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Cytoplasmic dyneinis an essential microtubule motor protein that powers

organelle transport and mitotic spindle assembly. Its activity depends on
dynein-dynactin-cargo adaptor complexes, such as dynein-dynactin-BicD2,
which typically function with two dynein motors. We show that mechanical
tension recruits a third dynein motor via an auxiliary BicD2 adaptor binding
thelight intermediate chain of the third dynein, stabilizing multidynein
assemblies and enhancing force generation. Lisl prevents dynein from
transitioning into a force-limiting phi-like conformation, allowing
single-dynein dynein-dynactin-BicD2 to sustain forces up to approximately
4.5 pN, whereas force generation often ends at about 2.5 pN without Lis1.
Complexes with two or three dyneins generate 7 pN and 9 pN, respectively,
consistent with a staggered motor arrangement that enhances collective
output. Under load, dynein-dynactin-BicD2 primarily takes 8-nm steps,
challenging existing dynein coordination models. These findings reveal
adaptive mechanisms that enable robust intracellular transport under
varying mechanical demands.

Cytoplasmicdynein-1is the primary microtubule minus-end-directed
motor in eukaryotic cells, where it drives essential processes ranging
from organelle transport and mitotic spindle positioning to neuronal
development'®. To carry out these diverse tasks, dynein must pro-
duce sustained forces and move processively along microtubules,
properties that are tightly controlled by cofactors. Among these,
lissencephaly-1 (Lis1) is of particular importance: it is essential for
brain development”, and loss of Lis1 function results in severe Type
Ilissencephaly™ %, Although Lis1 clearly modulates dynein’s ability
to generate motion and force”, the precise mechanistic basis of this
regulation remains incompletely understood.

Dynein function is further regulated by its interaction with
dynactin, a large multi-subunit complex that enhances dynein’s

1,3,20-30 22,23

processivity , increases its on-rate*>*’ and tethers it to specific
cellular cargoes®*"*?, Mutations in dynactin subunits cause neurode-
generative diseases® ™, underscoring its physiological importance.
Furthermore, a coiled-coil cargo adaptor such as Bicaudal-D2 (BicD2)
bridges the dynein tail and the dynactin shoulder*** (Fig.1a), convert-
ingautoinhibited dynein—whichis diffusive® or weakly processive**°—
into a highly processive motor?>***, Structural work has revealed that
cargo adaptors like BicD2 can recruit two dyneins to dynactin (D,DB),
forming dynein-dynactin-adaptor (DDA) assemblies with four aligned
motor domains**** (Fig. 1a). Structural studies of dynein-dynactin-
BICDRI1 (DDR) complexes have identified a second auxiliary BICDR1
adaptor bound to dynactin**, although its functional role remains
unknown. In BicD2- and BICDR1-mediated assemblies, the two-dynein
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configuration enhances force output through load sharing and reduces
microtubule detachment, thereby increasing processivity*.

Lis1 also acts within these assemblies but its function has been
difficult to reconcile among studies. Early biochemical work sug-
gested that Lis1 inhibits dynein by uncoupling its ATPase cycle from
microtubule binding**. More recent studies, however, indicate that
Lisl instead activates dynein by preventing the autoinhibited ‘phi’
conformation**~°(named for its resemblance of the Greek letter ®) and
by promoting the formation of DDA complexes with two dyneins'"".
Because Lisl dissociates following microtubule engagement™, its
primary role may lie in switching dynein from an inactive to an active
assembly state rather than in modulating motility directly. Although
these findings advanced our understanding of how Lis1 primes dynein
for motility, it remains unclear how Lisl contributes to force generation
within fully assembled DDA complexes.

Despite substantial progress in understanding DDA organiza-
tion and function, several fundamental questions remain. First, how
doestheforce generated by a DDA complex depend onthe number of
dyneinsit contains? Two-dynein assemblies exist but whether this rep-
resents the maximal functional configuration—or whether additional
dyneins can be recruited under physiological conditions—remains
unclear. Second, how do DDA complexes adapt to mechanical load?
Dynein operatesin a viscous and crowded cytoplasm, and increasing
load could alter the engagement, activation state or number of motors
inways not captured in static structural studies. Third, how Lislinflu-
ences these load-dependent behaviours remains unclear. Although
Lisl preventsthe autoinhibited dynein state and promotes the forma-
tion of two-dynein complexes, whether Lisl also modulates how DDA
complexes respond to increasing mechanical resistance is not known.
Resolving these questions is essential for understanding how dynein
achievesrobust transport under the complex and dynamic mechanical
demands of the intracellular environment.

Here we combine optical trapping, multicolour single-molecule
fluorescence and structural analyses to interrogate how dynein-dyn-
actin-BicD2 (DDB) complexes behave under load and how Lis1 con-
tributes to their activation. Our results reveal three interconnected
principles of dynein regulation. First, dynein force generation is
limited by a phi-like autoinhibited conformation'>”*’ that restricts
single-dynein DDB complexes (D,DB) to forces of approximately 2.5 pN;
relieving this autoinhibition—either through Lisl or mutation—enables
D,DBto generate forces of upto 4.5 pN.Second, DDB complexes adapt
to increasing load by recruiting a third dynein (D,DB) via an auxiliary
BicD2 adaptor that binds the light intermediate chain (LIC) of the
additional motor, forming a higher-order assembly that increases
force output. Two-dynein and three-dynein complexes stall at loads of
approximately 7and 9 pN, respectively, suggesting astaggered motor
arrangement with uneven load distribution. Third, fully assembled
DDB complexes display predominantly 8-nm centre-of-mass steps
under load, consistent with a compact motor arrangement, whereas
the engagement of the third dynein reduces step size to about 4 nm
near stall. Together, these findings define aload-dependent regulatory
mechanismthatintegrates Lisl-mediated activation, adaptor-mediated
recruitment of a third dyneinand multidynein coordination, providing
aconceptual framework for how dynein complexes meet the mechani-
cal challenges of intracellular transport.

Results

‘Trains’ of DDB force generation reveal distinct stalling forces
Previous studies on DDB force generation have primarily utilized
non-native axonemes—160-nm thick microtubule-containing struc-
tures purified from sea urchin®—and substoichiometric DDB concen-
trations (dynein:dynactin:BicD2 molar ratios of 1:5:2, ref. 61; 1:5:20,
refs.43,62;and 1:2:10, ref.19). These conditions disfavoured the forma-
tion of DDB complexes with two dyneins and limited the detection of
distinct force-generation states.

For example, when DDB is tethered to trapping beads viaa motor-
less dyneintail, which permits only one dynein to bind while the second
dynein-binding site is occupied by the tail fragment, the complex
generates a force of 3.7 + 0.2 pN (mean + s.e.m.) on axonemes”. This
forcematches that generated by DDB linked to beads viaBicD2 (ref. 43),
suggesting that these studies primarily involved complexes with only a
single dynein. Similarly, Saccharomyces cerevisiae dynein alone gener-
ates3.6 + 0.2 pNonaxonemes® and4.50 + 0.04 pN on microtubules**®*,
indicating potential differences in DDB behaviour on microtubules.

To investigate the function of DDA complexes with two dynein
motors (D,DA; Fig. 1a), previous studies assembled motor complexes
using the cargo adaptors HOOK3 and BICDR1, which are more likely
than BicD2 to recruit two dyneins to dynactin®’. As dynein-dynac-
tin—-HOOK3 (4.9 + 0.2 pN)** and DDR (6.5 + 0.3 pN)* generate more
force than DDB (3.7 £ 0.2 pN)*, it was reasoned that dynein-dynac-
tin-HOOK3 and DDR recruit two dyneins. However, these studies were
conducted on axonemes, which are commonly co-purified with other
axoneme-associated proteins®®, They also used a 1:5 molar dynein-
dynactinratio***?, conditions under which, on average, only one in five
dynactin complexes can bind a dynein. Thus, these complexes were
unlikely to be fully saturated with two dyneins, leaving the source of
their higher force generation unclear.

To address these limitations and gain insights into force pro-
duction, we conducted optical-trapping experiments using DDB
complexes purified from rat-brain lysate with an amino-terminal
domain ofthe dynein-activating adaptor BicD2 (BicD2-superfolder
green fluorescent protein (sfGFP), amino acids 25-400)*. As neither
dynein nor dynactin alone bind to BicD2 (ref. 22), we anticipated that
these complexes would contain dynein and dynactinin a 1:1 or 2:1
ratio. We then employed 500-nm trapping beads covalently linked
to anti-GFP and used microtubules instead of axonemes. Strikingly,
we observed extended trains of force-generation events charac-
terized by rapid force increases, followed by stalling of movement
(Fig. 1b). These force trains revealed four distinct stall forces for
DDB: approximately 2.5,4.5,7.0 and 9.0 pN (Fig. 1b,c). This discovery
contrasts with earlier studies that reported broad detachment forces
encompassing the plateaus we identified in our analyses (2-7 pN
for DDB, 2.5-9.0 pN for dynein-dynactin~-HOOK3 and 3-11 pN for
DDR)*"*. We speculate that the detection of these distinct plateaus
in our experiments is due to the use of smaller beads, which, due
to lower vertical forces, are likely to increase the DDB-microtubule
on-rateand the likelihood of observing stalling (note that the effects
of varying vertical forces on human dynein have not been tested but
higher vertical forces enhance microtubule detachment of kinesin-1
and prevent motor stalling®®®’).

D,DB stalls at 2.5 or 4.5 pN depending on its partial
or full activation
Because DDB complexes purified from rat-brain lysate contained
a heterogenous mixture of one-dynein and two-dynein assemblies
(Extended DataFig.1a)thatgenerated abroad range of forces (Fig.1b-d),
we sought to control the stoichiometry of the components to better
resolve each force profile. In addition, because we typically observed
only 1-2 events per bead at forces of approximately 9 pN (Fig. 1d), we
reasoned that theinteractionbetween anti-GFP and sfGFP might not be
strong enough to sustain large forces over time. To overcome this limi-
tation, we used streptavidin-coated beads instead of anti-GFP-coated
beads, taking advantage of the robust streptavidin-biotin linkage,
whichwithstands forces up to 60 pNin force-extension experiments®®,
We purified recombinant full-length human dynein co-expressed
with its five accessory chains, as previously described® (Extended
Data Fig. 1b(left)). Biotinylated BicD2 (amino acids 25-400) was
expressedin Escherichiacoliand purified (Extended Data Fig. 1b(right)).
Dynactin was purified from a human suspension culture cell line by
tagging the DCTN4 subunit following established protocols®®’®
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Fig.1|Structure of the microtubule-bound DDR complex and DDB force
generation. a, Structural representation of the DDR complex (Protein Data
Bank (PDB), 7Z8F)". The dynein heavy chain from the DDR complex was aligned
with microtubules (PDB, 6DPV; Electron Microscopy Data Bank, 7974)'°° using
the high-affinity dynein microtubule-binding domain structure bound to
microtubules (PDB, 6K1Q)'*". b, Representative traces of DDB-mediated force
generation. Traces have been downsampled by a factor of 400 for visualization.

¢, DDB complexes bound to anti-GFP-coated beads exhibit stalling at four force
levels (2.48 + 0.04 pN, n=59;4.60 + 0.02 pN, n=153;710+ 0.02 pN, n=231;
and 9.10 + 0.05 pN, n = 34; mean * s.e.m. from Gaussian fits) following a bead-
wash step. d, Representative trace of DDB-mediated force generation showing
stepwise increases in force. Traces were downsampled by a factor of 400 for
visualization.

(Extended Data Fig. 1b(middle)) instead of using traditional sources
such as bovine, porcine or rodent brain tissue’**>?*, With each com-
ponent—dynein, BicD2 and dynactin (expressed and purified to
high purity)—we successfully assembled DDB complexes in defined
stoichiometricratios.

Toinvestigate the force generation of DDB when associated with
asingle dynein, we assembled the complexesin al:1:1ratio of dynein,
dynactinand BicD2. Our previous studies have indicated thatisolated
human dynein can transition from slow movement towards 2.5 pNtoa
rapid movement towards 4 pN (Fig. 2a). We observed similar behaviour

inDDB complexes, transitioning from slow movement towards 2.5 pN,
followed by rapid movement towards 4.5 pN (Fig. 2b).

Interestingly, for human dynein in isolation, we only observed
instances of transitioning from 2.5 to 4.0 pN under increased trap
stiffnesses (approximately 0.06 pN nm™)*’; at a lower trap stiffness
of 0.01 pN nm, it stalls at around 1 pN (Fig. 2a(inset)), suggesting
thatahigher force per unit displacement facilitates the full activation
of dynein. This observation indicates that the two distinct forces are
generated by a single dynein altering its behaviour depending on its
activation state.
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Fig. 2| A phi-like autoinhibitory conformation underlies stalling at 2.5 pN.
a, Force generation of human dynein measured in a stiff optical trap, where
kdenotes the trap stiffness (k=0.06 pN nm™). The inset shows reduced

force generation in aweak trap (k=0.01 pN nm™), where dynein processivity
becomes limiting. b, D,DB force trace showing a transition from slow movement
towards approximately 2.5 pN to rapid movement towards 5 pN. ¢, Stall-force
distributions for DDB, D**DB and DDB + Lisl. Fractions of beads generating 2.5,
4.5,7.0and 9.0 pN: DDB, 17,27, 46 and 10%, respectively (n = 41 total moving
beads); D*'DB, 0,13, 68 and 19%, respectively (n =31); DDB + Lisl, 3,17, 59

and 21%, respectively (n = 29). One-sided two-proportion Z-test: DDB versus
D*'DB, P=0.016 (2.5 pN), 0.150 (4.5 pN), 0.07 (7 pN) and 0.244 (9 pN); DDB
versus DDB +Lis1, P=0.078 (2.5 pN), 0.347 (4.5 pN), 0.311 (7 pN) and 0.198

(9 pN). d, Fraction of force-generating beads per experiment (mean + s.d.):
DDB, 0.16 + 0.05 (n =4 experimental replicates), D**DB, 0.20 + 0.07 (n =9) and
DDB + Lis1, 0.30 + 0.06 (n = 3). Two-sided unpaired Kolmogorov-Smirnov test;
NS, not significant (P = 0.48), *P=0.029. Panel a adapted with permission from
ref. 40, AAAS.

Recent studies have shown that mammalian dynein often adopts
an autoinhibited conformation, commonly referred to as the phi
particle®*%, which hinders efficient interactions with microtubules.
Unlike mammalian dynein, S. cerevisiae dynein moves processively
along microtubules by itself” and a mutant form that is unable to
assume the phi conformation exhibits an increased run length along
microtubules*®, indicating that the autoinhibited state limits the move-
ment of wild-type S. cerevisiae dynein on microtubules. To investigate
whether a similar autoinhibited state restricts human dynein’s force
generationto approximately 2.5 pN, we assembled DDB complexes at
al:l:1ratio with adynein mutant (K1610E and R1567E double mutant)*°
that cannot adopt this inhibitory conformation. We refer to these
complexes as D*'DB, denoting an ‘activated’ dynein. Contrary to
expectations, D*DB complexes predominantly stalled at around 7 pN
(Fig. 2c and Extended Data Fig. 2a; trend towards increased 7 pN frac-
tion compared with DDB, P=0.07). This behaviour persisted even when
complexes were assembled at a1:6:6 molar ratio or in the presence of
excess dynein tail (amino acids 1-1455; ref. 43; Extended Data Figs. 1c
and 2b; not significant, P=0.78 and 0.95 versus D*'DB, respectively),
suggesting that dyneininits open conformation preferentially forms
DDB complexes with two dyneins per complex (discussed further in
the next section).

However, as hypothesized, this dynein mutant prevents stalling
atapproximately 2.5 pNin the lower force regime, with only forces of

4.5 pN observed (Fig. 2c and Extended Data Fig. 2a,b). Moreover, the
inclusion of Lis1, which prevents dynein’s autoinhibited state'*%4>*7,
showed a trend towards reducing the occurrence of stalling at 2.5 pN
(Fig.2c; P=0.078 versus DDB) and significantly increased the fraction
ofactive DDB complexes (Fig.2d; P=0.029 versus DDB). These results
confirm that a DDB complex bound to a single dynein stalls at either
2.50or 4.5 pN, depending on whether it can transition into phi-like
conformation or not.

Fully active D,DB stallsat7 pN

D*DB complexes generate forces of approximately 4.5, 7 or 9 pN
(Extended Data Fig. 2a), suggesting that fully active D;DB generates
4.5 pN, whereas D,DB, a complex with two dyneins, generates 7 pN.
This aligns with observations of DDR, which preferentially binds two
dyneins and has been reported to generate 6.5 pN (ref. 43).

Akey question is what accounts for the observed stalling at 9 pN
(Fig. 1b—d). If fully active D;DB generates 4.5 pN, then logically, fully
active D,DB might be expected toreachupto9 pNifboth motors con-
tribute equally to force generation. However, DDR assembled with the
dynein mutant and in the presence of Lis1—both intended to prevent
the phi conformation—has been observed to generate only 6.1 pN
(ref. 19), which aligns more closely with the force of 7 pN we observe.
Thisdiscrepancy suggests that the 7-pNstall force does not arise froma
collaborationbetween afully active dynein and a partially active motor.
Itinstead probably results from unevenload distribution between the
motors, with the leading motor bearing agreater load than thelagging
dynein, contributing only about 2.5 pN.

To provide further support for the hypothesis that the 7-pN
force is generated by two actively engaged dyneins, we introduced
excess dynein (5 nM) into aslide chamber containing DDB complexes
pre-assembled at 1:1:1 ratios bound to trapping beads. Under these
conditions, approximately 60% of the moving beads displayed forces
of 7 pN (Fig. 3a and Extended Data Fig. 2¢c). Importantly, the overall
fraction of beads generating force remained comparable to that of
DDB-only complexes (approximately 10%), even after the addition
of excess dynein (Fig. 3b). This suggests that freely diffusing dyneins
selectively bind to DDB complexes anchored via the biotinylated BicD2
tothe bead surfaces, rather than binding non-specifically to the bead
surfaces, whichwould have increased the fraction of force-generating
beads*’. By contrast, the addition of excess dynein tail (5 nM) lack-
ing the motor domain reduced the percentage of 7-pN forces (trend
towards reduction versus DDB, P=0.074), consistent with displace-
ment of a full dynein from DDB®* (Fig. 3a).

Auxiliary BicD2 enables recruitment of a third dynein to DDB
and enhanced force generation

Giventhe observed force trains atabout 9 pNand the probable contri-
bution of two fully active dyneins to the 7-pN force, we hypothesized
that the 9-pN force results from the functional recruitment of a third
dynein to the DDB complex. Supporting this idea, both the addition
of excess dynein tail (Fig. 3a) and the removal of excess dynein from
pre-assembled DDB complexes viabead centrifugation prevented 9-pN
forces (Extended Data Fig. 2d). Although the possibility that a third
dynein binds has not been previously discussed, the structure of two
dyneins bound to dynactin and BICDR1 (determined using cryogenic
electron microscopy, cryo-EM)*’ suggests that the dynactin shoul-
der provides sufficient space for a third dynein tail to bind (Fig. 3c,d).
Moreover, the vacant segment of BicD2 contains two acidic patches
resembling the four acidic sites that mediate binding of the first and
second dynein tails (Fig. 3c(bottom)).

Totest this hypothesis, we examined whether dynactin canaccom-
modate athird dynein by generating two truncated BicD2 constructs,
BicD2(25-276) and BicD2(25-180), based on the cryo-EM structure
of DDB* (Fig. 3e). BicD2(25-276) spans the full shoulder of dynac-
tin, encompassing the putative third dynein-binding site (Fig. 3c,f),
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(n=41); DDB + dynein, 7,14, 64 and 15%, respectively (n = 14); DDB + dynein

tail, 13, 67,20 and 0%, respectively (n =15); DDB + dynein + BicD2(25-180), O,
8,35and 57%, respectively (n =26); and DDB + dynein + BicD2(25-180, Y46D),
16,32,40 and 12%, respectively (n = 25). One-sided two-proportion Z-test: DDB
versus DDB + dynein, P=0.363, P=0.340, P= 0.246 and P< 0.639; DDB versus
DDB +dynein tail, P=0.736, P=0.006, P=0.074 and P= 0.209; DDB versus

DDB +dynein + BicD2(25-180), P= 0.026, P< 0.054, P< 0.343 and P< 0.001;

DDB versus DDB + dynein + BicD2(25-180, Y46D), P= 0.909, P= 0.653, P< 0.615
and P< 0.774; DDB + dynein versus DDB + dynein + BicD2(25-180), P= 0.168,
P=0.507,P=0.072and P=0.008; DDB + dynein + BicD2(25-180) versus

DDB +dynein + BicD2(25-180, Y46D), P= 0.034, P= 0.029, P=0.691and P< 0.001
for2.5,4.5,7.0 and 9.0 pN, respectively. b, Fraction of force-generating beads.
DDB, 0.16 + 0.05 (mean + s.d.; n = 4 experimental replicates); DDB + dynein (0.13 +
0.01,n=3); DDB +dyneintail (0.14 + 0.05, n = 4); DDB + dynein + BicD2(25-180)

(0.12+0.03, n = 6);and DDB + dynein + BicD2(25-180, Y46D) (0.13+ 0.04,n = 4).
One-way analysis of variance with Dunnett’s test; P=0.73,0.89, 0.55 and 0.74,
respectively, versus DDB; NS, not significant. ¢, Predicted binding site for a third
dynein (grey) added to DDR structure (PDB, 7Z8F; top). AlphaFold3 model of
BicD2(18-240) (electrostatic surface; red, negative) overlaid with BICDR1 from
DDR highlights two additional acidic patches (arrows) potentially engaging the
third dynein (bottom); BicDR hidden for clarity. d, Full DDR complex with added
dynein (grey) and microtubule. e, BicD2 constructs used. The Y46D mutation

in BicD2(25-180) isshownin red. f, DDR structure with two dyneins (light blue
and pink) and two BICDR1 dimers (blue and magenta; PDB, 7Z8F); dynactin was
omitted. The interaction between the C-terminal LIC helices of dynein A2 (light
green) and B1(green) and the N-terminal CC1 box of BICDR-A (blue) is highlighted
(dashed red box). g, ColabFold'*> model of mouse BicD2(25-180) bound to
human dynein LIC(417-444) (top), with a magnified view showing Tyr46
(spheres) and LIC hydrophobic surface (yellow, hydrophobic; cyan, hydrophilic;
middle). The human BicD2(1-98)-LIC(433-458) crystal structure is shown for
comparison (PDB, 6PSE; ref. 73; bottom).
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Fig. 4| Motility of DDB complexes assembled with BicD2 constructs of
varyinglengths. a, Example kymographs of DDB complexes with different

BicD2 constructs. b, Velocity histograms. BicD2(25-400) and BicD2(25-276)

fit to two Gaussians; BicD2(25-180) fits to one. BicD(25-400), 0.37 + 0.26 and
1.46 + 0.41 pum s™ (n=102); BicD(25-276),0.23 +0.12and 1.60 + 0.42 pm s™
(n=100); BicD(25-180), 0.20 + 0.10 pm s (n = 11). The single low-velocity peak
for BicD(25-180) indicates its inability to recruit two dyneins. ¢, Number of
moving motors (mean +s.d.): BicD2(25-400), 0.22 + 0.09 (n =13); BicD2(25-276),
0.12+0.04 (n=16) and BicD2(25-180), 0.02 + 0.02 (n =12). Two-tailed unpaired
Student’s t-test with Welch’s correction; ***P < 0.0001, **P = 0.0026.

whereas BicD2(25-180) extends only to the position occupied by the
middle dynein (dynein-A; ref. 43; Fig. 3f). Using single-molecule fluo-
rescence and optical-tweezers assays, we assessed the functionality
of these constructs. BicD2(25-276) formed DDB complexes capable
of motion and force generation (Fig. 4a and Extended Data Fig. 2e),
similar to BicD2(25-400) (Fig. 1b). In contrast, the shortest construct,
BicD2(25-180), not only failed to form DDB complexes with two dyneins
(D,DB; Fig.4b) but also formed significantly fewer complexes withone
dynein (D,DB; Fig. 4b,c), generating forces of only about 2.5 or 4.5 pN
(Extended Data Fig. 2f). These results indicate that BicD2 must span
the full dynactin shoulder to form and stabilize DDB complexes but
they leave open the question of whether it directly participatesin the
binding of the third dynein.

Arecent cryo-EM study revealed that a second BICDR1 molecule
(BICDR-B) cansstabilize the microtubule-bound DDR complex by acting
as an auxiliary adaptor’ (Figs. 1a and 3c,f). Although a second BicD2
molecule has not yet been visualized in DDB cryo-EM structures*, we
investigated the possibility that asecond auxiliary BicD2 adaptor facili-
tates therecruitment of the third dynein by employing the shortest con-
struct, BicD2(25-180), without a biotinylated carboxy terminus. This
modified construct, whichisincapable of binding to streptavidin beads
or forming functional DDB complexes onits own, retains the segment
capable of interacting with pre-assembled DDB complexes that include
BicD2(25-400) anchored to streptavidin beads (Fig. 3f). When 5 nM
excess dynein and BicD2(25-180) were added to pre-assembled DDB
complexes, we observed dominant 9-pN forces in approximately 60% of
allforce-generating beads (Fig. 3a and Extended Data Fig. 2g; increase

in 9-pN fraction; DDB + dynein versus DDB + dynein + BicD2(25-180),
P=0.008). These results strongly suggest that a second auxiliary BicD2
adaptor plays a critical role in recruiting a third dynein.

Further insights into this interaction came from cryo-EM struc-
tures of DDR complexes with two BICDR1 molecules** (Figs. 1a and
3f). The CC1 box (AAxxG, where x indicates any amino acid) of the N
terminus of the primary BICDR1 (BICDR-A) interacts with a-helix-1
of the C terminus of the LIC from dynein B (B1)** and with the LIC
of dynein-A (A2; Fig. 3f,g). Consistent with a functional role for this
interaction, removal of the BicD2 N terminus completely abolished
DDB-complex formation (Fig. 4a). In contrast, the second auxiliary
BICDR1 (BICDR-B) N terminus interacts exclusively with the LIC of
dynein A2 (ref. 44). Although the LIC of dynein A2 interacts with both
BICDR-A and BICDR-B**, the unoccupied surface of the latter may bind
the LIC of the third dynein.

To directly assess whether recruitment isimpaired by disrupting
the interaction between the auxiliary BicD2 and the LIC of the third
dynein, weintroduced asingle-point mutation (Y46D) in BicD2(25-180).
This mutation disrupts the hydrophobicinteraction between the BicD2
N terminus and the dynein LIC”>. When 5 nM mutated BicD2(25-180,
Y46D) and 5 nM free dynein were added to pre-assembled DDB com-
plexes, we observed a significant reduction in force generation, with
fewer than 13% of beads producing 9-pN forces (Fig. 3a; reduction in
9-pN fraction versus BicD2(25-180), P < 0.001). These findings dem-
onstrate that recruitment of the third dynein critically depends on
theinteraction between the second auxiliary BicD2 and the LIC of the
third dynein.

Tension-induced recruitment of a third dynein

to DDB complexes

A key question is why cryo-EM and cryogenic electron tomography
studies have not reported a third dynein bound to DDB, despite our
evidence foritsfunctional contribution. Thisis most probably a result
ofinthe experimental conditions: unlike static structural approaches,
our optical-trapping assay applies mechanical load to DDB complexes.
Under these conditions, we observed step-like increases in stalling
forces (Fig. 1d), suggesting that tension can facilitate the recruitment
of additional dyneins’, enabling the complex to adapt to elevated
force demands.

To directly test thisidea, we engineered a DDB-rigor kinesin chi-
maera by covalently linking a DDB complex to a truncated kinesin-1
rigor mutant (KIFSB(1-490))” via BicD2, using the SpyTag-SpyCatcher
system’®. SpyCatcher (SpyCatcher003)” was inserted at the C termi-
nus of BicD2 and SpyTag (SpyTag003)” was fused to the C terminus
of the kinesin mutant (Fig. 5a). This rigor kinesin binds strongly to
microtubulesbutisimmotile”, thereby serving as a staticanchor. The
SpyTag-SpyCatcher reaction covalently conjugated BicD2 with rigor
kinesin in a 2:2 stoichiometry, as confirmed by mass spectrometry
(Fig. 5b). Control experiments established that BicD2 did not bind
either the truncated kinesin or the microtubules onits own (Fig. 5c,d)
and that co-localization with microtubules occurred only when BicD2
was covalently linked to rigor kinesin (Fig. 5e).

Inthis chimaerathe kinesin motor domains tether the complex to
the microtubule while the DDB complex simultaneously engages the
lattice. For minus-end-directed movement to occur, DDB must gener-
ate sufficient force to overcome the strong microtubule binding of the
rigor kinesin. Thisload state provides amechanism by which backwards
tension promotes recruitment of a third dynein.

We tested this hypothesis using three-colour single-molecule
total internal reflection fluorescence (TIRF) microscopy. DDB-rigor
kinesin complexes were pre-assembled with three differently labelled
dyneins (Alexa Fluor 488, tetramethylrhodamine (TMR) and Alexa
Fluor 647 dyes) in a 3:1:1 ratio (dynein:dynactin:BicD2-rigor kine-
sin) and introduced into slide chambers containing 10 nM of either
BicD2(25-180) or its mutant BicD2(25-180, Y46D) in the presence of
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Fig. 5| DDB-rigor kinesin complexes associate with three dyneins.

a, Schematic of KIF5B(1-490) covalently linked to BicD2 in the DDB complex
via SpyTag-SpyCatcher. b, Mass photometry reveals a 234-kDa species
corresponding to a BicD2(25-400) dimer (56.3 kDamonomer) bound to
truncated rigor kinesin dimer (58.5 kDa monomer). ¢, Cyanine 3-labelled
BicD2(25-400) does not bind microtubules. d, Cyanine 5-labelled rigor kinesin
binds microtubules but does not recruit cyanine 3-BicD2(25-400).

e, BicD2-rigor kinesin conjugates (cyanine 5-BicD2(25-400)) co-localize with
microtubules. f, Kymographs showing DDB-rigor kinesin complexes with three
fluorescently labelled dyneins moving along microtubules at 100 M ATPYS
(cyan, Alexa Fluor 488; green, TMR; red, Alexa Fluor 647). g, Frequencies of three-
colour dynein co-localization (mean + s.d.): DDB-rigor kinesin, 0.028 + 0.011

(replicates (r) =3, n = 616 total molecules); DDB-rigor kinesin + BicD2(25-180),
0.096 + 0.005 (r=3, n=596); DDB-rigor kinesin + BicD2(25-180) + Lisl,
0.101+0.003 (r =3, n=485); DDB-rigor kinesin + BicD2(25-180, Y46D),

0.019 +£0.006 (r=3,n=>570); DDB, 0.018 + 0.003 (r=3,n=793); and

DDB + BicD2(25-180), 0.030 + 0.004 (r = 3, n = 675). One-way analysis of variance
with Dunnett’s test; ***P < 0.0001; NS, not significant (P= 0.37,0.28 and 0.99

for DDB-rigor kinesin + BicD2(25-180, Y46D), DDB and DDB + BicD2(25-180),
respectively). Two-tailed unpaired Student’s t-test with Welch'’s correction; DDB-
rigor kinesin + BicD2(25-180) versus DDB-rigor kinesin + BicD2(25-180) + Lis1;
NS (P=0.29); DDB versus DDB + BicD2(25-180), *P=0.02. h, Trace showing
co-localization of TMR-BicD2(25-180) and CF488-rigor kinesin conjugated to
BicD2(25-400) moving along microtubules at 100 pM ATPYS. RK, rigor kinesin.

100 pM ATPYS to prolong microtubule binding. Under these condi-
tions, theaddition of BicD2(25-180) significantly increased the fraction
of three-colour co-localizations (Fig. 5f,g and Extended Data Fig. 3),
whereas the Y46D mutant had no effect (Fig. 5g), providing support for
theroleofthe BicD2-LICinteractionin third-dynein recruitment. Lis1
did not further enhance three-colour co-localizations in the presence
of extraBicD2(25-180) (Fig. 5g), suggesting that auxiliary BicD2 plays a
dominantrole. By contrast, only aslightincrease was observed for DDB
complexes lacking rigor kinesin in three-colour co-localizations with
BicD2(25-180) (Fig. 5g), highlighting that backwards tension is criti-
cal for efficient recruitment of a third dynein. Notably, the increased
frequency of the three-dynein complexes under these conditions
correlates with the higher fraction of 9-pN stalling forces observed in
optical-trapping experiments (Fig. 3a).

Tocomplementthe functional assays, we also attempted to directly
visualize two BicD2 moleculesin the same complex. Because high con-
centrations of fluorescently labelled BicD2 introduce substantial back-
ground fluorescence, such experiments are technically challenging.

Nonetheless, when 10 nM auxiliary TMR-labelled BicD2(25-180) was
added to DDB-rigor kinesin complexes in which the rigor kinesin
(CF488-labelled) was covalently linked to the primary BicD2(25-
400) via the SpyTag-SpyCatcher system, we occasionally observed
co-movement of both fluorophores along microtubules (Fig. 5h and
Extended Data Fig. 4). Although rare—we detected 1-2 co-localized
moving molecules per peripheral region of the field of view where the
background intensity was sufficiently low (details in Methods)—these
events are consistent with the simultaneous association of two BicD2
molecules in the same complex. The low apparent frequency prob-
ablyreflectstechnical constraints: CF488 photobleaching frequently
leads to signal loss before movement becomes apparentand the 10 nM
TMR-BicD2 concentration required for visualization of DDB-rigor
kinesin complexes with the TMR-labelled accessory adaptor gener-
atesbackground levels that prevent detection across most of the field
of view. However, together with the strong reduction of 9-pN forces
following the addition of BicD2(25-180, Y46D), these observations
provide supportive evidence for the two-adaptor model.
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output. This model is supported by the datain Figs. 3-5 showing load-dependent
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In conclusion, these results demonstrate that mechanical load
promotes recruitment of a third dynein to DDB complexes through an
auxiliary BicD2 adaptor. This load-induced adaptation enhances both
force output and motility, enabling DDB complexes to dynamically
respond to escalating mechanical demands.

DDB exhibits predominantly load-independent 8-nm steps
along microtubules
Cryogenicelectron microscopy studies suggest that the motor domains
of the two dyneins engaged within DDB complexes adopt a compact
parallel arrangement*, which would predict smaller centre-of-mass
displacements along microtubules. In contrast, single-molecule fluo-
rescence experiments have reported highly variable step sizes, ranging
from 4 to 48 nm, in unloaded conditions'®, Optical-trapping studies
further demonstrated that the mean forward step sizes decrease with
increasing load, from approximately 15 nmat 0.4 pN (range, 4-32 nm)
to 10 nm at 3.6 pN (range, 2-28 nm)®. Given the structural arrange-
ment of the dynein motor domains*, step sizes as large as 48 nmwould
require substantial rearrangements of the motor domains, making
such displacements unlikely.

In our experiments DDB complexes primarily took small steps
(Fig. 6a,b). For DDB bound to a single dynein (D,DB), forward

movements under loads of >1 pN consisted almost exclusively of
8-nmsteps (Fig. 6¢(top), red), even after correcting for the complex’s
compliance (Extended Data Fig. 5a). At lower loads occasional con-
secutive forward steps reached about 16 nm (Fig. 6¢(top), red). For
DDB complexes with two dyneins (D,DB), the step sizes remained
centred around 8 nm under loads of >2 pN (Fig. 6a,c(middle), red),
with occasional steps of up to 24 nm at low load (Fig. 6¢c(middle),
red). These results are consistent with earlier step-size measure-
ments in the absence of load'*®*. By contrast, when DDB contained
three dyneins (D;DB), the step sizes were smaller than those of
D,DB and D,DB (Fig. 6b,c(bottom), red), indicating that the third
dynein alters both the stepping behaviour and the overall velocity
(Extended Data Fig. 5b).

Backward and oscillatory forward-backward steps revealed addi-
tional load-dependent behaviours (Fig. 6¢). For D,DB, the backward
steps were similar in size to forward steps (Fig. 6¢(top), blue). In con-
trast, D,DB displayed larger backward step sizes under loads of <4 pN
(Fig. 6¢c(middle), blue), suggesting that its two dynein dimers can
separate more widely at low load—potentially resynchronizing the
motorsifoneadvancestoo farahead. D,DB, however, showed almost no
backward stepping under low-load conditions (Fig. 6¢c(bottom), blue),
consistent with at least two dimers remaining bound to the microtubule
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atanytime.Inaddition to these advancing and backward steps, all DDB
complexes exhibited an oscillatory forward-backward stepping mode
reminiscent of S. cerevisiae dynein’® (Fig. 6a,b, grey) in which a back-
ward step was rapidly followed by aforward step. Step sizesin this mode
were comparable to advancing steps (Fig. 6c and Extended Data Fig. 6a)
but dwell-time analyses distinguished them: the dwell times between
advancing forward stepsincreased with increasing load (Fig. 6d, pink),
whereasforward steps during the oscillatory forward-backward step-
ping mode were preceded by shorter load-insensitive dwells (Fig. 6d,
darkred, and Extended DataFig. 6b,c). This resultsin arelative constant
dwell time that is insensitive to forces below the substalling force for
oscillatory forward-backward stepping. This behaviour indicates
that unlike the ordered hand-over-hand mechanism ofkinesin-1, DDB
steps more stochastically, resembling S. cerevisiae dynein”*%, in
which the leading motor domain can detach and rapidly rebind in a
forward position.

Together, these analyses reveal that DDB complexes predomi-
nantly move in centre-of-mass displacements of about 8 nm under
substall loads, consistent with acompact motor arrangement. Under
near-unloaded conditions, DDB complexes exhibit their full range
of step sizes, extending up to 24 nm, whereas near stall loads restrict
steppingtoincrements as small as4 nm. Thisbehaviour suggests that
the motor domains remain coordinated under load but adopt greater
flexibility underlow load. Such dynamic switching highlights the ability
of DDB complexes to adjust their stepping mechanics to meet varying
mechanical demands™.

Discussion

Our study revealed a mechanosensitive property of DDB motor
complexes: under increasing load, additional dyneins are recruited,
enhancing force production and processivity. Using recombinant
reconstitution, structural analysis, optical-trapping and multicolour
single-molecule imaging, we demonstrated that mechanical tension
promotes higher-order DDB assembly. These findings expand our
understanding of how dynein adapts to mechanical demands during
intracellular transport and uncover aload-dependent mechanism of
motor recruitment and coordination (Fig. 6e).

Dynein force generation is limited by an autoinhibitory
phi-like conformation
Optical-trapping studies show that mammalian dynein alone gener-
ates approximately 1 pNin weak traps (stiffness, 0.01 pN nm™)*%5381,
with occasional reports of 7-8 pN (refs. 82,83) and 2 pN at higher
trap stiffness (0.1 pN nm™)*°, reflecting low processivity. In con-
trast, S. cerevisiae dynein, which is highly processive, displays a trap
stiffness-independent stall force of 4.5 pN (ref. 40). D,DB complexes
stallat 2.5 pN (trap stiffness, 0.06 pN nm™), matchingisolated human
dynein*®*'and suggesting that force outputis limited by an autoinhibi-
tory phi-like conformationin which one motor domain ceases forward
stepping. Althoughautoinhibited dynein binds microtubules weakly™,
anucleotide-free AAAlstate can formastrong force-insensitive ideal
bond®*#*%, while the detached head attempts to cross its stalk over
the bound partner, generating the phi-like conformation.
Mutations preventing autoinhibition provided support for this
mechanism: D,DB complexes with these mutations exclusively gener-
ate forces of 4.5 pN. Lisl similarly stabilized the active state, strongly
reducing 2.5-pN stalls and shifting force output to 4.5 pN (Fig. 2¢).
Higher trap stiffness activates dynein as well*’, indicating that load
alone can overcome autoinhibition. Fission yeast dynein, functional
without Lis1 (ref. 47), fits this model. D**DB complexes, which cannot
autoinhibit®, predominantly formed two-dynein assemblies (D,DB)
that stalled at 7 pN, probably because open conformations favour
recruitment and LIC-motor domain contacts stabilize these assem-
blies**. Thus, both Lis1 and load prevent autoinhibition to increase
force and processivity.

Tension-induced dynein recruitment

DDB complexes recruit a third dynein under increasing load, raising
stall forces to 9 pN. Recruitment requires an auxiliary BicD2 adap-
tor that engages the LIC of the third dynein, as shown by reduced
recruitmentin the BicD2(Y46D) mutant. The auxiliary BICDR1in DDR
probably fulfills the same role. Cryogenic electron tomography**and
cryo-EM? structures describe assemblies with one adaptor and one or
occasionally two dyneins*>*’; here we identified mechanical tension as
the factor enabling addition of a third dynein. The resultingincreasein
force probably allows DDB to overcome cytoplasmic resistance during
demanding transport events®.

Three-dynein recruitment occurs when DDB opposes arigor kine-
sinbutnotinitsabsence. Although the precise loadingrate is unknown,
the observed motion (Extended Data Fig. 5b) indicated that D;DB
generates >7 pN, whichis sufficient to unbind kinesin from the micro-
tubule®. Continuous minus-end-directed movement of D;DB-rigor
kinesin complexes (Fig. 5f) implies repeated kinesin detachment and
rebindingas DDB advances. Dual-BicD2 co-localizationevents provided
visual support for the two-adaptor model (Fig. 5h). Together with the
Y46D mutation, these observations provide support for auxiliary adap-
tor-mediated recruitment of the third dynein (Fig. 6e).

Lisl further promotes higher-order assembly when competing
with kinesin-1 under load”. Without Lis1, only approximately 20% of
DDB complexes contained two dyneins and stall at 4.1 pN, which is
insufficient to oppose the stall force of kinesin-1 (5-6 pN)*>#%°, Lis1
increases two-dynein assemblies to about 40% and raises the stall
force to 5.4 pN (ref. 19). Under these conditions, approximately 20%
ofkinesin-DDB complexes showed dynein-directed movement, prob-
ably reflecting recruitment of a third dynein®. A related study® found
that tethering DDB to KIF1C increased processivity by 50%. Because
KIF1C generates forces up to 7 pN (ref. 92), recruiting a third dynein
(9 pN) s likely to be necessary to overcome KIF1C. Thus, load and Lis1
cooperatively promote higher-order dynein assembly.

Mechanism of load-induced recruitment

A plausible mechanism for this load-induced recruitment is that
backward tension on the BicD2 C terminus (cargo-proximal end) is
transmitted through the coiled-coil to dynactin, inducing allosteric
changes that favour binding of asecond (auxiliary) BicD2 and, inturn,
a third dynein. Load may stabilize a coiled-coil registry shift in the
primary BicD2, similar to the cargo-induced shift thought to relieve
autoinhibition®”, thereby exposing additional acidic or charged
patches that promote auxiliary BicD2 association and recruitment of
athird dyneintail viaLIC interactions. Alternatively, load may propagate
into dynactin’s shoulder and Arp1 lattice®, subtly altering the dynein tail
geometrytoincrease the likelihood that anauxiliary adaptor engages
near an adjacent tail. Tension could also modulate the LIC-adaptor
interaction directly, either by reducing competition from alterna-
tive binding sites or by increasing affinity, thus favouring auxiliary
BicD2 capture. Together, these scenarios explain how load could gate
adaptor binding and third-dynein recruitment—amodel supported by
our observation that backward load enhances both the frequency of
three-colour events and 9-pN force states, consistent with force-gated
dynein assembly in vivo™.

Dyneins share load unequally through a staggered
arrangement

Our results indicate that dyneins in DDB complexes share load
unequally. The leading dynein typically slows near its stall force
(approximately 4.5 pN), triggering the engagement of additional
motors and stepwise increases to around 7 or 9 pN. This suggests
sequential engagement as load rises (Fig.1d). Although cryo-electron
tomography shows all four motor domains aligned in parallel*, the
40° angle of the dynactin shoulder relative to the microtubule axis
implies offset microtubule-binding sites under physiological load. In

Nature Cell Biology | Volume 28 | March 2026 | 480-491

488


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-026-01877-0

this configuration, tension at the BicD2 C terminus would align the
shoulder with the microtubule axis, producing a staggered motor
arrangement. Such ageometry enforces unequal load sharing, consist-
ent with observed force increments of 2.5 pN per additional dynein.
This model is supported by DNA-origami scaffolds that bind two or
three D,DB complexesinastaggered configuration, whichyield stall
forces of approximately 7 and 9 pN (ref. 62). Thus, multiple dyneins
collectively generate force but load distribution among them is
inherently unequal.

DDB primarily moves in 8-nm steps under load

After correcting for force-dependent compliance (Extended DataFig. 5a
and Methods), DDB complexes were found to predominantly take
8-nm centre-of-mass steps under loads of >2 pN (Fig. 6a,c). The step
size remained largely load-independent for D,DB and D,DB, whereas
D,DB exhibited smaller (approximately 4 nm) steps near stall forces
(Fig. 6b,c), reminiscent of S. cerevisiae dynein near stall force’.
Previously reported 10-nm steps at 3.6 pN load (step sizes ranging
from 2 to 28 nm)®? may reflect underfitting by earlier step-detection
algorithms or effects of axonemal substrates containing co-purified
proteins®*®. Our automated detection avoids underfitting and resolves
smaller increments.

D,DB complexes also moved more slowly than D,DB under loads
of upto 5 pN (Extended Data Fig. 5b), probably because the third per-
turbs coordination. The third motor may bear less load and step ahead,
disrupting optimal spacing, while LIC-motor-domain interactions
between leading and trailing dyneins’> may promote coordination
in D,DB but not D,DB. These factors could explain the reduced step
sizes and velocity observed for D;DB complexes. Backward step sizes
mirrored forward step sizes (Fig. 6¢), consistent with a reversal of
previous forward steps.

We also observed forward-backward stepping reminiscent of
MINFLUX studies of S. cerevisiae dynein®®, characterized by short dwell
times and limited load dependence. These probably reflect ATP-driven
recovery movements after load-induced detachment. We propose that
the detached head undergoes aload-induced backward displacement
and, after ATP binding (both events possibly influenced by load) moves
forward again through a priming stroke of its linker. Correlative force
and single-molecule fluorescence measurements will be needed to
confirmthis mechanism.

In conclusion, dynein-dynactin complexes adapt to mechanical
load by recruiting additional motors, redistributing force and tun-
ing their stepping behaviour to ensure robust intracellular transport
(Fig. 6e).
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Methods

DDB isolation from rat-brain lysate

Toisolate brain dynein-dynactin-BicD2 complexes, frozen rat brains
were homogenized in equal weight:volume of buffer (30 mM HEPES-
KOH, 50 mM K-acetate, 1 mM EGTA and 5 mM MgSO,, pH 7.2) using
a Waring blender. The homogenate was centrifuged at 30,000g for
30 min. After clarification, the crude homogenate was flash-frozen
in 2-ml aliquots for future use. The brain lysate aliquots were thawed
rapidly and supplemented with 1 mM phenylmethylsulfonyl fluoride
(PMSF), 5 mM dithiothreitol (DTT) and 0.1% NP-40, and the lysate was
clarified further at100,000g for 10 min before use. Purified BicD2N*
(final concentration of 300 nM) was added to the samples, which were
thenincubated with Strep-tactinbeads for2 hat4 °C. The beads were
washed extensively with the same buffer. The bound complexes were
eluted inassay buffer containing 3 mM desthiobiotin for 10 minonice.
The beads were removed by filtration through a 0.22-pm-pore spin
filter. The complexes were used directly for optical-tweezers assays
or flash-frozen in small aliquots after the addition of 10% sucrose as
acryoprotectant.

Plasmid and construct generation

The plasmids for human dynein complexes were provided by A. P.
Carter (MRC Laboratory of Molecular Biology, Cambridge, UK). Plas-
mids for Lisl constructs were gifts from S. Reck-Peterson (University
of California, San Diego, USA). BicD2 constructs were generated by
insertingamouse BicD2(25-400) from a plasmid (Addgene, 64205)'%*
into either a backbone for E. coli expression (pSNAP-tag(T7)-2 vec-
tor; New England Biolabs, N9181S)® or pET28b. Shorter BicD2 con-
structs were produced via Q5 mutagenesis (New England Biolabs,
E0554S) and a single mutation (Y46D) was introduced into the
BicD2(25-180) construct.

The kinesin-1 (KIF5B) (Cys-light) S43C construct'® was provided
byR.D. Vale (previously University of California, San Francisco, USA).
To generate the rigor kinesin construct, a single mutation (T92N) was
introduced and a SpyTag003 was inserted at the C terminus using
Q5 mutagenesis. The SpyCatcher003 tag, amplified from the Spy-
Catcher003-S49C plasmid’’ (Addgene, 133448), was inserted to the C
terminus of BicD2. Plasmids for Tev protease'® (Addgene, 171782) and
BirA (Addgene, 20857)'°° were obtained from Addgene.

All plasmids generated for this study were validated through
Sanger sequencing (Genomics Core Facility, Albert Einstein College
of Medicine) or full-plasmid sequencing (Azenta). The constructs used
inthis study are listed in Supplementary Table 1.

Tagging dynactin in HEK293T/17 SF cells using CRISPR

A HaloTag-3xFLAG-P2A-mCherry tag was inserted at the C terminus
ofthe DCTN4 (p62) subunit of dynactin using a CRISPR-based method
adapted from a previously published protocol®. The HaloTag-
3XFLAG has been used successfully inastable adherent HEK293T cell
line for dynactin purification”. The DCTN4 gene and 1 kb down-
stream sequence were retrieved from the UCSC Genome Browser
(https://genome.ucsc.edu/; Ensembl ID (ENSG00000132912))
and the guide RNA was designed using the CRISPOR online tool
(https://crispor.gi.ucsc.edu/)'”. The guide RNA (5-TCCTTAAAAGG
TTCCACTGG-3’) was ordered as Alt-R CRISPR RNA (crRNA) from
IDTDNA, along with Alt-R trans-activating crRNA (IDTDNA, 1072532)
and Alt-R Cas9 nuclease (IDTDNA, 1081058). These RNAs were dis-
solved in nuclease-free duplex buffer (IDTDNA) to afinal concentra-
tion of 100 pM.

To construct the targeting plasmid, 303 base pairs upstream of the
DCTN4 stop codon were amplified from HEK293T/17 SF genomic DNA
and stitched with HaloTag-P2A-mCherry, followed by 611 base pairs of
downstream DCTN4 sequences. The resulting DNA fragmentwas then
inserted into abackbone plasmid and the construct was confirmed by
full-plasmid sequencing (Azenta).

Cell culture and preparation

One millilitre of HEK293T/17 SF cells (ATCC, ACS-4500) was recov-
ered following the vendor’s instructions in 10 ml complete medium
(9.8 ml of BalanCD HEK293 (Fujifilm Irvine Scientific, 91165-1L), 0.1 ml of
100xGlutaMAX supplement (Gibco, 35050061), 0.1 ml of 100xinsulin—
transferrin—-selenium (Corning, 25-800-CR) and 20 pl anti-clumping
agent (Gibco, 0010057DG)). The cultures were incubated at 37 °C, with
5% CO, (Eppendorf, New Brunswick S41i CO2 Incubator Shaker) and
shaking at 125 rpm, and maintained at a density of <2 x 10° cells mI™.

Electroporation and CRISPR delivery

For CRISPR delivery, 3 pl crRNA, 3 pl trans-activating crRNA and 4 pl
Neon NxT resuspension R buffer (ThermoFisher, NEON1S) were mixed,
annealed (incubated at 95 °C for 5 min) and then cooled to room tem-
perature (RT). Cas9 protein (1.5 pl of the 10 mg ml™) was added to the
RNA mixture and incubated at RT for 15 min, followed by the addition
of 6 ug of the targeting plasmid.

HEK293T/17 SF cells (5 x 10°) were pelleted at 140g for 5 min,
washed with 10 ml PBS and then resuspended in 100 pl Neon NxT R
Buffer. The prepared Cas9-RNA-plasmid complex was mixed with
theresuspended cells and electroporated at1,100 V for 20 ms with two
pulses using the Neon NxT Electroporation System (ThermoFisher,
NEONIS) as per the manufacturer’s instruction. The electroporated
cells were immediately transferred to 2 ml complete mediumin a
six-well plate and allowed to recover for two days at 37 °C without shak-
ing. Following recovery, approximately 1 x 10’ cells were sorted using a
BD Ariacell sorter to select for mCherry-positive cells. The sorted cells
were then cultured, frozen and stored in liquid nitrogen for future use.

Dynactin purification
HEK293T/17 SF cells expressing p62 tagged with HaloTag-3xFLAG
were cultured in 800 ml medium at a density of 2 x 10° cells mI™ and
harvested by centrifugation at 600g for 10 min at 4 °C. The resulting
pellet (approximately 10 ml) was resuspended in 10 ml of 2xdynactin
lysis buffer containing 60 mM HEPES (pH 7.2), 200 mM NacCl, 4 mM
MgCl,, 2 mM EGTA, 20% glycerol, 0.2 mM ATP, 2 mM DTT, 0.4% (vol/
vol) Triton X-100 and two EDTA-free protease inhibitor cocktail tab-
lets (Roche, 11836170001). The suspension was nutated at 4 °C for
15 min. The lysate was then cleared by centrifugation at 80,000 rpm
(260,000g, k-factor = 28) for 10 min using a TLA-110 rotor in a Beckman
Tabletop Optima TLX ultracentrifuge.

Anti-FLAG M2 affinity gel (1 ml; Sigma, A2220) was washed with
5 ml of 1xdynactin lysis buffer. The cleared lysate was added to the
resinand nutated overnight at4 °C. The resin was subsequently washed
with 40 ml wash buffer containing 30 mM HEPES (pH 7.2), 250 mM
KCI, 2 mM MgCl,, 1 mM EGTA, 10% glycerol, 0.1 mM ATP, 1 mM DTT,
0.2% (wt/vol) Pluronic F-127 and 0.5 mM Pefabloc. The resin was then
transferred to a2-ml tube and incubated with 200 pl wash buffer con-
taining 100 pl of 5 mg mI™ FLAG peptide. This mixture was nutated at
4 °Cfor30 min. The supernatant containing the purified dynactin was
collected and concentrated using an Amicon Ultra-0.5 ml centrifugal
filter unit (100-kDa molecular weight cutoff) at 5,000gand 4 °C. A
Bradford assay (ThermoFisher, 23200) was used to determine the
dynactin concentration. The subunit composition of dynactin was
confirmed by mass spectrometry.

Dynactin from porcine brain
Porcine-brain dynactin®was provided by A. P. Carter (MRC Laboratory
of Molecular Biology, Cambridge, UK).

Sf9 expression of cytoplasmic dynein-1and Lis1

Thefull cytoplasmic dynein-1complex, the tail complex, the phi-mutant
complex and Lisl were expressed in Sf9 cells following established
protocols®*. Briefly, a bacmid was generated by transforming the
plasmid containing the desired construct into MAX efficiency DH1I0Bac
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competentcells (Gibco,10361012). Recombinant bacmid insertion was
verified by blue-white screening and confirmed by PCR.

Onemillilitre of Sf9 cells cultured in Sf-900 11 SFM (ThermoFisher,
11496015) was recovered and cultured in 10 ml Sf-900 Il SFM medium
(ThermoFisher,10902104) at 27 °C with shaking at 135 rpm. The cul-
tures were maintained at a density of <2 x 10 cells ml™. For transfec-
tion, 2 mlofa 0.5 x 10° cells mI™ culture was seeded in a six-well plate.
A mixture of 2 pg bacmid and 200 pl medium was prepared, to which
6 wl FUGENE HD transfection reagent (Promega, E2311) was added.

Afterincubation at RT for 15 min, the mixture was added dropwise
tothecells. The culture was then incubated at 27 °C without shaking for
four days to generate P1virus. The P1virus was collected, transferred to
al5-mltubeandstoredat4 °Cinthe dark. To produce P2 virus, 0.5 mIP1
virus was added to 50 ml culture (1.5 x 10° cells ml™) and incubated at
27 °Cwith shaking at135 rpm for three days. The P2 virus was harvested
by centrifugationat2,000gand 4 °C for 10 minand stored at4 °Cinthe
dark.For protein expression, 5 ml P2 virus was added to 500 ml culture
of Sf9 cells at a density of 2 x 10° cells mI™. The culture was incubated at
27 °Cwith shaking (135 rpm) for 60-72 h. The cells were harvested by
centrifugationat2,000gand 4 °Cfor15 min. The pellet was washed with
40 ml cold PBS and centrifuged again at 2,000g and 4 °C for 10 min.
The supernatant was discarded; the pellet was flash-frozen in liquid
nitrogen and stored at -80 °C until further use.

Cytoplasmic dynein-1and Lis1 purification
The cell pellet (approximately 5 ml) was resuspended in 5 ml of 2xlysis
buffer containing 60 mM HEPES (pH 7.2), 300 mM KCI, 4 mM MgCl,,
2 mM EGTA, 20% (vol/vol) glycerol, 0.4 mM ATP, 4 mM DTT, 0.2%
(wt/vol) Pluronic F-127,100 pl of 2.5 U pl™ DNase | and two EDTA-free
protease inhibitor cocktail tablets. The resuspended pellet was
dounced for30strokes onice. The lysate was cleared by centrifugation
asdescribed for dynactin purification. Four millilitres of IgG Sepharose
6 Fast Flow affinity resin (Cytiva, 17096901) was pre-washed with 6 ml
lysis buffer. The cleared lysate was added to the resin and nutated at
4 °Cfor4 h.Theresin was then washed with 50 ml wash buffer contain-
ing 50 mM HEPES (pH 7.2),150 mM KCI, 2 mM MgCl,,1 mM EGTA, 10%
(vol/vol) glycerol, 0.1 mM ATP,1 mM DTT, 0.1% (wt/vol) Pluronic F-127
and 1 mM PMSF.

Tolabel the SNAP tag on the N terminus of the dynein heavy chain,
15 pl of 1 mM SNAP-tag dye was added to the resin and the mixture
was nutated at 4 °C overnight. The resin was then washed with 50 ml
TEV-release buffer containing 50 mMHEPES (pH 7.2),150 mMKCI,2 mM
MgCl,, 1mM EGTA, 10% (vol/vol) glycerol, 0.1 mM ATP,1 mM DTT and
0.1% (wt/vol) Pluronic F-127. The resin was subsequently transferred
to a 5-ml tube with TEV-release buffer to a final volume of 5 ml. Fifty
microlitres of 200 uM MBP-superTev protease was added to the resin
and the mixture was nutated overnight at4 °Cinthe dark. One millilitre
of amylose resin (New England Biolabs, E8021S) was used to remove
the MBP-superTev protease. The supernatant was concentrated fol-
lowing the same protocol used for dynactin purification. The purity
of the cytoplasmic dynein-1 complex and Lis1 was verified by 4-12%
bis-Tris polyacrylamide gel electrophoresis and its concentration was
determined using the Bradford assay.

E. coli-based expression

BicD2 constructs were expressed in E. coli. Each plasmid was trans-
formedinto BL21-CodonPlus(DE3)-RIPL competent cells (Agilent Tech-
nologies, 230280), and a single colony was picked and inoculated in
1 ml terrific broth containing 50 pg ml™ carbenicillin and 50 pg ml™
chloramphenicol. The 1-ml culture was incubated at 37 °C overnight
with shaking and subsequently inoculated into 400 ml terrific broth
supplemented with2 pg ml™ carbenicillinand 2 pg mi™ chlorampheni-
col. The culture wasincubated at 37 °Cwith shaking for 5 hand cooled
to 16 °C for 1 h. Protein expression was induced with 0.1 mM isopro-
pyl B-D-1-thiogalactopyranoside (overnight at 16 °C). The cells were

harvested by centrifugation at 3,000g and 4 °C for 10 min, and the
supernatant was discarded. The cell pellet was resuspended in 5 ml
B-PER complete bacterial protein extraction reagent (ThermoFisher
Scientific, 89821) supplemented with 2 mM MgCl,, 1 mM EGTA, 1 mM
DTT, 0.1 mM ATP and 2 mM PMSF. The resuspension was flash-frozen
inliquid nitrogen and stored at -80 °C.

Purification of E. coli-expressed constructs

To purify E. coli-expressed protein, the frozen cell pellet was thawed
at 37 °C and nutated at RT for 20 min to lyse the cells. The cell lysate
was cleared as for dynactin purification. The supernatant was passed
through 500 pl Ni-NTA Roche cOmplete His-Tag purification resin
(Millipore Sigma, 5893682001) for His-tagged proteins or Strep-Tactin
4Flow high-capacity resin (IBA Lifesciences GmbH, 2-1250-010) for
strep-ll-tagged proteins. The resin was washed with 10 mlwash buffer
containing 50 mM HEPES (pH 7.2), 300 mM KCI, 2 mM MgCl,, 1 mM
EGTA,1 mMDTT, 1 mM PMSF, 0.1 mM ATP, 0.1% (wt/vol) Pluronic F-127
and 10%glycerol. The proteins were eluted with elution buffer (50 mM
HEPES, pH 7.2,150 mM KCI, 2 mM MgCl,, 1mMEGTA, 1 mM DTT,1 mM
PMSF, 0.1 mM ATP, 0.1% Pluronic F-127 (wt/vol) and 10% glycerol) sup-
plemented with either 150 mM imidazole for His-tagged proteins or
5 mM desthiobiotin for strep-ll-tagged proteins. The eluate was either
flash-frozen and stored at -80 °C or concentrated using an Amicon
Ultra-0.5 ml centrifugal filter unit (30-kDa molecular weight cutoff;
Sigma, UFC503024) before flash-freezing. The purity and concentra-
tion of the proteins were analysed using 4-12% bis-Tris polyacrylamide
gels. For biotinylation of BicD2, 50 pl of 10 uM BicD2 was mixed with 1 pl
0of100 MM ATP, 2 pl of 50 uM BirA and 1 pul of 10 mM biotin, followed by
incubationat 30 °Cfor 2 h. The BirA was subsequently removed using
Ni-NTAresin and the solution was buffer-exchanged into 30 mM HEPES
(pH7.2),50 mMKCI,2 mMMgCl,,1mMEGTA,1 mMDTT, 0.1% (wt/vol)
Pluronic F-127 and 10% glycerol to remove free biotin.

Purification of the BicD2-rigor kinesin constructs

The purification of BicD2-rigor kinesin constructs followed the same
protocol as for E. coli-expressed constructs, with modifications to
facilitate complex formation. After the cells were thawed, the BicD2
and kinesin solutions were combined and nutated at RT for 20 min,
followed by additional nutation at4 °Cfor 2 hto allow binding between
SpyCatcher003 and SpyTag003. The lysate was then passed through
Ni-NTAresinto capture His-tagged components. The elution from the
Ni-NTA resin was subsequently passed through Strep-Tactin resin to
isolate the fully formed BicD2-kinesin complex. The final eluate from
the Strep-Tactinresin was further concentrated following the protocol
used for dynactin purification.

Mass photometry

For DDB purified from rat-brain lysate, chambers were prepared by
cleaning high-precision microscope coverslips (number 1.5, 24 x 50;
Marienfeld Superior, 0107222,) by sequential sonication in ultrapure
H,0 (10 min), isopropanol (10 min) and ultrapure H,0, followed by
drying with filtered air. Culturewell gaskets (3 mm diameter x 1 mm
depth; Grace Bio-Labs, 103250) were cut, rinsed with isopropanol
and ultrapure H,0, dried with filtered air, and placed onto the freshly
cleaned coverslips. The protein samples were diluted in SRP90 buffer
(90 MM HEPES-KOH, 50 mMK-acetate, 2 mM Mg-acetate,1 mM EGTA
and 10% glycerol) immediately before data acquisition. Data were
acquired on a OneMP mass photometer (Refeyn Ltd) at1kHz for 60 s
using AcquireMP (Refeyn Ltd). Each sample was measured at least three
times. AMassFerence P1 calibrant (Refeyn, MP-CON-41033) was used for
calibration, and data analysis was performed with DiscoverMP (Refeyn
Ltd). To verify the stoichiometry and molecular weight of BicD-rigor
kinesin complexes, we used the MassGlass UC sample prep kit (Refeyn,
MP-CON-21022) and acquired data on a TwoMP mass photometer
(Refeyn), with the sample diluted in PBS buffer.
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Optical-tweezers assay

Polystyrene beads. Anti-GFP polystyrene beads were prepared by
covalently binding anti-GFP and BSA to carboxyl polystyrene beads
(0.52 pm; Polysciences, 09836-15) using NHS-EDAC chemistry®:.
Streptavidin beads (0.55 pm) were purchased from Spherotech
(SVP-05-10).

Microtubule polymerization. Two microlitres of 10 mg ml™ tubulin
(Cytoskeleton, T240-B) were mixed with 2 pl of 1 mg ml™ biotinylated
tubulin (Cytoskeleton, T333P-A) and 1 pl of 10 mM GTP. The mixture
was incubated at 37 °C for 20 min. After incubation, 0.5 pl of 0.2 mM
paclitaxel in dimethylsulfoxide was added, and the incubation was
continued for an additional 20 min. The solution was carefully layered
ontopofal00 plglycerol cushion (80 mM PIPES, pH 6.8,2 mM MgCl,,
1mMEGTA, 60% (vol/vol) glycerol,1 mMDTT and 10 pM paclitaxel) in
a230-ul TLA100 tube (Beckman Coulter, 343775) and centrifuged at
80,000 rpm (250,000g, k-factor =10) for 5 minat RT. The supernatant
was gently removed and the pellet was resuspended in11 pl BRB8OG10
(80 mMPIPES, pH 6.8,2 mMMgCl,,1 mMEGTA, 10% (vol/vol) glycerol,
1mMDTT and 10 pM paclitaxel). The microtubule solution was stored
atRTinthe dark for further use.

Flow chamber preparation. A flow chamber was assembled using
a glass slide (Fisher Scientific, 12-550-123) and an ethanol-cleaned
coverslip (Zeiss, 474030-9000-000), separated by two thin strips of
parafilm. Ten microlitres of 0.5 mg mI™ BSA--biotin (ThermoScientific,
29130) wereintroduced into the chamber andincubated for10 min. The
chamberwas thenwashed with 2 x 20 pl blocking buffer (80 mM PIPES,
pH 6.8,2 mMMgCl,, 1 mMEGTA, 10 pM paclitaxel, 1% (wt/vol) Pluronic
F-127,2 mg mI"' BSA and 1 mg ml™ a-casein) and incubated for 30 min
toblock the surface. Next, 10 pl of 0.25 mg ml™ streptavidin (Promega,
Z7041) wasintroduced into the chamber and incubated for 10 min. The
chamber was washed with 2 x 20 ul blocking buffer, followed by the
addition of 10 pl of 0.02 mg ml™ biotin-labelled microtubules in the
blocking buffer, which were incubated for 1 min. After another wash
with 2 x 20 pl blocking buffer, the chamber was stored in a humidity
chamber until further use.

Sample preparation. Dynein (dimer), dynactin and BicD2 (dimer)
were mixed inal:1:1ratio toafinal concentration of200 nM each. The
solution was incubated overnight at 4 °C to allow complex forma-
tion. One microlitre of polystyrene trapping beads was mixed with
1 pl motility buffer (60 mM HEPES, pH 7.2, 50 mM KCI, 2 mM MgCl,,
1mM EGTA, 10 pM paclitaxel, 0.5% (wt/vol) Pluronic F-127, 5 mg ml™
BSA and 0.2 mg ml™ a-casein) and 1 pl of appropriately diluted DDB
complex. The mixture was incubated onice for 30 min. Following incu-
bation, 40 pl motility buffer supplemented with 2 mM ATP,2 mM biotin
and a gloxy oxygen scavenger system was added to the bead-protein
solution. Two 20-pl volumes of the solution were then introduced
into the chamber. The chamber was sealed with vacuum grease to
prevent evaporation.

Data acquisition. Optical tweezers experiments were performed using
a C-Trap combined with TIRF and interference reflection microscopy
(C-Trap Edge, LUMICKS) at RT. Microtubules were visualized using
interference reflection microscopy. The trap stiffness was adjusted
t00.08-0.10 pN nm™. Optical-trapping data were sampled at a rate of
20 MHz and digitally downsampled by a factor of 256, resulting in afinal
sample rate of 78.125 kHz. An anti-aliasing filter was applied to achieve
apassband of 31.25 kHz. The resulting data were fitted to a Lorentzian
power spectrum for analysis.

Data analysis. Optical trapping data were processed using a custom
MATLAB program. A built-in MATLAB step-finding algorithm was
applied to traces that were downsampled by a factor of 80 through

averaging. Steps with forces of <0.2 pN were excluded. For each step,
the combined stiffness of the motor and bead-linkage, k,,.i,, Was cal-
culated using the original data'*®, where k is the Boltzmann constant,
o®is the variance (which depends on the bead position x,), Tis the
temperature and k,,, is the trap stiffness, as follows:

e = 8T _ g
m—link = 2(xp) trap*

Steps for each trace were binned into 0.5-pN force windows. The
mean value of the 25th to 75th percentiles for each force window (for
example, dwell time, step sizes and velocity) were calculated to rep-
resent in the force window. Traces with similar forces were grouped,
and the mean and s.e.m. were calculated and visualized using Prism 10
(GraphPad). To compensate for the linkage compliance, the difference
between the motor stretch (F/ k,..ine) for each force window in each
group was calculated and added to the steps.

To statistically compare the fractions of different stall events
showninFigs.2c and 3a, we used a two-proportion Z-test.

Total internal reflection fluorescence assay

Sample preparation and triple-dynein and dual-adaptor co-
localization. Microtubule polymerization and flow chamber prepara-
tionwere performed as described for the optical-tweezers assay. After
microtubules were immobilized on the coverslip surface, the assem-
bled complex was diluted in the motility buffer containing 60 mM
HEPES (pH 7.2), 75 mMKCI, 2 mM MgCl,,1mMEGTA, 1 mM DTT, 2 mM
ATP, 0.5% Pluronic F-127 (wt/vol) and 10% glycerol. The solution was
introduced into the slide chamber, which was then sealed with vacuum
grease to prevent evaporation.

For three-colour co-localization TIRF experiments, DDB com-
plexes containing either BicD2(400)-rigor kinesin or BicD2(400) alone
were pre-assembled overnightina3:1:1dynein:dynactin:BicD2ratioin
motility buffer supplemented with 100 uM ATPYS. The three dyneins
were differently labelled with Alexa Fluor 647, TMR and Alexa Fluor 488.
After constructing the flow chamber and immobilizing microtubules,
10 nM of either BicD2(25-180) or BicD2(25-180, Y46D) was added to
the pre-assembled complexes and introduced into the chamber. For
Lisl-containing assays, 20 nM Lisl was included. In all cases, the final
motility buffer contained 100 uM ATPYS in place of 2 mM ATP.

For the dual-adaptor co-localization assay, DDB complexes con-
taining CF488-labelled BicD2(25-400)-rigor kinesin and unlabelled
dyneinwere pre-assembled overnight at a3:1:1dynein:dynactin:BicD2
molar ratio. After constructing the flow chamber and immobilizing
microtubules, 10 nM TMR-labelled BicD2(25-180) was added to the
pre-assembled complexes and introduced into the chamber together
with 100 M ATPYS. Across nine independent flow-cell experiments
(three technical replicates), we observed a total of 15 co-localization
events. Onaverage, each field of view (81.9 x 81.9 pm, 5-min recordings)
contained approximately 250 CF488-labelled molecules, reflecting the
number of rigor kinesin species bound to microtubules irrespective
of theirincorporationinto DDB complexes. The detection of only 1-2
moving DDB-rigor kinesin complexes bound to the accessory adap-
tor per field of view therefore represents a substantial underestima-
tion of the true number of co-localization events, owing to several
technical limitations.

First, the efficiency of forming microtubule-bound DDB-rigor
kinesin complexes containing two BicD2 molecules and three dyneins—
whichinvolves anassembly process that depends on force—is unknown,
as the degree of tension developed in these complexes could not be
quantified. DDB complexes containing one or two dyneins probably
remainstationary as they generate only approximately 4.5and 7 pN of
force, respectively, whereas detachment of the microtubule-bound
rigor kinesin (required for forward movement) probably requires
forces of >7 pN (ref. 87). Second, the incorporation efficiency of
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CF488-labelled BicD2-rigor kinesin into DDB complexes is unlikely
to be complete. Uncoupled CF488-BicD2-rigor kinesin molecules
canstillbind microtubules but do not contribute to detectable moving
dual-adaptor assemblies, further lowering the observed frequency.
Third, the CF488 dye used to label the rigor kinesin-BicD2(25-400) is
proneto photobleaching under TIRF illumination, often resulting in sig-
nalloss before movement becomes apparent due to the slow stepping
velocity of these complexes (Extended DataFig. 4). Finally, visualization
of moving complexes bound to TMR-BicD2(25-180) requires con-
centrations of at least 10 nM, which generate substantial background
fluorescence that obscures single-molecule detection across most of
the field of view. Single TMR-labelled BicD2 molecules could only be
resolved in peripheral regions where the excitation intensity was suf-
ficiently low, which explains why co-localizations were detected almost
exclusivelyinthese areas. Together, these factors markedly reduce the
probability of observing simultaneous co-localization events, indicat-
ing that the measured frequency represents a conservative estimate
of'the true occurrence of two-adaptor assemblies.

Data acquisition. Images were acquired using the BioVis software
(BioVision Technologies) with an acquisition time of either 200 ms or
1,000 ms per frame.

Data analysis. Kymographs were generated using Fiji'® and velocities
were analysed using a custom MATLAB program.

AlphaFold2 structure prediction

The interaction between mouse BicD2(25-180) and human
LIC2(417-444) was predicted using ColabFold (v1.5.5: AlphaFold2
using MMseqs2)'?%.

Graphic visualization
Molecular structures in the figures were visualized using UCSF
ChimeraX",

Statistics and reproducibility

No statistical method was used to pre-determine sample size and
no data were excluded from the analyses. The experiments were not
randomized and investigators were not blinded to allocation during
experiments or outcome assessment. Data distributions were assumed
to be normal for the purposes of statistical testing, although this was
not formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from
the corresponding author on reasonable request. Structural datasets
re-analysed in this work include the PDB entries 6DPV, 6KIQ, 6PSE
and 7Z8F. Gene and sequence information used for construct design
include the DCTN4 gene (Ensembl accession ENSGO0000132912).
Source data are provided with this paper.
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Extended Data Fig. 1| Mass photometry of dynein-dynactin-BicD2 complexes
purified from rat-brain lysate and polyacrylamide gels of purified proteins.

a, Mass photometry reveals a-2.6-MDa species corresponding to one-dynein
DDB complexes and a~4 MDa, corresponding to two-dynein DDB complexes.

b, Polyacrylamide gels of human dynein complexes, dynactin complexes, and
BicD2(25-400). Protein bands were assigned by molecular weight; dynactin
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Extended DataFig. 2 | Force generation of D*“DB complexes and DDB(276),
DDB(180) and DDB(400) variants, and effects of dynein tail, free

dyneinand BicD2. a, Example traces of D**DB stalling at ~4.5,~7 and -9 pN
(downsampled 400-fold for visualization). b, Fractions of beads generating
forces corresponding to D,DB (fully activated), D,DB, and D,DB. For 1:6:6
(dynein®:dynactin:BicD), the distributions were 12%, 62%, 26% (n = 9); with +5 nM
dyneintail, 11%, 67%, 22% (n = 8). ¢, Representative trace of a DDB complex
stallingat -7 pNin the presence of 5 nM free dynein (downsampled 400-fold).

d, Fraction of beads showing different force-generation behaviours with

or without awash step. Beads were incubated with DDB complexes and

either assayed directly (DDB) or gently washed to remove free dynein before
measurement (DDB (wash)). Stall-force distributions: DDB, 17%, 27%, 46%,10%
(n=41); DDB (wash), 8%, 61%, 31%, 0% (n =13). e, Example traces of DDB(276)
stallingat-2.5,-4.5, -7 pN, and -9 pN (downsampled 400-fold). f, Example traces
of DDB(180) generating ~2.5 and ~4.5 pN forces (downsampled 400-fold).

g, Example traces showing DDB(400) stalling at 6-7 pN and 9-10 pNin the
presence of 5 nM dynein and 5 nM BicD2(25-180) (downsampled 400-fold).

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-026-01877-0

Alexa488 ™ R Alexab47

sl
|
2 um

Extended Data Fig. 3| Representative kymographs of DDB-rigor kinesin complexes containing three differently labelled dyneins. Representative kymographs
of DDB-rigor kinesin complexes containing three differently labelled dyneins (Alexa Fluor 488, TMR, and Alexa Fluor 647) moving along surface-immobilized
microtubulesin the presence of 100 uM ATPYS.
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Extended DataFig. 4 | Co-localization of an auxiliary BicD2(25-180) and a rigor kinesin-BicD2(25-400) complex. Example traces showing co-localization of TMR-
labelled BicD2(25-180) and CF488-labelled rigor kinesin conjugated to BicD2(25-400) moving slowly along a surface-bound microtubule in the presence of 100 pM ATPYS.
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Extended DataFig. 5| Force-dependent stiffness and velocity of DDB
complexes. a, Measured stiffness (Kj,g) Of DDB complexes as a function of

Velocity (nm/s)

Kiinkage (PN/nm)

06 —@ DDB-1

Force (pN)

1400+ DDB-1 (semi-inhibited)
1200 —@— DDB-1 (fully activated)
1000 —e- DDB-2

— -e— DDB-3

600—

400

200 i

0 -¢-
0 2 4 6 8 10 12

Force (pN)

and increasingin 0.5-pN steps), and velocity in each window was obtained by
linear fitting. This analysis was repeated across multiple stalling traces (n = 3-40)

applied force. Bars indicate mean values; error bars represent SEM. Red, D,DB; to calculate the mean velocity and SEM for each force. Error bars represent SEM;

blue, D,DB; black, D,DB. b, Velocity of DDB complexes as a function of applied

when not visible, they are smaller than the symbol. Colour key: Orange, DDB-1

force. Force-time traces were segmented into +0.5 pN windows (startingat 0.5pN  (semi-inhibited); Pink, D,DB (fully activated); Blue, D,DB; Black, D;DB.
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A BioVision four-color TIRF scope with VisView software was used for single-molecule fluorescence-based data collection.
A Refeyn mass photometer with AcquireMP software was used for mass photomer-based data collection.

Data analysis Data were analyzed using a custom-written MATLAB program as previously described in Nicholas et al. 2015 (PNAS).
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Sample size Sample sizes were determined to be able to draw statistically meaningful conclusion as previously described in Nicholas et al. 2015 (PNAS).
Data exclusions  No data were excluded from the analyses.

Replication Single-molecule motility experiments were done in triplicate (three independent experiments per protein prep).
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Validation Antibodies were purified using an affinity column bearing purified GFP with a GST (glutathione S-transferase) tag (GSTGFP)
and the GFP-tagged constructs used in this study only bound to trapping beads when coated with the purified anti-GFP antibody.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK-293.2sus was purchased from ATCC.
Authentication Cell lines were not authenticated.
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified lines per ICLAC register were used.
(See ICLAC register)

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication All protein constructs were validated via DNA sequencing, and all reagents used were obtained from reputable commercial suppliers,
as detailed in the materials and methods section.
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