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Coupling of motor proteins within arrays drives muscle contrac-
tion, flagellar beating, chromosome segregation, and other biologi-
cal processes. Current models of motor coupling invoke either direct
mechanical linkage or protein crowding, which rely on short-range
motor-motor interactions. In contrast, coupling mechanisms that act
at longer length scales remain largely unexplored. Here we report
that microtubules can physically couple motor movement in the ab-
sence of detectable short-range interactions. The human kinesin-4
Kif4A changes the run-length and velocity of other motors on the
same microtubule in the dilute binding limit, when 10-nm-sized mo-
tors are widely separated. This effect does not depend on specific
motor-motor interactions because similar changes in Kif4A motility
are induced by kinesin-1 motors. A micron-scale attractive interac-
tion potential between motors is sufficient to recreate the experimen-
tal results in a biophysical model. Unexpectedly, our theory suggests
that long-range microtubule-mediated coupling not only affects bind-
ing kinetics but also motor mechanochemistry. Therefore, the model
predicts that motors can sense and respond to motors bound sev-
eral microns away on a microtubule. Our results are consistent with
a paradigm in which long-range motor interactions along the micro-
tubule enable new forms of collective motor behavior, possibly due
to changes in the microtubule lattice.
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D iverse cellular processes rely on coordinated activity of1

cytoskeletal motor proteins. For example, minifilaments2

made of multiple myosin motors pull actin filaments together to3

contract muscle (1, 2). Similarly, dynein motors line the micro-4

tubule doublet and collectively induce the oscillatory beating5

of motile flagella (3, 4). Trains of motors mediate intraflagellar6

transport, which is essential for assembly and maintenance of7

cilia and flagella (5, 6). Force balance between plus- and minus-8

end-directed motors that crosslink microtubules contributes9

to mitotic spindle organization (7–10). Similarly, tug-of-war10

between opposite polarity motors underlies bidirectional cargo11

transport (11–13). For all of these processes, the activity of12

multiple motors is coupled.13

Currently, the best-understood mechanisms of motor-motor14

coupling fall into two categories: protein crowding and me-15

chanical linkage. Motors can be mechanically linked, either by16

directly binding to each other or by binding to the same cargo.17

For example, in myosin minifilaments many motors form an18

ensemble that collectively generates force to contract muscles19

against high load (14). Alternatively, motors that are densely20

crowded on cytoskeletal filaments can have altered activity21

due to short-range steric interactions and/or cooperativity22

(15, 16). Kinesin-1 motors form clusters due to short-range23

attractive interactions, for example (17, 18). Kinesins that24

regulate microtubule dynamic instability typically accumulate 25

at microtubule ends where their motility changes. The activity 26

of the microtubule-destabilizing kinesin-8 Kip3p is altered in 27

dense clusters at the ends of microtubules (19–21). Another 28

prototypical example is the mitotic spindle-associated kinesin- 29

4 protein Kif4A, which forms clusters at microtubule ends 30

(hereafter referred to as “end-tags”) and regulates microtubule 31

length (22–24). Short-range interactions are well-studied and 32

recognized as important for motor ensemble function. How- 33

ever, whether coupling between proteins at longer length scales 34

contributes to the organization of motor ensembles remains 35

unclear. 36

Recent work has provided hints of long-range interactions 37

between motors on microtubules. An important early study 38

found that kinesin-1 motors can alter the binding affinity of 39

other kinesin-1 motors microns away along microtubules (25). 40

This effect can result in cooperative binding of kinesins to the 41

same microtubule. More recent work has suggested that the 42

surprising long-range interactions may be due to changes in 43

the microtubule lattice due to motor binding (26, 27) that alter 44

binding kinetics (25, 26). Modeling work has proposed that the 45

lattice changes may arise from elastic anisotropy (28). These 46

results are part of a growing body of evidence that motor and 47
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non-motor microtubule associated proteins can structurally48

alter the tubulin lattice. Kinesin-1 motors have been shown to49

cause lattice defects (29). Lattice effects are proposed to influ-50

ence microtubule dynamics directly or indirectly by altering51

the activity of regulatory proteins (30, 31). Currently, whether52

long-distance coupling through the “medium” of the micro-53

tubule can affect motile properties of motor proteins is not54

known. It further remains unclear whether long-range coupling55

mechanisms can dynamically sense and respond to motor den-56

sity on microtubules, particularly at low concentration. Finally,57

whether coupling between proteins at a longer length scale58

contributes to the formation of motor ensembles/clusters is59

unknown. Hence, we have a limited understanding of whether60

concentration-dependent long-range coupling might be a gen-61

eral mechanism that determines the spatial organization of62

motors on microtubules.63

In this work, we report unexpected long-range coupling64

between Kif4A motors on microtubules at low density. This65

coupling, which appears to have a range of several microns,66

leads to a density-dependent change in Kif4A processivity67

and speed at picomolar motor concentration, where short-68

range protein-protein interactions are unlikely. The results69

indicate that kinesins can influence the movement of motor70

molecules that are widely separated on microtubules, even71

without detectable physical short-range coupling, oligomer-72

ization, external binding partners, or specific tubulin post-73

translational modification. Computational modeling suggests74

that long-range coupling is likely to affect the mechanochem-75

ical stepping cycle of the motor in addition to the binding76

kinetics. At higher protein concentration, motor coupling on77

the nanometer- and the micron-scale co-exist and results in the78

organization of microtubule-length-dependent Kif4A end-tags,79

which is not predicted for moderately processive motors like80

Kif4A. These observations enlarge our understanding of how81

long-range interactions allows communication between motors82

separated on the micron length scale.83

Results84

The motile kinesin-4 motor protein Kif4A accumulates at mi-85

crotubule ends, where it binds with high affinity (23, 24). In86

contrast to other highly processive kinesins or complexes, such87

as Kip3p(19–21) or the PRC1-Kif4A complex (24), Kif4A alone88

is only moderately processive, with an average estimated run89

length of about 1 µm (23). Despite this, previously published90

data show that Kif4A end-tags are sensitive to overall micro-91

tubule length for microtubules up to 14 µm long (24). To un-92

derstand how motors could possibly exhibit length-dependent93

behavior at length scales an order of magnitude larger than94

their average run length, we investigated the formation of95

end-tags by Kif4A motors.96

To measure end-tag formation and its dependence on mi-97

crotubule length and motor concentration, we reconstituted98

the activity of Kif4A on single microtubules. For these stud-99

ies, we used a Total Internal Reflection Fluorescence (TIRF)100

microscopy assay as reported previously (24, 33). First,101

rhodamine-labeled, taxol-stabilized microtubules were biotiny-102

lated and immobilized on a glass coverslip (Fig. 1A). Next,103

GFP-tagged Kif4A (0.02 nM) was added to the flow cham-104

ber for 5 min and then imaged. Multi-wavelength imaging105

of rhodamine-labeled microtubules and Kif4A-GFP showed106

that Kif4A preferentially accumulates at the plus-end of micro-107
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Fig. 1. The kinesin-4 motor Kif4A forms microtubule-length-dependent end-
tags, but a minimal motor model does not reproduce the experimental obser-
vations. A. Schematic of the in vitro assay used to study Kif4A-GFP (green) on
single microtubules (gray). B. Representative fluorescence micrographs showing
end-tag formation with Kif4A-GFP concentration from 0.02 to 6 nM. Images show
X-rhodamine labeled microtubules (red) with Kif4A-GFP (green). C. End-tag length
versus microtubule length in assays with Kif4A-GFP concentration from 0.02 to 6
nM: 0.02 nM (slope 0.11 ± 0.02), 1 nM (slope 0.22 ± 0.02), 2 nM (slope 0.25 ±
0.03), 4 nM (slope 0.49 ± 0.02) and 6 nM (slope 0.75 ± 0.02). D. Slope (end-tag
length divided by microtubule length) versus Kif4A concentration. E. Model overview.
Motors can bind, unbind, and step, constrained by steric interactions. Inset, model
mechanochemical cycle, see Supplementary Information and previous work (32). F.
Simulated fluorescence images created from the model using 10 micron-long micro-
tubules and with Kif4A concentration from 0.02 to 6 nM. G. Simulated end-tag length
versus microtubule length. H. Slope (simulated end-tag length divided by microtubule
length) versus Kif4A concentration.

tubules, as observed previously (Fig. 1B) (24). With increasing 108

Kif4A concentration (0.02-6 nM), the length of the end-tags 109

increases. In particular, the micron-sized end-tags at higher 110

Kif4A concentration (4 nM) resemble those formed from the 111

collective activity of Kif4A and PRC1 at concentrations of 112

1.5 nM and 0.1-0.4 nM, respectively (24). We measured the 113

end-tag length and intensity over a range of filament lengths 114
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up to 13 µm (Fig. 1C, S1A). The data fit well to a straight line,115

where the slope corresponds to the fraction of the microtubule116

length that is the end-tag (Fig. 1D, S1B). These results show117

microtubule-length dependence of end-tags formed by Kif4A118

alone.119

We then sought to understand how Kif4A motors with a120

run length of only ∼1 µm can form length-dependent end-121

tags on microtubules that are ∼10 µm long by developing122

a biophysical model of Kif4A motion and accumulation on123

microtubules (Supplementary Information) (32). The motor124

model includes binding to and unbinding from microtubules,125

stepping via a mechanochemical cycle, and steric exclusion.126

A single protofilament of the microtubule is represented as127

a one-dimensional lattice, where each 8-nm tubulin dimer is128

represented by a discrete binding site. This model builds on129

previous theory of motor accumulation on microtubules and130

traffic jams(21, 34–40).131

To investigate how motor coupling might alter Kif4A behav-132

ior, we modeled motor stepping with a mechanochemical cycle133

driven by ATP hydrolysis, building on previous work(41–47).134

We constructed the model based on the kinesin-1 stepping135

cycle (Fig. 1E)(48–54). While the details of the mechanochem-136

ical cycle may be different for Kif4A compared to kinesin-1,137

our model predictions are similar for any model that includes138

cyclic asynchronous binding and unbinding of two binding139

heads (50, 55). In our model, the nucleotide hydrolysis rate140

determines motor velocity, while the relative rates of second-141

head binding and first-head unbinding determine processivity142

(Supplementary Information) (32).143

To model motor-dense end-tags, we implemented steric144

interactions. In the model no binding site can be occupied by145

more than one motor head. If a motor is blocked from stepping146

forward by another motor in front of it, the rear head can147

still unbind, causing the motor to become stuck in the singly148

bound state. We constrained parameters of the model using149

motor processivity and velocity from previously published150

data on Xklp1 (23), and the motor on-rate was estimated from151

experiments imaging the binding to and motility of Kif4A-GFP152

on microtubules at low motor density (24).153

In our simulations of this model, end-tags do not form and154

motor accumulation does not vary with microtubule length155

(Fig. 1F-H). A simple analytic model of end-tag formation156

shows the same result (SI text, Fig. S2), consistent with our157

intuition that a motor with a run length of only 1.2 µm cannot158

show enhanced accumulation on microtubules several microns159

long.160

The lack of end-tag formation in the model suggests that161

the model is missing key mechanisms, such as interactions162

between motors that alter their behavior in dense ensem-163

bles. We therefore examined whether cooperative interactions164

between motors might be required for end-tags. Previous165

work on kinesin-1 found that the motors cluster together on166

microtubules more than would be expected for purely non-167

interacting motors (17, 18). These data were consistent with a168

short-range (nearest-neighbor) attractive interaction between169

motors with an estimated energy of 1.6–1.8 kBT (17, 18). A170

similar short-range interaction would be expected if Kif4A can171

physically interact with nearby motors, perhaps by binding172

between motor tails. To test whether such a short-range in-173

teraction could explain end-tag formation, we implemented a174

nearest-neighbor interaction that lowers the unbinding rate of175

adjacent motors (Supplementary Information) (32). Nearest- 176

neighbor interactions between Kif4A motors in the model 177

cannot fully explain end-tag formation, even if the interaction 178

energy is increased to 10 kBT (Fig. S3A). 179

Another missing mechanism could be higher motor proces- 180

sivity, for example if previous measurements underestimated 181

the run length of Kif4A. Therefore, we modeled the effects 182

of increasing processivity by up to a factor of 10, to 12 µm. 183

(Note that this test was done without nearest-neighbor inter- 184

actions.) Even with this high processivity, end-tags did not 185

form (Fig. S3B). This is because in the crowded end-tag, most 186

motors in the model have one head bound, which is a weak 187

binding state (52) that controls their lifetime in the end-tag. 188

We identified only one mechanism that can partially succeed in 189

reproducing end-tags: in our simplified analytic model, if we 190

reduce the overall unbinding rate of motors within the end-tag 191

by a factor of 20, a type of end-tag can form (Fig. S2C). This 192

simplified model favors end-tag formation by assuming that 193

all motors reaching the end-tag (Supplementary Information). 194

The model’s failure to reproduce end-tags without a drasti- 195

cally reduced off-rate shows that a steady-state accumulation 196

model cannot explain end-tag formation. Even with the low 197

unbinding rate of motors from the ends, this model does not 198

reproduce experiments: the variation of end-tag length with 199

bulk motor concentration is sub-linear (Fig. S2D). These 200

results suggest that another, unknown mechanism may be 201

required to explain how Kif4A can form end-tags. 202

To investigate coupling between Kif4A motors bound to 203

microtubules, we examined the behavior of single Kif4A-GFP 204

molecules on microtubules with varying concentration of unla- 205

beled Kif4A (Fig. 2). Photobleaching experiments and initial 206

fluorescence intensity analysis of Kif4A-GFP molecules in our 207

preparation show that the protein is largely dimeric (Fig. S4A). 208

At 20 pM, single Kif4A-GFP molecules moved only short dis- 209

tances before dissociation (Fig. 2A). However, the addition 210

of picomolar amounts of unlabeled Kif4A (30-400 pM) led 211

to longer unidirectional movements of individual Kif4A-GFP 212

molecules. For example, when just 60 pM of unlabeled Kif4A 213

was added, the average run length and lifetime of Kif4A in- 214

creased by a factor of ∼3 and ∼4, respectively (Fig. 2B, C, 215

E, F), along with a 2-fold reduction in the average velocity, 216

as determined by analysis of individual motile tracks from ky- 217

mographs (Fig. 2D, G; see Supplementary Methods). Tracks 218

that exhibited pausing (defined as non-movement for at least 219

2 s or 5 time frames) or terminated at end-tags were not in- 220

cluded in the quantitative analysis. These data suggest that 221

even at sub-nanomolar protein concentration where motors are 222

widely separated, the processivity and velocity of the motor are 223

sensitive to small changes in protein density on microtubules. 224

To avoid potential bias in measurement of motility param- 225

eters from kymographs, we next used an independent particle 226

tracking method to analyze the data (Supplementary Meth- 227

ods). Events with fluorescence intensity above a threshold 228

and those terminating at end-tags were excluded (Fig. S5). 229

Since some of the tracks showed a mixture of movement and 230

pausing, we separately classified and examined tracks that 231

move continuously and those that exhibit pauses (any event 232

greater than 3 time frames where the instantaneous velocity of 233

two points on the track is less than 5 nm/s). We find that the 234

events with pauses are a minor population and excluding them 235

does not alter the results (Figs. S6-S15). Furthermore, the 236
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Fig. 2. Single molecule analysis of Kif4A-GFP movement in the presence of Kif4A-unlabeled. A. Kymographs obtained from time-lapse image sequence acquired in
examining microtubule interaction of Kif4A-GFP (20 pM) in presence of 0, 30, 60, 100, 200 and 400 pM Kif4A-unlabeled. Kymographs are aligned so that the plus-ends of
microtubules appear on the right. B-D. Histograms of the run length (B), lifetime (C), and average velocity (D) obtained from time-lapse image sequence acquired in examining
microtubule interaction of Kif4A-GFP (20 pM) in presence of 0, 30, 60, 100, 200 and 400 pM Kif4A-unlabeled. The run length and lifetime histograms were fit to an exponential
function. The average velocity histogram was fit to a Gaussian distribution. E. Average run length versus Kif4A concentration, obtained from the exponential fits in (C): 0 pM
(972 nm, N=205), 30 pM (1296 nm, N=66) 60 pM (2430 nm, N=134), 100 pM (1620 nm, N=106), 200 pM (1944 nm, N=182) and 400 pM (2835 nm, N=78). F. Average lifetime
versus Kif4A concentration, obtained from the exponential fits in (D): 0 pM (1.8 s, N=205), 30 pM (2.1 s, N=66), 60 pM (7.2 s, N=134), 100 pM (4.9 s, N=106), 200 pM (8.3 s,
N=182) and 400 pM (17.9 s, N=78). G. Average velocity versus Kif4A concentration, obtained from the Gaussian fits (E): 0 pM (599 nm/s, N=205), 30 pM (707 nm/s, N=66), 60
pM (368 nm/s, N=134), 100 pM (306 nm/s, N=106), 200 pM (313 nm/s, N=182) and 400 pM (183 nm/s, N=78). The error bars represent the standard error of the mean.

average pause duration of motors does not significantly change237

with motor concentration (Fig. S16). We then performed a238

series of correlation analyses which confirm that the changes239

in velocity and lifetime do not arise due to events with long240

pauses or due to higher-intensity Kif4A-GFP molecules that241

may be aggregated (Fig. S17). The intensity distribution of242

Kif4A-GFP molecules remained approximately constant as243

Kif4A concentration was increased, consistent with the idea244

that large protein aggregates do not underlie the changes in245

Kif4A-GFP motility with increasing motor concentration (Fig.246

S18). Together, these experimental observations and analysis 247

point to a mechanism whereby Kif4A molecules can alter the 248

behavior of other distant Kif4A motors on a microtubule. 249

If the hypothesized long-range motor coupling is medi- 250

ated via the microtubule, it might also occur with change 251

in density of other kinesins besides Kif4A. To test this, we 252

measured the motility of single Kif4A-GFP molecules in the 253

presence of increasing concentration (30-400 pM) of unlabeled 254

D. melanogaster kinesin-1 dimers (amino acids 1-401; referred 255

to as K401). K401 is a minimal kinesin-1 dimer compris- 256
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Fig. 3. Single-molecule analysis of Kif4A-GFP movement in the presence of K401-unlabeled. A. Kymographs obtained from time-lapse image sequence of microtubules
with Kif4A-GFP (20 pM) in presence of 0, 30, 60, 100, 200, and 400 pM K401-unlabeled. Kymographs are aligned so that the plus-ends of microtubules appear on the right.
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and 400 pM K401-unlabeled. Run length and lifetime histograms were fit to an exponential function. The average velocity histogram was fit to a Gaussian distribution. E.
Average run length versus K401 concentration, obtained from the exponential fit in (B): 0 pM (810 nm, N=202), 30 pM (972 nm, N=228), 60 pM (1458 nm, N=140), 100 pM
(1620 nm, N=96), 200 pM (1296 nm, N=129) and 400 pM (2430 nm, N=51). F. Average lifetime versus K401 concentration, obtained from the exponential fit in (C): 0 pM (1.2 s,
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and 400 pM (233, N=51). The error bars represent the standard error of the mean.

ing the motor domain, neck linker and the first dimeriza-257

tion coiled-coil domain. When the total motor concentration258

was increased by adding unlabeled K401, single Kif4A-GFP259

molecules moved more processively and exhibited long uni-260

directional runs (Fig. 3). With 60 pM of unlabeled K401 in261

an assay with 20 pM Kif4A-GFP, the average run length and262

lifetime increased by a factor of ∼2 and ∼4, respectively, while263

the average velocity decreased. These results show Kif4A pro-264

cessivity and velocity are sensitive to the density of a motor of265

a different kinesin family. Because K401 lacks the C-terminal266

cargo binding domains typically responsible for protein-protein267

interactions in kinesins, these data support the idea that the 268

motor coupling interactions that impact Kif4A motility likely 269

do not arise from short-range protein-protein interactions. Fur- 270

ther supporting the idea that oligomerization is unlikely to 271

explain our results, significant intensity increase of Kif4A-GFP 272

molecule spots was not detected in these experiments, and 273

biochemical binding assays do not detect any interaction be- 274

tween Kif4A and K401 in solution (Fig. S19). Together, our 275

experimental results with varying Kif4A and K401 density 276

suggest that motility of single Kif4A motors is modulated by 277

coupling of motors widely separated along the microtubule. 278
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To facilitate measurement of single motors, the experiments279

above used Kif4A-GFP with mixtures of fluorescent and non-280

fluorescent proteins. Based on motor density in experiments281

performed at 20 pM Kif4A, we predict that individual motors282

are minimally separated by hundreds of nanometers (several283

camera pixels) in the picomolar motor concentration range.284

However, clustering or aggregation of unlabeled motors can-285

not be directly observed optically and could hypothetically286

affect our results. To test whether the increase in lifetime and287

reduction in velocity at low density might result from motor288

clustering, we performed two-color imaging in experiments289

where both populations of motors were fluorescently labeled290

(Fig. 4). We purified recombinant Kif4A-mCherry (all labeled)291

and dimeric K401-clip labeled with Alexa-647. Two indepen-292

dent K401 preparations resulted in labeling efficiencies of 15%293

monomer (15-28% dimer) and 58% monomer (58-82% dimer,294

see Methods). Photobleaching experiments and intensity anal-295

ysis are consistent with these fluorescent proteins being largely296

dimeric (Fig. S4B-D). Two-color experiments were performed297

with mixtures of Kif4A-GFP and Kif4A-mCherry or Kif4A-298

GFP and K401-clip-647. In order to measure co-localization,299

the experimental conditions were empirically optimized such300

that sufficient events of both fluorescent motors were observed.301

We note that quantitative differences in some aspects of mo-302

tor behavior such as motor processivity between Fig. 4 and303

Fig. 1 likely arise due to differences in protein concentration304

estimates and activity in different protein preparations.305

Visual and kymograph analysis of the experiments with306

Kif4A-GFP and Kif4A-mCherry show that both the Kif4A307

populations exhibit longer tracks of movement when the to-308

tal protein concentration is increased (Fig. 4A, C, F). These309

kymographs rarely show co-localization between the GFP310

and mCherry signal for significant time. In order to quantify311

this, we measured the fraction of events with co-localized, co-312

moving motors. First, for each Kif4A-GFP track we quantified313

whether Kif4A-mCherry fluorescence is present for any pixel314

along the track. Only ∼5%-percent of tracks show any level315

of fluorescence overlap between the two motor populations316

(Fig. 4G). Second, we applied a more stringent criterion, defin-317

ing a co-moving track as one where continuous co-localization318

of GFP and mCherry fluorescence is observed for at least 5319

timepoints. This analysis similarly finds that co-moving tracks320

are a small fraction of the total. (Fig. 4H).321

To look for evidence of transient Kif4A and K401 associa-322

tion, we performed similar two-color experiments with Kif4A-323

GFP and K401-clip-647. Consistent with previous results,324

45 pM of Kif4A-GFP exhibits short processive runs before325

dissociation (Fig. 4A). The addition of 1000 pM K401-clip-326

647 (15-28% labeled dimer) or 180 pM K401-clip-647 (58-82%327

labeled dimer) results in much longer runs by Kif4A-GFP328

(Fig. 4D-E). Importantly, changes in K401-clip-647 motility329

with concentration were not apparent (Fig. 4B, D-E). Visual330

and kymograph analysis shows independent tracks correspond-331

ing to GFP and Alexa-647 signals. Quantitative colocalization332

analysis shows that fewer than 10% of Kif4A-GFP have any333

signal from the clip-647 channel. (Fig. 4G).334

Together, these results suggest that protein clustering or335

collisions due to interactions while bound to the microtubule336

are rare, making it unlikely that the changes in motor activity337

described here arise from motor colocalization. In addition, we338

find that the motility of K401 does not change with increasing339
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Fig. 4. Single molecule analysis of Kif4A-GFP movement in the presence of
K401-clip-647 or Kif4A-mCherry. A-F. Kymographs obtained from time-lapse image
sequence acquired in examining microtubule interaction of (A) 45 pM Kif4A-GFP, scale
bar: x = 2 µm; y = 6 s, (B) 1000 pM K401-clip-647, scale bar: x = 5 µm; y = 11 s, (C)
300 pM Kif4A-mCherry, scale bar: x = 2 µm; y = 7 s, (D) 45 pM Kif4A-GFP + 1000
pM K401-clip-647 (dimer labeled-15-28%), scale bar: x = 3 µm; y = 10 s, (E) 45 pM
Kif4A-GFP + 180 pM K401-clip-647 (dimer labeled-58-82%), scale bar: x = 1.5 µm; y
= 10 s, and (F) 45 pM Kif4A-GFP + 300 pM Kif4A-mCherry, scale bar: x = 1 µm; y =
2 s. G,H. Two methods of quantitative analysis of the colocalization of the GFP with
either K401-clip-647 or Kif4A-mCherry from the two color experiments from D-F (see
Methods). The kymograph schematic and bar graph shows % co-localization of (G)
clip-647/mCherry pixels with GFP tracks (Kif4A-GFP + K401-clip-647 (dimer=15-28%
labeled): Mean: 6 ± 2%, n=11; Kif4A-GFP + K401-clip-647 (dimer=58-82% labeled):
7 ± 2%, n=32; Kif4A-GFP + Kif4A-mCherry: 5 ± 1%, n=50) and (H) clip-647/mCherry
tracks (greater than 5 pixels) with GFP tracks (Kif4A-GFP + K401-clip-647 (dimer=15-
28% labeled): Mean: 1 ± 1%, n=24; Kif4A-GFP + K401-clip-647 (dimer=58-82%
labeled): 3 ± 2%, n=20; Kif4A-GFP + Kif4A-mCherry: 5 ± 2%, n=51). The kymograph
overlay schematic shows GFP (green lines), clip-647/mCherry (red lines), and the
overlap between GFP and clip-647/mCherry (yellow lines). The measured events are
indicated by the black arrows. The error is the standard error of the mean.

concentration, while the motility of Kif4A does, consistent with 340

our other measurements (Fig. S20). Therefore, it appears that 341

Kif4A motors can be coupled even when they are separated by 342

distances orders of magnitude larger than the distance between 343

adjacent tubulin dimers in a microtubule. 344
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To understand possible effects of long-range coupling, we345

developed a biophysical model with varying hypotheses for346

motor interactions and compared to the low-density data347

(Fig. 5)(32). First, we confirmed that a model with only short-348

range (nearest-neighbor) interactions could not explain our349

data (Fig. 5A-D), even with the interaction strength increased350

up to 10 kBT (Fig. S21). We then considered what form of351

long-range interaction might explain the changes in motility we352

measured. Long-range coupling has been observed previously353

in kinesin-1, where enhanced binding was observed over 6 µm354

away from a single bound motor (25). This effect appeared355

additive, resulting in a cascade of motor binding once a suffi-356

cient number of motors bind. Based on this, we introduced357

a long-range potential between motors that is additive up to358

a maximum saturation energy (Supplementary Information)359

(32). The interaction alters motor binding and unbinding rates,360

which vary spatially as a Gaussian function. Our coupling 361

model therefore has four parameters: the Gaussian amplitude 362

and width, the saturation energy, and the strength of the 363

nearest-neighbor interaction. 364

We first considered a model motivated by prior work on 365

kinesin-1 (25), in which the long-range interaction increases 366

the binding rate and decreases the unbinding rate of other 367

motors (Fig. 5E-H). We note that this effect was included in 368

addition to short-range nearest-neighbor interaction discussed 369

above. After fitting, we found that the long-range interaction 370

allowed our model to qualitatively reproduce changes in motor 371

motility at low density (Fig. 5E-H). However, the best-fit 372

model did not show strong quantitative agreement with the 373

data, suggesting that long-range interactions that alter motor- 374

microtubule binding kinetics only partially explain our results. 375

Therefore, we considered whether additional mechanisms might 376
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Fig. 5. A model with long-range interactions that affect both motor binding and stepping best reproduces the experimental results. A. Schematic of nearest-neighbor
interaction. The red cloud shows the range of the interaction (1 site), and the length of arrows shows relative event probability. In the model, nearest-neighbor interactions
decrease the motor unbinding rate but do not affect binding. B-D. Motor run length, lifetime, and velocity versus motor concentration for simulation (blue) and experiment
(orange, red). The strength of the interaction is 2 kBT , but the simulation results are similar for interaction strength up to 10 kBT (Fig. S21). E. Schematic of long-range
binding interaction. The orange cloud represents the range of the interaction (not to scale; the range in simulation is∼1000 binding sites). This long-range interaction affects
motor binding and unbinding and is implemented in addition to the nearest-neighbor interaction. F-H. Motor run length, lifetime, and velocity versus motor concentration
for simulation (blue) and experiment (orange, red). I. Schematic of long-range stepping interaction. This long-range interaction acts to reduce overall motor velocity and is
implemented in addition to both the long-range binding and nearest-neighbor interactions. J-L. Motor run length, lifetime, and velocity versus motor concentration for simulation
(blue) and experiment (orange, red). M-O. Simulated kymographs with varying motor concentration and 20 pM visible motors for the model with with (M) nearest-neighbor
interactions only, (N) nearest-neighbor and long-range binding interactions, and (O) nearest-neighbor, long-range binding, and long-range stepping interactions. The plus-ends
of microtubules appear on the right. Horizontal and vertical scale bars are 2 µm and 10 s, respectively.
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improve the model.377

The data show that Kif4A speed slows by a factor of 2–3378

as motor density is increased. This is surprising given the379

relatively large separation between motors on the microtubule:380

in our experiments, dense traffic jams where steric effects could381

slow motor stepping appeared to be rare. This suggests the382

possibility that a long-range interaction between motors might383

alter motor mechanochemistry. To be consistent with our384

data, the long-range interaction would be predicted to slow385

motor stepping, which could occur by multiple mechanisms.386

We chose one plausible candidate: the long-range interaction387

might slow trailing head detachment such that the stepping388

velocity decreases (Supplementary Information) (32, 52). This389

extension of the model with best-fit parameters agrees well390

with our experimental data (Fig. 5I-L). We note that other391

mechanisms that slow motor stepping could lead to similar392

model predictions, so we can make no conclusions about the393

exact mechanism. However, the model results show that394

long-range coupling between motors that affects both binding395

kinetics and stepping can explain changes in Kif4A motility396

with density.397

Comparison of the low-density experimental results to our398

model suggests that a combination of nearest-neighbor and399

long-range interactions can explain the increase in Kif4A pro-400

cessivity and decrease in velocity as motor density increases on401

microtubules. We next asked whether these interactions are402

sufficient to explain the formation of end-tags on microtubules403

at high density. To test this, we increased the Kif4A concen-404

tration in the model while maintaining all other parameters405

determined by fitting the low-density data. Remarkably, the406

model predicts end-tags that quantitatively match those found407

experimentally (Fig. 6). In both experiments (Fig. 1B) and408

simulations (Fig. 6B) at high motor concentrations, we observe409

the density change at the end tag is abrupt and changes in410

density along the rest of the lattice are modest. Consistently,411

lifetime and velocity distributions of molecules near (but not412

within) and distant to the end-tag are similar (Fig. S22) Pre-413

dicted end-tag length increases both with microtubule length414

and motor concentration, as measured (Fig. 6A, B, D, E).415

Fitting of our model to the data estimated a long range of416

8 µm (1000 tubulin dimers). To examine whether a shorter-417

range model might also suffice, we repeated the fit with the418

interaction range fixed at lower values of 10 sites (80 nm)419

and 100 sites (800 nm, Fig. S23A,C). With a range of 10420

or 100 sites and a larger interaction strength, the model can421

partially replicate Kif4A motility changes with density. How-422

ever, in this version of the model the occupancy of motors423

on the microtubule becomes so high that motor processivity424

decreases. Consistent with this, when we study the 10- or425

100-site-range model at nanomolar motor concentration, mi-426

crotubules become completely saturated with bound motors.427

This prevents end-tag formation (Fig. S23E, G). If we remove428

nearest-neighbor interactions and repeat the fitting process,429

the model shows the same saturation behavior (Fig. S23F, H).430

These results suggest that a long-range (∼8 µm) interaction431

is required for the model to describe the experiments. Only in432

the long-range model did we obtain both experimentally ob-433

served motility changes at low density and end-tag formation434

at higher density.435

To further dissect which interactions in the model are most436

important for end-tag formation, we turned off parts of the437
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Fig. 6. The computational model with long-range cooperativity that fits low-
density experiments predicts length-dependent end-tags and Kif4A motility
changes with no free parameters. A, B. Simulated fluorescence images (A) and
fractional occupancy profiles (B) created from simulations using 10 µm microtubules
with varying Kif4A concentration. C. End-tag length versus microtubule length for
varying models in simulation (circles) and experiment from Ref. 24 (triangles). Blue
circles correspond to the final model that includes nearest-neighbor, long-range bind-
ing, and long-range stepping interactions. The other red, orange, and green circles
show results of the model with one interaction removed. D. Simulated end-tag length
versus microtubule length for varying Kif4A concentration. E. Simulated end-tag length
divided by microtubule length versus Kif4A concentration. For plots C-E, the data
points represent the average of different values from four independent simulations.
The error bars represent standard error of the mean.

model individually (Fig. 6C). Removing individual coopera- 438

tive interactions from the model (corresponding to turning 439

off nearest-neighbor interactions, long-range interactions that 440

affect binding, or long-range interactions that affect stepping) 441

decreases predicted end-tag formation. This suggests that the 442

combination of both long- and short-range motor coupling that 443

we identified in the low-density model together allow Kif4A 444

to form end-tags. In the model, the long-range interaction 445

helps increase processivity so that motors reach the end of the 446

microtubule and join the end-tag, while the nearest-neighbor 447

interaction slows unbinding to maintain motors in the end-tag. 448

Based on our model results, we propose that long-range 449

motor coupling between Kif4A molecules that increases pro- 450

cessivity and lowers velocity contributes to the formation of 451

dense end-tags on microtubules. The model predicts that near 452

and in the end-tag, the bound lifetime of Kif4A increases and 453

its speed drops. To examine whether these changes occur in 454

end-tags, we directly visualized processive movement of single 455

Kif4A molecules at high protein concentration by spiking in 456

Kif4A-GFP (1 nM) with Kif4A-Alexa647 (7 nM) while ob- 457

serving end-tag formation in real time (Fig. 7A). In these 458

8 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Wijeratne et al.

www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX


DRAFT
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Fig. 7. Illustration of effects of long-range motor coupling. A. Kymographs
obtained from time-lapse sequence acquired in spiking experiments of Kif4A-Clip-647
(7 nM) in presence of Kif4A-GFP (1 nM) on a single microtubule. B. Schematic shows
motors (blue) moving on microtubule (gray) with interaction regions (orange cloud,
not to scale). Length of arrows represents motor run length (not to scale). (Top left)
Non-interacting motors do not affect the run length or velocity of other motors. (Top
right) Long-range interactions mean that Kif4A changes the run-length and velocity of
widely separated motors on the same microtubule. Our theory suggests that this long-
range coupling affects not only binding kinetics, but also motor mechanochemistry.
(Lower left) Non-interacting motors do not change their motility or collective behavior
at higher density. (Lower right) Long-range coupling promotes the formation of Kif4A
end-tags at high density. The microtubule therefore responds dynamically to motor
binding and alters the behavior of other motors, allowing new forms of collective motor
behavior.

experiments, end-tag formation initiates at the microtubule459

plus-end and grows toward the minus-end until a steady-state460

end-tag length is established. Outside the end-tag, motors461

move processively with long plus-end-directed runs (&5 µm).462

Motor velocity in the untagged region of the microtubule463

was 110 nm/s, but upon encountering the high-density end-464

tag, Kif4A-GFP slowed to 25 nm/s. These results suggest465

that, consistent with our model predictions, end-tag formation466

occurs through an increase in Kif4A processivity at high con-467

centration along with a reduction in velocity and dissociation468

in the end-tags.469

Discussion470

Here we describe motor communication that spans microns471

without the usual physically linked assembly of motors. We472

discovered these interactions for Kif4A, a kinesin-4 motor473

known to cluster at microtubule ends, but the changes in474

Kif4A motility can also be induced by kinesin-1. Our findings475

suggest that long-range coupling of motors can impact both476

the binding and mechanochemistry of motor proteins at low477

density. This coupling can set up a positive feedback loop478

whereby motors adaptively increase their processivity, even at479

picomolar concentration where motors are typically far apart480

(&200 nm) compared to the motor size (∼10 nm).481

We propose that long-range coupling between motors ex-482

plains motor-density-dependent changes in processivity and483

velocity at picomolar motor concentration. Importantly, four484

alternate mechanisms could not fully explain the low-density485

motility changes. First, we considered whether an increase in486

Kif4A processivity could occur through transient clustering. 487

Kif4A clustering is unlikely at the low motor concentration 488

we used, where the motor is a dimer. In the single-molecule 489

experiments, motors are typically separated by at least a 490

few hundred nanometers (several camera pixels). If transient 491

protein-protein interactions occurred that lasted a shorter 492

time than our imaging timescale, such interactions would not 493

be directly visible in our experiments. However, if transient 494

interactions did occur, they would most likely occur between 495

the coiled-coil C-terminal tail domains of the motors. We 496

found that low-density changes in Kif4A motility were also 497

induced by K401, which lacks the C-terminus. This argues 498

against a clustering mechanism to explain our results. Fur- 499

ther, in multiwavelength imaging of fully labeled Kif4A and 500

K401, co-localization of the two proteins occurred rarely and 501

transiently. Together, these results suggest that clustering is 502

not the mechanism of motility changes at low density. 503

A second alternative mechanism is collisions between motors 504

that alter their motility, as has been observed previously (15, 505

16). The low motor concentration in our experiments means 506

that motors are typically widely separated, making collisions 507

rare. The two-color imaging did not reveal significant co- 508

localization, which verifies that the motors remain distantly 509

separated while bound to the microtubule. In addition to 510

these experimental observations, a computational model with 511

short-range (nearest-neighbor) interactions cannot explain 512

our low-density data. In the model, short-range interactions 513

alone are insufficient because the widely separated motors are 514

rarely close enough together for collisions or nearest-neighbor 515

interactions to alter their behavior (Movie S1). At high density, 516

motors in our model do indeed collide and this slows their 517

movement, but the long-range interaction occurs separately 518

from this. Therefore, direct steric interactions between motors 519

appear inadequate to explain our results. 520

A third alternative explanation could be the formation 521

of defects on microtubules by the motors that alter motor 522

stepping, consistent with recent work (29). Because our exper- 523

iments do not contain free tubulin dimers, any motor-induced 524

defects in the microtubule lattice would accumulate over time. 525

Therefore if this mechanism were dominant, we would predict 526

time-dependent changes in Kif4A motility as defects increase. 527

For example, one possibility is that motor processivity would 528

decrease and pausing would increase over time. In contrast to 529

this prediction, we measured consistent Kif4A behavior over 530

time. Therefore, while kinesin-induced defect formation could 531

occur in our experiments, this mechanism appears unlikely to 532

fully explain the findings reported here. 533

A fourth alternative mechanism is one where kinesin- 534

microtubule interactions result in localized conformational 535

changes in the microtubule lattice, such that motors that sub- 536

sequently move through the region of altered conformation 537

have altered stepping. This “walking-through-fire” mechanism 538

may be considered a generalization of the idea of defects to in- 539

clude non-permanent changes to the microtubule. Since Kif4A 540

motors can move ∼500 nm/s, over 10 s a motor can move 5 541

µm, which is a sufficient distance that it could interact with a 542

localized temporary deformation induced by another motor. 543

Therefore, this mechanism could in principle lead to changes 544

in motility of Kif4A. This mechanism would require long-time 545

motility changes of a motor that encounters the “fire pit”. 546

This would result in abrupt changes in motility that would 547
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be visible in the kymographs, in contrast to our observations.548

Further, a single bound motor can alter binding of kinesin-1, as549

shown previously (25). The walking-through-fire mechanism550

would not be predicted to affect binding of motors distant551

from the localized conformational change. Additionally, Muto552

et al. observed altered binding ahead of the motor (toward the553

microtubule plus-end)(25), which means that a walking motor554

would not encounter the localized region of conformational555

change. Therefore, the walking-through-fire mechanism does556

not appear sufficient to explain both our work and previous557

work(25).558

Because these alternative mechanisms appear insufficient to559

explain our results, we favor the interpretation that long-range560

interactions between motors occur. Our minimal experimental561

system has only two protein components: motors and micro-562

tubules. Since we were unable to find definitive evidence of563

direct motor-motor interactions, changes in the microtubule564

appear to be the most plausible mechanism to couple distantly565

separated motors. While our results do not address the struc-566

tural basis of such a long-range coupling, a natural candidate567

is motor-induced changes to the microtubule lattice (26, 27),568

which have previously been shown to induce interactions be-569

tween motors at low density which are separated by microns570

(25, 26). In our simulations, the long-range interaction be-571

tween motors can explain both low-density motility changes572

and end-tag formation at higher density. Crucially, our com-573

putational model assumes that the motor interactions—and574

by implication, any changes to the microtubule structure—575

occur rapidly upon motor binding, and reverse rapidly after576

motor unbinding. This is consistent with previous work that577

found microtubule lattice changes induced by saturating mo-578

tor binding are reversible on timescales of seconds to minutes579

(26, 27). Together, these results suggest that transient, re-580

versible changes to the microtubule lattice can couple motors581

over microns. These results expand the way we think about mi-582

crotubules as a medium for allosteric coupling between motor583

proteins.584

Previous work on long-range interactions between kinesin-585

1 motors proposed that the coupling affects motor binding586

kinetics (25, 26). In our work, the changes to motor velocity587

with density (at low overall motor concentration) cannot be588

fully explained by an interaction that affects only the binding589

kinetics of the motor-microtubule interaction. Therefore, our590

model results suggest that the long-range cooperativity directly591

affects motor mechanochemistry.592

Our results further differ from previous data on kinesin-1593

because the changes occur for low motor concentration for594

Kif4A (tens of picomolar) versus microtubule lattice changes595

induced by kinesin-1 (tens of nanomolar) (25, 26). Two-color596

experiments with Kif4A and kinesin-1 show change in the597

the run length, lifetime and velocity of Kif4A with increasing598

motor concentration, while motility of kinesin-1 did not ap-599

pear to change significantly (Fig. 4). As a result, long-range600

motor coupling can drive end-tag formation for Kif4A but not601

kinesin-1. Our findings therefore suggest that long-range mo-602

tor coupling can diversify the possible outcomes of collective603

motor activity on microtubules, depending on the properties604

of individual proteins (Fig. 7B).605

Previous work has proposed that conformational changes in606

tubulin heterodimers mediated by the binding of microtubule-607

associated proteins can act as an allosteric coupler within the608

microtubule lattice (30, 31). Our findings broaden the scenario 609

in which these effects are relevant by suggesting, as in previous 610

work(25), that the molecular and structural alterations mediat- 611

ing microtubule allosteric coupling do not require a saturated 612

microtubule lattice. Consistent with this, our model is able 613

to explain the experimental results while assuming that any 614

changes to the microtubule are rapidly reversible on the time 615

scale of seconds. This, together with previous work, (26, 27) 616

suggests that long-distance coupling can be achieved without 617

requiring long-term alteration of the microtubule lattice. In 618

contrast, mechanisms such as tubulin isoform diversity, post- 619

translational modification, and protofilament register shifts 620

are long-lived or irreversible structural/biochemical changes to 621

the microtubule. Transient motor-autonomous long-distance 622

coupling might confer a unique advantage, as microtubules 623

can quickly respond to changes in protein concentration to 624

regulate kinesin motility. 625

The long-range coupling we describe has significant impli- 626

cations for motor-based cellular processes because only a small 627

number of motors need to bind on a microtubule to trigger 628

a cascade(25) (Movie S2). For example, in the context of 629

intracellular transport, long-range coupling could facilitate 630

changes in velocity, motor force-velocity relation, or the out- 631

come of tug-of-war between opposing motors, on a specific 632

subset of cellular microtubules. Beyond coupling between 633

motors, the long-range effects may also impact microtubule 634

ends to control dynamic instability. For example, increased 635

Kif4A processivity can increase the protein concentration at 636

microtubule ends, which could then alter the polymerization 637

of dynamic microtubules (23). Thus low-density, long-distance 638

interactions may allow motors to self-organize without phys- 639

ical short-range coupling, oligomerization, binding partners, 640

or tubulin post-translational modifications. This kind of cou- 641

pling can make kinesin motors more adaptable, allowing them 642

to perform different functions depending on the surrounding 643

environment and local motor concentration in cells. 644

Our results add to the growing body of work suggesting a 645

new view in which the microtubule is not a passive highway 646

on which motors move, but instead a responsive medium 647

that couples motors moving along it. Motors moving along 648

microtubules may therefore be analogous to other physical 649

systems in which new forms of collective behavior occur due to 650

coupling through a medium, such as Cooper-paired electrons 651

in a superconductor (56), diffusion of atoms of the surface of 652

a crystal(57), liquid-liquid phase separation in an elastic gel 653

(58, 59), and interactions of active particles through a granular 654

medium (60). 655

Materials and Methods 656

In vitro fluorescence microscopy experiments were performed as 657

described previously(24). To visualize the accumulation of Kif4A 658

on microtubules, rhodamine-labeled biotinylated microtubules were 659

immobilized in a flow chamber coated with neutravidin (0.2 mg/ml). 660

Next, Kif4A-GFP and and 1 mM ATP were flushed into the flow 661

chamber in assay buffer (BRB80 buffer supplemented with 1 mM 662

TCEP, 0.2 mg/ml k-casein, 20 µM taxol, 40 mg/ml glucose oxidase, 663

35 mg/ml glucose catalase, 0.5% β-mercaptoethanol, 5% sucrose and 664

1 mM ATP). The flow cell was incubated for 10 min before imaging 665

of the microtubule and motors. To visualize single molecules, Kif4A- 666

GFP and 1 mM ATP were flowed into the chamber in chamber in an 667

assay buffer and a time-lapse sequence of images was immediately 668
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acquired at a rate of 0.3 frames/s. Experiments with unlabeled669

K401, Kif4A-mCherry,and K401-clip-647 were also performed using670

the same method. All experiments were performed on Nikon Ti-671

E inverted microscope with a Ti-ND6-PFS perfect focus system672

equipped with an APO TIRF 100x oil/1.49 DIC objective (Nikon).673
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