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Abstract 18 

Kinesin-1 is a dimeric motor that transports cargo along microtubules, taking 8.2-nm steps in a 19 

hand-over-hand fashion. The ATP hydrolysis cycles of its two heads are maintained out of phase 20 

by a series of gating mechanisms, which lead to processive runs averaging ~1 μm. A key 21 

structural element for inter-head coordination is the neck linker (NL), which connects the heads 22 

to the stalk. To examine the role of the NL in regulating stepping, we investigated NL mutants of 23 

various lengths using single-molecule optical trapping and bulk fluorescence approaches in the 24 

context of a general framework for gating. Our results show that, although inter-head tension 25 

enhances motor velocity, it is crucial neither for inter-head coordination nor for rapid rear-head 26 

release. Furthermore, cysteine-light mutants do not produce wild-type motility under load. We 27 

conclude that kinesin-1 is primarily front-head gated, and that NL length is tuned to enhance 28 

unidirectional processivity and velocity. 29 
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Introduction 30 

Kinesin-1, hereafter referred to simply as kinesin, is an ATP-driven, dimeric motor protein that 31 

facilitates the unidirectional transport of intracellular cargo along microtubule (MT) filaments 32 

(Block et al., 1990; Hackney, 1995; Howard et al., 1989; Vale et al., 1985). Each kinesin dimer 33 

is composed of a pair of identical catalytic motor domains, or heads, which are connected to a 34 

common, coiled-coil stalk by a ~14-amino-acid-long sequence known as the neck linker (NL) 35 

(Kozielski et al., 1997). Kinesin translocates towards the plus-ends of MTs (Svoboda et al., 36 

1993) via an asymmetric hand-over-hand mechanism (Asbury et al., 2003; Yildiz et al., 2004), 37 

hydrolyzing one molecule of ATP (Coy et al., 1999; Hua et al., 1997; Schnitzer and Block, 1997) 38 

for each 8.2-nm step (Svoboda et al., 1993) the motor takes. The biochemical states associated 39 

with each kinesin head during stepping are coupled to mechanical transitions in an overall 40 

mechanochemical cycle:  biochemical events modulate the affinities of heads to the MT and 41 

influence mechanical transitions, and mechanical states, in turn, influence the rates of 42 

biochemical processes (Block, 2007). 43 

During the mechanochemical cycle, each kinesin head transitions between one or more states 44 

that are strongly bound to the MT (the ATP-containing state, and also the no-nucleotide state), 45 

and one or more states that are weakly bound to the MT (the ADP-containing state) (Block, 46 

2007). A simplified version of this cycle (Figure 1A) may arbitrarily be taken to begin with the 47 

one-head-bound (1-HB), ATP-waiting state [α], where the nucleotide-free front head is strongly 48 

bound to the MT while the rear, ADP-bound tethered head remains unbound (Asenjo and Sosa, 49 

2009; Guydosh and Block, 2009; Hackney, 1994; Toprak et al., 2009). Following ATP binding 50 

to the MT-bound head, the NL of its motor domain undergoes a structural reconfiguration, and 51 

forms a β-sheet with the head, in a process termed NL docking (Asenjo et al., 2006; Clancy et al., 52 

2011; Khalil et al., 2008; Rice et al., 1999; Rosenfeld et al., 2001; Schnitzer et al., 2000; Sindelar 53 

and Downing, 2010; Tomishige et al., 2006). NL docking shifts the position of the tethered head 54 

towards the MT plus-end, beyond the position of the bound head [β1,β2]. Recent work has 55 
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suggested that NL docking may occur in two stages: first, ATP binding induces a load-dependent 56 

mechanical transition, leading to partial NL docking [β1], whereas subsequent ATP hydrolysis 57 

completes the docking and enables the tethered head to bind the MT [β2] (Milic et al., 2014). 58 

Once the bound head hydrolyzes ATP, fully docks its NL, and the tethered head binds the MT, 59 

the motor enters a mechanically strained, two-heads-bound (2-HB) state [γ] (Block, 2007; 60 

Clancy et al., 2011; Gennerich and Vale, 2009; Rice et al., 1999; Rosenfeld et al., 2003; Yildiz et 61 

al., 2008). Finally, rear-head release (Klumpp et al., 2004) completes the step and returns the 62 

motor to its initial 1-HB waiting state [α], primed to begin the cycle anew, after having 63 

translocated forward by one step (8.2 nm) along the MT. The processivity of kinesin—evinced 64 

by the ability of a single dimer to undergo >100 consecutive stepping cycles before 65 

dissociation—relies upon a tight coordination of the biochemical and mechanical events, 66 

collectively known as gating mechanisms (Block, 2007). 67 

We note that the term “gating” encompasses any mechanism where the state of one head 68 

influences its partner in such a way as to ensure that the mechanochemical cycles of the heads 69 

are maintained out of phase, leading to alternate-head stepping. This term includes, but is not 70 

limited to, mechanisms that modulate detachment rates, alter nucleotide affinities, and affect 71 

ATP hydrolysis (Block, 2007; Block et al., 1990; Hackney, 1994; Hancock and Howard, 1999; 72 

Hua et al., 1997; Rosenfeld et al., 2003; Schnitzer and Block, 1997; Vale et al., 1996). 73 

To establish a general framework for gating in the kinesin cycle, we begin by recognizing that 74 

the kinesin dimer transitions through a fixed series of 1-HB [A,B] and 2-HB [C] states during 75 

each cycle, where the unbound (tethered) head of a 1-HB motor may be positioned either 76 

predominantly behind [A], or in front of [B], the MT-bound head (Figure 1B). Since 77 

dissociation from the 2-HB state [Off] necessarily requires passage through a 1-HB intermediate, 78 

processive cycling can be distilled into the following set of three gating properties which, taken 79 

all together, promote forward stepping while suppressing dissociation: 80 

81 
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i) The MT-bound head must remain attached in any 1-HB state.82 

ii) When the motor is in either a 2-HB state, or in a 1-HB state where the tethered head83 

is behind the MT-bound head, the unbinding of the rear head should be promoted (or84 

maintained, if already unbound).85 

iii) When the motor is in either a 2-HB state, or in a 1-HB state where the tethered head86 

is in front of the MT-bound head, the binding of the front head should be promoted87 

(or maintained, if already bound).88 

Taken together, these principles lead to the mechanical gating framework presented in Figure 89 

1B. Starting from a 1-HB state, with the tethered head positioned behind the MT-bound head 90 

[A], unidirectional processivity necessitates a stepping gate that stabilizes binding by the front 91 

head while inhibiting any rebinding by the rear head. Following a structural transition that shifts 92 

the tethered head beyond the bound head [B], a binding gate acts to promote tethered-head 93 

binding at the forward site, while preventing premature unbinding of the rear head, which would 94 

otherwise lead to dissociation [Off]. Once the tethered head binds successfully, and the motor 95 

achieves the 2-HB state [C], an unbinding gate is required to retain the front head on the MT, 96 

while promoting the release of the rear head. Finally, rear-head release completes the cycle, 97 

returning the motor to its initial state [A], but advanced by one step. We note that this abstraction 98 

is agnostic with respect to the biochemical state associated with each mechanical transition. 99 

However, precisely because these biochemical states are unspecified, this general framework 100 

(Figure 1B) can be applied not only to kinesin, but also to other processive, two-headed motors 101 

that may couple mechanical and biochemical states differently (Block, 2007; Cleary et al., 2014; 102 

Gennerich and Vale, 2009; Kull and Endow, 2013). 103 

Here, we used the gating framework to guide an investigation of the role of the NL domain in 104 

determining kinesin processivity, which remains incompletely understood, despite considerable 105 

research (Block, 2007; Clancy et al., 2011; Hackney et al., 2003; Shastry and Hancock, 2010, 106 

2011; Yildiz et al., 2008). Because intramolecular forces within the kinesin dimer are thought to 107 
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be transmitted through the NL of each head, the NL domain is well situated to play a role in 108 

gating. Consistent with this, extending the NL by mutation has previously been shown to affect 109 

kinesin processivity, velocity, and stepping behavior (Block, 2007; Clancy et al., 2011; Hackney 110 

et al., 2003; Shastry and Hancock, 2010, 2011; Yildiz et al., 2008). In principle, perturbing the 111 

properties of the NL by inserting additional amino acids (AA) at the junction of the NL domain 112 

and the coiled-coil stalk could affect some, or all, of the gates in Figure 1B. When kinesin is in 113 

its 1-HB state [A,B], the NL might serve to suppress rear-head rebinding in the ATP-waiting 114 

state [A], as part of the stepping gate, or to promote tethered-head binding (following NL 115 

docking) in the bound head [B], as part of the binding gate. When kinesin is in a 2-HB state [C], 116 

the NL can transmit inter-head tension, affecting the unbinding gate (Block, 2007; Clancy et al., 117 

2011; Guydosh and Block, 2006; Hariharan and Hancock, 2009; Rosenfeld et al., 2003; Shastry 118 

and Hancock, 2010, 2011; Yildiz et al., 2008). The unbinding gate may act through (i) front-head 119 

gating, where biochemical events on the front head are suppressed until the rear head has a 120 

chance to detach (candidate mechanisms include the suppression of ATP hydrolysis in the front 121 

head, reduced ATP binding arising from inter-head tension, or reduced ATP binding caused by 122 

the rearward-pointing configuration of the NL), or through (ii) rear-head gating, where the rear-123 

head release rate is accelerated by the inter-head tension, or (iii) some combination of the two 124 

(Block, 2007). Because inter-head tension is directly controlled by the length of the NL domain, 125 

an understanding of the relationship between NL length and the unbinding gate is central to 126 

evaluating tension-based gating models. 127 

The predominant mechanism for gating used by kinesin has been the subject of some 128 

controversy. Published models have invoked both versions of rear-head gating (Crevel et al., 129 

2004; Hancock and Howard, 1999; Schief et al., 2004; Yildiz et al., 2008) and front-head gating 130 

(Clancy et al., 2011; Guydosh and Block, 2006, 2009; Klumpp et al., 2004; Rosenfeld et al., 131 

2003; Toprak et al., 2009). The conversation about kinesin gating has heretofore focused on how 132 

inter-head coordination might be achieved from the 2-HB state, that is, from the unbinding gate. 133 
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Comparatively little attention has been paid to gating at other points of the kinesin cycle, 134 

specifically at the stepping and binding gates (Figure 1B), and quantitative measures of the 135 

competing rates responsible for gating have been notably lacking. Here, we examine the 136 

quantitative contribution of each of the three gates to maintaining unidirectional processivity by 137 

assessing the effects of NL length on kinesin motility, and attempt to reframe the discussion of 138 

gating from a debate about front- versus rear-head gating at the 2-HB state to a more unified 139 

view that admits to gating at multiple states of the mechanochemical cycle, both 1-HB and 2-HB. 140 

Towards that end, we examined a series of truncated Drosophila kinesin constructs (DmK) 141 

containing NLs that were extended incrementally, from 1 to 6 AA (DmK-1AA to DmK-6AA), 142 

using a combination of single-molecule optical trapping and bulk fluorescence approaches. 143 

Results 144 

Kinesin maintains a stable, one-head-bound ATP-waiting state with as many as three extra 145 

amino acids in its neck linker. 146 

Our first experiments were designed to probe the influence of NL length on the stepping gate, 147 

which might contribute to unidirectional processivity by suppressing the rebinding of the ADP-148 

bound tethered head while the motor is in the ATP-waiting state [A] (Figure 1B). To investigate 149 

the influence of NL length on this rebinding, we performed a series of half-site ADP release 150 

experiments using mantADP, a fluorescent ADP analog, on a set of truncated constructs with 151 

extended NL domains. Because free kinesin heads in solution have a high affinity for ADP, 152 

whereas MT-bound heads exhibit a substantially lower affinity, the release of mantADP from 153 

kinesin heads serves as a proxy for the binding of free heads to MTs (Clancy et al., 2011; Gilbert 154 

et al., 1995; Hackney, 1988, 1994, 2002; Hackney et al., 2003). Binding was assayed by pre-155 

incubating motors in mantADP and subsequently monitoring the MT-stimulated decay of 156 

fluorescence upon the introduction of MTs via stopped-flow. Wild-type (WT) Drosophila 157 

kinesin (DmK-WT), as well as constructs with NLs extended by up to 3 AA, displayed a 50% 158 

reduction in fluorescence following the addition of MTs (Figure 2A), consistent with being in a 159 
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1-HB state, where only one of the two heads is bound to the MT and releases mantADP. By 160 

contrast, constructs with NL inserts consisting of 4, 5, or 6 AA exhibited progressively greater 161 

drops in fluorescence upon the addition of MTs (Figure 2A). These decreases correspond to 162 

16% of DmK-4AA, 38% of DmK-5AA, and 65% of DmK-6AA motors releasing mantADP 163 

from both heads, respectively. In principle, the increased mantADP release could arise from (i) 164 

the additional NL length facilitating transient rear-head rebinding events, (ii) more motors 165 

adopting a stable 2-HB ATP-waiting state, or (iii) some combination of both. These findings are 166 

consistent with previous work, which has also reported a ~50% fluorescence decrease for WT 167 

kinesin, and a nearly 100% fluorescence decrease for constructs carrying a 6-AA NL insert 168 

(Clancy et al., 2011; Hackney, 1994, 2002; Hackney et al., 2003). Additional mantADP 169 

exchange experiments—where the frequency of transient rear-head interactions with the MT was 170 

assessed based on the effective rate of mantADP exchange at the rear head—revealed an order-171 

of-magnitude increase relative to WT kinesin once the NL domain was extended by 4 or 172 

more AA (Figure 2B). The low mantADP exchange rates observed for our series of constructs 173 

are consistent with previous reports (Hackney, 2002; Hackney et al., 2003). Taken all together, 174 

these results indicate that kinesin can maintain a stable, 1-HB ATP-waiting state with up to 3 175 

additional AA in its NL, but that extending the NL by 4 AA or more leads to an abrupt increase 176 

in rebinding of the rear-head to the MT. 177 

Run lengths are dramatically reduced in kinesin constructs with one or more additional 178 

amino acids in the neck linker. 179 

After kinesin undertakes its force-producing mechanical step [B], the binding gate may promote 180 

front-head binding to the forward MT binding site while keeping the rear head bound to the MT 181 

(Figure 1B). The overall distance kinesin travels along the MT before dissociating—the run 182 

length—is governed by the probability of dissociation during each stepping cycle, which is itself 183 

determined, to a first approximation, by a competition between the binding of the tethered front 184 

head and the premature release of the MT-bound rear head (Milic et al., 2014). To determine 185 
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whether the rate of front-head binding at the binding gate depends upon NL length, we 186 

performed run length measurements as a function of load for constructs with extended NLs. 187 

Extending the NL by just a single AA decreased the unloaded run length by a factor of ~3 188 

relative to the WT run length. Further increments in the NL length (up to 6 AA) yielded only 189 

minor decreases in run length relative to DmK-1AA (Figure 3). Under unloaded conditions, 190 

DmK-6AA was capable of taking several dozen consecutive forward steps, on average, before 191 

dissociating, indicating that kinesin retains significant processivity with as many as 6 AA 192 

introduced into its NL. In the presence of forces applied either against (hindering loads) or along 193 

(assisting loads) the direction of kinesin motility (Figure 3, inset), the differences in processivity 194 

among constructs with differing NL lengths were substantially more pronounced under hindering 195 

forces than under assisting forces. Although the unloaded run lengths for DmK-WT and DmK-196 

1AA differed by a factor of 3, the differences in run length between these constructs under 197 

assisting loads were comparatively minor. A gradual, exponential decrease in run length was 198 

observed for all constructs under increasing hindering loads, but the application of even a small 199 

assisting force (+2 pN) abruptly reduced the run length for both the WT and NL-mutant 200 

constructs. Based on exponential fits to the mean run lengths as a function of applied load, the 201 

characteristic distance parameter for the force-dependence of run length, δ, was nearly an order 202 

of magnitude greater under hindering-load conditions than under assisting-load conditions for all 203 

constructs (Table 1). These results show that the highly asymmetric force-dependence of DmK 204 

run lengths previously reported for the WT motor (Milic et al., 2014) is also exhibited by kinesin 205 

constructs with NLs extended up to 6 AA. Interestingly, although processivity was found to 206 

depend upon the NL length, particularly under hindering-load and unloaded conditions, the 207 

distance parameters for both hindering and assisting loads were nearly independent of NL length 208 

(Table 1). 209 
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Added phosphate proportionally enhances run lengths of DmK-WT and DmK-6AA. 210 

Previous work has shown that under assisting loads, added phosphate (Pi) nearly doubles the run 211 

length of DmK-WT (Figure 4A), indicating that the probability of dissociation at the binding 212 

gate—and therefore run length—is determined by a competition between the rate of Pi release 213 

from the bound head and the rate of productive tethered-head binding (Milic et al., 2014). To 214 

determine the extent to which the NL length affects this competition, we examined the influence 215 

of 100 mM potassium phosphate on the processivity of DmK-6AA, under moderate assisting 216 

loads (+4 pN). Under saturating levels of ATP, the addition of Pi increased the DmK-6AA run 217 

length relative to that in its absence (Figure 4A). However, no statistically-significant changes in 218 

processivity were detected at low ATP concentrations, nor under conditions where ATP was 219 

replaced with the slowly-hydrolyzable analog, ATPγS, nor in the presence of 100 mM potassium 220 

chloride (used as a control for ionic strength effects) (Figure 4). Although run lengths under 221 

otherwise identical assay conditions were systematically lower for DmK-6AA than for DmK-222 

WT, those differences disappeared when the data were normalized relative to the baseline run 223 

lengths (no added Pi) for each motor (Figure 4B). 224 

The velocity of kinesin constructs with extended neck linkers can be rescued by assisting 225 

loads. 226 

Once the tethered head binds the MT to generate the 2-HB state [C], the unbinding gate may 227 

ensure unidirectional processivity by inhibiting front-head unbinding while promoting rear-head 228 

release (Figure 1B). As discussed previously, the unbinding gate might consist of a rear-head 229 

gating mechanism, where the inter-head tension enhances the rate of rear-head release. If 230 

detachment of the trailing head is accelerated by inter-head tension, then extending the NL 231 

would be expected to relieve the tension and decrease the rear-head release rate, thereby 232 

reducing the overall rate at which kinesin proceeds around the reaction cycle. To explore the 233 

effect of inter-head tension on rear-head gating, we performed single-molecule measurements of 234 

the velocity of our kinesin constructs as a function of load.  235 
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Both WT and mutant constructs exhibited a force-velocity relationship that is highly asymmetric 236 

with respect to the direction of the applied load (Figure 5), consistent with previous findings 237 

(Block, 2007; Block et al., 2003). Whereas the insertion of a single AA in the NL elicited a drop 238 

in velocity across all loads, additional NL insertions produced no further changes in velocity: 239 

indeed, Drosophila kinesin stepped at significant rates with as many as 6 additional AA in its 240 

NL. In contrast to DmK-WT, which is not sped up by assisting loads, the reduction in unloaded 241 

velocity produced by NL extension could be recovered by applying larger assisting loads 242 

(~20 pN). These data are consistent with the explanation that inter-head tension, which can 243 

promote rear-head release, is effectively abolished by extending the NL past its WT length, but 244 

that the reduced tension can be restored by applying assisting load, which places differential 245 

stress on the rear head. However, the finding that assisting load fails to appreciably increase the 246 

WT velocity suggests that the rate of rear-head release by WT kinesin must be substantially 247 

higher than the rate-limiting step(s) of the mechanochemical cycle. If the rate of rear-head 248 

release were instead rate-limiting, then any acceleration of that step would have manifested as an 249 

increase in motor velocity. 250 

The force-dependence of kinesin mutants with extended neck linkers can be accounted for 251 

by a minimal 3-state model. 252 

To gain a quantitative understanding of the velocities of mutant constructs, and to gain additional 253 

insight into how inter-head tension affects kinesin gating, the force-velocity data (Figure 5) were 254 

fit to a minimal, 3-state model of the mechanochemical cycle (Figure 5, inset). The first 255 

transition in this cycle consists of the force-producing mechanical step, [1]→[2], which is 256 

modeled by a force-dependent rate, = exp ⁄  where  is the unloaded rate 257 

constant,  is the applied force,  is a characteristic distance parameter, and  is 258 

Boltzmann’s constant times the absolute temperature. Because kinesin is in a 1-HB ATP-waiting 259 

state [1] prior to this transition, the inter-head tension, , has no effect on . The following 260 

transition, [2]→[3], consists of ATP hydrolysis and related events—including the completion of 261 
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NL docking by the MT-bound head, front-head binding to the MT, and ADP release by the new 262 

front head—that induce kinesin to enter the strained, 2-HB state [3]. Because this transition 263 

corresponds to the completion of the key biochemical steps in the cycle, the associated rate 264 

constant, , is modeled as being independent of load. From the 2-HB state [3], the final 265 

transition of the cycle consists of rear-head release (which is also load-dependent) and is 266 

modeled as = exp ( + ) ⁄ , where  is the unloaded rate constant and  is 267 

the associated distance parameter. The expression for  is a function of both  and , and 268 

accounts for the roles of both internal and external tension in enhancing the dissociation of the 269 

rear head. A previously-described analytical method was adopted to derive the expression for 270 

velocity as a function of force based on this model (Chemla et al., 2008). This model represents a 271 

minimal extension of previously-published models (Block et al., 2003; Schnitzer et al., 2000).  272 

The 3-state model was fit globally to our data (Figure 5), and the resulting parameters and 273 

uncertainties are given in Table 2. Because the NL-insert mutants exhibited indistinguishable 274 

force-dependent velocities, we took the inter-head tension in these constructs to be negligible 275 

compared to the WT ( , ≈ 0 pN). With this assumption, we determined the inter-head 276 

tension in WT kinesin ( , ) to be 26 ± 3 pN in the 2-HB state, a value that agrees well with 277 

molecular dynamics simulations, which predicted that it would lie in the range of 15‒35 pN 278 

(Hariharan and Hancock, 2009). The model fit also supplies an estimate of the unloaded rate of 279 

rear-head release, 260 ± 10 s-1. With the derived values for ,  and the load-dependence of 280 

rear-head unbinding, , the expression for  shows that inter-head tension alone is capable of 281 

increasing the rate of rear-head release by an order of magnitude (Table 2). Moreover, the 282 

modeled rate of ATP hydrolysis (plus the other primarily biochemical events, above), 95 ± 1 s-1, 283 

is consistent with previous estimates of the hydrolysis rate from both biochemical and single-284 

molecule studies (Farrell et al., 2002; Gilbert et al., 1998; Ma and Taylor, 1997; Schnitzer et al., 285 

2000). Under all practical loads, hydrolysis is substantially slower than rear-head release. 286 
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We note that any force-dependent transition in the kinesin cycle must be associated with a 287 

corresponding movement of a head, or other subdomain, of the motor. Previous work has shown 288 

that the main force-dependent transition occurs from a 1-HB state after ATP binding (Block et 289 

al., 2003; Schnitzer et al., 2000). The velocity decrease under hindering loads is associated with 290 

this transition, which we model as , with a correspondingly large distance parameter ( ≥ 291 

4 nm; Table 2), equivalent to nearly half the size of the kinesin step. This transition becomes rate 292 

limiting at moderate hindering loads, and will therefore dominate any other possible force-293 

dependent steps at high loads. Under assisting loads,  is exceedingly fast (Table 2) and does 294 

not appreciably contribute to the completion time of the overall cycle—and therefore to the 295 

velocity—in this regime. However, for the mutant constructs, we are able to detect a second 296 

force-dependent contribution that is manifested as increased velocity under assisting loads 297 

(Figure 5). This force dependence, , is necessarily linked to some motion of the motor, and the 298 

load dependence of the associated rate, , could be attributed either to rear head release when 299 

kinesin is in the 2-HB state, or to binding of the forward-positioned tethered head of a 1-HB 300 

motor. We strongly favor the former possibility, because it also helps to explain the observed 301 

decrease in run length under assisting load, as well as the force-dependence of exponential fits to 302 

the run length data (Figure 3 and Table 1). Put another way, if load-dependent rate  were 303 

instead to correspond to tethered-head binding, then an increase in  under assisting load would 304 

increase the likelihood of completing a step, and thereby increase run lengths in this force 305 

regime, contrary to observation (Figure 3). With these assignments,  remains the sole force-306 

independent rate, corresponding primarily to biochemical, and not mechanical, events. 307 

Kinesin inter-head tension preferentially enhances the unbinding rate of the front head 308 

relative to that of the rear head. 309 

In the 2-HB state [C], inter-head tension exerts not only a forward load on the rear head, but also 310 

imposes a matching rearward load on the front head (Figure 1B). Having determined values for 311 

the inter-head tension and the force-dependent rate of rear-head release (Table 2), it is also 312 
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necessary to quantify the force-dependent rate of front-head release in order to model how inter-313 

head tension affects the unbinding gate. The application of hindering loads to the kinesin stalk 314 

places a rearward load on its front head, and therefore can serve as a proxy for estimating the rate 315 

of detachment of the front head at the unbinding gate. Previously, we showed that large 316 

superstall forces imposed by an optical trap (exceeding ‒7 pN) slow down the forward stepping 317 

pathway to such an extent that unbinding proceeds through a competing (slow) ATP-dependent 318 

pathway (Clancy et al., 2011). To quantify the rate of front-head detachment, we examined the 319 

unbinding of DmK-WT from the MT under load in the presence of saturating levels of ATP 320 

(2 mM). Measurements of unbinding rates under load (Figure 6) were fit to the exponential 321 

function, =  exp ⁄  where  is the unloaded rate and  is the 322 

associated distance parameter. The unbinding rate for all hindering loads ( ‒) is determined by 323 

‒ = 1.11 ± 0.03 s-1 and ‒ = 0.60 ± 0.01 nm (fitting the unbinding rates only to data from 324 

superstall forces yielded nearly identical parameter values). From these numbers, it follows that 325 

the 26-pN inter-head tension in WT kinesin can enhance the rate of front-head release at the 326 

unbinding gate by a factor of ~50. 327 

For assisting loads, we can estimate the unbinding characteristics of kinesin dimers from the MT 328 

(Figure 6) by dividing the force-dependent velocities (Figure 5) by their corresponding run 329 

lengths (Figure 3), yielding = 7.4 ± 0.5 s-1 and = 0.32 ± 0.02 nm. Taken together, the 330 

values of  and  for assisting and hindering loads, which are also useful for modeling 331 

transport by multiple kinesin motors, express the asymmetry in kinesin velocity and run length 332 

with respect to the direction of load. For assisting loads, the distance parameter, , is 333 

controlled by the run length force dependence, and we note that its value is similar to the 334 

distance parameter derived from fits to the velocity data, , suggesting that both processes are 335 

governed by the detachment of the rear head. 336 
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Cysteine-light kinesin mutants do not reflect wild-type motility under load. 337 

The force-velocity relation for DmK-6AA (Figure 5), which carries the insert LQASQT in its 338 

NL, differs significantly from the corresponding relation for a human (HsK) cysteine-light (CL) 339 

construct (Rice et al., 1999) with the insert AEQKLT, HsK-CL-6AA (Clancy et al., 2011) 340 

(Figure 7). Specifically, DmK-6AA exhibits a substantially greater velocity—which is also less 341 

force-dependent—than HsK-CL-6AA (Figure 7A). Whereas HsK-CL-6AA was capable of 342 

undertaking many rearward steps when subjected to hindering loads beyond the stall force 343 

(Clancy et al., 2011), no such processive backstepping was observed for DmK-6AA, nor for any 344 

other Drosophila constructs examined that retained native cysteine residues. This finding is also 345 

consistent with the proportionally greater mantADP release by HsK-CL-6AA (Clancy et al., 346 

2011) than DmK-6AA (Figure 2A). By contrast, the wild-type forms of Drosophila (DmK-WT) 347 

and human (HsK-WT) kinesin exhibit nearly identical force-velocity relations under otherwise 348 

identical conditions (Figure 7A). The question therefore arises whether the discrepancy between 349 

the behavior of DmK-6AA and HsK-CL-6AA is a consequence of: (i) one or more of the seven 350 

mutations used to produce the CL construct, (ii) some intrinsic difference between human and 351 

Drosophila kinesin, (iii) a sequence-specific effect of the NL insert, or (iv) some combination of 352 

these. 353 

Recombinant mutant constructs have been widely used to investigate kinesin function. In 354 

particular, CL constructs have been developed to attach fluorescent labels, and it has been 355 

commonly assumed that such motors exhibit WT behavior, based on the similarity of their 356 

velocities measured under unloaded conditions (Rice et al., 1999). Here, we assayed the velocity 357 

of a widely-used truncated human CL construct (HsK-CL) (Rice et al., 1999) and a Drosophila 358 

CL construct (DmK-CL) (Fehr et al., 2009) over the full range of forces (Figure 7B). Under 359 

hindering loads, both HsK-CL and DmK-CL were appreciably slower, and also more sensitive to 360 

load, than either DmK-WT or the corresponding truncated human construct, HsK-WT. For the 361 

case of the human CL construct, the entire shape of the force-velocity relation is affected, 362 
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because this motor can be sped up under assisting loads by as much as 200 nm/s. WT motors do 363 

not exhibit this effect, and it suggests that important steps in the mechanochemical cycle have 364 

been altered in the mutant. 365 

Both CL constructs carry, among other changes, a point mutation of a conserved cysteine in the 366 

NL domain, namely C338S in DmK-CL (Fehr et al., 2009) and C330S in HsK-CL (Rice et al., 367 

1999). We determined the force-velocity curve for a Drosophila construct containing only the 368 

C338S mutation (DmK-C338S). Comparison shows that this single mutation can account for 369 

some, but not all, of the change in force-dependence under hindering loads (Figure 7B). This 370 

indicates that a single CL mutation in the NL cannot alone account for the differences between 371 

WT and CL motors. 372 

Although the force-velocity curves for DmK-WT and HsK-WT are practically indistinguishable, 373 

extending the NL of these motors by 6 AA, using either the sequence LQASQT or AEQKLT, 374 

showed that with the same insert sequences, human constructs were systematically slower than 375 

the corresponding Drosophila constructs (Figure 7C,D). Furthermore, NL extensions based on 376 

AEQKLT produced motors that were slower than the corresponding constructs based on 377 

LQASQT, for both DmK and HsK (Figure 7E,F). These findings indicate that the sequences of 378 

the inserts play some role in determining motor velocity. Nevertheless, regardless of species or 379 

insert sequence, none of the mutants with extended NL domains that retained their native 380 

cysteine residues exhibited either processive backstepping under superstall loads, or velocities 381 

surpassing the WT under assisting loads. We note that because DmK-CL requires two mutations 382 

(Fehr et al., 2009), whereas HsK-CL necessitates seven (Rice et al., 1999)—only one of which is 383 

common between the two constructs—a more direct comparison of Drosophila and human CL 384 

constructs with extended NL domains is not practical. 385 
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Discussion 386 

The stepping gate, which prevents rear-head rebinding in the ATP-waiting state, is not 387 

strongly dependent on neck linker length. 388 

The extent of mantADP release by the rear head while kinesin is in the ATP-waiting state [A] 389 

sheds light on the role of NL length in inhibiting rear-head rebinding, an essential feature of the 390 

stepping gate. Because WT and mutant constructs with as many as three additional AA in the NL 391 

can maintain a stable 1-HB ATP-waiting state, our results show that the stepping gate is not 392 

strongly influenced by NL length. Although the stepping gate is clearly compromised in 393 

constructs with longer NL inserts (4‒6 AA), a substantial portion of the population retains 394 

mantADP in its rear head (Figure 2A), suggesting that gating is not abolished even in these 395 

motors. This notion is reinforced by results showing that mantADP exchange rates for the 396 

extended-NL mutants (Figure 2B) are several orders of magnitude lower than MT-stimulated 397 

ADP release rates by WT monomers, or ATP-stimulated ADP release rates by MT-bound WT 398 

dimers (Hackney, 2002, 2005; Hackney et al., 2003). The results are fully consistent with the 399 

high degree of unidirectionality observed for all constructs, even when subjected to high 400 

hindering loads.  401 

Neck linker length is optimized for processivity under hindering loads or unloaded 402 

conditions. 403 

As reported previously for WT kinesin (Milic et al., 2014), the run lengths of constructs with 404 

extended NL domains are highly asymmetric with respect to the direction of applied load 405 

(Figure 3). Evidently, the binding gate is substantially more effective at maintaining processivity 406 

under unloaded or hindering-force conditions than under assisting-load conditions. Assisting 407 

loads as low as 2 pN produced a dramatic reduction in the run length, suggesting that any 408 

mechanism responsible for the binding gate becomes ineffective when kinesin is subjected to 409 

forces aligned with its overall motion. We note that models of transport by multiple kinesin 410 
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motors have not yet taken load asymmetry into account (Klumpp and Lipowsky, 2005; Muller et 411 

al., 2008), but it may be important to do so explicitly, given the magnitude of the effect. 412 

Here, we found that lengthening the NL by a single AA significantly decreased the unloaded run 413 

length, whereas further NL extensions led to negligible additional reductions (Figure 3). 414 

Furthermore, previous work has shown that a kinesin construct with a NL shortened by a single 415 

AA becomes non-processive (Shastry and Hancock, 2010, 2011). We conclude that the length of 416 

the wild type NL domain may be near optimal for maximizing motor processivity. 417 

We speculate that the decrease in run length associated with extended NLs (Figure 3) arises 418 

from the corresponding increase in the diffusive space that the tethered head must explore before 419 

reaching its next MT binding site. Enlarging that space extends the time that the tethered head 420 

takes to reach the forward site, thereby increasing the probability that the partner head may 421 

release the MT prematurely, enhancing dimer dissociation (Figure 1B). This proposal is also 422 

consistent with the effect of added Pi in increasing the processivity of DmK-WT and DmK-6AA 423 

(Figure 4): Pi acts to stabilize the bound head, thereby reducing dimer dissociation. The finding 424 

that normalized run lengths for the NL constructs were identical under all conditions tested 425 

(Figure 4B) suggests that the rates of any biochemical events associated with the bound head, 426 

when the kinesin cycle is at the binding gate, are independent of the NL length. The absolute run 427 

lengths measured for DmK-6AA were systematically lower than those of the WT motor (Figure 428 

4A), as anticipated from the increased time required for the tethered head to reach the forward 429 

MT binding site. 430 

Inter-head tension maximizes kinesin velocity. 431 

Extending the NL by a one AA reduced kinesin velocity under all loads, whereas additional NL 432 

extensions, up to 6 AA, produced force-velocity curves that were indistinguishable from DmK-433 

1AA (Figure 5). We surmise that inserting a single AA into the NL introduces sufficient slack 434 

into the inter-head linkage that any further extensions become superfluous. A relatively high 435 

inter-head tension (26 ± 3 pN; Table 2) may be advantageous in tuning WT kinesin for increased 436 
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velocity. However, because constructs with up to 6 AA inserted in the NL retained significant 437 

functionality (Figure 5), we infer that inter-head tension plays only a modulatory role in kinesin 438 

motility, a conclusion that gains support from the modeled force-velocity relations (Figure 5). 439 

The fit parameters indicate that WT levels of inter-head tension can amplify the rate of rear-head 440 

release by an order of magnitude beyond its unloaded rate. However, because this unloaded rate 441 

is already more than double the rate of the hydrolysis-associated events of the kinesin cycle, , 442 

the rate-determining step of the full cycle cannot be rear-head release. We find instead that the 2-443 

HB state of kinesin is primarily front-head gated, in the sense that the kinetic cycle of the front 444 

head is slowed while the rear head remains MT-bound. Put another way, the gating mechanism 445 

responsible for processivity in the 2-HB state does not require inter-head tension, but rather 446 

occurs through a modulation of the rates of biochemical processes occurring at the front head, 447 

including ATP hydrolysis, and possibly productive ATP binding (Clancy et al., 2011). 448 

Inter-head tension impairs, rather than aids, the unbinding gate in kinesin. 449 

Although an inter-head tension of 26 pN can enhance rear-head release 10-fold, unbinding 450 

measurements performed under hindering loads (Figure 6)—which serve as a proxy for front-451 

head detachment rates at the unbinding gate [C]—reveal that such an inter-head tension would be 452 

expected to enhance front-head release 50-fold. Despite the front-head release rate being two 453 

orders of magnitude lower than the rear-head release rate in the absence of inter-head tension, the 454 

fact that the load-sensitivity for detachment by the front head (captured by the distance 455 

parameter, ‒ = 0.60 ± 0.01 nm; Figure 6) is nearly double that of the rear head ( = 0.35 ± 456 

0.02 nm; Table 2) implies that increases in inter-head tension preferentially promote the 457 

unbinding of the front head. Kinesin is, in this sense, negatively rear-head gated at the 2-HB 458 

state: if anything, the presence of inter-head tension serves to undermine any contribution of the 459 

unbinding gate in maintaining processive motility. 460 

Because inter-head tension adversely affects processivity from the 2-HB state, and because the 461 

rate of rear-head release is not rate limiting for the kinesin cycle even in the absence of inter-462 
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head tension, we conclude that it is unlikely to function as the primary mechanism for head 463 

coordination in the kinesin cycle. This conclusion seemingly runs contrary to previous 464 

publications, implicating inter-head tension as the preferred gating mechanism (Guydosh and 465 

Block, 2006, 2009; Rosenfeld et al., 2003; Shastry and Hancock, 2011; Toprak et al., 2009). 466 

However, as we have previously argued (Clancy et al., 2011), results from the earlier studies can 467 

be reconciled with our own by invoking a front-head gating mechanism for kinesin where it is 468 

the spatial orientation of the NL (i.e., pointing forward in the docked state and rearward when 469 

undocked), rather than inter-head tension, per se, that facilitates coordination of biochemical 470 

states, as discussed (Asenjo et al., 2003; Clancy et al., 2011; Hahlen et al., 2006). In WT kinesin, 471 

an essential difference between the 2-HB state [C] and the 1-HB state with the tethered head 472 

positioned in front of the bound head [B] (Figure 1B) is that inter-head tension can develop only 473 

when both heads are strongly bound. Although tension may accelerate the rear-head release, no 474 

increase in this rate is necessary for gating, so long as the biochemical events in the front head of 475 

a 2-HB motor cannot proceed. In other words, gating at the 2-HB state may be accomplished not 476 

by accelerating rates associated with the rear head, but by inhibiting—via the spatial orientation 477 

of the NL—the ATP hydrolysis cycle at the front head, until the rear head detaches. 478 

Motility properties of kinesin constructs with extended neck linkers depend on species, 479 

insert sequence, and cysteine-light mutations. 480 

Evidently, the species of origin, the mutation of cysteines in the catalytic domain, as well as the 481 

sequence and length of the NL, can individually affect kinesin motility (Figure 7A–F). Although 482 

the ability of certain mutants to backstep processively under superstall loads was previously 483 

attributed to an increase in NL length (Clancy et al., 2011; Yildiz et al., 2008), the dramatic 484 

difference between DmK-6AA and HsK-CL-6AA, which carry the same NL, shows that 485 

extension of the NL alone cannot account for the behavior of HsK-CL-6AA (Clancy et al., 2011) 486 

and related constructs (Yildiz et al., 2008). The AEQKLT insert produced similar velocities for 487 

HsK-CL-6AA and the non-CL version of the human construct, HsK-6AA(AEQKLT) 488 
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(Figure 7C‒F), but only the CL version could backstep processively. Based on these findings, 489 

we conclude that the processive backstepping behavior of HsK-CL-6AA arises from some 490 

combination of NL extension and the introduction of one or more of the seven mutations used to 491 

produce human CL kinesin. Further work will be required to understand the detailed basis of any 492 

such effects. 493 

Although we stress that our specific findings on kinesin gating, together with the general gating 494 

framework presented here, are not based on data from CL mutants, numerous publications have 495 

made extensive use of these (Asenjo et al., 2003; Asenjo and Sosa, 2009; Asenjo et al., 2006; 496 

Case et al., 2000; Clancy et al., 2011; Dietrich et al., 2008; Mattson-Hoss et al., 2014; Milescu et 497 

al., 2006; Mori et al., 2007; Naber et al., 2011; Naber et al., 2003a; Naber et al., 2003b; Peterman 498 

et al., 2001; Rice et al., 2003; Rice et al., 1999; Rosenfeld et al., 2003; Rosenfeld et al., 2001; 499 

Rosenfeld et al., 2002; Sindelar et al., 2002; Sindelar and Downing, 2007, 2010; Sosa et al., 500 

2001; Tomishige et al., 2006; Tomishige and Vale, 2000; Toprak et al., 2009; Verbrugge et al., 501 

2007; Verbrugge et al., 2009a; Verbrugge et al., 2009b; Verbrugge et al., 2009c; Wong et al., 502 

2009; Yildiz et al., 2008; Yildiz et al., 2004). In light of the unusual behavior displayed by 503 

certain CL mutants, it remains to be determined which previous findings are applicable to 504 

kinesin in its WT form. To avoid artifacts in future work, it would be prudent to explore 505 

alternative linking chemistries for site-specific labels that do not require the elimination of native 506 

cysteine residues. Furthermore, wild-type behavior for mutant constructs should no longer be 507 

assumed simply on the basis of their unloaded velocities or ATP hydrolysis rates. 508 

The force-dependent velocities for the various Drosophila constructs with NL extensions (DmK-509 

1AA through DmK-6AA) were apparently independent of the sequence used to extend the NL 510 

(Figure 5). However, different 6-AA NL insert sequences (LQASQT vs. AEQKLT) exhibited 511 

different motile properties in both Drosophila and human constructs (Figure 7C‒F). The reason 512 

for these differences is unclear, but we conjecture that it may be due to the presence of the 513 

positively charged lysine in the AEQKLT insert. In all constructs, NL extensions were 514 
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introduced at the junction of NL and the stalk to minimize any disruption to the interaction 515 

between the remaining, native NL sequence and the catalytic head domain. It is conceivable that 516 

insertions at this position nevertheless affect kinesin in some ways beyond the reduction in 517 

tension arising from increased NL length, but we consider that possibility less likely, because the 518 

data in Figures 2‒5 can be well modeled by mechanical effects. We also favor the explanation 519 

that extensions of the NL lead to negligible inter-head strain in the 2-HB state, because 520 

extensions from 1 to 6 AA increase the NL length by over 30%, yet generate no corresponding 521 

change in velocity (Figure 5). The gating framework (Figure 1B) and associated conclusions 522 

would remain intact even in the presence of residual inter-head tension in mutants, however. In 523 

that case, the value for inter-head tension in the WT ( , ; Table 2) would be interpreted as the 524 

increase in tension (relative to the mutants) produced by its shorter NL. 525 

Neck linker length in wild-type kinesin has been optimized to maximize both unidirectional 526 

processivity and velocity. 527 

The general framework (Figure 1B) provides a structure for evaluating the relative contributions 528 

of individual gates to the kinesin cycle. Because the rate of unbinding of the front head increases 529 

faster than that of the read head under increasing inter-head tension, the unbinding gate functions 530 

most efficiently at lower tension, or in its absence. Extensions of the NL abolished inter-head 531 

tension in kinesin, yet motors remained active, albeit at reduced speeds, and their stepping gates 532 

remained fully functional, suppressing rear-head rebinding even in constructs with NLs 533 

lengthened up to three AA. These considerations, taken on their own, suggest that NL extensions 534 

from 1 to 3 AA might lead to more effective gating, and consequently to greater processivity. 535 

Instead, the most pronounced effect of NL extension was a dramatic decrease in processivity. An 536 

explanation is that the dominant effect of lengthening the NL is to compromise the binding gate, 537 

and that the deleterious effect of NL length at this gate outweighs any compensating effects of 538 

reduced inter-head tension at the unbinding gate. We conclude that the key role played by NL 539 

length in kinesin gating is two-fold:  (1) to enhance processivity by facilitating binding of the 540 
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tethered head to the forward MT site at the binding gate, and (2) to increase velocity by 541 

accelerating rear-head release from the 2-HB state at the unbinding gate. 542 

In general, the kinesin-1 nanomechanical properties appear to be selected for processivity and 543 

velocity. Other cytoskeletal motors, including members of the kinesin, myosin, and dynein 544 

superfamilies, may be optimized to emphasize different combinations of useful characteristics, 545 

including stall force, load-bearing ability, velocity, processivity, directionality, or the ability to 546 

work cooperatively in groups, depending upon their roles in cells. Using the general gating 547 

framework (Figure 1B), the strategies adopted to optimize for a specific functionality could be 548 

characterized in terms of the extent to which each gate contributes to the overall cycle of a given 549 

motor. Because gating considerations unify the coupling of biochemical states and mechanical 550 

events, these may be of value in framing future investigations, as well as in re-evaluating 551 

previous work, on how dimeric motors are coordinated (Block, 2007; Gennerich and Vale, 2009; 552 

Kull and Endow, 2013). 553 

Materials and methods 554 

Kinesin expression and purification. All Drosophila melanogaster recombinant constructs, 555 

with the exception of CL mutants, were derived from a truncated sequence, comprising the first 556 

559 AA of the Drosophila kinesin-1 heavy chain (KHC) with eGFP and a 6xHis-tag engineered 557 

at the C-terminus, hereafter referred to as DmK-WT (Milic et al., 2014; Shastry and Hancock, 558 

2010). One or more rounds of site-directed mutagenesis (QuikChange, Agilent Technologies) 559 

were applied to produce a series of constructs with lengthened NL domains, extended by 1 (L; 560 

DmK-1AA), 2 (HV; DmK-2AA), 3 (DAL; DmK-3AA), 4 (LAST; DmK-4AA), 5 (LASQT; 561 

DmK-5AA), or 6 AA (LQASQT; DmK-6AA). A version of DmK-6AA with the NL insert 562 

AEQKLT was also generated. These insertions were all introduced at the junction of the NL and 563 

the coiled-coil stalk, between residues T344 and A345 (Shastry and Hancock, 2010). The 564 

procedures for the expression of proteins in Escherichia coli and subsequent purification via 565 

nickel column chromatography were described previously (Shastry and Hancock, 2010; 566 
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Uppalapati et al., 2009). A C338S point mutant (DmK-C338S) and a CL (DmK-CL) version 567 

with 2 mutations (C45S and C338S) were generated from a Drosophila  KHC truncated at 568 

residue 401, with a C-terminal 6xHis-tag (Fehr et al., 2009). These mutants were expressed and 569 

purified as described (Fehr et al., 2009). A round of site-directed mutagenesis was used to 570 

produce DmK-C338S, based on the DmK-CL construct. Human non-CL kinesin-1 motors were 571 

based on a truncated construct (HsK-WT) containing the first 595 residues of KIF5B (Navone et 572 

al., 1992), with a C-terminal 6xHis-tag. The expression plasmid for HsK-WT (pAF4) was 573 

created by replacing the sequence coding for a truncated Drosophila kinesin-1 in plasmid pCA1 574 

(Asbury et al., 2003) with one corresponding to the first 595 residues of KIF5B, via cassette 575 

mutagenesis. Multiple rounds of site-directed mutagenesis were used to generate two constructs 576 

with 6 AA inserted into the NL region (LQASQT and AEQKLT; HsK-6AA). The inserted 577 

residues were positioned at the junction of the NL and common coiled-coil stalk, between 578 

residues T336 and A337, respectively. The non-CL human constructs were expressed in E. coli 579 

and purified on a nickel column, as described (Fehr et al., 2009). A truncated CL human kinesin-580 

1 construct (HsK-CL) containing the first 560 residues of the motor domain and 7 mutations 581 

(C7S, C65A, C168A, C174S, C294A, C330S, C421A) (Clancy et al., 2011; Rice et al., 1999; 582 

Rosenfeld et al., 2002) was also used in our motility experiments (a gift of S. Rosenfeld, 583 

Cleveland Clinic).  584 

Bulk fluorescence assays. Stopped-flow fluorescence experiments were performed in BRB80 585 

buffer containing 1 mM MgCl2. Measurements were made on an Applied Physics SX20 586 

spectrofluorimeter equipped with a 356 nm excitation filter and an HQ480SP emission filter, as 587 

previously described (Chen et al., 2015). 588 

Half-site mantADP release measurements. The fraction of mantADP release from kinesin 589 

dimers upon MT binding was computed from the amplitudes of fluorescence signal decreases for 590 

MT binding ( ) and sequential release ( ) experiments. For MT binding experiments, a 591 

30 μL solution of 0.05 μM dimeric kinesin, pre-incubated with 0.5 μM mantADP, was mixed via 592 
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stopped-flow with an equivalent volume of 4 μM MTs and 10 μM taxol. The decrease in the 593 

fluorescence signal after mixing reflects the amount of mantADP released. The total amount of 594 

mantADP available for release was determined from sequential release experiments, where a 595 

30 μL solution of 0.05 μM dimeric kinesin, pre-incubated with 0.5 μM mantADP, was mixed 596 

with an equivalent volume of 4 μM MTs, 10 μM taxol, and 2 mM ATP. The amplitudes for each 597 

fluorescence decay measurement were determined by the sum of the two amplitudes obtained 598 

from a fit of the sum of two exponentials. The fraction of mantADP release upon MT binding 599 

was computed as / . 600 

MantADP exchange measurements. MantADP·kinesin·MT complexes were generated by pre-601 

incubating 0.2 μM dimeric kinesin with 0.5 μM mantADP, 4 μM MTs, and 10 μM taxol. 602 

Fluorescence changes were recorded following the introduction of 30 μL of BRB80 buffer to an 603 

equivalent volume of the mantADP·kinesin·MT complex via stopped-flow. Records were fit to 604 

single exponentials, from which the rate of mantADP exchange was obtained. 605 

Optical trapping assay. The single-molecule motility assay used in this study has been 606 

described (Milic et al., 2014). Motility buffers consisted of BRB80 [80 mM Pipes, 1 mM EGTA, 607 

4 mM MgCl2] at pH 6.9, with 2 mM DTT, 10 μM Taxol (Paclitaxel), and 2 mg·mL−1 BSA. An 608 

oxygen scavenging system with final concentrations of 50 μg·mL−1 glucose oxidase, 12 μg·mL−1 609 

catalase, and 1 mg·mL−1 glucose was added to motility buffers before introduction into flow 610 

cells. An optical force clamp was implemented to acquire run length and velocity data under 611 

controlled, external loads (Clancy et al., 2011; Valentine et al., 2008). Data for DmK-5AA and 612 

all constructs with 6-AA NL inserts were collected using a force clamp with an improved 613 

detection scheme (Milic et al., 2014). Unloaded run length and velocity data were acquired by 614 

video tracking (Clancy et al., 2011). Unbinding rates under assisting and moderate hindering 615 

loads, ranging from –6 to +20 pN, were obtained directly from velocity and run length records. 616 

Unbinding rates under large hindering loads, ranging from –25 to –7 pN, were estimated 617 

separately, based on the average dwell time of the last step prior to dissociation (see below). 618 
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Run-length measurements. The starting and ending points for each single-molecule record 619 

were identified by inspection. For DmK with 1–6 AA NL inserts, the mean run length under 620 

unloaded conditions, , was obtained from an exponential fit to the histogram of individual runs, 621 

where the first bin, and all bins with less than 6 counts, were excluded from fits (Clancy et al., 622 

2011; Milic et al., 2014). As previously described (Milic et al., 2014), mean run lengths under 623 

hindering loads were determined based on the number of runs, N1,2, that fell into one of two 624 

bounded intervals: x1 < x < x2, and x > x2, respectively. Assuming that run lengths are 625 

exponentially distributed, the mean run lengths were computed from the relation =626 ( – )/ln ( ⁄ + 1), along with an estimated standard error,  = /( ( + ))/627 ln ( ⁄ + 1). For run length data collected under loads ranging from –5 to –1 pN, the lower 628 

bound was set to x1 = 30 nm, and the upper bound to x2 = 150 nm. Because run lengths in the 629 

presence of a –6-pN force are exceedingly short, the corresponding bounds were set to x1 = 630 

15 nm and x2 = 50 nm, respectively. Runs under assisting load conditions for DmK-5AA and 631 

DmK-6AA were collected using an improved force clamp (Milic et al., 2014). Mean run lengths 632 

for these two constructs were obtained using the identical two-bin method, where the limits were 633 

x1 = 30 nm and x2 = 150 nm for data obtained under +1 to +9 pN loads, and x1 = 15 nm and x2 = 634 

50 nm for loads greater than +9 pN. For DmK-1AA, DmK-2AA, and DmK-3AA, respectively, 635 

the mean run lengths under assisting-load conditions were determined by a maximum-likelihood 636 

estimator, as described (Milic et al., 2014). 637 

Velocity measurements. Velocity measurements were collected and analyzed as described 638 

(Milic et al., 2014). 639 

Unbinding measurements. For DmK-WT, unbinding rates under force-clamped conditions 640 

from –6 to +20 pN were obtained by dividing the velocity at a given force by the corresponding 641 

run length. At high hindering loads, where kinesin stalls (–25 to –7 pN), the unbinding rates were 642 

calculated by fitting an exponential distribution to histograms of the kinesin residence times on 643 

the MT. The unbinding rate, , as a function of assisting or hindering load (Figure 6), was fit 644 
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to the function =  exp ⁄  where  is the unloaded release rate,  is 645 

the characteristic distance parameter for unbinding,  is the force applied by the optical trap, 646 

and  is Boltzmann’s constant times the absolute temperature. 647 

Modeling. As previously (Clancy et al., 2011), we implemented a formalism (Chemla et al., 648 

2008) to derive an analytical expression (using Mathematica 8, Wolfram Research) for velocity, 649 

, as a function of load, , based on the 3-state model with 2 force-dependent transitions 650 

(inset, Figure 5): 651 

= + +
Here,  is the kinesin step size (fixed at 8.2 nm),  is inter-head tension,  is Boltzmann’s 652 

constant times the absolute temperature,  are the unloaded rates of the 3-state model (Figure 653 

5, inset), and  are the corresponding characteristic distance parameters for these rates. The 7 654 

free parameters (Table 2) were determined by a global fit to 84 velocity data points (Figure 5) 655 

as previously described (Clancy et al., 2011), using Igor Pro 6 (Wavemetrics).  for mutant 656 

constructs ( , ) was set to 0 pN (see text). 657 



Andreasson et al., 2015 

27 

Acknowledgements 658 

We thank B. Clancy, C. García-García, C. Perez, V. Schweikhard, and other members of the 659 

Block laboratory for helpful comments and discussions. We also thank S. Rosenfeld (Cleveland 660 

Clinic) for generously supplying cysteine-light human kinesin constructs, A. Fehr (Pacific 661 

Biosciences) for creating the expression plasmid for wild-type human kinesin, and S. Shastry 662 

(University of California, Santa Cruz) and D. Arginteanu (Pennsylvania State University) for 663 

preparing some of the Drosophila kinesin constructs used for this work. B.M. acknowledges the 664 

support of a Stanford Graduate Fellowship and Bio-X Undergraduate Fellowships. This work 665 

was supported by grants to S.M.B. (5R37GM051453) and W.O.H. (5R01GM076476) from the 666 

National Institute of General Medical Sciences of the National Institutes of Health. 667 

Additional information 668 

Author contributions 669 

J.O.L.A., B.M., W.O.H., and S.M.B. developed experiments and edited the manuscript. J.O.L.A. 670 

and B.M. performed optical trapping experiments, prepared kinesin constructs, and analyzed 671 

data. B.M. wrote the manuscript. G.-Y.C. and W.O.H. performed fluorescence experiments. 672 

N.R.G. conceived the general gating framework. W.O.H. prepared kinesin constructs. 673 

Competing interests 674 

The authors declare that no competing interests exist. 675 

References 676 

Andreasson, J.O.L., Shastry, S., Hancock, W.O., and Block, S.M. (2015). The Mechanochemical Cycle of 677 
Mammalian Kinesin-2 KIF3A/B under Load. Curr. Biol. 1, 1-10; doi: 10.1016/j.cub.2015.03.013. 678 

Asbury, C.L., Fehr, A.N., and Block, S.M. (2003). Kinesin moves by an asymmetric hand-over-hand 679 
mechanism. Science 302, 2130-2134. 680 

Asenjo, A.B., Krohn, N., and Sosa, H. (2003). Configuration of the two kinesin motor domains during ATP 681 
hydrolysis. Nat. Struct. Biol. 10, 836-842. 682 

Asenjo, A.B., and Sosa, H. (2009). A mobile kinesin-head intermediate during the ATP-waiting state. Proc. 683 
Natl. Acad. Sci. U. S. A. 106, 5657-5662. 684 



Andreasson et al., 2015 

28 

Asenjo, A.B., Weinberg, Y., and Sosa, H. (2006). Nucleotide binding and hydrolysis induces a disorder-685 
order transition in the kinesin neck-linker region. Nat. Struct. Mol. Biol. 13, 648-654. 686 

Block, S.M. (2007). Kinesin motor mechanics: binding, stepping, tracking, gating, and limping. Biophys. J. 687 
92, 2986-2995. 688 

Block, S.M., Asbury, C.L., Shaevitz, J.W., and Lang, M.J. (2003). Probing the kinesin reaction cycle with a 689 
2D optical force clamp. Proc. Natl. Acad. Sci. U. S. A. 100, 2351-2356. 690 

Block, S.M., Goldstein, L.S., and Schnapp, B.J. (1990). Bead movement by single kinesin molecules 691 
studied with optical tweezers. Nature 348, 348-352. 692 

Case, R.B., Rice, S., Hart, C.L., Ly, B., and Vale, R.D. (2000). Role of the kinesin neck linker and catalytic 693 
core in microtubule-based motility. Curr. Biol. 10, 157-160. 694 

Chemla, Y.R., Moffitt, J.R., and Bustamante, C. (2008). Exact solutions for kinetic models of 695 
macromolecular dynamics. J. Phys. Chem. B 112, 6025-6044. 696 

Chen, G.Y., Arginteanu, D.F., and Hancock, W.O. (2015). Processivity of the Kinesin-2 KIF3A Results From 697 
Rear-Head Gating and Not Front-Head Gating. J. Biol. Chem. 290, 10274-10294. 698 

Clancy, B.E., Behnke-Parks, W.M., Andreasson, J.O., Rosenfeld, S.S., and Block, S.M. (2011). A universal 699 
pathway for kinesin stepping. Nat. Struct. Mol. Biol. 18, 1020-1027. 700 

Cleary, F.B., Dewitt, M.A., Bilyard, T., Htet, Z.M., Belyy, V., Chan, D.D., Chang, A.Y., and Yildiz, A. (2014). 701 
Tension on the linker gates the ATP-dependent release of dynein from microtubules. Nat. Commun. 5, 702 
4587. 703 

Coy, D.L., Wagenbach, M., and Howard, J. (1999). Kinesin takes one 8-nm step for each ATP that it 704 
hydrolyzes. J. Biol. Chem. 274, 3667-3671. 705 

Crevel, I.M., Nyitrai, M., Alonso, M.C., Weiss, S., Geeves, M.A., and Cross, R.A. (2004). What kinesin does 706 
at roadblocks: the coordination mechanism for molecular walking. EMBO J. 23, 23-32. 707 

Dietrich, K.A., Sindelar, C.V., Brewer, P.D., Downing, K.H., Cremo, C.R., and Rice, S.E. (2008). The kinesin-708 
1 motor protein is regulated by a direct interaction of its head and tail. Proc. Natl. Acad. Sci. U. S. A. 105, 709 
8938-8943. 710 

Farrell, C.M., Mackey, A.T., Klumpp, L.M., and Gilbert, S.P. (2002). The role of ATP hydrolysis for kinesin 711 
processivity. J. Biol. Chem. 277, 17079-17087. 712 

Fehr, A.N., Gutierrez-Medina, B., Asbury, C.L., and Block, S.M. (2009). On the origin of kinesin limping. 713 
Biophys. J. 97, 1663-1670. 714 

Gennerich, A., and Vale, R.D. (2009). Walking the walk: how kinesin and dynein coordinate their steps. 715 
Curr. Opin. Cell. Biol. 21, 59-67. 716 

Gilbert, S.P., Moyer, M.L., and Johnson, K.A. (1998). Alternating site mechanism of the kinesin ATPase. 717 
Biochemistry 37, 792-799. 718 

Gilbert, S.P., Webb, M.R., Brune, M., and Johnson, K.A. (1995). Pathway of Processive ATP Hydrolysis by 719 
Kinesin. Nature 373, 671-676. 720 

Guydosh, N.R., and Block, S.M. (2006). Backsteps induced by nucleotide analogs suggest the front head 721 
of kinesin is gated by strain. Proc. Natl. Acad. Sci. U. S. A. 103, 8054-8059. 722 



Andreasson et al., 2015 

29 

Guydosh, N.R., and Block, S.M. (2009). Direct observation of the binding state of the kinesin head to the 723 
microtubule. Nature 461, 125-128. 724 

Hackney, D.D. (1988). Kinesin ATPase: rate-limiting ADP release. Proc. Natl. Acad. Sci. U. S. A. 85, 6314-725 
6318. 726 

Hackney, D.D. (1994). Evidence for alternating head catalysis by kinesin during microtubule-stimulated 727 
ATP hydrolysis. Proc. Natl. Acad. Sci. U. S. A. 91, 6865-6869. 728 

Hackney, D.D. (1995). Highly processive microtubule-stimulated ATP hydrolysis by dimeric kinesin head 729 
domains. Nature 377, 448-450. 730 

Hackney, D.D. (2002). Pathway of ADP-stimulated ADP release and dissociation of tethered kinesin from 731 
microtubules. Implications for the extent of processivity. Biochemistry 41, 4437-4446. 732 

Hackney, D.D. (2005). The tethered motor domain of a kinesin-microtubule complex catalyzes reversible 733 
synthesis of bound ATP. Proc. Natl. Acad. Sci. U. S. A. 102, 18338-18343. 734 

Hackney, D.D., Stock, M.F., Moore, J., and Patterson, R.A. (2003). Modulation of kinesin half-site ADP 735 
release and kinetic processivity by a spacer between the head groups. Biochemistry 42, 12011-12018. 736 

Hahlen, K., Ebbing, B., Reinders, J., Mergler, J., Sickmann, A., and Woehlke, G. (2006). Feedback of the 737 
kinesin-1 neck-linker position on the catalytic site. J. Biol. Chem. 281, 18868-18877. 738 

Hancock, W.O., and Howard, J. (1999). Kinesin's processivity results from mechanical and chemical 739 
coordination between the ATP hydrolysis cycles of the two motor domains. Proc. Natl. Acad. Sci. U. S. A. 740 
96, 13147-13152. 741 

Hariharan, V., and Hancock, W.O. (2009). Insights into the Mechanical Properties of the Kinesin Neck 742 
Linker Domain from Sequence Analysis and Molecular Dynamics Simulations. Cell. Mol. Bioeng. 2, 177-743 
189. 744 

Howard, J., Hudspeth, A.J., and Vale, R.D. (1989). Movement of microtubules by single kinesin 745 
molecules. Nature 342, 154-158. 746 

Hua, W., Young, E.C., Fleming, M.L., and Gelles, J. (1997). Coupling of kinesin steps to ATP hydrolysis. 747 
Nature 388, 390-393. 748 

Khalil, A.S., Appleyard, D.C., Labno, A.K., Georges, A., Karplus, M., Belcher, A.M., Hwang, W., and Lang, 749 
M.J. (2008). Kinesin's cover-neck bundle folds forward to generate force. Proc. Natl. Acad. Sci. U. S. A. 750 
105, 19247-19252. 751 

Klumpp, L.M., Hoenger, A., and Gilbert, S.P. (2004). Kinesin's second step. Proc. Natl. Acad. Sci. U. S. A. 752 
101, 3444-3449. 753 

Klumpp, S., and Lipowsky, R. (2005). Cooperative cargo transport by several molecular motors. Proc. 754 
Natl. Acad. Sci. U. S. A. 102, 17284-17289. 755 

Kozielski, F., Sack, S., Marx, A., Thormahlen, M., Schonbrunn, E., Biou, V., Thompson, A., Mandelkow, 756 
E.M., and Mandelkow, E. (1997). The crystal structure of dimeric kinesin and implications for 757 
microtubule-dependent motility. Cell 91, 985-994. 758 

Kull, F.J., and Endow, S.A. (2013). Force generation by kinesin and myosin cytoskeletal motor proteins. J. 759 
Cell Sci. 126, 9-19. 760 



Andreasson et al., 2015 

30 

Ma, Y.Z., and Taylor, E.W. (1997). Interacting head mechanism of microtubule-kinesin ATPase. J. Biol. 761 
Chem. 272, 724-730. 762 

Mattson-Hoss, M.K., Niitani, Y., Gordon, E.A., Jun, Y., Bardwell, L., Tomishige, M., and Gross, S.P. (2014). 763 
CK2 activates kinesin via induction of a conformational change. Proc. Natl. Acad. Sci. U. S. A. 111, 7000-764 
7005. 765 

Milescu, L.S., Yildiz, A., Selvin, P.R., and Sachs, F. (2006). Extracting dwell time sequences from 766 
processive molecular motor data. Biophys. J. 91, 3135-3150. 767 

Milic, B., Andreasson, J.O.L., Hancock, W.O., and Block, S.M. (2014). Kinesin processivity is gated by 768 
phosphate release. Proc. Natl. Acad. Sci. U. S. A. 111, 14136-14140. 769 

Mori, T., Vale, R.D., and Tomishige, M. (2007). How kinesin waits between steps. Nature 450, 750-754. 770 

Muller, M.J., Klumpp, S., and Lipowsky, R. (2008). Tug-of-war as a cooperative mechanism for 771 
bidirectional cargo transport by molecular motors. Proc. Natl. Acad. Sci. U. S. A. 105, 4609-4614. 772 

Naber, N., Larson, A., Rice, S., Cooke, R., and Pate, E. (2011). Multiple conformations of the nucleotide 773 
site of Kinesin family motors in the triphosphate state. J. Mol. Biol. 408, 628-642. 774 

Naber, N., Minehardt, T.J., Rice, S., Chen, X., Grammer, J., Matuska, M., Vale, R.D., Kollman, P.A., Car, R., 775 
Yount, R.G., et al. (2003a). Closing of the nucleotide pocket of kinesin-family motors upon binding to 776 
microtubules. Science 300, 798-801. 777 

Naber, N., Rice, S., Matuska, M., Vale, R.D., Cooke, R., and Pate, E. (2003b). EPR spectroscopy shows a 778 
microtubule-dependent conformational change in the kinesin switch 1 domain. Biophys. J. 84, 3190-779 
3196. 780 

Navone, F., Niclas, J., Hom-Booher, N., Sparks, L., Bernstein, H.D., McCaffrey, G., and Vale, R.D. (1992). 781 
Cloning and expression of a human kinesin heavy chain gene: interaction of the COOH-terminal domain 782 
with cytoplasmic microtubules in transfected CV-1 cells. J. Cell Biol. 117, 1263-1275. 783 

Peterman, E.J., Sosa, H., Goldstein, L.S., and Moerner, W.E. (2001). Polarized fluorescence microscopy of 784 
individual and many kinesin motors bound to axonemal microtubules. Biophys. J. 81, 2851-2863. 785 

Rice, S., Cui, Y., Sindelar, C., Naber, N., Matuska, M., Vale, R., and Cooke, R. (2003). Thermodynamic 786 
properties of the kinesin neck-region docking to the catalytic core. Biophys. J. 84, 1844-1854. 787 

Rice, S., Lin, A.W., Safer, D., Hart, C.L., Naber, N., Carragher, B.O., Cain, S.M., Pechatnikova, E., Wilson-788 
Kubalek, E.M., Whittaker, M., et al. (1999). A structural change in the kinesin motor protein that drives 789 
motility. Nature 402, 778-784. 790 

Rosenfeld, S.S., Fordyce, P.M., Jefferson, G.M., King, P.H., and Block, S.M. (2003). Stepping and 791 
stretching - How kinesin uses internal strain to walk processively. J. Biol. Chem. 278, 18550-18556. 792 

Rosenfeld, S.S., Jefferson, G.M., and King, P.H. (2001). ATP reorients the neck linker of kinesin in two 793 
sequential steps. J. Biol. Chem. 276, 40167-40174. 794 

Rosenfeld, S.S., Xing, J., Jefferson, G.M., Cheung, H.C., and King, P.H. (2002). Measuring kinesin's first 795 
step. J. Biol. Chem. 277, 36731-36739. 796 

Schief, W.R., Clark, R.H., Crevenna, A.H., and Howard, J. (2004). Inhibition of kinesin motility by ADP and 797 
phosphate supports a hand-over-hand mechanism. Proc. Natl. Acad. Sci. U. S. A. 101, 1183-1188. 798 

Schnitzer, M.J., and Block, S.M. (1997). Kinesin hydrolyses one ATP per 8-nm step. Nature 388, 386-390. 799 



Andreasson et al., 2015 

31 

Schnitzer, M.J., Visscher, K., and Block, S.M. (2000). Force production by single kinesin motors. Nat. Cell 800 
Biol. 2, 718-723. 801 

Shastry, S., and Hancock, W.O. (2010). Neck linker length determines the degree of processivity in 802 
kinesin-1 and kinesin-2 motors. Curr. Biol. 20, 939-943. 803 

Shastry, S., and Hancock, W.O. (2011). Interhead tension determines processivity across diverse N-804 
terminal kinesins. Proc. Natl. Acad. Sci. U. S. A. 108, 16253-16258. 805 

Sindelar, C.V., Budny, M.J., Rice, S., Naber, N., Fletterick, R., and Cooke, R. (2002). Two conformations in 806 
the human kinesin power stroke defined by X-ray crystallography and EPR spectroscopy. Nat. Struct. 807 
Biol. 9, 844-848. 808 

Sindelar, C.V., and Downing, K.H. (2007). The beginning of kinesin's force-generating cycle visualized at 809 
9-A resolution. J. Cell Biol. 177, 377-385. 810 

Sindelar, C.V., and Downing, K.H. (2010). An atomic-level mechanism for activation of the kinesin 811 
molecular motors. Proc. Natl. Acad. Sci. U. S. A. 107, 4111-4116. 812 

Sosa, H., Peterman, E.J., Moerner, W.E., and Goldstein, L.S. (2001). ADP-induced rocking of the kinesin 813 
motor domain revealed by single-molecule fluorescence polarization microscopy. Nat. Struct. Biol. 8, 814 
540-544. 815 

Svoboda, K., Schmidt, C.F., Schnapp, B.J., and Block, S.M. (1993). Direct observation of kinesin stepping 816 
by optical trapping interferometry. Nature 365, 721-727. 817 

Tomishige, M., Stuurman, N., and Vale, R.D. (2006). Single-molecule observations of neck linker 818 
conformational changes in the kinesin motor protein. Nat. Struct. Mol. Biol. 13, 887-894. 819 

Tomishige, M., and Vale, R.D. (2000). Controlling Kinesin by Reversible Disulfide Cross-linking: Identifying 820 
the Motility-producing Conformational Change. J. Cell Biol. 151, 1081-1092. 821 

Toprak, E., Yildiz, A., Hoffman, M.T., Rosenfeld, S.S., and Selvin, P.R. (2009). Why kinesin is so processive. 822 
Proc. Natl. Acad. Sci. U. S. A. 106, 12717-12722. 823 

Uppalapati, M., Huang, Y.-M., Shastry, S., Jackson, T.N., and Hancock, W.O. (2009). Microtubule motors 824 
in microfluidics. In Methods in Bioengineering: Microfabrication and Microfluidics, J.D. Zahn, and L.P. 825 
Lee, eds. (Boston, MA, Artech House Publishers), pp. 311-336. 826 

Vale, R.D., Funatsu, T., Pierce, D.W., Romberg, L., Harada, Y., and Yanagida, T. (1996). Direct observation 827 
of single kinesin molecules moving along microtubules. Nature 380, 451-453. 828 

Vale, R.D., Reese, T.S., and Sheetz, M.P. (1985). Identification of a novel force-generating protein, 829 
kinesin, involved in microtubule-based motility. Cell 42, 39-50. 830 

Valentine, M.T., Guydosh, N.R., Gutierrez-Medina, B., Fehr, A.N., Andreasson, J.O., and Block, S.M. 831 
(2008). Precision steering of an optical trap by electro-optic deflection. Opt. Lett. 33, 599-601. 832 

Verbrugge, S., Kapitein, L.C., and Peterman, E.J. (2007). Kinesin moving through the spotlight: single-833 
motor fluorescence microscopy with submillisecond time resolution. Biophys. J. 92, 2536-2545. 834 

Verbrugge, S., Lansky, Z., and Peterman, E.J. (2009a). Kinesin's step dissected with single-motor FRET. 835 
Proc. Natl. Acad. Sci. U. S. A. 106, 17741-17746. 836 



Andreasson et al., 2015 

32 

Verbrugge, S., Lechner, B., Woehlke, G., and Peterman, E.J. (2009b). Alternating-site mechanism of 837 
kinesin-1 characterized by single-molecule FRET using fluorescent ATP analogues. Biophys. J. 97, 173-838 
182. 839 

Verbrugge, S., van den Wildenberg, S.M., and Peterman, E.J. (2009c). Novel ways to determine kinesin-840 
1's run length and randomness using fluorescence microscopy. Biophys. J. 97, 2287-2294. 841 

Wong, Y.L., Dietrich, K.A., Naber, N., Cooke, R., and Rice, S.E. (2009). The Kinesin-1 tail conformationally 842 
restricts the nucleotide pocket. Biophys. J. 96, 2799-2807. 843 

Yildiz, A., Tomishige, M., Gennerich, A., and Vale, R.D. (2008). Intramolecular strain coordinates kinesin 844 
stepping behavior along microtubules. Cell 134, 1030-1041. 845 

Yildiz, A., Tomishige, M., Vale, R.D., and Selvin, P.R. (2004). Kinesin walks hand-over-hand. Science 303, 846 
676-678. 847 

848 

Figure Legends  849 

Figure 1. A general gating framework based on mechanical states of dimeric motors. (A) 850 

The kinesin mechanochemical cycle. Kinesin starts from the one-head-bound (1-HB) ATP-851 

waiting state [α], characterized by a strongly-bound, nucleotide-free (Ø) front head (red) and an 852 

unbound, ADP-containing tethered head (blue). ATP binding induces a force-dependent 853 

transition involving partial NL docking, shifting the tethered head past the bound head [β1]. ATP 854 

hydrolysis completes NL docking and facilitates tethered-head binding [β2]. At this point, 855 

kinesin may access a dissociated state [Off], induced by premature phosphate release from the 856 

bound head, leading to dimer detachment. However, if the tethered head reaches the forward MT 857 

binding site and completes the step before the bound head can dissociate, kinesin enters the two-858 

heads-bound (2-HB) state [γ]. Rear-head release returns the dimer to the ATP-waiting state [α], 859 

having moved forward by 8.2 nm. (B) A simplified general gating framework, based on the cycle 860 

in (A). Stepping, binding, and unbinding gates are shown with associated rate constants between 861 

each of the three gated states, [A], [B], and [C]. The cycle begins at the 1-HB ATP-waiting state 862 

[A], where the stepping gate promotes processivity by inhibiting rear-head (blue) rebinding and 863 

premature bound-head (red) release. Following a force-dependent step that shifts the tethered 864 

head past the bound head [B], the binding gate promotes binding of the tethered head at the 865 

forward MT binding site while inhibiting release of the bound head. Also shown is a competing 866 
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dissociated state [Off], arising from premature release of the bound head from the 1-HB state, 867 

accessible from either [A] or [B]. Tethered-head binding leads to the 2-HB state [C], where the 868 

unbinding gate promotes rear-head release while inhibiting front-head release, returning the 869 

motor to the start of the cycle [A]. 870 

Figure 2. Kinesin with as many as 3 AA inserted in the NL maintains a 1-HB ATP-waiting 871 

state. (A) Half-site mantADP release measurements as a function of NL insert length (mean ± 872 

SE; N = 3). Upon MT binding, both DmK-WT and DmK-3AA, pre-incubated with mantADP 873 

(mantD), lose ~50% of their initial fluorescence. The fluorescence loss exceeds 50% for 874 

constructs containing NL inserts longer than 3 AA. Inset, A 50% loss of fluorescence 875 

corresponds to dimers binding to MTs in a 1-HB state, whereas a 100% fluorescence decrease is 876 

consistent with the release of all bound mantADP (mantD) upon MT binding. (B) MantADP 877 

exchange by the tethered head as a function of NL insert length (mean ± SE; N = 3), measured by 878 

rapidly diluting mantADP·kinesin·MT complexes into nucleotide-free buffer via stopped flow. 879 

The cartoon depicts the measured reaction. The exchange rate increased significantly for 880 

constructs with NL inserts of 4 AA or more. In the insets (A,B), white shading indicates non-881 

fluorescent, nucleotide-free heads (Ø); yellow indicates fluorescent, mantADP-bound heads. 882 

Figure 3. Extending the NL by a single AA compromises processivity. Mean run lengths as a 883 

function of applied force (mean ± SE; N = 49‒818) for the constructs studied, acquired with an 884 

optical force clamp in the presence of 2 mM ATP (solid circles; color-coded according to the 885 

legend). DmK-WT (Milic et al., 2014) and hindering load datasets for DmK-3AA (Andreasson et 886 

al., 2015) are reproduced from our previous work. For all constructs, mean run lengths exhibited 887 

significant asymmetry, depending upon the direction of load. To obtain the unloaded run length 888 

( ) and characteristic distance parameter ( ) for each construct, run length ( ) data for 889 

hindering (–6 to 0 pN) and assisting loads (+2 to +20 pN) were separately fit to exponentials 890 

(solid lines; color-coded according to the legend) of the form ( ) = exp − | | ⁄ , 891 

where  is the force applied by the optical trap and  is Boltzmann’s constant times the 892 
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absolute temperature; parameter values are in Table 1. Inset cartoon, a graphical representation 893 

of the experimental geometry of the single-molecule assay (not to scale). 894 

Figure 4. Added phosphate enhances the processivity of DmK-WT and DmK-6AA. (A) 895 

Mean run lengths (mean ± SE; N = 84–210) under moderate assisting load (+4 pN), in the 896 

presence of nucleotide analogs (green), 100 mM potassium chloride (KCl; purple), or 100 mM 897 

potassium phosphate (KPi; orange). Run lengths for DmK-WT (shaded bars, data from (Milic et 898 

al., 2014)) are shown paired with DmK-6AA data (unshaded bars). Decreasing the ATP 899 

concentration, replacing ATP by ATPγS, or adding KCl elicited no statistically significant 900 

change in run length relative to the baseline run length for saturating ATP (2 mM) in the absence 901 

of added salt. The mean run length increased significantly in the presence of phosphate for both 902 

DmK-WT (p < 10-4; t-test) and DmK-6AA (p < 10-4; t-test). (B) Run-length data from (A), 903 

normalized to the baseline run length value for each construct. 904 

Figure 5. Assisting load can rescue the velocity of mutants with extended NLs. Velocity 905 

(mean ± SE; N = 49‒818) as a function of force for constructs (solid circles; color-coded 906 

according to the legend). Data were collected under the same conditions as Figure 3. DmK-WT 907 

velocity was not affected by assisting loads, but the velocities of all mutant constructs could be 908 

increased by larger assisting loads. Solid lines show the global fit to a minimal 3-state model 909 

(inset) for WT (blue) and mutant (red) constructs, with parameters in Table 2. Datasets for both 910 

DmK-WT and DmK-3AA under hindering loads are from (Andreasson et al., 2015). Force-911 

velocity data are compared to other mutant constructs in Figure 7. 912 

Figure 6. Kinesin unbinding rates are asymmetric with respect to the direction of load. 913 

Single-molecule measurements of the rate of MT unbinding for DmK-WT (mean ± SE; N = 75‒914 

818) at 2 mM ATP (solid circles). The unloaded release rate ( ) and the associated distance 915 

parameter ( ) were obtained from exponential fits to unbinding data acquired under hindering 916 

loads (–), –25 to 0 pN, and assisting loads (+), +2 to +20 pN. Fits (solid lines) and associated 917 

parameters (legend; mean ± SE) are shown. 918 
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Figure 7. Kinesin motility characteristics depend upon parent species, NL length, NL 919 

sequence, and cysteine mutations. Force-velocity relations of constructs that differ by parent 920 

species, NL length, NL insert sequence, or cysteine mutations (mean ± SE; N = 25‒818; solid 921 

circles, color-coded according to the legends). (A) DmK-6AA exhibited lower velocity under all 922 

loads than WT, but was faster and less force-dependent than HsK-CL-6AA, a human CL 923 

construct with a different 6-AA NL insert. (B) Side-by-side comparison of human and 924 

Drosophila CL mutants, along with corresponding WT constructs. Unloaded velocities of CL 925 

constructs with WT-length NL domains were similar, but CL constructs were systematically 926 

slower than WT under hindering loads. Under assisting loads, only the HsK-CL construct could 927 

be sped up beyond WT velocities. (C,D) Comparisons of constructs carrying NL insert 928 

sequences LQASQT (C) and AEQKLT (D). Force-velocity data for WT Drosophila and human 929 

kinesin were indistinguishable, but human constructs with 6-AA extensions of the NL moved at 930 

lower velocities than corresponding Drosophila motors under all loads. (E,F) Comparisons of all 931 

Drosophila (E) and human (F) constructs. Constructs with the NL insert AEQKLT were slower 932 

for all forces than those with LQASQT, for both Drosophila and human kinesin. HsK-CL-6AA 933 

data (Clancy et al, 2011) and hindering-load velocities for DmK-WT (Andreasson et al., 2015) 934 

are reproduced from previous work. Fits to DmK-WT and DmK-6AA datasets (solid lines; color-935 

coded according to the legends) correspond to the model of Figure 5, with parameters values 936 

from Table 2. The remaining force-velocity data were fit to polynomials (solid lines; color-937 

coded according to legends), provided to guide the eye. 938 

939 
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Tables 940 

Table 1. Parameters from exponential fits to the run length data of Figure 3. 941 

Construct L0– (nm)a δL– (nm)a L0+ (nm)a δL+ (nm)a 

DmK-WTb 1,120 ± 60 2.0 ± 0.1 87 ± 6 0.27 ± 0.03 
DmK-1AA 360 ± 30 1.6 ± 0.1 120 ± 7 0.48 ± 0.02 
DmK-2AA 410 ± 60 1.8 ± 0.2 115 ± 17 0.42 ± 0.05 
DmK-3AA 320 ± 20 1.6 ± 0.1 76 ± 4 0.31 ± 0.02 
DmK-5AA 440 ± 60 2.4 ± 0.2 48 ± 14 0.35 ± 0.14 
DmK-6AA 270 ± 30 1.9 ± 0.1 59 ± 8 0.27 ± 0.10 

L0–, unloaded run length for hindering loads (–6 to 0 pN); δL–, distance parameter for hindering loads (–6 to 0 pN); L0+, unloaded 942 
run length for assisting loads (+2 to +20 pN); δL+, distance parameter for assisting loads (+2 to +20 pN). 943 
aParameter values correspond to mean ± SE. 944 
bValues from Milic et al. (2014). 945 

946 
947 

Table 2. Kinetic parameters from a global fit of the 3-state model to the force-velocity data 948 
of Figure 5. 949 

Parameter Parameter Description Valuea ( ) Rate of ATP bindingb; mechanical step 4900 ± 300 s-1 ,  Distance parameter (wild-type) 4.6 ± 0.1 nm ,  Distance parameter (mutant constructs) 4.0 ± 0.1 nm 

 Rate of ATP hydrolysis; biochemical events 95 ± 1 s-1 ( ) Rate of rear-head release 260 ± 10 s-1 
 Distance parameter (rear-head release) 0.35 ± 0.02 nm ,  Inter-head tension (wild-type) 26 ± 3 pN ,  Inter-head tension (mutant constructs) 0 pN (fixed) 

aParameter values correspond to mean ± SE. 950 
bRate for saturating ATP conditions (2 mM). 951 

952 
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