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Abstract

KIF1A is a neuron-specific member of the kinesin-3 family of microtubule (MT) plus-end-

directed motor proteins. It powers the migration of nuclei in differentiating brain stem cells 

and the transport of synaptic precursors and dense core vesicles in axons. Its dysfunction causes 

severe neurodevelopmental and neurodegenerative diseases termed KIF1A-associated neurological 

disorders (KAND). KAND mutations span the entirety of the KIF1A protein sequence, of which 

the majority are located within the motor domain and are thus predicted to affect the motor’s 

motility and force-generating properties. Unfortunately, the molecular etiologies of KAND remain 

poorly understood, in part because KIF1A’s molecular mechanism remains unclear. Here, we 

describe detailed methods for how to express a tail-truncated dimeric KIF1A in E. coli cells 

and provide step-by-step protocols for performing single-molecule studies with total internal 

reflection fluorescence microscopy and optical tweezers assays, which, when combined with 

structure-function studies, help to decipher KIF1A’s molecular mechanism.

Keywords

Kinesin; KIF1A; Single-molecule; Molecular cloning; E. coli ; Recombinant protein expression; 
His-tag purification; TIRF; Optical tweezers

1 Introduction

KIF1A is a neuron-specific member of the kinesin-3 family of microtubule (MT) plus-

end-directed motor proteins [1, 2] and powers the migration of nuclei in differentiating 

brain stem cells [3, 4] and the transport of synaptic precursors and dense core vesicles 

in axon terminals [2, 5-9]. Its dysfunction leads to severe neurodevelopmental and 

neurodegenerative diseases termed KIF1A-associated neurological disorders (KAND) [10, 

11], including progressive spastic paraplegias, microcephaly, encephalopathies, intellectual 

disability, autism, autonomic and peripheral neuropathy, optic nerve atrophy, cerebral and 

cerebellar atrophy, and others [10-52]. KAND mutations, which are inherited variants or de 

novo mutations, span the entirety of the KIF1A protein sequence [10]. The majority of the 

mutations are located within the motor domain (MD or ‘head’) [10] and are thus predicted to 

affect the motor’s motility properties, whereas mutations located outside the MD are likely 

involved in mediating dimerization, autoinhibition, and/or cargo binding [12]. Our own work 
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[10, 53] and the work of others [54, 55] has shown that the KAND MD mutations that have 

been investigated so far indeed affect the motor’s ability to generate force and movement.

Through the patient advocacy group KIF1A.org more than 400 families with children with 

KIF1A mutations have come together to improve the lives of those affected by KAND 

and to accelerate drug discovery. Unfortunately, the molecular etiologies of KAND remain 

poorly understood, in part because KIF1A’s molecular mechanism remains unclear. For 

example, KIF1A is extremely fast and superprocessive (the motor can take more than a 1000 

steps along the MT before dissociating), but, somewhat counterintuitively, gives up easily 

under load. These behaviors distinguish KIF1A from the founding member of the kinesin 

family kinesin-1, however, how KIF1A achieves this unique set of properties is unknown. 

In addition, while most mutations occur in KIF1A’s MD [10], high-resolution structures 

of the KIF1A-MT complex have not been resolved. In order to understand the molecular 

etiology of KAND, knowledge of the nucleotide state-dependent structures of KIF1A and 

how disease mutations affect KIF1A’s conformational states is required. Such knowledge 

will aid in the development of therapeutics for these neurological disorders, for which, at 

present, no treatments exist.

Various protein expression systems, including eukaryotic and prokaryotic organisms, have 

been used to produce recombinant proteins. Among these systems, the E. coli-based 

expression system provides the means for fast and reliable protein production. We use this 

system to express a recombinant tail-truncated dimerized KIF1A, for both the wild-type 

(WT) and KAND mutant proteins [10, 53]. Mutagenesis and structure-function studies 

on recombinant proteins in combination with in vitro single-molecule assays have been 

invaluable in providing insights into the molecular mechanisms of MT-associated motors 

proteins [56-68]. In this chapter, we provide detailed protocols for the expression and 

purification of recombinant dimeric KIF1A and describe how to perform single-molecule 

total internal reflection fluorescence (TIRF) microscopy and optical tweezers assays to study 

the motility and force generation of the purified KIF1A along MTs.

2 Materials

2.1 Construct Generation

• Primers (IDTDNA).

• KOD hot start DNA polymerase kit (Millipore Sigma, #71086).

• NucleoSpin® gel and PCR cleanup kit (Takara, #740609).

• A plasmid containing KIF1A(aa1-393)-leucine zipper (AddGene, #61665).

• A PCR thermocycler.

• pSNAP-tag® (T7)-2 (New England BioLabs, #N9181S).

• pSNAPf (New England BioLabs, #N9183S).

• NdeI (New England BioLabs, #R0111S, 20 U/μL).

• EcoRI-HF (New England BioLabs #R3101S, 20 U/μL).
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• 10× CutSmart buffer (New England BioLabs, usually supplied with restriction 

enzymes).

• rSAP (shrimp alkaline phosphatase) (New England BioLabs, #M0371S, 1 U/μL).

• Tris (tris(hydroxymethyl)aminomethane) buffer (1 M, pH 7.6): Add 60.5 g of 

Tris base and 300 mL ddH2O to a bottle, adjust the pH to 7.6 using 1 N HCl. Fill 

the solution with ddH2O to final 500 mL, store at room temperature.

• EDTA (ethylenediaminetetraacetic acid) solution (0.5 M, pH 8.0): Add 27.9 g 

EDTA·2H2O and 100 mL ddH2O to a bottle, use NaOH to adjust to pH to 8.0 

(EDTA is not soluble in water unless the pH is adjusted), then fill the solution 

with water to final 150 mL, store at room temperature, or 4 °C for long-term 

storage.

• TE buffer: 10 mM Tris, 1 mM EDTA, pH 7.6.

• Agarose.

• SYBR safe DNA gel stain (ThermoFisher Scientific, #S33102, 1000×).

• A gel electrophoresis system (Thermal Owl™ EasyCast™ B1A mini gel 

electrophoresis system).

• 5× Orange G loading buffer (0.125% (w/v) Orange G, 50% (v/v) glycerol, 2.5× 

TBE buffer): In a 15-mL falcon tube, mix 12.5 mg Orange G, 5 mL glycerol, and 

5 mL of 5× TBE buffer, fill with ddH2O to 10 mL, aliquot and store at 4 °C, or 

−20 °C for long-term storage.

• 1 Kb Plus DNA Ladder (ThermoFisher Scientific, #10787018).

• 5× TBE buffer (450 mM Tris, 450 mM boric acid, 10 mM EDTA, pH 8.3): Add 

54 g Tris base, 27.5 g boric acid, 20 mL of 5 M EDTA to a bottle, fill to 1 L, 

nutate or heat to dissolve the solid. If there is solid precipitating out after several 

months, microwave the solution to redissolve the precipitation.

• A spectrophotometer.

• 10× T4 DNA ligase buffer (New England BioLabs, supplied with T4 DNA 

ligase).

• T4 DNA ligase (New England BioLabs, #M0202S, 400 U/μL).

• NEB® Turbo competent E. coli (high efficiency) (New England BioLabs, 

#C2984H).

• SOC media (New England BioLabs, supplied with E. coli competent cells).

• Carbenicillin (100 mg/mL): Dissolve 1 g of carbenicillin in 10 mL ddH2O, filter 

the solution using a 0.22 μm Millex-GS syringe filter unit (Sigma Millipore, 

#SLGS033SS). Store at −20 °C.

• LB/carbenicillin agar plate (50 μg/mL carbenicillin): Autoclave 7 g LB agar 

(Difco™ LB agar, Lennox, BD Diagnostic System, # DF0402-17-0) in 200 

mL ddH2O. When the solution is slightly cooled, add 100 μL of 100 mg/mL 
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carbenicillin, mix well. Pour the solution into 100 mm × 20 mm petri dishes and 

allow the solution to cool and solidify. Store the plates upside down at 4 °C.

• LB media: Suspend 20 g of LB broth (Difco™ LB Broth, Lennox, BD 

Diagnostic System, #DF0402-07-0) in 1 L ddH2O. Autoclave and store at room 

temperature.

• A temperature-controlled shaker.

• PureYield™ plasmid miniprep system (Promega, #A1223).

2.2 Mutagenesis

• Q5® site-directed mutagenesis Kit (New England Biolabs, #E0554S).

• Primers for mutagenesis (IDTDNA).

• DMSO.

• NEB® Turbo competent E. coli (high efficiency) (see Subheading 2.1).

• LB/carbenicillin agar plate (see Subheading 2.1).

• SOC media (see Subheading 2.1).

2.3 E. coli Growth for Protein Expression

• BL21(DE3)CodonPlus RILP chemical competent cells (Agilent, #230280).

• SOC media (see Subheading 2.1).

• Chloramphenicol (34 mg/mL): Dissolve 34 mg chloramphenicol in ethanol, then 

filter the solution using a 0.2 μm filter. Store at −20 °C.

• Carbenicillin (100 mg/mL) (see Subheading 2.1).

• LB/chloramphenicol/carbenicillin agar plate (17 μg/mL chloramphenicol, 25 

μg/mL carbenicillin): Suspend 7 g LB agar in 200 mL ddH2O and autoclave. 

When the solution is slightly cooled, add 50 μL of 34 mg/mL chloramphenicol 

and 50 μL of 100 mg/mL carbenecillin. Pour the solution into 100 mm × 20 mm 

petri dishes and allow the solution to cool and solidify. Store the plates upside 

down at 4 °C.

• TB media (1.2% (w/v) peptone, 2.4% (w/v) yeast extract): Dissolve 4.8 g 

peptone (Gibco™ Bacto™ peptone, Fisher Scientific, # DF0118-17-0) and 9.6 g 

yeast extract (Gibco™ Bacto™ yeast extract, #DF0127-17-9) in 380 mL ddH2O, 

autoclave the media.

• 20× phosphate glycerol buffer (8% (v/v) glycerol, 0.34 M KH2PO4, 1.44 M 

K2HPO4): Add 40 mL glycerol, 23.1 g KH2PO4, 164 g K2HPO4·3H2O to a 

bottle, fill ddH2O to final 500 mL, autoclave and store at room temperature.

• A temperature-controlled shaker.
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• IPTG (isopropyl β-D-1-thiogalactopyranoside) solution (100 mM): Dissolve 1 g 

in 42 mL ddH2O, filter the solution using a 0.22 μm Millex-GS syringe filter 

unit. Aliquot and store at −20 °C.

• 450-mL centrifuge tubes.

• A refrigerated centrifuge.

• B-PER™ complete bacterial protein extraction reagent (ThermoFisher Scientific, 

#89821).

• MgCl2 solution (1 M): Dissolve 4.76 g of MgCl2 in 50 mL ddH2O, store at room 

temperature.

• EGTA solution (0.5 M, pH 8.0): Add 28.5 g EGTA and 100 mL to a bottle, use 

NaOH to adjust to pH to 8.0 (EGTA is not soluble in water unless the pH is 

adjusted), then fill with water to final 150 mL, store at room temperature.

• DTT (dithiothreitol) solution (1 M): Dissolve 1.54 g DTT in 10 mL ddH2O, 

aliquot and store at −20 °C.

• ATP (adenosine 5′-triphosphate) solution (100 mM): Dissolve 50.7 mg of ATP 

in 1 mL ddH2O, aliquot and store at −20 ° C.

• PMSF (phenylmethylsulfonyl fluoride) solution (100 mM in isopropanol): 

Dissolve 0.174 g of PMSF in 10 mL isopropanol, aliquot and store at −20 °C.

2.4 Protein Purification

• Beckman Coulter Optima TLX-120 ultracentrifuge.

• TLA 110 fixed-angle rotor (Beckman Coulter, #366735).

• Open-top thickwall polycarbonate tube (13 mm × 56 mm, 3.2 mL, Beckman 

Coulter, #362305).

• cOmplete™ His-tag purification Ni-NTA resin (Roche, #5893682001).

• HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) solution (1 M, pH 

7.2): Add 119.2 g of HEPES and 400 mL ddH2O to a bottle, adjust the pH using 

NaOH pellet to pH 7.2, fill the solution to 500 mL, store at 4 °C.

• KCl solution (1 M): Dissolve 37.7 g of KCl in 400 mL ddH2O, fill with ddH2O 

to 500 mL, store at room temperature.

• MgCl2 solution (1 M) (see Subheading 2.3).

• EGTA solution (0.5 M, pH 8.0) (see Subheading 2.3).

• DTT solution (1 M) (see Subheading 2.3).

• ATP solution (100 M) (see Subheading 2.3).

• PMSF solution (100 M) (see Subheading 2.3).
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• Pluronic™ F-127 solution (10% (w/v)): Add 5 g of Pluronic F-127 and 10 

mL ddH2O to a tube, nutate at room temperature until the solid is completely 

dissolved, store at 4 °C.

• Wash buffer (WB): 50 mM HEPES, 300 mM KCl, 2 mM MgCl2, 1 mM EGTA, 

10% (v/v) glycerol, 1 mM DTT, 0.1 mM ATP, 1 mM PMSF, 0.1% (w/v) Pluronic 

F-127.

• SNAP-tag fluorophore ligand solution (5 mM in DMSO): Dissolve SNAP-tag 

fluorophore ligand (New England Biolabs) in DMSO to final 5 mM, store at −20 

°C.

• Imidazole (2 M, pH 8.0): Add 20.4 g imidazole, 50 mL 1 N HCl, 50 mL ddH2O 

in a bottle, use HCl to adjust the pH to 8.0. Fill the solution to 150 mL, store at 4 

°C.

• Elution buffer (EB): 50 mM HEPES, 300 mM KCl, 2 mM MgCl2, 1 mM EGTA, 

10% (v/v) glycerol, 1 mM DTT, 0.1 mM ATP, 1 mM PMSF, 0.1% (w/v) Pluronic 

F-127, 250 mM imidazole.

2.5 MT-Binding and - Release Assay

• PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid)) solution (0.5 M, pH 6.8): 

Add 75.6 g of PIPES and 400 mL ddH2O to a bottle, use NaOH pellets to adjust 

the pH to 6.8. Fill the solution to 500 mL, store at 4 °C.

• MgCl2 solution (1 M) (see Subheading 2.3).

• EGTA solution (0.5 M, pH 8.0) (see Subheading 2.3).

• BRB80G10: PIPES 80 mM, MgCl2 2 mM, EGTA 1 mM, 10% (v/v) glycerol, pH 

6.8.

• Tubulin (porcine brain, unlabeled, 10 mg/mL) solution: Dissolve one vial (1 mg) 

of lyophilized tubulin (Cytoskeleton, #T238P-B) in 100 μL of BRB80G10 with 1 

mM DTT, aliquot to 5 μL/aliquot, flash freeze and store at −80 °C.

• GTP (guanosine 5′-triphosphate) solution (100 mM): Dissolve 52 mg of GTP in 

1 mL ddH2O, aliquot and store at −20 °C.

• Open-top thickwall polycarbonate tube (7 × 20 mm, 230 μL volume, suitable for 

rotor TLA-100) (Beckman Coulter, #343775).

• BRB80G60: 80 mM PIPES, 2 mM MgCl2, 1 mM EGTA, 60% (v/v) glycerol, pH 

6.8.

• DTT (1 M) (see Subheading 2.3).

• Taxol solution (10 mM in DMSO): Dissolve 25 mg in 2.927 mL DMSO, aliquot 

and store at −20 °C.

• Beckman Coulter Optima TLX-120 ultracentrifuge.
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• Zeba™ spin desalting columns (40K MWCO, 0.5 mL, ThermoFisher Scientific, 

#87766).

• AMP·PNP (adenylyl-imidodiphosphate) solution (100 mM): Dissolve 25 mg 

AMP·PNP in 0.5 mL ddH2O, aliquot and store at −20 °C.

• TLA-100 fixed-angle rotor (Beckman Coulter, #343837).

• High-salt release buffer: 80 mM PIPES, 2 mM MgCl2, 1 mM EGTA, 10% (v/v) 

glycerol, 300 mM KCl, pH 6.8.

2.6 TIRF Assay

• Coverslips (No. 1.5H, 170 ± 5 μm thickness, 18 mm × 18 mm) (Carl Zeiss, 

#474030-9000-000).

• HNO3 (25% (v/v)): Slowly add 107 mL of 70% (v/v) HNO3 to 193 mL ddH2O, 

do not add water into the acid.

• NaOH solution (2 M): Dissolve 24 g of NaOH in 300 mL ddH2O, keep in a 

plastic bottle at room temperature, do not store the strong base in a glass bottle.

• Fisherbrand™ Superfrost™ disposable microscope slides (Pre-cleaned, 75 mm × 

25 mm × 1 mm) (Fisher Scientific, #12-550-123).

• Tubulin (porcine brain, unlabeled, 10 mg/mL) (see Subheading 2.5).

• Biotinylated tubulin solution (porcine brain, 1 mg/mL): Dissolve one vial (20 

μg) of lyophilized biotinylated tubulin (Cytoskeleton, #T333P-A) in 20 μL of 

BRB80G10 with 1 mM DTT, aliquot to 2 μL/aliquot, flash freeze and store at 

−80 °C.

• Fluorescent-labeled tubulin solution (porcine brain, 1 mg/mL): Preparation is the 

same as in “biotinylated tubulin solution,” use fluorescently labeled lyophilized 

tubulin (Cytoskeleton) instead of lyophilized biotinylated tubulin.

• Biotinylated BSA (bovine serum albumin) solution (5 mg/mL in BRB80G10): 

Dissolve 25 mg biotinylated BSA (Thermo-Fisher Scientific, #29130) in 5 mL of 

BRB80G10, aliquot and flash freeze, store at −20 °C. The working concentration 

is 0.5 mg/mL.

• Streptavidin (1 mg/mL in BRB80G10): Dissolve 1 mg streptavidin (Promega, 

#Z7041) in 1 mL of BRB80G10, aliquot and flash freeze, store at −20 °C. The 

working concentration is 0.25 mg/mL.

• HME30G10: HEPES 30 mM, MgCl2 2 mM, EGTA 1 mM, 10% (v/v) glycerol, 

pH 7.2.

• α-casein solution (25 mg/mL in HME30G10): Add 1 g of α-casein (Sigma, 

#C6780) and 40 mL HME30G10 in a 50-mL conical tube, nutate at 4 °C for 

several hours until all the α-casein has dissolved. Aliquot, flash freeze, and store 

at −20 °C.
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• BSA (50 mg/mL in BRB80G10): Dissolve 0.5 g of BSA in 10 mL BRB80G10, 

aliquot, flash freeze, and store at −20 °C.

• Pluronic F-127 (10% (v/v)) (see Subheading 2.4).

• Blocking buffer (BB): PIPES 80 mM, MgCl2 2 mM, EGTA 1 mM, 10 μM taxol, 

1 mM DTT, 0.5% Pluronic F-127, 2 mg/mL BSA, 1 mg/mL α-casein, pH 6.8.

• Motility buffer (MB): HEPES 50 mM, KCl 60 mM, EGTA 1 mM, 10 μM taxol, 

1 mM DTT, 0.5% Pluronic F-127, 50 mM glucose, 2 mg/mL BSA, 1 mg/mL 

α-casein, pH 7.2.

• ATP (100 mM) (see Subheading 2.3).

• D-Biotin solution (ThermoScientific, #B20656, 50 mM).

• Glucose oxidase solution (10 μM): Dissolve 4.8 mg glucose oxidase (Sigma, 

#G2133) in 3 mL of HEPES 50 mM with 50% glycerol, store at −20 °C. 

Working concentration is 100 nM.

• Catalase solution (150 μM): Dissolve 100 mg catalase (Sigma, #C40) in 2.67 mL 

of HEPES 50 mM with 50% glycerol, store at −20 °C. Working concentration is 

1.5 μM.

• Gloxy: mix equivalent volume of 10 μM glucose oxidase and 150 μM catalase, 

store at −20 °C.

• Vacuum grease.

2.7 Optical Tweezers Assay

• Polybead® carboxylate microspheres (0.50 μm, 2.5% (w/v), Polysciences, 

#09836-15).

• Activation buffer (AB): 100 mM NaCl, 10 mM MES, pH 6.0.

• EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide).

• Sulfo-NHS (N-Hydroxysulfosuccinimide).

• Coupling buffer (CB): 100 mM Na3PO4, 0.1% Pluronic F-127, pH 7.4.

• Anti-GFP antibody (total 100 μg in PBS buffer).

• BSA solution (50 mg/mL in BRB80G10) (see Subheading 2.6).

• Wash buffer (WB): 30 mM HEPES, 2 mM MgCl2, 1 mM EGTA, 0.1% Pluronic 

F-127, pH 7.2.

• Storage buffer (SB): 30 mM HEPES, 150 mM KCl, 2 mM MgCl2, 1 mM EGTA, 

0.1% Pluronic F-127, 10% glycerol, pH 7.2.

• α-casein solution (25 mg/mL in HME30G10) (see Subheading 2.3).

• HME30G10: HEPES 30 mM, MgCl2 2 mM, EGTA 1 mM, 10% (v/v) glycerol, 

pH 7.2.
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• DTT solution (1 M) (see Subheading 2.3).

• DMSO.

• EZ-link™ sulfo-NHS-biotin solution (100 mM in DMSO) (ThermoFisher 

Scientific, #21217): Dissolve 50 mg of sulfo-NHS-biotin in 1.129 mL DMSO, 

aliquot, flash freeze, and store at −80 °C.

• Amicon ultra-0.5 mL centrifugal filters, 10 kDa (Millipore, #UFC501024).

• Blocking buffer (BB): PIPES 80 mM, MgCl2 2 mM, EGTA 1 mM, 10 μM taxol, 

1 mM DTT, 0.5% Pluronic F-127, 1 mg/mL α-casein, pH 6.8.

• Streptavidin (1 mg/mL in BRB80G10) (see Subheading 2.6).

• MTs (0.2 mg/mL in BRB80G10 with 1 mM DTT and 10 μM taxol).

• Motility buffer (MB): HEPES 50 mM, KCl 60 mM, MgCl2 mM, EGTA 1 mM, 

10 μM taxol, 1 mM DTT, 0.5% Pluronic F-127, 1 mg/mL α-casein, pH 6.8.

• ATP (100 mM) (see Subheading 2.3).

• D-biotin solution (50 mM) (see Subheading 2.6).

• Gloxy (see Subheading 2.6).

• Vacuum grease.

3 Methods

3.1 KIF1A Construct Generation

This section describes the method of inserting a KIF1A construct (aa1-393 with a leucine 

zipper (LZ)) into a vector backbone bearing a C-terminal SNAPf-EGFP-6His tag, utilizing 

restriction enzymes. This method can be applied to the insertion of any gene of interest into 

a vector backbone.

If unspecified, primers are ordered from IDTDNA; the PCR reactions are performed using 

a KOD hot start DNA polymerase kit following the recommended protocol provided by the 

vendor; cleanup of the PCR products is done using a NucleoSpin® Gel and a PCR Clean-Up 

kit following the recommended protocol provided by the vendor.

We will first describe the generation of a KIF1A(1-393)-LZ DNA fragment with NdeI 

and EcoRI restriction sites plus an 8 bp overhang using PCR and a KIF1A-containing 

plasmid as template, followed by the insertion of the obtained PCR product into a custom-

made vector backbone containing C-terminal MCS-SNAPf-EGFP-6His (see Note 1) using 

standard restriction enzyme (RE)-based molecular cloning methods.

• Digest the PCR insert and the vector backbone separately in a 50 μL reaction: 

mix 20 μL PCR product or backbone (preferably >100 ng/μL), 1 μL NdeI, 1 

μL EcoRI-HF, 5 μL 10× CutSmart buffer, and 23 μL ddH2O (see Note 2). For 

the vector digestion, add additionally 2.5 μL of rSAP to remove the phosphate 

groups from the backbone to prevent the backbone from recircularizing (see Note 
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3). Incubate the mixtures at 37 °C for 1 h to digest the DNA, and then heat the 

solution to deactivate the restriction enzymes at 65 °C for 20 min (see Note 4).

• Purify the digested DNA using the PCR cleanup kit and eluted the DNA with 30 

μL ddH2O or TE buffer (see Note 5).

• Prepare 50 mL of 0.8% (w/v) agarose gel with 5 μL of SYBR Safe dyes in a 

gel cast. Add 10 μL of 5× Orange G loading buffer to the cleaned-up DNA, and 

carefully load the samples as well as the DNA ladder into the wells. Run the gel 

at 100 V in 0.5× TBE buffer for 45 min up to an hour, then carefully cut out the 

correct bands.

• Purify the DNA using the PCR cleanup kit and measure the concentration either 

using a spectrophotometer or on a DNA gel using a known standard.

• Calculate the DNA molarity based on the DNA’s molecular weight, then prepare 

a ligation reaction to ligate the DNA accordingly. A typical ligation reaction is 

10 μL volume, containing 0.02 pmol vector, 0.06 pmol insert DNA, 1 μL 10× T4 

DNA ligase buffer, 0.5 μL T4 DNA ligase, and ddH2O (see Note 6). Incubate the 

ligation mixture at room temperature for 10 min (see Note 7).

• To transform E. coli competent cells, thaw 10 μL of NEB Turbo chemical 

competent cells on ice for 10 min (see Note 8), then add 2 μL of the ligation 

mixture and flick the tube several times. Incubate the cells on ice for 30 min, 

then heat shock them for 30 s at 42 °C. Cool the cells on ice for 5 min, then add 

190 μL of SOC media to the cells. Shake the cells at 37 °C for 1 h vigorously to 

allow recovery. Spread the whole culture onto a LB/carbenicillin agar plate and 

incubate at 37 °C overnight with the agar side facing up.

• If colonies appear, pick 2–3 colonies and inoculate each colony in 3 mL LB 

media with 1.5 μL of 100 mg/mL carbenicilin, shake at 37 °C for 4–5 h or 

overnight.

• Purify the plasmids using PureYield™ plasmid miniprep system according to the 

vendor’s protocol.

• To verify the plasmids, prepare the following 25 μL digestion reaction for each 

plasmid as well as the backbone vector as control: 5 μL plasmid, 0.5 μL NdeI, 

0.5 μL EcoRI-HF, 2.5 μL 10× CutSmart buffer, and 16.5 μL ddH2O. Incubate at 

37 °C for 30 min to up to an hour, and then load a 5 μL sample with 2 μL 5× 

Orange G loading buffer and 3 μL ddH2O (total volume of 10 μL) on a 0.8% 

agarose gel. The correct plasmids will result in a band for the insert, while an 

incorrect plasmid and the control vector will not. The plasmid that has the insert 

can be further confirmed by DNA sequencing.

3.2 Mutagenesis

The results of mutagenesis of kinesin motors have been broadly studied in vitro, in vivo, 

and in silico [69, 70]. Mutagenesis and structure-function studies provide insights into the 

molecular mechanisms that underlie the motion and force generation of kinesin motors. 
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Here, we use the Q5® Site-Directed Mutagenesis Kit. In principle, the Q5® high-fidelity 

DNA polymerase is used to polymerase the template vector with primers carrying the 

mutations, and subsequently DpnI is used to degrade the template vector, while kinase and 

ligase are used to phosphorylate and ligate the PCR product into a circular vector, which can 

be transformed into competent E. coli cells.

• Primers are designed to have melting temperature of about 60 °C.

• The PCR reaction is assembled following the vender’s protocol. 5% (v/v) DMSO 

is added to the PCR reaction to reduce complex DNA structures, which helps the 

DNA polymerase to progress.

• After the PCR reaction, set up a 5 μL KLD reaction following the vendor’s 

recommendation. 2 μL of the KLD reaction mixture is then used for the 

transformation of E. coli cells. The steps for the transformation of 10 μL 

NEB Turbo chemical competent cells, the growth of the E. coli cells, and the 

purification of the plasmids are the same as described above (Subheading 3.1).

• After the plasmids are obtained, verify the mutations via DNA sequencing.

3.3 E. coli Growth for Protein Expression

This section describes the methods of transforming and growing E. coli cells, the induction 

of protein expression, and the harvesting of the cells.

Day 1

• Thaw 10 μL of BL21-CodonPlus (DE3)-RILP chemical competent cells on ice 

for 10 min, add 1 μL of the plasmid, flick the tube several times, and incubate the 

tube on ice for 30 min.

• Heat shock the cells for 30 s at 42 °C and recover on ice for 5 min. 

Afterwards, add 90 μL SOC media to the tube and spread the cells onto a 

LB/chloramphenicol/carbenicillin plate, and incubate at 37 °C overnight.

Day 2

• Pick a single colony and inoculate it in 0.95 mL of TB with 0.05 mL of 

20× phosphate glycerol buffer, 50 μg/mL chloramphenicol, and 50 μg/mL 

carbenicillin. Shake at 37 °C overnight at 200 rpm.

Day 3

• Inoculate 380 mL of TB with 20 mL of 20× phosphate glycerol buffer with the 

overnight 1 mL culture without adding extra antibiotics. Shake at 37 °C for 5 h. 

Cool down the culture on ice for 1 h, then add IPTG to final 0.1 mM. Shake at 18 

°C overnight at 200 rpm.

Day 4

• Harvest the cells by centrifugation for 10 min at 3000 rcf at 4 °C. Discard 

the supernatant and resuspend the pellet in 5 mL of B-PER complete bacterial 
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protein extraction reagent with 4 mM MgCl2, 2 mM EGTA, 2 mM DTT, 0.2 mM 

ATP, and 2 mM PMSF. Flash freeze and store at −80 °C (see Note 9).

3.4 Protein Purification

The purification of KIF1A outlined below follows the standard Histag-based purification 

method.

• Thaw the frozen pellet completely at 37 °C and nutate at room temperature for 

20 min.

• Cool a Dounce homogenizer on ice and homogenize the lysate on ice for ten 

strokes.

• Fill the 3.2-mL open-top thickwall polycarbonate tubes with the lysate, balance 

the tubes and move them into the TLA-110 fixed-angle rotor, and clear the lysate 

by centrifugation at 80,000 rpm (average 260,000 × g, k-factor 28) for 10 min at 

4 °C in a Beckman tabletop ultracentrifuge.

• In the meantime, wash 0.5 mL Ni-NTA resin with 2 × 1 mL wash buffer (WB) in 

a 15-mL empty column. Once the WB is drained, cap the bottom of the column 

and load the lysate carefully on top of the resin. Let the lysate flow through the 

resin and wash the resin with 10 mL WB.

• (Optional) If a labeling of the tagged protein with a SNAP-tag ligand (dye) is 

desired, after the lysate has flown through the resin, wash the resin with 2 × 1 

mL WB. Leave ~100 μL solution on top of the resin, then cap the column. Add 

the SNAP-tag ligand to a final 10 μM concentration and gently shake the column 

to mix the resin. Incubate at room temperature for 10 min, shake the column 2–3 

times during the incubation time. Then wash the resin with 4 × 2 mL WB (see 
Note 10).

• Elute the protein by adding 0.3 mL elution buffer (EB) for each collected 

fraction, then aliquot the collected solution into 50 μL per aliquot and flash 

freeze. Store the protein at −80 °C.

3.5 MT-Binding and - Release Assay

The MT-binding and -release assay is used to remove inactive motors: The motors that are 

capable of binding to MTs are pelleted with the MTs in the presence of AMP·PNP, while 

the motors that have lost the ability to bind MTs will remain in the supernatant. The pellet 

is then resuspended in a buffer containing ATP and high salt, which causes the release the 

functional motors from the MTs into the supernatant, while the motors that are incapable 

of hydrolyzing ATP will remain bound to MTs. If a KAND mutation impairs the ATPase 

activity of the motor, this step should be skipped.

3.5.1 Preparation of MTs

• Thaw one aliquot of unlabeled tubulin, add 0.55 μL of 10 mM GTP, and incubate 

at 37 °C for 15 min to polymerize the tubulin.
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• Add 0.6 μL of 100 μM taxol (in DMSO), mix well, and incubate for another 15 

min at 37 °C to stabilize the MTs.

• In a 230 μL open-top thickwall polycarbonate tube, add 60 μL BRB80 with 60% 

glycerol, 1 mM DTT, and 10 μM taxol (cushion), then carefully lay the MT 

solution on top of the cushion.

• Centrifuge at 80,000 rpm (average 250,000 × g, k-factor 10) for 5 min in 

a TLA-100 fixed-angle rotor in a Beckman tabletop ultracentrifuge at room 

temperature.

• Remove the solution completely, then wash the pellet three times with 20 μL 

BRB80G10 with 1 mM DTT and 10 μM taxol. Resuspend the pellet carefully in 

10 μL of the same buffer, which yields 10 μL of 5 mg/mL MTs. Store the MT 

solution at room temperature in the dark.

3.5.2 MT-Binding and - Release Assay

• Thaw an aliquot of the frozen KIF1A stock quickly in a warm water bath.

• Use a desalting column to exchange the buffer to BRB80G10 with 1 mM DTT, 

1 mM AMP·PNP, and 10 μM taxol at 4 °C, following the vendor’s protocol (see 
Note 11).

• Warm the protein solution to room temperature, add 3–5 μL MT solution (see 
Note 12), and incubate at room temperature for 2 min.

• In a 230 μL open-top thickwall polycarbonate tube, carefully lay the solution on 

top of 100 μL BRB80G60 with 1 mM DTT and 10 μM taxol.

• Centrifuge the sample at 45,000 rpm (average 78,000 × g, k-factor 32) for 10 min 

in a TLA-100 fixed-angle rotor in a Beckman tabletop ultracentrifuge at room 

temperature.

• Carefully remove the supernatant, then wash the pellet three times with 20 μL 

BRB80G10 with 1 mM DTT and 10 μM taxol.

• Resuspend the solution in 50 μL of high-salt release buffer with 1 mM DTT, 3 

mM ATP, and 10 μM taxol.

• Centrifuge the sample at 40,000 rpm (average 62,000 × g, k-factor 41) for 5 min.

• Move the supernatant into a 0.5-mL tube and keep it on ice, then aliquot the 

supernatant to 2 μL per aliquot and flash freeze in liquid nitrogen. Store the 

samples at −80 °C. The protein should be stable for at least 2–3 months.

3.6 TIRF Assay

The total internal reflection fluorescence (TIRF) microscopy assay is one of the assays 

that are routinely used to study kinesins both in vitro and in vivo. For in vitro assay, MTs 

are firmly attached to a coverslip in a flow chamber, then motors are introduced into the 

chamber with ATP. Motor properties, such as its velocity, processivity (run length), and MT 

on-rates, can be extracted from the acquired movies.
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3.6.1 Coverslip Cleaning

• Arrange coverslips on a coverslip holder and submerge the holder in 25% (v/v) 

HNO3 for 15 min.

• Wash the holder twice with ddH2O, then submerge it in 2 M NaOH for 2–5 min.

• Wash six times with ddH2O, then dry the coverslips on a heat block (at least 90 

°C) for 30 min. Store at 4 °C.

3.6.2 Microscope Slide Assembly

• Arrange two ~5 mm-wide strips of Parafilm in parallel with a ~5 mm gap in 

between on a disposable microscope slide.

• Use a small cylinder (e.g., a 1 mL plastic pipette tip) to burnish the film onto 

the glass. Rub with even pressure across both strips several times to make good 

adhesion.

• Use the pincers on a pair of sharp-nosed forceps to “pick” at the paper backing 

on one of the stripes of Parafilm until it begins to separate. Once the backing is 

separated from the Parafilm, use the tweezers to pull it off completely. Remove 

the backing from both pieces of Parafilm.

• Carefully place a coverslip on top of the parafilm, then push down lightly in a 

few spots with a finger to help them stick.

• Pick up the whole slide chamber with the tweezers, cover-slip-side-up. With a 

heat gun on the table pointing upward, turn on “high.” Hold the center of the 

slide over the heat gun, about ½ inch away (or place the slide chamber on a 

heat block). As the Parafilm heats, it becomes transparent. Wait ~1 s after this 

happens and remove the side quickly.

• Hold the slide firmly with forceps (or set on a clean surface). Then quickly use 

the back of the tweezers to lightly press or tap on the cover slip regions above 

the Parafilm. Set the slide chamber aside to cool (Parafilm will turn opaque). The 

created flow chamber holds a ~10 μL volume.

3.6.3 MT Preparation

• Mix 2 μL of 1 mg/mL biotinylated tubulin and 2 μL of 1 mg/mL fluorescently 

labeled tubulin with 2 μL of 10 mg/mL tubulin on ice, then polymerize the MTs 

as describe in Subheading 3.5.1. After centrifugation, resuspend the pellet in 120 

μL of BRB80G10 with 1 mM DTT and 10 μM taxol, which will result in a final 

MT concentration of 0.2 mg/mL. Store at room temperature in the dark.

3.6.4 Slide Preparation

• All incubation steps are performed at room temperature in a humidity chamber 

(see Note 13). Flow 10 μL of 0.5 mg/mL BSA-biotin into the chamber and 

incubate for 5 min.

• Wash with 3 × 20 μL BB and incubate for 5 min.
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• Flow in 10 μL of 0.25 mg/mL streptavidin and incubate for 5 min.

• Wash the chamber with 3 × 20 μL BB.

• Dilute 0.5 μL of 0.2 mg/mL biotinylated MTs in 20 μL BB. Completely remove 

the solution from the chamber and flow the diluted MTs into the chamber. To 

achieve that a large fraction of the MTs is aligned with the flow direction, wash 

the chamber immediately with 3 × 20 μL BB; if a higher density of MTs on 

the surface is preferred, incubate the MTs in the chamber for 1–2 min before 

washing with 3 × 20 μL BB.

• Exchange the buffer in the chamber with 2 × 20 μL MB.

• Mix 1 μL of 100 mM ATP, 1 μL of 50 mM biotin, 1 μL of gloxy, and 46 μL 

of MB (as KIF1A is “sticky” and has a tendency to bind to the cover glass, 

increase the BSA concentration to 5 mg/mL if a significant amount of motors 

is bound to the cover glass surface instead of the MTs), then add 1 μL of an 

appropriately diluted motor stock and mix well. Flow 2 × 20 μL of the mixture 

into the chamber.

• Seal the chamber using vacuum grease.

3.6.5 TIRF Imaging

• Mount the slide on a TIRF microscope and adjust the laser power to obtain 

a good signal-to-noise ratio without causing a significant photo bleaching of 

the fluorophores. Acquisition times of 100–200 ms per frame (or faster) are 

preferred as KIF1A is relatively fast.

• Analyze the velocity and processivity either using ImageJ or a custom-written 

software [61]. Figure 1a depicts an example kymograph of KIF1A molecules 

moving alone an MT.

3.7 Optical Tweezers Assay

Optical tweezers has been applied to study kinesin motors for more than 30 years [71-73]. 

It is a powerful tool to measure the biophysical properties of cytoskeleton motor proteins 

[57-59, 74-76]. Here, we describe how to set up and perform an optical tweezers assay 

to investigate KIF1A force generation. GFP-tagged KIF1A motors are bound to 500-nm 

diameter polystyrene beads that are coated with anti-GFP antibody and BSA. An individual 

bead is then trapped by the focused laser trapping beam and placed on top of an MT 

immobilized on the coverslip. Movement and force generation will be observed if a KIF1A 

motor is bound to the bead surface. Using this assay, the motor’s force-dependent properties 

can be determined, such as maximal force generation, load-dependent velocity and dwell 

time, and step sizes.

3.7.1 Coating of Polystyrene Microspheres—This section describes how to 

covalently coat carboxyl polystyrene beads with an antibody of choice (see Note 14) and 

BSA via EDC/sulfo-NHS coupling. If unspecified, the centrifugation steps are performed at 
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4 °C. The beads are resuspended in solution by briefly vortexing and sonicating the solution 

after each centrifugation step.

• Bead preparation: In a 1.5-mL tube, add 200 μL AB to 75 μL of 2.5% w/v 0.5 

μm carboxyl beads and centrifuge at 10,000 rcf for 4 min. Carefully remove the 

supernatant and then resuspend the beads in 200 μL AB. Repeat the wash step 

twice, each time with 200 μL AB. After the last wash, resuspend the beads in 200 

μL AB.

• Surface activation: Weight 2 mg EDAC and 4 mg sulfo-NHS and transfer to a 

1.5-mL tube. Add the bead solution to the tube, vortex to mix well. Rotate the 

tube at room temperature for 30 min. Centrifuge the tube at 10,000 rcf for 4 min, 

remove the supernatant, and then resuspend the beads in 200 μL CB. Wash the 

beads three more times with 200 μL CB. After the last wash, resuspend the beads 

in 100 μL CB.

• Bead coating: Mix 50 μL of 2 mg/mL anti-GFP antibody (see Note 15) with 4 

μL of 50 mg/mL BSA. Add the protein solution to the beads and rotate at room 

temperature for 1 h. Add an additional 3 μL of BSA to the solution to further 

block the bead surfaces and rotate at room temperature for another 3 h. Leave the 

beads in the fridge overnight. On the second day, centrifuge the tube to remove 

the supernatant. Resuspend the coated beads in wash buffer (WB) and wash the 

beads with 200 μL WB four times. After the last wash, resuspend the beads in 

400 μL SB with 1 mg/mL BSA, which results in a final bead concentration is 

0.5% (w/v). Store the beads at 4 °C (do not freeze).

3.7.2 Labeling of α-Casein with Sulfo-NHS-Biotin for MT Immobilization—This 

step is to generate non-specifically labeled biotinylated α-casein for immobilizing MTs on 

the cover glass surface via streptavidin (see Note 16).

• Mix 20 μL of 100 mM sulfo-NHS-biotin in DMSO with 200 μL of 25 mg/mL 

α-casein and nutate at room temperature for 1 h to label α-casein with biotin.

• Move the solution to an Amicon ultra-0.5 mL 10 kDa centrifugal filter unit and 

fill the tube up to 500 μL with HME30G10 with 1 mM DTT.

• Spin the tube at 14,000 rcf for 5 min at 4 °C. Repeat the wash step five times. 

The solution has a volume of ~200 μL after the last wash step.

• Aliquot, flash freeze and store at −20 °C.

3.7.3 Coverslip Cleaning and Slide Assembly—See Subheadings 3.6.1 and 3.6.2.

3.7.4 MT Preparation—See Subheading 3.6.3.

3.7.5 Slide Preparation—To immobilize MTs on the coverslips, we use a biotin-casein-

strep-tavidin-biotin-MT linkage. The surface is passivated by α-casein and Pluronic F-127.
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• Dilute 0.25 μL of biotin-α-casein in 9.75 μL of HME30G10, flow the diluted 

solution into an assembled flow chamber and incubate at room temperature for 

10 min in a humidity chamber (see Note 17).

• Wash the chamber with 3 × 20 μL BB, then incubate the slide in the humidity 

chamber for 10 min to passivate the surface.

• Completely remove the solution from the chamber using vacuum. Dilute 2.5 μL 

of 1 mg/mL streptavidin in 7.5 μL of BRB80G10, flow the streptavidin solution 

into the chamber, and incubate for 5 min.

• Completely remove the solution from the chamber using vacuum. Add 0.5 μL 

of 0.2 mg/mL MT to 20 μL of BB and flow the diluted MT solution into the 

chamber. Immediately wash the chamber with 2 × 20 μL BB to cause the MTs to 

align with the flow direction.

• Incubate 0.4 μL of antibody-coated beads with 1 μL of appropriately diluted 

motor stock in MB on ice for 10 min.

• Add 0.8 μL of 100 mM ATP, 0.8 μL of 50 mM biotin, and 0.8 μL gloxy to 36.2 

μL MB, then mix well. Add the mixture to the bead-protein mix and mix well.

• Flow 2 × 20 μL of the mixture into the flow chamber and seal the chamber using 

vacuum grease.

3.7.6 Optical Tweezers Assay

• Mount the slide chamber onto the optical tweezers microscope.

• Find a straight MT using the fluorescence signal of the MTs or interference 

reflection microscopy (IRM) [77-79].

• Place a bead on top of the center of the MT and wait for an appropriate time 

to determine if movement and force generation can be observed (see Note 18); 

dilute the motor concentration until less than 30% of the trapped beads display 

movement.

• Record the data and further analyze the data using the software of your choice 

(see Note 19). Figure 1b depicts an example trace of KIF1A’s force generation.

4 Notes

1. SNAPf is a kinetically faster version of SNAP-tag [80]. To achieve fast labeling, 

the SNAP-tag in pSNAP-tag® (T7)-2 was swapped with SNAPf using the 

pSNAPf vector as template. The C-terminus EGFP-6His was then added behind 

the SNAPf-tag. EGFP is used for the coupling to the trapping beads, while 6His 

serves as the purification tag.

2. Any pair of commercially available restriction enzymes of choice could be used, 

however, be sure to check if the two enzymes are compatible. For example, 

if both enzymes are provided by NEB, use the NEB double digest finder 
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(http://nebcloner.neb.com/#!/redigest) to check if the two enzymes can be used 

simultaneously, and if so, which is the optimal buffer for double digestion.

3. If one obtains a high percentage of false positive colonies, it is an indication that 

the rSAP is losing its activity.

4. Similar to the double digestion, be sure to check the correct heat deactivation 

temperature for both enzymes. Some enzymes may require higher temperatures 

than 65 °C.

5. The reaction mixture can be directly loaded to the agarose gel without the 

cleaning step. However, keep in mind that the DNA band tends to run slower due 

to the high salt concentration, which may cause the molecular weight to appear 

not to align with the corresponding band of the DNA ladder.

6. Usually, a 1:3 ratio of vector:DNA works well for most applications. However, 

if difficulties are encountered, one can vary the ratio to determine more optimal 

conditions.

7. If no colony appears, the ligation is likely not efficient. If this is the case, either 

increase the concentration of T4 DNA ligase, supplement fresh ATP, or increase 

the incubation time to 1 h or overnight at room temperature.

8. Commercially available E. coli competent cells usually have a high competent 

efficiency. The tube with the E. coli cells can therefore be thawed, divided into 

10 μL aliquots, and frozen again for future use. Here, we use NEB® Turbo 

competent E. coli (High Efficiency) for its high transformation efficiency and 

fast growth rate.

9. If one decides to perform the purification on the same day, it is still 

recommended to go through the freeze-thaw cycle, which aids the lysis of the 

cells.

10. As the SNAP-tag ligand tends to be sticky, it is important to thoroughly wash the 

resin to remove the residual ligands.

11. It is important to remove the salt when performing an MT-binding and -release 

assay with kinesin motors. The high salt concentration in the elution buffer from 

the last kinesin purification step will prevent kinesin-MT binding.

12. The amount of MTs added depends on the protein concentration. If the protein 

concentration is low, add less MTs.

13. A humidity chamber can be created by using an empty pipette tip box. Fill the 

bottom with ddH2O, and keep the lid closed.

14. Here, we use an anti-GFP antibody that was generated for us by YenZym 

Antibodies. For this, we express the recombinant enhanced GFP mutant 3 in E. 
coli bacteria and send the purified protein to YenZym Antibodies, who produces 

the rabbit anti-GFP serum. We have purified the anti-GFP antibodies from the 

rabbit antiserum and verified their functionality in previous optical trapping 

studies [53, 56-59, 81, 82]. However, any antibody could be used if it has 
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a sufficiently high specificity and affinity, such as anti-StrepII-tag antibodies. 

Alternatively, the trapping beads could be covalently coated with streptavidin for 

the binding to biotinylated proteins.

15. The volume can vary as long as the total amount of antibody is 100 μg. The 

antibody can be in PBS or HEPES buffer as long as the buffer pH is above 7 and 

the buffer doesn’t have primary amine-containing components such as Tris.

16. One can use commercially available biotin-BSA as a substitute, however, we 

found that commercial biotin-BSA sometimes causes the beads to stick to the 

cover glass surface.

17. One should empirically determine the minimum concentration of biotin-α-casein 

that allows firm attachment of the MTs.

18. The waiting time correlates with the diameter of the trapped bead. For small 

beads, such as 500 nm-diameter beads, force generation is typically observed 

within 10 s if the bead is bound to a motor; for larger beads (e.g., 1 μm), it can 

take significantly more time to observe force generation events.

19. We use a custom-written MATLAB program to visualize and analyze optical 

trapping data. However, other software packages can be used as well, such as 

IDL or Python. Python is an open-source language, which is widely used in 

scientific research.
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Fig. 1. 
(a) A kymograph example showing processive motion of KIF1A (Homo sapiens 1-393)-LZ. 

(b) An example optical trapping trace showing the force generation of a single KIF1A 

(Homo sapiens 1-393)-LZ molecule
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