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Abstract

The neuron-enriched, endosomal protein Calcyon (Caly) regulates endocytosis and vesicle sorting, 

and is important for synaptic plasticity and brain development. In the current investigation of Caly 

interacting proteins in brain, the microtubule retrograde motor subunit, cytoplasmic dynein 1 

heavy chain (DYNC1H), and microtubule structural proteins, α and β tubulin, were identified as 

Caly associated proteins by MALDI-ToF/ToF. Direct interaction of the Caly-C terminus with 

dynein and tubulin was further confirmed in in vitro studies. In Cos-7 cells, mCherry-Caly moved 

along the microtubule network in organelles largely labeled by the late endosome marker Rab7. 

Expression of the dynein inhibitor CC1, produced striking alterations in Caly distribution, 

consistent with retrograde motors playing a prominent role in Caly localization and movement. In 

axons of cultured adult rat sensory neurons, Caly-positive organelles co-localized with dynein 

intermediate chain (DYNC1I1-isoform IC-1B) and the dynein regulator, lissencephaly 1 (LIS1), 

both of which co-precipitated from brain with the Caly C-terminus. Manipulation of dynein 

function in axons altered the motile properties of Caly indicating that Caly vesicles utilize the 

retrograde motor. Altogether, the current evidence for association with dynein motors raises the 

possibility that the endocytic and cargo sorting functions of Caly in neurons could be regulated by 

interaction with the microtubule transport system.
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Introduction

The mammalian specific gene product Calcyon (Caly) belongs to the NEEP21/Caly/P19 

family which is important for the endosomal sorting of proteins that regulate brain 

development and function (Hirling, 2009; Lasiecka and Winckler, 2011; Muthusamy et al., 

2014, 2009; Yap and Winckler, 2012). Cargos sorted by NEEP21 and Caly range from 

GPCRs to ligand gated ion channels, and also include proteins such as neuregulin 1 and 

amyloid precursor protein which are prominent candidate genes in schizophrenia and 

Alzheimer’s Disease (Muthusamy et al., 2014; Norstrom et al., 2010; Yin et al., 2014). 

Manipulations that increase or eliminate NEEP21 or Caly expression result in ectopic cargo 

localization, as well as impaired synaptic plasticity and cognitive behavior (Alberi et al., 

2005; Davidson et al., 2009; Debaigt et al., 2004; Vazdarjanova et al., 2011; Yap et al., 

2008). When expression of NEEP21 is knocked down, GPCRs that are typically sorted to 

degradative pathways undergo recycling instead (Debaigt et al., 2004). When Caly is 

upregulated, AMPA receptor subunits that are normally recycled to synapses, are instead 

degraded (Vazdarjanova et al., 2011). In contrast, levels of pre-synaptic cargoes like the zinc 

transporter 3 are reduced in axon terminals of Caly knockout mice (Muthusamy et al., 2012). 

As NEEP21 and Caly are implicated in pathological mechanisms for diseases including 

schizophrenia and Alzheimer’s disease, it is important to obtain more detailed information 

about how they function in brain.

Several lines of evidence suggest that NEEP21 and Caly perform distinct endocytic and 

recycling functions via direct interactions with the vesicle trafficking and synaptic 

scaffolding machinery (Muthusamy et al., 2014). Caly interacts with μ subunits of 

heterotetrameric adaptor protein complexes AP-1, AP-2 and AP-3, as well as clathrin light 

chain (CLC) and post-synaptic protein of 95 kDa (PSD95) (Ha et al., 2012; Muthusamy et 

al., 2012; Xiao et al., 2006). Patch clamp peptide perfusion studies indicate that interaction 

with AP-2 and CLC is central to the mechanism by which Caly regulates AMPA-receptor 

internalization and long-term synaptic depression (LTD) (Davidson et al., 2009). In contrast, 

synaptic protein fractionation studies indicate that interaction with AP-3 likely underlies the 

role of Caly in sorting cargo proteins to axon terminals.

A goal of the present study was to obtain a framework for understanding these diverse 

endosomal trafficking functions by identifying other proteins that associate with Caly in 

brain. To that end, we conducted a proteomic investigation of brain proteins that co-purify 

with GST fusion protein linked to the Caly C-terminus. Among the proteins showing 

greatest enrichment in GST pull-down experiments were the heavy chain of cytoplasmic 

dynein 1 (DYNC1H) and α/β tubulin. Tubulin is the basic structural unit for microtubule 

cytoskeleton, whereas DYNC1H is the catalytic, force-generating subunit of the cytoplasmic 

dynein motor complex. Cytoplasmic dynein is the primary motor for moving cellular 

components, including membrane bound organelles, retrogradely towards the cell body 

(Maday et al., 2014). Both interactions appear to be direct as the Caly C-terminus bound 

selectively to intermediate chain (IC) subunits of the dynein motor complex, as well as to 

fractions of tubulin isolated from brain. Motility studies in Cos-7 cells revealed Caly positive 

organelles moved in a dynein-dependent fashion along microtubules mostly in Rab7 positive 

endosomes. In dorsal root ganglion (DRG) axons, Caly moved in DIC and Lis1 positive 
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organelles, at rates determined by DIC and Lis1 expression. Altogether, these data indicate 

that Caly and dynein exist in a complex in brain, and that in axons, Caly-positive organelle 

movement is dynein-dependent.

Materials and Methods

Preparation of brain homogenates for GST pull-down

Freshly dissected forebrains from wild-type (WT) c57bl/6 mice were homogenized in eight 

volumes of homogenization buffer (10mM HEPES, pH 7.4 containing 320 mM sucrose) 

containing protease inhibitors (Roche). Cytosolic fractions were prepared by 

ultracentrifugation and then pre-cleared with glutathione resin (Amersham Biosciences) 

added at a 1:10 ratio.

GST Pull-down

Pull-down experiments were performed as described previously (Muthusamy et al 2012). 

Briefly, equal amounts of glutathione-S-transferase (GST) and a fusion protein consisting of 

GST fused to residues 104 to 217 of human Caly (NCBI accession no. NP_056537) (GST-

Caly-C) were bound to glutathione resin and blocked. Pre-cleared cytosolic fractions were 

added to resins and nutated overnight at 4°C. Proteins bound to glutathione resin were eluted 

and resolved by 1-dimensional SDS-PAGE. Gels were fixed and immersed overnight in 

SYPRO ruby stain. After de-staining, bands were visualized with 260 nm light. 

Alternatively, brain proteins pulled-down from brain were resolved on gradient gels were 

transferred to polyvinylidene fluoride (PVDF) membranes, and probed with anti-DIC 

(sc-13524, Santa Cruz), anti-Lis1 (in-house rabbit polyclonal antibody) or anti-GST (sc-459, 

Santa Cruz) antibodies. Similarly, purified bovine brain tubulin (5 μg) (MP Biochemicals; 

catalog no. 771121) or purified dynein complex (0.2 μg) (generous gift of Steve King, 

University of Central Florida) were used to detect direct binding of GST-Caly. Eluted 

proteins were transferred to PVDF membrane and incubated with anti-β-tubulin (1:1000; 

DSHB, Iowa; catalog no. E7-a) or anti-DIC antibodies followed by HRP conjugated 

secondary antibodies (1:20,000) (Jackson ImmunoResearch). For overlay assays with S-

tagged hCaly (93-217)(Vazdarjanova et al., 2011), highly purified dynein complex was 

loaded on SDS-PAGE gels, and transferred to PVDF membrane, stained by SYPRO Ruby 

Protein Blot Stain reagent (S11791, ThermoFisher) to reveal dynein subunits, and then 

probed by 0.1mg/mL S-Caly. After washing in TBST, S-Caly binding was detected with 

1:2,000 S-protein HRP conjugate (69047, Novagen). Antibody binding was revealed by 

chemiluminescence (ECL, GE Amersham).

In-gel digestion and Protein Identification by MALDI-TOF/TOF MS

Gel slices were cut into pieces, dehydrated with acetonitrile (ACN), and digested in 

sequence-grade trypsin (15 μl of 12.5mg/ml) in the presence of ammonia bicarbonate (15 μl 

of 50 mM solution) for 12-14 hours at 37°C. Water soluble and hydrophobic peptides were 

combined following extraction of the latter using formic acid (FA, 5%) in 60% ACN, 

vacuum-dried. The dried peptide mix was reconstituted with 0.5%TFA in 50% ACN and 

deposited on the MALDI plate and dried prior to adding 0.5 ml of a 1:1 dilution of saturated 

α-cyano-4-hydroxycinnamic acid (CHCA) in 0.5%TFA in 50% ACN. Samples were 
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analyzed using an Applied Biosystems 4700 Proteomics Analyzer MALDI-TOF/TOF mass 

spectrometer, and proteins identified by combined MS+MS/MS data using the MASCOT 

(v2.0.00) search engine in GPS Explorer 3.6 (Applied Biosystems). A peptide m/z tolerance 

of 0.5 Da, a fragment ion m/z tolerance of 0.2 Da, fixed carbamidomethyl modification on 

the cysteine and variable methionine oxidation, and one possible missed cleavage for trypsin 

was used as search criteria. A confidence index (C.I.) above 95%, and a MS/MS score of 21 

or greater were used as the cutoffs for positive hits.

Live Cell Imaging and Motility Analysis in Cos-7 cells

Coverslips with transfected Cos-7 cells were placed in an Attofluor® Cell Chamber (Life 

Technologies), immersed in pre-warmed imaging media (Hanks’ balanced salt solution, 

supplemented with 20 mM HEPES, 1% serum, 4.5 g/l glucose), and imaged on a Zeiss 

LSM510 7Live confocal microscope using Plan-Apochromat 63x/1.4 oil objective. The 

time-lapse videos were collected at a rate of 0.5 to 2 Hz for 1 to 3 minutes. Caly positive 

spots were identified and tracked using the Fiji ImageJ plug-in Trackmate v. 3.5.1. Spots 

were detected with sub-pixel localization using the differences of Gaussian (DoG) 

segmenter, filtered, and linked using the Simple LAP Tracker function with the following 

cutoff values of distance (1.5 μm) for linking and distance (1.5 μm) and frame (2) for gap 

closing. Spot movement due to diffusion was eliminated by selecting tracks with total 

displacement greater than 2 μm. Runs were defined as spot mobility greater than 0.17 

μm/sec in any segment, and pauses as movement less than 0.170 μm/sec in any segment. 

Spots moving less than 5 μm in 5 min were designated ‘static.’ Time-lapse videos were 

collected at a rate of 2 Hz for 5 minutes for the nocodazole, and endosomal motility studies 

using GFP-Rab5 (Addgene) and GFP-Rab7 (Addgene). Supplementary videos were 

compiled at a rate of 20 frames per second. In other experiments, transfected Cos-7 cells 

were fixed in 4% paraformaldehyde, and stained with EEA1 (07-1820, Millipore), Rab7 

(#9367, Cell Signaling) and α-tubulin (T5168, Sigma) antibodies. Colocalization was 

determined using the ImageJ plugin Coloc2.

Adult rat DRG cultures

All animal work was carried out under protocols approved by the University of South 

Carolina Animal Care and Use Committee. Primary cultures of sensory neurons were 

prepared from lumbar dorsal root ganglia (DRG) of adult rats as described (Smith and 

Skene, 1997). Neurons were plated onto German glass coverslips (Fisher) coated with 

10μg/ml poly-D-lysine (Sigma) and 10μg/ml laminin (Millipore) and maintained at 37°C, 

5% CO2 in DMEM/F12 medium supplemented with 10% horse serum and 1X N1 additives.

Immunostaining of DRG neurons

For Lis1 staining, neurons were fixed in 4% paraformaldehyde 48 hours after plating, then 

permeabilized with 0.1% Triton X-100 for 5 min at room temperature and processed for 

immunofluorescence using an in-house rabbit polyclonal antibody (Pandey and Smith, 

2011). For DIC and Caly (EMD Biosciences) staining, neurons were fixed in 100% ice-cold 

methanol for 1 min at −20°C and processed for immunofluorescence. Nuclei were visualized 

with Hoechst, and coverslips mounted on glass slides using ProLong Gold Antifade reagent 

(Invitrogen). Neurons were viewed with an Axiovert 200 (Carl Zeiss Inc.) equipped with 
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Plan-Neo 100X/1.30, and Plan-Apo 63X/1.40objectives, and images acquired using a 

charge-coupled camera (AxioCam HRm, Carl Zeiss Inc.) linked to AxioVision software 

(version 4.7, Carl Zeiss Inc.).

Transfection of DRG neurons

Neurons were transfected immediately after dissection using the SCN Basic Nucleofector kit 

for primary neurons (Amaxa Biosystems VSPI #1003) (Pandey and Smith, 2011). 

Complementary hairpin sequences in the pSilencer vector (Ambion) were provided by LH 

Tsai (MIT) and have been well characterized (Hebbar et al., 2008; Shu et al., 2004). Lis1: 

GAGTTGTGCTGATGACAAG (1,062–1,080bp), DHC: GAAGGTCATGAGCCAAGAA 

(9,753–9,771bp). Scrambled sequences were generated from these sequences, and have been 

shown to have no effect on expression of the relevant proteins. The full length murine Lis1, 

rat DYNC1I1-isoform IC-1B used for overexpression studies have been previously described 

(Pandey and Smith, 2011). Neurons were plated immediately following transfection and 

used within 2-3 days of culture for transport studies.

Fluorescence time-lapse microscopy in DRG axons

Coverslips were transferred into fresh medium containing 25 mM Hepes, pH 7.4, and 10mM 

Oxyrase (Oxyrase, Inc), in an air-heated microscope stage warmed to 37°C. Time-lapse 

microscopy was performed using a Leica confocal microscope (SP8) with a 63X objective. 

The zoom setting was set to sample the X/Y plane at the Nyquist rate (512×64 pixels, zoom 

X1.0 = 488 nm/pixel). Axon segments that were clearly linked to a specific neuronal cell 

body were selected for analysis. Digital images were acquired every 0.3 seconds for 2 

minutes (400 frames).

Motility Analyses

Kymographs were generated from time-lapse movies using the Image J software (version 

1.43u, NIH, USA) and the KymoToolBox Image J plug-in (generous gift of Frédéric 

Saudou, Grenoble Institute of Neuroscience, University of Joseph Fourier, France) to 

differentiate motile and static organelles, and to analyze motility. Average speeds and run 

lengths were determined for all retrograde and anterograde “motile events” greater than 

5μm.

Statistical Analysis

Experimental results are presented as the average obtained in at least three independent 

replicates, involving analysis of 6-12 axon segments (100 μm in length) per replicate. 

Grouped data were compared by t-test or one-way ANOVA followed by Dunnett’s post-test 

using GraphPad Prism 5.

Results

Proteomic Study of Caly Interacting Proteins Isolated from Brain

We sought to identify Caly interacting proteins in brain by glutathione-S-transferase (GST) 

pull-down studies followed by mass spectrometry (MS). Homogenates of mouse forebrain 
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were incubated with GST fused to the presumptive cytoplasmic C terminal domain of human 

Caly (GST-Caly-C) which contains sequence motifs critical for binding to heterotetrameric 

adaptor μ subunits, CLC and PSD95. Alternatively, homogenates were incubated with 

unconjugated GST (GST only) to control for non-specific binding to the Caly fusion partner. 

The main criteria for picking bands were that bands should be prominent in the GST-Caly-C 

lane, and be either absent, or of much weaker in intensity in the GST lane. Eight bands 

showing evidence of ‘enrichment’ in the GST-Caly-C lanes were subjected to MALDI-TOF 

mass spectrometry (MS) (fig. 1A).

Peptide searches of the NCBI non-redundant database were conducted to identify the 

corresponding proteins. Candidates were further culled based on the strength of the 

confidence index (C.I.) score, as well as the agreement in the predicted size of the protein 

with the mobility of the band on SDS-PAGE. This winnowing process revealed that two of 

the bands with MASCOT C.I. scores over 98% corresponded to the microtubule retrograde 

motor, DYNC1H (arrow 1, fig. 1A) and the microtubule structural proteins, α and β tubulin 

(arrow 2, fig. 1A) (Table 1). Pull-down studies using purified brain tubulin and dynein 

complex also purified from brain indicated that the interactions are direct as both proteins 

co-precipitated with GST-Caly-C but not GST (fig. 1B,C). Overlay assays with purified Caly 

C-terminus revealed selective binding of IC when subunits of the purified dynein complex 

were separated by 1-D gel and transferred to PVDF (fig. 1D).

Caly binds to tubulin and dynein and moves along microtubules tracks

To verify association with microtubule proteins in vivo, we investigated Caly localization 

and movement by live imaging of Cos-7 cells transfected with green fluorescent protein 

(GFP)-tubulin and mCherry-tagged Caly (mCh-Caly). Caly-labeled organelles exhibited a 

high degree of overlap with the microtubule system, visualized as GFP-tubulin-labeled 

structures (fig. 2). The alignment of Caly puncta was most prominent in peri-nuclear regions 

encompassing the microtubule-organizing center (MTOC), but was also evident along other 

regions of the microtubule network (fig. 2A-F). These data are consistent with an interaction 

of Caly with α and β tubulin proteins in vivo.

Particle tracking of time-lapse images indicated that the trajectories made by Caly in Cos-7 

cells were mainly linear, but frequently included sections with vectors projecting in different 

directions. We classified the Caly tracks as ‘inward’ or ‘outward’ based on the overall 

direction of particle displacement relative to the MTOC, which was used as reference for 

minus ends. Trajectories parallel to the edges of the cell were called ‘lateral,’ and tracks with 

similar numbers of outward and inward segments were classified as ‘bi-directional.’ 

Covering an average of 20.87 ± 3.49 μm, the bi-directional tracks were significantly longer 

than outward (11.29 ± 2.08 μm), inward (9.10 ± 1.58 μm) and lateral (8.31 ± 1.17 μm) tracks 

(p<0.05) (fig. 2G). While bidirectional tracks as long as 37 μm were detected, track length 

could be underestimated as the time series were acquired in one Z-plane, so tracks were 

considered terminated once particles moved out of focus. Regardless of trajectory, Caly 

tracks aligned well with GFP-labeled tubulin. In addition, movement of multiple particles 

along a single route was not common suggesting that Caly trajectories are to some extent 

stochastic.
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Segmentation analysis of tracks longer than 2 μm indicated that Caly particles moved in 

bursts interrupted by pauses, which could reflect cargo unloading/loading, Caly or motor 

detachment from microtubules, or track switching. Pauses were characterized by particle 

speeds less than 0.170 μm/sec, whereas segments with higher speeds were called ‘runs.’ 

Particle velocity averaged 0.53 μm/sec for the 1169 ‘run’ segments analyzed, and did not 

differ between track types (fig. 2G). Speeds greater than 2.0 μm/sec were occasionally 

observed for some segments (fig. 2G). Altogether, these data strongly support the hypothesis 

that Caly moves along microtubules in vivo, at speeds reported for mammalian microtubule 

motor proteins (Shah and Cleveland, 2002).

Cytoplasmic dynein motors are important for Caly minus end directed motility in COS-7 
cells

In previous sections, we established that Caly interacts with tubulin, and we characterized 

the movement of Caly particles along microtubules in vivo. Based on the enrichment of 

DYNC1H in the GST-Caly-C pull-down (fig. 1), movement of Caly particles along inward-

directed tracks, and their accumulation near the MTOC (fig. 2), we next investigated 

whether this minus-end directed motor is involved in powering movement of Caly. If the 

distribution of Caly were dynein dependent, inhibitors of dynein function would be expected 

to result in an accumulation of Caly particles at the cell periphery. To investigate this 

hypothesis, we took advantage of a well-established modifier of dynein function, the N-

terminal coil-coil CC1 peptide of the dynactin p150 subunit, which disrupts dynein function 

(Burkhardt et al., 1997). GFP-CC1 expression dramatically altered Caly distribution relative 

to that detected with GFP-tubulin (fig. 3A). When GFP-CC1 was co-expressed, Caly was 

mainly detected near evaginations of the plasma membrane, and the fraction near the MTOC 

was greatly reduced suggesting that Caly localization is dynein dependent. Consistent with 

this idea, treatment with the microtubule depolymerizing agent nocodazole dramatically 

reduced the motility of Caly indicating that to a large extent, Caly positive vesicles move 

along microtubule tracks. (fig. 3B; Supplemental video 1,2). Specifically, treatment with 

nocodazole produced a significant increase in the percentage of static Caly particles 

(94.7± 2.68%) relative to untreated controls (39.88±7.25%) (p<0.01, n=5 per group).

To distinguish whether Caly-positive organelles correspond to endosomes, we compared 

mCh-Caly localization to that of the early endosome (EE) markers, EEA1 and Rab5, and to 

the late endosome (LE) marker, Rab7. Caly co-localized with both EEs and LEs based 

double labeling with EEA1 and Rab7 antibodies (fig. 3C). Pearson correlation coefficients 

for Caly colocalization with EEA1 or Rab7 markedly differed (rEEA1=0.29±0.034, 

rRab7=0.52±0.029; p<0.001, n=9 per group) indicating greater overlap with the LE marker. 

To visualize Caly motility in endosomes, we imaged Cos-7 cells co-transfected with GFP 

tagged versions of Rab5 and Rab7. Some Caly positive organelles were also positive for 

GFP-Rab 5 (Supplemental video 3), although these double-labeled vesicles comprised a 

minority of either Rab5 or Caly positive organelles. In contrast, the distribution of mCh-Caly 

and GFP-Rab7 extensively overlapped, with respect to both the static and the dynamic pools 

of these endosomes (Supplemental video 4). The striking co-localization with GFP-Rab7 is 

consistent with prominent localization of Caly in LEs.
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Caly co-localizes with Dynein Intermediate Chain (DIC) and Lis1 in axons

The above proteomic and functional validation studies in Cos-7 cells suggest that Caly 

localization depends on dynein motor functionality, so we wanted to investigate whether 

dynein is a determinant of Caly’s localization and/or movement in neurons. We reasoned 

that a functional interaction between Caly and dynein could occur during retrograde axonal 

transport, as ultrastructural analyses of brain indicated that Caly is present at pre- as well as 

post-synaptic terminals (Negyessy et al., 2008; Xiao et al., 2006). Retrograde transport is 

readily studied in cultured adult rat sensory neurons due to the polarized orientation of 

microtubules in the axon-like processes extended by these cells. We first asked whether 

endogenous Caly particles are present and whether they co-localize with cytoplasmic 

dynein. In this regard, we observed that Caly immunoreactivity in axons resembled the 

mCh-Caly particles seen in Cos-7 cells, and that many Caly particles were immunoreactive 

for DIC and for the dynein regulator, Lis1 (fig. 4A,C). Transiently expressed GFP-IC-1B or 

GFP-Lis1 also co-localized with mCh-Caly in axons (fig. 4B,D), and tracked with moving 

mCh-Caly particles (fig. 4E) suggesting that these tagged versions behaved similarly to 

endogenous proteins. These data are consistent with the functional association of Caly and 

dynein motors in axons. The ability of GST-Caly but not GST to pull down of DIC and Lis1 

from homogenates of mouse brain further substantiates this idea, and suggests that Caly 

could be part of a larger dynein motor complex (fig. 4F).

Dynein drives motility of a population of Caly vesicles in axons

We next investigated the dynein dependence of Caly movement in axons. Previously, we 

showed that organelle motility in DRG axons was greatly diminished when DYNC1H or 

Lis1 expression was reduced using RNAi, and stimulated by Lis1 overexpression (Pandey 

and Smith, 2011). Here we report that manipulation of DYNC1H and Lis1 levels also impact 

the movement of mCh-Caly particles in axons. Kymographs from 2-minute time-lapse 

movies of organelles moving in 100 μm axon segments were used to analyze motility (fig. 

5A). Reduced expression of either DYNC1H or Lis1 significantly lowered both the 

percentage and number of Caly organelles moving retrogradely in individual axons 

(p<0.001) (fig. 5B, C). This was accompanied by an increase in Caly organelles that 

remained static for the entire recording interval. Interestingly, DYNC1H RNAi also reduced 

anterograde movements of Caly organelles.

In addition to whole trajectory analyses, kymographs were also used to analyze “motile 

events”, because individual organelles can pause or change speed or direction during the 2-

minute interval. Changes in the speed of motile events for the same organelle could be due 

to changes in motor cooperation or antagonism, or could reflect other spatial or molecular 

environmental factors. Change in direction is likely related to a switching between kinesin 

and dynein “dominance”. In any case, measuring movements that occur between pauses or 

between speed and/or direction changes can provide a more detailed view of individual 

motor runs. Using this analysis of mCh-Caly motility in axons, overexpression of Lis1 and 

dynein IC-1B were found to increase both the average speed and run length of retrograde 

motile events (fig. 6A-C). Lis1 overexpression also increased anterograde speed, and both 

Lis1 and IC-1B overexpression increased anterograde run length (fig. 6D). Taken together, 

these data indicate that Caly vesicles utilize dynein motors for axonal transport.
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Discussion

The vertebrate specific NEEP21/Caly/P19 gene family is highly enriched in the central 

nervous system, and important for endosomal sorting of cargo proteins that regulate brain 

development and synaptic function, and also play a role in neurodegenerative, cognitive and 

behavioral disorders (Muthusamy et al., 2014). Although some cargos have been identified, 

the overall role of the NEEP21/Caly/P19 gene family in neurons remains poorly understood. 

As a strategy for gaining greater insight into the function of these proteins in brain, we 

conducted MS analysis of brain proteins associated with Caly C-terminus. Previous studies 

describing the interactions of this gene family have largely identified established endosomal 

sorting proteins and synaptic scaffolding proteins (Muthusamy et al., 2012; Steiner et al., 

2005; Xiao et al., 2006). In contrast, the protein interaction and functional studies reported 

here demonstrate that motor and structural components of the microtubule transport system, 

namely cytoplasmic dynein and α/β tubulin, are also among the proteins associated with at 

least one family member.

Direct interaction of both cytoplasmic dynein IC and tubulin with Caly was confirmed using 

highly purified proteins from brain. While dynein is the major retrograde motor, it is also 

involved in bi-directional transport of a number of organelles including EE and LEs, in 

which NEEP21/Caly/P19 proteins localize. The prominent localization of Caly in Rab7 

positive endosomes reported here is consistent with interaction of Caly with dynein motors 

and microtubules since LEs undergo dynein-dependent retrograde transport, and Rab7 is a 

dynein adaptor (Bananis et al., 2004; Johansson et al., 2007).

In some cases, Caly vesicles moved bi-directionally in DRG axons and Cos-7 cells. 

Bidirectional movement is consistent with localization in vesicles that have dynein as well as 

the anterograde motor kinesin attached (Maday et al., 2014; Schuster et al., 2011). Caly was 

previously reported to undergo bi-directional movement in dendrites of hippocampal 

neurons but the involvement of motors has not been investigated (Kruusmägi et al., 2007). 

One model of bidirectional transport proposes that kinesin and dynein motors remain stably 

and simultaneously bound, and that the direction of organelle motility at any given moment 

is determined by relative levels of attached motor protein activity (Hendricks et al., 2010). 

Motor activity is regulated by a variety of mechanisms including phosphorylation, 

association with small GTPases, and binding of cargo adaptor proteins (Maday et al., 2014). 

The present observations indicate that Caly motility is dynein dependent, but whether Caly 

could also influence the activity of motors associated with bi-directionally moving 

organelles remains to be tested.

Caly motility in axons was strongly influenced by the levels of the dynein regulator Lis1, 

with RNAi reducing retrograde speed and run length, and over-expression increasing both 

indices of retrograde movement. While not identified in the initial MS proteomic analysis of 

Caly-C pull downs, immunoblotting suggests that Lis1 is also associated with Caly in brain. 

Lis1 has been shown to maintain dynein motor processivity in axons which could explain 

the increased run length of Caly puncta detected in Lis1-EGFP axons (Moughamian et al., 

2013; Pandey and Smith, 2011; Smith et al., 2000). Lis1 also functions at plus-ends in 

recruiting dynein, and initiating dynein-mediated retrograde movement (Moughamian et al., 
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2013), which is consistent with the increase in percent of retrograde moving Caly puncta 

observed in our studies. At minus ends, Lis1 facilitates the loading of dynein onto kinesin-

positive organelles for transport to plus ends (Taya et al., 2007; Yamada et al., 2008). Thus, 

Lis1-related alterations in Caly anterograde movement could reflect an indirect ‘hitchhiking’ 

effect by virtue of the ability of Caly to bind directly to IC (Salogiannis and Reck-Peterson, 

2016).

We undertook an unbiased proteomic approach to identify interacting proteins from brain. 

However, a limitation of our strategy is that we picked only ‘enriched’ bands for MS 

analysis. In this respect, interacting proteins would likely not be identified in our pull-down 

assay if they were less strongly associated under the conditions used. Indeed, other work has 

shown that buffer composition can impact the range of microtubule-associated proteins 

recovered in proteomic studies (Kozielski et al., 2010). Nevertheless, the localization, 

trajectory, and motility data presented here strongly argue that the interactions detected in 

our pull-down experiments are functional, which validates the biological relevance of the 

findings obtained in these studies.

Caly is the only member of the tripartite gene family that is found in axons, and here we 

report that Caly motility in axons is dynein-dependent. Phylogenetic studies suggest that the 

gene emerged late in evolution, as Caly orthologs are found only in mammals, whereas those 

of NEEP21 and P19 are present in bony fish (Muthusamy et al., 2009). Since axons of 

mammalian motor neurons can exceed a meter in length, the current findings raise the 

possibility that the interaction with microtubule system could represent an adaptation geared 

toward optimizing the functionality of the endocytic and cargo sorting machinery in the 

mammalian CNS. While our studies confirm that dynein regulates Caly motility in axons, it 

is important to note that dynein is also present in dendrites, and that DYNC1H is one of the 

most abundant proteins found in preparations of excitatory post-synaptic terminals (Cheng et 

al., 2006). Ultrastructural studies indicate that Caly is also expressed in dendrites and 

present in dendritic spines which are sites of excitatory input (Negyessy et al., 2008; Xiao et 

al., 2006). Therefore the functional interaction cytoplasmic dynein defined here in axons 

could also be relevant for understanding the post-synaptic functions of Caly, including its 

role in regulating synaptic plasticity via effects on AMPA receptor internalization (Davidson 

et al., 2009).

Dynein is best known in neuroscience for its role in neuronal migration and axonal transport. 

Mutations in the dynein motor complex in humans have been associated with 

neurodevelopmental abnormalities such as lissencephaly, and motor neuron diseases 

including amyotrophic lateral sclerosis (Hirokawa et al., 2010; Willemsen et al., 2012). 

However, recent work suggests that dynein could also play a role in neuropsychiatric 

disorders as two leading candidate genes, disrupted in schizophrenia-1 (DISC1) (Jaaro-Peled 

et al., 2009; Kamiya et al., 2005; Kvajo et al., 2011; Morris et al., 2003) and dystrobrevin-

binding protein 1 (dysbindin-1) (Talbot et al., 2006), both encode proteins that are associated 

with microtubules. DISC1 interacts with dynein regulatory proteins Lis1 (Bradshaw et al., 

2011), whereas dysbindin-1 is a subunit of the BLOC-1 complex that interacts with snapin 

which binds dynein IC (Di Pietro et al., 2006; Ghiani et al., 2010; Larimore et al., 2011; 

Taneichi-Kuroda et al., 2009). If dynein function is altered in neuropsychiatric disorders, the 
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present findings showing that Caly directly interacts with dynein IC could be linked to the 

increased levels of Caly mRNA and protein detected schizophrenia (Bai et al., 2004; 

Baracskay et al., 2006; Clinton et al., 2005; Koh et al., 2003).

In summary, our findings suggest that endosome adaptor Caly is present in a multi-protein 

complex in brain that includes motor, structural and regulatory components of the 

microtubule transport system. Given the intimate association and impact of dynein motor 

function on Caly distribution and movement, it is possible that this retrograde motor could 

exert a major influence on Caly’s endocytic and vesicle sorting functions in axons and 

dendrites, as well as at synapses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association of brain microtubule proteins with Caly
A. SYPRO Ruby stained 1-D SDS gel of proteins eluted from resin-bound GST (left lane) or 

GST-Caly-C (middle lane) following incubation with homogenates of mouse forebrain (right 

lane). Numbered arrows point to two bands picked for trypsin digestion and subjected to 

MALDI-TOF MS that corresponded to microtubule related proteins. Asterisks show the 

position of the GST and GST-Caly-C bands in the GST and GST-Caly-C pull-down lanes, 

respectively. β tubulin (B) or DIC (C) antibody probing of immunoblots of proteins eluted 

from GST or GST-Caly following incubation with highly purified α/β tubulin or dynein 

complex, respectively. D. SYPRO Ruby stained PVDF membrane showing the subunits of 

purified dynein complex, including heavy chain (HC), intermediate chain (IC), and light 

intermediate chains (LICs). Purified S-protein tagged Caly-93-217 was incubated overnight 

with the membrane, and binding visualized with S-HRP. A single band corresponding to IC 

was detected by ECL.
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Figure 2. Localization and movement of Caly along the microtubule network
mCh-Caly (A,D) and GFP-tubulin (B,E) co-transfected Cos-7 cell. Region in solid boxed 

area in A is enlarged in panels D-F. (C,F) Arrowheads show Caly puncta arrayed along GFP-

labeled microtubules in the merged images. Arrows point to concentration of mCh-Caly near 

the MTOC. Scale bar in A =10 μm. (G) Analyses of overall track or segment displacement, 

speed, and direction.
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Figure 3. Dynein impacts Caly subcellular distribution and movement
A. Distribution of mCh-Caly in Cos-7 cells co-transfected with either tubulin, or the CC1 

peptide of the dynactin p150 subunit, both expressed as GFP fusion proteins. B. Microtubule 

and Caly distribution in GFP-tubulin and mCh-Caly co-transfected cells before application 

of 10μM nocodazole (Pre-Noco) or after 80 min treatment (Post-Noco). Based on GFP-

tubulin distribution, nocodazole disrupted microtubule structure, and also resulted in a 

cessation of Caly motility (Supplemental video 1,2). C. In fixed cells, Caly colocalized with 

early endosome (EEA1) and later endosome (Rab7), where α-tubulin stains tubulin 

polymers. Cells were also co-transfected with mCh-Caly and GFP-Rab5 or GFP-Rab7 to 

assess Caly motility in EEs and LEs, respectively (Supplemental video 3,4). Scale Bars =10 

μm.
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Figure 4. Complexes containing Caly and dynein are present in axons
Endogenous DIC (A) and Lis1 (C) co-localized with endogenous Caly puncta in axons 

extended by adult rat sensory neurons in culture (arrows). GFP-DIC (B) and GFP-Lis1 (D) 

co-localized with mCh-Caly puncta in DRG axons. Scale Bars=5 μm. (E) Time-lapse data 

from two-minute recordings of 30 μm axon segments were used to generate the kymographs 

of particles moving in DRG axons. GFP-DIC and GFP-Lis1 were observed moving with 

mCh-Caly in the same particle. F. Dynein and Lis1 were pulled down by GST-Caly from 

brain extracts. Equal amounts of GST and GST-Caly-C were incubated with brain extracts, 

eluted proteins were probed with anti-DIC, anti-Lis1 and anti-GST antibodies. Only GST-

Caly showed the capacity to bind dynein and Lis1.
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Figure 5. Dynein motors contribute to the motility of mCh-Caly organelles in DRG axons
(A) Representative kymographs of mCh-Caly organelles moving in axons of neurons 

expressing scrambled RNA (control), DHC RNAi, or Lis1 RNAi. (B, C) The percent (B) and 

numbers (C) of 4 classes of organelle movements were determined for 6-12 axons in three 

different experiments. Retrograde: towards the cell body; Anterograde: away from the cell 

body; Both: organelles switched directions one or more times; Static: organelles did not 

move during the recording interval. Total organelles examined: 346 (scr), 237 (DHC RNAi) 

and 256 (Lis1 RNAi). Significance determined by one-way ANOVA using Tukey’s multiple 

comparisons post test; (B, C) *** p<0.0001; ** p= 0.0051.
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Figure 6. Lis1 and Dynein overexpression increases the motility of mCh-Caly organelles in DRG 
axons
(A) Kymographs of mCh-Caly organelles in axons overexpressing Lis1 and DIC. (B, C) 

Overexpression of Lis1 but not DIC increased the percentage of organelles classified as 

retrograde (numbers above bars is the number of axons analyzed for each condition). (D, E) 

Overexpression of Lis1 or DIC increased the speeds and run lengths of retrograde motile 

events. Lis1 increased the speed of anterograde motile events, and both Lis1 and DIC 

increased run lengths of anterograde motile events. (B) * p<0.017; (D,E) *** p<0.0001; ** 

p=0.0007.
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