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Lis1 slows force-induced detachment of 
cytoplasmic dynein from microtubules

Emre Kusakci1, Zaw Min Htet2, Yuanchang Zhao    2,3, John P. Gillies4, 
Samara L. Reck-Peterson4,5,6 & Ahmet Yildiz    1,2,3 

Lis1 is a key cofactor for the assembly of active cytoplasmic dynein 
complexes that transport cargo along microtubules. Lis1 binds to the AAA+ 
ring and stalk of dynein and slows dynein motility, but the underlying 
mechanism has remained unclear. Using single-molecule imaging and 
optical trapping assays, we investigated how Lis1 binding affects the 
motility and force generation of yeast dynein in vitro. We showed that Lis1 
slows motility by binding to the AAA+ ring of dynein, not by serving as a 
roadblock or tethering dynein to microtubules. Lis1 binding also does not 
affect force generation, but it induces prolonged stalls and reduces the 
asymmetry in the force-induced detachment of dynein from microtubules. 
The mutagenesis of the Lis1-binding sites on the dynein stalk partially 
recovers this asymmetry but does not restore dynein velocity. These results 
suggest that Lis1–stalk interaction slows the detachment of dynein from 
microtubules by interfering with the stalk sliding mechanism.

Cytoplasmic dynein-1 (dynein hereafter) is the primary motor responsi-
ble for motility and force generation towards the minus ends of microtu-
bules1. Dynein transports membranous organelles, vesicles, messenger 
RNA and unfolded proteins towards the nucleus, drives retrograde 
transport in neurons and plays crucial roles in cell division2. Mutations 
that impair dynein function are linked to severe neurodegenerative 
and developmental disorders3.

The core structural component of the dynein transport machinery 
is the dynein heavy chain (DHC), which is composed of the tail domain 
and the motor domain (Fig. 1a). The tail domain facilitates dimerization 
and recruits other associated chains. The motor domain forms a cata-
lytic AAA+ ring that connects to the tail via the linker domain, and to the 
microtubule via a coiled-coil stalk4,5 (Fig. 1a). ATP hydrolysis in the AAA+ 
ring is coupled to the swinging motion of the linker at the surface of the 
ring1, which powers minus end-directed motility6. Nucleotide hydrolysis 
also controls the binding and release of the motor from the microtubule 
by altering the registry of the stalk coiled coils7. Dynein adopts an auto-
inhibited ‘phi’ conformation8–10 and switches to an active conformation 
when it forms a complex with dynactin and an activating adaptor11,12.

Lissencephaly-1 (Lis1) is a required cofactor for the recruitment of 
dynein to kinetochores, the nuclear envelope and the cell cortex, and 
for the initiation of dynein-mediated transport of a wide variety of car-
gos (reviewed in ref. 13). Heterozygous mutations in the LIS1 gene lead 
to neuronal migration deficiency during embryonic brain development 
and cause the severe neurodevelopmental disease, lissencephaly14. Lis1 
consists of a dimerization domain and a WD40 β-propeller domain. 
β-Propeller domains bind near the AAA3 site of the AAA+ ring and the 
base of the stalk (Fig. 1a)15–17. Recent studies proposed that Lis1 binding 
to the AAA+ ring facilitates the assembly of active dynein–dynactin–
adaptor complexes by preventing dynein from adopting the phi con-
formation18–21. Structure-guided mutations showed that the Lis1–stalk 
interaction is important for the localization of dynein to the cortex of 
yeast cells15,16, but it remains to be determined how this interaction 
affects the mechanism of dynein motility.

The comigration of Lis1 has been reported to substantially reduce 
the velocity of microtubule gliding or processive motility of yeast, pig 
and human dynein–dynactin in vitro17–19,22–24. Several models have been 
proposed to explain how Lis1 binding pauses or slows down dynein 
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generation of yeast cytoplasmic dynein. Similar to mammalian dynein, 
Lis1 binding to yeast dynein prevents it from adopting the phi confir-
mation, and dynein mutants that cannot form the phi conformation 
partially rescue dynein function in yeast lacking Lis1 (ref. 20). Although 
yeast dynein also requires dynactin and a cortical attachment protein 
for its cellular function28,29, it can walk processively in the absence of 
these cofactors30 with similar stepping and force-generation properties 
to mammalian dynein–dynactin–adaptor complexes31–35. Therefore, 
yeast dynein serves as a simpler model to investigate how Lis1 binding 
affects the intrinsic motility and force-generation properties of dynein. 
Consistent with previous observations17–19,36, we found that Lis1 binding 
slows dynein motility and induces longer run times on microtubules. 
Lis1 weakly interacts with microtubules, but this interaction does not 
slow dynein motility because Lis1 binding slows dynein even under 
conditions in which Lis1 does not interact with microtubules. Optical 
trapping assays revealed that Lis1 does not reduce the stall force, but 
results in slower microtubule detachment under hindering forces. Lis1 

motility. Lis1 binding increases the microtubule-binding affinity of 
dynein17,22,23,25, which may result in slower detachment of the motor 
domain before it can step along the microtubule. Cryo-electron 
microscopy of Lis1-bound dynein suggested that Lis1 clamps multiple 
AAA subunits together, trapping dynein in a conformation with high 
microtubule-binding affinity15, possibly preventing rearrangements of 
the AAA subunits needed to switch to the low-affinity conformation. 
Lis1 binding to dynein has been proposed to inhibit or slow dynein by 
blocking the powerstroke of its linker domain25. A recent in vitro study 
proposed that Pac1 (the Lis1 homolog in budding yeast Saccharomyces 
cerevisiae, ‘Lis1’ hereafter) exerts a drag by tethering dynein to the 
microtubule in low ionic-strength buffers20. There are also reports 
that the Lis1 association increases26 or does not affect27 the velocity of 
human dynein–dynactin. Therefore, how Lis1 affects dynein velocity 
remains controversial.

In this study, we used single-molecule imaging and optical trap-
ping to investigate how Lis1 binding affects the motility and force 
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Fig. 1 | Lis1 binding reduces the velocity and increases the run time of dynein. 
a, Schematic of a Lis1-bound dynein on a microtubule. MTBD, microtubule-
binding domain. b, A kymograph shows GFP-dynein colocalizes with one (white 
arrows) and two (yellow arrows) colors of Lis1 in the presence of 2 nM LD655- and 
2 nM TMR-labeled Lis1. c, The velocity and run time of motors colocalized  
with 0, 1 and 2 colors of Lis1 (mean ± s.d., n = 1,530, 622 and 21 from left to right).  
d, Dynein velocity under different Lis1 concentrations in 50 mM KAc 
(mean ± s.e.m.; n = 861, 692, 288, 233, 352, 278, 312 and 131 from left to right; three 
biological replicates). The fit (solid curve) reveals Kd (±s.e.). e, The probability of 
0, 1 and 2 Lis1 bound to dynein under different Lis1 concentrations. f, Transient 
binding (white arrow) and unbinding (yellow arrow) of Lis1 from dynein (left). 
The velocity of Lis1-unbound and Lis1-bound sections of dynein trajectories 
(mean ± s.d., n = 41 and 45 from left to right) (middle). The fold change in velocity 

upon Lis1 binding or unbinding (mean ± s.d., n = 64 and 47 from left to right) 
(right). g, The velocities of motors that do not colocalize with Lis1 with and 
without Lis1 in the chamber (n = 361 and 1,534, from left to right). h, Schematic 
shows whether a single Lis1 dimer can cross-bridge two dynein dimers labeled 
with different dyes (cyan and red stars) (left). Kymographs of 5 nM LD555-dynein 
(cyan) and 5 nM LD655-dynein (red) in 0 and 5 nM Lis1. Yellow arrows show 
colocalization between LD555 and LD655 (middle). The percentage of trajectories 
with colocalization between LD555 and LD655 (mean ± s.d.; n = 408, 378, 426 and 
208 trajectories from left to right; three independent experiments) (right). See 
data analysis in Methods for curve fitting in d and e. In c, f and g, the center line 
and whiskers represent the mean and s.d., respectively. P values were calculated 
by a two-tailed t-test with Welch correction for velocity and by two-tailed 
Kolmogorov–Smirnov test for run time.
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also decreases the asymmetry in the force-induced velocity of dynein. 
Mutations that disrupt the interactions of Lis1 with the dynein stalk 
partially restore the asymmetric detachment of dynein from microtu-
bules in the presence of Lis1. These observations provide new insight 
into the mechanism of dynein regulation by Lis1.

Results
Lis1 binding stoichiometrically slows dynein motility
We expressed the full-length DHC (DYN1) with an amino-terminal 
GFP tag and a carboxy-terminal HaloTag from its endogenous locus 
in an S. cerevisiae strain lacking the genes encoding Lis1 (PAC1), the 
Lis-binding protein, NudEL (NDL1) and the p150 subunit of dynactin 
(NIP100; Supplementary Table 1). The DHC copurified with the endog-
enous dynein light intermediate chain (Dyn3), light chain (Dyn2) 
and intermediate chain (Pac11)30. We monitored the motility of this 
endogenously expressed complex (hereafter dynein) along micro-
tubules in the presence and absence of Lis1 (Fig. 1a). To determine 
how Lis1 binding affects dynein motility, we separately labeled two 
different batches of Lis1 with TMR and LD655 dyes and monitored the 
colocalization of 2 nM TMR-Lis1 and 2 nM LD655-Lis1 with GFP-dynein. 
We observed either LD655-Lis1 or TMR-Lis1 translocating together 
with dynein on microtubules at similar colocalization percentages 
(14% each; Fig. 1b,c and Supplementary Video 1). A small fraction 
(1%) of GFP-dynein motors colocalized with LD655-Lis1 and TMR-Lis1 
simultaneously, suggesting that a single dynein motor can recruit 
two Lis1 dimers (Fig. 1b), but this occurred rarely at low (2 nM) Lis1 
concentrations27. Similar to mammalian dynein–dynactin–adaptor 
complexes18,19, yeast dynein motors that colocalized with a single color 
of Lis1 moved slower (41 nm s−1) and had a longer run time (81.4 s) 
on average than motors that did not colocalize with Lis1 (109 nm s−1 
velocity and 30.5 s run time). Colocalization of both Lis1 colors further 
reduced the velocity (19 nm s−1) and increased the run time (122.5 s) 
of dynein (Fig. 1c).

To estimate the affinity of Lis1 binding to processive dynein 
motors, we monitored dynein motility in the presence of 0–250 nM 
unlabeled Lis1 (Extended Data Fig. 1a–c). The average velocity of dynein 
under different Lis1 concentrations was fitted to the fraction of motors 
bound to 0, 1 and 2 Lis1 colors multiplied with their corresponding aver-
age velocities (Fig. 1d; see data analysis in Methods). The fit estimated 
that the dissociation constant of Lis1 (Kd) is 17.9 nM (Fig. 1d) and that 
most of the motors colocalize with two Lis1s at high Lis1 concentra-
tions (Fig. 1e). We also observed that transient binding of Lis1 paused 
or slowed 83% of the motors, whereas unbinding of Lis1 increased the 
velocity of 77% of the motors, in agreement with previous observations 
on mammalian dynein27 (Fig. 1f, Extended Data Fig. 1d and Supplemen-
tary Video 2). The velocity of dynein motors not colocalizing with Lis1 
was similar to dynein velocity when there was no Lis1 in the chamber 
(Fig. 1g). Therefore, Lis1 slows dynein motility only when it is directly 
bound to the motor, and the presence of excess Lis1 in the chamber 
does not affect dynein velocity.

Previously, we proposed that human Lis1 facilitates the recruit-
ment of two dyneins to the dynactin–adaptor complex by opening 
the autoinhibited phi conformation of dynein18,19. However, it is also 
possible that β-propeller domains of a Lis1 dimer cross-bridge the 
motor domains of two separate dynein dimers (Fig. 1h) and recruit them 
together to the dynactin–adaptor complex. To test this possibility, we 
differentially labeled two batches of dynein with LD555 and LD655 dyes 
and monitored their comigration on microtubules in the presence or 
absence of Lis1. Because the yeast strain that we purify endogenous 
dynein from lacks the NIP100 gene, a functional dynactin complex 
should not be present in our assays, and colocalization of two dyneins 
could only be mediated by Lis1. In the absence of Lis1, we observed less 
than 1% colocalization between two different batches of 5 nM dynein 
labeled with LD555 and LD655. The presence of equimolar Lis1 to dynein 
led to only a marginal increase (2%) in colocalization between the 

differentially labeled dyneins (Fig. 1h), suggesting that Lis1 does not 
effectively cross-bridge two dyneins.

Lis1 slows dynein without interacting with microtubules
Unlike mammalian Lis1 (refs. 18,19), yeast Lis1 interacts with microtu-
bules20. The degree to which Lis1 reduces dynein velocity was reported 
to correlate with the extent of Lis1–microtubule binding under differ-
ent salt concentrations, indicating that yeast Lis1 may slow dynein by 
simultaneously binding dynein and the microtubule20. However, it is 
also possible that increasing the ionic strength of the buffer weakens 
the microtubule affinity of dynein. This could compete against the 
Lis1-mediated increase in the microtubule affinity of the motor, thereby 
reducing the effect of Lis1 in dynein velocity. We envisioned that the 
microtubule tethering model requires that: (1) either one Lis1 mono-
mer interacts with dynein and the other monomer interacts with the 
microtubule; or (2) a single Lis1 monomer interacts simultaneously with 
both dynein and the microtubule (Fig. 2a). To test these models, we first 
characterized microtubule-binding dynamics of wild-type Lis1 dimer 
(Lis1WT) and monomeric Lis1 lacking its amino-terminal dimerization 
domain (Lis1monomer)17. As previously reported20, Lis1WT decorated micro-
tubules in 50 mM KAc (Fig. 2b,c). The fit to a binding isotherm revealed 
a Kd of 88 ± 8 nM (Extended Data Fig. 2a), which is higher than the Kd 
value we calculated from the Lis-mediated reduction of dynein velocity  
(Fig. 1d). Single Lis1WT stayed bound to the microtubule for 19.3 s on 
average and exhibited diffusive dynamics on the microtubule surface  
(Fig. 2d,e). However, there was little to no microtubule decoration of 
Lis1WT when the ionic strength of the buffer was increased to a physio-
logically relevant level (150 mM KAc; Fig. 2f,g)20 or the carboxy-terminal 
tails of tubulin were cleaved by subtilisin20 (Fig. 2h and Extended Data 
Fig. 2b). We concluded that Lis1 interacts with negatively charged tails 
of tubulin primarily through electrostatic interactions. However, this 
interaction is not strong enough to sustain microtubule binding in 
physiologically relevant salt concentrations, consistent with the lack 
of microtubule colocalization of Lis1 in yeast37. Compared to Lis1WT, 
Lis1monomer exhibits little to no microtubule binding even under low salt 
conditions. Lis1monomer had a lower affinity for microtubules (Fig. 2b,c), 
only transiently interacted with microtubules and typically dissociated 
within 1–2 s (Fig. 2d,e).

We next measured the velocity of dynein in the presence of either 
Lis1WT or Lis1monomer. The first model predicts that Lis1monomer would not 
affect the velocity of dynein. However, consistent with our previous 
observations17, Lis1monomer slowed dynein motility in a dose-dependent 
manner (Fig. 2i), albeit not as strongly as Lis1WT. Thus, if Lis1 cross-links 
dynein to microtubules, it must do so in the context of a monomer, with 
one face of Lis1 interacting with dynein and a different one interact-
ing with microtubules. The second model predicts that mutants that 
disrupt Lis1 binding to dynein would not disrupt Lis1–microtubule 
binding, as the interfaces involved must be different. We tested this 
possibility by using dynein binding mutants of Lis1, in which a single 
(Lis1R378A) or five (Lis15A) positively charged residues in the β-propeller 
domain were mutated to alanine (Extended Data Fig. 2c)25. Unlike 
Lis1WT, Lis1R378A and Lis15A were unable to decorate microtubules in 
50 mM KAc (Fig. 2j and Extended Data Fig. 2d–e). Lis15A also did not 
bind to microtubules in microtubule pelleting assays (Extended Data 
Fig. 2a), indicating that Lis1 interacts with microtubules through basic 
amino acids at the dynein-interacting surface of its β-propeller domain. 
Because a Lis1monomer would not be capable of cross-linking dynein to 
microtubules, but still slows dynein motility, our results are inconsist-
ent with the microtubule tethering model.

While our results show that Lis1 binding to dynein is required to 
slow dynein motility (Fig. 1), it has been reported that the presence 
of Lis1 is sufficient to reduce the velocity of dynein motors that do 
not comigrate with Lis1 (ref. 20). This observation raises the possibil-
ity that Lis1 serves as a static obstacle against dynein motility on the 
microtubule surface, akin to microtubule-associated proteins38,39. 
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Because all dyneins would encounter microtubule-bound Lis1, this 
model predicts a similar reduction in velocity for dyneins that comi-
grate with Lis1 and those that are not bound to Lis1 (ref. 20). To test 
this model, we predecorated microtubules with 300 nM Lis1 with no 
added salt and washed away free Lis1 from the chamber (Extended Data 
Fig. 2f). We found that 92% of Lis1 intensity disappeared after washing 
the chamber and introducing dynein, consistent with transient and 
diffusive interactions of Lis1 with the microtubule. The fraction of 
Lis1 remaining on the microtubules failed to impede dynein motil-
ity (Fig. 2k and Supplementary Videos 3 and 4), indicating that Lis1 
does not serve as an effective roadblock on the microtubule against  
dynein motility.

We also purified dynein from the S. cerevisiae strain that over-
expresses DHC and each of its associated chains under the galactose 
promoter (hereafter dyneinGal) to explore why this construct exhibits 
slower motility in the presence of Lis1 even when it is not directly bound 

to Lis120. Similar to dynein expressed using the endogenous promoter 
(Fig. 1), dyneinGal had an increased run time when colocalized with 
Lis1 (Extended Data Figs. 3 and 4). However, dyneinGal motors moved 
substantially slower whether or not they colocalized with Lis1 in the 
chamber (Extended Data Fig. 4d,f), as reported20. The reduction in 
dyneinGal velocity was not due to the decoration of the microtubule 
surface by Lis1, because Lis1 addition slowed dyneinGal even when it 
did not efficiently decorate microtubules under physiological salt 
(150 mM; Extended Data Fig. 3). We next introduced or removed Lis1 
from the chamber while recording dyneinGal motility. Introducing Lis1 
into the chamber did not alter the velocity of dyneinGal motors that 
were already moving along the microtubule at the time Lis1 was added 
(Extended Data Fig. 5a–c). Likewise, the removal of free Lis1 from the 
chamber failed to recover dyneinGal velocity (Extended Data Fig. 5c), 
indicating that dyneinGal velocity is reduced when it is preincubated 
with Lis1, not by the comigration of Lis1 on the microtubule. While the 
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underlying mechanism remains unclear, the differences between the 
Lis1-mediated regulation of dynein and dyneinGal may be related to low 
stability or aggregation of dyneinGal after purification20 (see ‘Protein 
purification and labeling’ in Methods).

Lis1 does not affect the dynein stall force
We next investigated whether Lis1 binding slows dynein motility by 
interfering with the swinging motion of the linker at the surface of 
the ring25. Because the linker drives the force-generating powerstroke 
of dynein, this model predicts that Lis1 binding reduces the ability of 
dynein to walk against hindering forces. To test this possibility, we 
measured the stall force of endogenously expressed dynein in the 
presence and absence of excess (300 nM) Lis1 using an optical trap  
(Fig. 3a). In the absence of Lis1, dynein stalled at 3.8 ± 0.1 pN 
(mean ± s.e.m., n = 116 stalls) and remained attached to the microtu-
bule for 14.6 ± 0. 8 s (mean ± s.e.m.) before the trapped bead snapped 
back to the trap center34 (Fig. 3b,c). The stall force was unaltered by 
Lis1 addition (3.8 ± 0.1 pN, n = 126 stalls; Fig. 3b,c), suggesting that 
Lis1 does not disrupt the force-generating powerstroke of the linker. 
However, the Lis1 addition resulted in a 70% increase in the duration 
of the stalls (24.7 ± 0.9 s, P = 0.018, two-tailed Kolmogorov–Smirnov 
test), indicating that Lis1 reduces the microtubule detachment rate 
of dynein under hindering forces (Fig. 3d)18,36.

Unlike full-length dynein, Lis1 binding reduced the stall force of 
tail-truncated and artificially dimerized dynein constructs34,40, sug-
gesting that artificial dimerization of the linkers at the exit of the ring 
introduces a steric obstacle against their swinging motion when Lis1 
is present on the outer surface of the ring (Extended Data Fig. 6). How-
ever, Lis1 binding does not affect the force generation of full-length 
dynein, presumably because the longer length of the full-length 
dynein tails has greater flexibility compared to the truncated dynein  
constructs25.

Lis1 slows force-induced detachment of dynein
Because Lis1 increases the microtubule affinity of dynein (Fig. 1)17,22,23,25, 
we also tested whether Lis1 binding slows motility by altering the 

detachment kinetics of dynein from the microtubule. Dynein con-
trols its microtubule affinity by altering the registry of the stalk coiled 
coils through nucleotide-dependent conformational changes in the 
AAA+ ring5. The stalk sliding mechanism is also sensitive to external 
forces41. When pulled in the assisting direction (towards the minus 
end of microtubules), the stalk switches to a weak binding registry, and 
dynein releases quickly from the microtubule and moves substantially 
faster. However, the stalk remains in a strongly bound registry and 
the motor resists backward movement when pulled in the hindering 
direction34,41–44.

If Lis1 binding interferes with the stalk sliding mechanism, we 
anticipated the addition of Lis1 to alter the force–velocity (F–V) behav-
ior of dynein. To test this prediction, we first measured the velocity of 
single dynein motors in 1 mM ATP and in the absence of Lis1 when they 
were subjected to constant forces in assisting and hindering direc-
tions using a force-feedback controlled trap. Consistent with previous 
reports34,40,44, hindering force slowed minus end-directed motility of 
dynein and the motors start walking towards the plus end under super-
stall forces. In comparison, the minus end-directed velocity of dynein 
motility increased more rapidly under the same magnitude forces in 
the assisting direction (Fig. 4a). The addition of 300 nM Lis1 reduced 
dynein speed when the motor was being pulled in either direction  
(Fig. 4b), but the speed was reduced more substantially under assisting 
forces than under hindering forces (Fig. 4c,d). To quantify the changes 
in the asymmetry in F–V of dynein, we compared the speed of the 
motor when it walks towards the plus end versus the minus end of the 
microtubule under force. Because dynein changes its direction relative 
to the stall force, not by the actual direction of the applied force, in the 
presence of ATP34,40, we defined the asymmetry as the ratio of forward 
and backward speeds of dynein when the motor is subjected to the 
same magnitude of forces relative to the stall force (Frel). Consistent 
with our hypothesis, Lis1 addition substantially reduced the asymme-
try between plus end- and minus end-directed speeds of dynein from  
2.45 to 1.14, on average (Fig. 4c,d).

We reasoned that Lis1 binding may reduce the asymmetry in F–V by 
interfering with either the linker swing or the stalk sliding mechanisms 
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of dynein. The swinging motion of the linker is strictly coupled to the 
nucleotide-dependent rigid-body motions of the AAA+ ring45, whereas 
the registry of the stalk coiled coils can be altered by external force 
even in the absence of ATP41. To distinguish between these possibili-
ties, we tested whether Lis1 still affects the asymmetry in the F–V of 
dynein in the absence of ATP. Similar to the ATP condition, we observed 
Lis1 addition to decrease dynein speed when the motor was pulled in 
both directions, and the decrease in speed was more substantial when 
the motor was pulled in the assisting direction in the absence of ATP  
(Fig. 5a,b). Because the motor moves in a direction that it is pulled 
in the absence of ATP, we calculated the asymmetry relative to the 
no-force condition in this case. Lis1 addition reduced the asymmetry 
from 1.83 to 1.10, on average (Fig. 5c). These results indicate that Lis1  
binding slows the detachment of dynein from microtubules by inter-
fering with the stalk sliding mechanism, not by interfering with the 
swinging motion of the linker.

We previously showed that Lis1 stably interacts with a second 
binding site at the base of the dynein stalk16,46. To test whether this 
Lis1–stalk interaction might be responsible for the ability of Lis1 
to reduce the asymmetry in force-induced detachment of dynein 
from microtubules, we performed F–V measurements using a dynein 
mutant, in which three Lis1-interacting residues on its stalk were 
replaced with alanine (dyneinEQN, purified from yeast endogenously 
expressing dynein subunits)16. We first confirmed that dyneinEQN 
motility is slowed down by Lis1, albeit with an approximately three-
fold higher Kd (54 ±10 nM, ±s.e.) compared to that for wild-type (WT) 

dynein16 (Extended Data Fig. 7a,b). Similar to WT dynein, the binding 
of two Lis1 dimers further slowed dyneinEQN motility (Extended Data 
Fig. 7c,d). In the absence of Lis1, dyneinEQN also had a similar stall 
force, but lower stall times relative to WT dynein (P = 0.03, two-tailed 
Kolmogorov–Smirnov test; Extended Data Fig. 7e–g). To determine 
how Lis1 affects stall force and the F–V behavior of dyneinEQN, we used 
higher concentrations of Lis1 (900 nM) to compensate for the lower 
affinity of dyneinEQN for Lis1 (ref. 16). The addition of Lis1 resulted 
in only minor changes in the stall force and stall time of dyneinEQN 
(Extended Data Fig. 7e–g). However, unlike WT dynein, the addi-
tion of Lis1 did not reduce the asymmetry of the F–V behavior of 
dyneinEQN (2.1 without Lis1 and 2.0 with Lis1; Fig. 6 and Extended Data 
Fig. 8). Collectively, these results show that the Lis1–stalk interaction 
increases the affinity of Lis1 to bind dynein and reduces the asym-
metry in force-induced detachment of dynein from the microtubule, 
but the Lis1–ring interaction is sufficient to increase the microtubule 
affinity and reduce the velocity of dynein.

Discussion
In this study, we used single-molecule imaging to test the models that 
describe how Lis1 affects the motility of yeast cytoplasmic dynein. 
Because yeast dynein walks processively in the absence of dynactin 
and an activating adaptor in vitro, we were able to investigate how Lis1 
binding affects the inherent motility and force-generation proper-
ties of single dynein motors. We observed that when dynein colocal-
izes with one or two Lis1 dimers, it moves more slowly and runs on 
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microtubules for a longer time than motors that do not colocalize 
with Lis1. We conclude that Lis1 binding to dynein is necessary to 
induce increased microtubule affinity and decreased velocity. These 
results are consistent with our previous observations that Lis1 binding 
slows the motility of yeast dynein16,17 as well as mammalian dynein– 
dynactin18,19, and inconsistent with reports that Lis1 colocalization 
increases26 or does not change27 the speed of mammalian dynein– 
dynactin. This discrepancy may be relevant to the two competing 
effects of Lis1 on the velocity of mammalian dynein–dynactin: Lis1 
mediates the assembly of faster complexes that recruit two dyneins 
to dynactin, but it slows the motility of active complexes if it remains 
bound to dynein18,19. Therefore, the overall effect of Lis1 on mamma-
lian dynein–dynactin might depend on the stoichiometry of Lis1 and 
dynein in the complex.

We observed that Lis1 weakly interacts with the C-terminal tails of 
tubulin at low salt20 through the same surface of its β-propeller domain 
that interacts with dynein. Although its microtubule-binding affinity is 
reduced by nearly two orders of magnitude, Lis1 still effectively slows 
dynein motility at physiological salt concentrations20. In addition, 
dynein motility can be slowed by a single Lis1 β-propeller domain17, 
which cannot simultaneously interact with dynein and the microtu-
bule. Collectively, our results are inconsistent with a model that Lis1 
slows dynein motility by tethering the motor to the microtubule20 and 
show that Lis1 still slows dynein motility under conditions in which it 
does not interact with the microtubule. Lis1 is also unlikely to serve as 
an effective roadblock against dynein motility because it exhibits dif-
fusive motion on microtubules and its microtubule decoration does 
not substantially affect dynein motility along these tracks.

We also performed optical trapping assays to determine how Lis1 
binding affects force generation and the force response of dynein. Simi-
lar to mammalian dynein18, Lis1 binding does not affect the stall force of 
yeast dynein, indicating that the linker can perform its force-generating 
powerstroke when Lis1 is bound to the AAA+ ring. This result is consist-
ent with the ability of dynein motors to walk processively, albeit at lower 
speeds, when colocalized with Lis1 (refs. 18,19), whereas disrupting 
the linker swing mechanism fully abrogates the motility47. Lis1-bound 
dynein also persists against microtubule detachment for longer dura-
tions under hindering forces and moves slower under both assisting 
and hindering forces, consistent with the high microtubule affinity of 
Lis1-bound dynein17,22,23,25. These results are consistent with previous 
studies that reported an increase in stall duration of isolated mam-
malian dynein or the mammalian dynein–dynactin–adaptor complex 
in the presence of Lis1 (refs. 18,36), underscoring the conservation of 
Lis1 function across evolution.

Based on our results and previous reports, we propose that Lis1 
slows dynein motility in two distinct steps. First, Lis1 binding to the 
AAA+ ring traps the ring in a conformation that favors high microtu-
bule affinity16. Because Lis1 still slows the motility of dyneinEQN in the 
absence of force, Lis1 binding to the AAA+ ring is sufficient for slower 
movement15,16. Second, Lis1 binding to the stalk traps the coiled coils 
in a strongly bound registry and restricts their registry shift. In the 
absence of Lis1, the stalk can switch from the strongly bound to the 
weakly bound registry when dynein is subjected to assisting forces, 
but remains in a strongly bound registry under hindering forces41. Lis1 
binding slows dynein speed in both assisting and hindering forces, but 
it has a more profound effect in limiting the acceleration of dynein 
under assisting forces. We suggest that this is because Lis1 binding to 
the stalk of dynein prevents the shift of the coiled coils to a registry 
with lower microtubule affinity by an external force. Consistent with 
this model, Lis1 is less effective in reducing dynein speed under assist-
ing forces when the stalk residues that interact with Lis1 are mutated  
to alanine.

Our results are consistent with the role of Lis1 in relieving the 
autoinhibition of dynein in the phi conformation and facilitating the 
assembly of the dynein–dynactin complex18–21. In vivo studies suggest 

that Lis1 has additional regulatory roles in addition to rescuing dynein 
from its autoinhibited conformation, because mutations that disrupt 
the phi conformation of dynein do not fully rescue loss of endogenous 
Lis1 (refs. 20,21). Lis1 binding not only opens the phi conformation, 
but also induces tight microtubule binding of open dynein36. This may 
contribute to the assembly of dynein with dynactin and an activating 
adaptor by recruiting the motor to the site of assembly and preventing 
its premature detachment from the microtubule.

Lis1 has been reported to be absent from moving dynein cargos 
in vivo48–50 and it appears to dissociate from most dynein complexes 
during or after the activation of processive motility in vitro18–20,51–53. 
Dissociation of Lis1 may be a key step in dynein activation because 
enhancing the affinity of dynein for Lis1 leads to defects in nuclear 
migration in S. cerevisiae37. However, Lis1 may remain bound to dynein 
when it transports high-load cargos or pulls on astral microtubules dur-
ing cell division54,55. Lis1 binding may prevent microtubule detachment 
of dynein when the motor is subjected to both assisting and hindering 
forces during back-and-forth oscillations of spindle microtubules, 
thereby enabling multiple dyneins to effectively increase tension for 
proper positioning of the spindle. Future studies are required to deter-
mine whether the association and dissociation of Lis1 from dynein are 
regulated in different cellular contexts.
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Methods
Protein purification and labeling
The endogenous genomic copies of S. cerevisiae dynein heavy chain 
(DYN1) and Lis1 (PAC1) were modified or deleted using homologous 
recombination30. The list of strains used in this study is shown in Sup-
plementary Table 1. The strains that express GFP- and Halo-tagged 
full-length dynein (RPY1732 and 1736) were generated from the parent 
yeast strains17,30. Tagged yeast dynein showed no defects in nuclear 
segregation, indicating that the dynein promoter is not disrupted in 
this strain background.

S. cerevisiae strains that express dyneinGal and Lis1 constructs were 
grown in 2 l YPA-galactose media (1% yeast extract, 1% peptone, 0.004% 
adenine sulfate, 2% galactose), and strains that express endogenously 
expressed dynein were grown in 2 l YPD media (1% yeast extract, 1% 
peptone, 0.004% adenine sulfate, 2% dextrose) until optical density 
(OD600) reached 2.0. The cells were pelleted at 6,000g for 15 min, 
resuspended in phosphate buffer saline and frozen in liquid nitrogen. 
For purification of dynein and dyneinGal, cell pellets were ground 
and dissolved in the dynein lysis buffer (DLB; 30 mM HEPES pH 7.4, 
2 mM Mg(Ac)2, 1 mM EGTA, 10% glycerol) supplemented with 50 mM 
KAc, 1 mM DTT, 0.1 mM ATP, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), 0.1% Triton at 37 °C. The lysate was centrifuged at 360,000g 
for 45 min and the supernatant was incubated with 300 µl IgG beads for 
1 h at 4 °C. The mixture was then applied to Qiagen columns, washed 
with 30 ml DLB supplemented with 250 mM KAc, 1 mM DTT, 0.1 mM 
ATP, 1 mM PMSF, 0.1% Triton and then with 20 ml TEV buffer (10 mM 
Tris–HCl pH 8.0, 150 mM KCl, 10% glycerol, 1 mM DTT, 0.1 mM ATP, 
0.25 mM PMSF) at 4 °C. The mixture was then incubated with 10 µl 
of 2 mg ml−1 TEV protease for 1 h at 4 °C. The eluted protein was sepa-
rated from the beads by centrifuging the mixture in Amicon Ultra 
Free MC tubes at 21,000g for 2 min, flash frozen in liquid nitrogen 
and stored at −80 °C. A similar procedure was used to purify Lis1, 
except cells were lysed in a Hi-salt phosphate lysis buffer (50 mM potas-
sium phosphate pH 8.0, 150 mM KAc, 2 mM Mg(Ac)2, 10% glycerol, 
10 mM imidazole, 150 mM NaCl, 50 mM 2-mercaptoethanol (BME), 
1 mM PMSF, 0.2% Triton) and protein was eluted in nu-TEV buffer 
(50 mM Tris–HCl pH 8.0, 1 mM EGTA, 150 mM KAc, 150 mM NaCl, 
2 mM Mg(Ac)2, 10% glycerol, 1 mM DTT, 0.5 mM PMSF). The protein 
concentration was determined by both 280 nm absorbance and the  
Bradford assay.

Proteins were labeled with fluorescent dyes after resuspending the 
lysate with beads and before adding TEV protease. Then, 10 nanomoles 
of a fluorescent dye were well mixed with the protein–bead mixture 
and incubated for 1 h at 4 °C. The column was then washed with 100 ml 
TEV buffer to remove excess dye before eluting the protein from the 
beads. The labeling percentage was determined by measuring the 
protein concentration in Bradford assays and the absorbance under 
555 nm and 655 nm excitation for TMR/LD555 and Cy5/LD655 dyes, 
respectively. The probability, p of each SNAP-Lis1 monomer labeled 
with TMR and LD655 dyes derivatized with benzyl guanine was 0.72 and 
0.80 per Lis1 monomer, respectively. The probabilities of a SNAP-Lis1 
dimer to be labeled with at least one TMR or LD655 dyes (calculated as 
2p − p2) were 0.92 and 0.96, respectively. The probability of a dynein 
dimer being labeled with a dye was 0.8.

Unlike dynein, dyneinGal showed signs of aggregation and slower 
motility after flash freezing and storage at −80 °C. To avoid the freezing 
and thawing cycle, dyneinGal experiments were performed immediately 
after protein preparation.

Microtubule polymerization and subtilisin treatment
Tubulin was purified from pig brains in a 1 M PIPES buffer. Then, 60 ng 
unlabeled, 60 ng biotinylated and 1 ng fluorescently labeled tubulin 
were diluted to 1 mg ml−1 in 120 µl BRB80 buffer (80 mM PIPES pH 6.8, 
2 mM MgCl2, 1 mM EGTA) supplemented with 1× polymerization mix-
ture (1 mM GTP, 10% DMSO) and polymerized at 37 °C for 40 min.  

The mixture was incubated at 37 °C for an additional 40 min after 
adding 1 mM taxol. The mixture was centrifuged at 21,000g for 13 min 
at room temperature and resuspended in 30 µl BRB80 buffer supple-
mented with 10 mM taxol and 1 mM DTT. Microtubules were stored in 
the dark at room temperature and used within two weeks.

For subtilisin treatment, 2.5 mg ml−1 polymerized microtubules 
were stored in the dark for 1 d for elongation and then incubated with 
a different concentration of subtilisin for 2 h in a 37 °C bath. Under 
these conditions, 50 µg ml−1 subtilisin cleaved more than 85% of the 
tubulin tails without substantially affecting dynein motility along these 
microtubules. The proteolytic cleavage was stopped with the addi-
tion of 2 mM PMSF. The microtubules were centrifuged at 21,000g for 
13 min at room temperature and the pellet was resuspended in BRB80 
supplemented with 10 mM taxol.

Single-molecule motility assays
Flow chambers were prepared by placing a multichannel parafilm in 
between a microscope slide and a cover glass functionalized with PEG/
PEG-biotin (Microsurfaces). The chamber was incubated with 20 µl of 
2 mg ml−1 streptavidin for 2 min and excess streptavidin was removed by 
washing the chamber with 60 µl dynein motility buffer (DMB; DLB sup-
plemented with 2% pluronic acid, 1 mM taxol, 1 mM tris(2-carboxyethyl)
phosphine (TCEP)). The chamber was then incubated with 20 µl of 
2 mg ml−1 biotinylated microtubules in DMB for 2 min and unbound 
microtubules were removed by washing the chamber with 80 µl DMB. 
After 3 min, the chamber was then washed with 20 µl stepping buffer 
(DLB supplemented with 0.4% pluronic acid, 1 mM taxol, 1 mM TCEP, 
2 mM ATP, 1% gloxy (glucose oxidase and catalase), 0.5% dextrose and 
50–150 mM KAc). Dynein and Lis1 were diluted in the stepping buffer 
and incubated on ice for 10 min. A 20 µl motor + Lis1 final mixture in 
stepping buffer was added to the chamber and the sample was imaged 
immediately for 15 min.

Lis1–dynein colocalization experiments were performed by mix-
ing fluorescently labeled dynein and Lis1 into the final mixture, before 
flowing into the chamber. In this assay, colocalization of dynein with 
a single color of Lis1 might be due to one or two Lis1 dimers bound per 
dynein, whereas colocalization of both dyes with the GFP signal ensures 
that two Lis1 dimers are bound to a dynein dimer, one on each motor 
domain. Colocalization between two differentially labeled dynein was 
performed by mixing 5 nM LD555-dynein with 5 nM LD655-dynein and 
leaving on ice for 10 min with or without Lis1. To maximize cross-linking 
efficiency with different colors of dyneins, dyneins were added to the 
mixture before Lis1. The dynein–Lis1 mixture was diluted in stepping 
buffer supplemented with 1 mM ATP and 50 mM KAc.

Single-molecule imaging was performed using a custom-built 
objective-type multicolor total internal reflection fluorescence (TIRF) 
microscope equipped with an inverted microscopy body (Nikon 
Ti-Eclipse), ×100 magnification, 1.49 numerical aperture (NA) plan-
apochromat oil immersion objective (Nikon) and a perfect focusing sys-
tem. The fluorescence signal was detected using an electron-multiplied 
charge-coupled device (EM-CCD) camera (Andor, Ixon). The effective 
pixel size after magnification was 108 nm. Samples labeled with GFP, 
TMR/LD555 and Cy5/LD655 were excited using 0.04 kW cm−2 488, 532 
and 633 nm laser beams (Coherent), respectively, and the emission 
signal was detected using band-pass emission filters (Semrock). For 
two- and three-color fluorescence assays, imaging was performed 
using alternating excitation and the time-sharing mode. Single-color 
videos were recorded at 1 s per frame, whereas multicolor videos 
were recorded with 0.5 s per frame per color using the time-sharing 
mode of MicroManager v2.0. To introduce or remove Lis1 from the 
chamber during imaging, two 0.5 mm diameter holes were drilled 
on a glass slide at both ends of the flow chamber. The region of inter-
est in the chamber was imaged for 1 min before introducing Lis1 or 
washing the free Lis1 from the chamber while imaging dynein motility  
in real time.
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Data analysis
Videos were analyzed in ImageJ to create kymographs. Motors that 
were stationary, exhibited diffusional movement or moved less than 
3 pixels were excluded from the analysis. In microtubule 
residence-time analysis, Lis1 molecules that resided on microtubules 
for less than 2 frames (2 s) were excluded from the analysis. The results 
of the data analysis were plotted in Prism and Origin. Data fitting was 
performed in Origin. 1-CDFs of the run length and run-time data were 
fitted to a double exponential decay, y = A1e−t/τ1 + A2e−t/τ2, where A1 and 
A2 are the amplitudes and τ1 and τ2 are the decay constants. The 
weighted average of the decay constants, τav =

A1τ1+A2τ2
A1+A2

, was reported 
as the decay constant35.

The average velocities of motors that colocalize with 0 (V0), 1 (V1) 
and 2 (V2) colors of Lis1 were determined from three-color TIRF assays. 
To determine Kd of Lis1, the average dynein velocity under different 
Lis1 concentrations, V([Lis1]), was fitted to (1 − pb

2V0 + 2pb(1 − pb)V1 + 

(pb)2V2, where pb =
1

1+ Kd
[Lis1]

 is the binding probability of Lis1 to a dynein 

monomer. The probability of Lis1 colocalization to dyneinGal in 
Extended Data Fig. 4c was fitted to a binding isotherm function, defined 
as C(2pb − (pb)2), where C is less than 1 due to incomplete labeling of Lis1 
and the limited single-molecule detection ability in the presence of free 
labeled protein in the flow chamber.

Microtubule copelleting assays
Unlabeled taxol-stabilized microtubules were polymerized as above 
and free tubulin was removed by centrifugation through a 60% glyc-
erol cushion in BRB80 (80 mM PIPES–KOH pH 6.8, 1 mM MgCl2, 1 mM 
EGTA, 1 mM DTT, 20 µM taxol) for 15 min at 100,000g and 37 °C. The 
microtubule pellet was resuspended in DLB supplemented with 20 µM 
taxol. Microtubules (0–600 nM tubulin) were incubated with 100 nM 
Lis1 for 10 min before being pelleted for 15 min at 100,000g and 25 °C. 
The supernatant was analyzed via SDS–PAGE and depletion was deter-
mined using densitometry in ImageJ. Binding curves were fit to a bind-
ing isotherm in Origin.

Optical trapping assays
Optical trapping experiments were performed on a custom-built opti-
cal trap using a Nikon Ti-E microscope body and a ×100, 1.49 NA plan-
apochromat oil immersion objective, as previously described34. The 
beads were trapped with a 2 W 1,064 nm laser (IPG Photonics) and the 
trap was steered with a two-axis acousto-optical deflector (AA Elec-
tronics). The trap stiffness was calculated from the Lorentzian fit to 
the power spectrum of a trapped bead. For stall force measurements, 
the trap stiffness was adjusted to allow the motor to walk 100 nm away 
from the trap center on average before the bead comes to the stall. The 
position of the bead from the center of the fixed trap was recorded for 
at least 90 s at 5 kHz.

For fixed trap measurements, 0.8 µm diameter carboxylated latex 
beads (Life Technologies) were functionalized with 1 mg ml−1 rabbit 
polyclonal GFP antibody (Covance, catalog no. 5314/15), as previously 
described34. In optical trapping assays, 2 mM and 0.25 mM casein was 
used instead of 2% and 0.4% pluronic acid in DMB and stepping buffer, 
respectively. The 2 µl of the bead stock were diluted in 8 µl DLB. The 
2 µl of diluted beads were sonicated for 8 s. To ensure that more than 
90% of the beads are driven by single motors, GFP-dynein was diluted 
in the stepping buffer to a concentration in which less than 30% of the 
beads exhibit motility when brought on top of a surface-immobilized 
axoneme. The mixture was sonicated for 8 s and 2 µl of diluted beads 
were mixed with 2 µl GFP-dynein, 1.5 µl Lis1 and 2 µl stepping buffer, 
and incubated on ice for 10 min. For the no Lis1 condition, an equal 
volume of stepping buffer was added to the mixture instead of Lis1.

Cy5-labeled sea urchin axonemes were nonspecifically adsorbed 
to the surface of the flow chamber. After 30 s incubation, the cham-
ber was washed with 60 µl DMB to remove the unbound axoneme.  

After 3 min incubation, the chamber was washed with 60 µl DMB and 
then with 20 µl stepping buffer. Then, 7.5 µl of the dynein–Lis1 bead 
mixture was diluted in 20 µl stepping buffer and the KAc concentra-
tion was adjusted to 50 mM before being flowed into the chamber. The 
chamber was sealed with nail polish to prevent evaporation during 
data acquisition.

Optical trap data were analyzed with a custom-written MATLAB 
script. The data were downsampled to 500 Hz via median filtering 
before analysis. Stall events were manually scored when the velocity 
of the bead movement was reduced to ~0 nm s−1 under hindering force 
and terminated with a sudden (<4 ms) snapping of the bead to the trap 
center. Events that occurred within a 25 nm distance to the trap center, 
lasted shorter than 0.4 s or terminated with backward movement, 
multiple-step detachment or slow (>4 ms) return of the bead to the trap 
center were excluded from the analysis. Stall forces were calculated as 
the average force value of the plateau where the bead is nearly immobile 
before detaching from the axoneme. CDFs of stall times were fitted to 
a double exponential decay and the weighted average of two decay 
constants from the fit was reported as the decay constant.

F–V measurements
Similar sample preparation procedures were used for F–V measure-
ments using an optical trap. After the bead movement reached half 
of the average stall force of the motor, the trapping beam reposi-
tioned itself and maintained a 100 nm distance from the bead via a 
force-feedback mechanism. To determine the microtubule polarity 
in the no-ATP condition, LD655-labeled GST-Dyn331kDA motors (without 
a GFP tag) were flowed into the chamber in a stepping buffer sup-
plemented with 30 µM ATP. The motors were allowed to walk on and 
accumulate at the minus end of surface-immobilized axonemes for 
4 mins. The chamber was then washed with 40 µl DMB buffer, followed 
by 20 µl stepping buffer supplemented with 0.5 U ml−1 apyrase instead 
of ATP to deplete residual ATP in the chamber. The 0.5 U ml−1 apyrase 
was also included in the bead–dynein–Lis1 mixture to remove residual 
ATP from protein preparations. During optical trapping, microtubule 
polarity was determined by the minus-end accumulation of the LD655 
signal detected by an sCMOS camera (Hamamatsu, Orca Flash v.4.0). 
Beads were pulled along the length of an axoneme at a constant veloc-
ity, and the beads that engaged with the axoneme were trapped by 
repositioning the trapping beam 100 nm away from the bead center 
along the direction of the applied force.

The bead position was recorded at 5 kHz and the data were down-
sampled to 500 Hz via median filtering. The slope of each trace was 
defined as the velocity of individual motors under an applied force. 
The traces that were shorter than 70 ms, showed bidirectional motility 
under force or exhibited instantaneous jumps larger than 50 nm were 
excluded from data analysis. The asymmetry ratios were calculated 
by comparing the average velocities under forces equally larger or 
smaller than Fstall in the presence of ATP, and forces equally larger or 
smaller than 0 pN in the absence of ATP. Velocities at corresponding 
forces were either directly measured or calculated by linear regression 
of the measured velocities under the closest force measurements. The 
errors of asymmetry ratios were determined by error propagation of 
the compared velocities.

Statistical analysis
The P values were calculated by the two-tailed t-test for stall force 
histograms, the two-tailed t-test with Welch corrections for velocity 
measurements and the two-tailed Kolmogorov–Smirnov test for run 
length and run-time measurements in Prism and Origin. CDFs were 
calculated in MATLAB.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability
A reporting summary for this article is available as a Supplementary 
Information file. The main data supporting the findings of this study are 
available within the article and its Extended Data figures. Protocols that 
support the findings of this study can be found in Methods. Yeast strains 
and raw data will be made available by the corresponding authors upon 
request. Source data are provided with this paper.

Code availability
The custom code used to analyze experimental data is uploaded to the 
Yildiz Lab code repository (www.yildizlab.org/code_repository) and 
GitHub (https://github.com/Yildiz-Lab/YFIESTA).
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Extended Data Fig. 1 | Single molecule motility of dynein in the presence 
of Lis1. a) Representative kymographs of TMR-dynein with increasing 
concentrations of unlabeled Lis1. b) (Left) 1-CDF of run time under different Lis1 
concentrations. Fitting to a double exponential decay (solid curves) reveals the 
weighted average of run time in each condition. (Right) The weighted average of 
run time under increasing Lis1 concentrations (± s.e.; N = 861, 534, and 312 from 
left to right). c) (Left) 1-CDF of run length under different Lis1 concentrations. 

Solid curves represent a fit to a double exponential decay. (Right) The weighted 
average of run length in each condition (bar graphs, ± s.e.; N = 861, 534, and 312 
from left to right). d) An example kymograph shows that the transient binding 
of Lis1 slows whereas the subsequent release of Lis1 restores the velocity 
(arrowheads). In b and c, P values were calculated by the two-tailed Kolmogorov-
Smirnov test.
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Extended Data Fig. 2 | Lis1 interacts with the microtubule lattice through its 
dynein binding site in vitro. a) Microtubule co-pelleting assay with Lis1WT and 
Lis15A (mean ±s.e.m., three replicates per condition). The solid curve represents 
a fit to a binding isotherm to determine KD (±s.e.; N.D.: not determined). The 
statistical analysis was performed using an extra sum-of-squares F test (p = 10−4). 
b) The subtilisin treatment of microtubules reduces the molecular weight of 
tubulin in a denaturing gel (three independent experiments). c) The structure 
of Lis1 bound to the AAA ring with the five residues mutated in Lis15A are shown 
as spheres and all lysine and arginine residues are in blue (Protein Data Bank: 
7MGM15). d) Representative kymographs of dynein in the presence and absence 

of Lis15A. Assays were performed in 50 mM KAc. e) The velocity, run time, and 
run length of dynein in the presence and absence of Lis15A (N = 326, 534, and 336 
from left to right). The center line and whiskers represent the mean and s.d., 
respectively. P values were calculated by a two-tailed t-test with Welch correction 
for velocity and by the two-tailed Kolmogorov-Smirnov test for run time and 
run length. f) Surface-immobilized microtubules were decorated by 100 nM 
TMR-Lis1 before and after removing unbound Lis1 in the flow chamber. The assay 
was performed in the absence of added salt to maximize the Lis1-microtubule 
interaction. Washing the chamber with buffer and introducing dynein reduces 
92% of the Lis1 signal on microtubules (three independent experiments).
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Extended Data Fig. 3 | Motility of dyneinGal in the presence of unlabeled Lis1. 
a) Representative kymographs of dyneinGal with increasing concentrations of 
unlabeled Lis1. Assays were performed in 1 mM ATP and 150 mM KAc. b) The 
velocity of dyneinGal under different Lis1 concentrations (mean ± s.e.m.; N = 611, 
694, 230, 260, 251, and 852 from left to right; two biological replicates). c) 1-CDF 
of run time and run length of dyneinGal under different Lis1 concentrations. 
Fitting to a double exponential decay (solid curves) reveals the weighted average 
of run time and run length of the motor in each condition (bar graphs, ± s.e.; N = 

611, 694, and 852 from left to right). d) Representative kymographs of dyneinGal in 
the presence or absence of 1,000 nM unlabeled Lis15A. e) The velocity, run time, 
and run length of dyneinGal in the presence or absence of 1,000 nM Lis15A (N = 610 
and 209 from left to right). The center line and whiskers represent the mean and 
s.d., respectively. In c and e, P values were calculated by a two-tailed t-test with 
Welch correction for velocity and by the two-tailed Kolmogorov-Smirnov test for 
run time and run length.
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Extended Data Fig. 4 | Motility of dyneinGal in the presence of fluorescently-
labeled Lis1. a) Representative kymographs of two-color imaging of LD655-
labeled dyneinGal and LD555-labeled Lis1 under different Lis1 concentrations.  
b) The velocity, run time, and run length distributions of dyneinGal under different 
concentrations of Lis1 (N = 611, 526, 168, 233, 175, 55, 69, 126, and 145 from left to 
right). c) The fraction of LD655-dyneinGal that colocalizes with LD555-Lis1 under 
different Lis1 concentrations. A fit to a binding isotherm function (solid curve, 
see Methods) reveals KD (±s.e.). d) The velocity distribution of dyneinGal in the 
absence of Lis1 compared to the motors that do not colocalize with Lis1 when 

fluorescently labeled Lis1 is present in the chamber (N = 611 and 233 from left to 
right). e) Representative kymographs show colocalization of 5 nM TMR-labeled 
and 5 nM Cy5-labeled Lis1 to unlabeled dyneinGal. f) Velocity, run length, and run 
time distributions of dyneinGal in the absence (light gray) and presence of Lis1  
(N = 287, 233, 175, and 274 from left to right). DyneinGal motors that colocalize 
with 0, 1, or 2 colors of Lis1 were analyzed separately. In b, d, and f, the center line 
and whiskers represent the mean and s.d., respectively. P values were calculated 
by two-tailed t-tests with Welch correction for velocity and by the two-tailed 
Kolmogorov-Smirnov test for run time and run-length measurements.
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Extended Data Fig. 5 | The addition and removal of Lis1 whilst recording 
dynein motility. a) A kymograph (left) and velocity (right) of dynein before and 
after Lis1 was flown into the chamber (red arrowhead and a dashed line, N = 44 
and 42 from left to right). b) A kymograph of dyneinGal when Lis1 was flown into 
the chamber (red arrowhead and a dashed line). (Middle) The velocity of the 
complexes that were already walking on the microtubules during Lis1 addition 
moved at the same velocity after flowing Lis1 (N = 26 and 26 from left to right). 
Only the motors that do not colocalize with Lis1 were included in the analysis. 
(Right) The velocity of the complexes that land onto microtubules within 4 min 

after Lis1 addition was analyzed (N = 122 and 84 from left to right). The motors 
that colocalize with Lis1 walked slower than motors that do not colocalize with 
Lis1. c) A kymograph (left) and velocity (right) of dyneinGal before and after 
washing excess Lis1 from the flow chamber (red arrowhead and a dashed line). 
The velocity of the motors that colocalize (+Lis1) or do not colocalize (−Lis1) with 
Lis1 remained unaltered by removing excess Lis1 from the chamber (N = 9, 9, 22, 
22 from left to right). In a, b, and c, assays were performed in 1 mM ATP and 50 mM 
KAc. The center line and whiskers represent the mean and s.d., respectively.  
P values were calculated by a two-tailed t-test with Welch correction.
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Extended Data Fig. 6 | Lis1 reduces the stall force of the tail-truncated 
dynein. a) Representative trajectories of beads driven by tail-truncated dynein 
constructs dimerized with a Glutathione S-transferase (GST) tag (GFP-GST-
Dyn331kDa and GFP-GST-Dyn314kDa) in the presence and absence of 300 nM Lis1. 
Assays were performed in 2 mM ATP. Red arrowheads represent the detachment 
of the motor from the microtubule followed by the snapping back of the bead to 

the trap center. b) Stall force histograms of Dyn331kDa and Dyn314kDa in the presence 
and absence of 300 nM Lis1 (mean ± s.e.m.; p = 2 × 10−7 for Dyn331kDa and 0.006 for 
Dyn314kDa, two-tailed t-test). c) Stall times of Dyn331kDa and Dyn314kDa in the presence 
and absence of 300 nM Lis1. Fitting to a double exponential decay (solid curves) 
reveals the weighted average of stall time (±s.e.).
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Extended Data Fig. 7 | Lis1 slows the motility but does not substantially affect 
the stall force of dyneinEQN. a) Representative kymographs of dyneinEQN motility 
under different concentrations of unlabeled Lis1. b) The velocity of dyneinEQN 
motility under different concentrations of unlabeled Lis1 (mean ± s.e.m.; N = 659, 
283, 482, 484, 487, 610, and 132 from left to right). The fit of the dyneinEQN velocity 
data (solid curve) reveals KD (±s.e., see Methods). c) A representative kymograph 
of a three-color imaging assay shows two Lis1s bind to the same dyneinEQN motor 
(white arrows). d) The velocities of dyneinEQN motors not colocalizing (-Lis1) or 
colocalizing (+Lis1) with Lis1 (N = 98 and 92 from left to right). The center line and 

whiskers represent the mean and s.d., respectively. The P-value was calculated by 
a two-tailed t-test with Welch correction. e) Representative trajectories of beads 
driven by dyneinEQN in the presence or absence of 900 nM Lis1 in a fixed trapping 
assay. Assays were performed in 2 mM ATP. Red arrowheads represent the 
detachment of the motor from the microtubule followed by the snapping back of 
the bead to the trap center. f) Stall force histograms of dyneinEQN in the presence 
and absence of 900 nM Lis1 (mean ± s.e.m.; p = 10−3, two-tailed t-test). g) Stall 
times of dyneinEQN in the presence and absence of 900 nM Lis1. Fitting to a double 
exponential decay (solid curves) reveals the weighted average of stall time (±s.e.).
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Extended Data Fig. 8 | The comparison of the F-V behavior of dynein and 
dyneinEQN in the presence and absence of Lis1. (Left) F-V measurements of 
dynein and dyneinEQN in the absence of Lis1 (mean ±s.e.m., from left to right, N = 
41, 38, 37, 861, 27, 52, 106, 28, 51, 60, 89, 115, 124, 62, 23, 38, 40 for dynein and N = 
31, 66, 62, 48, 47, 26, 42, 39, 23, 45, 33 for dyneinEQN). (Right) F-V measurements of 

dynein in 300 nM Lis1 compared to F-V of dyneinEQN in 900 nM Lis1 (mean ±s.e.m., 
from left to right, N = 34, 52, 25, 312, 33, 42, 49, 37 62, 47 33 42, 36, 29, 18 for dynein; 
and N = 54, 36, 61, 31, 37, 17, 54, 14, 19, 38, 26 for dyneinEQN). Dynein velocity under 
assisting forces is lower than that of dyneinEQN in the presence of Lis1. Assays were 
performed in 2 mM ATP.
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