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Summary

Local endosomal recycling at synapses is essential to maintain neurotransmission. Rab4GTPase,
found on sorting endosomes, is proposed to balance the flow of vesicles between endocytic,
recycling and degradative pathways in the presynaptic compartment. Here, we report that Rab4-
associated vesicles move bidirectionally in Drosophila axons but with an anterograde bias,
resulting in their moderate enrichment at the synaptic region of the larval ventral ganglion. Results
from FRB-FKBP conjugation assays in rat embryonic fibroblasts together with genetic analyses in
Drosophila indicate that an association with Kinesin-2 (mediated by the tail domain of
Kinesin-2a/KIF3A/KLP64D subunit) moves Rab4-associated vesicles towards the synapse.
Reduction in the anterograde traffic of Rab4 causes an expansion of the volume of the synapse-
bearing region in the ventral ganglion and increases the motility of Drosgphilalarvae. These
results suggest that Rab4-dependent vesicular traffic towards the synapse plays a vital role in
maintaining synaptic balance in this neuronal network.

eTOC summary

Dey et.al. show that in Drosophila larvae, binding to the Kinesin-2a tail propels Rab4-associated
vesicles towards the synapse. Reduced Rab4 transport expands the synapse-bearing region of the
ventral ganglion and enhances larval motility. Hence, Kinesin-2 mediated Rab4 trafficking appears
to regulate synapse homeostasis in a neuronal network.
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Endosomal Traffic in a Neuron
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Graphical abstract

The logistics of endosomal transport and trafficking in neurons. The nascent Rab4 vesicles, a part
of the sorting intermediate endosomes, are shown to bind to Kinesin-2a. (KIF3A/KLP64D) tail.
Rab4-associated vesicles are transported predominantly by heterotrimeric Kinesin-2 in Drosophila
axons. Association of a fraction of these vesicles with a Kinesin-3 family motor, Khc-73, is
suggested to facilitate their pre-synaptic delivery. This transport is indicated to play a crucial role
in suppressing the synapse assembly, maintaining homeostasis in the Drosophila larval brain.
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Introduction

The apical compartment of a neuronal cell extends into specific processes forming axons
and synapses that are maintained by a distributed endosomal system (Lasiecka et al., 2009).
For example, the vesicle recycling at the synapse, orchestrated by various RabGTPases and
associated proteins (Rizzoli, 2014), renews the readily releasable pool of synaptic vesicles
sustaining the neurotransmission (Hoopmann et al., 2010). Rab4 is thought to play an
important role in balancing the vesicle traffic between the recycling and degradation
pathways involved in various cellular processes such as metabolism, cell secretion and
antigen processing (Lazzarino et al., 1998; McCaffrey et al., 2001; Shirakawa et al., 2000).
Recruitment of Rab4 on sorting intermediate endosomes allows the transfer of vesicular
cargoes from early endosomes to recycling endosomes in axons and at synapses (de Renzis
et al., 2002; Hoogenraad et al., 2010; Jovic et al., 2010). The activity of Rab4 has also been
implicated in the progression of growth cone in Xenogpus, and the maintenance of dendritic
spines in rat hippocampal neurons (Brown et al., 2007; Falk et al., 2014). Furthermore,
endosomal abnormalities found in the cholinergic basal forebrain of patients with Alzheimer
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disease correlate with elevated levels of Rab4 (Cataldo et al., 2000). All these reports
suggest that Rab4 dependent vesicle sorting is essential for the development and
maintenance of the nervous system.

Vesicular cargoes, including the RabGTPases, originate at the trans-Golgi network, and
microtubule-dependent motors transport them to different destinations within a cell (Hunt
and Stephens, 2011). Specific association to motors ensures differential and dynamic
subcellular localizations of various RabGTPases according to tissue-specific activities and
metabolic demands (Gurkan et al., 2005). For instance, the anterograde trafficking of early,
sorting and late endosomes is dependent on Kinesin-3 motors, KIF13, KIF16B, and KIF1A/
IBP respectively (Bentley et al., 2015; Niwa et al., 2008; Ueno et al., 2011). Similarly, in
Drosophila, the Rab5 positive early endosomes associate with Khc-73 which is the
orthologue of mammalian KIF13 showing a conserved machinery of Kinesin-Rab
interaction (Huckaba et al., 2011). The same vesicles also associate with Dynein for their
retrograde movement (Schuster et al., 2011; Soppina et al., 2009). It is further indicated that
multiple RabGTPases can be grouped together and transported to a destination within a cell
where they can engage in different functions. Although the long-range transport of certain
presynaptic RabGTPases has been studied in cultured neurons (Niwa et al., 2008), it is still
unclear how the bidirectional movement of Rab-associated vesicles could localize them in
distant compartments such as the synapse.

Here, we show that Rab4-associated vesicles are transported with an anterograde bias,
induced by a specific interaction with the tail domain of Kinesin-2a subunit, which results
in its moderate enrichment at the synapses. The rate of pre-synaptic inflow of Rab4 is
positively correlated with its activation. Interestingly, we found that a decreased flow of the
Rab4-associated vesicles expanded the region occupied by synapses in the neuropil region of
the larval ventral ganglion and enhanced larval motility. Altogether, these results indicate
that the flow of Rab4-associated vesicles could maintain synaptic homeostasis in a neuronal
network.

Synaptic Rab4 is maintained through a bidirectional traffic in axons with a moderate
anterograde bias

Rab4, a key endosomal sorting molecule, is involved in post-Golgi membrane sorting
throughout the neuron. We chose Drosophila central nervous system as a model for studying
the molecular logistics of the Rab4 distribution in neuron and its effect on the nervous
system. Both the endogenous and recombinant Rab4 were evenly distributed in the neurons
of larval ventral ganglion with a moderate enrichment in the neuropil region (Fig.S1A-C).
Overexpression of Rab4-mRFP in cholinergic neurons caused a marginal increase in the
relative enrichment of the protein in the neuropil region. The ectopically expressed Rab4-
mMRFP colocalized with the endogenously expressed YFP-Rab4 (protein-trap), on particulate
structures in the cell body and axons of the Lateral Chordotonal (/c/5) neurons (Fig. S1D).
These neurons are located in the lateral body wall of every abdominal segment (Campos-
Ortega and Hartenstein, 1985). The endogenous Rab4 was also found in the synaptic
terminals of neuromuscular junctions marked by Bruchpilot (Fig. S1E), as well as in the
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neuropil region of the ventral ganglion (Fig.S1A-B). Together, these observations indicated
that Rab4-mRFP could function like the endogenous protein which is also marginally
enriched at the synapse. Due to the widespread labeling of punctae, it was technically
challenging to observe the axonal movement of YFP-Rab4-associated vesicles in the
protein-trap background. Therefore, we expressed Rab4-mRFP in cholinergic neurons and
investigated its enrichment in the neuropil region of the ventral ganglion. We chose the
proximal regions of the /ch5 neurons to investigate the long-range transport of Rab4-mRFP
in single axons.

Both the Rab4-mRFP and Syt-GFP, selectively expressed in cholinergic neurons using the
chaGal4 driver, were enriched in the neuropil region (Fig.1A) and marked vesicles in both
the cell body and axons (Fig.1B). Very few Rab4-mRFP (approx. 6%) vesicles were marked
with the Syt-GFP (inset, Fig.1B) and vice versa. The fluorescence recovery after
photobleaching (FRAP) assay for Rab4-mRFP and Syt-GFP in the synaptic boutons at the
neuropil region also indicated that the turnover rates of Rab4-mRFP (18.3 + 0.2%) and Syt-
GFP (12.8 £ 0.6%,) were quite distinct from each other (Fig.1C; Movie S1). The inflow rate
of Rab4-mRFP (t1/, = 0.75 + 0.05 s) was significantly faster than that of the Syt-GFP (ty, =
2.19 £ 0.26 s). The kymographs of Rab4-mRFP and Syt-GFP-bearing vesicles in /ch5 axons
indicated no overlap between the vesicles marked by Rab4-mRFP and those marked by Syt-
GFP (Fig. 1D; Movie S2). These observations suggested that Rab4 and Syt are transported
independently in axons.

Segment-wise analysis of the traces provided an estimate of the traffic density, speed, and
displacement of the individual runs (Fig.1E). Although the anterograde and retrograde traffic
densities of vesicles marked by Rab4-mRFP were comparable, they were significantly
higher than those of the Syt-GFP vesicles (Fig. 1F). The Rab4-associated vesicles moved
with a relatively higher anterograde bias and had comparatively greater average speed and
displacement than those of the Syt-GFP vesicles (Fig.1G, H). The retrograde movement
parameters of these two types of vesicles were comparable. We confirmed that the
overexpression of Rab4-mRFP in cholinergic neurons did not influence the transport
characteristics in both the anterograde and retrograde directions (Fig.S1F). These data
suggested that two distinct types of anterograde motors may transport vesicles marked by
Rab4-mRFP and Syt-GFP, respectively, in the axons. Synaptotagmin containing vesicles are
transported by the Kinesin-3 and Kinesin-1 family of motors in the anterograde direction
(Gindhart et al., 2003; Hirokawa et al., 2009; Okada et al., 1995). Rab4 and a Kinesin-2
motor subunit (KIF3B) were copurified as a complex upon insulin stimulation and thought
to participate in the translocation of GLUT4-containing exocytotic vesicles to the plasma
membrane (Imamura et al., 2003).

Rab4 associated endosomes interact with members of the Kinesin-2 and Kinesin-3
families of motors in cultured fibroblasts

We adopted a candidate based approach to independently identify the motors that could bind
to Rab4-associated vesicles in the tissue cultured cells by using an inducible FRB-bait and
Bicaudal D2 (BicD2)-FKBP interaction assay (Bentley et al., 2015). We expressed Rab4
tagged with Emerald (a GFP variant) together with FRB tagged stalk-tail fragments of
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various mammalian (Rattus norvegicus, Rn; Homo sapiens, Hs) kinesins in rat embryonic
fibroblasts (Fig.2A). The BicD2-FKBP was tagged with tdTomato at the N-terminus to
monitor the degree of colocalization. Upon addition of the linker-drug, AP21967 (a
rapamycin analog), the FRB- and FKBP-tagged proteins undergo conjugation. If the FRB-
Kinesin (bait) binds the Rab4-associated vesicles (target), conjugation with tdTomato-
BicD2-FKBP leads to the recruitment of dynein, which moves the vesicles toward the cell
center (Fig 2B). If the FRB-kinesin tail does not bind the Rab4 vesicles, their distribution
remains unchanged (Fig.2B). This assay, conducted within a cellular environment, is likely
to be physiologically more relevant than the results of coimmunoprecipitation experiments.
Moreover, the readouts in this assay, based on coaccumulation of the Rab4 vesicles and
tdTomato-BicD2-FKBP, are robust and unambiguous.

Among the kinesin tails expressed, we found a positive interaction between the Emerald-
Rab4-associated vesicles and truncated heterotrimeric mammalian Kinesin-2 subunits
(RNKIF3A*19-702 and HsKAP3B) as well as the members of the Kinesin-3 family of motors
(RnKIF13A386-1149 and RnKIF13B442-1826 Fig.2C and S2C). This observation suggested a
role for both the heterotrimeric Kinesin-2 and a specific member of the Kinesin-3 family
motors in the trafficking of Rab4-associated vesicles. In all cases, except that of KAP3B, the
readout was strong (Fig.S2), and all the cells showed coaccumulation of Rab4 vesicles with
tdTomato-FKBP-BicD2 (Fig.2C). In the case of KAP3B, only 25% of the transfected cells
showed accumulation of tdTomato-FKBP-BicD2 after treatment with the linker (Fig S2C).
These cells also had a loose perinuclear aggregation of Rab4 associated vesicles (Fig 2C).
KIF13A and KIF13B have been shown to interact with early endosomes that are Rab5-
positive using this assay (Bentley et al., 2015). We also found that FRB-Rab4 could localize
a fraction of GFP-Rabb5 vesicles to the cell center in the presence of the linker-drug
(Fig.S2B), which led us to speculate that KIF13A and KIF13B may interact with the subset
of Rab4 vesicles that also contain Rab5. Of the two motor subunits of the heterotrimeric
Kinesin-2, only the KIF3A stalk-tail fragment showed a strong interaction with the Rab4
vesicles, whereas no interaction was found with the KIF3B stalk-tail.

As the FRB-tagged bait proteins were expressed using a strong promoter, they are likely to
be present at much higher levels than their corresponding endogenous binding partners.
Thus, the majority of the expressed FRB-KIF3A or FRB-KIF3B is likely to remain as
monomers. This is consistent with the result obtained following expression of FRB-KAP3B,
which produced only a partial association with Rab4. Thus, our results indicate that the
interaction between Rab4 and Kinesin-2 is mediated by the stalk-tail domain of Kinesin-2a..

The Kinesin-2a subunit selectively interacts with Rab4 vesicles

We next explored the specificity of Kinesin-2 interactions with different endosomal pools
labeled by distinct RabGTPases (Rab5, Rab7, and Rab11) using the same assay (Fig.3A).
Rab5 is found on early endosomal compartments, Rab7 on late endosomes, and Rab11
associates with the recycling endosomes. As expected, the assay revealed a strong
interaction between KIF3A%19-702 and Rab4-positive endosomes, but not with endosomes
labeled with Rab5, Rab7 or Rab11 (Fig.3B). No positive interaction was observed between
KIF3B391-747 and any of the Rab-labeled vesicles (Fig.3B).
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Rab4 and Rab5 are present together on sorting intermediate endosomes (SIE) along with
common adaptors like Rabaptin-5 or Rabenosyn-5 in A431, CHO and BHK cell lines (de
Renzis et al., 2002; Vitale et al., 1998). We found that the KIF3A stalk-tail did not interact
with Rab5-positive compartments, suggesting that the association of Kinesin-2a subunit is
selective to nascent Rab4 vesicles rather than SIE. Previously it was shown that a dominant
negative effect of KIF3A mislocalized the late endosomes (Rab7 positive) or lysosomes
(Brown et al., 2005). However, we found that the Rab7 associated endosomes are not
selectively enriched at the perinuclear region with the KIF3A and KIF3B stalk-tail
fragments in the presence of the linker in a manner similar to that of Rab4 (Fig.3B).
Kinesin-2 has been shown to associate with apical endosomes positive for FIP5, a Rab11
interacting molecule (Li et al., 2014). An independent study, however, has shown that
Kinesin-2 could interact with Rab11 through Rip11/FIP5 complex only instead of a direct
interaction (Schonteich et al., 2008). Our observations are consistent with these results and
indicated that individual Kinesin-2 subunits do not interact with Rab11-associated
endosomes. These results also suggest that the interaction between heterotrimeric Kinesin-2
and Rab4 marks a different set of compartments which are exclusive of other RabGTPases.

Anterograde transport of Rab4-associated vesicles in axons requires Kinesin-2a tail in

Vivo

To elucidate the role of Kinesin-2 in trafficking the nascent Rab4-associated vesicles in vivo,
we reverted to the /ch5 neurons of Drosophila larvae aged for 77 hours after egg-laying.
KLP64D (Kinesin-2a/KIF3A), the KIF3A orthologue (Ray et al., 1999), KLP68D
(Kinesin-2p/KIF3B) (Doodhi et al., 2012), and DmKAP (Doodhi et al., 2009) constitute the
heterotrimeric Kinesin-2 in Drosophila and Khc-73, a Kinesin-3 family member, is an
ortholog of mammalian KIF13A and KIF13B (Miki et al., 2001). Homozygous K/p64D*L (a
null allele of Kip64D) larvae bearing a copy of chaGal4 and UAS-Rab4-mRFP elements,
respectively, were synthetic lethal. Very few such larvae emerged from the egg, and most of
them failed to survive until the third instar stage. Previous studies have shown that the
mutation in K/p64D%° disrupts heterotrimeric Kinesin-2-dependent processes in Drosophila
neurons in a manner similar to that of the null allele (Bagri et al., 2006; Ray et al., 1999;
Sarpal et al., 2003). Therefore, we used this allele to further study the role of Kinesin-2 on
Rab4-associated vesicle transport in axons. Khc-73 was knocked down in all cholinergic
neurons by expressing three different Khc-73-specific dsSRNA constructs (Huckaba et al.,
2011; Siegrist and Doe, 2005; Tsurudome et al., 2010).

Synaptic FRAP in the ventral ganglion had a significantly lower Rab4-mRFP influx in the
Klp64D7'~ background as compared to the wild-type control (Fig.4A and B, Movie S3).
Although the change due to the expression of the K#c-73%6733 a hairpin dsRNA construct in
cholinergic neurons was not statistically significant, the tendency of a moderate decrease
was evident (Fig.4B, Movie S3, S4A and S4B). Loss of Kinesin-2 also reduced the
enrichment of Rab4 in the neuropil region (Fig.4D—-F). Together, these results suggested that
primarily heterotrimeric Kinesin-2 maintains the pre-synaptic influx of Rab4. Analysis of
the Rab4-associated vesicle movement in the /ch5 axons revealed a significant loss of
anterograde traffic density in the K/p6407/~ background (Fig.4G and H; Movie S4A).
Coexpression of the full-length KLP64D-GFP along with the Rab4-mRFP in Kip6407'~
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background rescued the defects (Fig. 4H, Movie S4A), and restored the average speed and
displacement of the Rab4-associated vesicle movements to wild-type levels (Fig.4l, J). Thus,
heterotrimeric Kinesin-2 appeared to play a prominent role in the movement of Rab4-
associated vesicles.

To test the involvement of the C-terminal tail domains in the transport, we expressed the tail-
less KLP64DAT-GFP along with Rab4-mRFP in the K/p6407'~ background. Although
KLP64DAT-GFP was expressed to the same levels and had similar motility to that of the
full-length KLP64D-GFP, it failed to restore the traffic density of Rab4 vesicles (Fig. 4H-J;
S3, Movie S4A). Previous reports showed that the KLP64DAT forms a functional
heterotrimeric motor complex (Sadananda et al., 2012). The presence of KLP64DAT-GFP
marginally improved the anterograde traffic as compared to the homozygous Klp640~
background. Analysis of the kymographs revealed a few occasional long runs. Thus, along
with the previous results, this observation implies that an interaction between Rab4 and the
C-terminal tail domain of Kinesin-2a (KLP64D/KIF3A) could induce long range,
anterograde trafficking of a majority of the Rab4-associated vesicles in axons.

Khc-73 contributes to enhanced anterograde runs of the Rab4-associated vesicles in

axons

The FRB-FKBP screen indicated that along with Kinesin-2, KIF13A/B also bind to the
Rab4-associated vesicles, and to Rab5-positive early endosomes in REF cells (Bentley et al.,
2015). Similarly, Khc-73 was shown to bind Rab5-associated, early endosomes through its
tail domain in Drosophila cells (Huckaba et al., 2011). Using a pixel colocalization analysis,
we found that around 5% of Rab4-mRFP-positive vesicles were marked by anti-Rab5 in /ch5
axons (Fig.S5). Although expression of Khc-73 dsRNAs did not affect the pre-synaptic
influx of Rab4-mRFP, the kymographs were visibly different (Fig.5A, S4).

Further analysis of the runs indicated a marked change in the distribution of traffic density
(Fig.5B). Although the average values were not significantly different, the incidences of the
traffic densities higher than the wild-type median were negligible in the Khc-735NVAP and
Khe-73%6733 hackgrounds (Fig.5B). The Rab4-associated vesicles moved with a unimodal
speed of 1.06 pm/sec (Fig.5C), which was significantly reduced in the K/p6407'~ and
remained unaltered in the K#c-73%RNA backgrounds (Fig.S4). The displacement in the wild-
type condition was distributed in three distinct modes (Fig.5D). Expression of Khc-73
dsRNAs eliminated both the shorter and longer displacements (Fig.5D). The longer runs
were also reduced in K/p6407'~ background. Together, these results may suggest that both
these motors are likely to participate in the anterograde movement of a subset of the Rab4-
associated vesicles in axons. Rab4 is known to associate with a multitude of vesicles
consisting of both nascent Rab4-vesicles and Rab5-positive early endosomes (Sénnichsen et
al., 2000). Hence, there is a finite possibility that a collaboration between Khc-73 and
Kinesin-2 could propel the longer runs of a fraction of vesicles that are associated with both
Rab4 and Rab5.
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Rab4 activation induces the transport of associated vesicles towards synapses

Rab4 activity is essential for many neuronal processes such as the extension of axonal
growth cone in Xenopus and maintenance of the dendritic spines in rat hippocampal cells
(Brown et al., 2007; Falk et al., 2014). Also, elevated levels of Rab4 have been correlated
with the endosomal abnormalities in the cholinergic basal forebrain of patients who have the
Alzheimer’s disease (Cataldo et al., 1997). Therefore, to understand the role of the Rab4-
associated vesicle transport into the synapses, we expressed constitutively active (Q67L,
CA) and dominant negative (522N, DN) forms of YFP-Rab4 in cholinergic neurons using
the chaGal4 driver, which induces expression towards the final stage of neuronal
development (Salvaterra and Kitamoto, 2001).

Compared to the YFP-Rab4, YFP-Rab4A was visibly more enriched in the neuropil region
of the ventral ganglion (Fig.6A). A quantitation of the total YFP fluorescence in the neuropil
region further revealed a significantly higher enrichment of YFP-Rab4CA as compared to the
YFP-Rab4 (Fig.6B). In contrast, the YFP-Rab4PN levels were significantly lower than the
wild-type control (Fig.6B). Similarly, the turnover rates of the YFP-Rab4®A was
significantly higher than that of YFP-Rab4, and the turnover rates of YFP-Rab4PN was
marginally lower (Fig. 6C, D and Movie S5A). Altogether, these results indicated that
activation of Rab4 increases the propensity for anterograde transport of the associated
vesicles. In the proximal axons of /ch5 neurons, very few vesicles were labeled with YFP-
Rab4CA and none with YFP-Rab4PN (Fig. S6). Also, particulate structures labeled by the
YFP-Rab4®A were almost absent from the cortical region and axons (Fig.6A). The YFP-
Rab4CA_associated vesicles are likely to move highly processively because the availability
of a relatively less number of YFP-Rab4CA on a vesicle could ensure its stable association
with the motors. Therefore, it would reduce the chance of detecting motile vesicles labeled
with the YFP-Rab4CA in the axon. The YFP-Rab4PN is unlikely to associate with vesicles or
bind to the motor, and we found a distributed YFP fluorescence all along the neuron
expressing the transgene.

The activation of Rab4 through the phospho-inositol-3-kinase (PI3K) and protein kinase C
(PKC) is thought to induce the association with Kinesin-2 downstream of insulin signaling
(Imamura et al., 2003). Hence, we investigated whether an ectopic Pi3K activation in the
neurons can influence the Rab4 transport in neurons. Coexpression of the regulatory subunit
of PI3K, as well as the PIBKCA, did not alter the Rab4-mRFP turnover at the synaptic
boutons whereas that of the PI3KPN significantly decreased the inflow (Fig.6E, F and Movie
S5B). This observation suggests that PI13K is required for the activation of Rab4 and thereby
its association with Kinesin-2. The latter part of the observation is consistent with the low
turnover recorded for YFP-Rab4PN at the synapse. Together, these two results also indicate
that Rab4 activation is necessary for the anterograde transport of associated vesicles. Since
the overexpression of PI3KCA did not enhance the flow of Rab4-mRFP, we concluded that
the type-1 PI3K is necessary but not sufficient to facilitate the axonal transport of Rab4-
associated vesicles.
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Overexpression of dominant-negative Rab4 increases synapse density in the ventral

ganglion

To further understand the effects of Rab4-dependent transport in the nervous system, we
estimated the volume of the synaptic region marked by ‘Bruchpilot’ in a neuromere
hemisegment. The expression of YFP-Rab4®A in cholinergic neurons significantly reduced
the volume (Fig. 7A). In comparison, the YFP-Rab4PN expression increased the volume by
almost 1.5 folds (Fig.7B). In addition, levels of the Bruchpilot (Brp) and Choline
acetyltransferase (ChAT) at the neuropil region the ventral ganglia of the larvae expressing
the YFP-Rab4PN were significantly higher than that of the control (Fig.7C). Bruchpilot,
homologous to ELKS/CAST/ERC protein of active zone, marks active synaptic contact in
Drosophila (Wagh et al., 2006), and ChAT is an essential enzyme involved in acetylcholine
synthesis and recycling (Greenspan, 1980). Therefore, increased localization of these two
proteins at the axonal termini may indicate the formation of additional synapses. Hence, the
above observation suggests that the function and localization of Rab4 at the pre-synaptic
compartment is likely to regulate the synapse assembly.

We also estimated the larval matility to assess the effect of the expanded synaptic regions in
the larval CNS due to YFP-Rab4PN overexpression. Consistent with the expanded synaptic
neuromere, the larvae overexpressing the YFP-Rab4PN moved at a significantly higher
speed (Fig.7D), indicating that the enhanced localization of the pre-synaptic markers in the
ventral ganglion stimulated the larval locomotion. Together with the previous results, this
observation indicated that the Rab4-dependent anterograde transport in the axons could
maintain a homeostatic balance suppressing the synapse assembly.

The overexpression of YFP-Rab4PN is expected to disrupt interactions between Rab4-
associated vesicles and the motors, increasing the local availability of both Kinesin-2 and
Khc-73. The latter is implicated in the assembly of T-bars marked by Bruchpilot at the
presynaptic compartment (Tsurudome et al., 2010). The observed increase in the ChAT
enrichment at the neuropile, which is transported by Kinesin-2 (Sadananda et al., 2012), is
also consistent with this hypothesis. Further, the contents of the nascent Rab4-associated
vesicles could regulate the membrane recycling at the nerve termini. An experimental
analysis in future would be needed to unravel the true underlying mechanism.

Discussion

Kinesin-2 binds to Rab4-associated vesicles through the C-terminal Tail domain of the a

subunit

The heterotrimeric Kinesin-2, implicated in the trafficking of apical endosomes and late
endosomal vesicles (Bananis et al., 2004; Brown et al., 2005; Li et al., 2014) was initially
indicated to bind to its cargoes through the accessory subunit, KAP3 (Hirokawa et al., 2009).
Recent studies have, however, stated that the motor subunits could independently interact
with soluble proteins through the tail domain (Girotra et al., 2016; Sadananda et al., 2012).
Here, we showed that the Kinesin-2a tail could also bind to a membrane-associated protein,
Rab4. A preliminary investigation in the lab suggests that the interaction in not direct (S// R,
Dey S and Ray K, unpublished data). The RabGTPases are known to recruit a variety of
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different motors to the membrane, directing the intracellular trafficking (Horgan and
MccCaffrey, 2011; Ueno et al., 2011). Although a previous report indicated that Rab4 could
bind to Kinesin-2 (Imamura et al., 2003), we found that such an interaction leads to the
anterograde trafficking of Rab4-associated vesicles in the axon. Rab4 associates with early
and recycling endosomes carrying a diverse range of proteins (Sénnichsen et al., 2000). The
FRB-FKBP assay indicated that a particular subset of Rab4-only vesicles associates with
Kinesin-2. These vesicles predominantly move towards the synapse in axons. Although
Kinesin-2 is also found to bind and transport vesicles containing Acetylcholinesterase in the
same axon (Kulkarni et al., 2016), we observed that Rab4 does not mark them. Similarly, the
post-Golgi vesicles carrying N-Cadherin and p-Catenin, which are known to associate with
Kinesin-2 (Hirokawa et al., 2009), exclude Rab4. Therefore, the Rab4-associated vesicles
transported in the axon is likely to contain a unique set of proteins.

Kinesin-2 together with a Kinesin-3 family motor (Khc-73/KIF13) could bind to a subset of
the Rab4-associated vesicles

Association of RabGTPases with putative transport proteins were identified using
coimmunoprecipitation, pulldown and Yeast two-hybrid assays (Jordens et al., 2005). While
these assays provide information on the possible interactions, their nature in a cellular or
physiological scenario is unknown. Long range transport of Rab27-CRMP2 complex by
Kinesin-1 and Rab3-DENN MADD complex by KIF1A/1Bp are substantiated by genetic
perturbations and imaging (Arimura et al., 2009; Niwa et al., 2008). The FKBP-FRB
inducible interaction system used in this study identified Kinesin-2a and KIF13A/B as the
key motors for the nascent Rab4-assocaited vesicles. The latter was also shown to associated
with Rab5-marked early endosomes (Bentley et al., 2015). The results excluded the
possibility that the Rab4 effectors involved in this interaction could bind to Rab5 and Rab11.
The in vivo analysis of Rab4-associated vesicular traffic further confirmed that the
heterotrimeric Kinesin-2 plays a dominant role in the trafficking of nascent Rab4-vesicles
towards the synapse.

Kinesin-2 and -3 together contribute longer anterograde runs of the Rab4-associated

vesicles

Anterograde axonal movement of Rab4 vesicles is mostly mediated by Kinesin-2 which
transports the nascent Rab4 vesicles, whereas Kinesin-3 transports the sorting endosomes. In
a recent study, it was shown that combined activities of Kinesin-1 and 2 steers the AChE
containing vesicles in the axon (Kulkarni et al., 2016). A simultaneous association of these
two motors was suggested to induce longer runs of the AChE containing vesicles. A similar
collaboration between Khc-73 and Kinesin-2 could propel the longer runs of the Rab4
vesicles. Khe-73 has been implicated in neuronal functions earlier (Siegrist and Doe, 2005;
Tsurudome et al., 2010). Khc-73 knockdown in /ch5 neurons decreased the motility of Rab4
associated vesicles to a limited extent, which suggests that the motor is only engaged in
transporting a relatively small fraction of the Rab4 associated vesicles in the axons. Khc-73
is a processive motor with an in vitro velocity of 1.54 + 0.46 um/s (Huckaba et al., 2011)
and we found that the Khc-73 RNAI particularly affected the longer runs. Thus, it also
suggests that Khc-73 could support the relatively longer runs (~3.05 pm) of the Rab4
vesicles in axons. It was shown that the Rab5-associated vesicles bind to KIF13A/B/Khc-73
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(Bentley et al., 2015; Huckaba et al., 2011). Hence, we inferred that the sorting endosomes,
positive for both Rab4 and Rab5, can engage both Kinesin-2 and KIF13A/Khc-73 through
the cognate adaptors of these two Rabs. However, one needs suitably tagged reagents to
establish this conjecture through direct observation /n vivo.

The turnover of Rab-associated vesicles in the pre-synaptic region negatively influences
synapse assembly

Local synaptic vesicle recycling mediated by RabGTPases is critical for the availability of
fusion-ready synaptic vesicles to sustain neurotransmission. Translocation mechanisms of
these RabGTPases to the synapses are poorly understood. Certain RabGTPases like Rab3
and Rab27 are known to associate with Kinesin-3 and Kinesin-1, respectively, for their
anterograde axonal transport (Arimura et al., 2009; Niwa et al., 2008). Rab4 is a protein
present on the endosomal sorting intermediates and allows transfer of cargoes from early
endosomes to recycling endosomes. As Rab4 is present on both early and recycling
endosomal population, logistics of Rab4 transport into the presynaptic terminal was unclear
(Sonnichsen et al., 2000). Our results show that Rab4 associated vesicles are present
throughout the neuron and moderately enriched in the synapse, which is a consequence of a
small anterograde bias in their transport.

The activity of Rab4 is critical for the physiology of the neuron-like extension of the growth
cone (Falk et al., 2014). Overexpressed levels and activity of Rab4 found in conjunction with
neuropathy, such as the Alzheimer’s disease, suggest that overactivation of the endosomal
system could influence the disease progression (Cataldo et al., 2000). In Drosophila, Rab4 is
expressed in both neuronal and non-neuronal tissues throughout the development except in
optic lobe neurons of the pupal brain (Jin et al., 2012). These studies project the idea that
expression of Rab4 and its activity are crucial for maintenance of neuronal physiology. We
showed that the synaptic Rab4 is maintained through axonal transport by heterotrimeric
Kinesin-2 and Kinesin-3. As the synaptic localization of Rab4 is dependent on its active
form, other factors like P13-Kinase are also implicated in this trafficking which is consistent
with previous observation (Imamura et al., 2003). The results further suggested that the
function and localization of Rab4 at axon termini are critical for the maintenance of synaptic
balance at ventral ganglion. Overactivation of Rab4 in cholinergic neurons reduced the
synapse-bearing region of the ventral ganglion, although the level of the marker, Bruchpilot,
remained unchanged. This observation could suggest that the local Rab4 activity at the axon
termini suppresses synapse formation. Consistent with this conjecture, we found that the
synapse-bearing zone at the neuropil expands when Rab4PN is overexpressed. Although the
current data is insufficient to explain the underlying mechanism, it indicated that alteration
of the trafficking logistics driven by the heterotrimeric Kinesin-2 and a Kinesin-3 family
motors might play an essential role in the development of the defect. Further analysis of the
larval behavior and neuronal stability in the ventral ganglion with aging would be useful in
unraveling the mechanism.
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Experimental Procedures

Cloning

All the work in mammalian cells was done in the G.B. lab at Jungers Center for
Neurosciences, Oregon Health and Science University (OHSU) and overseen by its
Institutional Animal Care and Use Committee (IACUC). Drosophila experiments at TIFR
were conducted under the guidelines of its Institutional Bio-Safety Committee (IBSC).

All cDNA constructs were cloned into a pCAG vector having Chicken p-Actin promoter
with Cytomegalovirus-Immediate Early enhancer to ensure high copy humber transfectants
and steady expression. Details of all constructs are mentioned in the Supplemental material
(Table S1).

Mammalian cell culture and Vesicle interaction assay

Vesicle interaction assay using inducible FRB-FKBP conjugation was performed on Rat
embryonic fibroblast (REF) cells as described previously (Bentley et al., 2015). Details are
mentioned in the supplemental experimental procedures.

Drosophila stocks, rearing and sample preparation

Imaging

All fly stocks (Table S2) were reared at 25°C on standard corn agar meal with 12-hour light-
dark cycle. Unless otherwise mentioned, the eggs were collected for an hour and kept at
25°C for 78 hours. Larvae were filleted in Jan and Jan Buffer (pH=7.2, 128 mM NaCl, 2
mM KCI, 4 mM MgCl,.6H,0, 1.8 mM CaCl,.2H,0, 35.3 mM Sucrose and 5 mM HEPES)
through a dorsal incision longitudinally. Fillet preps were either placed on coverslips for
immediate live imaging or fixed and immunostained before imaging (see the Supplemental
Experimental Procedures for further details).

Mammalian cells were imaged using LCI Plan Apochromat 60X/1.4 NA objective on Axio-
Observer® epifluorescence setup. Images were acquired using AxioCam® and AxioVision®
software (Carl Zeiss GmBH) with a pixel resolution of 0.1 x 0.1 um?2. Larval ventral ganglia
were imaged using 40X /1.35 NA objective at a pixel resolution of 0.6 x 0.6 um? while
Lateral Chordotonal (/ch5) neurons on 60X /1.4 NA at a scaling of 0.115 x 0.115 um? on
Olympus FVV1000SPD laser scanning confocal microscope.

For the larval locomotion assay video recordings were made using Canon EOS 750D DSLR
camera at the rate of 25 frames per second for a duration of 1 min in standard light
conditions (described in detail in the Supplemental experimental procedures).

Statistical procedures

All the data is analyzed and depicted with the help of Origin® (http://www.originlab.com/)
software. The data is represented as box and whisker plots indicating 75 percentile of the
distribution with a coefficient of 1.5. In the box plots, the horizontal bar and small square
represent the median and mean respectively. Other plots are represented as histograms or
scatter plots of mean values with their standard deviations. The peaks in the frequency
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distribution plots are assessed by the “peak finder” module of Origin® (http://
www.originlab.com/) using the first derivative method. The pairwise comparisons are made
using one-way ANOVA and Bonferroni’s test and the significance values (*p<0.05,
**p<0.01, ***p<0.001) are represented on the plots.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Live imaging enables quantitative study of transport of Rab4 vesicles in
Drosophila.

Rab4 vesicles selectively interact with Kinesin-2a. and KIF13A/B subunits.
Heterotrimeric Kinesin-2 drives most of the anterograde Rab4 traffic in axons.

Reduced Rab4 inflow increases synapse density and enhances larval motility.
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Fig.1.

Trgnsport of Rab4-associated vesicles in the sensory axons of Drosophila.

A-B) Coexpression of Rab4-mRFP and Syt-GFP by chaGal4 show localization of Rab4-
MRFP and Syt-GFP-marked structures in the ventral ganglion (A) and /ch5 neurons (B).
Inset in (B) shows Rab4 positive vesicles overlapping (yellow arrowhead) and not
overlapping (red arrowhead) with Syt-GFP vesicles. Scale bars indicate 10 um and 5 pm
(inset), respectively.
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C) Fluorescence recovery after photobleaching (FRAP) profiles of Rab4-mRFP and Syt-
GFP in the synaptic boutons of the ventral neuropil. Data is represented as Mean £ S. D. and
n values are indicated on the plots. Scale bar indicates 5 yum.

D) Representative kymographs obtained from time-lapse imaging of Rab4-mRFP and Syt-
GFP particles in the /ch5 axons.

E) Kymograph illustrates the movement of a Rab4-associated vesicle (marked by green
dotted line). The panels on the right side indicate anterograde (green lines) and retrograde
(red lines) run segments extracted from the kymograph.

F-H) Anterograde and retrograde transport parameters of Rab4-mRFP and Syt-GFP vesicles
quantified as traffic density (F), speed (G), and displacement (H). The pairwise comparison
of means, estimated using ANOVA, are indicated (*p<0.05, **p<0.01) on the plots.

(Movies S1 and S2).
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Fig.2.

Evaluation of interaction between the Rab4-assocated vesicles and Kinesin motors in tissue
cultured cells using the FRB-FKBP assay.

A) Constructs used in the FRB-FKBP inducible interaction assay to assess the interaction
between Rab4 associated vesicles and the stalk-tail domains of different kinesins.

B) Schematic of the FRB-FKBP interaction assay with expected readouts in the case of a
positive or negative interaction.
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C) The localization of Emerald-Rab4, FRB bait proteins, and tdTomato-BicD2-FKBP in
control fibroblasts and in the fibroblasts following the addition of the linker. Linescans from
the centroid of the nucleus (dashed lines in Merge) show the degree to which the intensity
profiles of Bicaudal and Rab4 overlap. See also Figure S2.
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Evaluation of interaction between Kinesin-2 and vesicles labeled with different Rab.
A) Constructs used in the assay to estimate the interaction of Kinesin-2 stalk-tail domains

with endosomes labeled by Rab4, Rab5, Rab7, or Rabl1.
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B) Fluorescently labeled vesicular markers Emerald-Rab4, GFP-Rab5, GFP-Rab7, and GFP-
Rab11, were coexpressed with tdTomato-BicD2-FKBP and FRB-Kif3A%19-702 or FRB-
Kif3B391-747  Line scans (dashed lines in Merge) show the degree of overlap between the

vesicular markers and Bicaudal.
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Fig.4.
Role of Kinesin-2a. (KLP64D) tail in the anterograde axonal transport of Rab4-associated
vesicles.

A, B) Synaptic FRAP profiles of Rab4-mRFP in the wild-type (WT), homozygous
Klp64DK> (KIp64D7-), and Khe-73%6753 dsRNA expressing backgrounds. (A) and (B)
depict a select set of time-lapse images in a pseudo color scheme (A), and the recovery of
intensity values (average + SD) with respect to the post-bleach intensities (B). Scale bar
indicates 5 um.
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C) Schematic illustrates the composition of the heterotrimeric Kinesin-2 in Drosophila and
mammals.

D-F) Localization of Rab4 in the ventral ganglion of third instar larvae in wild-type and
homozygous K/p64D%° (Kip64D7'-) backgrounds. Pseudocolored images of the
representative ventral ganglia show relative levels of the endogenous Rab4 (D) and
ectopically expressed Rab4-mRFP (E). Cell bodies show accumulated Rab4 in the cortex
(white arrow) and decreased intensity in the neuropil (yellow circle) of the Kjp64D mutant
(E). The histograms depict relative enrichment (mean £ S.D.) of the endogenous Rab4
(magenta) and ectopically overexpressed Rab4-mRFP (indigo) in the wild-type and mutant
backgrounds (F).

G) Kymographs of the Rab4-mRFP movement in /ch5axons. Rab4mRFP was expressed by
chaGal4 in wild-type, the K/p64D%5, and in two different transgenically rescued
backgrounds (K/p64D%° Rescue - chaGal4>UAS-KIp64D-GFP/chaGal4>UAS-Rab4-mRFP;
Klp64DX5: and Kip64D%° AT-Rescue - chaGal4>UAS-KIp64DAT-GFP/chaGal4>UAS-
Rab4-mRFP; Klp64Dk5).

H-J) Traffic density (H), speed (I) and displacement (J) of Rab4-mRFP in /ch5axons. The
p-values (*p<0.05, **p<0.01, ***p<0.001) were estimated using ANOVA.

(Movies S3 and S4A)
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Fig 5.
Rgle of Khc-73 in the axonal transport of Rab4-associated vesicles.
A) Kymographs depict the Rab4-mRFP movement in the presence of Khc-73 (38191, SNAP,
and 36733) dsRNA in /ch5neurons.

B) Traffic density in different KAc-73 RNAI backgrounds. Note that the spread of the
distribution reduces considerably in the presence of K#c-73%6753.
C, D) The speed (C) and displacements (D) of Rab4 associated vesicles in different Khc-73
RNAI backgrounds. Red dotted lines indicate a multimodal curve fit of the entire
distribution. The green lines indicate individual Gaussian distribution modes that could be
fitted to each multimodal curve fits (dotted red). Modal values of individual distribution (X-
coordinate of the peak) are indicated on each plot. Note that the frequency of long runs is
absent in the KAic-73 RNAI backgrounds.

(Figure S4 and Movie S4B)
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Fig 6.

Regulation of Rab4 transport.
A) Distribution of YFP fluorescence, presented in a pseudocolored intensity scheme (right
margin), in the ventral ganglion region of third instar larvae expressing different Rab4
variants.
B) Estimation of the YFP intensity at the neuropil region of larvae expressing different Rab4
variants. Data are represented as mean + SD. Scale bars indicate 50 um.
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C) Synaptic FRAP profiles, presented in a pseudocolored intensity scheme (right margin),
before (-0.1 sec), immediately after (0.0 sec) and at 9.5 seconds after the photobleach. Scale
bar indicates 5 pm.

D) YFP Fluorescence recovery (mean + S.D.) after the photobleach.

E, F) Synaptic FRAP profiles of Rab4-mRFP in neurons coexpressing the wild-type
regulatory subunit of PI3K (P/3K) and two different forms of Pi3k92E (type I) catalytic
subunits — the constitutive active PI3K9I2ECAAX (Pi3KEA) and dominant negative
PI3K92EA2860C (pisKPMN), respectively. (E) and (F) depict a select set of time-lapse images
in pseudocolor scheme (E), and the recovery of intensity values (average + SD) with respect
to the post-bleach intensities (F). Scale bar indicates 5 um.

(Figure S6 and Movies S5).
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Fig 7.

Role of Rab4 transport in the maintenance of synaptic organization and larval locomotion.
A) Front, transverse and side views of the ventral ganglia (abdominal segments A4-6) from
larvae expressing different Rab4 variants in cholinergic neurons. There was a marked
increase in the synaptic region marked by Bruchpilot (red) due to the expression of YFP-
Rab4PN. Nuclei marked by the Hoechst dye are shown in white. The bottom panel shows
Brp-stained neuromere hemisegment surface (green) rendered using the “Surface” module of
Imaris (Scale bar, 20 um) in a montage.

B) Estimation of the neuromere volumes in the larvae expressing different Rab4 variants.
C) Relative enrichment of pre-synaptic markers, Bruchpilot (Brp) and Choline
Acetyltransferase (ChAT), in the neuropil (Scale bar, 50 um). Histograms depict relative
intensity (mean + S.D).

D) Motility indices of larvae expressing different Rab4 variants.
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