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Dynein-1is a microtubule motor that transports numerous cytoplasmic

cargoes. Activation of motility requires it first overcome an autoinhibited
state before its assembly with dynactin and a cargo adaptor. Studies suggest
that Lis1 may relieve dynein’s autoinhibited state, although evidence for
thisislacking. We first determined the rules governing dynein-Lisl binding,
revealing that their binding affinity is regulated by the nucleotide-bound
states of each of three nucleotide-binding pockets within dynein. We

also found that distinct nucleotide ‘codes’ coordinate their binding
stoichiometry by impacting binding affinity at two different sites within the
dynein motor domain. Electron microscopy revealed that aldynein:1 Lisl
complex directly promotes an uninhibited conformational state of dynein,
whereas al:2 complex resembles the autoinhibited state. Cryo-electron
microscopy revealed that the structural basis for Lis1 opening dynein relies
oninteractions with the linker domain. Our work reveals the biochemical
basis by which Lis1 relieves dynein autoinhibition.

Cytoplasmic dynein-1is important for numerous processes, includ-
ing tissue morphogenesis and error-free mitosis'. This minus-end-
directed motor complex, which comprises light, light-intermediate,
intermediate and heavy chains, transports numerous cargoes, includ-
ing membrane-enclosed vesicles, RNAs and the nucleus. To engage in
processive transport, dynein must first associate with dynactin and a
cargo adaptor protein®’. As a consequence of linking dynein to dynactin
and a cargo, these latter molecules activate dynein motility*.

As a check against the inappropriate delivery of cargoes, dynein
and its regulators use numerous means of regulation. Among them
are autoinhibitory mechanisms for the dynactin complex, as well as
for several of the adaptor proteins*°. Dynein itself adopts an autoin-
hibited conformation referred to as the ‘phi’ particle (because of its
resemblance to the Greek letter)" . The phi conformation or analo-
gous states have been observed for cytoplasmic dynein-1, dynein-2
(refs.14,15) and the axonemal outer-arm dynein'. Although somewhat
different, these states allinvolve intracomplex contacts between vari-
ous dynein complex subunits and reduce the ability of dynein to bind

microtubules and/or assemble into motile dynein-dynactin-adaptor
(DDA) complexes'>™*¢,

Although relief of autoinhibition is required for assembly of
dynein-1into motile DDA complexes'?, how this occurs is unclear.
Recent studies have suggested that the phi particle can be ‘opened’
by the lissencephaly-related protein Lis1 (refs. 13,17-20), a critical
conserved regulator of dynein. In addition to this proposed func-
tion, Lisl also helps link dynein to dynactin during assembly of DDA
complexes®”"® and promotes the association of dynein-dynactin with
the plus ends of dynamic microtubules??*, which is thought to be
important for their delivery to various cargoes®®**?. Arole for Lislin
opening phidynein or somehow stabilizing the open stateis based on
compelling butindirect evidence.

A complicating factor may be anincomplete understanding of the
rules governing dynein-Lisl binding and the consequent inability to
directly correlate the Lisl-bound state of dynein with the open versus
phi state. Moreover, Lisl appears to have variable dynein-binding
modes: oneinwhichasingle Lis1 WD40 domainisbound to the dynein
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motor and another in which two WD40s from a Lis1 dimer are bound
to a single motor domain®*~', Although evidence suggests that the
nucleotide-boundstate of dynein coordinates Lis1 binding?>***, much
remains unknown. For example, it is well established that ATP plus
vanadate (ATP-Vi; which mimics an ADP-Pi state**) stimulates dynein-
Lis1binding™. In addition, we recently made the confounding finding
that both AMPPNP (a nonhydrolyzable ATP analog) and apo (nucleo-
tide depletion) conditions promote their binding®. These seemingly
contradictory results are likely a result of dynein possessing multiple
ATP-binding modules® (thatis, ATPase associated with various cellular
activities (AAA) domains), thus complicating the determination of the
exact nucleotide state of the motor domainin previous studies. There-
fore, tounderstand whether and how Lis1 affects dynein autoinhibition,
itisimportant that we first clarify the rules governing their binding.

In this study, we use a combination of biochemical and elec-
tron microscopy (EM)-based approaches to understand the rules
and the consequences of dynein-Lisl binding. We find that the
nucleotide-bound states of AAA1, AAA3 and AAA4 all coordinate to
affect dynein-Lis1 binding affinity. Inaddition to affecting the strength
ofbinding, we find that specific nucleotide ‘codes’impact dynein-Lisl
binding stoichiometry and determine whether Lis1 binding promotes
an ‘open’ state of dynein. We use cryo-EM to resolve the structural
details that account for Lisl opening phi dynein and cell biological
tools toassess the consequences of disrupting this process. Our results
support a model in which Lisl can indeed open and/or stabilize an
uninhibited conformation of dynein but only when the AAA domains
areinspecific nucleotide-bound states.

Results

Microtubules and nucleotides impact dynein-Pacl binding

We recently found that locking dynein in a microtubule-bound
conformation (MT-B; Fig. 1a) greatly reduces dynein-Pacl (yeast
homolog of Lis1) and dynein-Lisl binding affinity compared to a
microtubule-unbound (MT-U) state®. Although different nucleotide
conditions change the relative binding of Pacl and Lis1 to both the
MT-U and MT-B mutants, the MT-U state exhibits higher affinity for
Pacl and Lis1in most cases (Fig. 1). This led us to ask two questions.
Firstly, at which AAA module is each nucleotide condition acting to
affect dynein-Pacl binding? Secondly, does nucleotide occupancy at
any ofthe AAA domains affect the MT-B/U state to govern dynein-Pacl
binding affinity? To address these questions, we assessed the binding
of full-length Pacl (a constitutive dimer) to truncated monomeric MT-U
and MT-B dynein motors (dyneiny,qror) Withmutations that render each
AAA moduleeither unable to bind nucleotide (by mutating the Walker
A motif, ‘WA’) or unable to hydrolyze ATP (by mutating the Walker B
motif, ‘WB’; Fig. 1a). We mutated the primary site for ATP hydrolysis
(AAA1)*, as well as the two other AAA domains that possess ATPase
activity (AAA3 and AAA4)* ",

We mixed equimolar concentrations of dyneinygrog and Pacl
in different nucleotide conditions and quantitatively assessed the
proportion of unbound and bound species by mass photometry.
As we noted previously”, two distinct complexes become apparent:
a1 dyneinygror:1 Pac1¥™ complex (expected mass =513 kDa) and a
second species that isindicative of a 2 dyneinygror:1 Pacl®™ complex
(expected mass = 872 kDa) (Fig. 1b and Extended Data Fig. 1a)*'. We
refer to these latter species as 2:1complexes.

In almost all cases, the MT-U mutants bound Pacl to a greater
extent than the corresponding MT-B mutant (Fig. 1c-j and Extended
Data Figs. 1-3). Because of the poorer binding of most of the MT-B
dyneins to Pacl, we focus our analysis on the MT-U data. Our results
show thatboth nucleotide-bound and unbound (apo) AAAland AAA3
pockets stimulate Pacl binding, albeit to different extents and in differ-
entratios. Whereas the AAA1"® and AAA3"® mutants robustly assemble
1:1 complexes with Pacl (Fig. 1d,e), the corresponding WA mutants
assemble 2:1complexes (Fig.1h,i). Our results furtherindicate thatboth
apo-AAAl and apo-AAA3 (that is, AAA1Y* and AAA3Y*) must possess
atleast one other nucleotide-bound AAA pocket for maximal 2:1 Pacl
binding, as apo conditions reduced this complex for each (for example,
apofor AAA1"*and AAA3"A; Fig. 1h,i). In the case of AAA3™*, ATP or ADP
were required for maximal 2:1complex formation.

Whereas the MT-U AAA4“* mutant binds Pacl poorly in most con-
ditions (except ATP-Vi and apo), the MT-U AAA4"® mutant exhibits a
similar pattern of 1:1complex formation to the wild-type (WT) motor.
This indicates that the AAA4 pocket must be bound to nucleotide for
dynein to adopt a high-Pacl-affinity state. Furthermore, whereas the
MT-UAAA4"* and AAA4"® mutants assemble low levels of 2:1 complexes
in most cases, apo conditions stimulate this binding, suggesting an
apo-AAA4 can promote assembly of this particular complex.

We next assessed the consequences of combining the AAAl and
AAA3 mutations. Although the single AAA1"YA mutant assembles the
2:1 complex to a high degree (Fig. 1k), pairing this mutation with
either AAA3"* or AAA3"® leads to poor Pacl binding (Fig. 11). On the
other hand, we observed even higher levels of Pacl binding when we
combined AAA1"®with either AAA3"* or AAA3“E, Whereas the former
assembles both 1:1and 2:1 complexes with Pacl, the latter almost exclu-
sively assembles 1:1complexes. Although AAA3is acritical regulator of
binding stoichiometry, we note oneinstanceinwhich AAAlcanalsodo
so; when the AAA3"*single mutant is treated with ATP-Vi, we observe
low degrees of 2:1 complex assembly but high levels of 1:1 binding
(Fig. 1e,i). Given that AAAL is the likely site at which ADP-Vi binds®"**,
these dataindicate that AAAl and AAA3 both affect the affinity and
stoichiometry of dynein-Pacl binding (Fig. 1m,n).

In almost all cases (with apo conditions for many of the mutants
being one exception), the MT-U state binds Pacl to a greater extent
thanthe corresponding MT-B state, which is consistent with the model
that microtubule binding by dyneinreduces dynein-Pacl/Lis1 binding

Fig.1| Therole of the AAA WA and WB motifs in dynein-Pacl binding.

a, Cartoondepicting a microtubule-bound full-length dynein complex
(withatranslucent Paclto indicate region of binding) and monomeric
dyneinygror domains used for binding assays. The fragments were engineered
tobelocked in either amicrotubule-unbound (MT-U) or -bound (MT-B)
conformation by replacing the microtubule-binding domain (MTBD) with arigid
coiled-coil derived from seryl tRNA synthetase (SRS®“)**%. b, Representative
mass histograms obtained from mass-photometry-based binding experiments
with WT and AAA3"A mutant (K2424A) dyneinyoro"" ¥ and dyneinygro™®.

c-1, Plots depict results (mean + s.d. along with individual data points) from
mass photometry binding assays. Plots indicate the fraction of motors within
the 523-kDa peak, which corresponds to 1Pac14™":1 dyneinyoros monomer
complexes (c-f k), or those within the 897-kDa peak, which correspondsto1
Pacl9™":2 dyneinyoror complexes (g-K). A cartoon schematic of complexesiis
shown above eachrespective peakin b (also see Extended Data Figs.1-3). For
c,g, fromleft toright, ny, = 4/4/5/4/5/5, Ryr.y = 4/4/5/4/5/6 and nyr., = 4/5/5/4/5/6
independent replicates; for d,h, from left to right, ny.. " = 7/6/5/4/5/7,

Ay = 5/5/5/4/5/4, nyro® = 9/8/5/4/4/5 and ny..g"® = 5/5/5/5/5/5 independent
replicates; for e,i, fromleft to right, ny.. " = 9/15/5/5/6/4, ny.s"* = 4/4/6/4/6/5,
nyro"® =4/6/5/4/5/4 and nys"® = 5/5/5/5/5/5 independent replicates; for f,j, from
left to right, ny..,"“* = 5/6/5/6/8/8, nyrs™™ = 5/5/5/5/5/6, nyry*® = 6/6/6/6/5/6 and
nyrs"® = 5/5/5/5/5/5 independent replicates; fork I, from left to right,

Ny ™™ = 6/5/5/5/4/5, iyrp™ " = 5/5/5/5/5/5, Ny ™V = 4/4/6/4/5/6, Ny s VE =
5/5/5/5/5/5, A" = 5/5/5/5/5/5, g™ = 5/5/5/5/5/5, iy *™"® = 5/5/5/5/5/5
and ny,.z"*"® = 5/5/5/5/5/5 independent replicates). m,n, Results from binding
assays indicate nucleotide conditions at each AAA domain that lead to maximal
binding of 1:1or 2:1complexes. Although a main determinant of 1:1versus 2:1
bindingis the nucleotide state of AAA3 (as indicated by *apo’ near AAA3),
AAAlalsohasakeyrole. Our data also suggest that an apo-AAA3 precludes
microtubule-binding-induced allostery from reducing the extent of 2:1 complex
assembly. Pvalues were calculated using an unpaired two-sided ¢-test with
Welch’s correction. ***P < 0.0001, **P < 0.0010, **P < 0.01and *P < 0.05; NS, not
significant (P> 0.05). In cases in which multiple datasets are cross-compared,
only the highest Pvalueis indicated (to simplify data presentation).
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affinity®. Thus, in most cases, the MT-U or MT-B state is dominant to
the nucleotide-bound state. However, one notable exceptionisin the
case of the AAA3"*mutants. Althoughboth single AAA3"* and double
AAAIYE;AAA3YA mutants exhibit reduced assembly of 1:1 complexesin
the context of the MT-B protein with respect to MT-U, thisis not the case
for the 2:1 complex. These data indicate that the 2:1 complex, which
isinduced in part by apo-AAA3, is refractory to MT-U/MT-B-induced
conformational differences (Fig.1n).

A Pacldimer bridges two monomeric motor domains

Negative-stain EM of the 2 dyneinyoror:1 Paclé™ complexes revealed
the presence of closely linked pairs of motor domains (Fig. 2a). The
motor domain pairs are sufficiently homogeneous that several of the
resulting class averages reveal detailed images of the motor domains
(Fig. 2b). Although the motors are held together with fairly consist-
ent spacing and conformational conformity, they exhibit notable
rotational freedom and exist in a roughly equal mixture of ‘aligned’
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(withthe coiled-coil ‘stalks’ pointing in the same direction) and ‘inverse’
configurations (with stalks pointing in opposite directions) (Fig. 2c).
We manually fit a previously obtained three-dimensional (3D) model
of a Pacl-bound monomeric motor domain?® to our images, which
permitted us toidentify densities corresponding to the motor domains
and the bound Pacl. We then manually docked various elements from
previous high-resolution structures, including the dynein-2 motor
domain®*, WD40 domains from Lisl (ref. 31), and the N-terminal LisH
domain* (Fig. 2¢).

Pacl WD40 domains within a dimer bind to two distinct sites
on a single dynein motor domain: one between AAA3 and AAA4
(site™®)?542 and another at the base of the coiled-coil stalk (sites**)*’.
The close alignment of our two-dimensional (2D) averages to that from
the 3D model®® strongly suggests that Pacl is likely bound to site"™"®.
Moreover, comparison of our 2D averages to a recent structure of
dynein bound to two Lisl WD40 domains® reveals a lack of density at
site®?* (Fig. 2d). To confirm this contact we generated three mutants:
(1) dyneinyoror fragments with substitutions at site®** or (2) site""®
that perturb Pacl binding®**?, and (3) Pacl with a substitution pre-
dicted to disrupt contacts at site®** but not site" (R247A) (Fig. 2e).
For experiments 1and 2, we used dyneinygoror"" fragments with the
native WT stalk and microtubule-binding domain (MTBD), whereas we
used dyneinygros"" VWA for the latter. These experiments revealed that
neither disruption of site®* nor the Pacl R247A substitution affects
assembly of the 2:1 complex (Fig. 2f,g). However, mutation of site™
eliminates this species, indicating that site™® but not site*™* isindeed
required for 2:1binding.

Nucleotide binding alters Pacl affinity at two dynein regions
Our data thus far suggest that the two different dynein-Pacl complexes
are a consequence of the two Pacl binding sites on dynein separately
modulating their affinity. In particular, we hypothesized that apo-AAA3
incombination with ADP-AAA1 simultaneously leads to higher binding
affinity for Pacl at site™ and lower affinity at site®*, ATP-AAA3 with
either ATP or ADP-Pi-bound AAAL, onthe other hand, leads to weakened
Pacl affinity at site™® and increased affinity at site**,

To test whether site™ changes affinity because of the AAA3 state,
we assessed the ability of monomeric Pacl WD40 domains (that is,
Pac1*N, which lacks the N-terminal dimerization domain) to bind to
dyneinygror. This fragment was found to specifically bind site"™ and
can thus be used to interrogate binding affinity at this site’®*!. We
observed very little binding between WT dyneinyq;oz and Pacl®V, except
in ATP-Vi and apo conditions (Extended Data Fig. 4a), indicating that
this fragment binds dynein with low affinity (likely because of lack of
avidity). However, we observed robust binding to the AAA3"* mutant
in all conditions except apo, indicative of apo-AAA3 promoting high
Pacl-binding affinity at site™®. If, instead of enzymatically deplet-
ing nucleotide, we simply reduced ATP concentrations by dilutionin
nucleotide-free buffer (to 10 pM), we observed robust binding for the
AAA3YA mutant. The same was true for the WT dynein motor. This is

consistent with AAA1 (and AAA4) requiring nucleotide for high-affinity
binding at site™™. In contrast to the AAA3"* mutant, we observed no
binding between the AAA3"® mutant and Pac1*Vin all conditions, con-
sistent with ATP-AAA3 lowering affinity at site™,

We next tested whether Pacl binding to site*®* is affected by the
nucleotide-bound state of AAA3. Consistent with the importance of
site*™*in dynein-Pacl bindingwhen AAA3isbound to ATP, we observed
reduced binding between Pac1***’*and the AAA3“® mutant (Extended
DataFig.4b). We observed asimilar reductioninbindingbetween WT
Pacland the AAA3"® dynein mutated at site®* (Extended Data Fig. 4c).
These dataare also supported by previous cryo-EM datashowing thata
site®*-bound Pac1 WD40 domain only becomes apparent when AAA3
is bound to ATP (through an AAA3Y® mutation)”. Taken together, our
data supportamodelin which Pacl-binding affinity at both site™& and
site*®*is modulated by the nucleotide-bound states of AAAland AAA3.

Nucleotide binding coordinates dynein-Pacl stoichiometry
Given that a dynein complex consists of two motor domains with
four Pac1 WD40 domain-binding sites (two site™ and two site*@*), we
wondered how the different dynein-Pacl binding modes described
above translate to such a context. We purified a well-characterized
glutathione S-transferase (GST)-dimerized dyneinyoror fragment with
or without AAA3"* or AAA3"® mutations and assessed their binding
to Pacl (Extended Data Fig. 5). Whereas the WT and AAA3"® mutant
assembled into 1 GST-dyneinygror:1 Pacl¥™ and 1:2 complexes, the
AAA3"* mutant formed predominantly 1 GST-dyneinygror:1 Pac14me
complexes.

Asexpected fromour dataabove, the AAA3"* mutant bound Pacl
best in the presence of ATP, AMPPNP and ADP, likely because of the
adoption of a high-Pacl-affinity state at site""®. In all these cases, we
observed an almost exclusive 1:1 stoichiometry of binding. This is
consistent with each WD40 domain of a Pacl dimer binding to site"™®,
with no binding at site®®, likely because of this latter site adopting a
low-affinity state. Of note, the AAA3"* mutant can assemble with two
Pacldimersinthe presence of ATP-Vi, conditions that promote strong
1dyneinygror:1 Pacl?™ binding and very little 2:1 binding (Fig. 1).

To determine whether these findings apply to the native dynein
complex, we purified full-length, intact complexes (WT, AAA3"* and
AAA3YB) from Sf9 cells. Mass photometry of the purified complexes
revealed masses 0f 1,255 +13 kDa, 1,257 + 11 kDa and 1,257 + 10 kDa for
the WT, AAA3"*and AAA3"“® mutants, respectively, which very closely
match the predicted mass of these complexes (1217 kDa). Pacl-binding
experiments with each revealed an identical nucleotide-dependent
patternfor the full-length dynein to that of GST-dyneinygrog (Fig. 3a-c).
Specifically, AMPPNP and ATP-Vistimulated assembly of both 1dynein:1
Pac19m and 1:2 species with the WT and AAA3"® mutant, whereas the
AAA3YA mutant assembled into 1:1 complexes in the presence of ATP
and ADP and 1:2 complexes in ATP-Vi conditions. Taken together, we
identify a nucleotide-dependent code that coordinates the assembly
of two distinct dynein-Paclcomplexes.

3WA

Fig.2|Pacl bridges two dyneinyg;or domains throughsite ™ contacts.

a,b, Representative electron micrographs (a) and 2D class averages (b) from
negative-stain grids prepared with Pacl-bound dyneinyg;og""V**2*A (in the
presence of ADP). White boxes in a delineate closely apposed pairs of

motor domains. Classes i-iv represent motor domains aligned in a parallel
manner, classes v-ix arein aninverse orientation and class x is ambiguous.

¢, Quantitation of indicated motor orientations from 2D classification along
with superimposition of 3D maps from EMD-6008 (ref. 28) (middle; one on
each motor domain) on classesiand v fromb. Colors depict the motor domain
(shades of cyan) and Pacl (magenta). Various elements from high-resolution
structures were manually docked into the EM density (motor domain from
PDB 4RH7 (ref. 34), linker from PDB 3VKG (ref. 59) and WD40 domain from PDB
8FDT (ref.31)). Although unclear, the unassigned density may represent the
N-terminal LisH dimerization domain of Pacl. Inset, focused 2D classification of a

monomeric motor domain. d, The 2D class average (class i) with superimposition
of 3D map from EMD-8706 (ref. 29), which represents a dynein motor domain
with Pacl WD40 domains bound at both site"™ (magenta) and site™* (yellow).
Note the lack of EM density for Pacl at site** in our 2D averages (dashed yellow
outline). e, Close-up view of site"" and site*™* in yeast dyneinygrox (With an
AAA3“® mutation)?. f,g, Representative mass photometry histograms (left)

and plots (right; mean + s.d.) showing binding between dyneinygpo™ V42444

and either WT Pacl or Pac1®¥* (f; n,,; = 7 and ng,,,, = 5 independent replicates)

or between Pacland WT, site™ (K2721A;D2725G;E2726S;E2727G) or sites?*
(E3012A;Q3014A;N3018A) mutants of dyneinygron > (&; tywr = 12, Nyesan = 15
and Ng.ing = 4 independent replicates) all in the presence of ADP. Expected and
calculated molecular weight (mean + s.d.) values for indicated species are shown
above each peak. Pvalues were calculated using an unpaired two-sided ¢-test with
Welch’s correction. ****P < 0.0001.
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Fig. 3 |Nucleotide occupancy coordinates stoichiometry of binding between
Pacl and full-length dynein. a-c, Representative mass photometry histograms
and associated plots (mean fraction of binding + s.d.; in order of increasing Pacl
concentrations, nyxre = 3/4/3/3/4, Nwrameene = 3/5/6/3/3, Nyrjarevi = 3/4/4/4/3
and nyyapp = 3/4/5/4/4 independent replicates; nyaas.waare = 4/3/3/5/3, Ryaanmpene =
4/3/4/5/3, Ny xrevi = 4/3/3/3/3 and ny, a0 = 3/3/3/3/3 independent replicates;
Rpnaswesare = 3/3/3/3/3, Nwgjamierne = 3/3/4/4/3, Ny arpi = 4/6/3/3/6 and nyg app =
4/5/3/4/4independent replicates) depicting the extent and stoichiometry of
binding between Pacl and either WT full-length dynein complex (a), AAA3"

mutant (b) or AAA3"® mutant (c) (all purified from SF9 cells) over a range of
dynein-Pacl ratios. Cartoon schematics above each peak indicate respective
protein species but not necessarily the conformation (that is, phi or open).
Binding experiments were performed inindicated nucleotide conditions (ATP,
left; AMPPNP and ADP, middle; ATP-Vi, right). Expected and calculated molecular
weight (mean +s.d.) values for indicated species are shown with each respective
cartoon schematic. Note that values indicated by asterisks in histograms were
attributed to ‘noise’ or contaminants from protein purifications or buffer
components (nucleotide mixtures).

Pacl‘opening’ dynein is determined by binding stoichiometry
Giventhe proposed but untested model that Paclrelieves dynein auto-
inhibition, we sought to understand how these distinct Pacl-binding
modes mightinfluence dynein’sadoption of the phi particle. We mixed
full-length AAA3"*and AAA3"“® dynein mutants with Paclin conditions
that favored either 1:1 (AAA3"* with ATP) or 1:2 (AAA3"® with AMPPNP)
binding and assessed dynein morphology by negative-stain EM
(Extended DataFig. 6). To enable unambiguous analysis of the resulting
dynein-Paclcomplexes, we used sufficiently high Pacl-dyneinratios
such that dynein binding was close to saturation (Fig. 4a,b).

Inthe absence of Pacl, approximately half of the AAA3"A dyneins
adopt an autoinhibited state, with the remainder existing in an open
state (Fig. 4c). The 2D class averages of the phi dyneins reveal a mor-
phology that is indistinguishable from WT dynein (Extended Data
Fig. 7). Focused classification of the motor pairs in the open configu-
ration revealed very low-resolution images of the motor domains
that adopt a wide range of interhead spacing (Fig. 4c, right). The low
resolution is a consequence of the high degree of flexibility for the
open dyneins, as focused classification of individual motor domains
from the same dataset revealed sufficient detail to identify various
structural features (Fig. 4c, bottomright).

Addition of Paclto the AAA3"* mutant resulted in a striking tran-
sition of dynein to an open state (Fig. 4d). Unlike the open state for
Pacl-unbound dynein, those bound to Pacl adopt a more consistent
morphology withless rotational freedom and asmaller range of spacing
between the motor domains, as evidenced by the higher-resolution 2D
averages for the full-length complex, as well as our measurements of
interhead spacing (Fig. 4e). Note that the interhead spacing with the
Pacl-bound motor pairs is very similar to that of the 2 dyneinygrog:1
Pacl19™ complexes (Figs. 2b and 4e). Focused classification of the
motor pairs permitted the identification of densities that correspond
toPac1 WD40 domains bound to site"™ on each motor domain (Fig. 4d,
right). This was even more apparent from focused classification of the
individual motors, which revealed averages almost identical to those
obtained from the monomeric Pacl-bound motor domains (Fig. 4d,
bottom right). Thus, Pacl indeed has the capacity to stabilize and/or
promoteanopendynein, atleast when AAA3isinanapostateand AAAL
isbound to either ADP or ATP.

Asimilar analysis of the AAA3"® mutant revealed thatit has a high
propensity to adopt the autoinhibited conformationin the absence of
Pacl(Fig.4f;notethelack of openclasses).Inaddition to phi dynein, we
observed anovel species in which two phi dyneins are bound through
contacts between the coiled-coil stalks. The coiled-coil stalk domain
and MTBD, which are normally too flexible to be visible in 2D averages,
are apparent in this species, suggesting that the interdimer contact
stabilizes this region (Fig. 4f, red arrow).

Unlike the AAA3"* mutant, addition of Pacl to the AAA3"® mutant
didnotresultinitadopting an open conformation (Fig. 4g). Instead of
canonical phi dynein species, 2D averages revealed that the majority
ofthese dyneins are phi-like, which appear to be distinct from phi. The
lowresolution of the averages of these species suggests a potential lack
of symmetry in this phi-like state and may indicate that Pacl binding
partly opens phidynein but only to a minor extent. Thus, whereas the
1dynein:1 Pac19™ complex adopts an open state, the 1:2 complex
doesnot.

Structural basis for 1 dynein:1 Pacl complex assembly
Togaininsightinto the mechanism by which one dynein complex binds
one Pacl dimer, thereby opening phi dynein, we sought to obtain a
representative cryo-EM structure. We mixed full-length WT dynein
with or without Pacl in the presence of low concentrations of ATP
(0.1mM) (Fig. 5a, Extended Data Fig. 8 and Supplementary Table 1).
For the purpose of this study, we focused exclusively on the motor
domains of open dynein to understand the nature and consequence
of dynein-Pacl binding.

Inthe absence of Pacl, we obtained two classes: one with ADP-AAAL
and ADP-AAA3 and another with apo-AAAland ADP-AAA3 (Fig. 5Sband
Extended Data Fig. 9). Whereas those motors with apo-AAALl exhibit
a canonical postpowerstroke linker (‘post-1’; docked at AAAS), those
with ADP-AAAL1 have the linker in the recently identified post-2 state,
inwhichthelinkeris docked at AAA4 (ref. 43). A post-2 docking mode,
which was noted previously for yeast dynein, human dynein-1and
axonemal outer-arm dynein®®**** wasrecently posited to have a critical
rolein dynein stepping**.

In the presence of Pacl, we observed only a single class of
motor-bound Pacl, in which AAA1 and AAA4 are bound to ADP and

Fig. 4 |Nucleotide occupancy and Pacl binding mode dictate conformation

of full-length dynein. a,b, Mass photometry histograms of samples containing
full-length dynein (AAA3"* or AAA3"® mutant) with or without excess Pacl that
were used to directly prepare negative-stain EM grids, images of which are shown
inc,d,f,g. Note that the cartoon schematics of dynein shown above each peak are
not meant to convey the conformational state but rather to depict the binding
ratios for each protein species. ¢,d, Representative 2D class averages showing
full-length AAA3"* dyneinin the absence (c) or presence (d) of Pacl. Pie graphs
show the relative fraction of indicated conformational state (determined from 2D
averages). Numbers indicate the number of particlesin each class (top) and the
measured distance between the motor domains (bottom; from center to center).
Focused classifications of motor dimers or monomers are shown (a Pacl-bound
monomer from Fig. 2c is shown for comparisonin d). The poor image quality for
the dimers in c but not the monomers indicates a large range of conformational
heterogeneity within the motor dimer pairs. Note the improved resolution for
motor dimer averagesind, indicating the reduced heterogeneity for Pacl-bound

motor dimers compared to those unbound from Pacl (Pacl and dynein motor
domain pseudocolored inblue and red, respectively). e, Bubble plot of interhead
measurements taken from 2D class averages for indicated species. The bubble
sizereflects the proportion of particles per 2D class, whereas green and magenta
indicate whether Pacl density can be discerned from each average. Monomer
datawere measured from images shown in Fig. 2b. Dashed lines indicate the
meaninterhead distance for Pacl-bound AAA3"* mutant (22 nm) and phi dynein
(6.9 nm). f,g, Representative 2D class averages (and quantitation) showing
full-length AAA3"® dynein in the absence (f) or presence (g) of Pacl. We observed
anovel species in which two phi dynein dimers are bound through apparent
contacts between the motor domains (cartoon depiction in e) that appear to
stabilize the stalk MTBD region (red arrows indicate improved resolution of this
region; those classes missing measurements in g are because of an inability to
clearly identify motor domain centers). Each dataset is representative of two
independent replicates.
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a, Schematic of experimental setup. Full-length WT dynein was incubated

with or without Paclin the presence of 0.1 mM ATP before preparing grids for
freezing. We performed a focused classification of individual motor domains

of open dyneins. b, Molecular models of dynein motor domains without (b) or
with (c) Pacl, along with corresponding density maps (indicated with outlines).
Theresolution of each structure is indicated. Subdomains are color-coded as
indicated. Nucleotide occupancy at AAAl and AAA3 and the linker positionis
indicated by the cartoon below each map (post-2*indicates a ‘modified post-2’
state).d, Pie graphs showing the relative fraction of dynein motors with indicated
linker position and nucleotide occupancy at AAAland AAA3 for those motors
without and with Pacl. Note that the post-2* state and the presence of apo-AAA3
areboth unique to those bound to Pacl. e, Close-up views comparing AAAland
AAA3 pockets in the absence (gray) or presence (blue and cyan for AAAland
AAA2L; green and yellow for AAA3 and AAA4L) of Pacl. Note that, for minus Pacl,
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we used the model with ADP-AAA1/ADP-AAA3 and post-2 linker. Right, arrows
depict opening of the AAA3 pocket in the presence of Pacl. Insets, molecular
models with EM density overlaid. The red dashed line circle delineates an empty
AAA3 pocket. f, Close-up view of molecular model showing Pacl-dynein motor
contacts at site"™ and new site™", Residues marked with asterisks are those
mutated in site"™ " mutant (Fig. 6). g, Molecular model and EM densities with
two different contour settings illustrating that a Pac1 bound to dynein reduces
flexibility of the N-terminal region of the linker (regions within dashed box).

h, Comparison of Pacl-bound and unbound (the latter with ADP-AAA1/ADP-AAA3
and post-2 linker) dynein motors revealing a shift of the linker N terminus away
from the stalk domainand MTBD. Close-up views show the linker in two slightly
different post-2 docking modes: one in which the linker contacts residues in the
PS-1of AAAS (minus Pacl) and the other in which the linker contacts residuesin
the AAA4 PS-1 (plus Pacl). i, Model indicating that high-affinity binding of Pacl to
site™ and site"™" requires ADP binding to AAA1and ADP release from AAA3.
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AAA3isinanapo state (Fig. 5c and Extended Data Figs. 8 and 9). Con-
sistent with our biochemical data, these dyneins are bound to asingle
PaclWD40 domain throughsite™®. Unlike previous structures of Pacl/
Lisl-bound motors, ours possesses a post-2-like linker. Moreover,
the AAA1 pocket is in an open state and the motor appears tobein a
high-microtubule-binding-affinity state according to the conformation
ofthe buttress and stalk (Fig. 5c). Note that this structure resembles a
previously obtained low-resolution map (-20 A) obtained for amono-
meric dyneinyoror boundto Pacl (ref. 28) and a previously determined
cryo-EM structure solved for a Pacl-bound monomeric dyneinygror
withatruncated linker®.

Although we observed motor domains with a post-2 linker in the
absence and presence of Pacl, apo-AAA3 was exclusive to those bound
toPacl (Fig.5d), indicating that Paclbinding stabilizes and/or promotes
ADP release from AAA3. The Pacl-bound motor possesses a more
open AAA3 pocket that is reflective of its empty state (Fig. Se, right,
and Extended Data Fig. 9). In addition to previously identified con-
tacts at site™, we observed a novel interaction between Pacl and the
linker (site™"; Fig. 5f). Although the linkers of both Pacl-unbound and
Pacl-boundstates arein post-2 positions, the N-terminal region of the
Pacl-bound linker is positioned more distal from the stalk (Fig. 5g,h).
This region is often truncated in previous structures. Pacl binding
shifts the linker from contacting AAAS (through the presensor I (PS-I)
insert) toinstead contact the AAA4 PS-linsert (Fig.5h, bottom). These
dataindicate that Pacl binding stabilizes the linker in a modified post-2
conformation (‘post-2*’) and the AAA3 pocket in an apo state (Fig. 5i).

Pacl-linker contacts account for different binding modes
Although the Pacl-site"™ contactsin our structure largely overlap with
those observed previously>***~*'*5 we observed small but notable dif-
ferences. A comparison to structures with two WD40s bound (one at
site"™" and another at site®*) revealed that Pacl is shifted downward
toward site®**in our apo-AAA3 structure (by 7.6 A; Fig. 6a,b). This down-
ward shift, which may be because of the post-2* linker-Pacl contact,
appears to occlude binding of a WD40 domain at site*®* (Fig. 6b; note
steric clashes upon docking a WD40 at site’™), These observations
suggest that the linker-Pacl contact may account for (1) theincreasein
affinity of Pacl for site™ (through additional contacts at site"™") and (2)
the decreasein affinity of Pacl for site’®* (because of steric occlusion).
To test the importance of the linker-Pacl contacts, we mutated
this interface in both Pacl and dynein (Supplementary Table 3 and
Fig. 5f, asterisks). Although mutations at site"™" within dynein had
no effect on its motility (Fig. 6¢), they greatly reduced its binding to
Pac1*V, indicating these contacts are important for high-affinity bind-
ing at site™ (Fig. 6d). If this contact is responsible for the downward
translation of Pacl toward the stalk, thereby occluding Pacl binding

at site®%, then mutating this interface would be predicted to permit
binding of Pac1 WD40s to both site™ and site*®¥, thereby disfavoring
assembly of 2 dyneinyoror:1 Paclé™ complexes. This was indeed true,
as both Pacl and dynein site"™ mutants could no longer assemble
these complexes (Fig. 6e,f). Note that these mutants still robustly
assembled 1:1 complexes, indicating that linker—Pacl contacts have
no role in high-affinity binding of the motor domain to Pacl dimers.

If linker-Pacl contacts are responsible for full-length dynein
binding Pacl in a 1:1 ratio, then mutating site"™" would result in the
assembly of 1dynein:1 Pac1®™ complexes for the full-length AAA3"A
mutantinstead of 1:1complexes. This wasindeed the case (Fig. 6g). To
test the functional importance of site™ ", we engineered mutations
into otherwise WT PACI or DYNI loci in yeast cells (expressed at WT
levels; Extended Data Fig. 10a) and measured dynein-mediated spin-
dle movements***# (Fig. 6h,i and Extended Data Fig. 10b,c). Note that
loss of PACI or DYNI results in an elimination of these movements'*.
Mutations at site"™" in either Pacl or dynein greatly impaired in-cell
dyneinactivity, aswas apparent from the reduced extent and number
of dynein-mediated spindle movements and from the diminished
ability of dynein to translocate the mitotic spindle through the nar-
row bud neck.

Our findings suggest that assembly of the 1 dynein:1 Pac14™mer
complex is required for Pacl to open phi dynein, which is important
for in-cell dynein function. If true, we reasoned that mutations that
render dynein unable to adopt phi would be refractory to mutations
atsite™ ", Consistent with this idea, combination of mutations atboth
site"™er and at the phiinterface (D2868K)" resulted in dynein activity
thatwasindistinguishable from thatin WT cells (Fig. 6h,iand Extended
Data Fig. 10b,c). Our findings indicate that site"™*"-Pacl contacts are
specifically required for the assembly of 1dynein:1 Pac14™ complexes,
which areimportant for relieving dynein autoinhibition.

Discussion

Various conditions modulate the affinity of dynein for Pacl and Lisl1,
including dynein’s microtubule-bound and nucleotide-bound states*.
Here, we show that the latter is coordinated by AAA1, AAA3 and AAA4,
which affect not only Pacl binding affinity but also the stoichiometry
oftheir binding, whichin turnimpacts whether Pacl opens phi dynein.
Given that phi-disrupting mutations promote DDA complex assembly™?,
we hypothesize that the Pacl-stabilized open state promotes assem-
bly of dynein with dynactin and a cargo adaptor. This is supported
by a recent study suggesting a similar phenomenon with human Lis1
(ref.49). This Pacl-stabilized conformation may also assist dynein bind-
ing to microtubules'*****°, as the Pacl-bound motor domains appear
to be in a high-microtubule-binding-affinity state as predicted by the
buttress stalk conformation. A recent study showed that microtubule

Fig. 6 | Pacl-site'™ " contacts account for different dynein-Pacl binding
modes. a, Cartoon and various structural models comparing the position of

the site™-bound Paclin the various structures with two WD40 domains

bound (from left to right, this study, PDB 7MGM (ref. 5), PDB 8FDT (ref. 31) and
PDB 8PQY (ref. 45)). The asterisk in the cartoon delineates the approximate
region of site"™" contacts mutated. Nucleotide occupancy for AAAL, AAA3

and AAA4 isindicated. b, Comparison of site""-bound Paclin our structure

and a yeast dynein with two WD40s bound (PDB 7MGM)*. Note that the 7.6-A
downward shift of Pacl is predicted to occlude a site***-bound Pacl because

of clashes. ¢, Representative kymographs and quantitation of single-molecule
motility assays performed with either WT or site"™ " mutant variants of
GST-dyneinygror- Small diamonds, all data points; larger circles, means for
independent replicates; bars, mean + s.d. (for WT and site™", n =309 and 473
motors from two and three independent replicates, respectively).d,e, Plot and
representative mass photometry histograms showing WT or site"™ " mutant
monomeric dyneinyoror"" *-E1849Q;K2424A in the absence or presence of either
monomeric (d; Pac1®™; ny; = 5 and g iner = S independent replicates) or dimeric
(e; nyr =15, and ng.jiner = 12 independent replicates) Pacl (in the presence

of ADP). f, Plot and representative mass photometry histograms showing

monomeric dyneinygro" V-E1849Q;K2424A with either WT or site™ " mutant
Pacl(in the presence of ADP; ny; = 15 and ng.iner = 21 independent replicates).
g, Plot and representative mass photometry histograms depicting extent and
stoichiometry of binding between Pacl and either full-length dynein-K2424A

or dynein-K2424A with site'™" mutations (in the presence of AMPPNP; n,,; = 5,
Mpynisicetinker = 9 AN Mpyersicetinker = 15 independent replicates). For d-g, plots depict
the mean + s.d. along withindependent replicates. Expected and calculated
molecular weight (mean * s.d.) values for indicated species are shown above each
peak. h, Representative montage of hydroxyurea-arrested WT cells expressing
GFP-Tubland tracks of spindle centroids for indicated strains (cell outline
inblack; bud neck in magenta). i, Plots depicting indicated dynein-mediated
spindle translocation parameters. Small diamonds, all data points; larger circles,
means forindependent replicates; bars, mean + s.d. (ny; =45, Rpyaisice-tinker = 33,
Mpacisite-tinker = 91 AN Ny iretinkerphi-mue = 26 HU-arrested cells from three
independent replicates each). Pvalues were calculated using either aMann-
Whitney test (for runlength valuesin ¢) or an unpaired two-sided ¢-test with
Welch'’s correction (for all other datasets). ****P < 0.0001, **P < 0.0010,
**P<0.0100 and *P < 0.0500. In cases in which multiple datasets were cross-
compared, only the highest Pvalue is indicated (to simplify data presentation).
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binding by dynein-dynactin complexes can also promote the assembly
of active DDA complexes™, providing yet another potential mechanism
by which Lisl may be activating dynein. Theimportance of site"™ and
thel:1complexit coordinatesis highlighted by the fact that mutating
thissite oneither dynein or Pacl resultsinanotablereductionindynein
activity incells, in spite of these mutants having no measurable reduc-
tioninassembly of the 1 dynein:2 Pac1¥™ complex.

Our cryo-EM data show that Pacl stabilizes an apo-AAA3. Given
thelack of dyneins withapo-AAA3inthe absence of Pacl, thisis likely a
transient state. We hypothesize that Paclis an opportunistic binder that
favors those dyneins that release ADP from AAA3 (possibly because of
the post-2 linker that may be triggered by apo-AAA3) and consequently
binds and enriches for their presence. This suggests a mechanism by
which Pacl canopenthe phistatein cells; provided that Paclis present
at sufficiently high local concentrations, immediately subsequent
to ADP release from AAA3, Pacl binds because of its high affinity for
site™ and site"™*",

Inlight of the proposed importance of the post-2 linker in dynein
stepping behavior****, the Pacl-stabilized post-2* state and/or the
apo-AAA3 pocket might account for the observed impacts of Pacl and
Lislondynein force generation®>*°. The importance of the linker-Pacl
contact also explains why the addition of ATP-Vi weakens affinity for
Pacl at site"™ (Extended Data Fig. 4a) and reduces assembly of one
Pac1"P** per dyneinyoror in favor of one Pac14™ per dyneinygrog; treat-
mentwith ATP-Vienriches for a prepowerstroke linker*****, effectively
eliminating site"™ ", which would be expected to lead to two Pacl WD40
domains binding per dyneinyoror, as we observed.

The linker position also likely accounts for our binding data with
the monomeric dyneinyror fragment (Fig. 1). Specifically, those con-
ditions that enrich for the 2 dyneinyoror:1 Pacl¥™" species may do so
because they promote a post-2 linker position. This is supported by
our cryo-EM data (Fig. 5d), which show that ~50% of the dynein motor
domains in the minus-Pacl conditions exhibit a post-2 linker state.
Addition of Pacl resultsin the elimination of dyneins with a post-2 linker
(that is, they are likely converted to a Pacl-bound motor with post-2*)
butonly amodest reductioninthose with a post-1linker (which remain
unbound from Pacl). Recent work suggests that a AAA4"* mutation
locks the linker in a postpowerstroke state®®. However, our findings
with this mutant revealed very little site"™*"-Pacl binding, as evidenced
by its low extent of 2 dyneinygror:1 Pacl®™ assembly. This may be a
consequence of apo-AAA4 promoting a post-1rather than post-2 linker.

Although the functional importance of the 1dynein:2 Pac19™ com-
plexisunclear, these dyneins are clearly notinan openstatebutrather
a phi-like state. This complex is likely similar to a recently identified
Lis1-bound phi dynein, disruption of which leads to defects in dynein
activity®™*°. As predicted by our binding assays, this complex possesses
ADP-AAAland ADP-AAA3. Unlike phidynein, phi-Lisllacks C,symmetry,
which may explain our inability to obtain high-quality 2D averages.

We posit the following model to account for these distinct dynein-
Pacl complexes (Extended Data Fig. 10d). Phi dynein with ADP-AAAL
and ADP-AAA3 (ref. 44) is primed to bind Pacl WD40s at both site"™
andsite™*, leading to adoption of a phi-like conformation with either
one or two Pacldimers bound (step 1). Given the high concentrations
required to obtain complexes with two Pacl dimers, itis more likely that
dyneinbinds only oneinthe cell (as observed in recent structures®-°).
Dynein transiently adopts a partially open state, which results in ADP
release from AAA3, theadoption of a post-2linker state (step 2) and Pacl
dissociating from site®* and binding to site" on the second motor
domain (steps 3 and 4). This Pacl-binding mode stabilizes dynein in
an open conformation that is primed for assembly into motile DDA
complexes (step 5). Upon microtubule binding and initiation of motil-
ity, Pacl dissociates from the DDA complex® (step 6). Given that the
AAA3"*mutantadopts the phi particle atalower frequency, we cannot
rule out the possibility that ADP release from AAA3 precedes and is
causal of the transient opening of this state (in step 2).

Arecent cryo-EMsstructure of aPacl-bound monomeric dyneinygror-
AAA3%®identified a potential intermediate state referred to as ‘chi’
dynein®’. This may reflect the transition state between the Pacl-phi
complexand ADP release from AAA3 (step 2). Another recent cryo-EM
structure of a Lisl-bound DDA complex on microtubules (with the
Jip3 adaptor and two dynein dimers) showed a fully open and
motile-competent configuration®. Whereas the MT-B dynein dimer
has no Lisl, the MT-U dynein is bound to two Lis1 dimers, with ADP
in both AAA1 and AAA3, conditions we found to promote binding of
two Pac1 WD40 domains per motor. Given that this complexincludes
dynactin and a cargo adaptor, it likely reflects a later point in the acti-
vation mechanism. Future studies will be required to tease out how all
ofthese distinct dynein-Pacl/Lisl complexesrelate to each other and
their respective rolesin the dynein activation process.
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Methods

Media and strain construction

Yeast strains were derived from W303 or YEF473A (ref. 60) and are
available uponrequest (Supplementary Table 2). We transformed yeast
strains using the lithium acetate method®'. Strains carrying mutations
or tagged components were constructed by PCR product-mediated
transformation® or by transforming expression plasmids encod-
ing for affinity-tagged proteins (Supplementary Tables 2 and 3). All
mutagenesis was confirmed by whole-plasmid sequencing. Tointegrate
dyneinygror €Xpression plasmids, the plasmids were first digested with
either Apal or Sbfl (both of which cut within the URA3 gene; the latter
was used for those plasmids with arigid coiled-coil derived from seryl
tRNA synthetase) before transformation into a yeast strain deleted
for the native DYNI gene. Strains overexpressing WT or mutant Pacl
were generated by transforming pRS306:GAL1p:8xHis-ZZ-2xTEV-
Pacl-FLAG-SNAPf (WT or mutant) linearized by digestion with
Apal. Integration of all plasmids were confirmed by diagnostic PCR.
Yeast synthetic defined (SD) medium was obtained from Sunrise
Science Products.

Plasmid and BACmid construction

A plasmid encoding an affinity-tagged WT dyneinygoror fragment was
generated as astarting point for the production of numerous mutants
used throughout the manuscript (to enable simpler and more rapid
engineering of mutants; Supplementary Table 3). This plasmid was
made by amplifying the entire gene expression cassette from a yeast
strain that encodes this same fragment (strain 2675; Supplementary
Table 2) using PCR primers that spanthe 5’ end of the GALIp promoter
tothe 3’ end of the HaloTag situated at the N terminus of dyneinygror.
This plasmid, which was assembled into pRS306 (with a URA3 selec-
tion cassette) by traditional Gibson assembly, includes the following
elements: GAL1p:ZZ-2xTEV-6xHis-dyneinygror—HaloTag (P1532). Sup-
plementary Table 3 outlines mutations engineered into this plasmid
by Gibson assembly.

For expression of biochemical quantities of high-purity full-length
yeast dynein complex, we generated a multicistronic plasmid that
contains expression cassettes for all four dynein complex genes
(DYN2, DYN3, PACI1 and DYNI, all codon-optimized for insect cells),
with N-terminal affinity tags (6xHis-ZZ) followed by 2xTEV cleavage
sitesand a SNAPftag on DYNI. This plasmid (P825) was assembled using
thebiGBac technique®. Inbrief, codon-optimized openreading frames
for DYN2, DYN3 and PACI11 were each assembled into pLib, whereas
a codon-optimized 6xHis-ZZ-2xTEV-SNAPf-DYNI was assembled
into pbiGla (containing 5’ polH promoters and 3’ SV40 terminators).
Gene expression cassettes for DYN2, DYN3 and PACI1 (that is, each
with apolH promoter and SV40 terminator) were amplified from their
respective pLib plasmid and then assembled into pbiGlb to generate
pbiG1b:DYN2/DYN3/PAC11. The DYN2/DYN3/PACI1I polygene cassette
and 6xHis-ZZ-2xTEV-SNAPf-DYN1 were then combined togetherinto
pbiG2ab by cutting them out of their respective pbiG1 plasmids (by
Pmel) and assembling them into Pmel-digested pbiG2ab, generating
pbiG2ab:DYN2/DYN3/PAC11/6xHis-ZZ-2xTEV-SNAPf-DYNI (P825;
hereafterreferred to as pbiG2ab:yeast dynein). Substitutionsindicated
throughout the paper (thatis, K2424A, E2488Q or site'™ substitutions)
were engineered directly into this plasmid.

For expression and purification of Pacl from Sf9 cells (with
N-terminal 8xHis-ZZ-2xTEV tags and C-terminal SNAPf tags), we
assembled a codon-optimized gene fragment for Pacl into pFastBac
(P1199). This plasmid was subsequently engineered with site"™" sub-
stitutions: T403A, S405A,N406A, R320A and V332A. All plasmids were
validated by whole-plasmid sequencing.

To generate BACmids (used for transfection into Sf9 cells),
pbiG2ab:dynein-dynein (WT or mutant) or pFastBac:8xHis-ZZ-
TEV-Pacl-SNAPf (WT or site"™ mutant) were transformed into
DH10 EMBacY cells (GenevaBiotech) according to the manufacturer’s

protocol. Proper transpositionand BACmid generation were confirmed
by blue-white colony screening. Resulting colonies were inoculated
into Luria-Bertani medium supplemented with 7 pg ml™ gentamycin,
10 pg mi™ tetracycline and 50 pg ml™ kanamycin, grown overnight at
37°C and purified as previously described'>?°. Bacteria were pelleted
at4,000gfor10 minandresuspendedin 0.2 ml of ZymoPURE miniprep
buffer P1, followed by 0.2 ml of P2 buffer. After 5 min of incubation,
0.4 mlof P3 buffer wasadded and incubated onice for 5-10 min. Aftera
10-min centrifugationat15,000g, the supernatant was added to 0.64 ml
of room-temperature isopropanol and incubated for 1-2 h on ice.
Bacmid DNA was pelleted for 10 minat15,000g, washed three timesin
0.5 mlof 70% ethanol, air-dried for 1 min and then resuspended in DNA
elution buffer. BACmids were stored at 4 °C and used within 2 weeks
for subsequent virus production, as described below.

Supplementary Table 3 provides a list of plasmids generated and
used throughout this study.

Protein purification

Purification of dyneinygror fragments (GAL1p:ZZ-2xTEV-6xHis-
dyneinygror—Halo, GAL1p:ZZ-2xTEV-6xHis-GFP-GST-dyneinygror
or similar) was performed as previously described with minor modi-
fications'. In brief, yeast cultures were grown in YPA medium supple-
mented with 2% galactose for 3-6 h, collected, washed with cold water
and thenresuspendedinasmall volume of water. The resuspended cell
pellet was drop-frozen into liquid nitrogen and then lysed in a coffee
grinder. After lysis, 0.25 volumes of 4x dynein lysis buffer (1x buffer:
30 mMHEPES pH7.2,50 mM potassiumacetate,2 mM magnesium ace-
tateand 0.2 MM EGTA) supplemented with 1 mM dithiothreitol (DTT),
0.1 mM Mg-ATP and 0.5 mM Pefabloc SC or protease inhibitor tablets
(Pierce) (concentrations for the 1x buffer) was added and the lysate
was clarified by centrifugation at 310,000g for 1 h. The supernatant
was then incubated with IgG Sepharose 6 fast flow resin (GE) for1-3 h
at4 °C,whichwas subsequently washed three times in 5-10 ml of lysis
buffer and twice in 5-10 ml of TEV buffer (50 mM Tris pH 8.0,150 mM
potassium acetate, 2 mM magnesium acetate, 1 mM EGTA and 10%
glycerol) supplemented with 0.005% Triton X-100,1 mM DTT, 0.1 mM
Mg-ATP and 0.5 mM Pefabloc SC. To label protein for single-molecule
assays (some GST-dyneinyoror—HaloTag fragments), approximately
2-5 UM JFX650 Halo dye was added and incubated for 10-20 min at
roomtemperature, after which the resin was washed with 10 ml of TEV
buffer three times. The resin was thenincubated with TEV protease for
30 minatroom temperature (for monomeric dyneinyoror fragments) or
1hat16 °C (for GST-dyneinyoror—HaloTag fragments). After digestion
with TEV, the bead-buffer slurry was filtered through an Ultrafree-MC
microcentrifuge filters (to collect liquid phase), aliquoted, flash-frozen
in liquid nitrogen and stored at —80 °C. Protein quality was assessed
by SDS-PAGE and mass photometry. Some dyneinyoror mutants were
not sufficiently pure for mass-photometry-based binding assays and
required asubsequent polishing step. To do so, the TEV-cleaved protein
was diluted 10-20-fold in buffer A (20 mM Tris pH 8.0,1 mM magnesium
acetate, 10% glycerol, 0.1 mM ATP and 1 mM DTT) and then injected
on to amonoQ 10/100 GL preequilibrated in buffer A using an AKTA
Pure system. After injection, the columnwas washed with 2-5column
volumes of buffer A and then bound proteins were eluted using 20
columnvolumes of alinear gradient from buffer A to buffer B(20 mM
Tris pH 8.0,1 mM magnesium acetate, 1 M NaCl,10% glycerol, 0.1 mM
ATPand1 mMDTT). The peak fractions (typically 25-35% buffer B) with
the highest purity (determined by mass photometry) were pooled,
concentrated, aliquoted, flash-frozenand then stored at —80 °C. Note
that one mutant in particular (dyneinyomo"" '-K2766A) required a gel
filtration step instead of ion exchange to obtain protein of sufficient
purity for our mass-photometry-based binding assays. To this end,
the concentrated peak fractions from the monoQ were applied to a
Superose 6 10/300 using GF150 (25 mM HEPES pH 7.4, 150 mM KCl,
1 mM MgCl,,1mM DTT and 0.1 mM Mg-ATP) and the highest-purity
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fractions (determined by mass photometry) were then pooled and
concentrated before aliquoting, freezing and storage at —80 °C.

GST-dimerized dynein motors (expressed fromyeast cells express-
ing ZZ-2xTEV-6xHis-GFP-GST-dyneinyoror—Halo) used for mass
photometry experiments underwent tandem affinity purification from
yeast cell cultures as previously described®*. Briefly, following cell lysis,
0.25 volumes of 4x Ni-NTA dynein lysis buffer (1x buffer: 30 mM HEPES
pH7.2,150 mM potassium acetate, 2 mM magnesium acetate and 10%
glycerol) supplemented with1 mM 3-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 Ni-NTA agarose for 1 h at 4 °C, which was subsequently
washed three timesin 5 mlof Ni-NTA lysis buffer. The protein was eluted
inNi-NTAlysis buffer supplemented with 250 mMimidazole by incuba-
tiononice for20 min. The eluate was then diluted withan equal volume
of 1xdynein lysis buffer, which was thenincubated with IgG Sepharose
6 fastflowresinfor1hat4 °C. The beads were washed three times with
dynein lysis buffer and then twice with TEV buffer and the protein
was eluted as described above (TEV protease treatment for 30 min
atroom temperature). Eluted protein was applied to a size-exclusion
resin (Superose 6; Cytiva) preequilibrated in TEV buffer using an AKTA
Pure system. Peak fractions (determined by absorbance at 260 nmand
SDS-PAGE) were pooled, concentrated, aliquoted, flash-frozen and
thenstored at-80 °C.

Theintact full-lengthyeast dynein complex was expressedinand
purified from insect cells (Sf9 cells from Thermo Fisher, 11496015)
using asimilar protocol to that used for the human dynein complex®.
Briefly, a six-well dish was seeded with 2 ml of Sf9 cells at 5 x 10° cells
per ml, which were maintained in SF 900 Il SFM Medium (Life Tech-
nologies). Cells were transfected with 2-6 pg of BACmid DNA using
FuGENE HD transfection reagent and incubated at 27 °C in a sealed
boxwithadamp towelinside. The efficiency of transfection and virus
production was monitored using yellow fluorescent protein (YFP)
fluorescence. Then, 4-7 days following transfection (when 95-100%
of cells expressed YFP reporter), the virus (P1) was collected by trans-
ferring the medium to a sterile tube. The virus was amplified by add-
ing 1 ml of P1 virus to 50 ml of Sf9 cells at 5 x 10° cells per ml, which
wereincubated at27 °Cinaflask shaking at 140 rpm. The resulting P2
virus was collected by centrifuging cell suspension and transferring
virus-containing medium to a sterile tube, which was maintained at
4°C. For protein production, 20 ml of P2 was used to infect 2 L of Sf9
cells at 1.5 x 10° cells per ml. Then, 66-70 h after infection, the cells
were harvested (2,000g, 20 min), washed with lysis buffer (50 mM
HEPES pH 7.4,100 mM NaCl and 10% glycerol, pH 7.2), pelleted again
(1,810g, 20 min) and resuspended in an equal volume of lysis buffer
supplemented with 1 mM DTT, 0.1 mM Mg-ATP and 1 mM PMSF. The
resulting cell suspension was drop-frozeninliquid nitrogen and stored
at—80 °C. For protein purification, ~-30 ml of fresh dynein lysis buffer
supplemented with cOmplete protease inhibitor cocktail (Roche),
1mMDTT and 0.1 mM Mg-ATP was added to the frozen cell pellet,
whichwasthenrapidly thawed ina37 °C water bath before incubation
onice. Cells were lysed in a Dounce-type tissue grinder (Wheaton)
using ~60 strokes. Subsequent to clarification at 310,000g for 1 h at
4 °C, the supernatant was applied to 3-4 ml of IgG Sepharose fast flow
resin (Cytiva) preequilibrated in lysis buffer and incubated at 4 °C for
3-5h.Beadswere thenwashed with30-50 ml of lysis buffer and then
20-30 ml of TEV buffer (50 mM Tris pH 7.4,150 mM potassium acetate,
2 mM magnesium acetate, 1 mM EGTA, 10% glycerol, 1mM DTT and
0.1 mM Mg-ATP). The beads were then incubated with 300 pg of TEV
protease overnight at 4 °C. The next morning, the recovered superna-
tantwas applied to either a Superose 6 gelfiltration column (Cytiva) or
a TSKgel G4000 column. Peak fractions were pooled, concentrated,
aliquoted, flash-frozen and then stored at —80 °C. Sample quality was
assessed using mass photometry, SDS-PAGE and/or negative-stain EM
before cryo-EM grid preparation.

Pacl was purified from either budding yeast (as previously
described™**) or Sf9 cells. Note that we observed no difference in
dynein binding between Pacl purified from these two cell types,
although our yields from Sf9 cells were substantially higher. Briefly,
yeastor Sf9 cell lysate was prepared as described above. Proteins were
prepared as described above for the dyneinygror fragments with two
differences. Instead of incubating with TEV protease for 30 minat room
temperature, TEV digest was performed at 4 °C overnight. Instead of
polishing the protein by anion-exchange chromatography, the TEV elu-
ateswere applied to asize-exclusion chromatography resin (Superose
6, Cytiva) that was equilibrated in TEV buffer supplemented with1mM
DTT using an AKTA Pure system. Peak fractions (determined by absorb-
ance at 260 nm and SDS-PAGE) were pooled, concentrated, aliquoted,
flash-frozen and then stored at —80 °C.

Negative-stain EM

EM grids were prepared by applying freshly purified dynein complexes
to glow-discharged carbon-coated 200-mesh copper grids. After a
~1-min incubation, 2% uranyl acetate was added. Micrographs were
collected on a FEI Tecnai F20 200-kV transmission EM instrument
equipped with aGatan US4000 charge-coupled device (CCD) camera
(model 984), at anominal magnification of x90,000 with a digital pixel
size of 1.449 A. Allimage analysis was performed in RELION 4.0 on the
University of Colorado Boulder high-performance computer cluster,
Alpine. Particles were manually picked from ~20-30 micrographs
(-300-400 particles), whichwere used to generate low-resolution 2D
class averages. These 2D averages were then used to autopick particles
used to generate our final 2D averages.

Tovisually assess the Pacl-bound AAA3"A dyneiny, oo complex
(Fig.2a-d), wefirstenriched for this species by incubating an equimolar
mixture of these proteins with ADP. After a20-min incubation onice,
the mixture was applied to a size-exclusion chromatography resin
(Superose 6, Cytiva) that was equilibrated in TEV buffer supplemented
with1mMDTTand1mM ADP usingan AKTA Pure system. Peak fractions
enriched with 2:1 dyneinygorM"""*-Pacl complexes (determined by
mass photometry) were pooled, concentrated and applied to an EM
grid as described above.

Mass photometry

Allproteins were diluted to either 50 nM or afraction greater or lesser
thereof (as indicated by x value in Fig. 3 and Extended Data Fig. 5) in
assay buffer (50 mM Tris pH 8.0, 150 mM potassium acetate, 2 mM
magnesium acetateand 1 mM DTT) with or without added nucleotide
(ImM of each). Then, 1-2 pl of each protein was mixed 1:1 (to 25 nM of
each), incubated for 1-2 min and then diluted 1:5 on the stage (2 pl of
mixed protein + 8 pl of same buffer with or without nucleotide) toafinal
concentration of 5 nMimmediately beforeimage acquisition. Forapo
conditions, residual ATP from the protein preparation was depleted
using apyrase by mixing 4.5 pl of respective dyneinygror protein with
a 0.5 pl of apyrase (New England Biolabs) and incubating for 30 min
atroom temperature. Then, 1-min videos were acquired using Refeyn
MP and all images were processed and analyzed using Discover MP.
Calibration was performed with 3-amylase and thyroglobulin. Axes
were normalized using Discover MP such that the sum of all events for
agivenexperimentwasequalto1.

Cryo-EM sample preparation and data collection

Dynein concentration was diluted to 2 mg ml™ (from 3 mg ml™) in GF150
buffer with or without Pacland incubated onice for1hbefore cryo-EM
sample vitrification (Extended Data Fig. 8b). Then, 3 pl of sample was
applied to Quantifoil holey carbon grids (R2/1,300-mesh gold or R2/1,
400-mesh) and incubated in the chamber of the Vitrobot Mark IV unit
(FEI) for 5s at 4 °C and 100% humidity. Subsequently, the grids were
blotted for 3-5 s and plunged into liquid ethane. The grids were then
screened and data were collected ona200-keV Glacios EM instrument
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(Thermo Fisher Scientific) with a K3 direct detection camera (Gatan)
ay amagnification of 45,000, physical pixel size of 0.868 A and total
dose of 40 e per A% In total, 2,179 (for dynein alone) and 7,036 (for
dynein-Pacl complex) videos at adefocus eange of -1.2 pmto-2.7 pm
were acquired and data collection was automated using SerialEM®®*",

Cryo-EM image processing

Preprocessing steps, including motion correction, contrast trans-
fer function (CTF) estimation and particle picking, were conducted
either in cryoSPARC Live®® or with anin-house script using MotionCor2
(ref. 69), GCTF° and Gautomatch. Scripts for real-time data transfer
and on-the-fly preprocessing are available from GitHub (https://github.
com/JackZhang-Lab). Reconstruction steps were conducted in cry-
0SPARC®® (Extended Data Fig. 8c,d).

For both datasets, the initial particles were picked using blob
picker or template matching and extracted at abox size of 128 and pixel
size of 3.47 A (bin 4). The particles were subjected to several rounds
of 2D classification to obtain high-quality class averages of dynein
motor domain. Ab initio reconstruction followed by heterogeneous
refinement of these particles (six classes) revealed amediumresolution
(5-8 A) of the motor domains. Manual inspection was performed for
different classes and similar classes were merged. Two different classes
were identified and the particles were reextracted at abox size of 284
and pixel size of1.157 A for high-resolution reconstruction. Each class
was subjected to homogeneous refinement and two rounds of global
CTF, local CTF and local refinement. The resolutions of all maps were
estimated by Fourier shell correlation calculations’’? embedded in
cryoSPARC. Local resolution analysis” was performed in cryoSPARC.

Model building and refinement
The previous published yeast dynein motor domain structures (PDB
4AKI (ref. 74), PDB 4WSF (ref. 52) and PDB 7MGM (ref. 45)) were used
as initial models. A manual fitting step was conducted in Chimerax”
tofitindividual AAA domains to the cryo-EM maps. Namdinator’ was
then used to automatically refine the modelinto the cryo-EM map.
All models underwent iterative refinement using PHENIX
real-space refinement (version 1.21rc1_5190)”” and manual rebuild-
ing in Coot’®”’, The quality of the refined models was assessed using
MolProbity® integrated into PHENIX, with statistics reported in Sup-
plementary Table 1.

Plots and molecular graphics
Plots were generated using GraphPad Prism 10.4. Molecular graphics
were prepared using UCSF ChimeraX (version1.9)”.

Single-molecule motility assays

Single-molecule motility assays were performed as previously
described with minor modifications'**. Briefly, flow chambers con-
structed using slides and plasma were cleaned and silanized cover-
slips attached with double-sided adhesive tape were coated with
anti-tubulin antibody (8 pg ml™, YL1/2; Accurate Chemical and Sci-
entific Corporation) and then blocked with 1% Pluronic F-127 (Fisher
Scientific). Taxol-stabilized microtubules assembled from unlabeled
porcine tubulin (Cytoskeleton) were introduced into the chamber.
After incubation for 2-5 min, the chamber was washed with lysis
buffer (30 mMHEPES pH7.2,50 mM potassium acetate, 2 mM magne-
siumacetate,1 mM EGTA and 10% glycerol) supplemented with20 pM
taxoland1 mM DTT. Dynein, diluted in an oxygen-scavenging motil-
ity buffer (lysis buffer supplemented with 50 nM protocatechuate
3,4-dioxygenase, 2.5 mM protocatechuic acid, 1 mM Trolox, 1 mM
cyclooctatetraene,1 mM4-nitrobenzyoyl alcohol,1mMDTT, 20 uM
taxol and 1 mM Mg-ATP) was then added. Total internal reflectance
fluorescence (TIRF) microscopy images wereimmediately collected
using aniLAS2 RING TIRF system onaNikon Ti-2E inverted microscope
equipped with a x100 (numerical aperture (NA):1.49) TIRF objective,

a Ti2-SS-E motorized stage, piezo z control and an iXon LIFE 897
cooled electron-multiplying (EM)-CCD camera (Andor). A 640-nm
laser housed in an LUN-F 3 (Nikon) was used along with a multipass
quad filter cube set (C-TIRF for 405, 488, 561 and 638 nm; Chroma)
and emission filter mounted in a filter wheel (700/75 nm; Chroma).
Toimage nonfluorescent microtubules, we used interference reflec-
tion microscopy®. Images of dynein motors were acquired at 2-s
intervals for 8 min. Velocity and run length values were determined
from kymographs generated using the MultipleKymograph plugin
for FIJI/Image).

Live-cell spindle dynamics assay

For the spindle dynamics assay (Fig. 6h,i), mid-log-phase cells were
arrested with 200 mM hydroxyurea (HU) for 2.5 h in SD complete
supplemented with 2% glucose and then applied to slide-mounted
agarose ‘pads’ comprising 1.7% agarose dissolved in SD complete sup-
plemented with 2% glucose and 200 mM HU for confocal fluorescence
microscopy. Full zstacks (21 planes with 0.2-umspacing) of GFP-labeled
microtubules (GFP-Tubl) were acquired every 10 s for 10 min. Images
were collected onaNikon Ti-E microscope equipped with a x100 (NA:
1.49) TIRF objective, a Ti-S-E motorized stage, piezo z control (Physik
Instrumente), an iXon DUSS8 cooled EM-CCD camera (Andor) and a
spinning disc confocal scanner unit (CSUX1, Yokogawa). A488-nm laser
housedinanLU-NV laser unitequipped with AOTF control (Nikon) was
used to excite GFP, which was used with an emission filter mounted in
afilter wheel (ET525/50M; Chroma). The microscope was controlled
with NIS Elements (Nikon).

Forthose parameters plottedin Fig. 6i and Extended Data Fig.10B,
dynein-mediated spindle movements were manually scored from
both xy and xz projections using custom-written MATLAB routines
(‘CellCropGUI_4.m’ for cropping individual cell images and ‘spindle_
tracker_v3.m’ for manually tracking dynein-mediated spindle move-
ments are both available from Zenodo). Dynein-mediated spindle
movements were identified as those eventsin which the spindle under-
went a directed excursion toward the cell cortex that was coincident
with a microtubule-cortex encounter. The visual representations
of spindle dynamics over time shown in Fig. 6h and Extended Data
Fig. 10c were generated with a custom MATLAB routine (‘Spindle-
Tracker3D_v8.m’, for automated tracking of spindle centroid over time,
isalso available from Zenodo) that permits the user to delineate the cell
outline and bud neck and tracks the spindle centroid over time with
respecttotheseboundaries. To eliminate any dynein-independent con-
tributions to spindle movements, these assays were performed in cells
lacking Kar9, a protein that is required for an actin/myosin-mediated
spindle orientation pathway®***. Data shown are from three independ-
entreplicates from at least two biological replicates.

Immunoblotting

Todetermine the relative expression levels of WT and mutant Dyn1pro-
tein, cell pellets from log-phase growing cells were first resuspendedin
lysis buffer (30 mM HEPES pH 7.2, 50 mM potassiumacetate, 2 mM mag-
nesiumacetateand 0.2 mM EGTA supplementedwith1 mMDTT, 0.1 mM
Mg-ATP and cOmplete protease inhibitor). Glass beads (0.5 mm) were
addedto cell slurry, which were broken open by vortexing four times for
15 seach, with1 minofincubation oniceinbetween. After clarification
(20,000g,10 min at4 °C), an equal amount of protein from each sample
(determined by Bradford assay) was incubated with 15 pl of GFP-Trap
beads (ProteinTech) for 1 hat4 °C. Afterincubation, beads were washed
twiceinlysis buffer and then boiledin sample buffer before loadingona
5% SDS polyacrylamide gel. Separated protein was transferred to PVDF
(in25 mM Tris, 192 mM glycine supplemented with 0.05% SDS and 10%
methanol), which was blocked (TBS supplemented with 5% milk) then
probed withamonoclonal anti-GFP antibody (1:200; Abm) followed by
ahorseradish peroxidase (HRP)-conjugated goat anti-mouse antibody
(at1:10,000; Jackson ImmunoResearch Laboratories).
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Expression levels of WT and mutant Pacl (both tagged with 13Myc)
were determined by loading an equal amount of clarified cell extracts
(prepared as described above for Dyn1) directly onto a4-20% SDS poly-
acrylamide gel (Bio-Rad). After transferring to PVDF, membranes were
blocked (asabove) and then probed with arabbit anti-c-Myc antibody
(1:500; GenScript) followed by an HRP-conjugated goat anti-rabbit
antibody (at1:10,000;Jackson ImmunoResearch Laboratories). Immu-
noblots were processed using SuperSignal West Pico PLUS chemilumi-
nescentsubstrate (Thermo Fisher) andimaged on aBio-Rad ChemiDoc.

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

Data availability

Models and cryo-EM maps were deposited to the Protein Data Bank
and EM Data Bank under the following accession codes: PDB 9MFV
and EMD-48239 for dynein-alone dataset class 1, PDB 9MFW and
EMD-48240 for dynein-alone dataset class 2, PDB 9MFX and
EMD-48241 for dynein-Pacl dataset class 1 (motors unbound from
Pacl) and PDB 9MFY and EMD-48242 for dynein-Pacl dataset class 2
(motors bound to Pacl). All plasmids, yeast strains, datasets and raw
video files that were generated during and/or analyzed during this
study are available from the corresponding authors upon request.
Source data are provided with this paper.
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Extended Data Fig. 1| Representative mass photometry histograms used
to assess dynein-Pacl binding. (a) Schematic depicting expected molecular
weight values for protein species identified throughout Fig. 1and elsewhere.
(b-m) Representative mass histograms obtained fromindicated proteins
alone or in combination (as indicated). Expected/calculated molecular weight
(mean * standard deviation) values for indicated species are shown above

each peak. Note that values indicated by “*” in panel ¢ (which are presentin
almost all binding experiments to varying extents) are attributed to “noise”,

or contaminants either from protein purifications, or buffer components
(nucleotide mixtures). As shown in panel b, these species are not representative
of monomeric Pacl (expected MW, -78 kDa).
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Extended Data Fig. 2| More representative mass photometry histograms used to assess dynein-Pacl binding. (a - 1) Representative mass histograms obtained
fromindicated proteins alone or in combination (as indicated). See Extended Data Fig.1for more information.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-025-02096-8

total dynein-Pac1 binding

|ATPE AMPPNPE ATP-ySHE ATP-VilJ ADPHE Apol|

AAA1

V]

C

o
%}
]

o
o
]

o
w
|

fraction of bound motors

[
o
|

MT-U MT-B

0.9

AAA3 d AAA4
|_‘—"'S' 0.9
kk N
n.s. _| ¢

MT-U MT-B MT-U MT-B

WT MT-U MT-B MT-U MT-B MT-U MT-B MT-U MT-B
WA WwB WA wWB WA wB
e AAA1/AAA3 double mutants
n.s.
10_ ekkk ,_]_*‘
[ ns. o —
5 .
© - *
IS . n.s. R
o e i ol 1
go I . --
S : il s
S e . —
‘6 ° °
MT-U MT-B MT-U MT-B MT-U MT-B MT-U MT-B
AAATWA AAATWA AAA1WE AAA1WB
APTA3WA AKA3WB AP.:-A3""A APTA3WB

Extended Data Fig. 3| Assessment of total dyneinygror-Pacl binding.

(a-e) Plots of total bound fraction for wild-type (a) or indicated WA or WB
mutantin AAA1(b) AAA3 (c) or AAA4 (d) mutant dyneinyoror fragments. Those
withindicated combination of AAA WA or WB mutants are shown in panel e. Plots
depict results from mass photometry binding assays (mean + standard deviation
along with individual data points; for panel a, from left to right, n = 4/4/5/4/5/5,
Nyry =4/4/5/4/5/6, nyr.s = 4/5/5/4/5/6 independent replicates; for panel b, from
left to right, nyr.y™ =7/6/5/4/5/7, nyrs™ = 5/5/5/4/5/4, Ny = 9/8/5/4/4/5,
Ny = 5/5/5/5/5/5 independent replicates; for panel ¢, from left to right,

Nyt = 9/15/5/5/6/4, Nyrs™ = 4/4/6/4/6/5, Nyry"® = 4/6/5/4/5/4, Ny s
5/5/5/5/5/5independent replicates; for panel d, from left to right,
Nyro™ = 5/6/5/6/8/8, Nyir.s" = 5/5/5/5/5/6, Ny ** = 6/6/6/6/5/6,

nyrs"® =5/5/5/5/5/5 independent replicates; for panel e, from left to right,

Ny ™" = 6/5/5/5/4/5, Nyrg™™ = 5/5/5/5/5/5, Ny **™® = 4/4/6/4/5/6,
Dare™® = 5/5/5/5/5/5, e = 5/5/5/5/5/5, e = 5/5/5/5/5/5, trp**"®
5/5/5/5/5/5, nyrs" "8 = 5/5/5/5/5/5 independent replicates). Values represent
total fraction of bound motors, including those within the 523 kDa peak and
those within the 897 kDa peak. P-values were calculated using an unpaired
two-sided t test with Welch’s correction (****, P< 0.0001; ***, P< 0.0010;

** P<0.01;* P<0.05; n.s., not significant, P> 0.05). In cases in which multiple
datasets are cross compared, only the highest Pvalue is indicated (to simplify
data presentation). See associated Source Data file for all raw dataand all
individual Pvalues.
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Extended DataFig.4|AAAland AAA3 coordinate Pacl-binding affinity
atboth site"" and site**", (a) Representative mass photometry histograms
showing binding between monomeric Pacl (Pac1*; A1-143) and indicated
monomeric dyneinygror (WT, left; MT-U/K2424 A, middle; MT-U/E2488Q,
right). Each are representative of at least 3 independent replicates. Note that
the relatively low mass of unbound Pac
photometry in our conditions. (b and c). Representative mass photometry
histograms (left) and plots (mean + SD, along with all data points; right) showing
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binding between full-length Pacl (WT or R247A) and either dyneinyropM"V/E2485Q
(b; ny; =13, and ng,,, = 9 independent replicates) or dyneinyorog=*%5?
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presence of AMPPNP. Expected/calculated molecular weight (mean + standard
deviation) values for indicated species are shown above each peak. P-values
were calculated using an unpaired two-sided t test with Welch’s correction

(***, P<0.0001;**, P<0.0010;*, P < 0.05). See associated Source Data file for all
raw data and all individual Pvalues.
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Nucleotide occupancy coordinates stoichiometry of
binding between Pacl and GST-dimerized dyneinygog. (@ - €) Representative
mass photometry histograms and associated plots (mean fraction of binding +
SD; n=3independent replicates for each) depicting extent and stoichiometry
of binding between Pacl and either wild-type (a), AAA3"* (b) or AAA3"E GST-
dyneinyror mutants at a range of dynein:Pacl ratios. Cartoon schematics

above each peak indicate respective protein species. Binding experiments were
performed inindicated nucleotide conditions (ATP, left; AMPPNP and ADP,
middle; ATP + vanadate, right). Note that we observed no 1844 kDa species, which
would be indicative of Pacllinking two distinct GST-dyneinygror fragments,
including in conditions that enrich for 2 dyneinyoroz:1 Pacl®™ species (that is,
AAA3"* mutant with ATP or ADP).
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Extended Data Fig. 6 | Representative negative stain EM images of full-length individual dynein complexes from each condition (“*” indicates 2x-phi dynein
dynein mutants. Representative unprocessed negative stain EM images species observed in AAA3"® minus Pacl). Similar results were obtained from 2
ofindicated full-length dynein mutants in the absence (left) or presence of independent replicates.

excess Pacl (see Fig. 4a, b). Panels of cropped images show representative
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phi-like[]
open[l]

ambiguous|[]

Extended Data Fig. 7| Negative stain EM of wild-type full-length dynein.
Representative 2D class averages showing indicated full-length dynein (purified
from Sf9 cells) in the absence of Pacl. Pie graph shows relative fraction of

indicated conformational state (determined from 2D averages). Numbers
indicate the number of particles in each class (top) and the measured distance
between the motor domains (from center-to-center; bottom).
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ofthe dynein alone dataset (c) or the dynein-pacl dataset (d). Representative
2D class averages of motor domains are shown. Cryo-EM maps, local-resolution
analysis and FSC plots are shown. Similar results were obtained from 2
independent replicates.
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Extended DataFig. 9| Nucleotide states of AAA1, AAA3 and AAA4 from each cryo-EM map. (a and b) Two classes from the dynein alone dataset (a) or from the
dynein-pacl dataset (b). The Cryo-EM maps are shown in transparent surface mode fitted with PDB models. The red dashed circles highlight the missing nucleotide in
the pocket (apo state).
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Extended Data Fig. 10 | Additional parameters for dynein-mediated spindle
movements in HU-arrested cells, and model for Lis1 opening of phi dynein.
(a) Representative immunoblots of Dyn1-3GFP (wild-type and indicated mutants)
and Pacl-13myc along with quantitation (mean + SD; n = 3; see Methods).
Whereas cells lacking dynein were used as a control for the Dyn1-3GFP blots
(dyn1A), those without a13myc tag on Pacl were used for the Paclblot (see
“control” in Extended Data Fig. 10 source data). (b) Velocity and displacement
values for dynein-mediated translocation of the mitotic spindle in hydroxyurea-
arrested cells (see Fig. 6i for n values). P-values were calculated using a two-
sided Brown-Forsythe and Welch ANOVA (for velocity values), or a two-sided
Kruskal-Wallis test (for runlength values) (****, P< 0.0001; **, P< 0.0100; n.s.,
notsignificant, P> 0.05). See associated raw data file for individual values and
all statistical data. (c) Additional representative tracks of spindle centroids
forindicated strains (cell outline in black, bud neck in magenta). (d) We posit
the following model to account for our data. Dynein primarily exists in the

autoinhibited phistate with ADPbound to AAA1, 3 and 4 (refs.12,44).Asa
consequence of this nucleotide code, Lis1 can bind with one WD40 binding at
site™, and the other at site®**. Our negative stain EM data indicate this binding
mode does not resultin dynein opening, consistent with two recent cryo-EM
studies®*°, Torelease ADP from AAA3 and adopt a post-2 linker state, dynein
partially/transiently opens, which consequently leads to Pacl unbinding from
site®™, and binding to the 2" motor domain. This new binding mode stabilizes
an open conformation of dynein, which more readily binds to dynactinand an
adaptor. Although assembly of the dynein-dynactin-adaptor complex likely
promotes adoption of a parallel arrangement of the motor domains'? (bottom),
we cannot rule out dynein remaining in the Lis1-stabilized open conformation
we observe by negative stain EM (top). Finally, upon binding to microtubules
and initiating a motility event, Lis1 dissociates due to a weakened affinity at both
site"™® and sites,
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