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The HOPS (homotypic fusion and protein sorting) complex functions in endocytic and autophagic pathways in both
lower eukaryotes and mammalian cells through its involvement in fusion events between endosomes and lysosomes or
autophagosomes and lysosomes. However, the differential molecular mechanisms underlying these fusion processes
are largely unknown. Buff (bf) is a mouse mutant that carries an Asp251-to-Glu point mutation (D251E) in the VPS33A
protein, a tethering protein and a core subunit of the HOPS complex. Bf mice showed impaired spontaneous locomotor
activity, motor learning, and autophagic activity. Although the gross anatomy of the brain was apparently normal, the
number of Purkinje cells was significantly reduced. Furthermore, we found that fusion between autophagosomes and
lysosomes was defective in bf cells without compromising the endocytic pathway. The direct association of mutant
VPS33AD251E with the autophagic SNARE complex, STX17 (syntaxin 17)-VAMP8-SNAP29, was enhanced. In addition, the
VPS33AD251E mutation enhanced interactions with other HOPS subunits, namely VPS41, VPS39, VPS18, and VPS11,
except for VPS16. Reduction of the interactions between VPS33AY440D and several other HOPS subunits led to
decreased association with STX17. These results suggest that the VPS33AD251E mutation plays dual roles by increasing
the HOPS complex assembly and its association with the autophagic SNARE complex, which selectively affects the
autophagosome-lysosome fusion that impairs basal autophagic activity and induces Purkinje cell loss.

Introduction

The HOPS (homotypic fusion and vacuole protein sorting)
complex, a tethering factor, interacts with RAB proteins and the
SNARE (soluble N-ethylmaleimide-sensitive protein receptor)
complex to mediate membrane fusion between endosomes and
lysosomes or autophagosomes and lysosomes. It consists of 4
core subunits, VPS11, VPS16, VPS18, and VPS33A, which are
called class C VPS (vacuole protein sorting) proteins, and 2 other
associated proteins, VPS39 and VPS41.1 SM (Sec1/Munc18-
related) proteins bind SNARE complexes to promote SNARE
assembly. VPS33A is a member of the SM protein family, which
is required for SNARE-mediated fusion processes.2,3 However,
how VPS33A functions in SNARE-mediated fusion is largely
unknown, especially in mammalian cells.

Electron microscopy combined with single-particle analysis
and tomography has revealed that HOPS in yeast is an elongated
and flexible complex. During the fusion process, its conforma-
tion converts from contracted to elongated to tether membranes.4

However, the molecular basis that mediates the conformational
change is unknown. There is no evidence that alteration of this
conformational change would affect the fusion process. In addi-
tion to its function in the maturation of lysosomes and in traf-
ficking cargoes to lysosomes or lysosome-related organelles
(LROs),5 the HOPS complex is involved in autophagosome-lyso-
some fusion by interacting with STX17 (syntaxin 17),6,7 one
component of the autophagic SNARE complex.8

Although the function of the HOPS complex in lower eukar-
yotes and mammalian cells has been well studied, the underlying
mechanisms in endocytic and autophagic pathways are largely
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unknown. An intriguing question in autophagic flux is how
HOPS functions in the autophagosome-lysosome fusion. In
addition, the pathophysiological roles of the HOPS complex in
mammals are limited. Two mouse mutants of the HOPS com-
plex have been characterized. One is a neural-specific Vps18-con-
ditional knockout (cKO) mouse and the other is the buff (bf)
mouse mutant, which carries a spontaneous point mutation
(D251E) in Vps33a, a site that is conserved in different species.9

The Vps18 cKO mice showed severe neurodegeneration probably
due to disruption of autophagy, endocytosis, and lysosomal func-
tions. Defects in neuronal migration resulted from the upregula-
tion of ITGB1/b1 integrin.10 The bf mutant was identified as a
Hermansky–Pudlak syndrome model, exhibiting hypopigmenta-
tion, and platelet storage pool deficiency.9 It has been reported
that motor deficits and Purkinje neuronal loss exist in bf mice.11

Both the Vps18-cKO mice and bf mice show neuronal loss, indi-
cating that the HOPS complex is essential for neuronal survival.
However, the underlying molecular basis is unknown.

Autophagy is a crucial process for cellular homeostasis. A vari-
ety of molecules involved in regulation of the autophagic process
have been identified.12 Several studies have demonstrated that
basal autophagy is essential for neuronal survival.13-15 Neurode-
generative diseases, such as Alzheimer and Parkinson diseases and
schizophrenia, are associated with impaired autophagy.15,16

Here, we utilize the bfmouse with the VPS33AD251E point muta-
tion to explore whether Purkinje cell loss is related to impaired
autophagy. We found that the VPS33AD251E point mutation
enhanced the interaction with the autophagic SNARE complex
in both direct and indirect manners to impair the fusion process
between autophagosomes and lysosomes.

Results

Bf mice exhibit motor deficits and Purkinje cell loss
Chintala et al. have reported motor dysfunction by SHIPRA

protocols and Purkinje cell loss in old bf mice by immunohisto-
chemical staining.11 To extensively assess the altered motor func-
tions of bf mice more quantitatively, we used 2 classic methods,
the open field test and the Rotarod test. There are 2 evaluation
indicators in the open field test, the total distance and average
speed.17,18 We tested different age groups and found that bf mice
showed abnormal spontaneous locomotor activity in older age at
10 mo, but no significant changes in younger ages at 4 mo and
6 mo (Fig. 1A and B). The Rotarod test is extensively used to
evaluate motor coordination and motor learning of animals.18,19

We then tested 10-mo-old bf mice by Rotarod and found that
these mice displayed impaired motor learning activities
(Fig. 1C). In addition, bf mice exhibited abnormal hindlimb-
clasping at 16 mo of age (Fig. 1D), which is generally indicative
of motor dysfunction.20 Histological analyses revealed that the
gross anatomy of the brain of the bf mice at 10 mo of age was
normal (Fig. 1E). Dopaminergic neurons in substantia nigra
pars compacta play important roles in the regulation of motor
coordination and motor learning. These neurons were specifically
labeled by tyrosine hydroxylase (TH).21,22 We found no

significant change in the number of TH-positive neurons in the
substantia nigra pars compacta of bf mice at 10 mo of age
(Fig. 1F). However, the number of Purkinje cells in the cerebel-
lum, labeled by CALB1/calbindin, was decreased in bf mice at
6 mo of age (Fig. 1G). Purkinje cell loss has been documented
in older mice at the age of approximately 13 or 14 mo.11 Taken
together, the motor deficits in bf mice at the age of 10 mo may
be attributable to lesions in the cerebellum as indicated by Pur-
kinje cell loss.

The autophagic flux is impaired in bf mice
The HOPS complex is involved in endocytic and autophagic

pathways. To explore the underlying mechanism of Purkinje cell
loss, we first tested whether the autophagic pathway is affected in
bf mice. LC3B-II is an indicator of autophagy.23 We found that
the LC3B-II level was significantly increased in the cerebellum of
bf mice at different ages (Fig. 2A). Similarly, the LC3B-II level
in the substantia nigra was increased in 4- and 10-mo-old mice,
and had a tendency to show increases (P D 0.0804) in 2-mo-old
mice (Fig. 2B). However, the number of dopaminergic neurons
in this region was normal in 10-mo-old mice (Fig. 1F), suggest-
ing that Purkinje cells are more susceptible to cell death in bf
mice upon the altered basal autophagy. Furthermore, electron
microscopic analyses of Purkinje cells showed that autophagic
vacuoles were significantly increased in bf mice (Fig. 2C). To
confirm that the VPS33A mutation affects the autophagic pro-
cess, we overexpressed mutant VPS33AD251E in human embry-
onic kidney (HEK) 293T cells, and found that the LC3B-II level
was likewise increased compared with the overexpression of wild-
type VPS33A (Fig. 2D). This suggests that mutant
VPS33AD251E may compete with endogenous VPS33A and lead
to altered autophagic activity with a dominant-negative effect. In
addition, the SQSTM1/p62 (sequestosome 1) protein levels were
increased in both cerebellum and substantia nigra, suggesting the
autophagic flux is impaired (Fig. 2E and F). Taken together, our
results demonstrate that the VPS33AD251E mutation affects the
autophagic pathway in bf mice.

Autophagosome-lysosome fusion is defective in bfMEFs
As the HOPS complex is involved in autophagosome-lyso-

some fusion in vitro,6 we tested whether the autolysosome forma-
tion is altered in bf cells. mRFP-GFP-LC3B is utilized to track
the transitions of different stages of the autophagic process.24,25

Since GFP is sensitive to acidic condition, the green signal from
GFP will disappear when autophagosomes fuse with lysosomes.
Thus, yellow and red puncta represent autophagosomes and
autolysosomes, respectively. Mouse embryonic fibroblasts
(MEFs) transfected with mRFP-GFP-LC3B were starved for 2 h
before immunofluorescence staining. We observed that there
were more yellow dots accumulated in bf MEFs compared with
WT MEFs (Fig. 3A). This phenomenon could result either from
the impaired fusion of autophagosomes and lysosomes or from
elevated lysosomal pH. To distinguish these 2 possibilities, we
incubated a LysoSensor Green DND-189 with MEFs for
30 min to monitor the acidic condition of lysosomes. Our results
revealed that the lysosomal acidification in bf cells was unaltered
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compared with WT cells (Fig. 3B). To further examine the
fusion events between autophagosomes and lysosomes, we
observed the localization of endogenous LC3A/B and LAMP1.

MEFs were incubated with lysosomal enzyme inhibitors includ-
ing pepstatin A (10 mg/ml), E-64 (10 mM) and leupeptin
(1 mg/ml) for 24 h, and starved for 2 h before fixation. The

Figure 1. Motor deficits and
Purkinje cell loss in bf mice.
(A–C) Spontaneous locomo-
tor activity and motor learn-
ing in bf mice were
impaired in open field tests
and Rotarod tests. The total
distance (A) and the aver-
age speed (B) were
decreased during 30-min
test in bf mice at different
ages. Bf mice exhibited
defective motor learning in
10-mo-old mice (C). C/C,
wild-type (B6), n D 9; bf/bf,
bf mutant, n D 9. N. S., not
significant (P > 0.05); *P<
0.05; ***P < 0.001 (P values
for total distance: 4-mo-old,
P D 0.1895; 6-mo-old, P D
0.3730; 10-mo-old, P D
0.0006. For average speed:
4-mo-old, P D 0.1547; 6-mo-
old, P D 0.2367; 10-mo-old,
P D 0.0318. For Rotarod test:
d 1, P D 0.5147; d 2, P D
0.0175; d 3, P D 0.0004; d 4,
P < 0.0001). (D) Bf mice
culminated in abnormal
hindlimb-clasping at
16 months of age. (E)
Hematoxylin and eosin
staining showed that
the gross morphology of
the brain was normal in bf
mice (10 mo of age) com-
pared with the wild type.
Scale bar: 2 mm. (F) Immu-
nohistochemistry by anti-TH
(tyrosine hydroxylase)
showed that the number of
dopaminergic (DA) neurons
in substantia nigra pars
compacta of bf mice was
not significantly changed
compared with the wild-
type (10 mo of age). C/C,
1333 § 114 cells/mm2; bf/bf,
1319 § 56 cells/mm2. Three
mice were used. Scale bar:
100 mm. N.S., not significant
(P D 0.9302). (G) The num-
ber of Purkinje cells labeled
by CALB1/calbindin D28K
was decreased in bf mice at
6 mo old. C/C, 46 § 5 cells/
mm; bf/bf, 40 § 6 cells/mm.
Three mice were used. Scale
bar: 100 mm. **P < 0.01 (P
D 0.0041).
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colocalization of LC3A/B and
LAMP1, which represented the
LC3A/B fraction on autolyso-
somes, was significantly
decreased in bf cells compared
with WT cells (Fig. 3C and D).
To exclude the possibility that
decreased colocalization of
LAMP1 and LC3A/B was likely
due to the increased total LC3A/
B puncta, we quantified the
LC3A/B dots and the total num-
ber of LC3A/B puncta was no
significant change in bf MEFs
(Fig. 3D), suggesting that the
LC3A/B fraction on autophago-
somes is likely increased which is
in agreement with the findings

Figure 2. Autophagic activity was
impaired in bfmice. (A) LC3B-II level
was increased in the cerebellum of
bf mice, and quantification data
showed LC3B-II levels were
increased at different ages of bf
mice in the cerebellum (P values: 2-
mo-old, P D 0.0387; 4-mo-old, P D
0.0005; 8-mo-old, P D 0.0291; 10-
mo-old, P< 0.0001). *P < 0.05; ***P
< 0.001; n D 6. (B) LC3B-II level was
increased in the substantia nigra of
bf mice at different age groups
(P values: 2-mo-old, P D 0.0804; 4-
mo-old, P D 0.0026; 10-mo-old, P D
0.0138). The representative blot
was from 4-mo-old mice. N.S., not
significant; *P < 0.05; **P < 0.001; n
D 6. (C) Autophagic vacuoles were
accumulated in Purkinje cells of bf
mice at 10 mo of age as deter-
mined by electron microscopy. The
arrows indicated autophagic
vacuoles. Scale bar: 1 mm. Autopha-
gic vacuoles from 20 cells were
counted. *P < 0.05 (P D 0.0251). (D)
LC3B-II was increased when overex-
pressed mutant VPS33AD251E in
HEK293T cells compared with over-
expressed wild-type VPS33A. **P <

0.01 (P D 0.0065), n D 4. (E)
SQSTM1/p62 in the cerebellum of
bf mice at 4 mo of age was
increased. **P < 0.01 (P D 0.0080),
n D 10. (F) SQSTM1/p62 in the sub-
stantia nigra of bf mice at 4 mo of
age was increased. *P < 0.05 (P D
0.0296), n D 8. ACTB (b-actin) was
used as a loading control.
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in Fig. 3A. Taken together, these results sug-
gest that fusion between autophagosomes
and lysosomes in bfMEFs is impaired.

VPS33A protein stability, subcellular
localization, and the protein levels of other
HOPS subunits in bf mice are normal

We next explored how the VPS33A
point mutation disrupts its protein func-
tion to impair autophagy. We generated a
polyclonal VPS33A antibody to examine
the VPS33A expression pattern in mouse
tissues. VPS33A was ubiquitously
expressed and was highly expressed in the
brain (Fig. 4A), suggesting it may play
important functions in the central ner-
vous system. We also found that the
VPS33A protein levels in different brain
sub-regions and the protein stability of
several other HOPS subunits (VPS16,
VPS18 and VPS11) were normal in bf
mice compared with wild-type mice
(Fig. 4B and C). Furthermore, both WT
and mutant VPS33AD251E were partially
colocalized with LAMP1-GFP labeled
lysosomes in HeLa cells (Fig. 4D). To

Figure 3. Fusion between autophagsomes and
lysosomes was impaired in bf MEFs. (A) MEFs
were transfected with mRFP-GFP-LC3B. After
24 h, cells were starved in DMEM without amino
acids for 2 h before fixation and analyzed by con-
focal microscopy. Quantification data are pre-
sented as the percent of yellow puncta
(autophagosomes) per total red puncta (autopha-
gosomes and autolysosomes) from 20 randomly
selected images. DAPI staining of nuclei is labeled
in blue. Scale bar: 10 mm. ***P< 0.0001. (B) MEFs
were stained with LysoSensorTM Green DND-189
for 30 min to observe the acidification of lyso-
somes. There was no apparent change in lyso-
somal acidification in bf MEFs compared with
wild-type cells. Scale bar: 10 mm. (C) The colocali-
zation of endogenous autophagosomal marker
LC3A/B and lysosomal marker LAMP1 was
reduced in bf MEFs. Cells were incubated with
lysosomal inhibitors (E-64, pepstatin A and leu-
peptin) for 24 h and starved for additional 2 h
before fixation. (D) The percentage of LC3A/B
puncta colocalizing with LAMP1 relative to total
LC3A/B puncta was lower in bf MEFs from 30 cells
(left panel). *P < 0.05 (P D 0.0241). The total
counted LC3A/B puncta were not significantly
changed in bf MEFs compared with the wild-type
MEFs. N.S., not significant (P D 0.7052). Scale bar:
10 mm.
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further confirm the localization of VPS33A in WT and bf
mice, we performed subcellular fractionation by the discon-
tinuous sucrose density gradient assay. We found that both
WT and mutant VPS33A were in the same fractions, which
correspond to the fractions enriched with lysosomes labeled
by LAMP1 (Fig. 4E). Taken together, these results suggest
that the point mutation D251E does not change the protein

stability, complex assembly, and subcellular localization,
which distinguishes it from the null mutation of VPS33A.

The D251E point mutation of VPS33A enhances its
interaction with the autophagic SNARE complex

To further explore the underlying mechanism of impaired
autophagosome-lysosome fusion in bf cells, we examined whether

Figure 4. Normal steady-
state levels of HOPS proteins
in bf mice and unaltered
subcellular localization of
mutant VPS33AD251E. (A)
VPS33A was ubiquitously
expressed in multiple mouse
tissues. Note that higher
expression was shown in the
central nervous system. (B)
The steady-state protein
level of VPS33A was normal
in different brain subregions
of bf mice compared with
age- and sex-matched wild-
type mice. The quantifica-
tion data on the right dem-
onstrated that VPS33A
protein level was not signifi-
cantly different in cerebel-
lum of bf mice compared
with wild-type mice. N.S.,
not significant (P D 0.2383),
n D 7. (C) The steady-state
protein levels of VPS11,
VPS18 and VPS16 were not
altered in the cerebellum of
bf mice compared with the
wild-type mice. (D) Wild-
type VPS33A or VPS33AD251E

(mu) was partially colocal-
ized with LAMP1 in HeLa
cells. Scale bar: 10 mm. (E)
No difference in the VPS33A
distribution in the cerebel-
lum in wild-type (C/C) and
bf mice by sucrose gradient
analysis (fractions approxi-
mately 1 to 13). Antibodies
of LAMP1, CD63 and EEA1
were used as markers for
lysosomes, late endosomes/
multivesicular bodies, and
early endosomes, respec-
tively. In the LAMP1 blot,
Asterisks indicate nonspe-
cific bands and arrowhead
indicates the 110 kDa
LAMP1 band. ACTB (b-actin)
was used as a loading
control.
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Figure 5. The interactions of mutant VPS33A and autophagic SNARE complex were increased. (A) MYC-VPS33AWT or VPS33AD251E and FLAG-STX17 were
cotransfected in HEK293T cells. Cells were treated with DMSO or rapamycin (100 nM) for 4 h before being harvested, immunoprecipitated with FLAG
beads, and followed by anti-MYC immunoblotting. FLAG-STX17 precipitated more mutant MYC-VPS33A with or without rapamycin treatment as shown
in the blots. (B) MYC-VPS33A WT or VPS33AD251E and FLAG-SNAP29 or VAMP8 were cotransfected in HEK293T cells. After 24 h, the cells were harvested
for immunoprecipitation analyses. FLAG-SNAP29 or VAMP8 precipitated more mutant MYC-VPS33A as shown in the blots. (C) COS7 cells were cotrans-
fected with MYC-VPS33A (WT or D251E) and FLAG-STX17 for 24 h. Cells were cultured in DMEM without amino acids for 2 h before fixation. Then cells
were fixed, made permeable in 0.1% saponin, stained with anti-MYC and anti-FLAG antibodies, and finally examined under a confocal microscope. Scale
bars: 10 mm. Quantification of colocalization represented by Pearson correlation coefficient showed that STX17 colocalized more with the mutant
VPS33A than the wild-type. /P< 0.05 (P D 0.0419), n D 20 cells. (D) FLAG alone, FLAG-VPS33AWT or FLAG-VPS33AD251E were expressed in HEK293T cells,
and immunoprecipitated with FLAG beads. Then the FLAG beads were incubated with bacterially purified GST-STX17. Samples were immunoblotted
with anti-GST antibody. FLAG-D251E binds more GST-STX17 as shown in the blots. (E) STX17 pulled down almost equal amounts of endogenous VAMP8
and SNAP29 in both wide-type and bfMEFs. IB, immunoblotting; IP, immunoprecipitation.
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the VPS33AD251E point mutation affects its interaction with the
autophagic SNARE complex (STX17-SNAP29-VAMP8), which
has been identified as the HOPS complex interactor to mediate
autophagosome-lysosome fusion.6,8 We first tested interactions
between WT or mutant VPS33A and STX17 by coimmunopre-
cipitation (coIP). The interaction of mutant VPS33AD251E and
STX17 was enhanced compared with WT in both normal and
rapamycin-treated (a drug that induces autophagy by inhibiting
the MTOR pathway) conditions (Fig. 5A).

We then tested whether the mutant VPS33A also bind stron-
ger to SNAP29 and VAMP8. Indeed, the mutant VPS33AD251E

likewise enhanced interactions with SNAP29 and VAMP8 by
coIP assays (Fig. 5B). We confirmed the increased interaction of
mutant VPS33AD251E with STX17 by immunofluorescence.
After 24 h cotransfection of MYC-VPS33A (wild type [WT] or
D251E) and FLAG-STX17 in cultured cells and starvation for
2 h before fixation, we found that the colocalization ratio (Pear-
son coefficient) of mutant VPS33A and STX17 was significantly
increased (Fig. 5C).

Inferred from the structure of VPS33, the D251 residue is
localized in the domain 3a region, which is predicted as the inter-
acting interface between VPS33 and syntaxins.26 We hypothe-
sized that the direct interaction between VPS33AD251E and
STX17 is enhanced. To test this, FLAG alone, FLAG-
VPS33AWT or FLAG-VPS33AD251E were expressed in
HEK293T cells, and immunoprecipitated using FLAG beads.
Then the FLAG beads were incubated with bacterially purified
GST-STX17. We showed that the direct interaction of
VPS33AD251E and STX17 was increased (Fig. 5D).

Furthermore, as the SM protein VPS33 has been reported to
protect trans-SNARE complex from disassembly by Sec18 in
vitro,27 we tested whether the VPS33AD251E mutation affects the
autophagic SNARE complex formation. By endogenous IP, we
found that STX17 formed a complex with VAMP8 and
SNAP29 properly in bf cells (Fig. 5E), suggesting that the
impaired autophagosome-lysosome fusion efficiency does not
result from the abnormal formation of the autophagic SNARE
complex.

The D251E point mutation of VPS33A enhances
interactions with other subunits of the HOPS complex except
VPS16

As the steady-state levels of mutant VPS33A and HOPS com-
plex were unaffected (Fig. 3B and C), we then tested whether the
point mutation (D251E) interferes with its interactions with
other subunits of the HOPS complex. In our coIP assays, the
VPS33AD251E mutation increased interactions with VPS39,
VPS18, VPS11 or VPS41, but not with VPS16 (Fig. 6). To con-
firm these results, we generated different mutations, including
converting D251 to other residues (L (leucine, Leu), K (Lysine,
Lys), N (Asparagine, Asp)) and deleting D251 (D251D). All the
amino acid substitutions revealed enhanced interactions with
VPS39, but not with VPS16 (Fig. S1A and B). Similar to the
D251E mutation, D251D resulted in enhanced interactions with
VPS39 or VPS18, but not with VPS16 (Fig. S1C and D).

As the exogenous VPS33A competes for the endogenous
VPS33A in complex formation, we next tested whether the direct
interactions between these protein pairs exist in a cell-free system.
We expressed the VPS18-VPS33A pair in the E. coli and per-
formed affinity isolation assays. We confirmed the enhanced
interaction of mutant VPS33A with VPS18 (Fig. 7A). In addi-
tion, we confirmed the enhanced interactions of mutant VPS33A
with VPS18 or VPS39 in the extracts of cerebellum by endoge-
nous IP assays using the anti-VPS33A antibody (Fig. 7B). These
results suggest that the D251 residue is critical for mediating
VPS33A interactions with other subunits of the HOPS complex
except for VPS16.

We then explored whether the enhanced HOPS interactions
result in altered interaction with STX17. Inferred from the crystal
structure of human VPS33A, the Tyr438-to-Asp (Y438D) muta-
tion is expected to disrupt its interaction with VPS16.28 We
made a homologous Y440D mutation in mouse VPS33A.
Indeed, we found that the Y440D mutation greatly reduced the
interactions with VPS16, VPS39 or VPS18 by coIP assays
(Fig. 7C). Similarly, the Y440D mutation decreased its interac-
tion with STX17 both in normal and rapamycin-treated condi-
tions (Fig. 7D). In addition, the Y440 residue is not located in
the interaction interface between VPS33A and STX17.26 Thus it
is unlikely to interfere with the direct interaction with STX17.
Thus we propose that the enhanced interactions of VPS33AD251E

with other HOPS subunits may indirectly affect its interaction
with STX17 or the autophagic SNARE complex.

The endocytic pathway and lysosome function are normal in
bf mice

The HOPS complex also functions in the endosome-lysosome
fusion process.1,29 If this endocytic pathway is impaired, it may
affect the lysosomal functions and lead to impaired autolysoso-
mal formation. For example, lack of VPS18 caused the disrup-
tion of autophagy, endocytosis, and lysosomal function.10 We
therefore tested whether the endocytic pathway and lysosomal
function in bf mice are affected. EGFR (epidermal growth factor
receptor) is a typical cargo protein that is transported to the lyso-
somes through the endocytic pathway. After EGF stimulation for
indicated time points, cells were harvested for immunobloting.
EGFR trafficking is normal in bf MEFs compared with WT
MEFs (Fig. 8A and B). We then examined the endocytic com-
partments in MEFs by electron microscopy (Fig. 8C and D).
We adopted definitions for autophagosomes, endolysosomes,
and lysosomes as previously described.30 We found that the num-
ber of endolysosomes as well as the number of lysosomes was not
significantly changed in bf cells. However, the number of auto-
phagosomes was significantly increased in bf MEFs (Fig. 8E),
which is consistent with the data obtained from Purkinje cells of
bf mice (Fig. 2C).

We have shown that the lysosomal acidification was normal
(Fig. 3B). To further assess whether the function of the lysosomes is
normal, we measured the maturation of lysosomal proteases in bf
mice. CTSB (cathepsin B) and CTSD are 2 key lysosomal proteases.
They are cleaved into mature form in the lysosomes from premature
form.We found that both the immature and mature forms of CTSB
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and CTSDwere normal in the cerebellum of bfmice (Fig. S2A).We
then incubated the cells for 1.5 h with Magic Red-CTSB, which is a
membrane-permeable probe and which is cleaved by CTSB into a

fluorescent product.29 We
confirmed that the activity
of CTSB was normal in bf
MEFs (Fig. S2B). All these
results suggest that the endo-
cytic pathway and lysosomal
functions are normal in bf
tissues and cells.

Discussion

It has been reported
that the HOPS complex is
involved in endosome-
lysosome fusion (endocytic
pathway), autophagosome-
lysosome fusion (autopha-
gic pathway), and the bio-

genesis of lysosome-related organelles (LRO pathway). The
intriguing point is how the HOPS complex distinguishes and
functions in these 3 pathways. Additional protein complexes may

Figure 6. Interactions were
increased between mutant
VPS33A and other subunits
of HOPS complex except
VPS16 by coimmunoprecipi-
tation assays. (A–E) MYC-WT
(wild-type) or VPS33AD251E

(mu) and FLAG-VPS39,
-VPS11, -VPS18, -VPS41 or
-VPS16 were cotransfected
in HEK293T cells, respec-
tively. After 24 h, the cells
were harvested, FLAG-
tagged HOPS subunits
immunoprecipitated with
FLAG beads and samples
were immunoblotted for
detecting MYC-VPS33A. In
the blots, the amount of
FLAG-tagged proteins was
mostly equalized, in order to
show the increase of immu-
noprecipitated proteins in
the mutant VPS33AD251E

lanes. Compared with the
wild-type VPS33A, the
mutant VPS33AD251E

increased the interactions
with (A) VPS39 (P D 0.0004),
(B) VPS11 (P D 0.0373), (C)
VPS18 (P D 0.0295) and (D)
VPS41 (P D 0.0477), but did
not affect the interaction
with (E) VPS16 (P D 0.8325).
*P < 0.05; ***P < 0.001; N.S.,
not significant; n D 5. IB,
immunoblotting; IP,
immunoprecipitation.
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Figure 7. Increased interactions with HOPS subunits (VPS18 and VPS39) by affinity isolation assays and disruption of interactions between VPS33AY440D

and HOPS subunits (VPS16, VPS18 and VPS39) or STX17. (A) VPS18 pulled down increased amounts of mutant VPS33AD251E (mu) by the maltose binding
protein (MBP)-affinity isolation assay compared with the wild-type VPS33A (WT). (B) The cerebellum lysates were incubated with IgG or anti-VPS33A anti-
body, and immunoprecipitated using protein A beads. VPS33A pulled down increased amounts of endogenous VPS39 or VPS18 in bf mice. IgG serves as
a negative control. (C) MYC-WT or VPS33AY440D and FLAG-VPS39, -VPS18, or -VPS16 were cotransfected in HEK293T cells. After 24 h, the cells were har-
vested, immunoprecipitated with FLAG beads and followed by anti-MYC immunoblotting. The interactions between mutant VPS33AY440D and VPS16,
VPS39, or VPS18 were greatly reduced compared with the wild-typeVPS33A. (D) MYC-WT or VPS33AY440D and FLAG-STX17 were cotransfected in
HEK293T cells. Cells were treated with DMSO or rapamycin (100 nM) for 4 h, then harvested and immunoprecipitated with FLAG beads and followed by
anti-Myc immunoblotting. The Y440D mutation decreased its interaction with STX17 both in normal and rapamycin-treated conditions compared with
wild-type VPS33A. The experiments in (A–D) were repeated at least twice. IB, immunoblotting; IP, immunoprecipitation.
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be required for this selectivity. For example, AP-3 interacts with
HOPS in the LRO pathway,31 while the endocytic trans-SNARE
(STX7, STX8, Vti1b, and VAMP7), RAB7 and PLEKHM1

interact with HOPS in endosome-lyso-
some fusion,32,33 and the autophagic
SNARE (STX17, SNAP29, and
VAMP8) interacts with HOPS in auto-
phagosome-lysosome fusion.6,7 In the bf
mice, the LRO pathway defect is rescued
by the transfection of wild-type VPS33A
in the melanocytes,9 suggesting a loss-of-
function effect. In this study, we did not
detect an effect on the endocytic path-
way. In the autophagic pathway, we
detected a gain-of-function effect on the
interactions with autophagic SNARE
and several other HOPS subunits. How-
ever, the effect on autophagosome-lyso-
some fusion was impaired. In this
regard, it has a loss of function in autoly-
sosome formation. These findings sug-
gest that the HOPS complex does not
function in a conserved mechanism in
different pathways and the bf mutation
likely affects the LRO pathway and auto-
phagic pathway in different mechanisms.

The pathogenesis of Purkinje cell loss in
the bfmutant is intriguing.9 Likewise, Pur-
kinje cell loss and an increased level of
LC3B-II in the cerebellum were observed
in the Vps18-cKO mice. Both multivesicu-
lar bodies and autophagosomes were
increased, suggesting that the endocytic
pathway and autophagic flux are both
affected due to the loss of VPS18.10 How-

ever, in bf mice, the endocytic pathway and lysosomal functions are
apparently normal. The point mutation in VPS33AD251E did not
alter its protein’s stability or subcellular localization. Notably, unlike

Figure 8. The endocytic pathway was nor-
mal in bf cells. (A) MEFs isolated from bf
mice were starved overnight and stimulated
with 100 ng/ml EGF. Cells were harvested at
indicated time points and the protein levels
of EGFR were determined. ACTB (b-actin)
was used as a loading control. (B) EGFR deg-
radation was quantified by using the protein
level at 0 min as control. There was no sig-
nificant difference between the wild-type
(C/C) and bf MEFs. n D 5. (C) Ultrastructural
analyses of various endocytic or autophagic
organelles in MEFs by electron microscopy.
The arrows indicate autophagosomes and
the arrowhead indicates a lysosome. Scale
bar: 500 nm. (D) Representative structures of
the autophagosome, endolysosome and
lysosome. (E) The numbers of autophago-
somes (P D 0.0367), endolysosomes (P D
0.2091) and lysosomes (P D 0.4889) were
quantified from 80 randomly selected areas.
*P < 0.05; N.S., not significant.
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the knockdown or knockout of a HOPS core subunit, the point
mutation VPS33AD251E did not destabilize other HOPS subunits.
This suggests that the bf mutant is a unique tool in the study of
VPS33A functions in membrane fusion. The VPS33AD251E muta-
tion is distinct but hypomorphic to the loss of VPS18. It only com-
promises the autophagosome- lysosome fusion process without
disrupting the endosome-lysosome fusion. This explains why bfmice
are viable and less severely affected whereas the Vps18¡/¡ mice are
not viable.9,10

Inferred from the crystal structure of C. thermophilum VPS33,
the D251 residue is localized in the domain 3a region, which is
predicted as the interacting interface between VPS33 and syntax-
ins.26 Our results support that the D251-containing domain 3a
likely mediates the direct interaction with STX17. In addition,
the crystal structure of human VPS33A revealed that domain 3a
is unlikely to interact directly with VPS16.28 Indeed, our data
showed that the interaction between mutant VPS33AD251E and
VPS16 was unaffected.

In bf cells, the autophagic SNARE complex forms properly,
suggesting that the D251E mutation has little or no effect on
SNARE complex formation. The enhanced interactions of
VPS33AD251E with the autophagic SNARE complex and the
HOPS complex may have profound effects on the autophago-
some-lysosome fusion. Membrane fusion is dependent on the
conformational transition of the SNARE complex from the
assembly state of trans-SNARE to the disassembly state of cis-
SNARE. SEC18 promotes the disassembly of cis-SNARE,27,34,35

whereas the HOPS complex facilities the assembly of trans-
SNARE.36 Recently, it has been reported that VPS33A directly
protects the SNARE complex from Sec18-mediated disassembly
in the membrane fusion process.27 Except for VPS16, the
VPS33AD251E mutation enhanced interactions with other subu-
nits of the HOPS complex (Fig. 6), suggesting that the confor-
mation of the HOPS complex was likely changed from an
elongated form to a contracted status.4 In addition, the altered
HOPS conformation induced by the VPS33AD251E mutation
may cause enhanced interaction with an autolysosomal SNARE
component STX17, which in turn may preclude the transition
from trans-SNARE to cis-SNARE during membrane fusion.
Thus, the bf mutation likely affects the flexibility of HOPS com-
plex or SNARE trans-to-cis transition during the autophagic
fusion process due to the enhanced protein interactions. How-
ever, the stability of HOPS complex (Fig. 4C) and the assembly
of autophagic SNARE (Fig. 5E) were not affected. Nevertheless,
this hypothesis awaits further investigation by structural biology
or in vitro reconstitution SNARE fusion assays. We propose that
the increased interaction of VPS33AD251E with STX17 could be
resulted from their enhanced direct interaction, as well as the
indirect consequence of enhanced HOPS assembly. Therefore,
the VPS33AD251E mutation plays dual roles by increasing the
HOPS complex assembly and its association with the autophagic
SNARE complex, which indirectly and directly affects the auto-
phagome-lysosome fusion (a model in Fig. S2C). The impaired
autolysosome formation eventually leads to Purkinje cell loss in
bf mice. These findings suggest that the HOPS complex does not
function in a conserved mechanism in different fusion events and

the bf mutation selectively affects the autophagic pathway, but
not the endocytic pathway. This provides insights into the molec-
ular machinery underlying autophagosome-lysosome fusion.

Interestingly, the Purkinje cell loss was noted in bf mice at
6 mo of age (Fig. 1G) and the number of THC neurons in the
substantia nigra was normal at least at 10 mo of age (Fig. 1F),
suggesting that the Purkinje cells are more vulnerable to cell
death upon altered basal autophagic activity. Consistently, in
Atg5 or Atg7 cKO mice, different neuron types have variable
degrees of cell death. Purkinje cells are among the most vulnera-
ble neurons and exhibit cell loss within 12 postnatal wk,13,14

whereas midbrain dopaminergic neurons are reduced until 9 mo
of age.37 It has been speculated that different brain regions may
require different basal autophagic activities to maintain neuronal
survival. Therefore, impaired autophagy may have different con-
sequences on different neuronal types although the underlying
mechanisms are unknown.38 In addition, motor deficits are more
severe in older mice (Fig. 1A to D). It is likely that other neuro-
nal cell loss may occur with aging, but the Purkinje cell loss to be
the most prominent in earlier stage. The bf mutant provides a
good model in further understanding the impact of basal autoph-
agy, particularly the late autophagic pathway, in neuronal sur-
vival and neurodegeneration.

Materials and Methods

Mice
The bf mutant mice (bf/bf )9 and control C57BL/6J (wild-

type, WT) mice were originally obtained from Dr. Richard
T. Swank’s laboratory and bred in the animal facility of the Insti-
tute of Genetics and Developmental Biology (IGDB), Chinese
Academy of Sciences. All experimental procedures were approved
by the Committee on Animal Health and Care of IGDB.

Plasmids
Full-length cDNAs encoding mouse VPS33A (both wild-type

and the D251E mutation), VPS11, VPS16, VPS18, VPS41,
VPS39, VPS41, STX17, SNAP29, and VAMP8 were amplified
by PCR from the total cDNA of mouse brain and subcloned into
the pCMV-tag2B vector (with FLAG-tag) or pCMV-tag3B vec-
tor (with a MYC-tag) as indicated in the figures. Other mutant
mouse VPS33A constructs used in coimmunoprecipitation assays
were generated by a QuickChange mutagenesis kit (Stratagene,
La Jolla, CA, USA). mRFP-GFP-LC3B and LAMP1-GFP plas-
mids were gifts from Dr. Li Yu (Tsinghua University, Beijing,
China).

Antibodies and reagents
Polyclonal VPS33A antibody was generated in New Zealand

White rabbits against the full-length mouse Vps33a gene with a
GST-tag. Affinity-purified antibody was produced by using
nitrocellulose membranes with the full-length VPS33A antigen.
Other antibodies used in this study were: rabbit polyclonal anti-
LC3B (Sigma-Aldrich, L7543) or anti-LC3A/B (Novus Biologi-
cals, NB100-2331), anti-tyrosine hydroxylase (Chemicon,

www.tandfonline.com 1619Autophagy



AB152), anti-c-Myc (Sigma-Aldrich, C3956), anti-EGFR (Fitz-
gerald, 20R-ER004), anti-GST (Santa Cruz Biotechnology, SC-
138), anti-CTSB/cathepsin B (Abcam, ab33538), anti-TUBB/
b-tubulin (Santa Cruz Biotechnology, sc-9104); goat polyclonal
anti-VPS11 (Santa Cruz Biotechnology, sc-100893), anti-VPS16
(Santa Cruz Biotechnology, sc-86939), anti-VPS18 (Santa Cruz
Biotechnology, sc-100890), anti-VPS39 (Santa Cruz Biotechnol-
ogy, sc-104761), anti-CTSD/cathepsin D (Santa Cruz Biotech-
nolgy, sc-6486); rat monoclonal anti-LAMP1 (BD Biosciences,
CD107); mouse monoclonal anti-CALB1/calbindin-D-28K
(Sigma-Aldrich, C9848), anti-FLAG (Sigma-Aldrich, F3165),
anti-CD63 (Millipore, CBL553), anti-ACTB/b-actin (Sigma-
Aldrich, A5441), anti-EEA1 (BD Biosciences, 610457), anti-
VAMP8 (Novus Biologicals, EP2629Y), anti-STX17/syntaxin
17 (Sigma-Aldrich, HPA001204), anti-SNAP29 (Abcam,
ab138500), anti-SQSTM1/p62 (MBL, PM045). All Alexa
Fluor-conjugated secondary antibodies were from Invitrogen
(donkey anti-Mouse IgG (HCL), Alexa Fluor 594 conjugate
(R37115); donkey anti-Rabbit IgG (HCL), Alexa Fluor 488 con-
jugate (R37118); donkey anti-Rabbit IgG (HCL), Alexa Fluor
594 conjugate (A-21209); goat anti-rat IgG (HCL), Alexa Fluor
488 conjugate (A-11006)). Reagents used in this study were:
E-64 (Sigma-Aldrich, E3132), pepstatin A (Sigma-Aldrich,
P5318), leupeptin (Sigma-Aldrich, L2884), rapamycin (Sigma-
Aldrich, R0395), saponin (Sigma-Aldrich, S7900),
LysoSensorTM probes (Invitrogen, L7535). The Magic RedTM

Cathepsin Detection Kit was from Immunochemistry Technolo-
gies (#937).

Spontaneous locomotor activity
A single mouse was placed in a chamber (40 cm length £

40 cm width £ 35 cm height) for 30 min. Parameters including
total distance and average speed were measured by Anilab soft-
ware (AniLab, Ningbo, China). After each test, the chambers
were cleaned with water and 75% alcohol. At least 6 mice at dif-
ferent age groups were used in these experiments.

Rotarod test
The experiment was performed as described previously.39 In

brief, for each test, the Rotarod apparatus (Ugo Basile, Comerio,
Italy) was set to accelerate from 4 to approximately 40 r.p.m.
within 5 min. A 10-min break was granted to each mouse
between the tests. The experiment lasted for 4 d with 4 tests per
d.

Cell culture
HeLa cells, COS7 cells, HEK293T cells, and MEFs were cul-

tured in regular Dulbecco’s modified Eagle’s medium (DMEM)
from HyClone (SH30022.01B) supplemented with 10% fetal
bovine serum (GIBCO, 10099-141), 100 mg/ml penicillin and
streptomycin in a 5% CO2 incubator. For starvation treatment,
cells were washed with phosphate-buffered saline (HyClone,
SH30256.01) twice and incubated in amino acid-free DMEM
without serum (starvation medium) for 2 h. Cells were tran-
siently transfected using Lipofectamine 2000 (Invitrogen,
11668-019).

Histological studies
For Nissel staining or immunohistochemical staining, 20-mm

frozen sections of mouse brain were prepared. The procedures
were followed by standard protocols. The results were captured
by a TS100 microscope (Nikon, Tokyo, Japan).

Electron microscopy
To observe the autophagic vacuoles in Purkinje cells of cere-

bellum, mice were anesthetized and perfused with 2% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.4. The cerebellum
was removed and cut into several cubes with 1-mm3 size. Then
the cubes were postfixed overnight at 4�C with 2% paraformalde-
hyde, 2.5% glutaraldehyde, 0.5% tannic acid. The cubes were
rinsed and treated with 1% osmium tetroxide for 2 h at 4�C.
After washing, the cubes were dehydrated in an ascending series
of dilutions of acetone and impregnated in ERL-4206 Spur
(NSA (SPI-CHEM, 02829-AF), ERL 4221 (SPI-CHEM,
02815-NA), DER 736 (SPI-CHEM, 02830-AA), DMAE (SPI-
CHEM, 02824-AA)) at 70�C for 12 h. We observed the organ-
elles in MEFs with a JEM1400 electron microscope (JEOL,
Japan) by following the procedures previously described.30

Immunofluorescence confocal imaging
Cells were grown on glass coverslips. Under indicated experi-

mental conditions, the cells were washed with phosphate-buff-
ered saline and fixed in 4% paraformaldehyde for 15 min. All
procedures were previously described.40 To label lysosomes,
LysoSensor Green DND-189 (1:1000) was incubated with
MEFs for 30 min. Magic Red CTSB substrate was utilized as
described in kit protocols. All the confocal images were captured
with C2 laser-scanning microscope (Nikon, Japan).

Immunoblotting
Cell lysates prepared in lysis buffer (50 mM Tris-HCl, pH

7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100
[aMReSCO, 0694]), and tissue lysates prepared in RIPA buffer
(25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% DOC
[aMReSCO, 0613], 0.1% SDS [aMReSCO, 0227], 1% NP-40
[Abcam, ab142227]) were subjected to 10–15% SDS polyacryl-
amide gel electrophoresis, and followed by regular procedures.40

Sucrose gradient centrifugation
Mouse cerebellum was homogenized in sample buffer

(250 mM sucrose, 20 mM Tris-HCl, pH 7.4, 1 mM EDTA)
followed by centrifugation at 1000 £ g for 15 min. The superna-
tant fraction was placed onto the top of a 1.5 ml discontinuous
sucrose gradient from 0.42 M to 1.38 M. The gradient was cen-
trifuged at 100,000 £ g for 6.5 h. Thirteen fractions were col-
lected and analyzed by immunoblotting.

Coimmunoprecipitation and pulldown assays
Transfected HEK293T cells were harvested and lysed in cell

lysis buffer with protease inhibitor cocktail (Sigma-Aldrich,
P8340) for 1 h at 4�C. All the procedures for coimmunoprecipi-
tation were as described previously.30 For cell endogenous IP,
MEFs were lysed, precipitated with STX17 antibody (rabbit) and
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eluted by protein A beads (Cell Signaling Technology, 17-0780-
01). Rabbit IgG was added as negative control. For tissue endog-
enous IP, cerebellum extracts were sequentially lysed, precipitated
with VPS33A antibody, eluted by Protein A beads and immuno-
blotted with antibodies of other HOPS subunits. For affinity iso-
lation assays, GST-WT or mu-VPS33A and maltose binding
protein (MBP)-VPS18 were purified by binding to glutathione
Sepharose 4B (GE Healthcare, 17-0756-01) and amylose resin
(New England Biolabs, E8021S) and eluted with glutathione
and maltose, respectively. The purified proteins were mixed and
incubated overnight at 4�C, immunoprecipitated with amylose
resin. The immunoprecipitates were immunoblotted with the
indicated antibodies.

EGFR degradation assay
MEFs isolated from buff and wild-type mice were starved in

DMEM containing 10 mM HEPES, pH 7.4 and 0.2% BSA
(Roche, A6020) overnight. The procedures were performed as
described previously.30

Statistics
For all experiments, statistical significance was determined by

the Student t test. In the figures, all data represent mean § SEM.
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