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The Vps39-like TRAP1 is an effector of Rab5 and
likely the missing Vps3 subunit of human CORVET
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Membrane fusion in the endocytic pathway is mediated by a protein machinery consistent of Rab GTPases, tethering
factors and SNAREs. In yeast, the endosomal CORVET and lysosomal HOPS tethering complexes share 4 of their 6
subunits. The 2 additional subunits in each complex - Vps3 and Vps8 for CORVET, and the homologous Vps39 and
Vps41 for HOPS - bind directly to Rab5 and Rab7, respectively. In humans, all subunits for HOPS have been described.
However, human CORVET remains poorly characterized and a homolog of Vps3 is still missing. Here we characterize 2
previously identified Vps39 isoforms, hVps39-1/hVam6/TLP and hVps39-2/TRAP1, in yeast and HEK293 cells. None of
them can compensate the loss of the endogenous yeast Vps39, though the specific interaction of hVps39-1 with the
virus-specific LT protein was reproduced. Both human Vps39 proteins show a cytosolic localization in yeast and
mammalian cells. However, hVps39-2/TRAP1 strongly co-localizes with co-expressed Rab5 and interacts directly with
Rab5-GTP in vitro. We conclude that hVps39-2/TRAP1 is an endosomal protein and an effector of Rab5, suggesting a
role of the protein as a subunit of the putative human CORVET complex.

Introduction

In eukaryotic cells, endocytosis is a process that mediates both
nutrient uptake and cellular quality control by promoting the
formation of vesicles that remove cell surface receptors and other
transmembrane proteins from the plasma membrane. The cargo
is then either recycled back to the plasma membrane or fed into
the degradation pathway toward the lysosomal compartment.
For coordination of membrane traffic and finally fusion of the
vesicle with the target membrane, a protein machinery consistent
of Rab GTPases, tethering factors, and SNAREs is needed.'

Rab GTPases are molecular switches that cycle between mem-
branes and the cytosol, and at the same time between a GTP-
loaded and a GDP-bound form. Further factors are required to
control the Rab cycle: Guanine exchange factors (GEFs) catalyze
the exchange of GDP for GTP and thereby shift the Rab GTPase
to its activated form. On the other site, GTPase activating pro-
teins (GAPs) stimulate the GTPase activity manifold, and thus,
inactivate the Rab.”

Rab GTPases recruit tethering factors that bridge the oppos-
ing membranes prior to fusion. These tethering factors come in 2
flavors, either as dimeric coiled-coiled proteins or as multisubunit
tethering complexes (MTCs) that consist of 3 to 10 subunits and
can form huge protein complexes.” MTCs might have functions
beyond just tethering of membranes. Some of them bind also to
SNARE:s and fulfill a proofreading and chaperoning function in
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SNARE assembly, which corresponds to an active participation
in the control of fusion events.*®

Every fusion process in the endomembrane system requires a
specific set of Rabs and tethering factors. In yeast, the Rab5-like
Vps21 controls fusion events at the early endosome and binds to
the coiled-coiled tether Vacl (yeast EEA1), but also recruits the
hexameric CORVET complex that has overlapping and unique
functions.” The yeast Rab7-like Ypt7 protein localizes at the lyso-
some/vacuole and recruits the HOPS tethering complex that pro-
motes fusion events.*” HOPS is also a hexameric tether and
shares 4 of its 6 subunits (Vps11, Vps16, Vpsl18, Vps33), the so-
called class C core complex, with the endosomal CORVET. The
HOPS complex has intensively been studied and is needed for
vacuole fusion in vivo and in vitro.'”"? Electron microscopy
revealed a seahorse-like structure of about 30 nm.® Furthermore,
its subunits Vps39 and Vps41 bind to the active form of yeast
Rab7, and Vps33 — a Muncl8/Secl-like protein — interacts with
the vacuolar SNARESs in yeast. Analogous to HOPS, the unique
CORVET subunits Vps3 and Vps8 are effectors of the yeast
Rab5 protein Vps21.

The HOPS and CORVET complex were initially found and
studied in yeast.”'¥'¢ In higher eukaryotes, HOPS subunits
have been characterized, implicating a similar function as in
yeast.'”*® Due to the exogenous expression and the presence of
multiple isoforms for some of the identified HOPS subunits it
remains unclear if HOPS or CORVET is analyzed in some
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studies. The core subunits Vpsl18 and Vpsll have one clear
homolog in mammalian cells and Vps16 and Vps33 are both
expressed as an A and B isoform.'”?%*>! The CORVET sub-
unit Vps8 and the HOPS Vps41 have one corresponding homo-
log in higher eukaryotes.?*?” Vps39 has 2 homologs: Vps39-1/
hVam6/TLP and Vps39-2/TRAP1.>"**% Since the hVps39
proteins are also homologous to yeast Vps3, it was proposed that
one of them is the missing metazoan Vps3 and part of the mam-
malian CORVET complex.al*‘35

Here, we characterized the human Vps39 homologs in yeast
and in HEK293 cells and found that the 2 isoforms cannot
compensate for a loss of yeast Vps39. In human cell lines,
hVps39-2 was strongly recruited to endosomes, when Rab5 was
co-expressed, whereas hVps39-1 remained cytosolic upon
expression of Rab5 or Rab7. Furthermore, hVps39-2 bound to
Rab5-GTP, suggesting a role of Vps3 in higher eukaryotes.

Results

Expression of human Vps39 homologs in yeast

The Saccharomyces cerevisiae vacuolar sorting protein Vps39
has 2 homologs in higher eukaryotes termed hVps39—1/hVam6/
TLP and hVps39-2/TRAP1, which both have very similar
domain structures (Fig. 1A). To clarify, which of the 2 subunits
is the equivalent of yeast Vps39, we expressed both in zps39A
cells, which have highly fragmented vacuoles. We decided to
express the human isoforms under the control of the inducible
strong GALI promoter to investigate if they are able to rescue the
fragmentation phenotype or are recruited to membranes by the
Rab5-like Vps21 and yeast Rab7 Ypt7. Both isoforms were read-
ily expressed in yeast upon induction with galactose (Fig. 1B),
but both did not rescue the vacuole morphology and remained
cytosolic (Figs. 1C, 2A). We thus conclude that neither isoform
can complement yeast Vps39.

The human Vps39-1 homolog is transported to the nucleus
by the Large T antigen

It was reported, that hVps39-1 interacts with the LT protein
and is translocated to the nucleus by LT in human cell lines.*®
We thus asked if the human proteins that are expressed in yeast
would change their localization upon co-expression of large T
antigen (LT) from the Merkel cell polyomavirus (MCV). Indeed,
we observed a complete shift of hVps39-1 to the nucleus
(Fig. 2A). This interaction was specific, since hVps39-2, yeast
Vps39 or yeast Vps3 were not translocated to the nuclear com-
partment (Fig. 2B). Furthermore, expression of the previously
characterized LT W209A mutant, which cannot bind hVps39-1,
blocked the nuclear translocation. We thus conclude that the
missing complementation of the hVps39 isoforms is not due to
misfolding, but likely reflects their specificity for the human
complex.

The human Vps39-1 and Vps39-2/TRAP1 do not localize
to defined vesicular structures

To unravel, which hVps39 isoform corresponds to yeast Vps3,
we turned to metazoan cells. We therefore integrated a plasmid
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into the genome of HEK293 cells that codes for C-terminally
HA- Strep-tagged Vps39-1 or Vps39-2 and generated inducible
stable cell lines from this (Fig. 3A). We next followed the cellular
localization via indirect immunofluorescence. As previously
described, overexpressed hVps39—1 localized to the cytosol
(Fig. 3A-D).>*?? Even after removal of excess cytosolic staining
by treatment of cells with methanol, we did not obtain improved
staining. Likewise, a switch of the HA-Strep tag from the C- to
the N-terminus of hVps39—-1 did not have an effect. When we
monitored the localization of hVps39—-1 upon induction by a
time course, we also found it immediately in the cytosol. Under
certain conditions, TRAP1/hVps39-2 was reported to associate
with inactive TGF-B receptors into patch-like structures, which
required co-overexpression of both kinase deficient receptors.’”
In our HEK293 cells, overproduced TRAP1 localizes strictly to
the cytosol, in agreement with the missing receptor overexpres-

sion (Fig. 3A-C).

The human Vps39-2/TRAP1 co-localizes with GFP-Rab5

The yeast HOPS complex is a well-studied effector of Ypt7/
Rab7, and its mammalian counterpart binds to Rab7 via the
RILP effector protein.”® Hence, we asked if hVps39-2 would
also be associated with Rab7 or would rather bind to Rab5.
The latter would be expected, if it were the missing homolog of
yeast Vps3 and a subunit of putative CORVET complex in
humans. Strikingly, when we transfected the cells with GFP-
Rab5 or GFP-Rab7, we found indeed hVps39-2 almost
completely recruited from the cytosol to membranes of the
enlarged Rab5 vesicles (Fig. 4B). We were, however, surprised
that hVps39-1 did neither co-localize with Rab5 nor with Rab7
(Fig. 4A) as the interaction with hVps39 and Rab5 has been
previously reported.”” The possible reason for the discrepancy
of these data with our observations could be due to different
cell types, expression levels or a different splicing variant of the
hVps39-1 in this particular study. We then wondered, if the
missing recruitment of hVps39-1 to Rab-positive vesicles might
be due to the activation state of Rabs and therefore tested the
dominant active Rab mutants in our cells. Again, hVps39-1
localized in the cytosol pointing to the need of additional fac-
tors than Rab5 or Rab7 for its membrane recruitment

(Fig. 4C).

The human Vps39-2/TRAP1 interacts with Rab5 and is
part of a large complex

Next we investigated, whether hVps39-2 is indeed an effec-
tor of Rab5. For this, we conducted a pull-down experiment
with recombinant purified GST-Rab5, GST-Rab7 or GST-
Rab9 and cell lysate from our HEK293 cells. hVps39-2 was
specifically retained from the lysate by Rab5-GTP, whereas
hVps39-1 did not bind to any of the tested Rabs (Fig. 5A-B).
These results confirmed our co-localization experiments and
revealed hVps39-2 as an effector of Rab5 that localizes to early
endosomes. In yeast, the Rab5-like Vps21 interacts with the
CORVET complex. We thus asked if Vps39-2 as the putative
homolog of CORVET Vps3 would also interact with other sub-
units. We therefore decorated our pull-down experiments with
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Figure 1. Expression of
human Vps39 homologs in
yeast. (A) Depicted is the
predicted secondary struc-
ture and protein domains of
hVps39-1 and hVPS39-2
using the predict protein
algorithm  (predictprotein.
org, Technical University
Munich, Germany) and
the Prosite database (SIB
ExPASy Bioformatics Resour-
ces Portal). CNH: Citron
homology, CHCR: Clathrin
heavy-chain repeat. (B) The
human isoforms of Vps39
were integrated into the
yeast genome and
expressed under the control
of the inducible GALT pro-
moter. Cells were grown
over night in glucose (YPD)
or galactose (YPG), lysed
and analyzed on a blot
membrane by decorating
against the GFP-tag. (C) Cells
expressing a genomically
integrated form of human
Vps39-1 or Vps39-2 in a
strain lacking the yeast
V/PS39, were stained with
the lipophilic dye FM4-64
and monitored by fluores-
cence microscopy. DIC,
differential interference
contrast.

an antibody against the
core subunit hVpsll and
indeed found the protein
co-eluting with hVps39-1
from the GTP-form of
GST-Rab5 (Fig. 5A). To
determine the size of the
formed complex, we loaded
lysate from the hVps39-2/
TRAP1 HEK293 cell line
onto a Superose 6 column
and followed the retention
volumes on a western blot.

We found hVps39-2/
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TRAP1 in 2 peaks, a smaller peak corresponding to about 650 kDa,
a size equivalent to the yeast CORVET complex, a larger peak in

the range of 200 kDa, which likely corresponds to the monomeric

overexpressed protein (Fig. 5C). Importantly, hVps11 was recovered

almost exclusively in the large complex, suggesting that it is part
of the metazoan CORVET complex together with hVps39-2/

TRAP1.
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Discussion

In this study, we compared the human homologs of yeast
Vps39 to identify the missing Vps3 homolog of metazoan COR-
VET. Even though both isoforms did not complement a yeast
vps39A mutant, we were able to reproduce the specific interac-
tion of hVps39-1 with the Merkel virus T-antigen. Upon
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Figure 2. The human Vps39-1 homolog is transported to the nucleus by the Large T antigen. (A) The human iso-
forms of Vps39 were integrated into the yeast genome and expressed as C-terminally tagged GFP fusion proteins
under the control of the inducible GAL1 promoter. The LT wt and mutant forms were ectopically expressed as
C-terminal monodsRED fusions from a Cen plasmid. Cells were grown to early logarithmic phase, stained with DAPI,
and monitored by fluorescence microscopy. (B) Yeast Vps39 and Vps3 were expressed as N-terminal GFP fusions
under the control of the TEF1 promoter. The LT protein was expressed as described in (A). DIC, differential interfer-

clear Rab5-GTP dependent
interaction and co-localiza-
tion. This indicates that
hVps39-2/TRAP1 is the
likely missing CORVET
subunit in metazoan cells.

It was surprising to us
that Vps39-1 did not bind
to Rab7 in vivo or in vitro,
analogous to the yeast homo-
logs. It was shown that the
Rab7 effector RILP is neces-
sary to recruit the HOPS
complex to membranes.”®
Up to now, no direct interac-
tion could be observed
between Rab7 and HOPS in
metazoan cells, but it was
reported that a not further
specified form of hVps39
binds  nucleotide-indepen-
denty to Rab5 upon pull-
down from cytosol.>” Since
CORVET had not been dis-
covered, and hVps39-2/
TRAP1 has a comparable
size like hVps39-1, it is pos-
sible that the used antibody
was also recognizing the
hVps39-2 protein. At least
in our hands, we only found
an interaction of hVps39-2
with Rab5 in a stricdy GTP-
dependent manner.

hVps39-2 was described
to cycle between patches at
the plasma membrane and
the <:ytosol.37 If this protein
is the missing homolog of
yeast Vps3, is an important
issue, since it provided
direct evidence for the exis-
tence of a CORVET com-
plex in metazoa. We found
that hVps39-2 co-localizes
with Rab5 at vesicular
structures, which represent
enlarged endosomes. Fur-
thermore, it binds to Rab5-
GTP, analogous to the
CORVET subunits Vps3
and Vps8 in yeast and co-

expression in HEK293 cells, we observed a cytosolic localization, elutes with hVpsl1, a core subunit of HOPS and CORVET
which is in good agreement with former studies, even though (Fig. 5). Finally, we confirmed that both proteins reside in a large

hVps39-1 could be localized to late endosomes and lysosomes by ~ complex. This analysis also revealed that overexpression gener-

immuno electron microscopy.”***3% For hVps39-2, we observed ated a large monomeric pool of hVps39-2, which likely
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Figure 3. The human Vps39-1 A
and Vps39-2/TRAP1 do not

hVps39-1-HA-Strep

hVps39-2-HA-Strep

localize to defined structures.
(A) HEK293 cells were gener-
ated that genomically express
inducible hVps39-1-HA-Strep
or hVps39-2/TRAP1-HA-Strep.
The cells grew on a coverslip
and were induced with 1 g/
ml tetracycline. After 24 hours,
cells were fixed and subjected
to immunostaining with a pri-
mary antibody against the HA
epitope, and a secondary anti-
body conjugated to a cyanine
dye (Cy2). Afterwards, the
specimen was briefly stained
with 4,6-diamidino-2-phenylin-
dole (DAPI). (B) The position of
the HA-Strep tag does not
affect the localization of the
protein. HEK293 cells with sta-
bly  expressed  N-terminal
Strep-HA-tagged version of
hVps39-1 were analyzed as
before. The shown specimens
were processed for staining as
in (A). (C) Alternative fixation
to wash out the cytosolic sig-
nal. Cells were subjected to
methanol fixation prior to
staining as in (A). (D) Time
course of hVps39-1 localiza- C
tion after induction of protein
expression with 1 pwg/ml tetra-

cycline. At the depicted time

points, cells were subjected to

fixation and staining as in (A).

Scale bar, 10 wm.

induced

Strep-HA-
hVps39-1

hVps39-1

accumulated in the cytosol
and thus masked the endo-
somal localization observed

upon co-expression with
Rab5 (Fig. 4B). Taken
together, we show that

hVps39-2 is an endosomal
protein that is recruited by
Rab5 and resides in a com-
plex of about 650 kDa.
These findings provide evi-

dence for the existence of a
human CORVET complex, which may have also isoforms of
other class C core subunits, such as Vpsl6A or Vpsl6B. For
example, Vps33B and Vps16B were assigned to fulfill a function
in phagocytosis and early endocytic pathway, whereas Vps33A
and Vps16A are involved in endolysosomal fusion, 7826282940
Future studies will need to address whether hVps39-2 indeed
associates with other subunits of the class C core, foremost the
CORVET-specific subunit hVps8, and if trafficking routes of the

endocytic pathway are affected upon the knock-down of the
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protein. Furthermore, ultrastructural analyses of hVps39-2 local-
ization will be important to assign its specific function in meta-
zoan cells.

Methods
Yeast expression constructs and yeast strains

Saccharomyces cerevisiae strains used in this study are summa-
rized in Supplemental Table S1. Deletion of genes, promotor
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Figure 4. The human Vps39-2/TRAP1 co-localizes with GFP-Rab5. (A-C) The stable
cell lines were transiently transfected with GFP-Rab5, GFP-Rab7, GFP-Rab5Q79L or
GFP-Rab7Q67A and protein expression was induced 8 hours later with 1 pg/ml tet-
racycline. After a 16 hours incubation period, the cells were fixed, subjected to
immunochemistry with a primary antibody against the HA epitope, and secondary
antibody conjugated to a cyanine dye (Cy3). Depicted images were subjected to a
3D deconvolution and subsequently presented as a sum projection of 4 to 8 slices

of a z-stack. Scale bar, 10 pm.
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exchange, and tagging were done by homologous
recombination  with PCR-amplified ~ fragments.*’
hVps39-1/hVam6/TLP  (AN:  BC068559)  and
hVps39-2/TRAP1 (AN: BC020548) were cloned into a
pRS406 plasmid and integrated in the genome of a
ups39A yeast strain. The constructs were expressed
under the control of the inducible GALI promoter and
tagged with GFP at the C-terminus, where indicated.
The large T antigen, wt and mutant form, were ampli-
fied from pDsRed.cLT206+57KT and pDsRed.
cLT206+57KT.W209A plasmids and cloned into a
pRS413 Cen yeast expression vector harboring a 7EFI
promoter or in a pRS426 2w vector with a GPD

42,47
promoter.%’ ?

Microscopy of yeast cells

Yeast cells were grown to mid logarithmic phase in
yeast extract/peptone medium (YP) containing 2% glu-
cose (YPD) or galactose (YPG). To maintain plasmids,
cells were grown in synthetic complete medium lacking
selected amino acids (SDC). They were harvested by
centrifugation, washed once with synthetic complete
medium supplemented with all amino acids, and visual-
ized at room temperature. For FM4-64 (Invitrogen)
labeling of the vacuoles, cells were treated as described
before.** Tmages were acquired using a Leica DM5500
B microscope (Leica, Mannheim, Germany) with a
SPOT Pursuit-XS camera (Diagnostic Instruments,
Sterling Heights, MI) using filters for GFP, dsRED,
mCherry, FM4-64, and YFP.

Mammalian expression constructs and generation of
inducible cell lines

To express the hVps39—1/hVam6/TLP and hVps39-
2/TRAP1 with a C-terminal HA-Strep tag, we used the
Flp-In HEK293 cell system (Invitrogen). The man-
ufacturer’s plasmid pcDNAS/FRT/TO (Invitrogen) was
digested with Notl and Xhol and was subsequently
ligated with an annealed oligo, coding for the HA-
(NMHTG-linker)-Strep peptide. The coding sequences
of Vps39—-1/hVam6/TLP (AN: BC068559), purchased
from Open Biosystems (cat. no.. MHSI1010-
97228208) and hVps39-2/TRAP1 (AN: BC020548),
requested from the RZPD Berlin, Germany (ID
IRATp970B1121D6) were amplified and cloned into
the resulting plasmid via BamHI and Notl restriction
sites. Flp-In HEK293 cells (Invitrogen) containing a
FRT recombination site and expressing the tet repressor
from a genomically integrated plasmid, were co-trans-
fected with the resulting plasmids and the pOG44 vec-
tor (Invitrogen) for co-expression of the FRT
recombinase, according to the manufacturer’s protocol.
HEK293 cells were cultured in DMEM high glucose, L-
glutamine (PAA) substituted with 10 % FCS, 100 U/
ml Penicillin-Streptomycin, 15 pg/ml blasticidine and
100 pg/ml hygromycine B. The isogenic surviving

Volume 4 Issue 4



colonies were pooled and tested for protein expression by immu-
nostaining and protein gel blotting with an HA antibody
(Covance).

Transient transfection, immunostaining and microscopy of
inducible HEK293 cells

For transfection, HEK293 cells were seeded on glass cover
slips in 6-well plates (Greiner Bio One) and transfected with
GFP-Rab5, GFP-Rab7, GFP-Rab5Q79L, or GFP-Rab7Q67A
(kindly provided by Dr. Francis Barr, Oxford, UK) using 0.4 pg
of DNA and Effectene (Qiagen) according to the manufacturer’s
protocol. The transfected or untransfected cells were induced for
protein expression with 1pg/ml tetracycline for 16 hours and
fixed with 3% PFA/PBS for 20 minutes at RT. Fixed cells were
washed once with PBS and fixation was then quenched, using
50 mM NH4CI/PBS for 10 minutes. Where indicated, cover
slides with attached cells were immerged in methanol for 10
minutes at —20°C. After washing with PBS, the cells were sub-
jected to permeabilization buffer (PBS buffer containing 1 mg/
ml saponin and 2 mg/ml BSA) for 30 minutes. Cells were incu-
bated with a 1:1000 dilution of HA antibody (Covance) and,
after washing 3 times with permeabilization buffer, with a 1:400
dilution of cyanide dye-conjugated ant-HA antibody Cy2 or
Cy3 (Jackson). The cells were then washed 2 times with permea-
bilization buffer, once with ddH,O and mounted in ProLong
Gold Antifade Reagent (Invitrogen). Images were acquired on an
imaging system (Deltavision Elite; GE Healthcare) based on an
inverted microscope (model IX-71; Olympus), equipped with an
UAPON 100x (1.49 NA) oil immersion objective, an
InsightSST light source (Applied Precision), excitation and emis-
sion filters for DAPI, FITC, TRITC, mCherry and a CoolSNAP
HQ2 CCD camera (Photometrics). Stacks of 8 or 15 images
with 0.3-pwm spacing were subjected to 3D deconvolution using
SoftWoRx 5.5 software (Applied Precision). Processing of the
images was performed with Image] 1.49a (National Institutes of

Health).

GST-Rab pull-down

The bacterial pFAT2 expression vectors (T7 polymerase
hexahistidine-GST) containing Rab5 or Rab7 were kindly pro-
vided by Dr. Francis Barr (Oxford, UK). Bacterial expression
and purification was performed as described before.” HEK293
cells were cultured in 3 times 15 cm dishes per construct as
described above and were harvested with a cell scraper after
washing with PBS. The cells were centrifuged for 5 minutes at
100 x g, 2°C and the pellet was resuspended in lysis buffer
(50 mM Hepes, pH 7.4, 150 mM KCl, 5mM MgCl,, 2 mM
B-mercaptoethanol, 5 % glycerol) with protease inhibitor cock-
tail. Lysis was performed by passing the cells 30x through a cell
cracker using a 8.004 ball (EMBL, Heidelberg). Cell debris was
removed by centrifugation for 30 minutes at 2°C and
100.000 g in a TLA-55 rotor (Beckmann). The supernatant
was added to nucleotide preloaded Rab GTPases, as described
in the following. A 1-pwmol amount of recombinant GST-Rab5
or GST-Rab7 was incubated in 500 pl of 20 mM HEPES, pH
7.4,20 mM EDTA, 100 mM KCl, 2 mM B-mercaptoethanol,
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Figure 5. The human Vps39-2/TRAP1 interacts with Rab5 and forms a
complex. (A-B) Purified GST-Rab5, GST-Rab7 and GST-Rab9 were
immobilized at GSH-sepharose, preloaded with GTP or GDP, and incu-
bated with HEK293 cell lysate. Bound proteins were eluted with EDTA,
resolved on SDS-PAGE, and detected with antibodies to the HA tag
on a western blot membrane. A Coomassie-stained loading control of
GST-Rabs is shown. (C) Western blot analysis of gel-filtrated HEK293
cell lysate. Cleared HEK293 cell lysate was loaded onto a Superose 6
column and collected in fractions of 1 ml volume. The fractions were
TCA-precipitated, resolved on SDS-PAGE and probed with antibodies
to hVps39-2/TRAP1-HA-Strep and hVps11. Sizes of the respective
markers are shown on top.

and 1 mM GTPyS or GDP. After an incubation for 20 min at
30°C, MgCl, was added to a final concentration of 30 mM.
The samples were then loaded onto 50 pl of prewashed GSH
Sepharose (GE Healthcare) and incubated for 2 h at 4°C. After
incubation, the loaded beads were pelleted by centrifugation
and washed with nucleotide buffer lacking EDTA and contain-
ing 5 mM MgCl,. The beads were then incubated with
HEK293 cell lysate in a total volume of 500 pl in the presence
of 1 mM GTPyS or GDP. After 1 h at 4°C, the beads were
harvested by centrifugation and washed 2 times with buffer
containing 5 mM MgCl, and once without. Proteins were then
eluted with 20 mM EDTA for 20 minutes at 30°C. The eluates
were TCA-precepitated, resuspended in SDS loading buffer
and subjected to a SDS-PAGE, followed by western blotting
and decoration with HA antibody (Covance).
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Size exclusion chromatography

HEK293 cells induced for expression of hVps39-2/
TRAP1-HA-Strep were cultured in a 15 cm dish as described
above. After washing with PBS, cells were harvested with a cell
scraper in detergent lysis buffer (50 mM HEPES/KOH, pH
7.4, 150 mM KCl, 5 mM MgCl,, 2 mM B-mercaptoethanol,
5% glycerol, 0.5% NP-40) with protease inhibitor cocktail.
The cells were incubated on ice for 15 minutes and then cen-
trifuged at 20,000 g at 4°C for 20 minutes. The supernatant
was subjected to a Superose 6 10/300 GL column (GE
Healthcare), pre-equilibrated with lysis buffer. Fractions of
1 ml were collected, and proteins were precipitated by 13%
TCA. The samples were resolubilized in SDS loading buffer,
separated on a 7.5% SDS-PAGE gel, and transferred on a
nitrocellulose membrane. Blots were decorated with an anti-
body against the HA tag from mouse (Covance) and against
hVpsl11 from rabbit (abcam).

Note

A recent study of Zerial and coworkers (Perini et al.) con-
firmed that hVps39-2, here called Tgfbrapl, interacts with

hVps8 in the human CORVET complex and thus nicely comple-
ments our study.*®

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

The authors would like thank Francis Barr (Oxford, UK),
Hemmo Meyer and Julia Westermeier (Duisburg-Essen, Ger-
many), and Joost Holthuis (Osnabriick, Germany) for reagents,
support and feedback.

Funding

This work was supported by the DFG (UN111/8-1), by the
Hans-Miihlenhoff foundation (to C.U.), the Fritz Thyssen Foun-
dation (to J.L.), an American Cancer Society Research Professor-
ship, the Pittsburgh Foundation and by NIH grants CA136363
and CA136806 (to P.S.M.).

References 2006; 25:1579-89; PMID:16601699; http://dx.doi. 19. Huizing M, Didier A, Walenta J, Anikster Y, Gahl WA,
1. Wickner W. Membrane Fusion: Five Lipids, Four 0rg/10.1038/sj.emboj.7601051 Kramer H. Molecular cloning and characterization of
SNARES, Three Chaperones, Two Nucleotides, and a 11. Mima J, Hickey CM, Xu H, Jun Y, Wickner W. human VPS18, VPS 11, VPS16, and VPS33. Gene
Rab, All Dancing in a Ring on Yeast Vacuoles. Annu Reconstituted membrane fusion requires regulatory lip- 2001; 264:241-7; PMID:11250079; http://dx.doi.org/
Rev Cell Dev Biol 2010; 26:115-36; PMID:20521906; ids, SNAREs and synergistic SNARE chaperones. 10.1016/S0378-1119(01)00333-X
heep://dx.doi.org/10.1146/annurev-cellbio-100109- EMBO ] 2008; 27:2031-42; PMID:18650938; http:// 20. Kim BY, Kramer H, Yamamoto A, Kominami E, Koh-
104131 dx.doi.org/10.1038/emboj.2008.139 saka S, Akazawa C. Molecular characterization of mam-
2. Barr F, Lambright DG. Rab GEFs and GAPs. Curr 12. Stroupe C, Hickey CM, Mima J, Burfeind AS, Wick- malian homologues of class C Vps proteins that interact
Opin Cell Biol 2010; 22:461-70; PMID:20466531; ner W. Minimal membrane docking requirements with syntaxin-7. ] Biol Chem 2001; 276:29393-402;
hetp://dx.doi.org/10.1016/j.ceb.2010.04.007 revealed by reconstitution of Rab GTPase-dependent PMID:11382755; http://dx.doi.org/10.1074/jbc.
3. Brocker C, Engelbrecht-Vandré S, Ungermann C. Muldisu- membrane fusion from purified components. Proc Natl M101778200
bunit tethering complexes and their role in membrane Acad Sci USA 2009; 106:17626-33. 21. Messler S, Kropp S, Episkopou V, Felici A, Wiirthner
fusion. Curr Biol 2010; 20:R943-52; PMID:21056839; 13. Ostrowicz CW, Brocker C, Ahnert F, Nordmann M, J, Lemke R, ]erabek»Willcmscq M, Willecke R, Scheu
heep://dx.doi.org/10.1016/j.cub.2010.09.015 Lachmann J, Peplowska K, Perz A, Auffarth K, Engel- S, Pfeffer K, et al. The TGEF-I? signaling modulators
4. Collins KM, Wickner WT. Trans-SNARE complex brecht-Vandré S, Ungermann C. Defined Subunit TRAP1/TGFBRAP1 and VPS39/Vam6/TLP are essen-
assembly and yeast vacuole membrane fusion. Proc Arrangement and Rab Interactions Are Required for tial for early embryonic development. Immunobiology
Natl Acad Sci USA 2007; 104:8755-60. Functionality of the HOPS Tethering Complex. Traffic 2011; 216:343-50; PMID:20961651; http://dx.doi.
5. Starai V], Hickey CM, Wickner W. HOPS proofreads 2010; 11:1334-46; PMID:20604902; http://dx.doi. 0rg/10.1016/j.imbi0.2010.07.006
the trans-SNARE complex for yeast vacuole fusion. org/10.1111/j.1600-0854.2010.01097 .x 22. Peralta ER, Martin BC, Edinger AL. Differential
Mol Biol Cell 2008; 19:2500-8; PMID:18385512; 14. Peplowska K, Markgraf DF, Ostrowicz CW, Bange G, Effects of TBC1D15 and Mammalian Vps39 on Rab7
hetp://dx.doi.org/10.1091/mbc.E08-01-0077 Ungermann C. The CORVET tethering complex Activation State, Lysosomal Morphology, and Growth
6. Zick M, Wickner W. The tethering complex HOPS interacts with the yeast Rab5 homolog Vps21 and is Factor Dependence. ] Biol Chem 2010; 285:16814-21;
catalyzes assembly of the soluble SNARE Vam7 into involved in endo-lysosomal biogenesis. Dev Cell 2007; PMID:20363736; http://dx.doi.org/10.1074/jbc.M110.
fusogenic trans-SNARE complexes. Mol Biol Cell 12:739»59; PMID:17488625;  http://dx.doi.org/ 111633 '
2013; PMID:24088569 10.1016/j.devcel.2007.03.006 23. Pevsner J, Hsu SC, Hyde PS, Scheller RH. Mammalian
7. Cabrera M, Arlt H, Epp N, Lachmann J, Griffich J, 15. Balderhaar HK, Lachmann J. The CORVET complex homologues of yeast vacuolar protein sorting (vps)
Perz A, Reggiori F, Ungermann C. Functional Separa- promotes tethering and fusion of Rab5/Vps21-positive genes implicated in  Golgi-to-lysosome trafficking.
tion of Endosomal Fusion Factors and the Class C membranes. 2013. Gene 1996; 183:7-14; PMID:8996080; http://dx.doi.
Core Vacuole/Endosome Tethering (CORVET) Com- 16. Wurmser AE, Sato TK, Emr SD. New component of the 0rg/10.1016/S0378-1119(96)00367-8
plex in Endosome Biogenesis. ] Biol Chem 2013; vacuolar class C-Vps complex couples nucleotide exchange 24. Pols MS, Brink Ten C, Gosavi P, Oorschot V, Klumper-
288:516675; PMID:23264632; hup://dx.doi.org/ on the Ypt7 GTPase to SNARE-dependent docking and man J. The HOPS Proteins hVps4l and hVps39 Are
10.1074/jbe.M112.431536 fusion. J Cell Biol 2000; 151:551-62; PMID:11062257; Required for Homotypic and Heterotypic Late Endosome
8. Brocker C, Kuhlee A, Gatsogiannis C, Balderhaar HJK, http://dx.doi.org/10.1083/jcb.151.3.551 Fusion. Traffic 2012; 14:219-32; PMID:23167963; heep:/
Hénscher C, Engelbrecht-Vandré S, Ungermann C, 17. Akbar MA, Tracy C, Kahr WHA, Kramer H. The full- dx.doi.org/10.1111/tra.12027
Raunser S. Molecular architecture of the multisubunit of-bacteria gene is required for phagosome maturation 25. Poupon V, Stewart A, Gray SR, Piper RC, Luzio JP.
homotypic fusion and vacuole protein sorting (HOPS) during immune defense in Drosophila. J Cell Biol The role of mVps18p in clustering, fusion, and intra-
tethering complex. Proc Natl Acad Sci USA 2012; 2011; 192:383-90; PMID:21282466; http://dx.doi. cellular localization of late endocytic organelles. Mol
109:1991-6. 0rg/10.1083/jcb.201008119 Biol Cell 2003; 14:4015-27; PMID:14517315; htep://
9. Seals DF, Eitzen G, Margolis N, Wickner W, Price A. 18. Gissen P, Johnson CA, Morgan NV, Stapelbroek dx.doi.org/10.1091/mbc.E03-01-0040
A Ypt/Rab effector complex containing the Secl homo- JM, Forshew T, Cooper WN, McKiernan PJ, 26. Pulipparacharuvil S, Akbar MA, Ray S, Sevrioukov EA,
log Vps33p is required for homotypic vacuole fusion. Klomp LWJ, Morris AAM, Wraith JE, et al. Muta- Haberman AS, Rohrer J, Krimer H. Drosophila
Proc Natl Acad Sci USA 2000; 97:9402-7. tions in VPS33B, encoding a regulator of SNARE- Vps16A is required for trafficking to lysosomes and
10. Stroupe C, Collins KM, Fratti RA, Wickner W. Purifi- dependent membrane fusion, cause arthrogryposis- biogenesis of pigment granules. J Cell Sci 2005;
cation of active HOPS complex reveals its affinities for renal dysfunction-cholestasis (ARC) syndrome. Nat 118:3663-73; PMID:16046475;  http://dx.doi.org/
phosphoinositides and the SNARE Vam7p. EMBO ] Genet 2004; 36:400-4. 10.1242/jes.02502
€970840-8 Cellular Logistics Volume 4 Issue 4



27.

28.

29.

30.

31.

32.

33.

Richardson SCW, Winistorfer SC, Poupon V, Luzio
JP, Piper RC. Mammalian late vacuole protein sorting
orthologues participate in early endosomal fusion and
interact with the cytoskeleton. Mol Biol Cell 2004;
15:1197-210.

Zhu G-D, Salazar G, Zlatic SA, Fiza B, Doucette MM,
Heilman CJ, Levey Al, Faundez V, L’hernault SW.
SPE-39 family proteins interact with the HOPS com-
plex and function in lysosomal delivery. Mol Biol Cell
2009; 20:1223-40; PMID:19109425; http://dx.doi.
0rg/10.1091/mbc.E08-07-0728

Akbar MA, Ray S, Krimer H. The SM protein Car/
Vps33A regulates SNARE-mediated trafficking to lyso-
somes and lysosome-related organelles. Mol Biol Cell
2009; 20:1705-14; PMID:19158398; http://dx.doi.
0rg/10.1091/mbc.E08-03-0282

Tornieri K, Zlatic SA, Mullin AP, Werner E, Harrison R,
L’Hernault SW, Faundez V. Vps33b pathogenic mutations
preferentially affect VIPAS39/SPE-39-positive endosomes.
Human Mol Genet 2013; 22:5215-28; PMID:23918659;
hetp://dx.doi.org/10.1093/hmg/ddt378

Zlatic SA, Tornieri K, L’hernault SW, Faundez V. Cla-
thrin-dependent mechanisms modulate the subcellular
distribution of class C Vps/HOPS tether subunits in
polarized and nonpolarized cells. Mol Biol Cell 2011;
22:1699-715; PMID:21411634;  htep://dx.doi.org/
10.1091/mbc.E10-10-0799

Caplan S, Hartnell LM, Aguilar RC, Naslavsky N,
Bonifacino JS. Human VamG6p promotes lysosome
clustering and fusion in vivo. J Cell Biol 2001;
154:109-22;  PMID:11448994;  http://dx.doi.org/
10.1083/jcb.200102142

Charng MJ, Zhang D, Kinnunen P, Schneider MD. A

novel protein distinguishes between quiescent and activated

www.landesbioscience.com

34.

35.

36.

37.

38.

39.

40.

forms of the type I transforming growth factor 8 receptor. J
Biol Chem 1998; 273:9365-8; PMID:9545258; http://dx.
doi.org/10.1074/jbc.273.16.9365

Solinger JA, Spang A. Tethering complexes in the
endocytic pathway: CORVET and HOPS. FEBS ]
2013; 280:2743-57; PMID:23351085; http://dx.doi.
org/10.1111/febs.12151

Balderhaar HJK, Ungermann C. CORVET and HOPS
tethering complexes - coordinators of endosome and lyso-
some fusion. J Cell Sci 2013; 126:1307-16;
PMID:23645161; http://dx.doi.org/10.1242/j¢s.107805
Liu X, Hein J, Richardson SCW, Basse PH, Toptan T,
Moore PS, Gjoerup OV, Chang Y. Merkel cell poly-
omavirus large T antigen disrupts lysosome clustering
by translocating human Vam6p from the cytoplasm to
the nucleus. J Biol Chem 2011; 286:17079-90.
Waurthner JU. Transforming Growth Factor-B Recep-
tor-associated Protein 1 Is a Smad4 Chaperone. J Biol
Chem 2001; 276:19495-502; PMID:11278302;
http://dx.doi.org/10.1074/jbc. M006473200

van der Kant R, Fish A, Janssen L, Janssen H, Krom S, Ho
N, Brummelkamp T, Carette J, Rocha N, Neefjes J. Late
endosomal transport and tethering are coupled processes
controlled by RILP and the cholesterol sensor ORP1L. ]
Cell Sci 2013; 126:3462-74; PMID:23729732; http://dx.
doi.org/10.1242/jcs.129270

Rink J, Ghigo E, Kalaidzidis Y, Zerial M. Rab Conver-
sion as a Mechanism of Progression from Early to Late
Endosomes. Cell 2005; 122:735-49; PMID:16143105;
http://dx.doi.org/10.1016/j.cell.2005.06.043

Zhu G-D, L’hernault SW. The Caenorhabditis elegans
spe-39 gene is required for intracellular membrane
reorganization during spermatogenesis. Genetics 2003;

165:145-57; PMID:14504223

Cellular Logistics

41.

42.

43.

44.

45.

46.

Janke C, Magiera MM, Rathfelder N, Taxis C, Reber
S, Mackawa H, Moreno-Borchart A, Doenges G,
Schwob E, Schiebel E, et al. A versatile toolbox for
PCR-based tagging of yeast genes: new fluorescent pro-
teins, more markers and promoter substitution cas-
settes. Yeast 2004; 21:947-62; PMID:15334558;
http://dx.doi.org/10.1002/yea.1142

Feng H, Shuda M, Chang Y, Moore PS. Clonal Integration
of a Polyomavirus in Human Merkel Cell Carcinoma. Sci-
ence 2008; 319:1096-100; PMID:18202256; http://dx.
doi.org/10.1126/science.1152586

Shuda M, Arora R, Kwun HJ, Feng H, Sarid R, Fernandez-
Figueras M-T, Tolstov Y, Gjoerup O, Mansukhani MM,
Swerdlow SH, et al. Human Merkel cell polyomavirus
infection I. MCV T antigen expression in Merkel cell carci-
noma, lymphoid tissues and lymphoid tumors. Int ] Cancer
2009; 125:1243-9; PMID:19499546; http://dx.doi.org/
10.1002/5jc.24510

LaGrassa TJ. The vacuolar kinase Yck3 maintains
organclle fragmentation by regulating the HOPS
tethering complex. J Cell Biol 2005; 168:401-14;
PMID:15684030; heep://dx.doi.org/10.1083/jcb.
200407141

Lachmann J, Barr FA, Ungermann C. The Msb3/Gyp3
GAP controls the activity of the Rab GTPases Vps21
and Ypt7 at endosomes and vacuoles. Mol Biol Cell
2012; 23:2516-26; PMID:22593206; http://dx.doi.
0rg/10.1091/mbc.E11-12-1030

Perini ED, Schaefer R, Stoter M, Kalaidzidis Y, Zerial
M. Mammalian CORVET is required for fusion and
conversion of distinct early endosome sub-populations.

(2014) (Traffic, in press)

€970840-9



