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Abstract: The selectivity in the selective autophagy pathways is achieved via the selective autoph-
agy receptors (SARs) — proteins that bind a ligand on the substrate to be degraded and the Atg8-
family protein on the growing autophagic membrane, phagophore, effectively bridging them. In
mammals, the most common ligand of SARs is ubiquitin, a small protein modifier that tags sub-
strates for their preferential degradation by autophagy. Consequently, the most common SARs are
the ubiquitin-binding SARs, such as SQSTM1/p62 (sequestosome 1). Surprisingly, there is only one
known SAR of this type in yeast — Cue5, which acts as a receptor for aggrephagy and proteaphagy
— pathways that remove the ubiquitinated protein aggregates and proteasomes, respectively. How-
ever, recent studies described the ubiquitin-dependent autophagic pathways that do not involve
Cueb, e.g. the stationary phase lipophagy for intracellular lipid droplets and nitrogen starvation-
induced mitophagy for mitochondria. What is the role of ubiquitin in these pathways? Here, we
propose that the ubiquitinated lipid droplets and mitochondria are recognized by the alternative
ubiquitin-binding SARs. Our analysis identifies the proteins that could potentially fulfill this role in
yeast. We think that matching of the ubiquitin-dependent (but Cue5-independent) autophagic path-
ways with the ubiquitin-and-Atg8-binding proteins enlisted here might uncover the novel ubiqui-
tin-binding SARs in yeast.
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1. Introduction

Tagging of substrates for degradation by the selective autophagy pathways can pro-
ceed either without or with ubiquitin. The ubiquitin-independent cargo recognition is
more prevalent in yeast and can be exemplified by the first autophagic receptor that was
identified, Atgl9 (autophagy related 19) [1,2]. This protein binds Apel (aminopeptidase
1) in cytoplasm and ensures its selective delivery to the vacuole via the cytoplasm-to-vac-
uole targeting pathway or via (otherwise) non-selective autophagy. In contrast, the ubig-
uitin-dependent recognition of substrates is more widespread in higher eukaryotes and
can be represented by the first mammalian autophagic receptor, SQSTM1/p62 (sequesto-
some 1) [3,4]. This receptor binds a protein modifier, ubiquitin, promotes aggregation of
the ubiquitinated proteins and their targeting to the lysosome via aggrephagy, the selec-
tive autophagy of protein aggregates. Since the ubiquitin-binding SQSTM1-like receptors
can recognize a variety of ubiquitinated proteins at a surface of different structures, their
role in selective autophagy is much broader than that of the Atgl19-like receptors and in-
volves simultaneous functioning in several autophagic pathways, including (since re-
cently) lipophagy, the selective autophagy of lipid droplets (LDs) [5,6]. However, the two
types of receptors share a common step — bridging of the non-ubiquitinated or ubiqui-
tinated substrate with the Atg8-family protein that lines up a membrane of phagophore,
the autophagic transport vesicle (autophagosome) precursor. For example, Atg19 bridges
Apel with Atg8 in yeast [7,8] and SQSTM1 brings together the ubiquitinated protein
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aggregates and MAP1LC3B (microtubule associated protein 1 light chain 3 beta) in mam-
malian cells [3,4].

2. Cue5, the SQSTM1-like autophagic receptor in yeast

At present, Cueb is the only known ubiquitin-binding autophagic receptor in yeast.
It drives two autophagic pathways, aggrephagy and proteaphagy (selective autophagy of
proteasomes) (Figure 1) [9,10]. In aggrephagy, it satisfies all the requirements of the selec-
tive autophagy receptor (SAR). Specifically, the Saccharomyces cerevisiae Cueb: 1) binds
ubiquitinated proteins via its ubiquitin-binding “coupling of ubiquitin conjugation to ER
degradation” (CUE) domain, 2) bridges them with the membrane-bound Atg8 through
the Atg8-interacting motif (AIM), 3) is co-degraded with ubiquitinated proteins in the vac-
uole, and 4) is required for their vacuolar degradation under nitrogen starvation condi-
tions [9]. Moreover, because of the low affinity of CUE domain to ubiquitin and its ability
to oligomerize, Cue5 can target only the ubiquitinated protein aggregates that, unlike
ubiquitinated soluble proteins, are rich in ubiquitin for Cue5 oligomers to bind with high
avidity [11]. By its oligomerization, Cue5 resembles the mammalian SQSTM1-like recep-
tors even though they do not have this affinity problem with ubiquitin and oligomerize
rather to cluster the ubiquitinated proteins into protein aggregates [5]. In proteaphagy,
Cueb satisfies the requirements of a SAR for the ubiquitinated 26S proteasomes (note that
proteasomes are ubiquitinated after their inactivation with MG132; they are not ubiqui-
tinated and do not require Cueb5 for their autophagic degradation under nitrogen starva-
tion conditions) [10]. Precisely, the S. cerevisiae Cueb: 1) binds ubiquitinated proteasomes,
2) bridges them with Atg8 using CUE and AIM domains, which are both essential for
proteaphagy, and 3) is required for the vacuolar degradation of ubiquitinated pro-
teasomes. Importantly, the inactivated 26S proteasomes must first be aggregated by
Hsp42 chaperone into the cytoplasmic aggresomes before they can be degraded by the
Cue5-mediated process [10]. This makes the Cue5-dependent aggrephagy and pro-
teaphagy very similar and suggests that MG132 might also induce aggrephagy that coa-
lesces with proteaphagy.
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Figure 1. The ubiquitin-dependent selective autophagy pathways in yeast. Cue5 is the only known
ubiquitin-binding SAR that functions in aggrephagy and proteaphagy. However, the Cue5-inde-
pendent pathways of lipophagy and mitophagy suggest the existence of other ubiquitin-binding
SARs (depicted as AtgX). For potential identities of AtgX, see Table 1.

3. Ubiquitin-dependent but Cue5-independent autophagic pathways in yeast

Recently, Cue5 was also probed for the involvement in lipophagy [12,13]. Similar to
the Cue5-dependent aggrephagy and proteaphagy (but unlike the Cue5-independent
pathways, including the nitrogen starvation-induced proteaphagy) [9,10], lipophagy does
not require the autophagic scaffold protein, Atgll [14-17]. The similarity does not end
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there, as Komagataella phaffii Cue5 binds LDs via its CUE domain and is co-degraded with
them in the vacuole (note that this happens in the stationary phase of growth, but not
under nitrogen starvation conditions) [13]. However, both K. phaffii and S. cerevisiae Cue5
proteins are dispensable for the stationary phase lipophagy [12,13]. This means that in the
stationary phase, Cue5 is just another substrate (and not a SAR) for lipophagy (Figure 1).
Since Prll (positive regulator of lipophagy 1) is essential for Cue5 recruitment to LDs
(most likely via LD ubiquitination) and for stationary phase lipophagy, we hypothesized
that another ubiquitin-binding protein (AtgX) could be a SAR for the stationary phase
lipophagy and, as such, would act as a lipophagy effector of the Prll regulator [13,17].
Here, we make a broader case for the existence and possible identities of such alternative
ubiquitin-binding SARs in yeast.

Another argument for the presence of such receptors in yeast came from the studies
of mitophagy in S. cerevisiae [18,19]. During mitophagy induced by the treatment of cells
with rapamycin, the Ubp3-Bre5 deubiquitination complex is recruited from cytosol to the
mitochondria where it inhibits mitophagy suggesting that ubiquitination of mitochondria
plays an important positive role in their degradation [18]. Interestingly, the subsequent
study found that ubiquitination of the two mitochondrial outer membrane proteins,
Mdm12 and Mdm34, which are components of the endoplasmic reticulum-mitochondria
encounter structure (ERMES), is required for efficient mitophagy under a variety of con-
ditions, including rapamycin treatment, stationary phase of growth and nitrogen starva-
tion [19]. However, despite a widespread involvement of Mdm12 and Mdm34 ubiquiti-
nation in mitophagy, the ubiquitin-binding Cue5 is not a part of the mechanism, at least
under nitrogen starvation conditions [9], indicating that another ubiquitin-binding SAR
must fulfil the role of additional receptor (the main one is a well-characterized Atg19-like
receptor, Atg32 [20,21]) (Figure 1).

4. Candidates for alternative ubiquitin-binding SARs in yeast

Since at least two autophagic pathways (lipophagy and mitophagy) are ubiquitin-
dependent but Cue5-independent, we looked for the proteins that, similar to Cue5, could
bind both ubiquitin and Atg8. For this, we compared the physical interactomes of ubiqui-
tin (179 proteins in Saccharomyces Genome Database (SGD)) and Atg8 (143 proteins in SGD
and 92 proteins in [22]), and found 16 overlaps, including Cue5 (Table 1). The other 15
proteins are Arc40, Ccr4, Cdc48, Dhhl, Dsk2, Edel, Entl, Ent2, Nab2, Nup84, Rsp5, Shpl,
Slal, Ubx5 and Ydj1. Similar to Cue5, many of them are capable of self-interaction. Unlike
Cueb, three of them (Ccr4, Dhhl and Edel) can bind Atgl1. Interestingly, Ccr4 and Dhh1
affect autophagy in two directions: decrease it under growth conditions and increase it
during nitrogen starvation by down- and up-regulating the expression of different ATG
genes, respectively [23-25]. However, both Ccr4 and Dhhl, as well as another candidate,
Nab2, are very promiscuous proteins with thousands of binding partners (Table 1). There-
fore, they are unlikely to serve the highly specific roles of the SARs.
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Table 1. Proteins that physically interact with both ubiquitin and Atg8 in yeast®.

Physical interactions

Protein Brief description Ubiquitin-binding domain Atgll  Self Total Autophagy regulator
Arc40 Subunit of the Arp2/3 complex - - - 51 -
Ccr4 Component of the Ccr4-Not complex - Yes Yes 3,035 Yes [23]
AAA ATP ith protein-unfold
Cdc48 ase with protem-untoidase - - Yes 200 Yes [29-31]
activity
Cueb Ubiquitin-binding protein CUE - Yes 29 Yes [9,10]
DEAD-box heli RNA d i
Dhh1 box helicase/mRNA decapping - Yes  Yes 3,608 Yes [24,25]
activator
Dsk2  Ubiquitin-like polyubiquitin-binding protein UBA - Yes 43 Yes [26]
Edel Endocytic adaptor UBA Yes [28] Yes 62 Yes [28]
Entl Epsin-like protein UIM (x2) - - 20 -
Ent2 Epsin-like protein UIM (x2) - - 48 -
Nab2 Nuclear polyadenyla.ted RNA-binding ) i Yes 2,641 )
protein
Nup84  Subunit of the Nup84 subcomplex of NPC - - Yes 74 -
Rsp5 NEDD4 family E3 ubiquitin ligase HECT - Yes 354 Yes [9,19,32]
UBX domain-containing protein, binds
Shp1 Cdcds UBA - - 65 Yes [30]
Slal Cytoskeletal protein binding protein - - Yes 189 -
Ubx5 UBX domain-containing protein, binds UBA, UM [22] i ) 2% Yes [22]
Cdc48
Ydjl Type I Hsp40 co-chaperone - - Yes 133 Yes [27]

*This analysis was performed based on the data in SGD (accessed on 11/22/2022) and reference [22], unless stated otherwise.

Importantly, 7 proteins, in addition to Cue5, have at least one known ubiquitin-bind-
ing domain: (1) Dsk2, Edel, Shpl and Ubx5 possess the ubiquitin-associated (UBA) do-
main, (2) Entl and Ent2 each carry two ubiquitin-interacting motifs (UIMs), and (3) Rsp5
has the ubiquitin-transfering “homologous to the E6-AP carboxyl terminus” (HECT) do-
main (Table 1). Interestingly, all UBA and HECT domain-containing proteins have been
already implicated in autophagy. For example, Dsk2 (as well as another candidate, Ydj1)
stimulates the formation of the mutated huntingtin inclusion body, which is then effi-
ciently degraded by autophagy in yeast [26,27]. Similar to this artificial scenario, Dsk2 and
Ydjl could also promote the assembly and autophagic clearance of endogenous sub-
strates. In addition, the third Atgll-binding protein, Edel, through its oligomerization
and condensation achieves the formation of the endocytic protein deposits in plasma
membrane, and then, serves as a SAR for their autophagic degradation [28]. The Edel’s
UBA domain seems to be not involved in this process, but we cannot exclude the possi-
bility that it might bring Edel to some other substrates for a similar phase separation into
condensates that will be degraded by selective autophagy. Next, since another candidate,
Cdc48, and its UBA domain-containing cofactor, Shpl, promote both selective and non-
selective autophagy [29-31], their functioning as SARs is highly unlikely (all yeast SARs
are dispensable for non-selective autophagy). Therefore, the Cdc48-Shpl pair must play
some other, more generic role in autophagic pathways that is not related to the selection
of substrates. Finally, Ubx5 is another UBA domain-containing cofactor of Cdc48 that tar-
gets dysfunctional Cdc48 for autophagic degradation as a SAR, but is not involved in the
autophagic degradation of functional Cdc48, piecemeal microautophagy of the nucleus
and non-selective autophagy under nitrogen starvation conditions [22,30]. Interestingly,
the UBA domain of Ubx5 is not required for the selective autophagy of dysfunctional
Cdc48, which is bridged with Atg8 via the ubiquitin regulatory X (UBX) and UIM do-
mains, respectively [22]. However, it might be required for the selective autophagy of
ubiquitinated substrates yet to be identified.
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Finally, the HECT domain-containing E3 ubiquitin ligase, Rsp5, regulates several au-
tophagic pathways, including the Cue5-dependent aggrephagy, proteaphagy, and Cue5-
independent mitophagy, but not a non-selective autophagy [9,19,32]. In aggrephagy, it is
required for ubiquitination of proteins, their recognition by Cue5 and their vacuolar deg-
radation. Interestingly, Rsp5 also ubiquitinates the Cue5 receptor itself, and is co-de-
graded with it and its aggrephagy substrates [9]. However, since autophagic degradation
of Rsp5 heavily relies on Cue5 [9], it is unlikely to act as an alternative aggrephagy SAR.
In proteaphagy, Rsp5 ubiquitinates the inactivated 26S proteasomes in cytoplasmic ag-
gresomes created by Hsp42 and promotes their vacuolar clearance [32]. Similarly, Rsp5
also ubiquitinates the ERMES components, Mdm12 and Mdm34, and supports efficient
vacuolar degradation of mitochondria via mitophagy [19]. In the latter two cases, the role
of Rsp5 was studied only in the frame of ubiquitination, but since Rsp5 binds hundreds
of proteins in addition to ubiquitin and Atg8 (Table 1), it is unlikely to function as a SAR
in these or other pathways and bring enough selectivity to the process.

5. Conclusions

In summary, we think that a topic of the ubiquitin-binding autophagic receptors is
understudied in yeast. While one such receptor (Cue5) has been identified and implicated
in two autophagic pathways (aggrephagy and proteaphagy), our analysis suggests the
existence of ubiquitin-dependent, but Cue5-independent, pathways (lipophagy and mi-
tophagy) that could engage other ubiquitin- and Atg8-binding proteins as ubiquitin-bind-
ing SARs. Some of these proteins (Edel and Ubx5) act as the Atgl9-like SARs in corre-
sponding autophagic pathways. Therefore, they are poised to function also as the ubiqui-
tin-binding SARs for other substrates. It will be interesting to see further developments in
this exciting area of research.
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