodegenerative diseases such Alzheimer’s and prion-based diseases
including Creutzfeldt-Jakob disease and Gerstmann-Straussler-Scheinker syndrome (Knight and
Will, 2004; Klohn et al., 2013). Herein, I show using S. cerevisiae as a model that HSP
sequestering exosomes are shared among cells subjected to heat stress and support the notion that
EV mediated intercellular communication further contributes to mitigating the deleterious effects

of proteotoxic stress.

Consistent with my studies, EVs have been shown to be direct mediators of the bystander
effect phenomenon in which EVs isolated from heat stressed breast cancer cell lines reduced
DNA damage and apoptosis in surrounding non-stressed cells. On the contrary, heat stress-
induced EV secretion also promoted pro-metastatic affects in naive neighboring cell populations
(Bewicke-Copley et al., 2017). Therefore, I speculate an existing orthology between S. cerevisiae
and human systems on the basis of EV-mediated cell-cell communication in stress-inducing
environments and overall contribution to both eukaryotic cell survival and programmed cell

death.

EV-mediated cell-cell signaling has been also implicated in the progression of certain
neurodegenerative disorders, such as Alzheimer’s disease (Lee et al., 2011). In brief, tau
propagation is a major catalyst in the progression of Alzheimer’s disease in which resident
microglia aid in tau spread via direct exosome secretion (Asai et al., 2015). This observation
reinforces the notion that EV-based communication can be exploited by pathogenic elements as
means to maintain or exacerbate pathogenesis. Notably, the S. cerevisiae Sup35 cytosolic prion
protein has been shown to be sequestered in EVs and in which subsequently induces the
priogenic phenotype in neighboring recipient cells upon internalization (Kabani and Melki, 2015;
Liu et al., 2016). Thus, I show that S. cerevisiae can serve as an exceptional model to further

dissect the molecular machinery underlying accelerated EV-mediated intercellular
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communication in cellular homeostasis and progression of neurodegenerative diseases

(Cervenakova et al., 2016).

In addition, regarding how pathogenic fungi release EVs which intensifies the degree of
fungal colonization and dissemination within host tissues (da Silva et al., 2016). I suspect that
pathogenic fungi release EVs in response to environmental cues to either enhance infectivity or
protection against fungicidal host immune responses. Therefore, I speculate that non-pathogenic
S. cerevisiae can also serve as a model to identify the biogenic and cargo sorting mechanisms
responsible for the synthesis of virulent EVs and provide a better understanding of opportunistic

fungal infections in molecular detail.

4.6 Future directions

In addition to better elucidating the physiological relevance of EVs to eukaryotic
physiology, I helped establish S. cerevisiae as a platform to further study EVs, which can be used

to address several outstanding questions in the immediate future:

What are the molecular mechanisms responsible for biosynthesis of different EV
subtypes? Currently, three principle EV categories are proposed based on size, composition and
biogenic origin: exosomes, ectosomes and apoptotic bodies (Coelho and Casadevall, 2019). For
example, exosomes are thought to be products of MVB maturation, an ESCRT driven process
(Wubbolts et al., 2003; Teis et al., 2008; Colombo et al., 2013; Coelho and Casadevall, 2019).
But EVs resembling exosomes continue to be released from S. cerevisiae mutants devoid of
ESCRT genes and show bioactivity (Zhao et al., 2019). These findings suggest that an ESCRT-
independent process may also biosynthesize this EV subtype. In this study, I propose that
exosomes are responsible for observed bioactivity although I did not implicate ESCRTs or
identify the machinery responsible for biogenesis of these exosomes. However, exosome release
during osmotic stress did not correlate with Brol-GFP levels suggesting the involvement of an
ESCRT-independent mechanism. In the future, harvesting and studying EVs from yeast cells
lacking ESCRT genes will enable us to determine if traditional exosomes mediate the observed

response. If not, this will facilitate the discovery of alternative mechanisms responsible for these
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exosomes. The discovery of this new machinery would potentially reveal the basis of how
different exosome sizes are achieved, or how different cargoes are packaged, and refine our

knowledge of this important EV category implicated in many human diseases.

What molecular mechanisms are responsible for EV recognition by recipient cells? EV
uptake still occurs within endocytic defective mutants (Delenclos et al., 2017). I speculate that
the protein, lipid and sugar laden membrane surface of EVs could reveal potential mechanisms.
For example, surface glycans have been reported to be involved in the initial stages of EV-
recipient cell interaction using murine hepatic cell lines as models (Williams et al., 2019). Being
that EV-mediated cell-cell communication is evolutionary conserved I hypothesize that the
enzymatic removal of N-glycan groups from heat-stressed derived EVs would inhibit their
uptake by naive cells and subsequent initialization of the pro-survival response. The acquisition
of such a result would be the first step forward in engineering the surface membrane of S.
cerevisiae-derived exosomes and could begin to reveal the types of mechanisms responsible for
host cell specific targeting by fungal pathogen EVs or how specific human cell populations

communicate using EVs.

Can human EV biogenic pathways functionally replace those of S. cerevisiae? It has been
well documented that mammalian EVs are required for neuronal communication, tumor
metastasis and antigen presentation (Valadi et al., 2007; Harmati et al., 2019). In the case of
fungal EVs, studies have demonstrated their ability to effectively carry virulence factors and
drive complex immunogenic responses of host tissues with pathological effects (Rodrigues et al.,
2008; Brown et al., 2015). Here using yeast, I demonstrated that EV-mediated intercellular
communication is an additional stress response to prevent proteotoxicity as reported in human
systems, further supporting an existing homology in both mammalian EV and fungal EV
lifecycles (Bewicke-Copley et al., 2017). Thus, I speculate that bioactive molecular components
(proteins, lipids, sugars and nucleic acids) of yeast exosomes can be functionally replaced by
their respective human counterparts. I anticipate this strategy will introduce novel functionalities
of newly engineered S. cerevisiae-derived exosomes with the potential of serving as therapeutic

platforms (Morishita et al., 2017; Li et al., 2018).
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Figure S1. Dimensional analysis of EVs isolated from PEG-based precipitation

(A, B) Phase (left) and topographical mapping (right) images of EV fractions isolated by PEG-
based precipitation from yeast cultures during sublethal heat stress in the absence (A) or presence
(B) of Triton X-100 acquired using AFM. Examples of 3 independent experiments are shown.
(C) QELS analysis of EV fractions collected from yeast cells expressing Brol-GFP either from
ultracentrifugation (UC) or PEG-based precipitation (n = 3). Mean £ S.E.M and P-value from

Student’s t-test are shown. Scale bars, 200 nm, 1 ym x 1 pm scan.
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Figure S2. EVs isolated from PEG-based precipitation still protects S. cerevisiae cells from
lethal heat stress

(A) Proportion of methylene blue-negative cells (live) treated with EVs collected from WT donor
cells subjected to sublethal heat stress and isolated by ultracentrifugation (UC) or PEG-based
precipitation (n=3). Mean + S.E.M. and P-values from two-tailed Student t-tests shown are

shown.
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Supplemental Tables

Table S1. Thirty most abundant proteins observed in yeast EV samples

# Unique

Gene name Description . Abundance
peptides

EXGI glucan 1,3-beta-glucosidase I/11 25 2.63x10°
PGK1 Phosphoglycerate kinase 40 1.36x10°
probable family 17 glucosidase 7

SCW4 SCW4 17 8.46x10
ENO2 Enolase 2 16 7.86x10’
BGL2 glucan 1,3-beta-glucosidase 12 6.30x10’
ADHI1 Alcohol dehydrogenase 1 21 6.07x10’
AHPI Peroxiredoxin AHP1 14 5.36x10’
PDCI pyruvate decarboxylase isozyme 71 594x107

) .
CPRI peptld}{l-prolyl cis-trans 10 4.84x107
isomerase

PDII1 Protein disulfide-isomerase 22 3.36x10’
FBAI fructose-bisphosphate aldolase 14 3.20x107
TPII Triosephosphate isomerase 16 3.03x10’
CDCI9 Pyruvate kinase 1 27 2.45x10’
GPM1 Phosphoglycerate mutase 1 13 2.24x10’
Glycerol-1-phosphate 7

RHR2 phosphohydrolase 1 12 2.20x10
ADKI1 adenylate kinase 17 2.05x10’
TDH3 Glyceraldehyde-3-phosphate 9 1.51x107

dehydrogenase 3

PHOI2 Acid phosphatase PHO12 11 1.39x10’
ADOI Adenosine kinase 12 1.37x10’
PGl glucose-6-phosphate isomerase 19 1.11x10’
Probable 1,3-beta- 6

GAS3 glucanosyltransferase GAS3 10 9.33x10
TEF1 elongation factor 1-alpha 11 7.80x10°
THR4 threonine synthase 18 6.66x10°
ENOI Enolase 1 6 5.73x10°

KAR? 78 kDa gl}lcose-regulated 18 4.5%10°

protein homolog

ATP-dependent molecular 6

HSC82 chaperone HSC82 6 2.32x10
SSA2 Heat shock protein SSA2 3 6.30x10°
TDH? Glyceraldehyde-3-phosphate 16 4.78%10°

dehydrogenase 3
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Gene name Description # Un{que Abundance
peptides
SSAI heat shock protein SSA1 3 3.81x10°
ATP-dependent molecular 5
HSPS2 chagerone HSPS82 2 1.89x10
Table S2. Unique proteins in yeast EVs collected during heat stress
Gene name Description # Unfque Abundance
peptides
ADES Phosphoribosylglycinamide formyltransferase 5 1.99x10’
LTE] Guanine nucleotide exchange factor 1 1.25x10’
INP52 Polyphosphatidylinositol phosphatase 1 1.23x10’
DOGI 2-deoxyglucose-6-phosphate phosphatase 1 3 3.89x10°
SIR4 Regulatory protein SIR4 1 2.98x10°
CWPI Cell wall protein CWP1 6 2.55%10°
BIK] Nuclear fusion protein BIK1 1 1.51x10°
YNLOI0OW | Uncharacterized phosphatase 5 1.31x10°
UTP9 U3 small nucleolar RNA-associated protein 9 1 9.76x10°
RSM19 37S ribosomal protein S19, mitochondrial 1 8.23x10°
HCH1 Hsp90 co-chaperone 2 7.32x10°
ACBI acyl-CoA-binding protein 3 6.56x10°
UBC4 ubiquitin-conjugating enzyme E2 4 1 5.86x10°
ARL] ADP-ribosylation factor-like protein 1 4 5.37x10°
UBCI3 Ubiquitin-conjugating enzyme E2 13 3 5.01x10°
SARI Small COPII coat GTPase 1 4.62x10°
PPXI1 Exopolyphosphatase 1 4.44x10°
YJR098C Uncharacterized protein 1 4.28x10°
RPS284 40S ribosomal protein S28-A 1 3.99x10°
CYCS8 General transcriptional corepressor CYC8 1 3.90x10°
SUN4 Probable secreted beta-glucosidase 1 3.27x10°
GRX2 Glutaredoxin-2, mitochondrial 1 3.24x10°
AIM7 Protein AIM7 1 3.14x10°
UPF3 nonsense-mediated mRNA decay protein 3 1 2.98x10°
UTR4 Enolase-phosphatase E1 2 2.85x10°
RPL6B 60s ribosomal protein 16-b 2 2.08x10°
endoplasmic reticulum mannosyl-oligosaccharide 1,2-
MNS1 alpha-mannosidase 1 2.07x10°
HUBI Ubiquitin-like modifier 1 1.72x10°
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# Unique

Gene name Description . Abundance
peptides
GDEI] Glycerophosphocholine phosphodiesterase 1 1.68x10°
AAH]I Adenine deaminase 2] 1.67x10°
YDLO73W | Upf0592 protein ydl073w 1 1.52x10°
AHK Upf0592 protein ydl073w 1 1.52x10°
SOoVi Protein SOV1, mitochondrial 1 1.32x10°
BNAI 3-hydroxyanthranilate 3,4-dioxygenase 1 1.22x10°
HTA2 Histone H2A.2 1 1.17x10°
RTS3 Protein phosphatase type 2A regulatory subunit 1 1.11x10°
YKL033W-A | Putative uncharacterized hydrolase 1 1.10x10°
GPX2 Glutathione peroxidase-like peroxiredoxin 2 1 1.10x10°
YHRI3IC PH domain-containing protein 1 1.09x10°
YPT31 GTP-binding protein 1 9.87x10*
AIM29 altered inheritance rate of mitochondria protein 29 2 9.30x10"
LRE] Laminarase-resistance protein 1 9.04x10*
YKRO15C Uncharacterized protein YKRO015C 1 7.89x10*
SUIl eukaryotic translation initiation factor elF-1 1 7.72x10*
STM1 Suppressor protein STM1 1 7.61x10*
PAN3 PAN2-PAN3 deadenylation complex subunit PAN3 1 7.05x10*
MNTH4 Probable alpha-1,3-mannosyltransferase MNT4 1 6.51x10*
SEE] Protein-lysine N-methyltransferase efm4 1 6.46x10*
EFM4 Protein-lysine N-methyltransferase efm5 1 6.46x10*
NAS6 probable 26S proteasome regulatory subunit p28 1 6.45x10"
PBI2 Protease B inhibitor 2 1 5.31x10*
YRBI Ran-specific GTPase-activating protein 1 1 5.21x10"
GUAI GMP synthase [glutamine-hydrolyzing] 1 5.09x10*
ARCI1 tRNA-aminoacylation cofactor ARC1 1 4.82x10*
VMRI ABC transporter ATP-binding protein/permease 1 4.75x10*
RPS254 40S ribosomal protein S25-A 1 4.30x10*
1-(5-phosphoribosyl)-5-[(5-
phosphoribosylamino)methylideneamino] imidazole-4-
HIS6 carboxamide isomerase 1 4.12x10*
YLRI26C Putative glutamine amidotransferase 1 4.04x10*
SRP72 Signal recognition particle subunit SRP72 1 3.51x10"
ECM30 Protein ECM30 1 2.99x10*
RPS294 40S ribosomal protein S29-A 1 2.69x10*
YLRII8C Acyl-protein thioesterase 1 1 1.56x10*
HSM3 DNA mismatch repair protein HSM3 1 8.40x10*
FCY1 Cytosine deaminase 1 6.47x10"
FUSI Nuclear fusion protein FUS1 1 6.25x10*
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# Unique

Gene name Description . Abundance
peptides
YCRO51W | Ankyrin repeat-containing protein 1 -
PLB2 lysophospholipase 2 1 -
NHP6B Non-histone chromosomal protein 6B 1 -
SRP] Importin subunit alpha 1 -
YLR225C Uncharacterized SVF1-like protein 1 -
ZWF1 Glucose-6-phosphate 1-dehydrogenase 1 -
DEDI ATP-dependent RNA helicase -
SPO74 Sporulation-specific protein 74 1 -
MGA?2 protein MGA2 1 -
CETI mRNA-capping enzyme subunit beta 1 -
GRX5 Monothiol glutaredoxin-5, mitochondrial 1 -
AROY Aromatic amino acid aminotransferase 2 1 -
CDC33 Eukaryotic translation initiation factor 4E 1 -
HDAI Histone deacetylase HDA1 1 -
RRM3 ATP-dependent DNA helicase RRM3 1 -
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