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Structure and function of human Vps20 and Snf7 proteins
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Snf7p (sucrose non-fermenting) and Vps20p (vacuolar protein-
sorting) are small coil-coiled proteins involved in yeast MVB
(multivesicular body) structure, formation and function. In the
present study, we report the identification of three human homo-
logues of yeast Snf7p, designated hSnf7-1, hSnf7-2 and hSnf7-3,
and a single human Vps20p homologue, designated hVps20,
that may have similar roles in humans. Immunofluorescence
studies showed that hSnf7-1 and hSnf7-3 localized in large
vesicular structures that also co-localized with late endosomal/
lysosomal structures induced by overexpressing an ATPase-
defective Vps4-A mutant. In contrast, overexpressed hVps20
showed a typical endosomal membrane-staining pattern, and co-
expression of hVps20 with Snf7-1 dispersed the large Snf7-
staining vesicles. Interestingly, overexpression of both hSnf7 and
hVps20 proteins induced a post-endosomal defect in cholesterol
sorting. To explore possible protein—protein interactions involving
hSnf7 proteins, we used information from yeast genomic studies
showing that yeast Snf7p can interact with proteins involved in
MVB function. Using a glutathione S-transferase-capture ap-
proach with several mammalian homologues of such yeast Snf7p-

interacting proteins, we found that all three hSnf7s interacted
with mouse AIP1 [ALG-2 (apoptosis-linked gene 2) interacting
protein 1], a mammalian Brolp [BCK1 (bypass of C kinase)-
like resistance to osmotic shock]-containing protein involved in
cellular vacuolization and apoptosis. Whereas mapping experi-
ments showed that the N-terminus of AIP1 containing both a
Brol and an «-helical domain were required for interaction with
hSnf7-1, Snf7-1 did not interact with another human Brol-con-
taining molecule, rhophilin-2. Co-immunoprecipitation experi-
ments confirmed the in vivo interaction of hSnf7-1 and AIP1. Ad-
ditional immunofluorescence experiments showed that hSnf7-1
recruited cytosolic AIP1 to the Snf7-induced vacuolar-like
structures. Together these results suggest that mammalian Vps20,
AIP1 and Snf7 proteins, like their yeast counterparts, play roles
in MVB function.

Key words: ALG-2 (apoptosis-linked gene 2) interacting protein
1 (AIP1/ALIX), charged multivesicular body protein (CHMP4),
late endosome, multivesicular body, Snf7, Vps.

INTRODUCTION

The proteins and signalling pathways involved in protein traf-
ficking in humans are relatively unknown in comparison with
yeast, for which detailed models are available [1]. In humans, one
of the best-understood processes involving protein trafficking is
ligand-induced down-regulation of mitogenic receptors, which
involves receptor endocytosis via clathrin-coated vesicles [1]. The
subsequent sorting of endocytosed receptors for recycling to
the cell surface or to lysosomes for degradation occurs in a com-
plex, multi-step process that requires re-localization to the internal
vesicles of late endosomes or MVB (multivesicular bodies) [2].
More than 20 yeast proteins, the class E Vps (vacuolar protein-
sorting) proteins, are important for endosomal sorting, as shown
by Vps mutants that fail to transport efficiently newly synthesized
hydrolases to vacuoles [3]. More recently, yeast studies identified
three protein complexes, termed ESCRT-I, -1I and -1II (endosomal
sorting complex required for transport), which are involved in the
sequential processing of ubiquitinylated endosomal membrane
proteins for inclusion into the MVB pathway [4,5]. ESCRT-I
is involved in binding the ubiquitinylated cargo and activates
ESCRT-II, which then assembles the ESCRT-III complex on inter-
nal endosomal membranes before the formation of a new vesicle
within the MVB cargo [4,5]. The yeast ESCRT-III complex is
composed of at least four proteins, Snf7p (sucrose non-fermen-
ting, also known as Vps32), Vps2p, Vps20p and Vps24p [5].

Mutations in each of these four yeast genes show defects in the
late endosome to MVB transition and thus do not deliver target
proteins to the yeast vacuole. The Vps20p—Snf7p subcomplex is
associated with the late endosome membrane and Vps2p plus
Vps24p appears to bind the membrane-bound Vps20p—Snf7p
complex.

Snf7p is a relatively small, charged, coiled-coil protein, which
was originally identified genetically in a screen for mutants unable
to sense glucose concentration changes [6,7]. Consistent with a
role for Snf7p in MVB formation and other signalling pathways
that may or may not require protein trafficking, large-scale
yeast genomic and proteonomic studies suggest that Snf7p may
interact with multiple proteins including Vps4p [8-10], Rim13p
[9] and Rim20p [9]. One of these components, Rim20p, is a
scaffold protein required for proteolytic activation of a tran-
scription factor needed for mediating pH transcriptional responses
in Saccharomyces cerevisiae [11]. Interestingly, this interaction
between yeast Snf7p and Rim20p is functionally and evolu-
tionarily conserved with fungal homologues from Aspergillus
nidulans [12], where the Rim20p homologue (PalA) functions
to assemble a complex required for proteolytic cleavage of a
transcription factor involved in alkaline pH adaptation [12,13].
Whereas in yeast, a second related Rim20p/PalA molecule,
Brolp [BCKI1 (bypass of C kinase)-like resistance to osmotic
shock], is known, additional homologues for these molecules
have been identified in amphibians [14], mice [15,16] and humans
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[12,17]. The function of these homologues is still not completely
understood, but the mouse homologue, AIP1 [ALG-2 (apoptosis-
linked gene 2) interacting protein 1, also known as ALIX and
probably a homologue of yeast Brolp], was originally identified
in a yeast two-hybrid screen as being capable of interacting with
a protein, ALG-2, involved in apoptosis [15,16]. Overexpression
of the AIP1 C-terminus has at least two seemingly different
biological effects, including inhibiting cell death [15,18] and indu-
cing vacuolization [19], possibly via interactions with SH3 (Src
homology 3 domain)-containing molecules SETA (SH3-contain-
ing protein expressed in tumorigenic astrocytes)/RUK (regulator
of ubiquitous kinase) [18,20] and endophilins [19] respectively.
Although AIP1 and these other Rim20p/PalA homologues have
Brol domains, the function of the Brol domain is not known.

In the present study, we have characterized one and three human
homologues respectively of the yeast late endosomal ESCRT-1IT
complex proteins, Vps20p and Snf7p. Human hVps20 is 44 %
similar to its yeast counterpart, and hSnf7-1, hSnf7-2 and hSnf7-3
are approx. 50 % similar to yeast Snf7p. Immunofluorescence
studies showed that overexpressed recombinant hSnf7 proteins
co-localized with lysosomes, whereas hVps20 showed a more
endosomal membrane-staining pattern. Co-expression studies
showed that hVps20 expression dispersed hSnf7 vesicles. Inter-
estingly, cells expressing either hSnf7 or hVps20 proteins induced
a post-endosomal defect in cholesterol sorting. Using affinity-
capture experiments and co-immunoprecipitation, we show that
hSnf7 proteins interact with mouse AIP1, a protein known to be
involved in cellular vacuolization. Whereas the Brol domain of
AIP1 was required for its interaction with hSnf7 proteins, hSnf7
proteins did not interact with RPH-2 (rhophilin-2), another human
Brol-containing protein. Furthermore, co-immunofluorescence
studies revealed that AIP1 was recruited to hSnf7-1-containing
vesicles. These results suggest that hVps20, hSnf7 and mam-
malian homologues of AIP1, similar to their yeast counterparts,
may play important roles in MVB formation and function.

MATERIALS AND METHODS
Identification and cloning of human Vps20 and Snf7 proteins

Human Snf7 clones were identified from a TBLASTN search of
the EST (expressed sequence tag) database at the National Center
for Biotechnology Information (http://www.ncbi.nlm.nih.gov)
using the protein sequence of yeast Snf7p as a query. One of these
human EST clones, designated human hSnf7-1, was obtained
from the IMAGE consortium (Livermore, CA, U.S.A.; Clone ID
no. 4751943). This clone was sequenced on an Applied Biosystem
377 DNA sequencer and has GenBank® accession no. AY329084.
Clones containing related genes, designated human Snf7-2 and
Snf7-3, were obtained from the IMAGE consortium (Clone ID
nos. 5173394 and 4356570 respectively). A similar approach
using yeast Vps20p was used to identify and obtain a human
Vps20 clone (Clone ID no. 4751943). The GenBank® accession
nos. of hSnf7-2, hSnf7-3 and hVps20 are AY329085, AY329086
and AY 329087 respectively.

Mammalian expression vectors for hSnf7 proteins, hVps20,
Vpsda, PalBH, RPH-2 and AIP1

The coding sequence of hSnf7-1 was amplified by PCR from
the corresponding cDNA clone using the two primers 5'-GAGG-
GATCCAGTGGTCTCGGCAGGCT-3' and 5-GAGCTCGAGT-
CAGGATACCCACTCAGC-3 and then subcloned in-frame into
the BamHI-Xhol sites downstream of a cytomegalovirus-driven
N-terminal Myc epitope-tagged pcDNA3 mammalian expression
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vector. The hSnf7-3 coding sequence was amplified by PCR
using the BamHI-Xhol linker primer pairs 5-GAGGGATCCA-
GCAAGTTGGGCAAGTTC-3' and 5'-GAGCTCGAGTTAGG-
TAGCCCAAGCTGC-3' and subcloned in-frame into the BamHI-
Xhol sites of the cytomegalovirus-driven N-terminal FLAG-
tagged pCAF2 mammalian expression vector [21]. The coding
sequence of hVps20 was amplified using two Bg/II-Xhol
linker primers 5'-GAGAGATCTGCCATGGGTAACCTGTTC-3
and 5'-GAGCTCGAGTGAAGCCGCCACCAGCTC-3/, and the
corresponding cDNA was used to generate a C-terminal Myc-
tagged construct. A pcDNA-Myc-tagged Vps4-A mammalian
expression vector was a gift from Dr M. Negishi (Kyoto Univer-
sity, Tokyo, Japan). An N-terminal Myc-tagged mammalian ex-
pression vector for PalBH [22] was a gift from Dr T. Maeda
(University of Tokyo, Tokyo, Japan). A pCAF1-RPH-2 mam-
malian expression vector was also used as described in [21]. Full-
length mouse FLAG epitope-tagged AIP1 mammalian expression
vector [15] was a gift from Dr L. D’Adamio (Albert Einstein
College of Medicine, Bronx, NY, U.S.A.). Additional AIPI
fragments were generated by PCR and subcloned to generate
the following AIP1 mutants in the FLAG-tagged pCAF vector by
PCR amplification: AIP1-N-A1 (amino acids 1-445), AIP1-N-
A2 (amino acids 1-208), AIP1-N-A3 (amino acids 182—445) and
AIP1-C-A1 (amino acids 436-869).

Immunofluorescence

Immunofluorescence of HeLa cells was performed essentially as
described in [21]. HeLa cells were fixed and permeabilized, 24 h
after transfecting with FuGENE 6 transfection reagent (Roche
Molecular Biochemicals, Indianapolis, IN, U.S.A.). Coverslips
were stained with the appropriate anti-epitope antibodies, includ-
ing mouse anti-FLAG™ M2 (Sigma, St. Louis, MO, U.S.A.),
polyclonal anti-FLAG™ antibody (Sigma) and mouse anti-Myc
monoclonal antibody (Sigma). Mouse monoclonal antibodies
to EEA1 (early endosome antigen 1) and LAMP-1 (lysosome-
associated membrane protein-1) were obtained from Transduction
Laboratories (Lexington, KY, U.S.A.). Lysotracker™ was ob-
tained from Molecular Probes (Eugene, OR, U.S.A.). Fluorescein-
conjugated goat anti-mouse IgG (Rockland Immunochem,
Gilbertsville, PA, U.S.A.), Texas-Red-conjugated anti-mouse
(Jackson Immunoresearch Laboratories, West Grove, PA, U.S.A.)
and FITC-conjugated goat-anti-rabbit (Rockland Immunochem)
antibodies were used as secondary antibodies. Texas Red-
conjugated Phalloidin (Sigma) was used to stain F-actin.

For cholesterol staining, cells were incubated in PBS contain-
ing 10 pg/ml of flipin complex (Sigma). Confocal microscopy
was performed with an Olympus Fluoview confocal micro-
scope (Olympus America, Melville, NY, U.S.A.) attached to
an Olympus 1 x 70 inverted fluorescent scope equipped with a
60x oil immersion lens. Digitalized images were captured using
the Fluoview software (Olympus America). The pictures of cells
showing cholesterol were taken on a Nikon E600 epifluorescent
microscope.

Production of recombinant proteins

GST (glutathione S-transferase) fusion constructs for several of
the proteins, including full-length hSnf7-1 (GST-hSnf7-1; amino
acids 2-222), hSnf7-3 (GST-hSnf7-3; amino acids 2-234) and
hVps20 (GST-hVps20; amino acids 2-201), were created using
the BamHI-Xhol sites of pGEX4T3 and the cDNAs generated
above for the mammalian expression vectors. For hSnf7-2, the
amino acids 2-224 were amplified using two Bg/lI-Xhol linker
primers 5-GAGAGATCTTCGGTGTTCGGGAAGCTG-3' and
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5-GAGCTCGAGTTACATGGATCCAGCCCA-3', and the cor-
responding PCR product was subcloned into the BamHI-Xhol site
of pGEX-4T3. A pGEX-Vps4-A bacterial expression vector was
a gift from Dr M. Negishi. Recombinant GST fusion constructs
were produced in Escherichia coli, purified on glutathione—
agarose beads as described previously [23] and left attached to
the beads.

GST-capture experiments

GST-affinity-capture experiments were used to screen for poten-
tial protein—protein interactions between hSnf7 proteins and
hVps20, Vps4-A, PalBH, RPH-2 and AIP1. Briefly, 100 mm?
dishes of Cos-1 cells were transfected with the different constructs
encoding hSnf7-1, hSnf7-3, hVps20, Vps4-A (wild-type and AT-
Pase mutant), PalBH, RPH-2 and AIP1, using FuGENE 6 trans-
fection reagent (Roche Molecular Biochemicals). Cosl1 cells were
lysed 24 h post-transfection in a buffer containing 50 mM Tris
(pH 7.2), 1 % (v/v) Triton X-100, 200 mM NaCl, 10 mM MgCl,
and protease inhibitors. Lysates were then spun down for 15 min at
14000 g to pellet insoluble material, precleared with GST bound
to glutathione beads, and then the soluble fraction was incubated
for 1 h at 4 °C with the respective immobilized GST-recombinant
protein. In these studies, approx. 1 ug of GST or GST-fusion pro-
teins was used. The beads were then washed, resuspended in SDS/
PAGE sample buffer, run on an SDS/polyacrylamide gel, trans-
ferred to nitrocellulose and then subjected to Western blotting.

Immunoprecipitation

Cosl cells were transfected with FuGENE 6 transfection reagent
containing plasmids encoding FLAG-epitope-tagged AIP1 and
Myc-tagged Snf7-1. Additional control constructs, including
FLAG-epitope-tagged RPH-2 were also tested. Cell lysates were
prepared 48 h after transfection from these transfected cells and
from control untransfected cells. These lysates were then incu-
bated for 1 h with the anti-Myc antibody. After the antibody
incubation, Protein A/G-coupled agarose beads were added to
each sample for an additional 1 h. After washing, the captured
proteins were separated on a SDS/10 % polyacrylamide gel
and transferred to nitrocellulose. The immobilized proteins were
probed with a polyclonal anti-FLAG™ antibody (Sigma) fol-
lowed by an anti-rabbit horseradish peroxidase secondary anti-
body conjugate. After washing, the blot was developed with ECL®
(enhanced chemiluminescence) reagents (Pierce, Rockford, IL,
U.S.A.) and exposed to X-ray film.

RESULTS
Identification of human homologues of yeast Snf7p and Vps20p

Using the human EST databases, we searched for human proteins
homologous with the yeast Snf7p. In contrast with yeast, three
human Snf7 homologues were identified (Figure 1A). Plasmids
containing cDNAs for these human proteins, designated hSnf7-1,
hSnf7-2 and hSnf7-3, were obtained from the IMAGE con-
sortium, sequenced and confirmed to encode proteins of 222, 224
and 234 amino acid residues respectively (Figure 1A). Compar-
isons of the amino acid sequences of hSnf7-1, hSnf7-2 and hSnf7-
3 with yeast Snf7p revealed that they were 49, 50 and 49 %
similar over 206, 217 and 230 residues respectively (Figure 1A).
Secondary-structure analysis programmes revealed that all three
human Snf7 homologues, similar to yeast Snf7p, have amino acid
sequences that probably fold into coiled-coil secondary structures
(results not shown). At the time of submission to GenBank®,
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Figure 1 Identification of human homologues of yeast Snf7p and Vps20p

TBLASTN searches of the human EST database identified human homologues of yeast Snf7p
and Vps20p. The numbers at the beginning and end of each line indicate the total number of
amino acid residues to that point in the sequence. Optimal alignment of different proteins was
performed using the AlignX function of the VectorNTI Suite (version 6.0.5) software (InforMax).
() Three different human homologues (hSnf7-1, hSnf7-2, and hSnf7-3) of yeast Snf7p were
identified. Amino acids within human Snf7 proteins that were identical or conserved amino
acids with Snf7p from S. cerevisiae are shown in dark and light shading respectively. (B) A
single human Vps20 homologue (hVps20) of Vps20p from S. cerevisiae was identified. Human
amino acids identical or conserved with Vps20p from S. cerevisiae are shown in dark and light
shading respectively. *, Glycine residue myristoylated in yeast Vps20p and the corresponding
residue probably modified in hVps20.

only one human yeast Snf7p homologue, designated as CHMP4a
(charged MVB protein), was known but not characterized [24],
although a contemporaneous study by Katoh et al. [25] identified
CHMP4A and CHMP4B proteins as corresponding to hSnf7-2
and hSnf7-1 respectively.

Vps20p is a yeast protein [6], which forms a complex with
Snf7p [5]. We identified only a single Vps20p homologue in
the human EST database. The 201-amino-acid protein encoded
by this human cDNA, designated hVps20, is similar in size and
sequence (44 % similarity) to yeast Vps20p (Figure 1B). Human
Vps20, similar to yeast Vps20p, which is known to be myristoyl-
ated [5], contains a typical N-terminal consensus sequence
(MGDLFGRKK) for myristoylation and also probably forms
coiled-coil secondary structures (results not shown). Finally,
additional structural analysis showed that the human homologues
of Vps20 and Snf7 are less similar to each other than the yeast
prototypes (results not shown).

Overexpressed hSnf7 proteins localize to late
endosomes/lysosomes

We expressed epitope-tagged hSnf7-1 and hSnf7-3 in HeLa
cells and examined their localization by immunofluorescence.
Both N-terminal epitope-tagged hSnf7-1 (Figures 2A and 2B)
and hSnf7-3 (Figures 2C and 2D) localized to vesicular-like
structures in HeLa cells, some of which were unusually large.
Cells co-expressing hSnf7-1 and hSnf7-3 showed complete co-
localization to these large vesicular structures (Figures 2E and 2F).
Overexpression of these hSnf7 proteins did not appear to be
toxic, as judged by abnormal morphological changes, such as
cell blobbing, which would be suggestive of non-specific toxicity.

© 2004 Biochemical Society
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Figure 2 Expression of hSnf7-1 and hSnf7-3 in Hela cells

Cells were transfected with either N-terminal Myc-tagged hSnf7-1 (A, B) or FLAG-tagged hSnf7-
3(C, D) or co-transfected with Myc-tagged hSnf7-1 and FLAG-tagged hSnf7-3 (E, F). The cells
were fixed 24 h after transfection, permeabilized and stained. hSnf7-1 (A) and hSnf7-3 (C) were
detected with mouse monoclonal anti-Myc and anti-FLAG monoclonal antibodies respectively,
followed by staining with an FITC-conjugated goat anti-mouse antibody. F-actin was detected
using Texas Red-conjugated phalloidin (B, D). In the co-transfected cells, a mouse anti-Myc
monoclonal antibody was used to detect hSnf7-1 protein (E), whereas a rabbit anti-FLAG
polyclonal antibody was used to stain for hSnf7-3 protein (F).

However, interestingly, approx. 25 % of the hSnf7-3 overexpres-
sing cells showed alterations of their F-actin-staining pattern
(Figure 2D), which was not observed in the hSnf7-1 over-
expressing cells (Figure 2A).

To identify the nature of these large hSnf7-containing vesicles,
we used several different markers for vesicles involved in protein
trafficking, including an anti-EEA1 antibody, a marker for early
endosomes, and LysoTracker, a marker of late endosomes.
Whereas HeLa cells expressing hSnf7-3 showed the large vesicles
in the perinuclear region (Figure 3A), these vesicles, while in a
similar location with EEA1-staining endosomes (Figure 3B), did
not show significant co-localization. Additionally, we attempted
to use anti-LAMP-1 antibodies, but the immunofluorescence
staining of endogenous LAMP-1 was poor in these HeLa cells
(results not shown). In the light of previous studies showing that
an ATPase-defective mutant of Vps4-A induced similar abnor-
mally large vacuolar-like structures that were late endosomes/
lysosomes [26], we tested the expression of an ATPase-defective
mutant rat Vps4-A(E/Q) construct and found that overexpression
of this mutant protein by itself induced vesicle-like structures in
HeLa cells (Figures 3C and 3D), which were morphologically
similar to those produced by overexpressed hSnf7-1 and hSnf7-
3. Interestingly, overexpression of the Vps4-A mutant with
hSnf7-3 caused the hSnf7-3 (Figures 3E and 3F) or hSnf7-1
(results not shown) protein to localize to the Vps4-A-induced
endosomal structures. Taken together, these results suggest that
Snf7-containing structures probably represent late endosomes/
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Figure 3 hSnf7 proteins co-localize with an ATPase-defective Vps4-A
mutant

Hela cells were co-transfected with either the FLAG-tagged hSnf7-3 alone (A, B) or Myc-tagged
Vps4-A ATPase mutantalone (C, D), or co-transfected with FLAG-tagged hSnf7-3 and Myc-tag-
ged Vps4-A ATPase mutant (E, F). The cells expressing FLAG-tagged hSnf7-3 (A, F) and Myc-
tagged VpsdA (C, E) were fixed 16 h after transfection, permeabilized and stained with a poly-
clonal anti-FLAG antibody and a mouse anti-Myc monaclonal antibody. Cells were also stained
with a monoclonal anti-EEA1 antibody (B) for F-actin with Texas Red-conjugated phalloidin (D).

lysosomes and that Vps4-A might normally regulate hSnf7 protein
localization and/or function.

Overexpressed hVps20 shows a cellular localization pattern
that is distinct from hSnf7 proteins

The localization pattern of overexpressed hVps20 was also ex-
amined in HeLa cells. To avoid potentially disrupting access to or
the biological activity of the N-terminal myristoylation sequence
of hVps20, the cDNA encoded by this protein was tagged at
its C-terminus. Overexpression of this tagged hVps20 construct
produced a diffuse membranous staining pattern in HeLa cells
(Figures 4A and 4B), which showed some co-localization with
early endosomes (results not shown). In light of yeast studies
showing that Vps20p and Snf7p are in an ESCRT-III complex
required for MVB formation [5], we examined HeLa cells over-
expressing both hVps20 and hSnf7 proteins. Interestingly, co-
expression of hVps20 with hSnf7-3 often blocked the accumu-
lation of the large hSnf7-3-staining vesicles, and instead yielded
more vesicles showing the endosomal-staining pattern seen with
hVps20 alone that strongly co-localized with each other (Fig-
ures 4C and 4D). Specifically, approx. 40 % of the co-transfected
cells showed dispersion of the large Snf7 vesicles. These results
were not observed with the expression of other unrelated proteins
or when different concentrations of Snf7-3 expression vector were
used (results not shown). These results potentially suggest that
hVps20 and hSnf7 proteins are probably part of a larger protein
complex in vivo and that the levels of these different proteins may
be important in controlling their normal function.
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Figure4 Localization of hVps20 to endosomes showing a dominant staining
pattern when co-expressed with hSnf7-3

Cells were transfected with C-terminal Myc-tagged hVps20 (A, B) or co-transfected C-terminal
Myc-tagged hVps20 and FLAG-tagged Snf7-3 (C, D). The cells were fixed 24 h after transfection,
permeabilized and stained. hVps20 (A) was detected with mouse monoclonal anti-Myc antibody
followed by staining with an FITC-conjugated goat anti-mouse antibody. F-actin was detected
using Texas Red-conjugated phalloidin (B). Co-transfected cells were stained for Myc-tagged
hVps20 (C) and FLAG-tagged Snf7-3 (D).

Figure 5 hSnf7 and hVps20 expression alters cholesterol trafficking

Cells were transfected with either FLAG-tagged hSnf7-3 (A, B) or C-terminal Myc-tagged hVps20
(G, D). The cells were fixed 24 h after transfection, permeabilized and stained for FLAG-tagged
hSnf7-3 (A) or Myc-tagged hVps20 (C). Flipin was used to stain cholesterol (B, D).

hVps20 and hSnf7 proteins alter cholesterol trafficking

Since the overexpression of two different human Snf7 proteins in-
duced vesicular structures, which morphologically resembled late
endosomes/lysosomes induced by a Vps4-A mutant that is known
to disrupt cholesterol trafficking [26], we examined whether cho-
lesterol trafficking was altered in the Snf7-expressing cells, using
flipin to stain for cholesterol. As might be predicted, cells showing
accumulation of hSnf7 vesicular structures showed a marked
enrichment for cholesterol in these same structures (Figures SA
and 5B). This was in contrast with neighbouring untransfected
cells that showed normal cholesterol staining in much smaller
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Figure 6 hSnf7-1 binding to candidate proteins as detected by GST-affinity
chromatography

Recombinant constructs for epitope-tagged hVps20, Vps4-A, PalBH and AIP1. These proteins
were expressed in Cos1 cells, lysates prepared and tested for binding to immobilized GST and
GST-hSnf7-1. After washing, the amount of bound protein was analysed by Western blot as
described in the Materials and methods section. Part (1/15) of the protein extracts was also
electrophoresed on each SDS/polyacrylamide gel to show the input available for binding.

punctuated structures (Figures 5A and 5B). Unexpectedly, a
similar, but less dramatic, result was also observed when hVps20
was expressed in cells (Figures 5C and 5D). Specifically, in cells
expressing a high level of hVps20, as shown in Figures 5(C)
and 5(D), a marked accumulation of large structures staining for
cholesterol was observed. Furthermore, cells co-expressing both
hSnf7 and Vps20 proteins also showed the accumulation of large
vesicular structures containing cholesterol (results not shown).
Taken together, these results suggest that hSnf7 proteins and
hVps20 function in cholesterol trafficking and probably regulate
the trafficking of other cell-surface receptors.

hSnf7 proteins interact with AIP1, but not Vps4-A, PalBH or Vps20

In large-scale yeast two-hybrid screens, Snf7p was found to inter-
act with multiple proteins, including Vps4p [9,10], the calpain
protease Rim13p [9] and a Brol-domain-containing protein,
Rim20p [9]. To determine if the mammalian counterparts of
these yeast proteins have similar interaction abilities, we used
an affinity-capture approach. In addition, we tested whether
hVps20 might interact directly with hSnf7 proteins. For these
experiments, we produced epitope-tagged proteins in mammalian
cells, including hVps20, Vps4-A (a rat homologue of Vpsdp [27])
PalBH [22] (a human calpain protease homologue of Rim13p)
and AIP1 (a human Brol-domain-containing homologue of
yeast Rim20p [15,16]). Western-blot analysis of Cosl cells
transfected with hVps20, Vps4-A, PALBH and AIP1 mammalian
expression vectors revealed that all of these proteins were ex-
pressed and migrated at approx. 35, 55, 110 and 90kDa
respectively, as expected for their predicted molecular masses
(Figure 6). We tested the ability of recombinant GST-hSnf7-1,
immobilized to glutathione beads, to bind these epitope-tagged
proteins in Cosl cell extracts. We found that AIP1 interacted
strongly with GST-hSnf7-1, but not with GST (Figure 6).
Whereas hVps20, Vps4-A or PalBH were expressed at relatively
high levels, they did not significantly interact with immobilized
GST-hSnf7-1 (Figure 6). Additional studies showed that
both GST-hSnf7-2 and GST-hSnf7-3 also interacted with AIP1
butnot Vps4-A (results not shown). The inverse experiments using
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Figure 7 Requirement of the N-terminus of AIP1 for in vivo interactions
with Snf7-1

(A) Immobilized GST or GST-Snf7-1 was incubated with whole cell lysates of Cos-1 cells
transfected with FLAG-tagged constructs for AIP1 (amino acids 1-869), AIP1-N-A1 (1-445),
AIP1-C-A1 (436-869) or the human Bro1-containing protein, RPH-2 (1-686). After washing,
the amount of FLAG-tagged proteins bound to the immobilized capture proteins was analysed
by Western blot as described in the Materials and methods section. Part of the extract (1/50)
was also electrophoresed on each SDS/polyacrylamide gel to show the relative inputs for each
FLAG-tagged protein. (B) Co-immunoprecipitation of AIP1 and Snf7-1 in vivo. Cell lysates were
prepared from untransfected cells (lane 1), cells transfected with pcDNA-Myc vector and FLAG-
tagged AIP1 (lane 2), cells transfected with pcDNA-Myc-tagged hSnf7-1 and FLAG-tagged
RPH-2 (lane 3) or cells transfected with pcDNA-Myc-tagged hSnf7-1 and FLAG-tagged AIP1
(lane 4). Immunoprecipitations were performed overnight with a mouse anti-Myc monoclonal
antibody as described in the Materials and methods section. The AIP1 input from cells transfected
with FLAG-tagged AIP1 is shown as reference (lane 5). After immunoprecipitation, samples were
subjected to Western blot and probed with the M2 anti-FLAG™ monoclonal antibody to detect
FLAG-tagged AIP1 protein.

GST-Vps4-A and GST-hVps20 left immobilized on glutathione
beads also failed to detect interactions with epitope-tagged
hSnf7-1 or AIP1 in Cosl cell extracts (results not shown). Thus
our GST affinity-capture approach could detect only one of the
known homologous yeast interactions, that of the interaction
between hSnf7 proteins and AIP1.

The interaction of hSnf-1 with AIP1 requires the N-terminus
of AIP1 and occurs in vivo

To map the domain of AIP1 required for interaction with hSnf7-1,
we generated two AIP1 deletions, including AIP1-N-A1, con-
taining amino acid residues 1-445, and AIP1-C-Al, containing
amino acid residues 436—869, and tested their ability to bind GST-
hSnf7-1. Using Cosl cell extracts containing these two AIP1-
deletion mutant proteins with immobilized GST-hSnf7-1 revealed
that the N-terminal half of AIP1 was both necessary and sufficient
for interacting with Snf7-1 (Figure 7A), whereas the C-terminal
half of AIP1 was unable to bind hSnf7-1 (Figure 7A). Since

© 2004 Biochemical Society

the N-terminal half of AIP1 contains a Brol domain, we tested
whether another Brol-containing protein, RPH-2, could interact
with AIP. Whereas RPH-2 was highly expressed, no interac-
tion with AIP1 was detected (Figure 7A). Unfortunately, our
attempts to express two additional AIP1 mutants, AIP1-N-A2
(amino acids 1-208) and AIP1-N-A3 (amino acids 182-445), in
mammalian cells or as GST-fusion proteins in E. coli failed. As
an alternative strategy, we subcloned the three AIP1 N-terminus
containing deletion mutants into the pMAL vector system pro-
ducing maltose-binding protein-fusion proteins. In this system,
we were able to express recombinant AIP1-N-A1, AIP1-N-A2
and AIP1-N-A3 (results not shown). Next, we overexpressed
Myec-tagged hSnf7-1 in Cos1 cells and performed in vitro binding
assays with the AIP1 mutants. In these assays, hSnf7-1 bound to
AIP1-N-A1 (amino acids 1-445), but not to AIP1-N-A2 (amino
acids 1-208) or AIP1-N-A3 (amino acids 182—445) (results not
shown). These results suggest that either the AIP1-Snf7-1 inter-
action requires both the Brol and «-helical domain or that the
interaction is conformation-dependent and the AIP1-N-A2 and
AIP1-N-A3 mutants have conformations that prohibit hSnf7-1
binding.

Using immunoprecipitation experiments, we also looked for an
association between hSnf7-1 and AIP1 in intact cells. Cosl cells
were co-transfected with expression vectors encoding Myc-
tagged hSnf7-1 and either FLAG-tagged AIP1 or FLAG-tagged
RPH-2. Lysates were prepared 2 days after transfection, and Myc-
tagged hSnf7-1 was pulled down using anti-Myc antibody and
Protein A/G-agarose beads. The bound proteins were then
analysed by Western blotting with anti-FLAG antibody to detect
hSnf7-associated proteins (Figure 7B). hSnf7-1 bound full-length
AIP1, but not RPH-2 or vector controls (Figure 7B). Since
comparable amounts of FLAG-tagged AIP1 and RPH-2 were
present in the whole cell lysates (results not shown), these results
indicate that the interaction of hSnf7-1 is specific for AIP1.

hSnf7-1 recruits AIP1 to hSnf7-containing late
endosomes/lysosomes

We next investigated the relationship between Snf7-1 and AIP1
in HeLa cells by immunofluorescence. When FLAG epitope-
tagged AIP1 was expressed in HeLa cells, it exhibited a diffuse
cytoplasmic localization, with no detectable vesicular staining
(Figures 8A and 8B). When AIP1 and hSnf7-1 were co-trans-
fected in HeLa cells, some of the AIP1 co-localized with Snf7-1
in the late endosomal/lysosomal vesicles (Figures 8C and 8D).
Consistent with our binding data, expression of the N-terminus of
AIP1 (AIP1-N-A1) also co-localized with hSnf7-1 (Figures 8E
and 8F). Whereas expression of the C-terminus of AIP1 (AIP1-
C-A1) either alone or when co-transfected with Snf7-1 did not
co-localize with hSnf7-1, it did show a vesicular staining pattern
(results not shown). Taken together, these results suggest that
AIP1 may reside normally with hSnf7 proteins and function as
part of the MVB machinery.

DISCUSSION

The yeast class E Vps proteins such as Snf7p, Vps20p, Vps31/
Brolp and Rim20p form multi-molecular protein complexes that
regulate protein trafficking from late endosomes to the lysosome
[2]. In the present study, we identified three human homologues of
yeast Snf7p and one human homologue of Vps20p. Structurally,
human and yeast Snf7 and Vps20 homologues are highly con-
served and are predicted to contain a number of «-helical
coiled-coil domains that are often involved in protein—protein
interactions. The finding of multiple Snf7 proteins in humans
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Figure 8 Vesicular co-localization of hSnf7-1 and AIP1

Hela cells were transfected with FLAG-tagged AIP1 (A), co-transfected with Myc epitope-
tagged hSnf7-1 (C) and FLAG-tagged AIP1 (D), Myc epitope-tagged hSnf7-1 (E) and
FLAG-tagged AIP1-N-A1 (F). Expressing cells were fixed and treated with anti-epitope
antibodies 24 h post-transfection, followed by staining with FITC-conjugated goat anti-rabbit
and Texas Red-conjugated goat anti-mouse antibodies. Actin was visualized by staining with
Texas Red-conjugated phalloidin (B).

versus those in yeast suggests a greater level of complexity in
humans. Although we still do not know the exact biological
relevance of the different hSnf7 isoforms, they may show cell-
or tissue-specific expression and/or function.

Using transfection analysis, we found that overexpressed hSnf7
proteins localized to late endosomes/lysosomes, whereas hVps20
localized to earlier-stage endosomes. Since hSnf7s do not have
a consensus myristoylation sequence, myristoylation of hVps20
could provide a biochemical explanation for these localization
differences. Interestingly, yeast studies suggest that myristoylated
Vps20 and Snf7p are part of a complex in vivo and that Vps20p—
membrane association is needed for assembling these ESCRT-
IIT structures [6]. We also found that overexpressed hSnf7
proteins and hVps20 markedly impaired cholesterol trafficking,
similar to the effect of an ATPase-defective mutant of Vps4-A
[26]. In the light of a recent study showing that most of the
cholesterol normally resides in multi-vesicular bodies and not in
the lysosome [28], a probable explanation is that overexpressed
hSnf7 and hVps20 proteins act in a dominant-negative fashion
to disrupt the normal protein complexes required for the sorting
of cholesterol in these recycling compartments. Our immuno-
fluorescence results are also consistent with the possibility that
hSnf7 and hVps20 proteins may be part of large vesicular com-
plexes in vivo, although both mammalian and bacterially produced
hSnf7 and hVps20 failed to interact directly using in vitro
binding assays. One explanation might be that these proteins are
normally part of the same complex in vivo, but require additional
components for assembling this complex. Our recombinant-
tagged constructs of hVps20 and hSnf7 proteins should be

useful for identifying such additional components, which should
facilitate a greater understanding of human late endosome/lyso-
some fusion and the human endocytic transport pathway.

We have already identified a probable physiological binding
partner for the hSnf7 proteins. As a starting point in these studies,
we utilized data from genome-wide yeast two-hybrid screens
showing that Snf7p can interact with Vps4p, Rim13p and Rim20p.
By testing mammalian homologues of each of these proteins,
we found that only the Snf7—AIP1 interaction, equivalent to the
Snf7p—Rim20p interaction, could be detected in our assays using
mammalian cell extracts. There are several possible technical
and/or biological reasons for not also detecting interactions of
hSnf7 with Vps4-A and PalBH. First, some of these yeast inter-
actions may represent false positives, since these interactions were
detected using large-scale yeast two-hybrid analysis and were not
confirmed independently. Secondly, interactions between Snf7p
and Vps4p or Rim13p/PalBH either may not be conserved in
mammals or may require additional components. Nevertheless,
the finding that hSnf7 proteins interact with AIP1 in vitro and
in vivo is consistent with yeast two-hybrid analysis showing
that a putative A. nidulans homologue of Snf7p also interacts
with human AIP1 [12]. We have also mapped the hSnf7-AIP1
interaction site to the N-terminal half of AIP1. This N-terminal
region of AIP1, previously of unknown function, contains both
a Brol domain and a coiled-coil region that individually failed
to interact with hSnf7. Although the biological and biochemical
functions of Brol domains are not known, our results suggest that
the Brol domain in AIP1 is probably required for hSnf7 binding.
However, another human Bro1-containing protein, RPH-2, failed
to interact with either of the hSnf7 proteins tested. Our immuno-
fluorescence studies showing a cytoplasmic distribution of AIP1
when overexpressed alone are consistent with previous studies
[15,19]. In contrast, we found that co-expression of AIP1 with
Snf7 markedly recruited AIP1 to vesicular structures that appear
to be late endosomes/lysosomes. These results are in agreement
with studies in yeast showing that Snf7 can recruit Brolp, a prob-
able yeast counterpart of AIP1, to endosomes [29]. In addition,
our results may help explain recent proteonomic data indicating
that endogenous AIP1 may normally reside in vesicular struc-
tures such as phagosomes [30] and in exosomes derived from
MVBs [31]. Although Snf7 proteins were not detected in these
proteonomic studies, it is probable that Snf7 proteins play
important roles in regulating the levels of AIP1 in those structures.
In the light of the ability of the C-terminus of AIP1 to bind
endophilin and induce vacuolization [19], our observation that
overexpressed Snf7s accumulate in and promote the formation
of large cholesterol-containing vesicles suggests that AIP1 may
play a central role in MVB function. Finally, based on known
interactions between ESCRT-III components in yeast [5], we
predict that future studies in mammalians cells will show that
hVps20-hSnf7 complexes interact directly or indirectly with
human homologues of Vps2 and Vps24.

Recently, Katoh et al. [25] identified two AIP1/ALIX-inter-
acting proteins via yeast two-hybrid screening, termed CHMP4s,
which are identical with the Snf7s described in the present study.
These authors also observed that the Brol domain of AIP1/ALIX
was required but not sufficient for interaction with human
CHMP4/Snf7 proteins. However, unlike the observations of Katoh
etal. [25], we did not observe CHMP4/Snf7 proteins to co-localize
with EEA1-positive early endosomes, but rather to localize to
late-stage endosomes/lysosomes. The reason for this discrepancy
in localization is unknown, but could be due to differences in
culture conditions or levels of transfected proteins. Nevertheless,
the finding that overexpressed Snf7/CHMP4 proteins alter EGF
trafficking [25] and cholesterol trafficking is consistent with
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yeast studies showing a role for these proteins in protein sorting
[4,5]. Together, these studies support a critical, evolutionarily
conserved role of Snf7, Vps20 and AIP1/Brolp proteins in protein
trafficking.
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