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A dual role for K63-linked ubiquitin chains in 
multivesicular body biogenesis and cargo sorting
Zoi Erpapazogloua,*, Manel Dhaouia,†,‡, Marina Pantazopouloua,†,§, Francesca Giordanob,, 
Muriel Maric, Sébastien Léona, Graça Raposob, Fulvio Reggioric, and Rosine Haguenauer-Tsapisa

aInstitut Jacques Monod, Centre National de la Recherche Scientifique, Unité Mixte de Recherche 7592, Université 
Paris-Diderot, Sorbonne Paris Cité, F-75205 Paris, France; bInstitut Curie, Centre de Recherche, F-75248 Paris, France; 
cUniversity Medical Centre Utrecht, 3584C Utrecht, Netherlands

ABSTRACT In yeast, the sorting of transmembrane proteins into the multivesicular body 
(MVB) internal vesicles requires their ubiquitylation by the ubiquitin ligase Rsp5. This allows 
their recognition by the ubiquitin-binding domains (UBDs) of several endosomal sorting com-
plex required for transport (ESCRT) subunits. K63-linked ubiquitin (K63Ub) chains decorate 
several MVB cargoes, and accordingly we show that they localize prominently to the class E 
compartment, which accumulates ubiquitylated cargoes in cells lacking ESCRT components. 
Conversely, yeast cells unable to generate K63Ub chains displayed MVB sorting defects. 
These properties are conserved among eukaryotes, as the mammalian melanosomal MVB 
cargo MART-1 is modified by K63Ub chains and partly missorted when the genesis of these 
chains is inhibited. We show that all yeast UBD-containing ESCRT proteins undergo ubiquity-
lation and deubiquitylation, some being modified through the opposing activities of Rsp5 
and the ubiquitin isopeptidase Ubp2, which are known to assemble and disassemble prefer-
entially K63Ub chains, respectively. A failure to generate K63Ub chains in yeast leads to an 
MVB ultrastructure alteration. Our work thus unravels a double function of K63Ub chains in 
cargo sorting and MVB biogenesis.

INTRODUCTION
Ubiquitylation, the process by which ubiquitin (Ub) is conjugated to 
target substrates, plays a major role in intracellular protein degrada-
tion by both the proteasome and the lysosome/vacuole. Proteins 
can be modified by the addition of a single Ub molecule to one 
(monoubiquitylation) or several (multi-monoubiquitylation) lysine 

residues. Alternatively, Ub molecules can be ligated to each other to 
form chains in which each monomer is linked to a lysine residue of 
the previous Ub moiety (polyubiquitylation). Ub harbors seven lysine 
residues (K6, K11, K27, K29, K33, K48, and K63), all of which can be 
used to generate a Ub chain (Weissman, 2001). Studies have indi-
cated that poly-Ub chains linked via the Lys-48 (K48) residue of Ub 
are recognized by several ubiquitin-binding domain (UBD)–contain-
ing proteasomal subunits, mediating the targeting of substrates to 
the proteasome (Glickman and Ciechanover, 2002). Other types of 
Ub chains have also recently been implicated in the degradation of 
proteasomal substrates, but no such role has been reported for K63-
linked ubiquitin (K63Ub) chains (Xu et al., 2009), which are involved 
in many key cellular functions, including translation, DNA repair, ki-
nase activation, and trafficking (reviewed in Weissman, 2001).

In yeast, a number of endocytic cargo proteins are linked to 
short K63Ub chains at the plasma membrane (reviewed in Belgareh-
Touze et al., 2008). This modification, mediated by Rsp5, the only 
member of the Nedd4 protein family of E3 Ub ligases in yeast 
(Galan et al., 1996; Dupre et al., 2004), is required for efficient inter-
nalization (Galan and Haguenauer-Tsapis, 1997; Paiva et al., 2009). 
Various endocytic cargoes are also modified by K63Ub chains in 
mammalian cells (Belgareh-Touze et al., 2008), resulting in their 
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RESULTS
MVB sorting of the yeast endosomal adapter 
Ear1 requires K63Ub chains
The yeast transmembrane proteins sorted into the ILVs for targeting 
to the vacuolar lumen are highly diverse. They include endocytic 
cargoes, vacuolar-resident enzymes, and several Rsp5 endosomal 
adaptors that facilitate substrate recognition and ubiquitylation at 
MVBs (Epple et al., 2001; Katzmann et al., 2001; Reggiori and 
Pelham, 2001; Stimpson et al., 2006; Leon et al., 2008). Some endo-
cytic cargoes and vacuolar-resident enzymes have been shown to 
be modified by or require normal genesis of K63Ub chains for effi-
cient MVB sorting (Stawiecka-Mirota et al., 2007; Erpapazoglou 
et al., 2008; Lauwers et al., 2009; Paiva et al., 2009; Stringer and 
Piper, 2011). We therefore wondered whether this was also the case 
for Rsp5 transmembrane adaptors. We investigated Ear1, a protein 
required for the ubiquitylation and targeting to MVBs of several car-
goes (Leon et al., 2008; Nikko and Pelham, 2009). We screened a 
collection of yeast strains genetically modified such that all the en-
dogenous Ub genes were deleted, with Ub provided solely by plas-
mids encoding the wild-type (wt) or single Lys-to-Arg (KR) mutant 
form of Ub (with the exception of UbK48R, which does not support 
growth; Spence et al., 1995). An Ear1-mCherry fusion protein was 
produced in these cells, and its ubiquitylation profile was assessed 
(Figure 1A). In cells expressing wt Ub, monoubiquitylated and poly-
ubiquitylated species of Ear1-mCherry appeared as lower-mobility 
forms compared with the major unmodified fraction (Figure 1A, ar-
rowhead; Leon et al., 2008). This ubiquitylation profile remained 
unaltered in cells expressing all KR Ub mutants, except for the cells 
expressing UbK63R, which displayed an enrichment in the monou-
biquitylated form of Ear1-mCherry (Figure 1A, arrow) at the expense 
of the polyubiquitylated species. We concluded that Ear1 was 
mostly ubiquitylated on one main target lysine, which receives short 
K63Ub chains.1 We then investigated the subcellular distribution of 
Ear1-mCherry by fluorescence microscopy in the same set of strains. 
In cells expressing wt Ub, Ear1-mCherry was targeted to the vacuo-
lar lumen (Figure 1B), consistent with the sorting of this protein into 
ILVs. A similar distribution profile was observed in almost all the 
strains expressing mutant UbKR forms. By contrast, the production 
of UbK63R as the sole source of Ub led to the accumulation of Ear1-
mCherry at the vacuolar membrane, revealing a defect in ILVs sort-
ing (Odorizzi et al., 1998).

Thus the correct trafficking of Ear1 to the vacuole requires K63Ub 
chains, with no other type of Ub chain playing a major role in this 
process.

Proteins with K63Ub chains accumulate in the 
class E compartment
We then investigated the extent to which K63Ub chain formation 
was a feature common to MVB cargoes. To assess an eventual en-
richment of K63Ub chains in yeast endosomes, we performed an 
immunofluorescence (IF) analysis using an anti-K63Ub antibody 
(Newton et al., 2008). No specific cellular compartment was labeled 
by the antibody in cells expressing the wt or the K63RUb construct 
(Figure 2A). We repeated the same experiment in strains lacking the 
ESCRT-I protein Vps23. Mutants lacking any of the ESCRT subunits 
display an aberrant endosomal structure in close proximity to the 
vacuole, referred as the class E compartment (Raymond et al., 1992; 

rapid internalization (Duncan et al., 2006). Ubiquitylation also con-
stitutes a signal for the targeting of both biosynthetic transmem-
brane proteins and endocytic cargoes into the intraluminal vesicles 
(ILVs) of multivesicular bodies (MVBs; Katzmann et al., 2002). Rsp5 
is the main E3 involved in the ubiquitylation of MVB cargoes (Dunn 
et al., 2004; Katzmann et al., 2004; Morvan et al., 2004). A few MVB 
cargoes were shown to be modified by K63Ub chains (Stawiecka-
Mirota et al., 2007; Lauwers et al., 2009), and cells unable to as-
semble this type of Ub chain display an impairment of MVB sorting 
of some endocytic and MVB cargoes (reviewed in Lauwers et al., 
2010). The modification of both endocytic and MVB substrates by 
K63Ub chains is consistent with the predominant mode of K63Ub 
chain generation by Rsp5 due to the structural properties of its 
catalytic domain (Kee et al., 2005, 2006). Some human members 
of the Nedd4 protein family have a similar structure and also as-
semble K63Ub chains (Kim and Huibregtse, 2009; Kim et al., 2011; 
Maspero et al., 2011).

Ub chains on endocytic and MVB cargoes are recognized by 
receptors carrying UBDs (Katzmann et al., 2002; Raiborg and 
Stenmark, 2009). For example, MVB cargoes are captured by the 
endosomal sorting complex required for transport (ESCRT) machin-
ery, a conserved system of interacting complexes crucial for MVB 
biogenesis and sorting (Katzmann et al., 2002). Ub linked to the car-
goes is initially recognized by UBDs present in the two proteins 
forming the ESCRT-0 complex, Vps27 and Hse1, known as Hrs and 
STAM, respectively, in mammals. The ubiquitylated cargo is then 
concentrated by the action of the UBD-containing proteins of the 
ESCRT-I and -II complexes and guided into membrane invaginations 
that form from the limiting membrane of endosomes. After ESCRT-
III–mediated membrane abscission, these invaginations become 
ILVs (Katzmann et al., 2002; Raiborg and Stenmark, 2009). The role 
of ubiquitylation events in protein trafficking extends beyond cargo 
modification. Various UBD-containing components of transport ma-
chineries undergo ubiquitylation (Klapisz et al., 2002; Polo et al., 
2002; Marchese et al., 2003; Shih et al., 2003; McCullough et al., 
2004; Kim et al., 2007a) through a process that requires functional 
UBDs, but the relevance of this modification is unclear. In yeast, only 
Vps27 and Hse1 have been shown to be ubiquitylated (Stringer and 
Piper, 2011; Ziv et al., 2011; Starita et al., 2012). In addition, Vps23 
and the ESCRT-associated protein Bro1 (the functional equivalent of 
the mammalian Alix) interact with Rsp5 (Nikko and Andre, 2007; Ren 
et al., 2007), suggesting that these proteins may also be ubiquity-
lated. ESCRT proteins also interact with deubiquitylating enzymes 
(DUBs; Clague and Urbe, 2006). For example, yeast Ubp2, which 
associates with Rsp5 and preferentially deubiquitylates proteins 
modified with K63Ub chains (Kee et al., 2005), interacts indirectly 
with Hse1 (Ren et al., 2007). Two mammalian DUBs—UBPY and 
AMSH—bind to several components of the ESCRT machinery. 
AMSH, which belongs to the JAMM-domain metalloprotease family 
of DUBs, specifically deubiquitylates K63Ub chains (McCullough 
et al., 2004). In the absence of AMSH, both STAM (McCullough 
et al., 2004; Sierra et al., 2010) and Hrs (Sierra et al., 2010) are 
strongly ubiquitylated. Thus, although the association of DUBs with 
the ESCRT machinery may allow the deubiquitylation of cargoes be-
fore their targeting into MVBs, it remains possible that some of 
these enzymes also play a role in Ub-based regulation of ESCRT 
complexes.

In the present study, we focus on MVB cargoes and their ubiqui-
tylation and fate in yeast and mammalian cells unable and impaired, 
respectively, in the genesis of K63Ub chains. We also investigate the 
ubiquitylation status of all UBD-containing ESCRT proteins and the 
involvement of K63Ub chains in the homeostasis of MVBs in yeast.

1In cells depleted of K63Ub chains, Ear1-mCherry displayed a few bands in 
addition to the main monoubiquitylated form, indicating either multi-monou-
biquitylation or modification by other types of Ub chains, as observed for the 
MVB cargo Sna3 (Stawiecka-Mirota et al., 2007).
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K48Ub chains, which leads to diffuse cytoplasmic and some nuclear 
staining (Figure 2D).

As a consequence of higher steady-state levels of transporters at 
the plasma membrane, vps class E mutants are more sensitive to the 
toxic compounds imported by some of these transporters (Forsberg 
et al., 2001; Bugnicourt et al., 2004; Ren et al., 2007; Ruotolo et al., 
2008). Indeed, vps23Δ cells were very sensitive to 5-fluorouracil 
(5-FU), transported by the uracil permease Fur4, as previously re-
ported (Bugnicourt et al., 2004), and were also sensitive to ethion-
ine, canavanine, and cadmium, imported by the methionine, argin-
ine, and manganese transporters Mup1, Can1, and Smf1 (Grenson 
et al., 1966; Isnard et al., 1996; Liu et al., 1997), respectively (Figure 
2E). Cells unable to generate K63Ub chains had identical pheno-
types, although in this case the presence of larger numbers of trans-
porters at the plasma membrane may result from both an MVB sort-
ing defect (Figure 1B) and slower endocytosis (Galan and 
Haguenauer-Tsapis, 1997).

Our data demonstrate that yeast late endosomal compartments 
are enriched in proteins carrying K63Ub chains, consistent with ob-
servations that several MVB substrates, such as endocytic and bio-
synthetic cargoes, harbor this modification, as do Rsp5 adapters 
(Galan and Haguenauer-Tsapis, 1997; Springael et al., 1999; Kim 
et al., 2007b; Stawiecka-Mirota et al., 2007; Erpapazoglou et al., 
2008; Lauwers et al., 2009; Paiva et al., 2009; Figure 1), and are 
sorted to MVBs at this location. The observed staining however, 
might be also due to the recognition of additional proteins (see later 
discussion).

K63Ub chains are conjugated to the melanosomal protein 
MART-1 and are required for its sorting into MVBs
Several yeast MVB cargoes are known to require the synthesis 
of K63Ub chains for correct transport (Erpapazoglou et al., 2008; 
Lauwers et al., 2009; Stringer and Piper, 2011). However, no exam-
ples have been described in mammalian cells, despite both the high 
degree of conservation of the MVB sorting machinery and the pres-
ence of this type of modification on a large number of plasma mem-
brane proteins during their endocytosis (Geetha et al., 2005; Duncan 
et al., 2006; Huang et al., 2006; Kamsteeg et al., 2006; Li et al., 
2008; Vina-Vilaseca and Sorkin, 2010; Sorrentino et al., 2011).

We therefore decided to analyze the role of K63Ub chains in the 
modification and trafficking of a particular mammalian MVB cargo, 
MART-1/MelanA. MART-1 is an integral membrane protein involved 
in melanosome maturation (Giordano et al., 2011). It passes through 
the Golgi compartment, the principal site at which it is found (De 
Maziere et al., 2002), before being targeted to melanosomes via 
the MVB pathway (Levy et al., 2005). This protein interacts with two 
human Rsp5 homologues, Nedd4 and Itch. It is ubiquitylated and 
undergoes Ub-dependent MVB sorting (Levy et al., 2005; Giordano 
et al., 2011). Endogenous MART-1 was thus immunoprecipitated 
from cell extracts in denaturing conditions. The same high–molecu-
lar weight species of MART-1 detected with the anti-MART-1 anti-
body (Figure 3A, panel 1) were also detected with both anti-Ub 
(panel 2) and anti-K63Ub (panel 3) antibodies, but no signal was 
observed with an antibody directed against K48Ub chains, which 
massively detects ubiquitylated proteins in total extracts (panel 4). 
These ubiquitylated forms of MART-1 contained two, three, or four 
Ub moieties (Figure 3A, arrows), demonstrating that MART-1 is 
polyubiquitylated, rather than multi-monoubiquitylated, and modi-
fied by short K63Ub chains. These findings are consistent with the 
observation that, like Rsp5, both Nedd4 and Itch principally medi-
ate the synthesis of K63Ub chains in vitro (Kim and Huibregtse, 
2009).

Coonrod and Stevens, 2010). In ESCRT mutants, ubiquitylated cargo 
proteins accumulate in the class E compartment and at the vacuolar 
membrane due to the lack of sorting into ILVs (Katzmann et al., 
2001), as illustrated by fluorescence microscopy in Figure 2B for the 
siderophore transporter Sit1–green fluorescent protein (GFP) under 
conditions in which it is directly targeted from the Golgi to the MVB 
pathway (Erpapazoglou et al., 2008). In addition, transporters 
trapped in the class E compartment, coming from either the plasma 
membrane or the Golgi apparatus, are known to recycle back to the 
plasma membrane (Bugnicourt et al., 2004; Erpapazoglou et al., 
2008; Figure 2B). The class E compartment, evidenced by the ac-
cumulation of the MVB cargo GFP-Phm5 (Figure 2C), was the only 
cellular structure strongly labeled with the anti-K63Ub antibody in 
the vps23Δ mutant. This labeling was specific, and it was absent in 
vps23Δ cells expressing UbK63R as the sole source of Ub. The class 
compartment E was also uniformly labeled in vps23Δ cells that do 
not express GFP-Phm5 (Figure 2D). The vacuolar membrane (arrow-
head) or the plasma membrane (arrow) was also specifically labeled 
in some vps23Δ cells. No labeling of these structures nor of the class 
E compartment was observed with an antibody directed against 

FIGURE 1: K63Ub chains are required for efficient sorting to yeast 
MVBs. SUB cells genetically modified to express only plasmid-
encoded wt or single-KR-mutant Ub were transformed with a plasmid 
encoding Ear1-mCherry (mCh) under the control of the GPD1 
promoter. (A) Ear1-mCherry ubiquitylation profile. Total protein 
extracts separated by SDS–PAGE were immunoblotted with an 
anti-DsRed antibody. The arrow and arrowhead indicate the 
monoubiquitylated and polyubiquitylated forms of Ear1-mCherry, 
respectively. The anti-Pgk1 blot serves as a loading control. 
(B) Ear1-mCherry sorting to the MVB pathway was assessed by 
fluorescence microscopy.
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punctate structures throughout the cyto-
plasm, many of which colocalized with anti–
MART-1 antibody-positive endosomes 
(Figure 3, B–G). In contrast, no colocaliza-
tion was evidenced between MART1 and 
structures stained with an anti-K48Ub anti-
body (Supplemental Figure S1). These data 
complement the biochemical evidence and 
reveal that MART-1 is linked with K63Ub 
chains (Figure 3A). They also indicate that, 
as in yeast, the late endosomal compart-
ments are enriched in proteins bearing this 
type of modification.

We investigated the potential role of 
K63Ub chains in the sorting of MART-1 to 
ILVs. HeLa cells were cotransfected with 
plasmids encoding MART-1 and either wt 
Ub-GFP or UbK63R-GFP. The C-terminal 
GFP moiety of these Ub fusions is released 
by cellular DUB-mediated cleavage, making 
it possible to monitor the expression of the 
Ub construct used for transfection (Tsirigotis 
et al., 2001; Duncan et al., 2006; Boname 
et al., 2010). The overproduction of UbK63R-
GFP partially inhibits K63-mediated ubiqui-
tylation by endogenous Ub (Duncan et al., 
2006). Ultrathin cryosections were subjected 
to double-immunogold labeling with anti-
bodies against MART-1 and GFP. As ex-
pected, GFP labeling was not associated 
with membrane structures but was cytoplas-
mic (Figure 4, A and B, arrowheads). By con-
trast, MART-1 labeling was associated with 
membrane compartments and, more pre-
cisely, with MVBs and some of the vesicles in 
their vicinity (Figure 4, A and B, arrows). In 
cells expressing wt Ub, MART-1 was sorted 
principally into the ILVs, as previously shown 
(Giordano et al., 2011). In contrast, in 
UbK63R-expressing cells, a significant frac-
tion of MART-1 was retained on the limiting 
membrane of the MVBs (34.5 vs. 16.5% in 
cells expressing wt Ub).

Thus the inhibition of K63Ub chain 
elongation leads to a partial block of 
MART-1 sorting into ILVs. The mammalian 
MVB cargo MART-1 is therefore partly de-
pendent on K63Ub chains for targeting to 
the interior of the lysosome. The inhibition 
of MVB sorting was only partial, probably 
because of the remaining endogenous wt 
Ub, and because nonubiquitylated MART-1 
mutant (MART-1K1-6R) was nonetheless 
partially sorted to MVBs in HeLa cells, in-
dicating the existence of an additional, 
Ub-independent pathway (Giordano et al., 
2011).

The in-frame fusion of the cargo to Ub only partially rescues 
sorting into MVBs in cells lacking K63Ub chains
The simplest explanation for the MVB targeting defects observed 
in both yeast and mammalian cells when K63-linked Ub chain 

We then carried out an IF analysis of HeLa cells transfected 
with a plasmid expressing MART-1. The anti-K63Ub antibody la-
beled small, dot-like structures in the nucleus, as previously de-
scribed (Pinato et al., 2009), but the main signal was associated with 

FIGURE 2: K63-linked chain-modified proteins accumulate in the class E compartment. (A) Yeast 
cells expressing plasmid-encoded wt or K63R Ub as sole source of Ub were analyzed by IF 
microscopy using an anti-K63Ub antibody. No specific labeling of any cellular structure was 
observed. (B) Localization of the MVB cargo Sit1-GFP in vps23Δ cells by fluorescence 
microscopy. The arrow and arrowhead show the presence of Sit1-GFP at the plasma and 
vacuolar membrane, respectively. (C) vps23Δ cells expressing plasmid-encoded wt Ub or 
UbK63R as the sole source of Ub and producing GFP-Phm5 were analyzed by IF microscopy 
with anti-K63Ub and anti-GFP antibodies. (D) vps23Δ cells expressing plasmid-encoded wt Ub or 
UbK63R as the sole source of Ub were analyzed by IF microscopy with anti-K63Ub or anti-
K48Ub antibodies, combined with DAPI staining. The anti-K63Ub antibody labeled specifically 
and homogeneously the class E compartment in all cells. The vacuolar membrane (arrowhead) or 
the plasma membrane (arrow) were sporadically stained. (E) Serial dilutions of liquid cultures of 
cells expressing wt Ub (SUB280 and vps23Δ) or UbK63R (SUB413) transformed with an empty 
URA3 plasmid (pRS316) were grown in solid YNB medium supplemented with 2% glucose in the 
presence or absence of toxic plasma membrane transporter substrates at the following 
concentrations: 5 μg/ml 5-FU, 10 μg/ml ethionine, 0.5 μg /ml canavanine, and 5 μM cadmium.



2174 | Z. Erpapazoglou et al. Molecular Biology of the Cell

requirement for Phm5 ubiquitylation for efficient MVB sorting 
(Reggiori and Pelham, 2001; Morvan et al., 2004). Ub-GFP-Phm5-
K6R was normally sorted into the vacuolar lumen in most cells ex-
pressing wt Ub (Figure 5, B and C). In the strain expressing UbK63R, 
however, >50% of the cells displayed vacuolar membrane staining. 
This observation suggested that the absence of K63Ub chains affects 
the MVB sorting machinery.

All yeast UBD-containing ESCRT proteins are ubiquitylated
The defect in the sorting of Ub-GFP-Phm5-K6R to MVBs in cells un-
able to synthesize K63Ub chains and the frequent ubiquitylation of 
proteins carrying UBDs led us to investigate the ubiquitylation status 
of UBD-containing yeast ESCRT subunits and that of the ESCRT-as-
sociated Bro1 (Figure 6A), which has been reported to interact with 
Rsp5 (Nikko and Andre, 2007). We therefore assessed ESCRT ubiq-
uitylation in wt cells, in a hypomorphic rsp5 mutant (producing only 
1/10 the normal amount of Rsp5; Hein et al., 1995), and in ubp2Δ 
cells. We generated strains producing chromosomal-encoded, he-
magglutinin (HA)-tagged ESCRT proteins in the wt and these two 
mutant strains. Total extracts of cells producing these HA-tagged 
ESCRT proteins together with hexahistidine (6His)-Ub were sub-
jected to nickel-affinity chromatography, and the eluates were ana-
lyzed with an anti-HA antibody. More slowly migrating forms of 
Hse1-3xHA, 6xHA-Vps27, Vps36-3xHA, and Bro1-3xHA were de-
tected in the eluates of wt cells (Figure 6B). These forms corre-
sponded to ubiquitylated species, as they were not detected when 
untagged Ub was overproduced (Supplemental Figure S2A). Under 
the same experimental conditions, we detected no ubiquitylation of 
the ESCRT-I proteins Vps23-3xHA and Mvb12-3xHA (unpublished 

elongation is inhibited is that the cargo does not carry the optimal 
signal for recognition by the sorting machinery. Indeed, the UBDs of 
several ESCRT proteins have a higher affinity for K63Ub chains than 
for mono-Ub (Kulathu et al., 2009; Ren and Hurley, 2010). Another, 
non–mutually exclusive possibility is that the sorting defects in cells 
depleted of K63Ub chains are caused by the impaired modification 
of other proteins, such as those of the sorting machinery itself.

The in-frame fusion of a single Ub to a nonubiquitylatable (KR) 
cargo has been shown to restore MVB sorting in yeast (Reggiori and 
Pelham, 2001; Urbanowski and Piper, 2001). If K63Ub chains are in-
volved in regulating the MVB sorting machinery, then the in-frame 
fusion of Ub to a nonubiquitylatable cargo should not restore MVB 
sorting in cells unable to achieve this type of modification. We thus 
analyzed Phm5, a polyphosphate phosphatase that is ubiquitylated 
on its Lys6 by Rsp5 and reaches the vacuole lumen via the MVB 
pathway (Reggiori and Pelham, 2001; Morvan et al., 2004). As ex-
pected, the sorting of Phm5 to MVBs was dependent on K63Ub 
chains, as shown by the accumulation of this protein at the vacuolar 
membrane in cells expressing UbK63R as the sole source of Ub 
(Figure 5A). We investigated the fate of Ub-GFP-Phm5-K6R, in which 
the Ub tag (mutated in target lysines 29, 48, and 63) bypasses the 

FIGURE 3: The human melanosomal protein MART-1 is modified by 
K63Ub chains. (A) Lysates from human melanocytic MNT-1 cells were 
immunoprecipitated with an anti-IgG2B (control) or anti-MART-1 
antibody and immunoblotted with anti-MART-1, anti-Ub, anti-K63Ub, 
or anti-K48Ub antibodies. Arrows indicate ubiquitylated forms of 
MART-1 modified by K63Ub chains. (B–G) HeLa cells transfected with 
MART-1 were analyzed by IF microscopy with antibodies against 
MART-1 (C, F) and K63Ub chains (B, E). Overlays are shown in D and 
G. E–G correspond to a 1.8× magnification of the boxed areas in B–D, 
respectively.

FIGURE 4: The inhibition of K63Ub chain formation impairs MART-1 
endosomal sorting. (A, B) HeLa cells were transfected with plasmids 
encoding MART-1 and GFP-tagged wt Ub (Ubwt-GFP) or UbK63R 
(UbK63R-GFP). Ultrathin cryosections were double immunogold labeled 
with anti–MART-1 (15-nm gold particles, arrow) and anti-GFP (10-nm 
gold particles, arrowhead) antibodies. (C) Quantification of the various 
sorting phenotypes of MART-1 as a percentage of gold particles per 
membrane compartment. EE, early endosomes; ILVs, intraluminal 
vesicles of the MVBs; LM, limiting membrane of the MVBs. Asterisk 
indicates deviation <0.05.
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hence are possibly modified by K63Ub 
chains led us to investigate whether an in-
ability to assemble or to disassemble these 
ubiquitin chains affected MVB ultrastructure. 
MVBs were not observed in ultrastructural 
studies of yeast until relatively recently 
(Luhtala and Odorizzi, 2004), as it is very dif-
ficult to capture these transient organelles 
on thin sections of wild-type cells. We there-
fore investigated MVB ultrastructure in cells 
carrying a thermosensitive variant of Vam3, 
a target soluble N-ethylmaleimide–sensitive 
factor attachment protein receptor protein 
essential for all vacuole fusion events 
(Darsow et al., 1997). The vam3-thermosen-
sitive (vam-ts) cells accumulated MVBs in 
large numbers, making it possible to per-
form statistical evaluations of morphology. 
To identify all the compartments of endo-
somal origin, we labeled the strains with 

Nanogold particles. These positively charged particles bind strongly 
to the negatively charged lipids present on the surface of yeast 
spheroplasts and are then internalized and, passing through the 
early (EE) and late (LE), endosomes, reach the vacuole (Prescianotto-
Baschong and Riezman, 2002; Griffith and Reggiori, 2009). Thus 
spheroplasts were prepared from vam3-ts cells that were or were 
not able to assemble K63Ub chains or from cells with a UBP2 dele-
tion. They were then incubated with Nanogold particles at 4°C and 
transferred at the permissive temperature to allow internalization 
and labeling of EE and LE before finally being shifted at the restric-
tive temperature to accumulate late endosomal compartments be-
fore electron microscopic processing. As expected, the plasma 
membrane and vesicles, which are probably of endocytic origin, 
were labeled with the Nanogold particles in all three strains (Griffith 
and Reggiori, 2009; unpublished data). We observed at least one 
MVB per cell profile in cells expressing wt Ub (Figure 7, A, B, and J). 
These organelles, with a diameter between 160 and 200 nm, were 
occasionally found in clusters and contained well-defined ILVs. 
Nanogold particles also labeled two other compartments in these 
cells. The first consisted of clusters of vesicles and tubules (Figure 
7C), probably corresponding to EEs (Wiederkehr et al., 2000; 
Griffith and Reggiori, 2009) and hereafter referred to as type 1 EEs. 
The second labeled compartment consisted of large, tubular struc-
tures with gray contents, occasionally with a single internal mem-
brane (Figure 7D). It was unclear whether these structures consti-
tuted a subclass of EEs or LE/MVBs or was a precursor of these 
organelles, but we nonetheless defined them as type 2 EEs, based 
on the rationale that the presence of luminal membranes is consis-
tent with these structures being EEs in the process of becoming LE/
MVBs.

MVBs were only rarely detected in the UbK63R-expressing strain 
(Figure 7J; 20% of the cell profiles displayed at least one MVB vs. 
82% for cells with wt Ub). In this strain, the MVBs were often smaller 
(with a diameter of ∼100 nm), with few ILVs, and their contents were 
less well defined than those of wt MVBs. We therefore called these 
structures “remnant MVBs” (Figure 7, E, F, F′, and J). Type 2 EEs 
were observed at a normal frequency in the UbK63R-expressing 
strain, whereas type 1 EEs were more frequent than in wild-type 
cells (50% of the cell profiles included at least one type 1 EE vs. 
32% for cells expressing wt Ub), consistent with their accumulation 
(Figure 7, G, H, and J). These morphological observations revealed 
a severe impairment of MVB biogenesis in the absence of K63Ub 

data). The UBD-less, ESCRT-related AAA ATPase Vps4 was also not 
detected in the eluates (Supplemental Figure S2B).

With the exception of Bro1-3xHA, for which only a monoubiqui-
tylated form was detected, all the proteins seemed to have multiple 
Ub moieties, consistent with multiubiquitylation or polyubiquityla-
tion. The amounts of ubiquitylated species of Hse1-3xHA, 6xHA-
Vps27, Vps36-3xHA, and Bro1-3xHA detected in the eluates of rsp5 
cells were much smaller (Figure 6B), suggesting that this ligase is 
involved in the modification of all these ESCRT proteins. The steady-
state levels of the proteins were not significantly different in wt and 
rsp5 cells, indicating that their degradation is not triggered by their 
ubiquitylation (Supplemental Figure S2C).

UBP2 deletion affected the ubiquitylation of a smaller number of 
ESCRT subunits than the rsp5 mutation. The ubiquitylation of 6xHA-
Vps27 and Bro1-3xHA was unaffected, whereas clear increases were 
observed in both the amounts and the molecular weights of the 
ubiquitylated species for Hse1-3xHA and Vps36-3xHA (Figure 6B). 
Of interest, we also detected ubiquitylated species of Vps23-3xHA 
in this strain (Figure 6C). Given the specificity of Ubp2 for K63Ub 
chain disassembly (Kee et al., 2006), Hse1, Vps23, and Vps36 may 
be targets of this type of modification.

The ubp2Δ cells do not display a difference in the ubiquitylation 
pattern of endocytic (Lam et al., 2009) or biosynthetic cargoes (Ren 
et al., 2007) and no impairment of the internalization step of endo-
cytosis (Lam et al., 2009). Ubp2 is required for a step occurring after 
Fur4 internalization, accounting for the hypersensitivity to 5-FU of 
ubp2Δ cells, possibly due to a defect in the sorting of this trans-
porter into MVBs (Lam et al., 2009). We investigated the possibility 
that, as described for vps class E mutants, ubp2Δ cells might be 
more generally susceptible than wild-type cells to toxic drugs im-
ported by plasma membrane transporters. We found that ubp2Δ 
cells were hypersensitive to ethionine, canavanine, and cadmium 
(Figure 6D and Supplemental Figure S3), consistent with the typical 
MVB sorting defect already reported for these cells (Ren et al., 
2007). Our observation that some ESCRT proteins undergo Ubp2-
dependent deubiquitylation provides a possible molecular explana-
tion for the MVB-sorting phenotypes of ubp2Δ cells.

Inhibition of K63Ub chains formation leads to changes 
in the ultrastructure of MVBs
The observation that several ESCRT subunits undergo Rsp5-depen-
dent ubiquitylation and Ubp2-dependent deubiquitylation and 

FIGURE 5: Ub fusion to the cargo only partially bypasses the MVB sorting defect in cells unable 
to synthesize K63Ub chains. (A) GFP-Phm5 was expressed in yeast expressing plasmid-encoded 
wt Ub (SUB280) or UbK63R as the sole source of Ub (SUB413). The efficiency of sorting to the 
vacuolar lumen was assessed by fluorescence microscopy. (B) Ub-GFP-Phm5-K6R was expressed 
in the same cells and observed by fluorescence microscopy. (C) Quantification of the various 
sorting phenotypes observed in B. The numbers indicate the percentage of the total cell 
population of 700 U. VL, vacuolar lumen; VM, vacuolar membrane. The heterogeneity of the 
observed sorting phenotypes is probably due to differences in the levels of Ub and cargo in 
individual cells.
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consistent with a model in which the persistent presence of K63Ub 
chains on endosomal membranes increases the rate of transforma-
tion into MVBs.

DISCUSSION
We found that the Rsp5 adapter and MVB cargo Ear1 was mainly 
modified by K63Ub chains, thus extending the list of yeast cargoes 

chains, possibly due to the impairment of EE maturation to gener-
ate LE/MVBs caused by a defect in ILV formation and/or in the ho-
motypic fusion of endosomal compartments (Markgraf et al., 
2009).

vam3-ts ubp2Δ knockout cells had MVBs of normal size and mor-
phology, which occasionally formed clusters (Figure 7, I and J). How-
ever, there were many more MVBs per cell profile than in cells ex-
pressing UBP2 (3.15 ± 0.21 MVBs/cell profile vs. 2.12 ± 0.15 and 
0.23 ± 0.10 in wt and UbK63R-expressing cells, respectively), sug-
gesting a high rate of MVB formation in this strain background. Fur-
thermore, type 1 EEs were more rarely detected in the ubp2Δ dele-
tant, whereas type 2 EEs were not (Figure 7J; 17% of the cell profiles 
displayed at least one type 1 EE vs. 32% in cells expressing UBP2), 

FIGURE 6: All UBD-containing ESCRT proteins are ubiquitylated. 
(A) Schematic representation of UBD-containing ESCRT proteins 
drawn to scale. (B) Cell lysates from wt, rsp5, or ubp2Δ strains 
(BY4741 genetic background) expressing Hse1-3xHA, 6xHA-Vps27, 
Vps36-3xHA, or Bro1-3xHA and overproducing 6His-Ub were passed 
through nickel columns. Lysates (L) and eluates (E) were subjected to 
SDS–PAGE and immunoblotted with an anti-HA antibody. Bars and 
arrows indicate the ubiquitylated forms of each protein. Asterisks 
indicate ubiquitylated forms of Vps36-3xHA specifically enriched in 
ubp2Δ cells. (C) The same experiment as in B was performed for 
ubp2Δ cells expressing Vps23-3xHA. (D) Serial dilutions of liquid 
cultures of 23344c (wt), 27038b (npi1/rsp5), and VA029 (ubp2Δ) cells 
were grown on solid YNB medium plus 2% glucose supplemented 
with uracil in the presence or absence of toxic plasma membrane 
transporter substrates, as described in Figure 2E.

FIGURE 7: An inability to assemble or disassemble K63Ub chains 
affects MVBs biogenesis and ultrastructure. Ultrastructure of 
endosomal compartments in vam3-ts cells expressing wt or K63R Ub 
at the restrictive temperature. Nanogold particle uptake was assessed 
with spheroplasts obtained from RHT514, RHT515, and RHT516 cells 
before EM analysis. All the compartments accessible to the Nanogold 
particles were defined and subdivided into classes on the basis of 
morphological criteria (see Materials and Methods). (A) MVBs 
observed in RHT514 cells. (B) MVBs detected in preparations from the 
RH514 strain in which no silver enhancement reaction was performed, 
providing a clearer illustration of the morphological details of this 
organelle. (C) An example of a type1 EE from RHT514 cells. (D) The 
ultrastructure of a type 2 EE on sections from the RH514 strain. (E) A 
remnant MVB observed in the RHT515 mutant. (F, F′) Remnant MVBs 
from a preparation in which no silver enhancement reaction was 
performed. (G) An example of a type1 EE detected in RHT515 cells. 
(H) A type 2 EE in the RH515 mutant. (I) MVBs observed in the ubp2Δ 
vam3ts mutant. (J) Statistical evaluation of the EM preparations. 
MVBs, type 1 and type 2 EEs, and remnant MVBs (rMVBs) were 
counted in 100 randomly chosen cell profiles in two independent 
experiments. Error bars represent the standard deviations, which 
were also used for a t test, confirming the statistical significance of 
the data (p < 0.05). Bar, 100 nm.
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It has been suggested that the ubiquitylation of UBD-containing 
proteins leads to an intramolecular interaction between the UBD 
and Ub, potentially downregulating interaction in trans with ubiqui-
tylated targets (Hoeller et al., 2006; Hurley et al., 2006). Our obser-
vation that several ESCRT proteins possibly undergo modification 
by K63Ub chains rather than monoubiquitylation suggests that 
modification by these Ub chains may increase the efficiency of re-
lease for the high-affinity interaction between K63Ub-modified car-
goes and the UBD of ESCRT proteins.

Cells unable to assemble K63Ub chains do not accumulate class 
E compartment, as do mutants lacking any of the ESCRT proteins. 
However, they do display several ultrastructural abnormalities, that 
is, abnormal MVBs with a small diameter and few ILVs. The ubiquity-
lation of all UBD-containing ESCRT proteins in yeast—some likely 
with K63Ub chains—and the severe impairment of MVB biogenesis 
detected when this modification is inhibited suggest that ESCRT 
ubiquitylation may play a role in orchestrating the action of the vari-
ous complexes and factors involved in the creation of this organelle 
and in the regulation of the MVB sorting process. However, future 
analysis of MVB biogenesis and sorting in cells having nonubiqui-
tylable versions of one or likely several of the UBD-containing ES-
CRT proteins is required for checking rigorously the role played by 
ubiquitylation of these proteins via K63Ub chains.

Cells unable to assemble K63Ub chains displayed another mor-
phological defect: an accumulation of type 1 EEs, which have been 
demonstrated to be bona fide EEs (Wiederkehr et al., 2000), sug-
gesting a defect in fusion at endosomes. It has been proposed that 
this process involves the tethering class C core vacuole/endosome 
tethering (CORVET) complex (Markgraf et al., 2009). This complex 
includes three proteins—Vps8, Vps11, and Vps18—all of which carry 
a RING zinc finger domain (Nickerson et al., 2009). This domain is 
common to many ubiquitin ligases (Weissman, 2001). Of interest, 
the RING domain of human Vps18 has been reported to display E3 
ligase activity in vitro (Yogosawa et al., 2005, 2006). Further studies 
are required to determine whether ubiquitylation events, possibly 
involving K63Ub chains, regulate the function of the CORVET com-
plex in vivo. This hypothesis is converging with Caenorhabditis ele-
gans data, in which K63Ub chains synthesized by the specific Uev1-
Ubc13 E2 enzyme are required for early endosomes sorting of the 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid–type gluta-
mate receptor subunit GLR-1 (Kramer et al., 2010).

Some MVB cargoes were found to display deficient MVB sorting 
in ubp2Δ cells (Lam et al., 2009; Ren et al., 2007). Consistent with a 
general MVB sorting defect, we confirmed that, like cells unable to 
synthesize K63Ub chains, the ubp2Δ strain was hypersensitive to 
many drugs imported by plasma membrane transporters, a hallmark 
of mutants with ESCRT protein defects (Bugnicourt et al., 2004; 
Ruotolo et al., 2008). Hence, Ubp2-dependent ESCRT deubiquityla-
tion seems to be required for the regulation of MVB biogenesis and 
sorting. Similar to the situation we observed in yeast, AMSH was 
required for the correct trafficking, MVB sorting, and degradation of 
several receptors, including CXCR4 and EGFR (Ma et al., 2007; 
Sierra et al., 2010). Moreover, the Schizosaccharomyces pombe ho-
mologue of AMSH has been classified as a class E Vps protein (Iwaki 
et al., 2007), and the plant homologue AMSH3 is required for nor-
mal vacuole biogenesis (Isono et al., 2010).

During viral infection, Nedd4-like E3s and the ESCRT machin-
ery are hijacked for the purposes of viral budding, through the 
ubiquitylation of Gag-related proteins in particular (Martin-
Serrano, 2007). The simple ubiquitylation of Gag is not sufficient 
for this process, and the synthesis of K63Ub chains has been shown 
to be critical for Ub-mediated viral release, although the origin of 

shown to display this type of ubiquitylation (Stawiecka-Mirota et al., 
2007; Lauwers et al., 2009). Modification by these Ub chains is prob-
ably widespread, because the abnormal endosomes that form in 
ESCRT mutants, in which MVB cargoes accumulate, are the main 
intracellular structures recognized by a specific anti-K63Ub chain an-
tibody. A requirement of K63Ub chains for efficient MVB sorting is 
also a feature of the human melanosomal MVB cargo MART-1, and 
endosomes are also the main structures immunolabeled with anti-
K63Ub antibodies in human cells (Figure 3; Argenzio et al., 2011; 
Giordano et al., 2011).

The presence of K63Ub chains on yeast and human MVB car-
goes, together with the MVB sorting defect in cells unable to as-
semble K63Ub chains, suggests that these chains provide a better 
sorting signal than monoubiquitylation. This could rely on an im-
proved affinity of several ESCRT proteins for this modification. In 
general, UBDs bind mono-Ub with low affinity (Hicke et al., 2005). 
K63Ub chains have a linear conformation in which the Ile-44–based 
hydrophobic patch on the surface of the Ub is highly accessible 
(Varadan et al., 2004; Komander et al., 2009). Vps27/Hrs and Hse1/
STAM—the subunits of the ESCRT-0 complex—carry tandem UBDs, 
and they may therefore recognize several ubiquitin molecules in the 
context of a K63Ub chain. Consistent with this possibility, the STAM 
VHS domain binds K63-Ub4 with a higher affinity than mono-Ub 
(Ren and Hurley, 2010), and the linear conformation of K63-Ub2 was 
suggested to allow the first Ub moiety to interact with the VHS do-
main and the second with the UIM domain of STAM (Lange et al., 
2010). Finally, the NZF domain of Vps36—a component of the ES-
CRT-II complex—interacts with K63-Ub2 with an affinity in the nano-
molar range (Kulathu et al., 2009).

Many UBD-containing proteins, including several human ESCRT 
proteins and the yeast Vps27 protein, have been shown to undergo 
ubiquitylation (Marchese et al., 2003; McCullough et al., 2004; 
Hurley et al., 2006; Kim et al., 2007a; Stringer and Piper, 2011). We 
found that all yeast UBD-containing ESCRT proteins underwent 
Rsp5-dependent ubiquitylation and that deubiquitylation of at least 
three of these proteins was mediated by Ubp2. The assembly and 
disassembly of K63Ub chains by Rsp5 and Ubp2, respectively, sug-
gest that these proteins are likely modified by this type of Ub chain. 
Hence, the K63Ub chain staining of the class E compartment in 
vps23Δ cells could also possibly include the recognition of ESCRT 
proteins, known to accumulate together with cargoes in class E mu-
tants (Katzmann et al., 2001). The observations that STAM interacts 
with AMSH (Tanaka et al., 1999; McCullough et al., 2004), a DUB 
specifically involved in K63Ub chain disassembly (McCullough et al., 
2004), and that ubiquitylated forms of both STAM and Hrs accumu-
late in AMSH−/− cells (McCullough et al., 2004; Sierra et al., 2010) 
suggest that ESCRT proteins may also be modified by K63Ub chains 
in mammals.

UBD-dependent ubiquitylation of several UBD-containing pro-
teins, occurring outside the UBD domain (Oldham et al., 2002), was 
most generally presented as monoubiquitylation (Klapisz et al., 
2002; Polo et al., 2002; reviewed in Hurley et al., 2006). In vitro ex-
periments with Eps15, a UIM-containing protein, suggested that this 
“coupled monoubiquitylation” might result from prior interaction 
between the UBD and an E3 that is itself ubiquitylated (Woelk et al., 
2006). This situation may also apply to ubiquitylated ESCRT proteins 
in yeast, because Rsp5 has been reported to be ubiquitylated (Ziv 
et al., 2011), as confirmed here (Supplemental Figure S4A). The hy-
pothesis of “coupled monoubiquitylation” must be modified, how-
ever, to take into account the fact that several yeast ESCRTs recog-
nize specifically K63Ub chains, and according to our data, are most 
probably modified by these chains of Ub.
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Immunoprecipitation of MART-1 and detection 
of ubiquitylated conjugates
MNT-1 cells were cultured and lysed as previously described 
(Giordano et al. 2009, 2011). Cell lysates were cleared by incubation 
for 1 h with IgG2b (CD9) antibody-linked beads at 4°C, with shaking. 
Endogenous MART-1 was immunoprecipitated by incubation with 1 
μg of anti–MART-1 antibody bound to protein G–agarose beads (In-
vitrogen) for 3 h at 4°C. IgG2b (CD9)-beads were used as a control. 
The beads were washed six times in cold lysis buffer, and the im-
munoprecipitates were eluted in sample buffer (Invitrogen), dena-
tured by boiling, and separated by electrophoresis in Nu-PAGE 
4–12% Bis-Tris gels (Invitrogen) for immunoblot analysis.

Immunofluorescence microscopy and immuno–electron 
microscopy in HeLa cells
HeLa cells were cultured as previously described (Giordano et al., 
2009). For IF, cells were grown on coverslips and fixed in 4% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS). IF micros-
copy was carried out as previously described (Giordano et al. 2009), 
with monoclonal anti–MART-1 or polyclonal anti-K63Ub antibodies, 
followed by incubation with Alexa 568–conjugated anti-mouse or 
Alexa 488–conjugated anti-rabbit antibodies (Molecular Probes, 
Eugene, OR), respectively. For immuno–electron microscopy, 
HeLa cells were fixed by incubation with a mixture of 2% PFA and 
0.2% glutaraldehyde in 0.1 M phosphate buffer and processed for 
ultracryomicrotomy and immunogold labeling (Slot and Geuze, 
2007). Ultrathin cryosections were double immunogold labeled 
with polyclonal anti-GFP (Molecular Probes) and monoclonal anti–
MART-1 antibodies and protein A coupled to 10- or 15-nm gold 
particles (Cell Microscopy Center, University Medical Center 
Utrecht, Utrecht, Netherlands), as indicated. Sections were ob-
served under a CM120 electron microscope (FEI, Eindhoven, 
Netherlands) equipped with a KeenView camera (Olympus Soft 
Imaging System, Münster, Germany). For the quantification of 
MART-1 labeling, 200 gold particles were counted in randomly 
selected endosomal compartments in each of two separate ex-
periments. Data are presented as the mean ± SD, with analysis by 
Student’s t test (p < 0.05).

Purification of hexahistidine-Ub protein conjugates
The 6His-tagged ubiquitylated proteins were purified from 
100 OD600 equivalents of exponentially growing yeast cells express-
ing 6His-tagged Ub as previously described (Ziv et al., 2011). 6His-
Ub conjugates were retained on nickel–nitrilotriacetic acid Sephar-
ose beads (Qiagen, Hilden, Germany), eluted in the presence of 
500 mM imidazole, and precipitated with 10% TCA (eluate [E]). 
Lysates (L) correspond to 1/50 of the sample before incubation with 
the beads, precipitated with TCA. Lysate and eluate samples were 
analyzed by SDS–PAGE, followed by immunoblotting.

IF of yeast cells
This analysis was performed as previously described (Belgareh-
Touze et al., 2002). We fixed 30–50 OD600 equivalents of cells grown 
to mid-exponential phase by incubation for 1 h with 3.7% formalde-
hyde at room temperature. Cells were treated with 100 mM Tris-
HCl, pH 9.4, and 10 mM dithiothreitol for 8 min and converted into 
spheroplasts by incubation with Zymolyase 20T (Seikagaku, Tokyo, 
Japan; 0.2 mg/ml in 1.2 M sorbitol/20 mM potassium phosphate 
buffer, pH 7.4). Spheroplasts were spotted onto polylysine-coated 
slides and permeabilized with 0.1% or 0.5% Triton X-100 in PBS 
(50 mM potassium phosphate, pH 7.5, 150 mM NaCl). For Figure 
2C, cells were incubated with monoclonal anti-GFP (clones 7.1 

this defect remains to be defined (Strack et al., 2002; Weiss et al., 
2010). Our data shed new light on these observations. We estab-
lished that ubiquitylation dynamics, particularly as concerns the 
assembly and disassembly of K63Ub chains, regulates MVB sort-
ing, and that several components of the ESCRT machinery are 
likely modified by these Ub chains. The coordination of these two 
events may be essential for the correct functioning of this crucial 
trafficking step. Future studies are required to determine the pre-
cise role played by ESCRT ubiquitylation/deubiquitylation during 
ILVs formation and to pinpoint the potential function of these 
modifications in the kinetics of ESCRT complex formation or in 
ESCRT interactions with protein or lipid partners.

MATERIALS AND METHODS
Yeast strains and plasmids
The S. cerevisiae strains in this study are listed in Table 1. With the 
exception of Vps27, all the C-terminally 3xHA-tagged proteins are 
functional, as shown by the levels of carboxypeptidase Y secretion 
into the medium and/or the sorting of a model MVB cargo, the 
siderophore transporter Sit1 (unpublished data). The insertion of 
the 6xHA tag at the N-terminus of Vps27 did not affect the func-
tion of this protein. Cells were grown at 30°C in yeast extract/
peptone/dextrose, yeast nitrogen base (YNB; Difco, Detroit, MI) 
plus 2% glucose and the required supplements, or synthetic com-
plete (SC) medium (YNB, 2% glucose, and complete synthetic me-
dium; Difco), lacking the appropriate nutrient for plasmid selec-
tion. CuSO4 was added at a final concentration of 100 μM for the 
induction of plasmid-encoded Ub genes. Yeast sensitivity to toxic 
substrate analogues was assessed in SC–2% agar supplemented 
with 5 μg/ml 5-FU, 10 μg/ml ethionine, 0.5 μg/ml canavanine, or 5 
or 10 μM CdCl2 as indicated. vps23Δ SIT1-GFP cells were grown 
to mid-exponential phase on 2% raffinose synthetic medium. 
Galactose was added to the medium at a final concentration of 
2%, and the cells were incubated for 1 h to induce the expression 
of Sit1-GFP.

The plasmids used in this study are listed in Table 2. The PCR 
product, which includes the 5´ untranslated region of HSE1, was 
inserted between the EcoRI and XhoI sites of pRS426 (Sikorski 
and Hieter, 1989), generating pRS426-HSE1-3xHA. We generated 
pRS316-VAM3ts by inserting the 2.4-kb SalI/BamHI fragment of 
pVAM3ts414 (Darsow et al., 1997) into pRS316 (Sikorski and Hieter, 
1989).

Yeast cell extracts, Western blots, and antibodies
Total protein extracts were prepared by the NaOH/trichloroacetic 
acid (TCA) lysis technique (Volland et al., 1994). Proteins were sepa-
rated by SDS–PAGE and transferred to nitrocellulose membranes. 
The primary antibodies used for immunoblotting were monoclonal 
anti-Pgk1 (clone 22CS; Invitrogen, Carlsbad, CA), monoclonal anti-
HA (clone 12CA5; Santa Cruz Biotechnology, Santa Cruz, CA), poly-
clonal anti-DsRed (Clontech, Mountain View, CA), monoclonal anti-
ubiquitin (P4D1) directly coupled to horseradish peroxidase (HRP; 
Santa Cruz Biotechnology), monoclonal anti–MART-1 (7c10; Abcam, 
Cambridge, MA), polyclonal anti–MART-1 (Ep1422Y; Abcam), poly-
clonal anti-Nedd4 (BD Biosciences, San Jose, CA), polyclonal anti-
K63Ub (clone Apu3; Millipore, Billerica, MA), and polyclonal anti-
K48Ub (clone Apu2; Millipore) antibodies. Primary antibodies were 
then detected by incubation with secondary antibodies conjugated 
to HRP (Sigma-Aldrich, St. Louis, MO). Immunoblotting images were 
acquired with either the LAS-4000 imaging system (Fujifilm, Tokyo, 
Japan) or the Amersham Hyperfilm ECL system (GE Healthcare, 
Chalfont, United Kingdom).
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Strain Genotype
Source/
reference

23344c Mata ura3 (Σ1278b genetic 
background)

Bruno André 
Université  
LIbre de 
Bruxelles, 
Belgium

27038a Mata ura3 npi1 (Σ1278b ge-
netic background; mutation in 
RSP5 promoter)

Bruno André 
(Hein et al., 
1995)

VA029 Mata ura3 ubp2Δ::KanMX6 
(Σ1278b genetic background)

Bruno André

BY4741 (WT) Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0

EUROSCARF

RHT 499 Matα his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 promKanMX4-RSP5

Bruno André 
(Erpapazoglou 
et al., 2008)

RHT 500 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ubp2Δ::KanMX6

EUROSCARF

RHT 501 
(HSE1-3xHA)

Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 HSE1-3HA::HIS3MX6

This study

RHT 502 
(6xHA-VPS27)

Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 6xHA-VPS27

This study

RHT503 
(VPS36-3xHA)

Mata his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0 VPS36-
3xHA::HIS3MX6

This study

RHT504 
(BRO1-3xHA)

Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 BRO1-3xHA::HIS3MX6

This study

RHT505 
(HSE1-3xHA/ 
rps5)

Matα his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 promKanMX4-RSP5 
HSE1-3xH::HIS3MX6

This study

RHT506 
(6xHA-VPS27/ 
rsp5)

Matα his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 promKanMX4-RSP5 
6xHA-VPS27

This study

RHT507 
(VPS36-3xHA/ 
rps5)

Matα his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 promKanMX4-RSP5 
VPS36-3xHA::HIS3MX6

This study

RHT508 
(BRO1-3xHA/ 
rsp5)

Matα his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 promKanMX4-RSP5 
BRO1-3xHA::HIS3MX6

This study

RHT509 
(HSE1-3xHA/ 
ubp2Δ)

Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ubp2Δ::KanMX6 
HSE1-3xHA::HIS3MX6

This study

RHT510 
(6xHA-VPS27/ 
ubp2Δ)

Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ubp2::KanMX6 6xHA-
VPS27

This study

RHT511 
(VPS23-3xHA/ 
ubp2Δ)

Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ubp2Δ::KanMX6 
VPS23-3xHA::HIS3MX6

This study

RHT512 
(VPS36-3xHA/ 
ubp2Δ)

Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ubp2Δ::KanMX6 
VPS36-3xHA::HIS3MX6

This study

RHT513 
(BRO1-3xHA/ 
ubp2Δ)

Mat a his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ubp2Δ::KanMX6 BRO1-
3xHA::HIS3MX6

This study

Strain Genotype
Source/
reference

SUB280 Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-Ub) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am)

Spence et al. 
(1995)

SUB413 Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK63R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am)

Spence et al. 
(1995)

SUB515 Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK6R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am)

Spence et al. 
(1995)

SUB516 Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK11R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am)

Spence et al. 
(1995)

SUB517 Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK27R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am)

Spence et al. 
(1995)

SUB518 Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK29R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am)

Spence et al. 
(1995)

SUB519 Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK33R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am)

Spence et al. 
(1995)

SUB280 
vps23Δ

Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-Ub) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am) 
vps23Δ::KanMX6

Helle Ulrich,  
London 
Research 
Institute, UK

SUB413 
vps23Δ

Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3 ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK63R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am) 
vps23Δ::KanMX6

Helle Ulrich

TDY2 vam3ts Mata ura3-52 leu2-3112 
his3-Δ200 trp1-Δ901 lys2-
801 suc2-Δ9 mel GAL 
vam3Δ::LEU2 + pVAM3ts414

Darsow et al. 
(1997)

RHT516 
(ubp2Δ 
vam3-ts)

Mata ura3-52 leu2-3112 his3-
Δ200 trp1-Δ901 lys2-801 suc2-
Δ9 mel ubp2Δ::KanMX6 GAL 
vam3Δ::LEU2 + pVAM3ts414

This study

TABLE 1: The S. cerevisiae strains used.
Continues
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Figure 2D, cells were incubated with either anti-K63Ub or anti-
K48Ub antibodies, followed by incubation with donkey anti–rabbit 
IgG coupled to FITC. All secondary antibodies were from Jackson 
ImmunoResearch Laboratories (West Grove, PA). Nuclei were 
stained with 0.2 ng/μl 4´,6-diamidino-2-phenylindole (DAPI). The 
slides were finally mounted in Citifluor (Citifluor, London, United 
Kingdom).

Fluorescence microscopy
Fluorescence microscopy in yeast was carried out with an Olympus 
BY61 microscope (Olympus, Tokyo, Japan) equipped with the fol-
lowing filter sets: FITC for GFP (Filter 41001 FITC, Exciter HQ480/40x, 
Dichroic Q505LP, Emitter HQ535/50 nm; Chroma Technology, 
Bellows Falls, VT), propidium iodide for mCherry (Filter 41005, Ex-
citer HQ535/50x, Dichroic Q565LP, Emitter HQ645/75m), and DAPI 
(Filter 31013v2 DAPI, Exciter D365/40x, Dichroic 400DCLP). Cell 
contours were visualized with Nomarski optics. Images were ac-
quired with a SPOT4.05 charge-coupled device camera (SPOT Im-
aging Solutions, Sterling Heights, MI).

Mammalian cells were examined with a Leica Microsystems 
DM-RXA2 three-dimensional (3D) deconvolution microscope (Leica, 
Nanterre, France) equipped with a piezo Z-drive and a 100×, 1.4 nu-
merical aperture, PL-APO objective lens for optical sectioning 
(Physik Instrument, Pantin, France). Images are maximum-intensity 
z-projections of three 3D image stacks acquired using the Meta-
Morph software (MDS Analytical Technologies, Sunnyvale, CA) 
through a CoolSNAP HQ camera (Photometrics, Tucson, AZ).

Electron microscopy in yeast
Endosomal compartments were labeled with positively charged 
Nanogold particles, and ultrastructure analysis was carried out 
by electron microscopy (EM) as previously described (Griffith and 
Reggiori, 2009), but with the following modifications. The cells 
were grown and converted into spheroplasts at 24°C. The samples 
were incubated for 15 min in the presence of Nanogold particles 
(1.4-nm mean diameter; Nanoprobes, Stony Brook, NY) at 4°C and 
were then shifted to 24°C for 10 min and then 38°C for 40 min 
before processing and EM analysis. Cryosections were cut and 
placed in 0.6% uranyl acetate in 1% methyl cellulose/1.15 M su-
crose in PHEM buffer (20 mM 1,4-piperazinediethanesulfonic acid, 
50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 6.9, 
20 mM ethylene glycol tetraacetic acid, 4 mM MgCl2) before stain-
ing to enhance membrane contrast (Griffith et al., 2008). The EM 
experiments were quantified by determining the relative number 
of defined organelles per cell section by analyzing 100 randomly 
chosen cell profiles from two independent experiments. All the 

Plasmid Characteristics, use Reference

pRS316 CEN, URA3 (Figure 2) Sikorski and 
Hieter (1989)

pSL22 GPD1, CEN, LEU2; 
expression of Ear1-
mCherry ( Figure 1)

Leon et al. 
(2008)

pGFP-Phm5 TPI1, CEN, URA3; ex-
pression of GFP-Phm5 
(Figures 2C and 5A)

Reggiori and 
Pelham (2001)

pUb-GFP-Phm5-
K6R

TPI1, CEN, URA3; 
expression of 
Ub(K29,48,63R)-GFP-
Phm5-K6R (Figure 5B)

Reggiori and 
Pelham (2001)

YEp352-HisUb CUP1, 2μ, URA3; 
expression of 6His-Ub 
(Figure 6B)

Vitaliano-Prunier 
et al. (2008)

pVAM3ts414 promVAM3, CEN, 
TRP1; construction of 
strains SUB280 vam3ts 
and SUB413 vam3ts

Darsow et al. 
(1997)

pRS316-VAM3ts promVAM3, CEN, 
URA3 (Figure 7)

This study

pcDNA3-MART-1 Expression of MART-1 
(Figures 3B and 4)

Levy et al. 
(2005)

pHR-SIN-CMVp-
6His-wt Ub-GFP

Expression of 6His-
wtUb-GFP (Figure 4)

Boname et al. 
(2010), Tsirigotis 
et al. (2001)

pHR-SIN-CMVp-
6His-UbK63R-GFP

Expression of 6His-Ub-
K63R-GFP (Figure 4)

Boname et al. 
(2010), Tsirigotis 
et al. (2001)

pSIT1-GFP GAL1, CEN, URA3; 
expression of Sit1-GFP 
(Figure 2B)

Froissard et al. 
(2007) 

TABLE 2: The plasmids used. 

Strain Genotype
Source/
reference

RHT514 
(SUB280 
vam3-ts)

Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-Ub) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am) 
vam3Δ::KanMX6 + pRS316-
VAM3ts

This study

Strain Genotype
Source/
reference

RHT515 
(SUB413 
vam3-ts)

Mata ubi1-Δ1::TRP1 ubi2-
Δ2:ura3, ubi3-Δub-2 ubi4-
Δ2::LEU2 (pUB39-UbK63R) 
(pUB100) lys2-801 leu2-3112 
ura3-52 his3-Δ200 trp1-1(am) 
vam3Δ::KanMX6 + pRS316-
VAM3ts

This study

EUROSCARF, European Saccharomyces cerevisiae Archive for Functional Analysis, Institute for Molecular Biosciences, Johann Wolfgang Goethe-University Frankfurt, 
Frankfurt, Germany.

TABLE 1: The S. cerevisiae strains used. Continued

and 13.1; Roche Diagnostics, Mannheim, Germany) and polyclonal 
anti-K63Ub (diluted 1:20 or 1:40 in PBS/1% bovine serum albumin), 
followed by incubation with donkey anti–mouse immunoglobulin G 
(IgG) coupled to fluorescein isothiocyanate (FITC) and goat anti–
rabbit IgG coupled to Texas red (diluted 1:500), respectively. For 
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compartments accessible to Nanogold particles were defined and 
classified on the basis of morphological criteria as follows: type 1 
EEs are clusters of vesicles and thin tubules; type 2 EEs are large, 
tubular structures with gray content that from time to time contain 
one internal membrane; MVBs are circular structures with a mean 
diameter of 200 nm and with a lumen filled with vesicles; and rem-
nant MVBs are circular structures with a mean diameter of 100 nm 
and with a less well defined content that can display the presence 
of few internal vesicles.
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