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Abstract Although the velocity of single kinesin motors

against an opposing force F of 0–10 pN is well known, the

behavior of multiple kinesin motors working to overcome a

larger load is still poorly understood. We have carried out

gliding assays in which 3–7 Drosophila kinesin-1 motors

moved a microtubule at 200–700 lm/s against a 0–31 pN

load at saturating [ATP]. The load F was generated by

applying a spatially uniform magnetic field gradient to a

superparamagnetic bead attached to the (?) end of the

microtubule. When F was scaled by the average number of

motors hni, the force–velocity relationship for multiple

motors was similar to the force–velocity relationship for a

single motor, supporting a minimal load-sharing model.

The velocity distribution at low load has a single mode

consistent with rapid fluctuations of n. However, against a

load of 2.5–4.7 pN/motor, additional modes appeared at

lower velocity. These observations support the Klumpp–

Lipowsky model of multimotor transport [Proc Natl Acad

Sci USA 102. 17284–17289 (2005)].
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Abbreviations

SEM Standard error of the mean

BRB80 Brinkley reconstitution buffer

Introduction

Kinesin-1 is a processive dimeric motor protein which

moves along microtubules at average velocity of

600–800 nm/s (Visscher et al. 1999). It consists of two

identical heavy chains, each containing 960–1,030 amino

acids (Hirokawa et al. 2009). Motors move along the

microtubule in a series of 8-nm ‘‘hand-over-hand’’ steps,

hydrolyzing one adenosine triphosphate (ATP) per step

(Coy et al. 1999; Nan et al. 2008; Watanabe and Higuchi

2007; Yildiz et al. 2004).

The velocity for a single kinesin has been measured

against an opposing force generated by an optical trap, a

glass needle, and viscous drag (Hunt et al. 1994; Meyhöfer

and Howard 1995; Visscher et al. 1999). The average

velocity decreases as the opposing force increases until the

motor stalls against a force of 5–7 pN (Coppin et al. 1997;

Kojima et al. 1997; Visscher et al. 1999). The shape of the

force–velocity curve is usefully described by the three-

parameter relationship (Kunwar and Mogilner 2010),

v ¼ v0 1� F=Fs

h iw� �
; ð1Þ

where the zero-force velocity v0 & 650–800 nm/s and the

stall force Fs = 4–8 pN (Howard 2001). The parameter

w is called the curvature index. When w = 1, Eq. 1 is

linear. For w \ 1, d2v/dF2 [ 0 and all values of v lie below

the straight line. For w [ 1, d2v/dF2 \ 0 and all values of

v lie above the straight line. If we fit Eq. 1 to published

data for kinesin-1 from bovine brain (Hunt et al. 1994) and

squid (Visscher et al. 1999), we find that w equals 1 and

2.5, respectively.

In contrast to the situation for single motors, the

collective dynamics of two or more kinesin motors

pulling a microtubule, bead, vesicle or other cargo is
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poorly understood. In microtubule gliding assays, the

velocity of the cargo is independent of the surface

density of motors if the surface density is less than

*5,000 lm-2 and the opposing force is less than 0.1 pN

(Gibbons et al. 2001; Howard et al. 1989). However, if

the surface density exceeds 5,000 lm-2, the velocity in

the absence of load decreases with increasing number of

motors, presumably due to interference by crowding

(Bieling et al. 2008).

Cargo transported by multiple motors travels further

along a microtubule before falling off than cargo pulled by

a single motor (Block et al. 1990; Howard et al. 1989).

Also, the stall force for two motors is approximately twice

the stall force of a single motor (Vershinin et al. 2007;

Welte et al. 1998). These observations invite the question

of how the velocity of a cargo pulled by multiple motors

changes in response to opposing forces greater than 0.1 pN

but less than the stall force.

In vivo studies of vesicle transport in cells conflict on

whether similar motors pulling a single cargo cooperate or

interfere. On the one hand, kinesin-driven lipid droplets in

Drosophila show a decrease in velocity when the motor

number increases from one to two (Shubeita et al. 2008).

On the other hand, measurements of the distribution of

velocities for vesicles of different sizes in NT2 cells sug-

gest that small numbers of motors cooperate constructively

(Shtridelman et al. 2009). Gliding assays through a visco-

elastic medium show a similar result: increasing the num-

ber of kinesin motors increases the velocity in a manner

one would expect if the opposing force is shared between

motors (Gagliano et al. 2010).

A central experimental problem in determining reliable

force–velocity curves for a cargo driven by multiple motors

is establishing how many motors are pulling a given load.

To address this difficulty, Jamison et al. (2010) synthesized

constructs in which two truncated kinesin motors are linked

at their tail ends to opposite ends of a 50-nm DNA duplex.

Without an opposing load the average velocity of the two-

kinesin construct is the same as the construct with only one

motor, but run lengths for two-motor constructs are shorter

than would be expected for two independently binding and

unbinding motors, suggesting that, at 50 nm separation, the

motors in this construct interfere with each other. Against a

small force, constructs with two motors tend to transport

their cargo using one load-bearing motor at a time. Only

for large forces are both motors engaged.

Despite the sparsity of experimental data for multiple-

motor effects, several models of multiple-motor dynamics

have been published. A dynamical multimotor model of the

microtubule gliding assay in buffer (Gibbons et al. 2001)

gives a velocity that is independent of the number of

motors, in agreement with experiment in buffer (Howard

et al. 1989). This independence occurs because the drag

force on the moving microtubule in buffer is less than

0.1 pN, which is small compared with the force required to

appreciably slow even a single motor.

The bead transport model of Klumpp and Lipowsky

(2005) provides a helpful framework for understanding

possible multiple-motor interactions in bead or vesicle

assays in the presence of significant load. The model

assumes that all bound motors share the load equally, but

that the number of active motors fluctuates on a timescale

of seconds as motors bind and unbind from the microtu-

bule. This model predicts a nonlinear force–velocity curve

with w [ 1 when multiple motors pull a bead against sig-

nificant force.

A stochastic computer simulation by Korn et al. (2009)

extends the Klumpp–Lipowsky model by allowing unequal

sharing of the load and by considering hydrodynamic

interactions between the moving bead and the stationary

surface. This model predicts that bead velocity increases

with the number of motors in the presence of significant

viscous drag on the bead. This agrees well with our recent

measurements on gliding microtubules in a viscous med-

ium (Gagliano et al. 2010).

In this report, we apply a calibrated magnetic force to

superparamagnetic beads attached by a biotin–streptavidin

linkage to the (?) end of microtubules in a gliding assay.

The average number of active motors is 3–7, and the

magnetic force is 4–31 pN. Thus, the largest force is about

five times the stall force of a single motor. We find that a

microtubule with multiple motors continues to glide in the

presence of opposing magnetic force, but at a lesser aver-

age velocity. The average number of motors propelling the

microtubule is evaluated from its length and the average

distance between motors, determined experimentally

(Fallesen et al. 2011).

Materials and methods

Kinesin

Full-length Drosophila kinesin-1 was prepared by Esche-

richia coli transformed with plasmid pPK113 and purified

by Ni–NTA chromatography as described by Coy et al.

(1999). This plasmid encodes a 987-aa chain, including the

6xhis tag [http://www.ncbi.nlm.nih.gov/protein/AAD13

351.1]. Using A280 with e280 = 42,915 M-1cm-1, the

concentration of the purified kinesin dimer was determined

to be 94 lg/mL. Sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS–PAGE) of the purified protein

showed a single band at 115 ± 5 kDa, the molecular

weight of kinesin-1 monomer. After purification, the

kinesin was snap-frozen in liquid nitrogen and stored at

-80�C.
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Microtubules

Microtubules were prepared in two steps. First, rhodamine-

labeled and unlabeled bovine tubulins (Cytoskeleton,

Denver, CO) were copolymerized at ratio of 1:6 by

warming to 37�C for 45 min in BRB80 [80 mM pipera-

zine-N,N0-bis(2-ethanesulfonic acid) (PIPES) buffer, 1 mM

ethylene glycol tetraacetic acid (EGTA), 1 mM MgCl2, pH

6.9] supplemented with 1 mM guanosine triphosphate

(GTP) and 1 mM dithiothreitol. The resultant fluorescent

microtubules were then sheared once through the 26-gauge

needle of a 50-lL glass syringe to create shorter microtu-

bules. Biotin-labeled bovine tubulin (Cytoskeleton) was

added to the sheared microtubules and heated at 37�C in

the presence of GTP for an additional 15 min. The biotin-

labeled tubulin polymerized predominantly at the (?) ends

of the microtubules. This resulted in the addition of short

biotin-labeled tails to the fluorescent microtubules. Small

amounts of unpolymerized fluorescent tubulin remained in

solution from the first step, causing dim fluorescence of the

biotin-labeled tails.

Gliding assays with retarding force parallel

to microtubule axis

Upside-down gliding assays (Fig. 1) were done in rectan-

gular glass capillary tubes, 0.05 mm high 9 0.5 mm

wide 9 25 mm long, with interior volume 0.625 lL (Vit-

rocom, Mountain Lakes, NJ). BRB80 augmented with

0.5 mg/mL casein (Fisher, Atlanta GA) was flowed into the

capillary tube and allowed to adsorb for 5 min.

Next, a solution of BRB80 supplemented with 0.2 mg/

mL casein, 1 mM Mg-ATP, and 1.5–8.4 lg/mL kinesin

was flowed into the tube. Following adsorption of the

kinesin molecules to the casein-coated surfaces of the tube

(Vale et al. 1992), a solution containing BRB80, 1 mM Mg-

ATP, 30 lM taxol, 5 mM MgCl2, microtubules, antifade

(40 mM D-glucose, 0.02 mg/mL catalase, 0.04 mg/mL

glucose oxidase, 60 mM b-mercaptoethanol), and 0.0375%

streptavidin-coated, 2.8-lm-diameter polystyrene super-

paramagnetic beads (M270; Dynal/Invitrogen, Carlsbad,

CA) was flowed into the capillary. Most of the beads

became attached to the biotin-labeled tails of microtubules.

The ends of the capillary were sealed with biologically inert

grease (Mobil FM102; Exxon-Mobil, Houston, TX). The

capillary tube was placed into the gap between the pole

pieces of an electromagnet in a Nikon Eclipse 6000FN

microscope. The pole pieces of the electromagnet were

shaped to provide a uniform magnetic force on the beads

over a 6 mm length of the capillary tube. The electromagnet

took the place of the standard microscope stage, and was

used to apply a 4–16 pN force to individual beads (Fallesen

et al. 2010). Unbound beads quickly left the region of

interest with the application of a magnetic force. Images of

the microtubules and beads were generated by a 609 water

immersion objective and a rhodamine fluorescence cube.

Images were digitized by a cooled charge-coupled device

(CCD) camera (4742-95-12ER; Hamamatsu, Japan). The

average length of microtubules was determined by using

ImageJ software (http://rsbweb.nih.gov/ij/).

To prevent detachment of the magnetic bead from the

microtubule by a high force loading rate when the magnet

was turned on to a desired current I*, the current was

increased in 10 smaller steps of I*/10 over 120 ms. This

kept the loading rate at 300 pN/s or less. At this loading

rate, beads did not detach from the microtubules. This was

expected, since the threshold for biotin–streptavidin bond

rupture is [50 pN at this loading rate (Pincet and Husson

2005), whereas the maximum force exerted on a bead was

16 pN. Gradual application of current also reduced elec-

trical and mechanical transients in the magnet.

The current was switched from 0 to I* or I* to 0 every

45 frames, or 5.42 s with one frame used for gradual turn-

on and one frame used for turn-off. The same value of I*

was applied one, two or three times per experimental ses-

sion, with two, three or four control segments (I = 0) in

between. Figure 2 shows an experiment with one experi-

mental session (I* = 4 A) and two flanking control ses-

sions (I = 0 A).

Determination of the distance between motors attached

to a gliding microtubule

The average distance between kinesins was determined in

experiments described elsewhere (Fallesen et al. 2011). For

those experiments, microtubules were labeled with M270

beads, as described above. Kinesin gliding assays were

carried out while a 4–19 pN transverse magnetic force was

applied to the bead. This transverse force caused the

kinesin

Gliding direction

Fig. 1 Schematic of the gliding assay (color). Kinesin molecules

were attached to the surface by their tails. The heads of the kinesins

walked towards the (?) end of the microtubule, applying force FK to

the microtubule. As a result of this force, the (-) end of the

microtubule moved in the ‘‘Gliding direction’’ shown at the top of the

figure. An M270 magnetic bead (blue) is shown attached to the (?)

end of the microtubule. When a magnetic field and field gradient were

turned on, the bead applied force FB to the microtubule. The direction

of this force was opposite to the direction of FK
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normally stiff microtubule to bend sharply by approxi-

mately 90� at the nearest motor attaching the microtubule

to the surface, as shown diagrammatically in Fig. 3.

Meanwhile, the remainder of the microtubule continued to

glide in its original direction. After 0.5–2 s, while the

magnet continued to apply a transverse force to the bead,

the trailing end of the microtubule suddenly detached from

M1. The second attachment point, labeled M2 in Fig. 3,

then revealed itself. The distance between M1 and M2 is

called d. The average value of d was determined for the

same kinesin concentrations used in the current study. The

measured values of hdi were between 1.7 and 4.0 lm for

our kinesin concentrations. Microtubules were prepared for

the current study in the same way as for the determination

of hdi, and the two studies were carried out concurrently,

so the length distributions are expected to be similar.

Image processing and data analysis

The motion of the tip of a kinesin-driven microtubule from

one frame to the next was determined by digital video

processing. We used a normalized cross-correlation algo-

rithm (Forstner 1994, Matrox Odyssey Native Language or

Matrox MIL 8.0 software) to localize microtubules with

subpixel precision. Localization was enhanced by the use

of speckled microtubules (Chisena et al. 2007). The

velocity of the leading end of the microtubule was inde-

pendent of the orientation of the microtubule with respect

to the direction of the magnetic force. In the event of an

opposing force, the tip velocity changes regardless of the

direction of travel, as the microtubule acts as a ‘‘rope’’

being pulled opposite to the kinesin driving force by the

constant opposing magnetic force. Gliding microtubules

were selected for analysis based on length and the gliding

angle relative to the direction of force. Only microtubules

gliding within ±15� of antiparallel to the opposing force

were used for analysis (Fig. 4). For these microtubules, the

component of the force parallel to the microtubule axis was

between 97% and 100% of the applied force.

The tracking program produced sets of data {x,y,t}

giving the position (x,y) of the microtubule on the kinesin-

coated surface of the capillary tube at each time t during a

Fig. 2 Top time sequence of the magnet current in an experiment.

Bottom position of the two microtubules as a function of time in

response to the current protocol in the top graph. Filled diamonds
short microtubule (L = 5.5 lm). The magnetic force (11.9 pN) was

sufficient to bring the microtubule to a halt. Upon removal of the

magnetic force, the microtubule resumed its prior motion. Open
square long microtubule (L = 10.9 lm). The magnetic force (11.9

pN) slowed the microtubule down, but did not stop it
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Magnetic Force Turns On

Magnetic Force Is Off

Fig. 3 Diagram of our method for determining the distance between

motors (Fallesen et al. 2011). Black filled circle magnetic bead, red
filled square kinesin molecule, solid blue line microtubule. The same

microtubule is shown at six different times, starting at the top and

displaced downward with time for clarity. It is attached to the surface

by three motors, designated M1, M2, and M3. The magnetic field is off

for the first three time points, so the motors propel to the right both the

microtubule leading end and the bead at the trailing (?) end. The

transverse magnetic field is then turned on at timepoint 4, causing the

bead to move down and revealing the location of M1 by a sharp bend

in the microtubule. At timepoint 5, the motors continue to push the

microtubule leading end to the right while the bead is pulled upward.

At the last timepoint shown, the microtubule unbinds from M1 and the

bead moves downward until arrested by the next attachment point,

M2. The location of M2 is revealed by the sharp bend in the

microtubule at a new location on the glass surface
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‘‘current on’’ or ‘‘current off’’ experimental session

(Fig. 2). Each session lasted 45 frames (5.4 s).

The velocity v(t) of the microtubule along its path was

determined from {x,y,t} as follows. First, the {x,y,t} data

were transformed into a new data set {x00,y00,t} in which x00

was parallel to the path of the microtubule and y00 was

perpendicular to that path [see Appendix for details]. A

plot of y00 against t was dominated by high-frequency

changes with average value of zero. We assumed y00 to be

noise and ignored its contribution to v. A plot of x00 against

t showed the translation of the microtubule along its path.

Although this plot also had high-frequency noise, its rela-

tive value was small compared with the overall translation.

The velocity v(t) could be computed numerically as
x00ðtþMtÞ�x00ðtÞ

Mt ; however, with Dt = 1 frame, this produced a

noisy plot of v against t. Inspection of a plot of x00 against t

suggested that v was often constant for 5–15 frames, then

switched to a new constant velocity, etc. This suggested

that smoothing the x00 versus t plot by increasing Dt would

smooth away useful information. To determine the times at

which v changed and the value of the velocity while it was

constant, we carried out a global fit of one to seven linked

straight lines to the 45 data points in each {x00,t} dataset,

using the MATLAB function fmincon (Hill et al. 2004).

For Nseg segments, there were 2Nseg parameters to fit: Nseg

slopes, Nseg - 1 values of time where switches occurred,

and one constant to fix the starting point. To decide whe-

ther one, two, three, up to seven segments best fitted the

data, the reduced v2 value was calculated for each of the

seven cases. The fit with the lowest reduced v2 value was

taken as the best fit. Events for which the lowest v2

exceeded 6 were excluded from further analysis (Beving-

ton 1969). This removed about 7% of the data. Rare seg-

ments with velocities higher than 1,500 nm/s were also

excluded. Further details on the experiments and methods

of data analysis can be found in the dissertation of Fallesen

(2010).

Results

Average velocity

The average velocity hvi of microtubules for different

values of magnetic force was defined as the weighted

average of the segment velocities vh i ¼
P

i wivi=
P

i wi,

where wi is the number of frames in segment i. Values of

hvi for microtubules with attached bead are given in

Table 1 for opposing magnetic force FB ranging from 0 to

31 pN. When the magnetic force was zero, the average

velocity was 600–675 nm/s, typical of ‘‘no-load’’ motility

assays for multiple kinesin-1 motors. However, when the

opposing magnetic force increased to 31 pN, the average

velocity decreased substantially, to 220 nm/s. The data in

Table 1 were acquired with three different kinesin con-

centrations and with microtubules of various lengths, so the

number of motors pulling a microtubule was not the same

for all rows in Table 1.

Average velocity scaled by the number of motors

To account for the expected effect of microtubule length

and kinesin concentration on the velocity, we scaled the

opposing force FB by the average number of motors, hni at

that current. To obtain hni we assumed that n was directly

proportional to the microtubule length L for given kinesin

concentration. To account for the effects of kinesin con-

centration, we used the results of a new method for

determining the average distance hdi between the motors

attached to a microtubule (Fallesen et al. 2011). The values

of hdi, which account for the effects of differing kinesin

concentrations used in this paper, are given in Table 1.

They varied between 1.7 and 4.0 lm. Knowing hLi and

hdi, hni was determined from the relation

nh i ¼ Lh i= dh i: ð2Þ

The resultant values of hni were between 2.6 and 6.9

motors per microtubule for the kinesin concentrations and

microtubule lengths used in this work. Finally, knowing

Fig. 4 Kinesin-driven microtubule moving against an opposing

magnetic force FB. The black sphere in the center is the M270

superparamagnetic bead. The straight line above the bead is the

fluorescently labeled section of the microtubule. The bead is

connected to the microtubule by a biotin-labeled section of the

microtubule, which cannot be seen in this image but is obvious in the

video sequence, which shows the bead and the fluorescent section of

the microtubule moving at the same speed. The microtubule is

moving toward the top of the figure. Scale bar 5 lm
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hni, we computed F/hni, the magnetic force per motor. The

values of hdi, hLi, hni, and F/hni are given in Table 1.

A plot of average velocity against F/hni is shown in

Fig. 5.

The uncertainties in F/hni were calculated by standard

propagation of error methods from the uncertainties in F,

hdi, and hLi. The error in F arose from variations in bead

size and calibration of the magnet. The uncertainties in hdi
are SEM of experiments; the number of experiments is

given in Table 1, column for hdi (Fallesen et al. 2011). The

uncertainty in microtubule length was estimated to be

0.25 lm, approximately two pixels.

Velocity distributions

The distributions of microtubule velocity for various values

of the magnetic force FB per motor were determined by

kernel density smoothing (Silverman 1986) of the mea-

sured velocities. Gaussian kernels with width in the range

0.035–0.115 lm/s were tested. From visual inspection, a

kernel width of 0.060 lm/s gave the best smoothing for the

whole data set. The results are shown in Fig. 6.

The velocity distributions have at least two modes. For

F= nh i ¼ 0 pN, the major mode was centered at 650 nm.

As F/hni increased, this peak decreased in amplitude and

shifted to smaller values of v. A second mode centered at

Table 1 Magnetic force, average velocity, and number of motors

FB (pN) nexp [KHC] (lg/mL) hvi (nm/s) hdi (lm) hLi (lm) hni FB/hni (pN)

0 72 600–675 0

4 6 1.5 630 4.0 ± 0.5

(N = 30)

26.0 6.6 0.61

5.9 10 8.3 590 1.7 ± 0.2

(N = 20)

11.5 6.9 0.85

9.1 10 3.9 340 2.4 ± 0.1

(N = 154)

6.3 2.6 3.50

11.9 17 3.9 440 2.4 ± 0.1

(N = 154)

7.7 3.2 3.75

15.7 20 8.3 470 1.7 ± 0.2

(N = 20)

10.2 6.1 2.55

31.4 9 3.9 220 2.4 ± 0.1

(N = 154)

15.6 6.5 4.70

Columns: FB, magnetic force; nexp, number of experiments; [KHC], injected concentration of kinesin; hvi, average velocity; hdi, average distance

between kinesins with number of measurements, N, in parentheses (Fallesen et al. 2011); hLi, average length of microtubules; hni, average

number of motors attached to the microtubules; FB/hni, magnetic force per motor
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Fig. 5 The average velocity hvi of gliding microtubules as a function

of magnetic force FB scaled by the average number of motors. The

line is a least-squares fit of Eq. 1 to the data. The best-fit parameters

were v0 = 610 ± 50 nm/s, Fs = 6.1 ± 0.7 pN, and curvature index

w = 1.8 ± 0.4. Uncertainties in velocity are SEM of measured

values. Uncertainties in F/hni are discussed in the text
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Fig. 6 Velocity distributions for values of F/hni between 0 and

4.7 pN/motor. The distributions were obtained by kernel density

smoothing, using a Gaussian kernel of width 0.060 lm/s
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v = 0 nm/s was visible in almost all of the velocity dis-

tributions and grew in amplitude as F/hni increased. At F/

hni = 4.7 pN/motor, the mode at v = 0 was the dominant

mode. Several other modes appeared between 0 and

650 nm/s as F/hni increased, but these were poorly

resolved.

Discussion

In this work, we applied a force of 4–31 pN to a micro-

tubule during a gliding assay for full-length Drosophila

kinesin motors. The force was created by attaching a 2.8-

lm superparamagnetic bead to the trailing end of the

microtubule, then placing the bead in a specially built

electromagnet with a spatially uniform field gradient

(Fallesen et al. 2010). The available force range extended

to 31 pN, well beyond the 5–7 pN stall force for a single

motor.

Attachment of a magnetic bead to the (?) end of the

microtubule was accomplished with a biotin–streptavidin

linkage. Microtubules with biotin-labeled (?) ends were

prepared by taking advantage of the difference in poly-

merization rates at the two ends, and commercially avail-

able streptavidin-coated magnetic beads with small size

variance. We used the same method previously to attach

nonmagnetic beads to the (?) ends of microtubules (Ga-

gliano et al. 2010).

When our movies of the microtubule gliding motion

were analyzed by an image-processing program, it became

clear that the microtubules did not move at constant

velocity or at a constantly changing velocity even though

the applied force was constant. Rather, the velocity was

constant for 1–3 s, and then changed abruptly to a new

constant velocity for a few seconds, etc. as the microtubule

glided over the surface.

To understand these velocities within the framework of

the known properties of single motors, we plotted the

average velocity against the opposing force scaled by the

average number of motors hni. We evaluated hni from

the average microtubule length hLi and the average dis-

tance hdi between motors. The value of hni in our assays

was 2–7. Knowing hni, we scaled the applied force by hni.
The plot of v against F/hni, given in Fig. 5, fitted the

equation v ¼ v0 1� F= nh i
Fs

� �wh i
with v0 = 610 ± 50 nm/s,

Fs = 6.1 ± 0.7 pN, and w = 1.8 ± 0.4. Data for single

squid kinesin motors at saturating [ATP] (Visscher et al.

1999) fit the same equation with v0 = 800 ± 50 nm/s,

Fs = 7.0 ± 0.3 pN, and w = 2.5 ± 0.4. The similarity of

the parameters suggests that multiple motors act indepen-

dently and share the load in gliding assays under our

conditions.

The determination of hni is critical to our results. Our

method works well at low kinesin concentrations, for

which d is a few microns. However, our method is

destructive to the sample, requires specialized apparatus,

and is likely to be difficult to apply at higher kinesin

concentrations, because d will then be too small to measure

easily by optical microscopy. There remains a need for a

simple, nondestructive way to measure the number of

active motors over a broad range of motor densities. We

note that labeling the motors with green fluorescent protein

(GFP) or another fluorophore might permit motors to be

located on the surface more easily but would not distin-

guish between functional and nonfunctional motors. The

surface density r of functional kinesins adsorbed to the

chamber walls for gliding assays can be determined from

the rate at which microtubules bind to the glass surface of

the assay chamber (Howard et al. 1989; Katira et al. 2007).

However, this method does not directly measure the

number of motors attaching a microtubule to the surface.

Our method reveals the attachment points of the moving

microtubule. Each attachment point is assumed to mark a

single, functional motor.

The distribution of velocities changed under load

(Fig. 6). At small load, the distribution was largely in a

single mode centered at approximately 650 nm/s. How-

ever, as the opposing force increased, the amplitude of this

mode grew smaller and its center velocity decreased. In

addition, a new mode centered near 0 nm/s became sig-

nificant with increasing load. We note that, although the

center of this mode was at 0 nm/s or slightly positive, there

was significant probability for negative velocities, even

though the only motor present was kinesin-1. Additional

modes occurred between the 650 nm/s mode and the

v = 0 nm/s mode, but their sizes and locations could not be

evaluated with confidence. The width of the 650 nm/s

mode was 120 nm/s. Although kernel smoothing broadens

each data point to a Gaussian of width 60 nm/s, the

observed width was significantly larger.

The changes in the observed velocity distributions with

external force (Fig. 6) are similar to the changes predicted

by the model of Klumpp and Lipowsky (2005). This sup-

ports the view that the observed width of each mode and

the presence of several modes when the force increases

may both arise from changes in the number of bound

kinesin motors. In a gliding assay, n increases whenever a

new motor becomes accessible at the leading end of the

microtubule, and n decreases whenever the trailing end of

the microtubule leaves a previously bound motor behind. In

addition, ‘‘internal’’ motors can bind, unbind, and rebind

many times, because the stiff microtubule remains near the

motor. Such internal processes are central to the Klumpp

and Lipowsky (2005) and Kunwar and Mogilner (2010)

models of multimotor bead assays.
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In the Korn model, the velocity distributions predicted

for 1–4 active motors in bead assays are single Gaussians.

This prediction is not supported by the observed velocity

distributions for our gliding assays (Fig. 6). This discrep-

ancy might in part arise from differences between bead and

gliding assays. From single-motor experiments, the binding

rate p for one motor has been estimated at 5/s, while the

unbinding rate e has been estimated at 1/s (Klumpp and

Lipowsky 2005). The effective unbinding rate en for n

motors under load F is given by en ¼ ne exp F
nFd

� �
; where

the detachment force Fd & 3 pN. For n = 6 and F/n =

4 pN, about the middle of our experimental range,

en � 23 s�1. This is faster than the frame rate of our

camera. This suggests that internal changes in n occur too

rapidly for our current experimental setup to detect.

The rates for changes in n at the leading and trailing

ends of the microtubule can be estimated from the velocity

of the microtubule and the distance between active motors,

both of which are known (Table 1). For d = 2 lm and

v = 0.4 lm/s, typical for our experiments, the rate v/d is

0.2/s, about one change in n every 5 s. Such slow processes

would be observable in our experiments. This suggests that

the discrete changes in velocity which we observe arise in

part from changes in motor number at the leading and

trailing ends of the microtubule.

How do our results map onto the results of other motility

assays? In a gliding assay, Leduc et al. (2007) detect the

individual steps of microtubules transported by two kine-

sin-1 motors in the absence of significant load. They find

that microtubules propelled by two motors often take 4-nm

steps, half the step size of single motors. This shows that

the steps of the two motors are not coordinated if pulling

against negligible load.

Beeg et al. (2008) measure the velocities and run

lengths of kinesin-coated beads along microtubules

in vitro. The surface density of kinesin bound to the bead is

determined by a novel optical method, which shows that

beads carry 1–6 motors. The binding rate of beads to

microtubules, as well as the run lengths, increase with

increasing kinesin surface density, but the average velocity

is independent of the kinesin density. We also observed

that velocity was independent of the number of kinesin

motors when the magnet current (opposing force) was zero;

this was the control segment of our experiments (Fig. 2).

However, when the magnet current was turned on, pro-

viding a force of 2–5 pN per motor, the velocity depended

on the number of motors (Figs. 2, 5).

A similar pattern occurs during gliding assays of kinesin

in a viscoelastic medium if some of the microtubules have

an attached bead while others do not (Gagliano et al.

2010). Microtubules without a bead experience negligible

drag and move at 700 nm/s regardless of microtubule

length, whereas microtubules with a bead exhibit length-

dependent velocity: 2-lm microtubules move at 150 nm/s,

whereas 30-lm microtubules move at 700 nm/s, because

the longer microtubule is moved by many more motors.

Some caution may be appropriate when applying

insights gleaned from microtubule gliding assays and bead

assays to vesicle transport in vivo. In vitro, the tails of the

motors are attached to fixed positions on the glass surface

or bead. However, in vivo, motor tails may be free to move

on the vesicle surface while remaining bound. Experiments

with membrane nanotubes show that the motors accumu-

late at the tip of the tube (Leduc et al. 2004). Whether such

accumulation occurs in cells, and whether it helps or hin-

ders vesicle movement in vivo, remains an open question.

In summary, this study showed that 2–7 kinesin-1

motors were able to move a microtubule at velocities of

200–600 nm/s against an external magnetic force of 4–

31 pN. When the force was scaled by the number of

motors, the average velocity for multiple motors varied

with F/hni in a manner quantitatively similar to the well-

studied F-v behavior curves for a single motor. This

showed that a minimal load-sharing model was sufficient to

describe the effects of multiple motors on microtubule

velocity during gliding assays.

Acknowledgments We thank J. Howard for providing plasmid

pPK113 for kinesin-1, Jason Gagliano for assistance in the prepara-

tion of kinesin, and Matt Steen for assistance with Odyssey software.

We are grateful for helpful suggestions from the reviewers. Support

from NIH grant R15 NS053493 (G.H.) and Wake Forest University

funds (J.C.M.) is gratefully acknowledged.

Appendix

Conversion of {x,y,t} tracks to {x00,y00,t} data for which x00

is parallel to the path of the microtubule and y00 is per-

pendicular to that path.

Consider a microtubule traveling at constant velocity in

a straight path, x = x0 ? vxt, y = y0 ? vyt, with vx and vy

independent of t.

Step 1. Translocate the (x,y,t) frame to a new coordinate

frame (x0,y0,t) in which the microtubule starts at (0,0,0)

with equations x0 = x - x0, y0 = y - y0. In the x0y0 plane,

y0 = (vy/vx)x
0, a straight line through the origin.

Step 2. Rotate the (x0,y0) coordinate system by angle

h = tan-1(vy/vx) to new coordinates (x00,y00):

x00

y00

� �
¼ cosðhÞ sinðhÞ
� sinðhÞ cosðhÞ

� �
x0

y0

� �
:

In the (x00,y00) coordinate system, x00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

x þ v2
y

q� �
t ¼

vt and y00 = 0. Thus, the slope dx00

dt equals the velocity of the

particle.
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For a microtubule traveling along a curved path, vx and

vy are functions of t, so h = tan-1(vy/vx) is also a function

of t. We determined h(t) from the smoothed value of dy/

dx. Steps 1 and 2 were then applied to data points 1 and 2.

This done, steps 1 and 2 were applied to points 2 and 3,

etc. (This is easy in MATLAB.) In that (x00,y00,t) coordinate

system, y00(t) = 0 ? noise, whereas x00(t) = vt ? noise.

We tested the algorithm carefully with synthetic data, i.e.,

data sets {x,y,t} constructed with known values of vx and

vy, plus Gaussian noise.
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