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Abstract  

KIF1A (UNC-104 in C. elegans) is the major fast axonal transporter of synaptic vesicles and 

heritable mutations in neuronal motor proteins (and their adaptors) lead to numerous 

neurodegenerative diseases. The C-terminal PH domain of UNC-104 specifically and directly 

binds to phosphatidylinositol 4,5-bisphosphate in membranes of STVs (synaptic vesicle protein 

transport vesicles). Based on literature evidences, we hypothesize that RAB-3-bound STVs may 

employ a dual linker UNC-10/SYD-2 to connect to UNC-104. This RAB-3/UNC-10/SYD-2 linker 

may act as an additional reinforcement for the (supposed) weak motor-lipid interaction. As a first 

approach, we provide genetic evidence for such a tripartite linker system since syd-2 gene 

expression increased in unc-10 mutants, while in rab-3 mutants it decreased. These findings are 

consistent with Western blot analysis in these mutants using anti-SYD-2 antibodies. Co-

immunoprecipitation assays revealed reduced SYD-2/UNC-104 binding in both unc-10 and rab-3 

mutants. SYD-2/UNC-104 colocalization as well as bimolecular fluorescence complementation 

assay (BiFC) signals were also diminished in both unc-10 and rab-3 mutants. In sublateral and 

ALM neurons of these mutants, UNC-104 appears to be more diffused and is unable to travel 

longer distances with visibly reduced speeds. Critically, the dual SYD-2/UNC-10 linker seems to 

be critical for RAB-3-containing vesicles but not for SNB-1-containing vesicles, pointing to the 

specificity of our proposed model. Moreover, deletion of the motor’s PH domain did not affect 

UNC-104/RAB-3 colocalization, while it did affect UNC-104/SNB-1 colocalization. These 

findings supporting the idea of a dual UNC-10/SYD-2 linker acting as an sufficient buttress to 

connect the motor to RAB-3-containing vesicles.  
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Introduction 

The active transport of organelles and proteins is becoming an exciting frontier of neuroscience. 

The neuronal cytoskeleton is primarily composed of microtubules (MTs), actin filaments and 

neurofilaments (NFs) that function in the establishment and maintenance of neuronal polarity, 

morphology and integrity of axons [1-3]. The MT dynamics is regulated by a large number of 

factors such as, microtubule associated proteins (MAPs), motor proteins, and post-translational 

tubulin modifications [4-7]. Axonal transport supplies axons and nerve terminals with proteins, 

lipids and mitochondria and prevents the build-up of misfolded proteins and toxic aggregates [8]. 

Due to the unique microtubule polarity, Kinesins play a pivotal role in the anterograde transport 

(from cell body to synapse) of axonal proteins while dynein is required for the retrograde transport 

that aids in recycling the components from the synapse back to the cell body [9]. In recent years, 

axonal transport has gained much importance due to its association with several neurological 

diseases. Neurodegenerative diseases are caused due to defects in axonal transport, its outgrowth, 

targeting of proteins and synapse functioning [10-12]. 

KIF1A is a neuron specific molecular motor belonging to the kinesin-3 family and is termed as 

UNC-104 in C.elegans. UNC-104 is a transporter of synaptic vesicle precursors such as RAB-3, 

synaptotagmin, synaptobrevin and synaptophysin in axons [13 14]. In another study, it has been 

shown that IDA-1 in unc-104 mutants revealed that UNC-104 kinesin is also a major transporter 

of dense core vesicles (DCVs) in axons [15]. KIF1A deficient-mice resulted in neuronal 

degeneration and cell death, thereby playing an essential role in maintenance and viability of 

neurons [16]. Moreover in C.elegans, synaptic vesicles misaccumulate in the neuronal cell bodies 

leading to worm paralysis, indicating defects in axonal transport [13]. It is also been shown 

previously that UNC-104 is required for dendrite morphogenesis and synaptic development in 
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Drosophila [17]. Further, unc-104 mutants’ exhibits structural defects in the formation of active 

zone at the neuromuscular junctions providing evidence for the importance of UNC-104 in site-

specific synapse maturation [18]. Mutations in KIF1A/UNC-104 leading to defects in axonal 

transport are often the major cause of neurological disorders like Marie Charcot tooth disease, 

amyotrophic lateral sclerosis etc. [19 20]. In C.elegans, KIF1A/UNC-104 associates with 

Tau/PTL-1 and affects the transport behavior of the motor [21]. KIF1A motors are inactive or 

undergo slow processive movements in monomeric state. However, they dimerize utilizing their 

coil-coiled domains and form active homodimers that are super-processive in nature [22]. More 

interestingly, the PH domain of UNC-104 specifically binds to phosphatidylinositol-4, 5-

bisphosphate [(PI(4,5)P2)] facilitating UNC-104-mediated axonal transport [23].  

The active zone is evolutionarily conserved and morphologically defined as the site of synaptic 

vesicle cluster, docking, fusion and release [24]. Over the past decades, a wide variety of proteins 

that associate with the mammalian active zone have been identified [for reviews: [25-28]. The 

active zone proteins identified in C.elegans so far are UNC13, Rab-3, UNC-10, SYD-2, LIN-2, 

CLA-1 respectively. The link between synaptic vesicle trafficking and active-zone components 

are not well understood. Although, in several recent studies the relationship between UNC-

104/SYD-2 [29], UNC-104/RAB-3 [30], UNC-104/CLA-1[31] and UNC-104/LIN-2 [32] have 

provided key insights into the trafficking mechanism. However, future studies are necessary to 

understand how the molecular motor regulated axonal transport ensures targeting of appropriate 

proteins to the presynaptic active zone.  

Syd-2 is a multi-domain scaffolding protein that shows structural homology to the vertebrate 

presynaptic protein Liprin-α [33-35]. SYD-2 comprises of N-terminal coiled coils and three alpha-

sterile motifs (SAM domains) that interacts with each other and inactivates the protein via 
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intramolecular folding mechanism [36]. Syd-2 loss of function mutants causes active zones to 

become less compact, more elongated with smaller dense projection thereby causing impairment 

of synaptic vesicle docking and synaptic transmission [33 37 38]. Consistent with these findings, 

SYD-2’s N’ terminal domain has been found to directly associate and colocalize with other 

synaptic proteins such as CAST/ELKS, GIT1 and UNC-10/RIM [39-43].  Furthermore, SYD-2’s 

SAM domain interacts with UNC-104’s FHA domain and that this association results in motor 

protein activation and enhanced clustering [29]. In another study, akin to UNC-104’s role in 

transporting dense core vesicles containing neuropeptides, SYD-2 also regulates the mobility and 

distribution of dense-core vesicles [44].  Moreover, similar to the interaction with UNC-10, SYD-

2/RAB-3 binding is also required to maintain synaptic vesicle’s at the dense projection [45]. SYD-

2 and UNC-104 also have dual roles in maintaining synaptic vesicle cluster stability and transport 

[46]. 

RIMs are a family of multi-domain scaffolding proteins that were initially identified as putative 

Rab3 effectors that regulates synaptic vesicle fusion [47]. RIM homolog identified in nematode 

C.elegans is UNC-10 [48] that is composed of N-terminal zinc finger motif, a central PDZ domain, 

two C-terminal C2 domains (C2A and C2B) and a short proline-rich SH3 motif respectively [49]. 

RIM/UNC-10 interacts with multiple synaptic proteins mainly the N-terminal zinc finger interacts 

with GTP bound Rab3 [47] and C2B domains associate with the N-terminal of SYD-2/liprin-α 

[50]. The dynamics of RIM and CASK are closely monitored by Liprin-α, it regulates presynaptic 

organization by anchoring active zone (AZ) proteins RIM1 and CASK to facilitate synaptic vesicle 

(SV) release [41]. Consequently, RIM1α is also required for maintaining the presynaptic long-

term potentiation [51]. Furthermore, Christian et al. have shown that UNC-10 and SYD-2 act in 

the same pathway to regulate synaptic vesicles [37]. Although, no direct evidence is available for 
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the role of UNC-10 in regulating UNC-104, therefore one may speculate its role via the regulation 

of SYD-2 and RAB-3 by the formation of a tripartite complex or by the regulation of dense core 

vesicles that are known to be docked and primed by UNC-10 for its exocytosis.  

Rab3/RAB-3 is a member of RAB family of small GTPases that recruits synaptic vesicles for 

exocytosis [52]. Rab3A attaches to the synaptic vesicles via the C-terminal and the carboxy 

terminal sequence Cys-X-Cys is highly conserved in invertebrates [53]. Rab-3A binds to synaptic 

vesicles in their GTP-bound state and dissociation occurs due to GTP-hydrolysis [54]. In addition, 

Rab3A null mutant mice [52] and worms [30] display mild phenotypes. However, C.elegans rab3 

null mutants have fewer synaptic vesicles near the active zone indicating impaired synaptic vesicle 

transport in the absence of rab3 [30]. While most of the studies in rab3 focus on synaptic vesicle 

transport, it is also noteworthy to know that rab3 regulates the localization of many presynaptic 

proteins to active zones [55]. Concomitantly, the proper localization of presynaptic proteins 

stimulate synaptic transmission and neurotransmitter release via rab3 exchange factor homologue, 

AEX-3 [56 57].  Rab3A is transported to the active zone by the fast anterograde axonal transport 

system in axons [58]. A recent study suggested that KIF1A associates to rab3 carrying vesicles via 

the linker DENN/MADD [59], the homolog of which is identified as AEX-3. Another synaptic 

vesicle precursor SNB-1::GFP was found to express in the nervous system of C.elegans and 

antibody staining displayed colocalization with synaptotagmin [60]. In unc-104 mutants, SNB-1 

mislocalized in the neuronal cell bodies [61]. Mutants lacking snb-1 are embryonically lethal, 

therefore SNB-1 is essential for viability and synaptic transmission [61].  

Previous studies have suggested that the binding of PH domain to lipid surface is weak and non-

specific [62] therefore we propose that this association may be insufficient and that an additional 

linker is required to support the motor-cargo association and connectivity. Especially, regarding 
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the notion that the cargo/vesicle is of multiple size of the motor, the transport has to overcome the 

strong viscous drag in the crowded axoplasm. In this study, we propose an existence of an 

additional linker that connects the motor to its cargo. Based on this knowledge, we hypothesize 

the following interaction chain: “UNC-104 (KIF1A) = SYD-2(Liprin-α) = UNC-10(RIM) = RAB-

3(RAB3) = vesicle”. In the present study, using molecular and cell biological approaches, we 

provide evidences on how UNC-10/RAB-3 complex enhances the binding of SYD-2 to UNC-104. 

Further, we also provide evidence to show that this tripartite complex (linker) acts as an adaptor 

for UNC-104 to selectively transport RAB-3 containing vesicles.   

Results 

Relative expression of syd-2 in unc-10 and rab-3 mutants 

   To investigate if our proposed model can be applied to UNC-104-based axonal transport, we 

first sought to understand the relative expression of syd-2 in unc-10 and rab-3 mutant backgrounds 

respectively. Because in our model, we propose the presence of an additional linker, it is important 

to understand the relationship between SYD-2/UNC-10/RAB-3. The UNC-104/SYD-2 interaction 

has been well-described [29 36] also UNC-104, SYD-2 and UNC-10 are associated with dense 

core vesicle trafficking [15 44], therefore the proof of a physical interaction between SYD-2, UNC-

10 and RAB-3 would also help to understand the tripartite phenomena. As a result, monitoring the 

expression level of syd-2 in adult worms, we found that syd-2 expression level increases in unc-

10(md1117) and unc-10(e102) allelic mutant backgrounds by two fold (Figure 1A), while its 

expression is reduced by 50% in rab-3(js49) mutants (Figure 1B). Syd-2 expression was 

normalized to endogenous cdc-42 as internal control.  
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Functional interaction between SYD-2 and UNC-104 in unc-10 and rab-3 mutants 

   The above result encouraged us to understand if the proposed linker aids in enhancing the 

interaction of the motor to its cargo. At first we need to understand whether UNC-10 and RAB-3 

play a role in the UNC-104/SYD-2 complex. Therefore, we set out to understand if UNC-10 and 

RAB-3 would affect the binding of SYD-2 to UNC-104. Indeed, precipitating UNC-104::GFP 

(using anti-GFP antibodies) from whole worm lysates, we found that SYD-2 levels were reduced 

in the unc-10(md1117) knockout mutant (Figure 1E+F), whereas in lysates from worms carrying 

unc-10 point mutations (e102 allele; point mutation in the C2A domain resulting in a weak coiler 

phenotype; Figure 1E+F), SYD-2 levels were mildly reduced (for antibody details, please refer to 

the Methods and Materials section). The qPCR analysis from Figure 1A is also comparable to the 

Western blot bands in Figure 1E lysate section quantified in Figure 1C, careful observation 

indicates that the relative expression level of syd-2 is elevated in e102 and md1117 mutants. In 

addition, %SYD-2 signal intensity from the IP blots were also quantified that exhibits the reduction 

of SYD-2 expression in unc-10 mutants (Figure 1F) further suggesting that the absence of UNC-

10 robustly affects the interaction of SYD-2 with UNC-104.  

   Likewise, when precipitating UNC-104::mRFP from whole worm lysates, we found that SYD-

2 expression levels were significantly reduced in js49 mutants (Figure 1G+H). Also, the qPCR 

analysis quantifying the relative expression of SYD-2 in rab-3(js49) mutant is comparable to the 

Western blot bands indicating a reduction in syd-2 relative expression (Compare lysate section 

Figure 1G quantified in Figure 1D with Figure 1B). Furthermore, the %SYD-2 signal intensity 

quantified from the IP blots (Figure 1H) further confirms that the absence of RAB-3 affects SYD-

2’s binding to UNC-104.  
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Finally, these data validates our hypothesis that UNC-104/SYD-2 interactions indeed require 

UNC-10 and RAB-3 to strengthen its association.  

SYD-2 and UNC-104 interaction is dependent on UNC-10 and RAB-3 

   Active zone proteins SYD-2, UNC-10 and RAB-3 colocalize with each other and are also co-

transported in C.elegans DA9 motor neurons [45]. In another study, it has also been shown that 

SYD-2 colocalizes with UNC-104 [29]. Although, raising questions of how SYD-2/UNC-104 

colocalization can be regulated by UNC-10 and RAB-3. To address this question, we investigated 

the colocalization of UNC-104 and SYD-2 in the absence of UNC-10 and RAB-3 in the nerve ring 

of living nematodes. It is evident from our data that in wild-type animals UNC-104 and SYD-2 

display a high degree of colocalization (Figure 2A+B). However, colocalization is significantly 

affected in the absence of both UNC-10 and RAB-3. This further implicates the presence of an 

additional linker that is required to facilitate motor-cargo binding via enhancing SYD-2’s 

association to UNC-104. SYD-2 is known to coordinate motor organization on the synaptic vesicle 

membrane in turn regulating anterograde cargo transport [63]. 

   More importantly, we further validated the effect of UNC-10 and RAB-3 on UNC-104 and SYD-

2 interactions using bimolecular fluorescence complementation (BiFC) assay, a method used to 

study protein-protein interactions in live worms. Here, UNC-104 and SYD-2 are fused to a non-

fluorescent YFP (Venus) hybrid also known as “split YFP”, containing two protein (split) 

fragments VN and VC. If the two proteins are located close to each other (less than 7 nm apart) 

fluorophore complementation occurs emitting yellow fluorescent signals. Noticeably, the 

distribution patterns of BiFC signals (Figure 2C+D) revealing the interactions of UNC-104 and 

SYD-2 are quite comparable to colocalization studies that also exhibit robust effect on UNC-104 
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and SYD-2’s colocalization in the absence of UNC-10 and RAB-3 (compare Figure 2A+B with 

Figure 2C+D). In wild-type worms, SYD-2 and UNC-104 displays high fluorescence intensity, 

however, in unc-10 and rab-3 mutants’ fluorescence complementation between SYD-2 and UNC-

104 is significantly affected (Figure 2C+D).  

   These data strongly supports our hypothesis that the functional interaction between UNC-104 

and SYD-2 is impeded in the absence of other active zone proteins UNC-10 and RAB-3 thereby 

affecting the motor’s trafficking property. 

Effect of SYD-2/UNC-10/RAB-3 on UNC-104 cluster 

   Based on the results above that revealed a role of UNC-10 and RAB-3 on UNC-104’s binding 

to SYD-2, we now sought to investigate the effect of SYD-2/UNC-10/RAB-3 on UNC-104’s 

cluster pattern. Previously, our group reported that UNC-104 clusters along axons in an 

arrangement that does not match known en passant synapse patterns, and also demonstrated that 

those clusters were dynamic structures rather than inactive motor aggregates [64]. Also, it is well 

known that UNC-104 interacts with SYD-2 via the SAM domain, SYD-2 interacts with UNC-10 

via the C2B domain and RAB-3 interacts with UNC-10 via the N-terminal zinc finger motif thereby 

forming an interaction chain. Owing to the scaffolding functions of both SYD-2 and UNC-10, we 

wondered how the whole tripartite complex (SYD-2/UNC-10/RAB-3) would affect UNC-104 

cluster patterning (Figure 3). Inspecting the axonal cluster pattern of UNC-104 in sublateral 

neurons of syd-2, unc-10 and rab-3 mutants, respectively, we found that loss of both, syd-2 and 

unc-10 leads to severely reduced UNC-104 cluster (Figure 3A+B). However, loss of rab-3 does 

not indicate any significant effect. Moreover, not only the cluster area but also the number of 
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clusters per 100 µm is reduced in both syd-2 and unc-10 mutants while the number of clusters 

increases in rab-3 mutants respectively (Suppl. Table S1).  

   Next, we investigated UNC-104 axonal cluster in ALM neurons of syd-2, unc-10 and rab-3 

mutant animals (Figure 3C). We observed, that loss of syd-2, unc-10 and rab-3, respectively, 

indeed affects the cluster area (size) (Figure 3E and Suppl. Table S2). In addition, the distance 

travelled by UNC-104 particles from axonal hillock to distal segments of ALM neuron is also 

reduced in both syd-2 and unc-10 mutants, however rab-3 mutants did not show any significant 

effect when compared to wildtype (Figure 3D and Suppl. Table S2). From, these data it is evident 

that UNC-104 particles appear more proximal as opposed to the distal region in syd-2 and unc-10 

mutant backgrounds. As an increase in stationary motors along axons likely indicates reduced 

motor moving properties, we thoroughly investigated the motility properties of UNC-104 in syd-

2, unc-10 and rab-3 mutants. 

UNC-10 and RAB-3 positively affects the motility characteristics of UNC-104 

   As there seem to be a direct link between UNC-104/SYD-2 with UNC-10 and RAB-3, we next 

asked if UNC-10 and RAB-3 containing vesicles would affect UNC-104’s motility. To track UNC-

104 we tagged its C-terminal with mRFP that is reported to be monomeric with less aggregation 

properties as opposed to GFP [65]. We carried out most of our study in ALM neurons 

(mechanosensory neurons) with long and well-defined axons to better characterize long-range 

transport. As a result, we determined that in both unc-10 and rab-3 mutants UNC-104’s transport 

speed was significantly affected (Figure 4A and Suppl. Table S3) supporting our hypothesis that 

there is certainly a direct link between SYD-2/UNC-10/RAB-3 with UNC-104. Moreover, syd-2 

(ok217) single mutants and syd-2(ok217);unc-10 knockdown (a double mutant in terms that we 
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knocked down unc-10 in a syd-2 knockout worm) also does not indicate any significant difference 

from one another, suggesting that these two scaffolding proteins may act in the same pathway [37]. 

In contrast, rab-3(js49) single mutants and rab-3(js49);syd-2 knockdown worms exhibited 

significant difference from each other. The effect is more pronounced in the absence of both SYD-

2 and RAB-3 pointing to a synergistic role of these motor regulators. More interestingly, unc-10 

(md1117);rab-3(js49) double mutants display more severe reduction in UNC-104’s speed than 

rab-3 single mutants. However, contrastingly, the effect of double mutant is similar to that of unc-

10 single mutants pointing to the notion that this strong effect of UNC-10 on UNC-104’s motility 

may be due to its scaffolding function. Additionally, we could also successfully rescue the effect 

of syd-2, unc-10 and rab-3 on UNC-104 motility by overexpressing these proteins in their 

respective mutant backgrounds.  

   Besides motor’s speed, other parameters such as run length, persistency of movement and 

pausing are also largely affected in syd-2, unc-10 and rab-3 mutants. Although, single mutants did 

not show any robust effect on UNC-104’s anterograde run length, rab-3(js49);syd-2 knockdown 

as well as unc-10;rab-3 double mutants displayed a dramatic decrease in UNC-104’s run length 

as opposed to its single mutant counterparts (Figure 4B and Suppl. Table S3). On the other hand, 

overexpression of syd-2 elevates the motor’s anterograde run length, while knockdown of unc-10 

does not affect this phenomena. Moreover, we also studied the relationship between motor’s 

anterograde moving persistency and pausing. From our results, it is evident that the persistency of 

motor movements dramatically increases in all mutant backgrounds (Figure 4C and Suppl. Table 

S4), while its pausing decreases (Figure 4D and Suppl. Table S4), suggesting that if the velocity 

of the motor decreases, the motor may remain attached to the microtubule for prolonged periods 

of time thereby reducing its pausing efficiency and hence its run length remains unaffected. In 
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conclusion, these results suggest that SYD-2/UNC-10/RAB-3 are required to regulate UNC-104’s 

trafficking. 

SYD-2/UNC-10 combination is required for RAB-3 transport but not for SNB-1 

   If UNC-104’s binding to RAB-3-containing vesicles is strengthened by our hypothetical linker, 

then eliminating certain parts of this linker should affect the transport efficiency of these vesicles. 

Indeed both, syd-2 knockout and unc-10 knockout markedly affected the transport of RAB-3-

containing vesicles (Figure 5B). However, regarding the transport of SNB-1-containing vesicles, 

their transport is only affected by syd-2 knockout worms (Figure 5A). Besides the speed, the run 

length of RAB-3-containing vesicles are also largely affected in syd-2 and unc-10 mutants (Figure 

5D). Similar to the tendencies observed for SNB-1 velocity, run length is also affected only in syd-

2 mutant background (Figure 5C). These results strongly implicate that a SYD-2/UNC-10 

combination is important for RAB-3 transport but not for SNB-1 transport.  

   We then sought to understand if RAB-3 and SNB-1 are in the same transport system as other 

comparable cargoes such as syntaxin. Interestingly, knockdown of rab-3 on snb-1::mrfp 

expressing worms did not exhibit any SNB-1 transport defect (Figure 5A). Similarly, the 

knockdown of snb-1 on mcherry::rab-3 expressing worm (Figure 5B) also did not show any 

significant defect suggesting that synaptobrevin (SNB-1) is transported independently from RAB-

3. (Also see Suppl. Table S5 for raw data of Figure 5A-D). 

Cargo accumulation in ALM neurons 

   Similar to the motility pattern as observed for SNB-1 and RAB-3 containing vesicles, we then 

examined SNB-1 and RAB-3 cargo accumulation in syd-2 and unc-10 mutants, respectively. For 

SNB-1 containing vesicles, it is evident that these vesicles travelled for shorter distances (from 
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axonal hillock to distal areas: Figure 5E) in syd-2 mutants (Figure 5E+F). In contrast, the average 

distance travelled by RAB-3 vesicles was significantly affected in both syd-2 as well as unc-10 

mutants indicating that the synaptic vesicle marker RAB-3 accumulates in the proximal regions of 

ALM neurons rather than being transported to the distal segments (Figure 5G+H). Another 

attractive finding is that the overall distance travelled by SNB-1 is much shorter compared to RAB-

3 (compare Figure 5F and 5H). These data also lead to the above mentioned conclusion that SYD-

2/UNC-10 combination is required for RAB-3 transport to the synapse, while only SYD-2 is 

sufficient to transport SNB-1 containing vesicles. (Also see Suppl. Table S6 for raw data of Figure 

5F+H). 

Role of PH domain in regulating the interaction of UNC-104 with SNB-1 and RAB-3 

In another approach, we wish to understand to which extent colocalization between UNC-104 and 

SNB-1, as compared to UNC-104 and RAB-3, would change when eliminating UNC-104’s PH 

domain. If an additional linker between RAB-3 and UNC-104 exists, then the deletion of UNC-

104’s PH domain (known to link the motor to the vesicle membrane) would affect the 

colocalization to a much lesser extent compared to SNB-1 and UNC-104. Interestingly, data from 

Figure 6E clearly shows changes in colocalization between SNB-1 and UNC-104 before and after 

deleting the PH domain. Motor and cargo visibly indicate reduction in the degree of colocalization 

in the absence of PH domain (Figure 6E+F) suggesting that the PH domain is the only binding site 

for the motor to the SNB-1 containing vesicle.  

   Also, as hypothesized, the interaction between UNC-104 and RAB-3 was affected to a much 

lesser extent in the absence of UNC-104’s PH domain (Figure 6A-D). Further, it would be of 

interest to investigate the UNC-104/RAB-3 interaction by deleting parts of the linker. As expected, 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 2, 2019. ; https://doi.org/10.1101/723247doi: bioRxiv preprint 

https://doi.org/10.1101/723247


15 
 

in syd-2 and unc-10 mutants the colocalization between UNC-104 and RAB-3 is reduced 

confirming our proposed idea that an additional linker of SYD-2/UNC-10 is present that 

additionally strengthens the interaction of UNC-104 to its cargo RAB-3 (Figure 6C+D). Another 

attractive finding is that the interaction between SNB-1/UNC-104 did not display any significant 

reduction in the absence of UNC-10 (Figure 6E+F). Thus, UNC-10 might serve as a scaffold for 

RAB-3 containing vesicles but not for SNB-1. Additionally, we also observed the colocalization 

of UNC-104/SNB-1 and UNC-104/RAB-3 in the absence of PH domain in dorsal and ventral cord 

neurons (Figure 6G+H). Interestingly, the result is consistent with the data shown in Figure 6A-F. 

(Also see Suppl. Figures S2 and S3 for colocalization related line scans).  

Previous studies claim that synaptic vesicles precursors might be transported and packed in 

independent vesicles [59], therefore we also examined the interaction of SNB-1 and RAB-3 via 

bimolecular fluorescence complementation assay (Figure S1C). It is notable that RAB-3/SNB-1 

complex was found to only emit visible fluorescence in the cell body of amphid neurons and this 

complex also colocalizes with UNC-104 in somas. One possibility is that BiFC is indeed sensitive 

enough that even weak and transient protein interactions can be detected. Also it could be possible 

that these synaptic vesicle proteins (SNB-1 and RAB-3) are sorted into different vesicles in cell 

bodies [59] therefore we could see their colocalization in the cell bodies in Figure S1C. 
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Discussion  

   The multiple binding sites of active-zone proteins have been extensively studied. For instance, 

liprin-α contains (besides LAR and KIF1A/UNC-104) also binding sites for RIM/UNC-10, CAST 

and GIT. RIM/UNC-10 itself encompasses a RAB-3, liprin-α, Munc-13 and CAST binding sites 

[66].  Based on this knowledge, we proposed a model in which Rab-3 containing vesicles (but not 

SNB-1 containing vesicles) would benefit from an additional linkage that supports its connection 

to the motor UNC-104 (Figure 7). As mentioned above, transport selectivity via specific motor 

receptors are well discussed in the literature. Therefore, we assume that this tripartite linkage of 

SYD-2/UNC-10/RAB-3 complex may act as a novel receptor for UNC-104 to selectively transport 

RAB-3 containing vesicles. However, SNB-1 is transported by both UNC-104 and UNC-116 and 

specific receptors for its transport still needs to be identified.  

   We indeed may assume that the classical linkage of UNC-104 to vesicular structures via its PH 

domain [23] is weak and non-specific [62] and that our proposed linker would provide the motor 

additional connectivity and strength. Importantly, reports exist that liprin-α/SYD-2 affects the 

transport of dense-core vesicles [44] and RIM1α/UNC-10 (known to be a dense-core vesicle 

protein) as well as RAB-3 are mislocalized in liprin-α/syd-2 mutants. It is also known that UNC-

104 transports dense-core vesicles [15] which is interesting to further comprehend whether this 

linker is specific to synaptic vesicles only or if it also applies to dense core vesicles. Additionally, 

literature evidences also suggests that SYD-2/UNC-10, UNC-10/RAB-3 and SYD-2/RAB-3 

colocalize and co-transport with each other [45] consistent with the fact that all these three active 

zone proteins may either directly or indirectly impede UNC-104’s trafficking behavior. Therefore, 

an evidence of a physical interaction between SYD-2, UNC-10 and RAB-3 affecting UNC-104’s 

transport would further help to understand this mechanism. 
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Effect of UNC-10 and RAB-3 on SYD-2’s binding to UNC-104.  

   To prove that our proposed model is correct, we first investigated whether UNC-10 and RAB-3 

would play a critical role in the UNC-104/SYD-2 complex. SYD-2 is known to positively regulate 

the clustering and transport of monomeric UNC-104, thereby enhancing its activity [29]. Thus, we 

asked whether UNC-10 and RAB-3 would affect SYD-2’s binding to UNC-104. Indeed, 

precipitating UNC-104::GFP from whole worm lysates, SYD-2 levels were reduced in unc-10 

(e102 point mutation as well as md1117 knockout) mutant alleles (Figure 1E+F). It can be 

speculated that loss of UNC-10 may cause UNC-104 to return to its monomeric configuration 

thereby affecting the binding of SYD-2.  It is also possible that UNC-10 acts as a stabilizer of 

SYD-2 by facilitating its oligomerization, as UNC-10 binds to C-terminal of SYD-2 [36 67]. The 

importance of oligomerized SYD-2 lies in its proposed function as a scaffolding protein that can 

bind to more than one UNC-104 (via its SAM) at the same time [38, 45].  

  Similarly, precipitating UNC-104::mRFP from whole worm lysates, SYD-2 levels were also 

reduced in rab-3(js49) mutant animals (Figure 1G+H). UNC-104 requires arl-8 a small GTPase 

to unlock its auto inhibitory state [68]. ARL-8 is usually bound to the cargo vesicle, therefore it is 

possible that in the absence of RAB-3 the motor cargo association is compromised causing 

inactivation of UNC-104. Thereby, the binding of SYD-2 is robustly affected.  On the other hand, 

the SYD-2 expression level study (Figure 1A+B) is also consistent with our Western blot analysis 

(Figure 1C+D) (comparing SYD-2 intensity in western blots to SYD-2 mRNA levels). On careful 

observation, it can be seen that SYD-2 mRNA levels were increased in unc-10 mutants while its 

expression is reduced by 50% in rab-3 mutant, respectively (Figure 1A-D).  
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   Our in vivo assays further strengthened our biochemical findings. We demonstrated that in the 

absence of UNC-10 and RAB-3 the colocalization between SYD-2 and UNC-104 is largely 

reduced in the nerve ring (Figure 2A+B). More importantly, for protein pairs, we also performed 

BiFC assays in which we fused hybrids of Venus to UNC-104 and SYD-2 and observed successful 

complementation in wild-type animals. However, in unc-10 and rab-3 mutants, this 

complementation was clearly diminished (Figure 2C+D). SYD-2 is known to promote anterograde 

trafficking of synaptic vesicles in axons of Drosophila and C. elegans [29 69]. In syd-2 mutants, it 

has been shown that UNC-10 and RAB-3 mislocalize to dendrites in DA neurons [44]. Also, the 

loss of syd-2, unc-10 and rab-3 cause depletion of synaptic vesicles at the dense projection [37]. 

Owing to these interactions between SYD-2, UNC-10 and RAB-3, one may speculate, that the 

absence of these core proteins might have adverse effects on each other’s interaction. 

Antagonistic effects of UNC-10 and RAB-3 on UNC-104’s clustering. 

      Previously, it has been reported that the lack of SYD-2 abolishes UNC-104 clusters in axons 

and at the same time, motors were also steered to the terminal endings [29]. Similar to this finding, 

we demonstrated here that the loss of UNC-10 leads to loss of UNC-104 clusters in sublateral 

neurons (Figure 3A+B). Consistent with this finding, we also observed that the UNC-104 cluster 

size is reduced in ALM neurons as well as the motor’s distance travelled from the axonal hillock 

to distal locations is also largely diminished (Figure 3C-E). However, the loss of RAB-3 displays 

a rather antagonistic effect when compared to SYD-2 and UNC-10 mutations. Neither UNC-104 

cluster in sublateral neurons are affected nor the anterograde distance travelled by this motor in 

ALM neurons (Please see Figure 3B and 3D). Strikingly, the cluster area is significantly reduced 

in ALM neurons (Figure 3E), in the absence of RAB-3. It could be assumed that RAB-3 does not 

inherit scaffolding functions as opposed to SYD-2 and UNC-10. In addition, the RAB-3 effect 
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could also be due to the presence of other Rabs that may exhibit partial overlapping functions with 

RAB-3. This notion could be supported by the finding that RAB-27 is a close homolog of RAB-3 

and is also regulated by AEX-3/DENN/MADD in C. elegans [56 59]. Another possibility could 

be that some synaptic vesicle proteins are transported in a RAB-independent fashion [59]. We 

further deduce that motor cluster may act as “stations” along the lengthy C. elegans axons (up to 

0.5mm) to exchange inactive motors for active motors on paused cargos. This assumption is in 

accordance with a recent study demonstrating that AZ assembly proteins maintains the stability of 

synaptic-vesicle cluster and further regulate the synaptic vesicle transport in C. elegans [46]. 

Interestingly, synaptic vesicle proteins also maintain synaptic vesicle clusters when the 

anterograde transport is compromised. It is also noteworthy that a JNK pathway acts in parallel to 

UNC-104 that functions as an effector of ARL-8 and controls the clustering of synaptic vesicles 

and active zone proteins at the presynaptic terminals [45].  

The role of the tripartite linker in facilitating UNC-104’s transport characteristics. 

   SYD-2 positively regulates UNC-104’s moving characteristics [29]. As our hypothesis suggests 

that UNC-104 might use an additional linker (SYD-2/UNC-10/RAB-3) to connect to the vesicle, 

it is imperative to understand the role of these active zone proteins on its transport behavior. At 

first, we found that UNC-10 not only altered the cluster pattern of UNC-104 but from Figure 4A 

it is evident that UNC-104’s anterograde velocity is severely reduced in unc-10 mutant background. 

Also, the moving persistency (Figure 4C) (indicating the overall moving direction and motor’s 

active state) as well as pausing (Figure 4D) are clearly affected. Though it is hard to comprehend 

how this indirect interaction between UNC-104 and UNC-10 would induce such obvious effects 

on UNC-104’s motility, we assume that UNC-10 might regulate SYD-2’s binding to UNC-104. 

This finding is supported by the observation that changes in motility as well as cluster pattern of 
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UNC-10 are similar to those observed in syd-2 mutants. Moreover, we demonstrated that UNC-10 

RNAi knockdown on syd-2 mutants did not show any severe effect as opposed to syd-2 single 

mutants. This data suggests that these two proteins act in the same pathway to regulate synaptic 

vesicles and this result is also consistent to a previous report [37]. On the other hand, 

overexpression of SYD-2 elevated the run length in anterograde directions, however, UNC-10 

knockdown did not affect this phenomenon. Therefore, we speculate that localization of UNC-10 

to the active zone via UNC-104 transport may be controlled by the scaffolding protein SYD-2. 

   From another study, it is obvious that KIF1A is indispensable for the transport of both, 

DENN/MADD and RAB3, whereas DENN/MADD preferentially binds to GTP-activated RAB3 

that regulates axonal transport [59]. As the relationship of UNC-104 and RAB-3 is well described 

in our study, we sought to understand the effect of rab-3 mutants on UNC-104’s motility. We 

determined, that in rab-3 mutant animals, the anterograde speeds and pausing was largely reduced, 

while moving persistency elevated (Figure 4), consistent with the finding that KIF1A 

biochemically associates with RAB-3 carrying vesicles (Figure 1). Additionally, overexpressing 

RAB-3 in rab-3 mutant worms rescued UNC-104’s motility pattern to wild-type levels. In contrast, 

rab-3(js49) single mutants and rab-3(js49);syd-2 knockdown worms exhibit significant 

differences from each other (Figure 4). The effect is indeed more pronounced in the absence of 

both SYD-2 and RAB-3 (Figure 4) pointing to a synergistic role of these motor regulators. 

Moreover, the effect of unc-10; rab-3 double mutants on UNC-104’s anterograde speeds are 

similar to unc-10(md1117) single mutants but more severe as compared to rab-3 mutant worms. 

Besides negatively affecting UNC-104’s velocity parameters, these double mutants also display a 

strong effect on the motor’s run length indicating a severe reduction, as opposed to both unc-10 

and rab-3 single mutants (Figure 4B). These results are comparable to a former study that dissected 
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the direct interactions between RAB-3 and RIM suggesting epistatic regulation by UNC-10 and 

RAB-3 [70].  

   Note that the speed fluctuations are generally smaller when compared to the run length. It is 

important to know that the motor’s run length is indeed affected by a variety of parameters 

especially the microtubule binding proteins and the length of microtubules, respectively [71]. 

Therefore, from our study it is evident that SYD-2/UNC-10/RAB-3 positively regulate UNC-104’s 

transport characteristics. Collectively, the tripartite linker might act as an important stabilizer to 

additionally support the motor-cargo association and these data also reveal the binding 

dependencies of UNC-104 on the proposed SYD-2/UNC-10/RAB-3 linker.  

SYD-2/UNC-10 combination is selectively required to transport RAB-3 containing vesicles. 

   We have demonstrated above that the SYD-2/UNC-10/RAB-3 linker positively regulates UNC-

104’s transport behavior. It would be intriguing to understand how SYD-2/UNC-10 complex 

modulates the binding of UNC-104 to RAB-3 containing vesicles. If UNC-104’s binding to RAB-

3 is indeed strengthened by the SYD-2/UNC-10 complex, then eliminating the parts of the linker 

should affect the transport efficiency of vesicles. Indeed, syd-2 knockout and unc-10 knockout 

largely affected the transport of RAB-3 containing vesicles, however regarding the transport of 

SNB-1 containing vesicles, their transport was only affected by syd-2 mutants (Figure 5A+B). This 

result strongly supports our hypothesis that SYD-2/UNC-10 combination is selectively required 

for RAB-3 transport but not SNB-1 transport. Also, SNB-1-tagged vesicle speeds in the absence 

of rab-3 remain unaffected, similarly, this is also applicable to RAB-3-tagged vesicles whose 

moving speeds are not affected by snb-1 knockdown (Figure 5A+B). This is consistent with the 

notion that other synaptic vesicle precursors are transported independently of RAB-3, as they are 
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sorted into different vesicles in somas and are co-assembled at the synaptic terminals (Suppl. 

Figure S1C) [59]. Another interesting finding is the overall movement of SNB-1 which is slower 

and remains at shorter distances when compared to RAB-3 (Figure 5E-H). Consequently, this 

observation also fits to our model in which multiple motors can be restricted to the vesicular 

surface by tight interactions with cargo molecules that can therefore move for longer distances as 

opposed to a single proccessive motor [72]. It is also worth mentioning that UNC-104 undergoes 

dimerization and is activated only upon cargo binding [73 74], and that’s why may be an additional 

linker could support UNC-104 and keep it in an activated state. Taken together, these results 

suggest an important regulatory role of UNC-104 in cargo distribution. When the anterograde 

synaptic vesicle trafficking machinery is disrupted, synaptic vesicle markers accumulate in the 

soma and proximal regions of neurons [75]. Particularly, in syd-2 and unc-10 mutants the run 

length of RAB-3, as well as the average distances travelled by RAB-3, appears to be more at the 

proximal region affecting its synaptic localization.  

The role of PH domain in motor-cargo interaction and how this interaction could be 

strengthened by an additional linker.    

   Pleckstrin homology domains are composed of 120 amino acids and are found in more than 100 

different proteins studied so far. They have been found to be involved in various intracellular 

signaling processes, cytoskeletal organization, intracellular membrane transport and membrane 

phospholipid modification [76-80]. Most of the proteins bearing PH domains interact with cellular 

membranes by binding to phosphoinositide’s respectively [81]. Specific recognition of 

phosphoinositide is a characteristic property of only a few PH domains. There might be a general 

attraction to the membrane surface in order to support other specific regulatory interactions [82]. 

The roles of membrane lipids in motor-driven transport has received less attention, therefore in 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 2, 2019. ; https://doi.org/10.1101/723247doi: bioRxiv preprint 

https://doi.org/10.1101/723247


23 
 

vitro-motility assays were used by others to investigate the role of UNC-104 in the transport of 

membrane cargo. Earlier reports suggest, that lipid raft formation plays an essential role in 

regulating the vesicle transport by monomeric UNC-104 being able to bind to the 

phosphatidylinositol (4, 5) bisphosphate (PtdIns(4,5)P2) containing liposomes via its PH domain 

[73]. Two regulatory mechanisms could activate the membrane transport. (1) Several monomeric 

UNC-104 motors could cluster on the membrane surface thereby promoting microtubule 

attachment and initiate transport. (2) UNC-104 could dimerize in solution via its coiled coil regions, 

thus transport would be enhanced by hand-over-hand mechanisms (as opposed to biased diffusion 

of the monomeric motor). Mostly, the binding of the PH domain to phosphoinositide’s are weak 

and non-specific, and this selectivity can also be modulated by sequence changes [62]. In addition, 

the strength of the lipid-protein interaction also depends upon the lipid constituents that decrease 

in the order of phosphatidic acid> phosphatidylserine>phosphatidylinositol [83]. Further, they 

suggest that the affinity of protein-lipid binding between protein lipase C delta 1 and PI (4,5) P2 

can be influenced by membrane charge with phosphatidylserine causing a conformational change 

in the PH domain thereby affecting the membrane binding affinity of protein lipase C [83]. 

Therefore, although this protein-lipid interaction seems imperative with varying specificity, other 

vesicle-associated proteins could also mediate UNC-104-related transport. It is of profound 

importance to identify these vesicle-associated proteins. In our study, we hypothesized that an 

additional linker of RAB-3/UNC-10/SYD-2 is likely present and is necessary to enhance the 

motor-cargo connectivity. In the presence of this linker, UNC-104 selectively binds to RAB-3-

containing vesicles.  

   As the PH domain connects the motor to its cargo, it would be fascinating to know if its absence 

affects UNC-104’s interaction to its cargo. From our result, it is evident that upon PH domain 
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deletion UNC-104’s binding to RAB-3 remains unaffected, although contrasting regulation was 

seen between UNC-104 and SNB-1 (compare Figure 6A+B+D to 6E+F) as expected (SNB-1 does 

not interact with UNC-10, Figure 6E+F). If the additional linker is enhancing the motor cargo 

connectivity, removing parts of the linker should diminish the UNC-104/RAB-3 interaction. As 

expected, in the absence of SYD-2 and UNC-10, UNC-104 (with a deleted PH domain) and RAB-

3 binding was markedly reduced (Figure 6C+D).  

Methods and Materials 

RNA isolation 

Worms were washed thrice with M9 buffer and then Trizol was added to disrupt the membrane. 

The samples were stored at -80°C overnight. The following day, samples were thawed and 

centrifuged at 14,000 rpm for 10 mins at 4°C. The supernatant was transferred to an RNase-free 

Eppendorf tube. Under the hood, 50 µl of chloroform was added and the samples were vortexed 

for 30 secs followed by 3 min incubation at room temperature. The standing samples were then 

centrifuged at 12,000 rpm for 15 mins at 4°C. A clear top layer was transferred to an Eppendorf 

tube without disturbing the other layers. The process is repeated again until a clear RNA layer was 

obtained. This solution was then treated with 125 µl isopropanol and inverted several times. The 

samples were then spun down at 12,000 rpm for 10 mins at 4°C. The supernatant is discarded and 

the pellet is then treated with 70% ethanol (diluted in DEPC water). After centrifugation at 12,000 

rpm for 5 mins at 4°C, the RNA pellet was air-dried and dissolved in 10 µl of DEPC water and 

stored at -80°C for future use.  
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cDNA synthesis 

“Superscript® III first-strand synthesis system for RT-PCR” cDNA synthesis kit (Invitrogen, 

NY,USA) was used to isolate cDNA from worms. Samples were prepared by mixing 8 µl of 

mRNA with 1 µl of either oligo (dT) or random hexamer primer along with 1 µl of annealing 

buffer. Incubate the samples at 65°C for 5 mins and immediately place it on ice for 1 min. Next, 

add the cDNA synthesis enzyme mix into the RNA sample mixture. Finally incubate them at 50°C 

for 50 mins and terminate the reaction with 5 mins of incubation at 85°C respectively. The 

synthesized cDNA was then used to clone the rab-3 constructs and RT-PCR was performed to 

identify the expression levels of syd-2. 

Real-time PCR 

To evaluate syd-2 RNA levels in unc-10 and rab-3 mutants (Figure 1A+B), we performed real-

time PCR assays employing ABI StepOne Plus Real time PCR system in conjunction with the ABI 

Power SYBR green PCR master mix. RNA levels of syd-2 were normalized to cdc-42 internal 

control. The following primers were used: CGGAACAATACTCGACTTC (forward) and 

GCCACACGCTCCATT (reverse) that includes a part of 2nd and 4th exon (200 bp) for syd-2 and 

CTGCTGGACAGGAAGATTACG (forward) and TCGGACATTCTCGAATGAAG (reverse) 

for cdc-42.  

RNAi feeding assay 

NGM plates containing ampicillin (25 μg/ml) and 1 mM IPTG were inoculated with HT115 E. 

coli strain carrying the appropriate dsRNA clone (UNC-10: X-3F06, SYD-2: X-5K09), and grown 

overnight. Fifteen to twenty worms were transferred to RNAi feeding plates and incubated at 20˚C. 

Worms were then transferred to new RNAi feeding plates every 24 hours and the F1 progeny was 
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used for analysis after day 5. As control, worms were fed with HT115 bacteria containing L4440 

empty vector.  

Protein harvesting, extraction and quantification 

To extract proteins from worms, we prepared lysates from young adults (72 h) based on a 

previously described protocol [84]. Worms were washed thrice with 0.1N NaCl solution followed 

by sucrose floatation. The floating worms were then collected and washed 2X times with cold 

water followed by a wash with HB buffer without DTT and protease. Finally, 3X volume of HB 

with DTT and protease inhibitor was added and the sample was stored at -80˚C. The harvested 

worms are then subjected to French press to extract the protein. The protein quantification is done 

using commercial BCA Kit.  

Western blotting and Co-Immunoprecipitation Assays 

To perform Western blotting from whole worm lysates, we employed the protein extracted from 

section 2.5 above. 100 µg sample protein was used and membrane blocking was carried out using 

milk powder for 1-1.5 hours at room temperature (RT). Primary goat N-terminal anti-SYD-2 

antibody (cL-19 #sc-15655, Santa Cruz) was incubated at 4°C for 14 hours at 1/500 dilution. The 

secondary anti-goat antibody was incubated at RT for 2 hours with 1/1000 dilutions. Anti β-Actin 

antibody was used as control (sc-47778, Santa Cruz). Similarly, One mg protein extract was used 

for immunoprecipitation and incubated with protein G beads and 4 µg mouse anti-GFP antibody 

(B-2 #sc-9996, Santa Cruz). After treatment worm lysates were detected by western blotting with 

a 1:500 dilution of the anti-SYD-2 antibody (primary antibodies dilutions based on the 

manufacturer’s suggestion). Band density analysis was done using NIH ImageJ 1.50 software 

based on a method published by Schneider et al. [85]. (Please see Figure 1E-H) 
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Mutant worms used in this study 

N2 is the wild-type C.elegans strain received from Caenorhabditis Genetics Center (CGC, 

Minnesota, USA). ZM607 (ok217) carries a large deletion covering most of the N-terminal coiled 

coils in syd-2 gene. It leads to an ochre stop codon after 200 amino acids [29]. NM1657 (md1117) 

carries an 8601 bp deletion in unc-10 gene that includes the entire coding region along with a part 

of 5’ and 3’ UTR’s. This mutant exhibits mild uncoordinated movements that resemble a coiler 

[48]. CB102 (e102) is a C to T substitution in intron 15 of unc-10 gene that leads to a splicing 

defect and produces a truncated protein that excludes the C-terminal domain [48]. NM791 (js49) 

is a G to A transition in position 2 of tryptophan 76 codon in rab-3 gene that encodes a nonsense 

mutation leading to a premature stop [30]. 

C.elegans strains and plasmids  

Worms were maintained at 20°C on NGM agar plates seeded with OP50 E. coli according to 

standard methods [86]. Transgenic animals Punc-104::unc-104::gfp(e1265), Punc-104::unc-

104ΔPH::gfp(e1265), Punc-104::unc-104::mrfp(e1265) and Punc-104::unc-104::mrfp(ok217) 

were described previously [21 29]. The existing constructs Punc-104::unc-104::gfp and Punc-

104::unc-104::mRFP were microinjected at a concentration of 100 ng/μl into unc-10(md1117) and 

rab-3(js49) mutants worms to generate transgenic lines unc-10(md1117);nthEx[Punc-104::unc-

104::mrfp], unc-10 (md1117);nthEx[Punc-104::unc-104::gfp] and rab-3(js49);nthEx[Punc-

104::unc-104::mrfp] respectively. All the mutant strains were received from the Caenorhabditis 

Genetics Center (Minnesota, USA).  

For colocalization studies, the existing plasmid Punc-104::gfp::syd-2 was coinjected along with 

Punc-104::unc-104::mrfp (each at a concentration of 75 ng/μl)  into N2 wild type animals, unc-

10(md1117) and rab-3(js49) mutants animals to obtain strains N2;nthEx[Punc-104::gfp::syd-
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2;Punc-104::unc-104::mrfp],  unc-10 (md1117);nthEx[Punc-104::gfp::syd-2;Punc-104::unc-

104::mrfp] and rab-3(js49); nthEx[Punc-104::gfp::syd-2;Punc-104::unc-104::mrfp]. Likewise, 

Punc-104::gfp::syd-2 (75 ng/μl) was microinjected into unc-10(md1117);rab-3(js49)[Punc-

104::unc-104::mrfp] to obtain unc-10(md1117),rab-3(js49); nthEx[Punc-104::gfp::syd-2;Punc-

104::unc-104::mrfp]. For BiFC (biomolecular fluorescence complementation) studies, the 

following strains were generated using the existing plasmids Punc-104::unc-104::VC155 and 

Punc-104::VN173::syd-2 [64]: N2;nthEx[Punc-104::unc-104::VC155;Punc-104::VN173::syd-2], 

unc-10(md1117);nthEx[Punc-104::unc-104::VC155;Punc-104::VN173::syd-2] and rab-3(js49); 

nthEx[Punc-104::unc-104::VC155;Punc-104::VN173::syd-2] respectively.  

Further rab-3 rescue strains were generated by cloning Punc-104::yfp transcriptional reporter 

followed by insertion of rab-3 gene to create Punc-104::rab-3::yfp translational fusion. To clone 

Punc-104::yfp, we amplified YFP sequence using the forward primer 

AAAAAAGGTACCGGTAGAAAAAATGAGTAAAGGAGAAGAACTTTT and reverse primer 

AAAAAAGAATTCTACGAATGCTATTTGTATAGTTCATCCATGCCA and then substituted 

gfp in  pPD95.77::Punc-104:: gfp vector with yfp. Next, we sub cloned rab-3 gene into Punc-

104::yfp transcriptional fusion by amplifying rab-3 cDNA using 

CTCTAGAGGATCCCCATGAATAATCAACAGGCTGCCA forward primer and 

CCTTTGGCCAATCCCTTGCAATTGCATTGC reverse primer using the FuseInTM  cloning 

technique. The plasmid was then injected at 75 ng/μl into rab-3(js49);nthEx[Punc-104::unc-

104::mrfp] mutant strain to create rescue transgenic lines rab-3(js49);nthEx[Punc-104::unc-

104::mrfp; Punc-104::rab-3::yfp].  

Likewise, unc-10 rescue strains were generated by cloning unc-10 gene in pPD95.77::Punc-104:: 

gfp vector using CTCTAGAGGATCCCCATGGACGATCCGTCGATGATGCC (forward) and 
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CCTTTGGCCAATCCCctgctgaGCACCTCC (reverse) primers employing the FuseInTM  cloning 

technique. The plasmid was then injected at 75 ng/μl into unc-10(md1117);nthEx[Punc-104::unc-

104::mrfp] mutant strain to create rescue transgenic lines unc-10(md1117);nthEx[Punc-104::unc-

104::mrfp; Punc-104::unc-10::gfp].  

Next, the syd-2 rescue strains were obtained by coinjecting the existing plasmid Punc-

104::gfp::syd-2 along with Punc-104::unc-104::mrfp (each at a concentration of 75 ng/μl)  into 

syd-2(ok217) mutant worms to get syd-2(ok217);nthEx[Punc-104::gfp::syd-2;Punc-104::unc-

104::mrfp] respectively. 

rab-3 was amplified from cDNA libraries with primers ATGGCGGCTGGCG- 

GACAA (forward) and TTAGCAATTGCATTGCTGTT (reverse). We then added restriction sites 

with primers AAAAGCTAGCATGGCGGCTGG- 

CG (forward) and AAAACCATGGTTAGCAATTGCATTGCTGTT (reverse). PCR was 

performed using Taq DNA polymerase (New England Biolabs). PCR products were ligated into 

the yT&A cloning vector (Yeastern Biotech). After NheI and SalI digestion, rab-3 was ligated to 

the destination vector Punc-104::mcherry::GW to obtain Punc-104::mcherry::rab-3. 

In order to generate, cargo transgenic lines we injected existing constructs Punc-86::snb-1::mRFP 

[29] and Punc-104::mcherry::rab-3 into N2 wild type animals, unc-10(md1117) and syd-2(ok217) 

mutants (at a concentration of 100 ng/μl) to obtain strains N2;nthEx[Punc-86::snb-1::mRFP], 

N2;nthEx[Punc-104::mcherry::rab-3], syd-2(ok217);nthEx[Punc-86::snb-1::mRFP], syd-

2(ok217); nthEx[Punc-104::mcherry::rab-3], unc-10(md1117);nthEx[Punc-86::snb-1::mRFP] 

and unc-10(md1117); nthEx[Punc-104::mcherry::rab-3].  
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Likewise, for UNC-104 and RAB-3 colocalization studies, the existing plasmids Punc-104::unc-

104ΔPH::gfp and Punc-104::mcherry::rab-3 were coinjected into N2 wild type animals, unc-

10(md1117) and syd-2(ok217) mutants to generate N2;nthEx[Punc-104::unc-104ΔPH::gfp; Punc-

104::mcherry::rab-3], unc-10(md1117);nthEx[Punc-104::unc-104ΔPH::gfp;Punc-

104::mcherry::rab-3] and syd-2(ok217);nthEx[Punc-104::unc-104ΔPH::gfp;Punc-

104::mcherry::rab-3] respectively.  

Punc-104::rab-3::VN173 and Punc-104::snb-1::VC155 plasmids were generated by amplifying 

rab-3 cDNA using GGCGCGCCATGAATAATCAACAGGC forward primer with AscI site and 

ACCGGTGCAATTGCATTGCTGTTGAG reverse primer with AgeI site and substituted map-1 

insert in Punc-104::map-1::VN173 plasmid with rab-3. At the same time, snb-1 genomic DNA 

was amplified using GGCGCGCCATGGACGCTCAAGGAGATGC forward primer with AscI 

site and GGTACCTTTTCCTCCAGCCCATAAAACGATGA reverse primer with KpnI site and 

substituted lin-2 in Punc-104::lin-2::VC155 plasmid with snb-1. These plasmids were then 

coinjected (80 ng/μl) into N2 worms to generate N2;nthEx[Punc-104::rab-3::VN173; Punc-

104::snb-1::VC155] to investigate BiFC. 

Unc-10(md1117) and rab-3(js49) double mutants were generated by crossing unc-10 

(md1117);nthEx[Punc-104::unc-104::mrfp] expressing male worms with rab-3(js49) 

hermaphrodites. Red fluorescent males from F1 generation exhibiting coiler phenotype were back-

crossed into rab-3 (js49) F0 hermaphrodites to obtain unc-10(md1117);rab-3(js49) homozygous 

animals.  

Worm imaging and motility analysis 

For microscopic observations, worms were immobilized on 2% agarose-coated cover slides, and 

no anesthetics (e.g., levamisole) were used (reported to affect motor motility [87]). A Zeiss 
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LSM780 confocal laser scanning microscope was employed for imaging worms as shown in 

Figures 2 and 6. For motility analysis (Figure 4) and further imaging (figure 3 and 5) , we employed 

an Olympus IX81 microscope with a DSU Nipkow spinning disk unit connected to an Andor iXon 

DV897 EMCCD camera for high-resolution and high-speed time-lapse imaging at 4-5 frames per 

second. To convert recorded time-lapse sequences into kymographs, we used the imaging analysis 

software NIH ImageJ (NIH, http://rsb.info.nih.gov/ij/). The “straighten plugin” was used to 

straighten curved axons, and after drawing a line over the axon, the plugin “reslice stack function” 

was executed to generate kymographs. In kymographs, static particles appear as vertical lines, 

whereas the slope of a moving particle corresponds to the velocity (speed) of the particle. A pause 

is defined if motors move less than 0.07 μm/s, and each calculated velocity event does not contain 

any pauses. On average, we analyzed approximately 600 moving events per experiment from 15 

to 25 individual worms. A moving event is defined as a single motility occurrence typically right 

after a pause or a reversal, and an event ends when the motor again pauses or reverses.  

Motor cluster analysis (Figures 3B+E) was carried out using ImageJ’s “area” tool and the “particle 

analyze” plugin. To measure travel distances (Figures 3D and 5F+H) of particles in (straightened) 

neurons, we used ImageJ’s “line tool” to draw a line from the proximal axon hillock to identified 

distal particle. Intensity Correlation Quotient (ICQ) (Figures 2B, 6D+F) was measured by selecting 

the region of interest using the “polygonal selection tool” in ImageJ. After background fluorescent 

intensity subtraction (ImageJProcessSubtract Background), the plugin ‘Intensity Correlation 

Analysis’ was used to generate ICQ values. ICQ values range from -0.5 to 0.5, and values close to 

0.5 stand for interdependent expression of two fluorophores, values close to -0.5 stand for 

segregated expression, and values around 0 imply random expression. For fluorescence intensity 

quantification (Figure 2D) the following formula was used: Integrated density of selected region 
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– (area of selected region * mean fluorescence of the background) [88]. Parameters such as mean 

grey value of background, area of selected region and integrated density of selected region was 

measured using ImageJ. Line scans (Suppl. Figure S2 and S3) were generated using ImageJ 

(ImageJAnalyzePlot profile) after straightening the neurite using the ImageJ plugin 

“straighten”. Further these values from ImageJ are plotted using MS Excel. 
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FIGURE LEGENDS 

Figure 1: SYD-2 mRNA expression level by Real-Time PCR analysis and UNC-104/SYD-2 

protein-protein interactions by SDS-PAGE and Co-IP assay. (A) Plot indicating relative SYD-

2 expression level in UNC-10 mutants. Keeping the wild-type as reference point, e102 allele 

displays increased expression by 1.58 fold and md1117 allele shows increase by 1.37 fold 

respectively. (B) Expression level of SYD-2 decreases by 50% in rab-3(js49) mutant’s. The RNA 

levels were normalized to cdc-42 (internal control). (C) % SYD-2 signal intensity (quantified from 

lysate section in 1E) in unc-10(md1117; e102) mutants. (D) % SYD-2 signal intensity in rab-

3(js49) mutant (quantified from lysate section in 1G). (E) Western blot and Co-IP assays using 

lysates from worms expressing UNC-104::GFP in wild-type and different UNC-10 mutant alleles 

(e102 and md1117). Co-IP assays are standardized by amounts of detected IgG. (F) %SYD-2 

signal intensity in each sample is normalized against IgG in the respective UNC-104 sample. (G) 

Shows Western blot and Co-IP bands in lysates from worms expressing UNC-104::mRFP in wild-

type and rab-3(js49) mutants. (H) %SYD-2 signal intensity in each sample is normalized against 

IgG. (For antibody details, refer to the Methods and Materials section)P-values: *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 (Student's t-test). Error bar: ± SEM. No of trials: 3. 

Figure 2: UNC-104/SYD-2 interaction (using colocalization analysis and BiFC) in the 

absence of UNC-10 and RAB-3. (A) UNC-104 and SYD-2 colocalization in the nerve ring of 

wild-type, unc-10(md1117), rab-3(js49) single mutants and unc-10(md1117);rab-3(js49) double 

mutants. (B) Quantification of colocalization from images shown in (A) (N=20). White arrows 

indicate specific colocalization occurrences. (C) UNC-104 and SYD-2 BiFC signals in the nerve 

ring of wild-type, unc-10(md1117) and rab-3(js49) mutants respectively. UNC-104/UNC-104 

BiFC represents positive control and UNC-104/empty BiFC represents negative control. White 
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dashed lines indicate the border of the worm. (D) Quantification of fluorescence intensity from 

images shown in (C) (N=25). A-anterior and P-posterior direction. P-values: *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 (Student's t-test). Error bar: ± SEM. Scale bar: 10 µm. 

Figure 3: Effect of active zone proteins SYD-2/UNC-10/RAB-3 on axonal UNC-104 

clustering in sublateral and ALM neurons. (A) UNC-104 axonal clustering in syd-2, unc-10 and 

rab-3 mutants as observed in sublateral neurons. (B) Cluster size (area) quantification from (A). 

(C) Stacks of the ALM neuron after digital straightening reflecting characteristic UNC-104 

clustering in wild-type, syd-2(ok217), unc-10(md1117) and rab-3(js49) mutants’ respectively. (D) 

Quantification of average distances travelled from the axonal hillock to distal areas in the neuron 

(data taken from (C)). (E) Cluster size (area) quantification from (C). P-values: *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 (Student's t-test). Error bar: ± SEM. N= 20. Scale bar: 10 µm. 

Figure 4: Single/Double mutant analysis to investigate the effects on UNC-104 motility. (A) 

Anterograde velocity of UNC-104 in wild-type, in worms with either syd-2, unc-10, rab-3 

knockouts as well as combination of these with RNAi knockdown, overexpression and double 

mutants respectively. (B) Anterograde run length of observed UNC-104 particles. White wild 

cards indicates the T-tests between unc-10(md1117) and unc-10(md1117);rab-3(js49) double 

mutants. (C) Anterograde moving persistency of UNC-104 particles. (D) Effect on UNC-104’s 

pausing behavior. White wild cards “*” indicates the T-tests between unc-10(md1117) and unc-

10(md1117);rab-3(js49) double mutant. Analyzed total moving events: UNC-104(wt)=689, syd-

2(ok217)= 535, unc-10(md1117)= 515, rab-3(js49)= 520, unc-10;rab-3 double mutant= 522, syd-

2(ok217);unc-10 RNAi= 536, rab-3(js49);syd-2 RNAi= 518, rab-3 rescue = 535, syd-2 rescue = 

323, unc-10 rescue = 495,  syd-2 overexpression = 595, syd-2 overexpression;unc-10 RNAi= 570. 

P-values: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (Student's t-test). Error bar: ± SEM. 
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Figure 5: Effect of UNC-10 and SYD-2 on synaptic vesicle trafficking and cargo 

accumulation. (A) Anterograde velocity of SNB-1 in wild-type worms, syd-2 and unc-10 mutant 

worms and rab-3 RNAi background. Similarly, (B) represents the anterograde velocity of RAB-3 

containing vesicles in wild-type worms, syd-2 and unc-10 mutants’ and snb-1 RNAi background. 

(C) Anterograde run length travelled by SNB-1 while (D) represents the anterograde run length 

travelled by RAB-3 containing vesicles respectively. (E) Images of ALM neurons digitally 

straightened and stacked reflecting SNB-1 clustering in wild-type, syd-2 and unc-10 mutant worms. 

(F) Quantification of the average distance travelled by SNB-1 from axonal hillocks (data taken 

from images as shown in (E)) (N=20). Likewise, (G) represents the images of ALM neurons 

digitally straightened and stacked reflecting RAB-3 clustering in wild-type, syd-2 and unc-10 

mutant worms. (H) Shows quantification of average distance from (G) (N=20). Analyzed total 

moving events: SNB-1(wt)= 510, Rab-3 RNAi= 360, syd-2(ok217)= 439, unc-10(md1117)= 518, 

RAB-3(wt)= 513, snb-1 RNAi=306, syd-2(ok217)= 508, unc-10(md1117)= 509. P-values: *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 (Student's t-test). Error bar: ± SEM. Scale bar: 10 µm.  

Figure 6: Interaction between RAB-3/UNC-104 and SNB-1/UNC-104 in the presence or 

absence of the motor’s PH domain. (A) Shows RAB-3 colocalization with full length UNC-104. 

(B) Shows RAB-3 colocalization with UNC-104 with a deleted PH domain. (C) Colocalization of 

UNC-104 and RAB-3 in syd-2 and unc-10 mutant background. (D) Quantification of UNC-

104/RAB-3 colocalization from images shown in (A, B and C). (E) Shows SNB-1 colocalization 

with full length UNC-104 in wild type and unc-10 mutant and in UNC-104 with a deleted PH 

domain. (F) Quantification of UNC-104/SNB-1 colocalization from images shown in panel (E). 

(G-H) Colocalization of UNC-104ΔPH/RAB-3 and UNC-104ΔPH/SNB-1 in dorsal and ventral 
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cord neurons. P-values: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (Student's t-test). Error 

bar: ± SEM. N=20. Scale bar: 10 µm. 

Figure 7: Model depicting the role of UNC-10/RAB-3 on stabilizing the interaction of UNC-

104 and SYD-2 affecting synaptic vesicle transport. (A) The interaction between UNC-104’s 

PH domain and the lipid-containing vesicle membrane. (B) Loss of UNC-10 and RAB-3 results in 

loss of SYD-2 and UNC-104 interaction in turn leading to measurable reduction in UNC-104’s 

motility. Interestingly, the absence of UNC-10 and SYD-2 also affects the binding of UNC-104 to 

RAB-3 containing vesicles. The importance of SYD-2 and UNC-10 lies in its scaffolding function 

where they regulate motor organization and cargo binding. (C) Presence of a hypothetical linker 

that may act as an important stabilizer, especially considering the notion that the cargo is multiple 

size of the motor and pushing itself through the crowded axoplasm. 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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SUPPLEMENTARY MATERIAL 

SUPPLEMENTARY FIGURE LEGENDS 

Suppl. Figure S1: (A) Diagrammatic representation of the domain structures of UNC-104, UNC-

10, SYD-2 and RAB-3 respectively. Mutant alleles are marked in red. (B) Schematic diagram of 

a neuron with blue double sided arrows indicating the distances travelled from the axonal hillock 

to farther distal regions. (C) RAB-3 and SNB-1 BiFC signals in the somas of amphid neurons that 

also colocalizes with UNC-104. Scale bar: 10 µm. 

Suppl. Figure S2: (A) The line scan displays two colored peaks each representing UNC-104 and 

RAB-3. Overlapping regions of these peaks further show sites of UNC-104 and RAB-3 

colocalization. (B) The line scan displays two colored peaks each representing UNC-104 with a 

deleted PH domain and RAB-3. (C-D) This line scan represents the colocalization between 

UNC-104 with a deleted PH domain and RAB-3 in the absence of SYD-2 and UNC-10 

respectively.  

Suppl. Figure S3: (A) The line scan displays two colored peaks each representing UNC-104 and 

SNB-1. Overlapping regions of these peaks further show sites of UNC-104 and SNB-1 

colocalization. (B) The line scan displays two colored peaks each representing UNC-104 with a 

deleted PH domain and SNB-1. (C) This line scan represents the colocalization between UNC-

104 and SNB-1 in the absence of UNC-10.  
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SUPPLEMENTARY FIGURES 

SUPPLEMENTARY FIGURE S1 
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SUPPLEMENTARY FIGURE S2 
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SUPPLEMENTARY FIGURE S3 

 

SUPPLEMENTARY TABLE LEGENDS 

Supplementary Table S1: Accompanying table with details to Figure 3B.  

Supplementary Table S2: Accompanying table with details to Figure 3D+E. 

Supplementary Table S3: Accompanying table with details to Figure 4A+B. 

Supplementary Table S4: Accompanying table with details to Figure 4C+D. 

Supplementary Table S5: Accompanying table with details to Figure 5A-D. 

Supplementary Table S6: Accompanying table with details to Figure 5F+H. 
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SUPPLEMENTARY TABLES 

Suppl. Table S1 

 

Suppl. Table S2 
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Suppl. Table S3 

 

Suppl. Table S4 
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Suppl. Table S5 

 

Suppl. Table S6 
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