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Summary

Protein and lipid transport along the endolysosomal system of eukaryotic cells depends on multiple fusion and fission events. Over the
past few years, the molecular constituents of both fission and fusion machineries have been identified. Here, we focus on the mechanism
of membrane fusion at endosomes, vacuoles and lysosomes, and in particular on the role of the two homologous tethering complexes
called CORVET and HOPS. Both complexes are heterohexamers; they share four subunits, interact with Rab GTPases and soluble NSF
attachment protein receptors (SNARESs) and can tether membranes. Owing to the presence of specific subunits, CORVET is a Rab5
effector complex, whereas HOPS can bind efficiently to late endosomes and lysosomes through Rab7. Based on the recently described
overall structure of the HOPS complex and a number of in vivo and in vitro analyses, important insights into their function have been
obtained. Here, we discuss the general function of both complexes in yeast and in metazoan cells in the context of endosomal biogenesis

and maturation.
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Introduction

Eukaryotic cells rely on a complex interconnected membrane
system to transport cargo proteins such as hormones to the
extracellular space and use similar principles to clear the surface
of certain membrane proteins (Bonifacino and Glick, 2004). The
primary carriers are vesicles that form in a cargo-dependent
manner at a donor membrane and fuse with the acceptor
membrane. Such dynamic fission and fusion processes are a
major challenge for organelle identity and are thus tightly
controlled. Within the endocytic branch of the endomembrane
system, endosomes are the general sorting station, where
endocytic vesicles that carry cell surface receptors fuse
(Huotari and Helenius, 2011) (Fig. 1). At endosomes, decisions
are made regarding whether a receptor is degraded or recycled,
which depends on its interaction with substrates as well as
posttranslational modifications. For degradation, receptors are
marked by ubiquitylation and are sorted into intraluminal vesicles
(ILVs) with the help of the ESCRT machinery, thus converting or
maturing the early endosome into the multivesicular late
endosome or multivesicular body (MVB) (Henne et al., 2011;
Huotari and Helenius, 2011) (Fig. 1). In addition to endocytic
vesicles, Golgi-derived vesicles that carry lysosomal hydrolases
and membrane proteins fuse with endosomes. As several
hydrolases require transmembrane receptors for their targeting
to endosomes and lysosomes, these receptors need to be sorted
back to the Golgi. It can thus be hypothesized that MVBs only
fuse efficiently with lysosomes if, first, recycling of sorting
receptors has been completed and, second, all ubiquitylated
receptors have been cleared off from the endosomal surface by
ESCRTs (Epp et al., 2011; Holthuis and Ungermann, 2013). In
addition to endosomal fusion with lysosomes, at least two other
fusion events take place at the yeast vacuole. Some proteins are

targeted directly from the Golgi to the lysosome and arrive via
the AP-3 pathway on vesicular carriers (Bowers and Stevens,
2005), whereas autophagosomes that are generated mainly during
starvation will deliver organelles and cytosolic compounds to the
lysosome to replenish the cell with biosynthetic precursors (Chen
and Klionsky, 2011; Mizushima et al., 2011) (Fig. 1). Thus, the
biogenesis of endosomes and lysosomes is likely to be tightly
linked to the function of the fusion machinery that operates on
these organelles.

In general, fusion of membranes within the endomembrane
system requires a conserved machinery that consists of Rab
GTPases and their interacting effectors, which mediate the first
contact, as well as membrane-embedded SNARES that are found on
both membranes (Bonifacino and Glick, 2004). Rab proteins can
exist in the inactive GDP- and active GTP-bound form. They are
kept soluble in the cytoplasm by binding to the GDP-dissociation
inhibitor (GDI). Upon recruitment to membranes, Rabs are
converted into the active GTP-bound state by their specific
guanine nucleotide exchange factor (GEF), and this reaction
might also employ a GDI-dissociation factor. Once activated, the
Rab—GTP can bind multiple effectors, which can also interact
simultaneously with organelle-specific phosphoinositides (Barr and
Lambright, 2010; Bos et al., 2007; Hutagalung and Novick, 2011;
Itzen and Goody, 2011). The interaction of GTP-bound Rab proteins
with tethering factors appears to be a key event in endosomal fusion
as it brings membranes into contact (Brocker et al., 2010; Yu and
Hughson, 2010). The contact between membranes is further
enhanced by SNAREs that are present on both membranes (Jahn
and Scheller, 2006; Siidhof and Rothman, 2009). SNARE:s are tail-
anchored membrane proteins with, generally, C-terminal
transmembrane domains. During the final stage of fusion,
SNAREs zip from their N- to C-termini into a tight four-helical
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Fig. 1. Schematic representation of
CORVET and HOPS function within the
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complex and thus mediate the mixing of the lipid bilayers and hence
fusion of the lumina. Once fusion is completed, SNAREs are
unzipped and recycled by the ATPase NSF/Sec18 and its cofactor o~
SNAP/Sec17 (Jahn and Scheller, 2006; Siidhof and Rothman, 2009).

Endosomal biogenesis relies on two Rab proteins — Rab5 and
Rab7, which act in a consecutive manner (Huotari and Helenius,
2011) (Box 1). The endosomal Rab5-like proteins promote the
fusion of endocytic and Golgi-derived vesicles with early

|Key ®)Rab5 @ Rab7 ‘

Box 1. The functions of Rab5 and Rab7 within the
endolysosomal system

Two small Rab GTPases are of key importance for the
endolysosomal system. Rab5 (in yeast, Vps21) functions at the
early endosome, whereas Rab7 (in yeast, Ypt7) is required on late
endosomes and lysosomes. As discussed in the main text, Rab
proteins interact with their effectors when bound to GTP as this
stabilizes the effector-binding site within the Rab (Barr and
Lambright, 2011). On early endosomes, Rab5-GTP interacts
with multiple effectors, including the tethering factor EEA1 and the
phosphoinositide 3-kinase Vps34 (Christoforidis et al., 1999) and
thus generates endosomal domains involved in fusion and
maturation. Early endosomes fuse in a Rab5-dependent manner
to generate larger structures and form intraluminal vesicles with
the help of the ESCRT complexes. These processes lead to a
maturation of the early to the late endosome (Huotari and
Helenius, 2011). The subsequent fusion of the mature late
endosome with the lysosome depends on the homologous Rab7,
which needs to be recruited and activated to its GTP-loaded form.
In parallel, Rab5 is inactivated (Poteryaev et al., 2010; Lachmann
et al., 2012). Once activated, Rab7-GTP interacts with HOPS to
mediate fusion with lysosomes. Although the role of Rab5 and
Rab7 as crucial factors in endolysosomal transport is widely
accepted, the coordination of their transition and their multiple
interactions on endosomes and lysosomes are far from being
understood.

AP-3

pathway g

229

C%f):

endolysosomal pathway. Shown here is
the fate of a receptor-bound ligand that
enters the endocytic pathway and
eventually is degraded in the vacuole
lumen. Endocytic vesicles are tethered to
early endosomes through binding to coiled-
coil tethering protein such as Vacl, EEA1
or rabenosyn5 (Christoforidis et al., 1999;
Nielsen et al., 2000; Peterson et al., 1999;
Tall et al., 1999). CORVET functions in
endosome—endosome fusion by binding to
the small GTPase Rab5. At the late
endosome, Rab5 is replaced by Rab7,
which then interacts with HOPS to promote
fusion. The arrangement of HOPS and
CORVET subunits, based on a recent EM
structure, is shown below (boxed; see
Fig. 2 for details). HOPS is also required
for homotypic vacuole—vacuole (or
lysosome) fusion and for fusion of
autophagosomes with the vacuole. Golgi-
derived AP-3 vesicles (here shown with a
cargo in blue) fuse directly in a HOPS-
dependent manner with the yeast vacuole.

Vacuole or
lysosome

/
D

Autophagosome

endosomes. Tethering of endocytic vesicles utilizes the EEAL
protein or its functional equivalents such as yeast Vacl (Huotari
and Helenius, 2011) (Fig. 1). The Rab5 GEF protein Rabex5
(yeast Vps9) might be present already on endocytic vesicles
before their fusion with endosomes (Carney et al., 2006). In
yeast, Vps21 is the main Rab5 homolog, and it is partially
complemented by its other yeast homologs Ypt52 and Ypt53
(Cabrera et al., 2013; Horazdovsky et al., 1994; Nickerson et al.,
2012; Singer-Kriiger et al., 1994). During endosomal maturation,
Rab5 is consecutively replaced by Rab7 (Poteryaev et al., 2010;
Rink et al., 2005; Vonderheit and Helenius, 2005) (Box 1). In
metazoan cells, this turnover appears to include a displacement of
Rabex5 by Monl (SAND-1) (Poteryaev et al., 2010), which is
part of the Monl-Cczl complex (Kinchen and Ravichandran,
2010; Wang et al., 2002). It is now known that the yeast Mon1—
Cczl complex is the GEF of Rab7-like Ypt7 protein (Nordmann
et al., 2010), which was confirmed recently with the mammalian
complex (Gerondopoulos et al., 2012). On late endosomes,
activated Rab7-GTP can bind the membrane-remodeling
retromer complex and might thus support the recycling of
receptors from late endosomes (Balderhaar et al., 2010; Liu et al.,
2012; Rojas et al., 2008; Seaman et al., 2009). In addition, and
probably later on, Rab7 also promotes fusion with the lysosome,
although the exact order has not been clarified (Balderhaar et al.,
2010; Huotari and Helenius, 2011; Liu et al., 2012). Intriguingly,
Rab5 and Rab7 bind to two hexameric tethering complexes,
the endosomal CORVET (‘class C core vacuole/endosome
tethering’) and the late endosomal/lysosomal HOPS
(‘homotypic fusion and protein sorting’) complex (Abenza
et al., 2010; Abenza et al., 2012; Brocker et al., 2012;
Ostrowicz et al., 2010; Peplowska et al., 2007; Seals et al.,
2000; Wurmser et al., 2000) (Fig. 1; Fig. 2A). Here, we will
review molecular insights into the role of both complexes, which
have been mainly, but not exclusively, characterized in yeast, and
will discuss their function in and regulation of membrane fusion
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at endosomes and lysosomes. Unless mentioned otherwise, we
will focus initially on the function of HOPS and CORVET in
yeast and will later extend our discussion into metazoan cells.

Composition and subunit function of CORVET
and HOPS

Upon classification of yeast mutants, it was apparent that the
deletion of four proteins, Vpsll, Vpsl6, Vpsl8 and Vps33,
resulted in the most severe defect in endosomal biogenesis and
vacuole morphology. Unlike wild-type cells, which have one to
three vacuoles (termed class A), these mutants had highly
fragmented vacuoles, and the proteins were thus coined class C
proteins (Banta et al., 1988; Raymond et al., 1992). It later turned
out that the four proteins function together along the endocytic
pathway also in metazoan cells (Peterson and Emr, 2001;
Richardson et al., 2004; Sriram et al., 2003; Rieder and Emr,
1997; Srivastava et al., 2000), although they are part of two
complexes in yeast — CORVET (Peplowska et al., 2007) and
HOPS (Seals et al., 2000; Wurmser et al., 2000) (Fig. 2A) —
which was nicely confirmed in the fungus Aspergillus nidulans
(Abenza et al., 2010; Abenza et al., 2012). In agreement with a
shared function of the four class C proteins, deletion of the

remaining two subunits of either complex is less dramatic
(Horazdovsky et al., 1996; Markgraf et al., 2009; Nakamura et al.,
1997; Raymond et al., 1992; Raymond et al., 1990; Wada et al.,
1992), suggesting that there is some functional redundancy of
HOPS and CORVET within the endocytic pathway. In addition
to the four shared class C proteins, CORVET contains two Rab5-
binding subunits, Vps3 and Vps8, whereas HOPS has instead the
Rab7-binding subunits Vps39 and Vps41 (also known as Vam6
and Vam2) (Abenza et al., 2010; Abenza et al., 2012; Markgraf
et al., 2009; Peplowska et al., 2007; Price et al., 2000; Seals et al.,
2000; Wurmser et al., 2000). The similarity between HOPS and
CORVET suggests that intermediate complexes also exist, and
indeed a complex of low abundance can be isolated that consists
of the class C subunits, plus HOPS Vps41 and CORVET Vps3
(Ostrowicz et al., 2010; Peplowska et al., 2007) (Fig. 2A).
Structurally, most HOPS and CORVET subunits are likely to
have a very similar secondary structure, with a predicted [-
propeller at their N-terminal part and a possible a-solenoid at the
C-terminal half (Nickerson et al., 2009) (Fig. 2B). Furthermore,
Vps8, Vpsll and Vpsl8, as well as mammalian Vps41, have C-
terminal RING domains (McVey Ward et al., 2001; Rieder and
Emr, 1997). RING domains can function as E3 ubiquitin ligases

Class C core

Vps3 Vps3 Vps39

Vps8 Vps41 Vps41 | Specific subunits
Vps3

CORVET | | Vps41 HOPS
GEsse Tethering complexes
B B-propellor a-solenoid RING
Vps18 1 018

Sec1/Munc18 homolog
Vps33 1 [ ) 1

C AP-3 complex
(Apl5) Membrane

/4 Rab7/Ypt7

SNARE
complex (

SNARE
complex ((

Complex
integrity

Rab7/Ypt7

Rab5/Vps21

Fig. 2. The structure of CORVET and HOPS.

(A) Module-like assembly of CORVET and HOPS, which
consist of four shared class C subunits (Vpsl1, Vpsl6,
Vps18, Vps33) and two Rab-specific subunits. The low-
abundance intermediate complex is also shown (Vps3—
Vps41—class-C). (B) Secondary-structure arrangement of
subunits. A more detailed summary can be found
elsewhere (Nickerson et al., 2009). (C) The three-
dimensional overall structure of HOPS is shown on the
left. The structure was determined by negative-stain
electron microscopy (Brocker et al., 2012). In the middle,
the position and interactions of subunits within HOPS are
illustrated. HOPS has two Rab-binding sites at opposite
ends and binds to SNARESs through the Vps33 subunit
and others. The Vps41 B-propeller domain contains an
ALPS motif that binds membranes and can interact with
the AP-3 subunit AplS (see text for details). The subunit
arrangement in CORVET is shown on the right and is
based on the HOPS structure. The position of the

Rab5/Vps21

HOPS

Model of CORVET

equivalent Rab-binding subunits Vps8 and Vps3 is shown
in pale blue.
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(Budhidarmo et al., 2012), and mammalian Vpsl18 is indeed able
to promote ubiquitylation of the Gga3 adaptor protein that
functions between Golgi and endosome (Yogosawa et al., 2006;
Yogosawa et al., 2005). Furthermore, deletions of the RING
domains of Vpsll, Vpsl8 and Vps8 affect protein sorting to
various degrees, although it is not yet clear whether this is related
to assembly of the complex or additional functions in fusion that
might relate to ubiquitylation (Plemel et al., 2011). The only
subunit with a different structure is the mostly o-helical Vps33,
which belongs to the SNARE-interacting Secl/Muncl8 (SM)
family (Seals et al., 2000; Subramanian et al., 2004) (Fig. 2B).
These proteins were initially thought to function alone, although
several studies showed that Secl-like proteins cooperate and
interact with other fusion factors (Laufman et al., 2009; Peterson
et al., 1999; Tall et al., 1999; Wiederkehr, 2004; Siidhof and
Rothman, 2009). However, Vps33 seems to be the only SM
protein that is an integral part of a large multiprotein complex.

Recent structural data (Brocker et al., 2012) combined with
previous subunit-interaction analyses (Ostrowicz et al., 2010;
Plemel et al., 2011; Pulipparacharuvil et al., 2005; Rieder and
Emr, 1997; Wurmser et al., 2000) now provide a first glimpse
into the organization of HOPS, which is likely to extend to
CORVET (Fig. 2C). As both complexes have Rab-binding and
SNARE-binding subunits, one attractive hypothesis is that HOPS
and CORVET interact with Rab proteins on one membrane and
SNAREs on the opposite membrane (Ostrowicz et al., 2010).
However, tethering of membranes is already observed if HOPS is
added to membranes that just carry GTP-loaded Ypt7 (yeast
Rab7) (Hickey and Wickner, 2010). Recently, the yeast HOPS
structure has been solved by negative-stain electron microscopy
(EM) (Brocker et al., 2012) (Fig. 2C). To assign the approximate
position of the individual subunits, the EM structures of
previously identified subunit dimers (Vpsl1-Vps39 and
Vps16-Vps33) and trimers (Vps11-Vps39-Vps18) were solved
(Ostrowicz et al., 2010; Plemel et al., 2011; Pulipparacharuvil
et al., 2005) and modeled into the overall structure (Brocker et al.,
2012). By combining antibody labeling with EM, the positions of
selected subunits were assigned, thus identifying their relative
position in the complex (Fig. 2C). HOPS is a 30 nm long
seahorse-shaped particle, with a large head, a flexible linker and a
smaller tail. Surprisingly, the Rab7/Ypt7-binding subunits Vps39
and Vps41 are located at opposite ends of HOPS. At the head,
Vps41 is located next to Vpsl6 and the SNARE-binding Vps33
subunit, whereas Vps18 and Vpsl1 connect to the Vps39 subunit
(Brocker et al., 2012) (Fig. 2C, middle). Earlier mapping analysis
had revealed that Vpsll and Vps39 interact through their C-
terminal segments (Ostrowicz et al., 2010; Plemel et al., 2011;
Wurmser et al., 2000), thus suggesting that the N-terminal (-
propeller of Vps39 occupies much of the C-terminal tail.
Furthermore, Ypt7-GTP could be localized to the two opposite
ends of the HOPS complex by EM, thus confirming the yeast
Rab7/Ypt7-binding ability of Vps39 and Vps4l and their
positions within the complex (Brocker et al., 2012).

The overall picture emerging from the HOPS structure now
provides a general outline of its function as a tethering complex,
which probably also extends to CORVET, in which Vps3
replaces Vps39, and Vps8 replaces Vps4l at the opposite end
(Fig. 2C, right), whereas the shared subunits are located at the
center of each complex. It is, however, clear that these four
subunits need to co-assemble with the Rab-specific subunits, as
they cannot be isolated as a tetrameric core complex (Ostrowicz

et al., 2010). Tethering should therefore include Rab-binding at
opposite ends of the complex, and thus opposite membranes. This
probably precedes SNARE binding through the common Vps33
and other subunits. As such, both HOPS and CORVET would be
tethers that preferentially cluster Rab7- and Rab5-decorated
membranes. In the following section, we will discuss this model
in the context of the available literature.

The role of CORVET at the endosome

The yeast class C proteins were initially only implicated in the
HOPS complex (Seals et al., 2000; Wurmser et al., 2000),
although it was known that mutants in Vps8 could suppress
Vps11 mutants (Woolford et al., 1998; Plemel et al., 2011). Vps8
has been isolated from yeast and shown to form a complex with
Vps3 and the four class C proteins (Peplowska et al., 2007). The
identification of the yeast CORVET complex as a heterohexamer
could then explain both the severe phenotype of the class C
mutants and their link to Vps8 and Vps3 (Peplowska et al., 2007).
CORVET is an effector of Rab5S both in yeast and Aspergillus
(Peplowska et al., 2007; Abenza et al., 2010; Balderhaar et al.,
2013). Both Vps8 and Vps3 bind to the yeast Rab5-like Vps21
protein (Horazdovsky et al., 1996; Markgraf et al., 2009; Pawelec
et al., 2010; Plemel et al., 2011), and their deletion results in a
large vacuole in yeast (Banta et al., 1988; Raymond et al., 1992).
Among the gene products that result in a similarly enlarged
vacuole (class D) are also the Rab5-like Vps21, its GEF Vps9, the
early endosomal tethering protein Vacl, the SM-protein Vps45
and the endosomal SNARE Pepl2. Interestingly, all class D
genes encode proteins involved in membrane fusion at
endosomes (Bowers and Stevens, 2005). Recently, it was
shown that the CORVET subunits have a function that is
distinct and possibly downstream from Vps45 and Vacl (Cabrera
et al., 2013), which also binds Vps21-GTP (Peterson et al., 1999;
Tall et al., 1999). The CORVET subunits Vps3 and Vps8 localize
independently of Vacl, Vps45 and Pepl2 but still require
activated Rab5 proteins for their localization and function
(Cabrera et al., 2013). The most plausible interpretation of
these results is that CORVET is a tether for the fusion of
endosomes with each other, so-called homotypic fusion, whereas
Vacl might be required primarily for the fusion of endocytic
vesicles with endosomes, although the possibility of cooperation
occurring between the two tethering machineries cannot be
excluded. In agreement with this, it has been found that purified
CORVET is able to tether efficiently vacuole-associated
endosomes in a Rab5/Vps21-dependent manner both in vitro
and in vivo (Balderhaar et al., 2013). Endosomal fusion and
fission appear to be crucial for the generation of MVBs and
protein sorting as Rab5 mutants are defective in both processes
(Cabrera et al., 2013; Nickerson et al., 2012; Russell et al., 2012).
Indeed, the generation of an average MVB of a radius of 100 nm
that carries up to 50 intraluminal vesicles (Luhtala and Odorizzi,
2004) would require several fusion events to provide sufficient
membrane for the vesicle generation. Consistently, the acute
removal of all Rab5 homologs in mouse liver results in a loss
of Rab7-positive MVBs (Zeigerer et al., 2012). Finally,
overexpression of the Vps8 subunit of CORVET in yeast leads
to an accumulation of MVBs, suggesting a delay in fusion while
maintaining the CORVET-driven tethering function (Markgraf
et al, 2009). Taking these data together, we believe that
CORVET is the general tether that promotes endosomal fusion
by binding Rab5—-GTP (Balderhaar et al., 2013; Cabrera et al.,
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2013) and, consequently, provides the membrane material for
efficient generation of MVBs.

The role of HOPS in endolysosomal biogenesis
and fusion

The existence of the HOPS complex has not only been known for
a longer period of time, but this complex is also by far the better
studied and understood in terms of its function compared with its
‘sibling’” CORVET. HOPS is an effector of yeast Rab7/Ypt7
(Abenza et al., 2012; Brocker et al., 2012; Seals et al., 2000),
which is, as mentioned above, activated by the Rab7 GEF
complex Monl-Cczl (Nordmann et al., 2010). As Monl-Cczl
resides on early and late endosomes, activated Rab7-GTP is
probably targeted to the vacuole or lysosome during the course of
endosomal maturation (Nordmann et al., 2012; Poteryaev et al.,
2010). Indeed, yeast HOPS binds to the GTP-form of the Rab7-
homlog Ypt7 through its Vps4l and Vps39 subunits (Brocker
et al., 2012; Ostrowicz et al., 2010; Plemel et al., 2011; Seals
et al., 2000) and is able to tether membranes through the yeast
Rab7 Ypt7 (Hickey and Wickner, 2010; Zick and Wickner, 2012)

A B

R it t
ecrurtmen -SNAREs Attachment of Vps41

to membranes

v-SNARE

Vacuole or
lysosome

Late endosome

Tethering liberates Vps41

SNARE

. of AP-3 vesicles
chaperoning

Yck3-mediated phosphorylation

;: E AP-3 vesicle

Selective binding and tethering

(Fig. 3A). Of note, some binding of HOPS to Ypt7—GDP has also
been observed, which suggests that HOPS had a weaker
sensitivity for the activated Rab or had a strong preference for
the small pool of Ypt7-GTP that was still present in the binding
assay (Wurmser et al., 2000; Zick and Wickner, 2012).
Furthermore, it was proposed that Vps39 is not only an effector
of Ypt7, but also a Ypt7 GEF (Wurmser et al., 2000), which
could not be confirmed (Nordmann et al., 2010; Peralta et al.,
2010). However, it has been shown both for yeast and for
metazoan cells that the Monl subunit of the Mon1-Ccz1 GEF
complex interacts with HOPS subunits, including Vps39 (Wang
et al., 2003; Nordmann et al., 2010; Poteryaev et al., 2010).

In addition to the initial characterization of HOPS as a Rab7-
effector complex, its ability to restore in vitro vacuole fusion
greatly extended insights into its function (Stroupe et al.,
2006). Wickner and colleagues further established a novel
proteoliposome fusion assay that depends both on isolated
components such as vacuolar SNARESs, their activating Secl7
(2-SNAP) and Secl8 (NSF) proteins, the HOPS complex and
Ypt7 (Stroupe, 2012; Stroupe et al., 2009; Zucchi and Zick,

Fig. 3. The function of HOPS in fusion at the vacuole
or lysosome. (A) HOPS-mediated tethering of late
endosomes with vacuoles. HOPS (top) binds to Ypt7
(Rab7) located on the vacuole and late endosomes for its
tethering (centre) and utilizes its SNARE-chaperoning
activity to capture SNAREs and assemble them into the
fusogenic four-helix bundle (bottom). (B) Regulation of
the role of HOPS in AP-3 vesicle fusion by
phosphorylation. At vacuoles (top), HOPS binds to the
membrane through Ypt7-GTP and its ALPS membrane-
interacting motif (in red; the vacuole surface is shown in
gray). The casein kinase Yck3, which arrives via the AP-
3 pathway on the vacuole surface, then phosphorylates
the ALPS motif and loosens the interaction of Vps41
with the membrane (centre). Vps41 phosphorylation
fully exposes an AP-3-binding site (yellow) in Vps41
(bottom) that is required for the fusion of AP-3 vesicles
with vacuoles. For further details, see main text.
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2011). Thus, not only the general function but also specific
properties of HOPS in fusion could be elucidated with this assay.
Interestingly, the requirement of yeast Rab7 protein Ypt7 for
efficient fusion can be bypassed in vitro if the lipid composition
is altered (Mima et al., 2008; Stroupe et al., 2009). HOPS
probably binds these membranes directly and thus can promote
fusion even in the absence of Ypt7 (Cabrera et al., 2010; Stroupe
et al., 2006). Such a membrane binding would then replace the in
vivo recruitment of HOPS by means of Ypt7-GTP, although at
least one membrane-binding site is also crucial for HOPS
function in vivo (Cabrera et al., 2010) (see below). Once it is
targeted to membranes, HOPS then catalyzes membrane fusion,
presumably by capturing, chaperoning and proofreading
SNARESs at the fusion site through its Vps33 subunit (Akbar
et al., 2009; Kramer and Ungermann, 2011; Lobingier and Merz,
2012; Pieren et al., 2010; Starai et al., 2008) (Fig. 3A). These
assembled SNAREs at the fusion site can also be a target of
Secl7 and Secl18, which would result in SNARE disassembly
(Xu et al., 2010). Thus, HOPS not only supports SNARE
assembly but can also protect SNAREs at fusion sites from Sec17
and Sec18. Whether the ability of HOPS to bind SNAREs differs
considerably from that of CORVET is uncertain. Vps33, which is
present in both complexes, is probably the main SNARE
interactor, and binding of Vps33 to endosomal SNAREs has
been reported (Subramanian et al., 2004) (Fig. 2C), even though
additional SNARE binding sites have been identified within other
subunits (Krdmer and Ungermann, 2011; Lobingier and Merz,
2012). It is, however, possible that Vps33 is differentially
posttranslationally modified or that its conformation varies
depending on whether it is located close to Vps41l (in HOPS)
or Vps8 (in CORVET). Moreover, the overall architecture of
CORVET and HOPS could influence the SNARE affinity of
Vps33. An alternative model is that Vps33 binds SNAREs in
both complexes, and specificity is brought about by the Rab-
specific subunits in either complex.

Regulation of HOPS during vacuole biogenesis

As mentioned above, HOPS mediates multiple fusion events at
the yeast vacuole and probably at mammalian endosomes
(Fig. 1). It is likely that the function of HOPS is regulated,
possibly beyond Rab binding, but thus far only one regulatory
mechanism has been dissected to any degree. By following the
posttranslational modification of the Vps41 subunit, the Yck3
casein kinase has been identified as a specific modulator of
fusion (LaGrassa and Ungermann, 2005). Yck3 is a substrate of
the AP-3 pathway, which bypasses the late endosome on its way
to the vacuole (Fig. 1; Fig. 3B) (Sun et al., 2004). Thus, the AP-3
pathway can ensure that proteins that could act on endosomal
proteins or mark the lysosome as an autonomous organelle, such
as the syntaxin-like SNARE Vam3, are delivered directly to the
lysosomal surface (Darsow et al., 2001; Bowers and Stevens,
2005). In addition, this pathway bypasses the sorting of proteins
into intraluminal vesicles at the late endosome. Interestingly, the
HOPS subunit Vps41 interacts with components of the AP-3 coat
and could thus facilitate fusion of AP-3 vesicles with vacuoles
(Rehling et al., 1999; Darsow et al., 2001; Angers and Merz,
2009). Two striking effects have been observed in the absence of
the Yck3 casein kinase: first, Vps41 strongly accumulates at late
endosomal sites (Cabrera et al., 2009; LaGrassa and Ungermann,
2005) and, second, vacuoles isolated from the yeast deletion
strain are strongly resistant to the yeast Rab7 inhibitors Gdil or

Gyp7 (Brett et al., 2008; LaGrassa and Ungermann, 2005). These
data are consistent with the idea that non-phosphorylated Vps41
is strongly membrane associated, thus shielding the bound Ypt7—
GTP from Rab inhibitors (Cabrera et al., 2009; Hickey et al.,
2009) (Fig. 3B). Furthermore, the phosphorylation sites reside
within an amphipathic lipid packaging sensor (ALPS) helix of
yeast Vps41, which is part of the B-propeller domain (Cabrera
et al., 2010) (see Fig. 3B). What then is the function of this helix?
We believe that Vps41 initially binds both activated Ypt7-GTP
and the late endosomal membrane through segments of its f3-
propeller — an example of coincidence detection. Upon fusion
with vacuoles, the membrane-binding ALPS helix is
phosphorylated by Yck3 and thus weakens the membrane
interaction of Vps41 (Cabrera et al., 2009; Cabrera et al., 2010)
(Fig. 3B). Consequently, in the presence of phosphorylated
Vps4l, Ypt7 is not shielded as strongly, and thus fusion is
more sensitive to Rab inhibitors (Cabrera et al., 2009; LaGrassa
and Ungermann, 2005). In addition, the weakened interaction
exposes a binding site in HOPS for the AP-3 coat (Angers and
Merz, 2009; Rehling et al., 1999) and thus allows the fusion
between AP-3 vesicles and the Yck3-containing vacuole (Cabrera
et al, 2010) (Fig. 3B). In agreement with this, in vitro
phosphorylation of HOPS with recombinant Yck3 makes fusion
strongly dependent on Ypt7-GTP, whereas HOPS could also bind
the GDP-form of Ypt7 and even support fusion in the absence of
Yck3-driven phosphorylation (Hickey et al., 2009; Zick and
Wickner, 2012). This suggests that the kinase is necessary to
sharpen also the nucleotide specificity of HOPS for Ypt7-GTP —a
model that requires further investigation. Considering the
complexity of this reaction, it is actually surprising that this
motif does not seem to be conserved in metazoan Vps4l, as it
allows the exclusive and specific targeting of SNARESs such as the
syntaxin Vam3 to the lysosomal vacuole (Cabrera et al., 2010;
Darsow et al., 1998). Of note, a separate function for human Vps41
has recently been proposed for the delivery of the LAMPI
lysosomal membrane protein (see below) (Pols et al., 2013).

An additional level of regulation of CORVET and HOPS could
occur by posttranslational modifications or by subunit exchange,
as intermediate complexes that contain HOPS Vps4l and
CORVET Vps3 also exist in yeast, albeit at low abundance, as
mentioned above (Ostrowicz et al., 2010; Peplowska et al., 2007)
(Fig. 2A). Even though an excess of Vps3 will promote the
formation of CORVET at the expense of HOPS — presumably by
competing with Vps39 for interaction with Vpsll (Ostrowicz
et al., 2010; Plemel et al., 2011) — it is not yet clear whether such
a transition also accompanies endosomal maturation. At present,
it also cannot be excluded that the function of CORVET or HOPS
is regulated by the dynamics of single subunits.

Functions of HOPS and CORVET beyond yeast

Metazoan HOPS has been extensively characterized in
mammalian cells, Drosophila and Caenorhabditis elegans,
whereas specific information on metazoan CORVET is still
fragmentary (reviewed by Fairn and Grinstein, 2012; Pols et al.,
2012; Zlatic et al., 2011b; Solinger et al., 2013). As metazoan
cells have evolved additional isoforms of subunits, we consider it
a major challenge to decipher from the literature which analyzed
reactions indeed require metazoan HOPS and which might
depend instead on the admittedly poorly described metazoan
CORVET. In the current state of affairs, HOPS or even single
subunits are assigned to a specific trafficking reaction during
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endocytosis or phagocytosis, even though only single, possibly
even shared, subunits have been analyzed.

Regarding the subunit repertoire, metazoan cells seem to
contain all the necessary components for at least one CORVET
and one HOPS complex. They encode the shared subunits Vpsl11,
Vpsl8 and two A and B isoforms of Vpsl6 and Vps33.
Furthermore, metazoan cells encode Vps8, Vps4l and two
isoforms of Vps39 (hVps39-1/TLP and hVps39-2/TRAP-1)
(Warner et al., 1998; Charng et al., 1998; Akbar et al., 2011;
Caplan et al., 2001; Huizinger et al., 2001; Kim et al., 2001;
Waurthner et al., 2001; Felici et al., 2003; Pevsner et al., 1996;
Pulipparacharuvil et al., 2005; Richardson et al., 2004; Kinchen
et al., 2008), of which one (hVps39-1/TLP) is similar to yeast
Vps3 (Peplowska et al., 2007). Interestingly, like their yeast
homologs, the Vps16 and Vps33 isoforms can form two distinct
subcomplexes (Ostrowicz et al., 2010; Sato et al., 2000). Vps33A
interacts with Vpsl6A, and both function in endolysosomal
fusion and are probably HOPS specific (Akbar et al., 2009;
Pulipparacharuvil et al., 2005), whereas the interacting Vps33B
and Vpsl16B (VIPAR or SPE-39) are required for phagocytosis
and earlier endosomal fusion reactions (Akbar et al., 2011;
Cullinane et al., 2010; Gissen et al., 2004; Zhu and L’Hernault,
2003; Zhu et al., 2009). Thus, metazoan CORVET might contain,
in addition to Vpsll and Vpsl8, Vps8, hVps39-1, Vps16B and
Vps33B, whereas metazoan HOPS probably has hVps39-2,
Vps4l, Vpsl6A and Vps33A as specific subunits. It can, of
course, not be excluded that additional variants of HOPS or
CORVET complexes exist, similar to the low-abundance hybrid
complex in yeast (Peplowska et al., 2007). Below, we will
summarize some of the findings that have been linked to subunits
of HOPS and CORVET, even though the literature refers mostly
to HOPS or even single subunits.

Multiple interactions between HOPS or CORVET subunits and
other proteins have been identified, including binding to actin
and tubulin, and the cytoskeletal binding protein HOOK
(Richardson et al., 2004; Xu et al., 2008), the interaction with
components of the autophagy machinery (Liang et al., 2008), the
Arl8 GTPase (Garg et al., 2011), which is involved in lysosomal
mobility (Hofmann and Munro, 2006; Mrakovic et al., 2012),
Merkel virus (Liu et al., 2011) and the AP-3 complex (Zlatic
et al., 2011a). Furthermore, HOPS/CORVET subunits have been
identified on clathrin-coated vesicles (Zlatic et al., 2011a), as
well as on late endosomes and lysosomes (Poupon et al., 2003;
Pols et al., 2012; Sriram et al., 2003; Swetha et al., 2011), which
suggests a role for HOPS/CORVET in endosomal fusion and
even maturation. Defects in HOPS or CORVET subunits in
mammalian tissues result in strong deficiencies. For instance, loss
of hVps39-1 (TLP), the homologous hVps39-2 (TRAP-1),
hVps4l (hVam2) or hRab7 results in embryonic lethality as
early as gastrulation (Aoyama et al., 2012; Kawamura et al.,
2012; Messler et al, 2011) and also causes extensive
developmental defects in zebrafish (Schonthaler et al., 2008).
Likewise, mutants in HOPS impair infection by Ebola virus
(Carette et al., 2011) and export of HIV virions (Tomita et al.,
2011), affect endosomal, phagosomal and lysosomal biogenesis
(Caplan et al., 2001; Poupon et al., 2003; Pols et al., 2012; Sriram
et al.,, 2003; Swetha et al., 2011; Kinchen et al., 2008) and,
subsequently, development (Wilkin et al., 2008). Mutations in
Vps33B and Vpsl6B, which could be part of the metazoan
CORVET, are further linked to diseases such as arthrogryposis—
renal-dysfunction—cholestasis (ARC) syndrome, an autosomal

recessive disorder, and cancer (Gissen et al., 2004; Roy et al.,
2011). Several of the observed defects are likely to be associated
with defective signaling through the endosome, which impairs
morphogen gradients, receptor degradation and subsequently
affects embryonic development or causes strong developmental
defects within the entire organism (Charng et al., 1998; Wurthner
et al., 2001; Felici et al., 2001; Aoyama et al., 2012; Kawamura
et al., 2012; Messler et al., 2011; Wilkin et al., 2008). Data from
localizing hVps39-1 and hVps41 as well as other class C proteins
in mammalian cells are consistent with the observations in yeast
that HOPS is involved in endosome—lysosome fusion (Caplan
et al., 2001; Pols et al., 2012). Recent results also suggest that
hVps41 has an additional specific function in the fusion of
carriers that deliver the LAMP1 membrane protein to the
lysosome (Pols et al., 2013), which might be related to the
function of yeast Vps4l in the fusion of AP-3 vesicles with
vacuoles (Darsow et al., 2001; Angers and Merz, 2009; Cabrera
et al.,, 2010). In addition, Rab5-mediated homotypic fusion is
required for endosomal maturation (Zeigerer et al., 2012), and
one hVps39 isoform has been isolated previously with Rab5—
GTP (Rink et al., 2005). As isolated fungal CORVET and HOPS
are clearly Rab specific (Abenza et al., 2010; Abenza et al., 2012;
Balderhaar et al., 2013; Brocker et al., 2012; Ostrowicz et al.,
2010; Peplowska et al., 2007; Zick and Wickner, 2012; Plemel
et al., 2011), Rab5-dependent fusion events in metazoan cells
probably require the CORVET instead of Rab7-dependent HOPS,
as suggested previously (Peplowska et al., 2007). Overall, the
functions of metazoan HOPS and CORVET appear to be
equivalent to their functions in membrane fusion as
characterized in fungi. It will be important to investigate
whether additional binding partners are involved in altered
functions or more complex regulations and whether the proposed
composition of each complex is indeed observed in vivo or
whether additional complexes exist. Furthermore, it will be
crucial to understand the functions of the reported interactions of
endosomal proteins with individual CORVET and HOPS
subunits in the context of their role as part of the tethering
complex. Future studies will be necessary to reveal the precise
function of metazoan HOPS at late endosomes, as well as a much
more detailed characterization of metazoan CORVET.

Concluding remarks

Rab-driven membrane-tethering that is mediated by CORVET
and HOPS 1is of central importance for the biogenesis of
endosomes and lysosomes in eukaryotic cells. Both complexes
probably function similarly in catalyzing the assembly of SNARE
complexes and thus facilitate the mixing of lipid bilayers in
confined zones on membranes. It is plausible that the function of
fusion complexes is coordinated with that of other complexes that
act at endosomal and lysosomal membranes. Separate domains or
micro-compartments exist on endosomes (Derivery et al., 2012;
Sonnichsen et al., 2000) that not only allow a separation of
fission and fusion events by Rab GTPases and membrane-
remodeling complexes but also the coordination of these events
(Holthuis and Ungermann, 2012). Moreover, one can predict that
additional regulatory circuits beyond the currently identified
casein-kinase-I-mediated phosphorylation of yeast Vps4l will
control the functions of specific subunits. Considering the
importance of both complexes for the biogenesis of endosomes
and lysosomes, it will be important to elucidate the molecular
details of their function and regulation. This should also include a
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much more detailed molecular understanding of HOPS and
CORVET function in metazoan cells in the context of endosomal
and lysosomal signaling, endosomal maturation and the
associated fusion events, which could eventually facilitate
interventions during pathogen or viral infections.

Acknowledgements
We thank all co-workers of the Ungermann laboratory as well as the
reviewers for constructive feedback.

Funding

Work in the authors’ laboratory is supported by the VW foundation
[grant number ZN2444 to C.U.]; the Deutsche Forschungsgemeinschaft
[grant numbers SFB 944, project P11, and UN111/5-3 to C.U]; and the
Hans-Miihlenhoff foundation.

References

Abenza, J. F., Galindo, A., Pantazopoulou, A., Gil, C., de los Rios, V. and Peialva,
M. A. (2010). Aspergillus RabB Rab5 integrates acquisition of degradative identity
with the long distance movement of early endosomes. Mol. Biol. Cell 21, 2756-2769.

Abenza, J. F., Galindo, A., Pinar, M., Pantazopoulou, A., de los Rios, V. and
Peiialva, M. A. (2012). Endosomal maturation by Rab conversion in Aspergillus
nidulans is coupled to dynein-mediated basipetal movement. Mol. Biol. Cell 23, 1889-
1901.

Akbar, M. A., Ray, S. and Krimer, H. (2009). The SM protein Car/Vps33A regulates
SNARE-mediated trafficking to lysosomes and lysosome-related organelles. Mol.
Biol. Cell 20, 1705-1714.

Akbar, M. A,, Tracy, C., Kahr, W. H. A. and Kriamer, H. (2011). The full-of-bacteria
gene is required for phagosome maturation during immune defense in Drosophila.
J. Cell Biol. 192, 383-390.

Angers, C. G. and Merz, A. J. (2009). HOPS interacts with Apl5 at the vacuole
membrane and is required for consumption of AP-3 transport vesicles. Mol. Biol. Cell
20, 4563-4574.

Aoyama, M., Sun-Wada, G.-H., Yamamoto, A., Yamamoto, M., Hamada, H. and
Wada, Y. (2012). Spatial restriction of bone morphogenetic protein signaling in
mouse gastrula through the mVam2-dependent endocytic pathway. Dev. Cell 22,
1163-1175.

Balderhaar, H. J. K., Arlt, H., Ostrowicz, C. W., Brocker, C., Siindermann, F.,
Brandt, R., Babst, M. and Ungermann, C. (2010). The Rab GTPase Ypt7 is linked
to retromer-mediated receptor recycling and fusion at the yeast late endosome. J. Cell
Sci. 123, 4085-4094.

Balderhaar, H. J. K., Lachmann, J., Yavavli, E., Brocker, C., Liirick, A. and
Ungermann, C. (2013). The CORVET complex promotes tethering and fusion of
Rab5/Vps21-positive membranes. Proc. Natl. Acad. Sci. USA 110, 3823-3828.

Banta, L. M., Robinson, J. S., Klionsky, D. J. and Emr, S. D. (1988). Organelle
assembly in yeast: characterization of yeast mutants defective in vacuolar biogenesis
and protein sorting. J. Cell Biol. 107, 1369-1383.

Barr, F. and Lambright, D. G. (2010). Rab GEFs and GAPs. Curr. Opin. Cell Biol. 22,
461-470.

Bonifacino, J. S. and Glick, B. S. (2004). The mechanisms of vesicle budding and
fusion. Cell 116, 153-166.

Bos, J. L., Rehmann, H. and Wittinghofer, A. (2007). GEFs and GAPs: critical
elements in the control of small G proteins. Cell 129, 865-877.

Bowers, K. and Stevens, T. H. (2005). Protein transport from the late Golgi to the
vacuole in the yeast Saccharomyces cerevisiae. Biochim. Biophys. Acta 1744, 438-
454.

Brett, C. L., Plemel, R. L., Lobingier, B. T., Vignali, M., Fields, S. and Merz, A. J.
(2008). Efficient termination of vacuolar Rab GTPase signaling requires coordinated
action by a GAP and a protein kinase. J. Cell Biol. 182, 1141-1151.

Brocker, C., Engelbrecht-Vandré, S. and Ungermann, C. (2010). Multisubunit
tethering complexes and their role in membrane fusion. Curr. Biol. 20, R943-R952.

Brocker, C., Kuhlee, A., Gatsogiannis, C., Balderhaar, H. J., Honscher, C.,
Engelbrecht-Vandré, S., Ungermann, C. and Raunser, S. (2012). Molecular
architecture of the multisubunit homotypic fusion and vacuole protein sorting (HOPS)
tethering complex. Proc. Natl. Acad. Sci. USA 109, 1991-1996.

Budhidarmo, R., Nakatani, Y. and Day, C. L. (2012). RINGs hold the key to ubiquitin
transfer. Trends Biochem. Sci. 37, 58-65.

Cabrera, M., Ostrowicz, C. W., Mari, M., LaGrassa, T. J., Reggiori, F. and
Ungermann, C. (2009). Vps4l phosphorylation and the Rab Ypt7 control the
targeting of the HOPS complex to endosome-vacuole fusion sites. Mol. Biol. Cell 20,
1937-1948.

Cabrera, M., Langemeyer, L., Mari, M., Rethmeier, R., Orban, 1., Perz, A.,
Brocker, C., Griffith, J., Klose, D., Steinhoff, H.-J. et al. (2010). Phosphorylation
of a membrane curvature-sensing motif switches function of the HOPS subunit Vps41
in membrane tethering. J. Cell Biol. 191, 845-859.

Cabrera, M., Arlt, H., Epp, N., Lachmann, J., Griffith, J., Perz, A., Reggiori, F. and
Ungermann, C. (2013). Functional separation of endosomal fusion factors and the
corvet tethering complex in endosome biogenesis. J. Biol. Chem. 288, 5166-5175.

Caplan, S., Hartnell, L. M., Aguilar, R. C., Naslavsky, N. and Bonifacino, J. S.
(2001). Human Vam6p promotes lysosome clustering and fusion in vivo. J. Cell Biol.
154, 109-122.

Carette, J. E., Raaben, M., Wong, A. C., Herbert, A. S., Obernosterer, G.,
Mulherkar, N., Kuehne, A. I., Kranzusch, P. J., Griffin, A. M., Ruthel, G. et al.
(2011). Ebola virus entry requires the cholesterol transporter Niemann-Pick CI.
Nature 477, 340-343.

Carney, D. S., Davies, B. A. and Horazdovsky, B. F. (2006). Vps9 domain-containing
proteins: activators of Rab5 GTPases from yeast to neurons. Trends Cell Biol. 16, 27-
35.

Charng, M. J., Zhang, D., Kinnunen, P. and Schneider, M. D. (1998). A novel protein
distinguishes between quiescent and activated forms of the type I transforming growth
factor beta receptor. J. Biol. Chem. 273, 9365-9368.

Chen, Y. and Klionsky, D. J. (2011). The regulation of autophagy — unanswered
questions. J. Cell Sci. 124, 161-170.

Christoforidis, S., McBride, H. M., Burgoyne, R. D. and Zerial, M. (1999). The Rab5
effector EEA1 is a core component of endosome docking. Nature 397, 621-625.
Cullinane, A. R., Straatman-Iwanowska, A., Zaucker, A., Wakabayashi, Y., Bruce,
C. K., Luo, G., Rahman, F., Giirakan, F., Utine, E., Ozkan, T. B. et al. (2010).
Mutations in VIPAR cause an arthrogryposis, renal dysfunction and cholestasis
syndrome phenotype with defects in epithelial polarization. Nat. Genet. 42, 303-312.

Darsow, T., Burd, C. G. and Emr, S. D. (1998). Acidic di-leucine motif essential for
AP-3-dependent sorting and restriction of the functional specificity of the Vam3p
vacuolar t-SNARE. J. Cell Biol. 142, 913-922.

Darsow, T., Katzmann, D. J., Cowles, C. R. and Emr, S. D. (2001). Vps41p function
in the alkaline phosphatase pathway requires homo-oligomerization and interaction
with AP-3 through two distinct domains. Mol. Biol. Cell 12, 37-51.

Derivery, E., Helfer, E., Henriot, V. and Gautreau, A. (2012). Actin polymerization
controls the organization of WASH domains at the surface of endosomes. PLoS ONE
7, €39774.

Epp, N., Rethmeier, R., Krimer, L. and Ungermann, C. (2011). Membrane dynamics
and fusion at late endosomes and vacuoles — Rab regulation, multisubunit tethering
complexes and SNAREs. Eur. J. Cell Biol. 90, 779-785.

Fairn, G. D. and Grinstein, S. (2012). How nascent phagosomes mature to become
phagolysosomes. Trends Immunol. 33, 397-405.

Felici, A., Wurthner, J. U., Parks, W. T., Giam, L. R.-Y., Reiss, M., Karpova, T. S.,
McNally, J. G. and Roberts, A. B. (2003). TLP, a novel modulator of TGF-beta
signaling, has opposite effects on Smad2- and Smad3-dependent signaling. EMBO J.
22, 4465-4477.

Garg, S., Sharma, M., Ung, C., Tuli, A., Barral, D. C., Hava, D. L., Veerapen, N.,
Besra, G. S., Hacohen, N. and Brenner, M. B. (2011). Lysosomal trafficking,
antigen presentation, and microbial killing are controlled by the Arf-like GTPase
Arl8b. Immunity 35, 182-193.

Gerondopoulos, A., Lang yer, L., Liang, J.-R., Linford, A. and Barr, F. A.
(2012). BLOC-3 mutated in Hermansky-Pudlak syndrome is a Rab32/38 guanine
nucleotide exchange factor. Curr. Biol. 22, 2135-2139.

Gissen, P., Johnson, C. A., Morgan, N. V., Stapelbroek, J. M., Forshew, T., Cooper,
W. N., McKiernan, P. J., Klomp, L. W. J., Morris, A. A. M., Wraith, J. E. et al.
(2004). Mutations in VPS33B, encoding a regulator of SNARE-dependent membrane
fusion, cause arthrogryposis-renal dysfunction-cholestasis (ARC) syndrome.
Nat. Genet. 36, 400-404.

Henne, W. M., Buchkovich, N. J. and Emr, S. D. (2011). The ESCRT pathway. Dev.
Cell 21, 77-91.

Hickey, C. M. and Wickner, W. (2010). HOPS initiates vacuole docking by tethering
membranes before trans-SNARE complex assembly. Mol. Biol. Cell 21, 2297-2305.

Hickey, C. M., Stroupe, C. and Wickner, W. (2009). The major role of the Rab Ypt7p
in vacuole fusion is supporting HOPS membrane association. J. Biol. Chem. 284,
16118-16125.

Hofmann, I. and Munro, S. (2006). An N-terminally acetylated Arf-like GTPase is
localised to lysosomes and affects their motility. J. Cell Sci. 119, 1494-1503.

Holthuis, J. C. M. and Ungermann, C. (2013). Cellular microcompartments constitute
general suborganellar functional units in cells. Biol. Chem. 394, 151-161.

Horazdovsky, B. F., Busch, G. R. and Emr, S. D. (1994). VPS21 encodes a rab5-like
GTP binding protein that is required for the sorting of yeast vacuolar proteins. EMBO
J. 13, 1297-1309.

Horazdovsky, B. F., Cowles, C. R., Mustol, P., Holmes, M. and Emr, S. D. (1996).
A novel RING finger protein, Vps8p, functionally interacts with the small GTPase,
Vps21p, to facilitate soluble vacuolar protein localization. J. Biol. Chem. 271, 33607-
33615.

Huizing, M., Didier, A., Walenta, J., Anikster, Y., Gahl, W. A. and Krémer,
H. (2001). Molecular cloning and characterization of human VPS18, VPS 11, VPS16,
and VPS33. Gene 264, 241-247.

Huotari, J. and Helenius, A. (2011). Endosome maturation. EMBO J. 30, 3481-3500.

Hutagalung, A. H. and Novick, P. J. (2011). Role of Rab GTPases in membrane traffic
and cell physiology. Physiol. Rev. 91, 119-149.

Itzen, A. and Goody, R. S. (2011). GTPases involved in vesicular trafficking: structures
and mechanisms. Semin. Cell Dev. Biol. 22, 48-56.

Jahn, R. and Scheller, R. H. (2006). SNAREs — engines for membrane fusion. Nat. Rev.
Mol. Cell Biol. 7, 631-643.

Kawamura, N., Sun-Wada, G.-H., Aoyama, M., Harada, A., Takasuga, S., Sasaki,
T. and Wada, Y. (2012). Delivery of endosomes to lysosomes via microautophagy in
the visceral endoderm of mouse embryos. Nat. Commun. 3, 1071-1010.



http://dx.doi.org/10.1091/mbc.E10-02-0119
http://dx.doi.org/10.1091/mbc.E10-02-0119
http://dx.doi.org/10.1091/mbc.E10-02-0119
http://dx.doi.org/10.1091/mbc.E11-11-0925
http://dx.doi.org/10.1091/mbc.E11-11-0925
http://dx.doi.org/10.1091/mbc.E11-11-0925
http://dx.doi.org/10.1091/mbc.E11-11-0925
http://dx.doi.org/10.1091/mbc.E08-03-0282
http://dx.doi.org/10.1091/mbc.E08-03-0282
http://dx.doi.org/10.1091/mbc.E08-03-0282
http://dx.doi.org/10.1083/jcb.201008119
http://dx.doi.org/10.1083/jcb.201008119
http://dx.doi.org/10.1083/jcb.201008119
http://dx.doi.org/10.1091/mbc.E09-04-0272
http://dx.doi.org/10.1091/mbc.E09-04-0272
http://dx.doi.org/10.1091/mbc.E09-04-0272
http://dx.doi.org/10.1016/j.devcel.2012.05.009
http://dx.doi.org/10.1016/j.devcel.2012.05.009
http://dx.doi.org/10.1016/j.devcel.2012.05.009
http://dx.doi.org/10.1016/j.devcel.2012.05.009
http://dx.doi.org/10.1242/jcs.071977
http://dx.doi.org/10.1242/jcs.071977
http://dx.doi.org/10.1242/jcs.071977
http://dx.doi.org/10.1242/jcs.071977
http://dx.doi.org/10.1083/jcb.107.4.1369
http://dx.doi.org/10.1083/jcb.107.4.1369
http://dx.doi.org/10.1083/jcb.107.4.1369
http://dx.doi.org/10.1016/j.ceb.2010.04.007
http://dx.doi.org/10.1016/j.ceb.2010.04.007
http://dx.doi.org/10.1016/S0092-8674(03)01079-1
http://dx.doi.org/10.1016/S0092-8674(03)01079-1
http://dx.doi.org/10.1016/j.cell.2007.05.018
http://dx.doi.org/10.1016/j.cell.2007.05.018
http://dx.doi.org/10.1016/j.bbamcr.2005.04.004
http://dx.doi.org/10.1016/j.bbamcr.2005.04.004
http://dx.doi.org/10.1016/j.bbamcr.2005.04.004
http://dx.doi.org/10.1083/jcb.200801001
http://dx.doi.org/10.1083/jcb.200801001
http://dx.doi.org/10.1083/jcb.200801001
http://dx.doi.org/10.1016/j.cub.2010.09.015
http://dx.doi.org/10.1016/j.cub.2010.09.015
http://dx.doi.org/10.1073/pnas.1117797109
http://dx.doi.org/10.1073/pnas.1117797109
http://dx.doi.org/10.1073/pnas.1117797109
http://dx.doi.org/10.1073/pnas.1117797109
http://dx.doi.org/10.1016/j.tibs.2011.11.001
http://dx.doi.org/10.1016/j.tibs.2011.11.001
http://dx.doi.org/10.1091/mbc.E08-09-0943
http://dx.doi.org/10.1091/mbc.E08-09-0943
http://dx.doi.org/10.1091/mbc.E08-09-0943
http://dx.doi.org/10.1091/mbc.E08-09-0943
http://dx.doi.org/10.1083/jcb.201004092
http://dx.doi.org/10.1083/jcb.201004092
http://dx.doi.org/10.1083/jcb.201004092
http://dx.doi.org/10.1083/jcb.201004092
http://dx.doi.org/10.1074/jbc.M112.431536
http://dx.doi.org/10.1074/jbc.M112.431536
http://dx.doi.org/10.1074/jbc.M112.431536
http://dx.doi.org/10.1083/jcb.200102142
http://dx.doi.org/10.1083/jcb.200102142
http://dx.doi.org/10.1083/jcb.200102142
http://dx.doi.org/10.1038/nature10348
http://dx.doi.org/10.1038/nature10348
http://dx.doi.org/10.1038/nature10348
http://dx.doi.org/10.1038/nature10348
http://dx.doi.org/10.1016/j.tcb.2005.11.001
http://dx.doi.org/10.1016/j.tcb.2005.11.001
http://dx.doi.org/10.1016/j.tcb.2005.11.001
http://dx.doi.org/10.1074/jbc.273.16.9365
http://dx.doi.org/10.1074/jbc.273.16.9365
http://dx.doi.org/10.1074/jbc.273.16.9365
http://dx.doi.org/10.1242/jcs.064576
http://dx.doi.org/10.1242/jcs.064576
http://dx.doi.org/10.1038/17618
http://dx.doi.org/10.1038/17618
http://dx.doi.org/10.1038/ng.538
http://dx.doi.org/10.1038/ng.538
http://dx.doi.org/10.1038/ng.538
http://dx.doi.org/10.1038/ng.538
http://dx.doi.org/10.1083/jcb.142.4.913
http://dx.doi.org/10.1083/jcb.142.4.913
http://dx.doi.org/10.1083/jcb.142.4.913
http://dx.doi.org/10.1371/journal.pone.0039774
http://dx.doi.org/10.1371/journal.pone.0039774
http://dx.doi.org/10.1371/journal.pone.0039774
http://dx.doi.org/10.1016/j.ejcb.2011.04.007
http://dx.doi.org/10.1016/j.ejcb.2011.04.007
http://dx.doi.org/10.1016/j.ejcb.2011.04.007
http://dx.doi.org/10.1093/emboj/cdg428
http://dx.doi.org/10.1093/emboj/cdg428
http://dx.doi.org/10.1093/emboj/cdg428
http://dx.doi.org/10.1093/emboj/cdg428
http://dx.doi.org/10.1016/j.immuni.2011.06.009
http://dx.doi.org/10.1016/j.immuni.2011.06.009
http://dx.doi.org/10.1016/j.immuni.2011.06.009
http://dx.doi.org/10.1016/j.immuni.2011.06.009
http://dx.doi.org/10.1016/j.cub.2012.09.020
http://dx.doi.org/10.1016/j.cub.2012.09.020
http://dx.doi.org/10.1016/j.cub.2012.09.020
http://dx.doi.org/10.1038/ng1325
http://dx.doi.org/10.1038/ng1325
http://dx.doi.org/10.1038/ng1325
http://dx.doi.org/10.1038/ng1325
http://dx.doi.org/10.1038/ng1325
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1091/mbc.E10-01-0044
http://dx.doi.org/10.1091/mbc.E10-01-0044
http://dx.doi.org/10.1074/jbc.M109.000737
http://dx.doi.org/10.1074/jbc.M109.000737
http://dx.doi.org/10.1074/jbc.M109.000737
http://dx.doi.org/10.1515/hsz-2012-0265
http://dx.doi.org/10.1515/hsz-2012-0265
http://dx.doi.org/10.1074/jbc.271.52.33607
http://dx.doi.org/10.1074/jbc.271.52.33607
http://dx.doi.org/10.1074/jbc.271.52.33607
http://dx.doi.org/10.1074/jbc.271.52.33607
http://dx.doi.org/10.1016/S0378-1119(01)00333-X
http://dx.doi.org/10.1016/S0378-1119(01)00333-X
http://dx.doi.org/10.1016/S0378-1119(01)00333-X
http://dx.doi.org/10.1038/emboj.2011.286
http://dx.doi.org/10.1152/physrev.00059.2009
http://dx.doi.org/10.1152/physrev.00059.2009
http://dx.doi.org/10.1016/j.semcdb.2010.10.003
http://dx.doi.org/10.1016/j.semcdb.2010.10.003
http://dx.doi.org/10.1038/nrm2002
http://dx.doi.org/10.1038/nrm2002
http://dx.doi.org/10.1038/ncomms2069
http://dx.doi.org/10.1038/ncomms2069
http://dx.doi.org/10.1038/ncomms2069

[}
O
c
Q2
3}
wn
©
&)
—
o
©
c
p -
S
o
1

CORVET and HOPS function 1315

Kim, B. Y., Kridmer, H., Yamamoto, A., Kominami, E., Kohsaka, S. and Akazawa,
C. (2001). Molecular characterization of mammalian homologues of class C Vps
proteins that interact with syntaxin-7. J. Biol. Chem. 276, 29393-29402.

Kinchen, J. M. and Ravichandran, K. S. (2010). Identification of two evolutionarily
conserved genes regulating processing of engulfed apoptotic cells. Nature 464, 778-
782.

Kinchen, J. M., Doukoumetzidis, K., Almendinger, J., Stergiou, L., Tosello-
Trampont, A., Sifri, C. D., Hengartner, M. O. and Ravichandran, K. S. (2008). A
pathway for phagosome maturation during engulfment of apoptotic cells. Nat. Cell
Biol. 10, 556-566.

Krimer, L. and Ungermann, C. (2011). HOPS drives vacuole fusion by binding the
vacuolar SNARE complex and the Vam7 PX domain via two distinct sites. Mol. Biol.
Cell 22, 2601-2611.

Lachmann, J., Barr, F. A. and Ungermann, C. (2012). The Msb3/Gyp3 GAP controls
the activity of the Rab GTPases Vps2l and Ypt7 at endosomes and vacuoles.
Mol. Biol. Cell 23, 2516-2526.

LaGrassa, T. J. and Ungermann, C. (2005). The vacuolar kinase Yck3 maintains
organelle fragmentation by regulating the HOPS tethering complex. J. Cell Biol. 168,
401-414.

Laufman, O., Kedan, A., Hong, W. and Lev, S. (2009). Direct interaction between the
COG complex and the SM protein, Sly1, is required for Golgi SNARE pairing. EMBO
J. 28, 2006-2017.

Liang, C., Lee, J.-S., Inn, K.-S., Gack, M. U., Li, Q., Roberts, E. A., Vergne, L.,
Deretic, V., Feng, P., Akazawa, C. et al. (2008). Beclinl-binding UVRAG targets
the class C Vps complex to coordinate autophagosome maturation and endocytic
trafficking. Nat. Cell Biol. 10, 776-787.

Liu, X., Hein, J., Richardson, S. C. W., Basse, P. H., Toptan, T., Moore, P. S.,
Gjoerup, O. V. and Chang, Y. (2011). Merkel cell polyomavirus large T antigen
disrupts lysosome clustering by translocating human Vam6p from the cytoplasm to
the nucleus. J. Biol. Chem. 286, 17079-17090.

Liu, T.-T., Gomez, T. S., Sackey, B. K., Billadeau, D. D. and Burd, C. G. (2012). Rab
GTPase regulation of retromer-mediated cargo export during endosome maturation.
Mol. Biol. Cell 23, 2505-2515.

Lobingier, B. T. and Merz, A. J. (2012). Sec1/Munc18 protein Vps33 binds to SNARE
domains and the quaternary SNARE complex. Mol. Biol. Cell 23, 4611-4622.

Luhtala, N. and Odorizzi, G. (2004). Brol coordinates deubiquitination in the
multivesicular body pathway by recruiting Doa4 to endosomes. J. Cell Biol. 166, 717-
729.

Markgraf, D. F., Ahnert, F., Arlt, H., Mari, M., Peplowska, K., Epp, N., Griffith, J.,
Reggiori, F. and Ungermann, C. (2009). The CORVET subunit Vps8 cooperates
with the Rab5 homolog Vps21 to induce clustering of late endosomal compartments.
Mol. Biol. Cell 20, 5276-5289.

McVey Ward, D., Radisky, D., Scullion, M. A., Tuttle, M. S., Vaughn, M. and
Kaplan, J. (2001). hVPS41 is expressed in multiple isoforms and can associate with
vesicles through a RING-H2 finger motif. Exp. Cell Res. 267, 126-134.

Messler, S., Kropp, S., Episkopou, V., Felici, A., Wiirthner, J., Lemke, R., Jerabek-
Willemsen, M., Willecke, R., Scheu, S., Pfeffer, K. et al. (2011). The TGF-$
signaling modulators TRAP1/TGFBRAP1 and VPS39/Vam6/TLP are essential for
early embryonic development. /mmunobiology 216, 343-350.

Mima, J., Hickey, C. M., Xu, H., Jun, Y. and Wickner, W. (2008). Reconstituted
membrane fusion requires regulatory lipids, SNAREs and synergistic SNARE
chaperones. EMBO J. 27, 2031-2042.

Mizushima, N., Yoshimori, T. and Ohsumi, Y. (2011). The role of Atg proteins in
autophagosome formation. Annu. Rev. Cell Dev. Biol. 27, 107-132.

Mrakovic, A., Kay, J. G., Furuya, W., Brumell, J. H. and Botelho, R. J. (2012). Rab7
and Arl8 GTPases are necessary for lysosome tubulation in macrophages. Traffic 13,
1667-1679.

Nakamura, N., Hirata, A., Ohsumi, Y. and Wada, Y. (1997). Vam2/Vps4lp and
Vam6/Vps39p are components of a protein complex on the vacuolar membranes and
involved in the vacuolar assembly in the yeast Saccharomyces cerevisiae. J. Biol.
Chem. 272, 11344-11349.

Nickerson, D. P., Brett, C. L. and Merz, A. J. (2009). Vps-C complexes: gatekeepers
of endolysosomal traffic. Curr. Opin. Cell Biol. 21, 543-551.

Nickerson, D. P., Russell, M. R. G., Lo, S.-Y., Chapin, H. C., Milnes, J. M. and
Merz, A. J. (2012). Termination of isoform-selective Vps21/Rab5 signaling at
endolysosomal organelles by Msb3/Gyp3. Traffic 13, 1411-1428.

Nielsen, E., Christoforidis, S., Uttenweiler-Joseph, S., Miaczynska, M., Dewitte, F.,
Wilm, M., Hoflack, B. and Zerial, M. (2000). Rabenosyn-5, a novel Rab35 effector,
is complexed with hVPS45 and recruited to endosomes through a FYVE finger
domain. J. Cell Biol. 151, 601-612.

Nordmann, M., Cabrera, M., Perz, A., Briocker, C., Ostrowicz, C. W., Engelbrecht-
Vandré, S. and Ungermann, C. (2010). The Mon1-Cczl complex is the GEF of the
late endosomal Rab7 homolog Ypt7. Curr. Biol. 20, 1654-1659.

Nordmann, M., Ungermann, C. and Cabrera, M. (2012). Role of Rab7/Ypt7 in
organizing membrane trafficking at the late endosome. In Rab GTPases and
Membrane Trafficking (ed. Guangpu Li and Nava Segev), pp. 132-143.

Ostrowicz, C. W., Brocker, C., Ahnert, F., Nordmann, M., Lachmann, J.,
Peplowska, K., Perz, A., Auffarth, K., Engelbrecht-Vandré, S. and
Ungermann, C. (2010). Defined subunit arrangement and rab interactions are
required for functionality of the HOPS tethering complex. Traffic 11, 1334-1346.

Pawelec, A., Arsi¢, J. and Kolling, R. (2010). Mapping of Vps21 and HOPS binding
sites in Vps8 and effect of binding site mutants on endocytic trafficking. Eukaryot.
Cell 9, 602-610.

Peng, C., Ye, J., Yan, S., Kong, S., Shen, Y., Li, C., Li, Q., Zheng, Y., Deng, K., Xu,
T. et al. (2012). Ablation of vacuole protein sorting 18 (Vpsl8) gene leads to
neurodegeneration and impaired neuronal migration by disrupting multiple vesicle
transport pathways to lysosomes. J. Biol. Chem. 287, 32861-32873.

Peplowska, K., Markgraf, D. F., Ostrowicz, C. W., Bange, G. and Ungermann,
C. (2007). The CORVET tethering complex interacts with the yeast Rab5 homolog
Vps21 and is involved in endo-lysosomal biogenesis. Dev. Cell 12, 739-750.

Peralta, E. R., Martin, B. C. and Edinger, A. L. (2010). Differential effects of
TBCI1D15 and mammalian Vps39 on Rab7 activation state, lysosomal morphology,
and growth factor dependence. J. Biol. Chem. 285, 16814-16821.

Peterson, M. R. and Emr, S. D. (2001). The class C Vps complex functions at multiple
stages of the vacuolar transport pathway. Traffic 2, 476-486.

Peterson, M. R., Burd, C. G. and Emr, S. D. (1999). Vaclp coordinates Rab and
phosphatidylinositol 3-kinase signaling in Vps45p-dependent vesicle docking/fusion
at the endosome. Curr. Biol. 9, 159.

Pevsner, J., Hsu, S. C., Hyde, P. S. and Scheller, R. H. (1996). Mammalian
homologues of yeast vacuolar protein sorting (vps) genes implicated in Golgi-to-
lysosome trafficking. Gene 183, 7-14.

Pieren, M., Schmidt, A. and Mayer, A. (2010). The SM protein Vps33 and the
t-SNARE H(abc) domain promote fusion pore opening. Nat. Struct. Mol. Biol. 17,
710-717.

Plemel, R. L., Lobingier, B. T., Brett, C. L., Angers, C. G., Nickerson, D. P., Paulsel,
A., Sprague, D. and Merz, A. J. (2011). Subunit organization and Rab interactions of
Vps-C protein complexes that control endolysosomal membrane traffic. Mol. Biol.
Cell 22, 1353-1363.

Pols, M. S., Brink, ten, C., Gosavi, P., Oorschot, V. and Klumperman, J. (2013a).
The HOPS proteins hVps41 and hVps39 are required for homotypic and heterotypic
late endosome fusion. Traffic 14, 219-232.

Pols, M. S., van Meel, E., Oorschot, V., Brink, ten, C., Fukuda, M., Swetha, M. G.,
Mayor, S. and Klumperman, J. (2013b). hVps41 and VAMP7 function in direct
TGN to late endosome transport of lysosomal membrane proteins. Nat. Commun. 4,
1361-1412.

Poteryaev, D., Datta, S., Ackema, K., Zerial, M. and Spang, A. (2010). Identification
of the switch in early-to-late endosome transition. Cell 141, 497-508.

Poupon, V., Stewart, A., Gray, S. R., Piper, R. C. and Luzio, J. P. (2003). The role of
mVpsl8p in clustering, fusion, and intracellular localization of late endocytic
organelles. Mol. Biol. Cell 14, 4015-4027.

Price, A., Seals, D., Wickner, W. and Ungermann, C. (2000). The docking stage of
yeast vacuole fusion requires the transfer of proteins from a cis-SNARE complex to a
Rab/Ypt protein. J. Cell Biol. 148, 1231-1238.

Pulipparacharuvil, S., Akbar, M. A., Ray, S., Sevrioukov, E. A., Haberman, A. S.,
Rohrer, J. and Krimer, H. (2005). Drosophila Vps16A is required for trafficking to
lysosomes and biogenesis of pigment granules. J. Cell Sci. 118, 3663-3673.

Raymond, C. K., O’Hara, P. J., Eichinger, G., Rothman, J. H. and Stevens, T. H.
(1990). Molecular analysis of the yeast VPS3 gene and the role of its product in
vacuolar protein sorting and vacuolar segregation during the cell cycle. J. Cell Biol.
111, 877-892.

Raymond, C. K., Howald-Stevenson, 1., Vater, C. A. and Stevens, T. H. (1992).
Morphological classification of the yeast vacuolar protein sorting mutants: evidence
for a prevacuolar compartment in class E vps mutants. Mol. Biol. Cell 3, 1389-1402.

Rehling, P., Darsow, T., Katzmann, D. J. and Emr, S. D. (1999). Formation of AP-3
transport intermediates requires Vps41 function. Nat. Cell Biol. 1, 346-353.

Richardson, S. C., Winistorfer, S. C., Poupon, V., Luzio, J. P. and Piper, R. C.
(2004). Mammalian late vacuole protein sorting orthologues participate in early
endosomal fusion and interact with the cytoskeleton. Mol. Biol. Cell 15, 1197-1210.

Rieder, S. E. and Emr, S. D. (1997). A novel RING finger protein complex essential for
a late step in protein transport to the yeast vacuole. Mol. Biol. Cell 8, 2307-2327.

Rink, J., Ghigo, E., Kalaidzidis, Y. and Zerial, M. (2005). Rab conversion as a
mechanism of progression from early to late endosomes. Cell 122, 735-749.

Rojas, R., van Vlijmen, T., Mardones, G. A., Prabhu, Y., Rojas, A. L., Mohammed,
S., Heck, A. J., Raposo, G., van der Sluijs, P. and Bonifacino, J. S. (2008).
Regulation of retromer recruitment to endosomes by sequential action of Rab5 and
Rab7. J. Cell Biol. 183, 513-526.

Roy, D., Sin, S.-H., Damania, B. and Dittmer, D. P. (2011). Tumor suppressor genes
FHIT and WWOX are deleted in primary effusion lymphoma (PEL) cell lines. Blood
118, e32-e39.

Russell, M. R. G., Shideler, T., Nickerson, D. P., West, M. and Odorizzi, G. (2012).
Class E compartments form in response to ESCRT dysfunction in yeast due to
hyperactivity of the Vps21 Rab GTPase. J. Cell Sci. 125, 5208-5220.

Sato, T. K., Rehling, P., Peterson, M. R. and Emr, S. D. (2000). Class C Vps protein
complex regulates vacuolar SNARE pairing and is required for vesicle docking/
fusion. Mol. Cell 6, 661-671.

Schonthaler, H. B., Fleisch, V. C., Biehlmaier, O., Makhankov, Y., Rinner, O.,
Bahadori, R., Geisler, R., Schwarz, H., Neuhauss, S. C. F. and Dahm, R. (2008).
The zebrafish mutant lbk/vamé6 resembles human multisystemic disorders caused by
aberrant trafficking of endosomal vesicles. Development 135, 387-399.

Seals, D. F., Eitzen, G., Margolis, N., Wickner, W. T. and Price, A. (2000). A Ypt/
Rab effector complex containing the Secl homolog Vps33p is required for homotypic
vacuole fusion. Proc. Natl. Acad. Sci. USA 97, 9402-9407.

Seaman, M. N. J., Harbour, M. E., Tattersall, D., Read, E. and Bright, N. (2009).
Membrane recruitment of the cargo-selective retromer subcomplex is catalysed by the
small GTPase Rab7 and inhibited by the Rab-GAP TBCIDS5. J. Cell Sci. 122, 2371-
2382.


http://dx.doi.org/10.1074/jbc.M101778200
http://dx.doi.org/10.1074/jbc.M101778200
http://dx.doi.org/10.1074/jbc.M101778200
http://dx.doi.org/10.1038/nature08853
http://dx.doi.org/10.1038/nature08853
http://dx.doi.org/10.1038/nature08853
http://dx.doi.org/10.1038/ncb1718
http://dx.doi.org/10.1038/ncb1718
http://dx.doi.org/10.1038/ncb1718
http://dx.doi.org/10.1038/ncb1718
http://dx.doi.org/10.1091/mbc.E11-02-0104
http://dx.doi.org/10.1091/mbc.E11-02-0104
http://dx.doi.org/10.1091/mbc.E11-02-0104
http://dx.doi.org/10.1091/mbc.E11-12-1030
http://dx.doi.org/10.1091/mbc.E11-12-1030
http://dx.doi.org/10.1091/mbc.E11-12-1030
http://dx.doi.org/10.1083/jcb.200407141
http://dx.doi.org/10.1083/jcb.200407141
http://dx.doi.org/10.1083/jcb.200407141
http://dx.doi.org/10.1038/ncb1740
http://dx.doi.org/10.1038/ncb1740
http://dx.doi.org/10.1038/ncb1740
http://dx.doi.org/10.1038/ncb1740
http://dx.doi.org/10.1074/jbc.M110.192856
http://dx.doi.org/10.1074/jbc.M110.192856
http://dx.doi.org/10.1074/jbc.M110.192856
http://dx.doi.org/10.1074/jbc.M110.192856
http://dx.doi.org/10.1091/mbc.E11-11-0915
http://dx.doi.org/10.1091/mbc.E11-11-0915
http://dx.doi.org/10.1091/mbc.E11-11-0915
http://dx.doi.org/10.1091/mbc.E12-05-0343
http://dx.doi.org/10.1091/mbc.E12-05-0343
http://dx.doi.org/10.1083/jcb.200403139
http://dx.doi.org/10.1083/jcb.200403139
http://dx.doi.org/10.1083/jcb.200403139
http://dx.doi.org/10.1091/mbc.E09-06-0521
http://dx.doi.org/10.1091/mbc.E09-06-0521
http://dx.doi.org/10.1091/mbc.E09-06-0521
http://dx.doi.org/10.1091/mbc.E09-06-0521
http://dx.doi.org/10.1006/excr.2001.5244
http://dx.doi.org/10.1006/excr.2001.5244
http://dx.doi.org/10.1006/excr.2001.5244
http://dx.doi.org/10.1016/j.imbio.2010.07.006
http://dx.doi.org/10.1016/j.imbio.2010.07.006
http://dx.doi.org/10.1016/j.imbio.2010.07.006
http://dx.doi.org/10.1016/j.imbio.2010.07.006
http://dx.doi.org/10.1038/emboj.2008.139
http://dx.doi.org/10.1038/emboj.2008.139
http://dx.doi.org/10.1038/emboj.2008.139
http://dx.doi.org/10.1146/annurev-cellbio-092910-154005
http://dx.doi.org/10.1146/annurev-cellbio-092910-154005
http://dx.doi.org/10.1111/tra.12003
http://dx.doi.org/10.1111/tra.12003
http://dx.doi.org/10.1111/tra.12003
http://dx.doi.org/10.1074/jbc.272.17.11344
http://dx.doi.org/10.1074/jbc.272.17.11344
http://dx.doi.org/10.1074/jbc.272.17.11344
http://dx.doi.org/10.1074/jbc.272.17.11344
http://dx.doi.org/10.1016/j.ceb.2009.05.007
http://dx.doi.org/10.1016/j.ceb.2009.05.007
http://dx.doi.org/10.1111/j.1600-0854.2012.01390.x
http://dx.doi.org/10.1111/j.1600-0854.2012.01390.x
http://dx.doi.org/10.1111/j.1600-0854.2012.01390.x
http://dx.doi.org/10.1083/jcb.151.3.601
http://dx.doi.org/10.1083/jcb.151.3.601
http://dx.doi.org/10.1083/jcb.151.3.601
http://dx.doi.org/10.1083/jcb.151.3.601
http://dx.doi.org/10.1016/j.cub.2010.08.002
http://dx.doi.org/10.1016/j.cub.2010.08.002
http://dx.doi.org/10.1016/j.cub.2010.08.002
http://dx.doi.org/10.1111/j.1600-0854.2010.01097.x
http://dx.doi.org/10.1111/j.1600-0854.2010.01097.x
http://dx.doi.org/10.1111/j.1600-0854.2010.01097.x
http://dx.doi.org/10.1111/j.1600-0854.2010.01097.x
http://dx.doi.org/10.1128/EC.00286-09
http://dx.doi.org/10.1128/EC.00286-09
http://dx.doi.org/10.1128/EC.00286-09
http://dx.doi.org/10.1074/jbc.M112.384305
http://dx.doi.org/10.1074/jbc.M112.384305
http://dx.doi.org/10.1074/jbc.M112.384305
http://dx.doi.org/10.1074/jbc.M112.384305
http://dx.doi.org/10.1016/j.devcel.2007.03.006
http://dx.doi.org/10.1016/j.devcel.2007.03.006
http://dx.doi.org/10.1016/j.devcel.2007.03.006
http://dx.doi.org/10.1074/jbc.M110.111633
http://dx.doi.org/10.1074/jbc.M110.111633
http://dx.doi.org/10.1074/jbc.M110.111633
http://dx.doi.org/10.1034/j.1600-0854.2001.20705.x
http://dx.doi.org/10.1034/j.1600-0854.2001.20705.x
http://dx.doi.org/10.1016/S0960-9822(99)80071-2
http://dx.doi.org/10.1016/S0960-9822(99)80071-2
http://dx.doi.org/10.1016/S0960-9822(99)80071-2
http://dx.doi.org/10.1016/S0378-1119(96)00367-8
http://dx.doi.org/10.1016/S0378-1119(96)00367-8
http://dx.doi.org/10.1016/S0378-1119(96)00367-8
http://dx.doi.org/10.1038/nsmb.1809
http://dx.doi.org/10.1038/nsmb.1809
http://dx.doi.org/10.1038/nsmb.1809
http://dx.doi.org/10.1091/mbc.E10-03-0260
http://dx.doi.org/10.1091/mbc.E10-03-0260
http://dx.doi.org/10.1091/mbc.E10-03-0260
http://dx.doi.org/10.1091/mbc.E10-03-0260
http://dx.doi.org/10.1016/j.cell.2010.03.011
http://dx.doi.org/10.1016/j.cell.2010.03.011
http://dx.doi.org/10.1091/mbc.E03-01-0040
http://dx.doi.org/10.1091/mbc.E03-01-0040
http://dx.doi.org/10.1091/mbc.E03-01-0040
http://dx.doi.org/10.1083/jcb.148.6.1231
http://dx.doi.org/10.1083/jcb.148.6.1231
http://dx.doi.org/10.1083/jcb.148.6.1231
http://dx.doi.org/10.1242/jcs.02502
http://dx.doi.org/10.1242/jcs.02502
http://dx.doi.org/10.1242/jcs.02502
http://dx.doi.org/10.1083/jcb.111.3.877
http://dx.doi.org/10.1083/jcb.111.3.877
http://dx.doi.org/10.1083/jcb.111.3.877
http://dx.doi.org/10.1083/jcb.111.3.877
http://dx.doi.org/10.1038/14037
http://dx.doi.org/10.1038/14037
http://dx.doi.org/10.1091/mbc.E03-06-0358
http://dx.doi.org/10.1091/mbc.E03-06-0358
http://dx.doi.org/10.1091/mbc.E03-06-0358
http://dx.doi.org/10.1016/j.cell.2005.06.043
http://dx.doi.org/10.1016/j.cell.2005.06.043
http://dx.doi.org/10.1083/jcb.200804048
http://dx.doi.org/10.1083/jcb.200804048
http://dx.doi.org/10.1083/jcb.200804048
http://dx.doi.org/10.1083/jcb.200804048
http://dx.doi.org/10.1182/blood-2010-12-323659
http://dx.doi.org/10.1182/blood-2010-12-323659
http://dx.doi.org/10.1182/blood-2010-12-323659
http://dx.doi.org/10.1016/S1097-2765(00)00064-2
http://dx.doi.org/10.1016/S1097-2765(00)00064-2
http://dx.doi.org/10.1016/S1097-2765(00)00064-2
http://dx.doi.org/10.1073/pnas.97.17.9402
http://dx.doi.org/10.1073/pnas.97.17.9402
http://dx.doi.org/10.1073/pnas.97.17.9402
http://dx.doi.org/10.1242/jcs.048686
http://dx.doi.org/10.1242/jcs.048686
http://dx.doi.org/10.1242/jcs.048686
http://dx.doi.org/10.1242/jcs.048686

[}
O
c
Q2
3}
wn
©
&)
—
o
©
c
p -
S
o
1

1316 Journal of Cell Science 126 (6)

Singer-Kriiger, B., Stenmark, H., Diisterhéft, A., Philippsen, P., Yoo, J. S., Gallwitz,
D. and Zerial, M. (1994). Role of three rab5-like GTPases, Ypt51p, Ypt52p, and
Ypt53p, in the endocytic and vacuolar protein sorting pathways of yeast. J. Cell Biol.
125, 283-298.

Solinger, J. A. and Spang, A. (2013). Tethering complexes in the endocytic pathway:
CORVET and HOPS. FEBS J. (in press).

Sonnichsen, B., De Renzis, S., Nielsen, E., Rietdorf, J. and Zerial, M. (2000). Distinct
membrane domains on endosomes in the recycling pathway visualized by multicolor
imaging of Rab4, Rab5, and Rabl1. J. Cell Biol. 149, 901-914.

Sriram, V., Krishnan, K. S. and Mayor, S. (2003). Deep-orange and carnation define
distinct stages in late endosomal biogenesis in Drosophila melanogaster. J. Cell Biol.
161, 593-607.

Srivastava, A., Woolford, C. A. and Jones, E. W. (2000). Pep3p/Pep5p complex: a
putative docking factor at multiple steps of vesicular transport to the vacuole of
Saccharomyces cerevisiae. Genetics 156, 105-122.

Starai, V. J., Hickey, C. M. and Wickner, W. (2008). HOPS proofreads the trans-
SNARE complex for yeast vacuole fusion. Mol. Biol. Cell 19, 2500-2508.

Stroupe, C. (2012). The yeast vacuolar Rab GTPase Ypt7p has an activity beyond
membrane recruitment of the homotypic fusion and protein sorting-Class C Vps
complex. Biochem. J. 443, 205-211.

Stroupe, C., Collins, K. M., Fratti, R. A. and Wickner, W. (2006). Purification of
active HOPS complex reveals its affinities for phosphoinositides and the SNARE
Vam7p. EMBO J. 25, 1579-1589.

Stroupe, C., Hickey, C. M., Mima, J., Burfeind, A. S. and Wickner, W. (2009).
Minimal membrane docking requirements revealed by reconstitution of Rab GTPase-
dependent membrane fusion from purified components. Proc. Natl. Acad. Sci. USA
106, 17626-17633.

Subramanian, S., Woolford, C. A. and Jones, E. W. (2004). The Secl/Muncl8
protein, Vps33p, functions at the endosome and the vacuole of Saccharomyces
cerevisiae. Mol. Biol. Cell 15, 2593-2605.

Siidhof, T. C. and Rothman, J. E. (2009). Membrane fusion: grappling with SNARE
and SM proteins. Science 323, 474-477.

Sun, B., Chen, L., Cao, W., Roth, A. F. and Davis, N. G. (2004). The yeast casein
kinase Yck3p is palmitoylated, then sorted to the vacuolar membrane with AP-3-
dependent recognition of a YXXPhi adaptin sorting signal. Mol. Biol. Cell 15, 1397-
1406.

Swetha, M. G., Sriram, V., Krishnan, K. S., Oorschot, V. M. J., ten Brink, C.,
Klumperman, J. and Mayor, S. (2011). Lysosomal membrane protein composition,
acidic pH and sterol content are regulated via a light-dependent pathway in metazoan
cells. Traffic 12, 1037-1055.

Tall, G. G., Hama, H., DeWald, D. B. and Horazdovsky, B. F. (1999). The
phosphatidylinositol 3-phosphate binding protein Vaclp interacts with a Rab GTPase
and a Seclp homologue to facilitate vesicle-mediated vacuolar protein sorting. Mol.
Biol. Cell 10, 1873-1889.

Tomita, Y., Noda, T., Fujii, K., Watanabe, T., Morikawa, Y. and Kawaoka,
Y. (2011). The cellular factors Vps18 and Mon2 are required for efficient production
of infectious HIV-1 particles. J. Virol. 85, 5618-5627.

Vonderheit, A. and Helenius, A. (2005). Rab7 associates with early endosomes to
mediate sorting and transport of Semliki forest virus to late endosomes. PLoS Biol. 3,
e233.

Wada, Y., Ohsumi, Y. and Anraku, Y. (1992). Genes for directing vacuolar
morphogenesis in Saccharomyces cerevisiae. 1. Isolation and characterization of two
classes of vam mutants. J. Biol. Chem. 267, 18665-18670.

Wang, C.-W., Stromhaug, P. E., Shima, J. and Klionsky, D. J. (2002). The Cczl-
Monl protein complex is required for the late step of multiple vacuole delivery
pathways. J. Biol. Chem. 277, 47917-47927.

Wang, C.-W,, Stromhaug, P. E., Kauffman, E. J., Weisman, L. S. and Klionsky,
D. J. (2003). Yeast homotypic vacuole fusion requires the Cczl-Monl complex
during the tethering/docking stage. J. Cell Biol. 163, 973-985.

Warner, T. S., Sinclair, D. A., Fitzpatrick, K. A., Singh, M., Devlin, R. H. and
Honda, B. M. (1998). The light gene of Drosophila melanogaster encodes a
homologue of VPS41, a yeast gene involved in cellular-protein trafficking. Genome
41, 236-243.

Wiederkehr, A., De Craene, J. O., Ferro-Novick, S. and Novick, P. (2004).
Functional specialization within a vesicle tethering complex: bypass of a subset of
exocyst deletion mutants by Seclp or Secdp. J. Cell Biol. 167, 875-887.

Wilkin, M., Tongngok, P., Gensch, N., Clemence, S., Motoki, M., Yamada, K., Hori,
K., Taniguchi-Kanai, M., Franklin, E., Matsuno, K. et al. (2008). Drosophila
HOPS and AP-3 complex genes are required for a Deltex-regulated activation of
notch in the endosomal trafficking pathway. Dev. Cell 15, 762-772.

Woolford, C. A., Bounoutas, G. S., Frew, S. E. and Jones, E. W. (1998). Genetic
interaction with vps8-200 allows partial suppression of the vestigial vacuole
phenotype caused by a pep5 mutation in Saccharomyces cerevisiae. Genetics 148,
71-83.

Wurmser, A. E., Sato, T. K. and Emr, S. D. (2000). New component of the vacuolar
class C-Vps complex couples nucleotide exchange on the Ypt7 GTPase to SNARE-
dependent docking and fusion. J. Cell Biol. 151, 551-562.

Waurthner, J. U., Frank, D. B., Felici, A., Green, H. M., Cao, Z., Schneider, M. D.,
McNally, J. G., Lechleider, R. J. and Roberts, A. B. (2001). Transforming growth
factor-beta receptor-associated protein 1 is a Smad4 chaperone. J. Biol. Chem. 276,
19495-19502.

Xu, L., Sowa, M. E., Chen, J., Li, X., Gygi, S. P. and Harper, J. W. (2008). An FTS/
Hook/p107(FHIP) complex interacts with and promotes endosomal clustering by the
homotypic vacuolar protein sorting complex. Mol. Biol. Cell 19, 5059-5071.

Xu, H., Jun, Y., Thompson, J., Yates, J. and Wickner, W. (2010). HOPS prevents the
disassembly of trans-SNARE complexes by Secl7p/Sec18p during membrane fusion.
EMBO J. 29, 1948-1960.

Yogosawa, S., Hatakeyama, S., Nakayama, K. 1., Miyoshi, H., Kohsaka, S. and
Akazawa, C. (2005). Ubiquitylation and degradation of serum-inducible kinase by
hVPS18, a RING-H2 type ubiquitin ligase. J. Biol. Chem. 280, 41619-41627.

Yogosawa, S., Kawasaki, M., Wakatsuki, S., Kominami, E., Shiba, Y., Nakayama,
K., Kohsaka, S. and Akazawa, C. (2006). Monoubiquitylation of GGA3 by hVPS18
regulates its ubiquitin-binding ability. Biochem. Biophys. Res. Commun. 350, 82-90.

Yu, L.-M. and Hughson, F. M. (2010). Tethering factors as organizers of intracellular
vesicular traffic. Annu. Rev. Cell Dev. Biol. 26, 137-156.

Zeigerer, A., Gilleron, J., Bogorad, R. L., Marsico, G., Nonaka, H., Seifert, S.,
Epstein-Barash, H., Kuchimanchi, S., Peng, C. G., Ruda, V. M. et al. (2012). Rab5
is necessary for the biogenesis of the endolysosomal system in vivo. Nature 485, 465-
470.

Zhu, G.-D. and L’Hernault, S. W. (2003). The Caenorhabditis elegans spe-39 gene is
required for intracellular membrane reorganization during spermatogenesis. Genetics
165, 145-157.

Zhu, G.-D., Salazar, G., Zlatic, S. A., Fiza, B., Doucette, M. M., Heilman, C. J.,
Levey, A. 1., Faundez, V. and L’hernault, S. W. (2009). SPE-39 family proteins
interact with the HOPS complex and function in lysosomal delivery. Mol. Biol. Cell
20, 1223-1240.

Zick, M. and Wickner, W. (2012). Phosphorylation of the effector complex HOPS by
the vacuolar kinase Yck3p confers Rab nucleotide specificity for vacuole docking and
fusion. Mol. Biol. Cell 23, 3429-3437.

Zlatic, S. A., Tornieri, K., L’Hernault, S. W. and Faundez, V. (2011a). Clathrin-
dependent mechanisms modulate the subcellular distribution of class ¢ vps/hops tether
subunits in polarized and non-polarized cells. Mol. Biol. Cell. 22, 1699-715.

Zlatic, S. A., Tornieri, K., L’Hernault, S. W. and Faundez, V. (2011b). Metazoan cell
biology of the HOPS tethering complex. Cell. Logist. 1, 111-117.

Zucchi, P. C. and Zick, M. (2011). Membrane fusion catalyzed by a Rab, SNAREs, and
SNARE chaperones is accompanied by enhanced permeability to small molecules and
by lysis. Mol. Biol. Cell 22, 4635-4646.


http://dx.doi.org/10.1083/jcb.125.2.283
http://dx.doi.org/10.1083/jcb.125.2.283
http://dx.doi.org/10.1083/jcb.125.2.283
http://dx.doi.org/10.1083/jcb.125.2.283
http://dx.doi.org/10.1111/febs.12151
http://dx.doi.org/10.1111/febs.12151
http://dx.doi.org/10.1083/jcb.149.4.901
http://dx.doi.org/10.1083/jcb.149.4.901
http://dx.doi.org/10.1083/jcb.149.4.901
http://dx.doi.org/10.1083/jcb.200210166
http://dx.doi.org/10.1083/jcb.200210166
http://dx.doi.org/10.1083/jcb.200210166
http://dx.doi.org/10.1091/mbc.E08-01-0077
http://dx.doi.org/10.1091/mbc.E08-01-0077
http://dx.doi.org/10.1042/BJ20110687
http://dx.doi.org/10.1042/BJ20110687
http://dx.doi.org/10.1042/BJ20110687
http://dx.doi.org/10.1038/sj.emboj.7601051
http://dx.doi.org/10.1038/sj.emboj.7601051
http://dx.doi.org/10.1038/sj.emboj.7601051
http://dx.doi.org/10.1073/pnas.0903801106
http://dx.doi.org/10.1073/pnas.0903801106
http://dx.doi.org/10.1073/pnas.0903801106
http://dx.doi.org/10.1073/pnas.0903801106
http://dx.doi.org/10.1091/mbc.E03-10-0767
http://dx.doi.org/10.1091/mbc.E03-10-0767
http://dx.doi.org/10.1091/mbc.E03-10-0767
http://dx.doi.org/10.1126/science.1161748
http://dx.doi.org/10.1126/science.1161748
http://dx.doi.org/10.1091/mbc.E03-09-0682
http://dx.doi.org/10.1091/mbc.E03-09-0682
http://dx.doi.org/10.1091/mbc.E03-09-0682
http://dx.doi.org/10.1091/mbc.E03-09-0682
http://dx.doi.org/10.1111/j.1600-0854.2011.01214.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01214.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01214.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01214.x
http://dx.doi.org/10.1128/JVI.00846-10
http://dx.doi.org/10.1128/JVI.00846-10
http://dx.doi.org/10.1128/JVI.00846-10
http://dx.doi.org/10.1371/journal.pbio.0030233
http://dx.doi.org/10.1371/journal.pbio.0030233
http://dx.doi.org/10.1371/journal.pbio.0030233
http://dx.doi.org/10.1074/jbc.M208191200
http://dx.doi.org/10.1074/jbc.M208191200
http://dx.doi.org/10.1074/jbc.M208191200
http://dx.doi.org/10.1083/jcb.200308071
http://dx.doi.org/10.1083/jcb.200308071
http://dx.doi.org/10.1083/jcb.200308071
http://dx.doi.org/10.1083/jcb.200408001
http://dx.doi.org/10.1083/jcb.200408001
http://dx.doi.org/10.1083/jcb.200408001
http://dx.doi.org/10.1016/j.devcel.2008.09.002
http://dx.doi.org/10.1016/j.devcel.2008.09.002
http://dx.doi.org/10.1016/j.devcel.2008.09.002
http://dx.doi.org/10.1016/j.devcel.2008.09.002
http://dx.doi.org/10.1083/jcb.151.3.551
http://dx.doi.org/10.1083/jcb.151.3.551
http://dx.doi.org/10.1083/jcb.151.3.551
http://dx.doi.org/10.1074/jbc.M006473200
http://dx.doi.org/10.1074/jbc.M006473200
http://dx.doi.org/10.1074/jbc.M006473200
http://dx.doi.org/10.1074/jbc.M006473200
http://dx.doi.org/10.1091/mbc.E08-05-0473
http://dx.doi.org/10.1091/mbc.E08-05-0473
http://dx.doi.org/10.1091/mbc.E08-05-0473
http://dx.doi.org/10.1038/emboj.2010.97
http://dx.doi.org/10.1038/emboj.2010.97
http://dx.doi.org/10.1038/emboj.2010.97
http://dx.doi.org/10.1074/jbc.M508397200
http://dx.doi.org/10.1074/jbc.M508397200
http://dx.doi.org/10.1074/jbc.M508397200
http://dx.doi.org/10.1016/j.bbrc.2006.09.013
http://dx.doi.org/10.1016/j.bbrc.2006.09.013
http://dx.doi.org/10.1016/j.bbrc.2006.09.013
http://dx.doi.org/10.1146/annurev.cellbio.042308.113327
http://dx.doi.org/10.1146/annurev.cellbio.042308.113327
http://dx.doi.org/10.1038/nature11133
http://dx.doi.org/10.1038/nature11133
http://dx.doi.org/10.1038/nature11133
http://dx.doi.org/10.1038/nature11133
http://dx.doi.org/10.1091/mbc.E08-07-0728
http://dx.doi.org/10.1091/mbc.E08-07-0728
http://dx.doi.org/10.1091/mbc.E08-07-0728
http://dx.doi.org/10.1091/mbc.E08-07-0728
http://dx.doi.org/10.1091/mbc.E12-04-0279
http://dx.doi.org/10.1091/mbc.E12-04-0279
http://dx.doi.org/10.1091/mbc.E12-04-0279
http://dx.doi.org/10.4161/cl.1.3.17279
http://dx.doi.org/10.4161/cl.1.3.17279
http://dx.doi.org/10.1091/mbc.E11-08-0680
http://dx.doi.org/10.1091/mbc.E11-08-0680
http://dx.doi.org/10.1091/mbc.E11-08-0680

	Fig 1
	Fig 2
	Fig 3
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24
	Ref 25
	Ref 26
	Ref 27
	Ref 28
	Ref 29
	Ref 30
	Ref 31
	Ref 32
	Ref 33
	Ref 34
	Ref 35
	Ref 36
	Ref 37
	Ref 38
	Ref 39
	Ref 40
	Ref 41
	Ref 42
	Ref 43
	Ref 44
	Ref 45
	Ref 46
	Ref 47
	Ref 48
	Ref 49
	Ref 50
	Ref 51
	Ref 52
	Ref 53
	Ref 54
	Ref 55
	Ref 56
	Ref 57
	Ref 58
	Ref 59
	Ref 60
	Ref 61
	Ref 62
	Ref 63
	Ref 64
	Ref 65
	Ref 66
	Ref 67
	Ref 68
	Ref 69
	Ref 70
	Ref 71
	Ref 72
	Ref 73
	Ref 74
	Ref 75
	Ref 76
	Ref 77
	Ref 78
	Ref 79
	Ref 80
	Ref 81
	Ref 82
	Ref 83
	Ref 84
	Ref 85
	Ref 86
	Ref 87
	Ref 88
	Ref 89
	Ref 90
	Ref 91
	Ref 92
	Ref 93
	Ref 94
	Ref 95
	Ref 96
	Ref 97
	Ref 98
	Ref 99
	Ref 100
	Ref 101
	Ref 102
	Ref 103
	Ref 104
	Ref 105
	Ref 106
	Ref 107
	Ref 108
	Ref 109
	Ref 110
	Ref 111
	Ref 112
	Ref 113
	Ref 114
	Ref 115
	Ref 116
	Ref 117
	Ref 118
	Ref 119
	Ref 120
	Ref 121
	Ref 122
	Ref 123
	Ref 124
	Ref 125
	Ref 126
	Ref 127
	Ref 128
	Ref 129
	Ref 130
	Ref 131
	Ref 132
	Ref 133
	Ref 134
	Ref 135
	Ref 136
	Ref 137
	Ref 138
	Ref 139

