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In Brief

Bharat et al. show that Synaptotagmin-4
(Syt4) on highly mobile dense core
vesicles (DCVs) in axons binds the motor
protein Kif1A. Phosphorylation of the
S135 site of Syt4 by JNK destabilizes
Syt4-Kif1A binding, leading to capture of
DCVs at synapses by actin. Neuronal
activity increases capture via this
mechanism.
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SUMMARY

Delivery of neurotrophins and neuropeptides via long-
range trafficking of dense core vesicles (DCVs) from
the cell soma to nerve terminals is essential for
synapse modulation and circuit function. But the
mechanism by which transiting DCVs are captured
at specific sites is unknown. Here, we discovered
that Synaptotagmin-4 (Syt4) regulates the capture
and spatial distribution of DCVs in hippocampal
neurons. We found that DCVs are highly mobile and
undergo long-range translocation but switch direc-
tions only at the distal ends of axons, revealing a
circular trafficking pattern. Phosphorylation of serine
135 of Syt4 by JNK steers DCV trafficking by destabi-
lizing Syt4-Kif1A interaction, leading to a transition
from microtubule-dependent DCV trafficking to
capture at en passant presynaptic boutons by actin.
Furthermore, neuronal activity increased DCV capture
via JNK-dependent phosphorylation of the S135 site
of Syt4. Our data reveal a mechanism that ensures
rapid, site-specific delivery of DCVs to synapses.

INTRODUCTION

Neurotrophins and neuropeptides are essential for a wide range
of brain functions, including metabolism, pain perception, and
cognition. Dense core vesicles (DCVs) in neurons facilitate these
crucial functions by transporting and releasing neurotrophins
and neuropeptides (Scalettar, 2006; Wong et al., 2012). Unlike
synaptic vesicles (SVs), which are locally refilled and recycled
at synaptic terminals, DCVs are filled with cargo at the Golgi
and must then be trafficked from the cell soma to distal sites in
neuronal processes (Burgoyne and Morgan, 2003; Kim et al.,
2006; Wong et al., 2012), where they accumulate in presynaptic
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boutons (Bulgari et al., 2014; Shakiryanova et al., 2006; Wong
etal., 2012). The majority of axonal processes in the CNS specify
multiple sequential en passant boutons along their length to
which DCVs must be distributed. In addition, neuropeptides
are released during neuronal activity to modulate synapse and
circuit function; under conditions of high neuronal activity, the
demand for DCVs at synapses is necessarily greater, but how
DCVs are captured to sustain the constant demand of neurotro-
phins and neuropeptides at active synapses remains unknown.

A possible mechanism is suggested by reports that phosphor-
ylation of motor proteins can disrupt vesicle-motor protein inter-
action, leading to detachment from microtubules and deposit of
cargo (Gibbs et al., 2015), but no such mechanism of cargo
delivery has been reported for DCVs; neither a kinase nor a
kinase substrate are known. One candidate kinase is JNK, which
has been reported to reduce cargo mobility under pathological
conditions in hippocampal neurons (Stagi et al., 2006), and to
suppress aberrant clustering of synaptic proteins in C. elegans
mutants (Wu et al., 2013). However, DCV cargos were not tested
in these studies, and whether JNK itself directly promotes cargo-
microtubule dissociation and which substrates it might act upon
to do so is unknown.

We previously identified Syt4 as an integral vesicle protein
present on brain-derived neurotrophic factor (BDNF)-harboring
DCVs in neurons (Dean et al., 2009). Interestingly, in non-
neuronal PC12 cells, JNK can phosphorylate Syt4 and
enhance exocytosis of secretory vesicles (Mori et al., 2008).
This may be due to an increase in fusion efficacy, given that
JNK caused Syt4 to translocate from immature to mature
fusion-competent vesicles in this study, but it could also be
caused by a change in trafficking of vesicles. We hypothesized
that, in neurons, which have long axonal processes and
numerous en passant synaptic contact sites, phosphorylation
of Syt4 might affect long-range DCV trafficking and vesicle
capture. To test this, we used a series of live imaging experi-
ments to investigate the trafficking dynamics of Syt4 phospho-
mutants in hippocampal neurons.
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We found that Syt4 itself is a target of activated JNK in hippo-
campal neurons, which steers the activity-dependent capture of
DCVs at synapses. Phosphorylation of the S135 site of Syt4 by
JNK at active synapses destabilizes a direct interaction of Syt4
with the motor protein Kif1A, leading to capture of DCVs at syn-
aptic sites by actin. This mechanism allows fast recruitment of
DCVs to active synapses on a timescale of seconds to minutes,
bypassing delays associated with signaling between synapses
and the soma, and may promote competition and sharing of
DCVs between synapses in axons based on synaptic activity.

RESULTS

DCVs Traffic in a Circular Pattern between the Soma and
Distal Processes

We first verified the localization of Syt4 to DCVs marked with
chromogranin A (CgA), a cargo present in the majority of DCVs
(Adams et al., 1993; Machado et al., 2010), by immunostaining
hippocampal neuron cultures. Syt4 was highly co-localized
with CgA; 82.4% + 1.1% of Syt4 signal co-localized with CgA,
and 68.3% + 1.5% of CgA signal co-localized with Syt4 (Fig-
ure 1A). As a control, we immunostained for Syt4 and synapto-
physin (syp), a synaptic vesicle marker; only 29.8% + 3.7%
of syp signal co-localized with Syt4, and 24.1% + 2.6% of
Syt4 signal co-localized with syp. We further confirmed, by
immuno-organelle isolation of synaptic vesicles with anti-Syt1
and anti-Syb2 antibodies, that Syt4 was not present on synaptic
vesicles (Figure S1A). Because we planned to use mCherry-
tagged Syt4 in trafficking experiments, we also tested co-local-
ization of mCherry-Syt4 and CgA-GFP and found a similar
amount of co-localization in co-transfected neurons; 82.2% +
2.2% of mCherry-Syt4 puncta were CgA-GFP™, and 77.3% =+
3.4% of CgA-GFP puncta were mCherry-Syt4* (Figure 1B). We
then examined the trafficking pattern of mCherry-Syt4-labeled
DCVs in neurons. Syt4-harboring DCVs exhibited high mobility
that was microtubule-dependent (Figures S1B and S1C).
Although the long length of mammalian hippocampal axons pre-
cludes imaging an entire axon to track single vesicle trajectories
in mature neurons, we tracked the movement of 992 vesicles in
4,948 um of mid-axonal regions and 200 vesicles in 1,008 um of
distal axons near growth cones in hippocampal neurons. In mid-
axonal regions, 99.2% of mobile vesicles moved unidirectionally
(either in the anterograde or retrograde direction), and only 0.8%
of vesicles switched directions (Figures 1C and 1D). Conversely,
in distal axons, within approximately 200 um of growth cones, a
much larger fraction of mobile vesicles, 54.8%, switched direc-
tions, compared with 45.2% that were unidirectional (Figures
1C and 1D). This suggests that DCVs in hippocampal neurons
are routed in a circular trafficking pattern, from the soma to distal
ends of axons and back again.

Phosphorylation of Syt4 at S135 Reduces DCV Mobility
after Synapse Formation

We next examined the trafficking of mCherry-tagged wild-type
(WT), phosphodeficient (S135A), and phosphomimetic (S135E)
Syt4 mutant-harboring DCVs in hippocampal neurons at two
developmental stages: before the majority of synapses have
formed, at day in vitro (DIV) 6, and after, at DIV13 (Figure 1E).

mCherry-tagged WT, S135A, and S135E Syt4 were overex-
pressed at similar levels; 2.5 + 0.3-, 2.4 + 0.1-, and 2.3 +
0.2-fold, respectively, as assessed by comparison of anti-Syt4
fluorescence intensity in cell bodies. Vesicle movement over
5 min was visualized by color-coded tracks over time (Figures
1F and 1G, top) and kymographs (Figures 1F and 1G, bottom)
of trafficking vesicles (Movies S1 and S2). The average intrinsic
speed of vesicles while in motion (not including pauses) was not
significantly different between WT, S135A, and S135E vesicles
(0.76 + 0.10 um/s, 0.78 = 0.08 um/s, and 0.76 + 0.09 pum/s,
respectively) and was similar to previously reported DCV traf-
ficking speeds (Adachi et al., 2005; de Wit et al., 2006). Interest-
ingly, however, S135A vesicle velocity remained high at DIV13
and was unchanged compared with DIV6, while WT and
S135E vesicle velocity was reduced at DIV13 compared with
DIV6 (Figure 1H). The percentage of mobile vesicles (moving
for at least 10 s over a distance of at least 1 um over 5 min)
was increased for S135A, unchanged for WT, and decreased
for S135E mutants at DIV13 compared with DIV6 (Figure 1l).
Thus phosphorylation of S135 of Syt4 reduces vesicle mobility
in DIV13 cultures.

DCVs Are Highly Mobile in Axons, and Phosphorylation
of Syt4 Reduces Mobility

To examine Syt4 vesicle mobility specifically in axons, compared
with dendrites, at DIV13, we co-transfected hippocampal
neurons with EGFP to distinguish axons, which have a small
diameter and are the only process that projects far away from
the cell body, from dendrites, which have a larger diameter,
are decorated by dendritic spines, and branch at angles of less
than 90° within approximately 100 um of the cell soma. In axons
(Figure 2A), S135A vesicles had the highest velocity and covered
the most distance, whereas S135E vesicles had the lowest
velocity and covered the least distance compared with WT
(Figure 2B). The S135A mutant also had a higher percentage of
mobile vesicles, and S135E had a lower percentage of mobile
vesicles, compared with WT (Figure 2C).

The decreased mobility of S135E vesicles and increased
mobility of S135A vesicles in axons could be caused by a change
in pause frequency or duration. Surprisingly, the pause fre-
quency was highest in the most mobile vesicle population,
S135A vesicles, compared with S135E and WT vesicles (Fig-
ure 2D). The average pause time of S135A vesicles, however,
was the shortest (Figure 2E). Because S135A vesicles travel
the farthest distance, they may scan a larger number of putative
capture/release sites (possibly corresponding to en passant
synapses), resulting in an increased number of pauses at these
putative sites. However, an inability to be captured at these sites
would result in shorter pauses, causing the observed overall
increase in S135A vesicle mobility. S135E and WT vesicles, on
the other hand, have longer pause durations (Figure 2E) and
may therefore have the potential to be captured at release sites.
Syt4 DCVs were much less mobile in dendrites (Figure S2A)
compared with axons for all parameters tested (p < 0.001),
consistent with previous studies (Adachi et al., 2005; de Wit
et al., 2006). We observed similar (although less pronounced)
trafficking effects of the phosphomutants in dendrites: S135A
vesicles had a higher velocity than S135E and WT vesicles
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Figure 1. Syt4 Phosphomutant-Harboring
DCVs Have Altered Trafficking after Synapse
Formation

(A) Hippocampal cultures immunostained for Syt4 and
CgA (left; n = 10images, 3 cultures) or for Syt4 and syp
(right; n = 8 images, 3 cultures). Scale bar, 5 um.

(B) Hippocampal neurons co-transfected with
mCherry-Syt4 and CgA-GFP (n = 11 images, 3
transfections). Scale bar, 5 pm.

(C) Kymographs of Syt4 vesicles in mid-axon and
distal regions. Select colored vesicle trajectories
indicate unidirectional or switching vesicles. Raw
underlying kymographs are deposited at Mendeley
Data (https://doi.org/10.17632/5b9zw3tm4f.1). Scale
bar, 10 pm.

(D) Quantitation of vesicle trajectories in mid-axon
and distal regions (mid-axonal regions = 4948.16 um,
vesicles = 992; distal regions = 1,008 um, vesicles =
200).

(E) Hippocampal neurons at DIV6 and DIV13 immu-
nostained with MAP2, PSD-95, and syp to mark
dendrites and postsynaptic and presynaptic sites,
respectively. Right: quantitation of number of synap-
ses identified by puncta positive for both syp and
PSD95.

(F and G) Color-coded vesicle tracks (top; scale bars,
10 pum) with vesicles shown in red and kymographs
(bottom; scale bars, 5 um) of Syt4 WT, S135A, and
S135E vesicles over 5 min at DIV6 (F) and DIV13 (G).
(H and I) Quantitation of velocity (H) and mobile vesicle
percentage (I) (n = 3,703, 4,619, and 3,937 vesicles for
velocity and n = 11, 13, and 12 movies for mobile
vesicle percentage for DIV6 neurons; n = 2,686, 2,965
and 3,189 vesicles for velocity and n =12, 11, and 14
movies for mobile vesicle percentage, for DIV13
neurons and for WT, S135A, and S135E Syt4 vesicles,
respectively, from 3 cultures.)

Significance was determined by Student’s t test
with Bonferroni correction; error is SEM; **p < 0.01,
***p < 0.001.
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(Figure S2B), but the percentage of mobile vesicles was
unchanged (Figure S2C).

Because, in these experiments, endogenous Syt4 remained in
which S135 could be phosphorylated or non-phosphorylated,
we also examined trafficking in a Syt4 knockout background
(Figure 2F). Interestingly, we observed similar trafficking effects:
S135A vesicles were the most mobile and S135E vesicles were
the least mobile, in terms of vesicle velocity (Figure 2G) and
mobile vesicle percentage (Figure 2H), which were not signifi-
cantly different from a WT background. Likewise, pause analysis
revealed that highly mobile S135A vesicles had a higher pause
frequency (Figure 2I) and shorter pause time (Figure 2J)
compared with WT and S135E vesicles, with no significant differ-
ences in trafficking compared with a WT background, except for
a slight increase in pause frequency of S135A vesicles in a WT
background (p < 0.05, 2-way ANOVA, Tukey'’s test). Thus, Syt4
phosphomutants expressed in WT neurons appear to act in a
dominant fashion to supplant the function of endogenous Syt4.

Phosphomimetic Syt4 Has Reduced Direct Interaction
with Kif1A
To determine why phosphomutant vesicles have altered traf-
ficking, we tested whether phosphorylation of Syt4 affects its
interaction with motor proteins. Knockdown of Kif1A, a motor
protein involved in fast axonal transport of DCVs (Lo et al.,
2011), significantly reduced the number of Syt4 DCVs in axons,
and this reduction was rescued by re-introducing knockdown-
resistant Kif1A (vesicles/20 um axon = 4.2 + 0.4 [WT], 2.5 + 0.3
[Kif1A knockdown], and 4.7 + 0.4 [Kif1A rescue]; p = 0.003 for
WT versus Kif1A knockdown, p = 0.0004 for Kif1A knockdown
versus Kif1A rescue). The vesicles that remained in Kif1A knock-
down neurons had severely reduced mobility with virtually no
translocation of vesicles in kymographs (Figure 3A), reduced ve-
locity (Figure 3B), and a reduced percentage of mobile vesicles
(Figure 3C). Co-expression of knockdown-insensitive Kif1A fully
restored vesicle trafficking, indicating that Kif1A is the motor pro-
tein that transports Syt4-harboring DCVs (Figures 3A-3C).
Although most motor proteins bind their cargo via adaptor pro-
teins (Hirokawa et al., 2010), it is possible that Syt4 and Kif1A
bind directly to transport DCVs and that phosphorylation of
S135 of Syt4 destabilizes this interaction. To test this idea, we
first used structural modeling. The S135 site of Syt4 (Figure S3A)
is in a largely exposed and intrinsically disordered linker (Fig-
ure S3B) between the transmembrane and C2A domains of

Syt4, at the N-terminal cap of a region with transient helical
structure (Figure S3C). Although it is intrinsically disordered,
several hydrophobic residues within the linker argue for a prefer-
entially compact structure (Figure S3D). Interestingly, we identi-
fied, with 98% confidence, a C2-like domain and a DEP-like
domain similar to that in pleckstrin in the vesicle membrane-
proximal undefined region (UDR) of Kif1A (Figure S3E). Structural
models indicate that Syt4 may interact with this C2 domain of
Kif1A when Syt4 is in a compact non-phosphorylated state (Fig-
ure S3F). Thus, Syt4 and Kif1A may bind directly.

We first examined an interaction between Syt4 and Kif1A in
co-immunoprecipitation (colP) experiments in HEK293 cells
co-transfected with Kif1A-GFP and mCherry-tagged WT,
S135A, or S135E Syt4. WT Syt4 co-immunoprecipitated with
Kif1A, but the amount of S135E Syt4 co-immunoprecipitated
by KiflA was reduced (42.9% + 10.8% of WT), whereas
the amount of S135A Syt4 co-immunoprecipitated by Kif1A
was increased (134.4% + 11.1%) compared with the WT
(p = 0.04 for WT versus S135E, and p = 0.02 for S135A versus
S135E) (Figure 3D). Reverse IP using a red fluorescent protein
(RFP) antibody revealed the same trends: the amount of
Kif1A-GFP co-immunoprecipitated by S135E Syt4 was
reduced (87.0% = 22.9% of WT), and the amount of Kif1A-
GFP co-immunoprecipitated by S135A Syt4 was increased
(158.19% + 24.49% of WT) (Figure 3E). We additionally tested
binding of endogenous Kif1A to WT and phosphomutant Syt4
in pull-down experiments from brain lysates. We again found
reduced KiftA binding to S135E Syt4 (43.6% + 10.7% of
WT, p = 0.0017), with no significant change in Kif1A binding
to S135A Syt4 in this case (Figure 3F). Finally, we purified
recombinant WT and phosphomutant Syt4 and KifiA and
examined direct binding. We found that there is indeed a
direct interaction between Kif1A and WT Syt4. In addition,
Kif1A binding to S135E Syt4 was reduced (36.7% + 5.5% of
control, p = 0.0003), whereas S135A Syt4 showed similar
binding to WT Syt4 (100.4% + 16.8% of control) (Figure 3G).

The reduced interaction of S135E Syt4 with Kif1A may desta-
bilize cargo-motor trafficking complexes and immobilize phos-
phorylated DCVs. If this is the case, then overexpression of
Kif1A, providing an excess of motor proteins, might “rescue”
the immobility of S135E Syt4 in WT neurons (where remaining
copies of WT Syt4 can bind Kif1A normally) but not in Syt4
knockout neurons. To test this, we co-expressed mCherry-
tagged WT, S135A, or S135E Syt4 with Kif1A-GFP. The ratio

Figure 2. Phosphorylation of the S135 Site of Syt4 Reduces DCV Mobility in Axons

(A) Axons marked with EGFP (top) co-transfected with mCherry-tagged WT, S135A, or S135E Syt4; vesicle trafficking is indicated by color-coded vesicle tracks
(center) and kymographs (bottom).

(B-E) Quantitation of velocity (B), mobile vesicle percentage (C), pause frequency (D), and pause time (E) of S135A and S135E Syt4 vesicles in axons normalized to
WT (n = 4,476, 6,502, and 4,228 vesicles for velocity, pause frequency, and pause time and n = 27, 31, and 32 movies for mobile percentage of WT, S135A, and
S135E vesicles, respectively, from 4 cultures).

(F) Trafficking of WT, S135A, and S135E vesicles in axons of transfected Syt4 knockout neurons indicated by color-coded vesicle tracks (center) and kymographs
(bottom).

(G-J) Quantitation of velocity (G), mobile vesicle percentage (H), pause frequency (l), and pause time (J) of S135A and S135E Syt4-harboring vesicles in axons
normalized to WT in a Syt4 knockout background (n = 12,549, 18,991, and 9,880 vesicles for velocity, pause frequency, and pause time and n = 28, 34, and 31
movies for mobile percentage of WT, S135A, and S135E vesicles, respectively, from 4 cultures). Scale bars, 5 pm.

Significance was determined by Student’s t test with Bonferroni correction; error indicates SEM; *p < 0.05, **p < 0.01, ***p < 0.001. Velocity, mobile vesicle
percentage, and pause time of S135A and S135E vesicles relative to WT were not significantly different between WT and Syt4 knockout backgrounds (2-way
ANOVA). The pause frequency of S135A vesicles was slightly higher in a WT background (p < 0.05, 2-way ANOVA, Tukey’s multiple comparisons test).
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of mCherry-Syt4 to Kif1A-GFP expression, assayed by fluores-
cence intensity, was similar under all conditions (p > 0.15). Over-
expression of Kif1A-GFP (Figures 3H and 3I; Movie S3) did
indeed increase the vesicle velocity (Figure 3J), mobile vesicle
percentage (Figure 3K), and pause frequency (Figure 3L) of
S135E and S135A vesicles to similar levels in WT neurons (where
the S135E vesicle pause frequency was even higher than that of
S135A) but not in Syt4 knockout neurons. Similarly, overexpres-
sion of Kif1A-GFP decreased the vesicle pause time of S135E
and S135A vesicles to similar levels in WT neurons but not in
Syt4 knockout neurons (Figure 3M). This further confirms that
the decreased mobility of S135E vesicles is due to decreased
binding of phosphorylated Syt4 to Kif1A.

Syt4 Vesicles Accumulate at Presynaptic Sites in an
Actin- and S135 Phosphorylation-Dependent Manner
Capture of DCVs at specific sites likely requires that they detach
from microtubules and interact with a new substrate. In mature
neurons, presynaptic sites are enriched in actin filaments (Cingo-
lani and Goda, 2008; Hirokawa et al., 1989; Figure S4A), which
may promote vesicle capture. To test this, we examined localiza-
tion of WT and phosphomutant Syt4 to presynaptic sites marked
with syp-GFP in control cultures and in cultures treated with
10 uM latrunculin for 30 min to disrupt actin. Under control con-
ditions, there was no difference in the proportion of WT, S135A,
or S135E vesicles localized to axons (Figures 4A and 4B) or den-
drites (Figures 4A and 4C) or in the fluorescence intensity of Syt4
puncta in axons (WT =3.5+ 1.0, S135A=2.5+ 0.6, S135E=2.8
+ 0.4 [a.u.]) or dendrites (WT = 4.6 + 0.6, S135A = 5.3 = 0.8,
S135E = 5.4 + 0.7 [a.u]). However, S135E vesicles were
increased and S135A vesicles were decreased at presynaptic
sites (marked with co-expressed syp-GFP) compared with WT
vesicles (Figure 4D). Latrunculin treatment decreased synaptic
localization of S135E and WT vesicles to levels similar to
S135A vesicles, whose localization was unchanged by latruncu-
lin (Figures 4E and 4F). Thus, actin recruits Syt4 vesicles that are
phosphorylated at the S135 site to presynaptic boutons. WT,
S135A, and S135E vesicles were less prominent at post-synap-
tic sites marked with PSD95-GFP, with no significant difference

in localization of phosphomutants compared with the WT (Fig-
ures S4B and S4C).

To test whether actin depolymerization affects the mobility
of DCVs, we examined trafficking of mCherry-tagged WT,
S135A, or S135E vesicles under control conditions and
following treatment with 10 uM latrunculin for 30 min. Although
the relatively high velocity of S135A vesicles was unchanged,
the velocity of S135E and WT vesicles significantly increased
following latrunculin treatment (Figure 4G). The percentage of
mobile S135A vesicles was also unchanged, whereas that of
S135E and WT vesicles trended toward an increase upon la-
trunculin treatment (Figure 4H). Latrunculin also slightly
increased the pause frequency (108.3% =+ 2.4%, p = 0.01)
and decreased the pause time (71.1% + 6.5%, p = 0.002) of
S135E vesicles and WT vesicles (68.5% + 3.2%, p = 0.0007)
without affecting these parameters for S135A vesicles. Thus,
disrupting actin specifically increased the mobility of S135E
vesicles to (or above) S135A levels but had no effect on
S135A vesicle mobility. This suggests that actin is specifically
involved in a Syt4 S135 phosphorylation-dependent mecha-
nism of vesicle capture and not a more general unrelated ef-
fect, which would result in a uniform increase in the mobility
of both S135A and S135E vesicles.

To further test the role of actin, we examined the effects of
the actin polymerizing agent jasplakinolide. We again found
phosphomutant-specific effects: the S135A vesicle velocity
(Figure 4l) was dramatically reduced by 1 uM jasplakinolide
treatment for 30 min prior to imaging, below S135E levels
(which were reduced more slightly). Similarly, the mobile per-
centage of S135A vesicles was significantly reduced, whereas
that of S135E vesicles was unchanged by jasplakinolide (Fig-
ure 4J). Pause analysis revealed similar trends. Jasplakinolide
significantly decreased the pause frequency of S135A vesicles
(89.2% + 1.4%, p = 0.001) and WT vesicles (90.3% + 1.4%,
p = 0.001) but had no effect on S135E vesicles, whereas the
pause duration of S135A and S135E vesicles was increased
by jasplakinolide to the same level (121.4% + 7.1%, 122.5%
+ 6.0%, and 119.4% + 55% for WT, S135A, and S135E
vesicles, respectively).

Figure 3. Kif1A Transports Syt4-Harboring DCVs, and S135E Syt4 Has Reduced Binding to Kif1A

(A) Trafficking of mCherry-Syt4 vesicles in control, Kif1A knockdown, or Kif1A rescue axons indicated by color-coded vesicle tracks (top) and kymographs
(bottom).

(B and C) Normalized velocity (B) and mobile vesicle percentage (C) under control, Kif1A knockdown, and Kif1A rescue conditions (n = 9,319, 3,625, and 7,493
vesicles for velocity and n = 14, 15, and 15 movies for mobile vesicle percentage of control, Kif1A knockdown, and Kif1A rescue, respectively, from 4 cultures).
Scale bars, 5 um. Significance was determined by Student’s t test with Bonferroni correction; error indicates SEM; ***p < 0.001.

(D) Western blot of Kif1A-GFP (left) and mCherry-tagged WT, S135A, or S135E Syt4 co-immunoprecipitation using GFP-Trap beads (+). Agarose beads (—)
controlled for binding specificity. The uppermost band (right) corresponds to full-length mCherry-Syt4 (n = 6).

(E) Western blot of mCherry-tagged WT, S135A, or S135E Syt4 (left) and Kif1A-GFP (right) co-immunoprecipitation using an RFP antibody (n = 6).

(F) Pull-down of Kif1A from brain lysates using His-tagged WT, S135A, or S135E Syt4 bound to nickel beads; input, pellet (P) and supernatant (S), and bead-only
negative controls are indicated (n = 6).

(G) Direct binding of GST-tagged Kif1A and His-tagged WT, S135A, or S135E Syt4; bead-only negative controls are indicated (n = 6).

(H and I) Color-coded vesicle tracks (top; scale bar, 5 um) and kymographs (bottom; scale bar, 10 um) of WT, S135A, and S135E Syt4 vesicle trafficking ina WT
background (H) and of S135E Syt4 vesicle trafficking in a Syt4 knockout background (l) in neurons co-transfected with Kif1A-GFP. Kymographs show WT, S135A,
or S135E mCherry-Syt4 (red) and co-transfected Kif1A-GFP (green).

(J-M) Quantitation of velocity (J), mobile vesicle percentage (K), pause frequency (L), and pause time (M) of WT, S135A, and S135E Syt4-harboring vesicles in
axons co-transfected with Kif1A-GFP, normalized to WT (without Kif1A-GFP). Control conditions without Kif1A-GFP are shown for comparison (n = 4,278, 6,325,
9,507, and 6,839 vesicles for average velocity, pause frequency, and pause timeand n=7, 9, 12, and 23 movies for mobile percentage of WT, S135A, S135E, and
S135E/ Syt4 knockout background, respectively, from 4 cultures). Scale bars, 5 um.

Significance was determined by Student’s t test with Bonferroni correction; error indicates SEM; *p < 0.05, ***p < 0.001.
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Figure 4. Actin is required for S135 phosphorylation-dependent capture of Syt4 DCVs at presynaptic sites

(A) GFP-tagged WT, S135A and S135E Syt4 transfected cells immunostained with MAP2.

(B and C) (B) Quantitation of WT, S135A, and S135E GFP puncta in axons (MAP2-negative) and dendrites (C; MAP-2-positive).

(D and E) Cropped axonal regions of hippocampal neurons co-transfected with syp-GFP and mCherry-tagged WT, S135A or S135E Syt4 in control (D) and
latrunculin-treated (E) conditions.

(legend continued on next page)
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JNK Binds to and Phosphorylates Syt4 at S135

JNK is reported to bind to and phosphorylate Syt4 at S135 in
PC12 cells (Mori et al., 2008) and, therefore, may phosphorylate
Syt4 in neurons to promote the capture of DCVs at synapses. In
HEK293 cells co-transfected with FLAG-MKK7-JNK1 and GFP-
Syt, we were able to co-immunoprecipitate GFP-Syt4 with a
FLAG antibody (Figure 5A) and FLAG-MKK7-JNK1 with a GFP
antibody in a reverse approach (Figure 5B), confirming an inter-
action between Syt4 and JNK. In addition, using an in silico
approach (with c-Jun, a known substrate of JNK1, as a positive
control), we found that JNK1 is predicted to phosphorylate Syt4
at S135 (Figure 5C). Finally, we used an in vitro kinase assay to
test whether JNK1 specifically phosphorylates the S135 site of
Syt4. As a control, we used a c-Jun peptide containing S63,
which is phosphorylated by JNK1. Replacing S135 of Syt4 with
alanine reduced phosphorylation by approximately 90%, and
replacing S63 of c-Jun with alanine reduced phosphorylation
by approximately 80% (Figure 5D). The 10% kinase activity
remaining for the S135A peptide likely reflects autophosphoryla-
tion of JNK1, although we cannot exclude phosphorylation of
other serine or threonine residues in the peptide.

JNK Phosphorylation of the S135 Site of Syt4 Captures
DCVs at Synapses

To test whether JNK phosphorylation of the S135 site of Syt4
immobilizes vesicles, we first tried manipulating JNK pharmaco-
logically with anisomycin (a JNK activator) and SP600125 (a JNK
inhibitor) (Bennett et al., 2001; Curtin and Cotter, 2002) and
examined mCherry-Syt4 trafficking. We observed a significant
increase in p-JNK levels and a decrease in the mobility of
Syt4 vesicles following anisomycin treatment but little to no
change in vesicle trafficking following application of SP600125,
possibly because of similar p-JNK levels in control and
SP600125-treated conditions (Figure S5). Because anisomycin
has additional effects (most notably in blocking protein synthe-
sis), we tested the effect of JNK phosphorylation using a more
specific approach. We transfected hippocampal neurons with
mCherry-Syt4-P2A-JNK1(APF), where JNK1(APF) corresponds
to a dominant-negative form of JNK1 (Dérijard et al., 1994), or
with mCherry-Syt4-P2A-MKK7-JNK1, where MKK7-JNK1 in-
creases activate JNK1 (Lei et al., 2002). We hypothesized that
increased active JNK1 would phosphorylate Syt4 and reduce
vesicle mobility by capturing vesicles, whereas dominant-nega-
tive JNK1 would prevent phosphorylation of Syt4 and increase
vesicle mobility by preventing capture. Consistent with this
hypothesis, Syt4 vesicles had increased velocity in the presence
of JNK1(APF) and decreased velocity in the presence of
increased active JNK1 (MKK7-JNK1) compared with the control
(Figures 5E and 5F). The percentage of mobile vesicles was also

decreased by active JNK1 (Figure 5G). Pause analysis corrobo-
rated these changes in mobility: highly mobile vesicles under
JNK1(APF) conditions paused more frequently but for shorter
durations (Figure 5H), whereas vesicles in MKK7-JNK1-express-
ing neurons showed the opposite effect and paused less
frequently but for longer durations (Figure 51). JNK1 could affect
DCV capture by phosphorylating other sites on Syt4 or a site ona
different protein, which might then indirectly immobilize DCVs via
another mechanism. To test whether the S135 site of Syt4 is
specifically phosphorylated by JNK1 to capture DCVs, we trans-
fected neurons with mCherry-Syt4(S135A)-P2A-MKK7-JNK1,
where S135A vesicles are co-expressed with excess active
JNK1. If the S135 site of Syt4 is specifically required for JNK1-
dependent phosphorylation and capture of vesicles, S135A
vesicles would remain mobile even in the presence of increased
active JNK1. We found that this was indeed the case. S135A
vesicles remained highly mobile in neurons with increased active
JNK1 (Figure 5E) in terms of velocity (Figure 5F), mobile percent-
age (Figure 5G), pause frequency (Figure 5H), and pause dura-
tion (Figure 5I). We also found that Syt4 vesicle localization to
presynaptic sites increased in the presence of excess MKK7-
JNK1 and decreased in the presence of JNK1(APF) compared
with the control (Figures 5J and 5K), indicating that JNK1 phos-
phorylation of Syt4 captures DCVs at presynaptic sites.

Activity-Dependent Capture of DCVs Requires
Phosphorylation of S135 of Syt4
To determine whether capture of DCVs at presynaptic sites is
increased by neuronal activity, we examined the trafficking of
Syt4 vesicles during treatment of cultures with 70 mM KCI for
3 min to depolarize neurons in the middle of 10 min time-lapse
recordings. We defined capture events as immobility of a transit-
ing vesicle at a site for greater than 120 s (Wong et al., 2012). We
found a significant increase in capture of transiting Syt4-
harboring vesicles during depolarization (Figures 6A and 6D).
These vesicles then either resumed movement following stimula-
tion or remained immobilized following washout of KCI. In
contrast to WT Syt4 vesicles, S135A vesicles remained highly
mobile during increases in neuronal activity, similar to non-depo-
larized conditions (Figures 6B and 6D), indicating that phosphor-
ylation of the S135 site is important for activity-dependent
capture. Syt4 vesicles also remained highly mobile during
increased neuronal activity in the presence of dominant-negative
JNK1 in mCherry-Syt4-P2A-JNK1(APF) transfected neurons,
similar to non-depolarizing conditions, further confirming that
JNK1 phosphorylation is necessary for activity-dependent cap-
ture of transiting DCVs (Figures 6C and 6D).

If Syt4 is necessary for activity-dependent DCV capture at syn-
apses, we would also expect that, in the absence of Syt4, DCVs

(F) Quantitation of percentage of mCherry-tagged WT, S135A or S135E Syt4 colocalizing with syp-GFP, in control and latrunculin-treated conditions (n=37, 33
and 33 cells in control conditions, and n=31, 25 and 28 cells in latrunculin-treated conditions for WT, S135A and S135E, respectively, from 3 cultures).

(G and H) (G) Quantitation of velocity and mobile vesicle percentage (H) of WT, S135A and S135E Syt4 vesicles in control and and latrunculin-treated conditions,
normalized to WT control (n=5109, 5609 and 2317 vesicles for velocity and n=22, 21 and 15 videos for mobile percentage for WT, S135A and S135E vesicles,

respectively, from 4 cultures).

(I and J) (I) Quantitation of velocity and mobile vesicle percentage (J) of WT, S135A and S135E Syt4 vesicles in control and jasplakinolide-treated conditions,
normalized to WT control (n=5625, 5977 and 8556 vesicles for velocity, and n=13, 13 and 15 videos for mobile percentage for WT, S135A and S135E vesicles,
respectively, from 3 cultures). Scale bars = 5 um. Significance determined by Student’s t-test with Bonferroni correction; error indicates s.e.m.; *p < 0.05,

*p < 0.01, **p < 0.001).
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Figure 5. JNK Phosphorylates Syt4 at S135 to Promote DCV Capture

(A and B) Western blot of co-immunoprecipitation of FLAG-JNK and GFP-Syt4 co-expressed in HEK cells, using anti-FLAG beads (A, +), anti-GFP beads (B, +), or
control beads without antibody (—). Input, IP, and S are indicated.

(C) GPS kinase prediction, where a score/cutoff > 2 is positive.

(D) In vitro kinase assay quantitation of percent JNK1-dependent phosphorylation of WT and phosphodeficient peptides of Syt4 and c-Jun.

(E) Color-coded vesicle tracks (top; scale bar, 10 um) and kymographs (bottom; scale bar, 5 um) from hippocampal neurons transfected with mCherry-tagged
Syt4 alone (control) or co-expressed with dominant-negative JNK1 (JNK1(APF)) or overexpressed active JNK1 (MKK7-JNK1) and S135A Syt4 with overex-
pressed JNK1 (S135A/MKK7-JNK1). Scale bar, 10 um.

(F-1) Quantitation of velocity (F), mobile percentage (G), pause frequency (H), and pause time (I) of Syt4 vesicles under JNK1(APF), MKK7-JNK1, and S135A/
MKK7-JNK1 conditions, normalized to WT control (n = 5,216, 7,478, 3,172, and 4,232, vesicles for velocity, pause frequency, and pause time and n = 22, 27, 27,
and 18 movies for mobile vesicle percentage for control, JNK1(APF), MKK7-JNK1, and S135A/MKK7-JNK1, respectively, from 4 cultures).

(J) Axons of neurons co-transfected with syp-GFP and mCherry-Syt4, mCherry-Syt4-P2A-JNK1(APF), mCherry-Syt4-P2A-MKK7-JNK1, or mCherry-
Syt4(S135A)-P2A-MKK7-JNK1. Scale bar, 10 um.

(K) Quantitation of the percentage of mCherry-Syt4 vesicles co-localized with syp-GFP (n = 12, 17, and 21 cells for control, JNK1(APF), and MKK7-JNK1,
respectively, from 3 cultures).

Significance was determined by Student’s t test with Bonferroni correction; error is SEM; **p < 0.01, ***p < 0.001.
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Figure 6. Capture of DCVs by Increased Activity Requires Phosphorylation of S135 of Syt4
(A—-C) Kymographs of mCherry-Syt4 WT (A), mCherry-Syt4 S135A (B), and mCherry-Syt4/JNK1(APF) (C) vesicle trafficking during stimulation. Equal lengths of
processes are shown for comparison, which may include more than one example. Neurons were depolarized with 70 mM KCI for 3 min (indicated by white

(legend continued on next page)
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cannot be captured by increased neuronal activity. We used
NPY-mCherry as a DCV marker to compare vesicle trafficking
in response to stimulation in WT and Syt4 knockout neurons.
GFP-Syt4 and the DCV cargo NPY-mCherry are highly co-local-
ized on DCVs (91.3% + 1.9% of NPY-mCherry vesicles co-local-
ized with GFP-Syt4, and 88.5% + 2.5% of GFP-Syt4 vesicles
co-localized with NPY-mCherry; Figure 6E). We found that
capture of NPY-mCherry vesicles was significantly increased
during stimulation in WT neurons but abolished in Syt4 knockout
neurons (Figures 6F and 6G). If captures correspond to dissocia-
tion of DCVs from Kif1A motors, then Kif1A-GFP should continue
to traffic along microtubules under conditions of increased
neuronal activity without pausing. We tested this and found that
increasing neuronal activity did not affect Kif1A movement (Fig-
ures 6H and 6l), indicating that Syt4 vesicles dissociate from
Kif1A during activity-dependent capture events.

Neuronal Activity- and JNK-Dependent Capture of DCVs
Occurs at Synapses

To test whether Syt4 vesicle capture occurs at synaptic sites, we
co-transfected neurons with mCherry-Syt4 and syp-GFP to
mark presynaptic boutons. We found significantly more (twice
as many) pause events (immobility for longer than 2 min) at syn-
aptic sites identified by syp-GFP fluorescence compared with
non-synaptic sites (Figures 7A and 7B). We further examined
whether endogenous Syt4 is captured at synaptic sites under
conditions of increased neuronal activity. Because 70 mM KCI
causes a transient depolarization and transient capture of
mCherry-Syt4 vesicles in some cases (Figure 6A), we tested
the effects of longer-term increases in neuronal activity by treat-
ing hippocampal neurons with 40 uM bicuculline for 1 h First, we
tested the effects of bicuculline on overall levels of Syt4 and
p-JNK by western blot. Endogenous Syt4 expression in neurons
increased with bicuculline treatment (Figure 7C), consistent with
previously reported activity-dependent expression of Syt4 (Dean
et al., 2012; Vician et al., 1995). Bicuculline treatment also
increased p-JNK levels (Figure 7C). We further tested the effi-
cacy of the JNK inhibitor SP600125 in hippocampal neurons
by western blot. Treatment of hippocampal neurons with the
JNK activator anisomycin increased phosphorylation of c-Jun,
a substrate of JNK, whereas addition of SP600125 decreased
anisomycin-induced JNK activation back to control levels,
showing that SP600125 inhibits JNK activity (Figure 7D). We
then examined endogenous Syt4 and p-JNK localization at syn-
apses. Interestingly, endogenous p-JNK was more concentrated
at synapses compared with total JNK (Figure S6A), and the level
of p-JNK at synapses was higher at DIV13 compared with DIV6

(Figures S6B and S6C). Increasing neuronal activity with 40 uM
bicuculline treatment for 1 h increased p-JNK (Figures 7E and
7F) and Syt4 (Figures 7G and 7H) at synapses, and this increase
was blocked by inhibition of JNK with SP600125. Thus,
increased neuronal activity increases p-JNK at synapses, which
captures Syt4 vesicles.

DISCUSSION

Our results shed light on a fundamental question regarding the
distribution of essential modulatory components —neuropep-
tides and neurotrophins—at synapses and reveals a capture
mechanism of DCVs. We found that, prior to capture, DCVs in
hippocampal neurons traffic in a circular route from the soma
to distal processes and back again, as previously reported at
the Drosophila NMJ (Wong et al., 2012), ensuring an even distri-
bution of DCVs at all synapses. Capture of Syt4-harboring
DCVs occurs through a single phosphorylation site, S135, on
Syt4 that steers DCVs to active synapses upon phosphorylation
by JNK. Using biochemical and structural modeling ap-
proaches, we showed that phosphorylation of Syt4 at S135
decreases its direct interaction with Kif1A, which leads to
destabilization of a Syt4-Kif1A trafficking complex and DCV
capture at synapses.

Capture of phosphorylated Syt4 vesicles is activity-dependent
and requires JNK phosphorylation of the S135 site of Syt4.
Depolarization of neurons increased capture of WT Syt4-
harboring DCVs but had no effect on S135A phosphodeficient
Syt4 vesicles or on WT Syt4 vesicles in neurons in which JNK1
was inactivated. Importantly, S135A vesicles remained highly
mobile both during stimulation and in the presence of increased
active JNK1, demonstrating that Syt4 vesicles are captured
by JNK-dependent phosphorylation of the S135 site of Syt4
specifically. Syt4 is necessary for DCV capture because, in the
absence of Syt4 in Syt4 knockout neurons, activity-dependent
capture of DCVs was abolished.

Although the precise mechanism by which neuronal activity
leads to JNK activation is not yet known, calcium influx is likely
to be important; JNK activation in hippocampal neurons de-
pends on calcium influx (Ko et al., 1998), and calcium influx
has been reported to be necessary for longer pauses of transport
vesicles at synapses (Sabo et al., 2006). Syt4 is upregulated by
neuronal activity (Vician et al., 1995), but JNK-dependent
capture of WT Syt4 vesicles occurs within minutes of increased
activity, before Syt4 protein levels begin to increase (Dean et al.,
2012). Upregulation of Syt4 over longer time periods of increased
activity, however, would provide more Syt4 on vesicles that can

dashed lines). Select representative vesicle trajectories used for analysis are indicated in color. Raw underlying kymographs were deposited at Mendeley Data

(https://doi.org/10.17632/5b9zw3tm4f.1).

(D) Quantitation of the percentage of vesicles captured (pausing for > 2 min) during and in the absence of stimulation under the indicated conditions (n =17, 15,
and 9 movies of WT Syt4, S135A Syt4, and WT Syt4/JNK1(APF), respectively, from 4 cultures). Scale bars, 5 um.

(E) GFP-Syt4/ NPY-mCherry co-localization in a co-transfected axons (n = 23 images from 3 cultures).

(F) Kymographs of NPY-mCherry vesicle trafficking in WT and Syt4 knockout neurons during stimulation (white dashed lines).

(G) Quantitation of the percentage of NPY-mCherry vesicles captured (pausing for > 2 min) in response to stimulation in WT and Syt4 knockout neurons (n = 12

and 15 movies from 3 cultures, respectively).
(H) Kymographs of Kif1A-GFP trafficking during stimulation.

(I) Quantitation of the percentage of Kif1A-GFP pauses > 2 min in response to stimulation and under unstimulated conditions (n = 19 movies from 3 cultures).
Significance was determined by Student’s t test with Bonferroni correction; error is SEM; *p < 0.05, ***p < 0.001.
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Q 60+ < 801 SR S Tubulin was a loading control.
Syt4 [s= = ﬁ 40: 0>) 60 1 P-cJun o - (E) Hippocampal cultures immunostained for
Z 0] 5 401 i p-JNK, syp, and MAP2 under control, bic, and
tubUIIN . [e—— 2 o] = 28- tubulin e S——— bicuculline + SP600125 (bic + SP6) treatment
ctrl bic ctrl bic cgndmonsl (n =33, 34, gr?d 17 |mage§ for control,
bic, and bic + SP6 conditions, respectively, from 4
*k%k
E F — cultures).. ' .
_ . (F) Quantitation of p-JNK at synapses, normalized
o — 1207 to control.
g g (G) Hippocampal cultures immunostained for
o = Syt4, syp, and MAP2 under control, bic, and bic +
8 1104 SP6 conditions.
5 § (H) Quantitation of Syt4 at synapses, normalized to
irel g control (n = 46, 49, and 17 images under control,
° 100 - bic, and bic + SP6 conditions, respectively, from 4
. ; cultures).
% % Scale bars, 5 um. Significance was determined by
+ a Student’s t test with Bonferroni correction; error is
8 90 - bic bic+ SEM; *p < 0.05, ***p < 0.001.
n SP6
*kk
G 1207
S —~ *kk
= € from microtubules. We found that Syt4
o . .
8 £ vesicles are transported by KiflA and
o 1107 that depolarization immobilizes Syt4
. § vesicles but does not affect trafficking
S . . . . .
a < of KiflA, which remains mobile. This
=
% 100 suggests that Syt4 vesicles do indeed
s < dissociate from KiflA upon activity-
ﬁ & 9% dependent capture. A two-step mecha-
© bic bic+ nism of vesicle capture is supported by
@) SP6 our finding that actin is necessary for
9 ry

potentially be phosphorylated and recruited to synaptic sites.
This would allow an additional level of control to provide suffi-
cient DCVs to active sites under conditions of high neuronal
activity.

Capture could involve a single step, where phosphorylated
DCVs detach from microtubules and are unable to get back on
as long as they are phosphorylated, or it could be a multi-step
process where phosphorylated vesicles pause at synapses
and are then sequestered by a separate mechanism. In either
case, capture would require the detachment of Syt4 vesicles
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S135 phosphorylation-dependent cap-

ture of Syt4-harboring vesicles. Disrupt-
ing actin specifically increased the mobility of S135E vesicles,
which bind less tightly to Kif1A and are therefore more suscepti-
ble to capture by actin, but had no effect on the mobility of S135A
vesicles. Conversely, polymerizing actin dramatically decreased
the mobility of S135A vesicles but had less effect on S135E
vesicles. This suggests that actin is specifically involved in a
Syt4 S135 phosphorylation-dependent mechanism of vesicle
capture and not a more general unrelated effect, which would
result in a uniform increase or decrease in mobility of both
S135A and S135E vesicles following perturbation of actin.



Interestingly, vesicles that are more mobile (i.e., S135A
vesicles or vesicles under conditions where Kif1A is overex-
pressed or actin is disrupted) pause more frequently but for
a short duration. Conversely, vesicles that are less mobile
(harboring the S135E mutation or in the presence of increased
JNK or increased polymerized actin) pause less frequently but
for a longer duration. This suggests that pauses do not neces-
sarily always lead to capture and that the duration of vesicle
pausing determines whether a vesicle is captured by actin.

Our data are consistent with a “tug of war” model in which
vesicle mobility versus capture is determined by relative binding
to microtubules via Kif1A or to actin. This mechanism has been
described for transition of cargo from microtubules to actin via
kinesin/dynein and myosin motors, where the number of motors
(i.e., the amount of force provided by each) controls cargo
switching (Schroeder et al., 2010). KIF1a dimerizes in a confor-
mation that promotes more force and, thus, faster processivity
only when bound to cargo (Soppina et al., 2014; Tomishige
et al., 2002). Reduced interaction of phosphorylated Syt4 with
Kif1A could lead to reduced processivity, resulting in less force
exerted by Kif1A on microtubules, where actin-based transport
then “wins” and captures Syt4-harboring vesicles in actin-rich
presynaptic sites.

The S135 site of Syt4 is located within a largely exposed and
intrinsically disordered 114-amino acid linker connecting the
transmembrane and C2A domains of Syt4 at a site 20 amino
acids upstream of the C2A domain. Because S135 is located
at the N-terminal cap of a region with transient helical struc-
ture, its phosphorylation might stabilize an o helix (Andrew
et al.,, 2002; Schwalbe et al., 2013). This could interfere/
compete with structural changes the linker is required to un-
dergo upon binding to Kif1A and, therefore, attenuate interac-
tion with Kif1A; for example, via leucine zipper interactions
(Perin et al., 1991).

Interestingly, we identified, with 98% confidence, a C2-like
domain and a DEP-like domain similar to that in pleckstrin in
the Kif1A UDR. In our Kif1A dimer structural model, a central
symmetric PH dimer is flanked by DEP and C2 domains. C2
domains can oligomerize (Wang et al., 2015; Wu et al., 2003;
Zhou et al., 2015). Thus, the C2 domains of Syt4 might interact
with the C2 domain of Kif1A when Syt4 is in the compact non-
phosphorylated state. In addition, Syts and Kif1A can both bind
lipids via their C2 and PH domains, respectively (Klopfenstein
et al., 2002; Klopfenstein and Vale, 2004; Lin et al., 2014),
where binding of the PH domain of Kif1A to vesicle membranes
is important for cargo transport (Klopfenstein et al., 2002; Klop-
fenstein and Vale, 2004). We propose a model (Figure S7) in
which the C2A-C2B domains of two Syt4 molecules in the
compact non-phosphorylated state interact with the C2 do-
mains of Kif1A dimers in a 1:1 ratio to “clamp” and stabilize
Kif1A dimers. This would also displace the negatively charged
DEP domain from the positively charged PH domain of Kif1A
(Civera et al., 2005; Consonni et al., 2014), allowing the PH
domain of Kif1A to interact with vesicle membranes. This traf-
ficking complex could be further stabilized by interaction of
Syt4 and Kif1A C2 domains with vesicle membranes. In this
model, the S135 site of Syt4 is surface-accessible by JNK.
Upon phosphorylation of S135 by JNK, a change in linker

conformation loosens the clamp between C2 domains, result-
ing in decreased interaction of C2 and PH domains with vesicle
membranes and release of vesicles.

This model is consistent with the idea that binding of the PH
domain of Kif1A to cargo vesicle membranes is important for
their transport (Klopfenstein et al., 2002; Klopfenstein and Vale,
2004), but other adaptor proteins that bind in parallel to Kif1A
and proteins in cargo membranes provide specificity/stability
(Hirokawa et al., 2010). For example, binding of Kif1A to GTP-
bound Rab3 on vesicles via DENN/MADD (Niwa et al., 2008)
and to the adaptor protein liprin-alpha (Shin et al., 2003) is neces-
sary for synaptic vesicle transport (Miller et al., 2005). Syt4 is
unique in that it does not require an adaptor protein and binds
directly to Kif1A.

Alterations in axonal transport, capture, and release of DCVs
have been implicated in neurodegenerative diseases, including
Huntington’s and Alzheimer’s diseases, and autism (Chevalier-
Larsen and Holzbaur, 2006; Dubey et al., 2015; Sadakata and
Furuichi, 2009). Pathogenic huntingtin (polyQ-htt), for example,
activates axonal JNK3, which phosphorylates kinesin-1 and re-
duces its binding to microtubules (Morfini et al., 2009). Thus,
other JNKs or additional kinases could phosphorylate additional
sites on DCV proteins or other organelles, such as mitochondria,
to target them to active synapses. Increasing evidence suggests
synaptic dysfunction as a hallmark of pathophysiology (Lu et al.,
2013), where activity-dependent capture of DCVs is an important
mechanism to modulate synaptic function. For example, BDNF,
a known cargo of Syt4-harboring DCVs, is neuroprotective
against synaptic deficits in animal models of neurodegeneration
(Lu et al., 2013; Nagahara et al., 2009). Our study contributes to
an understanding of the basic mechanisms of trafficking, cap-
ture, and fusion of DCVs, which may uncover strategies for
combating neurodegenerative diseases.

EXPERIMENTAL PROCEDURES

All research involving animals was approved by the Institutional Animal Care
and Ethics Committees of Géttingen University (T10.31) and was done in
accordance with German animal welfare laws.

Hippocampal Neuron Culture and Transfection

Hippocampal neurons were isolated from embryonic day 18 (E18)-E19 Wistar
rats or post-natal day 0 (P0) Syt4 knockout mice (Jackson Laboratory; Fergu-
son et al., 2000)) as described previously (Banker and Cowan, 1977) and plated
at a density of 80,000 cells/well for rat neurons or 120,000 cells/well for mouse
neurons in 24-well plates. Neurons were transfected at DIV3 or DIV10 using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.

Live-Cell Imaging

For trafficking experiments, cells were imaged on DIV13-DIV15 in a live imag-
ing chamber (Warner Instruments) containing 150 pL of Tyrode’s solution
(140 mM NaCl, 5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 5.5 mM glucose, and
20 mM HEPES [pH 7.3]) on a Zeiss AxioObserver inverted microscope. For ac-
tivity-dependent pause experiments, high-KClI solution (100 mM NaCl, 70 mM
KCI, 10 mM CaCl,, 2 mM MgCl,, 5.5 mM glucose, and 20 mM HEPES [pH 7.3])
was applied by pipette for 3 min during time-lapse recording, followed by
perfusion with base Tyrode’s solution. Vesicle trafficking was analyzed using
Imaris 7.6.4 (Bitplane) and MATLAB (MathWorks, Natick, MA, USA). Kymo-
graphs were generated using Metamorph software. Statistical significance
was determined by Student’s t test with Bonferroni correction for multiple
comparisons or as otherwise indicated.
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Immunocytochemistry and Fixed-Cell Imaging and Analysis

For immunocytochemistry, cultures were fixed at DIV14-DIV16, immuno-
stained with antibodies in buffer D (2% donkey serum, 0.1% Triton X-100,
and 0.05% sodium azide in 2x PBS), imaged with a 40x 1.3 numerical aper-
ture (NA) oil Zeiss Plan-Apochromat differential interference contrast (DIC)
objective on a Zeiss LSM 710 confocal microscope and analyzed with ImageJ
and Metamorph software.

HEK Cell Transfection and ColP

HEK cells were transfected using calcium phosphate. For colP experiments,
cell lysates were incubated with 30 uL of antibody-coupled protein A/G Dyna-
beads (Invitrogen) or GFP-Trap beads (Chromotech) for 2 hr at 4°C on a rota-
tor. Bound proteins were eluted, and samples were analyzed by SDS-PAGE
and immunoblotting.

In Silico Kinase Prediction and In Vitro Kinase Assay

GPS 3.0 software (Zhou et al., 2004) was used as a tool to predict kinases
capable of phosphorylating Syt4 at S135 and c-Jun (as a control) at S63. Pep-
tides for WT and phosphodeficient Syt4 (S135A) and WT and phosphodeficient
c-Jun (S63A) were synthesized by GenScript (Piscataway, NJ, USA). The ADP-
Glo kinase assay kit (Promega) was used with JNK1 (R&D Systems) according
to the manufacturer’s instructions.

Pull-Downs from Brain Lysates and Direct Binding Assays
Recombinant His-tagged WT, S135A, or S135E Syt4 was coupled to nickel
beads and incubated with mouse brain homogenate or with purified GST-
tagged full-length Kif1A for 2 hr at 4°C. The beads were then loaded onto
SDS-PAGE gels and analyzed by western blot.

Sequence and Analysis and Structural Modeling

Swiss-Prot entries Syt4_Rat (P50232) and Kif1A_Rat (F1IM4A4) were used to
generate structural models. Coordinates of human C2A (PDB: 1UGK; 90%
identity to rat) and rat C2B (PDB: 1W15) from Syt4 were arranged to generate
a C2A-C2B tandem. The compact N-terminal domain of Syt4 was modeled
ab initio by threading using PHYRE2 (Kelley et al., 2015). For Kif1A, PHYRE2
generated a PH domain with 99% confidence (PDB: 2COA) and a C2 domain
(residues 1,007-1,154) with 98% confidence, and a positional psi/phi blast
identified a DEP-like fold (residues 1,165-1,265, 23% ID, 40% similarity;
PDB: 1TUHW) in the Kif1A UDR (residues 849-1592). For complex presentation,
Syt4 was manually docked to the Kif1A structure. Missing loops in structures
were refined using FOLDIT (Kleffner et al., 2017). All structures were rendered
and visualized using PyMOL.

Statistical Analysis

Statistical methods and sample size are described in each figure legend. Sta-
tistical analyses were performed using Prism 6 (GraphPad) and plotted as
mean + SEM. Because vesicles exhibited the highest variance and SD
(compared with neuronal processes, movies, coverslips, or cultures), vesicles
were used as sample size for all trafficking parameters except mobile percent-
age, for which movies were used. Statistical significance was determined by
Student’s two-tailed unpaired t test with Bonferroni correction for multiple
comparisons or 2-way ANOVA with Tukey’s multiple comparison test, as
indicated in the figure legends. Significance values (*p < 0.05, **p < 0.01,
***p < 0.001) are indicated in plots and in the text for analyses not represented
graphically.

DATA AND SOFTWARE AVAILABILITY

Raw underlying kymographs are available at Mendeley (https://doi.org/10.
17632/5b9zw3tm4f.1).

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three movies and can be found with this article online at
https://doi.org/10.1016/j.celrep.2017.10.084.
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