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Abstract—The accumulation of cargo (tau, amyloid precursor
protein, neurofilaments etc.) in neurons is a hallmark of various
neurodegenerative diseases while we have only little knowl-
edge how axonal transport is regulated. Kinesin-3 UNC-
104(KIF1A) is the major transporter of synaptic vesicles and
recent reports suggest that a cargo itself can affect the motor’s
activity. Inspecting an interactome map, we identify three puta-
tive UNC-104 interactors, namely UNC-16(JIP3), DNC-1(DCTN1/
Glued) and SYD-2(Liprin-a), known to be adaptors in essential
neuronal protein complexes. We then employed the novel
method bimolecular fluorescence complementation (BiFC) as-
say to visualize motor-adaptor complexes in the nervous sys-
tem of living C. elegans. Interestingly, the binding of UNC-104 to
each adaptor protein results in different sub-cellular distribu-
tions and has distinctive effects on the motor’s motility. Specif-
ically, if UNC-104 bound to UNC-16, the motor is primarily local-
ized in the soma of neurons while bound to DNC-1, the motor is
basically found in axonal termini. On the other hand, if UNC-104
is bound to SYD-2 we identify motor populations mostly along
axons. Therefore, these three adaptors inherit different func-
tions in steering the motor to specific sub-cellular locations in
the neuron. © 2011 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Axonal transport is increasingly becoming a spotlight in
neurodegenerative disorder research. Proper regulation of
cargo transport in lengthy, thin and crowded neuronal ex-
tensions is critical while malfunction in molecular-motor
based transport might lead to accumulation of proteins
(e.g. tau, amyloid precursor protein, neurofilaments) in
axons, a hallmark of various neurodegenerative diseases.
How molecular motors are regulated and how motors rec-
ognize their cargo remains largely unknown, however, in-
creasing evidence suggest that cargo-binding is highly
specific and that the same motor can bind various types of
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cargo. For example, KIF5, a member of the kinesin-1
family, binds amyloid precursor protein (APP) or Apolipo-
protein E receptor 2 (ApoER2) containing vesicle through
JIPs, on the other hand a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPA-receptor) contain-
ing vesicles are bound via the scaffolding protein gluta-
mate receptor interacting protein 1 (GRIP1). Interestingly,
if KIF5 bound to GRIP1, vesicles are steered to dendrites
while if bound to JIPs vesicles are directed towards axons
(Kaether et al., 2000; Kamal et al., 2000; Verhey et al.,
2001; Setou et al., 2002; Inomata et al., 2003; Matsuda et
al., 2003). In C. elegans, if the conventional kinesin-1
heavy chain homolog UNC-116 binds the JNK-interacting
protein UNC-16, vesicles are specifically directed to axons
while avoiding dendrites (Byrd et al., 2001). Another ex-
ample is that upon binding of the active zone protein
SYD-2(Liprin-a) to kinesin-3 UNC-104(KIF1A), the motor’'s
anterograde destinations are favored limiting movements
backwards to the soma (Wagner et al., 2009). These ex-
amples demonstrate that direct and specific binding of
cargo to a motor determines the destination (axons vs.
dendrites) and/or directionality (anterograde vs. retro-
grade) of a motor or vesicular cargo (for review; Hirokawa
et al., 2009b).

To gain more insight about the specificity of motor-
cargo binding and how a cargo (precursor proteins, vesic-
ular structures, adaptors etc.) regulate the destination of a
motor, we used an interactome map (Zhong and Stern-
berg, 2006) to identify putative binding partners for the
major synaptic vesicle transporter UNC-104(KIF1A) in C.
elegans. We identified three proteins UNC-16(JIP3), DNC-
1(DCTN1/Glued) and SYD-2(Liprin-«), while all of them
have in common to be engaged as adaptors in essential
neuronal protein complexes. For example, UNC-16 is
known to act as a scaffold protein, binding to the light chain
of kinesin-1 (KLC-2) and regulating the transport of syn-
aptic vesicle components by combining kinesin-1 transport
and JNK signaling (Byrd et al., 2001; Sakamoto et al.,
2005; Brown et al., 2009). It has also been hypothesized
that UNC-16 might trigger directionality of cargo by medi-
ating the interaction between kinesin-1 and dynein through
its association with p150©'“e9 (Sakamoto et al., 2005; Kou-
shika, 2008; Montagnac et al., 2009). JIP3 facilitates JNK
phosphorylation of APP and JIP3 gene disruption in mice
leads to defects in axon guidance that may be due to
reduced vesicle transport, as observed in unc-16 mutants
in C. elegans (Kelkar et al., 2003). There is no study,
however, on direct interactions between UNC-16 and
UNC-104 and the effect on the motor’s neuronal distribu-
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tion. The second identified UNC-104 interactor, DNC-
1(DCTN1/Glued), is a homolog of p150€'“®9, a component
of the dynactin complex which is an important adaptor to
connect the retrograde motor dynein to both the cargo
(vesicle) and the microtubule. It has been suggested that
bidirectional movement of synaptic vesicles is a result of
opposing molecular motors (bound to one vesicle at the
same time) pulling in different directions in a tug-of-war
event or as a result of coordinated activity (for review;
Holzbaur and Goldman, 2010). Indeed, direct interactions
between kinesin-ll and p150°'“¢? (Deacon et al., 2003),
kinesin-l and dynein (Ligon et al., 2004) and indirect inter-
actions between UNC-104 (Koushika et al., 2004) as well
as a Drosophila UNC-104 homolog (Barkus et al., 2008)
and dynein have been reported. However, direct interac-
tions between UNC-104 and dynactin (or dynein) and the
resulting sub-cellular distribution of the motor remains
to be unsolved. The third UNC-104 interactor, SYD-2/
Liprin-«, is a key player in assembling and regulating ac-
tive zones (electron dense regions at the synapse at which
synaptic vesicle fusion and transmitter release occurs).
Through its multifunctional interaction with Rab3-interact-
ing molecule (RIM), LAR and calcium/calmodulin-depen-
dent serine protein kinase 3 (CASK) it mediates targ-
eting the presynaptic transmission machinery to opposite
postsynaptic densities (Olsen et al., 2006). Interactions
between UNC-104 and SYD-2/Liprin-a have been reported
(Wagner et al., 2009), however, it remains unclear how the
motor’s sub-cellular distribution changes upon direct bind-
ing to SYD-2.

UNC-104, a homologue of the mammalian kinesin-3
KIF1A, is a neuron-specific, microtubule plus-end di-
rected motor and is the major transporter of synaptic
vesicles in axons. Mutations in the UNC-104 gene in
worms result in uncoordinated, slow body motion and a
slow growth rate while the concentration of synaptic
vesicles increases in cell bodies and decreases at syn-
apses (Hall and Hedgecock, 1991). KIF1A knockout
mice are lethal with motor and sensory defects and
abnormal distribution of synaptic vesicles (retained in
soma and reduced in neuronal terminals) (Yonekawa et
al., 1998). In C. elegans, fluorescently labeled UNC-104
reveals a bidirectional moving pattern with net transport
rates in anterograde directions (Zhou et al., 2001; Wag-
ner et al., 2009).

We use a novel method, bimolecular fluorescence
complementation (BiFC) assay, to visualize protein—pro-
tein interaction in living animals. The method is based on
the principle of protein-fragment complementation using
two non-fluorescent fragments derived from fluorescent
proteins. When two hybrids of fluorescent proteins are
brought together in living cells (by fusing each to one of
a pair of interacting proteins) fluorescence is restored
(Hu and Kerppola, 2003; Kerppola, 2006a,b; Shyu et al.,
2008; Zal, 2008). This not only enables to identify direct
and physical interactions between two proteins but also
their sub-cellular localization upon interaction.

EXPERIMENTAL PROCEDURES
C. elegans strains and plasmids

C. elegans strains were maintained at 22 °C using standard
methods (Brenner, 1974). For BiFC assays, we used the BiFC
control vector kit (pCE::bJUN::VN173 and pCE::bFOS::\VC155)
from Dr. Chang-Deng Hu’s Laboratory (Purdue University, USA)
and replaced the heat shock promoter hsp16.41 with the
pan-neuronal Punc-104 promoter. Positive control vectors for
nucleus expression Punc-104::bJUN::VN173 (40 pg/ml) and
Punc-104::bFOS::VC155 (30 ng/ml), respectively, were microin-
jected into N2 hermaphrodites using the pRF4 rol-6(su1006) co-
injection marker (employing standard microinjection methods;
Mello et al., 1991). Positive control vectors for investigating neu-
ronal expression of two known interacting proteins (UNC-
104/UNC-104), Punc-104::UNC-104::VN173 (60 pg/ml) and
Punc-104::UNC-104::VC155 (60 wg/ml), were microinjected into
CB1265 unc-104(e1265) hermaphrodites rescuing the highly un-
coordinated and paralytic phenotype (note, that the need of high
plasmid dosages to rescue the unc-104 phenotype has been
reported previously; Wagner et al., 2009). To determine (reported)
UNC-16/KLC-2 interactions (used as a positive control) we made
a worm expressing Punc-104::UNC-16::VN173/Punc-104::KLC-
2::VC155 BIiFC pairs by microinjecting a Punc-104::UNC-
16::VN173 (50 pg/ml) plasmid and a Punc-104::KLC-2::VC155
(50 ug/ml) plasmid into N2 strains (using the co-injection marker
pRF4). As a negative control, we deleted UNC-16’s KLC-2 binding
domain and injected a Punc-104::UNC-16AKLCBD::VN173 (50
rg/ml) plasmid and a Punc-104::KLC-2::VC155 (50 ug/ml) plas-
mid into N2 strains (using the co-injection marker pRF4). To
determine reported UNC-16/DNC-1 interactions (also used as a
positive control) we designed a worm expressing Punc-104::
UNC-16::VN173/Punc-104::DNC-1::VC155 BiFC pairs by micro-
injecting a Punc-104::UNC-16::VN173 (60 ug/ml) plasmid and a
Punc-104::DNC-1::VC155 (60 ug/ml) plasmid into N2 strains (with
co-injection marker pRF4).

To evaluate UNC-16/UNC-104 expression, we designed a
worm expressing Punc-104::UNC-16::VN173/Punc-104::UNC-
104::VC155 BIiFC pairs by microinjecting a Punc-104::UNC-
16::VN173 (50 wpg/ml) and a Punc-104::UNC-104::VC155
(50 pg/ml) plasmid into the strain CB1265 unc-104(e1265) rescu-
ing the unc-104 phenotype. To investigate UNC-104/DNC-1 inter-
actions a strain expressing Punc-104::UNC-104::VN173/Punc-
104::DNC-1::VC155 BiFC pairs was generated by microinjecting a
Punc-104::UNC-104::VN173 (50 ng/ml) plasmid and a Punc-
104::DNC-1::VC155 (50 ng/ml) plasmid into the CB1265 unc-
104(e1265) line rescuing the unc-104 phenotype. For SYD-2/
UNC-104 interactions, we designed worms expressing a
Punc-104::VN173::SYD-2/Punc-104::UNC-104::VC155 BiFC pair
by microinjecting a Punc-104::VN173::SYD-2 plasmid (60 pg/ml)
and Punc-104::UNC-104::VC155 plasmid (70 ug/ml) into the
CB1265 unc-104(e1265) strain rescuing the highly uncoordinated
phenotype. Strains expressing Punc-104::UNC-104::GFP (to
evaluate UNC-104 expression alone) have been described else-
where (Wagner et al., 2009).

Primary neuronal cell culture

Primary neuronal cells from C. elegans were isolated according to
the protocols by Christensen et al. (2002) and Strange et al. (2007).
In brief, primary neuronal cells are isolated from embryonic eggs
collected from L4 worms. To free eggs from a worm, the epidermis of
the worm is lysed (in a solution containing high molar NaOH and
bleach (NaClO)) whereas the eggs—containing a resistant chorion
(chitin-shell)—are not negatively affected by the lysation process.
After separating the eggs from the worm debris using sucrose cen-
trifugation, the eggs are subsequently treated with the enzyme chiti-
nase to digest the egg shell. The released embryonic cells are then
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dissociated (by repeatedly pipetting) and plated on glass-bottomed
dishes (MatTek, USA) coated with peanut lectin (Sigma, USA). Nem-
atode cells can be stored at 22 °C and do not need CO..

Whole worm microscopy, motor motility analysis and
quantification of fluorescence in cells

For imaging of BiFC pair expression in living animals, worms were
immobilized by treatment with 5 mM levamisole (Sigma, USA)
before being placed on 2% agarose-coated objective slides. We
either used an Olympus FV1000 (for morphological studies) or an
Olympus 1X81 microscope with a DSU Nipkow spinning disk unit
connected to an Andor iXon DV887 EMCCD camera for time-
lapse imaging at 1-2 frames per s (motor motility analysis). To
convert recorded time-lapse sequences into kymographs, we
used the image analysis software NIH ImageJ 1.43. In detail, a
line over the axon of interest is drawn, followed by the application
of the “reslice stack function.” Static particles appear as vertical
lines whereas the slope of moving particles corresponds to the
velocity of the particle. A pause is defined if motors move less than
0.085 um/s while each calculated velocity does not contain any
pausing event. Examples of what is regarded a single moving
event (slope) are given in Fig. 7B. Vertical lines from static parti-
cles were used to correct for mechanical drifts of the microscope
stage. Curved objects (for example isolated neuronal cells) were
straightened before their conversion into kymographs using the
“straighten curved objects tool” from Kocsis et al. (1991). Run
length is defined as “net moving distance” (or processivity) and is
calculated from the start to the end of the respective recording time
(including all pauses and motor reversals). Moving persistency is
defined as the time of constant movements without pausing, stop
and starts. Data from different experimental groups were compared
using the Student t-test (two tailed and unequal variance).

For quantification of cellular fluorescence pattern (with gray
values as arbitrary units of fluorescence), we first straightened
curved axons and then applied line scans using ImageJ’s “plot
profile” function. For quantification of fluorescence in soma and
axonal termini we determined percentages of the areas under the
curves (positive integrals) obtained from line scans. Wavelength
scans along whole worms (to detect Venus fluorescence in neg-
ative control experiments) were performed by employing the
wavelength scan function of an Olympus FV1000 confocal laser
scanning microscope.

RESULTS

Comparison of UNC-104::GFP and
UNC-104::VN/UNC-104::VC expression

We use a novel technique BIiFC assay to investigate the
sub-cellular distribution of the molecular motor UNC-104 in
the nervous system of living C. elegans and in cultures of
primary C. elegans neurons. Fig. 1A summarizes the basic
principles of the BiF C assay: two proteins (A and B) are fused
to either a (non-fluorescent) N-terminal (VN173) or a C-ter-
minal (VC155) fragment of a (yellow fluorescent) Venus pro-
tein. If direct interaction occurs between two proteins, Venus
hybrids are close enough to complement and fluorescence is
restored. A long linker composed of 15 amino acids (for
details; Shyu et al., 2008) connects the proteins (to be as-
sayed) with the respective Venus hybrid allowing them to
retain their inherent dynamics (for example upon interacting
with other proteins). To understand how the motor UNC-104
is expressed in worms and cells, we evaluated the expres-
sion pattern of an existing worm expressing UNC-104::GFP
alone (Wagner et al., 2009). Fig. 1 shows the pan-neuronal

expression of UNC-104 in the head (Fig. 1B), including the
nerve ring and sensory neurons, in the dorsal and ventral
nerve cord (Fig. 1C, D), as well as in the tail (Fig. 1E). Isolated
cells reveal uniform expression of the motor from the soma to
the tip (termini) (Fig. 1F, G).

We then employed a well documented positive control
for BiFC assay (the interaction between bJUN and bFOS in
nuclei; Hu et al., 2002; Hiatt et al., 2008); however, using a
Punc-104 promoter for restriction to neuronal tissue ex-
pression. Indeed nucleus expression of the bZIP domains
of transcription factors FOS-1 and JUN-1 was obvious in
the nerve ring of C. elegans (Fig. 2A). Note that injection of
empty vectors (only containing the gateway cassette)
Punc-104::GW::VN173 and Punc-104::GW::VC155 did not
lead to any detectable Venus expression. Another positive
control was employed by testing for UNC-104/UNC-104
interactions. As it is well known that (non-processive)
UNC-104 monomers interact to form dimers (enabling the
motor to move processively along microtubules) (for
review; Hirokawa et al., 2009a) we expressed a BiFC
pair composed of an UNC-104::VN173 and an UNC-
104::VC155 construct. The expression was obvious
throughout the nervous system including sensory neurons
in the head (Fig. 2B) and dorsal and ventral nerve cords
(Fig. 2D). Also in isolated C. elegans neurons (Fig. 2C)
expression is comparable to UNC-104::GFP expression
(Fig. 1F). To understand if unspecific VN/VC self-interac-
tions exist, we performed line-scans along UNC-104::GFP
and UNC-104::VN/UNC-104::VC expressing neurons. In-
specting regions of least expression in Fig. 2E (for
example at the section between 8 um and 24 um) it is
obvious that no significant differences exist between
UNC-104::GFP and UNC-104::VN/UNC-104::VC expres-
sion, therefore pointing to negligible VN/VC self-interac-
tions. Further, the overall expression pattern of UNC-
104::GFP compared to UNC-104::VN/UNC-104::VC s
comparable with typical UNC-104 clustering along axons
(Wagner et al., 2009) and in between only little (if not any)
axoplasmic expression.

UNC-104 distribution upon binding to UNC-16

Expressing UNC-104::VC155 and UNC-16::\VN173 at the
same time in living C. elegans allows for the observation of
specific locations of those UNC-104 motors bound to the
adaptor protein UNC-16. Venus complementation (and there-
fore physical interactions between the motor and adaptor)
was evident in the nerve ring (Fig. 3A, D), dorsal/ventral cords
and sublateral neurons (Fig. 3B, E) as well as in tail ganglia
(Fig. 3C, F). To better understand the sub-cellular distribution
of motors when bound to UNC-16, we isolated and cultured
primary neurons from these animals. Fig. 3G—J shows the
typical distribution of these complexes with 76% expression
in the soma, 13% expression along axons and 11% expres-
sion in axonal tips (termini) (Fig. 3K). As a positive control, we
investigated the documented JIP3(UNC-16)/KLC(KLC-2) in-
teraction (Byrd et al., 2001; Sakamoto et al., 2005) (Fig. 4A)
by expressing UNC-16::VN173 and KLC-2::VC155 BiFC
pairs in worms (Fig. 4B-D). Interestingly, quantification
of the expression pattern reveals a similar distribution of
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Fig. 1. Model of BiFC assay and UNC-104::GFP expression in C. elegans. (A) Two proteins (A and B) are fused to Venus hybrids. The split position
of the N-terminal Venus hybrid is amino acid 172-173 (VN173) and that of the C-terminal half is 154-155 (VC155). When both proteins (A and B) are
close enough for physical interaction, Venus hybrids might complement to form a yellow fluorescent protein. Note that Venus hybrids and fused
proteins are connected via a long linker (15 amino acids) so that dynamical movement of fusions is possible. (B—-E) Selected areas of C. elegans
expressing UNC-104::GFP. The protein is solely expressed in nervous tissues. (B) Head of the worm revealing expression in the nerve ring (NR), as
well as in sensory neurons (e.g. amphid and labial sensilla). (C, D) UNC-104 expression in nerve cords (VNC), the sublateral system (e.g. ALN and
PLN) as well as mechanosensory neurons (e.g. AVM and ALM). (E) Tail of the worm revealing expression in tail ganglia (e.g. pre-anal and dorso-rectal
ganglion) and sensory neurons (phasmid sensilla). (F) Isolated primary neurons from worms expressing UNC-104::GFP revealing a uniform UNC-104
expression (quantified in (G)). Scale bars: 25 um (B-E) and 5 um (F). For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.

UNC-16/KLC-2 BiFC (76% soma, 22% axon and 2%
tips, Fig. 4H) if compared to UNC-104/UNC-16 (76%
soma, 13% axon and 10% tips, Fig. 3K) pointing to a
universal role of UNC-16 in similarly regulating the allo-
cation of different types of kinesins. That UNC-16/KLC-2
and UNC-104/UNC-16 are expressed mainly in soma
might lead to assumption that unwanted overexpression
effects play a role in these types of distributions. There-
fore, we investigated another documented interaction,

the binding of UNC-16(JIP3) to DNC-1(p150©'¢?) (Mon-
tagnac et al.,, 2009) (Fig. 4A). Interestingly, when
UNC-16 interacts with DNC-1 in C. elegans neurons,
much higher expression can be seen in axons and tips
(46% soma, 23% axons and 32% tips, Fig. 4E-G, 1)
compared to UNC-16/KLC-2 (Fig. 4H) and UNC-104/
UNC-16 (Fig. 3K). As a negative control, we expressed
an UNC-16 construct lacking its KLC-2 binding domain
(UNC-16AKLCBD::VN, Fig. 4A, J) together with an
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Fig. 2. Positive controls and test for VN/VC self-interactions. (A) Yellow fluorescence (here shown by green false color) reveals successful Venus
complementation after bJUN/bFOS interactions in nuclei (arrows) of nerve ring neurons. (B) Venus signals after UNC-104/UNC-104 interactions (likely
based on motor dimerization events) in head (sensory) neurons of a worm, (C) a single isolated neuron and (D) in dorsal and ventral nerve cords of
a worm (arrow head pointing to the vulva). Note the autofluorescence of bacteria (serving as nutriments) in the intestines of the worm partial
overlapping with GFP signals (D). (E) Line scan along a neuron expressing UNC-104::GFP compared to a neuron expressing a
UNC-104::VN/UNC-104::VC BiFC pair. Comparing areas of least expression (e.g., in a region between 8 and 24 um) reveals no obvious differences
between UNC-104::GFP and UNC-104::VN/UNC-104::VC assuming that VN/VC self-interactions are low (if not insignificant). Scale bars: 25 um
(A, B and D) and 5 um (C). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.

KLC-2::VC construct and a rol-6 marker. As a result,
worms revealed the roller phenotype (pointing to suc-
cessful microinjection of UNC-16A::NV/KLC-2::VC BiFC
pair) but did not show any significant Venus expression
employing whole worm wavelength scans (Fig. 4L).

UNC-104 distribution upon binding to DNC-1 and
SYD-2

Similar to UNC-104/UNC-16 BiFC pairs, expression of UNC-
104/DNC-1 pairs is obvious not only in the nerve ring but also
in sensory neurons (Fig. 5A, D) as well as in the dorsal/
ventral nerve cords (Fig. 5B, E) and tail ganglia (Fig. 5C, F).
However, a closer look at the expression pattern in isolated
neurons from these animals reveals a dissimilar motor distri-

bution if compared to UNC-104/DNC16 complexes: most
motors are located in tips (71%) with few expression along
axons (19%) and little expression in soma (11%) (Fig. 5G—K).

While direct interactions between UNC-104 and
UNC-16 as well as UNC-104 and DNC-1 have not been
studied yet, functional interactions between UNC-104 and
SYD-2 are well documented (Wagner et al., 2009). How-
ever, specific allocations of UNC-104/SYD-2 complexes
were not shown in the aforementioned study. Similar to
BiFC pairs shown in Figs. 3 and 5, the expression of
UNC-104/SYD-2 complexes can be seen in the nerve ring
(Fig. 6A, D) as well as in nerve cords (Fig. 6B, C, E, F).
Investigating the sub-cellular distribution of motor-adaptor
complexes in isolated neurons, only little expression can
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Fig. 3. Sub-cellular UNC-104 distribution upon interaction with UNC-16. (A—F) Venus fluorescence was evident in the nervous tissue of C. elegans
after microinjecting a UNC-104/UNC-16 BiFC pair. (A, D) Head of the worm with expression in the nerve ring (NR). (B, E) Expression in body neurons
(dorsal/ventral nerve cord) as well as in the sublateral system. (C, F) Expression in tail ganglia (e.g. dorso-rectal, pre-anal and lumbar ganglion). (G—J)
Isolated primary neurons from worms expressing UNC-104/UNC-16 BiFC pairs revealing that UNC-104 (bound to UNC-16) is retained in the soma
with little expression in axons and tips (termini) (J) (arrows pointing to cells bodies). Note that (a), expression was not evident in all neurons (nuclei
stained with DAPI) and (b), according to Strange et al. (2007), in primary neuronal cultures only about 70% of all cells are neurons (including glial cells)
and about 30% muscles cells. (K) Quantification of BiFC expression in isolated neurons (161 cells were analyzed). Scale bars: 25 um (A-F) and 5
um (G-J). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.

be seen in soma (9%) with predominant expression in Motility pattern of migrating UNC-104/DNC-1 and
distal parts of axons (64%) but also in growth cones (27%) UNC-104/SYD-2 complexes

(Fig. 6G—K). These results suggest that all three adaptors

(UNC-16, DNC-1 and SYD-2) inherit different regulatory We wish to understand whether or not UNC-104’s mo-
roles in steering the motor to (or retaining the motor from) tility changes upon binding to different adaptors. There-
different cellular locations. fore we set out to record motility pattern of migrating

(J) Comparison of the plasmid size of the full length UNC-16::VN construct and the plasmid with the shorter UNC-16AKLCBD::VN insert. The
UNC-16AKLCBD::VN/KLC-2::VC BiFC pair was injected into worms together with an rol-6 co-injection marker to monitor successful generation of transgenic
animals. Though worms revealed the typical roller phenotype (pointing to successful microinjection of the UNC-16AKLCBD::VN/KLC-2::VC BiFC pair (K)),
wavelength scans along these worms did not reveal significant Venus signals compared to worms expressing (full-length) UNC-16::VN/KLC-2::VC constructs
(L). Thick arrows pointing to cell bodies, thin arrows to axonal expression and arrow heads to tips of axons. Scale bars: 5 um (B—G) and 500 um (K). For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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Fig. 5. Distribution pattern of UNC-104 while interacting with DNC-1. (A—F) Detection of Venus fluorescence in the nervous system of living worms
after expressing a UNC-104/DNC-1 BiFC pair. (A) Fluorescence in the nerve ring and sensory neurons (inset with magnification in (D)). (B, E) Venus
signals in dorsal and ventral nerve cords. (C, F) Visible BiFC pairs in tail ganglia. (G—J) Isolated neurons reveal expression primarily in tips of axons
and seldom expression all along axons (J) (arrows pointing to cell bodies and arrow heads to tips of axons). (K) Quantification of BiFC expression in
neuronal cultures (212 cells were analyzed). Scale bars: 25 um (A-F) and 5 um (G-J). For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.

UNC-104::GFP particles alone and compared to UNC-
104 in a BiFC complex. As most of UNC-104/UNC-16
complexes retained in soma (Fig. 3) we were not able to
record enough data for a statistical useful analysis.
However, we could record enough moving events for
UNC-104/DNC-1 (Fig. 7) and UNC-104/SYD-2 (Fig. 8)
complexes. It is obvious that retrograde moving events
of UNC-104/DNC-1 complexes are reduced when com-
pared to UNC-104 motility alone (Fig. 7A) which is con-
sistent with the finding that UNC-104/DNC-1 complexes
are retained in growth cones (Fig. 5K). Also overall

speeds and net transport rates are reduced (Fig. 7C, G)
while, interestingly, the persistency of movements in-
creased when UNC-104 interacts with DNC-1 (Fig. 71).
As we recorded only few retrograde moving events, we
could only provide statistical useful data for anterograde
movements in Fig. 7.

Compared to UNC-104::GFP movements alone,
UNC-104/SYD-2 particles showed reduced velocities,
processivity (net transport) and moving persistency in
both, anterograde and retrograde directions (Fig. 8A—F)
whereas the percentage of retrograde movements are
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Fig. 6. Expression of UNC-104/SYD-2 BiFC pairs in C. elegans. (A—F) Venus complementation in the nervous system of living worms upon physical
interactions between VN173::SYD-2 and UNC-104::VC155. (A, D) Expression of the UNC-104/SYD-2 BiFC pair is evident in the nerve ring (including
the retrovesicular ganglion) as well as in nerve cords (B, E) and tail ganglia (C, F). Note that expression was limited to only a subset of neurons. (G-J)
Expression of BiFC pairs in isolated neurons reveals expression mostly in distal parts of the axons but also in tips (arrow pointing to cell bodies and
arrow heads to tips). Images in (G + H) taken from an independent experiment without DAPI staining. (K) Quantification of Venus expression in
isolated neurons (80 cells were analyzed). Scale bars: 25 um (A-F) and 5 um (G-J). For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.

slightly increased (Fig. 8G) (see Discussion for det-
ails).

DISCUSSION

Based on lengthy, thin and crowded neuronal processes it
is not surprising that failure of cargo transport might lead to
accumulation of disease proteins. Therefore, the role of
axonal transport on neurodegenerative diseases is broadly
discussed in the literature (Chevalier-Larsen and Holz-
baur, 2006; Duncan and Goldstein, 2006; Stokin and Gold-
stein, 2006; De Vos et al., 2008; Morfini et al., 2009). On

the other hand, only little is known how molecular motors
are regulated in the nervous system and only in recent
years evidence appears that roughly five major factors
involve in the regulation. First, post-translational modifica-
tion of microtubules have a significant effect on motor
distribution and activity; second, the cargo itself is able to
activate, deactivate and even control the directionality of
motors; third, intramolecular folding of motors play a role in
motor regulation, while the folding itself can be released
upon cargo-binding; forth, bidirectional movement of ves-
icles and cargo might be based on tug-of-war mechanism
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when opposing motors are attached to the same cargo and 2009; Holzbaur and Goldman, 2010). In this study, we
pulling in different directions at the same time; fifth, phos- focus on how the cargo itself might regulate a motor’s
phorylation of motors could act as a regulatory signal neuronal distribution.

(Hirokawa and Noda, 2008; Hirokawa et al., 2009b; As there are many known cargos (including a diverse
Schlager and Hoogenraad, 2009; Verhey and Hammond, amount of synaptic precursors, cytoskeletal subunits, RNA

UNC-104::GFP (wt) and UNC-104/DNC-1 BiFC pairs. (E-J) Averages and corresponding histograms of pausing duration (E, F), net transport
(processivity or total run length) (G, H) and moving persistency (at uniform velocity) (I, J). Note that due to the very few movements of UNC-104/DNC-1
complexes in retrograde directions (A) we only provide data for anterograde movements in panels (C), (E), (G), and (). Experiments were carried out
on isolated C. elegans neurons. * P<0.1, ** P<0.05, *** P<0.01 Student’s t-test. Error bars=STD. For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.
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granules, mitochondria etc.) and cargo-binding to molecu-
lar motors is thought to be highly specific, we attempt to
make use of an interactome map generated by Zhong and
Sternberg (2006) to identify novel and specific cargos for
the major synaptic vesicle transporter kinesin-3 UNC-104/
KIF1A. Since we wish to understand how UNC-104 is
allocated in different sub-cellular locations upon binding to
the identified adaptors (UNC-16, DNC-1 and SYD-2) we
choose to employ the BiFC assay that seemed to be an
ideal method to approach our questions. For example, in
FLIM-FRETassays fluorescence lifetime of the donor fluo-
rophore can be reduced at much larger distances to an
approaching acceptor fluorophore whereas in BiFC assays
Venus hybrids need to directly and physically meet (inter-
act) for successful complementation (therefore also as-
sayed proteins need to come closer to each other). Inter-
estingly, it has been reported that in BiFC assays even
transient and weak protein interactions can be detected
(Hiatt et al., 2008; Morell et al., 2008; Shyu et al., 2008).
Still, it shall be assumed that fluorophore complementation
might restrict the two (assayed) proteins from unbinding
(Hiatt et al., 2008). This might explain the observed effect
that UNC-104 bound to SYD-2 leads to an accumulation in
distal parts of axons in the first place (Fig. 6G—K) (consis-
tent with previous findings that SYD-2 activates and clus-
ters UNC-104; Wagner et al., 2009); however, at a later
stage, SYD-2’s disability to unbind from the motor would
lead to the observed reduction in UNC-104’s motility qual-
ities (Fig. 8). The motor’s restriction to move freely was
also evident in time-lapse images as we mostly recorded
short moving distances between two consecutive axonal
motor-clusters. This finding can be explained by increased
SYD-2/SYD-2 self-interactions (SYD-2's ability to oli-
gomerize has been reported; Kim et al., 2001; Wagner et
al., 2009), and if assumed that SYD-2 cannot unbind from
the motor, the motor itself would cluster and therefore
being restricted from moving properly.

The effects of dynactin p150%'**? interaction with
UNC-104

As mentioned above, frequent observed bidirectional
movements of synaptic vesicles can be explained by bind-
ing of opposing motors to the same vesicle and pulling in
antagonistic directions. If opposing motors (as kinesin and
dynein motors) are activated at the same time and physi-
cally attached to a microtubule they might be involved (at
least for short runs) in a tug-of-war situation. For longer
runs, it is assumed that coordinated motor activity controls
the directionality of a vesicular cargo (Welte, 2004; Hen-
dricks et al., 2010; Holzbaur and Goldman, 2010). Indeed,
direct and functional interactions between dynactin and
kinesin-2 (Deacon et al., 2003; Berezuk and Schroer,
2007) as well as between dynein and kinesin-1 (Ligon et
al., 2004) have been reported. Further, in both C. elegans
and Drosophila, UNC-104-mediated transport of synaptic
vesicles requires dynein (Koushika et al., 2004; Barkus et
al., 2008). Still, a direct and functional interaction between
the kinesin-3 UNC-104 and dynactin remains to be inves-
tigated. Here we show that the dynactin subunit p150'v¢

(DNC-1) modulates UNC-104’s allocation in neurons (Fig.
5) and also affects the motor’s motility characteristics (Fig.
7). The biased localization of UNC-104 to axonal endings
when bound to DNC-1 (compare Figs. 1 and 5) might be
explained by an exclusion of other important dynactin sub-
units (dynamitin, Arpietc.) by the Venus fluorophore.
Which means even the long linker between the Venus and
the UNC-104/DNC-1 complex might not prevent sterical
exclusion of a further binding partner. Therefore dynactin
assembly could be incomplete and retrograde transport of
the UNC-104/DNC-1 complex by dynein restricted. Note
that we decided to fuse the Venus hybrid to the C-terminus
of DNC-1 (that associates with dynamitin) as the N-termi-
nus contains the important Cap-Gly domain that interacts
with microtubules while central domains of DNC-1 contain
the dynein-binding site.

Consequences of UNC-104 distribution upon binding
to UNC-16

Byrd et al. (2001) describe a model in which UNC-16 (a
homolog of mouse JSAP1/JIP3 and Drosophila Sunday
Driver) regulates kinesin-1 mediated vesicle transport in C.
elegans. Since unc-16 mutations partially suppress the
vesicle retention defect in unc-104 mutants, they also pro-
posed that UNC-16 might facilitate the exchange between
UNC-104 and kinesin-1 (UNC-116) on a vesicular cargo. In
addition, the group suggests that a complex of UNC-16
and UNC-116 (linked via kinesin-light chain KLC-2) might
restrain UNC-104-bound vesicles from moving to dendrites
and in turn would facilitate UNC-104-driven vesicle trans-
port towards axons. Interestingly, it has been shown that
JIP3 also associates with dynactin (through the p150©'ved
domain) and that ADP-ribosylation factor 6 (ARF6, a small
G protein regulating endosome trafficking) controls JIP3’s
switching from kinesin-1 to dynactin (Montagnac et al.,
2009). In our present study we have shown (for the first
time) a direct interaction between UNC-16 and UNC-104
and the resulting consequences for the motor’s allocation.
From Fig. 3 it is evident that UNC-104 bound to UNC-16
retains in soma to a large extent suggesting a novel reg-
ulatory role for UNC-16 on a kinesin-3 motor. As we have
no evidence whether or not UNC-16 is bound to KLC-2
while associating with UNC-104 we can neither confirm nor
negate the proposed model by Byrd et al. (2001). Also, since
Byrd et al. (2001) investigated synaptic vesicles markers,
while we focus on the motor itself, our experimental ap-
proaches are different. Still, it is obvious that UNC-16 plays a
role in regulating both neuronal motors, kinesin-1 UNC-116
and kinesin-3 UNC-104 and future studies are encouraged to
understand the molecular basis of UNC-16-mediated regula-
tion of these important axonal motors.

CONCLUSION

To understand the basis of bidirectional movement of syn-
aptic vesicles, models have been developed in which mo-
tors of opposing directionality are attached to the same
vesicle and their activity is coordinated by factors (as adap-
tor proteins). Dynactin has been proposed to be a key
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regulator for controlling alternating activity of kinesin and
dynein motors. Here, we demonstrate for the first time a
direct binding between dynactin and the major synaptic ves-
icle transporter UNC-104(KIF1A) and the resulting conse-
quences for the motor's motility and neuronal distribution.
Similarly, we demonstrate a direct role of UNC-16, suggested
to be a crucial factor for kinesin-1/kinesin-3 regulation, on
UNC-104’s allocation. Together, we provide evidence that
the adaptor proteins UNC-16, SYD-2 and DNC-1 engage in
critical but distinct roles on UNC-104 regulation.
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