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ABSTRACT OF THE DISSERTATION 
 
 

The Identification and Characterization of New Components of the Multivesicular 
Body (MVB) Sorting Pathway 
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Professor Scott Emr, Chair 
 

Professor Richard Firtel, Co-Chair 
 
 

The Multivesicular Body (MVB) Sorting pathway provides a mechanism for 

the delivery of transmembrane proteins into the lumen of the vacuole/lysosome for 

degradation.  It has been shown that the MVB sorting pathway plays a critical role in 

biological processes including receptor downregulation and retroviral budding.  

Studies by the Emr lab and others have demonstrated that ubiquitin modification acts 

in cis as a signal for the sorting of cargo into this pathway.  Using a genetic selection 

designed to identify mutants that missort MVB cargoes, we isolated the ubiquitin 

ligase Rsp5.  This selection identified a point mutation in ubiquitin ligase Rsp5 (Rsp5-
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326).  At the permissive temperature, this mutant is specifically defective for 

ubiquitination and sorting of the ubiquitin-dependent MVB cargo pCPS (precursor 

Carboxypeptidase S) but not ligand-induced ubiquitination of Ste2.  Thus, Rsp5 plays 

an essential role in the ubiquitination and targeting of cargo proteins into the MVB 

pathway.   

The ESCRT complexes are required for the sorting of cargo into the MVB 

pathway. While the crystal structures of two ESCRT complexes have been 

determined, the molecular mechanisms underlying the assembly and regulation of the 

ESCRT machinery are still poorly understood.  Here, we identify a new component of 

the ESCRT-I complex, Mvb12, and demonstrate that Mvb12 binds to the coiled-coil 

domain of the ESCRT-I subunit Vps23. We show that ESCRT-I adopts an oligomeric 

state in the cytosol, the formation of which requires the coiled-coil domain of Vps23 

as well as Mvb12. Loss of Mvb12 results in the disassembly of the ESCRT-I oligomer 

and the formation of a stable complex of ESCRT-I and ESCRT-II in the cytosol.  We 

propose that Mvb12 stabilizes ESCRT-I in an oligomeric, inactive state in the cytosol 

to ensure that the ordered recruitment and assembly of ESCRT-I and -II is spatially 

and temporally restricted to the surface of the endosome, following activation of the 

MVB sorting reaction. 
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Endosomes play a crucial role in coordinating vesicular transport between the 

plasma membrane, the trans-Golgi network (TGN), and the lysosome/vacuole.  

Collectively, endosomes make up a system of heterogeneous compartments that are 

either “early” or “late” depending on the kinetics with which the compartments are 

loaded with endocytosed material.  Early endosomes, usually tubular in morphology 

and close to the cell periphery, are characterized by high levels of phosphatidylinositol 

3-phosphate (PI3P) and the small GTPase Rab5, which cooperate in the recruitment of 

the tethering molecule Early Endosomal Autoantigen 1 (EEA1) (Gillooly et al., 2000; 

Rink et al., 2005).  The progression from early to late endosomes is marked by the 

replacement of Rab5 with Rab7 and an accumulation of a large number of intraluminal 

vesicles enriched in PI3P and cargo proteins (Gillooly et al., 2003; Murk et al., 2003; 

Rink et al., 2005) . These late endsomes, which contain intraluminal vesicles, have a 

multivesicular appearance and are refered to as multivesicular bodies or MVBs.  The 

physiological significance of these intraluminal vesicles in the MVBs was first shown 

by studies of the degradation of the epidermal growth factor (EGF) and the EGF 

receptor.  Using electron microscopy (EM) to follow the fate of ferritin-conjugated 

EGF, Stanley Cohen and colleagues found that the EGF taken up by cells is sorted into 

the intraluminal vesicles of the MVBs (Haigler et al., 1979).  Subsequent studies, 

which followed the fate of the EGF receptor, confirmed that the receptor is sorted 

along with the EGF into MVB vesicles.  Fusion of the limiting membrane of the MVB 

with the membrane of the lysosome results in the delivery of the MVB vesicles and 

their contents into the lumen of the lysosome for degradation.  Thus, the sorting of 

growth factor receptors into MVB vesicles results in the downreglation of receptor 
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signaling via sequestration of the receptor away from the cyotplasmic effector 

molecules and the subsequent degradation of the receptors by hydrolytic enzymes in 

the lumen of the lysosome. 

 The Multivesicular Body (MVB) sorting pathway provides an elaborate 

mechanism for the targeting of transmembrane proteins to the lumen of the lysosome 

for degradation.  In addition to growth factor receptor downregulation (Futter et al., 

1996), elegant studies in recent years have shown that the MVB sorting pathway plays 

a critical role in a diverse range of other processes including antigen presentation 

(Kleijmeer et al., 2001), developmental signaling (Deblandre et al., 2001; Lai et al., 

2001; Pavlopoulos et al., 2001), and the budding of enveloped viruses (Garrus et al., 

2001).  It has been demonstrated that ubiquitin serves as a signal for the sorting of 

both endocytosed and biosynthetic membrane proteins into the MVB pathway 

(Katzmann et al., 2001; Reggiori and Pelham, 2001; Urbanowski and Piper, 2001).  

The ubiquitin-dependent sorting of cargo proteins into the MVB pathway requires 

protein sorting at the endosome into an unique class of vesicles that invaginate into the 

interior of the endosome.  In yeast and in human, proteins that constitute the MVB 

sorting machinery are referred to as class E Vps (vacuolar protein sorting) proteins 

(Table 1-1).  Deletion of each of the class E VPS genes in yeast results in the 

missorting of MVB cargo to the limiting membrane of the vacuole and the 

accumulation of endosomal cargoes in large aberrant structures adjacent to the 

vacuole, called the “class E compartment” (Raymond et al., 1992; Vida et al., 1993). 

The majority of the class E Vps proteins are constituents of three multisubunit protein 

complexes called ESCRT-I, -II, and -III (Endosomal Sorting Complex Required for 
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Transport), which function sequentially in the sorting of proteins into the MVB 

pathway and the formation of MVB vesicles (Table 1-1) (Odorizzi et al., 1998; 

Katzmann et al., 2001; Babst et al., 2002a; Babst et al., 2002b; Babst, 2005). 

Mammalian homologues of all class E Vps proteins have been identified and appear to 

function similarly to their yeast counterparts, indicating that the mechanism of MVB 

sorting is conserved from yeast to human (Katzmann et al., 2002; Babst, 2005; Hurley 

and Emr, 2006; Slagsvold et al., 2006).  The MVB sorting pathway involves cargo 

ubiquitination by an ubiquitin ligase, cargo recognition and sorting of ubiquitinated 

cargo by the MVB sorting machinery, deubiquitination of cargo, the formation of 

MVB vesicles, and the disassembly of the MVB sorting machinery.  Most of the 

known components of the MVB sorting pathway in yeast, including the ubiqutin 

ligase, the Vps proteins, and the deubiquitnating enzymes are listed in Table 1-1. 

Cargo ubiquitination and ubiquitin ligases in Endocytic Trafficking 

Ubiquitin is a highly conserved 76-amino acid protein that was originally 

identified as a tag that marks proteins for degradation by the ATP-dependent, 

multisubunit proteasome (Hershko and Ciechanover, 1998).  Whereas K48-linked 

polyubiquitin chains usually target proteins to the proteasome for degradation, 

monoubiquitin and K63-linked polyubiquitin chains are used to target transmembrane 

proteins into the endocytic pathway (Hicke, 2001).  The process of ubiquitin 

attachment to target proteins involves the sequential action of multiple enzymes 

(Hershko and Ciechanover, 1998).  The E1 ubiquitin activating enzyme activates 

ubiquitin by forming a thioester linkage with the carboxy terminus of ubiquitin in an 

ATP-dependent process.  The activated ubiquitin is then transferred to the active-site 
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cysteine of the E2 ubiquitin-conjugating enzyme.  Finally, the E3 ubiquitin ligase 

catalyzes the covalent attachment of ubiquitin to a lysine residue in the target protein 

via an isopeptide linkage.  Two of the major E3 ubiquitin ligases are the RING and the 

HECT-domain containing ubiquitin ligases.  The RING finger, which coordinates two 

zinc ions with eight metal-binding residues, is believed to function as an adaptor that 

brings the E2 into proximity with the substrate, resulting in the transfer of ubiquitin 

from the E2 to the substrate.  On the other hand, the HECT domain contains a 

conserved active-site cysteine that forms a covalent thioester intermediate with 

ubiquitin.  Thus, unlike the RING, the HECT domain has true enzymatic activity and 

catalyzes the transfer of ubiquitin from itself to the substrate. 

Endocytosis is divided into early events such as the internalization step and 

later events including delivery of internalized cargoes to the endosomes, followed by 

either the recycling of the internalized cargoes or their targetingto the 

lysosome/vacuole for degradation.  A major difference between endocytosis in yeast 

and in mammals is the almost complete absence in yeast plasma membrane proteins of 

Tyr-based or di-Leu-based internalization signals recognized by AP2 in mammalian 

cells (Dupre et al., 2004).  In yeast, it appears that the primary endocytic signal for 

internalization of most plasma membrane proteins is ubiquitin modification.  It has 

been shown that the yeast pheromone receptor Ste2 is monoubiquitinated on multiple 

lysines (Hicke and Riezman, 1996) whereas permeases such as Gap1 and Fur4 are 

modified with short K63-linked polyubiquitin chains (Galan et al., 1996; Springael 

and Andre, 1998).  It appears that monoubiquitin is sufficient to drive internalization 

and downregulation of the plasma membrane protein although in some cases 
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polyubiquitin chains are required for efficient sorting into the downregulation pathway 

(Dupre et al., 2004). 

One family of HECT-domain ubiqutin ligases that has been shown to play a 

key role in the ubiquitination and endocytosis of plasma membrane proteins is the 

Rsp5/Nedd4 family of ubiqutin ligases.  The Rsp5/Nedd4 ubiquitin ligases contain an 

N-terminal C2 domain and 2-4 WW domains in addition to the C-terminal HECT 

domain.  The C2 domain is a 120-amino acid sequence that has been shown to bind 

phospholipids and membranes proteins in a Ca++-dependent and Ca++-independent 

manner in some cases (Dupre et al., 2004).  The WW domains are protein-protein 

interaction modules that bind proline-rich motifs such as the PPXY motifs (Gajewska 

et al., 2001).  The Rsp5/Nedd4 family contains several homologs of yeast Rsp5 in 

higher organisms such as in mice and humans including E6AP, Nedd4, and WWP1 

(Rotin et al., 2000).  Rsp5 is the only essential ubiquitin ligase in Saccharomyces 

cerevisiae, and it’s the only Rsp5/Nedd4 family ubiquitin ligase in budding yeast.  

Rsp5 is well known for its capacity to regulate diverse cellular processes by 

ubiquitinating many different substrates in distinct compartments.  Rsp5 has been 

shown to ubiquitinate the large subunit of RNA polymerase II in response to DNA 

damage, allowing DNA repair to occur before transcription reinitiates (Chang et al., 

2000).  Rsp5 is also known to play a critical role in the ubiquitination and endocytosis 

of many plasma membrane proteins including cell surface receptors such as Ste2 and 

amino acid permeases such as Gap1 and Tat2 (Dupre et al., 2004).  The ubiquitination 

and endocytosis of at least 13 plasma membrane proteins have been shown to be 

Rsp5-dependent.  However, direct interaction between Rsp5 and its putative 
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membrane protein substrates has not been shown.  An important finding for the 

mechanism by which the Rsp5/Nedd4 family ubiquitin ligases recognize cargo 

proteins was provided by studies done on the epithelial sodium channel (ENaC) in 

mammals.  ENaC plays an essential role in sodium regulation in the kidney, and it 

contains a conserved PXY motif at the C-terminus of each of its three subunits.  It has 

been shown that Nedd4 interacts with the PXY motifs and this interaction is required 

for the ubiquitination and downregulation of ENaC (Staub et al., 2000).  Deletion or 

mutation of the PXY motifs of ENaC leads to stabilization of ENaC activity at the 

plasma membrane and results in Liddle’s syndrome, a hereditary form of hypertension 

(Kamynina et al., 2001).  However, since most plasma membrane proteins including 

those in yeast do not contain proline-rich motifs, they probably do not directly recruit 

Rsp5/Nedd4 ubiqutin ligases.  The mechanism by which the Rsp5/Nedd4 family of 

ubiquitin ligases recognizes substrates that do not have proline-rich motifs is therefore 

not clear.  Interestingly, several studies have demonstrated the importance of the WW 

domains of Rsp5 in the ubiquitination and downregulation of yeast plasma membrane 

proteins such as Ste2 and Fur4 (Dunn and Hicke, 2001a).  It has been hypothesized 

that the WW domains of Rsp5 may interact with adaptor proteins to link Rsp5 to its 

plasma membrane substrates.  However, there is currently no evidence that supports 

this hypothesis.   

Rsp5 has been shown to play a role downstream of the internalization step in 

the case of Ste2 (Dunn and Hicke, 2001b), and Rsp5 is required for the ubiquitination 

and downregulation of Gap1 under conditions in which Gap1 never visits the plasma 

membrane but instead is redirected to the MVB pathway directly from the Golgi 
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(Springael and Andre, 1998).  These studies suggest that in addition to ubiquitinating 

cargo at the plasma membrane, Rsp5 is a good candidate for the unknown ubiquitin 

ligase that functions in the ubiquitination of biosynthetic MVB cargo proteins such as 

carboxypeptidase S (CPS).  Since very little is known about how substrate specificity 

is achieved in the ubiquitination of target proteins, especially membrane proteins, 

identification and characterization of the ubiquitin ligase machinery involved in the 

recognition of membrane protein cargoes will provide insight into the general 

mechanism of membrane substrate recognition.  Like the MVB sorting machinery, the 

ubiquitination machinery is likely well conserved from yeast to human.  Thus, 

identification and characterization of the ubiquitin ligase machinery in yeast will 

further our understanding of the conserved mechanisms of cargo ubiquitination and 

MVB sorting. 

Sorting of ubiquitinated cargo in the MVB pathway 

Vps27/Hse1 & ESCRT-I 

 Cargo sorting in the MVB pathway involves the sequential recruitment of the 

ESCRT-I, -II and -III complexes to the endosomal membrane, with the resultant 

formation of cargo-containing intraluminal vesicles. The membrane recruitment of 

each of the ESCRT complexes involves a combination of protein-protein and protein-

lipid interactions. The endosomal lipid PI3P recruits the Vps27/Hse1  

complex to the endosome, in a process that requires the FYVE domain of Vps27 that  

selectively recognizes PI3P in preference to all other phosphoinositides (Misra and 

Hurley, 1999; Stahelin et al., 2002). In addition to the FYVE domain, Vps27 contains 

two UIM (Ubiquitin Interacting Motif) domains and a N-terminal VHS domain. Two 
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tandem UIM domains in Vps27 and one UIM domain in Hse1 allow the membrane-

bound Vps27/Hse1 complex to bind ubiquitinated cargo 22, while the role of the 

Vps27 VHS domain in the cargo sorting process remains unclear. Membrane-bound 

Vps27/Hse1 complex also serves as a docking site for the ESCRT-I complex via 

interactions between the ESCRT-I complex and a motif in the carboxyl terminus of 

Vps27 (Bache et al., 2003; Bilodeau et al., 2003; Katzmann et al., 2003; Pornillos et 

al., 2003).  Consequently, Vps27 appears to initiate the MVB sorting reaction and 

direct the compartment-specific activation of the MVB pathway. The extreme C-

terminus of Vps27 contains the sequence LIEL, which binds to a groove in the clathrin 

N-terminal β-propeller domain (ter Haar et al., 2000). This motif has also been shown 

to mediate Hrs (human Vps27) binding to clathrin (Raiborg et al., 2001). In addition, 

electron microscopy studies have shown planar clathrin lattices on endosomes 

containing Hrs (Sachse et al., 2004). Clathrin may serve to cluster Vps27 and thereby 

concentrate cargo at localized sites on the membrane that will invaginate to form the 

MVB vesicle. 

 Yeast ESCRT-I consists of three core subunits: Vps23, Vps28, and Vps37. The 

corresponding human homologues of these subunits are Tsg101, hVps28, and one of 

the four Vps37 isoforms, namely Vps37A, Vps37B, Vps37C and Vps37D (Table 1). 

Like Vps27, the Vps23/Tsg101 subunit of ESCRT-I interacts with monoubiquitinated 

proteins via its N-terminal UEV domain (Teo et al., 2004b). Structural analysis of the 

Ubiquitin-bound UEV domain revealed that it binds to a hydrophobic surface on the 

β-sheet of ubiquitin (the Ile-44 surface) that is also used by other ubiquitin binding 

domains such as the UIM domain of Vps23 and the NZF domain of Vps36, suggesting 
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either a sequential hand-off of cargo (Vps27/HRS, ESCRT-I, and ESCRT-II 

complexes) or a mechanism for cargo clustering in regions containing multiple types 

of ESCRT complexes. ESCRT-I also uses the UEV domain to interact with P(S/T)XP 

sequences in several other proteins such as Vps27, Bro1 and Tal (Katzmann et al., 

2003; Strack et al., 2003; von Schwedler et al., 2003; Amit et al., 2004). Considerable 

interest has focused on the interaction between the UEV domain of Tsg101 and 

P(S/T)XP sequences of HIV-1 p6 (Pornillos et al., 2002). Peptidemimetics directed at 

this site have been explored in an effort to block HIV release. Further structural 

analysis provided a more detailed picture of the ESCRT-I core, which consists of the 

C-terminal regions of Vps23 and Vps37, and the N-terminal region of Vps28. Overall, 

the structure of the core can best be described as three helical hairpins splayed as a 

fan, with the 60-residue-hairpins from each subunit packed against one another mainly 

through hydrophobic interactions (Kostelansky et al., 2006). Vps23 forms the middle 

rib of the fan making direct contact(s) with Vps28 and Vps37, while Vps28 and Vps37 

do not make direct contact with each other. Mutations of critical residues that form the 

intersubunit interfaces of the ESCRT-I core disrupt complex formation and induce not 

only a strong cargo-sorting defect, but also a loss of function in viral budding 

(Kostelansky et al., 2006; Bouamr et al., 2007).  

ESCRT-II 

ESCRT-II acts as a molecular hub for ESCRT assembly on the endosomal 

membrane (Hurley and Emr, 2006). It has binding activities for PI3P, ubiquitinated 

cargo, PI3P, upstream ESCRT-I and downstream ESCRT-III (Alam et al., 2004; 

Slagsvold et al., 2005; Hirano et al., 2006). Yeast ESCRT-II consists of three 
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subunits: Vps36, Vps22, Vps25. Like the upstream MVB sorting compartments, 

Vps27 and ESCRT-I, the Vps36 subunit of ESCRT-II recognizes monoubiquitinated 

proteins through the NZF-C domain (Alam et al., 2004) (one of the two N-terminal 

NZF domains, namely NZF-N and NZF-C domains) and GLUE domain (Slagsvold et 

al., 2005) (Gram-like ubiquitin-binding on Eap45). Yeast Vps36 (but not the 

mammalian homologues) has two NZF (Npl4 zinc finger) domains inserted in the 

GLUE domain. Only the second NZF (NZF-C) possesses ubiquitin-binding activity . 

Structural analysis of the Ubiquitin-bound NZF domain revealed that it binds to the 

same Ile-44 surface, as do the UEV (Vps23) and UIM (Vps27) domains.  

The GLUE domain found in human Vps36 and other species lacks the NZF 

domain but still binds both ubiquitin and PI3P. The structure of the GLUE domain has 

been determined (Teo et al., 2006). It contains a positively charged pocket for lipid 

binding that is distinct from the lipid-binding site found in the majority of PH 

domains. Mutations of critical residues in the lipid-binding pocket abolish lipid-

binding affinity and lead to defects in endosomal cargo sorting (Gill et al., 2007). 

Structural analysis of the ESCRT-II complex provided a detailed picture of the 

ESCRT-II core, which consists of two copies of Vps25, one copy of Vps22 and the C-

terminal third of Vps36 (Hierro et al., 2004; Teo et al., 2004a). Overall structure of the 

core can be best described as a trilobal heterotetramer that forms a ‘Y’ shaped 

molecule. Two Vps25 subunits form two lobes while tightly packed Vps22 and Vps36 

form the third lobe. Even though the three subunits don’t share sequence homology, 

their domain architectures are very similar. All the subunits possess two repeats of a 

superimposable WH (winged-helix) domain in their sequence. The two Vps25 
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subunits make direct contact with Vps22 and Vps36 separately, but not with each 

other. As seen with the ESCRT-I core, mutations of critical residues that form the 

intersubunit interfaces of the ESCRT-II core disrupt complex formation and induce a 

strong cargo-sorting defect (Hierro et al., 2004). 

ESCRT-III 

All of the ESCRT-III subunits (Vps2, Vps24, Snf7, Vps20) have a very similar 

domain organization (Hurley and Emr, 2006). The N-terminal one third or so of 

ESCRT-III proteins is rich in basic amino acids, whereas the C-terminal two thirds of 

the protein is predominantly acidic. Both the N- and C-terminus of the protein 

contains predicted coiled-coil regions. In a simple model, the monomeric form of the 

subunit contains the basic and acidic regions of the protein arranged as an antiparallel 

coiled-coil pair with each other, stabilized by electrostatic interactions between the 

two halves.  Unlike the ESCRT-I and -II subunits, which are recruited on the 

membrane as preformed complexes (from the cytosol), ESCRT-III proteins remain 

monomeric in the cytosol, and assemble into a large hetero-oligomeric protein 

complex (protein lattice) of indeterminate stoichiometry upon membrane binding. 

The recently determined crystal structure of the human hVps24/CHMP3 

reveals the presence of an N-terminal helical region that consists of an asymmetric 

antiparallel four-helix bundle, with a flexibly attached C-terminus (Muziol et al., 

2006).  The first two helices in the N-terminal helical bundle form a 70Å long helical 

hairpin. The crystal structure of hVps24/CHMP3 also reveals that the core of CHMP3 

contains structural elements that are likely to participate in hetero- and 

homodimerization for all of the ESCRT-III related proteins. Although CHMP3 is a 
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monomer in solution, the CHMP3 core has a dimeric arrangement that is mediated in 

large part by antiparallel packing of the long N-terminal helix α2. This led the authors 

to propose that ESCRT-III proteins have a metastable, monomeric, closed form in 

which the C-terminus of the protein blocks heterodimerization with other ESCRT-III 

subunits until it is displaced by some sort of an activating influence. They proposed 

that the crystalline homodimers observed probably reflect the opened-form (of 

CHMP3) that participates in heterodimerization and the formation of the ESCRT-III 

lattice on the endosomal membrane. The crystal structure also revealed that the 

CHMP3 dimers are linked to form linear arrays via a second interface involving the 

tips of the α1/α2 helical hairpin. The linear arrays observed in the crystal may be part 

of a continuous protein (ESCRT-III) lattice that assembles on the endosomal 

membrane. In addition, the results of at least three biochemical studies conducted with 

N- and C-terminal fragments of human Snf7 and Vps24 strongly suggest that 

monomeric ESCRT-III subunits are in a ‘closed’ conformation in which the N- and C- 

terminal portions are tightly associated with each other (stabilized by electrostatic 

interactions) and are not available for interactions with membranes or other proteins 

(autoinhibition) (Lin et al., 2005; Scott et al., 2005b).  

Deubiquitination 

Deubiquitination of cargo precedes its incorporation into MVB vesicles, 

implying that deubiquitinating enzymes (DUBs) are an integral part of the MVB 

pathway. Deubiquitination not only serves to maintain cellular levels of free ubiquitin 

but may also help regulate the components of the ESCRT machinery that are 

monoubiquitinated, such as HRS, directly.  Out of the 16 DUBs found in yeast only 
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Doa4 (Degradation of alpha 4) function is required for protein sorting to the vacuole 

and thus is the only DUB implicated in the MVB pathway (Amerik and Hochstrasser, 

2004). Efficient deubiquitination requires Bro1 (Alix in mammals), which plays a key 

role in the endosomal recruitment of Doa4 via its interactions with the ESCRT-III 

subunit Snf7 (Luhtala and Odorizzi, 2004).  The human homolog of Bro1 interacts 

with the human counterpart of Snf7 indicating that the mechanism of deubiquitination 

is conserved from yeast to humans. 

 The catalytic domain of Doa4 is a cysteine protease of the ubiquitin-specific 

protease family (UBP). The structure of the catalytic core of the UBP HAUSP has 

provided significant insights into the mechanism of UBP action (Hu et al., 2002). The 

catalytic core is comprised of three domains that are referred to as the thumb, palm 

and fingers. In the bound state, ubiquitin rests on the palm domain and interacts with 

both the finger and the thumb. The C-terminus of ubiquitin threads into the active site 

of the DUB allowing cleavage of the isopeptide bond linking ubiquitin and cargo. The 

DUB-binding site on ubiquitin includes the Ile44 patch thereby precluding 

simultaneous interactions with the ESCRT machinery. 

 AMSH may promote receptor (cargo) recycling by removing ubiquitin from 

the receptor before full commitment to the MVB pathway. At this stage, AMSH might 

be recruited by STAM, which also stimulates its DUB activity. AMSH may also 

interfere with MVB sorting in a noncatalytic way by competing with Vps4 for CHMP 

(ESCRT-III) binding after the receptor is committed to the MVB pathway, possibly 

inhibiting luminal vesicle budding (McCullough et al., 2006). 
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Membrane disassembly of the ESCRT machinery 

 The disassembly of membrane-bound ESCRT components is required for the 

completion of cargo sorting into MVB vesicles.  Vps4-mediated disassembly of the 

ESCRT components recycles the ESCRT machinery into the cytosol for further rounds 

of cargo sorting.  There are two isoforms of Vps4 in humans, Vps4A and Vps4B, 

which are ~80% identical.  Vps4 function is conserved from yeast to humans, and the 

human Vps4B can functionally complement the ~60% identical yeast Vps4.  These 

enzymes belong to the AAA ATPase family that adopt a hexameric ring-like 

conformation and function as disassembly machines in a wide range of cellular 

processes. 

 In yeast, rapid loss of Vps4 function in vps4ts mutant cells shifted to the non 

permissive temperature results in the rapid accumulation of the ESCRT complexes on 

the endosomal membrane, impairment of the MVB sorting reaction, and accumulation 

of MVB cargoes in the class E compartment adjacent to the vacuole (Babst et al., 

2002a; Azmi et al., 2006). Mutations that abrogate the ATP hydrolysis activity of 

Vps4, but not ATP binding, give rise to a dominant negative phenotype in terms of 

MVB cargo sorting and viral budding (Fujita et al., 2003; von Schwedler et al., 2003). 

Based on the cellular function of other AAA ATPases in the disassembly of protein 

networks, one possible model of Vps4 action involves Vps4-mediated unfolding of the 

ESCRT components that results in disruption of key protein-protein interactions that 

maintain the integrity of the ESCRT lattice on the endosomal membrane.  

 The crystal structure of human Vps4B has been solved in the monomeric, 

nucleotide free form.  ATP drives the assembly of a Vps4 oligomer consisting of 10-



  
16

 

12 subunits (Scott et al., 2005a).  Based on comparisons with known structures of 

AAA ATPases, the oligomeric form of Vps4 has been proposed to consist of two 

hexameric rings stacked on each other.  At the center of the hexameric ring a pore 

structure and a cavity can be visualized which supports a model where ESCRT-III 

lattices on the membrane are disassembled by being drawn into the cavity of the Vps4 

oligomer.  This involves interactions between the C-terminus of the ESCRT-III 

subunit at the leading edge of the growing ESCRT-III lattice and the MIT domain of 

Vps4.  The mechanisms underlying the release of ESCRT-III proteins into the cytosol 

from the Vps4 hexamer, and the coupling between ESCRT disassembly and cargo 

sorting into MVB vesicles remain largely unknown.  Figure 1-1 shows a working 

model for the function of the ESCRT machinery. 

MVB sorting and disease 

The involvement of the MVB pathway in mediating the “switching off” or 

downregulation of receptor-mediated signaling has resulted in an explosion of 

information over the last decade linking protein trafficking in the MVB pathway and 

tumor progression (carcinogenesis).  In fact, a number of proteins that function in the 

MVB pathway were originally identified as tumor-suppressor genes.  In normal cells, 

the epidermal growth factor receptor (EGFR) dimerizes and autophosphorylates upon 

ligand (EGF) binding.  Following internalization, EGF-EGFR complexes are present 

in early endosomes, which also contain recycling receptors such as the transferrin 

receptor (TfR).  Endosomes then undergo a maturation process whereby TfRs are 

recycled while EGF-EGFR complexes accumulate in multivesicular bodies (MVBs) 

(Futter et al., 1996).  
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 Improper over-expression and/or function of ErbB family members of EGFR 

can lead to inappropriate activation of the Ras-MAP kinase pathway which ultimately 

can result in carcinogenesis.  EGFR also serves as a marker for cancer and high levels 

of EGFR are associated with tumor growth and metastasis in several types of cancer 

most notably breast cancer (Schafer et al., 2004). Thus, the lysosomal degradation of 

EGFR via the MVB pathway is critical for the control of cell growth. Indeed, a major 

therapeutic for breast cancer (Herceptin) triggers the efficient downregulation of 

EGFR family members. Consistent with the involvement of the MVB pathway in 

regulating EGFR levels, inactivation of Hrs (hepatocyte growth factor-regulated 

tyrosine kinase substrate) or deletion of tumor susceptibility gene (TSG101) (the 

human orthologues of yeast Vps27 and Vps23 respectively) has been shown to impair 

EGFR degradation (Babst et al., 2000; Bache et al., 2003a; Bache et al., 2003b), and 

mouse embryonic fibroblasts lacking Hrs/Vps27 and its binding partner STAM (signal 

transducing adaptor molecule)/Hse1p exhibit defects in EGF degradation (Kanazawa 

et al., 2003). Tsg101 stimulates normal proliferation and growth by regulating the 

levels of proteins that are critical for cell cycle control (Li et al., 2001; Krempler et al., 

2002; Oh et al., 2002; Carstens et al., 2004).  This is clearly exemplified by the 

accumulation of p53 and p21, two of the most central negative regulators of the cell 

cycle in cells and tissues deficient in Tsg101 (Li et al., 2001; Ruland et al., 2001).  

Consistent with its role in control of cell growth and proliferation, mutations of human 

TSG101 (vps23) have been linked to many different types of cancers, including 

cervical, breast, prostate and gastrointestinal cancers (Li and Cohen, 1996; Li et al., 

1997; Sun et al., 1997; Lin et al., 1998).  Also, it has recently been reported that much 
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lower levels of Vps37A (human ortholog of the yeast ESCRT-I component, Vps37) 

are expressed in hepatocellular carcinoma tissue than in normal liver tissue and that 

suppression of Vps37A can increase cell growth and tumor invasiveness (Bache et al., 

2004).  

In Drosophila, loss of the class E vps genes hrs, erupted (the vps23 homolog) 

and vps25 leads to accumulation of the cell surface receptors Notch (N), Delta (Dl), 

Thickveins and EGFR (Lloyd et al., 2002; Jekely and Rorth, 2003; Moberg et al., 

2005; Thompson et al., 2005; Vaccari and Bilder, 2005). In the case of erupted and 

vps25, Notch (N) accumulation stimulates the JAK/STAT pathway, which is known to 

induce cell proliferation in the eye disc (Chao et al., 2004; Tsai and Sun, 2004; 

Reynolds-Kenneally and Mlodzik, 2005) and gives rise to overgrowth phenotypes 

(Moberg et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005). Moreover, 

inactivation of D. melanogaster Tsg101 or Vps25 results in loss of epithelial cell 

polarity, misdistribution of polarized proteins and cellular junctions, implying that the 

ESCRT machinery are involved in organizing the actin- and/or microtubule 

cytoskeleton (Vaccari and Bilder, 2005). D. melanogaster embryos lacking Vps28 also 

show profound developmental defects that are due to a dysfunctional actin 

cytoskeleton, leading to incomplete cellularization and premature death (Sevrioukov et 

al., 2005). Although the molecular links between the ESCRT machinery and the actin 

cytoskeleton remain unclear, the ESCRT-interacting protein Alix has been proposed to 

interact with both actin and microtubules (Schmidt et al., 2004; Cabezas et al., 2005). 

Another recent study in Drosophila has reported the identification of shrub mutations 

that increased dendritic branching in neuronal cells (Sweeney et al., 2006). Single-cell 
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clones of shrub mutant dendritic aborization (DA) sensory neurons in Drosophila 

larvae showed ectopic dendritic and axonal branching, indicating a cell-autonomous 

function for shrub in neuronal morphogenesis. shrub encodes an evolutionary 

conserved coiled-coil protein homologous to Snf7, a key component of the ESCRT-III 

complex. These studies highlight the importance of endocytic trafficking in regulating 

signaling and suggest a possible role for ESCRT components in human cancer. 

In addition to neuronal morphogenesis, the ESCRT complexes have also been 

associated with several neurodegenerative diseases. The hereditary spastic paraplegia 

protein spastin interacts with CHMP1B (Vps46/Did2), an ESCRT-III related 

endosomal protein (Reid et al., 2005). More recently, a specific mutation within the 

CHMP2B (Vps2) gene, another component of the ESCRT-III complex was found in a 

Danish frontotemporal dementia family (FTLD) (Skibinski et al., 2005). In addition, 

CHMP2B mutations have also been linked to cases of the neurodegenerative disorder, 

amyotrophic lateral sclerosis (ALS), indicating that FTLD and ALS may have 

common etiologies.  

 Other than signaling receptors, the MVB pathway also mediates the lysosomal 

degradation of ion channels, and thus plays a critical role in the maintenance of ion 

homeostasis in different tissues.  This is clearly demonstrated in the case of the renal 

epithelial sodium channel (ENaC), where abnormalities in channel opening and 

number (defect in endocytic downregulation) have been linked to several genetic 

disorders, including cystic fibrosis, pseudohypoaldosteronism type I and Liddle 

syndrome (Botero-Velez et al., 1994; Stutts et al., 1995; Chang, 1996). Subtle 

dysregulation of ENaC may also be important in essential hypertension- a common 
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condition and a major cause of cardiovascular morbidity and mortality. This is of 

particular interest since heart failure and hypertension are the leading cause of death in 

the US and other developed countries. 

 Multiple classes of enveloped viruses utilize the unique budding topology of 

MVB vesicles as a nonlytic mechanism for escaping host cells. Efficient release of 

HIV requires an interaction between Tsg101 and the tetrapeptide P(S/T)AP “late 

domain” found in the p6 domain of all HIV Gag proteins, and also in the structural 

proteins of other pathogenic human viruses including Ebola and HTLV-1 (Freed, 

2002; Pornillos et al., 2002). The late domain of Gag proteins in other viruses such as 

MLV and RSV contain PPXY motifs, which presumably recruit ubiquitin ligases for 

ubiquitination, resulting in the subsequent recruitment of the ESCRT machinery 

(Freed, 2002).  These findings have generated considerable interest in the 

pharmacological field with the hope that a mechanistic understanding of the ESCRT 

machinery can be useful in designing antiviral therapeutics. 

 There appears to be extensive links between protein trafficking in the MVB 

pathway and the areas of cellular development, physiology, and disease, implying that 

a detailed mechanistic understanding of the ubiquination and ESCRT machinery and 

their functions could be relevant for fighting human diseases such as cancer, 

neurodegenerative diseases including dementia and brain damage, heart failure, and 

AIDS, etc.  The power of yeast genetics has helped unravel the identity of the 

molecular machinery responsible for MVB cargo sorting.  Structure-function based 

analyses and a mechanistic understanding of these machineries is a requirement before 
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we can extend our knowledge of the MVB sorting pathway towards the development 

of novel therapeutic intervention strategies. 
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Figure 1-1:  Working model for the function of the ESCRT machinery on the 
endosomal membrane. 
 
Vps27 is first recruited to endosomal membranes via its FYVE domain interaction 
with PI3P and its UIM interactions with ubiquitinated cargoes such as CPS.  Once on 
membranes, Vps27 recruits ESCRT-I with its proline-rich PTVP which interacts with 
UEV domain. ESCRT-I in turn, recruits the downstream ESCRT-II. ESCRT-II then 
recruits ESCRT-III which assembles into a large oligomeric complex on the 
membrane.  ESCRT-III also recruits other factors such as Bro1 which recruits Doa4 
deubiquitinating enzyme which removes ub from cargo before entry into invaginating 
vesicle.  Vps4--AAA ATPase is also recruited to endosomal membranes where it 
disassembles ESCRT complexes and release the proteins into the cytoplasm for further 
rounds of MVB sorting. 
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Table 1-1:  List of known proteins involved in the MVB sorting pathway.

 

MVB Sorting Protein s  
Yeast 

Homolog  
Domains/Motifs Proposed Function 

Core Complexes    

Vps27 Complex 
  

Vps27 
Hse1 

UIM, FYVE, VHS 
UIM, VHS, SH3 

Cargo and PI3P interaction 

 
ESCRT-I 

Vps23 
Vps28 
Vps37 

 

UEV, coiled-coil, S box 
  
 

Cargo and Vps27 interaction 
Assembly with ESCRT-II (Vps36) 
 

 
ESCRT-II 

  

Vps22 
Vps25 
Vps36 

Coiled-coil, WH 
PPXY, WH 
GLUE, NZF, WH 

  
Assembly with ESCRT-III (Vps20) 
Cargo and PI3P interaction; 
assembly with ESCRT-I (Vps28) 

 
ESCRT-III 

  
  

Vps20 
Snf7/Vps32 
Vps2/Did4 

Vps24 

Charged, coiled-coil 
Charged, coiled-coil 
Charged, coiled-coil 
Charged, coiled-coil 

Assembly with ESCRT-II (Vps25) 
Membrane deformation;  
vesicle invagination 

Vps4 Complex Vps4 AAA ATPase, MIT ESCRT disassembly and 
recycling 

Modulators/Adaptors Bro1/ 
Vps31 

Bro1 Doa4 recruitment, ESCRT-III 
interaction 

  Vps60/ 
Mos10 

Charged, coiled-coil ESCRT-III-like protein 

  Fti1/Did2 Charged, coiled-coil ESCRT-III-like protein 

  Vta1   Positive regulator of Vps4 

  Vps44/ 
Nhx1 

Sodium/proton 
exchanger 

  

Ubiquitin Ligase Rsp5 C2, WW, HECT Cargo ubiquitination 

Deubiquitinating 
Enzymes 

Doa4 
AMSH 

Rhod, UBP 
MIT, JAMM 

Cargo deubiquitination 
Cargo deubiquitination 
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Identification and Characterization of the Ubiquitin Ligase 

Machinery Required for Modification of MVB Cargoes 
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INTRODUCTION 

Ubiquitin modification has been shown to regulate a broad range of cellular 

pathways and processes, ranging from selective protein degradation to modulation of 

transcription, translation and protein localization (for review see Hicke, 2001).  The 

function of ubiquitin ligases, as they impact upon a variety of cellular functions, is 

therefore of considerable interest.  Our interest has been in the role ubiquitin 

modification plays in protein sorting.  Ubiquitination has been shown to control 

downregulation of a number of plasma membrane proteins, including receptors, via 

directing them into the multivesicular body (MVB) pathway, ultimately resulting in 

delivery of the proteins to the lumen of the hydrolytic lysosome/vacuole (for review 

see Hicke, 1997; Katzmann et al., 2002).  Ubiquitin serves as a sorting determinant 

both at the plasma membrane, where it has been shown to function in driving 

endocytic internalization of certain proteins (for review see Hicke, 1999; Shaw et al., 

2001), and at Golgi/endosomal compartments, where it directs sorting into the 

degradative MVB pathway (Dupre and Haguenauer-Tsapis, 2001; Helliwell et al., 

2001; Katzmann et al., 2001; Losko et al., 2001; Reggiori and Pelham, 2001; 

Urbanowski and Piper, 2001; Chen and Davis, 2002).  Ubiquitin serves not only as a 

sorting determinant when covalently attached to transmembrane cargo proteins, but it 

also appears to regulate components of the endocytic machinery, such as Eps15, Hrs 

and β-arrestin, which have been shown to be ubiquitinated (van Delft et al., 1997; 

Shenoy et al., 2001; Polo et al., 2002). 

The sorting of cell surface receptors into the degradative MVB pathway is 

highly regulated.  Binding of extracellular agonist by cell surface receptors induces 
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intracellular signaling cascades that elicit the appropriate cellular response.  However, 

this activated state also results in receptor binding to components of the endocytic 

machinery that targets the receptor for internalization and degradation.  In mammalian 

cells phospho-tyrosine residues within the activated epidermal growth factor receptor 

(EGFR) recruit the RING-domain containing Cbl ubiquitin ligase via its SH2 domain 

(Levkowitz et al., 1998; Joazeiro et al., 1999; Levkowitz et al., 1999; Waterman et al., 

1999; Yokouchi et al., 1999).  Ubiquitination of EGFR by Cbl results in the targeting 

of EGFR into the MVB pathway.  Failure to target activated EGFRs for degradation, 

in cells expressing a dominant negative Cbl protein, results in prolonged signaling 

through downstream effectors, contributing to deregulated growth control (Blake et 

al., 1991).  Likewise, in yeast, G-protein coupled receptors (GPCRs) such as the 

pheromone receptors Ste2 and Ste3 are hyperphosphorylated upon ligand binding and 

this phosphorylation leads to their ubiquitination and degradation via the MVB 

pathway (for review see Hicke, 1999; Shaw et al., 2001).  The targeting of membrane 

proteins into the MVB pathway, therefore, appears to be regulated at least in part by 

ubiquitin ligases. 

We have previously characterized the GFP-tagged version of the plasma 

membrane receptor Ste2 and the precursor form of vacuolar hydrolase 

carboxypeptidase S (pCPS) as cargoes of the MVB pathway in yeast (Odorizzi et al., 

1998).  Ubiquitination of pCPS and Ste2 result in the sorting of these proteins into the 

MVB pathway (Shih et al., 2000; Katzmann et al., 2001).  A genetic selection based 

on the MVB cargo pCPS revealed a crucial role for the class E VPS genes in the 

function of the MVB sorting pathway (Odorizzi et al., 2003).  Loss of class E Vps 



 
36 

 

function results in a block in the MVB pathway (for review see Katzmann et al., 

2002).  Thus, cargo destined for delivery to the lumen of the vacuole is missorted to 

the limiting membrane of the vacuole, as well as the exaggerated endosomal 

compartment seen in these mutants (the “class E compartment”) (Raymond et al., 

1992; Odorizzi et al., 1998).  As our previous selection was biased against essential 

genes, we modified the selection strategy in order to identify essential genes that are 

involved in MVB sorting.  We have characterized a new mutant, obtained from this 

modified selection, which displays a defect only in the sorting of a subset of MVB 

cargoes.  Further analysis revealed that this mutant contains an allele of the Rsp5 

ubiquitin ligase that is defective for modifying biosynthetic cargoes, such as pCPS, 

with ubiquitin.  These results suggest a conserved role for Rsp5 in the targeting of 

ubiquitin-dependent MVB cargoes. 
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RESULTS AND DISCUSSION 

Genetic selection reveals a mutant defective for ubiquitination of pCPS 

We have previously described a genetic selection used to identify mutants in 

the MVB sorting pathway (Odorizzi et al., 2003).  Briefly, this selection utilized a 

fusion between the histidine biosynthesis enzyme His3 and the transmembrane MVB 

cargo CPS. Wild type cells rapidly sequester the His3-CPS chimera into the MVB 

pathway and away from its cytoplasmic substrate, whereas MVB sorting mutants that 

misdirect this chimera to the limiting membrane of the vacuole allowed the His3 

moiety to remain in the cytoplasm and interact with its substrate, resulting in normal 

histidine biosynthesis.  Mutant cells defective for the function of the MVB pathway 

are, therefore, histidine prototrophs, while wild type cells are histidine auxotrophs.  

Such a selection should uncover gene products that function in several stages of the 

MVB sorting pathway including cargo recognition, cargo sorting and MVB vesicle 

formation.  Originally, we simply selected for His+ mutants that grew well on media 

lacking histidine.  This resulted in the identification of most of the class E VPS genes, 

which, when deleted, give rise to viable cells with gross defects in the MVB pathway 

(Odorizzi et al., 1998).  The large number of nonessential class E genes biased our 

selection against essential genes that may function in the MVB pathway.  To extend 

our genetic approach and identify candidate essential genes that function in the MVB 

sorting pathway, we chose mutants that were not only His+ but also temperature 

sensitive (ts) for growth.  We initially selected His+ mutants using the His3-CPS 

chimera at 23°C and then replica plated all the His+ mutants and incubated them at 

37°C.  We screened approximately 400 independent His+ mutants and found one 
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mutant, mutant 326 (henceforth referred to as mvb326), which did not grow at 37°C.  

Staining of mvb326 with the vital dye FM4-64, which stains the vacuolar membrane 

(Vida and Emr, 1995), revealed an absence of any obvious “class E compartment” at 

both permissive (Figure 2-1A) and non-permissive temperatures (our unpublished 

results).  The class E compartment is a characteristic of the class E vps mutants such as 

vps4Δ (Figure 1A) (Raymond et al., 1992; Babst et al., 1997).  However, like the class 

E vps mutants, mvb326 also missorted the chimeric MVB cargo GFP-CPS to the 

limiting membrane of the vacuole (Figure 2-1B). Genetic analysis revealed that the 

mutation in mvb326 was recessive and segregated as a single locus mutation (our 

unpublished results), suggesting that the mutated gene encodes a protein required for 

the efficient sorting of pCPS into the MVB pathway.   

 Missorting of the MVB cargo GFP-CPS could be the result of a defect at a 

number of steps in the pathway; ranging from a defect in the recognition of cargoes 

(which could be the result of a defect in pCPS ubiquitination or an inability of the 

sorting machinery to interact with ubiquitinated MVB cargoes) to a defect in the 

formation and fission of MVB vesicles.  However, given that this mutant did not 

contain an obvious class E compartment, it would appear that the MVB pathway is 

still functioning in this mutant.  To better understand the nature of the GFP-CPS 

sorting defect observed in mvb326, we analyzed the sorting of two additional MVB 

cargoes:  Sna3-GFP (a biosynthetic MVB cargo that does not appear to require 

ubiquitin modification) (Reggiori and Pelham, 2001) and a fusion protein in which 

ubiquitin has been added to GFP-CPS, “Ub-GFP-CPS” (thereby obviating its need for 

ubiquitin modification).  In striking contrast to GFP-CPS, both of these MVB cargoes 
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Figure 2-1:  mvb326 cells fail to exhibit a Class E compartment but specifically 
mislocalize the MVB cargo GFP-CPS.   
 
(A) Vacuole morphology of mvb326 and MBY3 (vps4Δ) cells was visualized by either 
staining with FM 4-64 (left panels) or using Nomarski optics (right panels).  Cells 
were grown to mid-log phase at 26°C, stained with FM 4-64 for 20 min and chased 
with YPD for 1 hr.  (B) Localization of GFP-CPS, Ub-GFP-CPS and Sna3-GFP in 
SEY6210 (wild type) and mvb326 at 26°C.  
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were sorted to the lumen of the vacuole in the mvb326 mutant (Figure 2-1B).  This 

result indicated that although GFP-CPS fails to be sorted into MVBs, the MVB 

pathway itself is still functional in mvb326.  Given that the Ub-GFP-CPS chimera was 

efficiently sorted into the MVB pathway, as was Sna3-GFP, the simplest interpretation 

of this result is that mvb326 displays a defect in the ubiquitination of biosynthetic 

MVB cargoes such as pCPS.  

 We have previously demonstrated that efficient sorting of pCPS into the MVB 

pathway requires ubiquitination at a lysine within its cytoplasmic tail (Katzmann et 

al., 2001).  The ubiquitination status of pCPS was analyzed to directly address 

whether mvb326 displayed a defect in the ubiquitination of this biosynthetic MVB 

cargo.  The ubiquitinated form of pCPS is transient and thus difficult to detect in wild 

type cells, whereas deletion of the PEP12 gene (encoding an endosomal SNARE) 

results in stabilization of this intermediate (Katzmann et al., 2001).  To optimize 

detection of ubiquitinated pCPS, it was immunoprecipitated from pep12∆ or mvb326 

pep12∆ double mutant cells at the permissive temperature of 26°C and the non-

permissive temperature of 37°C.  Anti-ubiquitin Western blotting of the 

immunoprecipitated material revealed that ubiquitinated pCPS was readily detectable 

in pep12∆ cells, but was not detected in the mvb326 pep12∆ double mutant at both the 

permissive (Figure 2-2A) and non-permissive temperatures (our unpublished results).  

The data indicate that even at the permissive temperature of 26°C mvb326 cells do not 

display any detectable level of ubiquitinated pCPS.  This could be the result of either a 

defect in ubiquitination of pCPS or an increase in the rate of its deubiquitination.  To 

distinguish between these possibilities, the ubiquitination status of pCPS in mvb326  
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Figure 2-2:  mvb326 cells exhibit a defect in ubiquitination of pCPS.   
 
(A) CPS was immunoprecipitated from either CBY16 (pep12Δ) or SSY25 (mvb326 
pep12Δ) cells, grown at 26°C, followed by Western blot analysis using anti-ubiquitin 
antibody.  (B) SEY6210 (wild type), GOY19 (cps1Δ) and mvb326 cells were labeled 
with Trans 35S-label for 10 minutes at 26°C.  Labeling was terminated by addition of 
unlabeled methionine and cysteine, and CPS was immunoprecipitated from the 
extracts.  Prior to SDS-PAGE analysis, extracts were deglycosylated by treatment with 
Endoglycosidase H, which resulted in only a single band for Ub-pCPS.  An asterisk 
highlights a non-specific band. 
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was also analyzed by immunoprecipitation from 35S-labeled cells.  A small, transient 

pool of Ub-pCPS can be observed in wild type cells after a brief pulse-label (10 

minutes), but this pool was absent from mvb326 cells (Figure 2-2B).  The data indicate 

that mvb326 is defective for the ubiquitination of the biosynthetic MVB cargo pCPS.   

Failure to ubiquitinate a mutant form of CPS, GFP-CPSK8R, results in its 

mislocalization to the limiting membrane of the vacuole (Katzmann et al., 2001). 

Mislocalization of endogenous pCPS to the vacuole membrane also results in a delay 

in its maturation.  To address whether there was a kinetic delay in pCPS maturation in 

the mvb326 mutant cells, we assayed the maturation kinetics of endogenous pCPS by 

pulse-chase radiolabeling and immunoprecipitation of CPS from wild type and 

mvb326 cells (Figure 2-3A). While wild type cells converted 95% of pCPS to mature 

CPS following a 10 minute pulse and 35 minute chase, mvb326 cells processed only 

55% of pCPS during this same period of time  (Figure 2-3A).  Consistent with the 

results obtained using GFP-CPS (Figure 2-1B), non-ubiquitinated endogenous pCPS 

would also appear to be missorted to the limiting membrane of the vacuole in the 

mvb326 cells, resulting in a delay in its maturation.   

 Since mvb326 had a defect in pCPS sorting, we wanted to test if it had a vps 

phenotype as well.  The transport of lumenal cargoes that transit through the 

endosome en route from the Golgi to the vacuole (e.g. CPY) is partially defective in 

class E vps mutants (Raymond et al., 1992; Cereghino et al., 1995; Piper et al., 1995).  

CPY sorting and processing can, therefore, serve as a useful indicator of general 

endosomal function.  While wild type cells transport p2CPY (the form that has 

received glycosylation within the Golgi) to the vacuole efficiently, class E vps  
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Figure 2-3:  mvb326 cells exhibit a specific defect in pCPS processing.   
 
(A) SEY6210 (wild type) and mvb326 cells were labeled with Trans 35S-label for 10 
minutes at 26°C and chased with unlabeled methionine and cysteine for 35 minutes.  
Extracts were processed as in Figure 2.  An asterisk highlights a non-specific band as 
described in Figure 2.  (B) SEY6210 (wild type), MBY3 (vps4Δ) and mvb326 cells 
were grown at 26°C and converted to spheroplasts.  The spheroplasts were labeled 
with Trans 35S-label for 10 minutes at 26°C and then chased for 30 minutes using 
unlabeled methionine and cysteine.  Spheroplasts were then harvested and separated 
into intracellular (I) or extracellular (E) fractions and CPY was immunoprecipitated 
from each fraction.   
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mutants, such as vps4, secrete approximately 40% of their p2CPY (Figure 2-3B) 

(Babst et al., 1997).  Unlike the vps4 class E mutant, mvb326 efficiently matured 

p2CPY and did not secrete any detectable p2CPY, suggesting that endosomal function 

is not dramatically perturbed.  Taken together, these data indicate that mvb326 is not 

blocked in the function of the MVB sorting pathway (other MVB cargoes are still 

delivered into this pathway), nor does it exhibit any obvious defect in Golgi-to-

vacuole sorting (CPY processing is normal).  However, GFP-CPS largely fails to enter 

the MVB pathway, as indicated by its missorting to the limiting membrane of the 

vacuole.  Direct analysis of the ubiquitination status of pCPS suggested that this defect 

is the result of a failure to ubiquitinate endogenous pCPS.  Therefore, selective cargo 

recognition and ubiquitin modification, rather than MVB formation, appear to be 

blocked in the mvb326 mutant. 

mvb326 is not allelic to TUL1, UBC4, or FAB1  

 The GFP-CPS missorting defect seen in mvb326 and the defect in 

ubiquitination of pCPS suggest that mvb326 is defective in a specific ubiquitin ligase 

or adapter.  An obvious candidate for such a mutant is the putative E3 ubiquitin ligase 

Tul1, previously shown to have a defect in the sorting of biosynthetic MVB cargoes 

(Reggiori and Pelham, 2002).  Similar to mvb326, tul1∆ mutants were shown to be 

defective for the trafficking of biosynthetic MVB cargoes that require ubiquitination 

for their efficient sorting into this pathway, whereas Sna3 and a translational fusion 

between ubiquitin and an ubiquitin-dependent MVB cargo were sorted normally 

(Reggiori and Pelham, 2002). In order to address whether mvb326 was allelic to 
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TUL1, we generated a tul1∆ strain in our background, which could then be mated to 

mvb326 to test for complementation.  Unexpectedly, in contrast to previously 

published data, we observed efficient MVB sorting of GFP-CPS in the tul1Δ single 

mutant, as indicated by its efficient delivery to the vacuole lumen (Figure 2-4).  To 

further investigate a role for Tul1 in MVB sorting, we utilized a tul1Δ in the same 

strain background, BY4742, as was previously published.  However, interpretation of 

a sorting defect in BY4742 tul1∆ cells was complicated by the fact that the wild type 

BY4742 parent strain already displayed a partial defect in GFP-CPS sorting (Figure 2-

4).  It can be seen that BY4742 tul1∆ cells display a subtle missorting phenotype for 

GFP-CPS, but it is not clear that this is significantly different from wild type BY4742 

cells.  Sna3-GFP sorted normally in all strains tested, with the exception of the class E 

mutant vps4∆, which fails to deliver detectable amounts of either cargo to the lumen of 

the vacuole (Figure 4 and (Reggiori and Pelham, 2001).  These results indicate that 

mvb326 cannot be allelic to TUL1, as Tul1 is not required for MVB sorting in our 

strain background, but may play a role in others.   

 We were puzzled by the lack of any detectable phenotype for the tul1∆ in our 

strain background.  One explanation is that ubiquitination of pCPS is kinetically 

delayed in the absence of Tul1 function, but not enough to perturb its entry into the 

MVB pathway.  To examine this possibility, we directly analyzed ubiquitinated pCPS 

in both wild type and tul1∆ cells in the context of the pep12∆ mutant, which stabilizes 

ubiquitinated pCPS.  Anti-CPS immunoprecipitations, followed by anti-ubiquitin 

Western blotting, revealed no defect in the steady-state level of ubiquitinated pCPS  
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Figure 2-4:  Entry into the MVB pathway is not affected in tul1Δ or ubc4Δ ubc5Δ  
cells.  
Localization of GFP-CPS (top panels) and Sna3-GFP (bottom panels) in BY4742 
(wild type), 14833 (tul1Δ in BY4742), SEY6210 (wild type), SSY11 (tul1Δ in 
SEY6210), LH21 (ubc4Δ ubc5Δ) and MBY3 (vps4Δ) cells. 
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(Figure 2-5A).  Consistent with the results in Figures 2-4 and 2-5A, pulse-chase 

radiolabeling and immunoprecipitation of CPS from tul1Δ cells indicated no defect in  

the appearance of the ubiquitinated intermediate after a short pulse-labeling (10 

minutes) (Figure 2-5B), nor any delay in the maturation kinetics of pCPS (our 

unpublished results).  These results are in striking contrast to those seen for mvb326, 

where there are clear defects in the ubiquitination, sorting and maturation of pCPS 

(Figures 2-1B, 2-2A&B and 2-3A).  Taken together, these data indicate that a role for 

Tul1 in the sorting of pCPS into the MVB pathway is minimal under the assay 

conditions utilized.  

 In addition to identifying Tul1 as an ubiquitin ligase involved in the 

ubiquitination of biosynthetic MVB cargoes, a previous study identified Ubc4 as the 

requisite E2 for this modification (Reggiori and Pelham, 2002).  For this reason, we 

addressed whether mvb326 had a mutation in UBC4.  Surprisingly, GFP-CPS 

localization was unaffected not only in cells containing a UBC4 deletion (our 

unpublished results), but also in cells where both UBC4 and UBC5 (encoding another 

E2 that functionally overlaps with Ubc4) were deleted (Figure 2-4).  The GFP-CPS 

localization pattern in the wild type parent of these cells was identical to that observed 

for SEY6210 (our unpublished results).  Another E2 enzyme, which has functional 

overlap with Ubc4 and Ubc5, is Ubc1.  To see if deletion of UBC1 alone, or in 

conjunction with UBC4, affected pCPS ubiquitination we performed pulse-chase 

analysis using either ubc1Δ or ubc1Δ ubc4Δ cells.  We observed that pCPS was 

ubiquitinated in the ubc1Δ (our unpublished results), as well as the ubc1Δ ubc4Δ cells 

(Figure 2-5B).  There was also no reduction in the level of ubiquitination in these cells  
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Figure 2-5:  pCPS is ubiquitinated in tul1Δ, ubc1Δ  ubc4Δ and fab1 cells.   
(A) CPS was immunoprecipitated from either CBY16 (pep12Δ) or SSY16 
(tul1Δ pep12Δ) cells, grown at 26°C, followed by Western blot analysis using anti-
ubiquitin antibody.  (B) SEY6210 (wild type), SSY11 (tul1Δ) and LH183 (ubc1Δ 
ubc4Δ) cells were labeled with Trans 35S-label for 10 minutes at 26°C, and chased 
with unlabeled methionine and cysteine.  Extracts ere prepared and 
immunoprecipitated for CPS as described in Figure 2.  EMY119 (fab1ts) cells were 
treated similarly except for a brief shift to 38°C (15 minutes) prior to labeling.  An 
asterisk highlights a non-specific band as described in Figure 2.  (C) CPS was 
immunoprecipitated from either SEY6210 (wild type) or fab1Δ1 (fab1Δ) cells, grown 
at 26°C, followed by western blot analysis using anti-ubiquitin antibody. 
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when compared to their wild type counterparts (our unpublished results).  The lack of 

any missorting phenotype in ubc4Δ ubc5Δ cells and normal pCPS ubiquitination in 

ubc1Δ ubc4Δ, in conjunction with several reports in the literature documenting 

overlapping functions of Ubc1, Ubc4 and Ubc5 (Seufert et al., 1990; Arnason and 

Ellison, 1994; Hicke and Riezman, 1996; Gitan and Eide, 2000; Horak and Wolf, 

2001) and the fact that mvb326 harbors a single mutation, made it unlikely that the 

mutation in mvb326 is in the gene encoding any of these E2 enzymes. 

 Another mutant that has been demonstrated to missort biosynthetic MVB cargo 

is the fab1 mutant, which is defective for PI(3)P 5-kinase activity (Odorizzi et al., 

1998).  fab1 mutants display normal MVB sorting of endocytic cargoes like Ste2-

GFP; however, GFP-CPS is missorted to the limiting membrane of the vacuole 

(Odorizzi et al., 1998).  Sorting is restored when ubiquitin is fused to biosynthetic 

MVB cargo (Reggiori and Pelham, 2002).  As the sorting phenotypes of the fab1 

mutant were similar to the phenotypes we observed in mvb326, we tested if 

ubiquitination of pCPS was altered in cells lacking the Fab1 kinase activity.  

Surprisingly, pulse-chase radiolabeling and immunoprecipitation of CPS from wild 

type and fab1ts cells revealed that, at the restrictive temperature of 38°C, there is no 

apparent decrease in the amount of ubiquitinated pCPS in fab1ts cells as compared to 

wild type cells (Figure 2-5B).  Pulse-chase analysis using fab1Δ cells also showed no 

defect in pCPS ubiquitination (our unpublished results).  Given that there is no 

apparent defect in the appearance of ubiquitinated pCPS in fab1 strains, an increased 

de-ubiquitination rate could explain the missorting defect seen for GFP-CPS. For this 

reason, we analyzed steady-state levels of ubiquitinated pCPS in wild type and fab1∆ 
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cells by immunoprecipitation of CPS, followed by anti-ubiquitin Western blotting. Not 

only is pCPS ubiquitinated in fab1Δ cells, there seems to be a slight accumulation of 

the ubiquitinated species compared to with type cells (Figure 2-5C), indicating that 

fab1∆ cells do not de-ubiquitinate MVB cargoes more rapidly than wild type cells.  

We chose not to perform this experiment in a fab1Δ pep12Δ strain as these cells are 

very sick, and we were therefore reluctant to draw any conclusions from them.  

Therefore, mvb326 did not appear to have a mutation in FAB1, as Fab1 kinase activity 

does not appear to be required for ubiquitination of pCPS.  This indicates that the 

defect in ubiquitin-dependent MVB cargo sorting, observed in fab1 cells, results from 

a defect that is distinct from cargo ubiquitination. 

A role for Rsp5 in the ubiquitination of pCPS 

 Given that mvb326 did not correspond to the TUL1, UBC4 or FAB1 genes, we 

opted to test other known ubiquitin ligases that play a role in protein trafficking.  The 

HECT domain-containing ubiquitin ligase, Rsp5, has been shown to ubiquitinate a 

number of cell surface proteins (for review see Rotin et al., 2000).  In addition, RSP5 

is an essential gene (Huibregtse et al., 1995) and our genetic selection was designed to 

identify essential genes that may be required for MVB sorting.  To test the possibility 

that mvb326 was allelic to RSP5, a previously published complementing clone of Rsp5 

tagged with HA was transformed into the mvb326 mutant and growth at 37°C was 

tested (Gajewska et al., 2001).  The RSP5 gene complemented the ts growth defect of 

mvb326 (our unpublished results).  We next analyzed GFP-CPS sorting and found that 

plasmid-borne RSP5 suppressed the missorting defect seen in mvb326 (Figure 2-6A).  

Furthermore, the RSP5 plasmid restored ubiquitination of pCPS and the normal 
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maturation kinetics for pCPS as measured by pulse-chase immunoprecipitation (our 

unpublished results).  This suggested that the mvb326 contained a mutation in the 

RSP5 gene.  To test this directly, the RSP5 gene from mvb326 cells was cloned by 

gap-repair.  Sequencing of the ORF revealed a single point mutation that changed 

glycine 555 to an aspartic acid residue within the HECT domain. To verify that this 

was the cause of the defect seen in mvb326 (henceforth referred to as rsp5-326), the 

plasmid-borne rsp5-326 (containing a URA3 marker)  was transformed into 

heterozygous diploid  cells deleted for one copy of RSP5.  The transformed diploids 

were sporulated and screened for cells that carried the rsp5-326 plasmid as well as the 

deletion of chromosomal RSP5.  These cells were temperature sensitive for growth 

and they exhibited the same GFP-CPS missorting phenotype as the original mvb326 

mutant (Figure 2-6A).  This demonstrated that the phenotype seen in mvb326 is the 

result of a mutation in RSP5. 

 Another target of Rsp5 is the plasma membrane localized α factor receptor 

Ste2 (Dunn and Hicke, 2001a).  Upon binding of its ligand, α factor, Ste2 undergoes 

hyperphosphorylation, followed by ubiquitination at multiple sites in the cytoplasmic 

portion of the receptor (Hicke and Riezman, 1996).  To determine if rsp5-326 cells 

also have a defect in the ubiquitination of Ste2, we assayed for Ste2 ubiquitination by 

Western blot analysis.  This approach has been used previously to demonstrate that 

Ste2 is hyperphosphorylated and ubiquitinated within 8 minutes of α factor addition 

and this ubiquitination is blocked in the rsp5-2 allele at the non-permissive 

temperature (Dunn and Hicke, 2001a).  We observed that in both wild-type and rsp5-

326 cells, Ste2 was ubiquitinated within 8 minutes of α factor addition at 26°C (Figure 
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Figure 2-6:  Specific alleles of RSP5 differentially affect pCPS entry into the 
MVB pathway.   
 
(A) Localization of GFP-CPS in mvb326 cells, harboring a plasmid encoding HA-
Rsp5 (top panels), or rsp5Δ cells harboring a plasmid encoding Rsp5-326 (bottom 
panels), at 26°C. (B) SEY6211 (wild-type) and SSY22 (mvb326) cells expressing 
Ste2-HA were treated with alpha factor for 8 min at the indicated temperatures and 
lysates were prepared and probed with anti-HA antibody. Unmodified Ste2, 
phosphorylated Ste2, and ubiquitinated Ste2 are indicated by brackets. (C) CPS was 
immunoprecipitated from either CBY16 (pep12Δ) or DKY83 (smm1 pep12Δ) cells, 
grown at 26°C, followed by Western blot analysis using anti-ubiquitin antibody.  (D) 
LH23 (rsp5-1) and MYY833 (mdp1-13) cells were incubated at 37°C for 10 minutes, 
prior to labeling with Trans 35S-label for 10 minutes at 37°C.  
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2-6B), a temperature at which there is a clear defect in pCPS ubiquitination (Figure 2-

2A&B).  After a 15 minutes shift to 37°C, rsp5-326 cells were defective in Ste2 

ubiquitination (as compared to wild-type cells), indicating that at this temperature the 

ability of Rsp5-326 to ubiquitinate other substrates is also affected, which probably 

contributes to the loss of viability of these cells at the elevated temperature.  Thus, at 

26°C, the rsp5-326 allele has a specific defect in ubiquitination of pCPS but not that of 

Ste2.  This indicates that at the temperature permissive for growth, this allele of RSP5 

is selectively impaired in the ubiquitination of a biosynthetic cargo.   

 The fact that the mutation in rsp5-326 is located within the HECT domain was 

somewhat surprising, given the selective cargo ubiquitination defect observed in this 

mutant (Ste2 is ubiquitinated properly at 26˚C, but pCPS is not).  To address whether 

this was a HECT domain-specific phenotype, three other known Rsp5 mutants that 

map to the HECT domain were tested.  Besides rsp5-326, only one other allele of 

RSP5 (smm1) (Fisk and Yaffe, 1999) failed to sort GFP-CPS to the lumen of the 

vacuole at 26˚C (our unpublished results).  Similar to the rsp5-326 allele, 

ubiquitinated pCPS was virtually undetectable in the smm1 allele by anti-CPS 

immunoprecipitation followed by anti-ubiquitin Western blotting (Figure 2-6C).  Two 

other ts alleles of RSP5, rsp5-1 (Dunn and Hicke, 2001a) and mdp1-13 (Zoladek et al., 

1997), displayed no defect in the ubiquitination of pCPS at the permissive temperature 

of 26°C (our unpublished results) and the non-permissive temperature of 37°C when 

compared to the corresponding wild type strains (Figure 2-6D).  These results were 

unexpected, as the rsp5-1 allele has been shown to display a defect in the 

ubiquitination and downregulation of a number of cell surface proteins (Dunn and 
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Hicke, 2001b, a; Helliwell et al., 2001; Wang et al., 2001), yet displays no defect in 

pCPS ubiquitination (Figure 2-6D).  One explanation would be that the defect seen in 

endocytic cargo but not biosynthetic cargo (or vice versa) is the result of differential 

defect in the targeting of the different mutant forms of Rsp5 to one subcellular 

compartment, but not the other.  

The role of C2 and WW domains of Rsp5 in ubiquitin modification and sorting of 

pCPS 

  The data presented above indicate that the HECT domain plays a critical role 

in the ubiquitination of pCPS.  To examine if other domains of Rsp5, namely the C2 

(mediating protein-lipid interaction) and WW (mediating protein-protein interaction) 

domains, play any role in the ubiquitin modification and sorting of pCPS, we tested 

mutant forms of Rsp5 that either lack the C2 domain (ΔC2) or contain point mutations 

in the conserved residues (WXXP  FXXA) within each of the three WW domains 

(ww1, ww2 and ww3) (Figure 2-7A).  These WW mutations have previously been 

demonstrated to confer defects in endocytosis of Fur4 (Gajewska et al., 2001).  Other 

point mutations within each of the WW domains displayed defects in alpha factor-

induced ubiquitination and internalization of Ste2 (Dunn and Hicke, 2001a).  GFP-

CPS trafficking to the vacuolar lumen was not affected by mutations in the first WW 

domain (Figure 2-7B).  However, GFP-CPS mislocalized to the limiting membrane of 

the vacuole in a C2 deletion mutant and in mutants of WW2 and WW3 domains 

(Figure 2-7B).  Consistent with the GFP-CPS sorting, pulse-chase analysis indicated 

that ubiquitination of pCPS was largely unaffected in a ww1 mutant, but was defective 

in the ΔC2 mutant and in the ww2 and ww3 mutants (Figure 2-7C).  Interestingly, the 
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Figure 2-7:  The C2 and WW domains of Rsp5 play a role in the ubiquitination 
and sorting of pCPS.   
(A) Schematic of Rsp5 domain structure with mutations mapped to each domain.  (B) 
Localization of GFP-CPS in SEY6210 (wild type), TCY124 (ΔC2), TCY84 (ww1), 
TCY86 (ww2) and TCY81 (ww3) mutants.  (C) SEY6210 (wild type), TCY124 (ΔC2), 
TCY84 (ww1), TCY86 (ww2) and TCY81 (ww3) cells were labeled with Trans 35S-
label for 10 minutes at 26°C and chased with unlabeled methionine and cysteine.  
Extracts were processed as in Figure 2.  An asterisk highlights a non-specific band. 



 
56 

 

sorting of GFP-CPS into the vacuole lumen was not completely blocked in the ΔC2 

mutant (Figure 2-7B); consistent with this, upon longer exposure, we have observed a 

faint band for ubiquitinated pCPS in pulse-chase radiolabeling experiments (our 

unpublished results).  Therefore it appears that ubiquitination of pCPS is not 

completely blocked by a C2 domain deletion.  These data indicate that in addition to 

the HECT domain, the C2 and WW domains of Rsp5 are also required for the 

ubiquitination and sorting of pCPS, indicating that recruitment/activation of Rsp5 

function within the MVB sorting pathway may depend on interactions between these 

domains and other components of the MVB sorting pathway.  

Subcellular localization of Rsp5 

 Rsp5 function has been implicated at almost every subcellular compartment 

including the ER, Golgi, mitochondria, endosomes and the plasma membrane (Fisk 

and Yaffe, 1999; Hoppe et al., 2000; Gajewska et al., 2001; Helliwell et al., 2001; 

Wang et al., 2001).  A previously published report has demonstrated that GFP-Rsp5, 

expressed under the control of a GAL1 promoter, localizes to the plasma membrane as 

well as to intracellular punctate structures; also, the same report described Rsp5 

colocalizing with endosomal proteins by immunogold electron microscopy (Wang et 

al., 2001).  Immunofluorescence studies have also shown that Rsp5 localizes to 

punctate structures in the cytoplasm (Gajewska et al., 2001).  However, there is some 

discrepancy in both the localization and the fractionation patterns of Rsp5 published 

by different groups (Dunn and Hicke, 2001a; Gajewska et al., 2001; Wang et al., 

2001).  Thus, to examine the localization of Rsp5 in live cells, we constructed a GFP-

Rsp5 chimera expressed under the control of the CPY promoter.  Transformants, 
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wherein GFP-Rsp5 was the only source of Rsp5, were viable and their growth was 

similar to the wild type control cells (our unpublished results), indicating that the 

chimera is functional.  The GFP-Rsp5 chimera revealed a fluorescence pattern that 

was largely cytoplasmic, but also was clearly enriched at the plasma membrane and a 

number of intracellular puncta (Figure 2-8).  To determine the nature of these 

intracellular puncta, we performed colocalization experiments using known markers 

for both the Golgi (Sec7 fused to Ds-Red) (Calero et al., 2003) and endosomes 

(chimera of DsRed with the FYVE domain that binds to PI3P on endosomes) 

(Katzmann et al., 2003).  Interestingly, GFP-Rsp5 colocalized with both Sec7-DsRed 

and DsRed-FYVE in wild type cells, indicating that Rsp5 is present at the plasma 

membrane, Golgi and endosomal membranes (Figure 2-8).  Rsp5-326 was also fused 

to GFP, resulting in a localization pattern indistinguishable from wild type pattern 

shown in Figure 2-8 (our unpublished results).  Taken together, these data indicate that 

Rsp5 is present on intracellular structures including endosomes, the apparent site of 

pCPS ubiquitination, and are therefore consistent with our genetic studies, which show 

that Rsp5 is required for ubiquitination of pCPS.  However, the ubiquitination defect 

seen in Rsp5-326 apparently is not due to a defect in localization of the mutant 

protein. 

Expansion of the His3-CPS selection for new components of the MVB sorting 

pathway 

 The fact that Rsp5 has many different substrates at distinct locations in the cell 

raises the question of how substrate specificity is achieved.  Based on our data, we 

proposed the hypothesis that there exist one or more adaptor proteins that recruit Rsp5  
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Figure 2-8:  Localization of GFP-Rsp5.   
 
Wild-type cells expressing either GFP-Rsp5 and Sec7-DsRed (top panels) or GFP-
Rsp5 and DsRed-FYVE (bottom panels) were grown at 26°C and the GFP and DsRed 
labeled proteins were visualized by fluorescence microscopy.    
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to intracellular membranes and target Rsp5 to its MVB cargo substrates.  This likely 

occurs via the interaction of the WW domains with proline-rich motifs of the adaptor 

proteins.  To look for new regulators of the MVB sorting pathway including Rsp5 

adaptor proteins, we decided to expand the His3-CPS selection.  We screened through 

15,000 His+ colonies and isolated four temperature-sensitive mutants which were 

placed in three complementation groups.  Of the four mutants, two were rsp5 alleles, 

one was a fab1 allele, and the remaining one was very sick and was not cloned.  

Isolation of rsp5 and fab1 mutants from the screen implied that the screen worked, but 

the screen was not saturating so there is a distinct possibility that we missed some 

mutants.  Out of the 15,000 His+ colonies, we also randomly screened through 60 

mutants that were not temperature-sensitive.  Out of the 60, one of the mutants had a 

GFP-CPS missorting phenotype.  Unfortunately, we were unable to clone this mutant 

so the identity of this mutant remains unknown. 

Chemical-genetic screen for new regulators of endocytic trafficking 

 To identify new regulators of PM protein trafficking, we profiled the entire 

collection of 4,652 S. cerevisiae knockout strains (each of which was deleted for a 

non-essential gene) for synthetic chemical-genetic interaction with canavanine, a toxic 

arginine analog. Canavanine enters the cell via the 12-transmembrane arginine 

transporter. Because the identity of each strain in this collection was known, this 

genome-scale approach allowed an observed phenotype to be readily linked to specific 

gene(s). We reasoned that yeast strains lacking a gene required for endocytosis would 

accumulate Can1 at the PM, resulting in excess canavanine uptake that eventually 

eliminates yeast growth. Our chemical-genetic screen revealed 294 canavanine-
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supersensitive (cvs) strains (corresponding to 294 CVS genes), of which 41 had been 

poorly or not characterized at all according to the Saccharomyces Genome Database 

(SGD). Details of the screen will be described elsewhere (C.J.S., C.H.L., and S.D.E., 

unpublished data). 

To determine whether the canavanine supersensitivity of a cvs strain was 

indeed the consequence of trafficking defect, we used a GFP fusion to follow Can1 

localization in response to cycloheximide, a stress condition known to trigger 

endocytosis for many multi-span PM proteins (Galan and Haguenauer-Tsapis, 1997). 

After internalization, Can1 was further sorted down the endosomal/MVB pathway to 

the vacuole (lysosome) for degradation (Figure 2-9A). Among the 41 uncharacterized 

cvs strains, cvs7∆ cells (deleted for the ORF YOR322C) exhibited a strong defect in 

Can1 endocytosis (Figure 2-9A) and a notable delay in Can1 turnover (data not 

shown) following exposure to stress. Strikingly, this endocytic defect was seen only 

with Can1 but not with the uracil transporter Fur4 (Figure 2-9B) or the α factor 

receptor Ste2 (data not shown). In addition, disruption of YOR322C did not affect the 

biosynthetic trafficking pathway (e.g. carboxypeptidase S), consistent with the defect 

being primarily endocytic (data not shown). Together, our results strongly suggest that 

YOR322C encodes a protein required for the endocytosis of specific PM proteins such 

as Can1. 
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Figure 2-9: Identification of YOR322C as a Gene Required for the Endocytic 
Downregulation of Arginine Transporter Can1. 
 
A) In WT cells, Can1–GFP (green) was endocytosed and sorted to the vacuole upon 
stress treatment (cycloheximide). A vital dye CMAC (blue) was used to visualize the 
vacuole. In yor322c∆ cells, Can1–GFP mostly remained stable at the PM, despite the 
stress condition. (B) Uracil-induced endocytosis and downregulation of Fur4 does not 
depend on Yor322c. 
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Yor322c Is Member of a New Family of Yeast Proteins with Similarity to 

Mammalian Arrestins and Multiple C-terminal PY Motifs 

Inducible translocation of Yor322 to the plasma membrane upon treatment 

with rich nutrient conditions (data not shown) is highly reminiscent of the agonist-

induced cytosol-to-PM translocation of mammalian β-arrestin, an event crucial for the 

internalization of its PM targets (receptors) and the activation of downstream signaling 

pathways (Lefkowitz et al., 2006; Oakley et al., 2000). Interestingly, weak similarity 

to the arrestin N-terminal domain was detected in Yor322c using PSI-BLAST with 

default parameters. In particular, we identified a few sequence patterns highly 

conserved between Yor322c and arrestin domain containing proteins from diverse 

species (Figure 2-10). 

Because the yeast has many PM proteins subjected to selective endoctytic 

downregulation, we speculated that additional proteins related to Yor322c and β-

arrestin both structurally and functionally might exist. In a WU-BLAST search against 

the S. cerevisiae genome with Yor322cp as the query sequence, another poorly 

characterized protein Yfr022w (Rog3) emerged as the top hit. We repeated the 

BLAST search, each time using the best hits from the previous round as the query 

sequences until we found a self-contained set of proteins. We identified a total of nine 

related proteins (Figure 2-10), most of which were poorly or not characterized at all 

according to SGD. Strikingly, each of these proteins except Ypr030w (which came 

through as the paralog of Ybl101c) exhibits similarity to β-arrestin in their N-terminal 

region. In addition, all the nine proteins harbor multiple PY (X1-Pro-X2-Tyr, where X1 

is often a Pro) motifs in the C-terminal region, a feature absent from β-arrestin. The  
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Figure 2-10:  The Yeast Arrestin-Related Trafficking (ART) Adaptor Family 
 
Domain organization of the Arrestin-Related Trafficking adaptor family in 
comparison with human β-arrestin1. Each yeast ART gene is indicated by a proposed 
name, followed by the systematic protein ID. The phylogenetic diagram suggesting 
potential paralog relationships was generated by MultAlin (Corpet, 1988). Orange and 
Green blocks indicate arrestin domain N- (ARR-N) and C-terminal (ARR-C) 
homology, respectively. PY motifs (X1-Pro-X2-Tyr) are shown in blue. 
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multiple PY motifs, as demonstrated below for Yor322c, are critical for endocytic 

downregulation of PM proteins. As such, we have named these proteins Arrestin-

Related Trafficking adaptors or ARTs. Yor322c will henceforth be called Art1, as the 

first member of this new yeast protein family. 

Multiple c-terminal PY motifs of Art1 are required for Can1 endocytosis and 

sorting to the vacuole and interaction with the WW domains of Rsp5 

Like many other multi-span PM proteins, Can1 relies on ubiquitination by the 

Rsp5 Ub ligase for endocytosis and sorting to the vacuole.  The work on mammalian 

epithelial sodium channel (ENaC) led to the notion that the WW domains of 

Nedd4/Rsp5 couple Ub ligase activity to the cargo, which in turn is ubiquitinated and 

targeted to the endocytic pathway. The WW domains (WW2 and WW3 in particular) 

of Rsp5 are crucial for Can1 endocytosis and ubiquitination (Figure 2-11A&B). 

However, unlike ENaC, which contains PY motifs that recruit Nedd4 by direct 

binding to the WW domains, most yeast PM cargoes do not contain obvious motifs 

allowing direct binding of Rsp5. This had prompted the hypothesis of adaptors, the 

function of which is to bridge the interaction between Rsp5 and a cargo (Dupré et al., 

2004). 

Art1 is an excellent candidate for the adaptor function because it regulates 

Can1-specific endocytosis and it has two C-terminal PY motifs (Figure 2-10). 

Deletion of ART1 also resulted in considerably reduced Can1 ubiquitination (Figure 2-

11B), as expected for the notion that Art1 recruits Rsp5 activity. This 

hypoubiquitination phenotype could be recapitulated by mutating the Ub ligase itself, 

or by limiting the pool of free Ub (Dupré et al., 2004). In contrast, in a strain known to  
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Figure 2-11: Ubiquitination and Targeting to Can1 to the Downregulation 
Pathway Requires Art1 and the WW Domains of Rsp5 
 
(A) Can1–GFP localization after induction in WT cells or rsp5 mutant strains carrying 
domain-disrupting mutations in either WW1, WW2 or WW3. 
(B) Disruption of ART1 led to reduced Ca1 ubiquitination as shown by 
immunoblotting of membrane-enriched yeast cell lysates. Note that Can1 banding 
pattern is typically very diffuse, presumably due to the strong hydrophobicity of the 
protein (12-TM). The Ub-limiting condition was established by the doa4∆ strain, 
lacking a key Ub isopeptidase (Galan and Haguenauer-Tsapis, 1997). NS indicates 
two non-specific bands present in the yeast lysate. 
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accumulate ubiquitinated cargoes (pep12∆; Katzmann et al., 2004), the band intensity 

of Ub conjugates was stronger. It should be noted that we chose to assess Can1 

ubiquitination by direct immunoblotting, an assay established previously for other 

homologous yeast PM transporters (Galan and Haguenauer-Tsapis, 1997), because 

conditions for the widely used epitope-tagged Ub overexpression method (Laney and 

Hochstrasser, 2002) caused aberrant sorting and ubiquitination of the cargoes used in 

our study. 

Previously, an interaction between Art1 and Rsp5 was captured by a large-

scale mass spectrometry study (Krogan et al., 2006). We confirmed this interaction in 

yeast lysate by GST pulldowns that Art1 indeed interacts with the WW domains of 

Rsp5 (Figure 2-12A). We further demonstrated with in vitro translated Art1 that the 

interaction is direct and requires both PY motifs (Figure 2-12A). Simultaneous 

ablation of the two PY motifs abolished the interaction. In fact, individual ablation of 

either PY motif also reduced binding quite significantly, suggesting binding 

cooperativity between these motifs. In vivo, Can1 failed to internalize upon induction 

in a strain that expressed only Ala-substituted Art1 (Figure 2-12B). Together, these 

results demonstrate that the WW domains of Rsp5 bind to Art1 through the tandem 

PY motifs, and this interaction is critical for targeting Can1 to the endocytic pathway.  

We found that most of the other members of the ART family also interact with Rsp5, 

suggesting that this family represents a new family of adaptors that target Rsp5 to 

distinct plasma membrane cargoes for ubiquitination and sorting into the endocytic 

and MVB pathyway. 
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Figure 2-12:  Interaction with Yeast Rsp5 WW Domains and Efficient Targeting 
of Can1 to the Endocytic Pathway Requires the C-terminal PY motifs of Art1. 
 
(A) Direct interaction between purified WW domains of Rsp5 and in vitro translated, 
full-length Art1 carrying either WT or mutated PY motifs. E676 and V694 are two 
flanking residues also strictly conserved across species (Figure 3A). 
(B) Can1 trafficking in strains carrying WT or mutant Art1 with Ala-substituted PY 
motifs. 
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MATERIALS AND METHODS 

Yeast strains, media and DNA manipulations 

The S. cerevisiae strains used in this study are described in Table 1.  SSY11 

and SSY16 were constructed by transforming SEY6210 and CBY16 with DNA 

fragment containing the HIS3 ORF, flanked by 41 bp specific for the upstream and 

downstream regions of the TUL1 ORF.  The deletion was confirmed by PCR analysis 

of the chromosomal DNA.  SSY25 was constructed by crossing SSY22 with CBY16. 

 Yeast strains were grown in standard yeast extract-peptone-dextrose (YPD) or 

synthetic medium supplemented with essential amino acids as required for 

maintenance of plasmids (YNB).  Luria-Bertani (LB) medium was used for growth of 

E. coli cells. 

Recombinant DNA manipulations were performed using standard protocols 

(Sambrook et al., 1989).  To fuse ubiquitin to GFP-CPS, the ubiquitin ORF was PCR-

amplified using primers containing Nar I sites.  The resulting PCR product was 

inserted in-frame at the N-terminus of GFP, in pGOGFP426 (Cowles et al., 1997a), at 

an unique Nar I site that had been engineered by PCR method of gene splicing by 

overlap extension (gene SOE) (Yon and Fried, 1989).  The CPS1-containing Kpn I 

fragment from pGOGFPCPS (Odorizzi et al., 1998) was inserted in-framed at the C-

terminus of Ub-GFP to generate Ub-GFP-CPS.  GFP-Rsp5 fusion was constructed in 

two steps.  First, the RSP5 ORF was cloned by PCR from genomic DNA with Bgl II 

and Sal I restriction sites introduced with primers.  Next, the resulting PCR product 

was digested with Bgl II and Sal I and ligated into pGO36, a CEN-based vector 

(Odorizzi et al., 1998), digested with Bgl II and Sal I.  To delete the C2 domain (1-
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140) of Rsp5, the portion of the RSP5 ORF, beginning at codon 141, was PCR 

amplified using primers that introduced a Not I at the N-terminus.  The resulting PCR 

product was digested with Not I and BstE II and ligated into YCpHA-Rsp5 (Gajewska 

et al., 2001) which has been digested with Not I and BstE II, resulting in ΔC2-Rsp5.  

The rsp5-326 allele was cloned from genomic DNA isolated from the mvb326 mutant 

using homologous recombination.  A portion of the RSP5 ORF was removed from 

YCpHA-RSP5  by digestion with Bst EII and Bse RI.  The resulting gapped plasmid 

was transformed into the mvb326 mutant.  Gap repaired plasmids were isolated from 

the transformants growing on uracil-free plates and sequenced. 

Microscopy 

For visualizing DsRed and GFP-tagged proteins, cells were grown to an OD600 

of 0.4 and resuspended in water for visualization.  A Zeiss Axiovert S1002TV 

microscope, equipped with FITC and rhodamine filters, was used to visualize cells.  

Images were captured with a Photometrix camera and deconvolved using Delta Vision 

software (Applied Precision Inc., Issaquah WA).  Image processing was done using 

Adobe Photoshop (Adobe Systems, Mountain View, CA).  For FM4-64 labeling of 

yeast vacuoles, approximately 1 OD600 of yeast cells were harvested at an OD600 of 0.4 

to 0.6.  Harvested cells were labeled with the vital vacuolar dye FM4-64 as previously 

described (Vida and Emr, 1995).  FM4-64 was obtained from Molecular Probes Inc. 

(Eugene, OR). 

Western Blot analysis of Ste2-HA 

SEY6211 and SSY22 cells, transformed with plasmid pRS415-Ste2-HA (a gift 

from Chris Stefan and Ken Blumer), were grown to and OD of 0.4.  2 ODs of cells 
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were harvested for each time point and resuspended in 1 ml of media lacking leucine.  

Some cultures were incubated at 37˚C for 15 minutes prior to addition of α factor.  

Where indicated, α factor was added at a concentration of 5 µM.  After 8 minutes, the 

cells were transferred into tubes containing NaF-NaN3.  Cells were collected by 

centrifugation and resuspended in 100 µl cracking buffer (8 M urea, 50 mM Tris pH 

6.8, 1 mM EDTA, 1% βME and 5 mM NEM).  75 µl of glass beads were added and 

the cells were mechanically lysed by vortexing for 5 minutes , followed by heating at 

37˚C for 5 minutes.  50 µl of the lysate was removed from the glass beads following 

centrifugation at 13, 000 rpm for 5 minutes and added to 25 µl of sample buffer 

containing 8 M urea.  Samples were heated at 37˚C and 12 µl of each sample was 

loaded onto 10% SDS-polyacrylamide gels.  Anti-HA antibody from Roche was used 

for immuno-detection of Ste2-HA. 

Cell labeling and Immunoprecipitations 

Pulse chase analysis for CPS was performed as previously described (Cowles 

et al., 1997a), except 4 OD600 units of cells were labeled with 40 µCi of Trans35S label 

(Du Pont New England Nuclear, Boston, MA) per time point.  Immunoprecipitation of 

CPS, followed by Western blotting with anti-ubiquitin antibody was performed as 

previously described (Katzmann et al., 2001).  CPY immunoprecipitation was also 

performed as previously described (Cowles et al., 1997b). 
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INTRODUCTION 

The Multivesicular Body (MVB) sorting pathway provides a mechanism for 

the lysosomal degradation of transmembrane proteins and plays a critical role in a 

diverse range of processes including growth factor receptor downregulation (Futter et 

al., 1996), antigen presentation (Kleijmeer et al., 2001), developmental signaling 

(Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001), and the budding of 

enveloped viruses (Garrus et al., 2001). The proteins that constitute the MVB sorting 

machinery were identified by a genetic screen in yeast for mutants that missort an 

MVB cargo (Odorizzi et al., 2003). Most of the mutants isolated were class E vacuolar 

protein sorting (vps) mutants, which accumulate enlarged endosomes and exhibit 

defects in the formation of MVB vesicles. Further characterization of the class E Vps 

proteins led to the identification of three high-molecular-weight cytoplasmic 

complexes that function in MVB sorting, the ESCRT (endosomal sorting complex 

required for transport) complexes I, II, and III (Katzmann et al., 2001; Babst et al., 

2002a; Babst et al., 2002b). 

The ESCRT-I complex (Vps23, 28, 37) is recruited to endosmes by Vps27, 

which interacts with ubiquitinated cargo and initiates the MVB sorting 

reaction(Katzmann et al., 2001).  ESCRT-I also interacts with ubiquitinated cargo via 

the UEV domain of Vps23 (Katzmann et al., 2001). Genetic studies indicate that 

ESCRT-II (Vps36, 22, 25) functions downstream of ESCRT-I (Babst et al., 2002b).  

ESCRT-II interacts with ubiquitinated cargo via the NZF domain of Vps36 and with 

PtdIns3P via the GLUE domain (Alam et al., 2004; Teo et al., 2006). ESCRT-II then 

recruits the ESCRT-III subunits (Snf7, Vps20, Vps2, Vps24) to the endosome where 
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they oligomerize to form the ESCRT-III complex (Teo et al., 2004; Yorikawa et al., 

2005). ESCRT-III in turn recruits accessory factors such as Bro1 (Kim et al., 2005) 

which in turn recruits Doa4 (Luhtala and Odorizzi, 2004), the deubiquitinating enzyme 

that removes ubiquitin from MVB cargo prior to their sorting into MVB vesicles.  

ESCRT-III also recruits the AAA-type ATPase Vps4, which catalyzes the disassembly 

of the ESCRT machinery and recycles the ESCRT complexes into the cytosol to allow 

further rounds of cargo sorting (Babst et al., 1998; Scott et al., 2005). 

Recent studies on the architecture of the ESCRT machinery has enhanced our 

understanding of how the ESCRT complexes assemble and interact with ubiquitinated 

cargo and phosphoinositides (Hurley and Emr, 2006). The structure of the core 

complexes of yeast ESCRT-I and ESCRT-II have been determined (Hierro et al., 

2004; Teo et al., 2004; Kostelansky et al., 2006; Teo et al., 2006). The interaction 

between ESCRT-I and -II has been mapped to the C-terminal domain of Vps28 and 

the NZF-1 domain of Vps36 (Teo et al., 2006). Even though it has been shown in vitro 

that ESCRT-I and -II can form a stable complex in solution, no such complex has yet 

been detected in cytosolic extracts from yeast cells, suggesting that this interaction is 

tightly regulated. Here we report the identification of a new component of the ESCRT-

I complex, Mvb12. We show that Mvb12 plays a role in assembling ESCRT-I into an 

oligomeric complex in the cytosol. In doing so, Mvb12 prevents premature assembly 

of ESCRT-I and ESCRT-II to ensure their ordered and sequential recruitment onto the 

endosomal membrane during MVB sorting. 
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RESULTS AND DISCUSSION 

Identification of Mvb12 as a new component of ESCRT-I 

To identify novel regulators of the ESCRT machinery, we searched the 

Saccharomyces Genome Database for ORFs that show endosomal localization. We 

found eight uncharacterized ORFs and then tested to see if any of these ORFs are 

required for MVB sorting by examining the localization of a biosynthetic MVB cargo, 

the vacuolar hydrolase carboxypeptidase S (CPS), in deletion mutants lacking each of 

these ORFs.  In wild-type cells, GFP-CPS is sorted into the MVB pathway and 

accumulates in the lumen of the vacuole (Figure 3-1A).  In contrast, GFP-CPS 

accumulates on enlarged endosomes as well as the vacuolar limiting membrane in 

ESCRT deletion mutants such as vps23Δ (Figure 3-1A). Interestingly, deletion of one 

of the uncharacterized ORFs, YGR206W, results in a defect in MVB sorting, and 

GFP-CPS is missorted to the limiting membrane of the vacuole (Figure 3-1A). We 

also examined the localization of an endocytic cargo Ste2, the yeast pheromone 

receptor, in the ygr206wΔ mutant.  In wild-type cells, Ste2-GFP is endocytosed from 

the plasma membrane and sorted into the lumen of the vacuole.  Sorting of Ste2-GFP 

is partially impaired in the ygr206wΔ mutant, as Ste2-GFP localized to both 

perivacuolar puncta and the vacuolar lumen (Figure 3-1A). The partial defect in MVB 

sorting as well as the lack of observable enlarged endosomes suggests that the 

Ygr206w protein is likely not a core component of the ESCRT machinery but rather 

functions as a regulator of the ESCRT complexes. Sequence analysis indicates that 

YGR206W encodes a small protein with no well-characterized domains or motifs.  We  

confirmed the predicted molecular weight and named the protein Mvb12  
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Figure 3-1:  Mvb12 is a novel protein in the ESCRT pathway. 
 
(A) Sorting of GFP-CPS and Ste2-GFP in WT (SEY6210) and mvb12Δ (TCY246). 
(B) Yeast strain expressing Mvb12-GFP was transformed with dsRed-FYVE and 
partial colocalization is observed. (C) Localization of Mvb12-GFP in WT, vps23Δ, 
vps36Δ, snf7Δ, and vps4Δ strains. Mvb12-GFP endosomal localization depends on 
Vps23 (ESCRT-I) but not on Vps36 (ESCRT-II), Snf7 (ESCRT-III), or Vps4.  
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(multivesicular body sorting factor of 12 kilodaltons).  Mvb12 shares partial sequence 

homology with a set of genes in fungi and mammalian genomes although the 

homology with mammalian genes is weak (Figure 3-2).  

To confirm the endosomal localization of Mvb12, we constructed a C-terminal 

GFP fusion of Mvb12 under the control of its endogenous promoter. Mvb12-GFP 

localized to the cytoplasm as well as to perivacuolar punta, many of which colocalized 

with dsRed-FYVE (EEA1), an endosomal marker (Figure 3-1B). The endosomal 

association of Mvb12 is likely transient and peripheral because the majority of Mvb12 

was recovered from the cytosolic fraction in subcellular fractionation experiments, 

similar to the fractionation profile of ESCRT-I (data not shown). We then tested the 

localization of Mvb12-GFP in different ESCRT deletion mutants.  Interestingly, 

Mvb12-GFP failed to localize to endosomes and instead completely redistributed to 

the cytoplasm in the Vps23 (ESCRT-I) deletion mutant (Figure 3-1C).  However, the 

endosomal localization of Mvb12-GFP is not dependent on downstream components 

of the MVB sorting machinery including Vps36 (ESCRT-II), Snf7 (ESCRT-III), or 

Vps4 (Figure 3-1C).  Taken together, these data indicate that the localization of 

Mvb12 to endosomes is dependent on ESCRT-I and suggest that Mvb12 functions 

either in a complex with or downstream of ESCRT-I in the MVB sorting pathway. 

We then tested if Mvb12 is in a complex with ESCRT-I. By gel filtration 

chromatography, Mvb12 co-fractionated with Vps23, suggesting that Mvb12 is likely 

a new component of ESCRT-I (Figure 3-2A).  To confirm this, we performed a co-

immunoprecipitation experiment in which we immunoprecipitated Flag-tagged  
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Figure 3-2:  Multiple sequence alignment of Mvb12 homologues.  
 
Potential homologues of Mvb12 were identified in other Fungi such as Kluveromyces 
lactis (31% amino acid similarity) and also mouse (28%) and human (30%). The 
sequence alignment was carried out using Clustal W and displayed using ESPript. 
Residues boxed in red are identical across all aligned sequences whereas residues in 
red are similar residues. Blue frames indicate patches of similar residues in the aligned 
sequences.
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Figure 3-3:  Mvb12 is a new component of the ESCRT-I complex. 
 
(A) Gel filtration analysis of cell extracts from yeast strain expressing Mvb12-Flag 
(TCY257). Column fractions were analyzed by western blotting using antibodies 
specific for Vps23 or Flag.  Mvb12-Flag cofractionates with Vps23. (B) Cell extracts 
from WT (SEY6210) or strain expressing Mvb12-Flag (TCY257) were subjected to 
immunoprecipitation using antibody specific for Flag.  Immunoprecipitates were 
analyzed by western blotting using antibodies against Vps23 or Flag.  Mvb12-Flag 
coimmunoprecipitates with Vps23. The asterisk highlights a non-specific band.  
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Mvb12 and then probed for Vps23, a component of ESCRT-I (Figure 3-2B).  Mvb12 

co-immunoprecipitated with Vps23, indicating that Mvb12 is a new component of 

ESCRT-I. These data are consistent with the recent genome-wide analyses of protein-

protein interactions in the yeast proteome that identified the Ygr206w protein as a new 

component of the ESCRT-I complex (Gavin et al., 2006; Krogan et al., 2006).  

Mvb12 negatively regulates the interaction between ESCRT-I and -II  

To determine the effect of deleting MVB12 on the size and stability of the 

ESCRT-I complex, we analyzed the elution profile of Vps23 by gel filtration.  

Deletion of MVB12 did not appear to affect the stability of Vps23 but did result in a 

change in the elution profile of Vps23, reducing its apparent molecular weight from 

~350 kDa in wild-type cells to ~250 kDa in mvb12Δ cells (Figure 3-4A). 

Unexpectedly, the elution profile of Vps36, a subunit of ESCRT-II, shifted from 150 

kDa in wild-type cells to ~250 kDa in mvb12Δ cells (Figure 3-4A). The shift in the 

apparent molecular weight of both ESCRT-I and ESCRT-II to ~250 kDa in mvb12Δ 

cells was quantitative, with most (if not all) of the cytoplasmic ESCRT-I and ESCRT-

II now eluting at this size (Figure 3-4A). Since ESCRT-I and -II are known to interact 

with each other in vitro (Teo et al., 2006), we suspected that the ~250 kDa complex 

might be a heterodimeric complex of ESCRT-I (~100 kDa) and ESCRT-II (~150 

kDa). This hypothesis is supported by the co-immunoprecipitation of Vps23 (ESCRT-

I) with Vps36 (ESCRT-II) from mvb12Δ cell extracts, confirming the identity of the 

~250 kDa species as a heterodimeric complex of ESCRT-I and -II (Figure 3-4B).  To  
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Figure 3-4: Mvb12 negatively regulates the interaction between ESCRT-I and -II. 
(A) Gel filtration analysis of cell extracts from WT (SEY6210) strain expressing 
Vps36-HA, mvb12Δ strain expressing Vps36-HA, and mvb12Δ vps36Δ strain 
expressing Vps37-HA. Column fractions were analyzed by western blotting using 
antibodies specific for Vps23 or HA. Vps36-HA does not cofractionate with Vps23 in 
WT but cofractionates with Vps23 in mvb12Δ as a ~250 kDa complex in the 
cytoplasm. Deletion of VPS36 from the mvb12Δ strain disrupts the ESCRT-I-II 
heterodimer to form a ~100 kDa ESCRT-I monomer. (B) Cell extract from mvb12Δ 
strain expressing control plasmid or Vps36-HA plasmid were immunoprecipitated 
using antibody specific for HA.  Immunoprecipitates were analyzed by western 
blotting using antibodies against Vps23 or HA. Vps23 coimmunoprecipitates with 
Vps36-HA.  
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further characterize the ESCRT-I-II heterodimer, we generated a vps36Δ mvb12Δ 

double mutant to disrupt ESCRT-I-II interactions. The size of ESCRT-I, based on the 

elution profiles of Vps23 and Vps37, was determined to be ~100 kDa in the double 

mutant (Figure 3-4A). The ~100 kDa species of ESCRT-I observed in the vps36Δ 

mvb12Δ mutant most likely represents the monomeric form of ESCRT-I as this size is 

consistent with the molecular weight of E. coli expressed monomeric ESCRT-I 

determined by equilibrium analytical ultracentrifugation (Kostelansky et al., 2006; Teo 

et al., 2006).   

Yeast native ESCRT-I assembles into an oligomer in an Mvb12-dependent 

manner 

The presence of a ~100 kDa ESCRT-I complex in vps36Δ mvb12Δ mutant 

cells suggests that the cytosolic ~350 kDa species observed in wild-type cells may 

represent an oligomer of the ESCRT-I core complex (Vps23, 28, 37). To test this 

hypothesis, we co-expressed Vps23-Flag and Vps23-Myc in the same cells and probed 

their ability to associate by performing co-immunoprecipitations. Cytosolic fractions 

were prepared from cell lysates and subjected to immunoprecipitation under native 

conditions using antibodies specific for the Flag tag. Vps23-Myc 

coimmunoprecipitated with Vps23-Flag in cytosolic fractions from wild-type cells, 

indicating that there are at least two copies of Vps23 in the ~350 kDa ESCRT-I 

complex (Figure 3-5A). In contrast, Vps23-Myc did not co-immunoprecipitate with 

Vps23-Flag in cytosolic fractions from mvb12Δ cells (Figure 3-5A). These results 

suggest that the ~350 kDa species is likely an oligomer of the ESCRT-I core complex.  
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Figure 3-5:  Yeast native ESCRT-I assembles into an oligomer in an Mvb12-
dependent manner. 
(A) Cytosolic ~350 kDa ESCRT-I complex is an oligomer. Cell extracts from Vps23-
Myc strain (SJY027) expressing either empty vector or Vps23-Flag (pSJ106); 
mvb12Δ,Vps23-Myc strain (TCY274) expressing Vps23-Flag (pSJ106) were 
immunoprecipitated using antibody specific for Flag. Immunoprecipitates were 
analyzed by western blotting using antibodies against Myc. Vps23-Flag 
coimmunoprecipitates with Vps23-Myc in wild-type cells but not in mvb12Δ cells. (B) 
Left panel: Cell extracts from WT cells (control) or cells expressing myc-tagged 
Vps23 were prepared, analyzed by BN-PAGE and immunoblotted using antibodies 
specific for the myc-tag. Right panel: Purified E. coli ESCRT-I was analyzed by BN-
PAGE (left lane) or treated with 1mM BS3 before BN-PAGE analysis. The monomeric 
form of E. coli ESCRT-I, as well as the dimeric and trimeric forms generated upon 
crosslinking are labeled and indicated by the arrowheads.  
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Deletion of MVB12 results in the dissociation of the oligomer into monomers of the 

ESCRT-I core complex, indicating that Mvb12 is required in assembling the ESCRT-I 

oligomer. 

In some cases, molecular weight estimates obtained by gel filtration 

chromatography is dependent on the shape of the protein/protein complex being 

analyzed, therefore we used a second technique to analyze the molecular weight of 

yeast native ESCRT-I. Blue Native gels (BN-PAGE) provide a reliable and 

reproducible means of estimating the molecular weight of native protein complexes. 

As shown in Figure 3-6B, BN-PAGE analysis of cytosolic ESCRT-I complex from 

yeast revealed the presence of a protein complex whose molecular weight is ~300 

kDa. In contrast, the stable monomeric ESCRT-I purified from E. coli migrated at a 

significantly lower molecular weight of ~80 kDa, consistent with the molecular weight 

of ~85 kDa determined independently using equilibrium analytical ultracentrifugation 

(Kostelansky et al., 2006; Teo et al., 2006). The clear difference in the migration 

pattern of yeast ESCRT-I versus monomeric ESCRT-I from E. coli on BN-PAGE 

strongly suggests that the yeast complex is an oligomer. To get a rough estimate of 

whether the yeast ESCRT-I oligomer is a dimer, trimer or a higher-order species, we 

induced oligomerization of the E. coli ESCRT-I monomer using the chemical 

crosslinker bis(sulfosuccinimidyl)suberate (BS3). As shown in Figure 3-5B, brief 

exposure to the chemical crosslinker generated clearly distinguishable dimeric and 

trimeric forms of the E. coli ESCRT-I, suggesting that the ESCRT-I core complex has 

an inherent propensity to oligomerize. Interestingly, the molecular weight of the yeast 

complex coincides best with that of the trimeric E. coli ESCRT-I. Taken together, the 
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results of the co-immunoprecipitations and BN-PAGE strongly indicate that the ~350 

kDa species observed in yeast represents an oligomeric complex consisting of at least 

two (but likely three) ESCRT-I core complexes (Vps23, 28, 37). 

To further test the possibility that ESCRT-I is a trimer, we carried out a new 

co-immunoprecipitation experiment using a strain expressing two different tagged 

versions of Vps23, Myc-tagged chromosomal Vps23 and Flag-tagged Vps23 

expressed from a low-copy plasmid. Using an antibody specific for Vps23, we were 

able to detect both tagged versions of Vps23, and we found that the plasmid-derived 

Vps23-Flag was expressed at lower levels (~50-60%) than the chromosomal Vps23-

Myc (data not shown). As such, the differential expression of the two different (Myc- 

& Flag-tagged) pools of Vps23 provides an indirect way to examine the stoichiometry 

of the ESCRT-I complex by comparing the ratio of their incorporation into the 

oligomer. Consistent with our trimer prediction, immunoprecipitation using a Flag 

antibody co-immunoprecipitated Vps23-Myc. The ratio of Vps23-Myc to Vps23-Flag 

in the immunoprecipitate, as detected by an antibody specific for Vps23, was 

determined to be approximately 2:1 by densitometric analysis (Figure 3-6), suggesting 

that there are three copies of Vps23 in the ESCRT-I complex. Taken together, our data 

are consistent with the cytosolic ESCRT-I complex being a trimer. 

The coiled-coil domain of Vps23 binds Mvb12 and mediates ESCRT-I 

oligomerization 

Vps23 is predicted to contain a coiled-coil domain between residues 212-304 

(Babst et al., 2000).  Coiled-coil domains are known to mediate protein  
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Figure 3-6:  ESCRT-I is likely a trimer of the Vps23-37-28 core complex. 
 
Cell extracts from Vps23-Myc strain (SJY027) expressing either empty vector or 
Vps23-Flag (pSJ106) were subjected to immunoprecipitation using an antibody 
specific for the Flag epitope. Immunoprecipitates were analyzed by western blotting 
using an antibody against Vps23. The ratio of Vps23-Myc to Vps23-Flag in the 
immunoprecipitate was determined using densitometric analysis and found to be 
approximately 2:1 (5660 versus 2626 density units by quantification using NIH 
ImageJ). 
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oligomerization (Wolf et al., 1997). Bioinformatic analyses suggest that the coiled-coil 

domain of Vps23 has a high probability of forming a trimer. Several signature heptad 

repeats were identified in the coiled-coil region of Vps23 and hydrophobic to 

hydrophilic mutations were introduced at positions a and d of the (abcdefg) heptad-

repeat to disrupt coiled-coil interactions. In addition to the point mutants, two coiled-

coil domain deletion mutants were also generated to test the functional role of this 

region in Vps23/ESCRT-I oligomer formation (Figure 3-7A). Gel filtration analysis of 

the coiled-coil domain mutants Vps23(M283D/L286D) (Figure 3-7B), Vps23(Δ206-

256), and Vps23(Δ257-299) (data not shown) displayed the formation of a ~250 kDa 

complex, consistent with the ESCRT-I-II heterodimer observed in mvb12Δ cells, 

demonstrating the importance of the coiled-coil region in maintaining the integrity of 

the ESCRT-I oligomer. Similar to the mvb12Δ strain, all of the Vps23 coiled-coil 

mutants displayed defects in MVB sorting with GFP-CPS missorted and colocalized 

with FM4-64 at the limiting membrane of the vacuole (Figure 3-7C). We also tested if 

the coiled-coil domain of Vps23 corresponds to the Mvb12 binding site by co-

immunoprecipitation experiments. Both deletions and point mutations in the coiled-

coil domain of Vps23 abolished interactions with Mvb12 (Figure 3-8A), suggesting 

that Mvb12 binds to the coiled-coil region. We further tested if this interaction 

between Mvb12 and Vps23 is direct by in vitro pull down assays. Mvb12 binds to His-

tagged Vps23 but not to His-tagged Vps23(Δ206-299) missing the coiled-coil domain, 

indicating Mvb12 binds to the coiled-coil domain of Vps23 (Figure 3-8B). These data 
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suggest that the ESCRT-I oligomer is formed by the coiled-coil domains of Vps23 

molecules and is stabilized by Mvb12.  

If Mvb12 is a negative regulator of the interaction between ESCRT-I and 

ESCRT-II in the cytosol, one would expect that the membrane association of ESCRT-I 

would be accompanied by the dissociation of Mvb12, allowing ESCRT-I to recruit 

ESCRT-II.  Consistent with this, subcellular fractionation experiments show that 

Vps23 and Mvb12 exhibit different levels of membrane association (Figure 3-9). 

Although a small pool of Mvb12 can be detected on the endosomal membrane, 

consistent with the partial Mvb12-GFP localization to endosomes, Vps23 has a larger 

membrane-associated pool (~25% of total protein) than Mvb12 (~8%), and the 

difference in membrane association is enhanced in vps4Δ cells (~73% for Vps23 

versus ~10% for Mvb12). The significant difference in the membrane association of 

Vps23 versus Mvb12 argues that the majority of ESCRT-I on the endosome is not 

bound to Mvb12. Based on our data, we propose the following working model for the 

function of Mvb12 (Figure 3-10).  In the cytosol, Mvb12 associates with and stabilizes 

ESCRT-I in an oligomeric and inactive state.  ESCRT-I is recruited to the endosomal 

membrane by Vps27 and ubiquitinated cargo, and a conformational switch in ESCRT-

I results in the dissociation of Mvb12 as well as the disassembly of the ESCRT-I 

oligomer into monomers.  Consequently, ESCRT-I can then interact with and recruit 

ESCRT-II to the endosome.  Loss of Mvb12 results in the premature assembly of 

ESCRT-I and –II in the cytosol and leads to inefficient sorting of cargo into the MVB 

pathway.
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Figure 3-7:  The coiled-coil domain of Vps23 mediates oligomerization of 
ESCRT-I. 
(A) Domain structure of Vps23 and coiled-coil domain mutants used in this study. (B) 
Mutations in the coiled-coil domain disrupt ESCRT-I complex assembly in vivo as 
determined by Gel filtration analysis. Cell extracts were isolated from WT (SEY6210) 
and vps23Δ strain expressing Vps23M283D/L286D and Vps37-HA. Column fractions were 
analyzed by western blotting using antibodies specific for Vps23 or HA. Both 
Vps23M283D,L286D and Vps37 were detected in a ~250 kDa subcomplex in the 
cytoplasm of vps23Δ strain similar to that of mvb12Δ strain. (C) Coiled-coil domain 
mutants displayed MVB sorting defect. MVB cargo is visualized using a GFP-CPS 
fusion, and the limiting membrane of the vacuole is visualised with FM4-64. Shown 
are Normarski optics (bottom panels) and fluorescence localization of GFP-CPS (top 
panels) and FM4-64 (middle panels) in vps23Δ strain expressing either WT Vps23, 
Vps23M283D,L286D, Vps23Δ257-299, or Vps23Δ206-256.  
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Figure  3-8:  Mvb12 interacts with the coiled-coil domain of Vps23. 
 
(A) Cell extract from strains co-expressing Mvb12-Flag and either wild-type Vps23 or 
Vps23 with coiled-coil mutations were immunoprecipitated using antibody specific for 
Flag. Immunoprecipitates were analyzed by Western blot using antibodies against 
Vps23 or Flag. Mvb12 fails to interact with Vps23 coiled-coil deletion and point 
mutants. (B) Direct Mvb12 and Vps23 interaction as determined by in vitro pull down 
assay. Mvb12-Flag protein were incubated with equal amount of  E. coli expressed 
Vps23- His6 and Vps23(Δ206-299)- His6 proteins pre-conjugated with Ni2+ NTA 
beads. Bound proteins were eluted and analyzed by Western blot using antibodies 
against Flag. Mvb12 fails to interact with Vps23 coiled-coil deletion mutant.   
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Figure 3-9:  Subcellular fractionation suggests that the majority of Mvb12 is 
bound to the soluble pool of ESCRT-I. 
 
Subcellular fractionation of yeast strain expressing Vps23-Flag and Mvb12-Flag. Cells 
were spheroplasted and lysed, and the resulting extracts were separated by 
centrifugation at 13,000 x g into soluble fraction and membrane-bound pellet fraction 
(includes endosomal membrane). The samples were analyzed for the presence of 
Vps23-Flag and Mvb12-Flag by Western blotting using antibody specific for the Flag 
tag. Quantification of the resulting blot was performed by the NIH ImageJ program. 
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Figure 3-10:  Working model for the function of Mvb12. 
 
In the cytosol, Mvb12 associates with and stabilizes ESCRT-I in an oligomeric, 
inactive state so that ESCRT-I cannot interact with ESCRT-II. Once recruited to the 
endosome, ESCRT-I assembles with ESCRT-II, leading to the activation of the 
downstream ESCRT machinery and cargo sorting into the MVB pathway. In the 
absence of Mvb12, the assembly of ESCRT-I and -II occurs prematurely in the 
cytosol, resulting in a defect in MVB sorting. 
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MATERIALS AND METHODS 

Plasmid construction and yeast strains 

DNA encoding a HA, Myc and Flag epitope were introduced just before the 

stop codon in the chromosomal copy of MVB12, VPS23, and VPS37 respectively. 

MVB12–Flag, MVB12-GFP, VPS23, VPS23–Flag and VPS37-HA sequences were 

then amplified from genomic DNA. The SpeI/SacI-digested PCR products of MVB12-

Flag and MVB12-GFP were ligated with SpeI/SacI-digested pRS414 and pRS415 to 

generate pTC74 and pTC75. The SmaI/XhoI-digested PCR products of MVB12-Flag 

were ligated with SmaI/XhoI-digested pGEX4T-1 to generate pTC76 E. coli 

expression vector. The NheI/XhoI-digested PCR products of Vps23 were ligated with 

NheI/XhoI-digested pET23b to generate pSJ033 E. coli expression vector. The 

SpeI/SacI-digested PCR products of VPS23, VPS23–Flag and VPS37-HA were ligated 

with SpeI/SacI-digested pRS416 to generate pSJ102, pSJ106 and pSJ111 respectively. 

Vps23 coiled-coil point mutations were introduced into pSJ102 by Quickchange 

mutagenesis (Stratagene) to generate pSJ140(Vps23M283D,L286D). Vps23 coiled-coil 

deletion mutants were constructed by inverse PCR and blunt-end ligation using 

pSJ102 as the template to generate pSJ135(Vps23Δ257-299), pSJ137(Vps23Δ206-256); 

using pSJ033 as the template to generate pSJ143(Vps23Δ206-299) E. coli expression 

plasmid. pGO45 (green fluorescent protein (GFP)–carboxypeptidase S (CPS) (GFP–

CPS)), dsRed-FYVEEEA1, Ste2-GFP have been described (Odorizzi et al., 1998; 

Katzmann et al., 2003). The following yeast strains were constructed for this study: 

TCY246 (SEY6210.1; mvb12Δ::HIS3); TCY257 (SEY6210.1; MVB12-Flag, HIS5 ); 

TCY274 (SEY6210.1; mvb12Δ::HIS3, VPS23-Myc, HIS5); SJY027 (SEY6210.1; 
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VPS23-Myc, HIS5); SJY030 (SEY6210.1; mvb12Δ::HIS3, vps36Δ::HIS3). The 

following yeast strains were previously described (Odorizzi et al., 2001) SEY6210 

(MATα leu2-3, 112 ura3-52 his3-Δ200 trp1-Δ901lys2-801 suc2-Δ9); EEY6-2 

(SEY6210; vps23::HIS3); MBY30 (SEY6210; vps36Δ::HIS3); MBY3 (SEY6210; 

vps4::TRP1); MBY24 (SEY6210.1; snf7::HIS3).  

Microscopy 

Living cells expressing the GFP–CPS, Ste2-GFP, Mvb21-GFP chimaera were 

harvested at an A600 of 0.4–0.6, some labelled with FM4-64 for vacuolar membrane 

staining and resuspended in medium for visualisation. Visualisation of cells was 

performed on a fluorescence microscope (Axiovert S1002TV; Carl Zeiss 

MicroImaging, Inc.) equipped with fluorescein isothiocyanate (FITC) and rhodamine 

filters, captured with a digital camera (Photometrix) and deconvolved using Delta 

Vision software (Applied Precision Inc.). Results presented were based on 

observations of >120 cells. 

Gel filtration analysis 

For gel filtration analysis, yeast cells were spheroplasted and lysed in PBS 

containing 0.1 mM AEBSF, 1 µg ml−1 pepstatin A, 1 µg ml−1 leupeptin, 1 mM 

benzamide and protease inhibitor cocktail (Complete; Roche Molecular 

Biochemicals). The lysate was precleared for 5 min at 300g followed by a 100,000g 

centrifugation. The following lysate was loaded onto a Sephacryl S300 column (16/60; 

Amersham Life Sciences) and separated with PBS. Fractions were analyzed with 

western blotting using anti-HA, anti-Flag monoclonal antibodies and anti-Vps23 

polycolonal antibody. 
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BN-PAGE  

Soluble extracts were prepared from a yeast strain expressing Myc-tagged 

Vps23. Approximately 90µl of the yeast extract or purified E. coli ESCRT-I  was 

mixed with 10µl of 10X sample buffer (5% Coomassie Brilliant Blue G-250, 100mM 

Bis-Tris (pH 7.0), 500mM (ε-aminohexanoic acid) and 10% glycerol). In the samples 

where cross-linking was performed, purified E. coli ESCRT-I was incubated with 

1mM bis(sulfosuccinimidyl)suberate (BS3) at room temperature for 30 minutes. The 

samples were then analyzed using a 4-15% gradient gel using the same technique as 

described (Frazier et al., 2003).  

Immunoprecipitations  

Immunoprecipitations under native conditions were carried out essentially as 

described (Katzmann et al., 2001) except that no detergents were used. 

Pull Down Assay 

Equal amount of  E. coli expressed Vps23- His6 and Vps23(Δ206-299)- His6 

proteins were incubated with Ni-NTA beads for 1 hour in Ni-NTA Bind Buffer 

(Novagen), then incubated with equal amount of E. coli expressed Mvb12-Flag 

proteins for 4 more hours at room temperature. The beads were washed three times 

with 1ml Ni-NTA Bind Buffer to remove unbound material. Bound proteins were 

eluted by incubating with 1ml 0.5M acetic acid for 30 minutes. Proteins conjugated to 

the beads were eluted with 1ml elution buffer for 30 minutes. 10% TCA was added to 

all samples to precipitate proteins.  Acetone washed protein samples were boiled in 

sample buffer and analyzed by 10% polyacrylamide gel electrophoresis and western 

blotting using anti-Flag monoclonal antibodies and anti-Vps23 polycolonal antibody. 
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Rsp5 and Cargo Ubiquination in the Endocytic Pathway 

MVB sorting occurs at an endosomal compartment where a subset of proteins in 

the limiting membrane are recognized and actively sorted into vesicles that bud into 

the lumen of the organelle (Piper and Luzio, 2001; Katzmann et al., 2002).  Entry of 

cargo into the MVB pathway is a highly regulated event, requiring both cis and trans-

acting factors.  Ubiquitination of endosomal membrane proteins serves as a positive 

sorting signal for inclusion in the intralumenal MVB vesicle (Katzmann et al., 2001a; 

Reggiori and Pelham, 2001; Urbanowski and Piper, 2001).  At the endosomal 

compartment, a subset of the more than 15 class E Vps proteins function in the 

recognition of the ubiquitin signal on MVB cargoes (Katzmann et al., 2002).  Several 

of these class E Vps proteins assemble into the ESCRT complexes (Endosomal 

Sorting Complex Required for Transport I, II and III), the sequential activities of all of 

which are required for the completion of the MVB sorting process (Katzmann et al., 

2001a; Babst et al., 2002a; Babst et al., 2002b). Therefore, an obvious mechanism by 

which to control entry into the MVB pathway is at the level of ubiquitination.  

Understanding the machinery responsible for the ubiquitination of MVB cargoes is of 

critical importance for understanding how the MVB pathway is regulated and how 

MVB cargo selection is determined.   

 The class E vps mutants appear to display a complete lack of function of the 

MVB sorting pathway, as all cargoes fail to be properly sorted into the lumen of the 

vacuole (Odorizzi et al., 1998; Reggiori and Pelham, 2001).  While our previous work 

has begun to dissect the functions of the class E Vps proteins, it appears that deletion 

of any of the class E VPS genes results in a dramatic shutdown of the pathway.  
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However, cargo ubiquitination is not blocked in class E vps mutants.  As previously 

mentioned, the class E Vps proteins function as components of the ESCRT complexes.  

However, none of the class E VPS genes have been found to be essential for yeast 

growth under normal laboratory conditions.  For this reason, the identification of 

mutants with defects in essential genes that might also function in the MVB sorting 

pathway was of particular interest.  We identified a mutant that displays a missorting 

phenotype for the ubiquitin-dependent biosynthetic MVB cargo pCPS.  This mutant is 

temperature sensitive for growth, yet displays an MVB sorting defect at the permissive 

growth temperature.  Characterization of this mutant revealed that it appears to be 

selectively defective for ubiquitin addition to the biosynthetic cargo pCPS at 

permissive temperature, as the endocytic cargo Ste2 is still ubiquitinated in response to 

alpha factor treatment.  Complementation revealed that this mutant corresponds to a 

new allele of RSP5, rsp5-326.  RSP5 encodes a HECT-domain containing ligase that 

has previously been shown to play a role in the ubiquitination of a number of cell 

surface proteins that are degraded subsequent to their entry into the MVB pathway 

(Rotin et al., 2000).  Unlike the class E vps mutants, which accumulate an aberrant 

endosomal compartment, the rsp5-326 mutant did not display the “class E 

compartment”.   

Rsp5 has been demonstrated to function as an ubiquitin ligase at multiple 

locations within the cell, including the plasma membrane, ER, Golgi, endosome and 

mitochondria (Fisk and Yaffe, 1999; Hoppe et al., 2000; Gajewska et al., 2001; 

Helliwell et al., 2001; Wang et al., 2001).  Therefore, Rsp5 must be selectively 

recruited to/activated at diverse membrane compartments within the cell.  This 
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recruitment/activation of Rsp5 is likely to be highly regulated and dependent on both 

protein-protein and protein-lipid interactions.  Indeed, Rsp5 contains motifs 

responsible for driving interactions with both proteins and lipids (Wang et al., 1999).  

In addition to the C-terminal HECT domain, the N-terminal portion of Rsp5 contains a 

C2 domain that binds charged lipids (Hofmann and Bucher, 1995) and three WW 

protein-interaction domains capable of binding proline-rich sequences (Wang et al., 

1999). 

The C2 domain has previously been implicated in binding negatively charged 

lipids (Rizo and Sudhof, 1998).  One previous report indicated that deletion of the C2 

domain of Rsp5 causes a redistribution of the protein to the cytoplasm (Wang et al., 

2001) and this would suggest that the C2 domain plays a relatively non-specific role in 

recruitment of Rsp5 onto membranes.  However, C2 mutants are not defective for the 

internalization of the ubiquitin-dependent endocytic cargo Ste2, indicating that 

recruitment to membranes may not be completely defective (Dunn and Hicke, 2001).  

Similarly, C2 mutants are not defective in their ability to ubiquitinate Fur4 and Gap1 

at the cell surface, yet the turnover of these cell surface proteins is delayed (Springael 

et al., 1999; Wang et al., 2001).  These reports suggest a role for the C2 domain in the 

recruitment of Rsp5 to intracellular membranes.  Consistent with these reports, we 

have shown that the C2 domain of Rsp5 is required for the efficient ubiquitination and 

sorting of pCPS into the MVB pathway.  However, the ubiquitination and sorting of 

pCPS is not completely blocked by a C2 domain deletion, suggesting that the C2 

domain plays a limited role in the recruitment of Rsp5 to endosomes and/or the 
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stabilization of the Rsp5 protein on membranes, where it would act to ubiquitinate 

MVB cargoes such as pCPS.  

Unlike the C2 domain, the WW domains on Rsp5 have been shown to mediate 

protein-protein interactions and have been shown to preferentially bind to proline-rich 

motifs (Chen et al., 1997).  Nedd4, one potential mammalian homolog of Rsp5, plays 

a critical role in regulating the subcellular localization of epithelial sodium channel 

(ENaC) (Staub et al., 2000).  Subcellular localization of ENaC regulates its ability to 

control sodium homeostasis and Nedd4 targets the channel for internalization 

(Kamynina et al., 2001).  The interaction between Nedd4 and ENaC depends upon one 

of the WW domains within Nedd4, and ENaC mutants that cannot interact with Nedd4 

lead to an inherited form of hypertension (Liddle’s syndrome) (Gormley et al., 2003).  

Rsp5 has three WW domains that appear to perform non-redundant functions, 

suggesting distinct interactions (Hein et al., 1995; Chang et al., 2000; Gajewska et al., 

2001).  In the case of Ste2 internalization, mutation of any of the WW domains causes 

a decrease in alpha-factor internalization, with the most severe defect seen in the triple 

mutant (Dunn and Hicke, 2001).  In the case of a ww2 mutant, Rsp5 localization is not 

perturbed, nor is fluid phase uptake, but Fur4 internalization from the plasma 

membrane is delayed (Gajewska et al., 2001).  Likewise, we found that both the WW2 

and WW3 domains of Rsp5 are required for the ubiquitination and sorting of pCPS 

into the MVB pathway, suggesting a conserved role for these domains in the 

ubiquitination of MVB cargoes.  Therefore, it would appear that the WW domains 

play a role in cargo selection and localization of both the Nedd4 and Rsp5 ubiquitin 

ligases.  However, given that the cytoplasmic tail of pCPS contains no proline-rich 
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elements, it seems unlikely that the WW domains of Rsp5 function in the direct 

recognition of this MVB cargo.  Rather, the WW domains may bind other membrane-

associated proteins that help target Rsp5 to the appropriate membrane.  The class E 

Vps proteins are obvious candidates for this role, however class E vps mutants do not 

block ubiquitination of pCPS (e.g. vps27, vps23, vps4) (Katzmann et al., 2001a; Shih 

et al., 2002), indicating that the class E Vps proteins are not essential for Rsp5 

localization.  This is consistent with the assignment of Rsp5 function upstream of 

MVB sorting.  

The HECT domain of Rsp5 catalyzes ubiquitin transfer to its substrates 

(Huibregtse et al., 1995).  This domain is also thought to play a role in substrate 

recognition.  The HECT domain can be divided into two sections, the C-terminal 

region that interacts with E2s and provides the enzymatic activity responsible for 

transfer of ubiquitin to substrate (Nuber et al., 1996), and the amino terminal portion 

that provides substrate specificity (Huibregtse et al., 1993; Huang et al., 1999).  Two 

alleles of RSP5, rsp5-326 and smm1, both of which map to the HECT domain, 

displayed a specific sorting defect for the ubiquitin-dependent biosynthetic MVB 

cargo pCPS, without an obvious defect in the general function of the MVB pathway.  

Conversely, another HECT domain mutant, rsp5-1, which has previously been shown 

to display a defect in ubiquitination/internalization of Ste2 (Dunn and Hicke, 2001), 

displays no defect in pCPS ubiquitination.  The selective sorting defect observed in 

these rsp5 alleles is consistent with a role for the HECT domain in target protein 

recognition (e.g. pCPS). 
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Previous work also implicated Tul1 as the E3 responsible for ubiquitination of 

biosynthetic MVB cargoes (Reggiori and Pelham, 2002).  However, the assignment of 

E3 function to Tul1 was based on sequence homology to known RING domain-

containing ligases, and a formal demonstration of this activity is lacking.  

Furthermore, deletion of TUL1 resulted in only a partial defect in ubiquitination of 

biosynthetic MVB cargo.  We have further tested the role of Tul1 in the ubiquitination 

of pCPS and were unable to detect any defect in either MVB sorting of GFP-CPS or 

the ubiquitination of pCPS.  It may be that the growth conditions used in the previous 

study partially inhibited ubiquitination and sorting of biosynthetic MVB cargoes.  

Taken together with the dramatic MVB sorting defect and defect in pCPS 

ubiquitination reported here, we believe Rsp5 represents the predominant ubiquitin 

ligase functioning in the MVB sorting pathway.  Prior reports of the involvement of 

Rsp5 in diverting newly synthesized Tat2 and Gap1 from the Golgi to vacuole, via the 

MVB pathway, supports this idea (Beck et al., 1999; Helliwell et al., 2001; Soetens et 

al., 2001; Umebayashi and Nakano, 2003). 

We analyzed the subcellular localization of Rsp5 as a GFP-tagged functional 

chimera.  This analysis revealed that Rsp5 localized to a variety of subcellular puncta, 

as well as the plasma membrane.  The identity of these intracellular puncta was 

addressed by colocalization with known marker proteins, revealing both Golgi and 

endosome-associated pools of Rsp5.  Localization of the mutant form of Rsp5 (Rsp5-

326) failed to reveal an obvious change in the distribution of Rsp5 (our unpublished 

results).  Present data are therefore most consistent with the Rsp5-326 mutant having a 

defect not in its subcellular localization, but rather in the selective 
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recognition/modification of specific MVB cargo (pCPS).  A possible role for adaptors 

and Ubc proteins in this specificity cannot be ruled out.  Indeed, Rsp5 has been shown 

to interact with a number of adapter proteins (e.g. Bul1 and Bul2) (Yashiroda et al., 

1996). 

Besides localizing to the appropriate membrane compartment, Rsp5 must 

selectively recognize appropriate target proteins for ubiquitination.  This is clearly 

demonstrated at the endosome where the MVB cargoes such as pCPS are efficiently 

ubiquitinated, whereas others, such as the transmembrane protein DPAP B, which 

contains multiple lysines in its cytoplasmic tail, fail to receive this modification (and 

do not become MVB cargoes) (Katzmann et al., 2001a).  It would, therefore, appear 

that the activity of Rsp5 is dictated only in part by its subcellular localization.  It may 

also be that there is some conserved motif within Rsp5 substrates (e.g. phosphorylated 

peptide motif) that is directly recognized by Rsp5. 

It is likely there exist one or more unknown proteins that serve as adaptors that 

localize Rsp5 to the appropriate membrane and target Rsp5 to the appropriate cargo 

proteins for their ubiquitination and sorting into the MVB pathway (Figure 4-1). In 

support of the adaptor hypothesis, we have identified the ART family of proteins 

which function as adaptors at the plasma membrane that recruit Rsp5 to plasma 

membrane proteins such as Can1.  These ART proteins have partial sequence 

similarity to β-arrestins and likely interact with phosphorylated plasma membrane 

proteins through their arrestin-like domains.  Interestingly, the yeast ART proteins 

contain PY motifs which are absent in mammalian arrestins, and these PY motifs 

mediate the interaction with the WW domains of Rsp5.  Further characterization of the  
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Figure 4-1:  Adaptor model for the recruitment and targeting of Rsp5 to its MVB 
cargo substrates. 
 
There exist adaptor proteins that recruit Rsp5 to dinstinct membrane compartments 
and target Rsp5 to its MVB cargo substrates.  The recruitment likely occurs via the 
interaction of the WW domains with the proline-rich motifs of the adaptor proteins. 
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ART proteins will provide more insight into the regulation of the ubiquitination and 

endocytosis of cargo proteins at the plasma membrane which is important for quality 

control and degradation of damaged proteins.  It’s likely that adaptor proteins exist on 

the Golgi and endosomes that target Rsp5 to biosynthetic MVB cargoes for their 

ubiquitination and sorting into the MVB pathway. 

Using the His3-CPS genetic selection, we have screened a relatively large 

number of mutants for temperature sensitivity in order to isolate genes.  However, we 

have not screened a large number of mutants that are not temperature sensitive 

because of the fact that we do not have a high throughput method for screening for 

GFP-CPS missorting mutants.  Another problem is that most of the known ESCRT 

mutants fall in this group and will likely be predominant in such a screen.  One could 

potentially modify the His3-CPS selection or to add secondary phenotypic screenings 

to screen for non-ESCRT mutants.  One possibility is one could take advantage of the 

fact that ESCRT mutnats are vps mutants which secrete CPY (Bankaitis et al., 1986).  

Using CPY-invertase fusion assays, one could screen out ESCRT mutants in a 

relatively high throughput manner and look for mutants that do not secrete the CPY-

invertase.  These mutants might represent interesting new regulators of the MVB 

sorting pathway.  It is reasonable to believe that extending and modifying this genetic 

approach will help identify other gene products that play a role in MVB sorting, as 

well as additional genes that regulate Rsp5 localization and cargo recognition. 
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Mvb12 and the Regulation of the ESCRT Complexes 

The ESCRT complexes appear to function in a sequential manner at the 

surface of the endosome during the formation of MVB vesicles and the sorting of 

cargo into these vesicles. Assembly of the ESCRT machinery on the endosomal 

membrane is regulated by both ubiquitin and lipid (PtdIns3P) signals and requires the 

coordinated recruitment of all ESCRT complexes and associated proteins (Katzmann 

et al., 2002; Hicke and Dunn, 2003; Raiborg et al., 2003). Interactions among the 

yeast ESCRT complexes and their mammalian homologues have been extensively 

investigated by yeast two-hybrid analysis (Martin-Serrano et al., 2003; von Schwedler 

et al., 2003; Bowers et al., 2004). ESCRT-I has been shown to interact with the Vps27 

via interactions between the UEV domain of Vps23 and the PTVP motif in Vps27 

(Bilodeau et al., 2003; Katzmann et al., 2003).  Two-hybrid studies have indicated that 

ESCRT-I interacts with both ESCRT-II and ESCRT-III components (Bowers et al., 

2004). The interaction between ESCRT-I and -II has been characterized biochemically 

and mapped to Vps28 (ESCRT-I) and Vps36 (ESCRT-II) (Kostelansky et al., 2006; 

Teo et al., 2006). Here, we identify Mvb12 as a new component of ESCRT-I that 

interacts with the coiled-coil domain of Vps23 and stabilizes ESCRT-I as an inactive, 

soluble oligomer. In doing so, Mvb12 negatively regulates the interaction between 

ESCRT-I and -II. This ensures the ordered recruitment of ESCRT-I and -II and 

spatially restricts ESCRT-I-II assembly to the surface of the endosome. Premature 

assembly of the ESCRT-I-II complex in the cytosol of mvb12Δ cells likely interferes 

with the normal sequence of ESCRT-mediated cargo sorting events on the endosome, 

resulting in a defect in MVB sorting. 
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Both the yeast and mammalian ESCRT-I complexes have an apparent 

molecular weight of  ~350 kDa by gel filtration (Babst et al., 2000; Katzmann et al., 

2001b). The structure of the ESCRT-I core complex has been determined, consisting 

of Vps23, Vps28, and Vps37 in a 1:1:1 stoichiometry (Kostelansky et al., 2006; Teo et 

al., 2006). In these studies, a truncated form of E. coli expressed ESCRT-I was used 

and determined to be ~85 kDa by analytical ultracentrifugation, consistent with the 

monomeric form of ESCRT-I (Kostelansky et al., 2006; Teo et al., 2006). The 

difference between the size of E.coli expressed ESCRT-I and yeast native ESCRT-I 

suggests that the native ESCRT-I complex is an oligomer of the ESCRT-I core 

complex. Indeed, the ability of E. coli ESCRT-I to assemble into a clearly 

distinguishable dimeric and trimeric form when treated with a chemical crosslinker 

(Figure 3-5B) strongly suggests that ESCRT-I monomers have a propensity to 

associate with each other and assemble into an oligomer. What , then, is the 

oligomeric status of the ESCRT-I complex in yeast? Is it a dimer, trimer or a higher-

ordered oligomer? The results of a variety of approaches including gel filtration, BN-

PAGE, and co-immunoprecipitation experiments presented in this study strongly 

argue that the ~350 kDa species observed in yeast is an oligomer that likely contains 

three copies of the ESCRT-I core complex.  

The oligomer model for the yeast native ESCRT-I complex proposed by gel 

filtration chromatography and BN-PAGE is also strongly supported by the analysis of 

the coiled-coil domain of Vps23 using the MultiCoil prediction program (Wolf et al., 

1997). Coiled-coil domains are known to mediate protein oligomerization in a number 

of cases including transcription factors and viral proteins. To predict the oligomeric 
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state of Vps23/ESCRT-I, we used the MultiCoil prediction program to analyze the 

Vps23 sequence. The predicted dimeric or trimeric state of this domain was calculated 

and the probability of each residue in a dimeric (blue) or trimeric (red) coiled-coil was 

plotted against residue number (data not shown). The program predicted a coiled-coil 

region from residue 212 to 304. This region has a higher probability of forming a 

trimeric coiled-coil than a dimeric coiled-coil. As a control, we used this program to 

analyze gp41p of HIV, the trimeric structure of which has been determined by NMR 

and X-ray crystallography. The Multicoil program also predicts a higher probability of 

trimer formation for the coiled-coil region of gp41p (data not shown). Typically, 

trimers are not packed as tightly as dimers, rendering them less stable and better suited 

for regulation. Thus, an ESCRT-I trimer would be more suitable for assembly-

disassembly regulation. Mutations of key residues within the coiled-coil domain of 

Vps23 as predicted by the MultiCoil program recapitulated the phenotype of the 

mvb12Δ strain (Figure 3-7). The ESCRT-I oligomer is destabilized by either Mvb12 

deletion or Vps23 coiled-coil domain mutations. Taken together, our analysis of the 

coiled-coil domain of Vps23 indicate that the coiled-coil domain of Vps23 is required 

for the oligomerization of the ESCRT-I complex.  

Although the oligomeric status of the yeast ESCRT-I complex has been 

established, it is not clear what role Mvb12 plays in the oligomerization process. 

While it is difficult to address this question, there are some interesting clues in the data 

presented here. Our data indicate that Mvb12 (Figure 3-5A) and the coiled-coil 

domain of Vps23 (Figure 3-7B) both appear to be essential in mediating the formation 

of the ~350 kDa oligomer and that Mvb12 interacts with the Vps23 coiled-coil domain 
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(Figure 3-8). However, the fact that we cannot detect the oligomeric form of ESCRT-I 

in the coiled-coil mutants of Vps23 suggests that the coiled-coil domains are critical in 

bringing the monomers together (possibly via hydrophobic interactions), at which 

point Mvb12 probably functions as a molecular adaptor that tethers three ESCRT-I 

core complexes together in a stable oligomer. Mvb12 therefore appears to play a 

structural role in stabilizing the ESCRT-I oligomer as well as a regulatory role in 

preventing ESCRT-I from interacting with ESCRT-II in the cytosol. Consistent with 

the role of Mvb12 as a regulator of ESCRT-I function, loss of Mvb12 does not result 

in an absolute block in MVB sorting as is seen in mutants lacking the core components 

of ESCRT-I.  

The results of previous genetic and biochemical studies have suggested a 

model for the sequential assembly of the ESCRT complexes on the endosomal 

membrane. In this model, membrane-bound ESCRT-I recruits ESCRT-II, which 

recruits and activates downstream ESCRT machinery, resulting in cargo sorting into 

MVB vesicles. If Mvb12 is a negative regulator of the interaction between ESCRT-I 

and ESCRT-II, one would expect that the membrane association of ESCRT-I would be 

accompanied by the dissociation of Mvb12, allowing ESCRT-I to recruit ESCRT-II.  

Our subcellular fractionation experiments (Figure 3-9) suggest that the majority of 

Mvb12 is associated with the soluble pool of ESCRT-I as opposed to the membrane-

associated pool.  Thus, the function of Mvb12 as a tether for the ESCRT-I oligomer 

appears to be restricted to the cytosol. It is generally difficult to predict the 

stoichiometry of individual constituents in a native, higher-ordered oligomer. 

However, in vitro analyses of the interaction between E. coli expressed ESCRT-I and 
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Mvb12 suggest that Mvb12 exists in a 1:1 stoichiometry with other ESCRT-I subunits 

(Roger Williams, personal communications). 

Based on our data, we propose the following working model for the function of 

Mvb12 (Figure 4-2). In the cytosol, Mvb12 associates with and stabilizes ESCRT-I in 

an oligomeric and inactive state. ESCRT-I is recruited to the endosomal membrane by 

Vps27 via the interaction of the UEV domain of Vps23 with the PTVP motif of Vps27 

and with ubiquitinated cargo. A conformational switch in ESCRT-I results in the 

dissociation of Mvb12 as well as the disassembly of the ESCRT-I oligomer into 

monomers.  Consequently, the ESCRT-II binding site within ESCRT-I (Vps28 C-

terminal domain) is exposed, allowing ESCRT-I to recruit ESCRT-II to the endosome. 

This leads to the activation of ESCRT-II and the recruitment of downstream ESCRT 

machinery (ESCRT-III and Vps4), culminating in the formation of MVB vesicles and 

the sorting of cargo into these vesicles.  

Recently, Jim Hurley’s group has determined the crystal structure of the  

complete recombinant heterotetrameric ESCRT-I complex, which consists of a 

globular ‘headpiece’ attached to a 13 nm rigid stalk and has a 1:1:1:1 subunit 

stoichiometry (Kostelansky et al., 2007). Overall structure of the headpiece can be 

best described as three helical hairpins splayed as a fan, with the 60-residue-hairpins 

from each subunit packed against one another mainly through hydrophobic 

interactions. Vps23 forms the middle rib of the fan making direct contact(s) with 

Vps28 and Vps37, while Vps28 and Vps37 do not make direct contact with each 

other. Mvb12 also contributes its N-terminal α1 helix to the headpiece and forms a 

short β sheet with Vps23 at the junction of the headpiece and stalk. The stalk is a 20Å 
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x 130Å cylinder formed by Vps23, Vps37 and Mvb12 but not Vps28. Extended 

helices from Vps23, Vps37 and Mvb12 come together to form a triple coiled coil 

segment of the stalk and hybrid structure over the remaining segment. This molecular 

arrangement seen in the crystal is consistent with in vivo results that Mvb12 makes 

contacts with Vps23 and Vps37, but not Vps28 37, 38. The Vps23 UEV domain and 

Vps28 C-terminal domain at the two ends of the elongated ESCRT-I structure are 

linked to the central core via flexible tethers that provide these domains with 

substantial freedom to diffuse in search of their interaction partners i.e. ubiquitin and 

the NZF domain of Vps36 (ESCRT-II) respectively. Mutations of critical residues that 

form the intersubunit interfaces of the ESCRT-I core disrupt complex formation and 

induce not only a strong cargo-sorting defect, but also a loss of function in viral 

budding (Bouamr et al., 2007; Kostelansky et al., 2007). This near “complete” 

structure comprises a major step in our understanding of MVB biogenesis and 

retroviral budding. The extended structure of ESCRT-I places the rigid stalk of 

ESCRT-I parallel to the endosomal membrane surface thereby making it difficult for 

ESCRT-I to pass ubiquitinated cargoes to ESCRT-II via a direct ‘hand off’. Thus, the 

new structure favors simultaneous binding of ESCRT-I and II to multiple 

ubiquitinated cargo molecules as opposed to the cargo “handoff” model.  

 Our proposed function of Mvb12 is in contrast to the structural data obtained by 

Hurley’s group, which suggests that ESCRT-I is a monomer and that Mvb12 is an 

integral component of the ESCRT-I core whose main function is to stabilize the stalk 

(Kostelansky et al., 2007).  However, our strong in vivo biochemical analyses using 

several different approaches including gel filtration, blue-native PAGE, and co-
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immunoprecipitations strongly support the presence of an oligomeric ESCRT-I 

complex that is stabilized by Mvb12.  Our genetic and biochemical analyses also 

showed that the primary function of Mvb12 is to negatively regulate the assembly of 

ESCRT-I and -II.  However, in vitro, Mvb12 has no effect on the interaction between 

ESCRT-I and -II (Gill et al., 2007).  This discrepancy may be due to an additional 

layer of complexity in yeast cells that cannot be recapitulated using bacterially 

expressed proteins.  One cannot rule out the possibility that additional proteins or post-

translational modifications of ESCRT-I components are required for the Mvb12-

mediated regulation of ESCRT-I-II assembly. 

 An entirely different function for Mvb12 has been proposed by Katzmann and 

colleagues who claim in yeast cells, Mvb12 is involved in cargo selection since 

mvb12Δ cells show stronger missorting phenotypes for some cargoes but weaker 

phenotypes for other cargoes (Oestreich et al., 2007).  However, this proposed 

function is not supported by our in vivo biochemical analyses or Hurley’s new 

ESCRT-I structure.  It’s likely that different cargoes undergo sorting into the MVB 

pathway with different kinetics so certain cargoes may be more sensitive to the loss of 

MVB12 than others.  Another report by Babst and colleagues proposed that Mvb12 

functions in the release of ESCRT-I from the endosome.  Interestingly, they found that 

Mvb12 is an unstable subunit of ESCRT-I that undergoes regulated degradation by the 

proteasome (Curtiss et al., 2007).  This finding is consistent with our subcellular 

fractionation results, which suggest that Mvb12 may be released upon membrane 

recruitment of ESCRT-I. 

 The discrepancies in terms of the role of Mvb12, the organization and subunit 
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stoichiometry of the ESCRT-I complex derived from yeast cells versus bacterially 

expressed and purified recombinant complexes remain to be resolved and require 

detailed characterization of the native ESCRT-I complex. It is possible that regulated 

recruitment and co-assembly of ESCRT complexes on cellular membranes involves 

some combination of changes in lipid binding, protein-protein interactions, protein 

conformations, oligomeric states, and post-translational modifications, further 

necessitating the need to determine how endogenous ESCRT complexes assemble on 

native membranes. Ultimately, it will require detailed biochemical analyses of the 

native ESCRT complexes to add mechanistic details to our understanding of the 

ESCRT machinery. 
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Figure 4-2:  Mvb12 regulates the assembly of ESCRT-I and ESCRT-II. 
 
In the cytosol, Mvb12 associates with and stabilizes ESCRT-I in an oligomeric, 
inactive state so that ESCRT-I cannot interact with ESCRT-II. Once recruited to the 
endosome by Vps27/Hse1, ESCRT-I undergoes a conformational change such that the 
C-terminus of Vps28 can now interact with the NZF-N of ESCRT-II, leading to the 
activation of ESCRT-II and the downstream ESCRT machinery. 
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