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Cytoplasmic dynein is a microtubule motor that is activated by its cofactor dynactin and a coiled-
coil cargo adaptorl=3. Up to two dynein dimers can be recruited per dynactin, and interactions
between them affect their combined motile behaviour#-8. Different coiled-coil adaptors are linked
to different cargos’8, and some share motifs known to contact sites on dynein and dynactin9-13,
There is currently limited structural information on how the resulting complex interacts with
microtubules and how adaptors are recruited. Here, we develop a cryo-EM processing pipeline

to solve the high-resolution structure of dynein-dynactin and the adaptor BICDR1 bound to
microtubules. This reveals the asymmetric interactions between neighbouring dynein motor
domains and how they relate to motile behaviour. We find unexpectedly that two adaptors occupy
the complex. Both adaptors make similar interactions with the dyneins but diverge in their contacts
with each other and dynactin. Our structure has implications for the stability and stoichiometry of
motor recruitment by cargos.

Introduction

Eukaryotic cells use cytoskeletal filaments and motor proteins to organize their cytoplasm.
Dynein (cytoplasmic dynein-1) is the primary transporter of cargo towards the minus ends
of microtubules (MTs) and therefore contributes to multiple cellular processes’. It is a
multi-subunit dimer that must bind a 1.1 MDa cofactor, dynactin, and a coiled-coil cargo
adaptor to be fully activel?2.

Once activated, dynein uses its motor domains to walk on MTs. Each motor comprises a ring
of six AAA+ domains, which, unlike many other AAA+ family proteins, are non-equivalent
to each other4. The ATPase cycle of the first domain (AAAL) drives motility but can be
gated by the nucleotide state of AAA35-18_ |t’s also thought that interactions between
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motor domains can modulate dynein motility®, although the identity of the interactions are
not known.

There is a growing family of dynein cargo adaptors’:8. Cryo-electron microscopy (cryo-
EM) showed how their coiled-coils run along dynactin’s filament, positioning dynein in a
conformation that relieves its intrinsic inhibition>13.19 Some adaptors recruit two dyneins
per dynactin, increasing the force and speed of the complex, allowing it to outcompete
kinesin in a tug-of-war*6.20.21_Qur understanding of how adaptors recruit dynein and
dynactin®12:19.22 has been limited by the lack of high-resolution structural information of
the motile complex.

To understand both motor interactions and adaptor recruitment, we determined a high-
resolution structure of a dynein-dynactin-adaptor complex on MTs. We developed a pipeline
using single-particle cryo-EM to overcome the challenge of picking and aligning complexes
near strong MT signals. The resulting structures identified an asymmetry in the way the
motor domains contact each other, showed the unexpected presence of two adaptors, and
defined the motifs required for their recruitment.

A pipeline to solve MT-bound complexes

A previous cryo-electron tomography (cryo-ET) structure of dynein-dynactin on MTs was
limited in resolution by the relatively low throughput of tomography data collection®. We
therefore used a single-particle approach to obtain a large number of particles. We prepared
dynein-dynactin complexes with the adaptor BICDR1 (also known as BICDL1, hereafter
referred to as BICDR)#, and sparsely decorated them on MTs using the ATP-analogue
AMPPNP (Extended Data Fig. 1a). Initially, single-particle analysis was unsuccessful due
to the dominating signal of the MT23-26_ \We therefore developed a pipeline (Extended
Data Fig. 1b) in which we first solved the structure of the different protofilament-number
MTs (Extended Data Fig. 1c)2” and then computationally subtracted them from the
micrographs28. This allowed the dynein-dynactin complexes to be aligned (Fig. 1a), and
recovered those that were obscured by an overlapping MT. We also used the MT coordinates
to discard particles that were too far away to be bound (Extended Data Fig. 1d). Finally, we
solved the overall structure and used local refinements to obtain high resolution coverage of
the majority of the complex (Fig. 1b, Extended Data Fig. 2, Extended Data Table 1, 2).

MT-bound dynein-dynactin-BICDR

Our composite structure (Fig. 1c) shows two dynein dimers (dynein-A and B) stacked side-
by-side. Each dynein heavy chain (dynein-Al, A2, B1, and B2) contains a motor domain
contacting the MT and a tail extending towards dynactin (Extended Data Fig. 3a). Each

tail binds a light intermediate chain (LIC) and an intermediate chain (Extended Data Fig.
3b), and sits in the grooves in dynactin’s Arpl filament (Extended Data Fig. 3c). The main
BICDR coiled-coil (hereafter BICDR-A) spans dynactin from the barbed end to the pointed
end (Fig. 1c, Extended Data Fig. 3d), similar to previous structures*19, Unexpectedly, a
second BICDR (BICDR-B) is also present in the structure, which we describe below.
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We also observe a density that connects to the shoulder domain of dynactin and contacts the
tail and motor domain of dynein-Al (Extended Data Fig. 3e). Given its position, this likely
belongs to the p150€!Ued extension, including the coiled-coils (CC1 and CC2) and a globular
density corresponding to the Inter-Coiled Domain (ICD)%. This suggests that p150©!ued may
be able to transiently dock onto the tail and motor domain of dynein-Al.

AMPPNP in AAA3 locks ADP in AAAl

All the dynein motor domains in our complex are locked in the same AMPPNP
conformation, where the linker (dynein’s mechanical element) is straight (Extended Data
Fig. 4a). This allowed us to average them to obtain sufficient resolution to identify which
nucleotides are present (Fig. 1d). Previous studies showed that ATP binding to AAA3
blocks dynein’s mechanochemical cycle1>18, A crystal structure of S. cerevisiae dynein
with AMPPNP in AAA3 and AAA1 suggests that this inhibition results from the ATP state
of AAA3 preventing AAA1 from undergoing hydrolysis®.

Overall, our structure is similar to the previous onel®, where the linker is docked onto
AAAS5 and AAA2 (Extended Data Fig. 4b, c), the density for the nucleotide in AAA3 is
consistent with AMPPNP (Fig. 1e), and the AAA3 nucleotide pocket is closed (Extended
Data Fig. 4d). Surprisingly, however, despite incubating the complex in saturating amounts
of AMPPNP, the density at AAAL is consistent with ADP (Fig. 1f). Additionally, the
conformation of the AAA1 nucleotide pocket matches the crystal structure of ADP-dynein
from D. discoideum (Extended Data Fig. 4€)2°. Therefore, our MT-bound structure suggests
that rather than blocking hydrolysis of AAAL, ATP in AAA3 traps AAAL in an ADP state.
In cells, this high-affinity conformation may stabilize dynein at MT plus ends and at the
cortex during mitosis'®, and likely affects the binding of dynein’s regulator, Lis1, which
depends on AAA330:31,

Interactions of the motor domains

Classification of our dynein-dynactin complexes revealed that there are two main
configurations of the motors: “aligned” (Fig. 2a) and “staggered” (Fig. 2b). Both bind
equivalently to different protofilament-number MTs (Extended Data Fig. 5a). In the aligned
state, the four stalks run parallel to each other, as observed previously by cryo-ET>.
Although there are contacts between the motors within each dimer, the motor domains of the
neighbouring dimers don’t interact (Fig. 2a). In the staggered state, dynein-Al’s stalk lies
behind dynein-A2 in 96% of particles (Fig. 2b, Extended Data Fig. 5b). This allows the two
motor domains to contact the same protofilament (Extended Data Fig. 5¢). Furthermore, the
motor domain of dynein-Az2 is docked onto the LIC of dynein-B1 (Fig. 2b). This interaction
involves AAA2 and AAA3 on the linker face of dynein-A2 with conserved sites on the LIC
Ras-like domain (Extended Data Fig. 5d)32.

To understand how motor interactions could influence dynein, we assessed how they might
affect stepping. Looking down on the dynein-dynactin complex in its direction of travel
(arrows in Fig. 2a, b), the motor domains Al and B1 are on the right of A2 and B2,
respectively. The stepping of each motor involves detachment from the MT followed by a
priming stroke, where the linker bends at its hinge and moves the motor forward33. Within
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each dimer, the interface between the motor domains (i.e. dynein-Al to A2 and B1 to B2)

is similar in both the aligned and staggered states (Extended Data Fig. 5e). The linker from
the right-hand motor domain (A1/B1) binds at two points on the left-hand ring (A2/B2) (Fig.
2c, d). On the linker, these interactions occur on the tail-side of the hinge. Therefore, the
right-hand motors (A1/B1) are not hindered from undergoing a priming stroke. In contrast,
the same interactions likely impede the left-hand motors (A2/B2) from moving. In the
staggered state, dynein-A2 is further prevented from stepping by its interaction with the LIC
of dynein-B1 (Fig. 2d, e). The asymmetry found in both the aligned and staggered states
suggest that when stepping, dyneins likely lead off with their right-hand motors.

To assess the variability in motor domain interactions, we visualized individual dynein-
dynactin-BICDR complexes by cryo-ET. Whereas some complexes lie in the aligned and
staggered states described above (Extended Data Fig. 5f), we observed deviations in the
positions of individual motor domains. For example, we see shifts in the position of
dynein-Al (Extended Data Fig. 59) and a large separation (~16 nm) between dynein-B1
and B2 (Extended Data Fig. 5h). Despite this variability, there are clearly stable interactions
between the motor domains which likely affect dynein’s stepping behaviour.

Two adaptors scaffold the complex

In our structure, the dyneins are scaffolded by two BICDRs that sit differently in the
complex. BICDR-A runs the length of dynactin, contacting dynein-A and B (Fig. 3a).

In contrast, BICDR-B only covers half the length of the complex, interacting mainly

with dynein-Al. The two adaptors meet close to where BICDR-A binds dynein-Al, with
their coiled-coils interacting over ~30 residues before diverging again to contact dynactin’s
pointed end (Fig. 3b). Mass photometry of BICDR shows a major peak relating to a single
coiled-coil (Extended Data Fig. 6a), suggesting that the interaction between BICDRs is
stabilized in the complex. The registry of the BICDR coiled-coils can be determined based
on a unique tryptophan (W166), which presents as a bulky density between the two alpha
helices of the coiled-coil (Extended Data Fig. 6b). This shows that the interaction sites of
BICDR-A and B are offset by ~47 residues (Extended Data Fig. 6c).

To address whether two adaptors are present in the previous structure of dynein-tail/
dynactin/BICDR?, we revisited the data using new 3D classification tools in cryoDRGN34,
We found density for the second adaptor in a subset of particles (~5%) (Extended Data Fig.
6d). This suggests that in our new structure, which has 100% occupancy of both adaptors,
the presence of MTs stabilizes the binding of BICDR-B. We propose that this results from
the reduced flexibility of dynein-Al upon MT binding. In support of this, dynein-Al is more
ordered in our structure (Extended Data Fig. 6e).

Two coiled-coils were seen previously at the pointed end of dynactin in a structure with the
adaptor Hook3%13, However, at the time it was not possible to determine if they belonged to
two separate adaptors or resulted from a folding back of Hook3. We can now clearly assign
these coiled-coils to two Hook3s (Hook3-A and Hook3-B) using our new classifications
(Extended Data Fig. 6f). Taken together, our analysis suggests that the presence of two
adaptors may be found in other dynein-dynactin complexes.
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Adaptor motifs define asymmetric binding

BICDR interacts with dynein and dynactin via at least three conserved motifs. At the
N-terminus of BICDR, the CC1 box (AAXXG) binds an alpha helix in the extended C-
terminus of the LIC (Extended Data Fig. 3b)®11. BICDR has LIC binding sites on both sides
of its coiled-coil®. Therefore, we expected that the two LIC helices from each dynein would
interact with different BICDRSs. In our structure, we see weak density for the LIC helix on
both sides of BICDR-A (Fig. 3c, Extended Data Fig. 7a). 3D classification shows the density
on the inside face connects to the LIC of dynein-A2 (Extended Data Fig. 7b), as previously
observed?. This suggests the density on the outside face belongs to dynein-B. BICDR-B is
too flexible to resolve the LIC helix, but 3D classification also shows a connection to the
LIC of dynein-A2. (Extended Data Fig. 7c). This suggests the dynein-A2 LIC can bind both
BICDR-A and BICDR-B, and disfavours our original hypothesis that each adaptor binds the
LICs of a separate dynein.

In BICDR and related adaptors, there is a second conserved motif (QXX[H/Y]) downstream
of the CC1 box0, which was predicted to interact with the dynein heavy chain!3. Our
structure shows that the highly conserved residues Q150 and H153 of BICDR-A interact
with Y827 on the heavy chain of dynein-A2 (Fig. 3d). We can resolve additional contacts
by E165 and E172 (Fig. 3d), suggesting a more extensive motif defines BICDR’s interaction
with the heavy chain. Previously, the QXX[H/Y] motif was referred to as the CC2 box,

but because it resides in the first coiled-coil segment (CC1), we will hereafter refer to the
extended region as the heavy chain binding site 1 (HBS1) motif3°. Based on our predicted
registry of BICDR-B, its HBS1 motif contacts dynein-Al in a similar manner to BICDR-A’s
interaction with dynein-A2 (Extended Data Fig. 6b). Therefore, although the coiled-coils of
the two adaptors have distinct positions in the complex, they are both anchored by HBS1
motif interactions with separate dynein-A heavy chains.

Given the anchoring interaction of HBS1 in both BICDRs, we wondered if the motif

was also present in Hook3, since it was previously only described for close relatives of
BICDR, We could identify the extended HBS1 motif in a Hook3 alignment, including
the C-terminal glutamates (Extended Data Fig. 7d). We ran Alphafold on fragments of the
dynein heavy chain and Hook3, which predicted an interaction via HBS1 (Extended Data
Fig. 7e).

The C-termini of BICDR-A and BICDR-B diverge in the way they interact with the pointed
end of dynactin (Fig. 4a). Previous work analysing the binding of different adaptors to

the pointed end identified four distinct sites'3. BICDR was reported to bind site 1 (p62
disordered loop), site 2 (p62 saddle region), and site 4 (p25 B-helical fold). In our structure,
BICDR-A interacts similarly at site 4 (Fig. 4a), but the interactions at site 1 and site 2 are
shifted to lower positions on p62, resulting from a downward rotation of the coiled-coil
(Extended Data Fig. 8a). BICDR-B interacts with the pointed end at site 3 (on a loop
extending from p25) (Fig. 4a).

The pointed end is the site of interaction of the Spindly motif (LOXE®D, where @ is
hydrophobic), which is found in many adaptors2, Our model places it at site 4, as
previously predicted’3. The alpha-helical density for the Spindly motif is the most ordered
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part of the BICDR-A C-terminus (Fig. 4b), but there is a disordered break in the coiled-
coil preceding it (Fig. 4a). To provide support for our model, we ran Alphafold38 on the
four-subunit pointed-end complex with a fragment of BICDR (Extended Data Fig. 8b). The
resulting prediction shows high confidence for the Spindly motif interacting with site 4

as well as the preceding break in the coiled-coil. Interestingly, other cargo adaptors may
also have coiled-coil breaks preceding their Spindly motifs (Extended Data Fig. 8c)3°.

Our structure now shows that the first Spindly motif residue (L347) sits in a hydrophobic
pocket at the edge of p25 (Fig. 4c). The interaction is further stabilized by L348 and E350
interacting with S31 and N20 of p25, respectively. Due to the offset between BICDR-A and
BICDR-B, the Spindly motif of BICDR-B does not contribute to its pointed end interaction.

In summary, whereas the N-terminal motifs (CC1 box and HBS1) of BICDR-A and BICDR-
B bind similarly to dyneins, the C-terminal interactions with the dynactin pointed end are
distinct, resulting in an asymmetry between the two adaptors.

Discussion

Cryo-EM of sparse complexes on filaments

Solving the structure of proteins sparsely decorating MTs poses unique challenges. The

MT signal dominates the alignments and obscures some particles. Previously, the alignment
problem was overcome by subtracting the MT from picked particles23-25, but this only
works well when the proteins are in a regular array. Here, we reconstructed the MTs and
subtracted them from the micrographs. An alternative approach was recently reported, where
2D averages were calculated along individual MTs and used for subtraction3’, although so
far this has only been used on regularly decorated samples. These approaches open the door
solving other sparsely decorated complexes on cytoskeletal filaments.

Asymmetry between dynein motor domains

Despite the flexibility of the dynein-dynactin complex relative to the MT, our single-particle
approach reveals two main configurations of the motor domains. In the staggered state, the
stalks of the two motors of dynein-A are angled such that they can both bind the same
protofilament. This ability to tightrope-walk agrees with the observation that dyneins can
walk along single-protofilament polymers38. In both aligned and staggered states, there is a
remarkable asymmetry between the four motor domains. Dynein-Al and B1 appear free to
undergo a priming stroke whereas dynein-A2 and B2 are constrained. Although our complex
is in an AMPPNP-inhibited state, it is striking that to step forward, the right-hand motors
(dynein-Al and B1) likely move first. This asymmetry may explain the primarily right-
handed pitch of dynein-dynactin trajectories on MTs®. More rarely, left-handed trajectories
were observed. This is perhaps explained by the heterogeneity the motor-domain positions,
as seen by our cryo-ET analysis of individual complexes. In the presence of ATP, this
flexibility is likely to be higher. In summary, the asymmetry we observe likely contributes to
dynein’s stepping behaviour.
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Recruiting two adaptors

The binding of two BICDRs is determined by a combination of (1) motifs that bind dynein,
(2) contacts with dynactin’s pointed end, and (3) an offset interaction between the two
adaptors. At the adaptor N-termini, the CC1 box and HBS1 motifs bind predominantly to
the LICs and heavy chains of dynein-A. This suggests dynein-B is not required to recruit
the second adaptor. At the C-termini, the two adaptors must share interactions with one
pointed-end complex. BICDR-A makes multiple contacts, including via its Spindly motif.
In contrast, BICDR-B only makes a single contact, suggesting its stability depends on the
adaptor-adaptor interactions with BICDR-A.

Hook3 also has a LIC-binding site (the hook domain)3° and an HBS1 motif, which we
identify here. This suggests that two Hook3s interact with dynein equivalently to two
BICDRs. Surprisingly, the pointed end interactions differ. Whereas BICDR-A contacts sites
1/2/4, Hook3-A binds sites 1/3/4. Conversely, whereas BICDR-B contacts site 3, Hook3-B
binds site 2. This results in a different offset interaction between the Hook3s, with Hook3-
B going over Hook3-A, whereas BICDR-B goes under BICDR-A (Extended Data Fig.

6f). This suggests there is diversity in how pairs of adaptors are recruited. A key future
question is whether adaptors from different LIC-binding site families (e.g. EF-hand and
RH1-domain) (Extended Data Fig. 8c)” also bind in pairs. Our structures suggest the key
determinants of this will be the adaptor-adaptor and pointed-end interactions.

Consequences of having a second adaptor

Methods

BICDR and Hook3 transport predominantly membrane vesicles#041, Because of their size,
it is unlikely that two vesicles are recruited simultaneously to a two-adaptor complex.
Instead, one vesicle is probably linked to dynein-dynactin by two connections. This bivalent
tethering may increase the efficiency of motor capture and decrease the probability of
release. For small molecules, such as RNAs transported by the related adaptor BicD*2, there
is the possibility of carrying two cargos at once, giving a greater capacity for cargo transport.

Another consequence of the second adaptor is that it reinforces the connection between
dynein-A and dynactin. This will reduce their dissociation and promote long distance
movement on MTSs. Since both adaptors primarily contact dynein-A, this stabilization is
likely to also occur in adaptors which can recruit a single dynein (e.g. BICD2)*. Many
adaptors also bind kinesins*344, leading to complexes containing opposing motors#>46, The
relative number of each motor may determine the behaviour of cargo movement 4748, We
therefore speculate that different adaptors can tune the stoichiometry of the motors that they
recruit, providing another layer of regulation to cargo transport.

Protein preparation

Dynactin was purified natively from pig brains!®. Fresh brains were acquired from a butcher
and transported in ice-cold PBS, cleaned in homogenization buffer (35 mM PIPES pH 7.2, 5
mM MgSO4, 100 uM EGTA, 50 uM EDTA), squashed in a plastic bag, and flash frozen in

liquid nitrogen. Frozen brain pieces were blended and resuspended in homogenisation buffer
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supplemented with 1.6 mM PMSF, 1 mM DTT, and 4 complete-EDTA protease-inhibitor
tablets per 500 mL (Roche). After thawing, the lysate was centrifuged in a JLA 16.250
(Beckman Coulter) at 16,000 rpm for 15 min at 4°C. The supernatant was further clarified

in a Type 45 Ti (Beckman Coulter) at 45,000 rpm for 50 min at 4°C. After filtering the
supernatant in a Glass Fibre filter (Sartorius) and a 0.45 um filter (Elkay Labs), it was loaded
on a column packed with 250 mL of SP-Sepharose (Cytiva) pre-equilibrated with SP buffer
(35 mM PIPES pH 7.2, 5 mM MgS0O4, 1 mM EGTA, 0.5 mM EDTA, 1 mM DTT, 0.1 mM
ATP) using an Akta Pure (Cytiva). The column was washed with SP buffer with 3 mM KClI
before being eluted in a linear gradient up to 250 mM KCI over 3 column volumes. The peak
around ~15 mS/cm was collected and filtered in a 0.22 pm filter (Elkay Labs) before being
loaded on a MonoQ 16/10 column (Cytiva) pre-equilibrated with MonoQ buffer (35 mM
PIPES, 5 mM MgS04, 100 uM EGTA, 50 yM EDTA, 1 mM DTT, pH 7.2). The column was
washed with MonoQ buffer before being eluted in a linear gradient up to 150 mM KCI over
1 column volume, followed by another linear gradient up to 350 mM KCI over 10 column
volumes. The peak around ~39 mS/cm was pooled and concentrated to ~3 mg/mL before
being loaded on a TSKgel G4000SWXL (Tosoh Bioscience) pre-equilibrated with GF150
buffer (25 mM HEPES pH 7.2, 150 mM KCI, 1 mM MgCI2) supplemented with 5 mM DTT
and 0.1 mM ATP. The peak at ~114 mL was pooled and concentrated to ~3 mg/mL. 3 pL
aliquots were flash frozen in liquid nitrogen and stored at -80°C.

Human cytoplasmic dynein-1 with an N-terminal ZZ-TEV tag on the heavy chain was
expressed using the baculovirus/Sf9 system?. Specifically, we used a construct with
mutations in the linker (R1567E and K1610E) to help overcome the autoinhibited
conformation. These mutations were previously shown not to affect motor velocity*9. Fresh
bacmid DNA was transfected into Sf9 cells at 0.5x10° cells/mL in 6-well cell culture plates
using FuGene HD (Promega) according to the manufacturer’s protocol (final concentration
10 pg/mL). After three days, 1 mL was added to 50 mL of 1x10° cells/mL and infected

for five days in a shaking incubator at 27°C. The P2 virus was isolated by collecting the
supernatant after centrifugation at 4,000 rcf for 15 min and stored at 4°C. For expression,
10 mL of P2 virus was used to infect 1 L of Sf9 cells at 1.5-2x108 cells/mL for 96 hours

in a shaking incubator at 27°C. Cells were harvested by centrifugation at 2,000 rcf for

10 min at 4°C, resuspended in cold PBS, and centrifuged again in 50 mL Falcon tubes
(Sarstedt). The pellet was flash frozen and stored at -80°C. A pellet from 1 L expression
was thawed on ice in 50 mL lysis buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 10% (v/v)
glycerol, 0.1 mM ATP) supplemented with 2 mM PMSF, 1 mM DTT, and 1 complete-EDTA
protease-inhibitor tablets per 50 mL. Cells were lysed using a 40 mL dounce tissue grinder
(Wheaton) with ~16 strokes. The lysate was clarified at 503,000 rcf for 45 min at 4°C using
a Type 70 Ti Rotor (Beckman Coulter). The supernatant was incubated with 3 mL 1gG
Sepharose 6 Fast Flow beads (Cytiva) pre-equilibrated with lysis buffer for 4 hours in a 50
mL Falcon at 4°C on a roller at a low speed setting. The beads were then applied to a gravity
flow column and washed with 150 mL of lysis buffer and 150 mL of TEV buffer (50 mM
Tris-HCI pH 7.4, 150 mM KAc, 2 mM MgAc, 1 mM EGTA, 10% (v/v) glycerol, 0.1 mM
ATP, 1 mM DTT). The beads were then transferred to a 5 mL centrifuge tube (Eppendorf)
and filled up completely with TEV buffer. TEV protease, which was purified in-house using
pRK 79350, was added to a final concentration of ~60 ug/mL and incubated overnight at 4°C
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on aroller at a low speed setting. The beads were transferred to a gravity flow column and
the flow through containing the cleaved protein was collected in a 15 mL Falcon tube. 8 mL
of TEV buffer was added to the beads and collected to maximize recovery. The protein was
concentrated to ~2 mg/mL and loaded onto a TSKgel G4000SWXL column preequilibrated
with GF150 buffer supplemented with 5 mM DTT and 0.1 mM ATP. Peak fractions were
pooled and concentrated to ~2.5 mg/mL. Glycerol was added to a final concentration of 10%
from an 80% stock made in GF150 buffer. 3 uL aliquots were flash frozen and stored at
-80°C.

Full-length mouse BICDR with an N-terminal ZZ-TEV tag was purified using baculovirus
expression in the same way as dynein described above with the omission of ATP in the
GF150 buffer.

Lyophilised porcine tubulin (Cytoskeleton) was resuspended in microtubule (MT) buffer (25
mM MES, 70 mM NaCl, 1 mM MgCI2, 1 mM EGTA, 1 mM DTT, pH 6.5) to a final
concentration of 10 mg/mL (~90 uM), aliquoted, flash frozen, and stored at -80°C. The use
of a MES-based buffer increased the proportion of 13 protofilament MTs (see below)5L.

Sample preparation

To polymerize MTs, tubulin was diluted in MT buffer with GTP (MilliporeSigma) such
that the final concentration of tubulin was 5 mg/mL (45 uM) tubulin and GTP was 3
mM. The mixture was mixed, incubated on ice for 5 min, and MTs were polymerized

at 37°C for ~1.5 hours. To stabilize the MTs, polymerization buffer supplemented with
taxol (MilliporeSigma) was added such that the final taxol concentration was ~20 puM.
The MTs were pelleted on a benchtop centrifuge (Eppendorf) at 20,000 rcf for 8 min

at room temperature. The supernatant was discarded and the pellet was resuspended in
polymerization buffer with taxol by pipetting up and down with a cut tip. The MTs were
pelleted and resuspended again using an uncut tip. The concentration was approximated
using Bradford reagent (Biorad) and diluted to ~0.65 mg/mL (~6 uM).

To assemble the dynein-dynactin-BICDR complex, the purified proteins were mixed in a
1:2:32 molar ratio (0.33 mg/mL dynein, 0.56 mg/mL dynactin, 0.97 mg/mL BICDR) in
GF150 buffer supplemented with 1 mM DTT in 10 uL and incubated on ice for 15 min. To
bind the complex to MTs, 9 uL complex was mixed at room temperature with 5 uL MTs
and 9 pL binding buffer A (77 mM HEPES pH 7.2, 51 mM KCI, 13 mM MgS04, 2.6 mM
EGTA, 2.6 mM DTT, 7.68 mM AMPPNP, 13 uM taxol) such that the final concentrations of
KCl and AMPPNP were 100 mM and 3 mM, respectively. After 5 min, the complex-bound
MTs were pelleted at 20,000 rcf for 8 min at room temperature. The pellet was resuspended
in binding buffer B lacking dynein, dynactin, or BICDR (30 mM HEPES pH 7.2, 60 mM
KCI, 5 mM MgSO4, 1 mM EGTA, 1 mM DTT, 3 mM AMPPNP, 5 uM taxol, and 0.01%
IGEPAL (MilliporeSigma)), using an uncut tip and left at room temperature. 3.5 uL was
applied to freshly glow-discharged Quantifoil R2/2 300-square-mesh gold grids (Quantifoil)
in a Vitrobot IV (ThermoFisher) at 100% humidity and 20°C, incubated for 20 s, and blotted
for 0.5-1.5 s before being plunged into liquid ethane.
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The samples were imaged using a FEI Titan Krios (300 kV) equipped with a K3

detector and energy filter (20 eV slit size) (Gatan) using automated data collection
(ThermoFisher EPU 2.6.1) over 15 sessions. In total, 88,715 movies were acquired at 81,000
X magnification (1.11 A/pixel, 100 uM objective aperture, ~3 sec exposure, 53 frames, -1.2
to -3.6 um defocus range), and 9,875 movies were acquired at 42,000 X magnification (2.13
AJpixel, 70 uM objective aperture, ~9 sec exposure, 53 frames, -1.5 to -4 um defocus range).
1,846 of the low magnification movies were acquired at a 26° tilt of the stage. The tilted
movies were acquired at early stages of the project when we expected a preferred orientation
of the complex, which did not end up being an issue. In all cases, the total fluence was ~53
e"/A2. “Datasets” here refers to separate cryo-EM data collection sessions. Each of these
sessions used a separate cryo-EM grid, which originated from multiple sample preparations.
Each preparation used fresh microtubules and proteins from one of two or more independent
purifications.

MT subtraction and particle picking

Micrographs were generated from the movies after correcting for drift using MotionCorr2
52 implemented in Relion 3.1%3, and the contrast transfer function (CTF) parameters were
estimated using CTFFIND4%. MTs were picked from the micrographs using the filament
option in crYOLO 1.7.5%° with a model that was trained on manually picked micrographs
(~100). A different model was used for low- and high-magnification micrographs. The
output coordinates along each MT were spaced by 81 A. These coordinates were used

in the Microtubule Relion-based Pipeline (MiRP) to reconstruct the MTs27. Briefly, the
coordinates were used to extract particles at 4x binning and a rolling average of the particles
along a MT were generated to increase the contrast for subsequent classification steps. A
model for 11 to 16 pf MTs was used for supervised 3D classification in Relion 3.0, 3.1,

or 402853, The protofilament number (pf) distribution (pooled across datasets) was 11 pf:
2.1%, 12 pf: 18.6%, 13 pf: 60.0%, 14 pf: 16.7%, 15 pf: 1.2%, 16 pf: 1.4%. After assigning
the most likely pf number to each MT, the data was split and each type was processed
independently. Sequential refinement of the helical parameters (Rot angle, X/Y shifts)
following the MiRP protocol led to properly aligned and internally-consistent particles. The
seam checking step was skipped since the misalignment of the seam was not detrimental

to the quality of the subtraction described below. The data was re-extracted to generate raw
particle stacks at 4x binning for local refinement in Relion 3.1 or 4.0, and then re-extracted
without binning for a final local refinement.

Each pf-number MT was subtracted sequentially using the refion_particle_reposition
command-line interface in Relion 4.0 and specifying the ctf, invert, subtract, and
norm_radius options. The value for norm_radius was obtained from the final extraction

job (found in the note.txt file as bg_radius). Dynein-dynactin-BICDR particles were then
picked from the subtracted micrographs using a crYOLO model that was pre-trained on
~100 micrographs®6. Complexes that were too far from the MTs were removed using

the extract _if_nearby option in Starparser 1.38 (https://github.com/sami-chaaban/starparser)
(doi: 10.5281/zenodo.6792794). Specifically, the closest MT coordinate was found for every
complex coordinate, and those with distances that were greater than ~550 A were removed.
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There was no indication of nonuniform clustering under the conditions of our assay. From
this point onward, the data was processed in Relion 3.1 or Relion 4.0 unless otherwise
stated.

A processing pipeline can be found in Extended Data Fig. 2. Picked particles that were close
to MTs were extracted with binning such that the final pixel size was 3 A/pixel. A reference
was generated using a manually built model of the full dynein-dynactin-BICDR complex
based on previous structural work*>, which was then filtered to 80 A for 3D classification
with alignment. Multiple classifications were performed in parallel, with each run varying

in settings (number of classes: 6, 12, or 15, ignore CTFs until first peak: Yes or No, mask
diameter: 780 A or 820 A, Tau fudge: 3 or 6). Particles from the best class in each run

were pooled and duplicates were removed based on the rinimageName column using the
remove_duplicates option in Starparser. The number of particles remaining at this stage
were 506,853 and 121,180 in the high-magnification and low-magnification set, respectively.
To demonstrate the effect of microtubule subtraction on successful averaging (Fig. 1a),
particles extracted from either subtracted or non-subtracted micrographs were subjected to
2D classification with the same parameters (number of classes = 8, ignore CTFs until first
peak = Yes, mask diameter = 950 A, Tau fudge = 3).

The particles were subjected to a global 3D refinement without a mask using a 60 A filtered
reference. A soft-edge mask was generated based on the resulting density and the refinement
was allowed to proceed with the mask by choosing “Continue”. The high-magnification
data were then re-extracted from the non-MT-subtracted micrographs at 1.17x binning (1.30
AJpixel). Local refinement, Bayesian polishing, and a further local refinement yielded a
consensus structure at 4.60 A resolution. The dynein-tail/dynactin region was masked for
local refinement and used for multiple signal subtractions to improve the local resolutions.
In all cases, local refinement, defocus refinement, magnification refinement, beam-tilt
refinement, and at least one round of 3D classification without alignment was performed

to improve the resolution. The maps were B-factor sharpened for model building (described
below). EMDA 1.1.257 was used to align the maps to the consensus dynein-tail/dynactin
map°6. Masks, particle numbers, resolutions, classification parameters, and B-factors can be
found in Extended Data Fig. 2.

To solve the structure of the motor domain, the signal for dynein-tail/dynactin was first
subtracted by using the local refinement around dynactin described above as input to

a signal subtraction with a mask around all four motor domains. In parallel, a local
refinement of the motor domains using the same mask was performed, and the alignments
from this run were imported into the signal subtracted particles using the swap_columns
option in Starparser, by passing the following columns: rinAnglePsi, rinAngleRot,
rinAngleTilt, rinNormCaorrection, rinLogLikeliContribution, rinMaxValueProbDistribution,
rinNrOfSignificantSamples, rinOriginXAngst, and rIinOriginYAngst. This provided a more
accurate set of starting alignments for a subsequent 3D classification without alignment of
the subtracted particles into two classes. For each class, which represented the staggered and
aligned states, four parallel signal subtractions were performed on each motor domain. The
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particles were then joined from all eight signal subtraction jobs. A 3D refinement yielded

a structure at 7.03 A, which was further improved to 3.52 A after defocus refinement,
magnification refinement, beam-tilt refinement, and two rounds of 3D classification without
alignment. To improve the density of the nucleotide in the AAAL domain, further signal
subtraction was performed with a mask around AAA1, AAA2, and AAAS3. Local refinement
and 3D classification without alignment resulted in improved density for AAAL. To improve
the density of the stalk, the refinement of the motor domain was signal subtracted with

a mask around the stalk and MT binding domain. 3D classification without alignment
identified particles with the clearest density, which were reverted to the original box size for
two rounds of local refinement and 3D classification. Masks, particle numbers, resolutions,
classification parameters, and B-factors can be found in Extended Data Fig. 2.

For more challenging regions (p150¢!u€d, dynein’s stalk, the LICs, and BICDR-B), the

two magnification datasets were combined: the high-magnification data were re-extracted
from MT-subtracted micrographs at ~2x binning and combined with the low-magnification
data (unbinned), for a shared pixel size of ~2.13 A/pixel. Local refinement yielded a
consensus structure at 6.33 A resolution. The angular distribution plotted on a Mollweide
projection is shown in Extended Data Fig. 2, which was generated in Starparser using

the plot_orientations option. To better define the p150C!ued connecting density, a 3D
classification (Tau fudge = 20, 15 classes) was performed and the class with the clearest
signal (30,570 particles) was further locally refined (13.50 A final resolution). To show the
stalks of the staggered state relative to the MT, the particles were re-centered near the MT
binding domain of dynein-A2 and extracted from micrographs (with MTs) at ~3 A/pixel.
Two rounds of 3D classification were performed with a mask that includes the complex and
a section of the MT wall, first with local alignment (1.8° sampling interval, local angular
searches, E-step limited to 16 A, Tau fudge = 10, 10 classes) followed by without alignment
(Tau fudge = 20, 3 classes). The class with the clearest density for both the protofilaments
and the stalks of dynein-A1 were chosen (3,563 particles).

The consensus structure from the combined-magnification datasets was used for signal
subtraction with a mask around dynactin. This was used for cryoDRGN classification of
the LICs (described below) and to resolve BICDR-B. The C-terminus of BICDR-B was
resolved by first performing a signal subtraction with a mask around the pointed end. To
improve the density, another signal subtraction was performed around just BICDR-B, and
3D classification without alignment identified particles with the clearest density. For the
BICDR-B N-terminus, the dynactin refinement was used for signal subtraction followed by
defocus refinement, magnification refinement, beam-tilt refinement, and 3D classification
without alignment. Masks, particle numbers, resolutions, classification parameters, and B-
factors can be found in Extended Data Fig. 2.

To better define the motor-domain interactions, the consensus refinement from the
combined-magnification datasets was signal subtracted with a mask around all four motor
domains. In parallel, a local refinement of the motor domains using the same mask was
performed, and the alignments were imported into the signal subtracted particles using the
swap_columns option in Starparser, as described above. 3D classification isolated particles
from the staggered and aligned states. These were used to determine on which pf number the
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particles from the staggered and aligned states are bound. For this, the fetch_from_nearby
option in Starparser was used, which imported the class-number from the MT particles
based on their proximity in the micrographs. For each state, a mask around dynein-A1/A2
and dynein-B1/B2 was used for signal subtraction, followed by 3D classification without
alignment to improve the density. Masks, particle numbers, resolutions, classification
parameters, and B-factors can be found in Extended Data Fig. 2. To identify the variation
in dynein-Al in the staggered state, 3D classification was performed with a mask around
dynein-A1/A2 (Tau fudge = 8, 10 classes), where one class showed the motor domains
oriented in a manner that results in the stalks being parallel (3,781 particles out of 86,875).

All structures were post-processed in Relion by including the MTF of the detector. The maps
were also scaled to the correct pixel size, which was calibrated by comparing the density

for a tubulin dimer to a previous structure of taxol-bound tubulin®®. Specifically, the maps
were fit to each other using the Fit in map option in Chimera 1.16%9, and the pixel size
scaling with the highest correlation was used. The final pixel size of the maps from the

high magnification and combined-magnification datasets are 1.24 A/pixel (originally 1.30
Aupixel) and 2.04 A/pixel (originally 2.13 A/pixel), respectively. This scaling also resulted in
a match to previous dynactin structures13,

The composite map in Fig. 1¢ was built by summing the maps in Chimera. For the motor
domains, the map with improved density for the stalk was fit into each of the four positions
in the motor domain-pair maps. Although the raw data shows that there’s flexibility in the
orientation of the complex relative to the MT, for illustrative purposes the composite map
was overlaid onto the MT to match the configuration of the MT binding domains with the
tubulin dimers 6961 All colours were rendered in ChimeraX 1.2.562,

Model building and refinement

Building was performed in COOT 0.9.353 and refinement was done in PHENIX 1.20%4,

All structure predictions were performed using Alphafold through a local installation

of Colabfold 1.2.0%°, running MMseqs266 for homology searches and Alphafold257 or
Alphafold2-Multimer38 for the predictions of single or multiple chains, respectively. When
used to guide model building, predictions were generated without templates and with amber
relaxation®8. All refinement statistics can be found in Extended Data Table 1 and Extended
Data Table 2.

A starting model of the dynein motor domain was generated by using a previous structure

of dynein in the phi conformation (PDB: 5NUG)*? and manually adjusting it to match the
crystal structure of S. cerevisiae dynein with AMPPNP (PDB: 4W8F)15 in COOT. The
model was then rebuilt into the density and challenging regions were guided by Alphafold
predictions of the individual AAA+ subdomains. Nucleotides were placed in the AAA+
domains as follows (AAAL1: ADP, AAA2: ATP, AAA3: AMPPNP: AAA4: AMPPNP).

We modelled the diphosphate nucleotide in AAAL as ADP assuming it was retained after
purification and sample preparation. However, it is also possible that it comes from slow
hydrolysis of AMPPNP®9, in which case we would expect the nucleotide to be AMPPN. The
resulting model was manually inspected before refinement.
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The dynein-A2/B1 interaction in the staggered state was built by placing into the density
the refined motor domain from above with an Alphafold prediction of the LIC (UniProt ID
043237) Ras-like domain, before refinement in COOT.

The N-terminus of the dynein tails were built using previous structures of dynein-tail/
dynactin as a reference (PDB: 6F1T)* and refined. An Alphafold prediction of the dynein
intermediate chain (Q13409) WD40 domain was built into the structure and refined.

Dynactin subunits were built and refined using previous models as a reference (PDB: 6ZNL,
6F1T)*13 as well as Alphafold predictions to guide challenging regions, and were manually
inspected and refined. The pointed end complex includes actin-related protein 11 (Arpl1,
ACTR10), p62 (DCTN4), p25 (DCTNS5), and p27 (DCTNG), as well as an N-terminal
fragment of p50 (DCTN2)13. The Arp1/actin filament includes eight copies of actin-related
protein 1 (ARP1, also known as ACTR1A) and one copy of -actin®. The barbed end
includes CAPZa and CAPZp4. Based on our density, ATP-Mg was built into Arp11 and
ADP-Mg was built into B-actin and the Arp1 subunits.

The structure of full-length BICDR was first predicted in Alphafold on two copies of
BICDR (BICDL1: AOJNT9), and was flexibly fit into a low-resolution map of BICDR-A in
COQT using the registry defined by the position of W166. The N-terminus containing the
CC1 box and HBS1 was then built into high-resolution density and refined. The C-terminus
containing the Spindly motif was guided by a prediction of the pointed end complex
(described below). The BICDR-B model was built by flexible fitting of the BICDR-A model
into a low-resolution map of BICDR-B after adjusting the registry based on the position of
W166.

The LIC C-terminal alpha helices were built from a prediction of two copies of the BICDR
N-terminus (BICDL1: AOJNT9) and two copies of the LIC (043237) C-terminus, before
being refined in COQOT.

To generate the composite structure, a copy of the motor domain was placed in each
monomer position in the composite map. The C-terminus of the dynein tails were built by
first generating predictions of the dynein heavy chain (Q14204) helical bundles and placing
them into the density, before stitching them together. The model was then refined in COOT
into the density of each tail and stitched to the N-termini of the dynein tails and the motor
domains. The dimerization domain was built by generating a prediction of two copies of the
N-terminus of dynein, which was refined into the density in COOT. The complex of dynein
light chain ROBL1 (DYNLRB1) and the dynein intermediate chain was flexibly fit into the
density from a previous structure (PDB: 6F1T)%. The shoulder was rigid body docked from
a previous structure (PDB: 6ZNL)3, which includes two copies of p150C!ued (DCTNL1), four
copies of p50 (DCTNZ2), and two copies of p24 (DCTN3). The stalks of the motor domains
were built by flexible fitting of the 7. thermophila axonemal dynein stalk (PDB: 7K58)26
before mutating the residues to match the human sequence. The stalk was then stitched to
the structure of the dynein MT binding domain (PDB: 6RZB)62. The stalk and MT binding
domain were refined into the density of each motor position before being stitched to the
motor domains.
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Motor domain model alignments

Cryo-ET

To analyse the nucleotide pockets in AAAL and AAAS3, the large subdomains were

aligned to the crystal structure of S. cerevisiae dynein-AMPPNPL5 and D. discoideum
dynein-ADP2? using match-maker in Chimera. The difference between our structure and the
crystal structure was visualized by drawing arrows between the coordinates of corresponding
residues using a custom Python script (PDBArrows 1.0) (https://github.com/sami-chaaban/
PDBArrows) (doi: 10.5281/zenodo.6792805). To determine between which pairs of residues
the arrows should be drawn, the sequence of the subdomains of interest were aligned using
Clustal Omega 1.2.470. Pairs that were more than 12 A apart were ignored, which likely
represent residues that were poorly aligned.

Samples were prepared as for cryo-EM except that gold fiducials (BBI Solutions) pre-
equilibrated in binding buffer B were added to the sample before freezing. Tomograms
were acquired using a Glacios TEM (200 kV) equipped with a Falcon 111 detector (Thermo
Fisher). SerialEM 3.9.071 was used to acquire a tilt series between -60° and +60° in 3°
increments at 57,000 X magnification (2.55 A/pixel, 70 uM objective aperture). At each
tilt angle, a movie was acquired containing 13 frames with an exposure of ~3 e"/A2filt.
The total fluence for the tilt series was ~120 e”/A2 and the defocus range was -3 to -6

um. Gain and motion correction was done using alignframes from IMOD 4.10.3272, with
per-frame dose weighting. Tomogram alignment and reconstruction (back projection) was
done using the ETomo interface of IMOD. The tomograms were subsequently binned by 4
and processed using a Wiener-like deconvolution filter as implemented in WARP73 (https://
github.com/dtegunov/tom_deconv). The resulting tomograms were visualized in ChimeraX
using the Hide Dust option set to ~200. Complexes where all four motor domains were
clearly defined were chosen for visualization. To colour the density, the Color Zone option
was used with the atomic models of dynein and dynactin, which were rigid body fit into
the density and manually adjusted in cases where the motor domains were in different
conformations.

Mass photometry

To analyse the oligomerization of BICDRs in solution, we subjected the purified protein to
mass photometry using the Refeyn OneMP instrument (Refeyn Ltd.). BICDR was diluted
to 75 nM in GF150 buffer and 10 uL was imaged. The movies were processed using
DiscoverMP 1.2.4 and the mass was estimated by fitting a Gaussian distribution to the data.

CryoDRGN classification

To help reveal densities for the flexible LIC loops, the consensus structure from the
combined-magnification datasets that was signal subtracted around dynactin was used as
input for multiple rounds of cryoDRGN 0.3.3 analysis3*. First, the particles were binned
from 400 pixels to 128 pixels (6.75 A/pixel final pixel size) and used for training an
8-dimensional latent variable model with 3 hidden layers and 256 nodes in the encoder and
decoder networks. The latent space was visualized with the analyze function on epoch 50
and 3 clusters were extracted using a gaussian mixture model (GMM). The particles from
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the cluster that yielded the best 3D refinement were moved forward for two more rounds of
training, GMM clustering, and 3D refinement, but with binning to 256 pixels (3.33 A/pixel
final pixel size) and training with 3 hidden layers and 1024 nodes in the networks. Finally,
cryoDRGN /andscape analysis was performed on the latent space using a custom mask in
the region encompassing the LICs, with 20 clusters extracted using ward linkage. The mean
volume for each cluster was manually inspected for connecting density between the LIC
Ras-like domain and the BICDR N-termini.

Previous data (dynein-tail/dynactin/BICDR and dynein-tail/dynactin/Hook3)* was
reanalysed by binning the consensus particles from 432 pixels to 256 pixels (2.26 A/pixel
final pixel size) and training an 8-dimensional latent variable cryoDRGN model with 3
hidden layers and 1024 nodes in the encoder and decoder networks. The latent space was
visualized with the analyze function on epoch 50 and epoch 41 in the BICDR and Hook3
datasets, respectively, and 20 clusters were extracted using k-means analysis. The structure
representing the center of each cluster was visually inspected for the presence of a second
adaptor.

Cargo adaptor structure prediction

The pointed-end-BICDR complex was predicted using Colabfold 1.2.0 (10 recycles, no
templates) with the following sequences: DCTN4 (Q9UJWO0), DCTNG6 (000399), DCTN5
(Q9BTE1L), ACTR10 (I3LHKD5), and two copies of BICDR (BICDL1; AOIJNT9) fragment
205-394. The predicted aligned error (PAE) with respect to L347 was mapped onto the
predicted structure using a custom Python script (PointPAE 1.0) that extracts all values on
the y-axis for that residue and generates an attribute file for ChimeraX visualization (https://
github.com/sami-chaaban/PointPAE) (doi: 10.5281/zenodo.6792801).

Cargo adaptors were predicted by running Colabfold 1.2.0 (no templates) on two copies
each of the following sequences: BICDR (BICDL1: A0OJNT9), BICD2 1-423 (Q8TD16)
Spindly (SPDL1: Q96EA4), TRAK1 1-450 (Q9UPV9), Hook3 (Q86VS8), RAB11FIP3
(RFIP3: O75154), Cracr2a (EFC4B: Q9BSW?2), JIP3 1-700 (Q9UPT6), RILP (Q96NA?2).
For visualization, the models were manually linearized such that the coiled-coils run parallel
to each other. Specifically, the predictions were broken up into fragments at flexible loops,
rotated to be parallel, and stitched again in COOT. The PAEs and predicted local distance
difference tests (pLDDTS) at the coiled-coil breaks preceding the Spindly motif can be
found in Extended Data Fig. 8d.

The Hook3 HBS1 region was predicted by running Colabfold 1.2.0 (no templates) on two
copies of Hook3 172-287 (Q86VS8), one copy of dynein heavy chain 576-864 (Q14204),
and one copy of dynein intermediate chain (Q13409) 226-583. The PAE relative to Hook3
H200 was mapped onto the prediction as above for the pointed end complex.
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Extended Data Fig. 1. MT subtraction from cryo-EM micrographs of dynein-dynactin-BICDR
onMTs.

a, An example micrograph out of /7= 66,800 that had microtubules suitable for subtraction.
A pseudo-flat-field correction has been applied to normalize the intensity across the
micrograph for visualization purposes (i.e. dividing the image by a gaussian-blurred copy).
b, Overview of the processing pipeline to subtract MTs from cryo-EM images in order to
thoroughly pick and accurately align dynein-dynactin-BICDR complexes. ¢, The density
maps of the 12, 13, and 14 protofilament (pf) MTs. Not shown are the 11, 15, and 16

pf MTs. d, An annotated micrograph showing picked particles that were kept (black) or
rejected (red) based on their proximity to the MTs.
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Extended Data Fig. 2. Processing pipeline for single-particle analysis of the dynein-dynactin-
BICDR complex.

(T = Tau fudge, C = number of classes). 3D classifications are without alignment unless
otherwise specified. All defocus, magnification, and beam-tilt refinements were immediately
followed by a 3D refinement (not shown). Plots show the gold standard Fourier shell
correlation. The dotted horizontal line shows the 0.143 cut-off. An angular distribution plot
is shown for the consensus refinement of the whole dataset on a Mollweide projection.
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Extended Data Fig. 3. Overview of the dynein-dynactin-BICDR complex.
a, The composite density map of dynein-dynactin-BICDR overlaid on the reconstructed 13

protofilament MT, showing the position of individual dynein motor domains (dynein-A1/2,
dynein-B1/2), with their tails extending towards dynactin. b, A pseudo-molecular surface
representation of a dynein dimer, showing the LICs, intermediate chains (ICs) and light
chains (LCs). The model was generated from our structure and the published IC/LC8/Tctex
crystal structure (PDB: 2PG1)74. Additional flexible regions were added manually. ¢, The
composite density map of the complex shown from behind, where dynein’s tails can be seen
sitting in the grooves of dynactin’s Arpl filament. d, A molecular surface representation

of our model of dynactin viewed from the back, showing the position of dynactin’s

Arpl filament and barbed/pointed ends relative to the dynein tails and BICDRs. e, A 3D
classification result showing density connecting the shoulder domain to a globular density

Nature. Author manuscript; available in PMC 2023 April 06.



s1dLIoSNUBIA Joyany sispund DN 8doin3 g

s1dLIOSNUBIA JOUINY Sispund DN 8doin3 g

Chaaban and Carter Page 20

near dynein-A1, which may represent the Inter-Coiled Domain (ICD) of p150C!ued with
adjacent coiled-coils (CC1 and CC2).

a Aligned Staggered

d Motor-MT — SAVSS

. AN

e Motor-MT — 3AV[B<§

T—

=

Extended Data Fig. 4. Conformation of the dynein motor domain.
a, Side view of the four motor domains from both major configurations (aligned and

staggered) displaying a straight linker (dotted black line). The extra density on dynein-
A2 in the staggered state (dotted green line) represents the LIC of dynein-B1. b, Front
view of a ribbon representation of the motor domain showing only the linker (purple),
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AAAL (blue), AAA4 (yellow), AAAS (orange) and C-terminal domain (grey). The inset
shows the conserved F3629 in AAAS binding the linker’®. ¢, A close-up view of the
linker-AAA2 interaction overlaid with the crystal structures of D. discoideum dynein-ADP
(PDB: 3VKG)?° and S. cerevisiae dynein-AMPPNP (PDB: 4W8F)1® aligned at the linker.
The inset shows the crystal structure of S. cerevisiae dynein-Apo (PDB: 4AKG)7>, which
lacks nucleotides in AAAL and AAA3 and the linker is undocked from AAA2. d, The
domain movements in the nucleotide pocket of AAA3 represented by arrows after alignment
of our structure (Motor-MT) to the crystal structure of D. discoideum dynein-ADP (left;
PDB: 3VKG)?%, and S. cerevisiae dynein-AMPPNP (right; PDB: 4W8F)15 at AAA3L. e,
The domain movements in the nucleotide pocket of AAA1L represented by arrows after
alignment of our structure (Motor-MT) to the crystal structure of D. discoideum dynein-ADP
(left; PDB: 3VKG)?° and S. cerevisiae dynein-AMPPNP (right; PDB: 4W8F)1> at AAAIL.
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g10{ - i . N o
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Extended Data Fig. 5. Motor interactions and heter ogeneity.
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a, Number of particles from the staggered and aligned states on different MT protofilament
numbers (79,435 and 83,450 total particles, respectively). The plot shows the mean of =
15 datasets representing independently prepared cryo-EM grids. Error bars show the 95%
confidence interval (Mann Whitney U Test, two-sided; £=0.43, 0.31, 0.24, 0.14, and 0.38,
respectively) (ns = not significant). b, Front view of a 3D classification result of dynein-

A in the staggered state showing a small subset of particles with parallel stalks (right),
compared to the majority of particles with crossed stalks (left). A ribbon representation of
the motor domain is placed in the density map to show the orientation of the stalks. c, A 3D
classification result that includes the MT wall, showing the orientation of the protofilaments
as well as density for the stalks of dynein-A. d, A closeup view of the interaction between
dynein-A2 and the LIC of dynein-B1, highlighting the three potential interaction sites on the
LIC. e, The interaction between dynein motor domains in the aligned (left) and staggered
(right) states is shown as a molecular surface representation and density map, where the
linker is coloured darker. The triangles and dotted lines highlight the hinge in the linker.

f, Tomograms of individual dynein-dynactin-BICDR complexes on MTs in the aligned

and staggered states. The dynein and dynactin densities have been coloured pink/purple

and blue, respectively. g, An example tomogram where dynein-Al is shifted away from
dynein-A2. h, An example tomogram where there is a large separation between dynein-B1
and B2.

Extended Data Fig. 6. Adaptor arrangements and interactions.
a, A mass photometry result of purified BICDR on its own, showing a major peak at ~127

kDa (expected molecular weight of the dimer is 130 kDa) and a minor peak at 260 kDa
(n=1). b, The density maps of BICDR-A and BICDR-B showing the bulky density at
W166 and the location of the HBS1 motif residues QEKH near dynein-A2 and dynein-Al,
respectively. ¢, The interaction interface of the two BICDRs is shown based on their registry
in the structure. Lowercase letters refer to the position in the heptad repeat of the coiled-
coil, predicted with LOGICOIL’6. The red asterisk at K234 shows the offset between the
two BICDRs. d, A 3D classification result from the dynein-tail/dynactin/BICDR dataset
which shows density for BICDR-B. e, The density map of dynein-tail/dynactin/BICDR
(left) (EMD: 4168)* and our consensus density map from the high-magnification dataset
(right). Both maps were low-pass filtered to 10 A and are shown at contour levels where the
dynactin density is similar. f, A 3D classification of dynein-tail/dynactin/Hook3# showing
that the second coiled-coil belongs to a second Hooka3.
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Extended Data Fig. 7. CC1 box interactions and the HBS1 motif of Hook3.
a, The LIC helix after fitting to the density on the inside face of the BICDR-A CC1

box relative to the registry of BICDR in our structure (left), highlighting the conserved
Al116, A117, and G120 of the motif. On the right is a similar view of the BICD2-LIC
crystal structure (PDB: 6PSE)°. b, A 3D classification result showing the LIC of dynein-A2
connecting to the inside face of BICDR-A. ¢, A 3D classification result showing the LIC of
dynein-A2 connecting to the inside face of BICDR-B. d, Sequence alignment of the HBS1
motif of BICDR (annotated as BICL1) and Hook3, highlighting the conserved residues

and C-terminal glutamates. The UniProt codes are indicated on the left. e, An Alphafold
prediction of two copies of Hook3 (fragment 172-287), the dynein heavy chain (fragment
576-864), and intermediate chain (fragment 226-583). In the middle, the PAE is displayed
on the models relative to H200 (yellow), withlower values representing higher confidence.
The full PAE plot is shown on the right, with the arrow pointing at H200.
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Extended Data Fig. 8. Pointed end interactions and adaptor families.

a, An overlay of our structure with the previous dynein-tail/dynactin/BICDR structure
(PDB: 6F1T)4, aligned at dynactin. The pointed end interaction sites are labelled 1 to 413.
b, An Alphafold prediction of the pointed end complex (Arpll, p25, p27, and p62) and

a C-terminal fragment of BICDR (205-394) that includes the Spindly motif. The models
are coloured based on the predicted aligned error (PAE) at L347 of BICDR (yellow), with
lower values representing higher confidence. The full PAE plot is also shown with the
arrow pointing at L347. ¢, Alphafold predictions of cargo adaptors that have been manually
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linearized such that the coiled-coils are parallel to each other (i.e. each individual model was
manually rotated at the disordered loops). White triangles depict breaks in the coiled-coil
prediction preceding the Spindly motifs. The predictions are of full-length proteins unless
otherwise stated. L1C-binding motifs (CC1 box, Hook domain, EF hand, RH1 domain),
HBS1s, and Spindly motifs are coloured according to the legend. Only the HBS1s of
BICDR, BICD2, Spindly, TRAK, and Hook3 are shown based on our analyses and previous
predictions1®. The orientations are C-terminus to N-terminus to match the orientation in
other figures. d, The predicted local distance difference tests (pLDDTSs) (left) from one chain
of each of the cargo adaptors around the Spindly motif (highlighted in red) and the full PAE
plots (right). White triangles point to the locations of the predicted breaks in the coiled-coils.

Extended Data Table. 1
Cryo-EM data collection, refinement, and validation
statistics of the dynactin/dynein-tail regions.
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Pointed end/Spindly ,EIZCTD!T_A Dynein- S?{:bDeg eAnd/ EIlCTD!T-B/Dynan-
motif (EM DB-14559) a : a
(PDB 728M) (EMDB-14553) (EMDB-14552) (EMD-14555) (PDB
(PDB 728J) (PDB 728l1) 7Z8K)
Data collection and processing
Magnification 81000 81000 81000 81000
Voltage (kV) 300 300 300 300
Electron exposure
(€1A?) 53 53 53 53
Defocus range
1.2-36 1.2-36 1.2-36 1.2-36
(Hm)
Pixel size (A) 1.2445 1.2445 1.2445 1.2445
Symmetry
imposed C1 C1 C1 C1
Initial particle
images (n0.) 506853 506853 506853 506853
Final particle
images (no.) 165019 78061 179660 39644
Map fesolution 357 3.93 3.30 437
(A)
FSC threshold 0.143 0.143 0.143 0.143
Refinement
Model resolution 360 3.93 358 8.50
FSC threshold 0.5 0.5 0.5 0.5
Map sharpening B
factor ( Ag -55 -100 -55 -67
Model composition
Non-hydrogen
atoms 17694 20191 43427 14475
Protein residues 2272 2487 5372 2918
. ATP: 1 ADP: 3 MG: . .
Ligands 47N 3 ADP: 6, MG: 6
Bfactors (A2)
Protein 1.18/146.42/53.06 6.17/181.83/75.67 0.00/189.12/33.72 0.00/986.10/158.63
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Ponted endipindly 25T BICDRA ArTal
(PDB 728M) (EMDB-14553) (EMDB-14552) (EMD-14555) (PDB
(PDB 7283) (PDB 728l1) 7Z8K)
Ligand 32.92/112.93/44.97 7.41/30.72/16.52
R.m.s. deviations
Bond lengths (&)  0.005 (0) 0.007 (0) 0.005 (0) 0.005 (0)
Bond angles (°) 1.112 (0) 1.141 (3) 1.087 (1) 1.111 (0)
Validation
MolProbity score  1.35 121 1.10 0.73
Clashscore 2.90 3.20 2.50 0.67
(()Z‘)’O' rotamers ¢ 57 0.78 0.13 0.00
Ramachandran plot
Favored (%) 96.08 97.51 97.67 97.96
Allowed (%) 3.92 2.49 2.33 2.01
Disallowed (%) 0.00 0.00 0.00 0.03
Table 2

Cryo-EM data collection, refinement, and validation
statistics for the dynein motor domain regions.

Dynein Motor domain
(EMDB-14550) (PDB

Dynein AAA1-2-3
(EMDB-14551) (PDB

Dynei

n-A2/B1

(EMDB-14556) (PDB

728G) 7Z8H) 7Z8L)

Data collection and processing
Magnification 81000 81000 81000
\oltage (kV) 300 300 300
Electron exposure (e/A?) 53 53 53
Defocus range (um) 1.2-36 1.2-36 1.2-36
Pixel size (A) 1.2445 1.2445 1.2445
Symmetry imposed C1 C1 C1
Eﬂg')a' particle images 506853 506853 506853
Final particle images (no.) 351879 53424 105050
Map resolution (A) 3.52 3.41 4.90

FSC threshold 0.143 0.143 0.143
Refinement
Model resolution (A) 3.82 3.60 6.99

FSC threshold 0.5 0.5 0.5
?g\azg sharpening B factor 55 -100 55
Model composition

Non-hydrogen atoms 24656 8811 16513

Protein residues 3047 1083 3311
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Dynein Motor domain Dynein AAA1-2-3 Dynein-A2/B1
(EMDB-14550) (PDB (EMDB-14551) (PDB (EM DB-14556) (PDB
7Z8G) 7Z8H) 7Z8L)

ATP: 1 ADP: 1 AMPPNP:

ATP: 1 ADP: 1 AMPPNP:

ATP: 1 ADP: 1 AMPPNP:

Ligands 2,MG: 1 1,MG: 1 2,MG: 1
Bfactors (A?)

Protein 8.85/113.21/47.93 8.85/113.21/47.93 35.76/152.59/65.90

Ligand 8.41/57.20/36.98 8.41/57.20/36.98 47.45/57.15/51.63
R.m.s. deviations

Bond lengths (&) 0.005 (0) 0.005 (0) 0.012(2)

Bond angles (°) 1.073 (0) 1.128 (0) 1.536 (3)
Validation

MolProbity score 1.20 1.29 0.61

Clashscore 341 371 0.29

Poor rotamers (%) 0.27 0.10 0.00
Ramachandran plot

Favored (%) 97.70 97.31 98.79

Allowed (%) 2.30 2.69 121

Disallowed (%) 0.00 0.00 0.00

Acknowledgements

We thank S. Scheres for help with micrograph-level signal subtraction in Relion; C.K. Lau for helpful discussions;
the MRC Laboratory of Molecular Biology Electron Microscopy Facility for access and support of electron
microscopy sample preparation and data collection; J. Grimmett and T. Darling for providing scientific computing
resources; H.E. Foster and C. Ventura Santos for help with cryo-ET; F. Abid Ali, K. Singh, and C.K. Lau for
critical reading of the manuscript. This work was supported by Wellcome [210711/Z2/18/Z], the Medical Research
Council, as part of United Kingdom Research and Innovation (also known as UK Research and Innovation) [MRC
file reference number MC_UP_A025_1011], and the EMBO Postdoctoral Fellowship [ALTF 334-2020] to S.C.
For the purpose of open access, the author has applied a CC BY public copyright license to any Author Accepted
Manuscript version arising.

Data Availability

Atomic coordinates and cryo-EM maps have been deposited in the Protein Data Bank
(PDB) / Electron Microscopy Data Bank (EMDB) under accession codes 7Z8F/14549
(composite dynein-dynactin-BICDR structure), 7Z28G/14550 (dynein motor domain), 7Z8H/
14551 (dynein AAA1-3), 7Z81/14552 (Barbed end/BICDR-A), 728J/14553 (BICDR-A/
dynein-A2), 7Z8K/14555 (BICDR-B/dynein-Al), 7Z8L/14556 (dynein motor domain/
LIC), 7Z8M/14559 (pointed end/BICDR-A), and 15396 (consensus map). Other atomic
coordinates used in this study for alignments and model building are available in the PDB
(2PG1, 3VKG, 4AKG, 4W8F, 5NUG, 6F1T, 6RZB, 6PSE, 6ZNL, and 7K58). The cryo-
EM map of dynein-tail/dynactin/BICDR1 used for comparisons is available in the EMDB
(4168). The protein sequences used for sequence alignment and Alphafold predictions are
available the Universal Protein Resource (UniProt) under accession codes Q13409, 043237,
Q9UJWO, 000399, QI9BTEL, I3LHK5, AOJNT9, Q8TD16, QI6EA4, QIUPVY, Q86VSS,
075154, QIBSW2, QIUPT6, QI96NA2, Q14204, Q6ZP65, AOA140LGI1, Q8BUKSE, and
Q6G73.

Nature. Author manuscript; available in PMC 2023 April 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chaaban and Carter Page 28

Code availability

Custom scripts, including the Starparser package, are available at https://github.com/sami-
chaaban (10.5281/zen0do.6792794, 10.5281/zenodo.6792805, 10.5281/zen0do0.6792801).
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Figure 1. Cryo-EM structure of dynein-dynactin-BICDR on MTs.
a, Example of a MT before and after subtraction from cryo-EM micrographs (1 = 645,193

MTs on micrographs from 15 datasets). Representative 2D averages of particles from each
case are shown on the right (26,158 and 21,696 particles, respectively). b, Gallery of locally
processed density maps, starting with the consensus structure in the middle. ¢, Composite
density map of dynein-dynactin-BICDR overlaid on the 13 protofilament MT. d, Density
map of the dynein motor domain overlaid on the full motor (left) with the subdomains
highlighted (right). e, Density in the nucleotide pocket of AAA3 with AMPPNP docked. f,
Density in the nucleotide pocket of AAA1 with ADP docked.
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Aligned b Staggered

Figure 2. Interactions of the motor domains.

a, Top view of the density map of the aligned state (left) and composite map overlaid onto
the MT (right). Arrows represent the direction of travel. b, Top view of the density map

of the staggered state (left) and composite map overlaid on the MT (right). ¢, A molecular
surface representation of adjacent motor domains in the staggered state, only showing the
linker of the righthand motor. Overlaid are ribbon representations of the C-terminal domain
(CTD), AAA3, and linker. The hinge in the linker is also highlighted (triangle and dotted
line), and arrows point at the relative position of the ring and tail. d, Top view of a molecular
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surface representation of dynein in the staggered state. e, Molecular surface representation of
the motor domain of dynein-A2 (pink) and the LIC of dynein-B1 (green).
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Figure 3. Two BICDRs scaffold the dynein-dynactin complex.

a, Top view of the density map of the dynactin and dynein-tail region (the density for
dynactin is hidden). The N-terminal motifs (CC1 box and HBS1) are highlighted on each
BICDR. b, Side view of the pointed end density map showing both BICDRs. ¢, A close up
of the N-terminus of BICDR-A, showing the density around the CC1 box. A gaussian filter
was applied to better show the LICs. d, A close up of the interaction between BICDR-A
and dynein-A2, highlighting the HBS1 conserved residues (Q150/H153) and C-terminal
E165/E172.
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Figure 4. Pointed end interactions of BICDR-A/B.
a, The density map of the pointed end showing BICDR-A and BICDR-B contacting four

distinct sites3. The break in the coiled-coil density is highlighted (triangle). b, The density
map of the pointed end showing the ordered alpha helical density at site 4. Also highlighted
is the loop from p25 representing site 3. ¢, A molecular surface representation of the pointed
end p25 subunit coloured by hydrophobicity (orange is hydrophobic, teal is hydrophilic).
Overlaid is a ribbon representation of BICDR-A’s Spindly motif, highlighting the conserved
residues L347 and E350.
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