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SUMMARY

The abundance of cell surface membrane proteins is regulated by internalization and delivery into
intralumenal vesicles (ILVs) of multivesicular bodies (MVB). Many cargoes are ubiquitinated,
allowing access to an ESCRT-dependent pathway into MVBs. Yet, how non-ubiquitinated
proteins, such as Glycosylphosphatidylinisotol-anchored proteins, enter MVBs is unclear,
supporting the possibility of mechanistically distinct ILV biogenesis pathways. Here we show a
family of highly ubiquitinated tetraspan Cos proteins provide a Ub-signal in trans, allowing
sorting of non-ubiquitinated MVB cargo into the canonical ESCRT- and Ub-dependent pathway.
Cos proteins create discrete endosomal subdomains that concentrate Ub-cargo prior to their
envelopment into ILVs and the activity of Cos proteins is required not only for efficient sorting of
canonical Ub-cargo but is also essential for sorting non-ubiquitinated cargo into MVBs.
Expression of these proteins increases during nutrient stress though a NAD*/Sir2-dpendent
mechanism that in turn accelerates the down-regulation of a broad range of cell surface proteins.

INTRODUCTION

Lysosomal degradation of membrane proteins is mediated by their incorporation into
intralumenal vesicles (ILVs), which reside within late-endosomes/multivesicular bodies
(MVBs)(Piper and Katzmann, 2007). MVB sorting is conducted by the ESCRT (Endosomal
Sorting Complex Required for Transport) machinery, through packaging of cargo into ILVs
and scission of ILVs from the limiting endosomal membrane. The major sorting signal for
this pathway is ubiquitin (Ub), which in yeast is typically ligated to MVB cargo by the
HECT-type Ub-ligase Rsp5 that uses a host of adaptor proteins to associate with its
substrates (Lin et al., 2008; Nikko and Pelham, 2009). A variety of ESCRTs (ESCRT-0, -1, -
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I1) and ESCRT-associated factors such as Alix and Brol, bind Ub to usher ubiquitinated
membrane proteins into burgeoning ILVs (Piper et al., 2014). Before ILV formation is
complete, most Ub is removed from cargo, catalyzed in yeast by the Doa4 deubiquitinating
enzyme (Amerik et al., 2000). ESCRTSs themselves are also largely removed from the
nascent ILV.

Current models for the sorting process predict that cargo needs to be highly organized and
immobilized to allow for proper ESCRT assembly, cargo deubiquitination and eventual
ESCRT release in preparation for incorporation into ILVs (Hurley and Hanson, 2010;
Nickerson et al., 2007). Yet, key aspects of how MVB cargo is captured, concentrated and
packaged into ILVs have yet to be clarified. In vitro systems that successfully reconstitute
ESCRT assembly and ILV formation lack the ability to sort cargo (Carlson and Hurley,
2012; Wollert et al., 2009), suggesting that auxiliary factors work in conjunction with
ESCRTs. Even some ESCRT components are not strictly required for MVB sorting, as loss
of Mvb12, Vtal, or the Alix-related Brol protein does not block all cargo sorting into yeast
ILVs. Sorting independent of ESCRTSs is more profound in animal cells, Plasmodium, and
Dictyostelium, which generate MVBs when they lack, or are severely depleted of, various
archetypal ESCRTS, suggesting auxiliary factors or alternate pathways may play prominent
roles in MVB sorting (Blanc et al., 2009; Colombo et al., 2013; Edgar et al., 2014; Leung et
al., 2008; Trajkovic et al., 2008).

Lipid-based mechanisms, such the generation of ceramide by sphingomyelinase or the
accumulation of bis(monoacylglycero)phosphate / lysobisphosphatidic acid (BMP/LBPA)
may contribute to MVB formation (Falguieres et al., 2008; Matsuo et al., 2004; Trajkovic et
al., 2008). Also, tetraspanins (Tspans), many of which are major constituents of ILVs (Pols
and Klumperman, 2009; Wubbolts et al., 2003), have been implicated in MVB sorting.
Tspans are palmitoylated 4 transmembrane-spanning domain (TMD)-containing proteins
with a characteristic large extracellular disulfide-containing loop. They cluster in membrane
microdomains and form complexes with a wide variety of membrane proteins (Hemler,
2005; Stipp et al., 2003). A functional role for Tspans in endosomes was established by
studies of CD63, which compensates for the depletion of ESCRTSs during ILV formation in
general, and appears tasked with sorting specific cargo such as the luminal protein Pmel17
into ILVs of melanosomes (Berson et al., 2001; Colombo et al., 2013; Edgar et al., 2014;
Theos et al., 2006; van Niel et al., 2011). Yet, how Tspans integrate functionally with
ESCRTSs, and whether they and ESCRTs augment the same ILV formation pathway or
control mechanistically distinct MVB biogenesis pathways, remains unclear.

Here we document a family of yeast MVB sorting factors called Cos proteins that
functionally resemble Tspans found in mammalian ILVs. We show that nutrient-limiting
conditions, which elevate COS expression, increase flux through the MVB pathway thereby
causing down-regulation of various cell surface proteins. The metabolic link is NAD™ levels,
which are sensed by the NAD*-dependent deaceytlase Sir2. We find that Cos proteins
cluster in endosomal subdomains, which they help create, and trap cargo there to promote
incorporation into ILVs. Among these cargoes are Glycosylphosphatidylinisotol (GPI)-
anchored proteins that sort into MVB ILVs along an ESCRT-dependent pathway, yet have
no cytosolic domain to mediate interaction with the Ub-binding ESCRT apparatus.

Dev Cell. Author manuscript; available in PMC 2016 May 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MacDonald et al.

RESULTS

Page 3

Sorting through the MVB pathway is stimulated in response to NAD* depletion

Nutrient-stress caused by growing cells past mid-log phase induces many plasma membrane
proteins to sort into the vacuole (Babst and Odorizzi, 2013; Beck et al., 1999; MacDonald et
al., 2012b). This phenomenon is exemplified by the redistribution to the vacuole of the cell
surface proteins Mup1-GFP (methionine transporter), Canl (arginine transporter), Fur4
(uracil transporter), Sncl (recycling v-SNARE), Ste3 (a-factor GPCR), and Yorl (ABC
transporter) (Figure 1 and S1a). This downregulation was also independent of many of the
known Rsp5 arrestin-related E3 ligase adaptors that connect Rsp5 to its substrates (Lin et al.,
2008; Nikko and Pelham, 2009). To understand this metabolic control we identified the key
components of SD media that were being consumed or altered (Figure S1b). Interestingly,
increased Yeast Nitrogen base, comprised mostly of B-vitamins and trace metals (Figure
Slc), suppressed Mupl vacuolar sorting. We traced the active ingredient to Niacin/Vitamin
B3, a precursor for NAD* also known as Nicotinic Acid (NA). NA is present in standard SD
media at ~3 pM, but supplementing SD media to 100 uM NA stabilized Mupl almost
entirely at the cell surface in cells grown to late log-phase (Figure 1C). By contrast, in SD
media without NA, Mup1-GFP was found in the vacuole even in cells grown to mid-log
phase, and was found exclusively in the vacuole at late-log phase.

One prominent class of NAD*-sensors is the family of NAD*-dependent histone deacytelase
enzymes (HDACSs) knows as sirtuins (Hekimi and Guarente, 2003; Wood et al., 2004). The
yeast sirtuin, Sir2, mediates gene silencing at the mating-type, ribosomal DNA and the
telomeric loci, and is inhibited when NAD* levels are low (Bryk et al., 1997; Gottschling et
al., 1990; Landry et al., 2000; Loo et al., 1995). The effect of NA-depletion on MVB sorting
of Mup1-GFP was mimicked by deleting SIR2, which caused cells at mid-log phase to
accumulate Mupl in the vacuole and caused exclusive localization of Mup1-GFP to the
vacuole in cells grown to late-log phase (Figure 1D,E). Increasing NA levels to 100 uM did
not suppress Mup1-GFP delivery to the vacuole in sir2A cells, suggesting the effects of high
NA levels or NA-depletion are mediated through Sir2. Previous studies have shown that
some of the effects of Sir2 on transcription are opposed by the activity of the Rdp3-Sin3
Class | HDAC complex (Bernstein et al., 2000; Rundlett et al., 1996). We found that Rpd3
had opposing effects on Mupl-GFP down-regulation in response to nutrient stress (Figure
1D,F and S1d) suggesting that the opposing effects of Rpd3 and Sir2 comprise reciprocal
control over the transcription of factors that induce MVB sorting of a broad range of cell
surface proteins.

A novel family of yeast MVB sorting factors

To find the genes responsible for nutrient-stress induced MVB sorting, we cross-referenced
existing microarray data for those that were repressed in rpd3A mutants and induced when
cells were grown toward stationary phase (Bernstein et al., 2000; Gasch et al., 2000). Of
those 25, 15 also had substantially increased transcription in sir2A null mutants (Bedalov et
al., 2001) (Figure 2A and S2a). Eleven belonged to the family of conserved sequence
(COS) genes that are found in subtelomeric regions within 9 of the 16 yeast chromosomes
(Figure S2b,e); regions known to be repressed by Sir2 and activated by Rdp3 (Bernstein et
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al., 2000). The 11 COS genes, COS1 — COS10 and COS12, are remarkably similar at both
the protein and nucleotide level (Figure S2d) (Spode et al., 2002). Cos proteins are
comprised of ~380 residues, predicted to form 4 membrane spanning segments that bridge 2
small extracellular loops and larger cytosolic N and C-terminal tails (Figure 2B). We found
that GFP fusions of different Cos proteins sort to the vacuole lumen, consistent with
previous high-throughput studies (Huh et al., 2003), and do so along an ESCRT-dependent
route (Figure 2C and S4a,d).

Overexpressing a representative of the Cos family, Cos5, in wild-type cells caused Mup1-
GFP to be shunted from its exclusive localization at the cell surface to endosomes and the
vacuole interior of cells grown to mid-log phase (Figure 2D,F). Similarly, Mup1-GFP
retained at the cell surface of Cos-depleted rpd3A or sin3A cells grown past late-log phase
can be directed to the vacuole by overexpressing Cos5-HA (Figure 2G). Overexpressing
Cosb-HA also compromised the ability of Trp™ auxotrophic cells to grow on low levels of
tryptophan (Figure 2E), consistent with down-regulation of the tryptophan transporter Tat2
from the cell surface (Schmidt et al., 1994).

The Cos proteins are required for efficiently sorting MVB cargo

We next generated a strain lacking all COS genes and COS pseudogenes (Figure S3c,d).
Unlike wild-type cells, cosA cells no longer efficiently delivered Mup1-GFP to the vacuole
at late-log phase; rather, Mup1-GFP was localized to the cell surface and intracellular
endosomal puncta (Figure 3A). In wild-type cells, an inframe fusion of Ub to Mup1-GFP
serves as a sufficient signal for MVB sorting in the absence of methionine (Figure S3a).
However Mupl-GFP-Ub sorting was largely blocked in cosA cells lacking methionine but
could be restored by addition of methionine or an additional Ub moiety to the fusion protein
(di-Ub) (Figure 3B), implying that greater ubiquitination of cargo surmounts the cosA
defect. Defects were also observed for Ste3-GFP that is constitutively ubiquitinated and
sorted into the MVB pathway (Davis et al., 1993; Roth et al., 1998). In mid-log phase grown
wild-type cells, Ste3-GFP was largely in the vacuole, however, in cosA cells, a significant
proportion of Ste3-GFP was also observed within endosomes, accompanied by a sizeable
loss of a vacuolar processed GFP detected by immunoblot (Figure S3b). This defect was
also suppressed by an inframe fusion of Ub. We next monitored the cellular pool of Ub
using GFP-Ub. Wild-type cells accumulate some GFP-Ub in the vacuole due to the MVB
pathway (Ren et al., 2008), yet this was largely blocked in cosA cells (Figure 3C).

We found the delivery of GFP-Sncl to the vacuole, which is only observed at late-log phase,
was dramatically reduced in cosA null mutants (Figure 3D). Instead, GFP-Sncl
accumulated in endosomal compartments suggesting that Cos proteins function at
endosomes to convey proteins delivered there further into the MVB ILVs. Re-expressing
Cosb-HA restored sorting of GFP-Sncl into the vacuole of cosA null cells demonstrating
that the defects observed were due to the specific loss of the COS genes.

We next tested MVB sorting of a synthetic Ub-independent cargo, Sna3¥R-GFP, a version
of the small polytopic membrane Rsp5 adaptor protein Sna3 in which ubiquitinatable lysines
are substituted with arginines (Reggiori and Pelham, 2001). In cosA cells, Sna3¥R-GFP was
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found primarily in endosomes and blocked from entry into the vacuole, most strikingly
when endogenous SNA3 was also deleted (Figure 3E). This was corrected by
overexpressing Cos5-HA from a plasmid. These data suggest Cos proteins mediate efficient
sorting of a wide number of MVB cargoes.

The Cos proteins are ubiquitinated trafficking effectors

Previous mass-spectrometry experiments indicated that the Cos proteins are ubiquitinated
(Hitchcock et al., 2003; Peng et al., 2003; Reggiori and Pelham, 2001). We found that
ubiquitination of Cos proteins is required for their MVB sorting (Figure 4A). A Cos5KR-
GFP fusion protein, in which all 33 lysines of Cos5 were altered to arginine, was unable to
sort into the vacuole of wild-type cells. Pulse/chase experiments (Figure 4B) showed that
degradation of Cos5-GFP had a half-time of ~20 min and was dependent on vacuolar
proteases. The Cos5KR-GFP mutant, by contrast, was very stable. Sorting into the vacuole
was restored by reintroducing a single lysine at positions 2 or 7 within the N-terminus and
was correlated with the overall level of Cos5 ubiquitination (Figure S4b,c). Sorting of Cos5
into the vacuole was also blocked in cells compromised for Rsp5 function (Figure 4A and
S4e), and blocked by fusing Cos5 to the catalytic domain of the deubiquitinating enzyme
UL36 (Figure 4A), a manipulation that removes Ub on the host protein (Stringer and Piper,
2011). Ubiquitination was also important for Cos5 to have an effect on the sorting of other
cargoes. Overexpressing Cos5-HA in mid-log grown cells caused Mup1-GFP to accumulate
in endosomes and the vacuole (Figure 4C). Yet, overexpressing Cos5¥R-HA to similar
levels had no effect on Mup1-GFP sorting. Importantly, the defective Cos5XR-HA could be
converted to a functional protein by an inframe fusion of Ub, Cos5XR-HA-Ub, which drove
sorting of Mup1-GFP into endosomes and the vacuole to an extent on par with the wild-type
Cosb-HA (Figure 4C,D).

We found that sorting of Cos5-GFP to the vacuole was slightly perturbed in cells lacking
Sna3 or Bsd2, two polytopic membrane proteins that act as Rsp5 substrate adaptors
(Hettema et al., 2004; MacDonald et al., 2012b) and was significantly compromised in a
sna3A bsd2A double mutant (Figure 4E). We also found that loss of Sna3 or Bsd2 caused
synthetic MVB sorting defects when combined with a single deletion of a COS gene (COS6
in Figure 4F and COS1, COS2, COS4, or COS5 in Figure S4g). Together these data
indicate that Sna3 and Bsd2 collaborate with Cos proteins to facilitate MVB sorting,
possibly by mediating ubiquitination of the Cos proteins themselves. To test this model,
Cos5-GFP and Cos5XR-GFP were immunoprecipitated from cells co-expressing HA-Ub
(Figure 4G). Cells also carried a pep12A mutation that stabilizes Ub-modified MVB cargo
(Katzmann et al., 2001). Ubiquitination of Cos5-GFP was diminished by loss of Bsd2 and
Sna3 and no ubiquitination could be found on Cos5KR-GFP. These data demonstrate that
Sna3 and Bsd2 contribute to the ubiquitination of Cos proteins, however, residual
ubiquitination of Cos proteins remained in bsd2A sna3A cells. We also found that Rsp5
could bind directly to Cos proteins (Figure 4H). GST fusions to the C-terminal domains
(CTD) of Cos4, Cos5, and Cos6 bound a recombinant MBP-Rsp5 fusion protein at levels
similar to those attained by a GST fusion protein containing the CTD of Sna3, which has a
PPxY motif that binds strongly to Rsp5 (McNatt et al., 2007; Oestreich et al., 2007;
Stawiecka-Mirota et al., 2007; Watson and Bonifacino, 2007). Together these results show
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that Cos proteins are major targets of Rsp5-dependent ubiquitination, that multiple
mechanisms are used by Rsp5 to ubiquitinate Cos proteins, and that ubiquitination of Cos
proteins in turn is critical for their ability to sort themselves and other proteins into the MVB
pathway.

Cos proteins form endosomal microdomains that concentrate ubiquitinated cargo

Immunoblot analysis of Cos5-HA suggests Cos proteins can self associate, as indicated by
dimeric and oligomeric species detectable at higher exposures (Figure 2D, 4D and S5a). To
explore this in vivo we examined the localization of Cos proteins within endosomes with
respect to other Ub-cargo. FRET (Fluorescence Resonance Energy Transfer) microscopy
showed that Cos proteins interact with each other in endosomal compartments (Figure 5A).
A strong FRET signal between Cos5-GFP and Cos5-mCherry was only found at peri-
vacuolar / late endosomal structures of wild-type cells or within class E endosomes of
vps36A cells. We also found that Cos5 interacted with Ub-cargo by FRET using a fusion of
Vphl-GFP to Ub (Figure 5A). Vphl is a membrane protein subunit of the V-ATPase, which
normally localizes to the limiting membrane of the vacuole but is redirected into the MVB
pathway when translationally fused to Ub (Figure S5b) (Urbanowski and Piper, 2001). We
also found that GFP-Ub, which accumulates on MVB cargo on endosomes of ESCRT null
mutants (Macdonald et al., 2012a; Ren et al., 2008), co-localized with Cos proteins in
endosomal structures of vps36A and vps4A cells (Figure S5c).

In contrast to Ub-cargo, Vph1-GFP that also accumulates within class E endosomes of
ESCRT mutants, did not co-localize with Cos proteins and instead occupied adjacent
subdomains (Figure 5B & C). This separation of subdomains, one marked by Cos proteins
and Ub-cargo and another marked by the non-MVB cargo Vph1-GFP, were found not only
in vps36A cells, but also in vps23A, vps4A, and escrt-111A cells (Figure S5d). We found that
the Cos/Ub-cargo domains could also be visualized with Mup1-RFP-Ub, which segregates
with Vph1-GFP-Ub and not VVphl-GFP within class E compartment/endosomes. Using
Mupl1-RFP-Ub together with Vph1-GFP revealed that segregation of Ub-cargo within class
E endosomal compartments required Cos proteins, as these markers were not segregated in
endosomes of cosA vps4A cells (Figure 5C).

The Cos protein network traps cargo at endosomes

The effects of Cos overexpression on GFP-Sncl and Mupl-GFP localization suggested that
Cos proteins immobilize cargo in endosomes prior to sorting into ILVs (Figure 2F, 3E and
4C). To test the idea that Cos proteins retain cargo on endosomes, we compared the
distribution of Ste3-GFP in vps24A and snf7A with Cos5-HA overexpression (Figure 6A).
In control cells Ste3-GFP was found within late-endosomal/class E compartments and also
at the cell surface; overexpressing Cos5-HA shifted Ste3 more to endosomal compartments.
Previous studies compared the steady-state distribution of Mup1-GFP on the plasma
membrane with endosomes in various ESCRT null mutants as a measure for how well cargo
is trapped on endosomes (Teis et al., 2008). Those studies found differences in the degree of
Mup1 localization at the cell surface depending on which ESCRT subunit was deleted,
implying that exaggerated ESCRT-III polymers might trap cargo on endosomes. We found
that localization of Mup1-GFP to the cell surface in all ESCRT mutants was also modulated
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by how much extracellular methionine was present, likely reflecting how strongly Mup1 is
ubiquitinated. Therefore, we assessed Mup1-GFP distribution at low [0.5 pg/ml] and modest
[4.0 pg/ml] concentrations of methionine and quantified the distribution of Mup1-GFP
between the cell surface and class E/endosomal compartments (Figure 6B). We found that
in all ESCRT mutants tested, overexpression of Cos5-HA shifted the distribution of Mup1-
GFP from the cell surface to class E/endosomal compartments. Notably, this was found in
vps36A mutants, snf7A mutants, and escrt-111A mutants (lacking all ESCRT-111 subunits)
indicating that the ability of Cos proteins to trap cargo did not strictly require ESCRT-III
polymers.

We next developed a kinetic assay to follow recycling of Mup1-GFP back to the cell surface
(Figure 6). We took advantage of the ability of Rapamycin to heterodimerize chimeric
proteins containing FK506-binding protein (FKBP-12) and the FRB domain of mTOR
(Belshaw et al., 1996; Liberles et al., 1997; Spencer et al., 1993). Here we fused Mup1-GFP
to FKBP-12 and co-expressed it with FRB fused to the deubiquitinating enzyme M48 and
tested feasibility with a set of control experiments (Figure S6). To assess endosomal
trapping, Mup1l-GFP-FKBP was expressed in vps36A cells grown for 16 hrs in SD media
lacking methionine. High concentrations of methionine [40 pg/ml] were then added for 3 hrs
to drive all of the Mup1-GFP-FKBP into endosomal/class E compartments (Figure 6D,E).
These high levels of methionine also repress the MUP1 promoter ensuring that only a pre-
existing population of Mup1-GFP-FKBP was followed (Menant et al., 2006). Rapamycin
triggered a dramatic redistribution of Mup1-GFP-FKBP to the cell surface within 45 min
(Figure 6D,E), while having no effect on a co-expressed Ste3-mCherry that remained
localized to endosomal compartments. By contrast, overexpressing Cos5-HA caused Mupl-
GFP-FKBP to remain in endosomal compartments (Figure 6C,D,E). Extending the
treatment of Rapamycin to 4 hr did allow recycling of more Mup1l-GFP-FKBP to the cell
surface of Cos5-HA overexpressing cells underscoring the dramatic delay in the efflux of
cargo from endosomes (Figure S6c).

Cos proteins act as cargo adaptors for GPl-anchored proteins

We hypothesized a model in which the functional role of Cos proteins is to create an
endosomal environment, or subdomain (Figure 5), conducive to MVB sorting. This could
explain how cargo that has no Ub signal of its own might still access the canonical ESCRT-
and Ub-dependent MVB pathway for degradation. To explore this possibility we examined
the MVB sorting of an unequivocal Ub-independent class of cargo: GPI anchored proteins
(GPI-APs), which do not have cytosolic domain on which to attach Ub or otherwise interact
directly with ESCRT components (Mayor and Riezman, 2004) (Figure S7a). Previous
experiments demonstrate that many Fluorescent Protein (FP)-tagged GPI-anchored proteins
are sorted to the vacuole (Ast et al., 2013; Bagnat and Simons, 2002; Castillon et al., 2009;
Cohen et al., 2013; Rodriguez-Pena et al., 2002). Analysis in pep4A cells that lack active
vacuolar hydrolases to cleave YFP from lumenally exposed GPI-APs clearly showed that
GPI-APs enter the vacuole via intralumenal vesicles (Figure S7a,b,c). We also found that
MVB sorting of GPI-APs relied on proper Rsp5 and ESCRT function (Figure 7A,B). In
addition, GPI-APs strongly co-localized with Cos proteins within endosomal class E
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compartments of vps4A pep4A cells demonstrating that like canonical Ub-cargo, they too
can localize to discrete Cos-containing endosomal subdomains (Figure 7B).

In cosA cells, MVB sorting of GPI-APs was completely blocked, yet was restored upon
overexpressing Cos5-RFP from a plasmid (Figure 7E). This was consistent with the effect
of deleting Cos proteins on the overall levels of two GPI-APs, Gasl and Sed1 assessed by
immunoblotting (Figure 7C). Loss of Cos or Pep4 function did not alter levels of the ER-
localized myc-Rot1 GPI-AP (Takeuchi et al., 2006), confirming the specificity of Cos
proteins with regard to vacuole-dependent degradation. Finally, we found that
overexpressing Cos5-HA in otherwise wild-type cells resulted in more GPI-APs directed to
the vacuole for degradation (Figure 7D). These results were corroborated in pep4A cells
grown in media containing high levels of NA, which activates Sir2 to silence
subtelomerically-localized COS genes (Figure S7d). Here, sorting of YFP-Ccw14, YFP-
Tos6, and YFP-Cwp2 into the vacuole was modest but was strongly increased upon
overexpression of Cos5-RFP from a plasmid.

These data demonstrate that Cos proteins mediate entry of GPI-APs into the Ub-dependent
and ESCRT-dependent MVB sorting pathway. The simplest explanation is that GPI-APs
congregate with Cos proteins, which supply a Ub sorting signal in trans. It is unlikely that
such a mechanism is mediated by direct interaction between GPI-APs and Cos proteins
because GPI-APs are entirely luminal proteins with small lipid anchors and Cos proteins
only have 4-6 predicted residues on their luminal side, providing no basis for direct
interaction. Rather, Cos proteins might form a membrane subcompartment into which GPI-
APs are segregated and held, a model consistent with the co-localization of GPI1-APs within
Cos-containing endosomal subdomains (Figure 7B). A prediction of this model is that
residues within the membrane spanning domains are critical for the ability of Cos proteins to
mediate MVB sorting of GPI-APs. Indeed, Cos proteins have many residues within their
TMDs that are atypical for such hydrophobic stretches and these in turn might create a local
environment that promotes trapping of cargoes before their incorporation into ILVS. To test
this idea, we created a version of Cos5 with TMDs composed entirely of conventional
hydrophobic residues (TMD*; Figure S7e). Despite these changes, Cos5TP*-RFP still
sorted into the vacuole lumen, however, its ability to confer sorting on GPI-APs was greatly
reduced. This was reflected by the inability of overexpressed Cos5T™P*-RFP to decrease
steady-state levels of HA-Gas1 (Figure 7F) or to completely shift YFP-Ccw14 from the cell
surface into the vacuole lumen (Figure 7G).

DISCUSSION

Cos proteins contribute to the MVB sorting of a variety of cargo and are used as a broad
mechanism to drive down-regulation of cell surface proteins when nutrients, in particular
Niacin, are depleted. This mechanism allows cells to integrate protein turnover with the
overall metabolic activity and requirements of the cell whilst reducing the abundance of
transporters, receptors, and other proteins at the cell surface. Such a response may also
provide an additional mechanism to generate amino acids during mild nutrient stress as a
complementary form of autophagy (Babst and Odorizzi, 2013).
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While the efficiency of MVB sorting was compromised for many Ub-cargoes in the absence
of Cos proteins, sorting defects were most severe for cargoes that contain no Ub signal (e.g.
Sna3KR and GPI-APs). Our data indicate that Cos proteins form oligomers that establish
specialized regions of endosomes that trap Ub-cargo as well as GPI1-APs, supporting a
“cargo corral” model whereby immobilization leads to more efficient incorporation into
forming ILVs. The Cos proteins within this “corral” are highly ubiquitinated, allowing them
to provide Ub sorting signals in trans to cargo proteins with which they associate. This
ubiquitinated conglomerate would provide assistance to a wide variety of conventional
membrane proteins that might otherwise escape incorporation into ILVs as they transit
through endosomes. In the case of GPI-APs, the Cos corral provides a way to cluster GPI-
anchored proteins and other non-ubiquitinated proteins and surround them with multiple Ub
sorting signals allowing their entry into ILVs along an ESCRT-dependent route. Formation
of a “Cos corral” would also organize canonical Ub-cargo in a manner that allows for its
deubiquitination prior to ILV incorporation while preventing such deubiquitinated cargoes
from escaping their MVB fate.

This model explains how luminal sided GPI-APs rely on the E3 ligase Rsp5, ESCRTSs and
Cos proteins to enter the MVB pathway. Yet, exactly how Cos proteins segregate cargo
remains to be determined. Part of the answer may lie in the unusual composition of the
TMDs of the Cos proteins that is required for Cos protein function and that might establish a
particular lipid architecture that favors coalescence of membrane proteins (Epand and
Epand, 2011). In particular, the presence of arginines within the TMDs may induce thinning
or other changes in the membrane bilayer (Krepkiy et al., 2009) that could affect diffusion of
proximal cargo proteins. This model can explain how luminal sided GPI-APs rely on the E3
ligase Rsp5, ESCRTs and Cos proteins to enter the MVB pathway (Figure 7). In support of
this model, mutations within the TMD of Cosb greatly reduce its ability to sort GPI-APs.
Future structure/function studies will determine the biophysical characteristics of Cos
proteins that allow them to operate.

Ubiquitination of Cos proteins is a critical requirement for their function, and multiple
mechanisms appear to contribute to their ubiquitination. Cos proteins may associate with
Rsp5 indirectly via the Rsp5-binding membrane proteins Sna3 and Bsd2 as well as bind
directly through their C-terminal domains (Figure 4). Cos proteins also have a very high
proportion of lysines (9% of all residues), and preliminary mass-spectrometry analysis from
our lab (data not shown) and others (Hitchcock et al., 2003; Peng et al., 2003) indicates that
10 or more ubiquitination sites are distributed throughout the cytosolic regions. These
qualities would ensure that Cos proteins are replete with the Ub-sorting signals they provide
to their associated cohort of cargo. In addition, they might allow Cos proteins to retain at
least some Ub following cargo deubiquitination by Doa4, thus providing a means to keep its
associated cargo engaged with the ESCRT apparatus. Indeed, the delivery of the
intravacuolar pool of Ub along the MVB pathway requires the Cos proteins, implying that
they may themselves be the major carriers of vacuolar localized Ub (Figure 3).

This study raises the question as to what the functional analogs of Cos proteins are in animal
cells, where Ub-independent sorting and sorting of GPI-APs has been clearly documented
(Dores et al., 2012; Satpute-Krishnan et al., 2014). Our model suggests that the role of Cos
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proteins in the MVB sorting process may be at least partly analogous to those of the Tspans
in mammals. Tspans are enriched in membrane subdomains that can capture or contain a
variety of other polytopic membrane proteins (Hemler, 2003). Some Tspans, such as CD63/
LAMP3, are major components of the ILVs of mammalian MVBs (Pols and Klumperman,
2009) and contribute to the formation of MVBs and the sorting of particular cargo (Colombo
et al., 2013; Edgar et al., 2014; van Niel et al., 2011). Whether Tspan-dependent MVB cargo
is ushered into an ILV pathway that is distinct from that for Ub-dependent cargo has yet to
be fully resolved. Ubiquitination of some Tspans has been described, and the MARCH Ub
ligases have been proposed to regulate Tspan turnover (Bartee et al., 2010; Lineberry et al.,
2008). Also, Tspans have been implicated in the MVB sorting of the EGF receptor, a
prototypical Ub-dependent MVB cargo (Danglot et al., 2010; Odintsova et al., 2000;
Odintsova et al., 2013). Cos proteins bear some resemblance to Tspans with respect to their
molecular structures, localization, and proposed function. Cos proteins have polar residues
within their 4 TMDs, associate with one another, and congregate in membrane subdomains.
In addition, Cos proteins and a subset of Tspans are efficiently sorted into MVB ILVs.
Tspans are widely expressed throughout Eukaryota yet are conspicuously absent from yeast
(Garcia-Esparia et al., 2008). Some of the defining sequence motifs of Tspans that
distinguish them from other 4-TMD-contianing proteins are absent in Cos proteins. These
include a large cysteine-rich extracellular domain between TMDs 3 and 4, and
juxtamembrane domain-localized cysteine residues that serve as sites for palmitoylation.
These features may simply be incompatible for function within the yeast secretory pathway,
obliging their loss from a common ancestor. Alternatively, Cos proteins and Tspans may
have evolved convergently to meet a related functional need in the MVB sorting process.
One of the central observations here is that Cos proteins were required for sorting GPI-APs
into ILVs, and this process in animal cells has been hypothesized to be mediated by Tspans
(Sobo et al., 2007; van Niel et al., 2006). This extends the possibility that yeast Cos proteins
are the functional analogs of Tspans or that other cell types possess a different analog that
serves this central purpose.

EXPERIMENTAL PROCEDURES

General

Cell Culture

Yeast strains, plasmids, and where they were used in this study are described in Tables S1
and S2. Details on deleting all COS genes are provided in supplemental data as are
procedures for pulse chase analysis, production of recombinant proteins and in vitro binding
studies.

Standard yeast minimal and rich media were used as previously described (MacDonald et
al., 2012b; Norgan et al., 2013). Synthetic defined (SD) 1x media containing 2% glucose, 1x
yeast nitrogen base (Research Products International, Mount Prospect, IL) or 1x yeast
nitrogen base lacking NA (Formedium, Norfolk, UK) was supplemented with amino acid
mixtures that allow appropriate selection (Formedium, Norfolk, UK). Expression from the
CUP1 promoter was induced with 50 pM CuCl, or repressed with batho-cuproine
disulphonate. Optical density at 600 nm was used to measure yeast growth: Mid-log was
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ODggg = 0.5 - 1.0; late-log phase was ODggg = 1.5 - 2.0, and late-log+ was 2-6 hrs after cells
had reached ODggq = 2.0.

Conventional fluorescence microscopy of cells resuspended in 100 mM Tris.HCI pH 8.0,
0.2% (w/v) NaN3 and NaF3 was performed as previously described (Macdonald et al.,
2012a). For deconvolved fluorescence images, micrographs of cells imaged with an
Olympus 1X70 and Coolsnap HQ camera (Photometrics, Tuscon, AZ) were processed using
Delta Vision software (Applied Precision Issaquah, WA). Confocal images and FRET data
were collected on live cells using a Zeiss 710 laser confocal microscope. Data were
processed using Fiji software and change in GFP fluorescence upon bleaching was
converted to a color-coded heat map calibrated across all measurements and images.

Immunoblot analysis

Sources of antibodies included: Monoclonal a-HA (Covance research products Inc. Berkely,
CA); Polyclonal a-PGK1 (Tom Stevens, University of Oregon, OR); Polyclonal a-GFP
(Urbanowski and Piper, 1999). Polyclonal a-Rsp5 (Stamenova et al., 2004); a-MBP (Lee et
al., 2009); and Polyclonal anti-CPY (Tom Stevens, University of Oregon, OR). For
immunoblot analysis, cells were grown to mid-log phase, resuspended in 0.2 M NaOH for 2
min, lysed at 25°C in 50 mM Tris.HCI pH 6.8, 5% SDS, 10% glycerol and 8 M urea and
immediately subjected to SDS-PAGE.

Immunoprecipitations

Immunoprecipitations were described in (Katzmann et al., 2001). Yeast expressing the Cos5
constructs (10 OD) and (HA)-ubiquitin were TCA precipitated processed and lysed with
glass beads. Immunoprecipitations were performed using GFP Rabbit Serum Polyclonal
Antibody (Life Technologies). Samples were subjected to SDS-PAGE and Western blotting.
Cosb5 was detected with monoclonal anti-GFP AV-JL8 (Clontech) and the Ubiquitination
status was determined with monoclonal anti-HA.11 (Covance) to recognize HA-ubiquitin.

Steady state recycling assay

For Ste3-GFP, cells were grown to mid-log phase in SD media and the number of cells
exhibiting any cell surface Ste3-GFP were compared to the number of cells with only

intracellular Ste3-GFP. For Mup1-GFP, cells were grown to early-log phase in minimal
media lacking methionine before methionine (0.5 pg/ml or 4 pg/ml) was added for 1 hr.

Triggered Recycling Assay

The CUP1-HA-FRB-M48 gene was integrated into cells carrying the tor1-1 and fprlA
mutations (Haruki et al., 2008). The chromosomal copy of MUP1 was modified to express
Mupl-GFP-FKBP as the sole copy of Mupl under its endogenous promoter; and VPS4 was
deleted. Cells grown to mid-log phase were treated with 40 pg/ml methionine for 3 hrs,
washed 3x and resuspended in fresh methionine-containing media with 50 uM CuCl;, for 15
min before a 45 min or 4 hr treatment with 10 pM Rapamycin.
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Figure 1. Niacin depletion at late-log phase induces down-regulation of cell surface proteins via
transcriptional modulation by Sir2 and Rpd3

A) Wild-type cells expressing Mup1-GFP were grown in minimal media lacking methionine
(SD-Met) and imaged at different stages of growth. The final time points (+2 and +6) were 2
or 6 hrs after the cell culture had reached ODggq 2.0. Right, corresponding growth curve of
the culture with sampled time points indicated.

B) Localization of GFP-tagged cargo proteins in mutant cells lacking 9 known Rsp5 adaptor
proteins grown to mid- and late-log phase.

C) Cells expressing Mup1-GFP were grown to mid- and late-log phase in SD-Met media
with 3 pM NA, 100 uM NA, or SD-Met media without NA.

D) Mup1-GFP localization in sir2A and rpd3A null mutant cells in SD-Met media
containing indicated levels of NA.

E) Quantitation of intravacuolar Mup1-GFP localization from microscopy shown in C and
D. Quantified is the proportion of cells (n = >150) showing GFP fluorescence in the
vacuole.

F) Percentage of Mupl1-GFP expressing cells (n = >130) showing vacuolar GFP in WT,
sir2A, and rpd3A cells grown in standard SD-Met media with 3 uM or 100 uM NA. Bar =5
um.

Dev Cell. Author manuscript; available in PMC 2016 May 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

MacDonald et al.

GFP

Cos5

Figure 2. COS genes encode MVB sorting accelerators

Increase
in sir2A

Increased
in

175/5449

Decrease
in sir2A

Cos tetraspans
DUP380 subfamily

=

589/6106

Cytosol

Cos1 Cos5 Cos9
Cos2 Cos6 Cos10
Cos3 Cos7 Cos12
Cos4 Cos8

GFP__ DIC__Merge
wT
‘o)l —(»
B

mvb124

CUP1-Cos5-HA

kDa
70 7

)

Mup1-GFP

o
L
e
o
3
=

+ Cu2+

a-HA

E

W]

5 Vector
one Cos-HA
. : Vector
Low ®
Cos-HA

mid-log

+ Cos5WT-HA
DIC

|a‘e_|og+5huws

GFP

+ Cos5WT-HA
DIC GFP DIC

Page 19

A) Venn diagram summarizing microarray mRNA expression data mined for genes that

increase expression upon entry towards stationary phase and upon SIR2 deletion, and
decrease expression upon loss of RPD3.

B) A cartoon of the predicted secondary structure for Cos proteins, which contain 4
transmembrane-spanning domains (TMDs). Pink and purple regions indicate internal

regions sharing primary structural homology.
C) Localization of Cos5-GFP in wild-type cells and in mvb12A cells, which are defective for

MVB sorting.

D) Immunoblot of WT cells carrying a low-copy plasmid encoding C-terminally HA-tagged
Cosb expressed from the inducible CUP1 promoter. Cells were gown in either 50 uM copper
chelator (BCSA: bathocuproinedisulfonate) or 50 M CuCl, (- + Cu?™, respectively) prior
to lysis, SDS-PAGE, and immunoblotting. A dimeric form of Cos5-HA is indicated (**).

E) Wild-type cells carrying CUP1-Cos5-HA or vector plasmid were serially diluted and
grown on SD plates containing 50 uM CuCl, and either no Trp (None), 4 ug/ml Trp (Low),
or 20 ug/ ml Trp (High).
F) Localization of Mup1-GFP in wild-type cells grown to mid-log phase in SD-Met media

containing 50 UM CuCl,. Cells were carrying vector plasmid or the CUP1-Cos5-HA

plasmid.

G) Localization of Mup1-GFP in rpd3A and sin3A null cells carrying vector alone or the
CUP1-Cos5-HA plasmid that were grown to late-log phase + 6 hours in SD-Met media
containing 50 uM CuCl,. Bar =5 um.
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Figure 3. Cos proteins are required for efficient MVB sorting
A) Localization of Mup1-GFP in WT and cosA cells grown to late-log phase in standard SD-

Met media. Right, quantitation of the percentage of cells (n=>200) with vacuolar GFP
(mean and SD of 3 experiments).

B) Sorting defects of Mup1-GFP-Ub in cosA cells were overcome by addition of 20 pg/ml
methionine to the media or by expressing a Mup1-GFP-Ub-Ub fusion. Quantitation of cells
(n=>50) with intravacuolar GFP is shown (mean and SD of 2 experiments).

C) Localization of GFP-Ub in WT and cosA mutant cells labeled with FM4-64 (red) to
reveal the limiting membrane of the vacuole. Left, immunoblot of PGK and vacuolar
processed GFP from WT and cosA cells expressing GFP-Ub.

D) Localization of GFP-Sncl in WT, cosA cells, and cosA cells expressing Cos5-HA from
the CUP1-Cos5-HA plasmid that were grown in SD media to mid-log (ODggg 1.0), late-log
(ODgqp 2.0), or 6 hrs past late-log (late-log+). Below, quantitation of the percentage of cells
(n=>100) grown to mid-log and late-log that have GFP-Snc1 on the plasma membrane
(PM), and cells grown to late-log+ that have vacuolar GFP-Sncl.

E) Localization of Sna3KR-GFP (in which the lysines of Sna3 are changed to arginines) in
WT, cosA, sna3A and cosAsna3A mutant cells. Cells also carried either vector alone or the
CUP1-Cos5-HA plasmid and were grown in 50 pM CuCl,. Bar =5 pym.
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Figure 4. Cos5 requires ubiquitination for its MVB sorting and its function in facilitating MVB
sorting of other cargo
A) Top, sorting of GFP fused to Cos5 lacking its lysine residues (Cos5¥R-GFP) and Cos5-

GFP fused to the UL36 deubiquitinating (DUb) catalytic domain in WT cells. Bottom, Cos5-
GFP localization in temperature-sensitive rsp5-1 mutant cells grown at 30°C and 37°C for 4
hrs.

B) Pulse/chase immunoprecipitation of Cos5-GFP and Cos5¥R-GFP in WT (Pep*) and Pep-
cells. Cells were labeled with 3°S~Met for 10 min followed by the indicated chase times.
Cos5-GFP and Cos5XR-GFP were immunopreciptated from cell lysates with a-GFP
antibodies prior to SDS-PAGE and autoradiography.

C) Localization of Mup1-GFP in cells co-transformed with a vector control or plasmids
over-expressing Cos5-HA, Cos5KR-HA and Cos5XR-HA-Ub from the CUP1 promoter.
Cells were grown to mid-log phase in SD-Met media containing 50 pM CuCl,.

D) Corresponding immunoblot analysis of cells in C) expressing Cos5-HA, Cos5XR-HA and
Cos5KR-HA-Ub with a-HA and a-CPY, provided as a loading control.

E) Localization of Cos5-GFP in sna3A and sna3A bsd2A double null mutant cells.

F) Synthetic effects of deleting COS6 and SNA3 or BSD2. Localization of GFP-Cpsl in the
indicated single and double null mutants is shown.

G) Cos5-GFP and Cos5KR-GFP were immunoprecipitated from lysates of cells also
expressing HA-Ub using a-GFP antibodies. Immunoprecipitates were immunoblotted with
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a-GFP and a-HA. Cells carried the pep12A mutation alone or in combination with sna3A
and bsd2A mutations.

H) Binding of MBP-Rsp5 to fusion proteins between GST and the C-terminal domains
(CTD) of Cos4, Cos5, Cos6, Sna3, and the Sna3-CTD lacking its Rsp5-binding PY motif
(APY). GST fusion proteins were immobilized on GSH-agarose. Beads were incubated with
recombinant MBP-Rsp5, washed, and immunoblotted with a-MBP antibodies. Bar =5 um.
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Figure 5. Cos proteins associate in endosomal subdomains they help create

A) Mutant vps36A cells containing an enlarged endosomal class E compartment were used

to localize a Cos5 fusion protein containing both mCherry (RFP) and GFP or to localize
Cos5-GFP and Cos5-RFP co-expressed from different plasmids. FRET was measured by

increase in donor (GFP) fluorescence after acceptor (RFP) photobleaching. Maximal FRET

was set at the level displayed for Cos5-RFP-GFP tandem fusion protein. Shown is RFP
fluorescence, GFP fluorescence, the merge between RFP and GFP, the merge of the GFP
signal before and after (blue) photobleaching, and the scaled FRET signal. The indicated

inset is also magnified. Also shown is the co-localization and FRET of Cos5-GFP and Cos5-

RFP in WT cells. Below, co-localization of Cos5-RFP and VVph1-GFP-Ub to the same
endosomal subdomain within vps36A cells.

B) Schematic model of endosomal membrane sub-compartments where Ub-cargo and Cos
proteins cluster in subdomains that are distinct from subdomains containing other membrane

proteins.

C) Confocal microscopy of subdomains in the class E compartments of vps4A and vps36A

cells. Cos5-RFP, Mup1-RFP-Ub, and Vphl-GFP-UDb are used as indicated (left) to mark

localization of ubiquitinated proteins. Vph1-GFP is used as indicated as a cargo protein that
does not undergo MVB sorting but still accumulates within enlarged endosomal “class E”
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compartments. Right, the Pearson’s coefficient was determined for >30 cells to quantify co-
localization of proteins in each condition (average and SD). Bar =5 um.
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Figure 6. Cos expression sequesters MVB cargo in endosomes
A) Localization of Ste3-GFP in vps24A and snf7A mutants. Cells carrying vector alone or

the CUP1-Cos5-HA plasmid were grown in SD-Met containing 50 uM CuCls. Right,
quantitation of percentage of cells (n=>200 over 2 experiments) showing Ste3-GFP at the
cell surface (average + SD).

B) Localization of Mup1-GFP in vps4A and vps36A mutants. Cells carrying vector alone or
the CUP1-Cos5-HA plasmid were grown in SD containing 50 pM CuCl, and 4 pg/ml
Methionine. Right, quantitation of the percentage of cells (n=200) showing different
distributions of Mupl in the ESCRT null strains indicated. For quantitation, cells were
grown in low (small circles, 0.5 ug/ml) or modest (large circles, 4 ug/ml) concentrations of
methionine. Cells were classified as having Mupl1-GFP localized to only class E
compartments (dark grey bars), to a mix between class E compartments and plasma
membrane (light grey), or to the plasma membrane exclusively (blue).

C) Immunoblot of HA-FRB-M48 induced by addition of 50 pM Copper Chloride co-
expressed with Cos5-HA driven from the constitutive TEF1 promoter.

D) Triggered recycling to the plasma membrane from class E endosomal compartments in
the presence and absence of Cos5-HA overexpression. Mutant vps4A cells (carrying fpriA
and tor1-1 mutations) expressing Ste3-RFP, Mup1-GFP-FKBP, and FRB-DUDb, were grown
in SD+Met media for 3 hrs followed by addition of 50 uM CuCl, for an additional 15 min.
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Rapamycin (Rap: 10uM) was then added for 45 min allowing Mup1-GFP to relocalize to the
cell surface.

E) Quantitation of experiment from D for proportion of cells (h=>150) with Mup1-GFP-
FKBP at the cell surface. Controls lacking Rapamycin show Mupl-GFP-FKBP is
internalized by addition of 40 pg/ml methionine and does not return to the surface after 4
hrs. Surface recycling was measured at 45min (black bars) and 4hrs (white bars) after
addition of 10 uM Rapamycin (mean + SD over 3 experiments). Bar = 5 pm.
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Figure 7. MVB sorting of GPI-anchored proteins is Cos-dependent
A) Localization of YFP-Ccw14 in wild-type cells carrying a vector control or expressing

Rsp5-DUb. Cells were also imaged 3 hrs after the addition of 1 uM Bafilomycin.

B) Co-localization of Cos5-RFP and YFP-Tos6 in vps4A pep4A cells.

C) Cells (WT, pep4dA, cosA) expressing HA-Gas1, myc-Sedl or myc-Rotl were grown to
log phase, prior to immunoblot analysis with a-HA or a myc antibodies and a-PGK or a-
Vph1 blots for loading control.

D) The levels of GPI-APs (HA-Gasl, YFP-Ccw14 or YFP-Cwp2) in cells co-expressing
Cosb5-HA were measured by immunoblotting. Cultures were grown in the presence of
copper chelator (-) or 50 uM copper chloride (Cu2*). In the case of YFP-tagged proteins,
the vacuolar-processed form of the protein was also detectable (YFP).

E) Sorting of YFP tagged GPI-APs was assessed by fluorescence microscopy in pep4A and
pep4A cosA cells. Defective sorting observed in cosA cells was restored upon expression of
Cos5-RFP from a CUP1-Cos5-RFP plasmid.

F) Levels of HA-Gas1 are shown from wild-type cells co-expressing vector (=), Cos5-RFP
(WT) and Cos5TMDP*.RFP (TMD*). PGK immunoblot was used as a loading control.
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G) Mutant cosA cells co-expressing YFP-Ccw14 and either WT or TMD* versions of Cos5-
RFP. Left, the number of cells with YFP signal detected at the cell surface was quantified
for each condition (average + SD). Bar =5 pm.
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