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The yeast vacuolar sorting protein Vps4p is an ATPase required for endosomal trafficking that
couples membrane association to its ATPase cycle. To investigate the function of mammalian
VPS4 in endosomal trafficking, we have transiently expressed wild-type or ATPase-defective
human VPS4 (hVPS4) in cultured cells. Wild-type hVPS4 was cytosolic, whereas a substantial
fraction of hVPS4 that was unable to either bind or hydrolyze ATP was localized to membranes,
including those of specifically induced vacuoles. Vacuoles were exclusively endocytic in origin,
and subsets of enlarged vacuoles stained with markers for each stage of the endocytic pathway.
Sorting of receptors from the early endosome to the recycling compartment or to the trans-Golgi
network was not significantly affected, and no mutant hVPS4 associated with these compartments.
However, many hVPS4-induced vacuoles were substantially enriched in cholesterol relative to the
endosomal compartments of untransfected cells, indicating that expression of mutant hVPS4 gives
rise to a kinetic block in postendosomal cholesterol sorting. The phenotype described here is
largely consistent with the defects in vacuolar sorting associated with class E vps mutants in yeast,
and a role for mammalian VPS4 is discussed in this context.

INTRODUCTION

Cell surface receptors are internalized in clathrin-coated ves-
icles and targeted to the early endosome. Within this com-
partment receptors and ligands are sorted, either for recy-
cling back to the cell surface or for degradation in the
lysosome (Gruenberg and Maxfield, 1995). Although the
molecular basis for transport to the early endosome is in-
creasingly well understood, the organization of the trans-
port pathway between the sorting endosome and the lyso-
some remains an area of considerable debate (Mellman,
1996). Moreover, few of the molecular determinants of this
process have been identified.

Receptors that are destined for lysosomal degradation
are enriched in internal vesicles, which bud inwardly
from the limiting endosomal membrane (Hopkins et al.,
1990; Futter et al., 1996). These internal membranes are

also heavily enriched in lysobisphosphatidic acid (Koba-
yashi et al., 1998), indicating that lipid sorting may play a
role in multivesicular body (MVB) formation. Indeed, re-
cent studies have shown that in Saccharomyces cerevisiae
generation of phosphatidylinositol-3,5-bisphosphate by
Fab1p is essential for sorting into MVB (Gary et al., 1998;
Odorizzi et al., 1998), and MVB formation in mammalian
cells requires phosphoinositide 3-kinase activity (Fernan-
dez-Borja et al., 1999). It has been argued that the MVB is
a transport intermediate, budding from the sorting endo-
some and targeted to a stable late endosome, which also
receives newly synthesized lysosomal hydrolases from a
mannose-6-phosphate receptor (M6PR)-dependent post-
Golgi sorting pathway (Gruenberg et al., 1989; Gruenberg
and Maxfield, 1995). In an alternative model, MVBs are
seen to mature into late endosomes from sorting endo-
somes by continued removal of recycling receptors and
acquisition of Golgi-derived membrane. Such maturation
would be accompanied by morphological changes, in-
cluding an increase in the volume density of internal
vesicles (van Deurs et al., 1993; Futter et al., 1996). Distinc-
tion between models for MVB formation/maturation is
hampered by cell-specific differences in exact sorting
pathways and variations in endosome morphology.
Transfer between the mature MVB/late endosome and the
lysosome likewise has been argued to proceed via matu-
ration, via a vesicular intermediate, or via direct fusion
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(see Mellman, 1996). The direct fusion model is supported
by in vivo studies that have identified extensive contact
zones between late endosomes and dense-core lysosomes
(Futter et al., 1996; Bright et al., 1997). Indeed, there is
evidence from in vivo and in vitro studies that fusion
between late endosomes and lysosomes gives rise to tran-
sient degradative compartments from which lysosomal
membrane is retrieved (Bright et al., 1997; Mullock et al.,
1998).

Many recent advances in our understanding of the molec-
ular organization of the late endocytic pathway in eukary-
otic cells have come from genetic studies in S. cerevisiae. In
particular, a number of mutants defective in the endocytic
pathway or in the sorting of newly synthesized vacuolar
(yeast lysosomal) hydrolases have provided powerful re-
agents for both morphological and molecular characteriza-
tion of this pathway (Bryant and Stevens, 1998). Among the
vacuolar protein sorting (vps) mutants that have been iso-
lated (Jones, 1977; Robinson et al., 1988; Rothman et al., 1989),
13 complementation groups belong to a class defined mor-
phologically by the formation of a novel, multilamellar,
perivacuolar compartment called the class E compartment
(Raymond et al., 1992). Class E vps mutants fail to efficiently
transport a subset of hydrolases, including carboxypepti-

dase Y (CPY), to the vacuole. Instead, these hydrolases ac-
cumulate in the class E compartment, which is acidified. The
class E compartment may therefore be considered an aber-
rant endocytic compartment arising from a sorting defect
(Piper et al., 1995; Rieder et al., 1996; Babst et al., 1997;
Finken-Eigen et al., 1997). Maturation of CPY to its vacuolar
form is delayed and incomplete, and some CPY is missorted
to the secretory pathway. Many class E vps mutants were
also isolated in a genetic screen, which selected for mutants
defective in efficient retention of late-Golgi proteins, which
normally in yeast requires recycling of material from an
endocytic compartment (Nothwehr et al., 1996). It therefore
appears that sorting and/or transport of proteins from the
class E compartment to both the vacuole and Golgi complex
is defective in class E vps mutants. Further evidence that the
class E compartment is distal to the point at which the
endocytic and vacuolar sorting compartments converge is
provided by the finding that some class E vps mutants have
also been isolated as endocytosis mutants that are unable to
transport material from the cell surface all the way to the
vacuole (Davis et al., 1993; Munn and Riezman, 1994).

The recent molecular characterization of one class E vps
mutant, vps4, (Babst et al., 1997, 1998), also identified as
end13, grd13, and csc1 (Munn and Riezman, 1994; Nothwehr

Figure 1. Characterization of human
VPS4. The amino acid sequence of hu-
man VPS4 was compared with those of
human and mouse SKD1 and yeast
Vps4p. Identical amino acids are out-
lined in black. Those amino acids
whose identity is conserved only be-
tween three proteins are outlined in
dark gray. Light gray indicates resi-
dues where identity is limited to two
proteins. The location of the N-termi-
nal coiled coil–forming region that was
deleted for some experiments is indi-
cated by a double overline, and that of
the AAA domain is indicated by a sin-
gle line. Point mutations used in this
study are also shown. The sequence
data for hVPS4 are available from
GenBank under accession number
AF038960.
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Figure 2. Expression of GFP-tagged hVPS4 in cultured NRK cells. (A) Wild-type GFP-hVPS4 was transiently expressed in NRK cells and
visualized by conventional fluorescence microscopy. (B) As in A, but with cells expressing GFP-hVPS4(KQ), an ATP binding-defective
mutant. (C) As in A, but with cells expressing GFP-hVPS4(EQ), an ATP hydrolysis-defective mutant. (D) Cells expressing GFP-hVPS4(EQ)
were treated with 0.01% (wt/vol) saponin immediately before fixation. NRK cells were cotransfected with GFP-hVPS4(EQ) and mSKD1-
myc/His6(KQ) (E and F), hVPS4(EQ) and mSKD1-myc/His6(wt) (G and H), or hVPS4(KQ) and mSKD1-myc/His6(wt) (I and J). Cells were
visualized by direct fluorescence microscopy (A–D, E, G, and I) or by indirect fluorescence microscopy using anti-myc antibody (F, H, and J).
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et al., 1996; Shirahama et al., 1997), suggests how the wild-
type gene product might act in sorting from a late endoso-
mal compartment. Vps4p belongs to the ATPases associated
with cellular activities (AAA) family of proteins (Babst et al.,
1997). Although AAA proteins participate in a wide variety
of cellular activities, an emerging theme for their function is
in molecular rearrangement and/or unfolding reactions
(Confalonieri and Duguet, 1995; Patel and Latterich, 1998;
Leonhard et al., 1999). It is possible, therefore, that Vps4p
acts to modulate interactions between other components of
the vacuolar sorting pathway, including other class E pro-
teins. Indeed, there is evidence that Vps4p influences bind-
ing of the class E proteins Vps24p and Vps32p to endosomal
membranes (Babst et al., 1998). Previous studies have shown
that Vps4p is a conserved protein (Périer et al., 1994; Babst et

al., 1997), suggesting that its function is common to all
eukaryotic cells. Hence, to further characterize the pathway
of lysosomal delivery in mammalian cells, we have ex-
pressed wild-type and ATPase-defective mammalian VPS4.

MATERIALS AND METHODS

DNA Manipulations
Standard protocols for recombinant DNA manipulation were used
(Sambrook et al., 1989). The Applied Biosystems (Foster City, CA)
PRISM big dye terminator system was used for DNA sequencing,
and mutagenesis was performed using either the QuikChange or
ExSite methods (Stratagene, La Jolla, CA) according to the manu-
facturer’s instructions. All mutagenized and subcloned constructs
were confirmed by DNA sequencing. Escherichia coli strain XL1Blue

Figure 3. Human VPS4(EQ) binds to aberrant late endosomal compartments. NRK cells transfected with GFP-hVPS4(EQ) and permeabil-
ized before fixation were visualized by direct confocal fluorescence microscopy (A) or indirectly using antibody against lgp120 and
TRITC-conjugated secondary antibody (B). Arrows indicate lgp120-positive compartments that contain GFP-hVPS4(EQ). The arrowhead
indicates an lgp120-positive compartment which lacks GFP-hVPS4(EQ). Alternatively, cells transfected with GFP-hVPS4(EQ) were visualized
by direct confocal fluorescence microscopy (C) or indirectly using antibody against M6PR (D). Arrows indicate examples of M6PR-positive
compartments that contain GFP-hVPS4(EQ).
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(Stratagene) was used for maintenance, sequencing, and mutation
of plasmids.

Plasmid pYES containing the mouse cDNA for full-length mouse
suppressor of potassium transport growth defect 1 (mSKD1) from a
macrophage library (Périer et al., 1994) was obtained from Dr. C.A.
Vandenberg (University of California, Santa Barbara, CA). The
mSKD1 gene was excised from this vector using EcoRI and BglI and
subcloned blunt-ended into the EcoRV site of mammalian expres-
sion vector pcDNA3.1myc/His6 (Invitrogen, San Diego, CA). This
vector was designed to express mSKD1 with an in-frame myc/His6
tag at the C-terminal end.

A human cDNA clone from a brain library (Adams et al., 1992)
containing expressed sequence tag (EST) M85872 in pBluescript
SK(2) was obtained from the The Institute for Genomic Research/
American Type Culture Collection (Manassas, VA). The EST se-
quence corresponded to the 59 end of yeast VPS4 (Babst et al., 1997).
We sequenced the DNA insert of clone M85872 using walking
primers and found the cDNA encoded a human homologue of yeast
Vps4p, which we have called human VPS4 (hVPS4). After the

hVPS4 stop codon, a 39 flanking region of 880 bp was present, and
this was deleted using ExSite mutagenesis to produce a clone des-
ignated hVPS4/d39-pBS. The cDNA was then resequenced in the
reverse direction and subsequently deposited on the database (Gen-
Bank accession number AF038960). Compared with the full-length
DNA sequence of human SKD1 (Mao et al., 1998), hVPS4 lacks the
first seven N-terminal amino acids.

The cDNA insert for hVPS4 was excised using XhoI and PstI and
subcloned blunt-ended into the SmaI site of the mammalian expres-
sion vector pEGFP-C (Clontech, Cambridge, UK). This vector was
designed to express hVPS4 with an in-frame green fluorescent pro-
tein (GFP) tag at the N terminus of the protein.

Cell Culture, Transfection, and Immunofluorescence
Normal rat kidney (NRK) cells and baby hamster kidney (BHK)
cells were grown in Dulbecco’s modified minimal essential medium
(Life Technologies, Gaithersburg, MD) containing 10% fetal calf
serum. Cells grown on glass coverslips were transfected with GFP-

Figure 4. Distribution of lgp120 and M6PR in cells transfected with GFP-hVPS4(wt). NRK cells transfected with GFP-hVPS4(wt) were
visualized directly (A; green) or using anti-lgp120 (B; red) or anti-M6PR (C; blue). The merged image (D) shows the limited codistribution
of lgp120 and M6PR. Note the similar distributions of these markers in transfected and neighboring untransfected cells.
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hVPS4 or mSKD1-myc/His6 when ;30% confluent using the non-
liposomal lipid-based FuGene method (Boehringer Mannheim,
Mannheim, Germany). Controls of expression vectors without insert
and FuGene alone were used. Cells were fixed 24 h after transfection
using methanol or 4% (wt/vol) formaldehyde with identical results.
In some cases, NRK cells were treated with 0.01% saponin, and BHK
cells were treated with 0.05% saponin before fixation to release
cytosolic proteins. mSKD1-myc/His6 was detected using monoclo-
nal antibody 9E10, followed by Texas Red-conjugated (TRITC) anti-
mouse (Sigma, St. Louis, MO) antibodies. Nuclei were stained using
Hoechst 33258 (Sigma). For detection of cholesterol, fixed cells were
incubated in PBS containing 10 mg/ml filipin (Sigma). Cells were
mounted using ProLong antifade (Molecular Probes, Eugene, OR).

For localization studies, the following antibodies were used:
mouse anti-transferrin receptor (Zymogen, Cambridge, United
Kingdom); mouse anti-120-kDa lysosomal glycoprotein, rabbit anti-
M6PR, and rabbit anti-TGN38 (gifts from J.-P. Luzio, University of
Cambridge); rabbit anti-GM130 (a gift from Graham Warren, Impe-
rial Cancer Research Fund, London, United Kingdom); and mouse
anti-PDI (a gift from N. Bulleid, University of Manchester). TRITC-
conjugated anti-rabbit and Cy5-conjugated anti-rabbit were from
Sigma and Jackson ImmunoResearch (West Grove, PA), respec-
tively. Cells were examined using a Leica (Nussloch, Germany)
microscope, and images were captured using a charge-coupled

device camera. For some experiments, a Leica confocal microscope
was used.

RESULTS

Mammalian VPS4
The nucleotide sequence of the cDNA present in the pBlue-
script clone containing EST M85872 was determined. Se-
quence comparisons at the amino acid level with those on
the databases indicated that the cDNA encoded a human
homologue of yeast Vps4p and was designated hVPS4.
Comparison with a mouse Vps4p-related protein, mSKD1
(Périer et al., 1994), and human SKD1 (designated hSKD1;
Mao et al., 1998), indicated that the hVPS4 insert was missing
the first seven amino acids of the protein (Figure 1). For our
studies we used cDNA constructs containing this truncated
hVPS4 or full-length mouse SKD1. A DNA probe corre-
sponding to full-length hVPS4 hybridized to an mRNA spe-
cies of ;3.0 kb that was detected in all human tissues
examined (our unpublished observations). Hence, hVPS4

Figure 5. Expression of hVPS4(EQ) gives rise to aberrant early endosomes. BHK cells were transfected with GFP-hVPS4(EQ) (A–C) or
GFP-hVPS4(wt) (D–F) and visualized directly (A and D; green) or after incubation with anti-TfR (B and E; red). Merged images are shown
(C and F). Arrows (A and B) provide examples of where GFP-hVPS4(EQ) and TfR colocalize. Note the change in TfR distribution in cells
transfected with GFP-hVPS4(EQ) compared with GFP-hVPS4(wt) or untransfected cells. Cells in A–C were permeabilized with saponin
before fixation.
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mRNA is expressed ubiquitously, as is mSKD1 mRNA
(Périer et al., 1994).

Membrane Localization of Mammalian VPS4 Is
Coupled to an ATPase Cycle
To determine the cellular localization of mammalian VPS4, we
used mammalian expression vectors containing hVPS4 with a

GFP tag at the N terminus or mSKD1 with a myc/His6 tag at
the C terminus. NRK cells were used for most experiments,
although some localization studies required the use of BHK
cells. Essentially identical results were obtained using both
these and other cell lines. As expected, wild-type GFP-hVPS4
(Figure 2A) and wild-type mSKD1-myc/His6 (our unpub-
lished observations) were exclusively cytosolic.

Figure 6. Human VPS4 expression does not cause mixing of lgp120 and M6PR compartments. NRK cells expressing GFP-hVPS4(EQ) were
treated with saponin before fixation and examined by direct fluorescence microscopy for GFP (A; green) or by indirect fluorescence
microscopy for lgp120 (B; red) and M6PR (C; blue). (D) Merged image. All images are from a single confocal slice. GFP-positive structures
that label with M6PR are indicated by arrows. Examples of lgp120-positive structures that lack GFP are indicated by arrowheads.
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Other members of the AAA family, notably NSF (Wilson
et al., 1992; Whiteheart et al., 1994), use an ATPase cycle for
binding and release of protein substrates. Indeed, yeast
Vps4p stably associates with a class E compartment when it
is prevented from hydrolyzing ATP (Babst et al., 1998). To
study the effects of loss of ATPase activity on mammalian
VPS4 localization, well-characterized mutations were made
to abrogate ATP binding (KQ), or ATP hydrolysis (EQ), as
outlined in Figure 1. Transfection of cells with GFP-
hVPS4(KQ) (Figure 2B) or GFP-hVPS4(EQ) (Figure 2C) re-
sulted in the formation of large vacuoles that could readily
be identified against the background fluorescence from cy-
tosolic GFP-hVPS4. Although vacuoles were occasionally
observed in cells transfected with GFP alone or with wild-
type GFP-hVPS4, the occurrence and extent of vacuolation
were dramatically increased by transfection with ATPase-
defective VPS4.

In addition to their broad cytosolic location, both GFP-
hVPS4(KQ) (Figure 2B) and GFP-hVPS4(EQ) (Figure 2C)

were localized to brightly fluorescent foci. Although isolated
foci were sometimes observed, most were clearly associated
with vacuoles, and in some instances the entire vacuolar rim
was evenly stained (Figure 2C). Treatment of cells with
saponin before fixation reduced the cytosolic staining with-
out substantially affecting staining at foci (Figure 2D), con-
sistent with binding of the ATPase-defective mutants to
specific membrane receptor(s). Cotransfection experiments
revealed that EQ mutants of GFP-hVPS4 and mSKD1-myc/
His6 localized to the same vacuolar structures, as did co-
transfected KQ mutants (our unpublished results). There-
fore, addition of tags to either the N or C termini did not
influence protein localization, nor did the small N-terminal
deletion of hVPS4 affect its localization or phenotype com-
pared with full-length mSKD1. In addition to large vacuoles
stained with GFP-hVPS4, a number of enlarged vacuoles
lacked staining altogether.

The finding that both ATP binding- and ATP hydrolysis-
defective mutants of hVPS4 were localized to membranes

Figure 7. Human VPS4 expression does not affect sorting of TGN38 or transferrin receptor. NRK cells expressing GFP-hVPS4(wt) (A and
C) or GFP-hVPS4(EQ) (B and D) were treated with saponin before fixation and examined by confocal fluorescence microscopy for GFP (all
samples), TfR (C and D), and TGN38 (A and B).
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was initially surprising, because ATP binding-defective
yeast Vps4p is exclusively cytosolic when expressed against
a null background (Babst et al., 1998). When cells were
cotransfected with GFP-hVPS4(EQ) and mSKD1-myc/
His6(KQ), the markers colocalized almost exactly (Figure 2,
E and F), demonstrating that the two mutants localized to
the same membranes. The same result was achieved when
cells were cotransfected with GFP-hVPS4(KQ) and mSKD1-
myc/His6(EQ) (our unpublished observations). Because the
ATPase activity of Vps4p is highly cooperative (Babst et al.,
1998), one explanation for the membrane localization of ATP
binding-defective mammalian VPS4 is that it coassembles
with endogenous wild-type protein to form an inactive com-
plex that is unable to hydrolyze ATP. Consistent with this,
cotransfecting either GFP-hVPS4(EQ) (Figure 2, G and H) or
GFP-hVPS4(KQ) (Figure 2, I and J) with wild-type mSKD1-
myc/His6 led to significant association of wild-type protein
with membranes.

ATPase-defective Mammalian VPS4 Binds
Endosomal Compartments and Alters Endosome
Morphology
ATPase-defective mutants of mammalian VPS4 were local-
ized to vacuolar membranes, many of which were enlarged.

To identify these, transfected cells were examined by indi-
rect immunofluorescence microscopy. In NRK cells the
M6PR, which cycles between the trans-Golgi Network
(TGN) and an endocytic compartment (see Mellman, 1996),
is distributed mainly to the endosome (Bright et al., 1997).
The 120-kDa lysosomal glycoprotein (lgp120) localizes to
dense-core lysosomes and to late endosomes (Bright et al.,
1997). Both markers showed partial colocalization with foci
of GFP-hVPS4(EQ) staining in saponin-treated transfected
cells (Figure 3, A–D). As expected, a similar extent of colo-
calization was found with GFP-hVPS4(KQ) (also see Figure
8). Moreover, the distributions of both endosomal markers
were profoundly altered in transfected cells compared with
neighboring untransfected cells. Lgp120-positive structures,
which normally are punctate and throughout the cytoplasm
(for example, see Figure 4B), were significantly enlarged and
vacuolated (Figure 3B). Although a subset of these contained
GFP-hVPS4(EQ), several swollen lgp120-positive vacuoles
were devoid of GFP label. M6PR labeling in control cells was
also punctate, although often more confined in its cellular
distribution than lgp120 labeling (Figure 4, compare B and
C). In GFP-hVPS4(EQ)-transfected cells this marker was also
redistributed to vacuolar structures of varying size (Figure
3D). As was seen with lgp120, GFP-hVPS4(EQ) did not

Figure 8. Expression of ATPase-defective hVPS4 affects cholesterol sorting. NRK cells were transfected with GFP-hVPS4(KQ) (A–H) or
GFP-hVPS4(wt) (I–L) and examined by conventional fluorescence microscopy for GFP (green; A, E, and I), M6PR (red; B), lgp120 (red; F and
J), and cholesterol (blue, filipin staining; C, G, and K). Merged images (D, H, and L) are shown. Examples of vacuoles that costain for GFP,
marker, and filipin are indicated by arrows. Note that exposure conditions for filipin staining were identical in all samples. No increase in
filipin staining was observed in the cell transfected with GFP-hVPS4(wt) relative to the neighboring untransfected cell.
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colocalize with all of the swollen M6PR-positive compart-
ments.

Importantly, the distribution of lgp120 and M6PR was
unaffected in mock-transfected cells or cells transfected with
GFP vector alone (our unpublished results). Moreover, in
cells transfected with wild-type GFP-hVPS4 (Figure 4), both
lgp120 and M6PR retained very similar distributions com-
pared with neighboring, untransfected, cells. Precisely the
same results were found using cells expressing the mSKD1-
myc/His6 constructs (our unpublished observations). Mem-
brane localization of hVPS4 and vacuolation of membranes
was not simply a consequence of high levels of protein
expression, because this phenotype was observed in essen-
tially all cells in which GFP-hVPS4 could be detected. In-
deed, membrane localization appeared more striking in cells
expressing low levels of GFP-hVPS4; higher levels of expres-
sion of GFP-hVPS4 simply led to increased cytosolic stain-

ing, consistent with the presence of a limited pool of mem-
brane-associated VPS4 receptors (our unpublished
observations).

We also examined whether mammalian VPS4 bound to
early, transferrin receptor (TfR)-positive, sorting endosomes.
In NRK cells, TfR predominantly localized to a perinuclear
recycling compartment (see Figure 7). In contrast, in BHK
cells TfR staining is almost exclusively of early sorting en-
dosomes. Several GFP-positive vacuoles in transfected BHK
cells were enriched in TfR (Figure 5, A and B, arrows),
indicating that early endosomes, as well as late endosomes
and lysosomes, possess receptors for mammalian VPS4. Like
late endocytic compartments, early endosomes appeared
abnormally vacuolated in transfected cells. The degree of
vacuolation of these endosomes was variable, however, and
in some cells the distribution of TfR was not substantially
altered. As with lgp120- and M6PR-positive structures, ab-

Figure 9. The coiled coil domain of hVPS4 is required for endosome localization and formation of aberrant compartments. NRK cells (A and
B) or BHK cells (C and D) were transfected with GFP-hVPS4(EQ/DCC) and examined for GFP (A and C), lgp120 (B), or TfR (D).
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errant TfR-containing vacuoles were not confined to mem-
branes containing GFP-hVPS4. In cells transfected with
wild-type GFP-hVPS4, transferrin receptor distribution was
not significantly affected compared with that in neighboring,
untransfected cells (Figure 5, D–F).

It appeared likely that vacuolation of endosomal compart-
ments in cells expressing ATPase-defective mutants of
hVPS4/mSKD1 results from altering the balance of mem-
brane fusion/budding reactions. One consequence of this
might be increased mixing of membrane markers. In partic-
ular, it has been demonstrated by several groups that direct
fusion between late endosomes and lysosomes occurs (van
Deurs et al., 1995; Futter et al., 1996), which may give rise to
a transient hybrid compartment rich in both M6PR and
lgp120 (Bright et al., 1997; Mullock et al., 1998). Under certain
conditions, such as after sucrose uptake, these hybrid com-
partments are stabilized (Bright et al., 1997). We therefore
sought, by triple-labeling experiments and confocal fluores-
cence microscopy, to investigate whether extensive mixing
between M6PR and lgp120-containing compartments oc-
curred in transfected cells. As illustrated in the confocal slice
shown in Figure 6, both M6PR- and lgp120-containing com-
partments were profoundly affected in GFP-hVPS4(EQ)-
transfected cells. However, no substantial mixing of these
markers was observed. Estimating whether any mixing oc-
curred between early and late endosomal markers in trans-
fected NRK cells proved problematic, because the majority
of TfR was localized to the perinuclear recycling compart-
ment (Figure 7). However, the appearance in several cells of
vacuoles that stained for neither M6PR nor lgp120 (our
unpublished observations) indicated the presence of addi-
tional endocytic compartments that remained discrete.

Mammalian or hVPS4-induced vacuoles labeled with en-
docytic tracers such as TRITC-conjugated ovalbumin and
with lysotracker, a reagent specific for acidified endocytic
compartments (our unpublished observations). This con-
firmed the endocytic nature of enlarged vacuoles and indi-
cated that, as in yeast (Babst et al., 1997), the mutant VPS4-
induced compartments can still receive fluid-phase marker
and remain acidic.

To assess the impact of mutant hVPS4 or mSKD1 expres-
sion on sorting of receptors from an endosomal compart-
ment, we examined the distributions of TfR and TGN38 in
transfected NRK cells. TfR distribution in NRK cells is dom-
inated by the perinuclear recycling compartment. As shown
in Figure 7, A and B, the distribution of receptor in this
compartment is minimally affected in cells expressing GFP-
hVPS4(EQ) compared with that in cells expressing the wild-
type protein. Likewise, the localization of TGN38, which
recycles from the cell surface to the TGN via early endo-
somes, was unaltered in cells expressing GFP-hVPS4(EQ)
(Figure 7, C and D). The distribution of both markers in cells
expressing wild-type protein was essentially identical in
mock-transfected cells or cells expressing GFP alone (our
unpublished observations). The distributions of the Golgi
marker GM130 and the endoplasmic reticulum marker PDI
were similarly unaffected (our unpublished observations).

Recent evidence indicates that cholesterol, endocytosed as
part of low-density lipoprotein particles, travels to late en-
dosomal compartment(s), from where it is sorted by an
unidentified mechanism (Mukherjee and Maxfield, 1999).
This sorting step can be impaired by administering either

hydrophobic amines (Liscum and Faust, 1989) or antibodies
to the endosome-specific lipid lysobisphosphatidic acid
(Kobayashi et al., 1999) or by mutating the Niemann-Pick C
disease (NPC1) gene (Neufeld et al., 1999). Importantly,
many of the mutant GFP-hVPS4-induced vacuoles stained
with the cholesterol-specific fluorescent marker filipin (Fig-
ure 8, A–H). This confirmed their identity as late endosomal
compartments that could receive endocytosed markers, but
from which transport of cholesterol was substantially re-
duced relative to that from endosomes of neighboring un-
transfected cells or cells transfected with wild-type GFP-
hVPS4 (see Figure 8, I–L). As expected, several of the
cholesterol-rich vacuoles were also positive for either M6PR
(Figure 8, A–D) or lgp120 (Figure, 8 E–H), although more
extensive colocalization was observed between cholesterol
and lgp120.

The putative coiled coil–forming region toward the N
terminus of yeast Vps4p has been implicated in membrane
association of the protein (Babst et al., 1998). Likewise, we
observed that GFP-hVPS4(EQ) with a deletion spanning this
region was unable to associate with membranes (Figure 9).
As expected, GFP-hVPS4(EQ,DCC) expression did not alter
the morphology of early sorting endosomes (Figure 9, A and
B) or lgp120-positive late endosomes/lysosomes (Figure 9, C
and D). Likewise, M6PR distribution was not altered (our
unpublished results).

DISCUSSION

Mammalian VPS4 Localizes to Endosomes
This report describes the endosome association of the mam-
malian homologue of a yeast protein required for vacuolar
sorting. Vps4p and mammalian VPS4/SKD1 belong to the
family of AAA ATPases, which couple their ATPase cycle to
the binding and release of substrate proteins (Confalonieri
and Duguet, 1995; Patel and Latterich, 1998). For yeast
Vps4p, this coupling leads to ATPase-dependent localiza-
tion of the protein. Vps4p that can bind but not hydrolyze
ATP is substantially membrane associated when expressed
against a null background, whereas nucleotide-free or wild-
type protein (which rapidly hydrolyses ATP) is cytosolic
(Babst et al., 1998). We now demonstrate that ATP hydroly-
sis-defective hVPS4/mSKD1 is similarly impaired in its re-
lease from membranes. However, we also find that expres-
sion of nucleotide-free mammalian VPS4 gives rise to an
identical phenotype. These results are consistent with the
ATPase activity of Vps4p being cooperative and reliant on
formation of oligomers (Babst et al., 1998). Thus, nucleotide-
free mammalian VPS4, when expressed in the presence of
wild-type protein, may form heterodimers that are incorpo-
rated into complexes that are incapable of hydrolyzing ATP
and thus being disassembled (alternatively, dimers consist-
ing of nucleotide-free hVPS4 alone could act as dominant-
negative inhibitors by oligomerizing with wild-type
dimers).

Unlike yeast Vps4p, which binds exclusively to the class E
perivacuolar compartment (Babst et al., 1998), ATPase-defec-
tive mammalian VPS4 bound to multiple endosomal com-
partments. Although M6PR-positive endosomes were fre-
quently stained with GFP-hVPS4, a significant proportion of
lgp120-positive late endosomes/lysosomes were also
stained. Transferrin receptor-positive sorting endosomes
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also bound GFP-hVPS4, although this was observed less
frequently than binding to later compartments. It is unlikely
that we have observed inappropriate binding of exog-
enously expressed protein, given that essentially no binding
of hVPS4 was seen to other membranes, including the en-
doplasmic reticulum, Golgi, and plasma membrane. Also
consistent with binding of hVPS4 to early endosomal com-
partments is the finding that Hrs, a mammalian homologue
of another class E vacuolar sorting protein, Vps27p, associ-
ates predominantly with TfR-positive endosomes (Komada
et al., 1997).

Expression of Mutant Mammalian VPS4
Dramatically Affects Endosome Morphology
Expression of ATPase-defective hVPS4 had a striking effect
on the morphology of multiple endosomal compartments.
The vacuolation observed was specific, rather than a conse-
quence of the transfection strategy, because no such vacuo-
lation was observed in mock-transfected cells, cells trans-
fected with GFP alone, or in cells transfected with wild-type
GFP-hVPS4 [GFP-hVPS4(wt)]. Furthermore, deletion of the
coiled coil–forming domain of hVPS4 completely abrogated
membrane binding and the formation of enlarged vacuoles.
Similarly, no change in the morphology of other cellular
membranes was observed upon transfection with ATPase-
defective hVPS4. In addition, Hoechst staining revealed no
abnormalities in nuclear morphology (our unpublished re-
sults). Certain alleles of VPS4 in yeast give rise to a gain-of-
function constitutive autophagy phenotype (Shirahama et
al., 1997). However, although we occasionally observed
vacuoles that appeared to contain cytosolic material and
thus could be autophagic, these were not a general feature of
the induced vacuoles. We conclude that the effect on endo-
some morphology is a specific consequence of the action of
mutant hVPS4. The finding that several endosomal compart-
ments are affected is consistent with the observation that
these compartments possess receptors for hVPS4. We have
ruled out the possibility that binding of mammalian VPS4 to
both endosomes and lysosomes is a secondary consequence
of aberrant mixing and fusion of compartments, because
markers remain separated.

Yeast Vps4p has been proposed to release complexes of
soluble class E proteins, including Vps24p and Vps32p, from
the endosomal membrane (Babst et al., 1998). Although the
substrates for mammalian VPS4 have yet to be identified, the
phenotypes described in this report are consistent with this
function. Indeed, the demonstration that some endosomal
compartments will vacuolate despite the absence from their
membranes of hVPS4 implies that the action of hVPS4 on
endosomes is not direct. More likely, hVPS4 is required to
recycle cytosolic components essential for normal endosome
function, and the presence of mutant hVPS4 will essentially
deplete these components. In this respect it is significant that
putative mammalian homologues of a number of class E
proteins, including Vps24p and Vps32p, have been identi-
fied (Odorizzi et al., 1998).

The Function of Mammalian VPS4
The ability of endosomes in VPS4-transfected cells to accu-
mulate endocytic tracers and to acidify is consistent with the
phenotype of yeast cells lacking functional Vps4p, because

those cells retain a significant ability to transport hydrolases
to the vacuole and are able to maintain acidified late endo-
somal compartments, despite the exaggeration of these or-
ganelles. The ability of mutant hVPS4-transfected cells to
sort both TGN38 and TfR from the early endosome appears
at first perhaps more surprising, given that Vps4p-deficient
yeast cells show significant defects in retention of late Golgi
markers (Nothwehr et al., 1996). However, it is likely that
yeast Golgi markers recycle via a later endocytic compart-
ment than do mammalian TfR and TGN38. Our finding that
many aberrant endosomal compartments accumulate cho-
lesterol is further consistent with a mammalian VPS4-in-
duced defect in postendosomal sorting, because it demon-
strates that cholesterol transport distal to these
compartments is retarded relative to that which is proximal.
At present, the precise role of mammalian VPS4 is not un-
derstood, although the findings presented here are consis-
tent with previous suggestions that yeast Vps4p partici-
pates, directly or indirectly, in the formation of MVB
(Odorizzi et al., 1998). Moreover, the phenotype observed in
this study is strikingly similar to that observed in wortman-
nin-treated cells (Fernandez-Borja et al., 1999), in which vac-
uolation of a number of endosomal compartments, includ-
ing those containing TfR, M6PR, and the lysosomal protein
CD63, was seen. It has been suggested that this phenotype is
a direct consequence of the impairment of MVB formation
(Fernandez-Borja et al., 1999). Further work will be required
to assess in detail the effect of mammalian VPS4 expression
on formation of MVB, receptor sorting, and other aspects of
endosome function.
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