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Abstract

:

Kinesin-14s, a subfamily of the large superfamily of kinesin motor proteins, function mainly in spindle assembly and maintenance during mitosis and meiosis. KlpA from Aspergillus nidulans and GiKIN14a from Giardia intestinalis are two types of kinesin-14s. Available experimental results puzzlingly showed that while KlpA moves preferentially toward the minus end in microtubule-gliding setups and inside parallel microtubule overlaps, it moves preferentially toward the plus end on single microtubules. More puzzlingly, the insertion of an extra polypeptide linker in the central region of the neck stalk switches the motility direction of KlpA on single microtubules to the minus end. Prior experimental results showed that GiKIN14a moves preferentially toward the minus end on single microtubules in either tailless or full-length forms. The tail not only greatly enhances the processivity but also accelerates the ATPase rate and velocity of GiKIN14a. The insertion of an extra polypeptide linker in the central region of the neck stalk reduces the ATPase rate of GiKIN14a. However, the underlying mechanism of these puzzling dynamical features for KlpA and GiKIN14a is unclear. Here, to understand this mechanism, the dynamics of KlpA and GiKIN14a were studied theoretically on the basis of the proposed model, incorporating potential changes between the kinesin head and microtubule, as well as the potential between the tail and microtubule. The theoretical results quantitatively explain the available experimental results and provide predicted results. It was found that the elasticity of the neck stalk determines the directionality of KlpA on single microtubules and affects the ATPase rate and velocity of GiKIN14a on single microtubules.
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1. Introduction


Kinesin-14s constitute a subfamily of the large superfamily of motor proteins that can interact with microtubules (MTs) [1,2,3,4]. Kinesin-14s function mainly in spindle assembly and maintenance during mitosis and meiosis [5,6,7,8,9,10]. Most of them, such as Drosophila Ncd, human HSET, KlpA from Aspergillus nidulans, GiKIN14a from Giardia intestinalis, etc., are homodimers, containing two identical C-terminal motor domains (also called heads), a neck extending from the two heads and a tail domain at the N-terminus [11,12,13,14]. This paper focuses mainly on KlpA and GiKIN14a.



Qiu and his colleagues [15,16] experimentally studied the dynamics of KlpA (see Table 1). They found that the truncated construct of KlpA, lacking an N-terminal tail domain, behaves like other non-processive kinesin-14s, with the motor mostly interacting with a single MT in a diffusive manner with no apparent directional preference [15]. In MT gliding by KlpA, with the N-terminus of its neck stalk or its tail domain anchored on a fixed surface, the motor exhibits minus-end-directed motility [15], also other kinesin-14s. Inside the parallel MT overlap, KlpA moves preferentially toward and gradually accumulates at the minus ends [15]. Intriguingly, on a single MT, KlpA exhibits plus-end-directed processive motility [15]. It was found that KlpA contains an intrinsically flexible central region in its neck stalk [16], indicating that its tail and head can simultaneously interact with the same MT. These results indicate that the tail of KlpA is a directionality-switching factor: to achieve plus-end-directed processive motility, the tail and head are required to bind to the same MT, and to achieve minus-end-directed motility, the tail is required to detach from the MT to which the head binds. Further experiments showed that the insertion of an extra polypeptide linker (3  ×  GS) in the central region of the neck stalk of KlpA switches the motility direction toward the minus end when the tail and head can bind to the same MT [16]. This indicates that the neck stalk is also a directionality-switching factor. Therefore, a critical issue is what the underlying mechanism is behind the phenomenon that the two factors control the motility direction of KlpA.



Tseng et al. [17] experimentally studied the dynamics of a single GiKIN14a moving on a single MT. Interestingly, they found that the tailless GiKIN14a is a minimally processive motor that can move toward the minus end, like human HSET [18]. The single full-length GiKIN14a can also move toward the minus end, with a processivity much longer than the tailless GiKIN14a. It was found that GiKIN14a also contains an intrinsically flexible central region in its neck stalk [17], like KlpA. This indicates that the additional interaction of the tail with MTs can enhance significantly the processivity of GiKIN14a. More intriguingly, Tseng et al. [17] found that full-length GiKIN14a has a larger ATPase rate and velocity than the tailless GiKIN14a. Moreover, the insertion of an extra polypeptide linker (3  ×  GS) in the central region of the neck stalk of GiKIN14a reduces the ATPase rate [17].



However, the above-mentioned experimental results have not been explained quantitatively up to now. How does KlpA exhibit its canonical minus-end-directed motility in MT gliding whereas it exhibits non-canonical plus-end-directed motility on a single MT? How does KlpA move toward the plus end on the single MT, where the tail domain and head can interact with the same MT, whereas move toward the minus ends inside the parallel MT overlap, where the tail domain and head can interact with different MTs? How does the insertion of an extra polypeptide linker (3  ×  GS) in the central region of the neck stalk of KlpA switch its motility direction to the minus end when its tail domain and head can interact with the same MT? How does the tail domain accelerate the ATPase rate and velocity of GiKIN14a on a single MT? How does the insertion of an extra polypeptide linker (3  ×  GS) in the central region of the neck stalk of GiKIN14a reduce its ATPase rate on a single MT? How does the insertion of the extra 3  ×  GS in the central region of the neck stalk of GiKIN14a affect its velocity on a single MT? In this paper, we address the above-mentioned unclear issues. For this purpose, we theoretically studied the dynamics of kinesin-14 motors such as KlpA and GiKIN14a and will quantitatively explain the available experimental results and provided predicted results, which are critical to the chemo–mechanical coupling mechanism of kinesin-14s.




2. Results


For convenience, the tailless KlpA is abbreviated as KlpA-Δtail, KlpA with the insertion of an extra polypeptide linker (3  ×  GS) in the central region of its neck stalk is abbreviated as KlpA-3  ×  GS, the tailless GiKIN14a is abbreviated as GiKIN14a-Δtail, and GiKIN14a with the insertion of the extra 3  ×  GS in the central region of its neck stalk is abbreviated as GiKIN14a-3  ×  GS, as abbreviated previously [15,16,17]. Throughout, we considered saturating ATP concentrations. When the motor moves on MTs in the minus end direction, it is defined that it moves forward.



2.1. Dynamics of the KlpA Motor


2.1.1. The Single KlpA-ΔTail Motor Moving on a Single MT


For the single KlpA-Δtail motor, only its head can interact with MTs. On the basis of the interaction potential of the head with MTs for the non-processive motor (see Section 4.1 and Figure 1a), the pathway for the single KlpA-Δtail motor moving on a single MT is illustrated schematically in Figure 2a–e.



We start with the motor in its ADP state bound to tubulin I with affinity Ew2 (Figure 2a). After ADP release, followed by ATP binding, but before ATP transition to ADP, the strong interaction between the head and MT causes large conformational changes in the local tubulin I (Figure 2b). After ATP transition to ADP, for a very short time tr, the ADP head shows a much weaker affinity Ew1 for the local tubulin I than the weak affinity Ew2 for other tubulins with no the conformational changes [19,20]. During time tr, the head can detach easily from the MT by overcoming the very small affinity Ew1 (Figure 2c). Then, the detached head can diffuse freely far away from the MT. During the time after the motor detaches from the MT and before the motor recontacts the MT, the motor diffuses in a manner with no directional preference (Figure 2d). Upon the motor recontacting the MT surface, the motor binds to the MT with affinity Ew2 (Figure 2e). Then, ADP release, ATP binding and ATP transition to ADP take place, with the motor detaching from the MT and diffusing freely with no directional preference again. Since the tubulin to which the motor rebinds is usually far away along the x direction from the tubulin from which the motor detaches, overall, the motor mostly interacts with the MT in a diffusive manner with no apparent directional preference, which is consistent with the prior experimental results [15].




2.1.2. MT Gliding by KlpA or the KlpA-3  ×  GS Motor


In this section, we consider MT gliding by KlpA or the KlpA-3  ×  GS motor with its tail domain or the N-terminal end of its neck stalk being surface-immobilized. On the basis of the interaction potential of the head with the MT for the non-processive motor (see Section 4.1 and Figure 1a) and the relative orientation of the neck stalk to the head (see Section 4.2 and Figure 1d), the pathway of the MT gliding by the motor is illustrated schematically in Figure 2a′–f′.



We start with the motor in its ADP state bound to tubulin III on the mobile MT with affinity Ew2 (Figure 2a′). After ADP release and ATP binding, the relatively rigid segment of the neck near the head (this segment being called segment H) rotates to the orientation of the ATP state while the relatively rigid segment near the tail (this segment being called segment T) is kept fixed. The rotation of segment H causes the mobile MT to move in the plus end direction by a distance dneck (Figure 2b′).



After ATP transition to ADP, the head detaches from the MT due to the very small affinity Ew1 (Figure 2c′). Considering that the MT is bound by other motors with their neck stalks being connected to the immobilized surface, the detached head can only diffuse relative to the MT in the vicinity of the surface of the MT. For simplicity of analysis but without loss of generality, it is considered here that the MT is kept unmoved during the diffusion of the head relative to the MT. Upon the head diffusing rapidly to the position either at x = d1 and y = 0 or at x = −d2 and y = 0, the head would fall rapidly into the potential well either at x = d or at x = −d due to the large affinity Ew2 that is much larger than Ew1, where we define x = 0 and y = 0 when the head is on tubulin III (Figure 2b′), and d1 and d2 are defined in Figure 1a or Figure 2c. From x = 0, the ratio for the head to fall into the potential well at x = d to that at x = −d can be determined below.



Suppose that the flexible central region of the neck stalk, which can be stretched elastically, together with other relatively rigid regions of the neck stalk, which can be bent elastically, behave like a linear spring, with the effective elastic coefficient being represented by  κ . Firstly, consider the ideal case of  κ  = 0. The head’s position, x, within the range of −d2 < x < d1, can be expressed as      x 2    = 2 D t  , with D representing motor’s diffusion constant. Hence, the time for the head to reach x = d1 and that to reach x = −d2 can be expressed as    τ  10   =    d 1        2   / D    and    τ  20   =    d 2        2   / D   , respectively. The ratio of the head falling into the potential well at x = d to that at x = −d can then be computed with    r 0  =    τ  20    /   τ  10     =    d 2        2   /   d 1        2     .



Then, consider the real case of  κ  > 0. As noted from Figure 2b′–d′, the energy change for the head to move from position x = 0 to position x = d can be expressed as   Δ  ε f  =   κ  d 2   / 2    while the energy change for the head to move from position x = 0 to position x = −d can also be expressed as   Δ  ε b  =   κ  d 2   / 2   . As performed previously [21,22,23,24,25,26,27,28,29], with these energy changes, the time for the head to fall into the potential well at x = d and that at x = −d can be expressed as    t  10   =  τ  10   exp   λ β Δ  ε f      and    t  20   =  τ  20   exp   λ β Δ  ε b     , respectively, where  λ   ≤  1 represents the energy-splitting factor and    β  − 1   =  k B  T   represents the thermal energy, with kB being the Boltzmann constant and T the absolute temperature. Hence, the ratio of the head falling into the potential well at x = d (giving a forward step) to that at x = −d (giving a backward step) can be computed with    r 1  =    t  20    /   t  10     =  r 0    exp   λ β Δ  ε b     /  exp   λ β Δ  ε f       . Substituting the above expressions for r0,   Δ  ε f    and   Δ  ε b    into the above expression for r1, we obtain


   r 1  =  α 2  ,  



(1)




where   α ≡    d 2   /   d 1     , characterizing the asymmetry of the interaction potential of the motor with the MT (see Section 4.1), which is called an asymmetric parameter.



From Figure 2c′, if the motor takes a forward step (Figure 2d′), the internal elastic force drives the MT bound by the head to move in the plus end direction by a distance d to the position where no internal force is present (Figure 2e′). Then, the neck rotates to the orientation of the ADP state, resulting in the MT moving in the minus end direction by a distance dneck (Figure 2f′). Figure 2f′ is the same as Figure 2a′ except that in Figure 2f′, the MT has moved in the plus end direction by a net distance d with the hydrolysis of one ATP molecule. Similarly, from Figure 2c′, if the motor takes a backward step the MT moves in the minus end direction by a net distance d with the hydrolysis of one ATP molecule.



As noted above, the hydrolysis of one ATP molecule results in the MT moving in either the plus or minus end directions by a distance d, with the ratio of the occurrence probability of the plus end movement to that of the minus end movement being equal to r1. Letting k represent the ATPase rate of the motor, the MT gliding velocity can thus be expressed as    v 1  = k d      r 1  − 1    /     r 1  + 1      . Substituting Equation (1) into the above expression for v1, we obtain


   v 1  =    α 2  − 1    α 2  + 1   k d .  



(2)







The prior experimental data showed that the MT gliding velocity by a KlpA motor was v1 = 309  ±  35 nm/s and that by the KlpA-Δtail motor was v1 = 287  ±  10 nm/s [15], with the two values being consistent with each other within the experimental errors. This is consistent with our above analysis, showing that the two motors give the same MT gliding velocity. Using Equation (2), we determined the relationship between the ATPase rate k and the asymmetric parameter  α , under which the computed MT gliding velocity v1 was equal to the average experimental value of (309 + 287)/2 nm/s = 298 nm/s, as plotted in Figure 3. Note that only under  α  > 1 can the MT gliding velocity be positive, with the plus end movement of the MT. From Figure 3, it is seen that k decreases rapidly with the increase in  α  and becomes leveled off at a large  α . Particularly, k decreases only slightly with the increase in  α  when  α  > 3. This indicates that to have a high chemo–mechanical coupling efficiency for the motor, the interaction potential of the motor with the MT should have an asymmetric parameter  α  > 3. Thus, in the following, we take  α  = 4 (Table 2 and Table 3).




2.1.3. The Single Full-Length KlpA or KlpA-3  ×  GS Motor Moving on a Single MT


In this section, we consider the single full-length KlpA or KlpA-3  ×  GS motor moving on a single MT. Due to the flexibility of the central region of the neck stalk, the head and tail can simultaneously bind to a single MT, with the head bound to one filament and the tail bound to the adjacent filament because the neck tilts away from the direction along the filament, namely in the x direction [30,31]. On the basis of the interaction potential of the head with the MT for the non-processive motor (see Section 4.1 and Figure 1a) and the relative orientation of the neck stalk to the head (see Section 4.2 and Figure 1d), the pathway for the motor moving on the single MT is illustrated schematically in Figure 2a″–e″.



We start with the head in its ADP state bound to tubulin III with weak affinity Ew2 and the tail bound to binding site iii on the MT (Figure 2a″). Here, it is argued that the N-terminal end of segment H is away from the C-terminal end of segment T by a small distance along the x direction (e.g., about 2 nm). After ADP release and ATP binding, segment H rotates to the orientation of the ATP state while segment T is kept fixed (Figure 2b″). Note that during the period of ADP release, ATP binding and the rotation of segment H, the tail can diffuse to either site ii or site iv because of the large diffusion constant of the tail. Since when the tail is at either site ii or site iv, the elastic energy of stretching the neck stalk is much larger than when the tail is at site iii, the tail is nearly always at site iii. Thus, it is a good approximation to consider that at the moment when the rotation of segment H takes place, the tail is at site iii. Considering that the rotation of the relatively rigid neck stalk of the Ncd motor between the orientation of the ADP state and that of the ATP state results in the N-terminal end of the neck stalk moving a distance of about 9~10 nm along the x direction [32], it was estimated that the rotation of segment H between the two orientations would result in the N-terminal end of segment H to move a distance of about 4 nm along the x direction. Thus, in the state of Figure 2b″, the N-terminal end of segment H would be away from the C-terminal end of segment T by a small distance along the x direction, which is represented by  Δ  (e.g., about 2 nm).



After ATP transition to ADP, the head detaches from the MT by overcoming the very small affinity Ew1 (Figure 2c″). Similar to the above analysis for the position of the tail at the moment when the rotation of segment H takes place, it is also a good approximation to consider that at the moment when ATP transition to ADP takes place, the tail is at site iii. In Figure 2c″, due to the tail binding to the MT, the detached head can only diffuse in the vicinity of the surface of the MT.



As analyzed above for the case of the MT gliding by the motor shown in Figure 2a′–f′, in Figure 2a″–e″ for the ideal case of  κ  = 0, the time for the head to reach x = d1 and that to reach x = −d2 can be computed with    τ  10   =    d 1        2   / D    and    τ  20   =    d 2        2   / D   , respectively, where d1 and d2 are defined in Figure 1a or Figure 2c. The ratio of the head falling into the potential well at x = d to that at x = −d can then be computed with    r 0  =    τ  20    /   τ  10     =    d 2        2   /   d 1        2     .



Then, consider the real case of  κ  > 0. As noted from Figure 2b″–d″, the energy change for the head to move from position x = 0 to position x = d can be expressed as   Δ  ε f  =   κ     d + Δ    2   / 2    while the energy change for the head to move from position x = 0 to position x = −d can be expressed as   Δ  ε b  =   κ     d − Δ    2   / 2   . With these energy changes, the time for the head to fall into the potential well at x = d and that at x = −d can be computed with    t  10   =  τ  10   exp   λ β Δ  ε f      and    t  20   =  τ  20   exp   λ β Δ  ε b     , respectively. Hence, the ratio of the head falling into the potential well at x = d to that at x = −d can be computed with    r 2  =    t  20    /   t  10     =  r 0    exp   λ β Δ  ε b     /  exp   λ β Δ  ε f       . Substituting the above expressions for r0,   Δ  ε f    and   Δ  ε b    into the above expression for r2, we obtain    r 2  =      d 2        2   /   d 1        2      exp   − 2 λ β d κ Δ    , which can be re-expressed as


   r 2  =  α 2  exp   − 2 λ β d κ Δ   .  



(3)







After the head takes a step (Figure 2d″), due to the large diffusion constant, the tail can diffuse rapidly to either site ii or site iv, where the stretched neck stalk has the minimal elastic energy, and then the neck rotates to the orientation of the ADP state (Figure 2e″). Figure 2e″ is the same as Figure 2a″, except that in Figure 2e″, the motor has taken either a forward or a backward step with the hydrolysis of one ATP molecule.



With the ATPase rate k of the head and the stepping ratio r2, the velocity of the motor moving on the single MT can be computed with    v 2  = k d      r 2  − 1    /     r 2  + 1      . Substituting Equation (3) into the above expression for v2, we obtain


   v 2  =    α 2  exp   − 2 λ β d κ Δ   − 1    α 2  exp   − 2 λ β d κ Δ   + 1   k d .  



(4)







By comparing Equation (3) with Equation (1), and Equation (4) with Equation (2), it was seen that the stepping ratio and velocity for the MT gliding by KlpA or the KlpA-3  ×  GS motor corresponded to the stepping ratio and velocity of the single full-length KlpA or KlpA-3  ×  GS moving on the single MT for the ideal case of  κ  = 0.



From Equation (4), it is seen that to compute v2, we need to know the values of parameters  λ ,  α , k,  Δ  and  κ . Moreover, it is noted that the product   κ Δ   can be treated as one parameter. As performed previously [21], we took  λ  = 0.5 throughout. For a given value of  α , the value of k could be determined from Figure 3 for the KlpA motor. As mentioned above, we took  α  = 4 (Table 2). In Figure 4a, we show the theoretical results of v2 versus   κ Δ  , where the positive and negative values of v2 represent the minus-end-directed and plus-end-directed movements, respectively, and v2 at   κ Δ   = 0 (or  κ  = 0) represents the MT gliding velocity, as mentioned just above. For comparison, in Figure 4a, the available experimental data [15,16] for the velocity are also shown. From Figure 4a, it is seen that the theoretical value of v2 at   κ Δ   = 0.78 pN is consistent with the experimentally measured velocity of the KlpA-3  ×  GS motor moving on the single MT, and that of v2 at   κ Δ   = 2.92 pN is consistent with the experimentally measured velocity of the full-length KlpA motor moving on the single MT.



Concretely, we take  Δ  = 2 nm as an example (Table 2). The theoretical results of v2 versus  κ  are shown in Figure 4b, where for comparison, the available experimental data [15,16] are also shown. From Figure 4b, it is seen that KlpA-3  ×  GS has  κ  = 0.39 pN/nm while the full-length KlpA has  κ  = 1.46 pN/nm. This implies that the effective elastic coefficient of the intrinsically flexible central region of the neck stalk together with other relatively rigid regions of the neck stalk for KlpA is about 1.46 pN/nm while the insertion of an extra flexible linker (3  ×  GS) into the central region of the neck stalk reduces the effective elastic coefficient to a value of about 0.39 pN/nm. This is consistent with our expected results.



Interestingly, from Figure 4b, it is seen that the small  κ  results in the minus-end-directed movement of KlpA while the large  κ  results in the plus-end-directed movement. When  κ  < 0.71 pN/nm, KlpA moves processively toward the minus end and with the decrease in  κ , the magnitude of the velocity increases. When  κ  > 0.71 pN/nm, the motor switches to moving processively toward the plus end and with the increase in  κ , the magnitude of the velocity increases. At a high  κ , the magnitude of the velocity becomes leveled off. At  κ   ≈  0.71 pN/nm, the motor makes unbiased movement. In one word, the elasticity of the neck stalk determines the movement direction of KlpA on a single MT. As the length of the flexible region of the neck stalk sensitively affects  κ , it is expected that varying the length of the flexible region will change the velocity and directionality of KlpA. In addition, as the velocity and directionality of KlpA is determined by  κ , it is expected that the location of the flexible region in the neck stalk will have little effect on  κ  and thus have little effect on the velocity and directionality.



Taken together, in this section, we quantitatively explained how the insertion of an extra flexible linker into the central region of the neck stalk can switch the movement direction of the KlpA motor on a single MT, which is due to the decrease in the elasticity of the neck stalk (Figure 4).




2.1.4. KlpA or KlpA-3  ×  GS Motor Moving Inside Parallel MT Overlap


In this section, we consider a full-length KlpA or KlpA-3  ×  GS motor moving inside a parallel MT overlap, with one MT being immobilized and the other MT being mobile (Figure 5, upper panel).



In MT overlap, a lot of motors are present. On average, the force on each MT produced by motors with their heads binding to one MT (called MT-1) and tail domains binding to the other MT (called MT-2) is counteracted by the force produced by motors with their heads binding to MT-2 and tail domains binding to MT-1. Hence, the two parallel MTs cannot move with each other for a large distance but can move with each other for a small distance. Consequently, at the moment when ATP transition to ADP takes place in one motor (called motor-1), the distance  Δ  (defined in the upper panel of Figure 5) between the N-terminal end of segment H and the C-terminal end of segment T along the x direction can be in a range between −4 nm and 4 nm, where  Δ  is similar to that defined in Figure 2b″. At this moment of ATP transition to ADP taking place, considering that the two MTs are bound by other motors that are still now relative to the MTs, for a given  Δ , the movement velocity of motor-1 relative to the two MTs can be computed using Equation (4). For simplicity of analysis, supposing that at the moment of ATP transition to ADP taking place, the values of  Δ  in a range between    Δ 1   = −4 nm and    Δ 2   = 4 nm are uniformly distributed, the overall velocity of a motor inside a parallel MT overlap can be approximately computed with


   v 3  =      ∫   Δ 1     Δ 2          α 2  exp   − 2 λ β d κ x   − 1    α 2  exp   − 2 λ β d κ x   + 1     d x       Δ 2  −  Δ 1    k d .  



(5)







With  α  = 4 and  Δ  = 2 nm (see Table 2) and k determined from Figure 3, using Equation (5), the computed results of v3 versus  κ  are shown in Figure 5 (solid blue line in the lower panel), where for comparison, the computed results (dashed red line) and the prior experimental data (filled red triangles) for the single full-length KlpA and KlpA-3  ×  GS motors moving on a single MT are reshown. From Figure 5, it is seen that for any value of  κ , the motor moves inside the parallel MT overlap toward the minus ends (with v3 > 0). In particular, the velocity v3 of KlpA-3  ×  GS (with  κ  = 0.39 pN/nm) and that of full-length KlpA (with  κ  = 1.46 pN/nm) are indicated in Figure 5 by open blue squares. Firstly, it is seen that the full-length KlpA moves inside the parallel MT overlap in the opposite direction to that on a single MT, which is consistent with the prior experimental data [15]. KlpA-3  ×  GS moves inside the parallel MT overlap in the same direction as that on the single MT. Secondly, it is seen that the velocity of KlpA-3  ×  GS inside the parallel MT overlap is larger than that on the single MT. The magnitude of the velocity of the full-length KlpA inside the parallel MT overlap is smaller than that on the single MT.



Taken together, in this section, we explained how full-length KlpA can move processively inside parallel MTs toward the minus end whereas it can move on a single MT toward the plus end (Figure 5).





2.2. Dynamics of the Single GiKIN14a Motor Moving on the Single MT


2.2.1. The Chemo–Mechanical Coupling Efficiency


Firstly, consider the single GiKIN14a-Δtail motor moving on a single MT. For this case, only the head can interact with the MT. On the basis of the interaction potential of the head with the MT for the processive motor (see Section 4.1 and Figure 1b), the pathway for the GiKIN14a-Δtail motor moving on a single MT is illustrated schematically in Figure 6a–e.



We start with the motor in its ADP state bound to tubulin I (Figure 6a). After ADP release and ATP binding but before ATP transition to ADP, the strong interaction between the head and MT causes rapidly large conformational changes in the local tubulin I (Figure 6b). After ATP transition to ADP, within time tr, the ADP head has a very small affinity Ew1 in the x direction and the affinity Ew1 + Ew10/2 + Ew20/2 in the y direction for local tubulin I. Thus, the motor has a larger probability to move along the MT filament (the x direction) to the neighboring tubulin by overcoming the smaller affinity Ew1 than to detach from the MT by overcoming the larger affinity Ew1 + Ew10/2 + Ew20/2 along the y direction (Figure 6c). In time tr, the local tubulin I elastically returns to its normal unchanged form (Figure 6d). After segment H rotates to the orientation of the ADP state (Figure 6e), a chemo–mechanical coupling cycle is completed. From Figure 6a to e, either a forward or a backward step is made by the hydrolysis of one ATP molecule. Thus, the GiKIN14a-Δtail motor can move processively on the MT, which is consistent with the available experimental data [17].



During the transition from Figure 6b to c, for the ideal case of Ew1 = 0, the time for the head to reach x = d1 and that to reach x = −d2 can be computed with    τ  10   =    d 1        2   / D    and    τ  20   =    d 2        2   / D   , respectively, where d1 and d2 are defined in Figure 1b or Figure 6c. For the real case of Ew1 > 0, the time for the head to reach x = d1 and that to reach x = −d2 can be expressed as    t  10   =  τ  10   exp   β  E   w 1      = exp   β  E   w 1         d 1        2   / D    and    t  20   =  τ  20   exp   β  E   w 1      = exp   β  E   w 1         d 2        2   / D   , respectively. As noted, after reaching x = d1 and x = −d2, the head rapidly falls into the potential well of depth Ew2 at x = d and that at x = −d, resulting in a forward step and a backward step, respectively. Thus, the forward-to-backward stepping ratio can be computed with    r 2  =    t  20    /   t  10     =    d 2        2   /   d 1        2     , which can be re-expressed as


   r 2  =  α 2  .  



(6)







With the stepping ratio r2, the net number of forward steps per ATP hydrolysis, which is defined as the chemo–mechanical coupling efficiency, can be computed with   E =      r 2  − 1    /     r 2  + 1      . Substituting Equation (6) into the above expression for E, we obtain


  E =    α 2  − 1    α 2  + 1   .  



(7)







Secondly, consider the single full-length GiKIN14a or GiKIN14a-3  ×  GS motor moving on a single MT. Due to the flexibility of the central region of the neck stalk, the head and tail can simultaneously bind to the MT, with the head binding to one filament and the tail binding to the adjacent filament. On the basis of the interaction potential of the head with MT for the processive motor (see Section 4.1 and Figure 1b) and the relative orientation of the neck stalk to the head (see Section 4.2 and Figure 1d), the pathway of the motor moving on the single MT is illustrated schematically in Figure 6a′–d′.



We start with the head in its ADP state bound to tubulin III and the tail bound to binding site iii (Figure 6a′), where the neck stalk is minimally stretched. Here, it is argued that the N-terminal end of segment H is away from the C-terminal end of segment T by a small distance along the x direction, which is represented by    Δ D    (noting that the orientation of segment T for GiKIN14a is distinct from that for KlpA). After ADP release and ATP binding, segment H rotates to the orientation of the ADP state and the tail diffuses to site iv (Figure 6b′), where the neck stalk is minimally stretched. After ATP transition to ADP, the head can diffuse to either tubulin IV or tubulin II (Figure 6c′) (noting that since the energy change,   Δ  E  neck    ( T )     , for segment H to rotate from the orientation of the ADP state to that of the ATP state after ATP binding has a very small value approaching zero, the stretching of the neck stalk caused by the forward diffusion of the head can easily induce segment H to rotate to the orientation of the ADP state). If the head has diffused to tubulin II, the tail then diffuses rapidly to site ii, followed by the rotation of segment H (Figure 6d′). From Figure 6a′–d′, either a forward or a backward step is made by hydrolyzing one ATP molecule.



It is noted here that during the diffusion of the head, namely during the transition from Figure 6b′–c′, the binding of the tail to MT can greatly reduce the dissociation rate of the motor from the MT, greatly enhancing the processivity of the motor compared to the case for the GiKIN14a-Δtail motor. Thus, the single full-length GiKIN14a or GiKIN14a-3  ×  GS motor can move on the MT with a much higher processivity than the GiKIN14a-Δtail motor, which is consistent with the available experimental data [17].



As analyzed above for the GiKIN14a-Δtail motor shown in Figure 6a–e, for the ideal case of  κ  = 0, the time for the head of the GiKIN14a or GiKIN14a-3  ×  GS motor in Figure 6a′–d′ to reach x = d1 and that to reach x = −d2 can also be computed with    τ  10   =    d 1        2   / D    and    τ  20   =    d 2        2   / D   , respectively. Then, consider the real case of  κ  > 0 in Figure 6a′–d′. As noted from Figure 6b′,c′, the energy change for the head to move from x = 0 to x = d can be computed with   Δ  ε f  =   κ      d / 2  − Δ    2   / 2   , where  Δ  is the distance between the N-terminal end of segment H and the C-terminal end of segment T along the x direction, as indicated in Figure 6b′. Note that in the above expression for   Δ  ε f   , the rotation of segment H from the orientation of the ATP state to that of the ADP state resulting in the N-terminal end of segment H changing by a distance of about d/2 = 4 nm along the x direction was considered and for approximation, the energy change   Δ  E  neck    ( T )      for the rotation of segment H was neglected due to   Δ  E  neck    ( T )      approaching zero. The energy change for the head to move from x = 0 to x = −d can be expressed as   Δ  ε b  =   κ     d + Δ    2   / 2   . With these energy changes, the time for the head to fall into the potential well at x = d and that at x = −d can be computed with    t  10   =  τ  10   exp   λ β Δ  ε f      and    t  20   =  τ  20   exp   λ β Δ  ε b     , respectively. Thus, the stepping ratio of the head or the stepping ratio of the motor can be computed with    r 2  =    t  20    /   t  10     =      d 2        2   /   d 1        2        exp   λ β Δ  ε b     /  exp   λ β Δ  ε f       . Substituting the above expressions for   Δ  ε f    and   Δ  ε b    into the above expression for r2, we obtain


   r 2  =  α 2    exp    1 2  λ β κ     d + Δ    2      exp    1 2  λ β κ      d / 2  − Δ    2      .  



(8)







With the stepping ratio r2, the net number of the forward steps per ATP hydrolysis, i.e., the chemo–mechanical coupling efficiency of the motor, can be computed with   E =      r 2  − 1    /     r 2  + 1      . Substituting Equation (8) into the above expression for E, we obtain


  E =    α 2    exp    1 2  λ β κ     d + Δ    2     /  exp    1 2  λ β κ      d / 2  − Δ    2      − 1    α 2    exp    1 2  λ β κ     d + Δ    2     /  exp    1 2  λ β κ      d / 2  − Δ    2      + 1   .  



(9)







By comparing Equation (9) with Equation (7), it is seen that the chemo–mechanical coupling efficiency of the GiKIN14a-Δtail corresponds to that of the full-length GiKIN14a or GiKIN14a-3  ×  GS for the ideal case of  κ  = 0.



As performed for Figure 4 for KlpA, we also took  α  = 4 for GiKIN14a (Table 3). We took  Δ  = 0.5 nm for GiKIN14a (Table 3). The choice of the value of  Δ  was to make the theoretical results for the ATPase rate of the GiKIN14a and GiKIN14a-3  ×  GS motors be in agreement with the available experimental results [17] (see next section). Using Equation (9), the computed results of the chemo–mechanical coupling efficiency E versus  κ  are shown in Figure 7a. It is seen that E increases with the increase in  κ  and becomes leveled off to the maximum value of one at a high  κ . This implies that the full-length GiKIN14a motor has a larger E than the GiKIN14a-3  ×  GS motor and the latter motor has a larger E than the GiKIN14a-Δtail motor. Supposing that the effective elastic coefficient for the neck stalk of GiKIN14a is the same as that of KlpA, from Figure 7a, it is seen that E is about 0.88 for the GiKIN14a-Δtail motor at  κ  = 0, E is about 0.97 for the GiKIN14a-3  ×  GS motor at  κ  = 0.39 pN/nm (see Figure 4b) and E is about 1 for the full-length GiKIN14a motor at  κ  = 1.46 pN/nm (see Figure 4b).




2.2.2. The ATPase Rate


As noted, when the neck (precisely, segment H) is in the orientation of the ATP state, the nucleotide-binding pocket (NBP) of the head is in its closed form while when segment H is in the orientation of the ADP state, the NBP is in its open form. This is similar to the case for the kinesin-1 head, where in the ATP state, the neck linker is docked and the NBP is in its closed form while in the ADP state, the neck linker is undocked and the NBP is in its open form [33]. The closed NBP activates the ATP transition to ADP, while the open NBP activates ADP release.



In Figure 6b′, with segment H of the ATP head bound to tubulin III in the orientation of the ATP state and the tail at site iv, giving the closed NBP form, the elastic energy of stretching the neck stalk can be expressed as     κ  Δ 2   / 2   . If segment H of the ATP head bound to tubulin III rotates to the orientation of the ADP state and the tail is at site iii, giving an open NBP, the elastic energy of stretching of the neck stalk can be expressed as     κ  Δ D 2   / 2   . As stated above (see Section 2.2), the energy of segment H of the ATP head being in the orientation of the ATP state and the NBP being in its closed form is   Δ  E  neck    ( T )      larger than that of segment H of the ATP head being in the orientation of the ADP state and the NBP being in its open form. Thus, in Figure 6b′, the probability of the time for segment H in the orientation of the ATP state and the NBP in its closed form can be computed with     exp   −   β κ  Δ 2   / 2  − β Δ  E  neck    ( T )       /    exp   −   β κ  Δ 2   / 2  − β Δ  E  neck    ( T )      + exp   −   β κ  Δ D 2   / 2         . By comparison, in Figure 6b for the GiKIN14a-Δtail motor, the probability of the time for segment H in the orientation of the ATP state and the NBP in the closed form can be expressed as     exp   − β Δ  E  neck    ( T )       /    exp   − β Δ  E  neck    ( T )      + 1      . Therefore, the rate of ATP transition to ADP in the pathway of Figure 6a′–d′ for the full-length GiKIN14a or GiKIN14a-3  ×  GS motors normalized by that in the pathway of Figure 6a–e for the GiKIN14a-Δtail motor can be expressed as


   k ¯  =     exp   −  1 2  β κ  Δ 2  − β Δ  E  neck    ( T )       /    exp   −  1 2  β κ  Δ 2  − β Δ  E  neck    ( T )      + exp   −  1 2  β κ  Δ D 2            exp   − β Δ  E  neck    ( T )       /    exp   − β Δ  E  neck    ( T )      + 1       ,  



(10)




where  κ  = 0, giving   k ¯   = 1, which corresponds to the case for the GiKIN14a-Δtail motor with the pathway of Figure 6a–e. Since ADP release is the non-rate-limiting step of ATPase activity, the ATPase of the motor in the pathway of Figure 6a′–d′ normalized by that in the pathway of Figure 6a–e can also be computed using Equation (10).



As in Figure 7a, we took  Δ  = 0.5 nm (Table 3). Considering that the rotation of segment H between the orientation of the ADP state and that of the ATP state results in the N-terminal end of segment H moving a distance of about 4 nm along the x direction, as mentioned in Section 2.1.3, we took    Δ D    = 3.5 nm (Table 3). We took   Δ  E  neck    ( T )      = 0.8kBT (Table 3), which was very small (noting that the small positive value of   Δ  E  neck    ( T )      indicates that even in an ATP state, the neck stalk has a slightly larger probability in the orientation of the ADP state). The choice of the value of   Δ  E  neck    ( T )      was to make the theoretical results for the ATPase rate of the GiKIN14a and GiKIN14a-3  ×  GS motors be in agreement with the available experimental results [17]. Using Equation (10), the computed results of the normalized ATPase rate versus  κ  are shown in Figure 7b. For comparison, in Figure 7b, we also show the available experimental data [17], where the GiKIN14a-Δtail motor has  κ  = 0, GiKIN14a-3  ×  GS motor has  κ  = 0.39 pN/nm while the full-length GiKIN14a has  κ  = 1.46 pN/nm, as mentioned above for the results of Figure 7a. From Figure 7b, it is seen that the theoretical results are in good agreement with the available experimental data [17].




2.2.3. The Velocity


With the chemo–mechanical coupling efficiency E, which is given by Equation (9), and the normalized ATPase rate   k ¯  , which is given by Equation (10), the velocity of the single GiKIN14a motor moving on a single MT can be computed with    v 2  = E  k ¯   k 0  d  , where k0 is the ATPase rate of the GiKIN14a-Δtail motor. Substituting Equations (9) and (10) into above expression for v2, we obtain


     v 2    =    α 2    exp    1 2  λ β κ     d + Δ    2     /  exp    1 2  λ β κ      d / 2  − Δ    2      − 1    α 2    exp    1 2  λ β κ     d + Δ    2     /  exp    1 2  λ β κ      d / 2  − Δ    2      + 1        ×     exp   −  1 2  β κ  Δ 2  − β Δ  E  neck    ( T )       /    exp   −  1 2  β κ  Δ 2  − β Δ  E  neck    ( T )      + exp   −  1 2  β κ  Δ D 2            exp   − β Δ  E  neck    ( T )       /    exp   − β Δ  E  neck    ( T )      + 1        k 0  d    . 



(11)







With parameter values  α  = 4 and  Δ  = 0.5 nm (Table 3), as in Figure 7a, and parameter values   Δ  E  neck    ( T )      = 0.8kBT and    Δ D    = 3.5 nm (Table 3), as in Figure 7b, using Equation (11), the computed results of the velocity v2 versus  κ  are shown in Figure 7c, where k0 = 12.8    s  − 1     for the ATPase rate of the GiKIN14a-Δtail motor, which can be determined similarly to that for KlpA using Figure 3. Note that interestingly, this value of k0 = 12.8    s  − 1     is close to the available experimental datum of 10.0  ±  0.7    s  − 1     [17]. Since the experimental value of 10.0  ±  0.7    s  − 1     was measured from a bulky assay whereas the theoretical value of k0 = 12.8    s  − 1     was obtained from a fit to single-molecule data, it is reasonable that the former result is slightly smaller than the latter. From Figure 7c, it is also interesting that the theoretical results are in good agreement with the available experimental data [17], where the GiKIN14a-Δtail motor has  κ  = 0 and the full-length GiKIN14a has  κ  = 1.46 pN/nm, as mentioned above in Figure 7a,b. For the GiKIN14a-3  ×  GS motor at  κ  = 0.39 pN/nm, the predicted velocity was about 140 nm/s, which could be tested easily in future experiments.



Taken together, in this section, we quantitatively explained how the tail domain and neck stalk can accelerate the ATPase rate and velocity of the GiKIN14a motor during its processive movement on a single MT. With only two adjustable parameters  Δ  and   Δ  E  neck    ( T )      (see Table 3), the theoretical results are in good agreement with the available experimental data (Figure 7b,c) [17].






3. Discussion


3.1. Origin of Full-Length Ncd Being Incapable of Diffusing with a Directional Preference Inside Parallel MT Overlaps Contrary to Ncd-3  ×  GS Being Capable of Diffusing with a Directional Preference toward the Minus Ends


In the experiments of Wang et al. [16], the dynamics of the full-length Ncd and Ncd-3  ×  GS motors in parallel MT overlaps were also studied, where the two parallel MTs were firstly cross-linked by full-length KlpA motors, and then, either full-length Ncd or the Ncd-3  ×  GS motors were introduced. Intriguingly, it was found that the full-length Ncd can preferentially accumulate in the MT overlap region over time, showing no preferential accumulation at either the minus or plus ends, and in contrast, the Ncd-3  ×  GS cannot show preferential accumulation in the overlap region and instead can strongly accumulate at the minus ends. Based on the studies in this paper, these intriguing experimental results can be explained as follows.



First, consider the full-length Ncd with a relatively rigid neck stalk. As the equilibrium position of the tail domain relative to the head along the MTs for Ncd can be different from that for KlpA, when the tail of one Ncd is bound to one MT (called MT-1) the detached head is usually deviated away by a small distance from its binding site on the other MT (called MT-2) and the orientation of the detached head is deviated away by an angle from that of the head bound to MT-2. Thus, in order for the detached head to bind to the binding site on MT-2, the relatively rigid neck of the Ncd is required to bend largely. Due to the rigidity of the neck, the head will have a slow rate to bind to MT-2. During the long time period after the head detaches from MT-2 and before it rebinds to MT-2, the tail will carry out unbiased diffusion on MT-1 over a long distance. Since the tubulin to which the head rebinds is usually far away from the tubulin from which the head detaches, the full-length Ncd motor will overall show no directionally preferential movement inside the MT overlap. Since the tail has a much slower rate to move out of the MT end than that to move onto the MT lattice [21], the full-length Ncd motor is preferentially confined inside the overlap. These are consistent with the prior experimental results [16].



Second, consider the Ncd-3  ×  GS with a flexible central region in its neck stalk. After the head detaches from one tubulin on MT-2, the head can bind rapidly (in an order of microseconds) to the neighboring tubulin on MT-2 by easily stretching its neck stalk. Thus, as in the case of KlpA-3  ×  GS, as studied in Figure 5, Ncd-3  ×  GS will move preferentially toward the minus ends of parallel MTs. After reaching the minus ends, since the tail has a very small rate to move out of the end, the Ncd-3  ×  GS will accumulate at the minus ends. These are also consistent with the prior experimental results [16].



Moreover, it is noted that Ncd-3  ×  GS will show similar dynamical behavior to KlpA-3  ×  GS in MT gliding and in its motility on a single MT. Therefore, the dynamics of Ncd-3  ×  GS will be similar to that of KlpA-3  ×  GS, as presented in Figure 3, Figure 4 and Figure 5.




3.2. Difference between the Origin of the Bidirectional Movement of Kinesin-14 and That of Kinesin-5


As prior experimental studies have shown, the single kinesin-14 KlpA containing a tail domain shows bidirectional movement on a single MT, which is modulated by the central region of its neck stalk [15,16]. The WT motor moves processively toward the MT plus end whereas the motor, with an insertion of an extra flexible linker (3  ×  GS) into the central region, moves processively toward the minus end. Here, the bidirectional movement of KlpA is explained theoretically, which is determined by two parameters—the effective elastic coefficient  κ  for the neck stalk and the asymmetric parameter  α  for the interaction potential of the head with the MT. For a small  κ , the movement direction is mainly determined by  α , with  α  > 1 giving the minus-end-directed movement. For a large  κ , the movement direction is mainly determined by the change in the elastic energy of the stretching of the stalk for the head to take a plus-end-directed step relative to that to take a minus-end-directed step. For KlpA-3  ×  GS,  κ  is small and thus the motor moves toward the minus end due to  α  > 1. For WT KlpA, the change in the elastic energy of the stretching of the stalk for the head to take a plus-end-directed step is evidently smaller than that to take a minus-end-directed step, making the plus-end-directed stepping rate larger than the minus-end-directed stepping rate. Thus, the motor moves overall toward the plus end.



By comparison, the prior experimental data showed that some yeast kinesin-5 motors such as S. cerevisiae Cin8 and Kip1 and S. pombe Cut7 also showed bidirectional movement on a single MT, which was modulated by the ionic strength in the solution [34,35,36,37,38]. Under high or physiological ionic strength, the single kinesin-5 motor moves processively toward the minus end, whereas under low ionic strength, it moves processively toward the plus end. The bidirectional movement of kinesin-5 was explained theoretically before [39,40], which can be redescribed briefly as follows.



It was proposed that the front or plus end head with its neck linker in the minus end direction has a larger ATPase rate than the rear head with its neck linker in the plus end direction, and the front head has a larger Ew1 for its local tubulin than the rear head for its local tubulin. First, consider the high ionic strength. Under this condition, both the front and rear heads have very small values of Ew1. Thus, after ATP transition to ADP in one head, the head can detach with a nearly 100% probability from its local tubulin by overcoming the very small affinity Ew1, diffuse past the MT-bound head and bind to the nearest tubulin with affinity Ew2. Therefore, after ATP transition to ADP occurs in the front head, the dimeric motor makes a minus-end-directed step, while after ATP transition to ADP occurs in the rear head, the motor makes a plus-end-directed step. Since the front head has a larger ATPase rate than the rear head, the motor overall moves toward the minus end. Second, consider the low ionic strength. Under this condition, the values of Ew1 become larger than those under the high ionic strength. Thus, after ATP transition to ADP occurs in the front head, the head can have a very small probability to detach from its local tubulin due to the relatively large value of Ew1, resulting in a futile chemo–mechanical coupling cycle occurring with a very large probability and accordingly a minus-end-directed step occurring with a very small probability. By contrast, after ATP transition to ADP occurs in the rear head, the head can still have a large probability to detach from its local tubulin because the rear head has a smaller Ew1 than the front head, resulting in a plus-end-directed step occurring with a large probability. Therefore, the dimeric motor overall can move toward the plus end.





4. The Model


For a homodimeric kinesin-14 motor, because the flexible neck linker joining the head and coiled coil neck stalk is quite short and the C-terminus of the neck stalk, to which the two neck linkers are joined, is too stable to disrupt under a rupture force that is not too large [41,42], the two heads of the motor are unable to interact simultaneously with the same MT. Hence, at any one time, only one of the two heads is able to interact with a single MT. For simplicity, in all graphics shown in this paper, only one head is drawn. Similar to that proposed before [21,43], the model for the motor is stated briefly below.



4.1. Interaction Potentials of the Motor with MTs


For a non-processive kinesin-14 motor such as KlpA, with a tailless construct capable of moving non-processively on a single MT, the interaction potential of the head with an isolated tubulin is shown in the upper panel of Figure 1a, with the affinity of the head in its ADP state for tubulin being Ew2 and the interaction distance of the head with tubulin in the x direction,  δ , being shorter than the MT filament period d (=8 nm). From this potential, it was deduced that the interaction potential of the head with an MT filament has the form shown in the lower panel of Figure 1a, with the affinity of the head for tubulin in the filament being Ew2 in both the x and y directions. The ratio   α ≡    d 2   /   d 1      characterizes the asymmetry of this potential, with  α  = 1 corresponding to the symmetrical potential.



For a processive kinesin-14 motor such as GiKIN14a, with a tailless construct capable of moving processively on a single MT, the interaction potential of the head with an isolated tubulin is shown in the upper panel of Figure 1b, with the affinity of the head in the ADP state for the tubulin being Ew2 + Ew20/2 and the interaction distance of the head with the tubulin in the x direction,  δ , being longer than d. From this potential, it was deduced that the interaction potential of the head with an MT filament has the form shown in the lower panel of Figure 1b, with the affinity of the head for tubulin in the filament being Ew2 and Ew2 + Ew20 in the x and y directions, respectively, where the affinity in the y direction outside the region of tubulin along the filament should be the sum of the extra affinity Ew20/2 to one tubulin outside the region of the tubulin and that to the adjacent tubulin. The ratio   α ≡    d 2   /   d 1      characterizes the potential asymmetry.



The Interaction strength of the head with MTs is dependent on the nucleotide state of the head. In the ADP state, the interaction is weak, while in other nucleotide states, the interaction is strong [44,45]. The strong interaction can cause large conformational changes in local tubulin [19,20,46,47,48,49,50,51], while the weak interaction has little effect on the tubulin conformation [19,20]. The ADP head shows a much lower affinity for tubulin of large conformational changes than tubulin of no or little conformational changes [19,20]. For instance, for the non-processive kinesin-14 motor, in a cycle of ATPase activity, the temporal evolution of the affinity between the head and MTs is stated below (see, e.g., Figure 2a–e). In the empty and ATP states, the affinity (ES) is strong. After the ATP transition to ADP, with the head transiting to the conformation of the ADP state, for a very short time tr, local tubulin can still retain the large conformational changes caused by the interaction with the head in the strong MT-binding state. Hence, within time tr, the ADP head shows a much weaker affinity (Ew1) for the local tubulin than its weak affinity (Ew2) for other tubulins with no or little conformational changes [19,20]. In time tr, the local tubulin returns elastically to its normal unchanged form, with the affinity of the local tubulin for the ADP head changing to Ew2.



The interaction between the tail domain and MTs is independent of the nucleotide state of the head, with the interaction potential being shown in Figure 1c. The interaction distance of the tail with an isolated binding site on MTs in the x direction,  δ , is longer than d, giving the affinity of the tail for a binding site in a MT filament being Etail and Etail + Etail0 in the x and y directions, respectively, where the period of the interaction potential of the tail with the MT filament being equal to the period (d) of tubulins on the filament (Figure 1c). From this potential (Figure 1c), it is expected that the truncated kinesin-14, having only a tail domain, can diffuse on the MT filament with a large diffusion constant due to the smaller affinity Etail in the x direction but with a small rate to dissociate due to the larger affinity Etail + Etail0 in the y direction, as the available experimental data showed for the truncated HSET [52] and GiKIN14a [17].




4.2. Orientations of the Neck Stalk Relative to the Head and Tail Domain


The available structural data for Ncd and Vik1-Kar3 showed that when the head is in the ADP or empty state, the orientation of the neck stalk relative to the head bound to MTs is schematically represented in the upper panel of Figure 1d, while when the head is in the ATP state, the orientation of the neck stalk relative to the head bound to MTs is schematically represented in the lower panel of Figure 1d [30,31]. Throughout, we used ATP to represent both ATP and ADP.Pi. According to these structural data, it was deduced that for a kinesin-14 motor, two orientations of the neck stalk relative to the head are present. One is defined as the orientation of the ADP or empty state (upper panel of Figure 1d), and the other one is defined as the orientation of the ATP state (lower panel of Figure 1d). Note that the available structural data for Ncd and Vik1-Kar3 showed that the neck in any nucleotide state tilts away in the same direction from the x direction [30,31], which is not shown here.



Let   Δ  E  neck    ( D )      represent the energy change for the neck to rotate from the orientation of the ATP state to that of the ADP state when the head is bound with ADP, and let   Δ  E  neck    ( T )      represent the energy change for the neck to rotate from the orientation of the ADP state to that of the ATP state when the head is bound with ATP. For KlpA, it is argued here that   Δ  E  neck    ( D )      and   Δ  E  neck    ( T )      have large negative values. This means that after the neck of KlpA rotates to the orientation of the ATP (ADP) state, which is induced by ATP binding (ATP transition to ADP), the neck stalk can be kept stably in the orientation of the ATP (ADP) state under a force that is not too large on the neck before ATP transition to ADP (ATP binding). For GiKIN14a, it is argued here that   Δ  E  neck    ( T )      has a very small value approaching zero. This means that after ATP binding, the neck of GiKIN14a can transit rapidly between the orientation of the ADP state and that of the ATP state.



For the kinesin-14 motor containing an intrinsically flexible central region in the neck stalk, such as KlpA and GiKIN14a, it is argued here that the orientation of the neck stalk relative to the tail domain is kept fixed, independent of the nucleotide state of the head. KlpA and GiKIN14a have distinct orientations of the neck stalk relative to the tail domain.





5. Conclusions


In summary, we theoretically studied the dynamics of kinesin-14 motors, such as KlpA, KlpA-3 ×  GS, GiKIN14a, GiKIN14a-3 ×  GS, etc., having either an intrinsically flexible neck stalk or a flexible neck stalk caused by the insertion of an extra polypeptide linker in the central region. The theoretical results quantitatively explain the available experimental results. We explained the mechanism of single full-length KlpA being capable of moving processively on a single MT toward the plus end whereas single KlpA-3 ×  GS is capable of moving processively on a single MT toward the minus end. The mechanism behind the full-length KlpA being able to move processively inside parallel MTs toward the minus ends was also explained. The mechanism of the tail domain being capable of accelerating the ATPase rate and velocity of the GiKIN14a motor during its processive movement on a single MT was furthermore explained. Additionally, the origin of the full-length Ncd being incapable of diffusing with a directional preference contrary to the Ncd-3 ×  GS being capable of diffusing with a directional preference toward the minus ends of parallel MTs was discussed. Finally, the difference between the origin of the bidirectional movement of the kinesin-14 KlpA motor and that of some kinesin-5 motors on a single MT was also discussed.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Lawrence, C.J.; Dawe, R.K.; Christie, K.R.; Cleveland, D.W.; Dawson, S.C.; Endow, S.A.; Goldstein, L.S.B.; Goodson, H.V.; Nobutaka Hirokawa, N.; Howard, J.; et al. A standardized kinesin nomenclature. J. Cell Biol. 2004, 167, 19–22. [Google Scholar] [CrossRef] [PubMed]

	



Hirokawa, N.; Noda, Y.; Tanaka, Y.; Niwa, S. Kinesin superfamily motor proteins and intracellular transport. Nat. Rev. Mol. Cell Biol. 2009, 10, 682–696. [Google Scholar] [CrossRef]

	



Wordeman, L. How kinesin motor proteins drive mitotic spindle function: Lessons from molecular assays. Semin. Cell Dev. Biol. 2010, 21, 260–268. [Google Scholar] [CrossRef] [PubMed]

	



Cross, R.A.; McAinsh, A. Prime movers: The mechanochemistry of mitotic kinesins. Nat. Rev. Mol. Cell Biol. 2014, 15, 257–271. [Google Scholar] [CrossRef] [PubMed]

	



She, Z.-Y.; Yang, W.-X. Molecular mechanisms of kinesin-14 motors in spindle assembly and chromosome segregation. J. Cell Sci. 2017, 130, 2097–2110. [Google Scholar] [CrossRef] [PubMed]

	



Matthies, H.J.; McDonald, H.B.; Goldstein, L.S.; Theurkauf, W.E. Anastral meiotic spindle morphogenesis: Role of the non-claret disjunctional kinesin-like protein. J. Cell Biol. 1996, 134, 455–464. [Google Scholar] [CrossRef] [PubMed]

	



Endow, S.A.; Chandra, R.; Komma, D.J.; Yamamoto, A.H.; Salmon, E.D. Mutants of the Drosophila ncd microtubule motor protein cause centrosomal and spindle pole defects in mitosis. J. Cell Sci. 1994, 107, 859–867. [Google Scholar] [CrossRef] [PubMed]

	



Sharp, D.J.; Yu, K.R.; Sisson, J.C.; Sullivan, W.; Scholey, J.M. Antagonistic microtubule-sliding motors position mitotic centrosomes in Drosophila early embryos. Nat. Cell Biol. 1999, 1, 51–54. [Google Scholar] [CrossRef] [PubMed]

	



Saunders, W.S.; Hoyt, M.A. Kinesin-related proteins required for structural integrity of the mitotic spindle. Cell 1992, 70, 451–458. [Google Scholar] [CrossRef]

	



Oladipo, A.; Cowan, A.; Rodionov, V. Microtubule motor Ncd induces sliding of microtubules in vivo. Mol. Biol. Cell 2007, 18, 3601–3606. [Google Scholar] [CrossRef]

	



O’Connell, M.J.; Meluh, P.B.; Rose, M.D.; Morris, N.R. Suppression of the bimC4 mitotic spindle defect by deletion of klpA, a gene encoding a KAR3-related kinesin-like protein in Aspergillus nidulans. J. Cell Biol. 1993, 120, 153–162. [Google Scholar] [CrossRef] [PubMed]

	



Adam, R.D. Biology of Giardia lamblia. Clin. Microbiol. Rev. 2001, 14, 447–475. [Google Scholar] [CrossRef] [PubMed]

	



Chandra, R.; Salmon, E.D.; Erickson, H.P.; Lockhart, A.; Endow, S.A. Structural and functional domains of the Drosophila ncd microtubule motor protein. J. Biol. Chem. 1993, 268, 9005–9013. [Google Scholar] [CrossRef] [PubMed]

	



Karabay, A.; Walker, R.A. Identification of microtubule binding sites in the Ncd tail domain. Biochemistry 1999, 38, 1838–1849. [Google Scholar] [CrossRef]

	



Popchock, A.R.; Tseng, K.-F.; Wang, P.; Karplus, P.A.; Xiang, X.; Qiu, W. The mitotic kinesin-14 KlpA contains a context-dependent directionality switch. Nat. Commun. 2017, 8, 13999. [Google Scholar] [CrossRef] [PubMed]

	



Wang, P.; Tseng, K.-F.; Gao, Y.; Cianfrocco, M.; Guo, L.; Qiu, W. The Central Stalk Determines the Motility of Mitotic Kinesin-14 Homodimers. Curr. Biol. 2018, 28, 2302–2308. [Google Scholar] [CrossRef] [PubMed]

	



Tseng, K.-F.; Mickolajczyk, K.J.; Feng, G.; Feng, Q.; Kwok, E.S.; Howe, J.; Barbar, E.J.; Dawson, S.C.; Hancock, W.O.; Qiu, W. The Tail of Kinesin-14a in Giardia Is a Dual Regulator of Motility. Curr. Biol. 2020, 30, 3664–3671. [Google Scholar] [CrossRef] [PubMed]

	



Reinemann, D.N.; Norris, S.R.; Ohi, R.; Lang, M.J. Processive Kinesin-14 HSET Exhibits Directional Flexibility Depending on Motor Traffic. Curr. Biol. 2018, 28, 2356–2362. [Google Scholar] [CrossRef]

	



Shi, X.-X.; Fu, Y.-B.; Guo, S.-K.; Wang, P.-Y.; Chen, H.; Xie, P. Investigating role of conformational changes of microtubule in regulating its binding affinity to kinesin by all-atom molecular dynamics simulation. Proteins 2018, 86, 1127–1139. [Google Scholar] [CrossRef]

	



Shi, X.-X.; Wang, P.-Y.; Chen, H.; Xie, P. Studies of conformational changes of tubulin induced by interaction with kinesin using atomistic molecular dynamics simulations. Int. J. Mol. Sci. 2021, 22, 6709. [Google Scholar] [CrossRef]

	



Xie, P. Modeling study of the dynamics of kinesin-14 molecular motors. J. Phys. Chem. B 2022, 126, 8720–8734. [Google Scholar] [CrossRef] [PubMed]

	



Lansky, Z.; Braun, M.; Ludecke, A.; Schlierf, M.; Ten Wolde, P.R.; Janson, M.E.; Diez, S. Diffusible Crosslinkers Generate Directed Forces in Microtubule Networks. Cell 2015, 160, 1159–1168. [Google Scholar] [CrossRef] [PubMed]

	



Wierenga, H.; Ten Wolde, P.R. Diffusible Cross-linkers Cause Superexponential Friction Forces. Phys. Rev. Lett. 2020, 125, 78101. [Google Scholar] [CrossRef] [PubMed]

	



Xie, P. Effect of varying load in moving period of a step on dynamics of molecular motors. Eur. Phys. J. E 2022, 45, 28. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Liu, Y.-R.; Wang, P.-Y.; Xie, P. Dynamics of cooperative transport by multiple kinesin motors and diffusing microtubule-associated proteins. Commun. Theory Phys. 2022, 74, 105601. [Google Scholar] [CrossRef]

	



Schmiedl, T.; Seifert, U. Efficiency of molecular motors at maximum power. Europhys. Lett. 2008, 83, 30005. [Google Scholar] [CrossRef]

	



Wagoner, J.A.; Dill, K.A. Molecular Motors: Power Strokes Outperform Brownian Ratchets. J. Phys. Chem. B 2016, 120, 6327–6336. [Google Scholar] [CrossRef]

	



Brown, A.I.; Sivak, D.A. Allocating and Splitting Free Energy to Maximize Molecular Machine Flux. J. Phys. Chem. B 2018, 122, 1387–1393. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, Y.-R.; Wang, P.-Y.; Xie, P. Computational studies reveal how passive cross-linkers regulate anaphase spindle elongation. J. Phys. Chem. B 2024, 128, 1194–1204. [Google Scholar] [CrossRef]

	



Endres, N.F.; Yoshioka, C.; Milligan, R.A.; Vale, R.D. A lever-arm rotation drives motility of the minus-end-directed kinesin Ncd. Nature 2006, 439, 875–878. [Google Scholar] [CrossRef]

	



Rank, K.C.; Chen, C.J.; Cope, J.; Porche, K.; Hoenger, A.; Gilbert, S.P.; Rayment, I. Kar3Vik1, a member of the kinesin-14 superfamily, shows a novel kinesin microtubule binding pattern. J. Cell Biol. 2012, 197, 957–970. [Google Scholar] [CrossRef] [PubMed]

	



deCastro, M.J.; Fondecave, R.M.; Clarke, L.A.; Schmidt, C.F.; Stewart, R.J. Working strokes by single molecules of the kinesin-related microtubule motor ncd. Nat. Cell Biol. 2000, 2, 724–729. [Google Scholar] [CrossRef]

	



Shang, Z.; Zhou, K.; Xu, C.; Csencsits, R.; Cochran, J.C.; Sindelar, C.V. High-resolution structures of kinesin on microtubules provide a basis for nucleotide-gated force-generation. eLife 2014, 3, e04686. [Google Scholar] [CrossRef] [PubMed]

	



Roostalu, J.; Hentrich, C.; Bieling, P.; Telley, I.A.; Schiebel, E.; Surrey, T. Directional switching of the kinesin cin8 through motor coupling. Science 2011, 332, 94–99. [Google Scholar] [CrossRef] [PubMed]

	



Gerson-Gurwitz, A.; Thiede, C.; Movshovich, N.; Fridman, V.; Podolskaya, M.; Danieli, T.; Lakamper, S.; Klopfenstein, D.R.; Schmidt, C.F.; Gheber, L. Directionality of individual kinesin-5 Cin8 motors is modulated by loop 8, ionic strength and microtubule geometry. EMBO J. 2011, 30, 4942–4954. [Google Scholar] [CrossRef] [PubMed]

	



Fridman, V.; Gerson-Gurwitz, A.; Shapira, O.; Movshovich, N.; Lakamper, S.; Schmidt, C.F.; Gheber, L. Kinesin-5 Kip1 is a bi-directional motor that stabilizes microtubules and tracks their plus-ends in vivo. J. Cell Sci. 2013, 126, 4147–4159. [Google Scholar] [CrossRef] [PubMed]

	



Edamatsu, M. Bidirectional motility of the fission yeast kinesin-5, Cut7. Biochem. Biophys. Res. Commun. 2014, 446, 231–234. [Google Scholar] [CrossRef] [PubMed]

	



Singh, S.K.; Pandey, H.; Al-Bassam, J.; Gheber, L. Bidirectional motility of kinesin-5 motor proteins: Structural determinants, cumulative functions and physiological roles. Cell. Mol. Life Sci. 2018, 75, 1757–1771. [Google Scholar] [CrossRef] [PubMed]

	



Xie, P. A common ATP-dependent stepping model for kinesin-5 and kinesin-1: Mechanism of bi-directionality of kinesin-5. Biophys. Chem. 2021, 271, 106548. [Google Scholar] [CrossRef]

	



Xie, P. Effect of the neck linker on processive stepping of kinesin motor. Biophysica 2023, 3, 46–68. [Google Scholar] [CrossRef]

	



Duan, Z.; Xie, P.; Li, W.; Wang, P. Are coiled-coils of dimeric kinesins unwound during their walking on microtubule? PLoS ONE 2012, 7, e36071. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.-X.; Lü, G.; Zhang, H.; Geng, Y.-Z.; Ji, Q. Origin of the Surprising Mechanical Stability of Kinesin’s Neck Coiled Coil. J. Chem. Theory Comput. 2021, 17, 1017–1029. [Google Scholar] [CrossRef] [PubMed]

	



Xie, P. Modeling processive motion of kinesin-13 MCAK and kinesin-14 Cik1-Kar3 molecular motors. Protein Sci. 2021, 30, 2092–2105. [Google Scholar] [CrossRef] [PubMed]

	



Crevel, I.M.-T.C.; Lockhart, A.; Cross, R.A. Weak and strong states of kinesin and ncd. J. Mol. Biol. 1996, 257, 66–76. [Google Scholar] [CrossRef] [PubMed]

	



Sosa, H.; Peterman, E.J.G.; Moerner, W.E.; Goldstein, L.S.B. ADP-induced rocking of the kinesin motor domain revealed by single-molecule fluorescence polarization microscopy. Nat. Struct. Biol. 2001, 8, 540–544. [Google Scholar] [CrossRef] [PubMed]

	



Hoenger, A.; Sablin, E.P.; Vale, R.D.; Fletterick, R.J.; Milligan, R.A. Three-dimensional structure of a tubulin-motor-protein complex. Nature 1995, 376, 271–274. [Google Scholar] [CrossRef] [PubMed]

	



Hoenger, A.; Milligan, R.A. Motor domains of kinesin and ncd interact with microtubule protofilaments with the same binding geometry. J. Mol. Biol. 1997, 265, 553–564. [Google Scholar] [CrossRef] [PubMed]

	



Hirose, K.; Amos, W.B.; Lockhart, A.; Cross, R.A.; Amos, L.A. Three-dimensional cryoelectron microscopy of 16-protofilament microtubules: Structure, polarity, and interaction with motor proteins. J. Struct. Biol. 1997, 118, 140–148. [Google Scholar] [CrossRef]

	



Krebs, A.; Goldie, K.N.; Hoenger, A. Complex formation with kinesin motor domains affects the structure of microtubules. J. Mol. Biol. 2004, 335, 139–153. [Google Scholar] [CrossRef]

	



Morikawa, M.; Yajima, H.; Nitta, R.; Inoue, S.; Ogura, T.; Sato, C.; Hirokawa, N. X-ray and Cryo-EM structures reveal mutual conformational changes of Kinesin and GTP-state microtubules upon binding. EMBO J. 2015, 34, 1270–1286. [Google Scholar] [CrossRef]

	



Verhey, K.J.; Ohi, R. Causes, costs and consequences of kinesin motors communicating through the microtubule lattice. J. Cell Sci. 2023, 136, jcs260735. [Google Scholar] [CrossRef] [PubMed]

	



Braun, M.; Lansky, Z.; Szuba, A.; Schwarz, F.W.; Mitra, A.; Gao, M.; Ludecke, A.; Ten Wolde, P.R.; Diez, S. Changes in microtubule overlap length regulate kinesin-14-driven microtubule sliding. Nat. Chem. Biol. 2017, 13, 1245–1252. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 29 01792 g001] 





Figure 1. The model for the interaction of the head with MTs and the orientation of the neck stalk for the kinesin-14 motor. The head and tail domain of the motor are drawn in red and green, respectively. (a) Interaction potential of the head in the ADP state with a tubulin (upper panel) and with an MT filament (lower panel) for the non-processive motor. (b) Interaction potential of the head in the ADP state with a tubulin (upper panel) and with an MT filament (lower panel) for the processive motor. (c) Interaction potential of the tail domain with an MT filament. (d) Two orientations of the neck stalk relative to the head bound to the MT, with the upper panel corresponding to the orientation of the ADP or nucleotide-free state and the lower panel corresponding to the orientation of the ATP or ADP.Pi state. 
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Figure 2. Schematic illustrations of the chemo–mechanical coupling pathway of the KlpA motor. (a–e) The single KlpA-Δtail motor moving on a single MT (see Section 2.1.1 for detailed descriptions). (a′–f′) MT gliding by KlpA or the KlpA-3  ×  GS motor (see Section 2.1.2 for detailed descriptions). (a″–e″) The single full-length KlpA or KlpA-3  ×  GS motor moving on a single MT (see Section 2.1.3 for detailed descriptions). In (d″,e″), the position of the head drawn in red represents the one where the head has a larger probability to locate and that in yellow represents the one where the head has a smaller probability to locate for the case of full-length KlpA. 
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Figure 3. Relationship between the ATPase rate k of the KlpA motor and the asymmetric parameter  α  for the interaction potential of its head with MTs, under which the computed MT gliding velocity v1 = 298 nm/s. 
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Figure 4. Dynamics of the KlpA motor. Lines represent the theoretical results. Symbols represent experimental data from Popchock et al. [15] and Wang et al. [16], with the black triangles and blue circles for ‘MT gliding’ representing the MT gliding velocity by the KlpA and KlpA-Δtail motors, respectively, and the other two black triangles representing the velocity of the single KlpA-3  ×  GS and KlpA motors moving on a single MT. Positive velocity represents the plus end movement of the MT in MT gliding or the minus-end-directed movement of the motor on the single MT. (a) Velocity of the single KlpA motor moving on a single MT versus   κ Δ  . (b) Velocity of the single KlpA motor moving on a single MT versus  κ  for  Δ  = 2 nm. 
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Figure 5. Dynamics of the KlpA motor inside two parallel MTs. (Upper panel) illustrates the motor with its head (red) in its ATP state bound to one tubulin on one MT and its tail domain (green) bound to one binding site on the other MT. (Lower panel) shows the theoretical results for the velocity of the motor moving inside the MT overlap versus  κ  (solid blue line), with unfilled squares corresponding to the predicted results for KlpA and KlpA-3  ×  GS. For comparison, the theoretical results for the velocity of the motor moving on the single MT versus  κ  are also shown (dashed red line), with filled triangles representing the prior experimental results for KlpA and KlpA-3  ×  GS [15,16]. A positive velocity represents the motor moving toward the minus end. 
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Figure 6. Schematic illustrations of the chemo–mechanical coupling pathway of the GiKIN14a motor. The head of the motor is drawn in red or yellow, while the tail domain is drawn in green. (a–e) The single GiKIN14a-Δtail motor moving on a single MT (see Section 2.2.1 for detailed descriptions). In (c–e), the position of the head drawn in red represents the one where the head has a larger probability to locate and that in yellow represents the one where the head has a smaller probability to locate. (a′–d′) The single full-length GiKIN14a or GiKIN14a-3  ×  GS motor moving on a single MT (see Section 2.2.1 for detailed descriptions). In (c′,d′), the position of the head drawn in red represents the one where the head has a larger probability to locate and that in yellow represents the one where the head has a smaller probability to locate. 
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Figure 7. Dynamics of the GiKIN14a motor. Lines represent the theoretical results. (a) Chemo–mechanical coupling efficiency versus  κ . (b) Normalized ATPase rate versus  κ . Filled circles represent the experimental data from Tseng et al. [17]. Errors of the experimental data for the full-length GiKIN14a or GiKIN14a-3  ×  GS motors were computed with   Δ  k ¯    =   Δ    k /   k 0        =       ∂ 