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Background: The CORVET and HOPS complexes regulate endosomal cargo trafficking but have not been well character-

ized in mammals.

Results: A detailed analysis of subunit interactions within the mammalian CORVET, HOPS, and VIPAS39/VPS33B complexes.
Conclusion: Tethering complexes have adapted to the higher complexity of trafficking in mammalian cells.
Significance: This work provides a detailed architectural insight into the mammalian endosomal tethering complexes.

Trafficking of cargo through the endosomal system depends
on endosomal fusion events mediated by SNARE proteins, Rab-
GTPases, and multisubunit tethering complexes. The CORVET
and HOPS tethering complexes, respectively, regulate early and
late endosomal tethering and have been characterized in detail
in yeast where their sequential membrane targeting and assem-
bly is well understood. Mammalian CORVET and HOPS sub-
units significantly differ from their yeast homologues, and novel
proteins with high homology to CORVET/HOPS subunits have
evolved. However, an analysis of the molecular interactions
between these subunits in mammals is lacking. Here, we provide
a detailed analysis of interactions within the mammalian
CORVET and HOPS as well as an additional endosomal-target-
ing complex (VIPAS39-VPS33B) that does not exist in yeast. We
show that core interactions within CORVET and HOPS are
largely conserved but that the membrane-targeting module in
HOPS has significantly changed to accommodate binding
to mammalian-specific RAB7 interacting lysosomal protein
(RILP). Arthrogryposis-renal dysfunction-cholestasis (ARC)
syndrome-associated mutations in VPS33B selectively disrupt
recruitment to late endosomes by RILP or binding to its partner
VIPAS39. Within the shared core of CORVET/HOPS, we find
that VPS11 acts as a molecular switch that binds either
CORVET-specific TGFBRAP1 or HOPS-specific VPS39/RILP
thereby allowing selective targeting of these tethering com-
plexes to early or late endosomes to time fusion events in the
endo/lysosomal pathway.

The endocytic pathway is a dynamic system in which vesicles
are continuously fusing, moving, and budding in order to
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deliver their cargo to the correct compartment. After internal-
ization, endocytic cargo is delivered to the early endosome
(EE)® from which it can be recycled or degraded (1). Cargo
destined for degradation such as internalized nutrients, acti-
vated growth receptors, and endocytosed pathogens are tar-
geted to the late endosomes (LEs) and lysosomes where the
acidic environment and resident proteases allow for degrada-
tion. Rab5 (EE) and Rab7 (LE) are master regulators of endo-
somal transport and fusion and regulate cargo flux through the
endocytic system in conjunction with multisubunit motor and
tethering complexes. In yeast, EE and LE tethering is regulated
by the CORVET (class C core vacuole/endosome tethering) and
HOPS (homotypic fusion and vacuole protein sorting) com-
plexes, respectively, which have been characterized in high
detail (2—8). Both complexes consist of a shared core (vpsl6,
vpsl8, vpsll, vps33) that associates with CORVET-specific
(vps3 and vps8) or HOPS-specific (vps39 and vps41) subunits.
These different subunits target the complexes to membranes by
interaction with respectively vps21 (yeast Rab5) and Ypt7 (yeast
Rab?) (6,7).In addition, vps41 can also bind lipids (9). Apparent
homologues of CORVET and HOPS subunits in mammals have
been implicated in endosomal maturation (10), EE fusion (11),
and fusion of lysosomes with late endosomes, phagosomes or
autophagosomes (12—15). Based on sequence alignment, homo-
logs of all eight yeast HOPS and CORVET subunits are present
in mammalian cells with the addition of two novel homologues;
VIPAS39 (also known as SPE-39 or VIPAR) and VPS33B.
Recently it was shown that mammalian VPS8 and TGFBRAP1
are the vps8 and vps3 homologues (11), and the mammalian
CORVET, therefore, consists of VPS8, TGFBRAP1, VPS18,
VPS16, VPS33A, and VPS11, whereas HOPS consists of VPS41,
VPS39, VPS18, VPS16, VPS33A, and VPS11. Although VPS33B
was initially shown to interact with HOPS subunits (16), more

3 The abbreviations used are: EE, early endosome; LE, late endosome; RILP,
RAB7 interacting lysosomal protein; ARC, arthrogryposis-renal dysfunc-
tion-cholestasis; IP, immunoprecipitation; WB, Western blot; CLSM, confo-
cal laser-scanning microscope.
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recent data suggest that VPS33B and VIPAS39 form a separate
complex (12).

The organization of these mammalian complexes has only
partly been addressed with seemingly conflicting results and
hampered the interpretation of functional experiments in
which the roles of specific or multiple units are addressed (17—
27). Furthermore, it is not known what drives membrane spec-
ificity of these complexes in mammals. Here we provide an
extensive map of the mammalian CORVET, HOPS, and
VPS33B-VIPAS39 complexes describing their intersubunit
interactions and membrane recruitment. In agreement with
Wartosch et al. (12) we find that VIPAS39 and VPS33B are not
part of the CORVET or HOPS complex but assemble in a dis-
tinct complex. We find that the CORVET complex is prevented
from recruitment to LE (in line with its function at the EE).
Within the HOPS complex there are multiple RILP binding
modules, and pathogenic (arthrogryposis-renal dysfunction-
cholestasis (ARC) syndrome) mutations in VPS33B disrupt
VPS33B-VIPAS39 complex assembly or RILP-dependent LE
recruitment. Within the shared CORVET/HOPS core, VPS11
can bind TGFBRAP1 (CORVET) as well as VPS39 (HOPS), and
these subunits likely compete for binding to VPS11 in the core
of the CORVET-HOPS complex, thereby driving the mem-
brane-specific assembly and tethering capability of these
complexes.

Experimental Procedures

Reagents—Rabbit anti-GFP and rabbit anti-mRFP antibodies
were generated in-house using purified His-mRFP or His-GFP
recombinant proteins, respectively. Cross-reactivity has been
excluded by Western blot analyses with various mRFP- or GFP-
labeled fusion proteins. Other antibodies used were: mouse
anti-CD63 (28), mouse anti-EEA1 (ab2900; Abcam), mouse
anti-V5 and anti-V5-HRP (R96025, R96125; Invitrogen), anti-
Myc (2278P; Cell Signaling), anti-Myc-HRP (NB600-302H;
Novus), anti-HA (12013819001, Roche Applied Science), anti-
HA-HRP (ab1190; Abcam), anti-FLAG (M2) and anti-FLAG-
HRP (F3165, A8592; Sigma), anti-VPS33A (C1C3)
(GTX119416; GeneTex), anti-VPS33b (12195-1-AP, Protein-
tech), anti-VPS11 (19140-1-AP; Proteintech), anti-TGFBRAP1
(SC-13134 Santa Cruz), anti-VPS41 (13869-1-AP, Protein-
tech), anti-VPS8 (HPA036871, Sigma), anti-VPS16 (17776-1-
AP; Proteintech), and anti-VIPAS39 was a gift of V. Faundez
(Center for Translational Social Neuroscience, Emory Univer-
sity, Atlanta). Fluorescent and HRP-conjugated secondary anti-
bodies were obtained from Invitrogen.

Constructs—RAB7 and RILP (29) and full-length VPS con-
structs and GFP-VPS33b L30P (30)have been described previ-
ously. GFP-VPS16 and GFP-VPS18 were gifts from Chengyu
Liang (Department of Molecular Microbiology and Immunol-
ogy, University of Southern California, Los Angeles). VPS33a
was a gift of V. Faundez (Center translational social neurosci-
ence, Emory University, Atlanta), Vps39 was a gift of ]. Bonifa-
cino (National Institutes of Health, Bethesda, MD). HA-
VPS8 was purchased from Origene and inserted into
pcDNA3.2-HA/DEST vector (Invitrogen) using Gateway
recombination cloning. Truncation constructs were generated
by PCR using these respective cut sites, donor vectors, forward
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primer, and reverse primers: VPS33b 1-437, Xhol-BamH1
GFP-C1, cccaCTCGAGCCATGGCTTTTCCCCATCG and
cccaGGATCCTCACAGATTGGAGAAGGTTAGCA; VPS-
33b 438-617, EcoR1-BamH1 GFP-C1, CCCAGAATTCCCT-
GCGAAGAGCTGGGCTCCT and CCCAGGATCCTCA-
GGCTTTCACCTCACTCA; mVPS16 1-516, EcoR1-Asp-718
GFP-C1, cccaGAATTCCATGGACTGTTACACTGCGAA
and cccaGGTACCTCAACCAGGCGTGTCACCCAGCT;
mVPS16 1-420, EcoR1-BamH1 GFP-C1, cccacGAATTCCAT-
GGACTGCTACACGGCGAA and cccaGGATCCTCAGTG-
CACGAAGCTGTCGGGTG; mVPS16 517-835, EcoRl1-
BamH1 GFP-C1, cccaGAATTCCTCTTACTCCGACATTG-
CTGC and cccaGGATCCTCATTGTGCCCTGGCCCGTT-
GAA; mVPS16 517-839, EcoR1-EcoR1 GFP-C1, cccaGAATT-
CCTCTTACTCCGACATTGCTGC and agaattcTCACTTC-
TTCTGGGCTTGTG; VPS41 1-790, Xhol-BamH1 GFP-C1,
cccaCTCGAGCCATGGCGGAAGCAGAGGAGCA and GGA-
TCCTCAGATGTTCTCCTCATCAACAA; VPS41 1-571,
Xhol-BamH1 GFP-C1, cccaCTCGAGCCATGGCGGAAGC-
AGAGGAGCA and cccaGGATCCTCAAAGCATGTCAAC-
AGCTTTCT; VPS41 712- 854, Bglll-EcoR1 GFP-C1, cccaAG-
ATCTGGCTTGTTAAACAACATTGG and cccaGAATTCC-
TATTTTTTCATCTCCAAAA; VPS11 1-773, Xhol-EcoR1
GFP-C1, cccaCTCGAGCCATGGCGGCCTACCTGCAGTG
and cccaGaattcTCAGTCCCTGATGACGGAGA; VPS11
774-940, EcoR1-BamH1 GFP-C1, cccagaattccTACCTGGTC-
CAAAAACTACA and cccaGGATCCTCAAGTGCCCCTCC-
TGGAGTGCA; VPS11 774 -812, EcoR1-BamH1 GFP-C1, ccc-
agaattccTACCTGGTCCAAAAACTACA and cccaGGATCC-
TCAGGCCTTGAGCTCTTGGATCT; VPS11 774 —859, Eco-
R1-BamH1 GFP-C1, cccagaattccTACCTGGTCCAAAAAC-
TACA and cccaGGATCCTCAGGTGGGGCAGTCAGCAT-
CAGC; VPS11 859 -940, EcoR1-BamH1 GFP-C1, cccaGAATT-
CCACCTGCCTCCCTGAAAACCG and cccaGGATCCTCA-
AGTGCCCCTCCTGGAGTGCA; VPS18 1-743, EcoR1-
BamH1 GFP-C1, CCCAGAATTCCATGGCGTCCATCCTGG-
ATGA and CCCAGGATCCTTAATCAGGAAAGAAGG-
GCA; VPS18 1-612, EcoR1-BamH1 GFP-C1, CCCAGAATT-
CCATGGCGTCCATCCTGGATGA and cccaGGATCCTCA-
ATCTACAAGCTGGCGGGGGAT; VPS18 500-612, EcoR1-
BamH1 GFP-C1, cccaGAATTCCAGCCGGCTTGGGGCTC-
TGCA and cccaGGATCCTCAATCTACAAGCTGGCGGG-
GGAT; VPS18 743-973, EcoR1-BamH1 GFP-C1, CCCAGAA-
TTCCGATTTCGTCACCATCGACCA and cccaGGATCCT-
CACAGCCAACTGAGCTGCTCCT; VPS18854-973, EcoR1-
BamH1 GFP-C1, cccaGAATTCCGGCACTGTGGAGCCCC-
AGGA and cccaGGATCCTCACAGCCAACTGAGCTGCT-
CCT; VPS39 551-761, EcoR1-BamH1 GFP-C1, cccaGAATT-
CCCTGCATTTGATTTTCTCCTA and cccaGGATCCTCA-
TAGTTCCAGCTTGATTGG; VPS39 761-869, EcoR1-
BamH1 GFP-C1, cccaGAATTCCCTACTGGAGCCAAA-
AGCCAA and cccaGGATCCTCAATTGGGGTATCTTG-
CAAATG.

Cell Culture and Microscopy—MelJuSo cells were cultured in
Iscove’s modified Dulbecco’s medium (Invitrogen) supple-
mented with 8% FCS in a 5% CO,-humidified culture hood at
37 °C. HEK293 cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 8% FCS in a
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5% CO, humidified culture hood at 37 °C. All specimens were
analyzed by confocal laser-scanning microscopes (TCS-SP1,
TCS-SP2, or AOBS; Leica) equipped with HCX Plan-Apochro-
mat 63X NA 1.32 and HCX Plan-Apochromat lbd.bl 63X NA
1.4 oil-corrected objective lenses (Leica) using LCS (Leica)
acquisition software or Deltavision wide field microscope
(Applied Precision) with a 100/1.4A immersion objective.
Widefield images were deconvolved using SoftWorx software
(Applied Precision).

Transfection—Expression constructs were transfected using
Effectene reagents (Qiagen) according to the manufacturer’s
instructions. For silencing, cells were transfected with Dharma-
fectl (Thermo Fisher Scientific) with siRNAs (ON-TARGET-
plus SMARTpool) against VPS16, VPS33B, VPS33A, SPE-39, or
control siRNA (Thermo Fisher Scientific).

Microscopy Sample Preparation—Transfected cells were
fixed 24 h post-transfection with 4% formaldehyde in PBS for 15
min and permeabilized for 10 min with 0.05% Triton X-100 in
PBS at room temperature. Nonspecific binding of antibodies
was blocked by 0.5% BSA in PBS for 40 min, after which cells
were incubated with primary antibodies in 0.5%BSA in PBS for
1 h at room temperature. After washing 3 times with PBS, pri-
mary antibodies were visualized with Alexa-Fluor secondary
antibody conjugates antibodies in 0.5% BSA in PBS for 30 min
at room temperature (Invitrogen). After three washes with PBS
samples were mounted in Vectashield mounting medium (Vec-
tor Laboratories).

Protein Immunoprecipitation—MelJuSo cells were washed
with ice-cold PBS and scraped into cell lysis buffer (50 mm Tris-
HCl, 150 mMm NaCl, 5 mm MgCl,, 1% Nonidet P-40, 10% glyc-
erol, pH 7.4) supplemented with complete EDTA-free protease
inhibitor mixture. Cell lysates were obtained by incubation on
ice for 10 min followed by centrifugation for clearing. The
supernatants were incubated for 2 h with respective antibodies
followed by capture with protein G-Sepharose 4 FF resin and
washed extensively with wash-buffer (50 mm Tris, 150 mm
NacCl, 5 mm MgCl,, 10% glycerol, pH 7.4). For GFP-tagged pull-
down, GFP-TRAP beads were used (Chromotek). All experi-
ments were repeated multiple times. To compose the figure
panels, inserts from a single experiment containing all the
experimental conditions (and all the transfected constructs)
were composed as described in the figure legends.

Statistical Analysis—For calculation of correlation coeffi-
cients the signal intensity over a vector was plotted using the
plot profile tool in Image] (http://imagej.nih.gov) in the respec-
tive fluorescence channels. Correlation coefficient for colocal-
ization assays were calculated from plot profiles measuring
intensity for the indicated fluorescence channels over a vector
through the cells (as in van der Kant et al. (30)). Correlation
coefficients for the two plots were calculated in Excel using the
function,

Zx—=X)(y—Y)

C (X, Y) = — =
orel XN = S 0= 5

(Eq. 1)

Statistical testing was performed in Graphpad Prism 6 using
a one-way analysis of variance with Tukey’s multiple compari-
son test for significance.
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Results

Characterization and Definition of the Mammalian
CORVET, HOPS, and VPS33B-VIPAS39 Complex—The yeast
CORVET and HOPS complexes are assembled from eight dif-
ferent proteins (a Vps16/Vps33/Vps18/Vpsll core with Vps3/
Vps8 or Vps39/Vps41). Mammals do not possess 8, but 10 ho-
mologues to the yeast CORVET/HOPS subunits. Two
mammalian homologues for yeast Vps33 exist (VPS33A and
VPS33B) as well as an additional protein with weak homology
to Vps16 (VIPAS39). To probe the interactions between the 10
putative CORVET/HOPS subunits and determine the topology
of the different subunits in the CORVET-HOPS complexes we
performed an extensive array of co-immunoprecipitations (IP)
in human MelJuSo cells with antibodies against endogenous
VIPAS39, VPS33B, VPS11, VPS16, VPS8, and VPS33A (Fig. 14)
(antibodies specific for other components were either not avail-
able or did not work for IP). We observed extensive interactions
between VPS11, VPS16, VPS8, TGFBRAP1, and VPS33A. In
contrast, VIPAS39 and VPS33B interacted with each other but
not with any of the other canonical CORVET/HOPS subunits
in line with recent data (12).

To further map the HOPS complex and define possible inter-
actions between VIPAS39 and VPS33B with HOPS compo-
nents that we could not map in endogenous pulldown experi-
ments, we ectopically co-expressed all six putative HOPS
complex subunits as well as VPS33B and VIPAS39 as tagged
proteins. We previously showed that expression levels of these
tagged proteins in our systems are low (comparable to endoge-
nous) and that the tagged subunits incorporate into functional
complexes (30).

We pulled down GFP-VPS16, GFP-VPS11, or GFP-VPS33B
and detected the associated proteins by Western blotting with
antibodies against the different epitope tags (Fig. 1B). GFP-
VPS16 specifically interacted with VPS41, VPS18, and VPS33A.
In addition, GFP-VPS11 interacted with VPS39. In contrast to
the endogenous co-IP (Fig. 14), no interactions between the
two groups (VPS16/41/18/33a and VPS11/39) were observed.
A pulldown experiment with GFP-VPS11 also failed to detect
interactions between GFP-VPS11 and endogenous VPS16/
VPS33a (data not shown). This may reflect a limitation of the
overexpression system or an interference with normal interac-
tions by the associated tags. In line with the endogenous IP (Fig.
1A), we again observed strong interactions between VPS33B
and VIPAS39 but not with any other subunit of the HOPS
complex. This suggests that mammalian HOPS consist of
VPS11/VPS16/VPS18/VPS33A/VPS39/VPS41, whereas VPS33B-
VIPAS39 assembles in a distinct complex (Fig. 1C). Further-
more, the observation that tagged subunits recapitulate in large
part endogenous interactions indicates we can use these
constructs for further detailed mapping of the respective
complexes.

A High Detail Interaction Map of the Mammalian HOPS
Complex—The yeast HOPS complex resembles a seahorse-
shaped complex with a head (Vps16/Vps33/Vps41/Vpsl8) and
atail (Vps11/Vps39), and interactions within the complex have
been extensively mapped (6, 7) (Fig. 2A4). No structure for the
mammalian HOPS complex is available, yet our experiments
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FIGURE 1. Biochemical definition of mammalian CORVET, HOPS, and
VPS33B-VIPAS39. A, MelJuSo lysates were immunoprecipitated (/P) by the
indicated antibodies and analyzed by WB using indicated antibodies. Each
panel represents an independent experiment. Upper left panel, MelJuSo cell
lysates were generated (at which point a total lysate (TL) fraction was taken)
and divided over five fractions, and an immunoprecipitation was performed
on each lysate using one of the indicated antibodies (generating five experi-
mental conditions, horizontal axis). The five experimental conditions were run
on the same blot with the same exposures for each detection antibody. A
separate gel was run for each detection antibody (on the vertical axis). From
these blots cutouts were taken and grouped to compose the figure panel. Top
right panel, same as the left panel, with three experimental conditions. The
table (lower panel) summarizes the results from the IP experiments. A check-
mark indicates interaction detected. ND = not detected; empty boxes, not
tested. B, lysates of MelJuSo cells expressing eight tagged (experimental con-
dition (exp)) or seven tagged subunits (control condition (ctrl)) not-express-
ing the GFP-tagged subunit) were immunoprecipitated (/P) with anti-GFP (to
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(Fig. 1) suggest that interactions within the head (VPS16/
VPS33/VPS41/VPS18) and tail (VPS39/VPS11) are conserved
from yeast to mammal. To study the interactions within the
proposed head of the mammalian HOPS complex, we
expressed tagged truncation mutants of a particular subunit
(domain organizations based on STRING 9.1 depicted in Fig.
2B and assessed the interactions with the three other head pro-
teins by co-IP experiments (Fig. 2C and summarized in Fig. 2D).
We observed that VPS16 is a central protein in the head as its C
terminus binds VPS33A, whereas the N-terminal segment
binds to VPS41 and VPS18. The Ring finger (R) domains of
VPS18 and VPS41 interact with the N terminus of VPS16 pos-
sibly acting in a tripartite interaction.

Different from yeast, the mammalian HOPS complex is not
recruited to membranes by RAB7 (Ypt7 in yeast) but by binding
to the RAB7 effector RILP that has no apparent ortholog in
yeast (30, 32). To evaluate membrane targeting of the mamma-
lian HOPS complex, we mapped the minimal domains for
membrane recruitment of distinct subunits by expressing
tagged truncation mutants and assessed their recruitment to
RILP-containing LE (Fig. 2E). In addition to VPS41 (32), we
observed that small domains of various HOPS subunits could
be recruited to RILP (summarized in Fig. 2, F and G). This
suggests that RILP could act as a scaffold in the assembly of the
HOPS complex or that interactions within the mammalian
HOPS complex are further stabilized via secondary interactions
of its subunits with RILP. In assembly, our data suggest that
interactions within the HOPS complex are reasonably con-
served from yeast to mammals, yet the complex has signifi-
cantly evolved to accommodate a shift from RAB7 to binding to
RAB?7 effector RILP instead, possibly reflecting higher order
regulation such as the concomitant binding of the dynein-mo-
tor complex (30).

VPS11 as the Core Receptor for HOPS- and CORVET-specific
Subunits—We have shown that TGFBRAP1 and VPS8 endog-
enously bind core CORVET/HOPS subunits including VPS11
and VPS16 (Fig. 14) and that VPS11 and VPS16 are recruited
to LE by RILP (Ref. 30; Fig. 2E). This argued that overexpres-
sion of RILP via their secondary interactions with VPS11 or
VPS16 might attract VPS8 and TGFBRAP1 to LE. However,
when RILP and VPS8 or TGFBRAP1 were co-expressed, the
latter were not recruited to RILP but remained localized to
EE (Fig. 3A) similar to VPS8 and TGFBRAPI1 expression
alone (Fig. 3B). This indicates an active mechanism that pre-
vents recruitment of TGFBRAP1 and VPS8 to LE even in the
presence of RILP. We, therefore, asked how CORVET- ver-
sus HOPS-specific protein binding to the core of the com-
plex is regulated to assure correct targeting and sequential
activity in endosomal maturation. Because TGFBRAP1 and
VPS39 have high sequence homology, their competitive
binding to the same subunit in the CORVET/HOPS core
suggests a mechanism for sequential binding. A likely candi-
date for a common binding partner in the core of the COR-

pull down VPS16, VPS11, or VPS33B) and analyzed by WB. Shown are total
lysates for experimental and control lanes and the immunoprecipitated frac-
tion for experimental and control lanes. (C) Summary of experimental data
A-E, VIPAS39 and VPS33B do not interact with HOPS complex subunits.
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FIGURE 3.VPS11 interacts with CORVET specific subunits. A, MelJuSo cells co-expressing mRFP-RILP (red) and GFP-TGFBRAP1 or HA-VPS8 (green) were fixed,
stained with antibodies against EEA1 (and anti-HA for VPS8), and imaged by CLSM. Scale bars: 10 um. Graphs show average correlation coefficient (CC) = S.E
n > 25, forRILP or EEAT and GFP, TGFBRAP1, or VPS8. Asterisks indicate significance to GFP control (****, p =< 0.0001; * p = 0.05; ns = not significant). B, MelJuSo
cells co-expressing GFP-TGFBRAP1 or HA-VPS8 were fixed, stained with antibodies against EEA1 (and anti-HA for VPS8), and imaged by CLSM. Scale bars: 10 um.
G, lysates of MelJuSo cells expressing GFP or GFP-VPS11 were immunoprecipitated (/P) with anti-GFP and analyzed by WB using anti-GFP and anti-TGFBRAP1
antibodies. Experimental conditions were run on the same blot with the same exposures for each detection antibody, and cutouts were taken and grouped for
presentation purposes. TL, total lysate. D, MelJuSo cells expressing mRFP-VPS11 (blue) or co-expressing mRFP-VPS11 (blue) and GFP-TGFBRAP1 (green) were
fixed, stained with antibodies against EEA1 (red), and imaged by CLSM. Scale bars: 10 wm. Graphs show average correlation coefficient (CC) = S.E n > 25,
between VPS11 and EEA1 = ectopically expressed TGFBRAP1 (****, p < 0.0001).

VET-HOPS complex would be VPS11, as we already identi- (Fig. 3C), and co-expression of VPS11 and TGFBRAP1
fied interactions between VPS11 and VPS39 (Fig. 1). In line resulted in the recruitment of cytosolic GFP-VPS11 to EE
with our endogenous IP with VPS11 antibodies, an interac-  (Fig. 3D). To map the interactions between TGFBRAP1 and
tion between TGFBRAP1 and GFP-VPS11 was observed VPS39 with VPS11, we expressed tagged truncation mutants

FIGURE 2. Interactions within the mammalian HOPS complex. A, structure of the yeast HOPS complex. Yeast HOPS interacts with Ypt-7 via Vps41 and the N
terminus of Vps39. B, domain organization of the mammalian HOPS complex subunit orthologs. CLH, clathrin heavy chain repeat; CC, coiled coil; R, ring finger;
V11C, PFAM VPS11 C terminus; V16N, PFAM VPS11 N terminus; V16C, PFAM VPS11 C terminus; V39_1, VPS39 domain 1; V39_2, VPS39 domain 2; CNH, citron
homology. C, lysates of MelJuSo cells co-expressing tagged VPS constructs as indicated were immunoprecipitated (/P) with anti-GFP antibodies and analyzed
by WB using anti-HA, anti-FLAG, anti-V5, and anti-GFP antibodies as indicated. Within each panel, experimental conditions were run on the same blot with the
same exposures for each detection antibody, and cutouts were taken and grouped for presentation purposes. D, summarized results of Fig. 2C. E, MelJuSo cells
expressing GFP-VPS16 constructs (green) and mRFP-RILP (red). Scale bars: 10 um. Graphs show average correlation coefficient (CC) = S.E. n > 25, between
different VPS truncation constructs and RILP. F, detailed map of domain interactions and membrane targeting modules (domains required for RILP binding are
in green) within the mammalian HOPS complex. G, interactions in the head domain of the mammalian HOPS complex superimposed on the known structure
of the yeast HOPS complex. Asterisk indicates functional divergence (absence of lipid binding motif in mammalian VPS41) between yeast and mammalian
HOPS.
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FIGURE 4. CORVET- and HOPS-specific assembly via VPS11. A and B, lysates of HEK293 cells co-expressing GFP-VPS11 constructs (as indicated) and
HA-TGFBRAP1 (A) or MYC-mRFP-VPS39 (B) constructs were immunoprecipitated (/P) with anti-GFP before SDS-PAGE and WB and probed with anti-GFP and
anti-HA or anti-MYC antibodies. TL, total lysate. C, detailed map of interactions between TGFBRAP1, VPS39, and VPS11. TGFBRAP1 and VSP11 both bind to the
same region in VPS11, indicating competitive binding. Domains that contribute to RILP binding are indicated in green. D, MelJuSo cells expressing GFP-VPS11
(blue) and HA-RILP (red) = GFP-TGFBRAP1 (green) were fixed, stained with antibodies against HA and FLAG and imaged by CLSM. Scale bars: 10 um. Graphs
show average correlation coefficient (CC) = S.E (n > 25) between VPS11 and RILP in the = ectopically expressed TGFBRAP1 (****, p =< 0.0001).

of VPS11 and assessed putative interactions (Fig. 4, A and B).
TGFBRAP1 and VPS39 bound to the same domain in VPS11
(Fig. 4, A and B), implying that these two proteins might
compete for VPS11 binding (Fig. 4C). As TGFBRAP1 binds
VPS11 and VPS11 binds RILP, we argued that a RILP-
VPS11-TGFBRAP1 interaction could exist that could induce
(erroneous) recruitment of TGFBRAP1 to LE. However,
when VPS11 was co-expressed with TGFBRAP1 and RILP,
VPS11 was exclusively recruited to EE and no longer
recruited to LE (even though high levels of RILP were pres-
ent) (Fig. 4D). This suggests a regulatory mechanism in
which binding of TGFBRAP1 to VPS11 in the CORVET
complex prevents VPS11 binding to RILP, thereby blocking
the targeting of VPS11 to LE and premature assembly of the
HOPS complex on LE. Such a mechanism would safeguard a
sequential assembly of the CORVET and HOPS and thereby
time the fusion events of EE and LE.

ARC Mutations Specifically Disrupt VPS33B-VIPAS39 Inter-
actions or Complex Recruitment to Late Endosomes by RILP—
Published data regarding the role of VPS33B and VIPAS39 as
members of the HOPS complex are seemingly conflicting (12,
16). Our endogenous IP data (Fig. 1A4) as well as our IPs with
tagged subunits (Fig. 1B) indicated that VPS33B and VIPAS39
did not interact with other HOPS subunits. To further substan-
tiate the existence of a separate VPS33B-VIPAS39 complex, we
depleted CORVET/HOPS subunits by siRNA and assessed the
effects on the stability of their endogenous interaction partners

30286 JOURNAL OF BIOLOGICAL CHEMISTRY

by Western blot (WB) (Fig. 54). Silencing of VPS16 signifi-
cantly decreased VPS33A and VPS11 protein levels, whereas
VPS33B and VIPAS39 levels did not decrease (Fig. 54). Simi-
larly, silencing of VPS33B compromised VIPAS39 levels with-
out affecting VPS16, VPS33A, or VPS11 (Fig. 5A). These find-
ings reinforce the notion that VPS33B and VIPAS39 assemble
into a separate complex.

Interestingly, autosomal recessive mutations in VPS33B or
VIPAS39 cause ARC syndrome (23, 33), a fatal multisystem
disorder characterized by defects in apical transport in polar-
ized cells. In line with this, VPS33B and VIPAS39 have previ-
ously been shown to function at RAB11 positive recycling endo-
somes (21, 22). Under steady-state conditions VPS33B and
VIPAR do not significantly localize to LE (22), but we have
shown that these proteins can be recruited to LE by RILP (30).
In line with a function of VPS33B and VIPAR at the LE, it was
recently shown that VPS33B is important for the maturation of
the a-granule, a specialized late endosomal compartment (34).
Therefore, we investigated whether pathogenic mutations in
VPS33B could still be recruited to LE by RILP. We studied two
pathogenic mutations of VPS33B, a single amino acid substitu-
tion mutant (VPS33B L30P) and a truncation mutant (VPS33B
1-437), and mapped the effect on VPS33B-VIPAS39 interac-
tions as well as RILP-dependent membrane recruitment. The
truncated mutant of VPS33B (1-437) did not interact with
VIPAS39 (Fig. 5B; Ref. 22) but was still recruited to LE by RILP,
indicating that VPS33B can bind RILP independent of VIPAS39
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FIGURE 5.VPS33B and VIPAS39 are not HOPS complex subunits and mutations in VPS33B differentially affect VPS33B interactions with VIPAS39 and
RILP. A, lysates of MelJuSo cells silenced for indicated HOPS subunits were analyzed by WB using anti-VPS16, anti-VPS33B, anti-VIPAS39, anti-VPS11, anti-
VPS33, and anti-actin (as the loading control) antibodies as indicated. Within each panel, experimental conditions were run on the same blot with the same
exposures for each detection antibody, and cutouts were taken and grouped for presentation purposes. B, Immunoprecipitates (/P) with anti-GFP from lysates
of MelJuSo cells co-expressing GFP-VPS33B mutants and HA-VIPAS39 (as indicated) were analyzed by WB using anti-GFP and anti-HA antibodies. Experimental
conditions were run on the same blot with the same exposures for each detection antibody, and cutouts were taken and grouped for presentation purposes.
TL, total lysate. C, MelJuSo cells expressing GFP-VPS33B constructs (green) and mRFP-RILP (red) were fixed and imaged by CLSM. Scale bars: 10 um. Correlation
coefficient was calculated from plot profiles measuring RILP intensity and GFP intensity over a vector through the cells. Graphs show the average correlation
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of VPS33B domains involved in interactions with RILP (green) and VIPAS39. Asterisks indicate Leu-30 (L30) residue (mutated in ARC syndrome) required for
VPS33B recruitment to RILP.

(Fig. 5C). The L30P mutation in VPS33B had a different effect;
although VPS33B L30P still interacted with VIPAS39 (Fig. 5B),
it failed to be recruited to LE by RILP (Fig. 5C; Ref. 30). Thus,
our results indicate that two specific mutations in VPS33B, as
found in ARC patients, affect assembly with VIPAS39 (VPS33B
1-437) or LE recruitment of the VPS33B-VIPAS39 complex
(VPS33B L30P) by RILP (Fig. 5D).

Discussion

We have investigated the interactions between the proposed
mammalian subunits of the multisubunit CORVET and HOPS
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tethering complexes and found, with modifications, that the
organization of these complexes is largely conserved from yeast
to mammals (Fig. 6A). As in yeast, the mammalian HOPS com-
plex consists of VPS16, VPS11, VPS33A, VPS18, VPS41, and
VPS39. We confirm that TGFBRAP1 and VPS8 are the mam-
malian CORVET-specific subunits (with TGFBRAPI1 as the
yeast vps3 ortholog) (11, 35). In contrast to previous data (16),
however, our data indicate that VIPAS39 and VPS33B, two
CORVET/HOPS subunit homologues not present in yeast, are
not part of CORVET/HOPS as also suggested by others (12, 21,
36). We cannot formally exclude the occurrence of transient
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malian HOPS complex superimposed on the yeast structure, depicting RILP-binding domains. Asterisks indicate poorly conserved regions in the N terminus of
VPS39 and loss of the lipid binding motif of VPS41, which have altered membrane targeting in the mammalian complex. CLH, clathrin heavy chain repeat; CC,
coiled coil; R, ring finger; CNH, citron homology. B, the CORVET complex binds to RAB5 on EE and within this complex, TGFBRAP1 binding to VPS11 prevent
association of VPS11 to RILP (7). 2, to allow RAB7-RILP binding, TGFBRAP1 is replaced by VPS39, possibly controlled by CCZ1/MON1 and TGFp signaling.
Replacement of VPS8 with VPS41 adds an additional RILP binding motif, completing the conversion of CORVET to HOPS complex from RAB5- to RAB7- during
endosomal maturation (3). Both the head and tail of mammalian HOPS can bind the homodimer RAB7-RILP. There may be two conditions; an inactive
conformation where HOPS binds back to RILP on the same vesicle failing to contact a fusion partner and an active conformation in which RILP-HOPS contacts
other vesicles (LE, phagosomes or autophagosomes containing HOPS interactors such as ARL8b, PLEKHM1, or RILP) for tethering and subsequent fusion.

interactions of VPS33B and/or VIPAS39 with CORVET/HOPS
or the existence of VPS33B-VIPAS39-HOPS interactions in
other cellular systems. However, the existence of a VPS33/
VIPAS39 complex independent of other core subunits might
explain why only mutations in VPS33B and VIPAS39 but not
any of other HOPS subunits are associated to ARC syndrome
(21-23, 33) and why all HOPS complex subunits, but not
VPS33B and VIPAS39, are required for Ebola-virus infection
(19). Conservation of these separate complexes is not apparent
in all organisms. For example, in Caenorhabditis elegans the
two VPS33 homologues (VPS33.1 and VPS33.2) are present in
HOPS (VPS33.1) and CORVET (VPS33.2) (37). It is unclear,
however, whether VPS33.1 and VPS33.2 are direct orthologous
for mammalian VPS33A and VPS33B or reflect other evolu-
tionary divergence. Similar to mammals, Drosophila VPS33A
(Carnation) and VPS33B have distinct functions (38) and Dro-
sophila VPS16 interacts with VPS33A, whereas Drosophila

30288 JOURNAL OF BIOLOGICAL CHEMISTRY

VIPAS39 interacts with VPS33B (39). However, Drosophi-
la VIPAS39 also interacted with VPS18, suggesting that
VIPAS39-VPS33B in Drosophila can interact with CORVET/
HOPS core subunits (39). In mice, mutations in VPS33A
yielded hypopigmentation and mild platelet deficiency but did
not cause ARC, indicating that VPS33A and VPS33B functions
do not completely overlap in mice (40). This suggests that
VPS33B-VIPAS39 interactions might have gradually diverted
from that of CORVET/HOPS during mammalian evolution.
Yet, functions of VIPAS39 seem conserved between different
organisms. For example, the observation that Drosophila lack-
ing VIPAS39 (dVPS16) has a profound defect in phagosomal
acidification is in line with our observation that VIPAS39 func-
tions at LE compartments (30). Here we report that ARC-syn-
drome mutations in VPS33B differentially affect the binding of
VPS33b to VIPAS39 or membrane recruitment of VPS33B to
RILP. This consolidates the finding that VPS33B-VIPAS39 func-
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tion at LEs (34) as well as recycling endosomes (16, 21, 22) and that
both membrane binding and VIPAS39 binding are needed for cor-
rect VPS33B function.

We show that HOPS subunits have evolved to accommodate
binding to the RAB7 effector RILP (for a mammalian model super-
imposed on the yeast structure see Fig. 3G). The N terminus of
yeast vps39 that binds Ypt7 is poorly conserved in the mammalian
VPS39 ortholog, which might explain why the mammalian HOPS
complex has shifted to bind RAB7 effectors such as RILP (30, 32)
and PLEKHM1 (14, 15). The HOPS complex binds RILP on either
side of the complex (VPS39/VPS11 in the tail and VPS41/VPS18in
the head) and may bridge RILP molecules on opposing vesicles.
Because VPS33A in the head of HOPS also binds to SNAREs (41),
a connection between two vesicles will then support tethering and
subsequent fusion. It is interesting to note that the HOPS complex
can also bind the GTPase Arl8b on lysosomes (20, 42) and
PLEKHMI1 on LE, phagosomes, and autophagosomes (14, 15),
possibly tethering these vesicles with RILP-containing
organelles (Fig. 6B). RAB7-RILP concomitantly binds the
HOPS complex and the dynein-motor complex for retro-
grade transport (30), whereas the Arl8b effector SKIP also
concomitantly regulates HOPS binding and anterograde
transport by kinesin (42), indicating that timing of vesicle
tethering is likely coupled to their transport.

We found that binding of TGFBRAP1 to VPS11 prevents the
interaction of VPS11 with RILP and erroneous recruitment of
CORVET complexes to RILP-bearing LE. This might provide an
important regulatory step in the conversion of CORVET to HOPS
complexes (Fig. 5) where TGFBRAP1 in CORVET would have to
release VPS11, thereby allowing VPS11 to bind VPS39 and recruit
the entire HOPS complex to RAB7-RILP during RAB5 (EEs) to
RAB7 (LE) conversion. Specific targeting of tethering complexes
by modulation of targeting subunits was recently also shown for
GARP and EARP tethering on Golgi and EEs, respectively, indicat-
ing this might be a common mechanism in the regulation of vesic-
ular fusion (43). TGFBRAP1 to VPS39 exchange might further be
regulated by proteins such as MON1-CCZ1 (Fig. 6B), which are
recruited by CORVET, interact with VPS39, and act as activators
of RAB7 (44 —46) and signaling pathways such as the TGF path-
way, which has been shown to intersect with TGFBRAP1 and
VPS39 function (47—-49).

In conclusion, we describe the molecular architecture of the
mammalian CORVET, HOPS, and VIPAS39-VPS33B com-
plexes. We find that different ARC syndrome mutations affect
VIPAS39-VPS33B or VPS33B-RILP interactions, indicating
that this complex has a function at the LE. Through mapping of
the CORVET and HOPS complexes we found that within the
shared CORVET/HOPS core, VPS11 is a molecular switch that,
depending on its interacting proteins (TGFBRAP1 or VPS39),
determines targeting of CORVET and HOPS to EE and LE.
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