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Pac1/LIS1 stabilizes an uninhibited conformation
of dynein to coordinate its localization and activity

Matthew G. Marzo, Jacqueline M. Griswold and Steven M. Markus © >

Dynein is a microtubule motor that transports many different cargos in various cell types and contexts. How dynein is regulated
to perform these activities with spatial and temporal precision remains unclear. Human dynein is regulated by autoinhibition,
whereby intermolecular contacts limit motor activity. Whether this mechanism is conserved throughout evolution, whether
it can be affected by extrinsic factors, and its role in regulating dynein function remain unclear. Here, we use a combination
of negative stain electron microscopy, single-molecule assays, genetic, and cell biological techniques to show that autoinhi-
bition is conserved in budding yeast, and plays a key role in coordinating in vivo dynein function. Moreover, we find that the
Lissencephaly-related protein, LIS1 (Pac1 in yeast), plays an important role in regulating dynein autoinhibition. Our studies
demonstrate that, rather than inhibiting dynein motility, Pac1/LIS1 promotes dynein activity by stabilizing the uninhibited con-

formation, which ensures appropriate dynein localization and activity in cells.

tors to support its many functions. For example, processive

motility of human dynein requires the dynactin complex
and an adapter that links them together". The reliance on cargo-
specific adapters (such as BicD2 and Hook3)"? ensures that dynein
and dynactin are linked together at the right time and place for
appropriate motility. Dynactin supports dynein motility by pro-
moting microtubule binding® and by orienting the motor domains
in a parallel manner that is conducive for motility*. In addition to
its regulation by extrinsic factors, studies have shown that human
dynein-1 and dynein-2 are autoregulated by intracomplex interac-
tions. Specifically, intermolecular interactions between the motor
domains stabilize an autoinhibited conformation of human dynein
called the phi particle (named due to its resemblance to the Greek
character)*”. For dynein-2 (which is responsible for intraflagel-
lar transport), the autoinhibited conformation—which has been
observed in its native context’—reduces its velocity, ATPase activity
and microtubule landing rate®. Similarly, the autoinhibited dynein-1
conformation has been shown to reduce its microtubule landing
rate and motility properties*®. Autoinhibition of dynein-1 also pre-
vents its interaction with dynactin and BicD2 (ref. *).

Although it is well established that human dynein adopts the auto-
inhibited conformation, the extent of its evolutionary conservation
is unclear. Yeast dynein is of particular interest owing to two notable
in vitro discrepancies with human dynein: (1) yeast dynein is proces-
sive in single-molecule assays without the need for other factors, such
as dynactin’; and (2) yeast dynein has been reported to interact with
dynactin in the absence of adapters'’. The reasons for these differences
are unclear, but one possibility is that yeast dynein does not adopt the
autoinhibited conformation, which could potentially account for its
ability to walk in the absence of dynactin. This is supported by stud-
ies showing that artificially separating the motor domains of human
dynein-1 with a rigid linker (and, therefore, preventing intermolecu-
lar contacts) is sufficient to convert it to a processive motor®.

Another important effector of dynein activity is the lissencephaly
protein LIS1, which is required for numerous dynein functions in
cells''~"%, including promoting dynein recruitment to cellular sites''®
andassistingin dynein transportfunctions,including nuclear migration

( :ytoplasmic dynein relies on a complex network of regula-

in neurons'®", and high-load vesicular transport'®*'. However, the
mechanism by which LIS1 affects dynein activity remains contro-
versial. For example, in vitro studies have shown that LIS1 reduces
the velocity of dynein alone?'-*, but increases the velocity of dynein—
dynactin-BicD2 (refs. ***). In addition to promoting dynein force
production®, studies have shown that LIS1 promotes initiation of
dynein-dynactin-BicD2 motility from the plus ends of dynamic
microtubules**. Studies with the budding yeast homologue of LIS1,
Pacl, have shown that Pacl reduces the velocity of dynein motil-
ity?*?, presumably by uncoupling the ATPase cycle from the con-
formational changes in the motor and microtubule-binding domains
(MTBDs) that elicit microtubule release’”*. Thus, the precise role for
Pac1/LIS1 in dynein function remains confounded by these contrast-
ing results. Although a role for Pac1/LIS1 in regulating the autoinhib-
ited conformation has not yet been reported, two studies found that
LISI can indeed promote dynein-dynactin interaction***, which is
an expected consequence of relieving dynein autoinhibition®.

We set out to address the question of whether yeast dynein
adopts an autoinhibited conformation and, if so, what role it has
in regulating dynein activity. Our recent findings suggested that
yeast dynein indeed adopts such a conformation®. Specifically, we
found that engineering a neurological disease-correlated mutation
into yeast dynein leads to increased run lengths of single molecules
of dynein, and a localization pattern in cells that is indicative of
an enhanced dynein-dynactin interaction. This mutation was at a
residue that was recently shown to be important for maintenance
of the autoinhibited conformation of human dynein*. Here we used
a combination of in vitro and in vivo approaches to show that yeast
dynein indeed adopts an autoinhibited conformation that restricts
its in vitro processivity, and coordinates its localization and activity
in cells. Moreover, we found that Pacl is an important effector of this
conformational state—rather than inhibiting dynein motility, Pacl
promotes its activity by stabilizing the uninhibited conformation.

Results

Yeast dynein adopts an autoinhibited phi-particle conforma-
tion. To determine whether yeast dynein adopts an autoinhibited
conformation’, we developed a strategy to isolate biochemical
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quantities of the intact yeast dynein complex to a high degree of
purity. The yeast dynein complex is comprised of light (Dyn2),
light-intermediate (Dyn3), intermediate (Pac11) and heavy chains
(Dyn1)*, the latter of which is the catalytic subunit responsible for
motility. We generated a polycistronic plasmid containing all of the
dynein complex subunits each under the control of the galactose-
inducible promoter (GALIp). We included a tandem affinity tag
(8His-ZZ (HZZ)) followed by either a SNAP or HALO tag on the
N terminus of Dynl for purification and fluorescence labelling of
the complex, respectively (Fig. 1a). Single-molecule motility assays
with the purified complex confirmed its activity was nearly iden-
tical to the non-overexpressed complex (Fig. 1b; see below). The
increased yield enabled us to isolate the complex to a high degree
of purity using size exclusion chromatography, which revealed an
elution profile that was nearly identical to the recombinant human
dynein complex (Fig. 1c).

We used negative stain electron microscopy (EM) to obtain the
firsthigh-magnification view of the intact yeast dynein complex. This
revealed the presence of dynein complexes in both an open uninhib-
ited state and those in an apparent autoinhibited conformation, with
the large majority being in the autoinhibited state (Extended Data
Fig. 1). Class averages appeared to be strikingly similar to the intact
human dynein-1 complex', as well as to an artificially dimerized
motor domain truncation of dynein-2 in the autoinhibited confor-
mation® (Fig. 1d). The N-terminal tail domains—which exhibit flex-
ibility with respect to the motor domains—appear twisted around
one another in two-dimensional (2D) and 3D averages (Fig. le,
Supplementary Video 1). Intermolecular contacts appear to extend
to the motor domains and the coiled-coil stalks (the latter of which
cross in an X-like configuration), which connect the AAA rings to
the MTBDs. We confirmed a high degree of similarity between the
human and yeast dynein phi particles by manually docking a high-
resolution structure of human dynein* into our 3D model (Fig. le,
Supplementary Video 1).

Previous observations of an artificially dimerized, truncated
yeast dynein motor domain fragment (lacking the N-terminal tails)
revealed no phi particles (as noted by negative stain EM*, and
within the crystal lattice’**). Thus, in contrast to human dynein-2,
for which the motor domain is sufficient to form the phi particle®*,
yeast dynein requires the tail to do so. We also noted several class
averages that showed conformations in which the motor domains
are closely apposed but unbound, and the tails are wrapped around
one another (Fig. 1d; classes vii and viii), indicating that intermo-
lecular contacts within the tails can stabilize motor domain-inde-
pendent tail-tail interactions. This also suggests that the transition
to the autoinhibited conformation may be initiated by tail-tail con-
tacts, which seem to be required to stabilize the motor domains in
the autoinhibited conformation.

The autoinhibited conformation restricts in vitro processivity.
To determine whether the increased processivity that we previously

noted for the neurological disease-correlated K1475Q mutation®
is a consequence of disrupted phi particle formation, we sought
to assess the consequences of mutating other intermolecular sur-
faces. The human dynein phi-particle structure identified four key
intermolecular surfaces* (Fig. 2a). Sequence alignment and homol-
ogy modelling of Dyn1 into this structure revealed a high degree of
conservation at all four surfaces (Fig. 2a). We found that increasing
degrees of disruption of a predicted tripartite salt bridge at surface 2
increased processivity in a stepwise manner that we were able to
reduce by repairing the broken electrostatic pairing (Fig. 2b).
Consistent with the apparent stalk—stalk contact (Fig. 1d, classesi-v),
we noted a large increase in run length for surface 3 mutants.
In contrast to surface 2 mutants, surface 3 mutants moved slower;
this may be due to disrupted kinetics of helix sliding in the coiled-
coil stalk, which is responsible for communicating nucleotide-
dependent conformational changes within the motor domain to
the MTBD**-*. Processivity also increased for surface 4 mutants,
with one of them reducing velocity to ~50% that of the wild type.
Finally, fluorescence intensity measurements confirmed that the
run-length increases for the most processive mutants (D2868K and
13272A) are not a consequence of protein aggregation (Extended
Data Fig. 2a-c). These results indicate that the three surfaces
tested here are important for forming the autoinhibited con-
formation of yeast dynein, which limits its in vitro processivity
(Supplementary Video 3).

As noted above, the GST-dimerized yeast dynein motor domain
(GST-dyneinM°™}; Extended Data Fig. 3b) likely does not adopt
the autoinhibited conformation. Consistent with this notion, GST-
dynein™°™® with D2868K did not exhibit increased processivity
(Extended Data Fig. 3), further indicating that the reason for the
increased run lengths for full-length dynein is disruption of the
autoinhibited conformation, and not altered mechanochemistry.
It is interesting to note that GST-dynein™°™* exhibits run-lengths
(1.1-1.6pm; Extended Data Figs. 3 and 7f) that are much lower
than the run-lengths of the uninhibited dynein mutants (<7.2 um,
or 4.5-fold higher), despite this fragment not adopting the autoin-
hibited conformation. This indicates that the tail domain permits
a motor domain arrangement that is more conducive to processive
motility than the GST, which is consistent with the higher force
generation capacity” of the intact dynein complex compared with
GST-dynein™OTox,

Although disruption of the human dynein phi particle increases
its microtubule association’, we observed only a small increase
in the landing rate of the uninhibited mutant (Extended Data
Fig. 4a). We noted a similarly small increase in the microtubule
affinity of the uninhibited mutant using a microtubule cosedimen-
tation assay (Extended Data Fig. 4b,c). Although the reason that
uninhibited yeast dynein does not exhibit increased microtubule-
binding affinity is unclear, our findings indicate that microtubule
association of wild-type yeast dynein is likely not restricted by the
autoinhibited conformation.

>
>

Fig. 1| The yeast dynein complex adopts an autoinhibited phi-particle conformation. a, Schematic of the polycistronic plasmid that we used to produce
the intact yeast dynein complex (GALTp, galactose-inducible promoter; T, .5, terminator sequence®). Restriction digest with Apal (cuts within URA3)
targets the plasmid for homologous recombination into the ura3-1locus, as shown. b, Representative kymograph showing single-molecule motility of the
purified overexpressed yeast dynein complex. Scale bars, 4 um (horizontal) and 2 min (vertical). ¢, Representative elution profiles of yeast and human
dynein complexes from Superose 6 resin (left), and scans of the same polyacrylamide gel depicting fluorescently labelled Dyn1 (using HaloTag-TMR)
and the entire complex (using Sypro Ruby staining; right); three independent preparations yielded very similar results. d, Representative negative stain
EM class averages of the intact yeast dynein complex (2D classes were generated from one preparation; however, independent preparations provided
very similar raw images). Scale bar, 10 nm. The number of particles used to generate each class is indicated in each panel. Classes i-vi show dynein in the
autoinhibited phi-particle conformation, whereas classes vii-x show dynein in various open, uninhibited states. e, 3D models of dynein in the autoinhibited
state generated from 2D class averages with (right) and without (left) a high-resolution 3D structure of human dynein-1in the phi-particle conformation
(PDB 5NVU*) manually docked into it. Note that the atomic structures of the two tail domains have been slightly rotated with respect to the motor
domains to better fit the 3D model, and that the structures of both TcTEX and Robl have been eliminated owing to their absence from the yeast dynein

complex (Extended Data Fig. 1, Supplementary Video 1).
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Dynein autoinhibition restricts cortical localization and dyn- recruitment of dynactin to microtubule plus ends is required
actin association. Although uninhibited human dynein mutants for their localization to cortical Num1 receptor sites*** (Fig. 3a).
exhibited unchanged processivity, they were noted to have higher =~ Thus, uninhibited dynein mutant cells would be expected to show
affinity for dynactin and BicD2 (ref. *). In yeast, dynein-mediated enhanced dynactin recruitment to plus ends, and an increased
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Fig. 2 | Disrupting phi-particle contact points extends single-molecule run lengths. a, Cartoon depicting four predicted intermolecular contact surfaces
within the motor domains that stabilize the phi-particle conformation. Insets: regions of yeast dynein modelled into the human dynein phi-particle
structure. Structural models were generated using one-to-one threading of the yeast DYNT sequence into PDB 5NVU?* on the Phyre2 server®’. Residues
indicated by magenta asterisks are mutated in patients with neurological disease*®-°°, suggesting that autoinhibition is critical for normal cellular dynein
function. b, Single-molecule run-length and velocity values for wild-type and mutant dyneins with phi-particle-disrupting mutations (at surfaces 2, 3 and
4, as indicated). The cartoons along the vertical axis show electrostatic interactions (or lack thereof) among residues 1517, 1475 (left circles) and 2868
(right circle) at the linker-AAA4 surface. Note that the degree of processivity enhancement is inversely proportional to the number of charge interactions
at this surface. The diamonds represent mean values obtained from each independent replicate experiment; from top to bottom, =528 (4), n=400 (2),
n=361(2),n=213 (2),n=409 (2),n=352 (2), n=233(2),n=323 (2), n=170 (2), n=462 (3), n=362 (2) and n=319 (2) motors (independent
replicates). The error bars show the s.e. Note that we generated and tested the motility of two other point mutants at interface 4—E3441K and
R3445D—both of which were inactive in single-molecule assays (not shown) (Extended Data Figs. 2, 3 and 4, Supplementary Video 3).

frequency of dynein cortical localization. As expected, cortical
dynein foci were more frequently observed in mutant cells in a
manner that required dynactin (Fig. 3b,c). The dyn1P*%K cells also
had a greater frequency of spindle pole body-associated dynein foci
(that is, at the minus ends), where active dyneins were shown to
accumulate®. Finally, ratiometric fluorescence intensity measure-
ments revealed a significant increase in the relative ratio of dynactin
to dynein at microtubule plus ends in the D2868K mutant (1.06 to
1.45; P = 0.0012; Fig. 3d,e).

Peptide insertion between motor and tail domains ablates the
autoinhibited conformation. We noted that the uninhibited
mutants also localized more frequently to plus ends (Fig. 3b),
a pattern that is similar to the pattern of a truncated dynein

motor fragment (dynein™°°*)*? and a dynein mutant with a heli-
cal linker peptide (helical linker 3 (HL3)) inserted between the
tail and motor domains® (dynein™’; Fig. 4a). Notably, dynein™"?
also localizes to the cell cortex more frequently than wild type?”,
much like a tail domain fragment*. We originally generated the
dynein™ mutant® to test the hypothesis* that the motor domain
restricts the Num1-binding capacity of the dynein tail. We pre-
dicted that the HL3 peptide would sufficiently separate the tail
and motor domains such that the motor domain would no lon-
ger have this ability (that is, would ‘unmask’ the tail domain;
Fig. 4a, original model). Although localization data® supported
this hypothesis, there has been no additional evidence that favours
this mechanism. We questioned whether HL3 simply disrupts
the autoinhibited conformation (Fig. 4a, revised model), which

562 NATURE CELL BIOLOGY | VOL 22 | MAY 2020 | 559-569 | www.nature.com/naturecellbiology



NATURE CELL BIOLOGY ARTICLES

Plus end dynein:
« Dynactin independent

* Pac1 dependent

Cortical dynein:
« Dynactin dependent

Offloading
to cortical
Num1 sites

e

g Dynactin

Bim1 Pacl Bik1

c
b 100 o [ Plus end
© [JspB
© [ Cortical =
3
g | T
£
= o
o)
3 o g
< 50 - 2
5
o % 8
> 2
© o
€ N
3 <
IS4 N S
& S 3
S
2
o
0 T T T e 6
Wild type K1475E D2868K
d - 5 1 °
[2]
2 °
S 4
2 N &
G
s 4
£ 7
= 8
> ° 2
Q
2
[=4
S D
1 -
~3 dynein:1 dynactin ®
numiA per plus end 0 . .
Wild type D2868K

Fig. 3 | The autoinhibited conformation restricts cellular localization of dynein and its interaction with dynactin. a, Cartoon depicting the two main

sites of dynein localization (microtubule plus ends and cell cortex), and the molecular requirements for each. Dynein plus end localization (i) requires

Bik1 (ref. °°) and PacT (ref. “*) with Bim1 potentially playing some role in this process, but does not require dynactin. Rather, dynactin plus end localization
(ii) is dependent on dynein®. Subsequent to plus end targeting, dynein-dynactin complexes are offloaded to cortical Num?1 sites?*¢' (iii). b, The fraction of
cells (weighted mean) with the indicated mutant or wild-type Dyn1-3GFP foci; n=100, n=90 and n=82 mitotic cells from two independent experiments.
The error bars indicate weighted s.e. of proportion; the diamonds represent mean values obtained from each independent replicate experiment.

¢, Representative images of wild-type or mutant dynein (D2868K) localizing in otherwise wild-type (NIP100) or nip100A (dynactin component) cells.
Note the lack of cortical localization of dyneinP?8%8¢ in nip100A cells. The white arrowheads indicate cortical foci, the white arrows indicate plus end

foci and the blue arrowheads indicate spindle pole body (SPB) foci. Similar results were obtained from two independent replicates. Scale bars, 2 um.

d, Cartoon depicting the relative ratio of dynein to dynactin at microtubule plus ends (-3 dynein:1 dynactin), on the basis of previous quantitative
ratiometric imaging®°. e, Scatter plot (data are mean +s.d.) of the ratios of fluorescence intensity values for Jnm1-3mCherry (dynactin component
p50/dynamitin):Dyn1-3GFP at individual microtubule plus ends and SPBs; n=132 (left) and n=145 (right) plus ends or SPBs, from two independent
experiments. Background-corrected intensity values of colocalizing Jnm1-3mCherry and Dyn1-3GFP foci were each divided to obtain individual ratio
values. Measurements were taken from numiA cells to prevent offloading of assembled dynein-dynactin complexes from plus ends.

would result in an enhanced interaction between dynein, dynactin
and Numl.

Single-molecule analysis of dynein™ revealed that this mutant
exhibits longer run-lengths than dynein®®*f (Fig. 4b; both pro-
duced as shown in Fig. 1a) and velocities similar to GST-dynein™°To%

(Extended Data Fig. 3c), suggesting that HL3 indeed disrupts
autoinhibition. We noted that the overexpressed wild-type dynein
complex exhibited slightly longer runs than the non-overexpressed
complex (2.3 um versus 2.0 um; P=0.0049). This is likely due to a
subset of the motors aggregating, as apparent from the presence
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of a small fraction of particles with higher fluorescence intensities
(Extended Data Fig. 2d). Importantly, aggregation cannot account
for the increased processivity of dynein™** (Extended Data Fig. 2e,f).

We previously noted that, similar to dynein™°™R, dynein"?
exhibits higher affinity for Pacl (LIS1 homologue) than wild-type
dynein®**. We questioned whether this is a consequence of dis-
rupted autoinhibition. Using a copelleting assay, we found that Pacl
indeed preferentially binds to dynein®%K, dynein"™ and GST-
dynein™°™® (Fig. 4c). This also indicates that the likely reason for
the altered localization” and single-molecule behaviour of
dynein™" is that it is in a constitutively uninhibited state.

Disruption of autoinhibition permits Pacl-independent cellu-
lar dynein activity. Given the similarities between the uninhibited
mutants and dynein""’, we wondered whether the Pacl-independent
cortical localization of dynein™ is also a consequence of uninhibi-
tion®. Pacl is required for normal plus end and cortical localiza-
tion of wild-type dynein*>** (Fig. 4d), which is consistent with the
offloading model for dynein function, in which dynein is offloaded
from the plus ends to cortical Num1 sites”. However, dynein®*7>
and dynein®®¥ were found at the cortex in pacIA cells (Fig. 4d).
We also found that the uninhibited mutants partly rescued paclA-
dependent synthetic growth defects with kar9A (which effects a
parallel mechanism of spindle orientation*-*), suggesting that the
uninhibited dynein mutants can compensate in part for the loss of
Pacl (Fig. 4e, Extended Data Fig. 5a,b). We did not observe a similar
rescue for cells expressing dynein™? (Extended Data Fig. 5¢), sug-
gesting that, although this mutant bypasses Pacl for cortical local-
ization® and is highly processive in vitro, it is unable to move the
spindle in cells.

As expected, we observed almost no dynein-mediated spin-
dle movements in paclA cells expressing either wild type or
dynein™ (Fig. 4f,g). However, we did observe dynein-mediated
spindle movements in pacIA cells expressing either dynein®**F or
dyneinP»#%X, indicating that the Pacl-independent cortical
populations of these mutants are active (Fig. 4f,g, Supplementary
Video 2). Given the ability of the uninhibited dynein mutants
to rescue loss of Pacl, this suggests that one function of Pacl is to
relieve dynein autoinhibition.

Pacl stabilizes the uninhibited conformation of motile dynein
complexes. To gain additional insight into the potential mechanism
by which Pacl may be affecting dynein autoinhibition, we studied
the available structures. Docking of a Pacl-bound motor domain
structure” into one of the two motors in the autoinhibited state*
revealed an apparent clash between Pacl and the motor domain to

which Pacl is not bound (Fig. 5a), suggesting that, when Pacl is
bound to dynein, the autoinhibited conformation is sterically pre-
cluded. This accounts for the enhanced affinity of Pac1 for the unin-
hibited mutants, and also for dynein™°Tox,

To test whether Pacl could affect dynein autoinhibition, we
sought to reassess the effect of Pacl on dynein motility. We predicted
that if Pacl prevents autoinhibition, then it would increase dynein
processivity. Studies that described the effect of Pacl on dynein®***
contrast with recent studies using human LIS1 (refs. 2*-**). Whereas
Pacl reduces dynein velocity and promotes a microtubule-bound
state’, LIS1 either increases the velocity of human dynein-
dynactin complexes*?* or has no effect on velocity”. In these latter
studies, LIS1 was observed comigrating with dynein-dynactin at
varying degrees. Thus, to clearly define how Pacl affects dynein, we
sought to assess comigrating dynein-Pacl complexes. However, we
noted that even at nanomolar concentrations, Pacl bound exten-
sively along microtubules in our motility buffer (Extended Data
Fig. 6a). This is in stark contrast to LIS1, which does not bind to
microtubules, as assessed by various means®**. We found that the
Pacl-microtubule interaction was sensitive to ionic strength—Pacl
strongly binds to microtubules in buffer supplemented with 50 mM
potassium acetate (conditions that have previously been used to
assess the effect of Pacl on dynein***), but binds to a much lesser
extent in 150mM potassium acetate (161.5mM ionic strength;
Extended Data Fig. 6a,b). We also found that Pacl binding to
microtubules requires the tubulin C-terminal tails (Extended Data
Fig. 6¢), and can be reduced by the presence of other cellular factors
(through the addition of cellular extracts; Extended Data Fig. 6d,e).
To clearly assess the effect of Pacl on dynein motility, we therefore
used conditions in which Pacl-microtubule binding is strongly
reduced (Fig. 5b).

Two-colour imaging of dynein preincubated with Pacl revealed
many examples of their comigration (Fig. 5¢,e). We noted that comi-
grating dynein-Pacl complexes (Fig. 5d, magenta bars) moved with
significantly longer run lengths than those dyneins not comigrat-
ing with Pacl in the same imaging chamber (yellow bars), and than
those dyneins that were not preincubated with Pacl (green bars).
Fluorescence intensity analysis revealed that the increased dynein-
Pacl run lengths were not a consequence of dynein aggregation
(Extended Data Fig. 2e,g). Consistent with the enhanced affinity of
Pacl for the uninhibited mutants, we observed a greater frequency
of Pacl comigrating with dynein®*#¢** and dynein™* than with wild-
type dynein (Fig. 5¢). However, we noted only a small (D2868K) or
no (HL3) Pacl-dependent run-length increase for either of these
mutants, further supporting the notion that they are already unin-
hibited and are therefore refractory to Pacl activity. These data

>

>

Fig. 4 | Preventing dynein autoinhibition enables Pac1/LIS1-independent localization and function. a, Models accounting for dynein™*3 phenotypes®. The
tail domain of full-length, wild-type dynein cannot associate with Num1in the absence of plus end-targeting; however, the addition of HL3 between the
tail and motor domains enables plus end-targeting-independent dynein-Num1 interaction®. Our original model posited that this was due to the motor
precluding the tail-Num1 interaction. Our revised model posits that motor domain contacts stabilize the autoinhibited conformation, in which the tail
domains adopt a twisted state that is unable to interact with Num1. We propose that HL3 insertion prevents adoption of the autoinhibited conformation.
b, Motility assay parameters, measured from single molecules of motors purified using the strategy described in Fig. 1a; from left to right, =840 (5),
n=>586 (4) and n=642 (4) motors (independent replicates). The error bars indicate s.e.; ns, P=0.1563; **P=0.0092; ***P < 0.0001. The diamonds
indicate mean values obtained from independent replicates. ¢, Binding assay illustrating increased affinity of Pacl for uninhibited dyneins (see Methods).
The values represent the mean corrected band intensities; from left to right, n=3, n=3, n=2 and n=3 independent experiments. d, The fraction of

cells (weighted mean) with mutant or wild-type Dyn1-3GFP foci in paclA cells (left); from left to right, n=113, =108 and n=90 mitotic cells from

two independent experiments. The error bars indicate weighted s.e. of proportion and the diamonds represent mean values obtained from independent
replicates. Right, representative images showing the presence of cortical dynein and dynactin (Jnm?1) foci in dyn1P?¢ paclA cells. The arrowheads indicate
cortical foci and the arrows indicate SPB foci. Scale bars, 2 um. e, Serial dilutions of cells with the indicated genotype (note differences in cell growth in
yellow boxes). A representative assay is shown; similar results were obtained from two independent replicates. f,g, Relative in vivo dynein activity (f)

with representative time-lapse images (g; see Methods); n=35, n=30, n=30, n=30 and n=32 cells from two independent experiments. The diamonds
indicate mean values obtained from independent replicates. Scale bars, 2um. The dashed lines provide a point of reference (Extended Data Fig. 5,

Supplementary Video 2).

564

NATURE CELL BIOLOGY | VOL 22 | MAY 2020 | 559-569 | www.nature.com/naturecellbiology



NATURE CELL BIOLOGY ARTICLES

Original model Revised model
Wild-type dynein Wild-type dynein Dynein*"3
5 Numd

Motor directly blocks Motor domain contacts Helical linker (HL3)
tail bindin tz Num1 motor-based inhibition of stabilize autoinhibited prevents autoinhibited
9 tail-Num1 interaction conformation of tail domain conformation
b . *rk c
0. T = 125 - hs Wild type D2868K HL3 MOTOR
° ¢ U B U B U B U B
<
—~ 8- _ 100 " U —_—
g o " (k0 | - | " ) — Oy
g ° £ 77 250 - | {
] 2 75 :
< 4 'g j - -—— — é — — ‘ Pact
=} =
R A 2 0.34 0.83 091 0.85
+0.16 +0.15 +0.12 +0.13
Normalized fraction of dynein bound to Pac1
+s.d.
d 400 - 0 Plus end 1P2888K pac1a e Dilution series
s O sPB | ——
(s} @ Cortical Q
e % pac1A 0
E
2 dnm1 DYN1 karon ]
o
"6 50 m
3 kar9A pac1A
&
€
8 IS paciA
[}
o
JQQ |l° dyn 102868 kar9A
O - T T
<] ) 5 kar9A pac1A
= N © 8
kel hs ﬁ — |Merge -~
E N a
pac1A g pac1A kar9A
f DYN1 dyn 1K1 475E dyn 7D2368K
5 s Y ol R
o E \ o A ) | N
81 Sa- \ JRERN . .
5= f 0 S8 S Os sl ==
58 Plgl ad | T [BUERE | i
£ 9 4 N .
i g -—— s | |
'g’i kol A B /:,\\\ o’ \\ !: K
TE 2 5 60sq’_ -1 10 s [ ORRGIEY S
Y = I " ! - <
5 g F P JETTTNPR ot L RPN
2 g 1 WG S A | \
-E o \ 1 S8 \/ / . - 1| i
5 ] oo Tk i
1 120s |~ e | 20s |y ~~OT7 TR
5 58 8 32 ; il it [0
S E E X P NRTIIRN i O
L Q¥ & § e hRAsE
E § § © |\ : RO > N // ( 2 \
T 9 Y s e Seaath 45
3 - 180 s,/ SR * 30sf i T .
paciA
kar9A

NATURE CELL BIOLOGY | VOL 22 | MAY 2020 | 559-569 | www.nature.com/naturecellbiology 565



ARTICLES NATURE CELL BIOLOGY

° Pac1 monomer

Pac1-bound motor

j

.' Dynein

b -
L4
b Sk/’ %
%5 g :
Anti-tubulin 1- - Pact
antibody A4
SN0 M e a0 an e
Taxol-stabilized
microtubule
Merge
[l Dynein alone
= Dynein + Pact | 5 M1 pact
d . ] Dynein alone e
[ |
5 ° 180 100
00
¢ Y %)
4 P 2 °
135 1 ST T
—_ — QL )
€ [ o
= 3 4 @ € <
£ ’ ° E £
g o < 90 A 2o 50
Qo O B T =
c 24 o 5 & o
2 9 2
I > o 5 £
45 - 3
11 g °
[T
O - 0 - T
[ 4 ™ [ 4 () O ¥ o
= 8 T = 8 I =8 T
ke & i) & - &
s a s a £ 0

Fig. 5 | Pac1 promotes the release of the autoinhibited conformation of dynein. a, Cartoon and structural model showing the steric clash between
autoinhibited dynein and Pacl. The structural model was generated by aligning the Pacl-bound dynein monomer structure (PDB 5VH9 (ref. %)) into one

of the heavy chains in the phi-particle structure (PDB 5NV U*). Note the steric clash (indicated by jagged yellow arrow) between Pacl (red) and the non-
Pacl-bound heavy chain (green). b, The experimental setup for the dynein-Pac1 single-molecule assay. ¢, Representative kymograph showing comigrating
dynein-Pacl complexes in motility buffer supplemented with 150 mM potassium acetate (the n values are provided in d and e). Scale bars, 4 pm (horizontal)
and 2min (vertical). d, Plots showing motility parameters (including mean run-length values, from fitting of raw data to one-phase decay (left) and velocity
(right)) of indicated dyneins moving in the absence (that is, those not pre-incubated with Pacl, green) or presence of 25nM Pac1 (dimer concentration).
The error bars indicate s.e. For those experiments in which Pacl and dynein were preincubated, we separately scored those dyneins comigrating with Pacl
(magenta) or migrating without Pacl (yellow); from left to right, wild-type: n=437,n=353 and n=553 dyneins + Pac1 from three independent replicates;
D2868K: n=329, n=664 and n=134 dyneins + Pac1 from two, three and two independent replicates, respectively; HL3: n=595 and n=416 dyneins + Pacl
from two independent replicates. The diamonds represent mean values obtained from each independent replicate experiment. To acquire videos of dynein
alone, durations of 1s were used; however, for two-colour dynein+ Pac1 videos, we used durations of 3s owing to the speed limitations of our microscope.
Statistical significance was determined using two-tailed Mann-Whitney U-tests; ***P < 0.0001. e, The fraction of dynein molecules comigrating with a bound
Pacl was plotted for the indicated dyneins. The error bars show s.e. of proportion; from left to right, n=665, n=398 and n=376 dynein molecules from two
independent experiment. The diamonds represent mean values obtained from each independent replicate experiment (Extended Data Figs. 6 and 7).

a small number were bound to two (5.7% after correcting for those
dynein complexes that are migrating with two Pacl dimers of the
same colour; Extended Data Fig. 7a,b). Thus, although dynein can
bind to two Pacl dimers, this is a low probability event. We noted
no significant difference in either run length or velocity values for

indicate that Pacl indeed stabilizes an uninhibited conformation of
motile dynein complexes.

By incubating HALO**-dynein with an equimolar mixture of
Pac1-SNAP* and Pac1-SNAP*®, we found that the large majority
of dynein-Pacl complexes possessed only one Pacl dimer, and only
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dyneins bound to 1 Pacl dimer versus 2 Pacl dimers (Extended
Data Fig. 7b).

Pacl-mediated reduction in dynein velocity requires non-
specific Pacl-microtubule interaction. We next sought to clarify the
prevailing model for Pacl in dynein velocity reduction®**. We
hypothesized that Pacl reduces dynein velocity as a direct conse-
quence of its ability to bind to both dynein and microtubules (as
with the microtubule-associated protein Shel (ref. **)). Consistent
with this possibility, structural analysis revealed that Pacl binds to
dynein at a region that is proximal to the microtubule (Extended
Data Fig. 7c,d). Our first evidence that this may be the case was
obtained by separately analysing dynein complexes that comigrated
with Pacl versus those that did not (Fig. 5d, yellow versus magenta
bars). Dynein complexes that comigrated with Pacl moved with the
same reduction in velocity as those that did not (Fig. 5d). Moreover,
those dyneins that moved with two bound Pacl dimers did not
move at a lower velocity than those dyneins bound to one Pacl
dimer (Extended Data Fig. 7b), suggesting that Pacl binding does
not directly affect dynein mechanochemistry. These data indicate
that although processivity enhancement of dynein by Pacl occurs
in a manner that requires a stable dynein-Pacl complex, velocity
reduction does not.

Given the low but detectable Pacl-microtubule binding in these
conditions (Extended Data Fig. 6a,b) we sought to further mini-
mize Pacl-microtubule binding. Supplementing the buffer with
150 mM potassium chloride reduced Pacl-microtubule binding to
almost background levels (Extended Data Fig. 6a,b,h), yet did not
negatively impact the Pacl-dynein interaction, as assessed from
two-colour imaging of dynein®®®*X and Pacl (Fig. 6a; an identical
ionic strength buffer was also used previously to assess dynein—
Pacl interaction’*”’). By performing the motility assay in varying
buffer conditions, we found that the degree to which Pacl reduces
dynein velocity directly correlates with the extent of Pacl-
microtubule binding (Fig. 6b-d, Extended Data Fig. 7e,g), which
we further confirmed by plotting and fitting the relationship to a
linear regression (Fig. 6e, blue points; R*=0.8873). Finally, inclu-
sion of cell extracts in the motility chamber—which reduces Pacl-
microtubule binding, even in low ionic strength buffers (Extended
Data Fig. 6d,e)—also severely attenuated the velocity-reduction
effect (Fig. 6e, yellow point; Extended Data 6f,g). Thus, in contrast
to processivity enhancement by Pacl, which occurs in a manner that
is independent of Pacl-microtubule binding, velocity reduction of
dynein by Pacl occurs only when Pacl is bound to microtubules.
Taken together, these findings support a model in which Pacl is not
an inhibitor but, rather, an activator of dynein.

Discussion

We propose the following model for dynein function (Fig. 6f):
(1) dynein stochastically switches between autoinhibited and
uninhibited states; (2) one or two Pacl dimers bind to dynein when
itis in the uninhibited state, consequently preventing it from switch-
ing to the autoinhibited conformation; (3) Pacl-dynein associate
with plus ends® through Bik1/CLIP-170 (ref. *; in a manner that
does not require the dynein MTBD", as shown); (4) uninhibited
plus end-bound dynein interacts with dynactin, where they remain
inactive, possibly due to the lack of an adapter at this site’>*>*;
(5) after encountering cortical Num1, the dynein-dynactin complex
is offloaded” and activated for motility*, possibly due to the arrange-
ment of the motor heads in a parallel manner that is conducive for
motility*. Note that dynein™® is inactive in cells, despite exhibiting
in vitro and localization phenotypes that are similar to other unin-
hibited mutants®. This could be a consequence of the helical linker
disrupting the adoption of the parallel head configuration that may
be needed for in vivo activity”.

Our study indicates that Pacl promotes dynein activity by
stabilizing the uninhibited state, and that previous observations
of a velocity-reduction phenotype®* are likely due to the low
ionic strength buffers that were used in these assays. Although we
observed a small effect of Pacl on dynein velocity even at higher
ionic strengths, this was likely due to residual Pacl-microtu-
bule binding (Extended Data Fig. 6h). These data challenge the
current model for Pacl activity, whereby its binding to the
motor domain sterically blocks the mechanochemical cycle of
dynein”, thereby promoting its association with microtubule
plus ends** (the latter of which is also contradicted by the
dispensable nature of the dynein MTBD for plus end
localization®’). Our data indicate that Pacl reduces dynein
velocity in low ionic strength buffers by exerting drag on
dynein through simultaneous contacts with dynein and
microtubules, similar to observations with the microtubule-
associated protein Shel (ref. **). This raises the question of
whether microtubule binding by Pacl is a relevant activity in
cells. Several lines of evidence indicate that this is not the case.
Pacl localizes only to plus ends in cells, and not along micro-
tubules>*>*!. The plus end binding of Pacl is indirect, as it is
dependent on dynein®* and Bikl/CLIP-170 (refs. **°'). Finally,
studies have observed no microtubule-binding activity of
LIS1 (refs. **=°). In fact, in contrast to an inhibitory function,
two of these studies observed a LIS1-dependent increase in
dynein-dynactin velocity?** for reasons that have now been
determined by two new studies in this issue®>™: by stabi-
lizing uninhibited dynein, LIS1 promotes the assembly of

Y

Fig. 6 | Reducing Pac1-microtubule binding minimizes the Pacl-mediated reduction of dynein velocity. a, Representative kymographs depicting
comigrating dyneinP28%8-Pac1 complexes in motility buffers with increased ionic strength, from three (top) and two (bottom) independent replicates.
Note that Pac1 and dynein still interact robustly in these conditions, as apparent from the high degree of persistent colocalization. b,¢, Representative
kymographs showing different motility characteristics of GST-dyneinVOT™R (used extensively in previous Pacl studies?®~?®) in the presence of Pacl when
Paclis either extensively bound to the microtubule (b) or to a much less extent (¢); the n values are provided in d. For a-¢, scale bars, 4 um (horizontal)
and 2min (vertical). d, Mean normalized motility parameters (means from independent replicates as well as scatter plots are provided in Extended Data
Fig. 7e-g) of GST-dyneinM°™R in the absence (green) or presence (magenta) of 25nM Pac1 (dimer concentration); from left to right, n=348, n=268,
n=396, n=226, n=447,n=359, n=385, n=315, n=251 and n=320 motors from two independent experiments each. The error bars indicate s.e.

e, Relative degree of Pacl-microtubule binding (mean values normalized to 1; the scatter plot of intensity values as well as the n values for each are provided
in Extended Data Fig. 6b,e) versus mean relative velocity of GST-dyneinM°™R in the presence of Pacl (mean GST-dyneinMOTR velocity in the absence of
Pacl equals 1; the relative and absolute velocity values as well as n values are provided in d and Extended Data Figs. 6f,g and 7e-g). The blue and yellow
points are from the increasing ionic strength buffer experiment (shown in d), and the cell extract experiment (Extended Data Fig. 6d-g), respectively.
The error bars represent s.e. The blue points were fit to a linear regression, and the R? value is shown. f, Model for dynein and Pac1 activity in cells: dynein
stochastically switches between closed and open states (i), the latter of which is stabilized by Pac1 binding (ii); dynein-Pac1 associates with plus ends
through direct interactions with Bik1 (iii), which may rely in part on Bim1. Plus end dynein-Pac1 associates with dynactin (iv), which is then offloaded

to cortical Num?1 (v). Given the lack of apparent Pac1 cortical foci, Pacl likely dissociates either concomitant with, or subsequent to dynein-dynactin

offloading (Extended Data Fig. 7).
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faster 2 dynein:1 dynactin complexes™. Several studies demon-
strate the conserved nature of the autoinhibitory mechanism®’,
including a recent study in Aspergillus nidulans>.

Our findings raise interesting questions regarding the distinct
motility capabilities of yeast versus human dynein, the latter of
which requires dynactin and an adapter for processive motility"’.
In particular, why does yeast dynein not need such factors despite
its high propensity to adopt the autoinhibited state? Perhaps
the yeast dynein motor domains are more likely to orient in a
parallel configuration® in the absence of dynactin binding?

DyneinDZSGSK

150 mM
potassium acetate

150 mM §
potassium chloride

Pac1-SNAP®’

Higher-resolution structural data will be required to determine
whether this is indeed the case.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author
contributions and competing interests; and statements of data and
code availability are available at https://doi.org/10.1038/s41556-
020-0492-1.
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Methods

Media and strain construction. The strains used here (listed in Supplementary
Table 1) were derived from either W303 or YEF473 and are available upon request.
We transformed yeast strains using the lithium acetate method. Strains carrying
mutations were constructed using PCR product-mediated transformation, or

by mating followed by tetrad dissection. Proper tagging and mutagenesis was

confi med using PCR analysis and, in most cases, sequencing (all of the point
mutations were confi med by sequencing). Fluorescent tubulin-expressing yeast
strains were generated using common strategies. Strains overexpressing the

yeast dynein complex (or the GST-dynein™9°F fragment) were generated by
transforming p8His-ZZ-SNAPf-Dynein, p8His-ZZ-HALO-Dynein or pZZ-
dynein™T°*-HALO (wild-type or mutants; see below) linearized by digestion with
Apal (cuts within URA3; Fig. 1a). Integration was confi med using PCR analysis.
Yeast synthetic defi ed (SD) medium was obtained from Sunrise Science Products.

Plasmid generation. To overexpress and purify the yeast dynein complex (wild
type or mutants), we generated a polycistronic plasmid expressing all four subunits
of the dynein complex using strategies analogous to the biGBAC assembly”.

We first generated a yeast expression library vector, pLIBy, which enables the
generation of gene expression cassettes (GEC) with a strong inducible GALI
promoter (GALIp) at the 5’ end and a synthetic terminator sequence (T, (ref. *°))
at the 3’ end. A PCR product encompassing GALIp, and an oligonucleotide
containing T, ,; and a multicloning site (Xbal-NotI-Spel-BamHTI) were assembled
into pRS305 digested with BamHI and NotI using Gibson assembly, yielding
pLIBy. We also generated a yeast genomic-integration vector with optimized linker
sequences for Gibson assembly® flanked by Pmel restriction sites (equivalent to
pbiGla and pbiG1b). These plasmids—pbiGlay and pbiG1by—were generated
using Gibson assembly to insert a PCR product encompassing these elements
from pbiGla and pbiG1b* into pRS306. PCR products encompassing the DYN2
(without the native intron), DYN3 or PAC11 open reading frames were assembled
into pLIBy digested with BamHI and NotI. Subsequently, these GECs were
amplified from each respective pLIBy vector using oligonucleotides that include
regions for priming preceded on the 5’ end by predefined ‘Cas’ sequences: the
DYN2 GEC was amplified using Casa-forward and Casp-reverse; the DYN3 GEC
was amplified using Casp-forward and Casy-reverse; and the PAC11 GEC was
amplified using Casy-forward and Casw-reverse. These three PCR products were
assembled into pbiG1by digested with Swal to generate pbiG1lby:GALIp:Dyn2::GA
L1p:DYN3:GALIp:PACI 1.

We generated pLIBy:6His-StrepII-SNAPf-DYNI1 using Gibson assembly.
However, owing to complications with generating a PCR product from this vector,
we chose to clone everything into this vector. We first substituted the LEU2
expression cassette in the pLIBy backbone with a URA3 marker by assembling
a PCR product encompassing the URA3 cassette from pRS306 into pLIBy:6His-
StrepII-SNAPf-DYN1 digested with KasI and Aatll, yielding pLIBy:6His-StreplI-
SNAPf-DYN1::URA3. To enable assembly of the DYN2/DYN3/PACI1 polygene
cassette into pLIBy:6His-StrepII-SNAPf-DYNI::URA3, we inserted the optimized
B and C linker sequences for Gibson assembly** into this plasmid by assembling
a PCR product encompassing B-Pmel site-C into pLIBy:6His-StrepII-SNAPf-
DYNI::URA3 digested with KpnlI and Sall. After digesting with Pmel, this plasmid
was assembled with the Pmel restriction digest product from pbiG1lby:GALIp:
Dyn2::GALIp:DYN3::GALIp:PACI1 (encompassing GALIp:Dyn2::GAL1p:DYN
3:GALI1p:PACI1), yielding pLIBy: GALIp:Dyn2::GAL1p:DYN3:GALIp:PACII::
GALIp:6His-StrepII-SNAPf-Dyn1::URA3, hereafter referred to as p6His-StreplI-
SNAPf-Dynein. Before using this plasmid for pilot tests, we decided to swap the
6His-StreplI affinity tag for an 8His-ZZ tag (followed by a tandem TEV protease
recognition site). We did this by assembling a PCR product encompassing 8His-ZZ
into p6His-StrepII-SNAPf-Dynein digested with AatII and Xhol, yielding p8His-
ZZ-SNAPf-Dynein. We replaced the SNAPS tag with a HALO tag using a similar
strategy, yielding p8His-ZZ-HALO-Dynein. All of the mutations were engineered
into these plasmids using common strategies.

Owing to difficulties in engineering the D2868K mutation into the GST-
dyneinMOTOR-expressing yeast strain (SMY1008), we generated a plasmid that
overexpresses this fragment in yeast (under the control of the GALI promoter;
Extended Data Fig. 3a). Similar to the full-length dynein complex expression
plasmids described above, this plasmid can also be integrated into the ura3-1
locus. PCR products encompassing the entire GAL1p:ZZ-2TEV-6His-GFP-
GST-dyn1M°TR-HALO cassette (comprised of 4 individual pieces, each with 23
nucleotides of overlapping sequences; amplified from SMY1008) were assembled
into pRS305 digested with KpnI and BamHI using Gibson assembly, yielding pZZ-
dyneinT°"-HALO. The D2868K mutation was engineered into this plasmid using
common strategies.

Protein purification. Purification of yeast dynein (ZZ-TEV-Dyn1-HALO, under
the native DYNI promoter; ZZ-TEV-HALO-(or SNAPf)-Dynein, with all genes
under the control of the GALIp promoter; or ZZ-TEV-6His-GFP-3HA-GST-
dynein°"°*-HALO, under the control of the GALIp promoter) was performed

as previously described with minor modifications used for the overexpressed
complex. In brief, yeast cultures were grown in YPA medium supplemented with
either 2% glucose (for non-overexpressed full-length dynein) or 2% galactose (for

the GALIp-inducible strains; overexpression of the full-length dynein complex
was induced for no more than 3h), collected, washed with cold water and then
resuspended in a small volume of water. The resuspended cell pellet was drop-
frozen into liquid nitrogen and then lysed in a coffee grinder (Hamilton Beach).
For most purifications (with the exception of those used for negative stain EM
imaging) we used the following procedure: after lysis, 0.25 volumes of 4X dynein
lysis buffer (1x buffer: 30 mM HEPES pH 7.2, 50 mM potassium acetate, 2 mM
magnesium acetate, 0.2mM EGTA) supplemented with 1 mM dithiothreitol (DTT),
0.1 mM Mg-ATP and 0.5mM Pefabloc SC (concentrations for the 1X buffer),

and the lysate was clarified by centrifugation at 22,000g for 20 min. The
supernatant was then bound to IgG sepharose 6 fast flow resin (GE) for 1-1.5h at
4°C, which was subsequently washed three times in 5ml lysis buffer, and twice in
5ml TEV buffer (50 mM Tris pH 8.0, 150 mM potassium acetate, 2mM magnesium
acetate, 1 mM EGTA and 10% glycerol) supplemented with 0.005% Triton X-100,
1mM DTT, 0.1 mM Mg-ATP and 0.5 mM Pefabloc SC. To fluorescently label the
motors for single-molecule analyses, the bead-bound protein was incubated with
either 6.7 uM HaloTag-AlexaFluor660, HaloTag-AlexaFluor488, HaloTag-TMR
(Promega), or SNAP-Surface Alex Fluor 647 (NEB), as appropriate, for 10-20 min
at room temperature. The resin was then washed four more times in TEV buffer
supplemented with 1 mM DTT, 0.005% Triton X-100 and 0.1 mM Mg-ATP, and
then incubated with TEV protease for 1-1.5h at 16 °C. After digestion with TEV,
the beads were pelleted, and the resulting supernatant was collected, aliquoted,
flash-frozen in liquid nitrogen, and stored at —80 °C. Protein preparations used for
negative stain EM imaging were tandem-affinity purified. To do so, subsequent

to lysis, 0.25 volumes of 4x NiNTA dynein lysis buffer (1x buffer: 30 mM HEPES
pH?7.2,200mM potassium acetate, 2mM magnesium acetate and 10% glycerol)
supplemented with 1 mM beta-mercaptoethanol, 0.1 mM Mg-ATP and 0.5 mM
Pefabloc SC (concentrations for the 1x buffer) was added, and the lysate was
clarified as described above. The supernatant was then bound to NiNTA agarose
for 1h at 4°C, which was subsequently washed three times in 5ml NiNTA lysis
buffer. The protein was eluted in NiNTA lysis buffer supplemented with 250 mM
imidazole by incubation for 10 min on ice. The eluate was then diluted with an
equal volume of dynein lysis buffer, which was then incubated with IgG sepharose
6 fast flow resin for 1 h at 4°C. The beads were washed and the protein was eluted
as described above (with TEV protease). Eluted protein was either applied to a
size-exclusion resin (Superose 6; GE) or snap-frozen. The gel filtration resin was
equilibrated in GF150 buffer (25 mM HEPES pH7.4, 150 mM KCI, 1 mM MgCl,,
5mM DTT and 0.1 mM Mg-ATP) using an AKTA Pure system. Peak fractions
(determined by absorbance at 260 nm and SDS-PAGE) were pooled, concentrated,
aliquoted, flash-frozen and then stored at —80 °C. We noted that prolonged
periods of storage at —80°C (>3-5d) led to an increase in the prevalence of dynein
aggregates (as apparent from fluorescence intensity analysis), which exhibited
longer run lengths in single-molecule assays. We also noted that aggregation was
more pronounced when the motor was labelled with HaloTag-AlexaFluor660 than
it was with HaloTag- AlexaFluor488.

Purification of Pac1-Flag-SNAP was performed as previously described”, with
the addition of a gel filtration step to remove any residual, unbound fluorescent
dye. Specifically, TEV protease-eluted protein was applied to a size exclusion resin
(Superose 6; GE) that was equilibrated in TEV buffer supplemented with 1 mM
DTT using an AKTA Pure. Peak fractions (determined by absorbance at 260 nm
and SDS-PAGE) were pooled, concentrated, aliquoted, flash-frozen and then
stored at —80°C.

For comparison of elution profiles between yeast and human dynein
complexes, the human dynein complex was expressed and purified from insect
cells (ExpiSf9 cells; Life Technologies) as previously described with minor
modifications’. In brief, 4 ml of ExpiSf9 cells at 2.5x 10° cells per ml, which were
maintained in ExpiSf CD Medium (Life Technologies), were transfected with
1 ug of bacmid DNA* using ExpiFectamine (Life Technologies) according to the
manufacturer’s instructions. Then, 5d after transfection, the cells were pelleted,
and 1ml of the resulting supernatant (P1) was used to infect 300 ml of ExpiSf9
cells (5% 10° cells per ml). Then, 72 h later, the cells were collected (centrifugation
at 2,000¢ for 20 min), washed with PBS (pH7.2), pelleted again by centrifugation
(1,810¢ for 20 min) and resuspended in an equal volume of human dynein lysis
buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM DTT, 0.1 mM
Mg-ATP and 1 mM phenylmethylsulfonyl fluoride). The resulting cell suspension
was drop-frozen in liquid nitrogen and stored at —80 °C. For protein purification,
30ml of additional human dynein lysis buffer supplemented with cOmplete
protease inhibitor cocktail (Roche) was added to the frozen cell pellet, which was
then rapidly thawed in a 37 °C water bath before incubation on ice. Cells were
lysed using a dounce-type tissue grinder (Wheaton) using >150 strokes (lysis was
monitored by microscopy). Subsequent to clarification using centrifugation at
22,000g for 45 min, the supernatant was applied to 2ml of IgG sepharose fast flow
resin pre-equilibrated in human dynein lysis buffer, and incubated at 4°C for 2-4h.
The beads were then washed with 50 ml of human dynein lysis buffer, and 50 ml of
human dynein TEV buffer (50 mM Tris pH 7.4, 150 mM potassium acetate, 2mM
magnesium acetate, 1 mM EGTA, 10% glycerol, 1 mM DTT and 0.1 mM Mg-ATP).
The bead-bound protein was eluted by incubation with TEV protease overnight at
4°C. The next morning, the recovered supernatant was applied to a Superose 6 gel
filtration column as described above for yeast dynein.
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Single-molecule motility assays. The yeast dynein single-molecule motility assay
was performed as previously described with minor modifications*. In brief, flow
chambers constructed using slides and plasma cleaned and silanized coverslips
attached with double-sided adhesive tape were coated with anti-tubulin antibodies
(8 pgml~?, YL1/2; Accurate Chemical & Scientific Corporation) and then

blocked with 1% Pluronic F-127 (Fisher Scientific). Taxol-stabilized microtubules
assembled from unlabelled and fluorescently labelled porcine tubulin (10:1 ratio;
Cytoskeleton) were introduced into the chamber. After incubation for 5-10 min,
the chamber was washed with dynein lysis buffer (see above) supplemented with
20 puM taxol. Subsequently, purified dynein motors diluted in motility buffer
(30mM HEPES pH 7.2, 2mM magnesium acetate, | mM EGTA, 1mM DTT,

1 mM Mg-ATP, 0.05% Pluronic F-127, 20 uM taxol and an oxygen-scavenging
system consisting of 1.5% glucose, 1 Uml~! glucose oxidase, 125 Uml~! catalase)
supplemented either with 50 mM potassium acetate or as indicated in figure
legends, were introduced into the chamber and imaged.

To image co-migrating Pacl-dynein complexes, 500 nM Pac1-SNAP*¥ (dimer
concentration) and 10-50 nM HALO™®-Dynein were preincubated on ice for
10-15 min before a twenty-fold dilution into modified motility buffer (30 mM
HEPES pH7.2, 2mM magnesium acetate, | mM EGTA, 1mM DTT and 1 mM
Mg-ATP) supplemented with potassium acetate or potassium chloride as indicated
in the figure legends, 0.05% Pluronic F-127, 20 uM taxol and an oxygen-scavenging
system (as described above). The higher yield overexpressed dynein complex was
needed for these assays given the low landing rate of dynein in the higher ionic
strength buffers. We ensured that comigrating Pac1-SNAP®” spots were not due
to bleed-through from the HALO™®-dynein channel by performing two-colour
imaging with HALO™®-dynein alone (no spots were apparent in the far-red
channel in these cases). To measure Pacl fluorescence intensity on microtubules,
50nM of Pac1-SNAP* (dimer concentration) diluted in motility buffer was added
to chambers containing taxol-stabilized microtubules.

To remove the unstructured E-hooks from microtubules, taxol-stabilized
microtubules were digested with a 1 mgml~* subtilisin (Sigma-Aldrich) for 90 min
at 37 °C before the flow chambers were prepared. For experiments in which cellular
extracts were included in the imaging chamber (Extended Data Fig. 6d.e),
log-phase cultures of SMY2532 (cells that do not express dynein; Supplementary
Table 1) were pelleted, resuspended in a small volume of motility buffer (with
50 mM potassium acetate), drop-frozen in liquid nitrogen, lysed using pestle and
mortar, and then clarified using centrifugation at 21,000g for 15min. To assess
Pacl-microtubule binding in the presence of cell extracts, 50 nM Pac1-SNAP*
(dimer concentration) was diluted in motility buffer supplemented with clarified
extract (0.96 mgml™ final concentration) and introduced into an imaging chamber.
Similar conditions were used to assess the effect of Pacl on dynein motility in the
presence of cell extract, except 25nM Pacl and ~50 pM GST-dynein™™F were also
included in the imaging chamber; moreover, ATP levels were increased to 10 mM
(compared with 1 mM, which was used for the other single-molecule assays).

Total internal reflection fluorescence microscopy images were collected using
ax100/1.49 NA TIRF objective on a Nikon Ti-E inverted microscope equipped
with a Ti-S-E motorized stage, piezo Z-control (Physik Instrumente) and an
iXon X3 DU897 cooled EM-CCD camera (Andor). We used 488 nm, 561 nm and
640 nm lasers (Coherent) along with a multi-pass quad filter cube set (C-TIRF
for 405nm/488 nm/561 nm/638 nm; Chroma) and emission filters were mounted
in a filter wheel (525 nm/50 nm, 600 nm/50 nm and 700 nm/75 nm; Chroma). To
image non-fluorescent microtubules (Extended Data Fig. 6d), we used interference
reflection microscopy, as previously described®. For time-lapse videos, we acquired
images at intervals of 1s, 2s or 3s for 8-10 min. Velocity and run-length values
were determined from kymographs generated using the MultipleKymograph
plugin for Image]J (http://www.embl.de/eamnet/html/body_kymograph.html).

The motors that moved for at least three time points were measured. Reported run
lengths were determined by fitting raw values to a one-phase decay.

Negative stain EM and image analysis. EM grids were prepared using a standard
negative stain protocol by applying fresh dynein samples to glow-discharged
carbon-coated 200 mesh copper grids. After incubation for ~1 min, 2% uranyl
acetate was added. We collected 1,600 micrographs using a FEI Tecnai F20

200kV TEM equipped with a Gatan US4000 CCD (model 984), at a nominal
magnification of X90,000 with a digital pixel size of 6.19 A. All image analysis

was performed using Relion v.3.0 on the University of Colorado Boulder High
Performance Computer Cluster, Summit. Particles were manually picked from
~20 micrographs (~200 particles), which were used to generate a low-resolution 2D
class average. Using these 2D averages as a starting point, we then used an iterative
process to autopick particles that were used to generate our final 2D averages, and
for 3D model building (in total, 42,611 particles were used to calculate the final
averages shown in Fig. 1d).

Calculation of ionic strength. We calculated the ionic strength of our buffers as
previously described. In brief, we empirically determined the amount of KOH
required for 30 mM HEPES buffer at a pH of 7.2. We estimated the proportion of
protonated to unprotonated HEPES at pH 7.2 using the Henderson-Hasselbalch
equation. Using the formulation for ionic strength (I=1/2X¢;z?), where ¢; is

the concentration, and z, is the valence of ion type i, we determined that the
ionic strength of the 50 mM potassium acetate motility buffer was 61.5mM, the
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100 mM potassium acetate and KCl buffers were 111.5mM, and the 150 mM
potassium acetate and KCl buffers were 161.5 mM. Note that we did not include
the proportion of zwitterionic HEPES species (20 mM) in the calculation of ionic
strength as it has been previously demonstrated to have no effect on the ionic
strength of a solution, despite contributing to electrostatic interactions®.

Dynein-Pacl binding experiments. Purified, gel filtered Pac1-Flag-SNAP
(0.5-0.75 pg per binding experiment) was bound to Flag M2 magnetic beads
(Sigma-Aldrich) by incubation in TEV buffer supplemented with 0.005%

Triton X-100, 1 mM DTT and 0.1 mM Mg-ATP at 4°C. After 1h, unbound
Pacl-Flag-SNAP was removed by washing the beads four times with the same
buffer. Subsequently, roughly equal amounts of purified dynein proteins (wild
type, mutant, or truncation) were incubated with Pacl1-Flag-SNAP-decorated
beads (diluted in same buffer; the reaction volume ranged from 50-120 ul among
replicates). After 1h, the unbound fraction was removed by pipetting, whereas the
bound fraction was eluted with 0.25mgml~! 3xFlag peptide (Sigma-Aldrich) by
incubation for 20 min on ice. Bound and unbound fractions were resolved using
SDS-PAGE, and the normalized, relative bound and unbound fractions were
determined by measuring background-corrected band intensities. Note that we
observed no binding of dynein to Flag M2 magnetic beads in the absence of
Pacl-Flag-SNAP (not shown).

Microtubule copelleting experiments. To perform the microtubule

copelleting assay, 1 uM microtubules were incubated for 10 min at room
temperature with 2nM of either wild-type or mutant dynein in motility buffer
supplemented with 0.1 mgml~ bovine serum albumin (Bio-Rad, 5000206)

with or without 1 mM Mg-ATP. The reactions were subsequently pelleted using
centrifugation at 21,130g for 20 min. The supernatant and pellet were separated,
resuspended in sample buffer, and run on a 4-15% gradient acrylamide gel. Gels
were stained with Sypro Ruby, and then imaged using a Typhoon gel imaging
system (FLA 9500).

Live-cell imaging experiments. For the spindle dynamics assay, cells were arrested
with hydroxyurea for 2.5h, and then mounted onto agarose pads containing
hydroxyurea for fluorescence microscopy”. Full Z-stacks (15 planes with 0.2 um
spacing) of GFP-labelled microtubules (GFP-Tubl) were acquired every 10s for
9.66 min (58 time points) on a stage that was prewarmed to 30°C. To eliminate any
dynein-independent contributions to spindle movements, these assays

were performed in cells lacking Kar9, a protein that is required for an
actin/myosin-mediated spindle orientation pathway*~*". To image dynein localization
in live cells, cells were grown to mid-log phase in SD media supplemented with

2% glucose, and mounted onto agarose pads. Images were collected using a

Nikon Ti-E microscope equipped with a X100/1.49 NA TIRF objective, a Ti-S-E
motorized stage, piezo Z-control (Physik Instrumente), an iXon DU888 cooled
EM-CCD camera (Andor), a stage-top incubation system (Okolab) and a spinning-
disc confocal scanner unit (CSUX1; Yokogawa) with an emission filter wheel
(ET480/40m for mTurquoise2, ET525/50m for GFP, and ET632/60m for

mRuby2; Chroma). Lasers (445nm, 488 nm and 561 nm) housed in an LU-NV
laser unit equipped with AOTF control (Nikon) were used to excite mTurquoise2,
GFP and mRuby?2, respectively. The microscope was controlled using NIS
Elements (Nikon).

Statistics and reproducibility. All data were collected from at least two
independent replicates (independent protein preparations or cell cultures for

in vitro and in vivo experiments, respectively). The values from each independent
replicate—which are indicated on each plot (see the diamonds on relevant plots)—
showed similar results. We performed t-tests using GraphPad Prism. Statistical
significance was determined using two-tailed Mann-Whitney U-tests (for
single-molecule run-length values) or using unpaired two-tailed Welch’s

t-tests (for single-molecule velocity values). Z scores were calculated using

the following formula:

4 ()
pa-p)(E+32)
where:
A N +}/2
P= ny + ny

Z scores were converted to two-tailed P values using an online calculator.

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

Data availability

All of the yeast strains, datasets and raw video files that were generated during
and/or analysed during the current study are available from the corresponding
author upon reasonable request.
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27.4%
ambiguous

Extended Data Fig. 1| Representative raw EM image and quantitation of conformational states. a, Representative EM image of negative stained yeast
dynein complex (red arrow, phi particle conformation; green arrow, open, uninhibited conformation; yellow arrow, ambiguous). b, Quantitation of indicated
conformational states from raw images (n = 435 particles).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Fluorescence intensity analysis of native and overexpressed single molecules of dynein. Histogram of fluorescence intensity
values for single molecules of motile dyneins, as indicated, along with accompanying Gaussian fits and modeled parameters (determined using the model-
based clustering algorithm Mclust®®). The percentages reflect the relative proportion of molecules that fall within each component (i.e., for mean 1, and
mean 2). The two mean values for each likely represent single-labeled (mean 1) and dual-labeled (mean 2) dynein dimers, respectively. Red outlined
region in panel D (“aggregates”), delineate particles with ~3-fold higher fluorescence intensity values than the single labeled complexes.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | D2868K mutation has no effect on GST-dyneinM°™r motility. a, Schematic of the plasmid used to produce GST-dyneinMCTor
(wild-type and D2868K mutant). Restriction digest with Apal (cuts within URA3 gene) targets the plasmid for homologous recombination into the
ura3-Tlocus as depicted. b, Cartoon representation of the minimal GST-dimerized dynein motor domain (amino acids 1219-4092 of the dynein
heavy chain, Dyn1). (c and d) Plots depicting mean values (left) and all values (right) for velocity (€) and run length (d) of wild-type and D2868K
GST-dyneinMOTR along with the standard error (n = 217 and 238 motors for each).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Uninhibited dynein mutant exhibits only moderate increase in microtubule landing activity. a, Plots depicting relative microtubule
landing rate of full-length wild-type (WT) and D2868K (DK) dynein, as measured from single molecule motility experiments (mean =+ standard

deviation; n = 554 wild-type motors from 1532 um of microtubules, and 553 D2868K motors from 1177 um of microtubules; 3 independent experiments
were quantitated for each). Diamonds represent mean normalized values obtained from each independent replicate experiment. Briefly, equivalent
concentrations of full length wild-type or D2868K dynein were added to imaging chambers (after taking into account relative differences in labeling
efficiencies, as determined from fluorescent scans of protein gels), and the number of moving motors were quantitated. Statistical significance was
determined using a two-tailed Welch's t test. (b and ¢) Representative gel (b; Sypro Ruby-stained) and quantitation (¢) of microtubule co-sedimentation
assay with full-length wild-type (WT) and D2868K (DK) dynein done in the absence and presence of ATP (mean + standard deviation; n = 2 independent
experiments; diamonds represent values obtained from each replicate). Relative microtubule binding was determined by measuring background-corrected
band intensities of each, and subtracting any non-specific microtubule-independent pelleting (as determined from experiment performed in the absence
of microtubules).
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Extended Data Fig. 5 | Synthetic interactions between dynein mutants and Kar9. (a-c) Serial dilutions of cells with indicated genotype were plated on
rich media (YPA supplemented with 2% glucose) and grown at 30 °C for 2-4 days (a, extended incubation of plates shown in Fig. 4e were grown for

4 days; all others were incubated for 2 days). Note the severe growth defects in dynT"3 kar9A cells (in panel ¢), suggesting that dynein™= is not active in
cells. Note that similar results were obtained from 2 independent replicates.
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Extended Data Fig. 6 | Pacl-microtubule binding behavior, and its contribution to dynein activity. (a and b) Representative images (a) and intensity
scatter plots (b; bars depict mean + standard deviation) of microtubule-bound Pac1 in different buffers. Pac1-SNAP®# diluted in motility buffer (50 nM,
dimer concentration) with indicated salts was introduced into a chambers with coverglass-adhered microtubules, and images were acquired (yellow and
magenta circles represent data acquired from each independent experiments; n = 38, 49, 41, 49, and 45 microtubules that span 911 um, 1074 um, 1077 um,
906 um, 1017 um in length for each condition, left to right). (€) Pacl-microtubule binding is reduced after enzymatic removal of the unstructured

tubulin carboxy-terminal tails (see Methods; similar results were obtained from 2 independent experiments). (d-g) Addition of cell extracts reduces Pacl-
microtubule binding, and attenuates Pacl-mediated dynein velocity reduction. Representative fluorescence images of Pacl-SNAP®* on microtubules

(d; Pac1-SNAP®4” shown as a heat map) and scatter plots depicting intensity values (e; bars depict mean + standard deviation; n= 48 and 47 microtubules
that span 890 um and 841 um in length for each condition, left to right; similar results were obtained from 2 independent experiments). (f and g) Plots
depicting the motility properties for GST-dyneinM°ToR in the absence and presence of 25 nM Pac1 (dimer concentration) in low ionic strength buffer

(50 mM potassium acetate) in the presence of cell extracts (0.96 mg/ml final; 275 and 258 motors, left to right, from 2 independent experiments were
quantitated). Note the small Pacl-mediated GST-dyneinMOTR velocity reduction in the presence of cell extracts (22.1%, compared to 69.5% in the absence
of extracts). (h) Additional representative kymograph of GST-dyneinM°TR comigrating with Pac1 in buffer with 150 mM KCI (see Fig. 6d and Extended Data
Fig. 7E - G for quantitation and statistics). Note the diffusive behavior of Pacl on microtubules. Scale bars in panels a, ¢ and d, 4 um.
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Extended Data Fig. 7 | Assessment of dynein-Pac1 stoichiometry, structural analysis of the Pac1-dynein-microtubule complex, and additional motility
plots. (a and b) Representative kymographs (a) and quantitation (b) of dynein-Pacl/2xPac1 complex motility (in motility buffer supplemented with 120 mM
potassium acetate; n = 870 dynein molecules from 3 independent experiments; mean values with standard error are shown, along all datapoints for
middle and right plots; similar results were obtained from each replicate). Statistical significance was determined by calculating Z scores (left; ***,

p < 0.0001), using a two-tailed Mann-Whitney test (middle; p = 0.6068), or with a two-tailed Welch's t test (right; p = 0.6581). Note the estimated
fraction of dynein-2xPacl complexes (5.7%; see main text) is less than what would be expected if there was no cooperativity for Pacl-dynein binding
(i.e., the product of the probabilities of two single, independent binding events, 10.8%). (¢ and d) Structural and cartoon model of a microtubule and
Pac1-bound dynein monomer (generated with pdbs 4RH7°¢, 3J1T%, 5VH9%, and 3J6G°%®). Note the close proximity of Pacl to the microtubule surface,
the latter of which is lacking the unstructured E-hooks. (d) Cryo-EM data reveals the dynein-microtubule angle varies due to a hinge point within the
MTBD, and can be much steeper than that shown in panel A%>’° (@ > 15-20°, with average = 55°). Cartoons depict range of angles sampled by dynein
on microtubules, and thus the distances between Pac1 and the microtubule. (e - g) Non-normalized plots of mean values (e and f) and all data points
(g; see Fig. 6d for n values) showing the relationship between Pacl-mediated dynein velocity reduction and Pacl-microtubule binding (for panels b left,
e, and f, diamonds represent mean values obtained from each independent replicate experiment; for panel g, mean values and standard deviations are
depicted with red lines).
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