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Abstract

Macroautophagy (hereafter autophagy) is a highly evolutionarily conserved process essential for 

sustaining cellular integrity, homeostasis, and survival. Most eukaryotic cells constitutively 

undergo autophagy at a low basal level. However, various stimuli, including starvation, organelle 

deterioration, stress, and pathogen infection, potently upregulate autophagy. The hallmark 

morphological feature of autophagy is the formation of the double-membrane vesicle known as the 

autophagosome. In yeast, flux through the pathway culminates in autophagosome-vacuole fusion, 

and the subsequent degradation of the resulting autophagic bodies and cargo by vacuolar 

hydrolases, followed by efflux of the breakdown products. Importantly, aberrant autophagy is 

associated with diverse human pathologies. Thus, there is a need for ongoing work in this area to 

further understand the cellular factors regulating this process. The field of autophagy research has 

grown exponentially in recent years, and although numerous model organisms are being used to 

investigate autophagy, the baker’s yeast Saccharomyces cerevisiae remains highly relevant, as 

there are significant and unique benefits to working with this organism. In this review, we will 

focus on the current methods available to evaluate and monitor autophagy in S. cerevisiae, which 

in several cases have also been subsequently exploited in higher eukaryotes.
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1. Introduction

1.1 An introduction to autophagy and its significance

Autophagy (or cellular “self-eating”) plays an integral role in various aspects of cell 

physiology, whereas defects in this process are associated with numerous pathological 

conditions. Autophagy is ubiquitous in eukaryotes and occurs constitutively at a basal level. 

However, various stress conditions, including starvation or changing nutrient conditions, 

organelle deterioration, and pathogen infection, result in an upregulation of this process. 

Importantly, aberrant autophagy is associated with diverse human pathologies, such as 

cancer, neurodegeneration, aging, cardiovascular, pulmonary, and infectious diseases, 

macular degeneration, diabetes and lysosomal storage disorders [1, 2]. Thus, there is a need 

for ongoing work in this area to further understand the cellular factors regulating this 

inherently complex process.

In brief, the most obvious morphological feature of autophagy is the double-membrane 

autophagosome that contains either bulk cytoplasm or select cargo, depending on the 

inducing condition. However, the autophagosome is essentially the end product of the 

sequestration process (although it will fuse with the vacuole). The dynamic membrane 

compartment involved in autophagic sequestration is the phagophore, the autophagosome 

precursor. The mechanism of phagophore formation is unique, and is quite distinct from 

other vesicle-mediated processes involved in cargo trafficking. For example, in contrast to 

the secretory pathway where the vesicles bud off from preexisting organelles already 

containing their cargo, the phagophore expands sequentially, providing autophagy with an 

extremely flexible capacity for cargo sequestration. In yeast, autophagosomes typically 

range from ∼300–900 nm in diameter [3, 4]. Nonetheless, efficient degradation of 

organelles such as peroxisomes and mitochondria involves their fission by the dynamin-

related GTPase Dnm1 complex prior to, or during, engulfment by phagophores [5, 6].

Upon completion of expansion, the phagophore seals to form the autophagosome. Flux 

through the pathway culminates in autophagosome-vacuole fusion, which releases the inner 

autophagosome single-membrane vesicle into the vacuole lumen. In yeast, the resulting 

inner autophagosome vesicles, which transiently reside within the vacuole, are known as 

autophagic bodies. To date, these structures have only been identified in yeast and are 

subsequently lysed, allowing degradation of the cargo by vacuolar hydrolases. The resulting 

macromolecules are finally transported into the cytosol via membrane permeases.

1.2 Saccharomyces cerevisiae is a fundamental model organism for the study of 
autophagy

The phenomenon of autophagy was first observed in mammalian cells using electron 

microscopy (EM) in the 1950s, and was officially termed as such by Christian de Duve in 

1963 at the CIBA Foundation Symposium on Lysosomes (reviewed in [7, 8]). However, 

autophagy was not described in yeasts until the 1980s [9]. S. cerevisiae and other fungi are 

fundamental model organisms for the study of autophagy. For example, much of our current 

understanding of autophagy is due to work conducted in S. cerevisiae, Pichia pastoris, and 

Hansenula polymorpha using genetic screens and biochemical methods. At present, 38 
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AuTophaGy-related (ATG) genes have thus far been identified in fungi [10]. Importantly, at 

least half of these genes are clearly conserved up to human, and analogous proteins are 

present for many others, reflecting a high degree of overall pathway conservation.

The field of autophagy research has grown exponentially in recent years, and although 

numerous model organisms exist to investigate autophagy, S. cerevisiae continues to be an 

important system for studying this process. In addition to the high degree of conservation, 

there are significant and unique benefits to working in this organism, including the 

capability to do in vivo genetics work quickly and relatively easily, and the myriad unique 

assays that are available to monitor different steps of autophagy. This review will focus on 

an overview of the current methods that can be used to evaluate and monitor the various 

stages of autophagy in S. cerevisiae (see the accompanying article by Guimaraes et al. for 

additional information and protocols).

1.3 Overview of autophagy in S. cerevisiae

There are two major forms of autophagy in yeast—macroautophagy and microautophagy 

(reviewed in [11]); this review focuses on macroautophagy. Briefly, microautophagy can be 

selective or nonselective, and is morphologically distinct from macroautophagy [11–13]. 

During the process that is strictly defined as microautophagy, tubules invaginate directly 

from the vacuolar membrane into the lumen [12]. Following scission, these tubules release 

single-membrane vesicles that may appear similar to autophagic bodies, although the 

mechanism of formation is completely distinct; microautophagy does not directly involve 

the Atg proteins, and its physiological function is not fully understood. In contrast to 

microautophagy, there are also microautophagy-like processes such as micropexophagy (the 

selective microautophagic degradation of peroxisomes), micromitophagy (which is used to 

eliminate mitochondria), and piecemeal microautphagy of the nucleus/PMN or 

micronucleophagy (to remove small portions of the nucleus). These types of sequestration 

involve direct uptake at the vacuolar membrane, and require the Atg proteins (for further 

reviews on microautophagy, see [11–14]).

There are four main stages of autophagic activity, enabling progression (otherwise known as 

flux or autophagic turnover) through the pathway (Figure 1). As a number of excellent 

reviews already exist detailing the complex molecular interactions that occur throughout the 

various stages of autophagy [8, 11, 13, 15–17], and as this review primarily focuses on 

methods, we will only concisely discuss each phase of autophagic activity before moving on 

to the most common assays that may be used to assess each.

2. Induction and nucleation of the phagophore

2.1 Background

During the induction and nucleation phase, a physiological stimulus such as nutrient 

deprivation, or a change in nutrient conditions, results in a shift from basal, constitutive 

autophagy to induced autophagy (Figure 2). Stimulation of autophagy can also be achieved 

through genetic or pharmacological means such as occurs following treatment with 

rapamycin, which inhibits the activity of TOR (target of rapamycin), a serine/threonine 

kinase that is a major regulator or cellular metabolism, and a negative regulator of 
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autophagy [18, 19]. In yeast, the intracellular location of autophagosome formation is the 

phagophore assembly site (PAS), which localizes adjacent to the vacuole [15]. The “core” 

Atg proteins assemble at the PAS to initialize phagophore nucleation [17]. The initial 

protein complex recruited to the PAS is comprised of Atg1, Atg13 and the Atg17-Atg31-

Atg29 ternary subcomplex [13, 20, 21]. Atg1 is another serine/threonine kinase, and its 

activity is regulated by Atg13 [17, 22–24] and Atg17-Atg31-Atg29 [8, 20, 25, 26]. 

Following recruitment of the Atg1 complex, Atg9 (and interacting proteins including Atg2 

and Atg18) localize to the PAS [8]. Thus far, Atg9 is the only integral membrane protein 

that is absolutely essential for autophagosome formation, although the exact role of Atg9 has 

not yet been determined [27]. The Pho23-Rpd3 complex regulates ATG9 transcription, and 

the expression level of Atg9 controls the frequency of autophagosome formation [28, 29], 

which fits with a general model whereby Atg9 directs the delivery of membranes to allow 

formation of the phagophore. Furthermore, various SNARE proteins that control the 

localization of Atg9 have been implicated in autophagosome biogenesis [30, 31].

Although the detailed mechanism is not understood, the PAS may be a nucleation site that is 

converted into a phagophore. In yeast and mammals, various intracellular compartments 

have been identified as the probable source(s) of the phagophore membrane, including the 

ERGIC (ER-Golgi intermediate compartment) [32, 33], the ER [34–36], the Golgi apparatus 

[37], the mitochondrial-associated membrane (MAM) at ER-mitochondria contact sites [38], 

the mitochondria [39], the plasma membrane [40, 41] and recycling endosomes [42]. 

However, it is possible that the source varies according to the type of autophagy that the cell 

is undergoing (nonselective versus selective and what form of selective), the organism, and 

the signaling pathway(s) involved.

2.2 Methods to induce autophagy

There are various methods available to initiate autophagy (Figure 2, Table 1). As mentioned 

above, rapamycin can be used to induce TOR-dependent autophagy [18, 43]; however, in 

higher eukaryotes TOR-independent autophagy pathways have also been identified [44–48]. 

Furthermore, rapamycin does not appear to induce autophagy as strongly as when nitrogen 

starvation is used as a stimulus [43]. Culturing cells in nitrogen starvation medium (SD-N; 

synthetic medium with dextrose, minus nitrogen: 0.17% yeast nitrogen base without 

ammonium sulfate or amino acids, containing 2% glucose) for 2–4 h also initiates 

nonselective autophagy.

Alterations in the type of culture medium may be used to induce various forms of selective 

autophagy. Ribophagy, a selective type of autophagy targeting ribosomes, may also be 

induced by nitrogen starvation as described above [49]. Growing cells in media containing a 

non-fermentable carbon source such as lactate (2%), glycerol (3%), glycerol-lactate 

(2%-2%), or ethanol (3%) for 12–16 h to mid-log phase induces mitochondrial biogenesis; a 

subsequent shift to rapamycin or nitrogen starvation medium can initiate mitophagy, a 

selective form of autophagy targeting mitochondria [50–54] (see the accompanying review 

by Guimaraes et al. for a detailed protocol to assay this type of mitophagy). In general, this 

type of selective autophagy allows the cell to adapt to changing nutrient conditions by 

subcellular remodeling, where organelles that are now superfluous or in excess can be 
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removed to lower the energetic requirements for their functional maintenance. Culturing to 

post-log phase for several days in media containing a non-fermentable carbon source can 

also stimulate mitophagy [55, 56] (see the accompanying review by Guimaraes et al. for a 

detailed protocol to assay this type of mitophagy). This form of mitophagy is also known as 

“stationary phase mitophagy,” and may serve as a quality control mechanism to rid the cell 

of accumulated mitochondria during quiescence [57]. During stationary phase, mitophagy 

may be induced due to the lower energy requirement of the cells; the elimination of excess 

mitochondria also reduces the production of reactive oxygen species that can otherwise be 

deleterious to cell physiology.

Similarly, pexophagy can be stimulated by culturing S. cerevisiae cells in oleate medium 

(YTO: 0.67% yeast nitrogen base without amino acids, 0.1% Tween-40, 0.1% oleic acid, pH 

5.5; or YPO: 0.25% yeast extract, 0.5% peptone, 1% oleate, 5% Tween-40, 5 mM phosphate 

buffer, pH 5.5), and shifting to SD-N for at least 2 h [6, 58, 59] (see the accompanying 

review by Guimaraes et al. for a detailed protocol to measure pexophagy). Growth in 

medium containing oleic acid (or methanol in the case of methylotrophic fungi such as P. 

pastoris and H. polymorpha) as the sole carbon source causes peroxisome proliferation (in 

both size and number); the subsequent shift to glucose (or ethanol) medium with or without 

nitrogen starvation induces pexophagy to degrade the superfluous peroxisomes [6, 59–62]. 

Another form of selective autophagy, reticulophagy, which targets the endoplasmic 

reticulum (ER) can be stimulated by ER stress resulting from the overproduction of proteins 

that are prone to misfolding, or treatment with compounds such as DTT or tunicamycin that 

also interfere with protein folding [63]. It should be noted that the mechanism of 

reticulophagy in yeast is currently unresolved [64].

2.3 Methods to inhibit autophagy

As a corollary to induction, various methods can be utilized to inhibit the initiation phase of 

autophagy (Figure 2, Table 1). As a brief note – in mammals, the typical methods to prevent 

autophagy induction involve pharmacological approaches that target phagophore initiation 

including the use of wortmannin, LY294002, and 3-methyladenine (3-MA). These three 

chemicals are inhibitors of both the class I phosphoinositide 3-kinase and the class III 

phosphatidylinositol 3-kinase (PtdIns3K), and accordingly are not specific to autophagy 

[65–69]. Even though they block the class I enzyme, which is inhibitory for autophagy, the 

net result of these chemicals is to block induction because the downstream PtdIns3K enzyme 

(PIK3C3 in mammals, Vps34 in yeast) is essential for autophagy [70]. The product of this 

kinase, phosphatidylinositol-3-phosphate (PtdIns3P), is required for phagophore formation 

[65, 66].

Although these chemicals are commonly used in mammalian cells, they are not typically 

used in yeast. Substantially higher concentrations of drugs are often needed to inhibit 

enzymes in yeast compared to mammals, due to the presence of a cell wall, differences in 

plasma membrane lipid composition, and/or the presence of efficient efflux pumps. For 

example, the concentrations of wortmannin and LY294002 routinely used in mammalian 

cells have little effect on yeast Vps34 [71]. As an alternative to pharmacological treatment, 

genetic approaches are used to inhibit both nonselective and selective autophagy in yeast; 
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the deletion of key ATG genes may block induction of the entire pathway [23, 67, 72, 73], 

and conditional (temperature sensitive) mutants have also been generated for some of these 

genes [11, 74, 75] as well as others (i.e., non-ATG genes) involved in autophagy initiation 

[30, 76]. One advantage of using molecular genetics is specificity. For example, rather than 

using wortmannin and other nonspecific chemicals, it is possible to use conditional mutants 

of Vps34 (which is the only PtdIns 3-kinase in yeast) to block PtdIns3P production [77]. 

Vps34, however, is part of two PtdIns3K complexes, and only complex I is specific to 

autophagy; a deletion of ATG14 inactivates complex I, but has no affect on complex II, 

which is involved in the vacuolar protein sorting (Vps) pathway. In addition to the VPS34 or 

ATG14 genes, induction can be blocked through the use of alleles with mutations in genes 

encoding regulatory components. For example, the hyperactive Ras2G19V mutant [78], the 

use of a mutant expressing constitutively active Gtr1 (a GTPase that activates TOR complex 

1 [TORC1]) [79, 80], or a mutant lacking expression of the protein kinase A (PKA) 

regulatory subunit Bcy1 [81] will prevent the induction of autophagy.

If loss of only a selective form of autophagy is desired (or to serve as a negative control in a 

specific assay), genetic deletion of the cargo recognition receptor required for that particular 

form of autophagy (but not for another) might be performed. For example, deletion of 

ATG32, the selective receptor for the targeting of mitochondria, significantly impairs only 

mitophagy [82, 83]. Similarly, in S. cerevisiae, Atg36 functions as the pexophagy receptor, 

and its loss inhibits the selective degradation of peroxisomes [84, 85]. In the cytoplasm-to-

vacuole targeting (Cvt) pathway, a biosynthetic pathway that utilizes the autophagy 

machinery to deliver resident hydrolases to the vacuole under nutrient-rich conditions [86], 

Atg19 selects the cargo proteins prApe1 (precursor aminopeptidase I), Ams1 (α-

mannosidase), and Ape4 (aspartyl aminopeptidase) for targeting to the vacuole [87–90]. 

During induced autophagy, Ams1 is selected for vacuolar targeting by Atg34 [91]. (For 

further explanation, see section 3.2 “Methods to assess phagophore expansion and closure” 

below.) In contrast to these specific receptors, Atg11 is a scaffold protein that is required for 

most types of selective autophagy [55, 85, 92].

2.4 Methods to assess the induction of autophagy

In addition to either directly stimulating or inhibiting autophagy, there are various methods 

that are commonly used to measure nucleation of the phagophore, including microscopy and 

biochemical assays (Figure 2, Table 1). In yeast, identification of the PAS by transmission 

electron microscopy (TEM) is not currently practical through morphological analysis alone 

[67]. In contrast, immunogold labeling can be applied to aid in the detection of phagophores 

by EM [93]. In contrast to autophagosomes, several components of the Atg core machinery 

are associated with phagophores including Atg8–phosphatidylethanolamine (PE) and 

Atg12–Atg5-Atg16. Phagophores can also be conveniently visualized during the Cvt 

pathway by monitoring the Cvt complex (composed primarily of oligomeric prApe1 bound 

to Atg19), because the large oligomeric Ape1 complex is electron dense and relatively easy 

to identify even without immunogold labeling [94, 95].

Alternatively, phagophore initiation can also be assessed by fluorescence microscopy 

utilizing the green fluorescent protein (GFP; or another fluorophore) conjugated to almost 

Delorme-Axford et al. Page 6

Methods. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



any Atg protein because most of these components are transiently associated with the PAS 

[67], although most also exist as a diffuse cytosolic pool. GFP-Atg8 is particularly useful to 

monitor phagophore nucleation and expansion because it is relatively abundant, is recruited 

to the PAS as the last Atg protein, and its fluorescence intensity increases as the phagophore 

expands, followed by disappearance of the distinct punctate signal as the completed 

autophagosome fuses with the vacuole [96]. Although it is preferable to use genome-tagged 

proteins to follow these processes, the plasmid-based overexpression of fluorescently-tagged 

Atg proteins does not seem to have a major effect on autophagy activity, but may induce 

slightly elevated overall levels of autophagy and augment the cytoplasmic pool of Atg 

proteins rather than the population associated with the PAS [29]. Furthermore, it is also 

possible to calculate the stoichiometry of assembling Atg proteins at the PAS utilizing 

fluorescence microscopy, but in this case expression should be from endogenous promoters 

[97].

The PAS appears as a single distinct perivacuolar punctum when visualized by tagging most 

of the Atg proteins; however, when monitoring only the PAS it is best to avoid proteins such 

as Atg9, Atg23, and Atg27 that may be found at other intracellular locations (in addition to 

the PAS) [98]. As mentioned above with regard to both TEM and fluorescence microscopy, 

a good combination of protein markers that can be used to distinguish the PAS from other 

autophagic compartments is the heterotrimeric complex of Atg12–Atg5-Atg16, as this 

complex dissociates upon phagophore closure [67, 68, 99]. Fluorescently-tagged prApe1 is 

also a marker of the PAS, particularly under growing conditions. It is often helpful to 

delineate the vacuole (rim or lumen) to assist in the detection of the peri-vacuolar PAS. This 

can be achieved through the use of dyes such as FM 4–64 (vacuole membrane marker), 

CellTracker Blue CMAC (vacuole lumen marker), or the expression of fluorescently-tagged 

vacuolar proteins such as GFP-Pho8 [100–102].

Aside from microscopy, other approaches can be used to follow autophagy induction. For 

example, Atg13 is hyperphosphorylated by TORC1 and PKA under basal conditions [8, 22, 

24, 103]; however, under conditions that stimulate autophagy, Atg13 is largely 

dephosphorylated [103, 104]. The change in phosphorylation status can be readily monitored 

by western blot [67]. A complete protocol for assessing the phosphorylation status of Atg13 

has been published [103]. Additionally, Atg1 kinase activity can be monitored to measure 

the initiation of autophagy [67]. Finally, autophagic induction can be further monitored by 

increased Atg8 expression levels or by following the change in ATG8 mRNA [43, 93, 105, 

106]. It should be noted that changes in Atg8 levels or the corresponding transcript are not 

by themselves adequate evidence of autophagy induction. For example, ATG8 (or the 

mammalian homolog LC3) can be induced, and Atg8/LC3 conjugation to PE can proceed, in 

the absence of a functional PtdIns3K complex, even though autophagy will not take place 

[70, 107, 108]. Thus, it is critical to monitor more than one parameter to ensure an accurate 

interpretation. Other transcripts that are upregulated upon autophagy induction are those of 

ATG14 and ATG9, which are under the control of the Gln3 and Pho23 transcription factors, 

respectively [29, 109].
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3. Phagophore expansion and closure

3.1 Background

In the second stage of autophagy (also known as the expansion or elongation step), 

extension of the phagophore and maturation into the completed autophagosome occurs 

through two separate, conserved ubiquitin-like conjugation systems (Figure 1). In brief, the 

first system requires the Atg12 conjugation system consisting of the heterotrimeric complex 

Atg12–Atg5-Atg16, which is localized to the phagophore and functions in part as an E3-like 

enzyme for the Atg8 conjugation system [110]. Atg7, an E1-like enzyme that activates 

Atg12, and Atg10, an E2-like enzyme, promote the conjugation of Atg12 to Atg5 at the 

phagophore [111, 112].

The second ubiquitin-like conjugation system involves Atg8 [or microtubule-associated 

protein 1 light chain 3 (LC3) in mammalian cells], and is required for membrane expansion 

and closure. The Atg8-conjugation system is comprised of Atg8 and the additional factors 

Atg7, Atg4, and Atg3 [8]. Atg8 is converted to its lipidated form, Atg8–PE, following Atg4-

mediated proteolytic processing of its C terminus, Atg7-dependent activation, and Atg3-

facilitated conjugation at a conserved C-terminal glycine exposed by the Atg4 cleavage 

[111, 113]. Atg8–PE lines both sides of the phagophore; upon formation and maturation of 

the autophagosome the Atg8 on the outer surface is removed from PE by deconjugation, a 

second Atg4-mediated cleavage event, which is required for efficient autophagosome 

biogenesis [110, 111, 113, 114]. The activity of Atg4 can be monitored directly, by 

expressing Atg8-GFP where the fluorescent tag is added at the C terminus [115].

In yeast, the closed phagophore—now referred to as the autophagosome—is approximately 

300–900 nm in diameter [3, 4]. Cvt vesicles, the sequestering compartments that form 

during the Cvt pathway, are much smaller (140–160 nm) and exclude bulk cytoplasm [27, 

116]. As noted above, the autophagosome is a double-membrane structure containing either 

bulk cytoplasm (in the case of nonselective autophagy) or selective cargo that is typically 

destined for degradation and recycling (in the case of the Cvt pathway, the cargos are 

resident vacuolar enzymes that are delivered to their site of function as described above).

3.2 Methods to assess phagophore expansion and closure

There are several assays used in yeast to evaluate autophagosome maturation (Figure 3), and 

most of these can also be utilized in mammalian cells (Table 1). For visualizing and 

determining whether membrane closure of the phagophore has occurred, microscopy 

techniques are problematic. Unless three-dimensional tomography is performed, it can be 

difficult to fully visualize vesicle elongation and phagophore closure by EM [94, 117]. For 

further detail on the use of EM in investigating autophagy, see section 4.2.3 “Electron 

microscopy” below. Accumulation of GFP-Atg8 puncta can be visualized by fluorescence 

microscopy, but it may be difficult to distinguish whether this pool of Atg8 is localized 

distinctly to the completed autophagosome or the PAS, unless additional markers are used. 

For further discussion on the use of GFP-Atg8 to assay autophagy by fluorescence 

microscopy, see section 4.2.1 “Fluorescence-based microscopy assays”. Finally, it is 

possible to monitor Atg protein disassembly by fluorescence microscopy to assess 
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autophagosome closure [114, 118]. This latter assay relies on the observation that most of 

the Atg proteins, with the notable exception of Atg8, are released from the completed 

autophagosome; mutants that are defective in phagophore closure accumulate Atg proteins.

As mentioned above, Atg9 exists in multiple puncta in wild-type cells, including the PAS, 

and peripheral sites that may correspond to membrane donors for phagophore formation [13, 

119, 120]. In cells defective for delivery of Atg9 to the PAS (anterograde trafficking), this 

protein is seen in multiple puncta, but not at the PAS (e.g., it does not colocalize with 

prApe1) [121]. In contrast, in mutants such as atg1Δ, Atg9 accumulates almost entirely at 

the PAS. This phenotype is the basis for the transport of Atg9 after knocking out ATG1 

(TAKA) assay [67, 68, 122], which provides an epistasis analysis for the effect of a 

mutation combined with atg1Δ. Thus, Atg9 localization can be monitored to provide an 

assessment of the state of the cycling machinery involved in Atg9 trafficking.

The GFP-Atg8 protease protection assay may also be used as a method to monitor 

autophagosome maturation. This technique may complement microscopy studies to 

determine whether a completed autophagosome has formed. The protease protection assay 

relies on determining whether or not a particular cargo, in this case GFP-Atg8, is sensitive to 

degradation by the addition of exogenous protease, or whether the cargo is protected within 

the completed autophagosome structure, following the osmotic lysis of spheroplasts under 

conditions that retain the integrity of intracellular compartments such as the vacuole and 

autophagosomes. GFP-Atg8 is an ideal cargo for use in this analysis if the goal is to examine 

nonselective autophagy. A detailed protocol on how to perform this technique and analysis 

has been published [117].

A comparable assay can be performed to investigate the biosynthetic Cvt pathway for 

selective autophagy. In this case the primary cargo, prApe1, is a zymogen that is synthesized 

with an amino-terminal propeptide that is normally cleaved upon vacuolar delivery; the 

propeptide is quite sensitive to proteolytic removal, whereas the remainder of the protein is 

extremely resistant to degradation, similar to other vacuolar hydrolases. A protease 

protection assay can therefore be used to determine whether the Cvt vesicle is complete, in 

which case the propeptide will not be accessible to degradation [123]. Nutritional conditions 

dictate whether prApe1 will be sequestered within an autophagosome or a Cvt vesicle. 

Under nutrient rich conditions, the Cvt pathway biosynthetically delivers prApe1 to the 

vacuole, whereas during autophagy the Cvt complex is selectively incorporated into an 

autophagosome. In either case, the proteolytic processing step can be monitored by western 

blot. Comprehensive summaries on performing the prApe1 protease protection assay have 

been published [117, 123].

4. Fusion of the autophagosome with the vacuole

4.1 Background

The third major step of the autophagic pathway occurs when there is fusion between the 

outer membrane of the autophagosome and the vacuole (Figure 1). The vesicle formed by 

the remaining inner autophagosome membrane is released into the vacuole lumen, where it 

is now termed an autophagic body. Although normally broken down rapidly, autophagic 
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bodies can be induced to accumulate within the vacuole either through genetic or 

pharmacological means [4, 124].

4.2 Methods to assess autophagosome-vacuole fusion

Autophagosome-vacuole fusion can be monitored for both nonselective and selective forms 

of autophagy utilizing a variety of microscopy-based and biochemical assays (Figure 4, 

Table 1).

4.2.1 Fluorescence-based microscopy assays—As described earlier, Atg8 is a 

ubiquitin-like protein essential for autophagy, and a component of the core autophagy 

machinery that is often used as a marker protein of the PAS, phagophores, and 

autophagosomes [96, 125]. Cells that have not yet undergone autophagosome-vacuole 

fusion (but are actively undergoing autophagy) will display the presence of a single GFP-

Atg8 punctum outside the vacuolar compartment (corresponding to the PAS, or a completed 

autophagosome prior to fusion with the vacuole). If fusion of autophagosomes with the 

vacuole is blocked, multiple GFP-Atg8 puncta will accumulate in the cytosol; this type of 

block can be achieved genetically (e.g., by deleting VAM3 or YPT7), or pharmacologically 

(e.g., by treating with the vacuolar-type H+-ATPase inhibitor bafilomycin A1). As 

mentioned above, it is usually helpful to mark the vacuole (e.g., with FM 4–64), although it 

can also be observed through light microscopy using differential interference contrast (DIC, 

or Nomarski optics). Note that GFP-Atg8 puncta do not correspond only to 

autophagosomes; therefore, it is critical to use other methods as described here (such as 

protease protection and TEM) to verify their nature.

4.2.2 Biochemical assays—Fusion can be monitored indirectly by assays that reflect 

subsequent steps of autophagy, in particular autophagic body lysis and cargo degradation. 

These assays are discussed below in section 5.2.2

4.2.3 Electron microscopy—TEM and its variations (freeze-fracture, cryoEM) remain 

essential techniques in autophagy research to visualize morphological changes in 

autophagosome structure and flux. In yeast, it can be difficult to precisely detail the early 

stages of autophagy due to issues with preservation and fixation techniques that allow for 

high-quality visualization of cytoplasmic structures, although it is possible to detect 

phagophores (for a review see [94, 124]). TEM is particularly useful to quantify the number 

and size of autophagic bodies [124] (see the accompanying review by Guimaraes et al. for a 

detailed protocol for the examination of autophagic bodies); the absence of these structures 

may indicate a fusion defect or a block at an earlier stage that prevents autophagosome 

formation.

As discussed above, in order to monitor autophagic bodies it is necessary to prevent their 

breakdown through genetic (e.g., pep4Δ) or pharmacological (e.g., PMSF) means. 

Additionally recommended, although not required, VPS4 may also be deleted in strains 

undergoing TEM analysis to eliminate the accumulation of multivesicular bodies within the 

vacuole. When performing TEM, it is also preferable that the studies be conducted at two 

different time points (with corresponding quantification of autophagic bodies at each time 
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point) to allow for an analysis of flux [68]. TEM may be used as a way to determine whether 

nonselective or selective forms of autophagy are occurring. In nonselective autophagy, the 

contents of the sequestering body should be similar to cytoplasm. During selective forms of 

autophagy, the cargo should obviously be present in the autophagic body, and bulk 

cytoplasm should be excluded [53]. Comprehensive methodologies on conducting TEM 

studies in S. cerevisiae and subsequent analysis have been published [94, 124, 126].

Variations on TEM, particularly cryofixation and freeze-fracture studies, have been 

advantageous to gaining further structural understanding of the later stages of autophagy. In 

yeast, rapid high-pressure freezing cryofixation and low-temperature dehydration techniques 

are successful in further preserving the delicate intracellular membrane structure for TEM 

analysis and providing additional three-dimensional structural detail of the autophagosome 

[68, 127, 128]. Additionally, TEM performed using the freeze-fracture technique of 

platinum-carbon replicas allows for the visualization of autophagic structures along the 

hydrophobic plane of the membrane including integral membrane proteins [68, 127, 129]. 

More recently, novel electron microscopy techniques, such as the quick-freeze freeze-

fracture replica labeling method (QF-FRL), allow for nanometer scale analysis of the 

distribution of membrane lipids in autophagic compartments [130, 131].

5. Cargo degradation and efflux

5.1 Background

The final steps in autophagy are cargo degradation followed by efflux of the resulting 

macromolecules (Figure 1). Although the vacuole has enzymes for breaking down each of 

the major types of macromolecules, efflux systems have only been identified for amino 

acids. Thus, the mechanism(s) by which nucleic acids, carbohydrates and/or lipids might be 

recycled for reuse in the cytosol are not known.

5.2 Methods to Inhibit Cargo Degradation

The majority of the methods available to monitor cargo degradation involve the use of 

pharmacological or genetic approaches to block this stage of autophagy (Figure 5, Table 1). 

In mammalian cells, for example, the inhibitor bafilomycin A1 is commonly used, and 

appears to function either at the level of autophagosome-lysosome fusion and/or sub-

lysosomal vesicle/cargo breakdown (due to a block in vacuolar acidification), depending on 

the length of treatment [132, 133]. Thus, this agent may be used to assess autophagic flux, 

both at the level of fusion and autophagic body/cargo degradation within the vacuole. 

Bafilomycin A1 can be also be used to confine the autophagic cargo in a recognizable early 

state to determine the contents of the autophagic body and/or to inhibit degradation and 

turnover [68, 132, 134]. In yeast, autophagic body breakdown can also be blocked 

genetically through the deletion of VMA (vacuolar membrane ATPase) genes, encoding 

subunits of the vacuolar H+-ATPase [135].

Vacuolar proteolysis can be blocked through the combined use of pepstatin A (an aspartic 

protease inhibitor) and E-64D (a cysteine protease inhibitor) [68]. Alternatively, the 

threonine, cysteine, and serine protease inhibitor leupeptin may be used in combination with 

pepstatin A and/or E-64D. It is important to note that some of these inhibitors are not 
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membrane permeable, but in some cases membrane permeable derivatives are available [68]. 

Additionally, the acidotropic agents chloroquine (a weak base amine) or NH4Cl may be used 

to prevent cargo degradation and turnover by neutralizing the vacuolar pH. As explained 

above in section 4.2.3 “Electron microscopy.” In yeast, the PEP4 gene can be deleted to 

inhibit degradation, or the inhibitor PMSF can be applied to block the activity of serine 

proteases such as Prb1, the major protease in the vacuole.

Efflux of the autophagic cargo by membrane permeases such as Atg22 enables the reuse of 

the resulting macromolecules in the cytosol [67, 136]. The putative lipase Atg15 is required 

for the intravacuolar lysis of Cvt and autophagic bodies, and defects in lysis can be 

monitored by the accumulation of these single-membrane vesicles in the vacuole lumen 

[137, 138]; a specific lipase assay for Atg15 function has not been described. Successful 

recycling of degraded components such as amino acids can be measured indirectly by 

assaying for protein synthesis of vacuolar hydrolases because these enzymes are induced 

under starvation conditions, and require amino acid efflux during starvation to supply 

needed amino acids [67, 136].

5.3 Methods to assess cargo degradation and efflux

In contrast to the lysosome, the yeast vacuole is not particularly acidic, but it does contain a 

range of hydrolases [139], allowing for lysis of the autophagic body, and breakdown of the 

autophagic cargo. Thus, most of the assays to monitor the final stages of autophagy rely on 

degradation or proteolysis of autophagic substrates.

5.3.1 Microscopy assays—As mentioned above in section 4.2.3 “Electron microscopy,” 

accumulation of autophagic bodies within the vacuole indicates a defect in degradation 

when examined ultrastructurally by EM [124]. Additionally, fluorescence microscopy 

techniques can be used to visualize cargo degradation. When GFP-Atg8 is delivered to the 

vacuole, the Atg8 moiety is rapidly degraded. In contrast, GFP is relatively stable in the 

vacuole and free GFP remains structurally intact (see the accompanying review by 

Guimaraes et al. for a detailed protocol for the GFP-Atg8 processing assay). This allows for 

GFP accumulation within the vacuolar compartment, which can be detected by microscopy 

(the level of vacuolar GFP derived from GFP-Atg8 during growing conditions is relatively 

low and is easily distinguished as background). Alternatively a nonselective autophagic 

cargo such as Pgk1-GFP may also be used to monitor autophagic body lysis and cargo 

degradation [98]. Another variation on this approach is to prevent the breakdown of 

autophagic bodies, as occurs for example in a pep4Δ mutant. In this case, GFP-Atg8 can be 

detected as discrete puncta within the vacuole lumen, rather than as a diffuse signal. More 

recently, the existence of an autophagy receptor, Cue5, that recognizes ubiquitinated 

proteins for autophagic degradation under nitrogen starvation conditions has been identified 

[140]. GFP-tagging of Cue5 or one of these cargo proteins [140] represents an alternative to 

Pgk1 for ubiquitinated substrates.

During selective types of autophagy, such as mitophagy, degradation of vacuolar contents 

can also be monitored by epifluorescence in much the same way as with GFP-Atg8. 

Mitochondrial proteins (such as Om45, an outer membrane protein, and Idh1, a matrix 
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protein) can be C-terminally tagged with GFP, and monitored for GFP fluorescence in the 

vacuole [55] (see the accompanying review by Guimaraes et al. for a detailed protocol for 

the examination of mitophagy flux). Similarly, Pex14-GFP or GFP-SKL can be used to tag 

peroxisomes [67, 68] (see the accompanying review by Guimaraes et al. for a detailed 

protocol for the examination of pexophagy flux).

5.3.2 Biochemical assays—Similar to monitoring the presence of GFP by fluorescence 

microscopy, degradation can also be assessed by the release of free GFP from GFP-Atg8 on 

an immunoblot as an indicator of nonselective autophagy. Atg8 is sensitive to degradation 

within the vacuole; however, as mentioned above, the free GFP signal is relatively resistant 

to vacuolar hydrolysis, remains intact, and can be detected by western blot [98]. Similarly, 

other markers such as Pgk1-GFP may also be used to assess nonselective autophagy by blot 

[98]. It should be kept in mind that GFP-Atg8 is membrane associated (at least initially) and 

therefore reflects the surface area of the autophagic body (and hence indirectly the 

autophagosome), whereas Pgk1-GFP levels correspond to the volume. In much the same 

way, a comparable analysis may be conducted by western blotting for the detection of free 

GFP during mitophagy or pexophagy using Om45-GFP or Idh1-GFP [51, 55, 58], or Pex14-

GFP [43], respectively.

Fusion of Cvt vesicles with the vacuole and lysis of the resulting Cvt body (analogous to an 

autophagic body) in the Cvt pathway can also be examined by immunoblot to assay for 

maturation of prApe1 (see the accompanying review by Guimaraes et al. for a detailed 

protocol for the analysis of Cvt pathway progression by western blot). As discussed above, 

delivery of prApe1 to the vacuole results in the proteolytic removal of the N-terminal 

propeptide [43]. This cleavage event can be detected by immunoblot; prApe1 is visualized 

as an approximately 61-kDa band, whereas mature Ape1 is 50 kDa. Alternatively, 

radiolabeled prApe1 can also be used in a pulse-chase experiment to assess the kinetics of 

prApe1 delivery to the vacuole [43].

A very useful assay to monitor autophagy in yeast relies on the measurement of alkaline 

phosphatase activity [141–144]. In S. cerevisiae, PHO8 encodes vacuolar alkaline 

phosphatase that transits to the vacuole through a part of the secretory pathway [142]. A 

truncated form of Pho8, Pho8Δ60, which lacks the N-terminal transmembrane domain that 

normally functions as an internal uncleaved signal sequence, accumulates in the cytosol and 

is only delivered to the vacuole through nonselective autophagy [141, 143, 144]. The 

magnitude of autophagy can therefore be monitored through an enzymatic assay in strains 

where the endogenous PHO8 gene has been replaced with pho8Δ60 (see the accompanying 

review by Guimaraes et al. for a detailed protocol for the Pho8Δ60 assay). Furthermore, the 

Pho8Δ60 assay can be modified to evaluate changes in selective forms of autophagy. For 

example, to assay for mitophagy, Pho8Δ60 can be fused to a mitochondrial localization 

sequence [145].

Finally, the proteasome is considered to be the primary means for the degradation of short-

lived proteins, whereas autophagy is used to degrade long-lived proteins. Accordingly, 

autophagic degradation can be assessed by monitoring the turnover of radiolabelled long-
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lived proteins [67, 68]. Although this technique has fallen out of favor, likely due to the need 

to use radioisotopes, it is a useful method that can be used to follow autophagic flux.

Although relatively little attention has been paid to the final step of autophagy, efflux of the 

macromolecules resulting from the breakdown process, this step is critical as part of the 

stress response [136]. Efflux can be monitored non-radioactively by examining the synthesis 

of nascent proteins. Under starvation conditions, the translation of most proteins is inhibited. 

In contrast, a few proteins, such as vacuolar hydrolases are upregulated, and this synthesis 

depends on the release of amino acids from the vacuole as a result of autophagy. Thus, the 

increased synthesis of these enzymes can be followed by western blot. Direct measurement 

of the release of radioactive amino acids from labeled proteins can also be used to monitor 

efflux [67].

6. Conclusions

We present here an overview of the most commonly used methods to assess autophagy at 

each of the four main stages of the pathway. Due to the inhererent complexity and dynamic 

nature of autophagy, it is always recommended that multiple and complementing approaches 

be conducted to assay any phase. S. cerevisiae and other yeast species provide unique 

models for the study of autophagy due to the array of methods that are exclusively available 

for use in these organisms.

There remain many questions to be answered in this ever-expanding field. We hope that the 

survey of assays provided here are helpful to investigators of all disciplines who are 

interested in exploring autophagy in their research.
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3-MA 3-methyladenine

Atg autophagy related

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

GFP green fluorescent protein

PAS phagophore assembly site

PKA protein kinase A

PMN piecemeal microautphagy of the nucleus

TEM transmission electron microscopy

TOR target of rapamycin
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TORC1 TOR complex 1

VMA vacuolar membrane ATPase
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Figure 1. An overview of the autophagy pathway in S. cerevisiae
Shown is a schematic overview of each of the four key stages of autophagy: induction and 

nucleation of the phagophore, expansion of the phagophore and closure to form the 

autophagosome, autophagosome-vacuole fusion, and cargo degradation and efflux. Prior to 

the elongation of the phagophore membrane, Atg8 is converted to its lipidated form, Atg8–

PE following a series of proteolytic events involving the Atg8 conjugation system (Atg3, 

Atg4, Atg7, and Atg8). The Atg12 ubiquitin-like conjugation system (Atg5, Atg7, Atg10, 

Atg12, and Atg16) is also required for membrane elongation.
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Figure 2. Methods to assess induction and nucleation
Shown are methods to induce and inhibit nonselective or selective forms of autophagy. The 

most commonly used methods to assess autophagic induction are listed. See the text for 

details
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Figure 3. Methods to assess phagophore expansion and closure
See the text for details.
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Figure 4. Techniques to evaluate autophagosome maturation and autophagosome-vacuole fusion
See the text for details
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Figure 5. Assays to assess cargo degradation and efflux
Commonly used techniques to inhibit cargo degradation are listed, along with methods to 

measure degradation and efflux. See the text for details
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Table 1

Methods for the analysis of autophagy progression in yeast and mammalian cells.

Yeast Mammals

1. Induction and nucleation

  A. Induction

    Nutrient deprivation X X

    Rapamycin X X

  B. Inhibition

    Pharmacological Xa X

    Genetic X Xb

  C. Assessment

    Electron microscopy X X

    PAS localization X

    Atg13/ATG13 dephosphorylation X X

    Atg1/ULK1 kinase activity X X

    Upregulation of ATG gene expression X X

2. Expansion and maturation

  A. Assessment

    GFP-Atg8/LC3 X X

    Protease protection/sequestration assays X X

    TAKA assay X

    Atg4/ATG4 protease activity X X

3. Fusion

  A. Inhibition

    Pharmacological Xa X

    Genetic X Xb

  B. Assessment

    Electron microscopy X X

    Fluorescence microscopy X X

    Immunoblot (GFP processing) X Xc

Pho8Δ X

4. Degradation and efflux

  A. Inhibition

    Pharmacological Xa X

    Genetic X Xb

  B. Assessment

    Electron microscopy: autophagic body accumulation X

    Fluorescence microscopy X X
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Yeast Mammals

    Radioactive efflux X X

    Assay for new protein synthesis X X

    Long-lived protein degradation X X

a
Although autophagy can be inhibited pharmacologically in yeast, it is more typical to use genetic methods such as null or conditional mutants.

b
Traditionally this has been done with RNAi, but now can also be achieved with Cas9 CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats) technology.

c
The ability to detect GFP-LC3 processing is is cell type-dependent.
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