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Intracellular cargos are often membrane-enclosed and transported by microtubule-based 
motors in the presence of microtubule-associated proteins (MAPs). Whereas increasing 
evidence reveals how MAPs impact the interactions between motors and microtubules, 
critical questions remain about the impact of the cargo membrane on transport. Here 
we combined in vitro optical trapping with theoretical approaches to determine the 
effect of a lipid cargo membrane on kinesin-based transport in the presence of MAP tau. 
Our results demonstrate that attaching kinesin to a fluid lipid membrane reduces the 
inhibitory effect of tau on kinesin. Moreover, adding cholesterol, which reduces kinesin 
diffusion in the cargo membrane, amplifies the inhibitory effect of tau on kinesin binding 
in a dosage-dependent manner. We propose that reduction of kinesin diffusion in the 
cargo membrane underlies the effect of cholesterol on kinesin binding in the presence 
of tau, and we provide a simple model for this proposed mechanism. Our study estab-
lishes a direct link between cargo membrane cholesterol and MAP-based regulation of 
kinesin-1. The cholesterol effects uncovered here may more broadly extend to other 
lipid alterations that impact motor diffusion in the cargo membrane, including those 
associated with aging and neurological diseases.

membrane fluidity | diffusion | microtubule binding | vesicle transport | motile fraction

Kinesin-1 is a major microtubule-based motor protein responsible for long-range transport 
in eukaryotic cells (1, 2). Underscoring the critical importance of kinesin in cell function 
and survival, mutations in the neuronal kinesin heavy chain isoform 5A (Kif5A) cause 
neurodegenerative diseases including hereditary spastic paraplegias (3), Charcot-Marie-
Tooth disease type 2 (4), and amyotrophic lateral sclerosis (5). Kinesin transports cargos 
by processively stepping along microtubules (6, 7); this processive motion is initiated 
when the motor binds the microtubule and is terminated when it unbinds from the 
microtubule. Tuning of the binding and unbinding rates of kinesin, for example via the 
presence of microtubule-associated proteins (MAPs) (8–10), has emerged as a key mech-
anism of kinesin regulation. In particular, the MAP tau occludes kinesin-binding sites on 
the microtubule (10–12), inhibiting binding and promoting unbinding of kinesin in vitro 
(13–15). However, in vivo, tau is essential for microtubule assembly and stabilization 
(16). How kinesin maintains transport in the presence of tau, particularly in environments 
such as healthy neurons where tau is enriched, remains to be elucidated.

In cells, kinesins are often attached to their cargos via a fluid lipid membrane (17–19). 
This cargo-enclosing membrane is absent from most in vitro investigations, including the 
pioneering studies that established tau inhibition of kinesin-based transport (13–15). The 
lipid membrane enclosing cargos in vivo is “fluid” in that its constituents, including motor 
proteins such as kinesin, are mobile and can diffuse on the cargo surface. As membrane 
fluidity increases, each motor protein can more quickly diffuse to open binding sites on 
the microtubule via diffusive search. Alterations in membrane cholesterol or other fluid-
ity-restricting lipids are increasingly linked to aging and neurological diseases (20, 21), in 
which dysfunctions in motor-based transport have emerged as a common early hallmark 
(22). These in vivo observations suggest that diffusion of motors in the cargo membrane 
may contribute to transport regulation. However, recent investigations found no significant 
effects of a lipid membrane (23, 24) on the binding or unbinding rates of kinesins to 
microtubules in the absence of MAPs.

Here we employed in vitro optical trapping to determine how a lipid cargo membrane 
affects kinesin-based transport in the presence of the MAP tau. We generated mem-
brane-enclosed cargos by enclosing silica microspheres with a fluid lipid bilayer (23, 25–27). 
We first compared the transport of membrane-enclosed cargos with that of membrane-free 
cargos, for which tau inhibition of kinesin-based transport is well-established (14, 28). 
We then examined whether adding cholesterol to the lipid bilayer, which reduces 
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membrane fluidity and kinesin diffusion in the cargo membrane 
(24, 27, 29), impacted the transport of membrane-enclosed car-
gos. Importantly, the concentration of kinesin was kept constant 
across cholesterol levels, enabling direct comparison of mem-
brane-enclosed cargos with the same numbers of attached motors 
(Materials and Methods). We next developed theoretical models 
providing quantitative measures of individual motor binding and 
mechanistic insight into our in vitro findings. Together, our exper-
imental and theoretical results establish a direct link between cargo 
membrane cholesterol and MAP-based regulation of kinesin-1.

Results

A Fluid Lipid Membrane Reduces the Inhibitory Effect of tau 
on Kinesin-1. We first compared the transport of membrane-
enclosed versus membrane-free cargos. We used a cholesterol-
free, dioleoylphosphatidylcholine (DOPC) lipid bilayer to model 
the fluid membrane of intracellular cargos (26, 30, 31), and we 
included biotinylated or nickel-loaded chelator lipids in the bilayer 
to mediate kinesin attachment (Table 1). We employed human 
tau 23 (htau23, or 3RS tau), an isoform of tau that strongly 
inhibits kinesin in  vitro (13–15), and we characterized cargo 
transport by ~1 to 2 kinesins as observed for intracellular vesicles 
(17–19). Because it is difficult to definitively match the numbers 
of attached kinesins on the two classes of cargos, we designed our 
experiments to empirically match a key transport characteristic 
(“motile fraction”; Fig. 1A, Inset) in the absence of tau. We then 
determined the effect of tau for each class of cargos in comparison 
to this matched tau-free baseline. Since tau inhibition of kinesin 
is well established in vitro for the ubiquitous kinesin heavy chain 
isoform 5B (Kif5B) (13, 15), we assayed the effect of a DOPC 
membrane on Kif5B-based transport in addition to the neuronal 
isoform Kif5A, mutations in which cause neurodegeneration (3–5).

To quantify transport, we used a custom-built optical trap to 
position individual kinesin–cargo complexes near a microtubule 
for up to 30 s (Fig. 1A, Inset; and Movie S1); in the absence of 
tau, this 30-s interaction time is sufficient for binding if there is 
active kinesin on the cargo (6, 32, 33). We scored the fraction of 
cargos that bound to, and moved along, the microtubule (“motile 
fraction”). For cargos that were motile, we turned off the optical 
trap and measured the distance that the cargo traveled before 
unbinding from the microtubule (“run length”). Both motile frac-
tion and run length impact the flux of cargos transported in vivo.

Attaching kinesins to a fluid lipid membrane reduced the inhib-
itory effect of tau on motile fraction for both the ubiquitous 
isoform Kif5B and the neuronal isoform Kif5A (Fig. 1, Top). We 
empirically tuned the concentration of motors in each cargo 

preparation to match the motile fraction for membrane-enclosed 
and membrane-free cargos in the absence of tau (~75%; Fig. 1A, 
Top). This motile fraction corresponds to ~30% of motile cargos 
being carried by two or more kinesins (34), mimicking the in vivo 
scenario (17–19). For the ubiquitous isoform Kif5B, the motile 
fraction of both membrane-free and membrane-enclosed cargos 
decreased with increasing concentrations of tau (Fig. 1A, Top). 
This result is consistent with prior reports that tau reduces the 
binding rate of kinesin for the microtubule (13–15). However, in 
contrast to membrane-free cargos (gray, Fig. 1A, Top), the motile 
fraction of membrane-enclosed cargos was less impacted by tau 
(blue, Fig. 1A, Top), suggesting that diffusion of kinesins in the 
fluid cargo membrane may improve kinesin binding in the pres-
ence of tau. Similarly, for the neuronal isoform Kif5A, the motile 
fraction was significantly higher for membrane-enclosed cargos 
than membrane-free cargos in the presence of tau (blue, Fig. 1B, 
Top). To control for the possibility that the cargo membrane 
removes tau from the microtubule, we repeated motile-fraction 
measurements using microtubules preincubated with excess 
DOPC lipid vesicles. Consistent with reports that tau binds ani-
onic but not neutral lipids (35), preincubating microtubules with 
neutral DOPC lipid vesicles did not impact motile-fraction meas-
urements (SI Appendix, Fig. S1).

The effect of a fluid membrane on cargo run length differed 
between the two kinesin isoforms (Fig. 1, Bottom and SI Appendix, 
Figs. S2 and S3). We confirmed that a fluid DOPC membrane 
did not impact cargo run length in the absence of tau (Fig. 1A, 
Bottom; and ref. 23). Note that these tau-free run lengths were not 
substantially longer than that of a single kinesin (SI Appendix, 
Figs. S2 and S4A for Kif5B and SI Appendix, Figs. S3 and S4B for 
Kif5A). This result is consistent with our previous reports (23, 34) 
and reflects the fact that, at the ~75% motile fraction examined 
here, the majority of motile cargos are carried by a single kinesin 
(6, 32, 34). We also verified that the run lengths of both isoforms 
decreased in the presence of tau (Fig. 1, Bottom; and refs. 14, 15, 
and 36). For the ubiquitous isoform Kif5B, cargo run length was 
less impacted by tau when the motors were membrane-bound 
(Fig. 1A, Bottom). In contrast, for the neuronal isoform Kif5A, 
there was no significant difference in tau’s effects on the run length 
of membrane-enclosed cargos and membrane-free cargos (Fig. 1B, 
Bottom). A key difference between the isoforms is that Kif5A 
unbinds from the microtubule substantially faster than Kif5B 
(SI Appendix, Fig. S4), which in general reduces the sensitivity of 
cargo run length to the motor’s microtubule-binding rate or 
changes thereof (37, 38). Hereafter, we focused our study on the 
neuronal isoform Kif5A based on its significance in neuronal phys-
iology and human health (3–5).

Membrane Cholesterol Amplifies the Inhibitory Effect of tau on 
Kinesin-1. Our data in Fig. 1 suggest that motor diffusion in the 
cargo membrane may impact kinesin binding in the presence of 
tau. Comparisons of membrane-free cargos and membrane-enclosed 
cargos, however, are complicated by potential differences in the 
numbers of attached motors on the two classes of cargos, as well as 
uncertainties regarding the rotational diffusion of membrane-free 
cargos. Whereas it is generally assumed that an optically trapped 
bead rotates freely and isotropically, this assumption has not been 
validated and is directly contradicted by experiments (39, 40). We 
therefore focused our investigations on measurements of membrane-
enclosed cargos that employed identical motor attachment and 
differed only in their cholesterol content.

We added up to 50 mol% cholesterol to our cargo membrane 
(Table 1). This range of cholesterol addition is within its solubility 
limit of ~67 mol% in phosphatidylcholine lipids (41, 42), reducing 

Table 1. Membrane lipid compositions.

Type of lipid

Mem-
brane A
(mol%)

Mem-
brane B
(mol%)

Mem-
brane C
(mol%)

Mem-
brane D
(mol%)

DOPC 95 95 70 55

Cholesterol − − 25 50

DSPE-PEG(2000) 
Biotin

5 − − −

18:1 DGS-NTA(Ni) − 5 5 5
DOPC: dioleoylphosphatidylcholine, a neutral lipid that models the fluid membrane of 
intracellular cargos (30, 31). DSPE-PEG(2000) Biotin: 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (ammonium salt), a biotinylated 
lipid that mediates the attachment of the kinesin-1 heavy chain isoform 5B (residues 1 
to 560, C-terminal biotin tag). 18:1 DGS-NTA(Ni): 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt), a nickel-loaded chelator lipid that 
mediates the attachment of the kinesin-1 heavy chain isoform 5A (full-length, C-terminal 
hexahistidine tag).D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 7

3.
16

2.
8.

17
2 

on
 F

eb
ru

ar
y 

4,
 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

73
.1

62
.8

.1
72

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212507120#supplementary-materials


PNAS  2023  Vol. 120  No. 3  e2212507120 https://doi.org/10.1073/pnas.2212507120   3 of 11

membrane fluidity and motor diffusion by ~threefold (24, 27, 29) 
without microdomain formation (42). The concentration of nick-
el-loaded chelator lipid was kept constant for identical Kif5A attach-
ment across cholesterol levels (Table 1) and membrane-enclosed 
cargos were blocked using incubation with excess casein to prevent 
nonspecific motor attachment (Materials and Methods). In addition 
to the in vivo scenario of ~1 to 2 kinesin per cargo examined in 
Fig. 1, we assayed a higher motor number range that is anticipated 
(37) to increase the sensitivity of cargo run length to changes in the 
binding rate of the motor; a higher motor number range may also 
be relevant for long-range transport in vivo (24).

For cargos carried by ~1 to 2 kinesins, adding cholesterol to the 
DOPC bilayer amplified the inhibitory effect of tau on motile frac-
tion but not on run length (Fig. 2A). Here we employed the same 
Kif5A concentration as in Fig. 1B. In the absence of tau, the fraction 
of motile cargos remained constant at ~75% irrespective of mem-
brane cholesterol; the mean run lengths of these motile cargos also 
remained unaffected (Fig. 2A). Motile fraction in the absence of tau 
reflects the probability of there being at least one active kinesin 
attached to the cargo (Materials and Methods; and refs. 6, 32, and 34). 
The null effect of cholesterol (Fig. 2A, Top) therefore indicates that 

kinesin attachment to cargos was unchanged across cholesterol levels, 
and that cholesterol addition did not significantly disrupt the cargo 
membrane. In the presence of tau, the fraction of motile cargos 
declined ~twofold further as membrane cholesterol increased to 50 
mol% (Fig. 2A, Top); however, there was no further decrease in run 
length over this range of increasing cholesterol concentrations 
(Fig. 2A, Bottom and SI Appendix, Fig. S5). These results recapitulate 
our data comparing membrane-enclosed cargos with membrane-free 
cargos at the same Kif5A concentration (Fig. 1B), suggesting that 
changes in kinesin diffusion underlie both sets of observations. The 
significant effect of cholesterol on motile fraction (Fig. 2A, Top) 
indicates that cholesterol amplifies the inhibitory effect of tau on the 
binding rate of kinesin. The null effect of cholesterol on run length 
(Fig. 2A, Bottom) on the other hand indicates that the run length in 
these experiments is minimally impacted by changes in binding rate. 
Furthermore, under conditions for which the cargo run length is 
insensitive to binding rate, current descriptions indicate that the run 
length of the cargo is primarily determined by the unbinding rate 
of the single motor (37, 38). Our run-length data here (Fig. 2A, 
Bottom) thus indicate that increases in membrane cholesterol do not 
significantly impact the unbinding rate of Kif5A.

Fig. 1. A fluid lipid membrane reduces the inhibitory effect of tau on kinesin-1. (A) Transport of membrane-free (gray) and membrane-enclosed (blue) cargos 
by the ubiquitous kinesin heavy chain isoform Kif5B, as a function of tau concentration (represented as the incubation ratio of tau per tubulin dimer). For 
each cargo type, the concentration of kinesin used to prepare the motor–cargo complex was empirically tuned to achieve the same motile fraction on tau-free 
microtubules (~75%) and kept constant across all tau concentrations (Materials and Methods). Inset: Experimental schematic (not to scale). An optical trap confines 
an individual cargo near the microtubule. A motile event is scored if the cargo displays directed motion within 30 s. The trap is then shuttered to measure the 
zero-load run length. A representative movie of nonmotile cargo is provided in Movie S1. Top: Motile fraction of cargos. Horizontal lines indicate mean and 68% 
CI. n = 4 to 22 trials, with 30 cargos measured in each trial. Significant P-values from two-sample Welch’s t tests are indicated. Bottom: Mean run length of motile 
cargos. Error bars indicate SEM. n = 50 to 419 motile runs for the indicated mean run lengths. Low motile fractions of membrane-free cargos (<5%) at higher 
tau concentrations (0.23 and 0.26 tau per tubulin) resulted in insufficient data (n = 6 runs) or no data (n = 0 runs) for run-length determination. Mann–Whitney 
U tests returned one significant P-value. Run-length distributions are provided in SI Appendix, Fig. S2. (B) Cargo transport by the neuronal kinesin heavy chain 
isoform Kif5A, for two tau concentrations. CIs and error bars are as described in (A). Top: n = 10 trials, with 20 cargos measured in each trial. Two-sample Welch’s 
t tests returned one significant P-value. Bottom: n = 66 to 191 motile runs. Run-length distributions are provided in SI Appendix, Fig. S3.
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For cargos carried by substantially more motors, membrane 
cholesterol amplified the inhibitory effect of tau on run length 
as well as on motile fraction (Fig. 2B). Here we increased the 
Kif5A concentration by ~sixfold from that in Fig. 2A, resulting 
in tau-free run lengths >fourfold longer than that of cargos car-
ried by a single Kif5A (SI Appendix, Fig. S6). The extended run 
lengths indicate that the cargos were carried by ~four or more 
kinesins, based on prior results relating run length to kinesin 
motor number (43–47). In the absence of tau, we again observed 
similar motile fractions and run lengths independent of mem-
brane cholesterol (Fig. 2B). In the presence of tau, there was a 
further ~2.6-fold decrease in cargo run length as membrane 
cholesterol increased from 0 to 50 mol% (Fig. 2B, Bottom and 
SI Appendix, Fig. S6), in addition to a significant further decrease 
in motile fraction over the same cholesterol increase (Fig. 2B, 
Top). Note that, despite the increase in motor number, the run 
length of cargos along tau-decorated microtubules did not 
increase appreciably in experiments employing 50 mol% cho-
lesterol (Fig. 2, Bottom). This result is consistent with the fact 
that the extent to which additional motors on the cargo can 
contribute to run length is limited by the motor’s binding rate 
(37, 38). A similar effect was observed previously for mem-
brane-free cargos (14, 28). These results again indicate that cho-
lesterol reduces the binding rate of kinesin in the presence of 
tau; they also highlight the potential of membrane cholesterol 
in impacting cargo run length even in the absence of a substantial 
effect on the unbinding rate.

Membrane Cholesterol Reduces Kinesin Binding to Microtubules 
in the Presence of Tau. We next expanded our experiments in 
Fig. 2 to examine the detailed dependence of motile fraction on 
kinesin concentration in the absence of tau and in the presence 
of tau, and how these dependences are impacted by membrane 
cholesterol (Fig. 3A). We employed the same membrane-enclosed 
cargos and the same tau concentration as in Fig.  2, and we 
examined three additional Kif5A concentrations. At each Kif5A 
concentration tested, membrane cholesterol consistently amplified 
tau inhibition of motile fraction (filled circles, Fig. 3A) but did 
not impact motile fraction in the absence of tau (open circles, 
Fig. 3A). At higher cholesterol levels, higher concentrations of 
Kif5A were needed to obtain the same motile fraction on tau-
decorated microtubules (Fig. 3A). The null effect of cholesterol 
in the absence of tau again confirms that kinesin attachment to 
cargos was identical across cholesterol levels, and that membrane 
cholesterol did not significantly disrupt the cargo membrane. The 
significant effect of cholesterol in the presence of tau demonstrates 
membrane cholesterol as a general and sensitive factor tuning the 
binding of kinesin-based cargos to tau-decorated microtubules 
and potentially the flux of these cargos in vivo.

We next derived an analytical model of motile fraction to 
provide quantitative measures of kinesin binding in the presence 
of tau. Because we used the same preparation of kinesin–cargo 
complexes to compare transport on tau-free and tau-decorated 
microtubules (Materials and Methods), reduction in motile frac-
tion in the presence of tau indicates reduction in the probability 

Fig. 2. Membrane cholesterol amplifies the inhibitory effect of tau on kinesin-1. (A) Transport of membrane-enclosed cargos in the physiological range of ~1 
to 2 kinesins per cargo (as in Fig. 1B) in the absence and presence of tau, for three cholesterol levels (blue: 0 mol%; green: 25 mol%; magenta: 50 mol%). The 
concentration of Kif5A was kept constant at 2.1 nM. Top: Motile fraction of cargos. Horizontal lines indicate mean and 68% CI. n = 6 to 10 trials, with 20 cargos per 
trial. Significant P-values from two-sample Welch’s t tests are indicated. Bottom: Mean run length of motile cargos. Error bars indicate SEM. n = 21 to 113 motile 
runs. Run-length distributions and representative movies of cargo motility are provided in SI Appendix, Fig. S5 and Movies S2–S7. (B) Transport of membrane-
enclosed cargos at a higher motor number range (~4 or more kinesins per cargo) in the absence and presence of tau, for two cholesterol levels (blue: 0 mol%; 
magenta: 50 mol%). The concentration of Kif5A was kept constant at 12.7 nM. CIs and error bars are as described in (A). Top: n = 10 trials, with 20 cargos per trial. 
Two-sample Welch’s t tests indicated one significant P-value. Bottomn = 52 to 116 motile runs. Mann–Whitney U tests returned one significant P-value. Dashed 
arrows indicate that the mean run lengths are lower bound estimates, given that a substantial fraction of cargos exceeded the 8-µm field of view. Run-length 
distributions and representative movies of cargo motility are provided in SI Appendix, Fig. S6 and Movies S8–S11.
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that an active kinesin on the cargo binds the microtubule. Such 
reduction in binding probability, however, is not considered in 
the previous description of motile fraction (6, 32), which 
assumes that each motor binds to the microtubule with a prob-
ability of one. Here we extended the analytical description of 
motile fraction to consider binding probabilities below one. As 
in the previous derivation (6, 32), we considered the experi-
mental scenario in which the number of motors on the cargo 
is Poisson-distributed. We then modeled motile fraction as the 
probability that each cargo is carried by at least one motor 
protein, multiplied by the probability that at least one of these 
motor proteins binds the microtubule, summed over all cargos 
in a population. Under the assumption that each motor binds 
the microtubule identically and independently, we have 
(SI Appendix, Note 1)

 
[1]

 where 0 ≤ p ≤ 1 is the probability that a single motor binds the 
microtubule within the interaction time (30 s; Fig. 1A, Inset), and 
α is a fitting parameter relating the number of motors bound to 
the cargo to [M], the concentration of motors used to prepare the 
motor–cargo complex. For a binding probability of one, our 
model returns 1 − e−α[M], the same expression as that previously 
developed (6, 32). As the binding probability decreases below one, 
our model predicts that the fundamental dependence of motile 
fraction on motor concentration remains unchanged, whereas the 
motor concentration is effectively rescaled by the binding proba-
bility p. This prediction is supported by our experimental finding 
that higher concentrations of Kif5A were needed at higher cho-
lesterol levels to obtain the same motile fraction in the presence 
of tau (Fig. 3A).

Our model in Eq. 1 accurately captures our motile-fraction 
measurements (reduced χ2 = 1.63 and adjusted R2 = 0.96; Fig. 3A). 
Because we employed the same motor-attachment strategy across 
experiments (Table 1), the fitting parameter α in Eq. 1 was shared 
among datasets. Additionally, kinesin was also previously shown 
to have a unit probability of binding to tau-free microtubules 
within the interaction time of 30 s (14, 32, 33). We therefore 
constrained the binding probability for one set of the tau-free data 
(0 mol% cholesterol) to be one and examined how the binding 
probability is impacted by changes in tau concentration or cho-
lesterol levels. In the absence of tau, adding cholesterol to the cargo 
membrane did not significantly impact the binding probability 
of kinesin, which remained one within fitting uncertainty (Fig. 3B, 
Top). In the presence of tau, the best fits returned binding prob-
abilities below 1 (Fig. 3B, Bottom); there was a ~2.5-fold further 
reduction in binding probability as membrane cholesterol 
increased from 0 mol% to 50 mol% (Fig. 3B, Bottom). 
Underscoring the goodness of this global fit, rescaling motor con-
centrations by best-fit binding probabilities (Fig. 3B) collapsed all 
six sets of motile-fraction measurements onto a single master curve 
(reduced χ2 = 1.32 and adjusted R2 = 0.97; Fig. 3C). These results 
indicate that the fundamental mechanism underlying motile prob-
ability is not impacted by tau or membrane cholesterol. Instead, 
reduction of motile fraction by tau and membrane cholesterol 
may be understood as effectively rescaling the kinesin concentra-
tion by the binding probability of the motor. Tau reduces this 
binding probability; membrane cholesterol amplifies tau inhibi-
tion, further reducing kinesin-binding probability in the presence 
of tau (Fig. 3B, Bottom).

Proposed Mechanism Linking Motor Diffusion to Kinesin 
Binding in the Presence of Tau. Thus far, our experimental and 
theoretical investigations (Figs. 2 and 3; and Eq. 1) demonstrate 
that membrane cholesterol reduces the probability that kinesin on 
the cargo binds the microtubule in the presence of tau (Fig. 3B, 
Bottom). Because we measured motile fractions over the same 30-s 
duration (Fig. 1A, Inset), reduction in binding probability indicates 
reduction in the rate at which the motor binds the microtubule.

The kinesin–microtubule interaction is short-ranged, and the 
term microtubule-binding rate can be ambiguous without con-
sidering experimental geometry. In this study, binding rate is 
defined as that of a kinesin in complex with a cargo that is held 
near a microtubule (Fig. 1A, Inset). This definition of binding rate 
is common in the literature, including studies that established the 
binding rate of kinesin in the absence of tau (48) and the inhibi-
tory effect of tau on kinesin binding (14). Note that our cargo 
size exceeds the extension length of kinesin (49, 50), thus the 
motor must first reach the microtubule before it can interact 

Motile fraction = 1 − e−p�[M ]

Fig. 3. Membrane cholesterol reduces kinesin binding to microtubules in 
the presence of tau. (A) Motile fraction of membrane-enclosed cargos as a 
function of Kif5A concentration in the absence and presence of tau, for three 
cholesterol levels (blue: 0 mol%; green: 25 mol%; magenta: 50 mol%). Dashed 
and solid lines indicate best fits to our analytical model of motile fraction 
(Eq. 1) with fitting parameter α shared among all six datasets; and binding 
probability p constrained as one for tau-free data with 0 mol% cholesterol and 
determined separately for the remaining five datasets. Dashed lines indicate 
best fits to data from tau-free conditions; solid lines indicate best fits to data 
measured in the presence of tau; reduced χ2 = 1.63 and adjusted R2 = 0.96. 
Error bars indicate SEM. n = 2 to 10 trials, with 20 cargos measured for each 
trial. Individual trials at 2.1 nM and 12.7 nM Kif5A are shown in Fig. 2. (B) 
Microtubule-binding probability of Kif5A as a function of cholesterol levels, 
determined via the best-fits in (A). Error bars indicate the SE of the fit. (C) 
Multiplying Kif5A concentration by the best-fit binding probabilities (“Rescaled 
Kif5A concentration”) collapsed all datasets from (A) onto a single master curve. 
Motile fraction measurements, sample sizes, and error bars are as indicated in 
(A); best-fit binding probabilities are as indicated in (B). Solid line indicates the 
previous model of motile fraction (6, 32) that assumes a binding probability 
of one. Two measures of goodness of fit are indicated.
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locally with open tubulin dimers for binding. Although changes 
in kinesin diffusion in the cargo membrane may impact how fast 
the motor can reach the microtubule, our tau-free data indicate 
that the motor reached the microtubule within our experimental 
duration irrespective of cholesterol level (binding probability = 1, 
Fig. 3B, Top). We therefore deduce that, in the presence of tau, 
the main effect of cholesterol occurred after the motor has reached 
the microtubule.

We propose that cholesterol amplifies tau inhibition by pro-
longing the diffusive search time for open binding sites on the 
microtubule. To explore this proposed mechanism, we developed 
a simple one-dimensional model in which a motor diffusively 
searches for open binding sites on the microtubule (Fig. 4A). We 
assumed that open binding sites are separated by a characteristic 
distance Δx. We further assumed that kinesin binds each open 
binding site identically. Each time the motor encounters an open 
binding site, there is a likelihood η that the motor binds. If the 
motor does not bind at an encounter, then the motor diffuses to 
the nearest open site where it again has a likelihood η to bind. 
Under these simplifying assumptions, the rate that the motor 
encounters an open binding site is D/Δx2 (SI Appendix, Note 2), 
the rate that the motor binds an open binding site is Dη/Δx2, and 
the probability that the motor binds the microtubule within inter-
action time T is

  [2]

where D is the diffusion constant of the motor in the cargo 
membrane.

Eq. 2 provides a simple conceptual framework to explore the 
proposed mechanistic link between motor diffusion, tau, and 
kinesin binding. For a given diffusion constant, Eq. 2 predicts 
that the binding probability of the motor decreases as the charac-
teristic distance between open binding sites increases. This general 
prediction agrees well with our experiments employing increasing 
concentrations of tau (for example, membrane-enclosed cargo in 
Fig. 1A, Top), indicating that increases in binding-site distance 
capture the key effect of tau in our experiments. Note that, whereas 
Δx may be reasonably estimated by the 8-nm tubulin spacing on 
tau-free microtubules (51), its value in the presence of tau is less 
easily determined. The inhibitory effect of tau on kinesin binding 
is significantly greater than what might be naively expected from 
the tau:tubulin incubation ratio (14, 15). Recent studies demon-
strate that tau is not statically bound but instead diffuses on the 
microtubule (11, 12, 52, 53), which may increase its steric inhi-
bition of binding sites well-above its incubation stoichiometry. 
Furthermore, because the motor diffusion occurs on a two-dimen-
sional cargo surface, the motor can diffuse away from (and back 
into) the microtubule neighborhood as it searches for an open 
binding site. Such excursions would increase Δx in Eq. 2 above 
the linear distance between open binding sites on the microtubule. 
The frequency of such excursions is likely negligible in the absence 
of tau but increases as the number of open binding sites on the 
microtubule decreases. Given these considerations, we made no a 
priori assumption about Δx in the presence of tau. Instead, we 
determined this parameter via the least-square fitting of our model 
(Eq. 2) to our experimental findings employing tau-decorated 
microtubules (Fig. 3B).

We estimated the diffusion constant D and the intrinsic binding 
likelihood η in Eq. 2 based on well-established literature values. 
The fitted value of Δx in the presence of tau scales as the square 
root of the two estimated parameters (diffusion constant D and 
intrinsic binding likelihood η) and therefore has limited sensitivity 
to potential differences between their experimental and estimated 

values. For the diffusion constant D, we used the published values 
of kinesin diffusion in planar-supported DOPC membranes con-
taining a similar range of membrane cholesterol (29) as a starting 
point, and reduced these values by 2.6-fold to account for the 
additional frictional drag (54) associated with the nickel–hexahis-
tidine interaction in our Kif5A-membrane attachment strategy in 
accordance with previous results (55). We therefore estimated 
diffusion constants of 0.5, 0.3, and 0.2 µm2/s for Kif5A attached 
to DOPC membranes containing 0, 25, and 50 mol% cholesterol, 
respectively. Note that, direct measurements of motor diffusion 
have not yet been realized for our cargo size (0.5-µm diameter); 
for larger, 5-µm-diameter cargos, recent super-resolution stimu-
lated emission depletion fluorescence correlation spectroscopy 
(STED-FCS) measurements demonstrate similar lipid diffusivity 
(at 0 and 50 mol% cholesterol) for membrane-enclosed cargos 
and planar-supported membranes (27). To estimate the binding 
likelihood η at each encounter, we combined our model for the 
binding rate of the motor (Dη/Δx2) with a previous study that 
reported both the binding rate (4.7 ± 2.4 s−1) and the diffusion 
constant (1 ± 0.5 µm2/s) of a membrane-bound kinesin in the 
absence of tau (48). Using an estimated value Δx = 8 nm for tau-
free microtubules (51), we estimated η = (3 ± 2) × 10−4 as the 
intrinsic likelihood that kinesin binds an open binding site at each 
encounter. Under the assumption that neither cholesterol nor tau 
influences the intrinsic binding likelihood η, we evaluated the 
predicted binding probability within our experimental duration 
(T = 30 s) and for a range of binding-site distances ≥8 nm (Fig. 4B).

Our simple model in Eq. 2 captures the key observations in 
our experiments (Fig. 4 B–D). At a characteristic distance of 8 
nm, which reflects the tau-free condition, Eq. 2 predicts a binding 
probability of one for all three diffusion constants (Fig. 4B), in 
good agreement with our experimental finding that membrane 
cholesterol does not impact kinesin-microtubule binding in the 
absence of tau (Fig. 4C, Top). As the binding-site distance 
increased, the binding probability reduced; this reduction was 
amplified as the motor diffusion decreased (Fig. 4B). Least-square 
fitting of the predictions of Eq. 2 to our experimental data in 
Fig. 3B yielded an effective binding-site distance of ~78 ± 26 nm 
in the presence of tau (vertical dashed line, Fig. 4B), capturing 
both the overall reduction in binding probability from the tau-free 
condition and the ~twofold further reduction in binding proba-
bility at higher cholesterol levels (Fig. 4C, Bottom). This effective 
distance likely reflects the known super-stoichiometric tau inhi-
bition (14, 15) and may include two-dimensional excursions of 
the motor on the cargo surface as the motor searches for an open 
binding site, both of which would increase Δx estimated in the 
model. Combining the predicted binding probabilities with our 
description of motile fraction in Eq. 1, we recapitulate the effects 
of cholesterol on motile fraction (Fig. 4D). Taken together, our 
simple model supports our proposed mechanism and identifies 
diffusion of individual motors in the cargo membrane as a 
rate-limiting step in kinesin binding to microtubules in the pres-
ence of tau.

Discussion

Intracellular cargos are often membrane-bound and transported 
by microtubule-based motors in the presence of MAPs. Here, we 
established a direct link between the physical properties of the 
cargo membrane and MAP-based regulation of a major microtu-
bule-based motor kinesin-1. Attaching kinesins to a fluid lipid 
membrane decreased the inhibitory effect of tau in comparison 
to membrane-free cargos, under conditions in which the two 
classes of cargos exhibit the same motile fraction in the absence 

Binding Probability = 1 − e−D�T ∕Δx2
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of tau (Fig. 1). Adding cholesterol to the cargo membrane 
increased the inhibitory effect of tau in a dosage-dependent man-
ner (Figs. 2 and 3). These results reveal the potential of cargo 
membrane properties to regulate kinesin-based transport in vivo, 
for example under tau-enriched conditions such as those found 
in neurons, and/or in combination with factors (36, 56, 57) that 
alter tau binding to the microtubule.

We found that increasing the cholesterol level in the cargo 
membrane decreases the rate that kinesin binds microtubules in 

the presence of tau (Fig. 3B; and Eq. 1). Cholesterol is increasingly 
linked to cargo transport in vivo (19, 58, 59). The level of mem-
brane-associated cholesterol in intracellular cargos can vary as part 
of the maturation process (19) or disease pathology (58, 59). 
Recent investigations have found that cholesterol-rich microdo-
mains promote clustering of cytoplasmic dynein (19) and a mon-
omeric kinesin (60) on the cargo membrane; such a clustering 
effect was not observed for the dimeric kinesin-1 (19). Here, we 
employed levels of cholesterol within its solubility limit [~67 

Fig. 4. A mechanistic model linking motor diffusion to kinesin binding in the presence of tau. (A) Schematic of the model: A membrane-bound motor diffusively 
searches for open binding sites (shaded regions) on the microtubule. The motor and microtubule are vertically offset for visualization. The effect of tau is modeled 
as an increase in the characteristic distance between open binding sites on the microtubule. The effect of membrane cholesterol is modeled as a decrease in 
the diffusion constant of the motor in the cargo membrane. The analytical form of this one-dimensional model is shown in Eq. 2. (B) Model predictions of the 
probability that a kinesin binds a microtubule within the interaction time of 30 s, for motor diffusion constants that approximate the effects of cholesterol in 
our experiments (blue: 0.5 µm2/s; green: 0.3 µm2/s; magenta: 0.2 µm2/s). Vertical dashed line, characteristic binding-site distance in the presence of tau (78 nm), 
determined via least-square fitting of predictions of Eq. 2 to experiments employing tau-decorated microtubules (Fig. 3B). (C) Comparison of model predictions 
and experimental values of the microtubule-binding probability for a single kinesin. Model predictions are as determined in (B) for the characteristic distances 
of 8 nm (Top) and 78 nm (determined via least-square fitting of predictions in B to experiments in Fig. 3B) (Bottom). Experimental values are as determined in 
Fig. 3B for 0 mol % cholesterol (blue), 25 mol % cholesterol (green), and 50 mol % cholesterol (magenta). (D) Motile fraction calculated based on Eq. 1, using 
binding probabilities predicted in (C) and the fitting parameter α determined in Fig. 3A. Motile fractions for a characteristic distance of 8 nm (dashed lines and 
open symbols) are laterally offset for visualization. (E) Proposed mechanism: reduction in kinesin diffusion in the cargo membrane underlies the effect of 
cholesterol on kinesin binding in the presence of tau.
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mol% in DOPC, references (41, 42)], reducing membrane fluidity 
and motor diffusion (24, 27, 29) without microdomain formation 
(42). Our findings therefore identify a mechanism through which 
cholesterol can impact motor protein-based transport, which may 
be important for tuning motility without changing the number 
of kinesins carrying the cargo, for example in neuronal transport 
of cargos driven by a stable assembly of kinesins (17, 61).

We propose that reduction in kinesin diffusion in the cargo mem-
brane underlies the effect of cholesterol on kinesin binding in the 
presence of tau (Fig. 4E). Our model in Eq. 2 provides a simple 
conceptual framework to explore this proposed mechanism. The 
model is akin to the collision theory of chemical reactions, which 
describes reaction rate as the product of the frequency of collision 
between reactants and the likelihood that each collision results in a 
reaction. Here we examined the binding rate between two reactants: 
the open binding sites on the microtubule and the individual kinesin 
molecule that diffuses in the cargo membrane. Tau reduces the 
frequency of collision between reactants by reducing the concen-
tration of one reactant (the open binding sites), whereas motor 
diffusion tunes the time that it takes for one reactant (the unbound 
motor) to encounter the other reactant (the open binding sites) via 
diffusive search. An increase in motor diffusion constant decreases 
the diffusive search time for open binding sites and reduces inhibi-
tion by tau, whereas a decrease in motor diffusion constant increases 
the diffusive search time and amplifies inhibition by tau. In vivo, 
these membrane-based changes in binding rate may impact motile 
probability at lower tau concentrations, as the cargo likely has a 
shorter time to bind than in our experiments (30 s; Fig. 1A, Inset). 
Note that, tau may reduce kinesin binding by increasing the char-
acteristic distance between open binding sites (Δx) and/or by reduc-
ing the intrinsic binding interaction between kinesin and open 
binding sites (η in Eq. 2). Here we modeled tau inhibition as an 
increase in Δx (Fig. 4 B–D); the proposed mechanism would also 
hold true if we modeled tau inhibition as a reduction in η or a 
combination of both parameters. Future investigations clarifying 
the mechanism underlying the super-stoichiometric inhibition by 
tau will help disentangle the relative contributions of these two 
potential mechanisms of tau inhibition.

By necessity, our simple model in Eq. 2 does not capture the 
full range of molecular details present in our experimental system. 
For example, we examined motor diffusion in one dimension, 
whereas the actual diffusion process occurs on the two-dimensional 
cargo surface. We also did not include details related to the distri-
bution or the dynamics of tau on the microtubule (11, 12, 52, 
53), or how far the motor can extend to reach the microtubule at 
the cargo-microtubule interface (34, 62). Additionally, as the dis-
tance between binding sites and thus the diffusive search time 
decreases, molecular interactions between kinesin and individual 
binding sites (63–65) likely become rate-limiting for kinesin bind-
ing to the microtubule (as indicated by our tau-free data, Figs. 1–3; 
and refs. 23 and 24). Further work integrating these molecular 
details, combined with experimental realization of diffusion meas-
urements on submicron-sized cargos and mechanistic understand-
ing of how tau reduces kinesin binding to the microtubule, will 
help extend the model that we developed here to refine the mech-
anism underlying the kinesin–microtubule binding process.

The effects of membrane cholesterol may more broadly extend 
to other lipid alterations that impact motor diffusion in the cargo 
membrane, including those associated with aging and neurological 
diseases (20, 21). Similarly, factors other than MAP tau can occlude 
kinesin binding on the microtubule (13, 66–68). Our analytical 
expression of motile fraction (Eq. 1) extends a previous model  
(6, 32) and may be generally applied to probe reduced motor bind-
ing in standard optical trapping assays. We anticipate that diffusion 

of individual motors in the cargo membrane may constitute a gen-
eral mechanism influencing binding to the microtubule, and we 
speculate that age-related changes in lipid membranes might help 
explain why some inherited mutations in kinesins result in delayed 
onset diseases [such as those caused by Kif5A (3–5)]. Conversely, 
our work suggests the possibility of targeting membrane fluidity to 
overcome transport dysfunctions that are a common early hallmark 
of aging and neurological diseases (22). Finally, extensive investiga-
tions have identified physiological factors that affect binding inter-
actions between kinesin and tubulin, including MAPs (9, 69–71) 
and posttranslational modifications of tubulin (72–75). The work 
presented here provides a general framework for future studies exam-
ining the interplay between these factors and cargo membrane 
properties and how they contribute to the rich regulation of kine-
sin-based transport in vivo.

Materials and Methods

Materials. Human kinesin-1 heavy chain isoform Kif5A (full-length) with a 
C-terminal hexahistidine tag was expressed in Escherichia coli BL21(DE3) cells 
and purified as described (76); the final construct was a Kif5A homodimer with 
two C-terminal hexahistidine tags. Human kinesin-1 heavy chain isoform Kif5B 
consisting of residues 1 to 560 with a C-terminal Halo tag was expressed in 
Escherichia coli BL21(DE3) cells and purified as described (23). The purified Kif5B 
protein was incubated with 10 µM HaloTag PEG-Biotin ligand (Promega) for 30 
min on ice to produce a final construct of Kif5B homodimer with two C-terminal 
biotin tags. Unbound ligand was removed via dialysis and buffer was exchanged 
using 3,000 Da dialysis membrane (Fisher). Human tau isoform encoding 352 
amino acids with three microtubule-binding repeats (hTau23, or 3RS tau) was 
expressed in Escherichia coli and purified as described (14). Tubulin was purified 
from bovine brain via two cycles of polymerization and depolymerization and 
phosphocellulose chromatography as described (14). All proteins (Kif5A, Kif5B, 
tau, and tubulin) were flash-frozen and stored at −80 °C until use. Representative 
SDS–PAGE gels of purified proteins are provided in SI Appendix, Fig. S7. Lipids 
18:1 (Δ9-Cis) PC (DOPC), 18:1 DGS-NTA(Ni), and DSPE-PEG(2000) Biotin were 
purchased from Avanti Polar Lipids. Cholesterol (C27H46O) was purchased from 
Sigma-Aldrich. Streptavidin was purchased from Thermo Fisher. Chemicals were 
purchased from Sigma-Aldrich. Silica microspheres (0.5 µm in diameter; 10.2% 
solids) were purchased from Bangs Laboratories. Carboxylated polystyrene micro-
spheres (0.5 µm in diameter; 2.5% solids) were purchased from Polysciences.

Membrane-Enclosed Cargo Preparation. Membrane-enclosed cargos were 
prepared via vesicle fusion using lipid mixtures containing 0 mol% cholesterol 
(23, 25–27) and lipid mixtures containing up to 50 mol% cholesterol (27). Briefly, 
lipid mixtures (Table 1) were dried under vacuum at room temperature overnight, 
resuspended to 4 mM in HNa100 buffer (pH 7.0, 20 mM HEPES, 100 mM NaCl, 
1 mM EGTA, 1 mM dithiothreitol) via five freeze–thaw cycles, and passed through 
a 30-nm polycarbonate membrane 21 times using a mini-extruder (Avanti Polar 
Lipids) to generate small unilamellar vesicles. Silica microspheres (40 µL stock) 
were bath-sonicated in 1 mL methanol for 1 min, resuspended in 1 mL 1 N KOH 
and bath-sonicated in ice water for 10 min, washed seven times in 1 mL Nanopure 
water, and resuspended in 40 µL Nanopure water. Freshly washed silica beads 
(9 µL) were incubated with 150 µL 2 mM freshly extruded small unilamellar 
vesicles for 30 min at room temperature, washed four times in 1 mL HNa100, 
resuspended in 100 µL 5.55 mg/mL casein solution in PMEE buffer (35 mM 
PIPES, 5 mM MgSO4, 1 mM EGTA, 0.5 mM EDTA, pH 7.1) for blocking at room 
temperature for 30 min. Note that, as a blocking protein, casein can serve two 
roles in motility assays. When not in excess, casein can reduce the likelihood of 
kinesin denaturing on a glass surface (77) and reduce the likelihood of kinesin 
binding the glass surface via its motor domain (78). Blocking with excess casein 
as employed here (25), however, prevents nonspecific adsorption of proteins 
including kinesin on glass surfaces (13, 14, 25). For preparations using lipid 
mixtures containing a nickel-loaded chelator lipid (Membranes B–D, Table 1), 
the resulting membrane-enclosed cargos were kept at 4 °C for use within 2 d. 
For preparations using a lipid mixture containing a biotinylated lipid (Membrane 
A, Table 1), the membrane-enclosed cargos were washed three times in 1 mL 
HNa100, resuspended in 40 µL 1 mg/mL streptavidin at room temperature for D
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1 h, washed three times in 1 mL HNa100, resuspended in 100 µL HNa100, and 
kept at 4 °C for use within 2 d.

Lipid Vesicle Preparation. A cholesterol-free DOPC lipid mixture (Membrane B, 
Table 1) was dried under vacuum and resuspended in HNa100 as described above 
for membrane-enclosed cargos. The lipid mixture was then extruded through a 
100-nm polycarbonate membrane 21 times using a mini-extruder (Avanti Polar 
Lipids). Lipid vesicles were used immediately following extrusion.

Kinesin–Cargo Complex Preparation. Kif5A was attached to membrane-en-
closed cargos via a nickel–hexahistidine interaction (23, 30); cargo-mediated acti-
vation was previously demonstrated for full-length Kif5A (76). Kif5B was attached 
to membrane-enclosed cargos via a streptavidin–biotin interaction (24, 26, 30). 
Both kinesin isoforms were attached to membrane-free polystyrene microspheres 
via nonspecific interactions (23, 33, 34). Kinesin motors were incubated with 
membrane-enclosed cargos or membrane-free cargos in motility buffer (67 mM 
PIPES, 50 mM CH3CO2K, 3 mM MgSO4, 1 mM dithiothreitol, 0.84 mM EGTA, 
10 µM taxol, pH 6.9) for 10 min at room temperature. The solution was then 
supplemented with an oxygen-scavenging solution (250 µg/mL glucose oxidase, 
30 µg/mL catalase, 4.6 mg/mL glucose) and 1 mM ATP, followed by immediate 
use for optical trapping experiments.

The concentration of membrane-free cargos was kept constant at 0.6 pM, and 
the concentration of membrane-enclosed cargos was kept constant at 0.55 pM. 
These concentrations were empirically determined to optimize the number of 
cargos in the field of view for optical trapping.

The concentration of kinesin in each experiment was empirically tuned to 
obtain the indicated motile fraction on tau-free microtubules. In each kine-
sin–cargo mixture, the number of active kinesins attached to each cargo is 
Poisson-distributed and a substantial fraction of the cargo can have no active 
kinesin attached. The probability that the cargo has at least one motor is 1 − 
e−m, where m is the mean number of active motors attached to each cargo (6, 
32). In the absence of tau, our experimental duration of 30 s (Fig. 1A, Inset) 
is sufficient for binding if there is a single active kinesin on the cargo (6, 32, 
33). The resulting motile fraction measurement therefore directly indicates the 
probability that a cargo is carried by at least one active kinesin (6, 32). Moreover, 
for the 0.5-µm diameter cargos used in this study, the fraction of motile cargos 
being carried by two or more active kinesins has been characterized for motile 
fractions ranging between 15 and 85% in the absence of tau (34). Note that 
the incubation ratio of kinesin to cargos does not equate the mean number 
of active kinesins attached to the cargo. Three factors are known to limit the 
number of active kinesins per cargo well below their incubation ratio: 1) not all 
kinesins in solution can bind the cargo, 2) not all kinesins bound to the cargo 
are active, and 3) not all active kinesins on the cargo can reach the microtu-
bule at the same time. Importantly, it is currently not possible to estimate the 
percentage of auto-inhibited cargo-bound motors, given that the nature and 
the impact of the activation mechanisms for kinesin-1 are still under active 
investigation (9, 33, 69–71).

For measurements in Figs. 1 and 2A, the concentrations of kinesins were tuned 
to obtain a motile fraction of ~75% on tau-free microtubules, corresponding to 
~30% of motile cargos being carried by two or more active kinesins (34) and mim-
icking the in vivo scenario (17–19). In Fig. 1A, the concentration of Kif5B was kept 
constant at 1.7 nM in experiments employing membrane-free cargo and 4.5 nM 
in experiments employing membrane-enclosed cargos. The higher Kif5B concen-
tration used for membrane-enclosed cargos likely reflects the fact that the number 
of specific attachment sites for kinesin in the lipid membrane is lower than that 
of the nonspecific attachment sites in the membrane-free case. In Fig. 1B, the 
concentration of Kif5A was kept constant 3.8 nM in experiments employing mem-
brane-free cargos and 2.1 nM in experiments employing membrane-enclosed 
cargos. The lower Kif5A concentration used for membrane-enclosed cargos likely 
reflects the fact that cargo-mediated activation of the full-length kinesin requires 
specific binding of the kinesin tail domain to the cargo (79, 80), which is satisfied 
via specific attachment to membrane-enclosed cargos but not necessarily satisfied 
via the nonspecific attachment to membrane-free cargos. Whereas more kinesins 
can in principle attach to membrane-free cargos nonspecifically, this attachment is 
not necessarily via the motor’s tail domain and may not relieve the tail-dependent 
autoinhibition on the full-length kinesin attached to the cargo. In Fig. 2A, the 
concentration of Kif5A was kept constant at 2.1 nM across cholesterol levels.

For measurements in Figs. 2 B and 3 A, the concentrations of Kif5A were tuned 
to achieve a motile fraction range of ~55 to 100% on tau-free microtubules, 
encompassing the physiological range of ~1 to 2 kinesins per cargo (6, 32, 34) 
up to ~four or more kinesins per cargo (SI Appendix, Fig. S6; and refs. 43–47). The 
concentrations of Kif5A were kept constant at 2.1 nM in Fig. 2A, 12.7 nM in Fig. 2B, 
and between 1.6 and 12.7 nM as indicated in Fig. 3A. Each Kif5A concentration 
was kept constant across cholesterol levels. The lowest Kif5A concentration in 
these experiments (1.6 nM, Fig. 3A) yielded a motile fraction of ~55% on tau-free 
microtubules, corresponding to ~15% of motile cargos being carried by two or 
more active kinesins (34).

Microtubule Preparation. Tubulin (40 μM) was incubated in PM buffer (100 
mM PIPES, 1 mM MgSO4, 2 mM EGTA, pH 6.9) supplemented with 1 mM GTP 
for 20 min at 37 °C. The assembled microtubules were incubated with an equal 
volume of PM buffer supplemented with 40 μM taxol and 1 mM GTP for 20 min at 
37 °C. Taxol-stabilized microtubules were diluted to 500 nM in microtubule buffer 
(PMEE buffer supplemented with 10 µM taxol and 1 mM GTP) and incubated with 
0 to 130 nM hTau23 in microtubule buffer for 20 min at 37 °C, followed by imme-
diate use for flow cell preparation. The concentration of tau in each microtubule 
preparation is represented as the incubation ratio of tau molecules per tubulin 
dimer. Tau coverage on microtubules was verified via immunostaining (81, 82) 
with an antibody against the N-terminal region of tau, or an antibody against 
the mid-domain of tau (SI Appendix, Supplementary Methods and Fig. S8). The 
inhibitory effect of tau on kinesin was verified by the decrease in motile fraction 
on tau-decorated microtubules. For each preparation, the inhibitory effect of tau 
on motile fraction remained constant (within measurement uncertainty) for the 
duration of each set of optical trapping experiments (up to ~5 h).

Flow Cell Preparation. Flow cells were constructed by sandwiching a cover 
glass and a microscope slide using double-sided tape. The cover glass was plasma 
cleaned and coated with poly-L-lysine for microtubule immobilization (66). Freshly 
prepared microtubules (tau-free or tau-decorated) were diluted to 45 nM in micro-
tubule buffer and introduced into flow cells for incubation at room temperature for 
10 min. The flow cell was then rinsed with microtubule buffer and then blocked 
with 5.55 mg/mL casein in microtubule buffer for 10 min at room temperature. 
In experiments in which the microtubules were incubated with excess DOPC lipid 
vesicles, flow cells were further incubated with 0 or 100 µM freshly extruded 
lipid vesicles in 5.55 mg/mL casein solution for 5 min at room temperature. The 
flow cells were then rinsed and blocked with 5.55 mg/mL casein in microtubule 
buffer for 10 min at room temperature. All flow cells were used within the same 
day of preparation.

In Vitro Optical Trapping Experiments. In vitro optical trapping experiments 
were carried out in flow cells at room temperature (23, 33, 34). Briefly, freshly 
prepared kinesin–cargo complexes were introduced to flow cells with immobi-
lized microtubules. A cargo diameter of 0.5 µm was used, this cargo size is well 
suited for optical trapping and is in the range of vesicle sizes in vivo (17–19). A 
single-beam optical trap similar to that described previously (32) was used to 
position individual cargos near a microtubule. The trap power was limited to 
<20 mW at fiber output, such that the trap positioned individual cargos but did 
not stall cargos carried by a single kinesin. A motile event was scored if the cargo 
moved directionally away from the trap center within 30 s (14, 32, 33). The optical 
trap was then shut off to either release the unbound cargo or to measure cargo 
run length under zero external load. Cargo trajectories were imaged at 100× 
magnification via differential interference contrast microscopy and video-recorded 
using a Giga-E camera at 30 Hz. Each preparation of kinesin–cargo complexes 
was used to measure transport at two tau concentrations. Each preparation of 
microtubules was used to measure the transport of two or more cargo types. The 
measurement order of each experimental condition was shuffled to eliminate 
potential artifacts.

Data Analysis. Cargos were particle-tracked to 10-nm resolution (1/3 pixel) via 
a template-matching algorithm (83). The run length of each motile cargo was 
determined as the net displacement of the cargo along the microtubule between 
binding and unbinding. The distribution of run lengths for each experimental 
condition was fitted to a single exponential decay. To account for the time that 
elapsed before the manual shutoff of the optical trap, only runs >250 nm were 
analyzed. Runs that exceeded the experimental field of view were also excluded D
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from the fit. Mean run length and SEM for each distribution were determined 
as the fitted decay constant and uncertainty, respectively. Fitting the cumulative 
probability distribution of the run lengths, which does not require data binning, 
returned similar values of mean run lengths. The unbinding rate of the single 
kinesin (SI Appendix, Fig. S4) was determined as the ratio of the mean run length 
to the mean velocity of single-kinesin cargos; the associated SEM was determined 
via error propagation.

Model Derivation. Derivations of Eqs. 1 and 2 are detailed in SI Appendix, 
Notes 1 and 2.

Statistical Analysis. Two-sample Welch’s t test was used to determine the sta-
tistical significance of differences between two distributions of motile-fraction 
measurements. The Mann–Whitney U test was used to determine the statistical 
significance of differences between two distributions of run-length measure-
ments. The Kruskal–Wallis H test, a nonparametric ANOVA, was used to deter-
mine the statistical significance of differences between multiple distributions of 
run-length measurements.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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