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synaptic receptors such as AMPA (a.-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors,
metabotropic glutamate receptor 7, and ASICs (acid-sensing ion channels). Moreover, recent evidence
suggests that PICK1 can mediate the trafficking of various vesicles out from the Golgi complex in several
cell systems, including neurons. However, how PICK1 affects vesicle-trafficking dynamics remains
unexplored. Here, we show that PICK1 mediates vesicle trafficking by interacting with syntabulin, a
kinesin-binding protein that mediates the trafficking of both synaptic vesicles and mitochondria in
axons. Syntabulin recruits PICK1 onto microtubule structures and mediates the trafficking of PICK1-
containing vesicles along microtubules. In neurons, syntabulin alters PICK1 expression by recruiting
PICK1 into axons and regulates the trafficking dynamics of PICK1-containing vesicles. Furthermore,
we show that syntabulin forms a complex with PICK1 and ASICs, regulates ASIC protein expression in
neurons, and participates in ASIC-induced acidotoxicity.

PICK1 (protein interacting with C-kinase 1) is a peripheral membrane protein expressed mainly in the brain,
testis, and pancreas'=. PICK1 has been found to interact and cocluster with numerous membrane receptors?,
including AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors"?, mGluR7 receptors®~/,
and acid-sensing ion channels (ASICs)3-!1. Furthermore, PICK1 plays key roles in regulating the surface expres-
sion and proper functioning of these critical receptors in synaptic transmission, LTP (long-term potentiation),
LTD (long-term depression), and low pH-mediated cell toxicity'>-'°.

Cumulative evidence suggests a crucial role of PICK1 in vesicle trafficking. PICK1 is expressed at high level in
the brain, testis, kidney, stomach, and pancreas, where high levels of vesicle secretion occur!-. Moreover, PICK1
knockout (KO) mice show severe symptoms related to defects in vesicle formation and trafficking: PICK1 KO
mice exhibit both impaired LTD and LTP, during which AMPA receptors are endocytosed from or incorporated
into synapses'*!”. The KO mice are also infertile as a result of globozoospermia'®. PICK1 has also been shown
to interact with Golgi-associated PDZ (PSD-95/DIg/Z0-1)- and coiled-coil motif-containing protein (GOPC)
and protein kinase 2 subunit CK2a/’, and regulate vesicle trafficking from the Golgi apparatus to the acrosome
in acrosome biogenesis'®. Furthermore, PICK1 associates with insulin granules in pancreatic 3-cells'. The for-
mation of a heteromeric or homomeric PICK1 complex with its interaction partner ICA69 (islet cell autoantigen
69) determines its association with proinsulin granules or mature insulin granules. Loss of PICK1 and ICA69
leads to impaired conversion of proinsulin to mature insulin, and PICK1 KO mice display diabetes-like symp-
toms such as glucose intolerance, insufficient insulin release, and elevated proinsulin secretion'®. Moreover, both
PICK1-deficient Drosophila and mice display somatic growth retardation due to impaired biogenesis of growth
hormone secretory vesicles?’. Our previous studies in neurons also showed that PICK1 could maintain a synaptic
pool of AMPA receptors that might exist in a clustered vesicle form*"*%.

PICK1 protein features a unique combination of a PDZ domain and a BAR (Bin/amphiphysin/Rvs) domain.
The PDZ domain of PICKI interacts with membrane proteins such as GluA2, and BAR domains in proteins
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Figure 1. Characterization of syntabulin-PICK1 interaction. (A) Diagram of syntabulin and PICK1 proteins.
The amino acid numbers are indicated above the bar diagram, and the coverage of partial domains is indicated
below. Stb, syntabulin; FL, full-length; KBD, kinesin-binding domain; SBD, syntaxin-binding domain; MBD,
mitochondrion-binding domain; Nt, N-terminus; Ct, C-terminus. (B) Yeast-two-hybrid result of syntabulin-
PICK1 interaction domain mapping: —, no clear yeast colony growing on SCM-3 plates; + -, positive colonies
growing on SCM-3 plates; ++ -+, positive colonies growing on SCM-4 plates. The result shows an interaction
between syntabulin SBD and PICK1 BAR. (C) Coimmunoprecipitation of syntabulin domain fragments and
PICKI1 from lysates of HEK293T cells overexpressing these proteins. The results show a strong interaction
between syntabulin SBD and PICK1. (D) Coimmunoprecipitation of PICK1 domain fragments and syntabulin
overexpressed in HEK293T cells. The results show that PICK1 BAR domain exhibits a strong binding.

form banana-shaped dimers that sense the curved membrane on vesicles?. The combination of a PDZ domain
and a BAR domain in PICK1 makes the protein capable of coupling membrane proteins to trafficking vesicles.
For example, in the case of AMPA receptors, PICK1 binds to the GluA2 subunit in a PDZ-dependent manner'?,
and the BAR domain of PICK1 binds to lipids and targets the proteins to synapses or dendritic shafts by forming
distinct dimeric complexes®?2. As a result of this synergetic effect of the above mentioned two domains, PICK1
mediates the translocation of AMPA receptors into and out of synapses*?2,

Although PICK1 serves as a linker for the binding of vesicle cargo proteins and vesicle targeting, the traffick-
ing route through which PICKI1 transports the bound receptors remains unknown, as does the underlying traf-
ficking mechanism. To address these questions, we performed yeast-two-hybrid screening by using PICK1 as the
bait and identified a microtubule trafficking-associated protein, syntabulin/golsyn (hereafter syntabulin), as a pre-
viously unrecognized PICK1-interacting partner. Further investigation revealed that syntabulin recruits PICK1
onto microtubule structures and mediates microtubule-dependent movement of PICK1-containing vesicles, and
that syntabulin regulates the axonal targeting, clustering, and retrograde trafficking of PICK1-containing vesicles.
Lastly, we report that syntabulin contributes to PICK1-mediated surface expression of ASIC2 and ASIC-mediated
acidotoxicity.

Results
Syntabulin interacts with PICK1. To identify potential PICK1-binding partners, we performed yeast-
two-hybrid screening on a rat brain cDNA library by using PICK1 as the bait. A part of the protein coded by the
syntabulin gene was screened out as one of several PICK1-binding proteins. Syntabulin belongs to a family of
proteins that are involved in kinesin and mitochondrion binding and vesicle trafficking?*-?%, dorsal axis formation
and stimulated insulin secretion”~?. Syntabulin was reported to contain three main functional domains: the
N-terminal kinesin-binding domain (KBD), the central syntaxin-binding domain (SBD), and the C-terminal
mitochondrion-binding domain (MBD)**-%¢. We generated truncated forms of PICK1 and syntabulin that
contained distinct functional domains (Fig. 1A). Using these constructs, we mapped the interacting domains
between PICK1 and syntabulin by using the yeast-two-hybrid system. Our results showed that the BAR domain
of PICK1 mainly mediates the syntabulin binding and that the syntabulin central SBD is responsible for PICK1
binding (Fig. 1B).

Next, we confirmed the interaction between PICK1 and syntabulin in a mammalian system by performing
coimmunoprecipitation assays: GFP-tagged PICK1 was transfected into HEK293T cells together with full-length
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or truncated myc-tagged syntabulin, and the result showed that syntabulin SBD was mainly responsible for
PICK1 binding (Fig. 1C). We also performed reverse coimmunoprecipitation assays in which myc-tagged syntab-
ulin was transfected into HEK293T cells together with full-length or truncated GFP-tagged PICK1; the results of
these assays showed that both the PDZ domain and the BAR domain of PICK1 interacted with syntabulin, with
the BAR domain exhibiting a higher interaction affinity (Fig. 1D). Unfortunately, we were unable to detect the
endogenous interaction in mouse brain homogenate or cultured hippocampal neurons using either syntabulin
or PICK1 antibodies. As syntabulin and PICK1 are involved in vesicle trafficking, we think the association and
dissociation between the two proteins might be too dynamic to be detected by the ColP assay. Neuronal activities
might also be involved in regulating this interaction. Nevertheless, our results from HEK293T cells suggest that
the syntabulin-PICK1 interaction is mediated by the SBD of syntabulin and mainly the BAR domain of PICK1.

Syntabulin regulates PICK1 microtubule localization and transport.  To further explore syntabu-
lin’s functional effect on PICK1, we first examined the localization of syntabulin by overexpressing myc-tagged
full-length syntabulin or syntabulin domain fragments in COS7 cells. Myc-tag staining revealed that whereas
Syntabulin-FL and Syntabulin-Nt showed a microtubule bundle-like distribution, Syntabulin-KBD and
Syntabulin-SBD showed diffuse cytosolic distribution (Fig. 2A) and Syntabulin-Ct displayed a mitochondrial
distribution (Fig. 2A and Suppl. Fig. 1).

Because microtubule bundles are nocodazole-resistant, we confirmed the distribution of Syntabulin-FL and
Syntabulin-Nt by performing nocodazole treatment and 3-tubulin immunostaining. Under control conditions,
both Syntabulin-FL and Syntabulin-Nt colocalized with the bundle-like tubulin structure (Fig. 2B, DMSO). After
30-min nocodazole treatment, the thin microtubule structures were all disrupted, but the microtubule bundles
that were revealed by (3-tubulin staining remained associated with Syntabulin-FL and Syntabulin-Nt (Fig. 2B,
Nocodazole). Therefore, Syntabulin-FL and Syntabulin-Nt localized on microtubule bundle structures. Moreover,
Syntabulin-FL and Syntabulin-Nt were able to induce microtubule bundle formation: examination of untrans-
fected cells showed that they contained only thin microtubule filaments and no bundle structures (Fig. 2B).

Next, we examined syntabulin’s role in regulating PICK1 distribution by coexpressing syntabulin and PICK1
in COS7 cells. When PICK1 was expressed alone in COS7 cells, it formed small cytosolic puncta that displayed
no clear microtubule localization pattern (Fig. 2C). Notably, coexpressed Syntabulin-FL and Syntabulin-Nt
recruited PICK1 to microtubule bundle structures (Fig. 2C, Stb-FL and Stb-Nt), whereas Syntabulin-KBD and
Syntabulin-Ct, which do not interact with PICK1, exerted no effect on PICK1 distribution (Fig. 2C, Stb-KBD
and Stb-Ct). Lastly, Syntabulin-SBD, which can bind PICK1, formed a few large coclusters with PICK1 (Fig. 2C,
Stb-SBD). These results revealed that syntabulin regulates PICK1’s microtubule distribution through the syner-
getic effect of its KBD and SBD.

Syntabulin was previously reported to regulate the microtubule-dependent transport of syntaxin-1 cargo ves-
icles, mitochondria, and active-zone components along neurites?*-25; therefore, we tested whether syntabulin
was also responsible for the trafficking of PICK1-containing vesicles. First, we examined syntabulin’s regula-
tory role in PICKI1 trafficking in COS?7 cells because these cells are large and flat and contain clearly detectable
microtubule structures. We cotransfected GFP-tagged Syntabulin-FL and RFP-tagged PICK1 into COS7 cells and
performed time-lapse imaging on both proteins by using both red and green fluorescence channels. Unlike what
was observed in the immunofluorescent staining in fixed cells, PICK1 was found to colocalize with syntabulin on
small puncta but not microtubule bundles, although syntabulin was detected on both the clusters and the micro-
tubule bundles (Fig. 3A, snapshot). One possibility was that these highly dynamic vesicle structures associated
with microtubules were lost during the fixation procedure. Nevertheless, time-lapse imaging revealed that PICK1
comigrated with syntabulin and that it migrated bidirectionally (Fig. 3B and Suppl. Movie 1). When we traced the
movement of PICK1 and syntabulin by using stack Z-projection, which is a simple summation of images captured
at every time point, we found that the movement trajectory of PICK1-syntabulin coclusters was juxtaposed to
syntabulin-containing microtubule structures (Fig. 3A, Z-project).

To confirm that the PICK1-containing vesicles moved in a microtubule-dependent manner, we treated COS7
cells with nocodazole during the time-lapse imaging. The Z-projection results showed that after 20 min of noco-
dazole treatment, the PICK1-syntabulin vesicles stopped moving and vibrated within a small region (Fig. 3C and
Suppl. Movies 2 and 3). By contrast, when COS7 cells were exposed to cytochalasin D, an actin-bundle destabi-
lizer, the PICK1-syntabulin vesicles continued to move dynamically even after a 40-min treatment (Fig. 3C and
Suppl. Movies 4 and 5). However, when PICK1 was coexpressed with only Syntabulin-SBD, the PICK1-syntabulin
coclusters did not move and exhibited only local vibration (Suppl. Movie 6). Therefore, syntabulin regulates the
microtubule-dependent movement of PICK1.

Syntabulin regulates the axonal targeting, clustering, and trafficking of PICK1. In order to
investigate the functional effect of syntabulin on PICK1 expression and trafficking in neurons, we transfected
primary hippocampal neurons with GFP-tagged PICK1 or myc-tagged syntabulin and examined their expres-
sion patterns. Syntabulin was detected both on the soma and the dendrites, but numerous, clear puncta were
also observed along axons (Fig. 4A, myc-Syntabulin-FL). Moreover, Syntabulin-Nt, which contains the KBD
and the SBD, exhibited strong axonal-targeting capacity, but formed fewer distinct puncta than Syntabulin-FL
did (Fig. 4A, myc-Syntabulin-Nt). In hippocampal neurons, GFP-PICK1 was expressed mainly in the soma and
dendrites, with enrichment in spine structures, which is consistent with previous reports>?, and a small fraction
of GFP-PICK1 was also detected in axons in a minor population of transfected neurons (Fig. 4A, GFP-PICK1).
Interestingly, when coexpressed with Syntabulin-FL or Syntabulin-Nt, PICK1 was readily detected in axons and
was almost completely colocalized with Syntabulin-FL and Syntabulin-Nt (Fig. 4B and Suppl. Fig. 2). We quanti-
fied the axonal enrichment of PICK1 by measuring the expression of PICK1 in axons relative to that in dendrites.
The results showed Syntabulin-FL and Syntabulin-Nt increased PICK1 axonal targeting substantially and in a
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Figure 2. Syntabulin recruits PICK1 onto microtubule structures. (A) Expression pattern of myc-tagged
syntabulin full-length or partial fragments in COS7 cells. (B) Myc-Syntabulin-FL or the N-terminal fragment
containing both KBD and SBD can induce microtubule bundles. 3-tub, 3-tubulin. (C) COS7 cells were
transfected with GFP-PICKI1 together with or without myc-Syntabulin-FL/partial-fragment constructs, and
then stained with myc and 3-tubulin antibodies. The results show that Syntabulin-FL and -Nt fragments were
able to recruit PICK1 onto microtubule structures. The SBD of syntabulin formed coclusters (arrowheads) with
PICK1 and showed no clear relationship with microtubules. Scale bar = 10 pm in all panels.

statistically significant manner (Fig. 4C). Furthermore, PICK1 formed considerably more puncta along axons
when coexpressed with syntabulin than when expressed by itself (Fig. 4B). Quantification revealed that PICK1
clustering was significantly increased when it was coexpressed with Syntabulin-FL or Syntabulin-Nt (Fig. 4D).
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Figure 3. Syntabulin and PICK1 comigrate along microtubule structures. (A) COS7 cells were transfected
with GFP-Syntabulin and RFP-PICK1 and examined under a live-imaging microscope with both green-

and red-fluorescent channels; images were collected for 2 min at 2-s intervals. The “snapshot” shows the
colocalization of PICK1 and syntabulin at a single time point, and the Z-projection shows the movement
trajectories of PICK1 and syntabulin over 2 min. The merged image shows that the trajectory of PICK1
overlapped with that of syntabulin, which was juxtaposed to syntabulin-induced microtubule bundles.

(B) PICK1 and syntabulin vesicle movement at different time point in the cell presented in (A). Arrowheads
indicate the position of a single PICK1-syntabulin-containing vesicle at 10-s intervals. The kymograph also
shows the overlapped movement trace of PICK1 and syntabulin. (C) PICK1-syntabulin-containing vesicles
move in a microtubule-dependent but not actin-dependent manner. The snapshots show the original position of
PICKI1 and syntabulin proteins before drug treatment, and the Z-projection shows the movement trajectories of
both proteins before and after drug treatment. Noco, nocodazole; CytoD, cytochalasin D. Scale bar = 10pm in
all panels.

Comparison of PICKI expression patterns in distinct experimental groups showed that PICK1 exhibited weaker
axonal targeting but stronger axonal clustering when coexpressed with Syntabulin-FL than with Syntabulin-Nt
(Fig. 4C,D). This difference could arise as a result of the nature of syntabulin protein expression: Syntabulin-FL
displayed a more clustered pattern than Syntabulin-Nt did, whereas Syntabulin-Nt displayed a comparatively
more diffuse distribution.

Next, we performed time-lapse imaging of the PICK1-containing vesicles detected along axons. GFP-tagged
PICKI1 localized in dendritic spines was mostly stationary (Suppl. Movie 7). PICK1-containing vesicles were
detected in axons in only a few neurons, but these PICK1 vesicles were also stationary (Fig. 5A, GFP-PICKI;
Suppl. Movie 8). However, when PICK1 was coexpressed with Syntabulin-FL or Syntabulin-Nt, the mobility of
PICK1-containing vesicles was increased markedly and the vesicles were transported toward the distal part of
axons (Fig. 5A and Suppl. Movies 9 and 10). This agrees with previous studies reporting that syntabulin interacts
with KIF5B and regulates the anterograde movement of transported cargo®*?>. We classified the distinct move-
ment behaviors of PICK1-vesicles into 4 groups: stationary (no movement), vibrating (forward and backward
movement within 5pm from the original position), small-movement (5-10 pm movement from the original
position), and large-movement (>10 pm movement from the original position). Quantification of the results
revealed that when PICK1 was coexpressed with Syntabulin-FL and Syntabulin-Nt, the mobile PICK1 population
increased substantially (Fig. 5B), and the cumulative probability plot of the data further revealed that the PICK1
movement distance was increased when it was coexpressed with syntabulin (Fig. 5C). Collectively, these results
showed that syntabulin increased PICK1 axonal targeting and clustering and facilitated PICK1 trafficking along
axons, and that the co-functioning of syntabulin KBD and SBD was sufficient for syntabulin to perform this
regulatory function.
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Figure 4. Syntabulin facilitates the axonal distribution of PICK1. (A) Distribution of GFP-PICK1 and
myc-Syntabulin full-length and N-terminal proteins in neurons when transfected alone. The enlarged pictures
show clusters in axons in contact with another neuron. Arrowheads indicate the axons. (B) Neurons were
doubly transfected with PICK1 and syntabulin and stained with the myc antibody. The merged images show
almost complete colocalization of PICK1 clusters with syntabulin in axons. The enlarged pictures show
clusters in axons in contact with another neuron. Scale bar = 50 um for the original image, 10 pm for the
insets in both (A,B). Arrowheads indicate the axons. (C) Quantification of PICK1 axonal targeting. A/D

ratio, axon/dendrite ratio. The result shows that when coexpressed with syntabulin, PICK1 axonal targeting
was increased significantly. **P = 0.003 and P=0.007 for GFP-PICK1 expressed together with Syntabulin-FL
and Syntabulin-Nt, as compared with GFP-PICK1 expressed alone; one-way ANOVA and Sidak test, n= 3-8
independent experiments. (D) Quantification of PICK1 axonal clustering. Coexpression with syntabulin
significantly increased PICK1 axonal clustering. **P=0.003 and *P= 0.018 compared to GFP-PICK1; one-way
ANOVA and Sidak test, n = 4 independent experiments. Error bars represent the SEM.

Endogenous syntabulin regulates PICK1 axonal targeting and trafficking. To confirm the reg-
ulatory role of endogenous syntabulin in neurons, we designed shRNAs targeting syntabulin. Western blotting
analysis in a heterologous cell system showed that syntabulin shRNA #1 efficiently knocked down the protein’s
expression, but the scrambled control shRNA and shRNA #2 did not (Fig. 6A). To confirm the knockdown effect
in neurons, we generated a lentiviral transduction vector for the shRNAs and infected hippocampal neurons
with the virus. The knockdown of endogenous syntabulin was examined using a custom-generated syntabulin
antibody against the N-terminus (Suppl. Fig. 3). The result showed that shRNA #1 clearly and efficiently knocked
down the expression of endogenous syntabulin (Fig. 6B). In order to concurrently observe the axonal target-
ing of PICK1, we added a PICK1 DNA coding sequence into the shRNA lentiviral backbone. Western blotting
analysis confirmed that after viral infection, endogenous syntabulin expression was successfully knocked down
and YFP-tagged PICK1 was expressed (Fig. 6A). Quantification revealed that in these syntabulin-knockdown
neurons, axonal targeting of YFP-PICK1 was decreased slightly but significantly relative to that in controls
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Figure 5. Syntabulin mediates dynamic movement of PICK1 along axons. (A) Time-lapse imaging of GFP-
PICK1 expressed alone or together with syntabulin in neurons. Left panels show the original PICK1 distribution
in axons. Right panels show the kymograph of PICK1. (B) Classification of PICK1 vesicles in axons. The result
shows that the population of mobile PICK1 vesicles increased upon syntabulin coexpression; n =4 independent
experiments. (C) Cumulative probability of PICK1 distance moved in 5 min of time-lapse imaging; >1000 vesicles
from 4 independent experiments were quantified. (D) Neurons were infected with lentivirons knocking down
endogenous syntabulin and expressing YFP-PICK1 simutaneously. Time lapse imaging of YFP-PICK1 were
carried out to examine the PICK1-containing vesicle dynamics. Scale bars are as indicated. (E) Quantification of
the population of PICK1-containing vesicles. Result showed significant reduction of mobile PICK1 vesicles after
syntabulin knockdown. >700 vesicles from 3 independent experiments were quantified for each group.

(Fig. 6C,D). This could be due to the reason that the overexpression of PICK1 markedly increased the PICK1
homodimer population and spine localization, and led to the distribution of only a very small amount of PICK1
in axons. Consequently, knocking down endogenous syntabulin expression was not sufficient for causing a large
change in PICK1 localization.
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Figure 6. Knockdown of syntabulin in neurons affects PICK1 axonal targeting. (A) Test of syntabulin
shRNA knockdown efficiency in HEK293T cells, which were transfected with myc-Syntabulin and the lentiviral
constructs of syntabulin shRNAs. (B) Staining of endogenous syntabulin in neurons after shRNA viral infection
for 5 days. The result shows that syntabulin expression was knocked down highly efficiently by shRNA #1.
Arrowheads indicate a neuron in which syntabulin was successfully knocked down. Scale bar =20 um. (C) YFP-
PICK1 distribution in neurons after syntabulin knockdown. Arrowheads indicate the axons which are MAP2
signal-free. Scale bar = 20 pm. (D) Quantification of PICK1 axonal targeting after syntabulin knockdown. The
A/D ratios were normalized against control. The result shows a slight but significant impairment in the axonal
targeting of PICK1 after syntabulin knockdown compared to control. **P = 0.008, nonparametric Kruskal-
Wallis Test, n = 6 independent experiments; error bars represent the SEM. (E) Quantification result of axonal
clustering of PICK1 after syntabulin knockdown. Result showed no significant change on PICK1 clustering after
syntabulin knockdown. one-way ANOVA and Sidak test, n = 3 independent experiments. Error bars represent
the SEM.

We then further examined the clustering as well as the dynamic of PICKI1 vesicles in axons after syntabulin
knockdown, despite of the low expression level of PICK1 in axons. After syntabulin knockdown, although PICK1
showed no significant change in the clustering number in axons as expected (Fig. 6E), we did detect a significant
reduction in the PICK1 vesicle mobility along axons (Fig. 5D,E). This result further supports our finding that
syntabulin regulates the axonal trafficking of PICK1-containing vesicles in neurons.

Syntabulin differentially binds to ASICs through PICK1 and regulates ASIC-mediated acidotox-
icity in neurons.  Because syntabulin regulated the axonal targeting and trafficking of PICK1-containing ves-
icles, we tested whether syntabulin also functions in the axonal trafficking of PICK1-interacting receptors. ASICs
are members of the pH receptor family expressed in the mammalian brain®-*? that modulate H"-activated cur-
rents in hippocampal neurons® and are involved in triggering neuronal cell death in acidosis****. PICK1 interacts
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Figure 7. Syntabulin and PICKI1 selectively form complex with ASIC2a in vitro. (A) GFP-Syntabulin,
myc-ASIC2a, or myc-ASICla was transfected into HEK293T cells together with or without myc-PICK1, and
immunoprecipitated with GFP antibody. Syntabulin showed higher binding affinity for the ASIC2a-PICK1
complex than for the ASIC1a-PICK1 complex. (B) COS7 cells were transfected with PICK1, ASICla/2a,

and syntabulin in different combinations (as indicated). mch: mcherry. PICK1 and ASICla/2a formed
numerous coclusters in the cytosol when coexpressed in COS7 cells (top panels). Syntabulin showed no clear
colocalization with ASIC1a/2a (middle panels). Syntabulin, PICK1 and ASIC2a but not ASIC1a showed a
microtubule distribution pattern when expressed together (bottom panels). Scale bar =10 pm.

with ASIC2a and regulates ASIC2a currents through its PDZ domain®°. Furthermore, PICK1 also interacts with
ASICla! and increases ASIC-mediated acidotoxicity in vitro®>.

To investigate syntabulin’s role in ASIC trafficking and function, we first examined whether syntabulin,
ASIC1/2, and PICK1 coexist in a complex by performing coimmunoprecipitation assays. The results showed
that PICK1, but not syntabulin, interacted with ASIC1a/2a; when PICK1 was present, syntabulin was efficiently
immunoprecipitated with ASIC2a, but it bound only weakly to ASIC1a (Fig. 7A); this indicated the selective
formation of a syntabulin-PICK1-ASIC2a complex. Next, we examined the expression pattern of ASICs in COS7
cells in presence and absence of PICK1 and syntabulin. Both ASICla and ASIC2a formed coclusters with PICK1
but showed a distinct localization relative to syntabulin (Fig. 7B). However, when ASICs and syntabulin were
expressed in COS7 cells together with PICK1, ASIC2a but not ASIC1a was translocated onto microtubule bundle
structures (Fig. 7B). Therefore, PICK1 functions as a selective linker between syntabulin and ASICs, and recruits
ASIC2a onto microtubule structures.

To examine syntabulin’s regulatory effect on ASIC2 in neurons, we used lentiviral infection to knockdown
endogenous syntabulin expression and then checked ASIC2 levels. Both western blots and quantification of the
blotting data showed that the total ASIC2 level in neurons was significantly increased after syntabulin knock-
down (Fig. 8A,B). However, surface-biotinylation assays revealed that the expression of membrane ASIC2 was
decreased significantly (Fig. 8A,B). Despite of the lack of significance in scrambled syntabulin shRNA compared
to shRNA #1, which may be caused by the high variation of the scramble shRNA effect, we detected significant
reduction in surface/total ratio of ASIC2 (Fig. 8A,B). Therefore, a reduction in endogenous syntabulin expression
could cause a lowering of the surface expression of ASIC2, and the increase in the total ASIC2 level could repre-
sent a compensation for the reduction in surface ASIC2 expression.

ASICs are critical for sensing extracellular acidic environments and these channels mediate acidosis-induced
cell death. Thus, we investigated whether syntabulin plays a role in acidotoxicity. First, we knocked down endog-
enous syntabulin by using lentiviral infection, and then challenged the neurons with distinct pH environments.
Hoechst staining was used to identify neurons undergoing apoptosis'****7. When neurons were incubated in a pH
7.4 medium, cell viability was similar among the control and syntabulin-knockdown groups (Fig. 8C,E). However,
at pH 6.0, apoptotic events were significantly increased in the syntabulin-knockdown group as compared with
that in the control group and the scrambled-shRNA control group (Fig. 8D,E). This result suggests that syntabulin
participates in ASIC-mediated acidotoxicity in neurons.
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Figure 8. Syntabulin affects ASIC2 expression levels and regulates neuronal toxicity. (A) Neurons were
infected with syntabulin shRNA lentivirus as indicated at DIV5 and examined at DIV13. Syntabulin knockdown
significantly increased total ASIC2 expression but reduced surface ASIC2 levels as compared with the levels in
control and scrambled-shRNA control. (B) Quantification of normalized ASIC2/GAPDH ratio, total ASIC2/
surface ASIC2 ratio and surface ASIC2 levels. One-way ANOVA and Sidak test; **P=0.008, and P= 0.009

for Stb sh#1 Total ASIC2/GAPDH and Surface ASIC2/GAPDH compared to control respectively; *P= 0.044
and *P=0.016 for Stb #1 total ASIC2/GAPDH and Surface/Total ASIC2 ratio compared to scrambled shRNA
control respectively; *P = 0.020 for Stb #1 Surface/Total ASIC2 ratio compared to control; “ns” P > 0.05.
n=4— 6 independent experiments. Error bars represent the SEM. (C,D) Hoechst staining of neurons after
syntabulin knockdown, in pH 7.4 solution and pH6.0 solution. Knockdown of syntabulin significantly
increased cell death as compared with controls in pH6.0. Scale bar = 20 um. (E) Quantification of normalized
total Hoechst intensity. One-way ANOVA and Sidak test; *P = 0.035 compared to control; *P = 0.043 compared
to scrambled-shRNA control; “ns” P> 0.05; n= 6 independent experimental repeats. Error bars represent the
SEM.

Discussion
PICK1 is a unique protein that possesses both a PDZ domain and a BAR domain. Through the PDZ domain,
PICK1 interacts with several membrane receptor proteins such as AMPA receptor, mGIuR?7 receptor, dopamine
transporter, and ASIC, and through the BAR domain, PICK]1 can bind to lipids and form cargo vesicles contain-
ing the receptors. The synergetic effect of the PDZ and BAR domains of PICK1 ensures PICK1-dependent regula-
tion of vesicle-mediated receptor trafficking from and to synapses. Conversely, the binding of distinct interacting
partners further expands PICK1’s regulatory capability. Previously, we showed that whereas the PICK1-ICA69
heteromeric complex regulates AMPA receptor trafficking from the soma to the dendritic shaft in neurons,
the PICK1-PICK1 homomeric complex regulates AMPA receptor trafficking into synapses’. Furthermore, the
PICK1-F-actin-Arp2/3 complex regulates NMDA-induced AMPA receptor internalization®. These results indi-
cate that by forming different trafficking complexes, PICK1 might be able to traffic distinct receptors through
divergent mechanisms; however, the medium through which PICK1-containing vesicles are transported remains
unknown. Moreover, an electron microscopy study revealed that PICK1 localizes at presynaptic terminals®, and
thus the presynaptic clustering of mGluR7 and GluA2 could be a functional consequence of this specific PICK1
targeting™, although the mechanism underlying this axonal targeting is also unclear.

In this study, we used a yeast-two-hybrid screening system and identified a previously unrecognized
PICK1-interacting protein, syntabulin. Syntabulin, which is involved in primary open-angle glaucoma**4!, is
also named golsyn (human Golgi-localized syntaphilin-related protein)*2 Syntabulin is a kinesin motor adaptor
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and it binds to syntaxin and mitochondria*-2*43, Through the kinesin-binding and syntaxin-binding actions of
its KBD and SBD, syntabulin can regulate the movement of syntaxin-cargo vesicles along microtubule struc-
tures in neuronal processes and the anterograde transport of active-zone components along developing axons**2°.
Moreover, syntabulin recruits mitochondria through its C-terminal MBD and mediates the anterograde transport
of mitochondria in axons?. Therefore, syntabulin is highly likely to function as a key factor that regulates PICK1
movement and axonal targeting in neurons.

Based on our domain-mapping results, we identified the PICK1 BAR domain and the syntabulin SBD as
the domains that mediate the interaction between these 2 proteins. We also found that in COS7 cells, syntab-
ulin recruits PICK1 onto microtubule bundle structures and regulates the microtubule-dependent trafficking
of PICK1-containing vesicles. In neurons, syntabulin facilitates the axonal targeting and clustering of PICK1,
and regulates the anterograde transport of PICK1-containing vesicles. These functions of syntabulin likely result
from the synergetic effect of its KBD and SBD that ensures syntabulin-PICK1 binding and PICK1 microtubule
association. Full-length syntabulin contains a mitochondrion-targeting sequence and regulates the movement of
mitochondria along axons?, and we found that when PICK1 was coexpressed with syntabulin, it colocalized with
mitochondria in both COS7 cells and neurons (data not shown) and was closely associated with mitochondria
during trafficking dynamics (data not shown). Thus, uncovering the relationship between PICK1 and mitochon-
dria should be of interest: PICK1 could potentially regulate the targeting of certain mitochondrial membrane
proteins, or the movement of PICK1-containing vesicles could require a “power supply” from mitochondria.

We also determined in this study that syntabulin differentially associates with the PICK1-ASIC complex.
Although PICK1 was reported to bind both ASIC1a and ASIC2a®!%11134 syntabulin interacted with PICK1 and
ASIC2a, but not with PICK1 and ASICla, and a knockdown of endogenous syntabulin led to a reduction in the
surface ASIC2 level and an increase in the total ASIC2 level. Cell-viability measurement revealed that apoptosis
under an acidic environment was significantly increased when syntabulin was knocked down in neurons. All
of these results indicate that syntabulin regulates ASIC surface expression and ASIC-mediated acidotoxicity. In
contrast to our results, previous reports showed that increased surface ASIC1 levels lead to acidotoxicity'*4°.
Our explanation is that the functional ASIC in the brain is formed of homotrimers or heterotrimers of ASIC
subunits. ASICla and ASIC2a could form heterotrimers or homotrimers featuring distinct compositions and
stoichiometry®*344647 Whereas ASIC2 is Na* permeable, ASICI1 is Na* and Ca2™ permeable and contributes
to calcium influx and acid-induced toxicity***%; ASIC2 functions in neurons as a modulator for pH sensitivity®.
Thus, a reduction in ASIC2 surface levels could cause a shift of the ASIC composition from heterotrimer to ASIC1
homotrimer and increase the calcium permeability of ASICs under a low-extracellular-pH environment, and,
consequently, increase acidotoxicity. The function of ASICs is not limited to mediating acidotoxicity: ASICs also
contribute to synaptic transmission, synaptic plasticity, and learning and memory**->2. Therefore, future studies
should investigate syntabulin’s regulatory role in ASIC-mediated synaptic activities.

Syntabulin was also recently shown to be expressed in pancreatic 3-cells and to regulate glucose-stimulated
insulin secretion in a microtubule-dependent manner?. Intriguingly, PICK1-ICA69 and PICK1-PICK1 com-
plexes were recently reported to mediate insulin-vesicle maturation along the insulin-secretion pathway in
B-cells'*?. Thus, it should be of interest to test whether syntabulin mediates insulin secretion through PICKI.

Methods

cDNA constructs. Rat PICK1 full-length (FL) (residues 1-416), PICK1-PDZ (1-146), PICK1-BAR
(147-358), and PICK1-Ct (358-416) in the vector pDBLeu, which contains the GAL4 DNA-binding domain,
were described previously®. PICK1-ACt (residues 1-379) and PICK1-APDZ (147-416) were subcloned into
pDBLeu. Syntabulin-FL (residues 1-595), Syntabulin-Nt (residues 1-350), Syntabulin-KBD (1-202), Syntabulin-
SBD (203-350), and Syntabulin-Ct (351-595) were amplified from human FLJ20366 DNA sequence and sub-
cloned into the vector pPC86, which contains the GAL4 activation domain. Myc- and GFP-tagged PICK1 in
myc-pRK5 and pEGFPC3 vectors were previously described??. RFP- and mCherry-tagged PICK1 were subcloned
into pRFP-C3 or pmCherry-C3 vectors. The pRFP-C3 and pmCherry-C3 vectors were constructed by replacing
the GFP sequence in the pEGFP-C3 vector with RFP and mCherry sequences, respectively. Myc- and GFP-tagged
Syntabulin-FL for partial domain constructs were subcloned into myc-pRK5 and pEGFPC3 vectors. Human
ASICla and ASIC2a constructs in pGW6B and pGW4-2b vectors were kindly provided by Dr. Garcia-Anoveros
(Northwestern University) and Dr. Corey (Harvard Medical School)®. The myc-tag sequence was then inserted
into ASICla and ASIC2a sequences after amino acid 120 by using a site-directed PCR method.

Syntabulin shRNA constructs were generated by annealing synthetic primer pairs and subcloned into
the pSuper vector (gift from Dr. Ip, Hong Kong University of Science and Technology), and then sub-
cloned into the pFUGW-super vector®® for virus generation. For concurrent PICK1 overexpression
and syntabulin knockdown, the YFP-PICK1 sequence was subcloned into the viral plasmids upstream
of the GFP sequence, because a stop codon was present before the GFP sequence and thus the expres-
sion of the original GFP was prevented. The HIV-1 packing vector A8.9 and the VSVg envelope glyco-
protein plasmid were gifts from Dr. C. Lois (MIT). The annealing primers for syntabulin shRNAs were
the following: #1 5'-GATCTCCaagataaaggcattcagaaTTCAAGAGAttctgaatgcctttatctt TTTTTGGAAC-3’
5'-TCGAGTTCCAAAAAaagataaaggcattcagaaTCTCTTGAAttctgaatgcctttatcttGGA-3" #2 5'-GAT
CTCCtctgaaatcatggagctcaT TCAAGAGAtgagctccatgatttcagaTTTTTGGAAC-3" 5'-TCGAGTTCCAA
AAAtctgaaatcatggagctcaTCTCTTGAAtgagctccatgatttcagaGGA-3’ #1 scrambled 5'-GATCTCCtaacc
tgaaaggaaataagTTCAAGAGActtatttcctttcaggttaTTTTTGGAAC-3" 5’ -TCGAGT
TCCAAAAAtaacctgaaaggaaataagTCTCTTGA ActtatttcctttcaggttaGGA-3’
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Antibodies. The following antibodies were purchased: rabbit polyclonal ASIC2 antibody, Proteintech (17851-
1-AP); mouse myc and 3-tubulin antibodies, DSHB (9E10 and E7); mouse GAPDH antibody, Beyotime (GA019);
mouse Map2 antibody, Sigma (M9942); and mouse 3-actin antibody, Sigma (A5316). A rabbit GFP antiserum was
generated by immunizing New Zealand White rabbits with a purified GST-GFP fusion protein. A rabbit syntab-
ulin antibody was generated by injecting New Zealand White rabbits with the purified N-terminal 80 amino
acids of syntabulin fused with a GST tag, and then affinity-purified by using Affigel beads (Bio-Rad, #153-6099)
coupled with the purified His-tagged N80 polypeptide. We purchased horseradish peroxidase (HRP)-labeled
and Cy3-conjugated secondary antibodies from Pierce, Cy3-conjugated secondary antibodies from Jackson
ImmunoResearch, and Alexa 488- and 647-conjugated secondary antibodies from Invitrogen.

Yeast two-hybrid. To map the domains that mediate the interaction between syntabulin and PICK1, the
corresponding DNA constructs were cotransformed into AH109 yeast cells and grown on SCM-2 plates (lacking
Leu and Trp). Positive clones were selected and tested on SCM-3 plates (lacking Leu, Trp, and His) and SCM-4
plates (lacking Leu, Trp, His and Ade).

Coimmunoprecipitation. HEK293T cells were transfected with different plasmid combinations. Two
days after transfection, cells were lysed with 0.5% Triton X-100 in Tris-buffered saline (TBS) and incubated with
anti-GFP antibody/Protein A beads (GE Healthcare) at 4 °C for at least 1h. The pelleted beads were washed once
with 0.5% Triton X-100/TBS, twice with 0.5% Triton X-100/TBS plus 500 mM NaCl, and thrice with TBS, and
then the captured protein complexes were eluted with 1 x SDS sample buffer, boiled for 5-10 min, and analyzed
by performing SDS-PAGE and immunoblotting with corresponding antibodies.

Cell culture, transfection, and drug treatment. HEK293T and COS?7 cells were cultured in MEM sup-
plemented with 10% fetal bovine serum, 1x sodium pyruvate, and 1 x penicillin-streptomycin-glutamine (all
from Invitrogen). HEK293T cells were transfected using the calcium phosphate coprecipitation method, and the
medium was completely changed after 9h. COS7 cells were transfected using Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instruction and the medium was completely changed after 3h. Nocodazole (Sigma,
M1414) and cytochalasin D (Sigma, C8273) were prepared as 1000 x stock solutions in DMSO and used at work-
ing concentrations of 5 and 2 pg/mL, respectively, for 20-40 min (as indicated).

Dissociated rat primary hippocampal neurons were cultured as described®*. Neurons were transfected with
cDNA constructs by using calcium phosphate (HEPES-buffered) coprecipitation on DIV (days in vitro) 5 in
DMEM; after 20-30 min of calcium particle sedimentation, neurons on coverslips were washed with DMEM and
transferred back into the original culture medium. All rat use procedures were approved by the Committees at
Zhejiang University and Leeds University for the Care and Use of Laboratory Animals.

Lentivirus generation. Lentiviral pPFUGW constructs were transfected together with the HIV-1 packing
vector A8.9 and VSVg envelope glycoprotein plasmid into HEK293T cells in a 2:1:1 ratio by using Lipofectamine
2000. The transfection medium was replaced with fresh medium at 3 h after transfection, and this medium was
collected at 48 h after transfection to harvest the released viral particles. The medium was centrifuged at 1000 rpm
at 4°C for 5min to remove cell debris and filtered through a 0.45-pum filter, and then aliquoted and stored at
—80°C. The viral titer was determined in HEK293T cells and neurons. Neurons were infected with the deter-
mined amounts of virus on DIV5, and treated on DIV 10.

Immunocytochemistry. COS7 cells at 24-36h after transfection or neurons at 5 days after infection were
fixed with 4% paraformaldehyde plus 4% sucrose in PBS for 20 min at room temperature. The cells were then
incubated with 0.2% Triton X-100 in PBS for 10 min at room temperature, blocked with 10% normal donkey
serum in PBS for 1h at room temperature, and incubated with primary antibodies for 1 h at room temperature
or at 4°C overnight. After washing with PBS, the cells were incubated with conjugated secondary antibodies for
1 h at room temperature, washed with PBS, mounted using Mowiol mounting medium (w/v 24% glycerol, 9.6%
Mowiol 4-88, 2.5% DABCO; v/v 36% ddH,0, 48% 0.2 M Tris pH 8.5), and imaged under a microscope.

Time-lapse imaging. Time-lapse imaging was performed under the 60 objective lens of a live-cell obser-
vation system including a Nikon Ti-E-PFS microscope equipped with an Andor Zyla ultra-low noise CMOS
camera and a Chamlide TC chamber. Images were acquired using MetaMorph Premier 7.8.6 software (Molecular
Device), in the multidimensional acquisition mode. Hippocampal neurons on DIV10 were maintained in ACSF
(110 mM NaCl, 5mM KCl, 2mM CacCl,, 0.8 mM MgCl,, 10 mM HEPES, 10 mM D-glucose, pH 7.4, and con-
taining TTX and picrotoxin) and imaged every 3s or 5s for 5min. COS7 cells at 1 day after transfection were
maintained in CMEM and imaged every 2s for 2 mins. For time-lapse imaging after nocodazole or cytochalasin
D treatment, COS7 cells were imaged before treatment and then at 2-s intervals for 2 min once every 10 min.

Surface biotinylation. Hippocampal neurons were washed thrice with B buffer (0.5 mM CaCl, and
0.5mM MgCl,) supplemented PBS and treated with 0.5 mg/mL sulfo-succinimidyl-6-(biotinamido) hexanoate
(sulfo-NHS-LC-biotin; Pierce) in B buffer for 5 min at room temperature. The free sulfo-NHS-LC-biotin was
removed by rapidly washing twice with 100 mM glycine in B buffer and then twice with B buffer. The biotinylated
neurons were solubilized with 300 pL of radioimmunoprecipitation assay buffer (10 mM Tris, pH 7.4, 150 mM
NaCl, 1mM EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate). After centrifugation at maximal speed
for 15min at 4°C in a table-top centrifuge, a part of each supernatant was saved for estimation of total protein,
and the remaining supernatants were incubated with 100 L of a 50% slurry of NeutrAvidin beads (Pierce) for
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1 h at 4°C with constant rotation. After several washes, the biotinylated surface proteins were eluted from the
NeutrAvidin beads in 100pL of 1 x SDS sample buffer and then analyzed using SDS-PAGE and western blotting.

Hoechst staining. Hippocampal neurons were infected at DIV5 and at DIV 13 and then incubated for 6h in
either pH 7.4 or pH 6.0 HEPES buffer (10mM HEPES, 10 mM glucose, 140 mM NaCl, 5mM KCl, 2mM CaCl,,
0.8 mM MgCl,). Chromatin condensation was detected through nuclear staining with Hoechst 33342 (Beyotime,
C1026). Briefly, cultured neurons were washed once with PBS and fixed with 4% paraformaldehyde plus 4%
sucrose in PBS for 15 min at room temperature. The neurons were then stained with Hoechst 33342 (5p.g/mL)
for 15 min at room temperature, washed twice with PBS, and immediately mounted using Mowiol mounting
medium, and imaged under a microscope.

Image acquisition, processing, and data analysis. Fixed cells were examined under a Nikon Eclipse
TE2000 inverted fluorescence microscope or an LSM510 microscope. Photographs were acquired using a mon-
ochrome low-noise cooled CCD camera controlled by MetaMorph software and edited using Adobe Photoshop.
Cells examined under the LSM510 microscope were imaged using the built-in software. In a given experiment,
identical acquisition parameters were used for each sample, and for quantification, at least 3 independent experi-
mental repetitions were performed. Time-lapse images were analyzed by using Image] software. The PICK1 mov-
ing trajectories were produced by the Z-projection command in Image]. The PICK1 moving dynamic in neuron
was analyzed firstly producing the kymograph after selecting and drawing line aligning with the axon. Single
PICK1 particle walking distance was measured next from the kymograph image after selecting single PICK1
moving trace. The moving speed of PICK1 particle was then calculated by dividing the walking distance with the
imaging duration. Protein axonal targeting and clustering were analyzed using MetaMorph software. Axons were
distinguished from dendrites by morphological difference and MAP?2 staining. The integrated intensity of protein
signal in axons within a 200-um diameter from the soma was divided by the intensity in dendrites to obtain the
A/D ratio. Images were edited using Adobe Photoshop. Statistical comparisons were performed using SPSS inde-
pendent ¢ tests, one-way ANOVA Sidak test or nonparametric Kruskal-Wallis Test.

References

1. Dev, K. K, Nishimune, A., Henley, J. M. & Nakanishi, S. The protein kinase C alpha binding protein PICK1 interacts with short but
not long form alternative splice variants of AMPA receptor subunits. Neuropharmacology 38, 635-644 (1999).

2. Xia, J., Zhang, X., Staudinger, J. & Huganir, R. L. Clustering of AMPA receptors by the synaptic PDZ domain-containing protein
PICK1. Neuron 22, 179-187 (1999).

3. Cao, M. et al. PICK1-ICA69 heteromeric BAR domain complex regulates synaptic targeting and surface expression of AMPA

receptors. ] Neurosci 27, 12945-12956 (2007).

. Xu, J. & Xia, J. Structure and function of PICK1. Neurosignals 15, 190-201 (2006).

. Boudin, H. et al. Presynaptic clustering of mGluR7a requires the PICK1 PDZ domain binding site. Neuron 28, 485-497 (2000).

. Dev, K. K. et al. PICK1 interacts with and regulates PKC phosphorylation of mGLUR?. J Neurosci 20, 7252-7257 (2000).

. ElFar, O. et al. Interaction of the C-terminal tail region of the metabotropic glutamate receptor 7 with the protein kinase C substrate

PICK1. Eur ] Neurosci 12, 4215-4221 (2000).

. Baron, A. et al. Protein kinase C stimulates the acid-sensing ion channel ASIC2a via the PDZ domain-containing protein PICKI. ]

Biol Chem 277, 50463-50468 (2002).

9. Duggan, A., Garcia-Anoveros, J. & Corey, D. P. The PDZ domain protein PICK1 and the sodium channel BNaCl interact and
localize at mechanosensory terminals of dorsal root ganglion neurons and dendrites of central neurons. J Biol Chem 277, 5203-5208
(2002).

10. Hruska-Hageman, A. M., Wemmie, J. A., Price, M. P. & Welsh, M. J. Interaction of the synaptic protein PICK1 (protein interacting
with C kinase 1) with the non-voltage gated sodium channels BNC1 (brain Na* channel 1) and ASIC (acid-sensing ion channel).
Biochem J 361, 443-450 (2002).

11. Leonard, A. S. et al. cAMP-dependent protein kinase phosphorylation of the acid-sensing ion channel-1 regulates its binding to the
protein interacting with C-kinase-1. Proc Natl Acad Sci USA 100, 2029-2034 (2003).

12. Xia, J., Chung, H. J., Wihler, C., Huganir, R. L. & Linden, D. J. Cerebellar long-term depression requires PKC-regulated interactions
between GluR2/3 and PDZ domain-containing proteins. Neuron 28, 499-510 (2000).

13. Jin, W,, Shen, C,, Jing, L., Zha, X. M. & Xia, J. PICK1 regulates the trafficking of ASIC1a and acidotoxicity in a BAR domain lipid
binding-dependent manner. Mol Brain 3, 39 (2010).

14. Terashima, A. et al. An essential role for PICK1 in NMDA receptor-dependent bidirectional synaptic plasticity. Neuron 57, 872-882
(2008).

15. Perroy, J. et al. PICK1 is required for the control of synaptic transmission by the metabotropic glutamate receptor 7. EMBO J 21,
2990-2999 (2002).

16. Suh, Y. H. et al. Corequirement of PICK1 binding and PKC phosphorylation for stable surface expression of the metabotropic
glutamate receptor mGluR7. Neuron 58, 736-748 (2008).

17. Volk, L., Kim, C. H., Takamiya, K., Yu, Y. & Huganir, R. L. Developmental regulation of protein interacting with C kinase 1 (PICK1)
function in hippocampal synaptic plasticity and learning. Proc Natl Acad Sci USA 107, 21784-21789 (2010).

18. Xiao, N. et al. PICK1 deficiency causes male infertility in mice by disrupting acrosome formation. J Clin Invest 119, 802-812 (2009).

19. Cao, M. et al. PICK1 and ICA69 control insulin granule trafficking and their deficiencies lead to impaired glucose tolerance. PLoS
Biol 11, 1001541 (2013).

20. Holst, B. et al. PICK1 deficiency impairs secretory vesicle biogenesis and leads to growth retardation and decreased glucose
tolerance. PLoS Biol 11, 1001542 (2013).

21. Xu, ], Kam, C,, Luo, J. H. & Xia, ]. PICK1 mediates synaptic recruitment of AMPA receptors at neurexin-induced postsynaptic sites.
J Neurosci 34, 15415-15424 (2014).

22. Jin, W. et al. Lipid binding regulates synaptic targeting of PICK1, AMPA receptor trafficking, and synaptic plasticity. ] Neurosci 26,
2380-2390 (2006).

23. Peter, B. . et al. BAR domains as sensors of membrane curvature: the amphiphysin BAR structure. Science 303, 495-499 (2004).

24. Cai, Q, Pan, P. Y. & Sheng, Z. H. Syntabulin-kinesin-1 family member 5B-mediated axonal transport contributes to activity-
dependent presynaptic assembly. ] Neurosci 27, 7284-7296 (2007).

25. Cai, Q., Gerwin, C. & Sheng, Z. H. Syntabulin-mediated anterograde transport of mitochondria along neuronal processes. ] Cell Biol
170, 959-969 (2005).

NN G

o

SCIENTIFICREPORTS | 6:20924 | DOI: 10.1038/srep20924 13



www.nature.com/scientificreports/

26. Su, Q., Cai, Q,, Gerwin, C., Smith, C. L. & Sheng, Z. H. Syntabulin is a microtubule-associated protein implicated in syntaxin
transport in neurons. Nat Cell Biol 6, 941-953 (2004).

27. Colozza, G. & De Robertis, E. M. Maternal syntabulin is required for dorsal axis formation and is a germ plasm component in
Xenopus. Differentiation 88, 17-26 (2014).

28. Ying, Y. et al. The microtubule associated protein syntabulin is required for glucose-stimulated and cAMP-potentiated insulin
secretion. FEBS Lett 586, 3674-3680 (2012).

29. Nojima, H. et al. Syntabulin, a motor protein linker, controls dorsal determination. Development 137, 923-933 (2010).

30. Lingueglia, E. et al. A modulatory subunit of acid sensing ion channels in brain and dorsal root ganglion cells. J Biol Chem 272,
29778-29783 (1997).

31. Waldmann, R. et al. Molecular cloning of a non-inactivating proton-gated Na* channel specific for sensory neurons. ] Biol Chem
272,20975-20978 (1997).

32. Waldmann, R. & Lazdunski, M. H(+)-gated cation channels: neuronal acid sensors in the NaC/DEG family of ion channels. Curr
Opin Neurobiol 8, 418-424 (1998).

33. Askwith, C. C., Wemmie, J. A., Price, M. P, Rokhlina, T. & Welsh, M. J. Acid-sensing ion channel 2 (ASIC2) modulates ASIC1
H+--activated currents in hippocampal neurons. J Biol Chem 279, 18296-18305 (2004).

34. Xiong, Z. G. et al. Neuroprotection in ischemia: blocking calcium-permeable acid-sensing ion channels. Cell 118, 687-698 (2004).

35. Yermolaieva, O., Leonard, A. S., Schnizler, M. K., Abboud, E M. & Welsh, M. J. Extracellular acidosis increases neuronal cell calcium
by activating acid-sensing ion channel 1a. Proc Natl Acad Sci USA 101, 6752-6757 (2004).

36. Waters, E. M. & Simerly, R. B. Estrogen induces caspase-dependent cell death during hypothalamic development. J Neurosci 29,
9714-9718 (2009).

37. Li, W. et al. Novel dimeric acetylcholinesterase inhibitor bis7-tacrine, but not donepezil, prevents glutamate-induced neuronal
apoptosis by blocking N-methyl-D-aspartate receptors. ] Biol Chem 280, 18179-18188 (2005).

38. Rocca, D. L., Martin, S., Jenkins, E. L. & Hanley, J. G. Inhibition of Arp2/3-mediated actin polymerization by PICK1 regulates
neuronal morphology and AMPA receptor endocytosis. Nat Cell Biol 10, 259-271 (2008).

39. Haglerod, C. et al. Protein interacting with C kinase 1 (PICK1) and GluR2 are associated with presynaptic plasma membrane and
vesicles in hippocampal excitatory synapses. Neuroscience 158, 242-252 (2009).

40. Funakoshi, E. et al. Expression of m-Golsyn/Syntabulin gene during mouse brain development. Neurosci Lett 403, 244-249 (2006).

41. Funakoshi, E. et al. Molecular cloning of the m-Golsyn gene and its expression in the mouse brain. Gene Expr 13, 27-40 (2006).

42. Funakoshi, E. et al. Molecular cloning and characterization of gene for Golgi-localized syntaphilin-related protein on human
chromosome 8q23. Gene 344, 259-271 (2005).

43. Ma, H., Cai, Q, Lu, W,, Sheng, Z. H. & Mochida, S. KIF5B motor adaptor syntabulin maintains synaptic transmission in sympathetic
neurons. J Neurosci 29, 13019-13029 (2009).

44. Joch, M. et al. Parkin-mediated monoubiquitination of the PDZ protein PICKI regulates the activity of acid-sensing ion channels.
Molecular biology of the cell 18, 3105-3118 (2007).

45. Zeng, W. Z. et al. Molecular mechanism of constitutive endocytosis of Acid-sensing ion channel 1a and its protective function in
acidosis-induced neuronal death. ] Neurosci 33, 7066-7078 (2013).

46. Jiang, Q. et al. Characterization of acid-sensing ion channels in medium spiny neurons of mouse striatum. Neuroscience 162, 55-66
(2009).

47. Bartoi, T., Augustinowski, K., Polleichtner, G., Grunder, S. & Ulbrich, M. H. Acid-sensing ion channel (ASIC) 1a/2a heteromers have
a flexible 2:1/1:2 stoichiometry. Proc Natl Acad Sci USA 111, 8281-8286 (2014).

48. Xiong, Z. G., Chu, X. P. & Simon, R. P. Ca2" -permeable acid-sensing ion channels and ischemic brain injury. ] Membr Biol 209,
59-68 (2006).

49. Sherwood, T. W, Lee, K. G., Gormley, M. G. & Askwith, C. C. Heteromeric acid-sensing ion channels (ASICs) composed of ASIC2b
and ASICla display novel channel properties and contribute to acidosis-induced neuronal death. The Journal of neuroscience: the
official journal of the Society for Neuroscience 31, 9723-9734 (2011).

50. Wemmie, J. A. et al. The acid-activated ion channel ASIC contributes to synaptic plasticity, learning, and memory. Neuron 34,
463-477 (2002).

51. Wemmie, J. A. et al. Acid-sensing ion channel 1 is localized in brain regions with high synaptic density and contributes to fear
conditioning. The Journal of neuroscience: the official journal of the Society for Neuroscience 23, 5496-5502 (2003).

52. Kreple, C. J. et al. Acid-sensing ion channels contribute to synaptic transmission and inhibit cocaine-evoked plasticity. Nature
neuroscience 17, 1083-1091 (2014).

53. Xu, J., Xiao, N. & Xia, J. Thrombospondin 1 accelerates synaptogenesis in hippocampal neurons through neuroligin 1. Nat Neurosci
13,22-24(2010).

Acknowledgements

This work was supported by the National Key Basic Research Program of China (2015CB910801), National
Natural Science Foundation of China (81201008, 31571049), Fundamental Research Funds for the Central
Universities (2015FZA7001), and the Research Grants Council of the Hong Kong SAR, China (16102914,
663613, HKUST10/CRF/12R, C4011-14R, T13-607/12R, N_HKUST625/15 and AoE/M-05/12). We thank Chong
Shen for generating the RFP-tagged PICK1 construct, Kam Chuen for generating the mCherry-tagged PICK1
construct, and Wailin Tung for generating the myc- and GFP-tagged Syntabulin-FL constructs. We thank Drs.
Garcia-Anoveros and Corey for kindly providing the ASICla and ASIC2a constructs. We thank the technical
staffs in Core Facility Platform of Zhejiang University School of Medicine for imaging assists.

Author Contributions
J.X. and N.W. performed the experiments and statistical analyses and wrote the main manuscript. J.-h.L. provided
essential materials and valuable discussions. ].X. conceived and designed the study and revised the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Xu, J. et al. Syntabulin regulates the trafficking of PICK1-containing vesicles in neurons.
Sci. Rep. 6,20924; doi: 10.1038/srep20924 (2016).

SCIENTIFICREPORTS | 6:20924 | DOI: 10.1038/srep20924 14


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:20924 | DOI: 10.1038/srep20924 15


http://creativecommons.org/licenses/by/4.0/

	Syntabulin regulates the trafficking of PICK1-containing vesicles in neurons

	Results

	Syntabulin interacts with PICK1. 
	Syntabulin regulates PICK1 microtubule localization and transport. 
	Syntabulin regulates the axonal targeting, clustering, and trafficking of PICK1. 
	Endogenous syntabulin regulates PICK1 axonal targeting and trafficking. 
	Syntabulin differentially binds to ASICs through PICK1 and regulates ASIC-mediated acidotoxicity in neurons. 

	Discussion

	Methods

	cDNA constructs. 
	Antibodies. 
	Yeast two-hybrid. 
	Coimmunoprecipitation. 
	Cell culture, transfection, and drug treatment. 
	Lentivirus generation. 
	Immunocytochemistry. 
	Time-lapse imaging. 
	Surface biotinylation. 
	Hoechst staining. 
	Image acquisition, processing, and data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Characterization of syntabulin-PICK1 interaction.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Syntabulin recruits PICK1 onto microtubule structures.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Syntabulin and PICK1 comigrate along microtubule structures.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Syntabulin facilitates the axonal distribution of PICK1.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Syntabulin mediates dynamic movement of PICK1 along axons.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Knockdown of syntabulin in neurons affects PICK1 axonal targeting.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Syntabulin and PICK1 selectively form complex with ASIC2a in vitro.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Syntabulin affects ASIC2 expression levels and regulates neuronal toxicity.



 
    
       
          application/pdf
          
             
                Syntabulin regulates the trafficking of PICK1-containing vesicles in neurons
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20924
            
         
          
             
                Junyu Xu
                Na Wang
                Jian-hong Luo
                Jun Xia
            
         
          doi:10.1038/srep20924
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep20924
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep20924
            
         
      
       
          
          
          
             
                doi:10.1038/srep20924
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20924
            
         
          
          
      
       
       
          True
      
   




