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Background: The interdependence of the endosomal fusion factors CORVET and Vacl has not been addressed.
Results: CORVET can be separated from other endocytic fusion factors on the basis of ultrastructure, localization, and

trafficking.

Conclusion: CORVET acts independently of the Vacl tether and requires activated Rab5 homologs for localization.
Significance: Our data reveal a unique role of CORVET in sorting of biosynthetic cargo to the vacuole.

Transport along the endolysosomal system requires multiple
fusion events at early and late endosomes. Deletion of several
endosomal fusion factors, including the Vacl tether and the
Class C core vacuole/endosome tethering (CORVET) complex-
specific subunits Vps3 and Vps8, results in a class D vps pheno-
type. As these mutants have an apparently similar defect in
endosomal transport, we asked whether CORVET and Vacl
could still act in distinct tethering reactions. Our data reveal
that CORVET mutants can be rescued by Vacl overexpression
in the endocytic pathway but not in CPY or Cps1 sorting to the
vacuole. Moreover, when we compared the ultrastructure,
CORVET mutants were most similar to deletions of the Rab
Vps21 and its guanine nucleotide exchange factor Vps9 and dif-
ferent from vacl deletion, indicating separate functions. Like-
wise, CORVET still localized to endosomes even in the absence
of Vacl, whereas Vacl localization became diffuse in CORVET
mutants. Importantly, CORVET localization requires the Rab5
homologs Vps21 and Ypt52, whereas Vacl localization is strictly
Vps21-dependent. In this context, we also uncover that Mukl
can compensate for loss of Vps9 in CORVET localization, indi-
cating that two Rab5 guanine nucleotide exchange factors oper-
ate in the endocytic pathway. Overall, our study reveals a unique
role of CORVET in the sorting of biosynthetic cargo to the
vacuole/lysosome.

* This work was supported by Sonderforschungsbereich (SFB) 944 (project
P11); by the Hans Mihlenhoff Foundation (to C. U.); and by European Com-
munity Humanitarian Office (ECHO) Grant 700.59.003, Earth and Life Sci-
ence ALW Open Program Grant 821.02.017, and Deutsche Forschungsge-
meinschaft-Netherlands Organisation for Scientific Research (DFG-NWO)
Cooperation Grant DN 82-303 (to F.R.) and UN111/7-1 (to C. U.).

51 This article contains supplemental Tables S1 and S2.

"To whom correspondence may be addressed: Department of Biology/
Chemistry, Biochemistry Section, Barbarastr. 13, 49076 Osnabrtick, Ger-
many. Fax: 49-541-969-2884 or -3422; E-mail: Margarita.Cabrera@
biologie.uni-osnabrueck.de.

2To whom correspondence may be addressed: Department of Biology/
Chemistry, Biochemistry Section, Barbarastr. 13, 49076 Osnabrtick, Ger-
many. Fax: 49-541-969-2884 or -3422; E-mail: cu@uos.de.

5166 JOURNAL OF BIOLOGICAL CHEMISTRY

The endolysosomal system consists of strongly intercon-
nected organelles. Endosomes form and mature as a result of
constant fusion events. They receive their membrane and pro-
tein load via endocytosis from the plasma membrane and from
Golgi-derived vesicles that deliver, among others, vacuolar
hydrolases. Within the yeast endocytic pathway, we distinguish
early endosomes and late endosomes (also called prevacuolar
compartment or multivesicular body) (1-4). Many lines of evi-
dence suggest that early endosomes mature into late endo-
somes, which is accompanied by recycling of cargo receptors
back to the Golgi and plasma membrane mediated by the ret-
romer and Snx4/41/42 complexes (5-7). In addition, ubiquiti-
nated membrane proteins are sorted into intraluminal vesicles
of late endosomes by the endosomal sorting complex required
for transport (ESCRT) machinery (8 —13). Maturation of early
to late endosomes also requires a change of the fusion machin-
ery components on the organelle and includes loss of Rab5/
Vps21 and gain of Rab7/Ypt7 before the mature late endosome
can fuse with the vacuole (1, 3, 14-16).

In general, fusion between membranes requires a lipid bilay-
er-bound Rab GTPase such as the mentioned Rab5 and Rab7
proteins, which interacts in its active GTP form with a tethering
complex or protein to bring membranes into close contact. Sub-
sequently, membrane-anchored SNAREs (soluble N-ethylma-
leimide-sensitive factor attachment protein receptor) on both
membranes form four-helix bundles and trigger bilayer mixing.
Within the secretory pathway, CATCHR (complexes associ-
ated with tethering containing helical rods) complexes like the
exocyst at the plasma membrane and the COG (conserved olig-
omeric Golgi) complex at the Golgi have been identified,
whereas the Vps class C complexes, namely the CORVET and
the HOPS (homotypic fusion and vacuole protein sorting) com-
plexes, are necessary within the endolysosomal system (5, 7,
16-18). CORVET and HOPS are both heterohexamer com-
plexes that share the Vps11, Vps16, Vps18, and Vps33 subunits
(8, 10, 12). Because of their inclusion in two tethering com-
plexes, their deletions result in a massive fragmentation of the
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vacuole, which has been termed class C phenotype (Fig. 1A4) (2).
CORVET has two Rab-specific subunits, Vps3 and Vps8, which
both interact with Vps21-GTP (14-16). The homologous
Vps39 and Vps41 counterparts within HOPS bind to Ypt7-GTP
(16-18). Recent structural data show that HOPS forms an elon-
gated particle where the Rab-interacting subunits localize to
opposite ends, which can explain its ability to drive tethering of
Ypt7-containing membranes (18). HOPS and CORVET share
the Secl/Munc18-like Vps33 subunit, which is the interaction
site for SNARE complexes (19 -21).

On the basis of its homology to HOPS, the CORVET com-
plex has been postulated to act as a tethering complex as well (2,
4, 12, 14). However, it has remained challenging to find solid
evidence supporting such a function. In addition, data on the
precise interplay of CORVET with other endosomal fusion
factors are lacking. Endosome biogenesis requires several pro-
teins implicated in fusion, including the guanine nucleotide
exchange factor (GEF)® Vps9, which activates Vps21 (6, 22).
The Rab5 homolog Vps21 can in turn bind the EEA1-like Vacl
tether, which also contains a binding site for phosphoinositide-
3-phosphate (23, 24). This tethering machinery interacts with
the SNARE Pepl2 and its Sec1/Muncl8 protein Vps45 to fuse
transport vesicles at the endosomes (9, 11, 13, 24). Additional
fusion events at the early and late endosome may require the
CORVET complex (12, 14) (Fig. 1A). Importantly, deletions of
the CORVET subunits Vps3 and Vps8 result in a similar phe-
notype like deletions of VPS9, VPS21, VPS45, VACI, or PEP12,
which have been classified as class D genes (1, 3, 25-27). The
vacuoles of the class D mutants are larger than wild-type vacu-
oles, do not fragment upon salt stress, and thus have deficien-
cies in vacuole inheritance (28). For cells lacking Vps8, we
showed previously that the resulting vacuoles contain both
Vps21 and Ypt7, indicating a defect in endosomal maturation
(12).

In this study, we set out to reveal the interplay of CORVET
with other endosomal fusion factors of the same morphological
class. In particular, we compared Vps3 and Vps8 with Vacl, as
all proteins operate in tethering events. Several lines of evi-
dence, including a detailed ultrastructural analysis of all class D
mutants, support the idea that CORVET acts independently of
Vacl in the biosynthetic and endocytic pathways. We show that
two Rab5 proteins, Vps21 and Ypt52, confer CORVET localiza-
tion to endosomes. Moreover, this localization depends on two
redundant GEFs, the previously characterized Vps9 and Mukl,
apredicted Vps9 GEF (29). The same Vps9 domain is also found
in several mammalian Rab5 GEFs (29). Our data provide fur-
ther in vivo support for CORVET function as an endosome-
specific tethering factor.

EXPERIMENTAL PROCEDURES

Yeast Strains and Molecular Biology—All yeast strains and
plasmids used in this study are listed in supplemental Tables S1
and S2, respectively. Tagging of proteins was performed by
homologous recombination of the tag and the marker at the 5’

3 The abbreviations used are: GEF, guanine nucleotide exchange factor; MBP,
maltose binding protein; SDC, synthetic dextrose complete; CPY, carboxy-
peptidase Y.
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or 3’ end of the gene (30). Alternatively, plasmids encoding for
tagged constructs were integrated into the genome. In brief,
dsRed-tagged Vps21 and Pepl2 were expressed from pRS-
based vectors under the control of the PHOS promoter. The
Vps3-GFP and Vps8-GFP constructs were expressed from
pRS415-NOP1pr plasmids. GFP-tagged alleles were amplified
from genomic DNA and subcloned into the pRS415-NOPIpr
plasmid using NotI and Xhol. The NOPI promoter was used for
expression levels comparable with WT. Expression of Mukl
and Vps9 fused to the MBP was performed in BL21 Rosetta.
Protein production was induced with 0.5 mM isopropyl 1-thio-
B-D-galactopyranoside for 16 h at 16 °C. Cells were lysed in
buffer containing 20 mm Tris-HCI (pH 7.4), 200 mm NaCl, 1 mm
EDTA,1 mMDTT, 1 mm PMSF, and protease inhibitor mixture
(Roche). Proteins were purified using amylose resin (New Eng-
land Biolabs, Inc., Ipswich, MA) and eluted by addition of 10
mM maltose. GST-tagged Rabs were expressed in BL21 Rosetta
upon addition of 0.5 mm isopropyl 1-thio-B-p-galactopyrano-
side. After growth for 16 h at 16 °C, cells were lysed in PBS
containing 1 mm PMSF and protease inhibitor mixture (Roche).
Proteins were purified using GSH beads (GE Healthcare) and
eluted with 20 mm glutathione. Buffer exchange was performed
using PD10 column (GE Healthcare).

Microscopy—Yeast cells were grown to mid-log phase in
yeast peptone dextrose (YPD), yeast peptone galactose (YPG),
or synthetic dextrose complete (SDC) medium lacking selected
amino acids or nucleotides, collected by centrifugation, washed
once with SDC medium supplemented with all amino acids,
and immediately analyzed by fluorescence microscopy. For
FM4-64 staining of vacuoles, cells were incubated with 30 um
FM4-64 for 30 min, washed twice with YPD medium, and incu-
bated in the same medium without dye for 1 h. Images were
acquired with a Leica DM5500 B microscope equipped with a
SPOT Pursuit camera equipped with an internal filter wheel
(D460sp, BP460-515 and D580lp, Leica Microsystems GmbH,
Germany), fluorescence filters (49002 ET-GFP (FITC/Cy2):
excitation ET470/X40, emission ET525/50 m; wide green: exci-
tation D535/50, emission E590lp; 49008 ET-mCherry, Texas
Red: excitation ET560/X40, emission ET630/75 m; Chroma
Technology Corp.), and Metamorph 7 software (Visitron Sys-
tems, Munich, Germany). Images were processed using Image]
1.42 (National Institutes of Health).

Electron microscopy of Epon-embedded cells was done as
described previously (14, 31, 32). Statistical evaluation of the
EM sections was performed by 50 randomly selected cell pro-
files and counting of the number of vesicles and putative endo-
somal structures. Vesicles were defined as circular or tubular
structures with a diameter up to 80 nm, whereas putative endo-
somes were considered to be large circular structures with a
dark content and/or stacks of membranes.

Canavanine Assay—Cells were grown in YPD to logarithmic
phase, diluted to A4y, = 0.25, and serial dilutions (1:5) were
spotted onto SDC plates without arginine containing the indi-
cated canavanine concentrations. Plates were imaged after 4
days of growth at 30 °C.

Invertase Assay—Yeast strain BHY10 (33) containing VACI
expression plasmids was grown in synthetic medium to loga-
rithmic phase and spotted onto synthetic medium containing
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FIGURE 1. Sorting of Golgi-derived cargo in class D mutants. A, overview of proteins that operate in membrane remodeling and fusion at the endosome and
vacuole. Classes refer to the previously identified morphological groups (1). EE, early endosome; LE, late endosome; ESCRT, endosomal sorting complex
required for transport; SM, Sec1/Munc18. B, Cps1 sorting defect in class D mutants. Cps1 was genomically tagged at its N terminus with GFP in WT and the
indicated deletion strains. Cells were then analyzed by fluorescence microscopy. Fluorescence intensity profiles of representative vacuoles (white arrowheads)
are shown. Scale bar = 5 um. See “Experimental Procedures” for details. C, quantitative analysis of Cps1 distribution in class D mutants (n > 100).

2% fructose as described for the canavanine assay. After 3 days
of growth at 30 °C, CPY invertase secretion was analyzed by
overlaying plates with developer solution (33).

Fluorescent GEF Assay—GEF assays were performed as
described in Ref. 34. Briefly, 500 pmol of GST-Rabs preloaded
with 2/3 O-(N-methylanthraniloyl) (MANT)-GDP were incu-
bated with different amounts of MBP-Vps9 or MBP-Mukl.
After 200 s, 0.1 mm GTP was added to trigger the exchange
reaction. MANT fluorescence was monitored using a fluorim-
eter with a temperature-controlled cuvette and a stirring device
(Jasco, Gross-Umstadt, Germany). Excitation was performed at
366 nm, and emission was measured at 443 nm.

RESULTS

Class D Mutants Differ in their Endosomal Transport Defects—
The biogenesis of the yeast vacuole (lysosome) is closely linked
to trafficking toward the early and late endosomes. Conse-
quently, any perturbation in the fusion machinery at the early
and late endosome will cause vacuolar protein transport defects
and results in a similar phenotype, the enlarged class D vacuole
(2,25-27). Seven class D mutants have been identified over the
last years. Previous data provided support that five factors,
the Rab5 GTPase Vps21, its GEF Vps9, the Q-SNARE Pepl2,
the Sec1/Munc18-like Vps45 protein, and EEA1-like Vacl pro-
tein cooperate at the early endosome (23, 24). With the identi-
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fication of the CORVET complex, it was assumed that COR-
VET acts independently of the Vacl-mediated tethering at
early endosomes (12, 14), although the possible interdepen-
dence was not addressed in any previous study. We decided to
address this issue by comparing the different mutants and fol-
lowing the localization of both tethers.

We first asked whether loss of the class D mutants had sim-
ilar effects on the delivery of biosynthetic cargo to the vacuole
and, therefore, followed the sorting of the GFP-tagged Golgi-
derived cargo Cpsl. In wild-type cells, Cpsl1 is sorted at late
endosomes into intraluminal vesicles with the help of the
ESCRT complexes and subsequently accumulates in the vacu-
ole lumen (Fig. 1B). In ESCRT mutants like vps4A, sorting into
the intraluminal vesicles is impaired, and GFP-Cps1 is found on
the limiting membrane of the vacuole and aberrant endosomes
(35) (Fig. 1B). In all class D mutants, we observed that Cps1 also
accumulated on the vacuole rim and in vesicular structures,
indicating that the loss of efficient endosomal fusion strongly
affects cargo delivery to the vacuole (Fig. 1, B and C). In con-
trast, cargo sorting via the AP-3 pathway, which bypasses the
endosomal compartment, was functional in all class D mutants
(not shown).

Next, we asked whether transport from the plasma mem-
brane to the vacuole is equally defective in all mutants and,
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therefore, explored the sorting of the arginine permease Canl
(36, 37). Canl also transports the toxic arginine analog canava-
nine into cells. Sensitivity to this drug has been explored to
identify mutants with altered amounts of Canl on the cell sur-
face because of defects in Canl endocytosis or recycling (Fig.
2A). Growth sensitivity can be monitored with a simple plate
assay (36, 37). In wild-type cells, Canl is continuously sorted
from the plasma membrane to the vacuole for degradation if
cells experience an excess of substrate. Cells are thus resistant
to a certain concentration of the toxic canavanine drug, similar
to canlA cells (Fig. 2B). In endocytosis mutants such as artIA,
Canl is stabilized on the plasma membrane, which results in
increased canavanine uptake and growth sensitivity. As shown
in Fig. 2B, all class D deletion strains showed growth sensitivity
to canavanine, consistent with a defect in the sorting of Canl to
the vacuole. Although most of the mutants had severe defects
comparable with artIA, the vps8A, vps21A, and vps9A mutants
showed a milder defect. The same mutants also displayed a
weaker defect in Cpsl sorting (Fig. 1C).

To monitor the behavior of the Canl permease in cells, we
followed the localization of the GFP-tagged version. Under
standard growth conditions, the permease is localized at the
plasma membrane and in the vacuole lumen in wild-type cells
(Fig. 2C, left panel). In artIA, the luminal vacuolar signal is
absent because Canl is not sorted into the endocytic pathway
(37). All class D mutants showed a similar phenotype like artiA
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(Fig. 2C, left panel), which might indicate a defect in endocyto-
sis (see below). The uptake and degradation of Canl can be
induced by addition of cycloheximide, which activates a signal-
ing pathway via TORCI1 (38, 39). Upon incubation with cyclo-
heximide, Canl is sorted to the vacuole lumen in wild-type
cells, whereas it stained the plasma membrane in the artIA
mutant (Fig. 2C, right panel). Surprisingly, all class D mutants
showed accumulation of Canl in intracellular puncta (Fig. 2C,
right panel). This indicates that these cells are able to endocy-
tose Canl but are defective in Canl sorting to the vacuole.
Recycling from these intracellular structures to the plasma
membrane is probably still possible and might explain the cana-
vanine sensitivity phenotype. Overall, we conclude that protein
transport along the endocytic pathway is strongly impaired in a
group of class D mutants (vps45A, pep12A, vaclA, and vps3A)
but only partially in vps8A, vps21A, and vps9A mutants, which
suggests some redundancy in the endolysosomal trafficking
(see below).

Overlapping and Distinct Functions of Vacl and CORVET—
Two Secl/Muncl8 proteins, Vps33 (CORVET) and Vps45,
operate along the endocytic pathway. It has been shown that an
excess of Vps45 cannot restore the wild-type phenotype in the
vps33A mutant, presumably because of its interaction with a
distinct set of SNARESs (26). We therefore used the same over-
expression strategy to ask whether the Vacl tether would com-
pensate for the endosomal sorting defects observed in
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CORVET mutants. For this, we overexpressed Vacl and ini-
tially monitored Cpsl sorting, which remained defective in
both CORVET mutants (Fig. 34; see Fig. 1B for comparison).
To obtain a more quantitative readout of sorting events in the
biosynthetic pathway, we analyzed the secretion of CPY using a
plate assay where the release of a CPY invertase fusion protein
from cells is monitored. Neither the vps3A nor the milder vps8A
mutant were rescued by Vacl overexpression (Fig. 3B). How-
ever, when we analyzed endocytic sorting by looking at Canl,
Vacl was able to rescue the defect of the vps8A and, partially, of
the vps3A mutant (Fig. 3C). This indicates that Vacl and
CORVET have some overlap in endocytic transport but not in
the sorting of biosynthetic cargo to the vacuole.

CORVET Deletions Differ in Their Ultrastructural Pheno-
types from the vacl Mutant—As another readout for differ-
ences between CORVET mutants and other class D fusion fac-
tors, we turned to ultrastructural analyses. Previous studies of
class D mutants revealed an accumulation of 40- to 50-nm ves-
icles or vesicle clusters proximal to the vacuole, in agreement
with their role as fusion factors (33, 40 —44). We repeated this
analysis to perform an accurate side-by-side comparison
between all class D mutants, including the vps3A strain that has
not been analyzed morphologically previously. As shown in Fig.
4, we could reveal clear ultrastructural differences between the
class D mutants and classify them into three distinct groups.
The first group only comprises the vps45 knockout. In agree-
ment with a previous study (33), these cells have the most severe
phenotype of all class D mutants, with a multitude of vesicles
dispersed throughout the cytoplasm when compared with the
wild type (Fig. 4, A and B; quantified in [). This phenotype is
consistent with the ability of Vps45 to associate with more than
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one SNARE to support fusion at both the early and late endo-
somes (45—47).

The second set of mutants includes vacIA and pep12A, char-
acterized by multiple cytoplasmic vesicles that were, however,
less abundant than in vps45A cells (Fig. 4, C, D, and I). These
strains also accumulated large, partially stacked structures with
dense content (arrows), which we interpret as endosomal inter-
mediates (quantified in Fig. 41). The remaining four mutants,
vps9A, vps21A, vps3A, and vps8A, contained few vesicles com-
pared with any of the other mutants, although clearly more than
wild-type cells (Fig. 4, E-H and I). In addition, more dense
endosomal structures devoid of luminal vesicles were observed
(Fig. 4, F—H"), which sometimes were also stacked (F’, G’, and
H’). The double deletion strains vps45A vps3A and vps45A
vps8A exhibited a phenotype identical to that of the vps45A
cells (not shown), indicating that Vps45 probably acts upstream
of CORVET in the endosomal sorting pathway, in agreement
with earlier proposals (48). However, we did not observe the
vesicle clusters reported before in vps45A mutants (33), pre-
sumably because of the different strain background. In sum-
mary, we conclude that the CORVET mutants have a very sim-
ilar phenotype to vps2IA and vps9A but are distinct from the
vacIA phenotype, indicating that CORVET acts separately
along the endosomal system.

CORVET Localizes to Endosomes Independently of Vacl—To
further address whether CORVET and Vacl would act inde-
pendently of each other, we analyzed their localization to endo-
somes. In a first set of experiments, we monitored the localiza-
tion of GFP/dsRed-tagged Vps45, Pep12, and Vacl in CORVET
deletion mutants and observed largely dispersed signals with
some remaining dot-like structures (Fig. 54). A similar diffuse
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signal was observed for the early endosomal SNARE TIgl. As
the SNARESs Pep12 and Tlgl are membrane-bound, the diffuse
fluorescent signal in CORVET mutants likely corresponds to
the small vesicular structures observed in our EM analyses (Fig.
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4, G and H). CORVET deletions did, however, not affect the
localization of Sec7 to the Golgi, and both mutants still dis-
played endosomes, which are labeled by endocytosed Canl
(Fig. 2C).

We then asked, in reverse, whether CORVET subunits would
still localize if Vacl or Vps45 were deleted. To be able to mon-
itor CORVET behavior simultaneously, we tagged Vps3 and
Vps8 with different fluorophores. Both proteins colocalized to
the same dots in wild-type and vacIA and vps45A mutants, even
though the dots appeared to be more prominent in both
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mutants (Fig. 5B). To confirm that these dots were indeed
endosomes, we colocalized Vps8 with Vps21 and observed both
in the same structures (Fig. 5C). This indicates that CORVET
localizes to endosomes independently of the Vacl tether or
Vps45. Our data are therefore consistent with a separate role of
CORVET at endosomes.

CORVET Can Use Two Rab5 Proteins to Get to Endosomes
and Vacl Only One—We next asked whether we could further
dissect the differences between CORVET and Vacl by compar-
ing the cross-talk with the Rab GTPase Vps21. Both CORVET
and Vacl have been described as Vps21 effectors (12, 14, 16, 17,
23, 24). In agreement with this, all three GFP-tagged proteins
colocalized with Vps21 (Fig. 6A). Next, we asked whether we
could further distinguish the two tethers by following their
localization to endosomes in Rab5 deletion mutants. It was
shown before that loss of Vps21 can be compensated partially
by the two other Rab5 homologs, Ypt52 and Ypt53 (50, 51).
When we monitored the localization of all GFP-tagged tethers
in the vps21A mutant, we observed no dot localization of Vacl
and a loss of Vps8 and Vps3 endosomal localization, even
though some dots were still detectable (Fig. 6B). For CORVET,
we asked whether any of the other two homologs might com-
pensate and thus generate double mutants. Only upon deletion
of Ypt52 in addition to Vps21, CORVET became entirely mis-
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localized, whereas a deletion of Ypt53 was without effect. This
indicates that CORVET can use two Rab5 homologs to localize
to endosomes, whereas Vacl is specific for Vps21. It has been
reported previously that Vacl remains membrane-bound in
vps21A cells (24), which may explain the different phenotypes
of vacIA and vps21IA mutants in our ultrastructure analysis
(Fig. 4).

The observation of a compensatory Rab function for
CORVET localization is supported by the canavanine assay. As
mentioned before, the vps2IA and vps3A mutants differed in
their canavanine sensitivity, with vps3A as the more severe
mutant (Fig. 2B). If Vps21 can function together with Vps3 but
the vps21A mutant can be partially rescued by Ypt52, we would
expect that the vps2IA ypt52A double mutant would behave
like vps3A cells. This was indeed observed (Fig. 6C). We thus
conclude that CORVET can use both Vps21 and Ypt52 for
localization and function.

Uncovering of a Second Rab5 GEF for CORVET Function—It
was thought previously that Vps9 is the only GEF for Rab5
proteins in yeast. We were therefore puzzled that the vps9A
mutant had a weak phenotype in the canavanine growth assay,
like the vps21A mutant (Fig. 2B). Mukl is another protein with
a Vps9 homology domain that had been identified in the
genome (29) but never characterized in yeast. We asked
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whether Mukl might compensate for the absence of Vps9 and
thus monitored canavanine sensitivity in a vps9A mukIA dou-
ble mutant. Indeed, we observed the same canavanine sensitiv-
ity as for vps3A or the vps21A ypt52A double mutant (Figs. 6C
and 7A). We next asked whether the CORVET subunits would
indeed require both Vps9 and Mukl for localization to endo-
somes. In either deletion, we still observed dot-like structures
for GFP-tagged Vps3 or Vps8. However, CORVET localization
to endosomes was completely abolished in the vps9A mukIA
double mutant (Fig. 7B). This suggests that Muk1 and Vps9 can
both activate Rab5 homologs in yeast and thus compensate for
the lack of each other. One homolog seems to be sufficient to
localize the CORVET subunits within the endosomal system.

To confirm the role of Mukl in Vps21 activation, we tested
its activity in fluorescent GEF assays and observed that Mukl,
like the previously characterized GEF Vps9, was able to stimu-
late nucleotide release on Vps21 (Fig. 7C) but not Ypt7 (D).
Muk1 also showed GEF activity toward Ypt52 (Fig. 7E), which
has higher intrinsic nucleotide release compared with Vps21
but only residual activity for Ypt53 (F). This indicates that the
activation of yeast Rab5 homologs depends on two overlapping
GEFs.

DISCUSSION

In this study, we set out to unravel the cross-talk and poten-
tial unique functions of CORVET and other endosomal fusion
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factors. We showed that CORVET requires activated Rab5
homologs Vps21 or Ypt52 to localize to endosomes, consistent
with a redundant role of these two Rabs in yeast (50). Moreover,
we uncovered that two GEFs, the likely GEF Mukl and Vps9,
which is equivalent to mammalian Rabex-5, can activate the
Rab5 proteins. This is consistent with the morphological differ-
ences between the different class D mutants (vps3A, vps8A,
vps21A, and vps9A) showing the same overall phenotype of less
vesicles and more apparent endosomes. Moreover, the other
tether Vacl could not compensate for CORVET absence in the
transport and sorting of hydrolases to the vacuole, although we
observed suppression of the Canl sensitivity phenotype. As
endosomal localization of CORVET can occur in the absence of
Vacl, we consider it likely that CORVET can act independently
in fusion.

CORVET has been considered a tethering factor largely on
the basis of its homology to HOPS (12, 52). However, to date no
functional assay for CORVET function has been presented. In
addition, it had remained unclear if endosomal tethering fac-
tors cooperated in fusion. Our data presented here make it
more likely that CORVET operates independently of Vacl in
the tethering of Golgi-derived vesicles with endosomes and
endosome-endosome fusion, which is likely a prerequisite of
efficient sorting into multivesicular bodies. In contrast, other
class D proteins, like Vps45 and Vacl, might have a major role
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in the consumption of endocytic vesicles at endosomes, as
revealed by the accumulation of vesicles in the corresponding
deletion mutants (23, 24, 33, 48). It is therefore not unexpected
that Vacl can only partially suppress the endocytic transport
defect in CORVET mutants.

It has been shown recently that hyperactive Rab5 homolog
Vps21 can trigger the formation of stacked endosomal com-
partments that mimic the absence of ESCRT proteins (53). On
the basis of our data, we consider it likely that CORVET drives
the stacking of endosomes, although it should be kept in mind
that only the Vps8 subunit localizes to the class E compartment
and is sufficient to cluster multivesicular bodies (14). Interest-
ingly, Russell et al. 53 did not observe an multivesicular body
sorting defect in the vps2IA mutant, even though we (this
study) and others (50) did observe this. We consider it likely
that these divergent observations are due to the weaker pheno-
type of the mutant. In agreement with this, CORVET localiza-
tion is also maintained partially in vps2IA mutant and is only
lost if another Rab5 homolog, Ypt52, is deleted.

Even though the two CORVET-specific subunits Vps3 and
Vps8 colocalize efficiently and behave similarly in the absence
of Rab5 proteins, the phenotype of each deletion differs. vps8A
cells are less sensitive to the drug canavanine and have a weak
CPY secretion phenotype and Cps1 sorting defect (Ref. 26 and
this study). We showed before that in the vps8A mutant, the
HOPS subunit Vps41 fills the gap within the CORVET com-
plex, resulting in a Vps3-Vps41-class C hybrid complex (12). In
contrast, vps3A cells contain an incomplete pentamer compris-
ing Vps8 and the four class C proteins that are shared by HOPS
and CORVET (17). This suggests that only three complexes
(CORVET, HOPS, and the Vps3-Vps4l-class C hybrid) are
active as tethering or transition complexes. Although the
hybrid complex is a very minor species in wild-type cells (12), it
may act in fusion (17) or stabilize an eventual transition
between CORVET and HOPS.

In agreement with their postulated function as a tethering
complex, both Vps3 and Vps8 interact genetically and physi-
cally with the Rab GTPase Vps21 (12, 14, 16, 26). Our recent
analysis of the HOPS complex (18) would place Vps3 and Vps8
at opposite ends of an elongated hexamer, and CORVET could
tether Vps21-positive membranes prior to their SNARE-de-
pendent fusion. Here we further demonstrate that Ypt52 can
also mediate the endosomal localization of CORVET. It
remains to be determined whether Ypt52 is just a backup Rab
for Vps21 or functions in specific fusion events. Neither our
study nor the recent in-depth analysis of Merz and colleagues
(50) on Rab5 homologs was able to reveal a Ypt52-specific func-
tion. Similarly, mammals contain three isoforms of Rab5 (a, b,
and c) with overlapping and specific functions along the endo-
cytic pathway (55). In addition, the other two members of the
Rab5 subfamily, Rab21 and Rab22, have been involved in endo-
somal trafficking (49, 54, 56)

We show that Mukl, a protein with a Vps9 domain (29), is
able to compensate for the loss of Vps9 and displays GEF activ-
ity toward Rab5 proteins. Despite these findings we cannot yet
explain the need of a second Rab5 GEF in yeast. It would be
possible that Muk1-specific domains provide additional levels
of Rab5 modulation. In mammals, the functional redundancy is
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even higher, and at least eight Vps9 domain-containing pro-
teins (Rabex-5, RIN1, RIN2, RIN3, GAPVD1, ALSIN, ALS2CL,
and ANKRD27) show GEF activity for the Rab5 subfamily (29).

The Rab5-dependent localization of CORVET agrees nicely
with our previous observations that the homologous HOPS
complex requires the yeast Rab7 homolog Ypt7 for its vacuole
localization (18). We thus conclude that both tethering com-
plexes depend on their active Rab to bind to the appropriate
organelle membrane.

Future studies will be necessary to reconstitute iz vitro the teth-
ering activity of the CORVET complex and dissect the interface
between CORVET and HOPS function. Additionally, the interac-
tion of the CORVET complex with the endosomal SNAREs
remains to be established. Our findings now assign the different
fusion complexes to separate reactions along the organelles of the
endolysosomal system, which should facilitate further analysis.
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