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Abstract: 6 

Intracellular transport is propelled by kinesin and cytoplasmic dynein motors that carry membrane-bound 7 

vesicles and organelles bidirectionally along microtubule tracks. Much is known about these motors at 8 

the molecular scale, but many questions remain regarding how kinesin and dynein cooperate and 9 

compete during bidirectional cargo transport at the cellular level. The goal of the present study was to 10 

use a stochastic stepping model to identify specific motor properties that determine the speed, 11 

directionality, and transport dynamics of a cargo carried by one kinesin and one dynein motor. The 12 

computational model incorporated load-dependent properties of kinesin-1 and dynein-dynactin-BicD2 13 

(DDB) taken from published optical tweezer experiments. Model performance was evaluated by 14 

comparing simulations to recently published experiments of kinesin-DDB pairs connected by 15 

complementary oligonucleotide linkers. Using motor parameters from single molecule studies, the 16 

simulations recapitulated mean experimental cargo velocities, but displayed considerable directional 17 

switching and positional fluctuations not seen in experiments. Instantaneous velocity distributions from 18 

kinesin-DDB experiments showed a single peak centered around zero, whereas simulated velocity 19 

distributions showed a slow plus-end directional velocity peak and two additional peaks corresponding to 20 

fast unloaded kinesin and DDB velocities. We hypothesized that directional switching in the simulations 21 

resulted from frequent motor detachment events and non-negligible durations during which only one 22 

motor is attached. To investigate this hypothesis, we explored how specific parameters in the model 23 

contributed to the overall cargo dynamics and found that making DDB detachment insensitive to load and 24 

increasing the kinesin-1 reattachment rate to 50 s-1, together with small adjustments in the kinesin stall 25 

force and cargo stiffness brought the simulations into alignment with the experiments. These results 26 

provide new insights into motor dynamics during bidirectional transport and put forth hypotheses that 27 

can be tested by future experiments. 28 

Statement of significance: 29 
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Bidirectional transport of vesicles along microtubules is vital for cellular function, particularly in the highly 30 

elongated axons and dendrites of neurons, and transport defects are linked to neurodegenerative 31 

diseases. For developing future therapeutic strategies, a better understanding is needed for how motors, 32 

cargo adapters, and accessory proteins coordinate their activities to transport cargo to their proper 33 

cellular locations. We approached this problem by simulating how antagonistic kinesin and dynein motors 34 

compete in pairs. We constrain our simulations by recent experimental results and conclude that the 35 

motors spend nearly all their time attached to the microtubule and competing against one another. This 36 

behavior is not predicted by existing single-molecule experiments and thus provides new insights into 37 

bidirectional transport. 38 

  39 
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Introduction: 40 

Kinesin and dynein motor proteins carry out anterograde and retrograde transport in cells (1,2) and work 41 

together to achieve long-distance bidirectional transport in neurons (3). Coordinated transport is 42 

important for neuron growth and function (4-6), and dysfunction can lead to neurodegenerative diseases 43 

like ALS and Alzheimer’s (5,7,8). However, the mechanisms through which kinesin and dynein cooperate 44 

during cargo transport are unclear. Tracking of vesicles and other cargo in cells can reveal the complex 45 

dynamics of bidirectional transport (9-13), but this approach does not allow direct observation of the 46 

motors involved, and interpretations are complicated by the many regulatory factors that control 47 

intracellular transport (6). Single particle tracking and optical tweezer studies have uncovered key details 48 

of the mechanisms by which individual motor proteins walk along microtubules (14-16), but apart from a 49 

few exceptions, experiments involving antagonistic motor pairs or teams are lacking. Computational 50 

simulations provide a valuable tool to bridge the gap between single-motor studies in vitro and cargo 51 

transport observations in cells, and these approaches help to uncover aspects of motor function that are 52 

difficult to observe through experiments.  53 

A number of stochastic stepping models have been developed to simulate microtubule-based transport 54 

by kinesin and dynein motors (17-22). These models are parameterized based on single-particle tracking 55 

and optical tweezer experiments, and the simulation results can be used to investigate the influence of 56 

specific motor parameters on the resulting bidirectional transport directionality and speed. However, one 57 

challenge is that bidirectional cargo trajectories are inherently complex and involve both directional 58 

switching and fluctuating velocities, making it difficult to quantitatively compare simulations and 59 

experiments. A second challenge is that simulation results are highly dependent on choices of specific 60 

parameters that describe motor stepping and motor-microtubule binding/unbinding kinetics, and in many 61 

cases these parameters are not tightly constrained by existing experiments. 62 

There have been several experimental developments over the last few years that motivate the next 63 

generation of bidirectional stepping models. The first is the appreciation that traditional single-bead 64 

optical tweezers create non-negligible vertical forces normal to the microtubule that can accelerate the 65 

detachment of kinesin under load (23). This effect was clearly demonstrated by the finding that, compared 66 

to the single-bead assay, the kinesin-1 (Kin-1) attachment duration at stall increases substantially in a 67 

three-bead assay, where vertical forces are eliminated (24). The second major development is the finding 68 

that cytoplasmic dynein activated by cargo adaptors such as BicD2, BicDR1, and Hook3 is highly processive 69 

and can generate forces in the range of kinesins (25-32). A third important discovery was that activated 70 
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dynein complexes such as dynein-dynactin-BicD2 (DDB) frequently switch between three motility states 71 

– processive, paused, and diffusive – when engaged with a microtubule (27,30,33). Computational 72 

simulations provide an important tool to unravel how these different factors play into the bidirectional 73 

transport achieved by pairs or teams of kinesin and dynein motors. 74 

The goal of present work is to incorporate recent Kin-1 and DDB experimental insights into a stochastic 75 

stepping model that recapitulates the bidirectional transport behavior of single kinesin and DDB motor 76 

pairs. Parameter sensitivity tests explored the influence of DDB state-switching and load-dependent 77 

detachment behavior as well as the impact of load-dependent detachment and reattachment rates on 78 

the resulting bidirectional transport dynamics. The simulations were tuned to match recent in vitro 79 

experiments that tracked the dynamics of kinesin-DDB (Kin-DDB) pairs connected through complementary 80 

DNA hybridization. We found that incorporating detachment and reattachment rates inferred from 81 

published work resulted in directional switching and fast plus- and minus-end velocities not observed in 82 

the experiments. Instead, experimental data were best recapitulated by a model that incorporated a load 83 

insensitive detachment rate for DDB and a fast reattachment rate for Kin-1. Thus, these simulations 84 

predict that motors working in antagonistic pairs have different properties than motors in isolation, and 85 

these properties enhance competition between kinesin and dynein.  86 

 87 

  88 
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Methods: 89 

Bidirectional transport stochastic stepping algorithm: 90 

Kin-DDB bidirectional transport was simulated using an updated and modified version of a previously 91 

published model (20). At each timepoint, any attached motor can step forward by 8 nm, step backward 92 

by 8 nm, or detach from the microtubule; any detached motor can reattach to the microtubule. In the 93 

DDB switching model, an attached DDB motor can also switch between processive, diffusive, and stuck 94 

states. The decision for what event occurs and the time of the transition is decided by time evolution of 95 

the system using the Gillespie Stochastic Simulation Algorithm (34), as follows. For an event with a first-96 

order transition rate constant, k, the transition times were generated as: 97 

𝑡 =
1
𝑘
ln
1
𝑅

 98 

where R is a uniformly distributed random number in range 0 to 1. In a system with N events the rate of 99 

any event occurring equals the sum of the rate constants for all of the possible events, as follows: 100 

𝑡 =
1

∑ 𝑘!"
!#$

ln
1
𝑅

 101 

The probability of event i occurring is proportional to it rate constant, thus: 102 

𝑃! =
𝑘!

∑ 𝑘!"
!#$

 103 

At each time-point, a random number is used to determine the time to the next transition, and then a 104 

second random number is chosen to determine which transition will occur. 105 

 106 

Kinesin-1 simulation parameters 107 

Force is defined as positive in the plus-end direction and negative in the minus-end direction; thus, for 108 

Kin-1 negative forces are hindering and positive forces are assisting loads. Based on the Kin-DDB 109 

bidirectional transport model, the load, F, applied on each motor was defined by the distance between 110 

cargo and motor multiplied by stiffness of the motor.  111 

𝐹 = 𝜅%&!'' ∗ Δ𝑥 112 
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Here, 𝜅%&!'' is the stiffness of the motor and Δ𝑥 is the distance between cargo and the head domain of 113 

the motor. In our previous model, we used 𝜅%&!''(!) = 0.3 pN/nm and 𝜅%&!''**+ = 0.065 pN/nm (20). For 114 

testing the stiffness in the present work, we simplified the model by incorporating an identical stiffness 115 

𝜅%&!'' = 0.1068 pN/nm for each motor, which makes the cargo located at a midpoint between two motors’ 116 

position, in the basic model, based on published work (35-37). The calculation is as follows, 117 

𝜅%&!'' = 2 ∗ (𝜅%&!''(!) ∗ 𝜅%&!''**+ )/(𝜅%&!''(!) + 𝜅%&!''**+ ) 118 

The Kin-1 stepping model followed load-dependent velocity from Andreasson et al. (38,39), in which, 119 

kinesin velocity remains constant under assisting load and keeps decreasing to zero until under stall force 120 

under hindering load, and there is a constant backstepping rate, 𝑘,-.( of 3 s-1. The forward stepping rate 121 

under hindering load was simplified to a linear function, as follows: 122 

𝑘'/01-02(𝐹) = 𝑘'/01-023 =
𝑉3

8
+ 𝑘,-.( , 𝐹 > 0 123 

𝑘'/01-02(𝐹) = (𝑘,-.( − 𝑘'/01-023 ) ∗ :
𝐹

𝐹%&-44
; + 𝑘'/01-023 , 𝐹 ≤ 0 124 

Here, 𝑘'/01-02  is the forward stepping rate, 𝑘'/01-023  is the unloaded forward stepping rate, 𝑉3 is the 125 

unloaded velocity, and 𝐹%&-44  is the stall force. 126 

Motor detachment under load used the Bell’s model (40): 127 

𝑘25&-.6(𝐹) = 𝑘25&-.63 ∗ 𝑒
7

7!"#$%&  128 

Based on Andreasson et al. (39), the unloaded detachment rate, 𝑘25&-.63  and detachment force parameter 129 

𝐹25&-.6 are 1.11 𝑠8$ and 6.83 pN under hindering loads, and 7.4 𝑠8$ and 12.8 pN under assisting loads, 130 

respectively.    131 

 132 

DDB simulation parameters: 133 

Because DDB steps toward the minus-end, positive forces denote hindering loads and negative forces 134 

denote assisting loads. The DDB kinetic model is based on load dependent velocity from Elshenawy et al. 135 

(26), with a constant step-size of 8 nm, and a backstepping rate of 15 𝑠8$. The load dependent velocity 136 

was modeled as an exponential function, as follows: 137 
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𝑣(𝐹) = 𝑣9!) ∗ [1 − 𝑒
(7'#$((87)∗

2
()=] 138 

Here 𝑣9!) is the velocity under super stall force, equal to -201 nm/s, 𝑑 is characteristic distance of 1.5 nm, 139 

and 𝐹%&-44  is the stall force of 3.6 pN. The forward stepping rate is calculated by: 140 

𝑘'/01-02(𝐹) =
𝑣(𝐹)
8

+ 𝑘,-.( 141 

For tuning unloaded DDB velocity but maintaining the published stall force, we used the same forward 142 

stepping model in kinesin for DDB stepping rate under hindering load, as follows, 143 

𝑘'/01-02(𝐹) = (𝑘,-.( − 𝑘'/01-023 ) ∗ :
𝐹

𝐹%&-44
; + 𝑘'/01-023 , 𝐹 ≥ 0 144 

The DDB detachment rate, 𝑘25&-.6, was modeled with an exponential load dependence (41): 145 

𝑘25&-.6(𝐹) = 𝑘25&-.63 ∗ 𝑒
7

7!"#$%&  146 

Here, 𝑘25&-.63  is 0.1 s-1 and 𝐹25&-.6 is 3 pN, based on experimental work from Belyy et al. (25). 147 

 148 

DDB state-switching model 149 

Feng et al. showed that DDB switches between processive, diffusive and stuck states during movement 150 

(27). To simulate this behavior, three motility states for DDB were integrated into the model, as follows. 151 

In the processive state, DDB can move forward, backward, or detach; in the stuck state, DDB cannot move 152 

or detach from microtubule; and in the diffusive state, DDB offers no resistance to kinesin movement and 153 

can also detach from the microtubule. Transition rates between states were taken from Feng et al., as 154 

follows: the processive-to-stuck switching rate was 1.0 𝑠8$  with reverse rate of 1.8 𝑠8$; the stuck-to-155 

diffusive switching rate was 0.07 𝑠8$  with a reverse rate of 0.33 𝑠8$ ; and the diffusive-to-processive 156 

switching rate was 3.9 𝑠8$ with a reverse rate of 0.23 𝑠8$ (27).   157 

 158 

Data processing 159 

After running the simulations, the raw data were processed to match the experimental conditions (27), 160 

as follows. To match the 20 fps frame rate (27), cargo position was averaged over 50 ms windows. To 161 

account for uncertainties in fitting the experimental point spread function, a normally distributed error 162 
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with an 8 nm standard deviation was added to cargo position at each time point. The instantaneous 163 

velocity at each timepoint was calculated by taking three-point slope of positions 50 ms before and after 164 

each point.  165 
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Results: 166 

Formulation of bidirectional stepping model. 167 

In recently published experiments, bidirectional cargo transport was reconstituted in vitro by connecting 168 

a truncated kinesin motor and an activated dynein-dynactin-BicD2 (DDB) complex via complementary 169 

single stranded DNA oligonucleotides (27). A quantum dot was then linked to a biotin on one end of the 170 

DNA (Fig. 1A), and the position of the fluorescent cargo was tracked via total internal reflection 171 

fluorescence (TIRF) microscopy at 20 frames per second. Consistent with previous work (26), the resulting 172 

traces were found to have longer binding durations to the microtubule and slower velocities than the 173 

unloaded motors alone (Fig. 1C & S2B) (27). To simulate this Kin-DDB transport, we used the Gillespie 174 

Stochastic Algorithm (34), where at every time point, each motor can step forward, step backward, detach 175 

from or reattach to the microtubule, with the probability of each transition being proportional to its first-176 

order rate constant (Fig. 1B).  177 

Previous simulations that investigated the tug-of-war between kinesin-1 and kinesin-2 motors and a single 178 

dynein motor or DDB complex found that motor stall force is a much weaker determinant of which motor 179 

wins the tug-of-war than the kinetics of the load-dependent detachment of the motors (20). Since 180 

publication of those simulations, new experimental data have been published that quantify the load-181 

dependent detachment kinetics of Kin-1 and load-dependent velocity kinetics of DDB complexes (26,39). 182 

Motivated by these new data, we reformulated our stochastic model for kinesin-dynein tug-of-war and 183 

applied it to the new experimental results. In our updated model, the load-dependent detachment rate 184 

for both Kin-1 and DDB matches Bell’s model (41,42) with parameters based on Andreasson et al. (33,39). 185 

The motor detachment rate under load, 𝑘25&-.6(𝐹) is: 186 

𝑘25&-.6(𝐹) = 𝑘25&-.63 ∗ 𝑒
7

7!"#$%&  187 

Here, F is the load applied to the motor, 𝑘25&-.63  is the unloaded detachment rate, and 𝐹25&-.6  is the 188 

detachment force parameter. The detachment force is 𝐹25&-.6 =
()=
>

, where 𝑘+ is Boltzmann constant, T 189 

is absolute temperature, and 𝛿 is a parameter for distance. The parameters differ in the hindering and 190 

assisting load directions (38,39).   191 

We modeled the stepping and detachment properties of the activated DDB complex based on optical 192 

tweezer data from Elshenawy et al. (26). The DDB step size was set to a uniform 8 nm for simplicity, and 193 

the load-dependent velocity was defined by a single exponential function that incorporates both load 194 
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dependent forward stepping and a constant backward stepping rate. The load-dependent forward 195 

stepping model for DDB was: 196 

𝑘'/01-02(𝐹) = 𝑘'/01-029!) ∗ (1 − 𝑒?
(7'#$((@7)2

()=
A) 197 

Here, 𝑘'/01-023  is the unloaded stepping rate, and 𝐹%&-44  is the stall force which causes the motor to have 198 

the same probability of stepping forward and backward. The unloaded velocity of DDB was set to 328 199 

nm/s based on published work (27). The unloaded velocity of Kin-1 was set to 515 nm/s based on control 200 

experiments we conducted for Kin-1 in dynein buffer (Fig. S1B). We used a load-independent backstepping 201 

rate of 3 s-1 based on previous optical tweezer experiments (38,43). The Kin-1 forward stepping rate varied 202 

linearly with hindering loads and was constant under assisting loads.  203 
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 204 

Figure 1. (A) Schematic of kin-DDB bidirectional transport tracking experiment in which motors were 205 

connected by a single stranded DNA (ssDNA) and attached to a quantum dot for visualization by 206 

fluorescence microscopy (27). (B) Stochastic model of kin-DDB bidirectional transport showing the 207 

different rate constants incorporated into the simulations. (C) Example traces of experimental data (blue) 208 

from published work (27) and simulation results from the basic model (red).  209 
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Comparing bidirectional stepping model simulations to experimental data. 211 

We next simulated bidirectional stepping of a simulated cargo containing one Kin-1 and one DDB motor 212 

to determine the degree to which the simulations can recapitulate the experimental results. As shown in 213 

Fig. 1C, the mean velocities of the simulations roughly matched the experimental velocities, but the 214 

simulated traces contain more long-term minus-end-directed segments and have shorter overall 215 

durations than seen in the experiments. Furthermore, the simulated trajectories contain fluctuations and 216 

directional switching not seen in the experiments. One explanation for the larger fluctuations in the 217 

simulated traces is that experimental temporal and spatial resolution limits are obscuring fluctuations in 218 

the experimental data. Therefore, to enable more accurate comparison between experiments and 219 

simulations, we added simulated experimental noise and we reduced the temporal resolution to the 220 

simulations, as follows. From the quantum dot tracking experiments, we determined the experimental 221 

error in the Gaussian fits to the point-spread function to be 8 nm (27), and so we added a normally 222 

distributed noise term with a standard deviation of 8-nm to each point in the simulation. Second, we 223 

binned the simulated data to 50 ms to match the experimental 20 FPS frame rate of the camera.   224 

To better compare the fluctuations in the traces resulting from motor stepping dynamics, we examined 225 

5-second segments of experimental and simulated traces. As shown in Fig. 2A, even with the 226 

measurement error and time averaging incorporated into the simulations, the simulation traces showed 227 

more frequent and larger fluctuations than the experimental traces. These fluctuations were quantified 228 

by a Mean Square Displacement (MSD) analysis, which found an apparent diffusion coefficient in 229 

experiments of 996 𝑛𝑚B/𝑠 and an apparent diffusion coefficient in simulations of 11,800 𝑛𝑚B/𝑠 (Fig. 230 

S1B). To better compare the experimental and simulated velocities, we calculated the instantaneous 231 

velocities over 100-ms time windows for both the experimental and simulation results and plotted the 232 

instantaneous velocity distributions (Fig. 2B). The experimental instantaneous velocities had a prominent 233 

single peak centered at -12 nm/s, and 95% of instantaneous velocities distributed in range between -394 234 

to 371 nm/s. In contrast, the simulations had a distinct peak centered around a slow plus-end velocity, 235 

and distinct side peaks corresponding to the unloaded velocities of DDB and Kin-1. Using a Gaussian 236 

mixture model, the velocity distribution was fit well by three normal distributions: a peak centered at 118 237 

nm/s that accounted for 43% of the population, a minor peak at -326 nm/s that accounted for 30% of the 238 

population, and another minor peak centered at 178 nm/s that accounted for 27% of the population. The 239 

motor reattachment rate in our simulations was 5 s-1 based on published experimental data for Kin-1 (44-240 

46), and because equivalent experimental data are not available for dynein, we chose the same value for 241 
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the DDB complex. This reattachment rate means that when either motor detaches from the microtubule, 242 

it will take on average 200 ms to reattach, giving the other motor time to move at its unloaded velocity. 243 

Thus, these lateral peaks in the simulated velocity distribution can be explained by the simulations having 244 

more periods when only one motor is attached than the experiments.  245 

To better understand the underlying motor dynamics that lead to the experimental Kin-DDB traces being 246 

relatively smooth and the velocity distribution having a single peak centered around zero, we investigated 247 

how the modeled properties of Kin-1 and DDB contribute to the distinctive instantaneous velocity 248 

distribution of our ‘basic’ model described above. We hypothesize that there are properties of Kin-1 249 

and/or DDB motors that are different in a two-motor complex than in the single-molecule fluorescence 250 

and optical trapping experiments used to develop the basic model. To test this overarching hypothesis, 251 

we varied motor parameters and quantified the change in performance, with the goal of reducing the 252 

magnitude of the fast plus- and minus-end velocity peaks in the instantaneous velocity histogram (Fig. 2B) 253 

to better match the experimental results. 254 

  255 
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 256 

Figure 2. Comparison between simulation results and experimental data from Feng et al. (27). (A and B) 257 

Example traces over a 5-second window, showing that simulation traces contain more fluctuations than 258 

the experimental traces. (C) Instantaneous velocity distribution (averaged over 100 ms windows), showing 259 

three peaks in the simulation results (red), but only a single central peak in the experimental distribution 260 

(blue). 261 
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Testing the influence of dynein motor properties on bidirectional transport 263 

The first hypothesis that we tested was that the simulations differ from the experiments because the 264 

motile properties of DDB in a bidirectionally moving Kin-DDB complex differ from the properties measured 265 

in single-motor DDB optical tweezer experiments. To test this possibility, we investigated whether either 266 

altering the load-dependent detachment kinetics of DDB or including experimentally observed pausing 267 

and diffusive states of the DDB complex could better align the simulations with the experiments. There is 268 

abundant evidence in the literature that dynein alone has catch-bond behavior, meaning that the 269 

detachment rate slows down with increasing load (19,22,47-50). To our knowledge, there is no 270 

experimental evidence that activated dynein in a DDB complex shows catch bond behavior, but there is 271 

only one published study directly addressing this question (26). Thus, we investigated whether the 272 

simulated bidirectional behavior is shaped by the load-dependent detachment kinetics of DDB. Because 273 

there are many mathematical representations of a catch-bond and there is no agreement in the form for 274 

dynein, we settled on an ideal bond, meaning that load has no effect on the DDB detachment rate 275 

(𝑘25&-.6(𝐹) = 𝑘25&-.63 ). When an ideal-bond for DDB was incorporated, the resulting displacement traces 276 

model showed no significant improvement in smoothness (Fig. 3A). However, in the instantaneous 277 

velocity distribution, removing the load-dependence of DDB detachment shifted the distribution from a 278 

three Gaussian mixture to a two Gaussian mixture (Fig. 3C). This change results from the velocity peak 279 

associated with unloaded Kin-1 disappearing due to DDB becoming much more difficult to detach from 280 

the microtubule. However, the ideal-bond model alone does not resolve the discrepancy with the 281 

experimental data because the peak corresponding to unloaded DDB velocity remains.  282 

Another property of DDB seen in virtually all published unloaded single-molecule studies is that the DDB 283 

complex exhibits long processive runs, but also undergoes episodes of 1D diffusion along the microtubule 284 

and spends a significant fraction of the time stuck to the microtubule in an immobilized state (25,27,30,31). 285 

Feng et al found that DDB spent 65% of the time in a processive state, 31% of the time in a stuck state, 286 

and 4% of the time in a diffusive state, and also quantified the switching rate between states (27). We 287 

incorporated this DDB switching behavior into our model and assumed that the diffusive state of DDB 288 

offered no resistance to kinesin stepping, and that in the stuck state, DDB neither moved nor detached 289 

from microtubule. Like the traces in the ideal-bond model, including state-switching had a minimal effect 290 

on the smoothness of the simulated traces (Fig. 3B). In the instantaneous velocity distribution, there was 291 

a decrease in the magnitude of the unloaded DDB velocity peak, but almost no effect on the unloaded 292 

kinesin velocity peak (Fig 3c). The fall in the unloaded DDB peak can be explained by DDB spending time 293 
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in the stuck state instead of processive walking. The lack of change in the unloaded kinesin peak is likely 294 

due to the fact that DDB is in the diffusive state only a small fraction of the time. It also means that the 295 

decrease in the DDB detachment rate resulting from DDB spending time in a stuck state has a weaker 296 

effect than incorporating an ideal bond (Fig. 3C). Thus, removing the load-dependence of DDB detachment 297 

was able to nearly eliminate the kinesin velocity peak, whereas incorporating a switching model for DDB 298 

diminished the unloaded DDB velocity peak. However, neither modification alone could fully reconcile the 299 

simulations with the experiments. Thus, to explore other modifications of the model that could diminish 300 

the DDB velocity peak, we examined the sensitivity of the model simulations to changes in the kinesin 301 

detachment and reattachment rates. 302 

  303 
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 304 

Figure 3. (A and B) Example traces of DDB ideal-bond and DDB switch mode models. (C) Instantaneous 305 

velocity distribution from simulations incorporating an ideal bond for DDB (green) and state-switching 306 

behavior for DDB (purple). Experimental data from Feng et al. (27) are shown as blue-dotted line.  307 
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Testing the influence of motor attachment and detachment kinetics on bidirectional transport 309 

The second hypothesis we tested was that the discrepancy between simulations and experiments is due 310 

to differences in the motor properties of kinesin in an antagonistic motor pair compared to single-bead 311 

optical tweezer experiments with isolated kinesin motors. These differences could be due to, for instance, 312 

the geometry of a motor attached to trapped bead versus a tight connection to dynein (24), or due to how 313 

a detached kinesin remains close to the microtubule due to tethering by dynein. The first approach was 314 

to determine whether decreasing the detachment rate of kinesin reduced the magnitude of the DDB 315 

velocity peak in the instantaneous velocity distribution. In the load-dependent detachment model, 316 

decreasing the detachment rate can be accomplished by either decreasing the unloaded detachment rate, 317 

𝑘25&-.63 , or by decreasing the sensitivity of detachment to load, which is achieved by increasing the 318 

detachment force, 𝐹25&-.6. We altered these two parameters individually in the simulation and compared 319 

results to the experimental data. Decreasing 𝑘25&-.63  substantially decreased the magnitude of the 320 

unloaded DDB velocity peak and increased the peak around zero velocity, although it also increased the 321 

unloaded kinesin velocity peak (Fig. 4A). Increasing 𝐹25&-.6 had a similar effect but to a lesser degree (Fig. 322 

4B), and the effect plateaued around an 𝐹25&-.6 value of 35 pN. Thus, decreasing the kinesin detachment 323 

rate diminished the minus-end velocity peak, bringing the simulations closer to the experimental results, 324 

but neither of these changes had a significant effect on the unloaded kinesin peak.  325 

The other way to decrease the fraction of the time Kin-DDB complexes are moving by the action of only 326 

one of the two motors is to tune the reattachment rate of each motor. In the basic model, we set a 327 

constant reattachment rate,	𝑘05-&&-.6, of 5 s-1 for all motors, based on the literature (21,46). To determine 328 

whether the kinesin and DDB reattachment rates were contributing to the simulation-experiment 329 

mismatch, we tested several larger values of 𝑘05-&&-.6  for each motor. Increasing 𝑘05-&&-.6  for Kin-1 330 

strongly diminished the fraction of time the complex moves at the unloaded DDB speed (Fig. 4C), and 331 

increased the fraction of time that both motors were engaged, resulting in an enhanced cargo velocity 332 

peak near zero. Interestingly, the effect of increasing the Kin-1 𝑘05-&&-.6 plateaued at a value of 50 s-1. In 333 

contrast to Kin-1, increasing 𝑘05-&&-.6 for DDB had only a moderate effect on the fraction of time spent 334 

moving at unloaded Kin-1 velocity, likely due to the small size of this plus-end velocity peak, and there 335 

was no substantial increase in the velocity peak centered around zero. In summary, changing the Kin-1 336 

unloaded detachment rate or reattachment rate had the strongest effect on diminishing the fraction of 337 

time the cargo moved near the DDB unloaded velocity, and changing the DDB reattachment rate had little 338 

effect. 339 
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 341 

Figure 4. Effect of changing motor attachment and detachment parameters on the instantaneous velocity 342 

distribution. (A) Effect of decreasing the unloaded kinesin-1 detachment rate was to diminish the minus-343 

end velocity peak. (B) Effect of increasing the kinesin-1 detachment force parameter was to moderately 344 

diminish the minus-end velocity peak. (C) Effect of increasing the kinesin-1 reattachment rate was to 345 

diminish the minus-end velocity peak. (D) Changing the DDB reattachment rate had a negligible effect.  346 
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Testing influence of motor mechanochemical properties on bidirectional transport 348 

The simulation results to this point showed that altering motor attachment and detachment kinetics can 349 

decrease the weight of the distribution corresponding to the two unloaded motor velocities. However, 350 

the experimental and model velocity distributions also differed in the location of the central peak, which 351 

is centered around zero for the experiments but shifted to a slow plus-end velocity in the basic model (Fig. 352 

2C). In contrast to the smaller peaks in the velocity distribution that correspond to kinesin or DDB moving 353 

at their unloaded velocity, we hypothesized that the location of this central peak is determined by the 354 

chemomechanical properties of the motors when both motors are bound to the microtubule. To test this, 355 

we investigated other properties that may have effect on bidirectional transport when both motors bound.  356 

We first tested the influence of changing the Kin-1 stall force. In our basic model, the Kin-1 stall force was 357 

set to 8 pN and the DDB stall force was set to 3.8 pN based on published optical tweezer experiments 358 

(26,38,39). Because of this discrepancy, it not surprising that when both motors are engaged, the kinesin 359 

directionality dominates. We tested kinesin stall forces between 4 to 8 pN, which are in the range of 360 

different published studies (22,38,51-55), and found that weaker stall forces causes the central velocity 361 

peak to shift closer to zero, better matching the experiments (Fig. 5A). The model best matched the 362 

experimental data when the stall force was set to 4 pN, but we note that this value is below the majority 363 

of published experimental studies.   364 

The second property we tested was the DDB backward stepping rate. The backstepping rate of DDB in 365 

basic model was 15 s-1, based on optical tweezer experiments of Elshenawy et al. (26). Due to the larger 366 

stall force of Kin-1, the DDB backstepping rate is expected to influence the cargo velocity when both 367 

motors are engaged and pulling against one another. Interestingly, decreasing the backstepping rate in 368 

the simulations had only a small effect on the location of the central velocity peak (Fig. 5B). Furthermore, 369 

changing either the stall force of kinesin or the backward stepping rate of DDB had a minimal effect on 370 

the weight of side peaks corresponding to kinesin-only and DDB-only velocities. 371 

The final property we tested in the simulations was the motor stiffness. We hypothesize that the stiffness 372 

may be important because it determines the timecourse of force generation as the motors step in 373 

opposite directions; these force generation kinetics then play into the load-sensitive detachment kinetics. 374 

Furthermore, when one motor detaches, the spring connecting them will recoil, shifting the cargo back 375 

toward the remaining engaged motor. It is difficult to intuit how these effects may shift the velocity 376 

distribution, highlighting how the model can build intuition. We found that stiffening both motors had 377 
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two effects (Fig. 5C): the central velocity peak shifted toward zero and the fastest minus-end velocities 378 

were eliminated in the distribution. We attribute this latter change to smaller stiffnesses leading to a 379 

‘recoil effect’ when the kinesin detaches and the cargo rapidly moves toward the minus-end to become 380 

centered on the engaged DDB motor.  381 

  382 
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 383 

Figure 5. Effect of changing motor mechanochemical properties on the instantaneous velocity distribution. 384 

(A) Effect of decreasing the kinesin-1 stall force was to shift the central velocity peak toward zero. (B) 385 

Effect of decreasing the DDB backstepping rate was to slightly shift the central peak toward zero. (C) Effect 386 

of increasing the motor stiffness was a small shift of the central velocity peak toward zero and a reduction 387 

in the fastest minus-end velocities.  388 
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Experimental results are best recapitulated by a model with faster kinesin reattachment kinetics and 389 

load-independent DDB detachment kinetics  390 

From our simulations up to this point, we concluded that identifying an optimal model that better matches 391 

the experimental results requires changing more than one parameter. However, a balance must be struck 392 

between firmly grounding the model in published experimental single-molecule data and optimizing the 393 

agreement between simulations and experimental Kin-DDB results. To navigate this balance, we focused 394 

our search on identifying minimal sets of motor parameter modifications that lead to the greatest 395 

improvement in the model fits to the experimental data. The parameter adjustments that best minimized 396 

the unloaded velocity peaks in the simulations were increasing the reattachment rate of Kin-1 (Fig. 4C) 397 

and decreasing the detachment kinetics of both Kin-1 and DDB (Fig. 3A, 4A, and 4B). We chose not to 398 

modify the unloaded detachment rate of Kin-1 (Fig. 4A) because single-molecule TIRF measurements from 399 

many labs converge on an unloaded Kin-1 detachment rate (equal to velocity divided by run length) in the 400 

range of 1 s-1 (22,38,39). On the other hand, we felt justified eliminating the load-sensitivity of DDB 401 

detachment, given that in optical tweezer experiments, forces up to 6 pN have only a minimal effect on 402 

the detachment rate (26), and the detachment rates in those single-bead experiments could be 403 

accelerated by vertical forces that are not present in the geometry of our experiments and simulations. 404 

Similarly, we felt justified in increasing the reattachment rate of Kin-1 to 50 s-1 based on results showing 405 

that under load Kin-1 can slip backward and rapidly reengage with the microtubule, indicative of a fast 406 

rebinding rate under load (43,56,57).  407 

The remaining discrepancy of our ‘basic’ model with the experimental results was that the central velocity 408 

peak was shifted toward the plus-end rather than centered around zero (Fig. 2C). The first modification 409 

was to reduce the Kin-1 stall force to 6 pN (Fig. 5A), which is well within the range of experimental values 410 

(16,38,51,52). Secondly, we increased the motor stiffness to 0.2 pN/nm (Fig. 5C). This value is reasonable, 411 

given that a 6 pN force will stretch this spring 30 nm, which is in the range of the contour lengths of our 412 

Kin-1 and DDB constructs. With this ‘best-fit’ model, we found that the displacement versus time traces 413 

were somewhat smoother than the ‘basic’ model (Fig. 6A), although the fluctuations were still larger than 414 

the experimental data (Fig.2A). To quantify this, we carried out MSD analysis. The apparent diffusion 415 

coefficient dropped from 11,800 𝑛𝑚B𝑠8$ in the basic model to 1812 nm2s-1 in ‘best-fit’ model, which was 416 

much closer to the 996 𝑛𝑚B𝑠8$  for the experimental data (Fig. S1B). More importantly, in the 417 

instantaneous velocity distribution (Fig. 6B), the unloaded velocity peaks, which were a significant 418 

discrepancy in the basic model, were nearly eliminated, thus matching the experimental data. The 419 
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principal mode of the instantaneous velocity distribution in ‘best-fit’ model was located at 69 nm/s, with 420 

95% of instantaneous velocities in the range between -396 to 376 nm/s. Although the central velocity 421 

peak was shifted toward zero, the model still did not align fully with the experimental data centered at 422 

zero (Fig. 6B). Other features were also improved; for instance, the simulated traces for the ‘best fit’ model 423 

also had longer durations, more closely matching experiments (Fig. S4B). The average velocities computed 424 

over each trace were similar on average to both the experimental and the basic model (Fig. 6C), but the 425 

distribution of trace velocities was tighter due to the longer run durations (Fig. 6C & S4B). In summary, 426 

the experimental Kin-DDB results are best explained by a model in which the DDB detachment rate is 427 

independent of load up to the ~6 pN stall forces that kinesin generates, the reattachment rate of kinesin 428 

is ten-fold faster or more and motors are stiffer in Kin-DDB complex during transport (Fig. 6D).  429 

  430 
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 431 

Figure 6. (A) Example traces from best-fit model. (B) Comparison of instantaneous velocity distributions 432 

between experimental data (blue), basic model (red) and best-fit model (black). The best-fit model 433 

reproduced a single velocity peak similar to experimental data, but the peak was shifted slightly toward 434 

the plus-end relative to the experimental data. (C) Comparison of trace velocity distributions for 435 

experimental data (blue), basic model (red), and best-fit model (black). (D) Diagram of the best-fit model 436 

for kin-DDB bidirectional transport. The detachment rate of DDB is independent of load (ideal-bond) and 437 

kinesin-1 reattaches to microtubule with a fast rate (≥ 50	𝑠8$) following detachment. Both of these 438 

features maximize the fraction of time both motors are engaged and pulling against one another and 439 

minimize durations when only one motor is engaged and moving at its unloaded velocity. 440 
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Discussion: 442 

Transport of vesicles in axons and dendrites involves varying numbers and types of motors, as well as 443 

regulation at multiple levels. Hence, to understand how kinesin and dynein motors attached to the same 444 

cargo compete and coordinate during transport, the field has turned to reconstituting the in vitro motility 445 

of pairs of kinesin and activated dynein (1,4,31,46,58). This approach allows an examination of how 446 

differing mechanochemical properties of specific motor isotypes translate into effective movement 447 

against an antagonistic partner. Consistent behavior of kinesin-dynein pairs that are observed across 448 

different labs (25-27,59) include the following: 1) kin-DDB complexes remain bound to microtubules for 449 

~tens of seconds (26,27), considerably longer than Kin-1 or DDB alone; 2) trajectories include episodes, 450 

lasting from seconds to tens of seconds, where the velocity of the complex is ~10-fold slower than the 451 

unloaded velocities of the respective motors; and 3) cargo trajectories are quite smooth and show few if 452 

any directional switches. In principle, it should be possible to recapitulate these motility behaviors using 453 

Kin-DDB simulations that incorporate established parameters for kinesin and dynein behavior in isolation. 454 

However, we find this not to be the case. Instead, simulations of Kin-DDB transport in our ‘basic’ model 455 

show frequent directional switches and signification proportions of time when the complex moves at the 456 

unloaded velocity of the motors (Fig. 2B). The discrepancies between the simulations and experiments 457 

were clearly seen by comparing the instantaneous velocity distributions. The experimental data was 458 

centered in a wide peak around zero velocity, whereas the simulated data had additional peaks 459 

corresponding to the unloaded Kin-1 and DDB velocities, along with a central peak centered around a slow 460 

plus-end speed. Thus, we focused our in silico ‘experiments’ on identifying parameter adjustments that 461 

reconciled the simulations with the experiments.  462 

One challenge in developing models for bidirectional transport is how to incorporate the heterogeneous 463 

motility observed for isolated DDB complexes (19,30,33). We tackled this issue by testing the effect of 464 

DDB state switching in our simulations. In single-molecule TIRF experiments, Feng et al. quantified DDB 465 

motility and found that DDB spends roughly two-thirds of the time in a processive minus-end directed 466 

state, one third of the time in a stuck state, and a small fraction of time in a diffusive state (27). Including 467 

this switching behavior in the simulation decreased the fraction of minus-end velocity events, but had a 468 

weak effect on the population of fast plus-end velocity events. We conclude from this result that the large 469 

experimental velocity peak centered around zero is likely not due to DDB residing predominantly in a stuck 470 

state.  471 
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We found that incorporating a load-independent DDB detachment rate (an ideal bond) effectively 472 

diminished the fast plus-end velocities seen in the simulations, better matching the experimental data. 473 

This result can be understood simply as DDB remaining bound to the microtubule against the pulling forces 474 

of kinesin, thus preventing durations in which DDB is detached and kinesin is moving at its unloaded speed. 475 

This ideal bond is supported by experiments with activator-free dynein and with isolated vesicles, which 476 

found evidence that dynein has catch-bond behavior under some conditions (slower detachment rate 477 

with increasing load) (22,50). We note that a DDB optical trapping study by Elshenawy et al. did not find 478 

evidence for catch-bond behavior of DDB (26). However, it remains a possibility that vertical forces 479 

inherent to the single-bead optical trapping assay may contribute to detachment, as has been shown for 480 

Kin-1 (23,26,57,60). Thus, our simulations put forth the testable hypothesis that when pulling exclusively 481 

against hindering loads oriented parallel to the microtubule, DDB detachment is independent of load. 482 

We found that incorporating a fast Kin-1 reattachment rate diminished the fast minus-end velocities in 483 

the simulations, better matching the experimental data. This result can be understood simply as kinesin 484 

reattaching rapidly following any detachment and thus minimizing the time that DDB moves at its 485 

unloaded velocity. Our basic model used a kreattach value of 5 s-1, which was initially determined in a study 486 

that measured motor-driven deformations of giant unilamellar vesicles (46) and was later supported by 487 

experiments that used DNA to connect two kinesins (44). Furthermore, this value has been employed in 488 

a number of modeling studies (21). However, recent optical tweezer experiments found that against 489 

hindering loads Kin-1 can slip backward in multiple 8 nm intervals and rapidly reengage with the 490 

microtubule at rates consistent with our 50 s-1 reattachment rate (43,56,57). These experiments suggest 491 

that against a hindering load parallel to the microtubule, Kin-1 enters a weak-binding state in which it slips 492 

backward, and then rapidly reestablishes a strong-binding state. We also note that the reattachment rate 493 

predicted from the bimolecular on-rate in solution and the effective tubulin concentration when two 494 

motors are connected through a DNA linker is 125 s-1 (44). Thus, our simulations put forth the testable 495 

hypothesis that when pulling against hindering loads oriented parallel to the microtubule, the Kin-1 496 

reattachment rate is 50 s-1 or faster. A possible mechanism to explain this phenomenon is that if a kinesin 497 

slips or detaches against a load oriented parallel to the microtubule, the motor is presented with multiple 498 

sites of reattachment as it slides backward. Further, it is possible that if the motor reattaches against a 499 

hindering load, the force enhances the rate of ADP release, which maximizes the probability that the 500 

motor enters a strongly-bound state and restarts its walking cycle.  501 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.09.503394doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.09.503394
http://creativecommons.org/licenses/by/4.0/


29 
 

The second adjustment to the model that diminished the fast minus-end velocities was to increase the 502 

stiffness of the linkage connecting the two motors. When model and experiments are compared by 503 

analyzing instantaneous velocities, a ‘recoil’ effect becomes apparent following detachment of one of the 504 

motors (usually kinesin in our simulations). For instance, using a 0.1 pN/nm stiffness of each motor, the 505 

recoil of the cargo from a 5 pN force is 5 pN ÷ 0.1 pN/nm = 50 nm. Analyzed over a 100 ms instantaneous 506 

velocity window, this displacement gives an apparent minus-end velocity of 500 nm/s. These fast minus-507 

end (or plus-end) instantaneous velocities were not seen in the experimental data that also used a 100 508 

ms instantaneous velocity window (Fig. 2C). We found that increasing the motor stiffness to 0.2 pN/nm 509 

eliminated the fast minus-end velocities in the simulations. Thus, the simulations provide a lower limit for 510 

the motor stiffness and make the testable prediction that if a more compliant DNA linkage were used to 511 

connect the motors, the instantaneous velocity distribution would reveal apparent fast velocities due to 512 

large displacement recoil events. 513 

Despite reconciling the simulations with the lack of fast plus- and minus-end velocities seen in the 514 

experimental data, we still observed a small plus-end shift in the location of the simulated main velocity 515 

peak relative to the experiments (Fig. 6B). Perhaps unsurprisingly, the position of this central velocity peak 516 

was most influenced by the relative stall forces of DDB and Kin-1, highlighting that the antagonistic motors 517 

rapidly establish a “draw” where each is pulling at near its maximum force. Reducing the Kin-1 stall force 518 

from 8 pN to 6 pN shifted the peak towards zero, and reducing it further to 4 pN to match the 3.8 pN DDB 519 

stall force shifted the simulated peak to nearly match the experiments (Fig. 5A). A large body of 520 

experiments support a Kin-1 stall force in the range of 6 pN (22,38,51-55). However, another alternative 521 

is the the DDB stall force is larger than 3.8 pN in this geometry. The DDB stall force was taken from a study 522 

using single-bead tweezer geometry, and it is possible that in the geometry of these DDB-kinesin pairs 523 

where forces are oriented solely parallel to the microtubule, the DDB stall forces are closer to the ~6 pN 524 

of Kin-1. In principle, this hypothesis could be tested using a three-bead assay that minimizes vertical 525 

forces inherent in the single-bead assay (57).  526 

Despite the large body of single-molecule data describing their motor properties, it remains challenging 527 

to predict the bidirectional dynamics that will result from antagonistic kinesin and dynein motor pairs. In 528 

the present work, we find that using experimental data to constrain model simulations generates 529 

mechanistic insights into how kinesin and DDB operate in antagonistic pairs. Our simulations support a 530 

model in which: 1) in the range of forces generated by Kin-1, DDB detachment is independent of load; 2) 531 

Kin-1 reattaches to the microtubule at 50 s-1 in the geometry of these motor pairs; and 3) when modeled 532 
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as linear springs, motor stiffness is at least 0.2 pN/nm. These model-generated hypotheses generate 533 

testable predictions for future single-molecule experiments. Furthermore, by identifying motor 534 

parameters that are the strongest determinants of bidirectional transport, this work provides a 535 

framework to interpret how diverse kinesins, different activating dynein adapters, and motor-cargo 536 

stiffness will affect the resulting bidirectional transport of intracellular cargo.   537 

  538 
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Supplementary: 718 

 719 

Figure S1. (A) Distribution of trace velocities of kinesin-1 alone in dynein motility buffer, which is used in 720 

Kin-DDB experiments (27). (Dynein motility buffer consists of 30 mM Hepes, 50 mM potassium acetate, 2 721 

mM magnesium acetate, 1 mM EGTA and 10% glycerol, supplemented with 2 mg/ml casein, 20 mM 722 

glucose, 37 mM BME, glucose oxidase, catalase, 10 mM Taxol, and 2 mM ATP. Mean velocity is 515 nm/s, 723 

which was used for the unloaded kinesin-1 velocity in the simulations. (B) The mean squared displacement 724 

(MSD) curve of experimental data in Feng et al. (blue) (27), basic model (red), and best-fit model (black). 725 

In MSD analysis, the curves were fit with the equation: 𝑀𝑆𝐷 = 𝑉B𝑡B + 2𝐷𝑡, where V is velocity, D is the 726 

apparent diffusion coefficient, and t is lag time. Fit results are 𝑉 = 49	𝑛𝑚/𝑠, 𝐷 = 996	𝑛𝑚B/𝑠  in 727 

experimental data, 𝑉 = 49	𝑛𝑚/𝑠, 𝐷 = 11,800	𝑛𝑚B/𝑠  in basic model, and 𝑉 = 32	𝑛𝑚/𝑠, 𝐷 =728 

1812	𝑛𝑚B/𝑠 in best-fit model.  729 
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 730 

Figure S2. Effect of changing DDB detachment parameters on the instantaneous velocity distribution. (A) 731 

Effect of decreasing the unloaded DDB detachment rate was to weakly diminish the plus-end velocity peak. 732 

(B) Effect of increasing the DDB detachment force parameter was to moderately diminish the minus-end 733 

velocity peak, but was significant when increasing from 2 pN to 3 pN.   734 
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 735 

Figure S3. Instantaneous velocity distributions following implementation of ideal-bond for DDB, 736 

increasing the kinesin-1 reattachment rate to 50 s-1, and reducing the kinesin-1 stall force to 6 pN. (A) 737 

Effect of altering the DDB backstepping rate, 𝑘,-.(, lightly shifted the mode peak toward zero. (B) Effect 738 

of increasing the motor stiffness was to reduce the minus-end velocity peak.  739 
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 741 

Figure S4. (A) Example traces of 50-second simulations of the best-fit model. (B) Distribution of run 742 

durations from experimental data (blue), basic model (red) and best-fit model (black). The best-fit model 743 

had longer run durations that more closely matched the experimental data.   744 
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