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Specific KIF1A–adaptor interactions control selective
cargo recognition
Jessica J.A. Hummel1 and Casper C. Hoogenraad1,2

Intracellular transport in neurons is driven by molecular motors that carry many different cargos along cytoskeletal tracks in
axons and dendrites. Identifying how motors interact with specific types of transport vesicles has been challenging. Here, we
use engineered motors and cargo adaptors to systematically investigate the selectivity and regulation of kinesin-3 family
member KIF1A–driven transport of dense core vesicles (DCVs), lysosomes, and synaptic vesicles (SVs). We dissect the role of
KIF1A domains in motor activity and show that CC1 regulates autoinhibition, CC2 regulates motor dimerization, and CC3 and PH
mediate cargo binding. Furthermore, we identify that phosphorylation of KIF1A is critical for binding to vesicles. Cargo
specificity is achieved by specific KIF1A adaptors; MADD/Rab3GEP links KIF1A to SVs, and Arf-like GTPase Arl8A mediates
interactions with DCVs and lysosomes. We propose a model where motor dimerization, posttranslational modifications, and
specific adaptors regulate selective KIF1A cargo trafficking.

Introduction
Molecular motors use the cellular cytoskeleton to transport
cargos throughout the cell. Transport of cargos and other building
blocks is crucial for many cellular functions and is especially im-
portant in highly complex cells such as neurons. In neurons,
cargos (such as protein complexes, membranous vesicles, organ-
elles, and mRNA) are often generated in the cell body and trans-
ported over long distances into the correct compartments (Bentley
and Banker, 2016). Kinesin, dynein, and myosin are molecular
motors that transport these cargos into the axon and dendrites.
Tight regulation of the transport machinery is critically important
to ensure that cargo is picked up from and delivered to the right
place at the right time (Hirokawa et al., 2010; van den Berg and
Hoogenraad, 2012). Disruption of the transport machinery leads to
neuronal disfunction, and genetic mutations in motor proteins
have been linked to various neurological diseases in humans
(Millecamps and Julien, 2013; Franker and Hoogenraad, 2013). For
example, mutations in the molecular motor KIF1A, a kinesin-3
family member, have been reported to be involved in hereditary
spastic paraplegias (Gabrych et al., 2019).

KIF1A is a dimeric motor that drives transport to both axons
and dendrites. In neurons, KIF1A exists in an inactive, auto-
inhibited state, in which the C-terminal tail domain folds back
on the N-terminal motor domain (Hammond et al., 2009). Au-
toinhibition is a common regulation mechanism for kinesin
motor proteins (Verhey and Hammond, 2009). Several

mechanisms have been found to release autoinhibition, among
which are binding of cargo vesicles (Coy et al., 1999; Soppina
et al., 2014) or binding to adaptor proteins (Siddiqui et al., 2019;
Fu and Holzbaur, 2013). KIF1A and UNC104, its orthologue in
Caenorhabditis elegans and Drosophila, were originally identified
as the primary motors for axonal transport of synaptic vesicles
(SVs; Hall and Hedgecock, 1991; Okada et al., 1995). This was
supported by the observation that overactivation of KIF1A/
UNC104 leads to an increase in the number of SVs at the syn-
apse, whereas depletion of KIF1A/UNC104 leads to a decrease in
SVs and defects in synapse maturation (Chiba et al., 2019;
Zhang et al., 2016). Later, KIF1A was also found to be the pri-
mary anterograde motor for transport of dense core vesicles
(DCVs; Zahn et al., 2004; Lo et al., 2011). Unlike SVs, DCVs are
transported from the Golgi apparatus to the plasmamembrane in
both axons and dendrites (de Wit et al., 2006). Furthermore, in
nonneuronal cells, KIF1A has been implicated in transport of
organelles, such as lysosomes (Guardia et al., 2016). While KIF1A
drives trafficking of several selective vesicle types, it remains
unclear how KIF1A specificity is achieved for each cargo.

The interaction between motor protein and cargo is often
mediated by adaptor proteins (Hirokawa et al., 2010). Different
adaptor proteins have been proposed to mediate the KIF1A–
cargo interaction. For example, liprin-α has long been suggested
as an adaptor protein for KIF1A-mediated SV transport (Shin
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et al., 2003; Miller et al., 2005). In addition, tetratricopeptide
repeat, ankyrin repeat and coiled-coil containing 2 (TANC2) was
found to be a KIF1A interacting partner. However, it was re-
cently shown that liprin-α and TANC2 might not function as
classic adaptors, but rather as signposts recruiting KIF1A-driven
cargo to dendritic synapses (Stucchi et al., 2018). The Arf-like
small G protein, Arl8, has also been implicated in transport of
SVs, and its loss of function decreases axonal trafficking of SVs
and accumulates the cargo in the proximal axon (Klassen et al.,
2010). GTP-Arl8 bound to SVs releases UNC-104 autoinhibition,
thereby promoting cargo transport (Niwa et al., 2016). Mam-
malian Arl8 has two isoforms, Arl8A and Arl8B, which in non-
neuronal cells localize on lysosomes (Hofmann and Munro,
2006). Furthermore, Arl8B was found to mediate lysosomal
transport by kinesin-1 family motors in both nonneuronal and
neuronal cells (Rosa-Ferreira and Munro, 2011; Farı́as et al.,
2017).

Differentially expressed in normal and neoplastic cells/MAP
kinase activating death domain (DENN/MADD or Rab3-GEP,
further referenced as MADD) is a protein that has multiple roles,
for example in neurotransmission (Miyoshi and Takai, 2004)
and SV trafficking (Tanaka et al., 2001). It was also found to be
an essential factor in transport of Rab3-containing SVs by
KIF1Bβ and KIF1A (Niwa et al., 2008). Thus, several KIF1A
adaptor proteins are candidates for selective cargo binding.
However, a systematic and in-depth analysis of how KIF1A–
adaptor interactions control selective cargo recognition is cur-
rently lacking.

To better understand how KIF1A interacts with different
types of cargos, we used engineered motors to identify the
mechanism of the KIF1A interaction with DCVs, lysosomes, and
SVs. Using an inducible assay, we mapped the region in the
KIF1A tail domain that is involved in the association with dif-
ferent cargos and found that the KIF1A PH and CC3 domain
are required for interaction with all three vesicle types. These
findings were further validated using KIF1A depletion and res-
cue experiments. We also show that KIF1A motor activity is
regulated by autoinhibition via CC1 as well as motor dimeriza-
tion via CC2. In addition, we find that KIF1A-cargo binding
depends on phosphorylation events by calmodulin-dependent
protein kinase II (CaMKII). Finally, we show that Arl8A acts as
an adaptor for KIF1A mediating the interaction with DCVs and
lysosomes, whereas MADD is an adaptor for SVs, suggesting a
model in which KIF1A-cargo selectivity is achieved by specific
adaptors.

Results
Engineering motors to identify cargo for KIF1A in neurons
Engineered motors can be used to identify kinesin–cargo in-
teractions. Here, we used the motor domain of the kinesin-1
family member KIF5C (KIF5Cmd) fused to a FKBP domain and
the tail domain of KIF1A (KIF1Atd) to a FKBP12–rapamycin-
binding (FRB) domain (Fig. 1, A and B). Addition of the chemi-
cal dimerizer AP21968, a rapamycin analogue (rapalog), leads to
linkage of the FKBP and FRB domain (Hoogenraad et al., 2003;
Kapitein et al., 2010a), thereby generating a full kinesin protein

with motor and cargo binding functionalities. The constitutively
active KIF5Cmd traffics selectively into the axon (Jacobson et al.,
2006), which provides a clear readout of cargo relocalization
into axonal tips after addition of rapalog in case of an interaction
between KIF1Atd and cargo (Fig. 1 A). Validation of the assay was
done by coexpressing FKBP-mRFP-KIF5Cmd and FRB-3myc-
KIF1Atd constructs in hippocampal neurons. KIF5Cmd was visual-
ized by mRFP immunofluorescence and KIF1Atd by immunostaining
withmyc antibodies. Addition of rapalog leads to a clear relocalization
ofKIF1Atd into axonal tips,where it colocalizeswithKIF5Cmd (Fig. S1
A). This was quantified by the ratio of KIF1Atd intensity in a distal tip
over KIF1Atd intensity in the soma (Fig. 1 C).

Next, we used these engineered motors to screen for an in-
teraction of different vesicle populations with KIF1A. Previously,
DCVs, lysosomes and SVs have been described as cargo for KIF1A
(Lo et al., 2011; Guardia et al., 2016; Hall and Hedgecock, 1991).
For each vesicle type a GFP-tagged marker protein was used
to label the vesicle population: neuropeptide Y (NPY) for DCVs
(Kwinter et al., 2009), lysosomal-associated membrane protein
1 (LAMP1) for lysosomes (Chen et al., 1985), and Rab3 for SVs
(Fischer von Mollard et al., 1990). To identify an association
between these vesicles and KIF1A, hippocampal neurons were
cotransfected with FKBP-mRFP-KIF5Cmd, FRB-3myc-KIF1Atd,
and GFP-tagged marker proteins. Addition of rapalog led to re-
localization of all three cargos into axonal tips (Fig. 1 D; and Fig.
S1, B and D). Relocalization was not observed for endosomal
vesicles present in the somatodendritic region, which were la-
beled using GFP-tagged transferrin receptor (TfR; Fig. S1 F;
Burack et al., 2000), indicating that these vesicles do not interact
with KIF1A. Relocalization of cargos was clear from quantifica-
tions, which show that the ratio of marker intensity in the ax-
onal tip to that of the soma increases ∼15-fold for DCVs and
lysosomes and ∼10-fold for SVs (Fig. 1 C). We further verified
these interactions by live-cell imaging. For this, we imaged the
axon initial segment (AIS), where in case of an interaction be-
tween kinesin and cargo, an increase in vesicle entry into the
axon will be observed upon addition of rapalog. Kymographs
show that already 15 min after rapalog addition, axonal vesicle
entry increased for DCVs (Fig. 1 E), lysosomes (Fig. S1 C), and
SVs (Fig. S1 E), but not dendritic vesicles (Fig. S1 G), which was
confirmed by quantifications (Fig. 1 F). Together, these data show
that in hippocampal neurons, KIF1A interacts with DCVs, lyso-
somes, and SVs, but not with TfR-positive endosomal vesicles.

Association of KIF1A with different cargo is not restricted to
neuronal compartments
KIF1A interacts with three distinct vesicle populations in hip-
pocampal neurons, raising the question of how specificity for
a cargo is achieved. One possibility is that KIF1A associates
with different vesicle populations in different neuronal compart-
ments. First, we investigated the colocalization of our marker
proteins on vesicles. We found that there was almost no co-
localization between LAMP1-containing lysosomes and either
NPY or Rab3 vesicles. However, we did observe that ∼50% of
the Rab3 vesicles also contained NPY in both axonal and dendritic
compartments, suggesting that there is some overlap between
these vesicle types (Fig. S2 A). Next, we looked at colocalization

Hummel and Hoogenraad Journal of Cell Biology 2 of 17

Regulation of KIF1A cargo trafficking https://doi.org/10.1083/jcb.202105011

https://doi.org/10.1083/jcb.202105011


Figure 1. Identification of KIF1A cargo in neurons. Identification of KIF1A cargos using engineered motors and evaluation of KIF1A–cargo interaction in
neuronal compartments. (A) Schematic depiction of the engineered motor assay in case of a negative (left) or positive (right) tail–cargo interaction. Upper
panels show components of the assay, and lower panels show the readout in a neuron. (B) Schematic depiction of the structure of KIF5C and KIF1A motors.
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of KIF1Atd with different vesicle types in specific neuronal
compartments. We found that KIF1Atd colocalizes with DCVs,
lysosomes and SVs in both the axon and dendrites (Fig. 1, G and
H; and Fig. S2 B). Further analysis revealed that DCVs and SVs
show a slightly higher colocalization in the axon, whereas ly-
sosomes colocalize slightly more with KIF1Atd in dendrites
(Fig. 1 H; and Fig. S2 B). However, there is no indication of any
preference for KIF1A colocalization with a specific cargo in a
specific compartment. Low colocalization was observed for KI-
F1Atd with TfR-containing endosomal vesicles in dendrites, but
not in axons (Fig. S2 B). These results confirm the specificity of
KIF1A for DCVs, lysosomes, and SVs and demonstrate that KIF1A
specificity for a cargo is not restricted to axons or dendrites.

KIF1A interacts with vesicles via its PH and CC3 domains
As specificity of KIF1A for a cargo is not achieved by localization
in different neuronal compartments, we wondered whether
different vesicles interact with different domains of the KIF1A
motor as a mechanism to achieve selectivity. The KIF1A tail
domain consists of three coiled-coil (CC) domains with a
forkhead-associated (FHA) domain between CC1 and CC2 at the
N-terminal side and a PH domain at the C-terminal side (Fig. 2
A). We generated several fragments that lack the N-terminus of
KIF1Atd (Fig. 2 A). These were expressed in hippocampal neu-
rons to visualize their localization pattern and subjected to our
engineered motor assay to identify cargo interactions. Expres-
sion of KIF1A_657–1698 and KIF1A_1106–1698 in hippocampal
neurons showed a punctate more axonal localization comparable
to KIF1Atd, whereas KIF1A_1560–1698 showed a diffuse locali-
zation that was more dendritic (Fig. 2, B and C; and Fig. S3 A).
This suggests that KIF1A_657–1698 and KIF1A_1106–1698 asso-
ciate with vesicles, but the PH domain alone is not sufficient for
cargo interaction. Each fragment was then screened in ourmotor
assay for an interaction with DCVs, lysosomes, and SVs. We used
the following baseline criterion to identify positive cargo inter-
actions: the ratio of cargo in distal tips over the soma is ≥5% of
the KIF1Atd signal. This showed that KIF1A_657–1698, lacking
only the CC1 and FHA domain, was able to bind all three cargos.
The ratio of NPY intensity in the axonal tips to that of the soma
increased for KIF1A_657–1698 compared with KIF1Atd, whereas for
LAMP1 and Rab3, the ratio decreased for KIF1A_657–1698 with re-
spect to KIF1Atd (Fig. 2 D). KIF1A_1106–1698, having a punctate lo-
calization pattern, was found to interact with DCVs, lysosomes, and
SVs, although the association with each cargo was decreased
strongly when compared with KIF1Atd (Fig. 2 D). The shortest

fragment, KIF1A_1560–1698, containing only the PH domain,
was unable to bind any of the cargo (Fig. 2 D). This was ex-
pected from its diffuse distribution and confirms that the PH
domain alone is not sufficient for cargo interaction.

To further identify the minimum binding domain of the
KIF1A tail that interacts with cargo, we then examined trunca-
tions of KIF1Atd lacking the PH domain. KIF1Atd was truncated
from the C-terminus or from both the N- and C-termini to
generate five KIF1A fragments: KIF1A_395–752, KIF1A_395–1105,
KIF1A-395–1559, KIF1A_657–1559, and KIF1A_1106–1559 (Fig. 2
E). The distribution pattern of these constructs was diffuse,
with the latter three constructs having a more dendritic locali-
zation compared with KIF1Atd (Fig. 2, F and G; and Fig. S3 A).
The screen from our motor assay shows that none of these
constructs can associate with DCVs or lysosomes. For SVs,
positive interactions were detected with KIF1A_395–1105 and
KIF1A_657–1559 (Fig. 2 H), suggesting that two sites might be
involved in the interaction, one site in KIF1A_395–1105 and one
site in KIF1A_1106–1698. Lastly, two constructs lacking either
CC2 or CC3 (td_ΔCC2 and td_ΔCC3; Fig. 2 I) were generated.
Whereas KIF1Atd_ΔCC2 showed a similar distribution pattern as
KIF1Atd, KIF1Atd_ΔCC3 exhibited a diffuse somatodendritic lo-
calization (Fig. 2, J and K; and Fig. S3 A). The engineered motor
assay shows that KIF1Atd_ΔCC2 associates with all three vesicle
populations, where an interaction comparable to KIF1Atd was
observed for DCVs and SVs and a slightly weaker binding for
lysosomes. In contrast, KIF1Atd_ΔCC3 could not interact with
any of the cargos (Fig. 2 L). In summary, these results suggest
that both the PH and CC3 domains of KIF1Atd are necessary for
interaction with DCVs, lysosomes, and SVs (Fig. 2, M and N).

The KIF1A PH and CC3 domains are required for
cargo trafficking
To verify the importance of the PH and CC3 domains of KIF1A for
cargo interaction, we performed KIF1A knockdown (KD) and
rescue experiments. First, we generated KIF1A deletion con-
structs lacking the PH, CC1, CC2, or CC3 domain (KIF1A_ΔPH,
KIF1A_ΔCC1, KIF1A_ΔCC2, and KIF1A_ΔCC3; Fig. 3 A). Com-
parison of the localization and polarity indices of these deletion
mutants to full-length KIF1A (KIF1A_FL), showed that KI-
F1A_ΔCC1 and KIF1A_ΔCC2 have a similar vesicular-like pat-
tern, whereas KIF1A_ΔPH, and KIF1A_ΔCC3 have a diffuse
unpolarized pattern (Fig. 3, B and C; and Fig. S4 A), suggesting
that the latter two are not associated with vesicles. KD of KIF1A
in hippocampal neurons gave different phenotypes for each vesicle

(C) Quantification of the normalized ratio of cargo intensity in axonal tips to that of the soma of hippocampal neurons coexpressing FRB-3myc-KIF1Atd, cargo-
GFP, and FKBP-mRFP-KIF5Cmd without rapalog or with addition of 1 µM rapalog (N = 1, n = 15). (D) Representative images of hippocampal neurons coex-
pressing FRB-3myc-KIF1Atd, NPY-GFP, and FKBP-mRFP-KIF5Cmd without (upper panels) or with (lower panels) addition of 1 µM rapalog. Pink lines mark the
cell soma. Blue dotted circles indicate examples of axonal tips. Zooms of the boxed regions are shown as a merge on the right. (E) Representative kymographs
showing movement of NPY vesicles in the AIS before (left) and 15 min after (right) addition of 1 µM rapalog. (F) Quantification of the axonal entries of cargo
before and 15 min after addition of 1 µM rapalog in neurons expressing FRB-3myc-KIF1Atd, cargo-GFP, and FKBP-mRFP-KIF5Cmd (N = 3, n = 17–27).
(G) Quantification of the percentage of cargo vesicles colocalizing with KIF1Atd puncta (N = 3, n = 81–108). (H) Representative image of a neuron coexpressing
KIF1Atd and GFP-NPY. White boxes on the merged image mark the axon (continuous line) and a dendrite (dotted line). TRIM46 staining in the axon is shown in
the merged image. Merged zooms of the boxes are depicted on the right. Graphs show the NPY (green) and KIF1A (red) intensity along the line marked in the
zooms. Quantification of the percentage of NPY colocalizing with KIF1A in the axon and dendrites is shown on the right (N = 3, n = 36 axons and 72 dendrites).
Data are displayed as mean ± SEM. Mann–Whitney U test; ***, P < 0.001. Scale bars, 20 µm (D) and 10 µm (H).
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Figure 2. Identification of the minimum KIF1A domain required for cargo interaction. Overview of different KIF1Atd fragments, their localization, and
interactions with cargo. (A, E, and I) Schematic depiction of the structure of truncated KIF1Atd constructs. (B, F, and J) Representative images of hippocampal
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population. Depletion of KIF1A resulted in decreased axonalmotility
of DCVs (Fig. 3 D). Quantifications show that there is an increase in
static traces and a decrease in both anterograde and retrograde
traces (Fig. 3 E). The decreased vesicle motility phenotype was
rescued by KIF1A_FL and KIF1A_ΔCC1, but not by KIF1A_ΔPH, KI-
F1A_ΔCC2, or KIF1A_ΔCC3 (Fig. 3 E). Lysosomes showed a similar
decreased axonalmotility phenotype upon KIF1A depletion (Fig. 3, F
and G). This phenotype was rescued by KIF1A_FL, KIF1A_ΔCC1, and
KIF1A_ΔCC2, but not by KIF1A_ΔPH or KIF1A_ΔCC3 (Fig. 3 G). For
SVs, we found two phenotypes upon depletion of KIF1A. SVs, vi-
sualized by overexpression of marker Rab3, accumulate in the cell
soma in KIF1A KD (Fig. 3, H and J). This was rescued by KIF1A_FL,
KIF1A_ΔCC1, andKIF1A_ΔCC2, but not byKIF1A_ΔPHorKIF1A_ΔCC3
(Fig. 3, H and J). Accordingly, endogenous Rab3 vesicles were
less transported along the axon upon KIF1A depletion (Fig. 3 I).
The ratio of Rab3 intensity in the distal over the proximal axon
indicates a decrease in SVs distributed in the distal axon in KIF1A
KD compared with control (Fig. 3 K). The axonal transport of
endogenous Rab3 vesicles was rescued by KIF1A_FL, KIF1A_ΔCC1,
and KIF1A_ΔCC2, but not by KIF1A_ΔPH or KIF1A_ΔCC3 (Fig. 3, I
and K). Thus, the PH and CC3 domains are required for KIF1A-
mediated trafficking of DCVs, lysosomes, and SVs.

Interaction of KIF1A with cargo via PH and CC3 is needed for
motor activity
To further show the role of the PH and CC3 domain of KIF1A for
vesicle interaction, we investigated live movement of KIF1A
deletion constructs together with DCVs. KIF1A_FL colocalizes
and moves together with NPY-containing DCVs (Fig. 4 A), and
similar comovement was observed for KIF1A_ΔCC2 (Fig. 4 C).
During live imaging, ∼50–60% of NPY vesicles colocalized
with KIF1A_FL and KIF1A_ΔCC2 motors (Fig. S4 B). In contrast,
KIF1A_ΔPH, and KIF1A_ΔCC3 showed diffuse localization and did
not colocalize with DCVs. Interestingly, we observed that upon
their expression, DCV movements were abolished, indicating
that they might act as dominant negatives (Fig. 4, B and D). As
the CC1 is involved in regulation of motor activity, removal of
CC1 results in a constitutively active kinesin motor, which ac-
cumulates in distal tips, making it challenging to live image its
movement (Huo et al., 2012). We did observe that NPY vesicles
are still motile when coexpressed with KIF1A_ ΔCC1. Further-
more, DCVs, lysosomes, and SVs accumulate and colocalize with
KIF1A_ ΔCC1 in distal tips, indicating an interaction between the
cargos and KIF1A_ ΔCC1 (Figs. 4 E and S4 D). When we expressed
KIF1A deletion constructs in COS7 cells, we observed that KI-
F1A_FL, KIF1A_ΔCC1, and KIF1A_ΔCC2 translocate into the cell
periphery, indicating that they are active motors, which is con-
sistent with our live-imaging experiments in neurons. For KI-
F1A_ΔCC1, we observed a large accumulation of the motor in the

cell periphery, confirming its high motor activity. In contrast,
KIF1A_ΔPH and KIF1A_ΔCC3 showed a diffuse localization pat-
tern (Fig. S4 C). Together, these results suggest that interaction
of the KIF1A PH and CC3 domains with cargo is crucial for KIF1A
motor activity.

Dimerization of KIF1A via its CC2 domain is important for
cargo transport
Previously, the CC2 domain of KIF1A has been implicated in
motor dimerization (Hammond et al., 2009). In our KD and
rescue experiments, we observed that KIF1A_ ΔCC2 was not able
to rescue the reduced NPY motility in KIF1A KD, and we spec-
ulated that this might be due to a reduced ability of monomer
KIF1A to interact with vesicles. To investigate the involvement
of different KIF1A domains in dimerization, we expressed GFP-
fused domain constructs in HEK293T cells and analyzed cell
lysates by normal and native SDS-PAGE. Results show an addi-
tional band for the CC2 domain, which is twice its normal size on
native gel, suggesting that the domain is dimerized (Fig. S4, E
and F). This was not observed for any of the other domains,
suggesting that the CC2 domain of KIF1A is responsible formotor
dimerization. Next, we generated a construct in which we re-
placed the CC2 domain with a GCN4 leucine zipper domain
(O’Shea et al., 1991), thereby artificially dimerizing the motor
(Fig. 4 F). Expression of the artificially dimerized KIF1Amotor in
neurons showed that it accumulates in distal tips, while main-
taining a slightly axonal polarity comparable to KIF1A_FL (Fig. 4,
H and I; and Fig. S4 H). When we expressed KIF1A_ΔCC2-GCN4
together with GFP-labeled cargo, we observed that the motor
colocalized with vesicles in distal tips, suggesting that the motor
interacts with DCVs, lysosomes, and SVs (Figs. 4 G and S4 G).
Next, we performed KIF1A KD experiments and found that di-
merized KIF1A could rescue the NPYmotility phenotype (Fig. 4 J).
These data show that KIF1A dimerization by CC2 is important
for the regulation of cargo transport.

KIF1A-cargo binding is regulated by phosphorylation
KIF1A-associated neurological disorder is a neurodegenerative
disorder characterized by symptoms including spastic paraple-
gia, ataxia, and intellectual disability. Several mutations in the
KIF1A gene were found to underlie the neurodegenerative symp-
toms, most of which are found in the KIF1A motor domain. Five
mutations in the human KIF1Atd have been described, one of
them being the mutation of serine 1758 to glutamine, which lo-
calizes in the PH domain (Gabrych et al., 2019; Rivière et al.,
2011). We reasoned that this mutation might disrupt the KIF1A–
cargo interaction. Human S1758 corresponds to S1665 in our
mouse cDNA, and we therefore mutated S1665 to Q1665 in
KIF1A_1106–1698, the minimal KIF1A fragment that associates

neurons expressing KIF1Atd truncations (depicted in A, E, and I, respectively). (C, G, and K)Quantification of the polarity index of KIF1Atd truncations (depicted
in A, E, and I, respectively). Dotted gray line marks the polarity index of KIF1Atd (N = 3, n = 32–40). (D, H, and L) Quantification of the normalized ratio of cargo
intensity in axonal tips to that of the soma of hippocampal neurons coexpressing FRB-3myc–fused truncated KIF1Atd constructs (depicted in A, E, and I,
respectively), marker-GFP, and FKBP-mRFP-KIF5Cmd, without or with addition of 1 µM rapalog. Dotted gray line marks the normalized intensity for KIF1Atd
with rapalog treatment. Dotted red line marks the baseline of 5% of the KIF1Atd signal (N = 1, n = 7–15). (M) Overview of the identified interactions between
truncated KIF1Atd and cargo. (N) Schematic depiction showing the interaction between KIF1A CC3 and PH domain with DCVs, lysosomes, and SVs. Data are
displayed as mean ± SEM. Mann–Whitney U test; ***, P < 0.001. Scale bars, 20 µm.
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Figure 3. Validation of the KIF1A CC3 and PH domains as minimal domains for cargo interaction. KIF1A KD and rescue experiments to verify the re-
quirement of KIF1A CC3 and PH domains in cargo association. (A) Schematic depiction of the structure of KIF1A deletion constructs. (B) Representative images
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with cargo (Fig. 5 A). The interaction of KIF1A_S1665Q with
DCVs and SVs was then assessed in our motor assay, and we
found that it was unable to transport DCV or SVs, indicating
that this mutation indeed interferes with KIF1A-cargo binding
(Fig. 5 B). As the mutation involved the change from a serine, a
potential phosphorylation site, to a glutamine, a phosphodefi-
cient site, we wondered whether a phosphorylation mechanism
might play a role in the KIF1A–cargo interaction. Therefore, we
generated KIF1A_S1665D, containing a phosphomimetic aspartic
acid residue. Using this construct, we observed that transport of
DCVs and SVs was restored to levels comparable to
KIF1A_1106–1698, suggesting that phosphorylation of serine 1665
is required for an interaction between KIF1A and cargo.

Previously, it was shown that KIF1A has a calmodulin (CaM)
binding site and that activation of the motor is calcium depen-
dent (Stucchi et al., 2018). Therefore, we hypothesized that
binding of CaM activates Ca2+/CaMKII, which then phosphor-
ylates KIF1A. To test this, we generated KIF1A_5*Ala (Fig. 5 A),
which contains five alanine substitutions in the CaM-binding
domain of KIF1A_657–1698, thereby preventing the interaction
of KIF1A with CaM (Stucchi et al., 2018). In our motor assay,
KIF1A_5*Ala was unable to interact with DCVs (Fig. 5 C), sug-
gesting that the interaction of KIF1A with CaM is needed for
vesicle association. We then investigated NPY axonal vesicle
entry in our motor assay in the presence of KN-93, a specific
CaMKII inhibitor. When cells were treated with KN-93, there
was only a small increase in axonal NPY entry after addition of
rapalog. In contrast, the negative control, treated with KN-92,
behaved like the untreated control condition (Fig. 5 D). Alto-
gether, these results suggest that phosphorylation of KIF1A by
CaMKII, potentially in the PH domain, is an important step in
vesicle association.

Identification of adaptors for specific cargo types
Next, we turned our focus to different KIF1A adaptors. The main
adaptors described for KIF1A are liprin-α, TANC2, Arl8A/B, and
MADD, and they have been implicated in transport of DCVs,
lysosomes, and SVs. Using our engineered motor platform, we
generated FRB-3myc-adaptor constructs and expressed these in
neurons together with FKBP-mRFP-KIF5Cmd and GFP-tagged
markers. This allowed assessment of the interaction of each
adaptor with DCVs, lysosomes, and SVs. Results show that Arl8A
and Arl8B both interact with DCVs and lysosomes, whereas
MADD clearly interacts only with SVs (Fig. 5 E). Liprin-α and

TANC2 did not interact with any of the vesicle types in our
motor assay (Fig. 5 E).

We further focused our attention on Arl8A/B and MADD and
depleted these adaptors in hippocampal neurons. Arl8A and
Arl8B shRNA constructs were validated using immunofluores-
cence (Fig. S5, A–D), and we used shArl8A-1 and shArl8B-2 for
further experiments. When coexpressing these shRNA con-
structs together with LAMP1, we observed that LAMP1 is pre-
vented from entry into the axon and accumulates in the
proximal axon (Fig. S5 E). To circumvent potential redundancy
between the two Arl8 proteins, we then performed an Arl8A/B
double KD and found a decrease in both NPY and LAMP1 mo-
tility (Fig. 5 F–I), supporting a role for Arl8 in transport of these
vesicles. When we knocked down MADD using a previously
validated shRNA (Niwa et al., 2008), we observed changes in the
localization pattern of overexpressed Rab3-GFP. In control sit-
uations, it has a punctate pattern, but it becomes diffuse upon
MADD depletion, suggesting loss of its vesicle association (Fig. 5 J).
In addition, polarity index quantifications show that Rab3-GFP
localizes more somatodendritically when MADD is depleted
(Fig. 5 K). We also looked at endogenous Rab3 and found that it
accumulates in the cell soma upon MADD KD (Fig. 5, L and M).
These findings show that Arl8A/B are adaptors for DCVs and
lysosomes, and MADD is an adaptor for SVs.

Arl8A and MADD mediate the interaction between KIF1A CC3
and specific cargo
We further explored the interaction between the adaptors and
KIF1A. First, we expressed Arl8A and Arl8B in COS7 cells and
found that Arl8A is diffuse over the cell, whereas Arl8B ismainly
diffuse but also has some accumulation in the cell periphery (Fig.
S5 F). When we coexpressed these adaptors together with KI-
F1A_FL, a clear relocalization of Arl8A into the cell periphery
was observed, where it colocalized with KIF1A. As Arl8B already
localized in the cell periphery, we could not confirm that the
observed colocalization with KIF1A was due to an interaction
with the motor (Fig. S5 G). To further investigate the in-
teraction between KIF1A and adaptors, we performed pull-
down experiments where we used the adaptors to pull down
KIF1A_395–1105. Western blot analysis confirmed an interac-
tion of KIF1A_395–1105 with Arl8A and MADD, whereas no
interaction was seen with Arl8B (Fig. S5, H and I). These data
point to a role for the CC3 domain in the interaction with
adaptors. To confirm the observation that Arl8A, but not Arl8B,

of hippocampal neurons expressing KIF1A deletion constructs. (C) Quantification of the polarity index of KIF1A deletion constructs (N = 3, n = 39–45). (D and
F) Representative kymographs showing movement of NPY (D) or LAMP1 (F) vesicles in the AIS in control or when transfected with KIF1A shRNA. (E and
G) Quantification of the fraction of static, anterograde, and retrograde NPY (E) or LAMP1 (G) traces in control, KIF1A KD, and rescue with KIF1A deletion
constructs (N = 3, n = 40–45; except NPY in KD + ΔPH, N = 2, n = 25). (H) Representative images of the soma of hippocampal neurons expressing GFP-Rab3 in
control, cotransfected with KIF1A shRNA, or with KIF1A shRNA and KIF1A deletion constructs. Dotted red line marks the cell soma. (I) Representative images of
hippocampal neurons immunostained for Rab3 in control situation, when transfected with KIF1A shRNA, or with KIF1A shRNA and KIF1A deletion constructs.
Blue arrowheads indicate the soma of a transfected cell, closed boxes mark part of the distal axon, and dotted boxes mark the proximal axon. Zooms of the
boxes are shown underneath, including TRIM46 staining in the proximal axon. Black arrowheads indicate the axon of the transfected neuron. (J)Quantification
of the number of cells with Rab3 accumulation in the cell soma in control, KIF1A KD, and rescue with KIF1A deletion constructs (N = 4, n = 370–400).
(K) Quantification of the ratio of endogenous Rab3 intensity in the distal axon to that of the proximal axon in control, KIF1A KD, and rescue with KIF1A deletion
constructs (N = 3, n = 38–40). Data are displayed as mean ± SEM. Unpaired t test (E) and Mann–Whitney U test (G, J, and K); *, P < 0.05; **, P < 0.01; ***, P <
0.001. Scale bars, 10 µm (B), 5 µm (H), and 20 µm (I).
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Figure 4. KIF1A vesicle association and motor dimerization are required for vesicle transport. Comovement of KIF1A with cargo and investigation of the
involvement of KIF1A dimerization in cargo transport. (A–D) Stills showing movement of KIF1A_FL (A), KIF1A_ΔPH (B), KIF1A_ΔCC2 (C), or KIF1A_ΔCC3 (D) and
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is an adaptor for KIF1A-mediated DCV and lysosome transport,
the localization of Arl8A was analyzed in KIF1A-depleted neu-
rons, and we observed that endogenous Arl8A accumulates in
the cell body in KIF1A KD. Rescue experiments using different
KIF1A deletion constructs (Fig. 3 A) show that this phenotypewas
rescued by KIF1A_FL and KIF1A_ΔCC1, but not by KIF1A_ΔPH,
KIF1A_ΔCC2, or KIF1A_ΔCC3 (Fig. 5, N and O). This effect re-
sembles the pattern observed in rescue experiments of the NPY
motility phenotype (Fig. 3 E), suggesting that Arl8A is an adaptor
for KIF1A-mediated DCV transport. In addition, when LAMP1was
coexpressed in KIF1A-depleted neurons, we observed that the
Arl8A accumulation colocalizes with LAMP1-containing lyso-
somes, supporting a role for Arl8A in lysosomal transport by
KIF1A (Fig. S5 J). In contrast, no changes in endogenous Arl8B
localization were observed upon KIF1A depletion (Fig. S5, K and
L). Altogether, these data suggest that Arl8A and MADD interact
with KIF1A via its CC3 domain and that Arl8A specifically is in-
volved in the association between KIF1A and DCVs and lyso-
somes, whereas MADD specifically mediates the interaction
between KIF1A and SVs.

Discussion
The three KIF1A CC domains play distinct roles in regulating
motor activity
Kinesin motors contain different structural domains that con-
tribute to their regulation and function. The stalk domain of
KIF1A contains three CC domains and an FHA domain between
CC1 and CC2. Previous studies have described different roles for
these domains in motor regulation. For instance, CC1 was found
to regulate motor activity by inhibition of the motor domain
(Ren et al., 2018; Huo et al., 2012). In addition, both CC1 and CC2
have been implicated in motor dimerization (Huo et al., 2012;
Hammond et al., 2009). Also, the FHA domain was found to be
involved in the regulation of motor activity, suggesting that the
central CC1-FHA-CC2 region might function as a negative reg-
ulatory center for KIF1A motor activity (Lee et al., 2004; Huo
et al., 2012). Here, we found that removal of CC1 results in a very
processive motor, which in neurons accumulates in distal tips.
This localization is comparable to the localization of only the
KIF1A motor domain (Huang and Banker, 2012), thereby sup-
porting a role for CC1 in motor inhibition. Furthermore, we
demonstrate that CC2 is involved in motor dimerization. Al-
though removal of CC2 does not completely abolish cargo traf-
ficking, we find that artificially dimerized KIF1A accumulates
rapidly in distal tips, suggesting that dimerization of KIF1A is
important for its activity. Lastly, our results show that the KIF1A
CC3 is required for vesicle interaction. This is in line with pre-
vious work, which has suggested that the stalk region of KIF1A is

critically important for cargo interaction (Klopfenstein and Vale,
2004; Xue et al., 2010; Guardia et al., 2016). Interestingly, re-
moval of the CC3, thereby abolishing cargo interaction, resulted
in a nonprocessive motor, suggesting that kinesin–cargo inter-
actions could be required for motor activity. Overall, our data
point to a role for all three CC domains in motor activity, how-
ever via various mechanisms.

KIF1A PH domain binding to vesicular cargo is regulated
by phosphorylation
The C-terminal PH domain is a unique feature of KIF1A and
KIF1Bβ motors and has been implicated in linking these motors
to cargo. The PH domain of KIF1A has been shown to bind to
PIP2 on vesicle membranes and mediates efficient vesicle trans-
port in different cell types (Klopfenstein et al., 2002; Klopfenstein
and Vale, 2004; Xue et al., 2010). Here, we confirm that the PH
domain of KIF1A associates with DCVs, lysosomes, and SVs in
living neurons, indicating that cargo binding to the PH domain
is a conservedmechanism across cell types. We identified S1665
in the PH domain as a crucial residue for cargo interaction, and
by using phosphodeficient S1665Q and phosphomimetic S1665D
mutants, we showed that phosphorylation of this residue is
essential. One could speculate that phosphorylation of a serine
residue enhances binding with phosphoinositides on the cargo
membrane. We also found that cargo interaction is dependent
on CaMKII activity. Interestingly, Ca2+/CaM-regulated kinesin
motors have been engineered, and they revealed that Ca2+ levels
regulate kinesin motor activity (Shishido and Maruta, 2012). In
addition, phosphorylation-dependent cargo loading and traf-
ficking has been described for other kinesin motors, such as
KIF3A (Ichinose et al., 2015), and a Ca2+ regulation mechanism
was found for mitochondrial trafficking by kinesin-1 (Wang and
Schwarz, 2009). Furthermore, it has been shown that KIF1A
activity is regulated by CaM binding, as Ca2+/CaM-dependent
modulation of KIF1A enables transport of DCVs (Stucchi et al.,
2018). It is tempting to speculate on a phosphorylation-dependent
mechanism for regulating KIF1A-cargo transport, where bind-
ing of CaM to KIF1A activates CaMKII to phosphorylate the PH
domain and allow cargo interaction. This model fits well with
our findings that phosphorylation events are critical steps in
cargo binding and in regulating KIF1A cargo trafficking.

Cargo binding is stabilized by interaction with
specific adaptors
Cargo-adaptor proteins are known to regulate kinesin–cargo
interactions (Hirokawa et al., 2010). Several adaptors have been
described for KIF1A, including liprin-α, TANC2, Arl8A/B, and
MADD. Recently, our laboratory described that liprin-α and
TANC2 do not act as classic motor-cargo adaptors but rather as

NPY vesicles in the axon. Arrowheads mark a moving NPY vesicle colocalizing with KIF1A_FL (A) or KIF1A_ΔCC2 (C). (E) Representative image of a hippocampal
neuron coexpressing KIF1A_ΔCC1 and NPY. Blue dotted circles indicate examples of distal tips. Merged image of the boxed region is shown on the right.
(F) Schematic depiction of the structure of the KIF1A_ΔCC2-GCN4 motor. (G) Representative image of a hippocampal neuron coexpressing KIF1A_ΔCC2-GCN4
and NPY. Blue dotted circles indicate examples of distal tips. Merged image of the boxed region is shown on the right. (H) Representative image of a hip-
pocampal neuron expressing KIF1A_ΔCC2-GCN4. (I) Quantification of the polarity index of KIF1A_ΔCC2-GCN4 motor (N = 3, n = 38). (J) Quantification of the
fraction of static, anterograde, and retrograde NPY traces in control, KIF1A KD, and rescue with KIF1A_ΔCC2-GCN4 (N = 3, n = 35). Data are displayed as mean ±
SEM. Unpaired t test, ***, P < 0.001. Scale bars, 1 µm (A–D) and 20 µm (E, G, and H).
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Figure 5. Identification of KIF1A adaptors for specific cargo transport. Identification of a phosphorylation mechanism in KIF1A-cargo binding and Arl8A
and MADD as adaptors regulating KIF1A specificity for DCVs and lysosomes or SVs, respectively. (A) Schematic depiction of the structure of KIF1A_1106–1698
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signposts to recruit KIF1A-cargo complexes at synaptic sites
(Stucchi et al., 2018). Using engineered motors, we show that
liprin-α and TANC2 do not interact with vesicles, thereby sup-
porting their role as signposts rather than classic cargo adaptors.
Arl8A and Arl8B have been implicated in transport of lysosomes
and SVs across different cell types (Niwa et al., 2016; Farı́as et al.,
2017; Rosa-Ferreira and Munro, 2011). Furthermore, a direct
interaction between the KIF1A CC3 domain and Arl8A was es-
tablished by affinity chromatography and yeast two-hybrid as-
says (Wu et al., 2013). MADD has been described as an adaptor
for KIF1A- and KIF1Bβ-mediated transport of SVs, and it was
shown to interact with the KIF1Bβ stalk domain (Niwa et al.,
2008). Our findings that KIF1A_395–1105 binds to Arl8A and
MADD support a role of the stalk domain in the interaction
between KIF1A and its adaptors. Interestingly, KIF1A_657–1105
was also identified as the binding region for the nonclassic
adaptors liprin-α and TANC2 (Stucchi et al., 2018), suggesting
that adaptors with different functions associate with the same
region in KIF1A. Based on our data and previous literature, we
propose a general mechanism for KIF1A-mediated cargo traf-
ficking. In its autoinhibited state, inactive KIF1A exists as a di-
mer (Hammond et al., 2009). This dimeric conformation is
established by the CC2 domain. An increase in the local Ca2+

level activates CaM and induces its binding to KIF1A, thereby
diminishing KIF1A autoinhibition by CC1 and opening the motor
domain. In parallel, CaM activates CaMKII, which phosphor-
ylates the PH domain of active KIF1A and enables cargo binding.
The KIF1A-cargo association is stabilized by specific adaptors,
including Arl8A and MADD, which interact with both the cargo
and the KIF1A CC3 domain. KIF1A transports the cargo until it
reaches an adaptor signpost, such as liprin-α and TANC2, which
outcompetes the classic adaptor for binding with the KIF1A stalk
domain. This decreases the strength of the KIF1A–cargo inter-
action and results in release of the vesicle in the designated area.

In summary, we have dissected the role of different CC do-
mains in KIF1A motor activity and show that CC1 regulates au-
toinhibition, CC2 regulates motor dimerization, and CC3 is
involved in cargo interaction. Furthermore, we propose a two-
step model for KIF1A-cargo binding and transport in neuronal
cells. First, phosphorylation of S1665 in the KIF1A PH domain
may enable binding to any cargo vesicle, whether it is DCVs,

lysosomes, or SVs. Specificity for a cargo is achieved in a second
step in which a specific adaptor stabilizes the interaction of KIF1A
with a certain cargo. The adaptor interacts with both the cargo and
the CC3 domain of KIF1A. We identified Arl8A as specific adaptor
for DCVs and lysosomes and MADD as a specific adaptor for SVs.
This mechanism fits well in the model for specific KIF1A-mediated
cargo transport and delivery. As many similarities have been
found in KIF1A vesicle transport in different cell types and be-
tween KIF1A and KIF1Bβ, the described mechanism may be a ge-
neric model for KIF1-mediated cargo trafficking.

Materials and methods
Animals
All animal experiments were approved by the Dutch Animal
Experiments Committee and were performed in line with
guidelines of Utrecht University, Dutch law (Wet op de Dier-
proeven, 1996), and European regulations (Guideline 86/609/
EEC). In this study, neurons obtained from embryonic day 18
stage embryos of both genders from female pregnantWistar rats
(Janvier) were used. Pregnant rats were at least 10 wk old and
not involved in previous experiments. Animals were housed in
transparent Plexiglas cages with wood-chip bedding and paper
tissue and provided with unrestricted access to food and water.
Adult rats were kept with a companion and kept in a 12-h
light–dark cycle with a temperature of 22 ± 1°C.

Primary hippocampal neuron cultures and transfections
Primary hippocampal neuron cultures were prepared from
embryonic day 18 rat brains according to protocols described
previously (Kapitein et al., 2010c). Cells were plated at a density
of 100K neurons per well in a 12-well plate on coverslips coated
with poly-L-lysine (37.5 µg/ml; Sigma-Aldrich) and laminin (1.25
µg/ml; Roche) and grown in Neurobasal medium (NB; Gibco)
supplemented with 2% B27 (Gibco), 0.5 mM L-glutamine (Gibco),
15.6 µM glutamate (Sigma-Aldrich), and 1% penicillin/streptomycin
(Gibco) at 37°C and 5% CO2.

Hippocampal neurons were transfected at the indicated time
points using Lipofectamine 2000 (Invitrogen). In short, DNA
(1.8 µg/well) was mixed with Lipofectamine 2000 (3.3 µl/well)
in 200 µl NB, incubated for 30 min, and added to neurons in

mutated constructs and KIF1A_5*Ala. (B and C) Quantification of the normalized ratio of cargo intensity in axonal tips to that of the soma of hippocampal
neurons coexpressing FRB-3myc–fused mutated KIF1A_1106–1698 (B) or KIF1A_5*Ala (C), marker-GFP, and FKBP-mRFP-KIF5Cmd, without or with addition of
1 µM rapalog. Dotted gray line marks the normalized intensity for KIF1A_1106–1698 (B) or KIF1A_657–1698 (C) with rapalog treatment (N= 1, n = 15).
(D) Quantification of the axonal entries of NPY vesicles before and 15 min after addition of 1 µM rapalog in neurons expressing FRB-3myc-KIF1Atd, NPY-GFP,
and FKBP-mRFP-KIF5Cmd in control or after treatment with 1 µM KN-93 or 1 µM KN-92 for 20 h (N = 3, n = 30). (E) Quantification of the normalized ratio of
cargo intensity in axonal tips to that of the soma of hippocampal neurons coexpressing FRB-3myc–fused adaptors, cargo-GFP, and FKBP-mRFP-KIF5Cmd,
without or with addition of 1 µM rapalog (N = 1, n = 10–15). (F and H) Representative kymographs showing movement of NPY (F) or LAMP1 (H) vesicles in the
AIS in control or when transfected with Arl8A/B shRNA. (G and I) Quantification of the fraction of static, anterograde, and retrograde NPY (G) or LAMP1 (I)
traces in control or when transfected with Arl8A/B shRNA (N = 3, n = 29–30). (J) Representative images of hippocampal neurons expressing GFP-Rab3 in
control or when cotransfected with MADD shRNA. (K) Quantification of the polarity index of GFP-Rab3 in control or MADD KD (N = 3, n = 29–30).
(L) Representative images of the soma of hippocampal neurons immunostained for Rab3 in control or when cotransfected with MADD shRNA. Dotted red lines
mark the cell soma. (M)Quantification of the ratio of endogenous Rab3 intensity in a transfected cell to that of a surrounding cell in control or MADD KD (N = 3,
n = 29–30). (N) Representative images of the soma of hippocampal neurons immunostained for Arl8A in control, when cotransfected with KIF1A shRNA, or with
KIF1A shRNA and KIF1A deletion constructs. Dotted red lines mark the cell soma. (O) Quantification of the ratio of endogenous Arl8A intensity in a transfected
cell to that of a surrounding cell in control, KIF1A KD, and rescue with KIF1A deletion constructs (N = 3, n = 26–30). Data are displayed as mean ± SEM. Unpaired
t test (G, I, and K) and Mann–Whitney U test (B–E, M, and O), *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bars, 10 µm (L and N) and 20 µm (J).
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transfection medium (NB supplemented with 0.5 mM gluta-
mine) for 45min at 37°C and 5% CO2. Neurons were thenwashed
with NB and transferred to their original medium at 37°C and 5%
CO2 until fixation at indicated time points. For engineeredmotor
experiments, neurons were transfected at 7 days in vitro (DIV7).
When used for analysis in fixed cells, rapalog (final concentra-
tion of 1 µM) was added directly after transfection, and neurons
were fixed on DIV8. When used for live-imaging experiments,
neurons were imaged on DIV8. For KIF1A-cargo or cargo-cargo
colocalization experiments, neurons were transfected on DIV3
and fixed or imaged on DIV4. To calculate the polarity indices,
neurons were transfected on DIV7 and fixed on DIV8. For KD
experiments, neurons were transfected on DIV4 and fixed or
imaged on DIV8.

Cultured cells and transfections
HEK293T and COS7 cells were cultured in 50/50 DMEM/Ham’s
F10 (Lonza) medium supplemented with 10% FCS (Sigma-Aldrich)
and 1% penicillin/streptomycin (Sigma-Aldrich). HEK293T cells
were transfected using MaxPEI (Polysciences) in a ratio of 3:1 PEI:
DNA, according to the manufacturer’s protocol. COS7 cells were
plated on 18-mm glass coverslips 1 d before transfection with DNA
constructs using FuGENE6 (Roche) and following the manu-
facturer’s protocol.

DNA and shRNA constructs
The following DNA constructs used in this study were described
before: pβ-actin-HA-β-galactosidase (Hoogenraad et al., 2005),
pGW2-NPY-GFP and pGW2-NPY-RFP (Schlager et al., 2010),
GFP-LAMP1 and LAMP1-RFP (Farı́as et al., 2017), GFP-Rab3C
(van Vlijmen et al., 2008), TfR-GFP (Burack et al., 2000), and
BirA coding vector and pebioGFP (van der Vaart et al., 2013).
GW1-KIF5C_1–559-mRFP-(FKBP)2 was cloned by PCR-based
strategy from pBa-Kif5C_1–559-GFP (plasmid 45059; Addgene)
using GW1-PEX-mRFP-(FKBP)2 (Kapitein et al., 2010a) as back-
bone. GW1-FRB-3myc-KIF5A_375-1032 was cloned using a PCR-
based Gibson Assembly strategy with the GW1-HA expression
vector as backbone and GW1-GFP-FRB (Kapitein et al., 2010b)
and GW1-GFP-KIF5A to generate the GW1-FRB-3myc backbone.
GW1-FRB-3myc-KIF1A_395-1698 (KIF1Atd) was cloned using
GW1-HA-KIF1A (Kevenaar et al., 2016) as PCR template into the
GW1-FRB-3myc backbone. The following KIF1Atd fragments
were generated by PCR using GW1-FRB-3myc-KIF1A_395-1698
as template and were cloned into the GW1-FRB-3myc backbone:
KIF1A_657–1698, KIF1A_1106–1698, KIF1A_1560–1698, KIF1A_395–752,
KIF1A_395–1106, KIF1A_395–1559, KIF1A_657–1559, KIF1A_1106–1559,
KIF1A_395–600_701–1698 (KIF1A_ΔCC2), and KIF1A_395–780_850
–1698 (KIF1A_ΔCC3). Full-length KIF1A (KIF1A_FL) and deletion con-
structs (KIF1A_ΔPH, KIF1A_ΔCC1, KIF1A_ΔCC2, KIF1A_ΔCC3, and
KIF1A_ ΔCC2-GCN4) were cloned with PCR-based strategies using
GW1-HA-KIF1A as template and ligated into GW1-HA and
pGW1-GFP (Jaworski et al., 2009) expression vectors. GFP-
KIF1A domain constructs (CC1, 410–480; FHA, 500–580; CC2,
600–700; and CC3, 781–850) were generated using PCR-based
strategies with GW1-HA-KIF1A as template and pGW1-GFP as
backbone. Adaptors were cloned into the GW1-FRB-3myc,
bioGFP, and pGW1-GFP backbone using PCR-based strategies

with Arl8A (plasmid 67403; Addgene), Arl8B (plasmid 67404;
Addgene), and MADD (IMAGE clone 5271798) as templates.

For KD experiments, shRNAs were inserted into the pSuper
vector (Brummelkamp et al., 2002), which contains a scrambled
sequence. The shRNA for KIF1A has been described before
(Kevenaar et al., 2016). For Arl8A and Arl8B shRNAs, the fol-
lowing targeting sequences were used: shArl8A-1, 59-GCGTCA
GGACAGTTCAATG-39; shArl8A-2, 59-TCCACAACCTGCTAGACA
A-39; sh-Arl8A-3, 59-ACCGAGAGATCTGCTGCTA-39; shArl8B-1,
59-ACCGAGAGATCTGCTGCTA-39; shArl8B-2, 59-AGAGGCGTC
AATGCAATTG-39; and shArl8B-3, 5-GAACCTGTCTGCTATTCA
A-39. The sequence used for shMADD (59-ATCCTGCCAGAACCG
GAAT-39) has been described before (Niwa et al., 2008).

Antibodies and reagents
The following antibodies and dilutions were used in this study
for immunofluorescence experiments: mouse anti-myc (1:200,
#SC-40; Bio Connect), chicken anti–β-galactosidase (1:2,500,
BGL-1040; Aveslab), mouse anti-Rab3 (1:200, 610379; BD Bio-
sciences), rabbit anti-Arl8A (1:200, 17060-1-AP; Proteintech),
rabbit anti-Arl8B (1:200, 13049-1-AP; Proteintech), rabbit anti-
TRIM46 serum (1:500, described before [van Beuningen et al.,
2015]), goat anti-chicken Alexa Fluor 405 (1:400, ab175675; Ab-
cam), goat anti-rabbit Alexa Fluor 405 (1:400, A31556; Thermo
Fisher Scientific), goat anti-mouse Alexa Fluor 488 (1:400, A11029;
Thermo Fisher Scientific), goat anti-rabbit Alexa Fluor 488 (1:
400, A11034; Thermo Fisher Scientific), goat anti-mouse Alexa
Fluor 568 (1:400, A11031; Thermo Fisher Scientific), goat anti-
chicken Alexa Fluor 568 (1:400, A11041, Thermo Fisher Scien-
tific), and goat anti-mouse Alexa Fluor 647 (1:400, A21236;
Thermo Fisher Scientific). For live-imaging analysis, NF-CF555
(Farı́as et al., 2016) was used. For Western blot, the following
antibodies were used: mouse anti-myc (1:200, SC-40; Bio Con-
nect), rabbit anti-GFP (1:10,000, ab290; Abcam), goat anti-mouse
IRDye800CW (1:15,000, 926-32210; LI-COR), and goat-anti-rab-
bit IRDye680LT (1:20,000, 926-68021; LI-COR). Reagents used in
this study are rapalog (AP21967, 635056; TaKaRa), KN-93, and
KN-92.

Immunofluorescence staining and imaging
After transfection, neurons or COS7 cells were fixed for 10 min
with 4% formaldehyde/4% sucrose in PBS at RT. Cells were
washed three times in PBS-CM (PBS, 1 mM MgCl2, and 0.1 mM
CaCl2), permeabilized in 0.2% Triton X-100 for 15 min, washed
once with PBS-CM, and incubated with 0.2% gelatin for 30 min
at 37°C. Primary antibodies were diluted in 0.2% gelatin and
incubated for 30 min at 37°C. Next, coverslips were washed
three times in PBS-CM, incubated with secondary antibody di-
luted in 0.2% gelatin for 30 min at 37°C, washed three times in
PBS-CM, and mounted in Fluoromount (Invitrogen).

Fixed cells were imaged on (1) a Carl Zeiss LSM 700 confocal
laser scanning microscope running ZEN2011 software, using a
Plan-Apochromat 40×/1.30 oil differential interference contrast
objective or a Plan-Apochromat 63×/1.40 oil differential inter-
ference contrast objective; or (2) a Nikon Eclipse 80i upright
widefield fluorescence microscope, equipped with a Photometrics
CoolSNAP HQ2 charge-coupled device camera and Nikon NIS
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Br software, using a Plan Fluor 40× NA/1.30 oil objective. For
quantitative experiments, image settings were kept identical for
all images within one experiment.

Pull-down experiments and Western blotting
For pull-down experiments, HEK293T cells were diluted and
plated into six-well plates 1 d before transfection with with pCl-
Neo-BirA, GW1-FRB-3myc-KIF1A_395–1105, and bioGFP-tagged
constructs. 24 h after transfection, cells were washed with ice-
cold PBS and lysed in lysis buffer (100 mM Tris HCl, pH 7.5,
150 mMNaCl, 1% Triton X-100, and protease inhibitors [Roche])
on ice for 30 min. Lysates were cleared by centrifugation for
30 min at 13.2 krpm at 4°C. For pull-down experiments, super-
natants were incubated for 1.5 h at 4°C with blocked (incubation
for 30 min at RT in 50 mM Tris HCl, pH 7.5, 150 mM KCl, and
0.2 µg/µl chicken egg albumin) Streptavidin Dynabeads M-280
(Invitrogen), after which beads were washed five times with
washing buffer (100 mM Tris HCl, pH 7.5, 250 mM NaCl, and
0.5% Triton X-100). Proteins were eluted from beads by boiling
for 10 min at 95°C in 2× DTT + sample buffer (20% glycerol, 4%
SDS, 200 mM DTT, 100 mM Tris HCl, pH 6.8, and bromophenol
blue), and protein samples were run on 10% SDS-PAGE gels. For
SDS-PAGE experiments, lysates from HEK293T cells expressing
GFP-KIF1A domain constructs were made as described above.
Lysates were either boiled at 95°C in 1× DTT + sample buffer and
run on 12% SDS-PAGE gels or run on 12% mini-protean TGX
precast protein gels (Bio-Rad) without boiling in 1× DTT −
sample buffer. Proteins were then transferred from the gel to
nitrocellulose membranes (Bio-Rad) by semidry blotting at 16 V
for 1 h, and membranes were blocked by incubation for 1 h at RT
in 3% BSA in PBST (PBS supplemented with 0.02% Tween 20).
Next, membranes were incubated overnight at 4°C with primary
antibodies in 3% BSA-PBST and washed three times with PBST,
followed by incubationwith secondary antibody in 3% BSA-PBST
for 1 h at RT, and washed three times with PBST. Membranes
were scanned using an Odyssey Infrared Imaging system (LI-
COR Biosciences), and blots were acquired at 680 and 800 nm.

Image analysis and quantification
Engineered motor assay
For quantification of transport in the engineered motor assay,
confocal images of neurons transfected with HA-β-galactosid-
ase, FKBP-mRFP-KIF5Cmd, FRB-3myc-constructs, and cargo
were acquired. For each cell, fluorescence intensity of the cargo
was measured in five growth cones and the cell soma (regions of
interest [ROIs] determined from β-galactosidase staining). The
ratio of fluorescence intensity in a growth cone to that of the cell
soma was calculated and normalized to the ratio of the condition
without rapalog.

Vesicle colocalization
To investigate cargo colocalization or KIF1Atd-cargo colocaliza-
tion, confocal images of neurons expressing different cargo
combinations or KIF1Atd and GFP-labeled cargo were acquired.
For each cell, a line of 20–30-µm length was drawn in the axon
(identified from TRIM46 staining) and two dendrites. For cargo
colocalization, first the total amount of puncta of one cargo along

a line was counted and then the amount of colocalizing puncta of
the other cargo was counted, which allowed calculation of the
percentage of colocalization. For KIF1Atd-cargo colocalization,
the total amount of KIF1Atd puncta along a line was counted.
Next, the amount of colocalizing cargo particles was counted,
and the percentage of colocalization was calculated.

Polarity indices
For calculation of the polarity index, neurons expressing HA-
β-galactosidase and different KIF1A constructs were imaged on
the upright fluorescent microscope. A line of 5-µm width and
40–90-µm length was drawn in the axon (identified from
TRIM46 staining) and in three dendrites (ROIs determined from
β-galactosidase staining). The same ROIs were positioned in a
near area where no neurons were present, and this background
intensity was subtracted from rawmeasurements. The intensity
in the axon, Ia, and the average intensity in three dendrites, Id,
were then used to calculate the polarity index with the formula
PI = (Ia − Id)/(Ia + Id).

Rab3 accumulation
For calculation of Rab3-accumulating cells, neurons expressing
Rab3-GFP, shKIF1A, and indicated rescue constructs were visu-
alized on the upright fluorescent microscope. For each condition,
≤100 neurons were counted and classified as Rab3 accumulating
or not Rab3 accumulating, which enabled quantification of the
percentage of Rab3-accumulating cells.

Quantification of fluorescence intensity ratio in distal to
proximal axons
To quantify axonal fluorescent Rab3 intensity, confocal images
of neurons expressing indicated shRNAs and rescue constructs,
stained for Rab3 and TRIM46, were acquired. A line of 5-µm
width and 15–40-µm length was drawn in the proximal axon
(identified from TRIM46 staining), and the same ROIs were posi-
tioned in a near areawhere no neuronswere present. The samewas
done in a distal part of the proximal axon. Background intensities
were subtracted from raw measurements, and the ratio of fluo-
rescence intensity in distal to proximal axons was calculated.

Quantification of fluorescence intensity in cell soma
To quantify the fluorescence intensity in the cell soma, confocal
images of neurons expressing HA–β-galactosidase and the in-
dicated shRNAs and stained for the protein of interest were
acquired. An ROI was drawn around the soma of a transfected
cell (determined from β-galactosidase staining) and then posi-
tioned in a near area where no neurons were present. The same
was done for two surrounding untransfected cells. Background
intensities were subtracted from raw measurements, and the
ratio of fluorescence intensity in the transfected cell to the av-
erage intensity in the surrounding cells was calculated.

Live-cell imaging and analysis
Live-cell imaging experiments were performed using an in-
verted Nikon Eclipse Ti-E confocal microscope equipped with a
perfect focus system (Nikon), a CSU-X1-A1 Spinning Disc unit
(Yokogawa) and a Photometrics Evolve 512 electron-multiplying
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charge-coupled device camera (Roper Scientific) with a Plan Apo
VC 100× NA 1.40 oil objective. For imaging, coverslips were
mounted in a Ludin chamber (Life Imaging Services) and main-
tained in culture medium at 37°C and 5% CO2 in a stage incubator
(Tokai Hit) during image acquisition.

Imaging of axonal vesicle entry in the engineered motor assay
Neurons expressing FKBP-mRFP-KIF5Cmd, FRB-3myc-KIF1Atd,
and GFP-tagged markers were incubated for 30 min with NF-
CF555 before imaging. Neurons were then visualized in the
axon (identified by NF-CF555 staining), and videos in the GFP
channel were acquired as stream acquisitions at 10 frames/s for
20 s. Videos were taken before addition of rapalog and 15 min
after addition of rapalog (1 µM final concentration). For analysis,
a line along the AIS was drawn and straightened, and kymo-
graphs were generated using Kymoreslicewide plugin for Fiji
(https://github.com/ekatrukha/KymoResliceWide). An area of
10 µM on the kymograph was selected, and all anterograde e-
vents were traced and counted for quantification of axonal
vesicle entry.

Imaging of cargo motility
Neurons expressing indicated shRNAs, rescue constructs, and
GFP-tagged markers were incubated for 30 min with NF-CF555
before imaging. Neurons were then visualized in the axon (iden-
tified by NF-CF555), and videos were acquired in the GFP channel
as stream acquisitions at 10 frames/s for 20 s. For analysis, a
line along the AIS was drawn, and kymographs were generated.
An area of 10 µM on the kymograph was selected, and all static,
anterograde, and retrograde events were traced and counted
for quantification.

Imaging of comovement of motor and cargo
Neurons expressing the indicated GFP-tagged KIF1A constructs
and NPY-RFP were visualized, and axons were determined
based onmorphology. Videos in the distal axon were acquired in
the GFP and RFP channels as stream acquisitions at 10 frames/s
for 20 s. Videos were processed using Fiji. To quantify colocal-
ization of KIF1A and NPY during live imaging, stills of the videos
at 1 and 5 s were made. In these stills, the total amount of KIF1A
puncta and colocalizing NPY particles were counted in the im-
aged axon, and the percentage of colocalization was calculated.

Statistical analysis
Statistical analyses were performed using GraphPad 5. Data
distribution was tested for normality using a D’Agostino and
Pearson omnibus normality test. Normally distributed datasets
were compared using unpaired t tests. Datasets that did not have a
normal distribution were compared using Mann-Whitney U tests.
Tests were two-tailed. Statistical tests used for each experiment are
detailed in the figure legends. All error bars are displayed asmean ±
SEM. The following P value conventions are used throughout the
paper: ns, P > 0.05; *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

Online supplemental material
Fig. S1 shows images that validate the engineered motor assay
and lysosome, SV, and endosomal vesicle localization andmotility

in the assay. Fig. S2 contains representative images and
quantifications of the colocalization of different cargos with
KIF1Atd. Fig. S3 compares the expression patterns of different
KIF1Atd constructs in hippocampal neurons. Fig. S4 shows
example images of neurons and COS7 cells expressing KIF1A
constructs and dimerization analysis on Western blot. Fig. S5
shows the validation of Arl8 shRNAs and investigates Arl8A
and MADD as specific KIF1A adaptors.
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Figure S1. KIF1A–cargo interactions in the engineered motor assay. Related to Fig. 1. Images validating the engineered motor assay and showing ly-
sosome, SV, and endosomal vesicle localization and motility in the assay. (A) Representative images of hippocampal neurons coexpressing FRB-3myc-KIF1Atd
and FKBP-mRFP-KIF5Cmd without (upper panels) or with (lower panels) addition of 1 µM rapalog. Pink lines mark the cell soma. Blue dotted circles indicate
examples of axonal tips. Zooms of the boxed regions are shown in the top right of each image. (B, D, and F) Representative images of hippocampal neurons
coexpressing FRB-3myc-KIF1Atd, FKBP-mRFP-KIF5Cmd, and LAMP1-GFP (B), Rab3-GFP (D), or TfR-GFP (F) without (upper panels) or with (lower panels)
addition of 1 µM rapalog. Pink lines mark the cell soma. Blue dotted circles indicate examples of axonal tips. Zooms of the boxed regions are shown as a merge
on the right. (C, E, and G) Representative kymographs showing movement of LAMP1 (C), Rab3 (E), or TfR (G) vesicles in the AIS before (left) and 15 min after
(right) addition of 1 µM rapalog. Scale bars, 20 µm.
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Figure S2. Colocalization of cargo vesicles and KIF1A. Related to Fig. 1. Representative images and quantifications showing colocalization of vesicle markers
and KIF1A colocalization with vesicles. (A) Representative images of hippocampal neurons coexpressing different combinations of vesicle markers. White boxes
on the merged image mark the axon (continuous line) and a dendrite (dotted line). TRIM46 staining in the axon is shown in the merged image. Merged zooms of
the boxes are depicted on the right. Graphs show the intensity of cargo along the line marked in the zooms. Quantifications of the percentage of vesicle
markers colocalizing with each other in the axon and dendrites are shown on the right (N = 3, n = 29–33 axons and 87–99 dendrites). (B) Representative images
of hippocampal neurons coexpressing KIF1Atd and GFP-tagged LAMP1, Rab3, or TfR. White boxes on the merged image mark the axon (continuous line) and a
dendrite (dotted line). TRIM46 staining in the axon is shown in the merged image. Merged zooms of the boxes are depicted on the right. Graphs show the cargo
(green) and KIF1A (red) intensity along the line marked in the zooms. Quantifications of the percentage of vesicle markers colocalizing with KIF1A in the axon
and dendrites are shown on the right (N = 3, n = 27–36 axons and 54–72 dendrites). Scale bars, 10 µm.
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Figure S3. Expression of KIF1Atd truncation constructs in hippocampal neurons. Related to Fig. 2. (A) Representative images of hippocampal neurons
expressing KIF1A deletion constructs (shown in Fig. 2, B, F, and J) including zooms of the axon, marked by the boxes. TRIM46 staining and the KIF1A channel in
the axon are shown below. Scale bars, 20 µm (upper images) and 10 µm (lower zooms).
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Figure S4. Expression of KIF1A constructs and colocalization with cargo. Related to Figs. 3 and 4. Example images of cells expressing KIF1A constructs in
neurons and in COS7 cells or together with cargo in neurons and dimerization analysis on Western blot. (A) Representative images of hippocampal neurons
expressing KIF1A deletion constructs (shown in Fig. 3 B) including zooms of the axon, marked by the boxes. TRIM46 staining and the KIF1A channel in the axon
are shown below. (B)Quantification of the percentage of NPY vesicles colocalizing with KIF1A during live-imaging experiments (N = 7, n = 15 for KIF1A_FL;N = 4,
n = 15 for KIF1A_ΔCC2). (C) Representative images of COS7 cells expressing different KIF1A constructs. (D) Representative images of hippocampal neurons
coexpressing KIF1A_ΔCC1 and LAMP1 or Rab3. Blue dotted circles indicate examples of distal tips. Merged image of the boxed region is shown on the right. (E
and F) Normal (E) and native (F) SDS-PAGE analysis of GFP-fused KIF1A domains expressed in HEK293T cell lysates. Arrows (F) mark the bands of monomeric
and dimeric CC2 domain. (G) Representative images of hippocampal neurons coexpressing KIF1A_ΔCC2-GCN4 and LAMP1 or Rab3. Blue dotted circles indicate
examples of distal tips. Merged image of the boxed region is shown on the right. (H) Representative image of a hippocampal neuron expressing KIF1A_ ΔCC2-
GCN4 (shown in Fig. 4 H) including zoom of the axon, marked by the box. TRIM46 staining and the KIF1A channel in the axon are shown below. Scale bars,
10 µm (A, C, D, and G) and 20 µm (H).
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Figure S5. Identification of Arl8A and MADD as specific KIF1A adaptors. Related to Fig. 5. Validation of Arl8 shRNAs and investigation of Arl8A and MADD
as specific KIF1A adaptors. (A and C) Quantification of the ratio of endogenous Arl8A (A) or Arl8B (C) intensity in a transfected cell to that of a surrounding cell
in control and with different shRNAs against Arl8A (A) or Arl8B (C; N = 4, n = 40–35). (B and D) Representative images of hippocampal neurons expressing
shEV, shArl8A-1 (B), or shArl8B-2 (D), immunostained for Arl8A (B) or Arl8B (D). Pink lines mark the cell soma of the transfected cell. (E) Representative images
of hippocampal neurons coexpressing LAMP1 together with shEV, shArl8A-1, or shArl8B-2. TRIM46 staining in the dotted box is shown in the bottom left to
mark the axon. Zooms of the dotted boxes are shown on the right. (F) Representative images of COS7 cells expressing Arl8A or Arl8B. (G) Representative
images of COS7 cells coexpressing KIF1A together with Arl8A or Arl8B. Merged image of the boxed region is shown on the right. (H) Pull-down experiment
showing the interaction between KIF1A_395–1105 and bioGFP-adaptors in HEK293T cell lysates. (I) Quantification of the ratio of KIF1A_395–1105 intensity in
the pull-down fraction to that of the input fraction normalized to bioGFP-EV (N = 3). (J) Representative image of a hippocampal neuron coexpressing shKIF1A
and LAMP1-GFP and immunostained for Arl8A. (K) Representative images of the soma of hippocampal neurons immunostained for Arl8B in control or when
transfected with KIF1A shRNA. Dotted red lines mark the cell soma. (L) Quantification of the ratio of endogenous Arl8B intensity in a transfected cell to that of
a surrounding cell in control or KIF1A KD (N = 3, n = 29–30). Data are displayed as means ± SEM. Unpaired t test (A) and Mann–Whitney U test (C and L), *, P <
0.05; ***, P < 0.001. Scale bars, 20 µm (B, D, and E) and 10 µm (F, G, J, and K).
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