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Abstract

:

Kinesin motor protein, which is composed of two catalytic domains connected together by a long coiled-coil stalk via two flexible neck linkers (NLs), can step processively on a microtubule towards the plus end by hydrolyzing adenosine triphosphate (ATP) molecules. To understand what the role is that the NL plays in the processive stepping, the dynamics of the kinesin motor are studied theoretically here by considering the mutation or deletion of an N-terminal cover strand that contributes to the docking of the NL in kinesin-1, the extension of the NL in kinesin-1, the mutation of the NL in kinesin-1, the swapping of the NL of kinesin-2 with that of kinesin-1, the joining of the stalk and neck of Ncd that moves towards the minus end of MT to the catalytic domain of kinesin-1, the replacement of catalytic domain of kinesin-1 with that of Ncd, and so on. The theoretical results give a consistent and quantitative explanation of various available experimental results about the effects of these mutations on motor dynamics and, moreover, provide predicted results. Additionally, the processive motility of kinesin-6 MKLP2 without NL docking is also explained. The available experimental data about the effect of NL mutations on the dynamics of the bi-directional kinesin-5 Cin8 are also explained. The studies are critically implicative to the mechanism of the stepping of the kinesin motor.
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1. Introduction


Kinesin (typically kinesin-1 and kinesin-2) proteins are molecular motors that can move processively on microtubules (MTs) towards the plus end, which is powered by the hydrolysis of adenosine triphosphate (ATP) molecules [1]. A kinesin motor is composed of two N-terminal motor domains (also called heads) that are connected together by a long coiled-coil stalk via their two flexible neck linkers (NLs) [2,3]. The central and challenging issue for the kinesin motor is how the chemical energy of ATP hydrolysis is converted into the mechanical energy of the unidirectional movement, namely, the chemomechanical coupling mechanism [4,5,6,7,8]. For the purpose, a lot of structural, biochemical, and single molecule studies have been presented [9,10,11,12,13,14,15,16]. Meanwhile, various theoretical modeling and computational studies have been presented [17,18,19,20,21,22,23,24].



In the prevailing model presented in the literature, it was proposed that the docking of NL onto the head plays a critical role in the forward movement of the kinesin motor [25,26,27,28,29,30]. For convenience of writing, this model is called the NL-docking model here. To test the model, diverse experimental data have been provided on the dynamics of the kinesin motor via the mutation and/or deletion of the residues that are related to the NL [31,32,33,34,35,36,37,38,39,40,41,42]. Structural and atomistic molecular dynamics (AMD) studies showed that the NL docking is realized by the formation of a cover-neck bundle between an N-terminal cover strand and NL [31,32,33]. Thus, the single molecule experiments were performed about the influence of the mutation and/or deletion of the cover strand on the dynamics of kinesin-1 motor [34,35]. Puzzlingly, the experimental results showed that by deleting the cover strand, implying that the NL docking is nullified completely, the kinesin dimer can still move processively towards the plus end with a velocity similar to the wild type (WT) case [34,35]. This is contrary to the inference derived from the NL-docking model. By extending the NL with the insertion of several residues near the C-terminus of the NL, it was found that the velocity of kinesin-1 was reduced largely relative to the WT case [36,37]. Case et al. [38] studied the velocity and ATPase rate of kinesin-1 motors by mutating some residues in the NL region and mutating some residues in the catalytic core which can interact with the NL. They found that the mutations greatly reduce the velocity, but the mutations have nearly no effect on the ATPase rate [38]. By designing the NL region to form a random coil, it was found that the mutant kinesin-1 motor also has a significant reduction of the velocity relative to the WT case, while the ATPase rate has only a very small reduction [38]. Andreasson et al. [39] found that while the kinesin-1 dimer with the NL being swapped with the NL of the kinesin-2 head can rarely move directionally on MTs, the kinesin-2 dimer with the NL being swapped with that of the kinesin-1 head behaves similar to the WT kinesin-2 dimer. Since the swapped NL cannot dock onto the head, it is thus implied that the NL docking plays little role in the forward movement of the kinesin-2 dimer, which is contradictory to the NL-docking model. By joining the stalk and neck of Ncd, which can move towards the minus end of an MT, to the motor domain of kinesin-1, the engineered motor can move towards the minus end of MT with a very small velocity compared to the WT kinesin-1 motor [40]. On the contrary, by replacing the catalytic domain of kinesin-1 with that of Ncd, the engineered motor can move towards the plus end with a velocity smaller than both the velocity of the WT kinesin-1 motor and that of the Ncd motor [41,42].



However, up to now a consistent and quantitative explanation of these diverse experimental data and, in particular, of those that are contrary to the NL-docking model has not been available. The purpose of this work is to address this issue, which is critical to the understanding of what the role is that the NL plays in the movement of the kinesin motors and thus is critically implicative to the chemomechanical coupling mechanism of the motors.




2. Methods


2.1. Model


To study theoretically the effect of NL on the dynamics of the kinesin motor, we use the same model for the chemomechanical coupling of the motor as that proposed before [43,44]. For the convenience of reading, the model is re-described here. We firstly present the main elements in the model, which are derived from the available biochemical, structural, and AMD simulation results.



	(i)

	
The kinesin head in the nucleotide-free (ϕ), ATP, and ADP.Pi states has a high binding energy to MT [11,45,46], with the strong interaction between them inducing large conformational modulations of the local tubulin [47,48,49], while in adenosine diphosphate (ADP) state has a low binding energy to MTs [11,45,46], with the weak interaction between them inducing little conformational modulations of the tubulin [48,49]. The binding energy of the ADP-head to the tubulin with the large conformational modulations, which is denoted by Ew1, is much smaller than the binding energy of the ADP-head to the tubulin without the conformational modulations, which is denoted by Ew2 [48,49]. This implies that after ATP transition to ADP, the head has a very weak binding energy Ew1 to the local tubulin for a short time tr (in the order of 10 μs), and with the local tubulin returning elastically to the normally unmodulated one in time tr, the binding energy of the ADP-head to the local tubulin transits to Ew2 [48,49,50].




	(ii)

	
The kinesin head in the ADP and ϕ states has an open nucleotide-binding pocket (NBP), while in the ATP and ADP.Pi states, it has a closed NBP and a large conformational change compared to that in the ADP/ϕ states [51,52,53]. However, for the ATP- or ADP.Pi-head with its NL in the backward or minus-ended orientation (e.g., for the leading or plus-ended head of the dimer in the two-heads-bound state), the NBP closing and large conformational change are prohibited [53]. The head without the large conformational change has an undocked NL [53,54,55,56] and a high binding energy to the partner ADP-head [57], while the head with the large conformational change has a docked NL [53,54,55,56] and a very low binding energy to the partner ADP-head [57].




	(iii)

	
The kinesin head with the NL in the forward or plus-ended orientation has a much larger rate of ATP transition to ADP than the head with the NL not in the forward orientation, as explained as follows. Structural studies indicated that the NL of the kinesin head in the forward orientation clashes with a nucleotide-binding motif (a P-loop subdomain) in the ϕ orientation, resulting in the P-loop subdomain in the ATP-like orientation [10]. Thus, it is expected that the rate of ATP transition to ADP of the head with the NL in the forward orientation is significantly increased compared to that with the NL not in the forward NL orientation. This is consistent with the prior biochemical data showing that the deletion of the NL in the kinesin-1 head and that in the kinesin-3/KIF1a head significantly reduced the ATPase rate but had no effect on the rate of ADP release [10,58].







The pathway for the chemomechanical coupling of the motor at saturating ATP is schematically shown in Figure 1. We begin with the minus-ended (trailing) and plus-ended (leading) heads in the ATP state binding strongly to tubulins II and III, respectively, on an MT filament (Figure 1a). The trailing head has the closed NBP, the docked NL, and the large conformational change compared to that in the ϕ state, while the leading head with the NL in the backward orientation has the open NBP and no conformational change. The trailing head has a much larger rate of ATP transition to ADP than the leading head.



First, in Figure 1a consider ATP transition to ADP in the trailing head (Figure 1b). The ADP-head has a very weak affinity Ew1 to the local tubulin II within time tr, during which the trailing head can (with a probability P0) detach from tubulin II by overcoming Ew1 and diffuse to the intermediate (INT) position relative to the MT-bound head, where the two heads have the high affinity (Figure 1c). Accordingly, within time tr, the trailing head cannot (with probability 1–P0) detach from tubulin II and then the head binds to tubulin II with affinity Ew2 until ADP release, followed by ATP binding (Figure 1a). In the INT state (Figure 1c), without the interference of the NL that is now not in the backward orientation, the large conformational change and NBP closing of the MT-bound ATP-head can take place rapidly, reducing greatly its affinity to the partner ADP-head and inducing its NL docking (Figure 1d). The detached ADP-head can then (with probability PE) diffuse forward and bind to tubulin IV with affinity Ew2 (Figure 1e), followed by ADP release and ATP binding (Figure 1f). From Figure 1d, the detached ADP-head can also (with probability 1–PE) diffuse backward and bind to tubulin II with affinity Ew2 by overcoming the energy barrier (E0) arising from both the NL undocking and the reverse large conformational change associated with the opening of the NBS of the leading ATP-head. Then, ADP is released from the trailing head, followed by ATP binding (Figure 1a). From Figure 1a to f, the dimer takes a forward step.



Second, in Figure 1a, consider ATP occasional transition to ADP in the leading head (Figure 1g). Within time tr, the leading ADP-head can (with probability P0) detach from the local tubulin III by overcoming Ew1 and diffuse to the INT position (Figure 1h) and, accordingly, the leading ADP-head cannot (with probability 1–P0) detach from tubulin III until ADP release, followed by ATP binding (Figure 1a). From Figure 1h, the detached ADP-head can (with probability PE) rebind to tubulin III with affinity Ew2 in time tr, followed by ADP release and ATP binding (Figure 1a). From Figure 1h, the detached ADP-head can also (with probability 1–PE) diffuse backward and bind to tubulin I with affinity Ew2 by overcoming the energy barrier E0 (Figure 1i), followed by ADP release and ATP binding (Figure 1j). From Figure 1a–j, the dimer takes a backward step.




2.2. General Equations for Motor Dynamics


In this section, on the basis of the pathway (Figure 1), we present equations for the dynamics of the kinesin motor. Let k(+) and k(−) represent the rate of ATP transition to ADP of the trailing head with the forward NL orientation and that of the leading head without the forward NL orientation, respectively, and kD represent the rate of ADP release from the MT-bound ADP-head (for simplicity, kD is treated as independent of the NL orientation). As discussed before [43,44], these rates are independent of the force on the NL, which is consistent with the available experimental data [28,59,60,61]. Considering that at the INT state, the NL docking of the MT-bound ATP-head takes place with a rate being much larger than k(+) and k(−) [62], the overall ATPase rates of the trailing and leading heads can be written as [44]:


   k T  =    k  ( + )    k D     k  ( + )   +  k D     (  1 −  P 0   )  +  k  ( + )    P 0   P E  +    k  ( + )    k D     k  ( + )   +  k D     P 0   (  1 −  P E   )  ,  



(1)






   k L  =    k  ( − )    k D     k  ( − )   +  k D     (  1 −  P 0   )  +    k  ( − )    k D     k  ( − )   +  k D     P 0   P E  +  k  ( − )    P 0   (  1 −  P E   )  ,  



(2)




where P0 and PE are dependent on the load acting on the motor. Here, we define the backward load as having a negative value (with F < 0) and the forward load as having a positive value (with F > 0). For F < 0, after ATP transition to ADP in the trailing head, P0 is approximately independent of F on the coiled-coil stalk, and after ATP transition to ADP in the leading head, the load dependence of P0 has the form [44]:


   P 0  = 1 −  (  1 −  P 0  ( 0 )    )  exp  (  −    | F |     F 0     )  ,  



(3)




where    P 0  ( 0 )     is P0 under F = 0 and F0 is the characteristic force for the head to escape from the potential well of depth Ew1 and diffuse to the INT position. For F > 0, after ATP transition to ADP in the leading head, P0 is approximately independent of F, and after ATP transition to ADP in the trailing head, the load dependence of P0 has the form of Equation (3) [44]. The load dependence of PE for both F < 0 and F > 0 has the form [44,63]:


   P E  =   exp  (  β  E 0   )  exp  (  β F δ  )    exp  (  β  E 0   )  exp  (  β F δ  )  + 1   ,  



(4)




where E0 = EC + ENL, with EC and ENL being the free energy change associated with the large conformational change of the head induced by ATP binding and that associated with the NL docking, respectively,    β  − 1   =  k B  T   is the Boltzmann constant times the absolute temperature, and  δ  is the force-sensitivity distance that depends on the MT-binding surface of ADP-head or the potential form of ADP-head interacting with the MT. The total ATPase rate k and velocity v of the motor can be written as:


  k =  k T  +  k L  ,  



(5)






  v =  [   P 0   P E   k T  −  P 0   (  1 −  P E   )   k L   ]  d ,  



(6)




where d = 8.2 nm is the repeat period of tubulins in an MT filament. The number of ATP molecules consumed per forward step can be written as:


  N =    k T  +  k L     P 0   P E   k T    .  



(7)









3. Results


3.1. Dynamics of Kinesin-1 with Mutation or Deletion of Cover Strand Contributing to NL Docking


Prior studies showed that NL docking is realized by the formation of the cover-neck bundle between the N-terminal cover strand and NL [31,32,33]. Thus, the mutation of the cover strand will weaken the NL docking and the deletion of the cover strand will nullify the NL docking. However, the experimental data showed that by mutating or deleting the cover strand, the kinesin dimer can still move processively towards the plus end even with the unloaded velocity slightly larger than the WT case [34,35]. In this section, we study theoretically the effect of the mutation or deletion of the cover strand on the velocity of kinesin-1, explaining quantitatively the puzzling experimental data [34,35]. For kinesin-1, with its NLs having the native length, due to the large internal force in the two-heads-bound state [64], after one head transiting from ATP state to ADP state, the head can easily detach from the local tubulin by overcoming the very weak Ew1 and then diffuse to the INT position. Thus, for approximation, we take P0 = 1 for the case studied in this section.



From the equations presented in Section 2.2, it is seen that to calculate the velocity, values of parameters kD, k(+), k(−), E0 and  δ  are required for the case of P0 = 1. From the prior biochemical data showing that the rate constant of ADP release from the MT-bound head is about 250    s  − 1     [59], we take kD = 250    s  − 1     here and throughout (Table 1). From the prior biochemical data showing that the deletion of the NL in the kinesin-1 head significantly reduced the ATPase rate [10], we take k(−) = 0.01k(+) for the Drosophila melanogaster kinesin-1 (Table 1). Then, by adjusting the values of the other three parameters k(+), E0, and  δ  (Table 1) the single-molecule data of the velocity versus the backward load for the WT motor, the mutant one with two mutated residues A9G and S12G in the cover strand (called 2G), and the mutant one with deletion of the entire cover strand (called DEL) measured by Khalil et al. [34] can be reproduced well (Figure 2). The sensitivity of the theoretical results to the variation of the adjustable parameter value is studied, which shows that the small variation of the parameter value has only a small effect on the theoretical results, indicating that the results are robust. Moreover, from Figure 2, it is noted that under no load the velocity of the 2G and that of the DEL are increased by about 1.12-fold relative to that of the WT, which is also consistent with the experimental data of Budaitis et al. [35] showing that the unloaded velocity of the cover-neck-bundle mutant is increased by about 1.25-fold relative to that of the WT.



From Table 1, it is seen that the values of k(+) and k(−) for the 2G and DEL are slightly larger than those of the WT, implying that the mutation or deletion of the cover strand slightly enhances the rate of ATP transition to ADP. From Table 1, it is seen that E0 for the DEL is smaller by 2.7kBT than that for the WT. Considering that no NL docking can occur for the DEL, this implies that the NL-docking energy of the WT is ENL = 2.7kBT and, accordingly, the free energy change of the large conformational change of the head induced by ATP binding is EC = E0 − ENL = 2.1kBT, implying that EC and ENL have the similar values. The above value of ENL = 2.7kBT is consistent with the prior biochemical data of a few kBT [65] and that of EC = 2.1kBT is also consistent with the prior AMD simulated data of a few kBT [66]. Moreover, E0 for the 2G is smaller by 1.5kBT than that for the WT, implying that for the 2G, the NL-docking energy is about 2.7kBT − 1.5kBT = 1.2kBT. From Table 1, it is seen that  δ  for the 2G and for the DEL are different from that for the WT. Based on our model, this implies that the mutation or deletion of the cover strand affects the potential form of the interaction of the head in the ADP state with an MT. This is consistent with the experimental data of Budaitis et al. [35] showing that the mutations of the cover strand affect the landing rate of the motor, which arises from the change in the MT-binding surface of the ADP-head or the potential form of the ADP-head interacting with an MT. Since the mutation or deletion of the cover strand induces the change in the potential form of the ADP-head interacting with the MT, it is expected that the 2G and DEL would have different force-sensitivity distances from the WT for the dissociation in the weakly MT-binding (ADP) state. The cover-neck-bundle mutant has a higher landing rate than the WT [35], implying that the former has a larger MT-binding surface than the latter. Thus, the 2G and DEL would have larger force-sensitivity distances than the WT, resulting in the 2G and DEL dissociating from the MT at lower forces than the WT (see, e.g., analyses in Ref. [44]), consistent with the available experimental data [34,35].




3.2. Dynamics of Kinesin-1 with NL Extension


In this section, we study the effect of the extension of the NL on the velocity of human kinesin-1. One purpose of this study is to determine the parameter values for the human kinesin-1, which will be used in later studies. As mentioned in the above section, for the WT case, the large internal force results in P0  ≈  1. However, for the mutant case with the NL in each head being extended by six residues (e.g., AEQKLT) at its C-terminus (with the mutant motor being called 6AA), as done in the experiments of Andreasson et al. [36,37], the internal force becomes nearly zero when two heads are bound to the MT, thus resulting in    P 0  ( 0 )     < 1, as prior Brownian dynamics simulations showed [64].



From the equations presented in Section 2.2, it is seen that to calculate the velocity, values of parameters kD, k(+), k(−), E0,  δ ,    P 0  ( 0 )    , and F0 are required. Since the extended residues are at the C-terminus of the NL, they have little effect on the ATPase activity, the conformational change of the head, NL docking, and the interaction of the head with the MT. Thus, both the WT and 6AA should have the same values for kD, k(+), k(−), E0, and  δ . For the WT, P0 = 1, and thus no parameter F0 is needed. We still take kD = 250    s  − 1     for the human kinesin-1 (Table 2). We take k(−) = 0.15k(+) for the human kinesin-1 (Table 2). Then, by adjusting values of the other five parameters k(+), E0,  δ ,    P 0  ( 0 )    , and F0 (Table 2), the single molecule data of the velocity versus both the backward and forward loads for both the WT and 6AA measured by Andreasson et al. [37] can be reproduced well (Figure 3). The studies of the sensitivity of the theoretical results to the variation in the adjustable parameter value show that the results are robust (data not shown). Moreover, with the parameter values given in Table 2, under no load, the number of ATP molecules consumed per forward step is N = 1.16 for the WT and N = 3.2 for the 6AA. This value of N = 1.16 for the WT gives the chemomechanical coupling efficiency of about 0.86, which is close to the experimental value of about 0.81 for the WT human kinesin-1 measured by Yildiz et al. [61]. The value of N = 3.2 for the 6AA is close to the experimental data of about 3.5 for the human 6AA kinesin-1 measured by Clancy et al. [36]. Thus, both the theoretical and experimental results indicate that even under no load the 6AA behaves evidently as a non-tight chemomechanical coupling motor, as studied before for the WT kinesin-1 motors under the backward load [67].



Comparing parameter values of Table 2 with those of Table 1, it is seen that E0 = 4.5kBT for the human kinesin-1 is close to E0 = 4.8kBT for the Drosophila melanogaster kinesin-1, and  δ  = 4.2 nm for the human kinesin-1 is also close to  δ  = 4.7 nm for the Drosophila melanogaster kinesin-1.




3.3. Dynamics of Kinesin-1 with NL Mutation


In this section, we study the effects of the mutation of the NL region and the mutation of some residues in the catalytic core, which can interact with the NL region, on the dynamics of human kinesin-1, explaining quantitatively the experimental data measured by Case et al. [38].



First, consider alanine substitutions of two conserved glycines in loop 13 of the catalytic core, Gly291 and Gly292, which can interact with the NL region, as performed in the experiments of Case et al. [38]. The mutant motor is called K1-G291A/G292A here. Since Gly291 and Gly292 could be important for allowing motion within the motor domain, as mentioned in Case et al. [38], it is reasonably argued that the two residues affect the conformational change of the head after its transition from the ATP to the ADP state, which can be tested using future molecular dynamics simulations such as using the structure-based coarse-grained modeling [68,69]. Thus, the conformation of the head in the ADP state in the K1-G291A/G292A would have a conformation slightly different from that in the WT, resulting in the ADP-head in the K1-G291A/G292A having Ew1 evidently larger than that in the WT. Hence, it is expected that    P 0  ( 0 )     is much smaller than 1 for the K1-G291A/G292A.



Second, consider alanine substitutions of Ile325, Lys326, and Asn327 in the NL, as performed in the experiments of Case et al. [38]. The mutant motor is called K1-I325A/K326A/N327A here. Since Gly292 interacts with residue Asn327 of the NL, as mentioned in Case et al. [38], it is reasonably argued that Asn327 can also affect the conformational change of the head after its transition from the ATP to ADP state and, thus, the conformation of the ADP-head in the K1-I325A/K326A/N327A has a conformation slightly different from that in the WT, resulting in the ADP-head in the K1-I325A/K326A/N327A having Ew1 evidently larger than that in the WT (the consistency of this argument with the biochemical data will be discussed at the end of this section). Thus, it is expected that    P 0  ( 0 )     for the K1-I325A/K326A/N327A is smaller than 1. Since the effect of Asn327 is via its interaction with Gly292, it is expected that    P 0  ( 0 )     for the K1-I325A/K326A/N327A should be larger than that for the K1-G291A/G292A.



From the equations presented in Section 2.2, it is seen that to calculate the velocity and ATPase rate, values of parameters kD, k(+), k(−), E0 = EC + ENL,  δ ,    P 0  ( 0 )    , and F0 are required. As mentioned above,    P 0  ( 0 )     has a value for the K1-G291A/G292A that is different from that for the K1-I325A/K326A/N327A. For the WT, we have    P 0  ( 0 )     = 1 (see above). Moreover, it is evident that ENL has a value for the K1-G291A/G292A that is different from that for the K1-I325A/K326A/N327A and from that for the WT. Thus, the WT, K1-G291A/G292A, and K1-I325A/K326A/N327A have different values of E0. Here, we take the values of    P 0  ( 0 )     and ENL to be variable. In the model, the mutations in the K1-G291A/G292A have little effect on the ATPase activity, as explained as follows. The mutated residue can still clash with the P-loop subdomain in the ϕ orientation, with the P-loop subdomain in the ATP-like orientation, and thus the mutations would have a slight effect on the ATPase activity. Consequently, we take the same values of kD, k(+),, and k(−) for the WT, K1-G291A/G292A, and K1-I325A/K326A/N327A, as given in Table 2. In addition, we take the same values of  δ  and F0 for the WT, K1-G291A/G292A, and K1-I325A/K326A/N327A, as given in Table 2. Under no load, the theoretical results of the velocity and total ATPase rate versus    P 0  ( 0 )     for different values of E0 are shown in Figure 4a,b, respectively, where the velocity and ATPase rate at    P 0  ( 0 )     = 1 and E0 = 4.5kBT correspond to the WT case. From Figure 4a,b, it is seen that for the value of E0 in the range from 4.5kBT to 1.5kBT, which correspond to ENL for the WT in the range from 0 to 3kBT, the curves of velocity and ATPase rate versus    P 0  ( 0 )     change only slightly. As determined in Figure 2, ENL = 2.7kBT for the Drosophila melanogaster kinesin-1. Thus, the results shown in Figure 4a,b imply that the variation in ENL arising from the mutations in the K1-G291A/G292A and K1-I325A/K326A/N327A has only a slight effect on the velocity and ATPase rate. Moreover, from Figure 4a,b, it is seen interestingly that at    P 0  ( 0 )     = 1, 0.12, and 0.01, the theoretical results of both the velocity and ATPase rate are in quantitative agreement with the experimental data for the WT, K1-I325A/K326A/N327A, and K1-G291A/G292A, respectively, as measured by Case et al. [38]. This thus implies that    P 0  ( 0 )     = 0.12 for the K1-I325A/K326A/N327A and    P 0  ( 0 )     = 0.01 for the K1-G291A/G292A, with the latter being much smaller than the former, which is consistent with the discussion mentioned above.



Furthermore, we provide predicted results on the load dependences of velocity and number of ATPs per step for the WT, K1-I325A/K326A/N327A, and K1-G291A/G292A. As determined just above,    P 0  ( 0 )     = 1, 0.12, and 0.01 for the WT, K1-I325A/K326A/N327A, and K1-G291A/G292A, respectively. As given in Table 2, E0 = 4.5kBT for the WT. Since the mutations in the K1-I325A/K326A/N327A have a direct effect on the NL docking, we take E0 = 2.5kBT for the K1-I325A/K326A/N327A, equivalent to ENL being reduced by 2kBT relative to the WT case. Since the mutations in the K1-G291A/G292A have an indirect effect on the NL docking, we take E0 = 3.5kBT for the K1-G291A/G292A, equivalent to ENL being reduced by 1kBT relative to the WT case. The values of other parameters are from Table 2. In Figure 4c,d, we show the theoretical results on the load dependences of velocity and number of ATPs per step for the three motors. From Figure 4c, it is seen interestingly that with the increase in the forward load, while the velocity for the WT is kept nearly unchanged, the velocities for the K1-I325A/K326A/N327A and K1-G291A/G292A increase significantly and level out to the WT case at the high forward load. From Figure 4d, it is seen interestingly that under no load, the numbers of ATPs per step are about 1.16, 10.58, and 121.23 for the WT, K1-I325A/K326A/N327A, and K1-G291A/G292A, respectively, which are in good agreement with the experimental data measured by Case et al. [38]. This indicates that even under no load, the K1-I325A/K326A/N327A and K1-G291A/G292A behave evidently as non-tight chemomechanical coupling, similar to the 6AA motor studied in the above section. With the increase in the forward load, while the number of ATPs per step for the WT is kept nearly to one, the numbers for the K1-I325A/K326A/N327A and K1-G291A/G292A decrease significantly and level out to the WT case at the high forward load. These predicted results shown in Figure 4c,d can be tested using future single-molecule optical trapping experiments.



In addition, consider residues 323–332 in the NL region being designed to form a random coil termed ran10, as performed in the experiments of Case et al. [38]. The mutant motor is called K1-ran10 here. Since some of these mutated residues could interact with the residues in the motor domain which are important for allowing motion within the motor domain, it is thus expected that    P 0  ( 0 )     for the K1-ran10 should also be very small, resulting in a very small velocity of the K1-ran10, thus explaining the experimental data of Case et al. [38]. It is noted that the argument for the ADP-head of the K1-ran10 having a larger affinity for the MT than the WT ADP-head is supported by the biochemical data of Case et al. [38] showing that the K1-ran17, where residues 323–339 are designed to be random ones, in the presence of 1 mM ADP exhibited about 3-fold higher MT affinity (with an equilibrium dissociation constant KD = 6.9 ± 0.4 µM) than the corresponding WT protein (with KD = 21.1 ± 3.4 µM). The argument is also consistent with the experimental data showing that a single K1-ran17 in the monomeric form exhibits a motility that is much (about 200-fold) smaller than a single WT in the monomeric form [38].




3.4. Dynamics of Kinesin-2 with NL Swapping


The experimental data of Andreasson et al. [39] showed that while the kinesin-1 dimer with the NL in each head being swapped with that of the kinesin-2 KIF3A head can rarely move directionally on an MT, the kinesin-2 KIF3AB dimer with the NL in each head being swapped with that of the kinesin-1 head behaves similar to the KIF3AB dimer. The latter mutant dimer is simply called K2-KHC dimer here. The above experimental data for the kinesin-1 dimer with each head having the NL of the KIF3A head can be readily explained with the studies shown in the above section for the K1-ran10. In this section, we explain the experimental data for the K2-KHC dimer.



Since the NL-orientation-dependent ATPase activity is due to the clash of the P-loop subdomain in the ϕ orientation with the residues in the NL of the forward orientation [10], it is thus expected that the swapping of the NL of the kinesin-2 head with that of the kinesin-1 head has little effect on the ATPase activity of the kinesin-2 head, similar to the case for the kinesin-1 head (see above section). However, different from the case for the kinesin-1 head, for the case of the kinesin-2 head, it is argued that the residues in the catalytic core, which can interact with those in the NL, have little effect on the conformational change of the head after its transition from the ATP to ADP state, with both the WT kinesin-2 head in the ADP state having the similar weak affinity to tubulin as the kinesin-2 head with the kinesin-1 NL. This argument can be easily tested by biochemically measuring the equilibrium dissociation constant of the kinesin-2 head with the kinesin-1 NL from the MT and comparing it with that of the WT kinesin-2 head in the presence of saturating ADP, as performed in Case et al. [38] for the K1-ran17 and the corresponding WT protein (see above section). As previous studies showed, due to the NL in each head of the KIF3AB dimer having a longer length than that in the kinesin-1 head, while    P 0  ( 0 )     = 1 for the kinesin-1 dimer,    P 0  ( 0 )     < 1 for the KIF3AB dimer [44]. Here, for the K2-KHC dimer, we consider two cases. One case is that the K2-KHC dimer has the same value of    P 0  ( 0 )     as that for the KIF3AB dimer, while the other case is that, due to the shorter NLs in the K2-KHC dimer than in the KIF3AB dimer,    P 0  ( 0 )     = 1 for the K2-KHC dimer, as in the case of the kinesin-1 dimer. For convenience, the former case is called K2-KHC-1 and the latter case is called K2-KHC-2.



As in the above section for the human kinesin-1, we still take kD = 250    s  − 1     and k(−) = 0.15k(+) for the KIF3AB and K2-KHC dimers (Table 3). Then, by adjusting values of the other five parameters k(+), E0,  δ ,    P 0  ( 0 )    , and F0 (Table 3), the single-molecule data of the velocity versus both the backward and forward loads for the KIF3AB dimer (WT) measured by Andreasson et al. [39] can be reproduced well (Figure 5). The studies of the sensitivity of the theoretical results to the variation of the adjustable parameter value show that the results are robust (data not shown). For the K2-KHC dimer, we take E0 to be half of that for the WT (Table 3), equivalent to EC and ENL having the same value for the WT. With the parameter values given in Table 3, the theoretical results on the load dependence of velocity for the K2-KHC-1 and for the K2-KHC-2 are also shown in Figure 5. It is seen that under a forward load or no load, the WT, K2-KHC-1, and K2-KHC-2 show similar velocities, which is consistent with the experimental data of Andreasson et al. [39]. The prominent difference between the WT and K2-KHC-1 or K2-KHC-2 is that the latter has a smaller stall force than the former, which can be easily tested using future single-molecule optical trapping experiments.




3.5. Dynamics of Motor with Ncd Stalk and Neck Joined to the Kinesin-1 Motor Domain


In this section, we consider the engineered motor consisting of the Ncd stalk and neck joined to the motor domain of kinesin-1, as performed in the experiments of Endow and Waligora [40]. The engineered motor is called the NcdKHC motor here. For the NcdKHC head in the ATP and ADP states, its neck region tilts towards the minus- and plus-ended directions, respectively, as for the WT Ncd determined structurally before [70]. Thus, from the pathway of Figure 1, it is inferred that the pathway for the NcdKHC dimer can be schematically shown in Figure 6, where for approximation, we take P0 = 1, as for the WT kinesin-1 dimer.



We still begin the pathway with the minus-ended head in the ATP state binding strongly to tubulin II and the plus-ended head in the ATP state binding strongly to tubulin III (Figure 6a). The minus-ended head with the forward NL orientation has a much larger rate of ATP transition to ADP than the plus-ended head without the forward NL orientation (see Section 2.1). First, consider ATP transition to ADP in the minus-ended head (Figure 6b). The head then detaches easily from tubulin II by overcoming Ew1 and diffuses to the INT position (Figure 6c). In the INT state, the neck region of the MT-bound ATP-head tilts towards the minus-ended direction. The large conformational change of the MT-bound ATP-head greatly reduces the affinity between the two heads. Then, with probability PE, the detached ADP-head can diffuse in the plus-ended (forward) direction and bind to tubulin IV by overcoming the total free energy (ENL) of retaining the neck region of the minus-ended ATP-head tilting towards the minus-ended direction and of retaining the neck region of the plus-ended ADP-head tilting towards the plus-ended direction (Figure 6d). Then, ADP is released from and ATP binds to the plus-ended head (Figure 6e). Alternatively, with probability 1–PE, the detached ADP-head can diffuse in the minus-ended (backward) direction and bind to tubulin II by overcoming the free energy change associated with the large conformational change of the plus-ended ATP-head, followed by ADP release and then ATP binding in the new minus-ended head (Figure 6a). From Figure 6a–e, a forward step of the motor was made by hydrolyzing one ATP.



Second, in Figure 6a, consider ATP transition to ADP in the plus-ended head (Figure 6f). The head detaches easily from tubulin III by overcoming Ew1 and diffuses to the INT position (Figure 6g). Then, with probability PE, the detached ADP-head can diffuse in the plus-ended (forward) direction and bind to tubulin IV in time tr by overcoming the free energy ENL (see just above), followed by ADP release and then ATP binding (Figure 6a). Alternatively, with probability 1–PE, the detached ADP-head can diffuse in the minus-ended (backward) direction and bind to tubulin I by overcoming the free energy change associated with the large conformational change of the plus-ended ATP-head (Figure 6h). Then, ADP is released from and ATP binds to the minus-ended head (Figure 6i). From Figure 6a–i, a backward step of the motor was made by hydrolyzing one ATP.



As stated in Section 2.2, the rate of ATP transition to ADP of the minus-ended head is k(+) and that of the plus-ended head is k(−). Based on the pathway of Figure 6, Equations (1) and (2) for the ATPase rates of the minus- and plus-ended heads of the NcdKHC motor can be simplified as:


   k m  =  k  ( + )    P E  +    k  ( + )    k D     k  ( + )   +  k D     (  1 −  P E   )  ,  



(8)






   k p  =    k  ( − )    k D     k  ( − )   +  k D     P E  +  k  ( − )    (  1 −  P E   )  ,  



(9)




where the probability PE still has the form of Equation (4). However, since under no load, the neck of the NcdKHC head in the ATP and ADP states tilts towards the minus- and plus-ended directions, respectively, ENL should have a negative value. Equation (6) for the velocity of the NcdKHC motor can be simplified as:


  v =  [   P E   k m  −  (  1 −  P E   )   k p   ]  d .  



(10)







Equation (7) for the number of ATP molecules consumed per forward step of the NcdKHC motor can be simplified as:


  N =    k m  +  k p     P E   k m    .  



(11)







From Equations (8)–(11), it is seen that to calculate the velocity and number of ATPs per step, values of parameters kD, k(+), k(−), E0, and  δ  are required. The kinesin-1 motor domain in the NcdKHC should have the same rate constants of the ATP activity and the same interaction potential with the MT as that in the WT kinesin-1. Thus, we have the same values of parameters kD, k(+), k(−), and  δ  as those given in Table 2. Similarly, the free energy change EC for the kinesin-1 motor domain in the NcdKHC should have the same value as that in the WT kinesin-1. However, the free energy change ENL for the NcdKHC has a negative value. Here, we take E0 = EC + ENL for the NcdKHC to be variable. Under no load, the theoretical results of the velocity versus E0 are shown in Figure 7a, with the enlargement of Figure 7a in the range of E0 from −2kBT to −1.4kBT being shown in Figure 7b. From Figure 7a, it is seen that for the WT kinesin-1 with E0 = 4.5kBT, the velocity is v = 44.56 mm/min, which is close to the experimental value of 42.7 mm/min measured by Endow and Waligora for the KHC motor [40]. From Figure 7b, it is seen interestingly that at E0 = −1.91kBT, the theoretical velocity is consistent with the experimental value for the NcdKHC1 and NcdKHC6 [40], at E0 = −1.61kBT, the theoretical velocity is consistent with the experimental value for the NcdKHC2 and NcdKHC5 [40], and at E0 = −1.75kBT, the theoretical velocity is consistent with the experimental value for the NcdKHC4 [40], where the NcdKHC1-6 represent different mutations in the neck region [40]. Approximating that EC and ENL for the WT kinesin-1 have the same value (see above), giving EC = 2.25kBT, the above results imply ENL = −4.16kBT for the NcdKHC1 and NcdKHC6, ENL = −3.86kBT for the NcdKHC2 and NcdKHC5, and ENL = −4kBT for the NcdKHC4. In other words, the total free energy of an Ncd head in the ATP state tilting towards the minus-ended orientation and an Ncd head in the ADP state tilting towards the plus-ended orientation has a small value of about 4kBT. This implies that the free energy of retaining the neck region of an Ncd head in the equilibrium orientation, which is about 2kBT, is similar to the NL-docking energy of a kinesin-1 head.



Furthermore, we provide predicted results on load dependences of the velocity and number of ATPs per step for the NcdKHC1 and NcdKHC6 and those for the NcdKHC2 and NcdKHC5, which are shown in Figure 7c,d, where for comparison the corresponding results for the WT kinesin-1 are also shown. From Figure 7c, it is seen interestingly that with the increase in the forward (plus-ended) load, the velocities of the NcdKHC1–6 increase significantly and become close to the WT case at the high forward load. With the increase in the magnitude of the backward (minus-ended) load, the velocities decrease and level out to a value with the magnitude of k(−)d being much smaller than the maximum velocity of k(+)d at the high forward load. From Figure 7d, it is seen interestingly that under no load, the numbers of ATPs per step are about 9.26 for the NcdKHC1 and NcdKHC6 and about 7.15 for the NcdKHC2 and NcdKHC5, which is in contrast to the WT case with the number of ATPs per step being close to 1. With the increase in the magnitude of the backward load, the numbers of ATPs per step for the NcdKHC1–6 increase significantly. With the increase in the magnitude of the forward load, the numbers of ATPs per step for the NcdKHC1–6 decrease and become close to the WT case at the high forward load. These predicted results shown in Figure 7c,d can be tested using future single-molecule optical trapping experiments.




3.6. Dynamics of Motor with Kinesin-1 Neck and NL Joined to the Ncd Motor Domain


In this section, we consider the engineered motor with the human kinesin-1 catalytic domain (316 residues) in a dimeric construct (560 residues) being replaced with the catalytic domain of Ncd, as performed in the experiments of Case et al. [41]. The engineered motor is called KHCNcd here. The pathway for the KHCNcd can still be described schematically as that shown in Figure 1.



For the Ncd motor domain in the KHCNcd dimer, it is reasonably considered that the orientation of kinesin-1 NL has no effect on the rate of ATP transition to ADP. Thus, both the minus- and plus-ended heads of the KHCNcd dimer have the same rates of ATP transition to ADP, which are denoted by k(+) and k(−) (with k(+) = k(−)), respectively, and EC = 0. When the kinesin-1 NL is in the plus-ended orientation (e.g., for the NL of the minus-ended head in Figure 1a), it has a large contacting area with the Ncd motor domain, and thus some residues in the NL can form interactions with residues in the motor domain, giving a small binding energy (still denoted by ENL), which should be evidently smaller than the NL-docking energy for the WT kinesin-1. By contrast, when the kinesin-1 NL is the minus-ended orientation (e.g., for the NL of the plus-ended head in Figure 1a), it has a little contacting area with the Ncd motor domain and thus nearly no residue in the NL can interact with that in the motor domain. This implies that the minus-ended head has a small ‘NL-docking’ energy of ENL while the plus-ended head has no ‘NL-docking’ energy, giving E0 = ENL because EC = 0 (see just above). Since the kinesin-1 NL has a short length, we take P0 = 1. Thus, during the processive stepping of the KHCNcd motor, the overall ATPase rates of the heads in the minus- and plus-ended positions still have forms of Equations (8) and (9), respectively, but with k(+) = k(−). The velocity and number of ATPs per step of the KHCNcd can still be calculated with Equations (10) and (11), respectively. The probability PE still has the form of Equation (4). Considering one step per ATP for the WT Ncd motor, from the measured velocity of 140 nm/s [41] we have k(+) = k(−) = 17.1    s  − 1    . We still take kD = 250    s  − 1    . Then, using Equations (8)–(11), the calculated results of velocity versus E0 are shown in Figure 8a. As expected, at E0 = 0, the velocity is zero. With the increase in E0, the velocity increases and levels out to the value of k(+)d at high E0. Interestingly, it is noted that at E0 = 0.92kBT, the theoretical velocity is consistent with the experimental value for the KHCNcd dimer measured by Case et al. [41]. This implies that ENL = 0.92kBT. As expected, this value of ENL is evidently smaller than the NL-docking energy for the WT kinesin-1 (see just above).



Furthermore, we provide predicted results on load dependences of the velocity and number of ATPs per step for the KHCNcd, which are shown in Figure 8b,c. From Figure 8b, it is seen interestingly that with the increase in the forward (plus-ended) load, the velocity of the KHCNcd increases and levels out to the value of k(+)d at the high forward load. With the increase in the magnitude of the backward (minus-ended) load, the velocity decreases and becomes negative at the load of about −0.9 pN, implying that the stall force is about 0.9 pN. At the high backward load, the velocity levels out to the value with the magnitude of k(−)d equal to the corresponding one of k(+)d at the high forward load. From Figure 8c, it is seen interestingly that under no load, the number of ATPs per step is about 3. With the increase in the magnitude of the backward load, the number of ATPs per step increases significantly. With the increase in the forward load, the number of ATPs per step decreases and becomes close to 1 at the high forward load. These predicted results shown in Figure 8b,c can be tested using future single-molecule optical trapping experiments.





4. Discussion


In the Results section, we focused mainly on the effects of NL docking on the motility of kinesin-1, kinesin-2, NcdKHC, and KHCNcd motors. Here, we discuss the effects of NL docking on the motility of other families of kinesin motors such as kinesin-6 MKLP2 and kinesin-5 Cin8.



4.1. Unidirectional Motility of Kinesin-6 MKLP2


The mitotic kinesin-like protein 2, MKLP2, is a member of the kinesin-6 family, playing critical roles during the metaphase–anaphase transition and cytokinesis [71,72,73,74,75]. The available structural data for MKLP2 indicated that although there exists a large conformational change of the head in the ATP state compared to that in the ϕ state, no NL docking occurs in the ATP-head [76]. However, the available experimental data showed that the MKLP2 dimer can also move processively towards the plus end [77], such as the kinesin-1 and kinesin-2 dimers. Based on the studies here, for the MKLP2 dimer, we have ENL = 0, giving E0 = EC, and thus the processive movement of the MKLP2 dimer can be readily explained, similar to the case for the kinesin-1 dimer with the deletion of the cover strand (see Section 3.1) and that for the kinesin-2 dimer with its NL being swapped with that of kinesin-1 (see Section 3.4).




4.2. Effect of NL Mutation on Motility of bi-Directional Kinesin-5 Cin8


While most members of the kinesin-5 family such as vertebrate Eg5 and Drosophila Klp61F can move processively towards the plus end [78,79], such as the kinesin-1 and kinesin-2 motors, three fungal kinesin-5 motors—S. cerevisiae Cin8 and Kip1 and S. pombe Cut7—can move processively towards either the plus or minus end, which depends on the experimental conditions [80,81,82,83,84,85], although their NLs can always be docked in the plus-ended direction [84,85]. For example, under the high or physiological ionic strength condition, the single Cin8, Kip1, and Cut7 motors can move processively towards the minus end, whereas under the low ionic strength condition, they can transit to move processively towards the plus end [80,81,82,83,84,85].



Recently, the effect of the NL mutation on the motility of the bi-directional Cin8 was studied by Goldstein-Levitin et al. [86]. It was found that under the high ionic strength condition, the NL variants of Cin8 motors with the destabilization of the NL docking can still move directionally towards the minus end, such as the WT Cin8 motor [86]. By contrast, the NL variant with the additional stabilization of the NL docking, which was generated by the replacement of the NL of Cin8 with sequences of Eg5, exhibited only bi-directional motility, with no minus-end directed bias, in contrast to the WT Cin8 motor [86]. For convenience, the variant of Cin8 with the destabilization of the NL docking is called Cin8NLMT here, while that with the additional stabilization of the NL docking is called Cin8NLEg5. Moreover, Goldstein-Levitin et al. [86] found that the Cin8NLMT motors exhibit an impaired ability and Cin8NLEg5 motors exhibit a more impaired ability to crosslink and/or slide apart two antiparallel MTs in vitro and in vivo, in contrast to the WT Cin8 motors. Here, we provide an explanation of the above experimental results for the WT Cin8 and its variants.



As proposed before, both the bidirectional Cin8 and the unidirectional kinesin-1 motors show a similar chemomechanical coupling mechanism [87]. Thus, the pathway for the Cin8 can also be shown in Figure 1 [87]. The only differences between the Cin8 and kinesin-1 motors were proposed as follows [87]. (i) For Cin8, the minus-ended ATP-head with the closed NBP and the large conformational change has a different strong affinity to the MT from the plus-ended head with the open NBS and without the large conformational change, with the former equivalent to the head in the ATP state and the latter equivalent to the head in the ϕ state. Thus, it was proposed that the large conformational modulations of the local tubulin induced by the strong interaction with the minus-ended ATP-head are different from those induced by the strong interaction with the plus-ended ATP-head, resulting in    P 0  ( 0 )     for the plus-ended ADP-head being smaller than that for the minus-ended ADP-head [87] (for convenience, with    P 0  ( 0 )     for the minus- and plus-ended heads being denoted by    P 0  ( 0 T )     and    P 0  ( 0 L )    , respectively). For kinesin-1, for simplicity, we take the minus- and plus-ended ADP-heads as having the same value of    P 0  ( 0 )     in the Results section. (ii) In contrast to the proposal for kinesin-1 that the minus-ended head has a larger rate of ATP transition to ADP than the plus-ended head, for the Cin8, it was proposed that the minus-ended head has a smaller rate of ATP transition to ADP than the plus-ended head [87]. From Equation (6), the velocity of the Cin8 under no load has the form:


  v =  [   P 0  ( 0 T )    P E   k T  −  P 0  ( 0 L )    (  1 −  P E   )   k L   ]  d ,  



(12)




where PE still has the form of Equation (4). Under no load, Equation (4) can be simplified as:


   P E  =   exp  (  β  E 0   )    exp  (  β  E 0   )  + 1   .  



(13)







From Equations (1) and (2), considering kD >> k(+) and kD >> k(−), we approximately have kT = k(+) and kL= k(−). Thus, Equation (12) can be approximately rewritten as:


  v =  1  exp  (  β  E 0   )  + 1    [   P 0  ( 0 T )   exp  (  β  E 0   )   k  ( + )   −  P 0  ( 0 L )    k  ( − )    ]  d .  



(14)







First, consider the single WT Cin8 motor. Under the high ionic strength condition, we take    P 0  ( 0 L )      ≈  1 and    P 0  ( 0 T )      ≈  1, as for the WT kinesin-1. Since the Cin8 has a smaller NL-docking energy than the kinesin-1, implying that the Cin8 has a small value of E0, from Equation (14), we thus note that if   exp  (  β  E 0   )    <      k  ( − )    /   k  ( + )      , we have a negative value of v, implying the minus-end directed movement. Under the low ionic strength condition, the affinity of the head to the MT will be increased. Thus,    P 0  ( 0 L )     and    P 0  ( 0 T )     can become smaller than 1, but with    P 0  ( 0 L )     <    P 0  ( 0 T )     (see above). Thus, from Equation (14), we note that if   exp  (  β  E 0   )     P 0  ( 0 T )    /   P 0  ( 0 L )       >      k  ( − )    /   k  ( + )      , we have a positive value of v, implying the plus-end directed movement. In other words, if   exp  (  β  E 0   )    <      k  ( − )    /   k  ( + )       <   exp  (  β  E 0   )     P 0  ( 0 T )    /   P 0  ( 0 L )      , the Cin8 can move towards the minus end under the high ionic strength condition, whereas it can move towards the plus end under the low ionic strength condition, explaining the experimental data [81,84,86]. For example, by taking E0 = 0.8kBT, k(+) = 15    s  − 1    , and k(−) = 158    s  − 1    , we have v  ≈  −320 nm/s under the high ionic strength condition (with    P 0  ( 0 L )      ≈     P 0  ( 0 T )      ≈  1) and v  ≈  80 nm/s under the low ionic strength condition (with    P 0  ( 0 L )      ≈  0.01 and    P 0  ( 0 T )      ≈  1), which are close to the experimental data [81,86].



Then, consider the single Cin8NLMT and Cin8NLEg5 motors. As mentioned above, E0 for the Cin8NLMT is smaller than that for the WT Cin8. Thus, it is still expected that   exp  (  β  E 0   )    <      k  ( − )    /   k  ( + )       for the Cin8NLMT motor. Consequently, from Equation (14), and considering    P 0  ( 0 L )      ≈  1 and    P 0  ( 0 T )      ≈  1 under the high ionic strength condition (see above), the Cin8NLMT motor can move towards the minus end, similar to the WT Cin8 motor, explaining the experimental data [86]. The observed velocity of the Cin8NLMT motor, which is smaller than that of the WT Cin8 motor [86], could be due to the mutations increasing the ATPase rate of the minus-ended head, k(+), and/or decreasing the ATPase rate of the plus-ended head, k(−). As mentioned above, E0 for the Cin8NLEg5 motor is larger than that for the WT Cin8 motor. Thus, compared to the case for the WT Cin8 motor, the Cin8NLEg5 motor   exp  (  β  E 0   )    can increase to a value nearly equal to that of      k  ( − )    /   k  ( + )      . Consequently, from Equation (14), and considering    P 0  ( 0 L )      ≈  1 and    P 0  ( 0 T )      ≈  1 under the high ionic strength condition (see above), we see that the Cin8NLEg5 moves bi-directionally, with neither minus-end nor plus-end directed bias, explaining the experimental data [86].



As explained before [87], under the high ionic strength condition, the sliding of the two antiparallel MTs by multiple Cin8 motors that move in the plus-ended direction is due to the MT-bound Cin8 bound by other detached Cin8, and thus the reduction of    P 0  ( 0 L )     for the MT-bound Cin8. As previous studies on the Eg5 motors showed, the reason that the full-length Eg5 motors can slide apart two antiparallel MTs, whereas the Eg5 motors with deletion of their tail domains cannot, arises mainly from the former motors having a smaller dissociation rate than the latter motors [88]. Thus, the impaired ability of the Cin8NLMT motors to crosslink and slide apart two antiparallel MTs is also mainly due to the large dissociation rate that results from the low affinity to the MT, as shown in Goldstein-Levitin et al. [86]. The more impaired ability of the Cin8NLEg5 motors to crosslink and/or slide apart two antiparallel MTs is due to both the low affinity to MTs [86] and the low probability of the MT-bound Cin8NLEg5 bound by other detached Cin8NLEg5, which results from the abolished ability to localize near the minus ends by the minus-end directed motility.





5. Conclusions


The effects of the NL on the dynamics of kinesin dimers are studied analytically based on our proposed model, explaining quantitatively diverse experimental data on the mutations related to the NL docking and moreover providing predicted results. For example, the puzzling experimental results showing that the kinesin-1 with the deletion of the cover strand contributing to the NL docking, implying the nullification of the NL docking, can still move processively towards the plus end with the velocity similar to the WT case are explained quantitatively. The puzzling experimental data showing that the kinesin-2 dimer with the NL being swapped with that of kinesin-1, implying no occurrence of the NL docking, behaves similar to the WT kinesin-2 dimer are explained well. The experimental data about the effect of the extension of the NL of kinesin-1, the effect of the mutation of the NL region and residues that can interact with the NL region in the motor domain of kinesin-1, the effect of joining the stalk and neck of Ncd to the motor domain of kinesin-1, the effect of the replacement of the motor domain of kinesin-1 with that of Ncd, etc., on the motility of the motor are explained quantitatively. Similarly, the processive motility of kinesin-6 MKLP2 with no NL docking can also be explained readily. Additionally, the available experimental data about the effects of NL mutations on the dynamics of the bi-directional kinesin-5 Cin8 can also be explained well. In conclusion, the studies in this work indicate clearly that the NL docking does not play a critical role and only plays an assistant role in the motility of the kinesin dimer.



Finally, it is mentioned that the theoretical study of the dynamics of the kinesin motors related to the NL here is on the basis of the kinetic model. A future study is hoped to directly test the argument that the mutations of the NL region and residues that can interact with the NL region in the kinesin-1′s motor domain can affect its conformation (see Section 3.3) by using the detailed molecular dynamics simulations such as with the structure-based coarse-grained modeling [68,69].
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Figure 1. Model for processive stepping of the dimeric kinesin motor. (a–j) The chemomechanical coupling pathway at saturating adenosine triphosphate (ATP) concentrations. At saturating ATP, the nucleotide-free state of the kinesin head is so short that it is not needed to be considered. Since in both the ATP and ADP.Pi states, the kinesin head has a similar conformation and has a high affinity to an MT, for simplicity, ATP hydrolysis and Pi release are treated as one step in the ATP transition to adenosine diphosphate (ADP). The thickness of an arrow indicates the relative magnitude of the probability of the transition between two states connected by the arrow for the WT kinesin motor under no load. 
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Figure 2. Dependence of velocity on backward load for Drosophila melanogaster kinesin-1 motors. WT, 2G, and DEL represent the wild type, the mutant 2G with two residues A9G and S12G in the cover strand, and the mutant DEL lacking the entire cover strand, respectively. Lines are theoretical results. Symbols are experimental data taken from Khalil et al. [34]. 
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Figure 3. Dependence of velocity on backward and forward loads for human kinesin-1 motors. WT and 6AA represent the wild type and the mutant one with extension of each NL by inserting six additional residues AEQKLT, respectively. Lines are theoretical results. Symbols are experimental data taken from Andreasson et al. [37]. 
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Figure 4. Dynamics of human kinesin-1 motors. WT, I325A/K326A/N327A, and G291A/G292A represent the wild type K560, the mutant K560-I325A/K326A/N327A with Ile325, Lys326, and Asn327 in NL being changed to alanine and the mutant K560-G291A/G292A with Gly291 and Gly292 in loop 13 of the catalytic core being changed to alanine, respectively. Lines are theoretical results. Symbols are experimental data taken from Case et al. [38]. (a) Velocity versus probability P0 under no load for different values of E0. Note that the red line is almost coincident with the black line and thus the red line cannot be discerned. (b) ATPase rate per head versus probability P0 under no load for different values of E0. Note that the red line is almost coincident with the black line and thus the red line cannot be discerned. (c) Velocity versus backward and forward loads. Data for the WT, I325A/K326A/N327A, and G291A/G292A are calculated with E0 listed in Table 2 being subtracted by ENL = 0, 2kBT, and 1kBT, respectively. (d) Number of ATPs consumer per step versus backward and forward loads. Data for the WT, I325A/K326A/N327A, and G291A/G292A are calculated with E0 listed in Table 2 being subtracted by ENL = 0, 2kBT, and 1kBT, respectively. The experimental data are calculated with   N =   2  k  cat   d  / v    (d = 8.2 nm), where kcat is the ATPase rate per head and v is the velocity measured by Case et al. [38]. 
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Figure 5. Dependence of velocity on backward and forward loads for mammalian kinesin-2 KIF3AB motors. Lines are theoretical results. Symbols are experimental data taken from Andreasson et al. [39]. WT and K2-KHC represent the wild type and the mutant one with its NL in each head being swapped with that of Drosophila kinesin-1 head, respectively. 
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Figure 6. Schematic illustrations of the chemomechanical coupling for NcdKHC, the engineered motor consisting of the Ncd stalk and neck joined to the KHC motor domain. (a–i) The pathway at saturating ATP concentrations. At saturating ATP, the nucleotide-free state of the kinesin head is so short that is not needed to be considered. Since in both the ATP and ADP.Pi states the kinesin head has a similar conformation and has a high affinity to the MT, for simplicity, ATP hydrolysis and Pi release are treated as one step in the ATP transition to ADP. The thickness of an arrow indicates the relative magnitude of the probability of transition between two states connected by the arrow under no load. 
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Figure 7. Dynamics of NcdKHC motors. WT and NcdHKCs represent the wild-type K560 and the engineered motor consisting of the Ncd stalk and neck joined to the KHC motor domain, respectively. Lines are theoretical results. Symbols are experimental data taken from Endow and Waligora [40]. (a) Velocity versus E0 under no load. (b) Enlargement of (a) in the range of E0 from −2kBT to −1.4kBT. (c) Velocity versus backward and forward loads for the WT and NcdHKCs. (d) Number of ATPs consumer per step versus backward and forward loads for the WT and NcdHKCs. 
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Figure 8. Dynamics of KHCNcd motors. KHCNcd represents the engineered motor consisting of the neck and NL of kinesin-1 joined to the Ncd motor domain. Lines are theoretical results. Symbols are experimental data taken from Case et al. [41]. (a) Velocity versus E0 under no load. (b) Velocity versus backward and forward loads. (c) Number of ATPs consumer per step versus backward and forward loads. 
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Table 1. Parameter values for Drosophila melanogaster kinesin-1 motors.






Table 1. Parameter values for Drosophila melanogaster kinesin-1 motors.





	
Parameter

	
Value




	
WT

	
2G

	
DEL






	
kD (   s  − 1    )

	
250

	
250

	
250




	
k(+) (   s  − 1    )

	
62 *

	
72 *

	
79 *




	
k(−)

	
0.01k(+)

	
0.01k(+)

	
0.01k(+)




	
E0 (kBT)

	
4.8 *

	
3.3 *

	
2.1 *




	
 δ  (nm)

	
4.7 *

	
5.5 *

	
7.9 *








Values with ‘*’ are obtained by fitting to the single molecule data of Khalil et al. [34], while values of other parameters are kept fixed.
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Table 2. Parameter values for human kinesin-1 motors.






Table 2. Parameter values for human kinesin-1 motors.





	
Parameter

	
Value






	
kD (   s  − 1    )

	
250




	
k(+) (   s  − 1    )

	
92 *




	
k(−)

	
0.15k(+)




	
E0 (kBT)

	
4.5 *




	
 δ  (nm)

	
4.2 *




	
F0 (pN)

	
3.8 *




	
    P 0  ( 0 )     

	
1 (for K1-WT)




	
0.37 * (for K1-6AA)








Values of parameters with ‘*’ are obtained by fitting to the single molecule data of Andreasson et al. [37], while values of other parameters are kept fixed.
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Table 3. Parameter values for kinesin-2 KIF3AB motors.






Table 3. Parameter values for kinesin-2 KIF3AB motors.





	Parameter
	Value





	kD (   s  − 1    )
	250



	k(+) (   s  − 1    )
	88.5 *



	k(−)
	0.15k(+)



	E0 (kBT)
	3.05 * (for WT)

3.05/2 (for K2-KHC-1 and K2-KHC-2)



	 δ  (nm)
	2 *



	F0 (pN)
	4.5 *



	    P 0  ( 0 )     
	0.82 (for WT) *

0.82 (for K2-KHC-1)

1 (for K2-KHC-2)







Values of parameters with ‘*’ are obtained by fitting to the single molecule data of Andreasson et al. [39] for the WT, while values of other parameters are kept fixed.
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