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biquitinated membrane proteins are

sorted into intralumenal endosomal
vesicles on their way for degradation in
lysosomes. Here we summarize the dis-
covery of the Cos proteins, which work
to organize and segregate ubiquitinated
cargo prior to its incorporation into
intralumenal vesicles of the multivesicu-
lar body (MVB). Importantly, cargoes
such as GPl-anchored proteins (GPI-
APs) that cannot undergo ubiquitination,
rely entirely on Cos proteins for sorting
into intralumenal vesicles using the same
pathway that depends on ESCRTs and
ubiquitin ligases that typical polytopic
membrane proteins do. Here we show
Cos proteins provide functions as not
only adaptor proteins for ubiquitin
ligases, but also as cargo carriers that can
physically usher a variety of other pro-
teins into the MVB pathway. We then
discuss the significance of this new sort-
ing model and the broader implications
for this cargo adaptor
whereby yeast Cos proteins, and their

mechanism,

likely animal analogs, provide a ubiquitin
sorting signal in trans to enable sorting
of a membrane protein network into
intralumenal vesicles.

The Cos Proteins

Canonical entry into the multivesicu-
lar body (MVB) pathway first involves
ubiquitin conjugation of membrane pro-
teins (Ub-cargo) followed by incorpo-
ration into intralumenal vesicles (ILVs)
of the late endosome and delivery to the
lysosome / vacuole for degradation."?
The Endosomal Sorting Required for
Transport (ESCRT) machinery, which
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recognizes Ub-cargo and contributes to
ILV formation,’ plays a key role in this
pathway, but several aspects of the MVB
sorting process are unaccounted for by
the known function and interactions of
the ESCRTs. One key question is how
Ub-cargo is physically separated from
other endosomal proteins during the
MVB  sorting process. Additionally, a
wealth of data from different systems
demonstrates sorting into MVBs occurs
when the ESCRT machinery is severely
compromised,” so another key question is
what other fundamental machineries
work to effect sorting into the MVB
pathway? Part of the answer in the yeast
system comes in the form of Cos pro-
teins, whose production is amplified dur-
ing metabolic stress that results in broad
downregulation of cell surface membrane
proteins.5 The particular metabolite is
NAD™, which is sensed through the
NAD"-dependent  deacetylase ~sirtuin,
Sir2.> One of the functions of Sir2 activ-
ity is to repress genes located in sub-telo-
These
regions house the conserved sequence
(COS) genes, effectively placing them
under nutrient control so that depletion
of NAD™" stores allows for the further
induction of COS genes and potentiation
of their function. Conservation of dupli-
cated genes can generally be explained by
their ability to confer a selective advan-

. . I .
meric  regions. subtelomeric

tage, either through increased protein lev-
els or generation of divergent genes.”
Since COS genes are highly conserved at
the nucleotide and amino acid level, the
retention of so many COS genes is pre-
sumably due to their ability to collectively
supply ample levels of Cos proteins. As a
group, there are 11 Cos protein members

3673



Yeast

p

S

Cargo

Sna3l @ Rsp5

Cos proteins

Mammals

i@

N

Cargo

[]

ESCRTs

Vg

GPI-AP

MARC

Tetraspanins

Glycosylphosphatidylinositol -
(GPI-ADs),
lipid anchored proteins that reside
solely on the lumenal side of the
membrane.'? So how do Cos pro-
teins work to increase flux into the

anchored  proteins

MVB pathway and to sort cargoes
that are not ubiquitin-modified
into the MVB pathway? There are
several important biochemical fea-
tures that enable this function of
Cos proteins (Fig. 1).

Cos proteins are tetraspan (4
membrane-spanning domains)
integral membrane proteins that
are substantially ubiquitinated; as
consequence, they are very effi-
ciently sorted into the MVB path-
way in an ESCRT-dependent
manner. Their ability to drive the
MVB sorting of other cargoes
also depends on their ability to
undergo ubiquitination. This

robust ubiquitination is afforded

Figure 1. Model for Tetraspan protein function in the MVB pathway. A schematic model (left) for Cos protein
function in yeast is depicted. Rsp5 mediated ubiquitination of conventional cargo, such as the methionine
permease Mup1 (red), is required for sorting. The membrane bound Rsp5-Sna3 (and Rsp5-Bsd2) complex
(black) ensures abundant ubiquitination of Cos proteins (blue). Cos proteins and Ub-cargo cluster in mem-
brane subdomains composed of specific lipids (dark gray) prior to ESCRT recruitment. Proteins lacking a Ub-
modification, including GPI-APs (green) attached to the membrane on the lumenal side, are also organized
into these endosomal subdomains, before ESCRT mediated vesicle formation and cargo sorting to the vacu-
ole. A proposed model for the analogous mechanism is mammalian cells (right) is shown, whereby Tspans,
ubiquitinated by MARCH ligases, serve as cargo adaptors to drive sorting of GPI-APs, alongside canonical
cargo like the Epidermal Growth Factor Receptor (EGFR).

in part by the curious abundance
of acceptor lysine residues (>30)
within Cos proteins, which can
receive a Ub modification. Cos
proteins can also directly associate
with Rsp5, the Nedd4-family
ubiquitin ligase that is chiefly
responsible for ubiquitinating all
known MVB membrane cargo

(Cosl - Cos10 & Cosl2) whose overpro-
duction under nutrient stress serves to
relocate the steady-state distribution of a
broad spectrum of cell surface proteins to
the vacuole for degradation. This link
between metabolism and protein traffick-
ing serves not only to catabolize mem-
brane proteins as a buffer against nutrient
stress, by recycling of amino acids
through the MVB pathway,® but also to
deplete a wide variety of plasma mem-
brane transport functions to slow meta-
bolic processes.

How Cos Proteins Function
While induction of Cos proteins
(either experimentally or upon NAD™-

depletion) increases sorting of membrane
proteins into the MVB pathway, their
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absence dramatically decreases the effi-
ciency of MVB sorting for a variety of
ubiquitinated membrane proteins. A cosA
strain, lacking all copies of the COS genes,
is defective at sorting a variety of MVB
cargoes even in nutrient replete condi-
tions. This argues that basal Cos protein
levels contribute to regular flux through
the MVB pathway, and is supported by
proteomic identification of ubiquitinated
Cos proteins in such conditions, by our
lab (unpublished) and others.” "' More
dramatically, Cos proteins are required for
sorting of cargoes that do not require
direct modification with Ub into the
MVB pathway. One such example is a
non-ubiquitinatable, lysine-less version of
Sna3, a small membrane protein that has
served as a paradigmatic example of
Ub-independent cargo.'”> More broadly,
Cos proteins are essential for sorting
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proteins in yeast.'* Finally, Cos
proteins functionally interact with
Sna3 and Bsd2, which are small integral
membrane proteins that also bind Rsp5
and serve as adaptor proteins that connect
Rsp5 with different membrane protein
substrates.'>'>!¢ Cos proteins interact
with one another, both iz vive and in
vitro, and localize strongly to late endo-
somes, where they cluster in distinct endo-
somal subdomains. These Cos-laden
subdomains also contain other Ub-car-
goes, which are spatially separated from
other endosomal proteins that are ulti-
mately targeted to other locales such as
the limiting membrane of the vacuole or
back to the cell surface. Importantly, Cos
proteins themselves are required for this
segregation, demonstrating their key role
in contributing to a mechanism that phys-
ically sorts and separates one class or cargo
from another. Cos proteins also work to
retain cargo in endosomal subdomains
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Figure 2. Cos ubiquitination is sufficient to drive GPI-AP sorting into the MVB pathway. (A) Lysates
were generated from pep4A cells stably expressing an HA-tagged ubiquitin fusion of Cos5 (Cos5-
HA-Ub) from the MET15 promoter (PLY4803), followed by immunblot analysis using anti-HA and
anti-PGK antibodies. As a control, the parental strain (SEY6210 pep4A) was included. B) Vacuolar
peptidase deficient mutant (pep4A) cells allow visualization of the ESCRT-dependent sorting of
fluorescently tagged GPI-APs, such as YFP-Ccw14. Expression of Rsp5-DUb induces a complete
block in delivery of YFP-Ccw14 to the lumen of the vacuole (upper). This block in sorting is sup-
pressed in cells also expressing Cos5-HA-Ub, where YFP-Ccw14 instead is driven into the vacuolar

even when that cargo undergoes deubiqui-
tination. This aspect is important since
removal of Ub from cargo by the Doa4
Ub-peptidase prior to incorporation into
intralumenal vesicles serves the crucial
function of replenishing ubiquitin levels
and preventing excessive degradation of
Ub in the vacuole."”

These data suggest that the pivotal
function of Cos proteins is to serve as a
type of cargo carrier, which associates
with other Ub-cargo and creates a pro-
tein and lipid environment conducive to
sorting. Moreover, the fact that Cos pro-
teins are so heavily ubiquitinated them-
selves provides a mechanism for how
they can supply a MVB sorting-signal in
trans to the proteins with which they are
associated. This model also explains how
GPI-APs, which have no capacity to
undergo ubiquitination, are sorted into
the MVBs in the same canonical Rsp5-
and ESCRT-dependent manner as con-
ventional Ub-cargoes. In this specific
model, it is Rsp5 that ubiquitinates Cos
proteins that in-turn work as the cargo
carriers for their associated GPI-APs.

An alternate possibility is that Cos pro-
teins work instead as more conventional
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ligase adaptors for Rsp5, allowing Rsp5
to ubiquitinate some other target protein
that in turn sorts clientele such as GPI-
APs. Indeed, Rsp5 has myriad substrates
besides Cos proteins,lg’19 any of which,
arguably, could be responsible for the
block in GPI-AP sorting when ligase func-
tion is attenuated. While certainly Cos
proteins might fulfill the additional role of
a ligase adaptor, on face this seems insuffi-
cient to explain all of the functions and
behaviors of Cos proteins. For instance,
Cos proteins themselves need to undergo
ubiquitination to sort other proteins, if
the sole function of Cos proteins was as a
ligase adaptor, they would merely require
to bridge the association of Rsp5 with a
Cos-associated target protein and would
not themselves need to be ubiquitinated.
As a further test of these possibilities, we
determined whether the critical Rsp5 sub-
strates for sorting GPI-APs into the MVB
were indeed Cos proteins. Here we took
advantage of a dominant-negative version
of Rsp5 wherein Rps5 is fused to the cata-
lytic domain of a Ub-peptidase, which
deubiquitinates endogenous Rsp5 sub-
strates and blocks the MVB sorting of a
wide variety

of integral membrane
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proteins.18 Expression of Rsp5-DUb also
blocks sorting of GPI-APs into the MVB
pathway showing that their delivery is
dependent on an Rsp5-mediated ubiquiti-
nation event (Fig. 2). That event turns
out to be the ubiquitination of Cos pro-
teins themselves because expression of a
“pre-ubiquitinated” version of a Cos pro-
tein (Cos5-HA-Ub) was sufficient to over-
come the block imposed by Rsp5-DUb
on the MVB sorting of GPI-APs. Cos5-
HA-Ub carries Ub as an in-frame fusion
at the C-terminus of Cos5 where it cannot
be removed by Ub-peptidases. These data
show the relevant Rsp5 targets in the sort-
ing GPI-APs are Cos proteins and sup-
ports the overall model whereby Cos
proteins form a ubiquitinated “Cos corral”
that traps a variety of MVB cargoes into
endosomal subdomains and provides
them with a Ub sorting signal in zans.
This mechanism assists with the sorting of
conventional integral membrane proteins
and is essential for GPI-AP MVB sorting.
We speculate that integral membrane pro-
teins that have poor capacity for ubiquiti-
nation and other peripherally associated
lumenal proteins depend chiefly on the
Cos proteins to achieve their MVB
sorting.

The Mechanics of Cos Proteins

The finding that ubiquitinated Cos
proteins are sufficient to drive MVB sort-
ing of GPI-APs (a diverse group of pro-
teins with varied biochemical, structural
and functional properties) suggests the
cargo adaptor function of Cos proteins
does not rely on conventional protein-pro-
tein interactions. We favor a model where
Cos proteins organize lipids and Ub-cargo
at sites primed for vesicle morphogenesis.
Indeed, the regimented distribution of lip-
ids throughout the endolysosomal path-
way is known to contribute to cargo
sorting, but the machinery that orches-
trates such lipid organization is poorly
understood.”**" Cos proteins are promis-
ing candidates for lipid sorting at the late
endosome, since they drive formation of
the subdomain architecture that partitions
Ub-cargo from vacuolar membrane pro-
teins. We propose that the biophysical
properties of the Cos protein #rans-
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Figure 3. Amino acid composition of Cos protein transmembrane domains. The frequency of each amino acid was calculated as a percentage of the total
membrane spanning residues within each integral membrane protein. This frequency was used to rank all 652 TMD proteins in the S. cerevisiae proteome
for abundance of particular amino acids. The percentile score of each Cos protein for all amino acids is denoted and colored based on frequency: low
(green), high (red) and median (gray) across membrane spanning regions.

membrane domains (TMDs) are likely
responsible for coordinating surrounding
lipids in endosomal compartments. The
TMDs of Cos proteins are unusual. When
compared with all other members of the
yeast TMD proteome, Cos TMDs have
an extremely high frequency of Arg resi-
dues, in addition to abundant Trp, Cys
and Pro residues (Fig. 3). Conversely, the
TMDs of Cos proteins score as some of
lowest across the TMD proteome for resi-
dues such as Ala and Thr. An attractive
idea is that the buried charge residues
within the endosomal membrane may
induce conformational changes to recruit
lipids predisposed to membrane deforma-
tion and ILV formation. Additionally, it
has been proposed that functional lipid
dependent sorting clusters GPI-APs.**??
Since the Cos proteins are essential cargo
adaptors for vacuolar trafficking of GPI-
APs, it is likely that they can exert the nec-
essary sorting of endosomal lipids to facili-
tate GPI-AP clustering, as again, physical
interactions are unlikely to drive this pro-
cess. Conceptually, lipid organization
could initiate the sorting process upstream
of ESCRTs, and a concentrated Ub-signal
from cargo and Cos proteins in turn
recruit ESCRTs to endosomes through
their various Ub-binding domains and
associations.”*?> Unlike ESCRTs, which
are disassembled from ILVs prior to scis-
sion, Cos proteins are sacrificed to the vac-
uole for degradation. This presents the
interesting possibility that the lipid com-
position of ILVs, interspersed with atypi-
cal Cos protein TMDs, might render
them susceptible to vacuolar hydrolases.
This would provide an explanation for
how the limiting membrane of the
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vacuole, composed of lipids excluded by
the “Cos corral” during endosomal parti-
tioning, is largely protected from the resi-
dent lipases required for ILV degradation.

The Broader Role That Cos
Function Fulfills

By sequence homology, Cos protein
homologs are not readily found in the
other eukaryotic kingdoms of plants and
animals. Yet, sorting of GPI-APs into the
MVB pathway has been documented in
animal cells.’® Cos proteins execute this
conserved function in yeast and serve as a
simple explanation for how other non-
ubiquitinatable cargoes can be sorted into
the canonical Ub- and ESCRT- mediated
MVB pathway. This conserved function
in animal and plant cells is likely fulfilled
by a functional analog of Cos proteins
that may not share immediate sequence
homology. Since it is not yet clear what
biochemical features or signatures of Cos
proteins drive their function, what pro-
teins might execute their analogous func-
tion in animals is speculative. To begin
to explore this, though, we used a super-
vised machine learning strategy to define
compositional and positional features of
residues within Cos protein TMDs that
might reflect a signature found in mam-
malian homologs. A k-nearest neighbor
algorithm27 was trained on a dataset of
all S. cerevisiae transmembrane segments
comprised of 33 Cos TMDs and 4,601
non-Cos-TMDs. During 10-fold cross
validation, the algorithm predicted 30
yeast TMDs belonged to Cos proteins,
23 of which actually did (Table S1) and
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all S. cerevisiae Cos proteins were repre-
sented within those 23 TMDs except
Cos12, which is predicted to have a
unique topology among the Cos family.*®
When this classification model was
applied to the 20,756 member human
TMD proteome, 132 of these (<0.65%
total) were predicted to be a “Cos-like”
neighbor  (Table S2). STRING v.10
pathway analysis.”” revealed 2 of these
proteins localize to the MVB, (the sortilin
related receptor SORL1 and the tetraspa-
nin (Tspan) CD63) and 2 others func-
tion as ubiquitin ligases, (RNF144B and
MARCHSO). Exactly what computed fea-
tures of these proteins relate them to Cos
proteins is not clear, but one implication
is that proteins such as these might share
some of the biophysical features and per-
haps some of the functions of Cos pro-
teins in yeast. Among the most intriguing
possibilities are Tspans and MARCH
ligases since they also share other biologi-
cal parallels with Cos proteins.

Cargo sorting through the MVB path-
way of mammalian cells in a ubiquitin-
and/or ESCRT-independent manner has
been proposed, including models that are
driven by specific lipids.”** or accessory
proteins that include CDG63.%> Tspans
such as CDG63 organize Tspan enriched
domains representing a meshwork of asso-
ciated proteins together within a lipid sub-
domain enriched in sphingolipids and
cholesterol.*® Because Cos proteins may
also form and function in a similar organi-
zation, we propose that the best candidates
for Cos analogs are Tspans. Like Cos pro-
teins, Tspans have 4 TMDs that contain
polar residues, have extracellular cysteines,
and also interact as homo-multimers and
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cluster in membrane domains.”>>” The
analogy extends further, as some Tspans
contain lysosomal sorting motifs and
directly interact with clathrin adaptor pro-
teins.”®*” Most convincingly, Tspans can
be ubiquitinated and have been implicated
in MVB sorting of the EGFR, a prototypi-

40-43 and

cal Ub-cargo in animal cells,
Pmell7, a lumenal protein of melano-
somes.”> More recently, the CD81 Tspan,
which, like CDG63, is also enriched in
MVB internal vesicles,* has been shown
to play a role in mediating MVB sorting
of the Ub-independent cargo, transferrin
receptor 2 (TfR2). Although TfR2 is
quickly degraded in lysosomes in an
ESCRT-dependent manner, it does not
itself undergo ubiquitination.45 Instead,
its sorting is mediated by CD81, with
which it associates.

The key requirement for Cos protein
function as cargo adaptors for GPI-APs is
a strong Ub signal, indeed Cos proteins
are chiefly responsible for Ub trafficking
into the vacuole. To undergo maximal
ubiquitination, Cos proteins partly rely on
Ubiquitin-ligase membrane protein com-
plexes defined by Rsp5 and the polytopic
membrane adaptors Sna3 and Bsd2. Pre-
sumably the effective concentration of
ligases and substrates resident in the same
membrane contributes to the powerful Ub
signal necessary to act as cargo adaptors. A
similar scenario has been documented in
mammalian cells through the Membrane
associated RING-CH (MARCH) Ub-
ligases, which have been proposed to ubiq-
uitinate and downregulate Tspans.***
Our model would predict that ubiquiti-
nated Tspans allow GPI-APs and other
non-ubiquitinatable proteins to access
ESCRT-dependent sorting to lysosomes
in animal cells. The finding that MARCH
ligases contribute to GPI-AP sorting serves
to further validate this hypothetical
model.*® Tt will be interesting and helpful
to consider the cargo adaptor model pro-
posed herein when analyzing future dis-
coveries of MVB sorting and GPI-AP
trafficking in animal cells.

Materials and Methods

Plasmids expressing HIS3 marked
YFP-Cew14.(pPL5707.”) Rsp5-

and
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DUb,(pPL3742,'®) and yeast strain
SEY6210 pep4A.(PLY2463.%%) have been
described before. For this study, homolo-
gous recombination was used to create a
MET15 marked plasmid that expresses
YFP-Cewl4 (pPL5781) and also to inte-
grate COS5-HA-Ub at the METI5 locus
of strain PLY2463, using a methotrexate
resistant marker,*> to create PLY4803.
Yeast strains were grown at 30°C in syn-
thetic defined (SD) media lacking appro-
priate amino acids for plasmid selection.
Expression of Rsp5-DUb from the CUP!
promoter was induced by the addition of
50 wM copper chloride. Immunoblot
analyses and microscopy techniques were
used as described in MacDonald ez al..”
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