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Cytoplasmic dynein-1transports intracellular cargo towards microtubule

minus ends. Dynein is autoinhibited and undergoes conformational changes
to form an active complex that consists of one or two dynein dimers, the
dynactin complex, and activating adapter(s). The Lissencephaly 1 gene,
LIS1,is genetically linked to the dynein pathway from fungi to mammals and
ismutated in people with the neurodevelopmental disease lissencephaly.
Lislis required for active dynein complexes to form, but how it enables this
isunclear. Here, we present a structure of two yeast dynein motor domains
with two Lisl dimers wedged in-between. The contact sites between dynein
and Lislin this structure, termed ‘Chi, are required for Lisl’s regulation

of dynein in Saccharomyces cerevisiae in vivo and the formation of active
human dynein-dynactin-activating adapter complexesin vitro. We
propose that this structure represents an intermediate in dynein’s activation
pathway, revealing how Lisl relieves dynein’s autoinhibited state.

Cytoplasmic dynein-1(dynein) is the main minus-end-directed micro-
tubule motor responsible for transporting vesicles, protein complexes,
RNAs, organelles, and viruses along microtubules. Dynein also posi-
tions nuclei and the mitotic spindle during mitosis and meiosis'. Dynein
is conserved across eukaryotes, with the exception of flowering plants
and some algae, and requires numerous binding partners and regula-
tors to function?. Mutations in dynein or its regulators cause neu-
rodevelopmental and neurodegenerative diseases in humans, while
homozygous deletion of dynein is embryonically lethal in mice**. By
contrast, in the yeast S. cerevisiae, dynein and its regulators are con-
served but non-essential, providing an important model system to
study dynein’s mechanism and function.

Dynein is a 1.4-MDa complex consisting of a dimer of two
motor-containing heavy chains composed of aring of six AAA+ (ATPase

associated with various cellular activities) domains, two intermediate
chains, two light intermediate chains, and two copies of three differ-
ent light chains’. The dynein AAA+ ring is dynamic; ATP binding and
hydrolysis in AAAlregulates dynein’s binding to and movement on
microtubules. Opening and closing of dynein’s ring is coupled to move-
ments of dynein’s mechanical element, the ‘linker, and rearrangements
indynein’s stalk and buttress are responsible for controlling the affinity
of the microtubule-binding domain for microtubules® (Fig. 1a).
Dyneinis proposed to exist largely in an autoinhibited ‘Phi’ confor-
mation in cells, which has been observed in vitro’ (Fig. 1b). In contrast
to Phi dynein, which contains only the dynein subunits, active dynein
complexes can be >4 MDa and consist of one or two dynein dimers,
the 1.1-MDa dynactin complex, and an activating adapter that medi-
ates the interaction between dynein and dynactin and links dynein
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Fig.1|Structure of the Chi dynein-Lisl complex. a, Cartoons of the domain
organization of dynein and Lisl. Major elements mentioned in the text are
labeled. MTBD, microtubule binding domain. b, Schematic of dynein activation.
Activation of dynein requires the relief of its autoinhibited conformation (Phi)
and the formation of an active complex containing the dynactin complex and
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anactivating adapter. Although Lisl is known to be involved in this process, how
itisinvolved is unknown. ¢, Cryo-EM map of the Chi dynein-Lis1 complex (non-
symmetry expanded), shown in two orientations. The different Lis1 3-propellers
that bind to previously identified sites on dynein are labeled. d, Model of the Chi
dynein-Lisl complex, shown in the same two orientations asin the mapin c.

toits cargos'®" (Fig. 1b). Dynein must undergo major conformational
changes to transition from the autoinhibited Phiform to these active
complexes®*". Some activated dynein complexes contain two dynein
dimers, whichmove faster than complexes containing a single dynein
dimer (Fig.1b)*™, and caninclude a second activating adapter’>. Many
putative activating adapters have been described, and about a dozen
ofthese have been shownto activate dynein motility in vitro, including
members of the Hook, Bicaudal D (BicD), and Ninein families'*""". Yeast
dyneinrequires dynactin and the presumed activating adapter Numl
for function in vivo as well'® %,

Dynein function in vivo also requires Lisl, which is an essential
positive regulator of dynein, as shown by genetic studiesinmany organ-
isms” 7. Like dynein, Lislis conserved from yeast to mammals. Lislis a
dimer, with each monomer consisting of an N-terminal small dimeriza-
tion domain, an alpha helix, and a C-terminal -propeller following a
flexible linker®®* (Fig. 1a). Lisl is the only dynein regulator known to
bind directly to dynein’s AAA+motor domain, with two known binding
sites: one on dynein’s motor domain between AAA3 and AAA4 (site ),
and the other on dynein’s stalk, a long anti-parallel coiled coil that
leads to dynein’s microtubule-binding domain (siteg,,)*° . In humans,
mutationsin LISI (PAFAHIBI; GenelD:5048) or the dynein heavy chain

gene (DYNCIHI; GenelD:1778) cause the neurodevelopmental disease
lissencephaly and other malformations of cortical development*>**,
Recent studies have shown that Lis1 hasaroleinformingactive dynein
complexes****¢, Human dynein-dynactin-activating adapter com-
plexes form more readily in vitro in the presence of Lisl and move
faster on microtubules owing to the recruitment of a second dynein
dimer to the complex'*. In S. cerevisiae and the filamentous fungus
Aspergillus nidulans, mutations in dynein that block the formation of
the autoinhibited Phi conformation can partially rescue Lis1 deletion
or mutations, suggesting that Lis1 may activate dynein by relieving
autoinhibition?**, However, the inability of Phi-blocking mutations
to fully rescue Lisl loss-of-function phenotypes suggests that Lis1 may
have additional roles in regulating dynein beyond relieving the auto-
inhibited Phi conformation®-*'*¢, Despite the data summarized here,
how Lisl relieves dynein autoinhibition remains unknown.

Results

Structure of a Lisl-mediated dynein dimer

We have previously determined a high-resolution cryo-EM structure
of the S. cerevisiae dynein motor domain (carrying an E2488Q substi-
tution in the Walker B motif of its AAA3 domain) in the presence of
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ATP-vanadate and bound to two yeast Lis1 3-propellers, most likely com-
ing from the same Lis1 dimer™. Although this data setappeared to con-
sist primarily of particles containing one dynein motor domainbound
to one Lisl dimer, we revisited it to look for other structures. To our
surprise, additional data processing revealed several two-dimensional
(2D) class averages that contained two dynein motor domains, even
though the dynein that we used for cryo-EM sample preparation was
engineered to be monomeric. Using this subset of particles, we solved
astructure of two dynein motor domains in complex with two Lisl
dimersto 4.1 A. We called this structure ‘Chi’ because the dynein con-
formationresembles the Greek letter Chi, and because Chifollows Phi
inthe Greek alphabet (Fig.1c,d, Supplementary Video 1, Extended Data
Fig.1,and Table 1). In our structure, two dynein motor domains, each
bound by aLisl dimer, come together through dynein-Lisl interac-
tions which, to the best of our knowledge, have not been previously
reported. This arrangement is consistent with previous studies that
have reported the binding of two Lisl dimers to dyneininsolution'**%%,
Inour Chistructure, the closed conformation of dynein’s ring and the
characteristic bulge in the stalk near its contact site with the buttress
indicate a weak microtubule-binding state*. The overall structure of
each dynein-Lisl complexis very similar to the structures that we have
solved of individual dynein motor domainsbound toaLisl dimer, also
in aweak microtubule-binding state®***', Importantly, the Chi confor-
mationis not a consequence of the E2488Q substitution in dynein, or
the use of ATP-vanadate in the sample: we also observed Chiin a data
set collected from a sample containing wild-type dynein monomer,
ATP, and Lis1 (Extended DataFig.2 and Table1). The presence of only a
single class average of Chiin that data set prevented us from obtaining
a3Dreconstruction.

Dynein’s autoinhibited Phi conformation is characterized by
interactions between its two motor domains that make them point
in opposite directions (they are effectively ‘cross-legged’) (Figs. 1b
and 2a), which prevents the motor from being able to bind to microtu-
bules’. The Phi conformation is incompatible with the binding of Lis1
todynein, as Lis1bound to one dynein clashes with the second dynein
inPhi (Extended Data Fig. 3a).

In Chi, the Lis1 proteins bound to the dynein motor domains
act as wedges that keep the two dyneins apart, preventing most
of the interactions that stabilize Phi (Fig. 2a,b and Extended Data
Fig.3b). The one exceptionis a contact between dynein’s stalk heli-
ces, whichacts as a hinge where Phiopens toaccommodate Lisland
transitionto Chi (Fig. 2a,b). The dynein-dynein Phi contacts that are
disruptedin Chiarereplaced by new contacts between Lis1 bound
to site,,; on one dynein and the AAAS (Fig. 3a) and AAA6 (Fig. 3b)
domains of the opposite dynein. The AAA5 and AAA6 Chi-specific
interactions involve residues on Lisl’s B-propeller that are different
from those involved in all previously characterized Lis1-dynein
and Lisl-Lislcontacts (Fig. 3d-gand Supplementary Video 1). The
Lisl bound to site,, does not interact with the opposite dynein
molecule in Chi (Fig. 1c,d).

The differences between Phiand Chiinclude changesin the confor-
mation of the linker domain (Extended Data Fig. 4). In Phi dynein, the
linker is bent and docked on AAA2 and AAA3 (Extended Data Fig. 4a),
whichisthe same conformationseenin dyneinaloneinits ‘pre-power
stroke’ state®. In contrast, in Chi, the linker is disengaged from AAA2 and
AAA3 and shifted towards the opposing dynein molecule (Fig. 3c and
Extended Data Fig. 4b,c); this accommodates the increased distance
between the motor domains caused by the presence of Lis1 (Fig. 2c).
This change in the linker conformation in turn causes a shift in the
interface mediating the linker-linker interaction (Fig. 3c and Extended
DataFig.4d-f); however, theresolution of the linker domainis too low
to determine the exact nature of the residues involved.

The major features of the Chi structure—the disruption of most
Phi-stabilizing interactions, a shift in the linker-linker interface, and
the dependence of these on the presence of Lisl and new interactions

Table 1| Cryo-EM data collection, refinement and validation
statistics

Dynein®248@ Dynein®2488@ Dynein
bound to bound, to bound, to
Lis1in Chi Lis1in Chi, Lis1inthe
conformation. conformation, presence
EMD-27810, symmetry of ATP
PDB 8DZZ expansion,
EMD-27811,
PDB 8EOO
Data collection and processing
Magnification 38,000 38,000 36,000
Voltage (kV) 300 300 200
Electron exposure (e /A% 58.3 58.3 51.0
Defocus range (um) 2-2.7 2-2.7 0.8-2.4
Pixel size (A) 1.31 1.31 116
Symmetry imposed C, C,
Initial particle images (no.) 561,397 561,397
Final particle images (no.) 23,385 46,770
Map resolution (A) 41 3.6
FSC threshold 0.143 0.143
Map resolution range (A) 4.0-6.0 3.5-6.0
Refinement
Initial model used (PDB code)  8EOQO 7MGM
Model resolution (A) 4.4 3.9
FSC threshold 0.5 0.5
Map sharpening B factor (A2) 106.5 90.5
Model composition
Non-hydrogen atoms 49,596 24,794
Protein residues 6,110 3,055
Ligands 8 4
B factors (A%
Protein 154.6 94.0
Ligand 1324 776
R.m.s. deviations
Bond lengths (A) 0.005 0.005
Bond angles (°) 1.087 1124
Validation
MolProbity score m 0.98
Clashscore 3.00 210
Poor rotamers (%) 0.25 0.47
Ramachandran plot
Favored (%) 98.39 98.21
Allowed (%) 1.57 1.76
Disallowed (%) 0.03 0.03

between Lisl and dynein—suggest that Chiis an early intermediate in
theactivation of dynein that provides amechanistic explanation for the
role of Lislin this process. We set out to test this hypothesis and vali-
date our structural model in vivo using S. cerevisiae and in vitro using
recombinant human dynein-dynactin-activating adapter complexes.

Dynein and Lis1 Chi contacts are required in vivo in yeast
We first sought to determine whether the new contact sites between
Lisl and dynein at AAAS (Fig. 4a) and AAAG6 (Fig. 4b) that form Chi
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]/ 4
Fig.2| Comparison of dynein in Chi and Phi. a, Interfaces in human dynein
involved instabilizing Phi (PDB: SNUG)’. b, Interfaces in yeast dynein involved

in stabilizing Chi. Note that all but one (stalk-stalk) of the interfaces in Chi also
involve Lis1, which we do not show in this panel. The circled labels (3a, 3b, 3c)
refer to panelsin Figure 3, in which interfaces are shown in detail. ¢, Overlay of
dyneinin Phi(gray) and Chi (rainbow). As in panel (b), we omitted Lislin the Chi
structure for clarity. The left panel shows the two structures superimposed. The
right panel shows interatomic vectors linking equivalent alpha carbons in Phi and
Chi. The length of the cylinders is proportional to the displacement of that atom
between the two structures.

are important for the dynein pathway in vivo. For this, we turned to
experiments in S. cerevisiae. In yeast, dynein functions to align the
mitotic spindle, such that, upon the completion of mitosis, both
the mother and daughter cellinherita nucleus™*****, Deletion of the
gene encoding dynein (DYNI; GenelD: 853928) and dynactin subunits,
as well as Lisl1, causes nuclear segregation defects that are readily
quantifiable because they produce binucleate cells®>. To disrupt the
Chi-specificinteractions (Fig. 4a,b), we mutated Asn213in Lis1 to Ala
(Lis1V***), Trp288 to Asp (Lis1"?%%"), or both (Lis1"*A%?%%0) jn the endog-
enous locus of yeast Lis1 (PACI; GenelD: 854443). Western blots of
strains containing FLAG-tagged versions of the mutants confirmed
that LisIV*A, Lis1¥?%8P and Lis1V?*A V288D were expressed at wild-type
levels (Extended Data Fig. 5a,b). We found that, among cells express-
ing any of these three mutants, the percentage of cells containing
two nuclei was increased, similar to cells in which Lis1 was deleted
(Fig.4c). We obtained similar results when we disrupted Chion dynein’s
side. Onthebasis of our structure, we introduced F3446Ain AAA5 and
E3867Ain AAA6 (Dyn1P*6AB8S7A Eig 43 b). Although we did not build
the side chain for E3867 in our model owing to the lower resolution
of'that part of the map, this residue is agood candidate for mediating
theinteraction between dynein and Lis1-N213. These substitutionsin
dynein resulted in an increase in the percentage of binucleate cells
similar to that observed following deletion of dynein (Fig. 4d). This
suggests that the dynein-Lislinteractionsinvolved informing Chiare
required for Lis1’s regulation of dyneinin vivo.

a d

AAAS5-Lisl,; o
'

LisT;.ring 286-288)

b
AAAG-Lis;, °
,/-’3 R ‘f
LT \/\\
1=
Lisl-ring
Lis1-stalk

Lis1-Lis1

Cc

Fig.3|Interactionsinvolved in stabilizing Chi. a-c, Chiis stabilized by three
interfaces that, to the best of our knowledge, have not been previously reported:
AAA5-Lisl,,, (a); AAA6-Lisl,, (b); and alinker-linker interaction (c). In a, Chi
isviewed from the dynein stalk and towards the motor domain. Figure 2b shows
thelocation of these interactions in the context of full dynein. All three panels
show the cryo-EM map colored by domain, with Lis1in gray. The insets show the
region of Chi that is highlighted in the main panel. d-g, Location of interaction
interfacesin the Lisl,;,;—Lisl, dimer. d, Our model of Chi. Dynein is shownin
surface representation (filtered to 8 A), and Lislis shown as aribbon diagram.
The areawithin the squareis enlargedin e. e, Residues involved in the four Lis1
interactions (binding of Lis1 to site,;,, and site,,,, the Lis1-Lisl dimer interface,
and the interactions stabilizing Chi) are shown as sphered and colored by
interface. Dynein is shown in white. f, The Lis1 dimer is viewed facing the dynein
monomer, with which the Lis1-ring and Lis1-stalk interactions are formed. The
dyneinin front was removed for clarity. g, The Lis1 dimer viewed from the other
side, facing the dynein monomer with which the Chi-stabilizing interactions are
made. The dyneinin front was removed for clarity.

Dyneinlocalizationin yeast depends on dynein and

Lis1 Chi contacts

Next, we wanted to determine how the Lis1-dynein interactions
involved in forming Chi contribute to dynein’s localization in yeast
cells (Fig. 4e-h). Yeast dynein assembles into fully active complexes
with dynactinand Numl, the presumed yeast dynein activating adapter,
atthe cell cortex'®**. Fromthis site, active dynein pulls on spindle pole
body (SPB)-attached microtubules to align the mitotic spindle, which
ultimately favors equal segregation of nuclei between mother and
daughter cells. Dyneinreaches the cortex by first localizing to microtu-
bule plus ends, through either kinesin-dependent transport or cytosolic
recruitment® . Dynein also localizes to the SPB, where microtubule
minus ends are found*. Lislis required for dynein’s localization to all
three sites?>***%, To assess how the mutants that target the new inter-
actions between dynein and Lisl in Chi affect dynein localization, we
introduced Lis1"*, Lis1"?%%" and Lis1"?*A"288P 3t the endogenous Lisl
(PACI) locus. Inthese strains, dynein, a-tubulin, and aspindle pole body
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Fig. 4 |Role of Chiin dynein’s functioninvivoin$. cerevisiae. a, The yeast

Chi AAA5-Lisl,;, interface. Trp288 in Lisl was mutated to Asp. b, The yeast Chi
AAAG6-Lisl,;,, interface. Asn213 was mutated to Ala. We did not build the side
chain of E3867 beyond its B-carbon owing to the lower resolution of this part of
the map. ¢, Quantitation (mean +s.e.m.) of the percentage of cells displaying an
aberrant binucleate phenotype for wild type (WT, dark gray), Lis1 deletion (light
gray), Lis1"** (orange), Lis1"?*%" (red) or Lis1"*A"%%® (maroon). WT n =12, ALis1
n=11,LisI"** n =10, Lis1"?%%®, and Lis1"***"2%80 = 8 biological replicates from
independent cultures, with at least 200 cells per condition in each replicate.
Statistical analysis was done using a one-way ANOVA with Tukey’s multiple
comparison test. WT and ALis1***P < 0.0001, WT and Lis1V?*****P < 0,0001,
WT and Lis1"?%®**P= 0.0001, WT and Lis1"??AW288P xp < 0,0001. Differences
not noted are not statistically significant. d, Quantitation (mean + s.e.m.) of the
percentage of cells displaying an aberrant binucleate phenotype for wild type
(blue), Dynl deletion (light blue), Dyn1P#46A E857A (green), and Dyn1 4464 E3867A,
D2868K (dark green). n = 3 biological replicates, with at least 200 cells per condition
per replicate. Statistical analysis was done using a one-way ANOVA with Tukey’s
multiple comparison test. WT and ADyn1***P=0.0002, WT and Dyn13446AE3867A
*P= 001’ ADynl and Dyan3446A E3867A D2868K ***P= 0.0002, Dyan3446A E3867A and
Dyn]F3#46AESS67AD2868K +p — ( 015, e, Example images of endogenous dynein
localization (DYNI-3XGFP) in dividing yeast cells expressing a fluorescently
tagged SPB (SPC110-tdTomato) component and tubulin (TUBI-CFP). Scale bars
are 3 um. f-h, Quantification of dynein localization. Graphs show the number
(mean ts.e.m.) of dynein foci per cell localized to the cortex (f), SPB (g), and

Tubulin SPB Dynein

Percent aberrant binucleate cells

Dynei nD2868K

microtubule plus ends (h) in WT, Lis1A, Lis1V"A, Lis1"?%%°, and Lis1"*A W50 yeast
strains, from three biological replicates. Statistical analysis was performed on the
means of each biological replicate using a one-way ANOVA with Tukey’s multiple
comparison test. f, WT and ALis1**P=0.0011, WT and Lis1V*****P = 0.0007, WT
and Lis1"?% *+p=0,0002, WT and Lis1"?3*W2880»«p - 0 003. g, WT and ALis1
*P=0,0023, WT and Lis1V****P=0.0396, WT and Lis1"*******P=0.0009, WT

and Lis1V?B3AW288Dxxxp = 0. 0003. h, WT and ALis1**P=0.0006, WT and Lis1"??*
*P=0.02, WT and Lis1"?%8°*P = 0,049, WT and Lis1"?*AW288Dx+p = 0, 0039. n.s. (not
significant), P=0.069 to >0.9981.n > 40 cells per biological replicate; >120 cells
total per condition. i, Quantitation (mean +s.e.m.) of the percentage of cells
displaying an aberrant binucleate phenotype for wild type (WT, dark gray), Lis1
deletion (light gray), Lis1"*** (orange), Lis1"***" (red), Lis1"**A¥258® (maroon),

Lis1 WT with the Phi-breaking dynein mutant dynein®** (striped dark gray),
Lis1deletion with dynein®¢®* (striped light gray), Lis1*** with dyneinP2%¢8¢
(striped orange), Lis1"?*%" with dynein®** (striped red), and Lis1"?3A w2880

with dyneinP?¢% (striped maroon). The WT conditionis thesameasind.n=3
biological replicates, with at least 200 cells per condition per replicate. Statistical
analysis was done using a one-way ANOVA with Tukey’s multiple comparison

test. WT and ALis1***P < 0.0001, WT and Lis1"****P=0.0035WT and Lis1"?3P
*P=0.045, WT and Lis1"?*AW288D xp = 0 0014, ALis1and ALis1 with dyneinP25¢5¢
*P=0.,0046, Lis1N3AW28D g LisN23AW28D ith dynein¢8¢ *p = 0.0036, Lis1"**
and Lis1V*** with dyneinP?¢%¢*p = 00134, Lis1"?**" and Lis1****° with dynein"28¢s«
*P=0.0244, LisI"*?A W25 pifferences not noted are not statistically significant.
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componentwere also tagged with afluorescent protein (DYNI-3XGFP,
TUBI-CFP, and SPC110-tdTomato, respectively) (Fig. 4¢)***°and used to
measure the number of dynein foci that were found at the cell cortex
(Fig.4f), SPBs (Fig. 4g), or microtubule plus ends (Fig. 4h) ineach cell.
Allthree mutants showed a striking reduction in the number of dynein
foci at the cell cortex, similar to the strain with Lis1 deletion (Fig. 4f).
Becausethe cortexisthe site of dynein-dynactin-Numlassembly, these
datasuggest that the Chi conformationisimportant for the assembly
ofactive dynein complexesinvivo. All three mutants also significantly
affected the ability of dynein to localize to microtubule plus ends. One
mechanism dynein uses to reach microtubule plus ends is through
kinesin transportinacomplexthat also contains Lisl1and Bik1/CLIP170
(refs. 20,49,50). Thus, it is possible that this transport complex uses
the dynein-Lisl interactions we identified in Chi, or potentially the
Chi conformationitself. Together, our data show that the contacts we
observe between dynein and Lislin the Chi structure are required for
active dynein complex assembly and function in vivo.

Phi-disrupting mutations bypass the need for Chiin yeast

We hypothesize that Chifollows Phias anintermediatein dynein’s acti-
vation pathway. This model predicts that mutations that prevent dynein
from forming the autoinhibited Phi conformation should bypass the
need for Chito form. We tested this using genetic epistasis experiments.
We generated yeast double mutant strains containing each of our
Chi-breaking Lis1substitutions (Lis1V***, Lis1"*%®, or Lis1"?*A"288P) com-
bined with a Phi-breaking substitution in the endogenous dynein/DYN1
locus (dynein®?¢¥)?! and performed nuclear segregation assays. In
agreement with our model, introducing dynein with the Phi-breaking
substitution into the strains carrying the Chi-breaking Lis1 mutants
restored the percentage of cells with two nuclei to wild-type levels
(Fig. 4i). We observed the same when dynein®**® was introduced
into the Lisl-deletion strain (Fig. 4i). Introducing the Phi-breaking
substitution into dynein already carrying Chi-disrupting alterations
(dyneinF*46AE3867AD2868K) 3156 fully rescued the increase in the percent-
age of binucleate cells (Fig. 4d).

Dynein and LIS1 Chi contacts are required for human dynein
complex assembly

Toassess theimportance of the Chi conformation, or more generally of
the new dynein-Lislinteractioninvolved in stabilizingit, in the assem-
bly of active human dynein-dynactin-activating adapter complexes

Fig. 5| Role of Chi in human dynein’s ability to move on microtubules.

a, Amodel of the human Chi AAA6,and AAAS,-LIS], interface. The arrowin the
insetindicates the area highlighted in the main panel. b, Single-molecule velocity
(median +interquartile range) of TMR-dynein-dynactin-BICD2 complexesin
the absence (white circles) or presence (black circles) of different human LIS1
constructs. The data points are represented as triangles, circles, squares, and
hexagons corresponding to single measurements within each technical replicate.
Four technical replicates were collected for each condition, and the number of
datapoints (n) per eachreplicateislisted (no LIS1, n =142, 91,152,131; LIS1, n =147,
118,119, 120; LISIN203AP205AY22A yy = 149, 91,120, 103; LISIN203AD20SAD245A 13 = 147109
128108). No LIS1and LIS1**P=0.0002, LIS1and LISI??3AP205AY225A%p = 0 0051,
LIS1and LISIN?03AD205AD245Axxp — 0 004, One-Way ANOVA with Tukey’s multiple
comparison test. ¢, Processive runs (mean + s.e.m.) of TMR-dynein-dynactin-
BICD2 complexes in the absence (white circle) or presence (black circle) of
differentunlabeled human LIS1 constructs. The data points are represented as
triangles, circles, squares, and hexagons corresponding to single measurements
within each technical replicate. Four replicates per condition were collected, and
the number of data points (n) per each replicateis listed (no LIS1, n =14, 20, 20, 8;
LIS1, n=7,16,7,5; LisIN203AD205AY225A = 15 7 16, 9; Lis1N203A D20SAD245A 'y =179, 17,9).
No LIS1and LIS1*P=0.023. One-Way ANOVA with Tukey’s multiple comparison
test. d, Representative kymographs from single-molecule motility assays with
purified TMR-dynein-dynactin-BICD2 in the absence (white circle) or presence
(black circle) of different human LIS1 constructs. Scale bars, 10 pm (x) and 40 s
(). e, Schematic of the hypothesis for how Lis1 relieves dynein autoinhibition.

atthe molecularlevel, we next turned to reconstituting the complexes
using human proteins. In vitro, human Lisl protein (herein, LIS1)
enhances the formation of dynein-dynactin-activating adapter com-
plexes containing two dynein dimers, which move faster than the single
dynein dimer complexes that formin the absence of LIS1 (refs. 14,15).
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Todo this, we first had toidentify Chi-disrupting substitutions in human
LIS1that were predicted to be equivalent to the ones we identified in
yeast. Directly overlaying our recent structure of ahuman dynein-LIS1
complex® onto each motor domain of yeast Chi did not work, as LIS1
bound to site,, is too far away from the opposite dynein to form the
Chi-stabilizing interactions with AAA5 and AAA6 (Fig. 5a). This differ-
ence is due to human LIS1 having shorter peripheral loops and being
slightly rotated relative to yeast Lis1 (ref. 51) when bound to dynein. To
circumvent this problem, we modeled human Chi by aligning a copy
of our structure of human dynein bound to two LIS1s to each motor
domain in Chi dynein, and then manually moving the models so that
they were withininteracting distance while still maintaining the stalk—
stalkinteraction observedinboth Chiand Phi dynein. Using this model,
we made two sets of human LIS1 substitutions: p.N203A, p.D205A, and
p.Y225A todisruptboth the LISI-AAAS5 and LISI-AAA6 interfaces, and
p.N203A, p.D205A, and p.D245A to disrupt the LISI-AAA6 interface
alone. Two of the sites we mutated in human LIS1, N203 and D245, are
also conservedinyeast; Y225 corresponds to the W288 that we mutated
inyeast Lisl (Extended DataFig. 6a).

Next, we purified these mutanthuman LIS1 constructs (Extended
Data Fig. 6b) and examined their ability to activate human dynein-
dynactin complexes containing the BICD2 activating adapter in
single-molecule motility assays. In these assays, activation of motility
is read out by observing an increase in dynein complex velocity in
the presence of LIS1, which results from the enhanced formation of
dynein complexes containing two dynein dimers”™, As we have shown
previously, pre-incubation of dynein-dynactin-BICD2 with 300 nM
wild-type human LISlincreased the velocity and number of processive
runs of these complexes (Fig. 5b—d)". By contrast, there was no signifi-
cant difference between dynein velocity and the number of processive
runs when dynein-dynactin-BICD2 complexes were pre-incubated with
the two human LIS mutants (LISIN203AD205AY2254 gy | [S1N203AD205AD245A)
as compared with complexes that were formed in the absence of LIS1
(Fig. 5b—d). We also observed an increase in the number of diffusive
eventsin the presence of LIS1 mutants (Extended Data Fig. 6¢). These
dataindicate that the dynein-Lisl contactsites found in the Chi struc-
tureareimportant for human LISI'srole in forming the activated human
dynein-dynactin-activating adapter complex, either by relieving the
autoinhibited Phi conformation or by playingaroleinalater stepin the
assembly of activated complexes, or acombination of both.

Discussion

Onthebasis of the data presented here, we propose that Chiis aninter-
mediate state in the dynein activation pathway, providing the first
structural and mechanistic explanation for how Lis1 relieves dynein
autoinhibition. We propose that the wedging of Lis1 between the two
dynein motor domains primes dynein for binding dynactin and activat-
ing adapter protein(s).

The Chi conformation has important implications for dynein
activation. In dynein’s autoinhibited Phi state, the ‘tails, which pre-
cede the motor domain, make many contacts with each other until
they reach their ‘neck’ region, where they move away from each other
before rejoining again at the linker domain. Switching to the active
dynactin-bound form requires the tail to undergo a large conforma-
tional change that turns the loose twofold symmetry presentin Phiinto
the translational (‘parallel’) symmetry dynein adopts when bound to
dyneinand anactivating adapter (Fig.5e). Thisrearrangementinvolves
breaking the linker-linker contacts, as well as many of the interactions
between the tails and associated chains. We hypothesize that the Chi
conformation primes dynein for binding dynactin and an activating
adapter protein by stabilizing anintermediate conformation of the tail.
In Chi, binding of Lis1 forces the linkers apart, which would cause some
oftheseinteractionstobreak. This would pull the dynein heavy chains
apartfromeachother, disrupting the neck and potentially transmitting
conformational changes all the way up the tail.
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Methods

Electron microscopy sample preparation

Grids were prepared and imaged as previously described®. Briefly,
monomeric yeast dynein®>*®8? was randomly biotinylated using
water-soluble Sulfo ChromaLink biotin and then dialyzed into TEV
buffer. Grid samples containing 150 nM dynein®*¥¢, 650 nM Lisl,
1.2 mM ATP, and 1.2 mM Na;VO, were applied to streptavidin affinity
grids and vitrified™>*,

For the imaging of wild-type yeast dynein monomer in the pres-
ence of ATP and Lisl, purified fresh dynein (not frozen) wasincubated
withapyrase for 30 min (apyrase, 0.1U mL™, NEB) prior to gel filtration
on a Superose 6 Increase column pre-equilibrated in buffer contain-
ing 50 mM Tris, pH 8,150 mM KCI,2 mM EDTA, and 1 mM DTT. Eluted
protein was concentrated to about 5 uM and diluted 1:1with Lislor TEV
buffer and incubated on ice for 10 min (final concentrations: 2.5 uM
dynein, 2.5 pM Lis1). After an additional 30-s incubation onice in the
presence of ATP (final concentration: 1.25 mM ATP) samples were
applied to plasma-cleaned (Solarus, Gatan) UltrAuFoil Holey Gold R
1.2/1. uM3 grids (Quantifoil). A vitrobot (FEI) was used to blot excess
sample and plunge freeze the gridsin liquid ethane. Grids were stored
inliquid nitrogen until they were ready to be imaged.

Electron microscopy image collection and processing

Details onimage collection and initial processing have beenreported
elsewhere?. Following particle picking in crYOLOS (ref. 54), parti-
cles were extracted and binned to 3.93 A pixel ™ in Relion 3.0 (ref. 55).
Multiple rounds of 2D classification were carried out first in Relion
3.0 and subsequently in cryoSPARC*® to remove bad particles. Some
class averages showed particles with more than one dynein molecule.
Using particles from all good 2D classes, initial ab initio reconstruc-
tions failed to reconstruct a volume containing more than one dynein
molecule. Particles belonging to 2D class averages that potentially
contained more than one dynein molecule were manually selected
and used in an ab initio reconstruction that resulted in an initial map
for Chi dynein bound to Lisl1. This volume was used together with our
previously published map of monomeric dynein®*¥¢bound to Lisl
(EMDB-23829) to separate monomeric dynein®*%? from Chi dynein
using heterogeneous refinement. We performed one additional round
of heterogeneous refinement to further remove any monomeric dynein
molecules. Using our final particles, we ran non-uniform refinement
with C, symmetry and optimized per-group CTF parameters enabled
togive us a4.1-A map.

Wild-type yeast dynein monomer incubated in the presence of
ATP and Lisl was imaged using a Talos Arctica operated at 200 kV
and equipped with a K2 Summit direct electron detector (Gatan).
Automated data collection was performed using Leginon. A total of
4,525 movies was collected at x36,000 magnification (1.16 A pixel™).
The dose was ~4.63 e” A2s with a total exposure time of 11 s divided
into 200 ms frames, for a total of 40 frames. The defocus range was
set to 0.8-2.4 pm. All movies were aligned in CryoSPARC live* using
MotionCor2 (ref. 58) of the dose-weighted frames. CTF was estimated
indose-weightedimages using CTFFIND4 (ref. 59). Images with CTF fits
worse than 5 A were excluded from further processing. Particles were
initially selected using blob finder in CryoSPARC, and these peaks were
used for Topaz®® model training and final particle picking using Topaz.
Particles were extracted and binned to 4.64 A pixel ™. Multiple rounds
of 2D classification, with a varying number of online-EM interactions
(30-40) and abatchssize per class of between 200 and 400 dependent
on the number of particles in each classification were carried out in
cryoSPARC to remove bad particles.

Model building and refinement
Symmetry expansion followed by local refinement was used to
improve the overall resolution of the motor domain to 3.6 A. The yeast

dynein®*%%-(Lis1), model (PDB 7MGM) was docked, and rigid body fit
into the map using Phenix real space refine®’. Discrepancies between
the model and map were fixed manually in COOT6 (ref. 62) and then
refined using a combination of Phenix real space refine and Rosetta
Relax (v.13)%*. Once the monomer model was finished, it was placed in
the original map and refined using a similar strategy.

The resolution of the Chi map did not allow us to distinguish
between ATP and ADP.Vi. Therefore, we chose to model ATP at AAAL,
AAA2,and AAA3, tobe consistent with our previously published struc-
ture of the yeast dynein motor domain bound to two Lisls, which was
obtained from the same data set’.

Cloning, plasmid construction, and mutagenesis

The pDyn1 plasmid (pACEBacl expression vector containing insect cell
codon-optimized dynein heavy chain (DYNCIHI) fused to aHis-ZZ-TEV
tag on the amino terminus and a carboxy terminal SNAPf tag (New
England Biolabs) and the pDyn2 plasmid (the pIDC expression vec-
tor with codon-optimized DYNCII2, DYNCILI2, DYNLTI, DYNLLI, and
DYNLRBI) were a gift from A. Carter (LMB-MRC). The pDynland
pDyn2 plasmids were recombined in vitro with a Cre recombinase
(New England Biolabs) to generate the pDyn3 plasmid. The presence
of all six dynein chains was verified by PCR. The pFastBac plasmid
with codon-optimized human full-length Lis1 (PAFAH1BI) fused to
an N-terminal His-ZZ-TEV tag was a gift from A. Carter (LMB-MRC).
The BICD2s construct (amino acids 25-398) fused to sfGFP on the
Nterminus andinserted into a pET28a expression vector was obtained
as described previously”. Substitutions in LIS1 were made using a
multi-site-directed mutagenesis kit (Agilent) and the following prim-
ers: 5-TGTGAATGTCTTCACACAGGCGCCAGTTTGCACTTCCCAC
-3/, 5-GGTACGGCCAAATCAAGCTGGCACTCTGATAGCCAG-3’,
and 5-CAGTAGCCATCATGCCCGCTGGAGCTCATATAGTGTCTGCCTC
-3’. The yeast gene encoding Lisl (PACI) previously cloned into
a Topo 2.1 vector using the TOPO TA Cloning Kit (Thermo Fisher),
was mutated using a site-directed mutagenesis kit (Agilent) with the
primers: 5-GGATGTTTTATTTACCAATTATACGGCCTCCAGCAAGAA
GAACTATTTGGTG-3’ and 5-cACCAAATAGTTCTTCTTGCTGGAGGC
CGTATAATTGGTAAATAAAACATCC-3' toinsert the N213A substitution.
PACI or pacll-N213A were mutated using the primers 5-TTTGGGACTTC
CACAATGGTGACTCGTTGAAAACATTTCAGCC-3’and 5-GGCTGAAAT
GTTTTCAACGAGTCACCATTGTGGAAGTCCCAAA-3’ to insert the
W288D substitution. DYN1(3396-3921aa) was cloned into a pBlueHeron
vector through Gibson assembly and was mutagenized with the primers
5’-GATTAGAAAATGCAATTAGAGCCGGAAGTGTAGTTATAATTC-3’ and
5’-GAATTATAACTACACTTCCGGCTCTAATTGCATTTTCTAATC-3' to
introduce the F3446A substitution. dyni-F3446A was mutated using
a site-directed mutagenesis kit (Agilent) with the primers 5-GAG
GAGACAAAGGCGGCAGAAGCACATGAGAAATTCAAAATGT-3’ and
5-ACATTTTGAATTTCTCATGTGCTTCTGCCGCCTTTGTCTCCTC-3’
tointroduce the E3867A substitution.

Yeast strains

The S. cerevisiae strains used in this study are listed in Supplemen-
tary Table 1. The endogenous genomic copy of PACI (encoding Lis1)
was deleted using PCR-based methods as previously described®*. In
brief, K. lactis URA3 with homology arms complementary to regions
upstream and downstream of the PACI or DYNI genomic locus was
generated using PCR. This fragment was transformed into astrain with
the preferred genetic background using the lithium acetate method®
and screened by colony PCR. Point mutants were generated using
QuikChange ssite-directed mutagenesis (Agilent) and verified by DNA
sequencing. Mutated fragments were re-inserted into the kKIURA3
strains to reintroduce the mutated PACI or DYNI gene. Positive clones
lacking URA3 (kKIURA3-) were selected in the presence of 5-fluoroorotic
acid, screened by colony PCR, and verified by DNA sequencing.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://pdbj.org/emnavi/quick.php?id=emdb-23829
https://doi.org/10.2210/pdb7MGM/pdb

Article

https://doi.org/10.1038/s41594-023-01069-6

Nuclear segregation assay

Single colonies were picked and grown at 30 °C. Log-phase S. cerevisiae
cells growing at 30 °C were transferred to 16 °C for 16 h. Cells were
fixed with 75% ethanol for 1 h, sonicated for 5 s at 40% amplitude, and
mounted in medium containing DAPI. Imaging was performed using
an Apo TIRF 100 x1.49 NA objective (Nikon, Plano Apo) on a Nikon
Ti2 microscope with a Yokogawa-X1 spinning disk confocal system,
MLC400B laser engine (Agilent), Prime 95B back-thinned sCMOS cam-
era(Teledyne Photometrics), and a piezo Z-stage (Mad City Labs). The
samples were blinded duringimaging. The percentage of aberrant binu-
cleate cells was calculated as the number of binucleate cells divided
by the sum of wild-type and binucleate cells. Eight to 12 biological
replicates from independent colonies were done for Figure 4c, and
three were done for Figure 4d,i. At least 200 cells were counted for
each biological replicate per condition.

Live-cellimaging

Single colonies were picked and grown at 30 °C. Log-phase live
S. cerevisiae cells were mounted on a thin agarose pad made from
SC medium pressed between two glass slides. Live cells genetically
modified to express fluorescently labeled DYN1-3XGFP, CFP-TUBI,
and SPC110-tdTomato were imaged using a Yokogawa W1 confocal
scanhead mounted to a Nikon Ti2 microscope with an Apo TIRF 100
x1.49 NA objective (Nikon, Plano Apo). The microscope was run with
NIS Elements using the 488 nm 515 nm and 561 nm lines of a six-line
(405 nm, 445 nm, 488 nm, 515 nm, 561 nm, and 640 nm) LUN-F-XL
laser engine and Prime95B cameras (Photometrics). The DYN1-3xGFP
foci localizing to the spindle pole body (SPB), microtubule plus end,
and cell cortex were outlined as regions of interest in Fiji®, recorded,
and analyzed for three replicates of at least 120 cells for each sample.

S. cerevisiaeimmunoprecipitations and western blots
Log-phase S. cerevisiae cells grown at 30 °C were pelleted at
4,000g, resuspended in water, and flash frozen in liquid nitrogen.
Liquid-nitrogen-frozen yeast cell pellets were lysed by grinding ina
chilled coffee grinder, resuspended in dynein-lysis buffer (30 mM
HEPES pH 7.4, 50 mM potassium acetate, 2 mM magnesium acetate,
1mMEGTA,10%glycerol,1 mM DTT) supplemented with1 mM Pefabloc,
0.2% Triton X-100, cOmplete EDTA-free protease inhibitor cocktail
tablet (Roche), and 1 mM Pepstatin A (Cayman Chemical Company),
and spunat50,000gfor1h. The protein concentration of the clarified
supernatants was quantified using a Bradford Protein Assay (Bio-Rad),
and equal amounts of clarified lysates were incubated with anti-FLAG
M2 Affinity Gel (Sigma) overnight at 4 °C. Beads were washed with
dynein-lysis buffer, boiled in SDS sample buffer, and loaded onto a
NuPAGE Bis-Tris gel (Invitrogen). Gels were transferred to aPVDF mem-
brane that was blocked with PBS-T (PBS1X and 0.1% Tween-20) contain-
ing 5% milk and 1% BSA for 1 h at room temperature and blotted witha
rabbitanti-FLAG antibody (1:3,000; Proteintech 20543-1-AP) overnight
at4 °C.Membranes were thenincubated with agoat-anti-rabbit IRDye
6800RD secondary antibody (LI-COR) and were scanned ina ChemiDoc
Imaging system (Bio-Rad).

Protein expression and purification

S. cerevisiae dynein. Protein purification steps were done at 4 °C
unless otherwise indicated. S. cerevisiae dynein constructs were puri-
fied from . cerevisiae using a ZZ tag as previously described®’. Briefly,
liquid-nitrogen-frozen yeast cell pellets were lysed by grinding in a
chilled coffee grinder and resuspended in dynein-lysis buffer supple-
mented with 0.1 mM Mg-ATP, 0.5 mM Pefabloc, 0.05% Triton X-100, and
cOmplete EDTA-free protease inhibitor cocktail tablet (Roche). The
lysate was clarified by centrifuging at 264,900g for 1 h. The clarified
supernatant was incubated with IgG Sepharose beads (GE Healthcare
Life Sciences) for 1 h. The beads were transferred to a gravity flow
column, washed with dynein-lysis buffer supplemented with 250 mM

potassium chloride, 0.1 mM Mg-ATP, 0.5 mM Pefabloc, and 0.1% Triton
X-100, and with TEV buffer (10 mM Tris-HCI pH 8.0, 150 mM potassium
chloride, 10% glycerol,1 mM DTT, and 0.1 mM Mg-ATP). Dynein was
cleaved fromIgGbeads viaincubation with 0.15 mg mL TEV protease
(purified in the Reck-Peterson lab) overnight at 4 °C. Cleaved dynein
was concentrated using 100 kDa MWCO concentrator (EMD Millipore),
filtered by centrifugation with Ultrafree-MC VV filter (EMD Millipore)
inatabletop centrifuge, and flash frozen in liquid nitrogen.

S. cerevisiae Lis1. S. cerevisiae Lisl was purified from S. cerevisiae
using 8xHis and ZZ tags as previously described®. In brief,
liquid-nitrogen-frozen pellets were ground in a pre-chilled coffee
grinder, resuspended in buffer A (50 mM potassium phosphate
pH 8.0, 150 mM potassium acetate, 150 mM sodium chloride, 2 mM
magnesium acetate, 5 mM B-mercaptoethanol, 10% glycerol, 0.2%
Triton X-100, 0.5 mM Pefabloc) supplemented with 10 mM imidazole
(pH 8.0) and cOmplete EDTA-free protease inhibitor cocktail tablet,
and spun at118,300g for 1 h. The clarified supernatant was incubated
with Ni-NTA agarose (QIAGEN) for 1 h. The Ni beads were transferred
toagravity column, washed with buffer A + 20 mMimidazole (pH 8.0),
and eluted with buffer A + 250 mMimidazole (pH 8.0). The eluted pro-
tein was incubated with IgG Sepharose beads for 1 h. IgG beads were
transferred to agravity flow column and washed with buffer A + 20 mM
imidazole (pH 8.0) and with modified TEV buffer (50 mM Tris-HCI
pH 8.0, 150 mM potassium acetate, 2 mM magnesium acetate, 1 mM
EGTA,10%glycerol,1 mMDTT). Lisl was cleaved from the IgG beads by
theaddition of 0.15 mgmL TEV protease (purified in the Reck-Peterson
lab) for1hat16 °C. Cleaved proteins were filtered by centrifuging with
Ultrafree-MC VYV filter (EMD Millipore) in a tabletop centrifuge and flash
frozeninliquid nitrogen.

Human dynein. Full-length human SNAP-tagged dynein was expressed
in Sf9 cells, as described previously". Briefly, frozen Sf9 cell pellets
from 2x 600 mL culture were resuspended in 80 mL of dynein-lysis
buffer with 0.1 mM Mg-ATP, 0.5 mM Pefabloc, 0.05% Triton X-100, and
cOmplete EDTA-free proteaseinhibitor cocktail tablet (Roche) andlysed
using a Dounce homogenizer (10 strokes with a loose plunger and
15strokes withatight plunger). The lysate was clarified by centrifuging
at183,960g for 88 min in a Type 70 Ti rotor (Beckman). The clarified
supernatant was incubated with 4 mL of IgG Sepharose 6 Fast Flow
beads (GE Healthcare Life Sciences) for 3-4 h on a roller. The beads
were transferred to a gravity flow column, washed with 200 mL of
dynein-lysis buffer and 300 mL of TEV buffer (50 mM Tris-HCI pH 8.0,
250 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA,
1mM DTT, 0.1 mM Mg-ATP, 10% (vol/vol) glycerol). For fluorescent
labeling of the C-terminal SNAPftag, dynein-coated beads were labeled
with 5 uM SNAP-Cell-TMR (New England Biolabs) in the column for
10 min at room temperature, and unbound dye was removed with a
300 mLwashwith TEV buffer at4 °C. The beads were then resuspended
andincubatedin 15 mL of TEV buffer supplemented with 0.5 mM Pefa-
blocand 0.2 mg mL' TEV protease (purified in the Reck-Peterson lab)
overnight onaroller. The supernatant containing cleaved protein was
concentrated using a100 kDaMWCO concentrator (EMD Millipore) to
500 pL and purified via size-exclusion chromatography on a TSKgel
G4000SWXL column (TOSOH Bioscience) with GF150 buffer (25 mM
HEPES pH7.4,150 mM potassium chloride,1 mM magnesium chloride,
5mM DTT, 0.1 mM Mg-ATP) at 1 mL min™. The peak fractions were
collected, buffer-exchanged into a GF150 buffer supplemented with
10% glycerol, concentrated to 0.1-0.5 mg mL ' usinga100 kDaMWCO
concentrator (EMD Millipore). Purity was evaluated on SDS-PAGE gels,
and proteinaliquots were snap frozeninliquid N, and stored at -80 °C.

Human dynactin. Dynactin (p62-HaloTag-3xFLAG) was purified froma
stable 293T cellline, as previously described"">". Briefly, frozen pellets
from293T cells (160 x 15-cm plates) were resuspended in dynein-lysis
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buffer supplemented with 0.1 mM Mg-ATP, 0.5 mM Pefabloc, 0.05%
Triton, and cOmplete EDTA-free protease inhibitor cocktail tablet
(Roche), and gently mixed at 4 °C for 15 min. The lysed cells were then
centrifuged at 500,000gin a Ti70 rotor (Beckman) at 4 °C for 30 min.
Theclarified lysate was retrieved and added to 3 mL packed anti-FLAG
M2 agarose resin (Sigma) and incubated with gentle mixing at 4 °C
for 16 h. After incubation, the lysate-resin mixture was centrifuged
at1,000g for 2 min at 4 °C to pellet the resin, and the supernatant
was decanted. The resin was transferred to a column at 4 °C, and the
columnwas washed with 100 mL low-salt wash buffer (30 mM HEPES,
pH 7.4; 50 mM potassium acetate; 2 mM magnesium acetate; 1 mM
EGTA, pH7.5;10% glycerol; 1mM DTT; 0.5 mM ATP; 0.5 mM Pefabloc;
0.02% Triton X-100), 100 mL high-salt wash buffer (30 mM HEPES,
pH 7.4; 250 mM potassium acetate; 2 mM magnesium acetate; 1 mM
EGTA, pH7.5;10% glycerol; 1mM DTT; 0.5 mM ATP; 0.5 mM Pefabloc;
0.02% Triton X-100), and finally with 50 mL of low-salt wash buffer. The
resin was resuspended in 800 L of low-salt wash buffer containing
2 mg mL"'3x-FLAG peptide (ApexBio) and incubated for 30 min at
4 °C.The mixture was retrieved and centrifuged through a smallfilter
column to remove the resin. The eluate was then loaded onto aMono
Q5/50 GL1 mL columnonan AKTA FPLC (GE Healthcare). The column
waswashed with 5 mL of Buffer A (50 mM Tris-HCI, pH 8.0; 2 mM mag-
nesiumacetate;1 mMEGTA;1 mMDTT) and thensubjectedtoa26 mL
linear gradient from 35-100% Buffer B mixed with Buffer A (Buffer
B =50 mM Tris-HCI, pH 8.0; 1 M potassium acetate; 2 mM magnesium
acetate; 1mM EGTA; 1mM DTT), followed by an additional 5 mL100%
Buffer B. Fractions containing pure dynactin (~75-80% Buffer B) were
pooled and buffer-exchanged throughiterative rounds of dilution and
concentration on a100 kDa MWCO centrifugal filter (Amicon Ultra,
Millipore) using GF150 buffer with 10% glycerol. Purity was evaluated
on SDS-PAGE gels and protein aliquots were snap frozen in liquid N,
andstored at -80 °C.

Human LIS1. LIS1 constructs were purified from frozen sf9 cell pellets
froma 600 mL culture, as described previously®®. Lysis and clarifica-
tion steps were similar to full-length dynein purification except lysis
was performed in LIS1-lysis buffer 30 mMHEPES pH 7.4, 50 mM potas-
sium acetate, 2 mM magnesium acetate,1 mM EGTA, 300 mM potas-
sium chloride, 1 mM DTT, 0.5 mM Pefabloc, 10% (vol/vol) glycerol)
supplemented with cOmplete EDTA-free protease inhibitor cocktail
tablet (Roche) per 50 mL was used. The clarified supernatant was incu-
bated with 0.5 mL of IgG Sepharose 6 Fast Flow beads (GE Healthcare
Life Sciences) for 2-3 hourson aroller. The beads were transferred to
agravity flow column, washed with 20 mL of LIS1-lysis buffer, 100 mL
of modified TEV buffer (10 mM Tris-HCI pH 8.0, 2 mM magnesium
acetate, 150 mM potassium acetate, 1 mM EGTA, 1 mM DTT, 10%
(vol/vol) glycerol) supplemented with 100 mM potassium acetate,
and 50 mL of modified TEV buffer. LIS1 was cleaved from IgG beads
via incubation with 0.2 mg mL™" TEV protease overnight on a roller.
The cleaved LIS1 was filtered by centrifuging with an Ultrafree-MC VV
filter (EMD Millipore) in a tabletop centrifuge. Purity was evaluated
on SDS-PAGE gels, and protein aliquots were snap frozenin liquid N,
and stored at-80 °C.

Human BICD2. BICD2 construct containing N-terminal sfGFP was
expressed and purified as previously described”. In brief, BL-21[DE3]
cells (New England Biolabs) were grown at optical density at 600 nm of
0.4-0.6, and protein expression was induced with 0.1 mMIPTGfor16 h
at18°C.Frozencell pelletfroma2 L culture was resuspended in 60 mL
of lysis buffer (30 mM HEPES pH7.4, 50 mM potassium acetate, 2 mM
magnesium acetate,1 MM EGTA,1 mMDTT and 0.5 mM Pefabloc,10%
(vol/vol) glycerol) supplemented with cOmplete EDTA-free protease
inhibitor cocktail tablet (Roche) per 50 mL and 1 mg mL™ lysozyme.
Theresuspension was incubated onice for 30 min and lysed by sonica-
tion. The lysate was clarified by centrifuging at 500,000g for 30 minin

Type 70 Tirotor (Beckman). The clarified supernatant was incubated
with 2 mL of IgG Sepharose 6 Fast Flow beads (GE Healthcare Life Sci-
ences) for 2 hon aroller. The beads were transferred into a gravity
flow column, washed with 100 mL of activating-adapter-lysis buffer
supplemented with 150 mM potassium acetate and 50 mL of cleav-
age buffer (50 mM Tris-HCI pH 8.0,150 mM potassium acetate,2 mM
magnesiumacetate,1 mMEGTA,1 mMDTT, 0.5 mM Pefabloc, and10%
(vol/vol) glycerol). The beads were then resuspended and incubated in
15 mL of cleavage buffer supplemented with 0.2 mg mL' TEV protease
overnight onaroller. The supernatant containing cleaved proteinwas
concentrated using a 50 kDa MWCO concentrator (EMD Millipore)
to 1 mL, filtered by centrifuging with Ultrafree-MC VV filter (EMD
Millipore) inatabletop centrifuge, diluted to2 mLin buffer A (30 mM
HEPES pH 7.4, 50 mM potassium acetate, 2 mM magnesium acetate,
1mMEGTA, 10% (vol/vol) glycerol,and1mM DTT), and injected into a
MonoQ 5/50 GL column (GE Healthcare and Life Sciences) at 1 mLmin .
The column was prewashed with 10 CV of buffer A, 10 CV of buffer
B (30 mM HEPES pH7.4,1 M potassium acetate, 2 mM magnesium
acetate,1mMEGTA, 10% (vol/vol) glycerol,and 1 mM DTT) and again
with 10 CV of buffer A at 1 mL min™’. For elution, a linear gradient was
run over 26 CV from 0-100% buffer B. The peak fractions containing
sfGFP-BICD2s were collected and concentrated using a 50 kDaMWCO
concentrator (EMD Millipore) to 0.2 mL. Protein was then diluted
to 0.5 mL in GF150 buffer and further purified using size-exclusion
chromatography on a Superose 6 Increase 10/300GL column (GE
Healthcare and Life Sciences) with GF150 buffer at 0.5 mL min™. The
peak fractions were collected, buffer-exchanged into a GF150 buffer
supplemented with10% glycerol, concentrated to 0.2-1 mg mL using
a 50 kDa MWCO concentrator (EMD Millipore), and flash frozen in
liquid nitrogen.

TIRF microscopy

Imaging was performed with an inverted microscope (Nikon, Ti-E
Eclipse) equipped witha100%1.49 N.A. oilimmersion objective (Nikon,
Plano Apo). The xy position of the stage was controlled by ProScan lin-
ear motor stage controller (Prior). The microscope was equipped with
an MLC400B laser launch (Agilent) equipped with 405 nm (30 mW),
488 nm (90 mW), 561 nm (90 mW), and 640 nm (170 mW) laser lines.
The excitation and emission paths were filtered using appropriate sin-
glebandpassfilter cubes (Chroma). The emitted signals were detected
with an electron multiplying CCD camera (Andor Technology, iXon
Ultra 888). lllumination and image acquisition was controlled by NIS
Elements Advanced Research software (Nikon).

Single-molecule motility assays

Single-molecule motility assays were performed in flow chambers using
the TIRF microscopy setup described above. To reduce non-specific
binding biotinylated and PEGylated coverslips (Microsurfaces) with
microtubules polymerized from tubulin prepared from bovine brain,
aspreviously described”. Microtubules contained ~-10% biotin-tubulin
toallowforattachmentto streptavidin-coated coverslip and ~10% Alexa
Fluor 488 (Thermo Fisher Scientific) tubulin for visualization. Imaging
was done in dynein-lysis buffer supplemented with 20 pM taxol, 1 mg
mL " casein,5 mM Mg-ATP, 71.5 mM B-mercaptoethanol, and an oxygen
scavenger system containing 0.4% glucose, 45 pg mL” glucose catalase
(Sigma-Aldrich), and 1.15 mg mL™ glucose oxidase (Sigma-Aldrich).
Images were recorded every 0.3 s for 3 min. Movies showing significant
drift were not analyzed.

Allmovies were collected by measuring TMR-dynein signal with
the following protein concentrations: 83.5 pM TMR-dynein, 665 pM
unlabeled dynactin, 5nM BICD2, and 300 nM LIS1. For conditions
missing LIS1, the corresponding matching buffer was used. The dynein,
dynactin, and BICD2 complexes were incubated onice for 10 min prior
to LIS1orbufferaddition. Each protein mixture was thenincubated on
ice for an additional 10 min prior to TIRF imaging.
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TIRF motility data analysis

The velocity of moving particles was calculated from kymographs
generated in Fiji as described previously*. Velocities were calculated
only from molecules that moved processively (continuously moving
along a microtubule track) for more than five frames. Non-motile or
diffusive events were not considered in velocity calculations. Proces-
sive events were defined as events that move unidirectionally and do
not exhibit directional changes greater than 600 nm. Diffusive events
were defined as events that exhibit atleast one bidirectional movement
greater than 600 nm in each direction. Static events were defined as
events that do not exhibit movement (less than 600 nmin each direc-
tion). Single-molecule movements that change apparent behavior
(for example, shift from non-motile to processive) were considered
multi-velocity events and counted as multiple events. Processive runs
were calculated by counting the number of processive events for each
microtubule in individual movies and dividing this number by the
microtubule length. The percentage of diffusive events was calculated
as diffusive events/ (diffusive + stationary + processive) x 100.

Statistical analysis

Brightness and contrast were adjusted in Fiji for allimages, videos, and
kymographs. All statistical tests were generated using GraphPad Prism
9. The exact value of n, evaluation of statistical significance, P values,
and specific statistical analysis are described in the corresponding
figures and figure legends. All TIRF experiments were analyzed from
fourindependentreplicates, and individual analysis of each replicate
showed similar results. For velocity analysis, frequency distributions
were first calculated for eachreplicate, and datawere fit to a Gaussian
distribution to calculate mean values. Nuclear segregation assays
in Figure 4c included 8-12 biological replicates from independent
cultures per condition. Statistics were generated for all biological
replicates (8-12) within each condition. Nuclear segregation assay
analysis for Figure 4c,iincluded three biological replicates frominde-
pendent cultures for each condition, and statistics were generated for
the three biological replicates within each condition using a one-way
ANOVA with Tukey’s multiple comparisons test of each mean. Live-cell
imaging experiments to assess dynein localization include three bio-
logical replicates from three independent cultures. Each replicate
included >40 mid-stage mitotic cells with an n of at least 120 cells per
condition. Each cell was assessed for the number of dynein foci at the
cortex, spindle pole body or microtubule tips. Statistical analysis was
performed on the means of each biological replicate using a one-way
ANOVA with Tukey’s multiple comparison test.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Cryo-EM maps and molecular models have been deposited in the EM
Data Bank and Protein Data Bank, respectively. Accession codes are
listed here and in Table 1. Dynein®***?bound to Lis1 in Chi conforma-
tion: EMD-27810 and PDB 8DZZ; dynein®***?bound to Lisl in Chi con-
formation, symmetry expanded: EMD-27811 and PDB 8E0QO. All other
data will be made available upon request. Source data are provided
with this paper.
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Extended Data Fig. 1| Cryo-EM data processing workflow. a, Processing followed by local refinement map of dynein®*%2-(Lis1),. e, Local refinement of
workflow for Chi. Particles belonging to teal maps were carried into the next symmetry expanded dynein®*%%-(Lis1), colored by local resolution. f, FSC plot
round of processing. b, Cryo-EM map of Chi (dynein***?-Lis1), colored by local forlocal refinement map.

resolution. ¢, Fourier shell correlation (FSC) plot for Chi. d, Symmetry expansion
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Lis1-stalk,

dynein,

Extended Data Fig. 2| The wild-type yeast dynein motor domain can form
Chiinthe presence of ATP. a, Class average from a data set of wild-type yeast
dynein motor domain incubated in the presence of Lis1 and ATP. b, Our model
of Chi, rendered as a surface at 10 A resolution, shown in the same orientation as

Lis1-stalk, 100° 90°

c dynein, dynein,

£ b
Lis1-stalk,

the class average in (a), which corresponds to Chibeing viewed from the stalks
and towards the motor domains. ¢, The modelin (b) is rotated to show a more
canonical view of Chi. Note that Lis1-stalk, appears to have partial density in the
class average.
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Extended Data Fig. 3| Binding of Lis1 to dynein s sterically incompatible
with Phi. a, Phi dynein (PDB 5SNUG) was aligned to dyneinlin Chi, which is shown
ingray in this panel. Phi’s dynein,, shownin color, clashes with the Lis1 bound at

site,;,; in Chi’s dynein,. b, Close up of our model of Chi equivalent to the viewiin
(a), showing Lisl bound at site,;,, on dynein,. Part of dynein,, with which the Lisl at
sitey,g interacts in Chi, is also shown.
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Extended Data Fig. 4 | The conformation of the linker is different in Chiand the different positions of the linker. d, e, The N-termini of the linker adopt
Phi. a, The linker docks onto AAA2 and AAA3 in Phi. b, In contrast, the linker is different paths in Phi (d) and Chi (e). f, Overlay of Phi (d) and Chi (e) shows how
disengaged from the AAA ring in Chi. ¢, Overlay of Phi (a) and Chi (b) highlights the linkers are pulled apartin Chi.
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Extended Data Fig. 5| Western blot analysis of Lisl mutant expression.

a, Celllysates from wild type (WT), Lis1A or mutant Lis1 (Lis1"?3*, Lis1"*%°

and Lis1"*AY880) § cerevisiae strains containing Flag-tagged Lis1 (Pacl) were
immunoprecipitated using anti-Flag agarose beads and immunoblotted for

the FLAG peptide (a-FLAG). b, Quantitative analysis (mean +s.e.m.) of Lis1
expression (a-FLAG band) normalized against the non-specific band observed at

~75KDafor three independentimmunoprecipitations. Statistics were generated
using a One-way ANOVA with Tukey multiple comparisons of each mean test.
“**WT and ALisl, ALis1and Lis1****, ALisl and Lis1"?*8?, ALis1and Lis1"*3* 28D

p <0.000L1. Differences not noted are not statistically significant. Source data are
provided with the manuscript.
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Extended Data Fig. 6 | Chi mutations in human LIS1. a, Sequence conservation arerepresented as triangles, circles, and squares, corresponding to the mean

between S. cerevisiae (S. cer) and human (H. sap) Lisl in the vicinity of the dynein diffusive events measured within each technical replicate. Four replicates per
binding site in the Chi structure. Residues with 70% conservation or higher are condition were collected and the number of data points (n) per each replicate is
shaded in light red. The residues mutated in this study: N203, D205, Y225, and listed (no LIS1, n =14/20/20/8; LIS1, n = 7/16/7/5; LISIN?03A D205AY225A 1y = 15/7/16/9;
D245 are highlighted by red boxes. b, Sodium dodecyl sulfate-polyacrylamide LISIN203A.D205A.D245A 'y = 17/9/17/9).** no LIS1and LISIN?93*P205A.D245A b — 9 0051, * no
gelelectrophoresis (SDS-PAGE) of the human LIS1 constructs used for motility LIS1and LISIN?03A-D205AY225A 5 = 0 017, * LIS1 and LISIN2034D205A.D245A+x 5 = 0 025 ns,
assays. ¢, Comparison of percent diffusive events (mean + SEM) from single- not statistically significant, One-Way ANOVA with Tukey multiple comparisons of
molecule TMR-dynein-dynactin-BICD2 assays performed in the absence (white each mean. Source data are provided with the manuscript.

circle) or presence (blackcircle) of different LIS1 constructs. The data points

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

®
nature portrolio :
p . Andres E. Leschziner and Samara L. Reck-Peterson

Corresponding author(s):

Last updated by author(s): 2023-07-03

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

)
QO
]
(e
(D
o
(@)
=
S
S
-
(D
o
O
=
>
(@)
wv
(e
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Fluorescent images and motility assays were collected on microscopes with NIS-Elements (Nikon). Cryo-EM data was collected on a Titan Krios (FEI),

Data collection where automated collection was executed by SerialEM, and Talos Arctica, where automated collection was executed using Leginon.

X We used Microsoft Excel for Mac (V 16.70) , Prism v9 (Graphpad), Fiji (NIH; Version 2.1.0/1.53c) for data and image analysis and plotting. Cell images were generated in Fiji
Data analy5|s and cropped and resized in Photoshop 2023 (Adobe; version 24.6.0). Structure images and movies were generated with UCSF Chimera X. Structural data were processed
using UCSF MotionCor2, Relion 3.0, crYOLOS5, cryoSPARC, COOT8, Phenix real space refine 7, CTFFIND4 and Rosetta Relax (v.13). lllustrations were made in lllustrator CC
(Adobe).
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The authors declare that all data supporting the findings of this study are found within the manuscript and extended supplementary information. Source data are
included with the manuscript. Structural data was deposited to EMDB and PDB (EMD-27810; PDB 8DZZ and EMD-2781;PDB 8E00). PDB: 5NUG and 7MGM
models were used for analysis.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample sizes were chosen so as to provide confidence and statistical power to our experimental findings. Each experiment was repeated at least threg
independent times and a large number of cells or events was included for each biological and technical replicate. All data points collected befitting the
criteria outlined in our materials and methods were included in our analysis.

Sample size

Data exclusions Data were excluded in our in vitro motility assay analysis based on criteria outlined in our Materials and Methods. Specifically: Velocities were only
calculated from molecules that moved processively for greater than 5 frames. Non-motile or diffusive events were not considered in velocity
calculations

Replication Analyses of cellular assays were blinded. Experiments included at least 3 biological replicates and up to 12. Data are plotted as superplots to
allow transparency regarding variations with each replicate. All replicates produced the consistent results.

Randomization Randomization is not applicable to this study because we do not work with test subjects, but rather cell populations and purified protein
components. Some randomization was introduced where appropriate. For example, in live cell imaging experiments, motility assays or nuclear
segregation assays, the order of sample imaging was random for each replicate.

Blinding Researchers were blinded before acquisition of all cellular data to prevent potential biased selection of cells for imaging. Unbliding occurred only
after analyses were completed.
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All studies must disclose on these points even when the disclosure is negative.

Study description N/A

Research sample
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Sampling strategy N/A
Data collection N/A
Timing and spatial scale

N/A
Data exclusions N/A
Reproducibility N/A
Randomization N/A
Blinding N/A

Did the study involve field work? [] Yes [X] No

Field work, collection and transport

Field conditions N/A
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| |X| Antibodies |:| ChiIP-seq

|:| |X| Eukaryotic cell lines |X] |:| Flow cytometry

K‘ |:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| Animals and other organisms

K‘ |:| Clinical data

|X| |:| Dual use research of concern

Antibodies
Antibodies used Anti Flag tag Rabbit Polyclonal Antibody from Proteintech (20543-1-AP, Lot# 00093376), goat anti-rabbit IRDye 680RD
from LI-COR( 926-68071)
Validation The anti-Flag tag antibody were validated because it did not recognize lysates from yeast strains where FLAG-

Lis1 was deleted (see western blots in EDF4). Goat anti-rabbit IRDye 680RD secondary antibody has been
validated by the manufacturer (LI-COR)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Sf9 (Spodoptera frugiperda) cells (S-900™ 1l SFM, cat #11496015) were purchased from Thermo Fisher. Flp-In™ T-REx™
293 (cat# R78007; Thermofisher) cells stably expressing p62-Halo Tag-3XFLAG were previously created in the Reck-
Peterson lab (Redwine et al, 2017).

Authentication None

Mycoplasma contamination Routinely tested and found negative for mycoplasma

Commonly misidentified lines No commonly misidentified cell lines were used in this study
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance

N/A
Specimen deposition N/A
Dating methods

N/A

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals N/A
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All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration N/A

Study protocol N/A
Data collection N/A
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Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
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