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 37 
ABSTRACT 38 

Impairment of axonal transport is an early pathological event that precedes neurotoxicity in 39 

Alzheimer’s disease (AD). Soluble amyloid-β oligomers (AβOs), a causative agent of AD, 40 

activate intracellular signaling cascades that trigger phosphorylation of many target proteins, 41 

including tau, resulting in microtubule destabilization and transport impairment. Here, we 42 

investigated how KIF1A, a kinesin-3 family motor protein required for the transport of 43 

neurotrophic factors, is impaired in mouse hippocampal neurons treated with AβOs. By live cell 44 

imaging, we observed that AβOs inhibit transport of KIF1A-GFP similarly in wildtype and tau 45 

knockout neurons, indicating that tau is not required for this effect. Pharmacological inhibition 46 

of glycogen synthase kinase 3β (GSK3β), a kinase overactivated in AD, prevented the 47 

transport defects. By mass spectrometry on KIF1A immunoprecipitated from transgenic AD 48 

mouse brain, we detected phosphorylation at Ser 402, which conforms to a highly conserved 49 

GSK3β consensus site, and confirmed that this site is phosphorylated by GSK3β in vitro. 50 

Finally, we tested whether a phosphomimic of S402 could modulate KIF1A motility in control 51 

and A O-treated mouse neurons and in a Golgi dispersion assay devoid of endogenous 52 

KIF1A. In both systems, transport driven by mutant motors was similar to that of wildtype 53 

motors. In conclusion, GSK3 impairs KIF1A transport but does not regulate motor motility at 54 

S402. Further studies are required to determine the specific phosphorylation sites on KIF1A 55 

that regulate its cargo binding and/or motility in physiological and disease states.  56 

 57 
 58 
  59 
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SIGNIFICANCE STATEMENT 60 

 61 
Axonal transport of proteins and organelles is required for neuronal function and survival and is 62 

impaired in Alzheimer’s disease (AD). Pathogenic mechanisms that directly impact motor 63 

protein motility prior to neuronal toxicity have not been widely investigated. Here, we show that 64 

KIF1A, the primary kinesin motor required for transport of neurotrophic factors, is impaired in 65 

mouse neurons treated with amyloid-β oligomers, a causative agent of AD. Inhibition of 66 

GSK3β, a kinase overactivated in AD, prevents these defects. We detected phosphorylation of 67 

S402, a highly conserved GSK3β consensus site, in KIF1A immunoprecipitated from AD 68 

mouse brain. However, a phosphomimic of S402 did not modulate KIF1A motility in cell-based 69 

assays. Thus, GSK3  impairs KIF1A transport but likely not through phosphorylation at S402. 70 
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INTRODUCTION 71 

Neurons rely on microtubule-based, fast axonal transport of proteins and organelles for 72 

development, communication, and survival. Transport is driven by kinesin and cytoplasmic 73 

dynein motor proteins that carry cargoes anterogradely towards the synapse or retrogradely 74 

towards the cell body, respectively. Impaired motor-cargo binding and/or disrupted motor-75 

microtubule interactions are common to several neurodegenerative diseases (Brady and 76 

Morfini, 2017). Importantly, they arise prior to neurite dystrophy, synapse loss, and cell death. 77 

In experimental models of Alzheimer’s disease (AD) axonal transport of neuropeptide vesicles 78 

and mitochondria are perturbed by soluble amyloid-beta oligomers (AβOs; (Decker et al., 79 

2010; Gan and Silverman, 2015; Seifert et al., 2016; Zhang et al., 2018), which accumulate in 80 

AD brain prior to detectable formation of Aβ plaques and neurofibrillary tangles (Ferreira et al., 81 

2015). AβOs activate intracellular signaling cascades that lead to phosphorylation and aberrant 82 

activation of many target proteins, including the microtubule-associated protein tau (Cline et 83 

al., 2018). Although much research has focused on tau hyperphosphorylation and on 84 

subsequent microtubule destabilization and cytoskeletal collapse that halts transport in 85 

advanced stages of AD, it fails to account for earlier, subtler and potentially reversible 86 

mechanisms that modulate transport independent of tau. Thus, we focused our investigation 87 

on AβO-activated kinases that might directly impair motor protein activity.  88 

AD-associated kinases phosphorylate kinesin-I (KIF5) and thereby impair motility and cargo 89 

binding (Gibbs et al., 2015; Brady and Morfini, 2017); however, it is unknown whether they 90 

regulate the kinesin-3 motor, KIF1A. KIF1A associates with several different membranous 91 

organelles such as dense core vesicles (DCVs), which contain critical signaling molecules 92 

including brain derived neurotrophic factor (BDNF; (Yonekawa et al., 1998; Lo et al., 2011; 93 

Kondo et al., 2012; Hung and Coleman, 2016). Despite the importance of BDNF in neuronal 94 

physiology and its reduced availability in AD and other neurodegenerative diseases (Mariga et 95 

al., 2017), mechanisms that regulate its transport by KIF1A are unclear. Previously, Decker et 96 

al., 2010 demonstrated that AβOs impair axonal BDNF transport in primary hippocampal 97 

neurons. Contrary to a current model (Bloom, 2014), these transport defects are induced 98 

independent of tau, microtubule destabilization, and acute cell death (Ramser et al., 2013). 99 

Furthermore, in these studies, BDNF transport impairment was prevented by inhibiting 100 
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glycogen synthase kinase 3β (GSK3β), a kinase that is implicated in many aspects of AD 101 

pathogenesis (Maqbool et al., 2016), and regulates kinesin-1 interactions with cargo and 102 

microtubules (Morfini et al., 2002; Weaver et al., 2013). Whether AβO-induced dysregulation of 103 

GSK3β signaling directly affects KIF1A motility has not been investigated.  104 

Here, we show by live cell imaging that AβOs impair KIF1A motility in wildtype and tau 105 

knockout hippocampal neurons, indicating that tau is not required for KIF1A transport 106 

disruption. Pharmacological inhibition of GSK3β prevents these defects, and GSK3β 107 

coimmunoprecipitates with KIF1A, indicating that this kinase may regulate motility. By mass 108 

spectrometry on KIF1A isolated from AD mouse brain, we identified several phosphopeptides 109 

targeted by kinases associated with AD, including GSK3β. We discovered that S402, located 110 

proximal to the neck-coil domain, conforms to a highly conserved GSK3β consensus site and 111 

hypothesized that it might regulate KIF1A processivity. Thus, we tested whether a 112 

phosphomimic of S402 could modulate KIF1A motility in mouse neurons and in a Golgi 113 

dispersion assay devoid of endogenous KIF1A (Engelke et al., 2016; Budaitis et al., 2019). In 114 

both systems, we did not observe any alterations in the motility of KIF1A. Further studies will 115 

be required to determine if other phosphorylation sites on KIF1A regulate its motility or binding 116 

to dense core vesicles in physiological and AD states. 117 

 118 

MATERIALS AND METHODS 119 

 120 
Hippocampal cell culture and expression of transgenes 121 

Primary hippocampal neurons from E16 wildtype and tau knockout mice of either sex (Jackson 122 

Laboratory) were cultured as described by Kaech and Banker (Kaech and Banker, 2006) and 123 

kept in PNGM primary neuron growth media (Lonza). The glial feeder layer was derived from 124 

murine neural stem cells as described by Miranda et al. (Miranda et al., 2012). At 10–12 days 125 

in vitro, cells were cotransfected using Lipofectamine 2000 (Invitrogen) with plasmids encoding 126 

soluble blue fluorescent protein (pmUβA-eBFP) and mouse KIF1A-GFP (GW1-KIF1A-eGFP; 127 

(Lee et al., 2003). Cells expressed constructs for 36 h before live imaging of KIF1A transport. 128 

All experiments with animals were approved by and followed the guidelines set out by the 129 

University Animal Care Committee, Protocol 1261B-05. 130 
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 131 

AβO and GSK3β inhibitor VIII treatments 132 

Soluble, full-length Aβ 1-42 peptides (American Peptide) were prepared exactly according to 133 

the method of Lambert et al., 2007 (Lambert et al., 2007) and applied to cells at a final 134 

concentration of 500 nM for 18 h. Cells were incubated with 5 μM GSK3β Inhibitor VIII 135 

(Calbiochem) or equivalent volumes of vehicle (EtOH) 30 min prior to AβO or vehicle 136 

treatment. 137 

 138 

Live imaging and analysis of KIF1A transport 139 

KIF1A-GFP transport was analyzed using a standard wide-field fluorescence microscope 140 

equipped with a cooled charge-coupled device camera and controlled by MetaMorph 141 

(Molecular Devices) as described previously (Kwinter and Silverman, 2009; Gan and 142 

Silverman, 2016). All imaging—typically 100 frames—was recorded by the “stream acquisition 143 

module” in MetaMorph. Briefly, cells were sealed in a heated imaging chamber, and recordings 144 

were acquired from double transfectants at an exposure time of 250 ms for 90 s. This captured 145 

dozens of transport events per cell in 100-μm segments of the axon. Dendrites and axons 146 

were initially identified based on morphology and confirmed retrospectively by immunostaining 147 

against MAP2, a dendritic cytoskeletal protein. Soluble BFP detection was necessary to 148 

determine the orientation of the cell body relative to the axon and thus to distinguish between 149 

anterograde and retrograde transport events. Motor protein flux, velocity, and run lengths were 150 

obtained through tracing kymographs in MetaMorph. Flux is the summation of distances 151 

traveled by all moving KIF1A puncta standardized by the length of axon imaged and duration 152 

of each movie (in micron-minutes): where are the individual KIF1A run lengths, is the 153 

length of axon imaged and  is the duration of the imaging session. A KIF1A punctum was 154 

defined as undergoing a directed run if it traveled a distance of ≥2 μm. This distance was 155 

determined as a safe estimate of the limit of diffusion based on the assumption that root-mean-156 

squared displacement equals , where D is the diffusion coefficient (D=0.01  for the 157 

KIF1A cargo of dense core vesicles) and  is the duration of the imaging period (t=50 s) 158 

(Abney et al., 1999; Gan and Silverman, 2016). A run was defined as terminating if the vesicle 159 
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remained in the same position for at least four consecutive frames. Percentage flux represents 160 

the flux in treated neurons normalized to controls (100%). Statistical analyses were performed 161 

using Microsoft Excel or GraphPad Prism. Data are presented as mean +/- SEM. Significant 162 

differences between treatments were analyzed by t-tests with equal or unequal variance at a 163 

95% confidence interval. For live imaging experiments, a minimum of 15 cells from 3 164 

independent cultures (n=3) were analyzed. 165 

 166 
KIF1A immunoprecipitation and GSK3β immunoblotting 167 

Primary hippocampal neurons from E16 wildtype C57Bl/6 mice (Jackson Laboratory) were 168 

lysed in ice-cold RIPA buffer (50 mM Tris; pH 7.5, 5mM EDTA, 150 mM NaCl, 1% Triton X-169 

100) containing cOmplete protease inhibitor cocktail (Roche), Halt phosphatase inhibitor 170 

cocktail (ThermoFisher), 1 mM PMSF, and 1 mM orthovandate. 500 μg of lysate was mixed 171 

overnight at 4o C with 12 μg of KIF1A antibody (BD Transduction Laboratories; catalog 172 

#612094). Samples were then combined with 50 μl of Protein A/G-agarose (Santa Cruz 173 

Biotechnology; catalog #sc-2003) beads and mixed at 4o C for 3 hr. Samples were gently 174 

pelleted and rinsed three times with RIPA buffer. The immunoprecipitated proteins (5-10 μg) 175 

were resolved on 10% SDS-polyacrylamide gels and transferred to PVDF membranes. 176 

Membranes were probed with anti-KIF1A (1:1000, BD Transduction Laboratories; catalog 177 

#612094) and anti-GSK3β (1:000, Cell Signaling Technology; catalog #27C10) overnight at 4° 178 

C. Immunoreactive bands were visualized using enhanced chemiluminescent substrate 179 

(ThermoFisher Scientific) for detection of peroxidase activity from HRP-conjugated antibodies. 180 

 181 

To detect total KIF1A phosphorylation, C57Bl/6 adult mouse hippocampi (6) were 182 

homogenized and lysed in ice-cold RIPA buffer containing cOmplete protease inhibitor cocktail 183 

(Roche), Halt phosphatase inhibitor cocktail (ThermoFisher), 1 mM PMSF, and 1 mM 184 

orthovandate. 500 μg of lysate was mixed overnight at 4o C with 12 μg of KIF1A antibody (BD 185 

Transduction Laboratories; catalog #612094). Samples were then combined with 50 μl of 186 

Protein A/G-agarose (Santa Cruz Biotechnology; catalog #sc-2003) beads and mixed at 4o C 187 

for 3 hr. Samples were gently pelleted and rinsed three times with RIPA buffer. The 188 

immunoprecipitated proteins (5-10 μg) were resolved on 10% SDS-polyacrylamide gels and 189 

transferred to PVDF membranes. Membranes were probed with an anti-phosphoserine 190 



 

 8 

monoclonal antibody 7F12 (1:2000, Invitrogen) and an anti-phosphothreonine monoclonal 191 

antibody PT-5H5 (1:2000, Invitrogen) overnight at 4° C. Immunoreactive bands were visualized 192 

using enhanced chemiluminescent substrate (SuperSignal West Pico PLUS Chemiluminescent 193 

Substrate, ThermoFisher Scientific) for detection of peroxidase activity from HRP-conjugated 194 

secondary antibodies.  195 

 196 
To determine the presence of KIF1A in COS7 cells, total protein isolated from cell lysates (15 197 

μg) were separated on a precast 4-15% gradient gel (Bio-Rad Laboratories) and subsequently 198 

transferred to a PVDF membrane. Membranes were blocked using a 3% BSA solution in TBS-199 

Tween and blotting was performed using primary antibodies in blocking solution against KIF1A 200 

(1:500; BD Transduction Laboratories) and the loading control, GAPDH (1:1000; Novus 201 

Biologicals; catalog #NB300-327). Immunoreactive bands were visualized using enhanced 202 

chemiluminescent substrate (SuperSignal West Pico PLUS Chemiluminescent Substrate: 203 

Thermo Fisher Scientific) for detection of peroxidase activity from HRP-conjugated secondary 204 

antibodies. Blotting was performed in triplicate using two different cell lysate samples. 205 

 206 

Tandem mass spectrometry and KIF1A phosphosite analysis  207 

KIF1A was immunoprecipitated from 14-month old Tg2576 AD (APPSwe) and age-matched 208 

wildtype control mouse brains that were provided by T. Tomiyama (Osaka City University, 209 

Japan). Cortices from three brains of each genotype were first homogenized in standard RIPA 210 

buffer with 1% NP-40 including cOmplete protease inhibitor cocktail (Roche), Halt phosphatase 211 

inhibitor cocktail (ThermoFisher), 1 mM PMSF, and 1 mM orthovandate in a Retsch Mixer Mill 212 

301. Lysates were cleared of insoluble material by centrifugation at 14,000 x g for 10 min at 40 213 

C and then incubated with 3.5 μg of anti-KIF1A (BD Transduction Laboratories; catalog 214 

#612094) for three hours at 40 C using constant rotation. Subsequently, 40 μL of Protein A/G 215 

PLUS – agarose beads (Santa Cruz Biotechnology; catalog #sc-2003) were added and 216 

incubated for another three hours at 4o C using constant rotation. Immune complexes were 217 

washed with 1X RIPA with 0.5 M NaCl and pelleted, followed by a second wash using 2X RIPA 218 

with 140 mM NaCl. 5 μg of each sample was heated to 95o C in 2X Laemmli buffer containing 219 

100 mM DTT and resolved on a 10% SDS-PAGE gel. Coomassie-stained protein bands were 220 

excised from the SDS-PAGE gel, digested with trypsin, and used for tandem mass 221 
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spectrometry with TiO2 enrichment for phosphopeptides (U. of Victoria Genome BC 222 

Proteomics Centre). Mass spectrometry was performed twice on each sample. KIF1A 223 

phosphorylation from Tg2576 and wildtype brain were compared using the algorithm 224 

PhosphoRS, which calculates the probability of each phosphorylation site within a peptide. 225 

GSK3β phosphosites were identified by comparison to existing sequences within the Phosida 226 

(phosida.com) and Phosphonet (kinexus.ca) databases. 227 

 228 

Details of mass spectrometry protocol 229 

In gel trypsin digestion. Gel slices were manually cut into 1mm cubes and Coomassie Blue 230 

gel cubes de-stained (50/45/5 v/v methanol/water/acetic acid). Gel cubes were washed with 231 

water and 200 mM Ammonium Bicarbonate prior to reduction (10 mM dithiothreitol, Sigma) 30 232 

minutes at room temperature and alkylation (100 mM iodoacetamide, Sigma) 30 minutes at 233 

room temperature. Modified sequencing grade porcine trypsin solution 30μL (20 ng/μL, 234 

Promega, Madison, WI) was added to the gel slice enzyme/protein ratio 1:50 and then 235 

digested for 16 h at 37°C. The peptides were extracted out of the gel slices with 400 μL 236 

(60/39/1 v/v acetonitrile/water/trifluoracetic acid). The sample was then speed vac centrifuged 237 

and stored at -80°C until analysis. 238 

 239 

Titanium dioxide phosphopeptide enrichment. TiO2 binding buffer (70% v/v acetonitrile, 5% 240 

v/v trifluoroacetic acid (TFA), containing 300 mg/mL lactic acid) was added to 80% of each 241 

sample digest along with 10 mg of TiO2 beads (GL Science, 10 μm diameter). Samples were 242 

incubated with TiO2 with end-over-end rotation for 90 min at 25°C. After incubation TiO2 beads 243 

were transferred to homemade StageTip with C8 frit for phosphopeptide elution. The beads 244 

were washed 4× 50 μL TiO2 binding buffer, and 4 × 50 μL buffer B (80% ACN, 0.1% TFA). 245 

Elution was performed with the following steps: 50 μL 0.5% NH4OH, 50 μL 0.5% NH4OH/30% 246 

ACN, and 50 μL 0.5% NH4OH/50% ACN. The eluent from the three elutions was pooled and 247 

formic acid (20 μL) was added to lower the pH. The samples were frozen at -80°C and 248 

lyophilized to dryness prior to LC-MS analysis. 249 

 250 

LC-MS/MS analysis. The peptide mixtures were separated by on-line reversed phase 251 

chromatography using a Thermo Scientific EASY-nLC II system with a reversed-phase pre-252 
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column Magic C-18AQ (100μm I.D., 2 cm length, 5μm, 100Å, Michrom BioResources Inc, 253 

Auburn, CA) pre-column and a reversed phase nano-analytical column Magic C-18AQ (75μm 254 

I.D., 15 cm length, 5μm, 100Å, Michrom BioResources Inc, Auburn, CA) both in-house 255 

prepared, at a flow rate of 300 nl/min. The chromatography system was coupled to an LTQ 256 

Orbitrap Velos mass spectrometer equipped with a Nanospray II source (Thermo Fisher 257 

Scientific). Solvents were A: 2% Acetonitrile, 0.1% Formic acid; B: 90% Acetonitrile, 258 

0.1%Formic acid. After a 249 bar (~ 5μL) pre-column equilibration and 249 bar (~ 8μL) 259 

nanocolumn equilibration, samples were separated by a 55 minute gradient (0 min: 5%B; 45 260 

min: 45%B; 2 min: 80%B; 8 min: 80%B). The LTQ Orbitrap Velos (Thermo Fisher Scientific, 261 

Bremen, Germany) parameters were as follows: Nano-electrospray ion source with spray 262 

voltage 2.2 kV, capillary temperature 225 ℃. Survey MS1 scan m/z range 400-2000 profile 263 

mode, resolution 60,000 @400m/z with AGC target 1E6, and one microscan with maximum 264 

inject time 200 ms. Lock mass Siloxane 445.120024 for internal calibration with preview mode 265 

for FTMS master scans: on, injection waveforms: on, monoisotopic precursor selection: on; 266 

rejection of charge state:1. The eight most intense ions charge state 2-4 exceeding 5000 267 

counts were selected for CID ion trap MSMS fragmentation (ITMS scans 2-9) and detection in 268 

centroid mode. Dynamic exclusion settings were: repeat count: 2; repeat duration: 15 seconds; 269 

exclusion list size: 500; exclusion duration: 60 seconds with a 10ppm mass window. The CID 270 

activation isolation window was: 2 Da; AGC target: 1E4; maximum inject time: 25 ms; 271 

activation time: 10 ms; activation Q: 0.250; and normalized collision energy 35%. 272 
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Data Analysis Parameters. Raw files were analysed with Proteome Discoverer 1.3.0.339 273 

software suite (Thermo Scientific). Parameters for the Spectrum Selection to generate peak 274 

lists of the CID spectra (activation type: CID; s/n cut-off: 1.5; total intensity threshold: 0; 275 

minimum peak count: 1; precursor mass: 350-5000 Da) The peak lists were submitted to an in-276 

house Mascot 2.2 against the Uniprot-Swissprot 20110104 (523151 sequences; 184678199 277 

residues) Allspecies taxonomy and Mouse only database as follows: precursor tolerance 8 278 

ppm; MS/MS tolerance 0.6 Da; Trypsin enzyme 1 missed cleavages; FT-ICR ESI instrument 279 

type; fixed modification: carbamidomethylation (C); variable modifications: deamidation (N,Q); 280 

oxidation (M), propionamide (C) and phosphorylated (T,Y,S). Percolator settings: Max delta Cn 281 

0.05; Target FDR strict 0.01, Target FDR relaxed 0.05 with validation based on q-Value.  282 

Additional searches were performed against IPI_mouse 3_47 (110,771 sequences; 49,890,456 283 

residues). 284 

 285 

In vitro phosphorylation assay 286 

An in vitro phosphorylation assay was designed to assess the role of phosphorylation on Ser 287 

402. In this radiometric assay, three different proline directed kinases (Cyclin-dependent 288 

kinase 2 (CDK2), Extracellular signal-regulated kinase 2 (ERK2) and GSK3β were tested for 289 

their ability to phosphorylate the S402 residue on KIF1A by the Kinexus substrate profiling 290 

services (Vancouver, BC). The various recombinant protein kinases employed in the substrate 291 

profiling process were cloned, expressed and purified using proprietary methods. Quality 292 

control testing is routinely performed on each of the kinases to ensure compliance to 293 

acceptable standards. The [γ−33P] ATP was purchased from PerkinElmer. All other materials 294 

were of standard laboratory grade. Two mg of each peptide were synthesized based on a 295 

peptide sequence of interest as listed below. 296 

 297 
1 KSP04-CAF KIF1A [S402] Wildtype (WT) KKALVGMSPSS-pS-L >98%  298 

2 KSP04-CBT KIF1A [A402] Mutant (MT) KKALVGMAPSS-pS-L >98% 299 

 300 
Inducible Golgi dispersion assay 301 

The rat KIF1A(FL)-V483N coding sequence (Soppina et al., 2014) was tagged with monomeric 302 

NeonGreen and an FRB domain. Mutations of S411E and S411A were introduced by 303 
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QuickChange mutagenesis. Plasmids for expression of wildtype or mutant motors were 304 

cotransfected into COS-7 cells with a plasmid for expression of GMAP210-mRFP-2xFKBP at a 305 

ratio of 6:1 with TransIT-LT1 transfection reagent (Mirus). 16 hours after transfection, 306 

rapamycin (Calbiochem, Millipore Sigma) was added to a final concentration of 44 nM to 307 

promote FRB and FKBP heterodimerization and recruitment of motors to the Golgi. After 30 308 

minutes, the cells were fixed with 3.7% formaldehyde (Thermo Fisher Scientific) in 1X PBS for 309 

10 min, quenched in 50 mM ammonium chloride in PBS for 5 min, permeabilized with 0.2% 310 

Triton X100 in PBS for 10 min, and then incubated in Blocking Buffer (0.2% fish skin gelatin in 311 

PBS). Primary [polyclonal antibody against cis-Golgi marker giantin (1:1200 PRB-114C, 312 

Covance)] and secondary antibodies [Alexa680-labeled goat anti-rabbit (1:500, Jackson 313 

ImmunoResearch) and DAPI (final concentration 10.9 μM)] were added to blocking buffer and 314 

incubated for 1 hr each at room temperature. Coverslips were mounted in ProlongGold 315 

(Invitrogen) and imaged using an inverted epifluorescence microscope (Nikon TE2000E) with a 316 

40 × 0.75 NA objective and a CoolSnapHQ camera (Photometrics). 317 

 318 
Golgi localization before and after motor recruitment was quantified using a distance-based 319 

analysis using a custom ImageJ plugin (Budaitis et al., 2019) for N≥26 cells across two 320 

independent experiments. Briefly, (1) a custom ImageJ plugin generates a line scan from the 321 

centroid of the nucleus to the periphery of the cell; this is repeated every one degree for a total 322 

of 360 linescans around the cell. The fluorescence intensity along each line scan is 323 

determined. (2) For background subtraction, a line scan starting from the centroid of the 324 

nucleus to the cell periphery is generated in a region of the cell that lacks cargo and is 325 

subtracted from each line scan (scaled background subtraction). Distances that correspond to 326 

regions inside the nucleus are removed from each line scan, such that point 0 corresponds to 327 

the edge of the nuclear membrane. Oversampling of pixels in the center of the cell was 328 

corrected, following the assumption that the cell is a perfect circle. (3) The total distance of 329 

each line scan was normalized to itself, such that the distance of each line scan was between 330 

0 (nuclear membrane) and 1 (cell periphery). (4) Pixel intensities were grouped in bins by 331 

distance (width, 0.05) and only the top 200 pixels within each bin were included in further 332 

analysis. (5) Pixel intensity was averaged for each binned distance to generate a dispersion 333 

profile for the cell.  334 
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 335 
Statistical analyses 336 

Statistical analyses were performed using Microsoft Excel or GraphPad Prism. For KIF1A live 337 

imaging experiments in hippocampal neurons, motor protein flux is presented as mean +/- 338 

SEM. All experiments were performed on at least 15 cells from three independent cultures. All 339 

statistical analyses were performed using one-way ANOVAs with Tukey’s post hoc tests, 340 

comparing control and treated conditions within the same experiments. For inducible Golgi 341 

dispersion assays, the fluorescence intensity for each normalized distance bin was averaged 342 

across all cells in two independent experiments and the data were plotted as mean ± SEM. 343 

The statistical differences in mean fluorescence intensity were calculated at each binned 344 

distance comparing the WT and mutant motor for each condition (-Rap and +Rap) using a two-345 

tailed unpaired Student’s t test. Differences between the WT and mutant motors at p<0.05 are 346 

indicated by an asterisk. WT -Rap, n = 26 cells; WT +Rap, n = 31 cells; S411A -Rap, n = 30 347 

cells; S411A +Rap, n = 29 cells; S411E -Rap, n = 27 cells; S411E +Rap, n = 28 cells. 348 
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RESULTS 349 

 350 

AβOs impair KIF1A transport independent of tau 351 
 352 
Previously, Ramser and Gan et al. (2013) discovered that AβOs disrupt BDNF transport 353 

independent of tau hyperphosphorylation, microtubule destabilization, and neuronal toxicity. 354 

These findings raised the intriguing possibility that KIF1A, the primary kinesin motor required 355 

for BDNF transport (Barkus et al., 2008; Lo et al., 2011; Kondo et al., 2012), is directly 356 

impaired in AβO-treated neurons by a mechanism independent of tau. In the present study, we 357 

cultured hippocampal neurons from wildtype (tau+/+) and tau knockout (tau-/-) mice, 358 

expressed mouse KIF1A tagged with enhanced green fluorescent protein (KIF1A-eGFP) in 359 

these neurons at 10 days in vitro (DIV), and added vehicle solution (control) or 500 nM AβOs 360 

to their culture medium at 11 DIV (Fig. 1A). Irreversible AβO binding was confirmed 361 

retrospectively by immunocytochemistry (Fig. 1B) using an oligomer-selective antibody (NU-4; 362 

(Lambert et al., 1998). After 18 h of treatment, we imaged KIF1A-eGFP transport and 363 

compared the flux, velocity, and run-length of axonal KIF1A puncta across all conditions (Fig, 364 

1C; Table 1). Representative kymographs illustrate differences between KIF1A transport in 365 

control and AβO-treated neurons (Fig. 1C). A O treatment dramatically reduced anterograde 366 

KIF1A flux in both tau+/+ and tau-/- neurons, indicating that tau is not required for A O 367 

disruption of KIF1A transport (Fig. 1D, E; Table 1). AβOs also significantly decreased 368 

anterograde average velocity and run length in tau-/- neurons. Retrograde movement of KIF1A, 369 

presumably driven by cytoplasmic dynein, was also decreased upon A O treatment, although 370 

the effect in tau-/- neurons was not statistically significant (Table 1). In all experiments, KIF1A 371 

transport parameters were similar to those previously reported for BDNF (Lo et al., 2011; 372 

Seifert et al., 2016; Bodakuntla et al., 2020), implying that changes in KIF1A motility are not 373 

attributed to overexpression artefacts. These results demonstrate that AβOs reduce KIF1A 374 

motility independent of tau. 375 

 376 

GSK3β inhibition prevents KIF1A transport defects in AβO-treated neurons 377 
 378 
Pharmacological inhibition and dominant negative mutations of GSK3β prevent BDNF 379 

transport defects induced by AβOs (Ramser et al., 2013). This effect is observed in both tau 380 



 

 15 

+/+ and tau -/- neurons, ruling out the possibility that tau activates PP1-GSK3β signaling to 381 

block transport, as reported previously for KIF5 in isolated squid axoplasm (Kanaan et al., 382 

2011). Does GSK3β impair transport by reducing KIF1A motility in AβO-treated neurons, and 383 

does GSK3β require tau for this function? We incubated tau+/+ and tau-/- neurons with 5 μM 384 

Inhibitor VIII (a selective, cell-permeable, competitive blocker of GSK3β; (Bhat et al., 2003) for 385 

30 min prior to A O treatment. Pre-treatment with Inhibitor VIII prevented defects in KIF1A flux, 386 

velocity and run length (Fig. 1C, D, E; Table 1). Thus, consistent with previous findings for 387 

BDNF transport (Ramser et al., 2013), GSK3  mediates KIF1A transport impairment in A O-388 

treated neurons. This observed effect was comparable in both tau+/+ and tau-/- neurons (Fig. 389 

1B; Table 1), demonstrating that GSK3β reduces KIF1A motility independent of tau. 390 

 391 

KIF1A interacts with GSK3β and is phosphorylated at a conserved GSK3β consensus 392 

site 393 

 394 
GSK3  has been shown to associate with kinesin-1 motor complexes (Morfini et al., 2002). To 395 

determine if KIF1A interacts with GSK3 , we generated cell lysates from mouse hippocampi 396 

and immunoprecipitated KIF1A using a specific monoclonal antibody (Fig. 2A). By 397 

immunoblotting, we found that GSK3  coimmunoprecipitates with input and KIF1A proteins, 398 

but not with negative control IgG proteins alone (Fig. 2A). This result indicates that KIF1A and 399 

GSK3  interact, either by forming a direct complex or by binding indirectly through scaffold 400 

proteins. 401 

 402 
To identify specific residues of KIF1A that are phosphorylated by GSK3 , we isolated KIF1A 403 

from 14-month-old wildtype and Tg2576 (APPSwe) mouse brains by immunoprecipitation and 404 

resolved the proteins by SDS-PAGE. Following in-gel tryptic digestion, the resulting peptides 405 

were analyzed by sequential liquid chromatography (LC) coupled to tandem mass 406 

spectrometry (MS/MS). Although immunoblots with pan-phospho-Ser and pan-phospho-Thr 407 

antibodies failed to detect any phospho-KIF1A immunoreactivity (Fig. 1-1), we detected nine 408 

phosphopeptides in KIF1A (UniProtKB/Swiss-Prot: Q6TA13), four of which conform to 409 

sequences targeted by kinases that are aberrantly activated in AD including mitogen-activated 410 

protein kinase (MAPK), casein kinase II (CK2), and GSK3β (Fig. 2B, C, 2-1; (Maqbool et al., 411 
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2016; Cline et al., 2018). Because our analyses were not quantitative, we were unable to 412 

establish whether these phosphosites were more abundant in Tg2576 mice relative to wildtype 413 

mice. We compared high confidence KIF1A phosphopeptides in wildtype and Tg2576 mice 414 

using PhosphoRS and mapped them to specific sites within KIF1A functional domains (Fig. 415 

2B). Phosphorylation within specific KIF1A sequences varied between genotypes; for example, 416 

Ser 937 (S937), located within the presumed cargo-binding peptide SGTS*QEELR, was 417 

phosphorylated (denoted by *) in Tg2576 mice but not detected in wildtype mice (Fig. 2D). 418 

However, S937 did not conform to an AD-related kinase motif according to the Phosida and 419 

Phosphonet databases. Based on these analyses, we focused on Ser 402 (S402; Fig. 2D) as it 420 

(1) is located between the neck-coil domain and the first coiled-coil domain and could therefore 421 

impact motor dimerization and/or motility (Fig. 2B; (Al-Bassam et al., 2003; Hammond et al., 422 

2009; Soppina et al., 2014), (2) conforms to a GSK3β consensus site, and (3) is conserved 423 

between zebrafish, mouse, rat, and human KIF1A proteins (Fig. 2E).  424 

 425 

GSK3β phosphorylates KIF1A at S402 in vitro 426 

 427 
To confirm phosphorylation of S402 and evaluate whether GSK3  can perform this 428 

modification, we developed a sensitive in vitro radiometric enzyme assay (Fig. 2F). We 429 

synthesized a wildtype KIF1A peptide containing S402 and a phosphomutant KIF1A peptide 430 

containing an alanine substitution at S402 (S402A). We then tested three different proline-431 

directed kinases (cyclin-dependent kinase 2, CDK2; extracellular signal-regulated kinase 2, 432 

ERK2; and GSK3 ) for their ability to phosphorylate these peptides. Mutation of S402 nearly 433 

abolished the ability of GSK3  to phosphorylate the S402-containing peptide whereas the 434 

kinase activities of CDK2 and ERK2 were less impacted by the S402A mutation (Fig. 2F). 435 

These results confirm that S402 is phosphorylated by GSK3  in vitro and support a plausible 436 

role for this residue in regulating KIF1A motility.  437 

 438 

Point mutations of S402 do not alter KIF1A motility 439 
 440 
Does phosphorylation at S402 regulate KIF1A motility? We generated a non-phosphorylatable 441 

form of KIF1A-eGFP by inducing a Ser-to-Ala point mutation (KIF1A-S402A) at this site. 442 

Conversely, we induced a Ser-to-Glu point mutation to mimic GSK3  phosphorylation of 443 
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KIF1A-eGFP at this site (KIF1A-S402E). We expressed these mutants in mouse hippocampal 444 

neurons and compared their motility to wildtype KIF1A by live cell imaging (Fig. 3A). 445 

Representative kymographs and quantification of transport parameters revealed no significant 446 

differences in flux, run length and velocity for KIF1A-S402A or KIF1A-S402E relative to 447 

wildtype KIF1A (Fig. 3A; Table 2 & 1-1). These data imply that S402 phosphorylation does not 448 

regulate KIF1A transport in hippocampal neurons. We next asked whether A O-induced 449 

overactivation of GSK3  impairs KIF1A transport via phosphorylation at S402. We compared 450 

the motility of wildtype KIF1A-eGFP and KIF1A-S402A-eGFP in control and A O-treated 451 

neurons (Figure 3B; Table 2 & 1-1). Kymograph analyses revealed that A O treatment 452 

similarly reduced the anterograde fluxes, velocities and run lengths of the wildtype and mutant 453 

motors, indicating that the alanine point mutation does not protect against KIF1A transport 454 

defects. Taken together, these results indicate that GSK3  does not regulate KIF1A motility 455 

through phosphorylation at S402A. 456 

 457 

As an alternative explanation for this outcome, endogenous wildtype KIF1A may dimerize with 458 

mutant KIF1A monomers or preferentially bind to cargo, thus masking any effects of the 459 

mutations on KIF1A motility. To investigate the effects of S402A and S402E point mutations on 460 

KIF1A motility in the absence of endogenous KIF1A transport, we performed an inducible 461 

Golgi dispersion assay in COS7 cells (Engelke et al., 2016; Budaitis et al., 2019); Fig. 4A; 462 

Figure 4-2; Fig. 4-1). In this assay, Golgi-targeted kinesin motors cause the dispersion of the 463 

Golgi complex from its characteristic tightly-packed, perinuclear location to a phenotype 464 

consisting of small Golgi-derived vesicles scattered throughout the cytoplasm (Engelke et al., 465 

2016). We used the rapamycin-induced dimerization of FRB and FKBP to drive the rapid 466 

recruitment of KIF1A motors to the Golgi surface and determined the effect on Golgi dispersion 467 

after 30 minutes of motor activity. This assay probes the ability of motors to drive transport in a 468 

cellular environment and requires motors capable of not only processive motility, but also 469 

sufficient force generation to oppose the Golgi-localized dynein that is responsible for the 470 

perinuclear clustering of this organelle (Corthesy-Theulaz et al., 1992; Burkhardt et al., 1997).  471 

 472 
Because full-length KIF1A resides in an inactive, autoinhibited state, we first introduced a point 473 

mutation (V483N) that relieves the self-inhibition of motor activity (Huo et al., 2012; Yue et al., 474 
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2013; Soppina et al., 2014). Using this active version of full-length KIF1A, we then introduced 475 

point mutations that could abolish or mimic the phosphorylation state of the S402 residue. 476 

Using the rat KIF1A sequence, these mutations are S411A and S411E, respectively. WT and 477 

mutant full-length KIF1A(V483N) motors were fused to mNeonGreen and a FRB domain, 478 

whereas the Golgi targeting sequence of the cis-Golgi resident protein GMAP210 was fused to 479 

mRFP and the FKBP domain (Engelke et al., 2016). Addition of rapamycin resulted in rapid 480 

recruitment of WT, S411A and S411E motors to the Golgi surface and subsequent transport of 481 

Golgi particles to the cell periphery. No differences in Golgi dispersion were observed between 482 

the WT, S411A and S411E motors (Fig. 4A; Figure 4-2). These results indicate that the 483 

phosphorylation state of S411 does not impact the motility and force generation of KIF1A in 484 

this system. Alternatively, it is possible that the Ser-to-Glu mutation does not mimic KIF1A 485 

phosphorylation in this context (Dephoure et al., 2013). 486 

 487 

DISCUSSION 488 
 489 
Impairment of axonal transport is an early pathological event that leads to axonal degeneration 490 

and loss of synapse function in Alzheimer’s disease (Stokin et al., 2005; Minoshima and Cross, 491 

2008; Gallagher et al., 2012; Sleigh et al., 2019). Soluble AβOs, a causative agent of AD (Cline 492 

et al., 2018), activate intracellular signaling cascades that trigger aberrant phosphorylation of 493 

many target proteins, including tau. Many studies have examined how tau hyper-494 

phosphorylation, microtubule destabilization and cytoskeletal collapse impair transport 495 

(Mandelkow et al., 2003; Stokin and Goldstein, 2006; Cowan et al., 2010; Combs et al., 2019). 496 

However, subtler mechanisms of AβO-induced transport disruption that arise prior to 497 

neurotoxicity and that act directly on motor proteins to reduce their motility have received much 498 

less attention and have not been investigated in mammalian neurons.  499 

 500 
Here, through direct assessment of trafficking at high spatial and temporal resolution in mouse 501 

hippocampal neurons, we demonstrate that AβOs impair KIF1A motility independent of tau 502 

(Fig. 1). These results are consistent with previous findings that AβOs impair motility of the 503 

KIF1A cargo protein BDNF and that this defect is independent of tau (Ramser et al., 2013). We 504 

also demonstrate that pharmacological inhibition of GSK3β prevented these transport defects 505 

(Fig. 1), motivating us to investigate whether KIF1A motility is dysregulated by 506 



 

 19 

phosphorylation. By mass spectrometry, we identified nine phosphorylation sites on KIF1A, 507 

four of which are targeted by kinases associated with AD, including GSK3β (Fig. 2). We 508 

discovered that S402, located proximal to the neck-coil domain of KIF1A, conforms to a highly 509 

conserved GSK3β consensus site (Fig. 2). Using an in vitro kinase assay, we confirmed that 510 

S402 is indeed phosphorylated by GSK3β (Fig. 2). Finally, we tested whether a phosphomimic 511 

of S402 could modulate KIF1A motility in cultured neurons and in a Golgi dispersion assay 512 

using COS-7 cells that lacked endogenous KIF1A. Unfortunately, in both experimental 513 

systems, no significant differences in transport properties were observed between wildtype and 514 

mutant KIF1A (Fig. 3). From these findings, we conclude that GSK3β impairs KIF1A transport 515 

independent of tau but likely does not achieve this effect by phosphorylating KIF1A at S402. 516 

 517 

Traditionally, axonal transport defects were viewed as a consequence of tau 518 

hyperphosphorylation and aggregation, tau-induced kinase activation, microtubule dissolution, 519 

and axonal dystrophy during the advanced stages of disease progression (Mandelkow et al., 520 

2003; Stokin and Goldstein, 2006; LaPointe et al., 2009; Morfini et al., 2009; Kanaan et al., 521 

2011). However, transport defects can occur independent of tau and prior to overt 522 

morphological decline and cell death, suggesting that early transport defects might play a 523 

causal role in AD pathogenesis (Pigino et al., 2003; Lazarov et al., 2007; Stokin et al., 2008; 524 

Goldstein, 2012; Rodrigues et al., 2012; Ramser et al., 2013). Recent reports indicate that 525 

overactivation of GSK3β contributes to many pathological hallmarks of Alzheimer’s disease, 526 

including increased Aβ production, tau hyperphosphorylation, and impaired learning and 527 

memory (Maqbool et al., 2016). Data from our present study suggests, pending identification of 528 

the specific phosphorylation sites, that the pathological activation of GSK3β can impair 529 

transport by earlier, subtler mechanisms that involve inhibitory phosphorylation of motor 530 

proteins. Such mechanisms of GSK3β-dependent motor protein inhibition have been 531 

characterized previously in invertebrate models of AD. As a negative regulator of axonal 532 

transport in Drosophila, active GSK3β binds and phosphorylates kinesin-1 and reduces the 533 

number of motors bound to microtubules (Weaver et al., 2013; Banerjee et al., 2018). 534 

Alternatively, kinesin motor activity can be inhibited by cargo detachment; in isolated squid 535 

axoplasm treated with AβOs, GSK3β phosphorylates kinesin light chain-2, promoting motor-536 

cargo dissociation and impairing transport (Morfini et al., 2002). Interestingly, and perhaps 537 
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paradoxically, we found a significant effect on KIF1A run lengths and velocity in the tau -/- 538 

neurons treated with A Os (Fig. 1; Table 1). A Os dysregulate a number of intracellular 539 

cascades, including those active towards tau (Cline et al., 2018). It is possible that in the 540 

absence of a tau-kinase substrate, these kinases (or phosphatases) aberrantly target 541 

regulatory sites on KIF1A that govern processivity akin to the phosphorylation of the motor 542 

domain on kinesin-1 in Drosophila (Weaver et al., 2013; Banerjee et al., 2018) and KIF5C at 543 

Ser 176 (DeBerg et al., 2013). Our study is congruent with those reports and, additionally, is 544 

first to show that GSK3β impairs KIF1A motility in a mammalian primary culture model of AD 545 

(Fig. 1). 546 

 547 
From the nine phosphorylation sites on KIF1A revealed by mass spectrometry (Figs. 2; 1-1), 548 

we chose to investigate S402. This phosphopeptide has also been identified by large scale 549 

phosphoproteomic analyses in mouse and human brain (Ullah et al., 2016). However, we 550 

found that point mutations of S402 do not regulate KIF1A transport in two cell-based assays 551 

(Fig. 3). As these are negative results, it is possible that the S402E mutation does not fully 552 

mimic the addition of a phosphate at this site in the WT motor. It is also possible that single 553 

amino acid changes meant to prevent or mimic phosphorylation events are insufficient to alter 554 

motor behavior. Indeed, another study found that AMP kinase-dependent phosphorylation of 555 

kinesin light chain 1 (KLC1) at Ser 517/Ser 520 does not affect motor function (McDonald et 556 

al., 2010). However, several reports demonstrate that increased phosphorylation at a single 557 

site is sufficient to impair motor protein motility. Phosphorylation of KIF5C at Ser 176 by JNK 558 

weakens motor-microtubule interactions and/or reduces force output (DeBerg et al., 2013; 559 

Padzik et al., 2016). Cargo binding, which is required to activate motor proteins, is also 560 

disrupted by phosphorylation. MAP kinase phosphorylates KLC1 at Ser 460 to reduce binding 561 

and trafficking of calsyntenin-1 (Vagnoni et al., 2011). Moreover, Ser 460 phosphorylation is 562 

increased in Alzheimer’s disease, disrupting axonal transport and promoting amyloidogenic 563 

processing of the amyloid precursor protein (APP; (Morotz et al., 2019). Therefore, it may be 564 

that phosphorylation at multiple sites synergistically impairs motor motility. Future studies on 565 

KIF1A could investigate whether GSK3β and/or other kinases phosphorylate different sites 566 

within the motor and cargo-binding domains, and whether mechanisms of cargo dissociation 567 

and microtubule detachment converge to impair KIF1A motility. 568 
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570 
Figure 1: A O treatment blocks KIF1A transport in a GSK3 -dependent and tau-independent 571 

manner. A) Schematic of the timeline of experiments. B) Representative image of soluble BFP 572 

and KIF1A-eGFP expressed in an AβO-treated tau+/+ neuron. AβOs binds exclusively to 573 
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dendrites and remains oligomeric after 18 h in culture. Arrows indicate axon; arrowheads 574 

indicate dendrites. C) Effects of AβOs and Inhibitor VIII treatment on KIF1A-GFP flux in tau+/+ 575 

and tau-/- neurons. Representative kymographs comparing KIF1A-GFP transport in control 576 

and treated neurons. Lines with a positive slope represent anterograde transport (green); lines 577 

with a negative slope represent retrograde transport (red). D, E) Vesicle flux is significantly 578 

reduced in tau+/+ and tau-/- AβO-treated neurons and restored by treatment with GSK3β 579 

Inhibitor VIII. All bar graphs display means +/- SEM; at least 15 cells from 3 independent 580 

cultures were analyzed. Statistical significance was evaluated by one-way ANOVA with 581 

Tukey’s post hoc comparisons; *p<0.05 and ****p<0.0001 when compared with vehicle; 582 

+p<0.05 and ++++p<0.0001 when compared with AβOs; nonsignificant relations are not 583 

indicated. See Table 1 and 1-1 for complete transport statistics. 584 

  585 
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Table 1 586 

 587 
 588 
 589 
Table 1: Quantitative analysis of axonal KIF1A-GFP transport in tau +/+ and tau -/- neurons. 590 
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591 
Figure 2: GSK3  phosphorylates KIF1A at several sites. A) A monoclonal antibody to KIF1A 592 

immunoprecipitated GSK3β from neuronal lysates. B) Schematic of the domain organization of 593 

KIF1A (GenBank BAA0622.1). C) Tandem mass spectroscopy on KIF1A isolated from wild 594 
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type (WT) and AD model mouse (APPswe; AD) brain identified four phosphopeptides which 595 

conform to sites targeted by kinases that are aberrantly activated in AD, such as MAPK, casein 596 

kinase II, and GSK3β. Serine 402 conforms to a GSK3β phosphorylation site according to 597 

Phosida (phosida.com) and Phosphonet (kinexus.ca). D) Mass spectrometry identification of 598 

the b+ and y+ ions that are the direct (N to C terminus) and reverse (C to N terminus) ion 599 

series obtained during collision-induced dissociation (also see Fig. 1-1). E) Sequence 600 

comparison of the region surrounding Serine 402 between zebrafish, mouse, rat, and human 601 

proteins. F) The evaluation of three different proline-directed kinases (CDK2, ERK2 and 602 

GSK3β) by radiometric assay indicates that GSK3β shows a strong preference for the KIF1A 603 

(S402) WT peptide over the A402 mutant peptide (MT) in vitro. 604 

 605 



 

 27 

 606 
 607 
 608 
Figure 3: Phospho-mutants of Serine402 do not alter KIF1A-mediated transport. A) 609 

Representative kymographs comparing KIF1A-eGFP WT, S402A, and S402E transport in wild 610 
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type neurons. Bar graphs display means +/- SEM; at least 15 cells from 3 independent cultures 611 

were analyzed. Statistical significance was evaluated by one-way ANOVA with Tukey’s post 612 

hoc comparisons; nonsignificant relations are not indicated. For complete statistics, see Tables 613 

2 & 1-1. B) Representative image KIF1A S402A-eGFP expressed in an AβO-treated wild type 614 

neurons. AβOs binds exclusively to dendrites and remains oligomeric after 18 h in culture. 615 

Arrows indicate axon; arrowheads indicate dendrites. Representative kymographs comparing 616 

KIF1A-eGFP WT and S402A transport in control and AβO-treated neurons. Bar graphs display 617 

means +/- SEM; at least 15 cells from 3 independent cultures were analyzed. Statistical 618 

significance (*P < 0.05; **P < 0.01; *** P < 0.001; ****P < 0.0001) was evaluated by one-way 619 

ANOVA with Tukey’s post hoc comparisons; nonsignificant relations are not indicated. For 620 

complete statistics, see Table 2 and 1-1.  621 

  622 
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Table 2 623 
 624 

 625 
 626 
Table 2: Quantitative analysis of axonal KIF1A-S402A and KIF1A-S402E transport in tau +/+ 627 
neurons.  628 



 

 30 

629 
Figure 4: A phosphomutant of S402 does not influence KIF1A activity in Golgi-630 

dispersion assays.  631 

A) Schematic of the inducible motor recruitment assay. A kinesin motor tagged with 632 

monomeric NeonGreen (mNG) and an FRB domain (KIF1A-mNG-FRB) is coexpressed with a 633 

Golgi targeting sequence (GMAP210) tagged with monomeric red fluorescent protein (mRFP) 634 

and FKBP domain (GMAP210-mRFP-FKBP) in COS7 cells. Addition of rapamycin (+Rap) 635 

causes heterodimerization of the FRB and FKBP domains and recruitment of motors to the 636 

cargo membrane. Recruitment of active motors drives cargo dispersion to the cell periphery. 637 
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B) COS7 cells expressing WT, S411A, or S411E versions of full-length active (V483N) KIF1A-638 

mNG-FRB together with GMAP210-mRFP-2xFKBP were treated with ethanol vehicle (no 639 

rapamycin, left panels) or with 44 nM rapamycin (middle panels). After 30 min, the cells were 640 

fixed and stained with an antibody to the Golgi marker giantin (not shown) and DAPI (not 641 

shown). Representative images of the KIF1A-mNG-FRB (KIF1A motor) and GMAP210-mRFP-642 

2xFKBP (Golgi marker) channels are shown in inverse grayscale. Yellow arrowheads indicated 643 

examples of dispersed Golgi particles. Scale bars, 10 m. The Golgi distribution in the giantin 644 

channel was quantified and the data are displayed as the fluorescence intensity of Golgi 645 

particles on the y-axis and the normalized distance on the x-axis (0.0 = edge of nucleus, 1.0 = 646 

plasma membrane). WT -Rap (dotted black lines), n = 26 cells; WT +Rap (solid black lines), n 647 

= 31 cells; S411A -Rap (dotted red line), n = 30 cells; S411A +Rap (solid red line), n = 29 cells; 648 

S411E -Rap (dotted blue line), n = 27 cells; S411E +Rap (solid blue line), n = 28 cells across 649 

two independent experiments. Statistical differences in mean cargo intensity between WT and 650 

mutant motors were calculated at each binned distance and for each condition (-Rap and 651 

+Rap) by using a two-tailed unpaired Student’s t test. * p<0.05. For complete statistical 652 

analysis, see Figure 4-2.  653 
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EXTENDED DATA 654 

Table 1-1 655 

 656 
 657 

 658 

  659 
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Figure 1-1 660 
 661 

 662 
 663 
Figure 1-1 Pan-serine and pan-threonine antibodies fail to detect phosphorylated KIF1A by 664 
immunoblotting in adult mouse hippocampi.   665 
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 666 

Figure 2-1 667 

 668 
Figure 2-1: Mass spectrum of the KIF1A MTMALVGNS*PSSSLSALSSR phosphopeptide. 669 
A) The graph shows the output mass spectrum, obtained from the mass spectrometer, for one 670 
of the identified phosphopeptides of the KIF1A protein. The graph plots ion intensity versus 671 
mass to charge ion ratio (M/Z) for b+ (red) and y+ (blue) ions that are the direct (N to C 672 
terminus) and reverse (C to N terminus) ion series obtained during collision-induced 673 
dissociation (CID). Also see Figure 2 in the main text. The detected ions of the b- and y-ion 674 
collision series are shown in the inset. *denotes phosphorylated residue. B) Identification of 675 
other phosphopeptides of KIF1A. No known kinase motifs were identified in these sequences. 676 
 677 
 678 
 679 
 680 
 681 
 682 
 683 
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 684 
Figure 4-1 685 

 686 
 687 

Figure 4-1: KIF1A is undetectable in COS7 cells. 688 

Immunoblot analysis of endogenous KIF1A expression in neuronal and non-neuronal cells. 689 

KIF1A is detectable in primary hippocampal neurons and SK-N-SH lysates. A second band is 690 

detected in the SK-N-SH cells which may indicate the presence of a KIF1A isoform, for which 691 

at least five have been identified (https://www.ncbi.nlm.nih.gov/genbank/). 692 

  693 
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 694 

Figure 4-2 695 

696 

Distance - Rap + Rap - Rap + Rap
0.00 0.962803 0.044233 0.541916 0.067602
0.05 0.468823 0.11427 0.931064 0.174364
0.10 0.381933 0.407997 0.971359 0.292801
0.15 0.656459 0.829365 0.649796 0.687057
0.20 0.732324 0.529635 0.372318 0.592325
0.25 0.811037 0.501988 0.210185 0.514569
0.30 0.992751 0.944002 0.140102 0.780682
0.35 0.501951 0.548918 0.487385 0.244327
0.40 0.894184 0.432136 0.90704 0.096072
0.45 0.453295 0.275786 0.466388 0.071954
0.50 0.483354 0.126238 0.306621 0.05886
0.55 0.854281 0.090064 0.343756 0.124569
0.60 0.811921 0.185783 0.613846 0.140604
0.65 0.703655 0.379384 0.774936 0.60354
0.70 0.215695 0.897443 0.731036 0.907608
0.75 0.206487 0.956263 0.339551 0.998534
0.80 0.260352 0.721923 0.483078 0.55522
0.85 0.535792 0.722131 0.93352 0.932527
0.90 0.510656 0.993625 0.734436 0.461218
0.95 0.890038 0.723478 0.441587 0.879024
1.00 0.651897 0.784528 0.063153 0.475833

WT vs S411EWT vs S411A

Student's t test p  values for Golgi dispersion assay
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