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Abstract　Objective  In kinesin-3, the neck coil correlates with the following segments to form an extended neck that contains a 

characteristic hinge diverse from a proline in KIF13B to a long flexible linker in KIF1A. The function of this neck hinge for 

controlling processive movement, however, remains unclear. Methods  We made a series of modifications to the neck hinges of 

KIF13B and KIF1A and tested their movement using a single-molecule motility assay. Results  In KIF13B, the insertion of flexible 

residues before or after the proline differentially impacts the processivity or velocity, while the removal of this proline increases the 

both. In KIF1A, the deletion of entire flexible neck hinge merely enhances the processivity. The engineering of these hinge-truncated 

necks of kinesin-3 into kinesin-1 similarly boosts the processive movement of kinesin-1. Conclusion  The neck hinge in kinesin-3 

controls its processive movement and proper modifications tune the motor motility, which provides a novel strategy to reshape the 

processive movement of kinesin motors.
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Kinesins are microtubule-based molecular 
motors critical for intracellular transport and 
microtubule network organization[1-3]. Kinesin motors 
feature a motor domain (MD) that binds to 
microtubules and nucleotides, converting the chemical 
energy of ATP hydrolysis into mechanical force[4-5]. 
For effective movement along microtubule tracks, 
processive kinesins (kinesin-1/2/3) require not only 
the MD but also a neighboring neck domain, 
comprising a neck linker (NL) and a neck coil       
(NC) [4, 6]. The NC forms a coiled-coil dimer, brings 
two MDs together to assemble a “two-headed” motor. 
Meanwhile, the NL, in coordination with the 
nucleotide exchange of the MD, docks or undocks 
from the MD to control directionality[7-9]. Based on 
the NC-mediated motor dimer, the length of the NL 
determines the inter-head strain between the two 
MDs, which is essential for controlling velocity and 
processivity[10-11]. Moreover, the biophysical property 
and stability of the NC coiled-coil dimer further 
modulate the processivity[12-13]. Thus, the entire neck 

domain, along with the motor domain, orchestrates 
kinesin motors’  processive movement. Defining the 
mechanical and biochemical factors that determine 
kinesin processivity is crucial for understanding how 
various kinesins are optimized for specific cellular 
functions.

Kinesin-3, a subfamily of kinesins comprises 
diverse members including KIF1A/B/C, KIF13A/B, 
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and KIF16A/B[2, 4]. The processivity of kinesin-3, 
which is 10 times greater than that of kinesin-1, fine-
tunes it for long-distance intracellular transport[14]. In 
addition to the motor and neck domains, kinesin-3 
contains a family-specific forkhead-associated (FHA) 
domain flanked by two coiled-coils (CC1 and CC2) 
(Figure S1a), distinguishing it from conventional 
kinesin-1. Both KIF1A and KIF13B contain an MBS 
(MAGUK binding stalk)-MATH (meprin and TRAF-C 
homology) tandem and a large undefined region 
(UDR) that follow CC2 (Figure S1a). The MBS-
MATH tandem is involved in kinesin auto-
inhibition[15], while the precise function of UDR is 
unknown. The C-terminal PH (Pleckstrin homology) 
domain of KIF1A is responsible for cargo binding 
while the C-terminal CAP-Gly (cytoskeleton-
associated protein-glycine-rich) of KIF13B can 
control motor landing and processivity by influencing 
the initial motor-microtubule interaction[16-17]. For 
kinesin-3, the NC, CC1, and FHA can form a central 
hub for controlling motor activity[18]. In comparison to 
conventional kinesin-1, the NC of kinesin-3 is 
relatively shorter and tends to form an unstable coiled-
coil dimer that can be inhibited by CC1 for 
autoinhibition[14, 19]. In the inhibited state, CC1 is 
broken into several short helices that fold back to 
associate with both the NC and MD and lock down 
the entire neck domain by blocking the NC dimer 
formation and the NL undocking from the MD[15, 20]. 
On the other hand, the FHA domain can work with 
CC1 to form a stable CC1-FHA dimer that releases 
the CC1-mediated inhibition and promotes the NC 
dimer formation[18, 21]. Thus, in the uninhibited state, 
the NC tends to coordinate with the CC1-FHA tandem 
to form a stable dimeric neck for processive 
movement, and the neck domain of kinesin-3 could be 
extended to the FHA domain (i. e., the NC-CC1-FHA 
tandem)[21].

In the NC-CC1-FHA tandem, the NC, CC1, and 
the FHA domain are highly conserved among the 
different members of kinesin-3, but the hinge between 
the NC and CC1 (referred to as the neck hinge) is 
diverse in length and flexibility, e.g., from a proline in 
KIF13A/B to a long flexible linker in KIF1A/B/C 
(Figure S1b). The function of this diverse neck hinge 
in the extended neck domain of kinesin-3 for 
controlling processive movement remains unclear. In 
this study, we make a number of mutations in the neck 
hinges of KIF13B and KIF1A. In KIF13B, the 

insertion of flexible residues before or after the 
proline differentially impacts the processivity or 
velocity, while the deletion of this proline increases 
both. In KIF1A, the truncation of the flexible neck 
hinge affects the processivity. The engineering of 
these mutated neck domains into kinesin-1 also boosts 
the processive movement of kinesin-1. Thus, the neck 
hinge in kinesin-3 can be modified to tune its 
processive movement.

1　Materials and methods

1.1　Protein expression and purification
The plasmid for Drosophila melanogaster 

kinesin heavy chain (DmKHCΔ521-642) (referred to 
as KHC) was a gift of Dr. Vladimir I. Gelfand 
(Northwestern University, Chicago, USA). DNA 
sequences encoding the KHC-KIF1A ΔHinge and 
KHC-KIF13B ΔP391 chimeras (with the MD and NL 
from KHC) were each cloned into a modified version 
of the pET32a vector. DNA sequences encoding 
mouse KIF13B fragments including the MD-NC 
tandem (residues 1-389), the MD-NC-CC1 tandem 
(residues 1-432), and the MD-NC-CC1-FHA tandem 
(residues 1-546) and that encoding the MD-NC-CC1-
FHA tandem (residues 1-613) of mouse KIF1A were 
also each cloned into a modified version of the 
pET32a vector. All the mutations in the KIF13B and 
KIF1A fragments were created using the standard 
PCR-based mutagenesis method and confirmed by 
DNA sequencing. Recombinant proteins were 
expressed in Escherichia coli BL21 (codon plus) host 
cells at 16°C. After the 16 h cultivation, the cells were 
harvested and suspended in the buffer containing      
50 mmol/L Tris-HCl, pH7.5, 500 mmol/L (NH4)2SO4, 
2 mmol/L MgCl2, 1 mmol/L EGTA, 1 mmol/L PMSF, 
0.5 mmol/L ATP. The proteins were purified by Ni2+-
Sepharose 6 Fast Flow (GE Healthcare) affinity 
chromatography with the washing buffer (50 mmol/L 
Tris-HCl, pH7.5, 500 mmol/L (NH4)2SO4, 2 mmol/L 
MgCl2, 1 mmol/L EGTA, 0.1 mmol/L ATP, 40 mmol/L 
imidazole) and the elution buffer (50 mmol/L Tris-
HCl, pH7.5, 500 mmol/L (NH4)2SO4, 2 mmol/L 
MgCl2, 1 mmol/L EGTA, 0.1 mmol/L ATP, 500 mmol/L 
imidazole). The proteins were further purified by size-
exclusion chromatography (Superdex-200 26/60, GE 
Healthcare) with the buffer containing 150 mmol/L 
NaCl, 50 mmol/L Tris-HCl, pH7.5, 2 mmol/L MgCl2, 
1 mmol/L EGTA, 0.1 mmol/L ATP, and 1 mmol/L 
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DTT.
1.2　Tubulin purification and labeling

Crude tubulins were obtained from porcine brain 
through double cycles of polymerization and 
depolymerization, as previously described[22]. 
Tubulins were further purified using a TOG-based 
affinity column[23]. Tubulins were labeled with           
5-carboxytetramethylrhodamine (TAMRA, Thermo 
Fisher Scientific) using NHS esters, following 
standard protocols[24].
1.3　 Polymerization of taxol-stabilized 
microtubules

A previously published protocol was followed 
for the in vitro motility assay[25]. Briefly, short 
microtubule seeds were prepared by incubating         
32 μmol/L porcine brain tubulin mixture containing 
5% TAMRA-labeled tubulin with 1 mmol/L GTP,      
4 mmol/L MgCl2, and 4% DMSO. After incubation on 
ice for 5 min, the mixture was polymerized in a 37°C 
water bath overnight in the dark. Then, 400 μl of the 
warm BRB80 buffer (80 mmol/L PIPES/KOH, pH6.9, 
1 mmol/L MgCl2, 1 mmol/L EGTA) containing        
20 μmol/L taxol was added to stop the reaction. The 
sample was subjected to centrifugation at 15 000g for 
20 min at 25° C to collect microtubule seeds in the  
200 μl prewarmed taxol-BRB80 buffer.
1.4　 Single molecule assay by total internal 
reflection fluorescence microscopy

Imaging was performed using a total internal 
reflection (TIRF) microscope (Olympus) equipped 
with an Andor 897 Ultra EMCCD camera (Andor, 
Belfast, UK) using a 100× TIRF objective (NA 1.49, 
Olympus). Polymerized microtubules were diluted in 
the taxol-BRB80 buffer and then flowed into a flow 
cell and incubated for 10 min at room temperature to 
adsorb onto the coverslip surface coated with anti-
tubulin antibodies (Sigma). Subsequently, 
polymerized microtubules were protected from laser 
illumination by flowing the basic reaction mix buffer 
(RM) (0.08 g/L glucose oxidase, 0.032 g/L catalase, 
0.16 g/L casein, 1% β‑mercaptoethanol, 0.001% 
tween 20, 1 mmol/L MgCl2, 20 μmol/L taxol,           
80 mmol/L D-glucose). Finally, a 50 μl final reaction 
mix consisting of kinesin motors, RM, and 2 mmol/L 
ATP was added to the flow chamber and the time-
lapse movies were recorded. Images were taken every 
0.1 s with a 0.05 s exposure at low laser power to 
avoid photo-bleaching during processive motor runs.

1.5　Data analysis
In order to screen out the single-molecule in the 

motility assay, we counted the fluorescence intensities 
of all the moving molecules and carried out the multi-
peak Gaussian fitting of their fluorescence intensity 
distributions. The peak fitted with the minimum value 
was chosen as the fluorescence intensity distribution 
of the single molecule, and based on the value and 
half-height width of the fitted peak, the fluorescence 
intensity range of the single molecule was estimated. 
With the multi-peak Gaussian fitting, the fluorescence 
intensity of a single MNCF-GFP dimer was estimated 
to be 632±163 (a. u.), and by using this standard, the 
single molecule was selected and the velocity and run 
length of the single molecule were calculated.

In the single molecule motility assay, the position 
of fluorescent motor spots was manually tracked 
using the ImageJ software (Fiji, NIH) [26]. In the 
kymograph, the vertical distance represented the time 
and the horizontal distance indicated the run length. 
The ratio between the run length and the time was the 
velocity. The number of events for each protein 
sample was plotted for the velocity and run length as a 
histogram and fitted to a Gaussian distribution. All the 
statistical analyses were performed using GraphPad 
Prism (GraphPad Software), and all the data were 
presented as mean±SD. All the P values were 
calculated by using a two-tailed unpaired Student t 
test.

2　Results

2.1　 Processive movement of kinesin-3 with an 
extended neck

We previously demonstrated that the CC1-FHA 
tandem in kinesin-3 forms a stable dimer that releases 
the CC1-mediated inhibition and coordinates with the 
NC to assemble an extended dimeric neck[18, 21]. To 
evaluate whether this extended neck is essential for 
processive movement, we initiated this work with the 
biochemical characterization of the locomotory 
capacities of different KIF13B fragments (including 
the MD and the NC-CC1-FHA tandem with a            
C-terminal GFP tag) by the total internal reflection 
fluorescence (TIRF) -based single molecule motility 
assay (Figure S1c, S2a). As expected, the MD-NC and 
MD-NC-CC1 fragments could bind to microtubules 
but exhibited no obvious motilities, while the MD-
NC-CC1-FHA fragment moved along microtubules 
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processively (Figure S2b), suggesting that the 
inclusion of the FHA domain is essential for the 
processive movement of KIF13B. Thus, the minimal 
fragment of KIF13B for processive movement is the 
MD-NC-CC1-FHA fragment. Consistently, the MD-
NC-CC1-FHA fragment of KIF1A possessed similar 
motility with obvious processive movement on 
microtubule tracks (Figure S2a, b), supporting the 
locomotory capacity of the kinesin-3 fragment with an 
extended neck. Based on the motility assay, the MD-
NC-CC1-FHA fragments of KIF13B and KIF1A with 
an extended neck (referred to as the MNCF fragment) 
were chosen for further characterization of the neck 
hinge.
2.2　 Breakage of the proline-hinge impacts the 
processive movement of KIF13B

In KIF13A/B, the neck hinge between the NC 
and CC1 only contains a proline that forms a sharp 
turn to connect the two coiled-coil segments for 
structural correlation[21]. To investigate the potential 
role of this proline-hinge for processive movement, 
we inserted a number of flexible residues (the       
(Gly-Ser)3-linker) before or after this proline (i.e., the  

3(GS) -P and P-3(GS) mutations) to loosen the sharp 
turn between the NC and CC1 in the extended neck 
(Figure 1a). In comparison to the wild-type MNCF 
fragment of KIF13B, the two different types of 
insertions unexpectedly have distinct impacts on the 
processive movement of KIF13B (Figure 1b, c). The 3

(GS)-P mutation significantly increased the run length 
(from (2.76±0.43) µm to (7.32±0.69) µm) but slightly 
enhanced the speed (from (1.54±0.02) µm/s to (1.72±
0.02) µm/s) (Figure 1c, d). In contrast, the P-3(GS) 
mutation enhanced the speed obviously (from (1.54±
0.02) µm/s to (2.61±0.08) µm/s) but not the run length 
(Figure 1c, d). Thus, the different modes of the 
proline-hinge breakage in KIF13B specifically 
modulate the processivity and velocity.

Based on the established mechanism for the 
processive movement of transport kinesins, the 
mechanical stability of the NC coiled-coil dimer can 
control the run length (i.e., the dissociation of the NC 
dimer would pause processive movement) [13, 27-28]. 
Moreover, given that kinesin motors often 
asymmetrically walk along microtubules in a hand-
over-hand manner[29-31], the continuous movement 
would generate certain torsion force that could be 
buffered and stored in the neck domain for controlling 

the speed[32-34]. Accordingly, the intrinsic flexibility of 
the neck domain is also of functional importance for 
controlling motor motility[35-37].

The striking impacts of the different proline-
hinge breakages on the processivity and velocity 
demonstrated the essential role of this proline-hinge in 
restricting the processive movement of KIF13B 
(Figure 1c, d). Previous structural studies of the NC-
CC1-FHA tandem demonstrated that the proline-hinge 
adopts a sharp turn between the NC and CC1 and 
seems to act as a tight joint to connect the two coiled-
coil segments[21]. This sharp turn somewhat bends the 
C-terminal end of the NC and tends to disfavor the 
coiled-coil dimer formation (Figure S3a), which 
would restrain the run length. The insertion of flexible 
residues before the proline would extend the              
C-terminal end of the NC and stabilize the coiled-coil 
dimer (Figure S3a), which would release the restrain 
and increase the run length of the motor. On the other 
hand, the insertion of flexible residues after the 
proline would not significantly impact the stability of 
the NC coiled-coil dimer but provide the additional 
flexibility between the NC and CC1 (Figure S3a), 
which would facilitate the storage of potential torsions 
(generated by the asymmetric walking) for enhancing 
the motor speed. Consistently, the extra flexibility in 
the neck domain provided by the insertion of flexible 
residues before the proline also slightly increased the 
velocity (Figure 1c, d). Nevertheless, the molecular 
basis for the striking impacts of the different proline-
hinge breakages on the processive movement of 
KIF13B awaits further investigations.
2.3　 Removal of the proline-hinge enhances the 
motility of KIF13B

Since the proline-hinge restricts processive 
movement, we removed this proline-hinge from the 
extended neck of KIF13B (the ΔP391 mutation) 
(Figure 1a). As expected, in comparison to the wild-
type fragment, the ΔP391 mutation significantly 
enchanted both the run length (from (2.76±0.43) µm 
to (7.74±0.68) µm) and speed (from (1.54±0.02) µm/s 
to (2.21±0.01) µm/s) (Figure 1b-d), consistent with 
the previous studies of this deletion mutation[14]. Our 
structural studies of the proline-hinge-deletion mutant 
demonstrated that, after the removal of the proline, the 
NC and CC1 unexpectedly form a continuous coiled-
coil dimer in the NC-CC1-FHA tandem and function 
together as an extended dimeric neck for controlling 
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processive movement[21] (Figure S3a). This extended 
continuous coiled-coil dimer would be more stable 
and also exhibit more capacities of storing the 
potential torsions (Figure S3a), which would increase 
both the run length and speed of the motor. Taken 
together, in the wild-type protein, the proline-hinge in 
the extended neck of KIF13B restrains processive 
movement and the motor is somewhat adapted to 
move with the compromised motility for specific 
cellular functions. The breakage or removal of this 
proline-hinge significantly impacts processive 

movement, demonstrating that the modifications of 
the neck hinge in KIF13B can tune its processive 
movement.
2.4　Deletion of the flexible neck hinge increases 
the processivity of KIF1A

The positive impacts of the neck hinge 
modifications on the processive movement of KIF13B 
encouraged us to further investigate the flexible neck 
hinge in KIF1A (Figure S1b). Since the neck hinge in 
KIF1A is much longer than that in KIF13B, we 
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Fig. 1　Mutations of the proline-hinge impact the processive movement of KIF13B
(a) Domain organizations of the MNCF fragment of KIF13B and its various mutants (3(GS) -P, P-3(GS) and ΔP391) used for the single molecule 

motility assay. (b) Representative kymographs showing the motions of the wild-type (WT) MNCF fragment of KIF13B and the 3(GS)-P, P-3(GS) and 

ΔP391 mutants along microtubules. (c) Quantifications of the velocity (top) and run length (bottom) for each protein sample. The number of events 

for each protein sample is plotted for the velocity and run length as a histogram and fitted to a Gaussian distribution. The velocity and run length of 

the corresponding population of the protein sample (N) are indicated in each panel as mean±SD. All the data are the average from at least two 

independent experiments. (d) Statistical analyses of the velocity (top) and run length (bottom) for each protein sample. Statistical significance for the 
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deleted this flexible neck hinge from the MNCF 
fragment of KIF1A (the ΔHinge mutation)        
(Figure 2a). Unexpectedly, in comparison to the wild-
type fragment, the ΔHinge mutation significantly 
increased the run length (from (6.39±0.22) µm to 
(16.44±2.53) µm) but not the speed (Figure 2b-d). To 
check whether the proline-hinge in KIF13B has a 
similar restriction effect in KIF1A, we further made 

the reversal insertion of the proline into the ΔHinge 
mutant (the ΔHinge-P mutation) (Figure 2a). 
However, the proline-hinge insertion had no further 
effects on the motor motility with the similar run 
length and speed ((16.44±2.53) µm v. s. (15.39±   
0.92) µm, (3.48±0.02) µm/s v. s. (3.38±0.03) µm/s) 
(Figure 2b-d).

In the wild-type protein, the processivity and 
velocity of KIF1A are both higher than that of 
KIF13B ((6.39±0.22) µm v.s. (2.76±0.43) µm, (3.37±
0.09) µm/s v. s. (1.54±0.02) µm/s) (Figure 1c, 2c). 

Previous studies demonstrated that the motor domain 
of KIF1A possesses some intrinsic properties for the 
longer run length[14, 38], which may endow the capacity 
of KIF1A for the long-distance axonal transport of 
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Fig. 2　Mutations of the flexible neck hinge impact the processivity of KIF1A
(a) Domain organizations of the MNCF fragment of KIF1A and its various mutants (ΔHinge and ΔHinge-P) used for the single molecule motility 

assay. (b) Representative kymographs showing the motions of the wild-type (WT) MNCF fragment of KIF1A and the ΔHinge and ΔHinge-P mutants 

along microtubules. (c) Quantifications of the velocity (top) and run length (bottom) for each protein sample. The number of events for each protein 

sample is plotted for the velocity and run length as a histogram and fitted to a Gaussian distribution. The velocity and run length of the corresponding 

population of the protein sample (N) are indicated in each panel as mean±SD. All the data are the average from at least two independent experiments. 

(d) Statistical analyses of the velocity (top) and run length (bottom) for each protein sample. Statistical significance for the velocity or run length is 

determined using Student’s t test (n.s., statistically not significant; ***P<0.001) as compared with the WT fragment of KIF1A.
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synaptic vesicles in neurons. In this study, the deletion 
of the flexible neck hinge could further increase the 
processivity and generate an ultra-superprocessive 
motor (with run length of (16.44±2.53) µm) (Figure 
2b-d), suggesting that the long flexible neck hinge 
has negative impacts on the processivity. We reasoned 
that the flexible neck hinge in KIF1A may be too long 
to disfavor the formation of the stable coiled-coil 
dimer in the extended neck and the deletion of this 
neck hinge could enhance the stability of the neck 
dimer (Figure S3b). On the other hand, the further 
insertion of the proline-hinge had no impact on the 
processive movement of KIF1A, possibly due to the 
variation of the C-terminal end of the NC. In KIF1A, 
the C-terminal end of the NC already contains the 
flexible residues (ended with Gly-Leu-Gly-Asp) that 
would likely buffer the restriction effect of the proline-
hinge for processive movement (Figure S1b, S3b). 
Moreover, the intrinsic flexibility of the C-terminal 
end of the NC and the long neck hinge in the neck 
domain may also contribute to the higher motor speed 
of KIF1A (in comparison to KIF13B).
2.5　Switch of the mutated neck domain between 
KIF13B and KIF1A

In KIF13B and KIF1A, the neck hinge between 
the NC and CC1 in the NC-CC1-FHA tandem seems 
to break the extended neck to restrict processive 
movement and the removal of this neck hinge could 
increase the run length and/or speed (Figure 1, 2). To 
check whether the mutated neck domains of one 
motor has similar positive effects on the other, we 
next switched the hinge-truncated neck domain 
between KIF13B and KIF1A to generate the KIF13B-
KIF1A ΔHinge and KIF1A-KIF13B ΔP391 chimeras 
(Figure S4a, e). In these two chimeras, the motor 
domain and neck linker were intact and the neck 
domain replacement was started from the NC (Figure 
S4a, e). Interestingly, in the KIF13B-KIF1A ΔHinge 
chimera, the KIF1AΔHinge neck could also 
significantly increase the run length and speed of 
KIF13B (from (2.76±0.43) µm to (6.27±0.18) µm and 
from (1.54±0.02) µm/s to (1.94±0.05) µm/s) (Figure 
S4b-d), similar to the positive effects induced by     
the ΔP391 mutation (Figure 1). In the KIF1A-    
KIF13BΔP391 chimera, the KIF13BΔP391 neck 
could significantly enhance the run length of KIF1A 
(from (6.39±0.22) µm to (13.09±0.26) µm) and 
moderately promoted the speed (from (3.37±0.09) µm/s 

to (3.62±0.08) µm/s) (Figure S4f-h), demonstrating 
the positive effects of the KIF13BΔP391 neck on 
KIF1A.

In these switch-based mutants of KIF13B and 
KIF1A, since the motor domain and neck linker were 
unchanged, the positive effects on the processivity 
and velocity would solely depend on the extended 
neck domain (Figure S4). In comparison to KIF13B 
with the ΔP391 mutation, the KIF1A-KIF13B ΔP391 
chimera still exhibited a higher speed ((3.62±       
0.08) µm/s v. s. (2.21±0.01) µm/s) (Figure 1, S4), 
indicating that the N-terminal region of KIF1A 
including the motor domain and neck linker may 
possess the intrinsic capacity for the higher velocity in 
addition to the larger processivity. Moreover, in 
addition to the enhancement of the run length, the 
extra moderate increase of the motor speed induced 
by the KIF13B ΔP391 neck (with an extended coiled-
coil) in the KIF1A-KIF13B ΔP391 chimera may also 
suggest that this dimeric neck could be the optimal 
neck of kinesin-3 for controlling processive 
movement. Taken together, the hinge-truncated neck 
domain could be switched between KIF13B and 
KIF1A to similarly tune their processive movement.
2.6　 Engineering of the hinge-truncated neck 
domain of kinesin-3 into kinesin-1

To investigate the potential positive role of the 
mutated necks of kinesin-3 on other kinesin motors, 
we finally engineered the hinge-truncated neck 
domains of KIF1A and KIF13B into the conventional 
kinesin-1 to generate the KHC-KIF1A ΔHinge and 
KHC-KIF13B ΔP391 chimeras with the similar 
replacement strategy for the neck domain (Figure 3a). 
In these chimeras, the motor domain and neck linker 
of KHC were unchanged and attached to the KIF1A 
ΔHinge and KIF13B ΔP391 neck domains (Figure 
3a). Interestingly, in comparison to the wild-type 
KHC, the replacements with the KIF1A ΔHinge and 
KIF13B ΔP391 neck domains both increased the run-
length and speed of KHC (from (1.54±0.07) µm to 
(3.81±0.05) µm and (4.23±0.28) µm respectively, and 
from (0.87±0.01) µm/s to (1.24±0.01) µm/s and (1.08±
0.06) µm/s respectively) (Figure 3b-d), suggesting 
that the hinge-truncated neck domains of KIF1A and 
KIF13B similarly boost the processive movement of 
kinesin-1. Thus, the hinge-truncated necks of kinesin-3 
could be used by other processive kinesins to enhance 
the processivity and velocity.
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3　Discussion

Kinesin-3 is a subfamily of kinesin motors for 
intracellular transport and contains different 
members[2, 4]. Based on the organization of the 
extended NC-CC1-FHA neck domain (Figure S1a, b), 
the neck hinge between the NC and CC1 is diverse in 
different kinesin-3 members but the precise role of 

this segment remains to be determined. In this study, 
we characterized the motor motilities of KIF13B and 
KIF1A with the various modifications of their neck 
hinges and uncovered the prominent role of the neck 
hinge for processive movement with a number of 
striking observations. Firstly, in KIF13B, the different 
modes of the proline-hinge breakage could 
differentially impact the processivity or velocity, 
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while the removal of the proline-hinge enhanced both 
(Figure 1). Secondly, in KIF1A, the deletion of the 
long flexible hinge significantly increased the 
processivity and tuned the motor to be an ultra-
superprocessive one (with an average run length 
larger than 15 µm) (Figure 2). Thirdly, the switch of 
the mutated neck domain between KIF13B and 
KIF1A resulted in the similar enhancement in motor 
motilities (Figure S4), and the engineering of these 
hinge-truncated neck domains into kinesin-1 could 
also impact the processivity and velocity of kinesin-1 
(Figure 3). All these striking observations demonstrate 
that the neck hinge controls the processive movement 
of kinesin-3 and the proper modulations of this 
characteristic segment can reshape the motor motility. 
Although the protein sequence alignment shows that 
the family members of kinesin-3 are relatively 
conserved in the NC-CC1-FHA region, further 
experiments are still needed to test whether the 
alteration of the neck hinge could impact the 
processivity in other kinesin motors.

In kinesin-3, due to the instability of the short 
NC coiled-coil dimer, the formation of the stable 
dimeric neck needs the CC1-FHA tandem that 

correlates with the preceding NC for controlling 
processive movement[18, 21]. The neck hinge between 
the NC and the CC1-FHA tandem seems to be 
essential for regulating the stability of the NC coiled-
coil dimer and the flexibility of the entire extended 
neck (Figure S1a, b). Based on this study, a working 
model for the neck hinge-mediated regulation of the 
processive movement of kinesin-3 could be proposed 
(Figure 4). In this working model, in addition to the 
well-known determinants including the MD, NL, and 
NC, the neck hinge is an extra essential component 
for controlling motor motility (Figure 4). Due to the 
potential capacities of regulating the NC coiled-coil 
dimer and the flexibility of the neck domain, the neck 
hinge could function as a control center to modulate 
the run length and speed of the motor (Figure 4), 
resembling a gear lever for tuning processive 
movement. Consistent with this working model, the 
previous studies of kinesin-1 demonstrated that the 
flexible hinge immediately following the NC coiled-
coil dimer (with the equivalent position of the neck 
hinge in kinesin-3) is also essential for controlling 
processive movement[13, 35].

4　Conclusion

In summary, the biochemical characterization of 
the processive movement of kinesin-3 demonstrated 
that the neck hinge could work as an additional 
control center for manipulating motor motility. The 
optimal extended neck of kinesin-3 could be 
engineered into other processive kinesins to enhance 
motor motility, which may pave the way for reshaping 

the processive movement of kinesin motors without 
touching the core determinants.
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改造颈部铰链区重塑驱动蛋白3的持续运动能力*

李 冬 1，3）** 任锦启 1）** 宋银龙 2） 梁 鑫 2）*** 冯 巍 1，3）***

（1）中国科学院生物物理研究所，中国科学院生物大分子卓越中心，生物大分子国家重点实验室，

中国科学院生物大分子重点实验室，北京 100101；
2）清华大学生命科学学院，北京 100084；3）中国科学院大学生命科学学院，北京 100049）

摘要 目的　驱动蛋白 3的颈部螺旋与其后的蛋白质序列相互关联，形成一个延长的颈部，其中包含一个特征铰链结构。

该特征性铰链在不同的驱动蛋白中表现出多样性，在驱动蛋白KIF13B中，这个铰链仅由一个脯氨酸残基组成，而在驱动蛋

白 KIF1A 中，则由一个长的柔性无规卷曲构成。然而，这个颈部铰链在控制驱动蛋白持续运动方面的功能仍不明确。           

方法　本文对KIF13B和KIF1A的颈部铰链区的氨基酸残基进行突变改造，并通过单分子运动实验研究铰链区突变对驱动蛋

白运动行为的影响。结果　在KIF13B中，在铰链区——脯氨酸前后插入柔性残基对其运动的速度以及持续性都有不同程度

的影响，而去除该脯氨酸则可以同时提高运动速度和持续性。在KIF1A中，删除整个柔性颈部铰链仅仅增强了其运动的持

续性。同时，把驱动蛋白1的颈部铰链区用改造后的驱动蛋白3的颈部铰链区进行替换，同样能够提高驱动蛋白1的持续运

动能力。结论　驱动蛋白3颈部铰链控制其持续运动能力，适当改造可以调整马达的运动行为，这为重塑驱动蛋白马达的

持续运动提供了一种新策略。

关键词 胞内物质转运，分子马达，驱动蛋白3，颈部铰链区，持续运动
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