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Figure 3.8 
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odr-8(ky31) mutants. Identification of these substrates may shed further light into the 

means by which UFM1 controls ODR-10 transport. ODR-10 itself and ODR-4 are prime 

candidates for UFM-1 conjugation, and are under investigation.  The only UFM1 target 

identified thus far, DDRGK1, could also be involved, but there is no existing mutant allele 

for this gene in C. elegans. 

 While mutants for the UFM1 E2 and E3 enzymes are not available, examination of 

a putative C. elegans E1 for UFM1, T03F1.1/Uba5(ok3364) mutants, showed neither an 

increase nor a decrease in ODR-10 transport to the cilia.  While this phenotype is 

surprising and the reason behind it remains unclear, it is likely that another E1, perhaps the 

closely related protein Uba4 (known as MOC-3/UBA-4 in C. elegans) may act redundantly 

with UBA-5. 
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Chapter 4 

Conclusion and Future Directions 

 

Summary 

As masters of cell compartmentalization, neurons are polarized into two primary 

domains that are morphologically and functionally distinct: a single long axon and one or 

more dendrites.  The distinct properties of these two compartments rely on the differences 

in their molecular composition.  Hence, understanding the mechanisms that target 

constituent proteins to specific domains is a fundamental question for neuronal cell biology 

and function. 

Here, I have described my thesis work aimed at understanding these mechanisms 

that regulate the transport of neuronal proteins to their respective subcellular destinations.  

I established an in vivo system to visualize axon-dendrite compartmentalization in C. 

elegans neurons by expressing two fluorescently-tagged presynaptic molecules in PVD 

mechanosensory neurons.  A visual screen for mutants identified unc-33/CRMP, a 

homolog of mammalian Collapsin Response Mediator Proteins (CRMPs), as a major 

regulator that establishes the restricted localization of axonal as well as dendritic 

molecules.  Furthermore, a candidate approach revealed that unc-44/ankyrin mutants share 

the phenotypes of unc-33/CRMP mutants.  The loss of axon and dendrite identities seem to 

result from misdirected transport: in mutants, the axonal kinesin UNC-104/KIF1A actively 

transports axonal proteins to both axons and dendrites, and the distinctive organization of 

axonal and dendritic microtubules is altered.  UNC-33 is axonally localized, and through 

the action of UNC-44 shows further enrichment in a proximal axonal region, reminiscent 
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of the axon initial segment – a spatial and physiological landmark with emerging roles in 

neuronal polarity.   

Next, in order to further characterize dendritic protein transport, and potentially 

identify the motor protein responsible for GPCR transport to sensory cilia, I focused on 

understanding the role of odr-8.  odr-8 mutants were identified in C. elegans screens for 

olfactory mutants or defective GPCR localization.  Mutants are defective at localizing 

chemoreceptors such as ODR-10, the diacetyl receptor, to the chemosensory cilia in 

neurons.  Using Illumina/Solexa whole genome sequencing, I identified odr-8 as a gene 

encoding the C. elegans homolog of UfSP2.  Mammalian UfSP2 acts as a cysteine-

protease specific for UFM1, a ubiquitin-like molecule, whose function remains to be 

identified.  odr-8 mutants exhibit ER retention of ODR-10::GFP.  In contrast, ufm-1 

mutants show enhanced levels of ODR-10 at the cilia and cell body surface.  Double 

mutants show suppression of the odr-8 phenotype, rescuing ODR-10 ciliary enrichment.  

odr-8 functions cell autonomously to regulate ODR-10 transport.  GFP::ODR-8, diffusely 

distributed throughout the cytosol and the nucleus, shows peri-nuclear enrichment 

suggesting ER association.  This suggests that ODR-8 may act at the ER in opposition to 

UFM-1 function to regulate ODR-10 transport from the ER to the cilia.   

 

Future Directions 

 

Screen: Additional regulators of axon-dendrite compartmentalization 

 Considering the possibility that mutants with defects in neuronal polarity may also 

have defects in other polarized cell types, we reasoned that these animals might be 
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extremely sick or even lethal, making it likely that one would fail to isolate these in a non-

clonal pool of F2s.  Hence, I performed an EMS-based F1 clonal screen examining ~40 F2 

progeny from each cloned F1 for the localization of mCherry::RAB-3 and SAD-1::GFP in 

PVD as well as FLP neurons.  This screen that led to the identification of unc-33(ky880) 

was a particularly small screen, examining ~4000 animals representing ~200 mutagenized 

genomes.  This work established RAB-3 and SAD-1 distribution in PVD neurons as a 

suitable system to examine axon-dendrite compartmentalization.  Clearly, further 

pursuance of this screen is likely to yield additional important regulators of axon-dendrite 

polarization.   

 

i.) Extracellular cues:  Given the documented roles of unc-6/netrin, slt-1/Slit and WNTs in 

regulating neuronal polarity(Ou and Shen, 2011), it would be interesting to see if they act 

in regulating PVD axon-dendrite polarization.  Since PVD polarity is aligned along the 

dorsal-ventral axis, unc-6 and slt-1 are prime candidates for orienting PVD axon-dendrite 

development.  

 While extracellular information has been shown to spatially organize axon-dendrite 

development and regulate protein transport in C. elegans neurons, its requirement for axon 

or dendrite growth per se requires further examination.  Future experiments can help 

identify cues that are required for PVD axon growth, and thereby assess if the same set of 

cues or distinct cues function together to co-ordinate morphological polarization and 

molecular composition of axons versus dendrites. 
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ii.) Regulation of UNC-33/CRMP function 

 The work presented in Chapter 2 suggests that UNC-44/ankyrin localizes UNC-

33/CRMP to axons, where they may function together to organize axonal microtubules so 

as to differentially recruit axonal kinesins.  Given the observation that the N-terminus of 

UNC-33L is required for its polarized localization, it is possible that UNC-44 or its 

unidentified downstream effector recruits UNC-33L by interacting with its N-terminus.  A 

yeast-two-hybrid approach with this N-terminus or an UNC-33L pull-down experiment 

may test this hypothesis and identify the binding partner.  This would shed light on the 

mechanism by which UNC-33 localization and hence activity is regulated in C. elegans 

neurons.  In mammals, the significance of ankyrins in regulating CRMP localization 

remains to be tested. 

 Experiments using cultured hippocampal neurons have shown that GSK-3β is a 

major regulator of CRMP-2.  GSK-3β phosphorylates the C-terminus of CRMP-2 at Thr-

514 and Thr-518, once Cdk5 kinase primes the substrate at Ser-522(Yoshimura et al., 

2005).  These phosphorylation events result in a diminished affinity of CRMP-2 for 

microtubules, thereby regulating axon versus dendrite levels of CRMP-2 function 

(Yoshimura et al., 2005).  While the phosphorylation residues do not appear to be 

conserved in the C-terminus of UNC-33, alternative sites are likely given the consensus 

motif for GSK-3β (S/T-X-X-X-S/T).  Thus, it remains to be seen if GSK-3β is also an 

important regulator of polarized protein transport in C. elegans, acting through UNC-33. 
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iii.) Regulation of UNC-44/ankyrin function 

 A complete understanding of axon-dendrite compartmentalization would require 

connecting the relevant extracellular cues to UNC-44 as well as UNC-33 localization.  The 

mechanisms defining UNC-44 localization are unknown, mainly due to the complexity of 

the unc-44 locus that is characterized by a multitude of isoforms varying from 3 kb to ~25 

kb in length (Boontrakulpoontawee and Otsuka, 2002; Otsuka et al., 2002; Otsuka et al., 

1995).  However, recent advances in fosmid recombineering may allow the development of 

a translational GFP fusion reporter for UNC-44 that could be used for a forward genetic or 

a candidate screening approach.  Such reporters, in combination with α-UNC-44 

immunofluorescence experiments, can be used to test whether UNC-44 and UNC-33 are 

interdependent for their localization.  

As is true for C. elegans UNC-44, we know next to nothing about how ankyrinG is 

targeted to the AIS in mammalian neurons, and what determines the position of the AIS.  

Recent evidence indicates that the regulation of IκBα, an inhibitor of the transcription 

factor NFκB, may play a role in AIS formation and ankyrinG clustering . IκBα is enriched 

in the proximal axonal region along with ankyrinG, and inhibiting the phosphorylation of 

IκBα prevents AIS formation and ankyrinG clustering.  It remains to be seen whether this 

is a permissive function or an instructive role in spatially defining ankyrinG location. 

 

Understanding the effect of UNC-33 and UNC-44 on microtubules 

 A central observation in the work presented in Chapter 2 is that UNC-44 and UNC-

33 are necessary for the proper organization of axonal and dendritic microtubules that are 

known to have distinct properties.  Axonally localized UNC-33 and UNC-44 seem to 
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stabilize and organize axonal microtubules that may allow the differential recruitment of 

kinesins towards axons while preventing dendritic kinesin-cargo complexes.  While it has 

been shown that UNC-33 and mammalian CRMP proteins can promote microtubule 

assembly in vitro(Fukata et al., 2002), the mechanism of UNC-33 action on microtubule 

regulation needs further analysis.  1.) It will be important to ask whether UNC-33 

promotes microtubule polymerization by bundling microtubules or by inhibiting 

catastrophe or by actively promoting addition of tubulin heterodimers.  Consistent with the 

last of the three scenarios, mammalian CRMP proteins can bind tubulin heterodimers in 

addition to their microtubule binding property.  Assessing UNC-33 distribution on 

microtubules will provide additional information that may inform our understanding of its 

function.  2.) An interesting possibility to consider is whether microtubules polymerized in 

presence of UNC-33 differ from those polymerized without UNC-33.  If so, such 

differences may reveal the fundamental cytoskeletal differences between axonal and 

dendritic microtubules that may regulate polarized transport.  Given that axonal 

microtubules are more stable than dendritic microtubules in mammalian neurons(Witte et 

al., 2008), one could ask whether the microtubules formed with the aid of UNC-33 are 

more resistant to cold-induced or nocodazole-induced deplymerization, compared to 

microtubules formed without UNC-33.  3.) Ultimately, it will be important to connect any 

UNC-33 induced microtubule feature to regulation of kinesin-binding or kinesin-motility.  

Considering that this may or may not be direct, it represents an important but challenging 

question that will need addressing.  

The significance of UNC-44 in organizing neuronal microtubules may either be 

purely due to its effect on UNC-33 distribution, or UNC-44 may have additional roles in 
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regulating microtubule organization, perhaps directly.  Indeed, mammalian ankyrins in the 

brain and erythrocytes can interact with microtubules(Bennett and Davis, 1981, 1982; 

Davis and Bennett, 1984), the significance of which remains to be identified.  Drosophila 

giant ankyrin, Ank2-L, is also able to bind microtubules, and promotes microtubule 

stabilization through its extended C-terminal domain(Pielage et al., 2008).  Similar C-

terminal extensions also exist in mammalian ankyrinG and ankyrinB as well as C. elegans 

UNC-44, and their significance in binding and stabilizing microtubules will require further 

investigation.  

 

Regulation of ODR-10 transport: Identification of UFM-1 substrates 

 The studies on ODR-10 transport regulation by odr-8, presented in Chapter 3, show 

that while odr-8 is required for ER exit of ODR-10, UFM-1 may act to limit ODR-10 

transport from the ER to chemosensory cilia.  While the genetic argument in this analysis 

may be convincing, much work needs to be done, such as the verification of preliminary 

results concerning UFM-1 immunoreactivity, and continued characterization of ODR-10 

and ODR-8 subcellular localization.  In addition, one of the most interesting questions is 

the one raised by the ufm-1(gk379);odr-8(ky173) double mutant analysis.  The suppression 

of the odr-8 phenotype by ufm-1(gk379) suggests that UFM1 conjugation is required for 

ODR-10 ER retention in odr-8 mutans.  Therefore, one important direction for future 

experiments would be the identification of UFM1-modified substrates in neurons, and 

testing if these could result in ER retention of ODR-10.  The significance of ODR-4 for 

ODR-10 transport combined with its subcellular localization, makes ODR-4 a prime 

candidate whose modification by UFM1 may be functionally relevant.  Alternatively, 
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ODR-10 itself may be under direct control of UFM1 modification.  Thus, a candidate-

based approach combined with an unbiased LC-MS/MS analysis of UFM1-pull down 

samples is likely to yield the identity of the relevant UFM1-substrate that may control 

transport of chemoreceptors such as ODR-10. 

 

Significance of odr-8 and ufm-1: A potential Quantity Control and a Quality Control 

mechanism? 

 The results presented in Chapter 3 support, but not prove, the roles of ODR-8 and 

UFM-1 in a quantity control mechanism, where a balance of the two activities regulates the 

level of ODR-10 enrichment at the cilia.  While odr-8 is required for ER exit of ODR-10, it 

would be useful to ask whether overexpression of ODR-8 can increase ODR-10 cilia 

localization.  Similarly, ufm-1(gk379) single mutants clearly show that ufm-1 negatively 

regulates ODR-10 transport from the ER to the cilia.  However, a converse experiment of 

assessing the effect of UFM-1 overexpression on ODR-10 transport may prove 

informative.  Such an experiment may provide further support to the proposed role of 

UFM-1 in regulating ODR-10 surface levels.  Taking these experiments one step further, 

overexpression of UFM1 combined with ODR-8 overexpression can examine the 

importance of relativel levels as opposed to absolute levels in the regulation of ODR-10 

transport. 

ER retention is often associated with misfolded proteins or partly assembled 

complexes(Dong et al., 2007).  The system, regulating protein folding and transport from 

the ER, is referred to as the Quality Control mechanism(Ellgaard and Helenius, 2003).  

The efficient function of the Quality Control system ensures only mature, functional 
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proteins exit the ER for transport to their respective destinations, whereas the misfolded 

proteins get eventually targeted for proteasomal destruction via the ER-associated 

degradation (ERAD) pathway.  The experimental analyses of odr-8 and ufm-1 mutants are 

also consistent with a Quality Control function of the UFM1-modification system; this 

intriguing role, however, is purely speculative and may warrant further investigation.  It 

would be interesting to see if UFM1-conjugation of ODR-10/ODR-4/another substrate 

serves as a mark to label immature ODR-10 protein, causing it to be retained in the ER.  

On the other hand, proper conformational assembly, sensed directly or indirectly by ODR-

8/UfSP2, might result in UFM1-removal, allowing ER exit.  Examination of the 

conformational stability and functional capability of ODR-10 or other chemoreceptors in 

odr-8 and ufm-1 mutants could be used to test this model.  While direct examination of this 

model remains to be done, it is interesting that UFM1, its E3 ligase UFL1, and their lone 

substrate DDRGK1 show marked upregulation in response to elevated ER stress, induced 

by chemical ER stressors  or in genetic models of ischemic heart disease and diabetes 

mellitus 2 (Azfer et al., 2006). 

 

Concluding Remarks 

 The studies presented here show the value of using C. elegans genetics along with 

single-cell resolution analysis of its well-defined nervous system to identify molecules that 

are in vivo regulators of polarized protein transport in neurons.  In addition, examination of 

genetic interactions and subcellular reporter distribution can provide further insight into the 

mechanism by which such molecules control protein targeting.  As in the case of UNC-33, 

UNC-44 as well as for ODR-8, the combination of such studies in C. elegans neurons, with 
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biochemical as well as genetic experiments in additional systems will likely yield a 

complete picture regarding the mechanisms of asymmetric protein transport in neurons.   
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Materials and Methods 

 

Strains and Transgenes 

Wild type nematodes were C. elegans variety Bristol, strain N2.  Strains were cultured 

using standard techniques (Brenner, 1974) at 21-23 C. Some strains were provided by the 

Caenorhabditis Genetics Center.  The following mutants were used: unc-33(e204, e1193, 

ky869, ky880, mn407) IV; unc-34(e315) V; unc-104(e1265) II; unc-44(e362, ky110) IV, 

odr-8(ky26, ky28, ky31, ky41, ky173) IV; odr-4(n2144) III; unc-101(m1) I; Zk652.3/ufm-

1(gk379) III; T03F1.1/Uba5(ok3364) I.  

Germline transformation was carried out as described (Mello and Fire, 1995) using odr-

1::DsRed (25 ng/µl) or unc-122::DsRed (20 ng/µl) as co-injection markers. 

Standard molecular biology techniques were used to generate expression plasmids and 

cDNAs used for transgenes.   

 

Isolation and characterization of unc-33(ky880) and unc-33(ky869) 

A strain expressing RAB-3::mCherry and SAD-1::GFP in PVDs (kyIs445) was 

mutagenized using ethylmethane sulfonate (EMS) according to standard procedures 

(Anderson, 1995).  F1s were cloned onto individual plates, and 40-60 F2 progeny from 

each F1 parent were screened under a compound fluorescence microscope.  Mutants were 

chosen on the basis of dendritic mislocalization of RAB-3::mCherry and SAD-1::GFP, as 

detected by a Plan-Neofluar 40x objective on a Zeiss Axioplan2 microscope, resulting in 

the isolation of ky880. 



	
   147	
  

Similarly, a strain expressing RAB-3::mCherry and UNC-2::GFP in AWCs 

(kyIs442) was mutagenized using EMS.  Through an analogous F1 clonal screen, ky869 

was isolated by Y. Saheki as a mutant that showed reduced axonal localization of RAB-

3::mCherry and UNC-2::GFP in AWC neurons.  Further characterization uncovered a 

significant increase in dendritic localization of both markers in AWCs. 

 

Mapping and rescue of ky880 and ky869 

ky880 and ky869 were mapped to the middle of LGIV using single nucleotide 

polymorphisms in the CB4856 strain (Wicks et al., 2001) and sequenced to identify unc-33 

mutations.  Both mutants failed to complement unc-33(e1193) and unc-33(mn407) null 

alleles for Unc and Egl behavior and for localization of RAB-3::mCherry and SAD-1::GFP 

in PVD and FLP neurons, but complemented the hypomorphic allele unc-33(e204) for all 

phenotypes.  This intragenic complementation suggests that unc-33 has two interdependent 

functions, and is consistent with the reported oligomerization of UNC-33/CRMP proteins 

(Tsuboi et al., 2005; Wang and Strittmatter, 1997).  A plasmid driving the expression of an 

UNC-33L cDNA under the regulation of the pan-neuronal tag-168 promoter rescued 

uncoordinated movement, egg-laying behavior, and RAB-3::mCherry and SAD-1::GFP 

localization in PVD neurons in unc-33(ky880) and unc-33(mn407) mutants.   

 

Cloning of odr-8 

Mixed stage CX2386 odr-8(ky31) animals were collected and genomic DNA was isolated 

through proteinase K digestion, followed by phenol-chloroform extraction and ethanol 

precipitation.  Thereafter, purified genomic DNA was submitted to the Rockefeller 
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Genomics Resource Center for Illumina-Solexa whole genome sequencing.  Scott Dewell 

and colleagues at the Genomics Resource Center prepared the library from the genomic 

DNA sample, obtained ~35 bp sequence reads, and aligned it against the worm wild type 

(N2 strain) reference genome to identify putative SNPs.  Patrick McGrath performed 

further alignment against sequence reads obtained for previously sequenced lab strains so 

as to eliminate putative SNPs common to lab strains that may have been used for EMS 

mutagenesis or outcrossing of odr-8(ky31).   

As mentioned in the results section of Chapter 3, the abovementioned sequence 

alignment led to the identification of putative SNPs that may be responsible for the odr-8 

phenotype.  Three of these that resided within the lin-45 and deb-1 interval were 

experimentally tested and excluded based on lack of rescue upon injection of 

corresponding fosmids (5 ng/ul) and PCR amplified gene products (25 ng/ul).  

Subsequently, the candidate G->A SNP affecting the gene F38A5.1 was considered that 

was predicted to result in a nonsense mutation (W419Stop), disrupting the putative 

protease just before its catalytic cysteine residue (C421).  1.) Sanger sequencing of three 

independent PCR products amplifying the putatively affected F38A5.1 region in odr-

8(ky31) animals confirmed the G->A SNP corresponding to W419.  2.) PCR amplification 

of F38A5.1 exons and splice junctions from the four additional odr-8 alleles identified 

mutations in F38A5.1 that were either nonsense changes or a missense change affecting a 

conserved histidine.  3.) F38A5.1 genomic region was PCR amplified with its exons, 

introns, 3’ UTR, and either 1.6 kb or 2.6 kb upstream region.  These two PCR products 

were injected at ~25 ng/ul (along with Coel:: DsRED co-injection marker at ~20 ng/ul) 

into odr-8(ky31); kyIs53 animals, where kyIs53 is the reporter driving ODR-10::GFP in 
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AWA neurons.  L4s or young adults from multiple lines were scored for both sets of 

injections.  For both PCR products injected, animals with the transgene exhibited wild type 

patterns of ODR-10::GFP localization, compared to animals without the transgene that 

showed cell body retention of ODR-10::GFP in AWA neurons.  Based on these three lines 

of evidence, it was concluded that F38A5.1 corresponds to odr-8.  

 

Analysis of ODR-10::GFP localization in ufm-1(gk379) animals  

ufm-1(gk379) homozygous animals are either arrested or dead at an early stage in L1.  

Hence, using a balancer, they are maintained as heterozygotes ufm-1(gk379)/hT2.  For the 

analysis of ODR-10::GFP expressed in ufm-1 single mutants or ufm-1; odr-8 double 

mutants, 20-30 ufm-1 heterozygous adults were allowed to lay eggs for 2 hours or 4 hours.  

After about 11-13 hours, most embryos had hatched at room temperature.  These progeny 

were allowed to grow for 1-2 days before the balancer-positive non-arrested progeny was 

removed from the plate.  No balancer-negative animal escaped the L1 arrest.  These ufm-1 

homozygous progeny, with or without the odr-8(ky173) mutation were examined for ODR-

10::GFP about 3-4 days post-hatching.  The reason for doing so was to bypass a potential 

maternal contribution of UFM-1.  In case of wild type and odr-8(ky173) single mutant 

animals, the hatch-off technique was used to obtained synchronized L1s.  Animals were 

examined at roughly 3 hour intervals.  Fluorescence quantification data for these genotypes 

corresponds to 5-7 hour-old L1s.   
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Fluorescence microscopy and quantification 

Animals were mounted on 2% agarose pads in 10 mM sodium azide. For unc-33 

experiments, L4 larvae or young adult animals were used for analysis of fluorescently 

tagged markers in PVD, whereas L1 stage and L4 stage larvae were examined for the 

analysis of ODR-10::GFP in AWB neurons (kyIs156 transgene).  Wild type animals 

generally showed >15 bright RAB-3::mCherry and SAD-1::GFP puncta in PVD axons, no 

dendritic puncta, and faint or nonexistent fluorescence in the primary dendrites, with 

modest variations depending on expression level of the transgene. Animals were scored as 

having reduced axonal labeling if there were fewer than 12 bright puncta in PVD axons, 

and were scored as having ectopic dendritic labeling if bright RAB-3::mCherry or SAD-

1::GFP puncta were present in PVD secondary dendrite branches. Several independent 

transgenic lines were examined for each transgene in each genetic background. 

 For odr-8 experiments, animals were mounted on 2% agarose pads in 400uM 

tetramisole or 10 mM sodium azide.  L4 and adult animals were analyzed for ODR-

10::GFP distribution in AWA neurons, whereas L1 staged as well as L4/adults were 

examined for ODR-10::GFP localization in AWB neurons. 

 Z-stacks of fluorescent images were acquired on a Zeiss Axioplan2 imaging system 

or on a Zeiss LSM510 META laser scanning confocal imaging system.  Wide-field and 

confocal z-stacks were processed using Metamorph or ImageJ (NIH) to obtain maximum 

intensity projections. 

 For the quantification of fluorescence intensities of RAB-3::mCherry and SAD-

1::GFP in PVD axons and dendrites, fluorescent z-stacks were acquired under consistent 
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detector settings using a Hamamatsu Photonics C2400 CCD camera and Metamorph 

software, under a 40x Plan-Neofluar on the Zeiss Axioplan2 imaging system. ImageJ was 

used to measure fluorescence intensities.  We obtained maximum projections of axonal 

focal planes and dendritic focal planes for one PVD in each animal.  Background intensity 

was subtracted and fluorescent clusters with signals above an arbitrary threshold were 

scored for total fluorescent intensity.  Identical thresholds were used for the quantification 

of each image.  10-17 worms per genotype were scored. 

 Using the same process, ODR-10::GFP fluorescence quantification was performed 

on the soma and cilia of AWB neurons in wild type, odr-8(ky173), ufm-1(gk379) and ufm-

1;odr-8  animals.  Using ImageJ (NIH), background fluorescence was estimated and 

subtracted for each of the subcellular regions, and the outlines of cell body and cilia were 

traced to obtain information about the fluorescence profile.  

 For the quantification of UNC-33::GFP in PVD axonal domains, fluorescent z-

stacks were obtained as above, using the 63x Plan-Apochromat objective on the Zeiss 

Axioplan2 system, and fluorescence measurements were performed using Metamorph. Z-

stack planes with ‘axonal proximal domain’ and ‘axonal initial domain’ in focus were 

selected for maximum intensitiy projections.  Background fluorescence was substracted for 

each image, and a line tool was used to measure the fluorescence along the axonal 

domains.  This average fluorescence for each axonal segment was used to calculate the 

‘axon initial’/‘axon proximal’ ratio for Figure 2.3e. 
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Heat-shock experiments 

For unc-33 experiments, animals were synchronized by allowing bleached eggs to hatch 

overnight in M9 buffer (22 mM KH2PO4, 22 mM Na2HPO4, 85 mM NaCl, 1 mM MgSO4) 

without food; the resulting larvae, synchronized at the L1 larval stage, were then fed and 

allowed to develop at 21-23°C.  Animals were provided a 2 hour pulse of heat-shock at 

33°C at varying time points, then recovered at 21-23°C.  For each heat-shock time point, a 

corresponding group of animals was examined using DIC on the Zeiss Axioplan2 

microscope to confirm the developmental stage at which animals were being heat-shocked.  

Adult animals were scored for the localization of RAB-3::mCherry and SAD-1::GFP in 

PVDs.  

 ODR-10::GFP localization defect in odr-8(ky31) animals was rescued by providing 

a 2 hour pulse of 33°C heat-shock to L4s or young adults.  Animals were allowed to 

recover at 21-23°C for 8 hours, before examining them for enrichment of ODR-10::GFP in 

AWA cilia. 

 

 

Immunofluorescence 

Antibodies used as well as their corresponding dilutions are as follows: DM1A anti-α-

tubulin (mouse monoclonal, Sigma) 1:400, GT335  anti-glutamylated tubulin (mouse 

monoclonal, a gift from C. Janke and B. Edde, CNRS) 1:500, 6-11B-1 anti-acetylated-α-

tubulin (mouse monoclonal, Sigma) 1:500, AB3201 anti-detyrosinated-α-tubulin (rabbit 

polyclonal, Millipore) 1:200, TUB-1A2 anti-tyrosinated- α-tubulin (mouse monoclonal, 
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Sigma) 1:200, 24H11 anti-UNC104 (mouse monoclonal, S. Koushika, unpub.) 1:250.  

Rabbit polyclonal antisera (Q3201 and Q3203) against an UNC-33L – specific fragment of 

UNC-33 (amino acid 29 to amino acid 128 of UNC-33L sequence) were generated using 

genomic antibody technology by Strategic Diagnostics, DE, and used at 1:250 dilution for 

immunostaining.  Antisera from both rabbits yielded similar UNC-33L localization results.  

The secondary antibodies, Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa 

Fluor 488-conjugated goat anti-rabbit IgG, (Invitrogen) were used at 1:400 or 1:500 

dilutions.  

Whole mount immunostaining was performed according to the peroxide tube 

fixation protocol (Duerr JS, Wormbook 2006), except that animals were fixed in 2% 

paraformaldehyde as described previously (Ruvkun and Giusto, 1989).  Briefly, nematodes 

were rocked in the fixation solution for 20 min at room temperature prior to freezing, and 

overnight at 4°C post freezing.  Fixed animals were permeabilized in TTB buffer (100 mM 

Tris pH 7.4, 1% Triton X-100, 1 mM EDTA buffer) containing 1% β-mercaptoethanol for 

2 hrs at 37 C, washed with BO3 buffer (10 mM H3BO3 pH 9.4, 0.1 % Triton X-100), 

reduced by 15 min incubation with 10 mM dithiothreitol in BO3 buffer at 37°C, washed 

with BO3 buffer, and sulfhydryl groups were oxidized by gentle agitation treatment with 

BO3 buffer containing 1% H2O2 for 1 hour at 25°C.  Samples were washed and incubated 

for 15-30 min with ABB buffer (PBS containing 0.5 % Triton X-100, 1 mM EDTA, 0.05% 

sodium azide and 0.1% BSA), and stored at 4°C in ABA buffer (PBS containing 0.5 % 

Triton X-100, 1 mM EDTA, 0.05% sodium azide and 1% BSA) until further use.  Animals 

were gently rocked and incubated overnight at 4°C in primary antibody solutions in ABA 

buffer, washed with ABB buffer; rocked in secondary antibody solutions in ABA buffer 
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for 2 hours at room temperature, and washed with ABB buffer.  The resulting animals were 

mounted on 2% agarose pads containing 50 mM Tris (pH 8.5) and 5 mM MgCl2 for 

visualization under the microscope.  

	
  

Sub-cellular Fractionation and Western Blotting using anti-human UFM1 

Preparation of worm extracts and sub-cellular fractionation was performed according to 

Burbea et al. (Burbea et al., 2002) with some modifications.  Briefly, mixed stage worms 

were collected and extracts were prepared using a Barocycler in Buffer A (50 mM Hepes 

pH 7.7, 50 mM Potassium Acetate, 2 mM Magnesium Acetate, 1 mM EDTA, 250 m M 

sucrose) containing  protease inhibitors (leupeptin, chymostatin, elastatinal, pepstatin A, 

PMSF).  Cytosolic and membrane fractions were isolated by spinning at 55,000 rpm in a 

Ti70 rotor (Beckman).  The supernatant from this spin was the cytosolic fraction, used 

directly for western blotting.  The membrane fraction pellets were resuspended in Buffer 

A, supplemented with  7mM β-mercaptoethanol.  These were solubilized with (50 mM 

TRIS-HCl (pH 8.5), 1% SDS, 2 mM DTT) and diluted with 5 volumes of 50 mM Hepes 

(pH 7.7) buffer containing BSA to be used for western blotting or immunoprecipitation 

experiments.  Standard techniques were used for SDS-PAGE electrophoresis, transfer to 

nitrocellulose membranes and incubationg with primary and seconday antibodies.  The 

primary antibodies used were anti-human UFM1 (rabbit polyclonal, Boston Biochem, 

1:200) and DM1A anti-α-tubulin (mouse monoclonal, Sigma, 1:10000).  
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