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Abstract

Accurate targeting of vesicular acetylcholine transporter (VAChT) to synaptic vesicles (SVs) is indispensable
for  efficient  cholinergic  transmission.  Previous  studies  have  suggested  that  the  dileucine  motif  within  the  C-
terminus  of  the  transporter  is  sufficient  for  its  targeting  to  SVs.  However,  the  cytosolic  machinery  underlying
specific  regulation  of  VAChT trafficking  and  targeting  to  SVs  is  still  unclear.  Here  we  used  the  C-terminus  of
VAChT as a bait in a yeast two-hybrid screen to identify sorting nexin 5 (SNX5) as its novel interacting protein.
SNX5  was  detected  in  the  SVs  enriched  LP2  subcellular  fraction  of  rat  brain  homogenate  and  showed  strong
colocalization with VAChT in both brain sections and PC12 cells. Binding assays suggested that the C-terminal
domain  of  VAChT  can  interact  with  both  BAR  and  PX  domain  of  SNX5.  Depletion  of  SNX5  enhanced  the
degradation  of  VAChT  and  the  process  was  mediated  through  the  lysosomal  pathway.  More  importantly,  we
found  that,  in  PC12  cells,  the  depletion  of  SNX5  expression  significantly  decreased  the  synaptic  vesicle-like
vesicles (SVLVs) localization of VAChT. Therefore, the results suggest that SNX5 is a novel regulator for both
stability and SV targeting of VAChT.
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Introduction

Efficient  and  precise  packaging  of  classical
neurotransmitters  into  synaptic  vesicles  (SVs)  at  the
nerve  terminals  is  secured  by  a  specific  group  of

vesicular  transport  proteins  such  as  vesicular
acetylcholine  transporters  (VAChTs)[1].  Increasing
evidence has indicated that the vesicular targeting and
expression of vesicular transport proteins can strongly
influence  the  amount  of  neurotransmitters  packaged
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into  the  secretory  vesicles  as  well  as  quantal  size[2].
Thus, the molecular mechanisms underlying recycling
and  vesicular  targeting  of  these  transport  proteins
would  provide  important  insight  in  the  regulated
synaptic  transmission  and  pathogenesis  of
neurological  diseases  such  as  Parkinson  disease[3].
Interestingly,  membrane  targeting  of  VAChT  to  SVs
has  been  shown  to  be  regulated  by  the  trafficking
signals  in  its  C-terminus[4–6].  Specifically,  we  have
showed  that  a  dileucine  motif  within  its  C-terminal
domain  is  required  for  its  endocytosis  and  sufficient
for  SV  sorting[5].  Additionally,  a  serine  residue
upstream  of  the  dileucine  motif  undergoes  regulated
phosphorylation which can drive a portion of VAChT
into the secretory pathway and away from large dense
core  vesicles  (LDCVs)  in  PC12  cells[6].  Furthermore,
similar to VAChT, another vesicular transport protein,
vesicular  glutamate  transporter  1  (VGLUT1)  also
utilizes a dileucine-like motif in its C-terminus for its
targeting to SVs[7].  However,  the cytosolic machinery
responsible  for  regulating  such  dileucine-based  SV
targeting motifs remains elusive.

It  is  well  known  that  trafficking  and  targeting  of
functional SV membrane proteins are highly regulated
through  vesicular  formation  and  cytosolic  machinery
mediated  molecular  events[8].  Constitutively  targeted
SV  proteins  at  the  synaptic  terminal  membrane
undergo en  route exo-endocytosis  processes  to
functional  SVs  in  presumably  readily  releasable
pool[9–12].  Equally  important  is  that  how  molecular
regulators  are  required  for  governing  their  precise
recruitment either directly at the endocytic process or
later  at  the  endosomal  sorting.  One  of  such  cytosolic
proteins  determining  the  endocytosis  of  SV  protein
VAChT  at  the  plasma  membrane  was  reported  to  be
adaptor protein 2 (AP2), largely through its interaction
with the dileucine motif  and a  non-classical  tyrosine-
containing  motif  in  the  C-terminal  domain  of
VAChT[6,13–14].  However,  either  the  dileucine  motif
itself  or  its  interaction with  AP2 may not  explain  the
further  SV targeting steps  after  internalization.  As an
alternative  pathway  for  SV  biogenesis  through  AP3
mediated  mechanism,  the  interaction  of  this  adaptor
protein with the di-hydrophobic Met-Leu motif in the
C-terminus  of  synaptotagmin-1  seems  to  be
responsible for sorting the SV protein from endosome
to SVs[15]. VGLUT1 relies on the interaction of its C-
terminal  polyproline  domains  with  endophilins  to
target  to  glutamatergic  synaptic  vesicles[16–17].  Thus,
the  vesicular  sorting  of  SV  proteins  is  believed  to
mainly  depend  on  the  interaction  of  their  C-terminal
domains  with  cytosolic  proteins,  while  the  specific
cytosolic  machinery  that  targets  VAChT  to  SVs

remains unidentified.
To  investigate  such  cytosolic  machinery

specifically  for  targeting  VAChT  to  SVs,  we
performed a yeast two-hybrid (Y2H) screen using the
C-terminal  domain  of  VAChT  as  bait  and  found  a
novel  interacting  protein  sorting  nexin  5  (SNX5).
SNX5 was identified as binding partner of SNX1 and
thus  defined  as  the  Vps17p  homolog  of  mammalian
cells  for  the  retromer  complex[18].  As  an  important
member of the sorting nexin family, it is characterized
by  its  phospholipid-binding  phox  (PX)  domain  and  a
membrane-curvature-sensing  and  membrane-binding
Bin-Amphiphysin-Rvs (BAR) domain[19]. Interestingly,
its  PX  domain  can  uniquely  bind  to  PI4,5-
bisphosphate  (PI(4,5)P2),  different  from  other  SNXs
which  mainly  bind  to  PI3-phosphate  (PI3P)[20].  More
importantly, SNX5 was identified as a key membrane
associated  protein  in  the  purified  SVs  from  rat  brain
by mass spectrometry[21], strongly indicating its role in
regulating SV function.

In the present report, we identified SNX5 as a novel
and specific  binding partner  for  VAChT.  Through its
interaction  with  the  C-terminal  domain  of  VAChT,
SNX5  regulates  the  stability  of  VAChT,  away  from
degradation  by  lysosomal  pathway.  We  have  shown
that  depleted  SNX5  expression  in  HeLa  cells  led  to
decreased  half-life  of  VAChT.  Deletion  of  SNX5  in
PC12  cells  resulted  in  VAChT  mistargeting  to
LDCVs,  suggesting  that  SNX5 may  facilitate  the  SV
targeting of VAChT in PC12 cells. Therefore, our data
indicated  that  SNX5  is  essential  in  regulating  the
trafficking of VAChT. 

Materials and methods
 

Animals

Adult Sprague-Dawley (SD) rats (200–250 g) were
purchased  from  Animal  Core  Facility  of  Nanjing
Medical  University.  All  rats  were  maintained  at  a
controlled temperature ([20±2] °C) and group housed
(12-hour  light/dark  cycle)  with  access  to  food  and
water ad libitum.  All  procedures involving the use of
animals were approved by the Institution Animal Care
and  Use  committee  of  Nanjing  Medical  University.
Every  effort  was  made  to  minimize  the  number  of
animals used and their suffering. 

Chemicals and antibodies

Following  reagents  were  purchased  from  Sigma
Chemical  Co.  (USA):  cycloheximide  (CHX),
leupeptin,  ammonium  chloride  (NH4Cl),  G418  and
nerve  growth  factor  (NGF).  Matrigel  was  purchased
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from  Becton  Dickinson  (USA).  Following  reagents
were  purchased  from  Thermo  Fisher  (USA):  protein
A/G  agarose,  Dulbecco's  Modified  Eagle  Medium
(DMEM),  Lipofectamine  2000,  and  penicillin/
streptomycin. Cosmic calf serum (CCS), donor equine
serum  (DES),  and  fetal  bovine  serum  (FBS)  were
from  HyClone  (GE  Healthcare  Life  Science,  USA).
All  the  restriction  enzymes  and  products  related  to
plasmid  constructions  were  from  NEB  (USA).  The
following  primary  antibodies  were  used:  mouse
monoclonal  anti-HA  (Covance,  USA),  rabbit
polyclonal  anti-HA  (Covance),  mouse  monoclonal
anti-Flag  (Sigma),  rabbit  polyclonal  anti-Flag
(Sigma),  rabbit  polyclonal  anti-IL-2R  alpha  and  goat
polyclonal  anti-SNX5  (Santa  Cruz  Biotech.,  USA),
mouse  monoclonal  anti-synaptophysin  and  rabbit
polyclonal  anti-secretogranin Ⅱ (SgⅡ)  (Synaptic
Systems,  Germany),  mouse  monoclonal  anti-LAMP1
(Thermo  Fisher),  mouse  monoclonal  anti-actin  and
anti-GAPDH  (Sigma).  The  following  secondary
antibodies from Thermo Fisher were used: Alexa 488-
conjugated  donkey  anti-mouse  secondary  antibody,
Alexa  488-conjugated  donkey  anti-rabbit  secondary
antibody,  Alex  488-conjugated  donkey  anti-goat
secondary  antibody,  Alexa568-conjugated  donkey
anti-mouse secondary antibody, Alexa 568-conjugated
donkey  anti-mouse  secondary  antibody,  HRP-
conjugated goat anti-mouse secondary antibody, HRP-
conjugated  goat  anti-rabbit  secondary  antibody,  and
HRP-conjugated rabbit anti-goat secondary antibody. 

Plasmid construction and mutagenesis

The  following  constructs  were  used  in  this  study:
pcDNA3.1-TacA,  pcDNA3.1-3HA/Flag-VAChT,
pcDNA3.1-3HA/Flag-SNX5, pET15b-SNX5, pET15b-
SNX5-PX, and pET15b-SNX5-BAR. The pcDNA3.1-
TacA plasmid was constructed following a previously
described  protocol[5].  Briefly,  the  full-length  of  rat
VAChT  (GeneBank  accession  no.  U09838)  was
amplified  by  PCR  and  then  inserted  into  pcDNA3.1-
3HA/Flag  vector.  The  full-length  of  SNX5  and  two
deletion  mutants  (SNX5-PX  and  SNX5-BAR)  were
amplified  by  PCR and  then  inserted  into  pET15b  for
pull down assays. 

Cell culture and transfection

All  cells  were  maintained  in  5% CO2 at  37  °C  in
medium containing penicillin and streptomycin unless
otherwise  noted.  HeLa  Swiss  and  COS7  cells  were
maintained  in  DMEM  supplemented  with  10% CCS
and  1% penicillin/streptomycin,  while  PC12  cells
were  maintained  in  DMEM  with  10% horse  serum,
5% FBS and 1% penicillin/streptomycin.

Stable  lines  of  TacA  were  generated  by  further
selection  with  G418  (500  mg/mL).  Positive
transformants  were  screened  by  immunofluorescence
staining  and  Western  blotting  analysis.  At  least,  the
stable  lines  were  tested  for  consistent  subcellular
localization  of  the  heterogeneously  expressed
membrane proteins. 

Tissue preparation

Tissues were dissected from adult rats and homoge-
nized with a Teflon pestle in lysis buffer (150 mmol/L
NaCl, 50 mmol/L Tris-HCl, pH 8.0, 5 mmol/L EDTA
and 1% NP-40 containing protease inhibitors). 

Preparation of synaptic vesicles from rat brain

Synaptic  vesicles  were  prepared  as  described
previously[22].  Rat  brains  were  removed  and
homogenized  in  homogenization  buffer  (320  mmol/L
sucrose, 4 mmol/L HEPES-NaOH, pH 7.3 containing
protease inhibitor) on ice. The homogenates (H) were
centrifuged  for  10  minutes  at  1000 g to  separate  the
supernatant  (S1)  from  the  nuclei  and  large  debris
fraction. The S1 fraction was centrifuged at 12 000 g
for  15  minutes  to  separate  the  supernatant  (S2,  small
cell fragment) and the pellet (P2). The P2 fraction was
resuspended  in  10  mL  homogenization  buffer  and
centrifuged  at  13  000 g for  15  minutes.  The  pellet
(P2 ′)  was  collected  and  resuspended  in  homogeniz-
ation  buffer  to  get  the  synaptosomal  fraction.  P2 ′
pellet was resuspended and centrifuged at 25 000 g for
20 minutes  at  4  °C to  get  LP1 (synaptic  membranes)
and LS1 (synaptosome cytosol and synaptic vesicles).
LS1 was centrifuged at 165 000 g for 2 hours at 4 °C
to  get  LP2  (synaptic  vesicles)  and  LS2  (synaptic
cytosol). 

Immunofluorescence and confocal microscopy

For  tissue  staining:  adult  SD  rats  (n=4)  were
anesthetized  with  4% chloral  hydrate,  and
transcardically perfused with 0.9% saline followed by
4% paraformaldehyde (PFA) for fixation. Brains were
removed  and  cryoprotected  in  30% sucrose  at  4  °C.
Sections  (50-μm  thick)  were  cut  using  a  freezing-
sliding  microtome  and  collected  in  10  mmol/L  PBS,
pH 7.4. After blocked in PBS with 0.3% Triton X-100
and 1% BSA for 30 minutes, sections were incubated
with primary anbitody at 4 °C overnight and followed
by  the  appropriate  Alexa  conjugated  secondary
antibody.

For  cell  staining:  the  process  was  performed  as
previously  described[23].  In  brief,  cells  seeded  on
coverslips  were  transfected  using  Lipofectamin  2000
according  to  the  manufacturer's  instructions.  Twenty-
four  hours  later,  cells  were  fixed  with  4% PFA
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followed  by  permeabilized  and  blocking  for  30
minutes  in  blocking  solution  (2% BSA,  1% fish  skin
gelatin,  and  0.02% saponin  in  PBS).  Cells  were  then
incubated with  primary antibody in  blocking solution
for  1  hour  at  room  temperature  and  followed  by
incubation  with  the  appropriate  Alexa  488  or  588-
conjugated secondary antibody for 1 hour.

For  confocal  laser  microscopy,  staining  was
visualized  with  a  confocal  laser  microscope  (Carl
Zeiss, LSM 710, Germany) and the images processed
using the NIH ImageJ program and ZEN program. 

Co-immunoprecipitation

To analyze  protein  interaction in  vitro,  COS7 cells
transfected  with  different  expression  constructs  were
lysed  in  NP-40  lysis  buffer  (150  mmol/L  NaCl,  50
mmol/L  Tris-HCl,  pH  8.0,  5  mmol/L  EDTA,  and
0.5% NP-40  containing  protease  inhibitors)  for  10
minutes on ice. Cell  lysate was centrifuged at 1600 g
and  the  supernatants  were  then  precleared  by
incubation for 60 minutes at 4 °C with 30 μL protein
A/G  agarose  beads  and  centrifugation  at  8000 g for
5  minutes.  The  precleared  lysates  were  incubated  for
2 hours at 4 °C with 30 μL protein A/G agarose beads
bound to polyclonal antibody to tagged protein. After
immunoprecipitation, the beads were washed in wash
buffer  (0.5% NP-40,  150  mmol/L  NaCl,  50  mmol/L
Tris-HCl,  pH  7.0,  and  5  mmol/L  EDTA)  and  then
processed for SDS-PAGE analysis. 

Pull-down assay

GST  or  His-tagged  fusion  recombinant  proteins
were  produced  in Escherichia  coli BL21  cells  using
0.1  mmol/L  isopropyl-beta-D-thiogalactopyranoside
for  induction  at  room  temperature  for  4  to  6  hours.
The  recovered  bacteria  were  lysed  with  sonication  in
lysis  buffer (PBS with 0.2% [w/v] Triton X-100; and
protease  inhibitors).  Fusion protein  was  purified  with
GST agrose  or  with  Ni-NTA agarose  (for  His  fusion
protein).  The  recombinant  proteins  were  detected  by
coomassie  brilliant  blue.  COS7 cells  transfected  with
different  expression  constructs  were  lysed  in  NP-40
buffer  (150  mmol/L  NaCl,  50  mmol/L  Tris-HCl,  pH
8.0,  5  mmol/L  EDTA  and  0.5% NP-40  containing
protease  inhibitors).  Lysates  were  incubated  with
recombinant  proteins  for  60  minutes  at  4  °C.  After
centrifugation  at  20 000 g for  15  minutes,  the
supernatants were transferred to new Eppendorf tubes
and  the  pellets  were  resuspended  in  1×  SDS-sample
buffer.  Aliquots  corresponding  to  1/25  of  each
supernatant  and  1/4  of  each  pellet  were  analyzed  by
SDS–PAGE. 

Sucrose gradient and fractionation analysis

Sucrose  gradients  were  prepared  using  a  gradient

mixer  to  form  continuous  gradients  with  sucrose
concentrations  from 0.65  mol/L  to  1.55  mol/L.  PC12
cells stably expressing TacA were harvested in Buffer
A  (150  mmol/L  NaCl,  10  mmol/L  HEPES  pH  7.4,
1  mmol/L  EGTA,  and  0.1  mmol/L  MgCl2)  with
protease inhibitors. Cells were cracked by eight passes
through  a  cell  cracker  (clearance:  0.02  mm).
Postnuclear  supernatants  were  then  loaded  onto
prepared  density  or  velocity  gradients  and  spun  in  a
Beckman SW41 rotor at 30 000 g for 6 hours at 4 °C
(Beckman Instruments,  USA).  Fractions from density
gradients were collected from the top and all gradients
were numbered from light to heavy. 

VAChT half-life assays

HeLa  cells  were  transfected  with  different
expression constructs using Lipofactamin 2000 in 12-
well  plates  and  incubated  for  72  hours,  and  CHX  at
100  μg/mL  was  added  to  the  cells  for  the  indicated
time points. Cells were lysed and subjected to Western
blotting analysis. 

Pharmacological  treatments  of  cycloheximide  and
lysosomal inhibitors

Cells  were  incubated  for  8  hours  with  CHX  (100
μg/mL),  with  or  without  presence  of  100  μg/mL leu-
peptin  and  50  mmol/L  NH4Cl.  After  treatment,  cells
were lysed and subjected to Western blotting analysis. 

Western blotting analysis

Proteins  in  sample  buffer  were  separated  by
electrophoresis  through  discontinuous  10% SDS-
polyacrylamide  gels  before  electrotransfer  to
nitrocellulose  membrane  (Merck  Millipore,  USA).
The filters were then blocked in TBS containing 0.1%
Tween-20 (TBST) and 5% nonfat dry milk, incubated
in  TBST  with  1% nonfat  dry  milk  and  primary
antibody at dilutions ranged from 1:1000 to 1:10 000,
washed  in  TBST,  and  incubated  in  appropriate
secondary antibody conjugated to peroxidase followed
by  washing  in  TBST  and  visualization  by  enhanced
chemiluminescence with the Tanon 5200 gel imaging
system (Tanon, China). 

Statistical analysis

Graphing  and  statistics  were  performed  using
Origin  8.0.  Unpaired,  two-tailed t-tests,  and  one-way
ANOVA  were  used  to  calculate P-values  for  all  bar
graph analyses. 

Results
 

Association of SNX5 with VAChT in brain tissues

To  investigate  the  cytosolic  mechanism  that
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presumably  regulates  the  vesicular  targeting  of
VAChT,  we  performed  a  Y2H  screening  to  identify
the potential interacting proteins for VAChT. We used
the C-terminus of VAChT as bait and identified SNX5
as a novel binding protein (data not shown). Given the
results  of  a  mass  spectrometry  study  showing  that
SNX5  was  identified  as  a  membrane-associated
protein  in  SVs[21],  we  firstly  characterized  the  tissue
distribution  of  SNX5  in  the  nerve  system.  Using
Western blotting analysis with a commercial antibody,
we  found  that  the  protein  expression  of  SNX5  was

displayed  relatively  widespread  tissue  distribution
pattern. As shown in Fig. 1A, the high levels of SNX5
protein were found in the brain, lung, liver, testis, and
kidney.  Furthermore,  to  test  whether  SNX5  specifi-
cally  expressed  on  SVs,  we  performed  differential
centrifugation  to  purify  SVs  from  rat  brains.
Consistent with the previous proteomic results, SNX5
was found in the SV enriched LP2 subcellular fraction
of  rat  brain  homogenate  (Fig.  1B).  To  determine
whether  the  endogenous  distribution  of  SNX5  is
associated  with  the  SVs,  we  performed  the

 

C

A

SNX5 Syn DAPI Merge

C
or

te
x

St
ria

tu
m

SNX5

GAPDH

Brai
n

 L
un

g
 L

ive
r

 M
us

cle
 H

ea
rt

Test
is

 K
idn

ey

45 kDa

35 kDa

B

SNX5

Syn

45 kDa

35 kDa

H S1 P2 S2 P2′ S2′ LP1
LS1

LP2 LS2

 

Fig. 1   SNX5 was enriched in rat brain and associated with synaptic vesicles. A: SNX5 expression at protein levels in different tissues
was analyzed by Western blotting. Proteins from multiple tissues were blotted with SNX5 polyclonal antibody. Protein sample loading was
normalized with protein total concentration. GAPDH expression was used as an internal control.  B: Subcellular localization of SNX5 was
analyzed by Western blotting using a series of fractions from rat brains upon differential centrifugation. Synaptophysin (Syn) was used as the
marker of synaptic vesicles. C: Co-localization between SNX5 and synaptophysin was tested in rat brain regions by immunohistochemistry.
In  both  cortex  (upper  panel)  and  striatum  (lower  panel),  SNX5  (green)  was  mainly  present  in  cell  bodies  and  partially  in  fibers  while
synaptophysin  (red),  the  marker  of  synaptic  vesicles,  was  present  in  both  neurons  and fibers.  SNX5-positive  puncta  was  significantly  co-
localized with synaptophysin in cell bodies (yellow puncta, indicated by white arrow head). Scale bar, 5 μm.
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immunohistochemistry to  examine the co-localization
of  SNX5  and  SV  marker  protein  synaptophysin  in
different  brain  regions.  As  shown  in Fig.  1C,
microscopic  images  of  brain  sections  revealed  that
SNX5 was widespread in brain regions, including the
cortex, striatum, and hippocampus. More importantly,
punctate  stainings  of  SNX5  in  neurons  were
significantly co-localized with synaptophysin in these
regions.  Taken  together,  these  results  indicated  that
SNX5  was  enriched  in  the  brain  and  specifically
associated  with  SVs,  further  suggesting  a  potential
role of SNX5 in regulating function and trafficking of
SV membrane proteins such as VAChT.
 

VAChT specifically interacts with SNX5

To  confirm  the  interaction  between  SNX5  and
VAChT resulted  form  Y2H screening,  we  performed
the co-immunoprecipitation (Co-IP) assay. HA-tagged

VAChT  and  Flag-tagged  SNX5  were  co-transfected
into  COS7  cells  and  the  Co-IP  result  showed  that
VAChT could pull down SNX5 (Fig. 2A). Moreover,
to confirm endogenous interaction between SNX5 and
VAChT,  we used rat  synaptosome lysates  to  perform
Co-IP  and  found  that  endogenous  VAChT  interacted
specifically  with  SNX5  (Fig.  2B).  Additionally,
immunofluorescent  staining  was  used  to  test  the
colocalization  between  SNX5  and  VAChT.  In  PC12
cells,  SNX5  was  found  to  partially  colocalize  with
synaptophysin,  further  confirming  the  specific
distribution  of  SNX5  in  SVs  (Fig.  2C).  Both  the
results  of  the  Y2H  and  our  previous  work  have
revealed  that  the  C-terminus  of  VAChT  sufficiently
mediated its SV targeting through a dileucine motif[5].
Here we used TacA, a chimeric protein fused VAChT
C-terminus  with  an  unrelated  protein,  Tac,  to  mimic
the  function  of  C-terminus  of  VAChT.  Double
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Fig. 2   VAChT specifically interacted with SNX5. A: Both HA-VAChT and Flag-SNX5 were transiently overexpressed in COS7 cells,
followed by cell  lysates  immunoprecipitated with anti-HA antibody and then analyzed with anti-Flag antibody using Western blotting.  B:
Interaction  of  endogenous  SNX5  with  VAChT  was  analyzed  in  rat  brain  synaptosomes.  Cell  lysates  were  immunoprecipitated  with  anti-
VAChT antibody and detected with anti-SNX5 antibody by Western blotting. C: Co-localization of SNX5 with synaptophysin (upper panel),
TacA  (middle  panel)  and  VAChT  (lower  panel)  was  tested  by  immunofluorescent  staining  in  differentiated  PC12  cells.  SNX5,
synaptophysin, TacA, and VAChT were detected with specific antibodies. Scale bar, 10 μm. D: Co-localization between SNX5 and VAChT
was tested in rat striatum by immunohistochemistry. In striatum, SNX5 (Green) was mainly present in cell bodies and rarely in fibers while
VAChT (red)  was  present  in  both  neurons  and  fibers.  SNX5-positive  puncta  was  significantly  co-localized  with  VAChT in  a  perinuclear
pattern (yellow puncta, indicated by white arrow head). Scale bar, 5 μm.
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immunofluorescence staining and confocal microscopy
of  PC12  cells  revealed  that  SNX5  significantly  co-
localized  with  TacA and  VAChT (Fig.  2C).  We also
tested the co-localization between SNX5 and VAChT
in  the  rat  brains  using  immunohistochemistry.  Our
results  showed  that  VAChT-immunoreactive  fibers
were  present  in  many  brain  regions,  such  as  the
cortex,  hippocampus,  and  striatum  (data  not  shown),
while  VAChT  positive  neurons  were  present  in  the
striatum (Fig.  2D),  which  is  consistent  with  previous
reports[24].  Furthermore,  SNX5  and  VAChT  were
considerably  co-localized  (Fig.  2D).  These  findings
suggested  that  SNX5  could  specifically  interact  with
VAChT.

To  consolidate  this  conclusion,  we  performed
recombinant  binding  assay.  The  result  of  pull-down
assays  showed  that  GST-tagged  SNX5  directly
interacted  with  VAChT  (Fig.  3B).  Using  TacA  to
perform GST pull-down assay, we confirmed that the
interaction between SNX5 and VAChT is mediated by

the  C-terminus  of  VAChT (Fig.  3C).  Since  SNX5  is
composed  of  a  PX  domain  and  a  BAR  domain,  we
next  investigated  which  domain  determines  its
interaction  with  VAChT.  The  recombinant  binding
assays showed that both PX domain and BAR domain
could  interact  with  TacA  (Fig.  3D).  Collectively,
these  data  demonstrated  that  VAChT  interacts  with
both  PX  and  BAR  domain  of  SNX5  through  its  C-
terminus. 

Depleted  SNX5  expression  induced  the  instability
of VAChT

SNX5  has  been  suggested  to  regulate  membrane
proteins  trafficking  from  endosome  to  trans-Golgi
network  (TGN),  presumably  preventing  them  from
lysosomal  degradation.  To  determine  whether  SNX5
could  affect  the  stability  of  VAChT,  we  performed
CHX  chase  assays  in  HeLa  cells  overexpressing
VAChT.  The  expression  level  of  VAChT  was  stable
over the course of 9 hours in control cells. In contrast,
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Fig.  3   Both  PX  and  BAR  domain  of  SNX5  interacted  with  the  C-terminus  of  VAChT. A:  Schematic  diagram  of  VAChT  and  its
deletion  constructs.  B:  HA-VAChT  was  transiently  transfected  in  COS7  cells  for  48  hours,  followed  by  cell  lysates  incubated  with
glutathione-sepharose  immobilized  GST-SNX5  and  detected  with  anti-VAChT  antibody  by  Western  blotting.  C:  TacWT  and  TacA  were
transiently transfected in COS7 cells for 48 hours,  followed by cell  lysates incubated with glutathione-sepharose immobilized GST-SNX5
and analyzed with anti-IL2Rα antibody by Western blotting. D: COS7 cells were transiently transfected with TacA for 48 hours. Cell lysates
were  incubated  with  Ni-NTA agarose  immobilized  His,  His-SNX5-PX and  His-SNX5-BAR recombinant  proteins  and  detected  with  anti-
IL2Rα antibody by Western blotting. TacA: a chimeric protein fused VAChT C-terminus with an unrelated protein, Tac.
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the  stability  of  VAChT  dramatically  decreased  by
knocking down the expression of SNX5 using specific
SNX5  siRNA  (Fig.  4A and B).  To  identify  whether
the  degradation  of  VAChT  was  mediated  by
lysosomal  pathway,  we  treated  HeLa  cells  with
lysosomal  inhibitor  leupeptin  or  NH4Cl  in  the
presence  of  CHX.  The  result  showed  that  both
leupeptin  and  NH4Cl  rescued  the  degradation  of
VAChT  (Fig.  5A).  To  confirm  this  result,  we
examined  the  distribution  of  VAChT  in  HeLa  cells
after  treating  with  SNX5  siRNA  with  or  without
leupeptin using confocal microscopy. In control cells,
VAChT  was  found  to  localize  in  some  perinuclear
areas,  while  in  SNX5 siRNA cells,  VAChT localized
at  the  cell  periphery  rather  than  perinuclear  areas.
When blocking lysosomal  proteolysis  by leupeptin  in
SNX5-depleted  cells,  we  observed  most  of  VAChT

had accumulated in lysosomes (Fig. 5B).
Above  all,  these  data  suggested  that  SNX5

regulated  the  stability  of  VAChT  and  prevented  the
protein from degradation through lysosomal pathway. 

Depleted  SNX5  expression  altered  vesicular
localization of VAChT in PC12 cells

We  next  investigated  whether  SNX5  executes  its
function  on  the  SV  targeting  of  VAChT.  Using
density gradient fractionation, we found that in stable
PC12 expressing TacA cells, TacA localized primarily
to the light fraction (lanes 9 to 12) of density sucrose
gradients  and  colocalized  preferentially  with  the  SV
marker  synaptophysin,  but  not  with  the  LDCVs
marker SgⅡ (Fig. 6A). The result was consistent with
our  earlier  research[5].  In  contrast,  TacA  in  SNX5-
depleted PC12 stable cells  were found to localize not
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Fig. 4   Depletion of SNX5 induced the instability of VAChT. A: HeLa cells were transiently transfected with specific SNX5 siRNA or
scrambled siRNA for 24 hours. SNX5 protein level in the cell lysates was detected with anti-SNX5 antibody by Western blotting. B: Half-
life of VAChT expression was examined in control and SNX5-deleted HeLa cells after CHX (100 μg/mL) treatment at  the indicated time
points. VAChT expression level was detected with anti-VAChT antibody by Western blotting and quantified by densitometry analysis. The
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standard error of the mean). CHX: cycloheximide.
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only to SV fractions (lanes 5 to 8) but also to LDCV
fractions  (lanes  9  to  12)  (Fig.  6A),  indicating  that
SNX5 regulates the SV targeting of VAChT. Next, in
order  to  investigate  which  domain  of  SNX5
determines this process, the subcellular distribution of
TacA  was  examined  in  stable  TacA  cells  transfected
with  full-length  SNX5,  SNX5-PX  and  SNX5-BAR.
Like  control  cells  expressing  TacA  only,  cells  co-
transfected  with  TacA  and  SNX5  full-length  showed
one single peak in lanes 11 to 14, which indicated the
distribution of SVs. In contrast,  TacA cells expressed
either  SNX5-PX  or  SNX5-BAR  showed  a  two-peak
distribution (Fig. 6B), suggesting that TacA located in
both SV and LDCV fraction. In addition, the statistical
data showed that the percentage of TacA localized on
SV was significantly reduced in cells transfected with
SNX5  deletion  mutants  compared  with  control  cells

and  cells  overexpessed  wild  type  SNX5.  To  confirm
whether  SNX5  affects  the  distribution  of  VAChT  on
SVs,  we  used  SNX5  specific  siRNA  to  reduce  the
protein's endogenous expression and then examine co-
localization  between  VAChT  and  synaptophysin  in
PC12  cells.  As  shown  in Fig.  6C,  compared  with
scrambled  cell,  the  colocalization  between  VAChT
and synaptophysin were significantly decreased. 

Discussion

In  this  study,  by  using  Y2H  screen  we  identified
SNX5  as  a  novel  interaction  partner  of  VAChT.
Protein-protein  interaction  assays  confirmed  that
SNX5  interacts  physically  and  co-localized  with
VAChT.  Functionally,  SNX5  could  stabilize  the
expression level  of  VAChT. Loss of  SNX5 enhanced
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Fig. 5   Depletion of SNX5 led to lysosomal degradation of VAChT. A: VAChT expression was detected in control and SNX5-deleted
HeLa  cells  followed  by  the  treatment  of  CHX (100  μg/mL)  for  9  hours  in  the  presence  of  DMSO (−),  lysosomal  inhibitors  (100  μg/mL
leupeptin or 50 mmol/L NH4Cl). VAChT expression level was detected with anti-VAChT antibody by Western blotting and quantified by
densitometry analysis. The statistic data represent the mean of 3 independent experiments (*P<0.05, **P<0.01; one-way ANOVA; error bars,
standard error of the mean). B: Colocalization of VAChT with the lysosomal marker LAMP1 was examined by immunofluorescent staining
in control and SNX5-depleted HeLa cells treated with CHX and leupeptin for 8 hours. The graph represented the mean of three independent
experiments with 10 images each (n=3; **P<0.01; unpaired, two-tailed t-test, SNX5 siRNA, SNX5 siRNA+Leupeptin vs. Scrambled siRNA;
error bars, standard error of the mean). Scale bar, 10 μm. CHX: cycloheximide.
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the  degradation  of  VAChT.  Moreover,  SNX5  could
regulate  trafficking  and  targeting  of  VAChT  to  SVs.
Depletion  of  SNX5  significantly  impaired  the
targeting  of  VAChT  to  SVs  while  increased  its

targeting to  LDCVs.  On the  basis  of  our  findings  we
proposed a mechanistic role of SNX5 in regulating the
stability  of  VAChT  and  facilitating  the  targeting  of
VAChT to SVs.
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Fig. 6   Depleted SNX5 expression altered vesicular localization of VAChT in PC12 cells. A: Stable transformants of TacA PC12 cells
were transfected with scrambled siRNA (upper panel) and SNX5 siRNA (lower panel) for 72 hours followed by homogenization and then
fractionation  through  a  density  sucrose  gradient  (0.65  to  1.55  mol/L).  Fractional  association  of  TacA  was  profiled  by  comparison  with
markers for SVLVs and LDCVs with Western blotting. Synaptophysin, a marker of SVLVs; secretogranin Ⅱ (SgⅡ), a marker of LDCVs. B:
Stable  transformants  of  TacA  PC12  cells  were  transfected  with  wild  type  SNX5  and  different  mutants  for  72  hours  followed  by
homogenization and then fractionation through a density sucrose gradient (0.65 to 1.55 mol/L). The left graph represents the quantification of
immunoreactivity for VAChT positive fractions. The right graph represents the percentage of SV-fractional association of VAChT in wild
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vs. TacA; error bars, standard error of the mean). C: Stable transformants of VAChT PC12 cells were transfected with scrambled siRNA or
SNX5 siRNA for  72 hours  followed by examining the  colocalization between VAChT and synaptophysin  by immunofluorescent  staining
using  specific  antibodies.  Scale  bar,  10  μm.  TacA:  a  chimeric  protein  fused  VAChT C-terminus  with  an  unrelated  protein,  Tac;  SVLVs:
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Previous  work  from  our  own  group  suggests  that
the  signaling  sequence  within  the  C-terminus  of
VAChT  is  necessary  and  sufficient  for  its
internalization and SV targeting[5]. The endocytosis of
VAChT  seems  to  be  mediated  by  clathrin-associated
mechanism  through  the  interaction  of  its  C-terminal
tail  with  AP2[13].  Interestingly,  in  this  study  our
approach of using TacA chimeric protein allows us to
determine  that  the  C-terminal  domain  of  VAChT
could  also  interact  with  SNX5.  Since  no  direct
interaction  between  AP3  and  the  C-terminus  of
VAChT  has  been  detected[6],  our  research  first
identifies  a  possible  regulating  machinery  of  the
following  intracellular  events  of  VAChT  after
internalization.  However,  whether  the  interaction
between  the  C-terminus  of  VAChT  and  SNX5  is
dependent  on  the  dileucine  motif  needs  further
research.  Although  the  presence  of  negative  charges
upstream  of  the  dileucine  motif  of  VAChT  does  not
seem to influence internalization of this transporter, it
has been demonstrated that negative charges proximal
to the dileucine motif can influence sorting to LDCVs
in  PC12  cells[25].  VAChT contains  a  glutamic  acid  at
position  -4  and  a  serine  in  position-5  relative  to  the
dileucine  motif,  which  undergoes  regulated
phosphorylation  by  protein  kinase  C,  enhancing
VAChT  targeting  to  LDCVs[25].  In  this  paper  we
revealed  that  SNX5  could  facilitate  the  SV  targeting
of  VAChT.  Depletion  of  SNX5  by  SNX5  specific
siRNA  reduced  VAChT  targeting  to  SVs  and  enh-
anced the mistargeting of VAChT to LDCVs (Fig. 6).
This  result  may  provide  a  new  mechanism  of
regulating VAChT sorting in SVs. Further studies are
needed  to  investigate  how  SNX5  regulates  VAChT
sorting. For example, it is still unclear whether SNX5
regulate the VAChT sorting in cooperation with other
components  of  the  trafficking  machinery.  Although
the  interaction  between  SNX5  and  VAChT  may  be
retromer-independent,  it  is  also  possible  for  the
retromer  complex  to  contribute  to  regulating  SNX5-
mediated  VAChT  trafficking  and  sorting.  The
retromer  complex  has  been  shown  to  link  with
neurodegenerative  diseases,  like  Alzheimer's  disease
and Parkinson's disease.

SNX5  is  well-known  as  the  key  component  of  the
retromer complex which mediates retrograde transport
of  membrane  proteins  from  early  endosomes  to  the
TGN[19,26].  Classical  theories  indicated  that  the  cargo
recognition  complex  (CRC)  which  is  made  up  of
Vps26/29/35  is  responsible  for  the  recognition  and
binding of cargo proteins[27–28], while SNX proteins in
the  mammalian  retromer  complex  including  SNX1/2
and SNX5/6 are exclusively responsible for membrane
remodeling  in  order  to  form  a  tubule-shaped
extension[29–31].  Interestingly,  recent  studies  from  two

separate  research  groups  suggested  that  it  is  SNX-
BAR  proteins  but  not  CSC  mediating  cargo
recognition[32–33]. Moreover some other papers showed
that SNX5 could interact with cargo proteins, acting in
a  retromer-independent  role.  Previous  studies  have
identified  the  D1  dopamine  receptor  (D1R)  as  a
binding  partner  of  SNX5[34–35].  The  research
demonstrated  that  SNX5  and  D1R  basally  interact  at
the  plasma  membrane  and  after  D1R  internalization
the two proteins continue interaction in the cytoplasm.
In  addition,  SNX5  also  interacts  with  G-protein-
coupled  receptor  kinase  4  (GRK4)[34].  These  results
suggested  that  SNX5  could  act  in  a  retromer-
independent role. Here we reported that the interaction
between SNX5 and VAChT was mediated by its both
BAR and PX domains (Fig. 2). The BAR domains in
SNXs  are  known  to  mediate  dimerization  and
membrane  curvature[19,31],  while  the  PX  domains  in
SNX5  contain  a  sequence  that  binds  to  PI(4,5)P2[36].
Studies have almost exclusively focused on the given
abilities  of  these  two  important  domains,  but  there  is
accumulating  evidence  that  both  BAR  and  PX
domains can also act as protein-interaction partners. A
latest  research  revealed  that  SNX9  interacts  with
podocin  through  the  BAR  domain  of  SNX9[37].  And
the  PX  domains  of  a  number  of  SNXs,  including
SNX1,  2,  4,  and  6  could  associate  with  the
cytoplasmic  tails  of  transforming  growth  factor  β
receptor family members[38].

In  summary,  we  have  identified  SNX5  as  a  novel
binding  partner  of  VAChT.  Depletion  of  SNX5
resulted  in  VAChT  lysosomal  degradation  and
mistargeting  of  VAChT  to  LDCVs.  Thus,  SNX5
regulates  the  stability  of  VAChT  and  mediates  the
correct targeting of VAChT to SVs. 
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