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ABSTRACT Lis1, Nudel/NudE, and dynactin are regulators of cytoplasmic dynein, a minus
end-directed, microtubule (MT)-based motor required for proper spindle assembly and ori-
entation. In vitro studies have shown that dynactin promotes processive movement of dynein
on MTs, whereas Lis1 causes dynein to enter a persistent force-generating state (referred to
here as dynein stall). Yet how the activities of Lis1, Nudel/NudE, and dynactin are coordinated
to regulate dynein remains poorly understood in vivo. Working in Xenopus egg extracts, we
show that Nudel/NudE facilitates the binding of Lis1 to dynein, which enhances the recruit-
ment of dynactin to dynein. We further report a novel Lis1-dependent dynein-dynactin inter-
action that is essential for the organization of mitotic spindle poles. Finally, using assays for
MT gliding and spindle assembly, we demonstrate an antagonistic relationship between Lis1
and dynactin that allows dynactin to relieve Lis1-induced dynein stall on MTs. Our findings
suggest the interesting possibility that Lis1 and dynactin could alternately engage with dynein
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to allow the motor to promote spindle assembly.

INTRODUCTION

Cytoplasmic dynein is a 1.2-MDa microtubule (MT)-based motor
complex. The dynein heavy chain (DHC) is responsible for ATP-de-
pendent motility toward the minus ends of MTs. The motor domain
of DHC is composed of a ring of six AAA ATPase modules, a project-
ing stalk that binds MTs, and a linker arm that extends from the ring,
whereas the tail domain supports DHC homodimerization and
serves as a scaffold to anchor the noncatalytic subunits, the dynein
IC (DIC), light IC (DLIC), and light chains (DLCs). The linker arm is
believed to serve as a mechanical lever to generate dynein’s power
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stroke as a result of ATP hydrolysis at the ring. ATP hydrolysis may
also lead to changes in MT-binding affinity at the tip of the stalk via
long-range allosteric communication through the stalk (Burgess
et al., 2003; Gibbons et al., 2005; Kon et al., 2009, 2012; Carter
et al., 2011; Roberts et al., 2012). Dynein drives a wide range of
functions in eukaryotic cells, including vesicular transport, spindle
morphogenesis, spindle orientation, and the inactivation of the
spindle assembly checkpoint. It is therefore not surprising that a
large number of regulators influence its motor activity by binding to
different parts of the complex.

Nudel/NudE, Lis1, and dynactin are major regulators of dynein
(Kardon and Vale, 2009; Allan, 2011; Vallee et al., 2012). Lis1, origi-
nally identified as a gene responsible for the human disease lissen-
cephaly (Reiner et al., 1993), was later found to have a role in regulat-
ing dynein-mediated nuclear migration in Aspergillus, as NudF (Xiang
et al., 1995). Initially identified as a multicopy suppressor of NudF
(Efimov and Morris, 2000), NudE and its two mammalian homologues
(NudE and Nudel, or Nde1 and Ndel1) have since been shown to
bind to both dynein and Lis1 (Feng et al., 2000; Niethammer et al.,
2000; Sasaki et al., 2000). Although essential roles for Lis1 and NudE/
Nudel in dynein function are now firmly established (Smith et al.,
2000; Lee et al., 2003; Sheeman et al., 2003; Stehman et al., 2007;
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Wynshaw-Boris, 2007; Zhang et al., 2010; Pandey and Smith, 2011;
Egan et al., 2012, Lam et al., 2010), their mechanisms of action re-
main unclear.

Several studies have shown that Lis1 inhibits dynein-mediated
MT gliding in vitro, while promoting both MT binding and ATP hy-
drolysis (Mesngon et al., 2006; Yamada et al., 2008; McKenney
et al., 2010; Torisawa et al., 2011; Huang et al., 2012). Single-mole-
cule analysis further revealed that Lis1, either alone or together with
NudE, enhances dynein binding to MTs under high load conditions
(McKenney et al., 2010). Lis1 was recently shown to bind the dynein
motor domain at the interface between AAA3 and AAA4, a site that
is directly in the path of the allosteric communication that couples
ATP hydrolysis to changes in MT-binding affinity. This has led to the
proposal that Lis1 acts as a “clutch” that decouples dynein’s chemi-
cal and mechanical cycles, explaining its ability to induce a persis-
tent dynein stall on MTs (Huang et al., 2012). Together these studies
suggests that Lis1 may facilitate dynein-based transport of heavy
cargoes on MTs in vivo by enhancing persistent attachment in the
face of ongoing ATP hydrolysis (Yi et al., 2011).

Both in vivo and in vitro work suggests that Nudel/NudE, the
binding partners of Lis1, serve as scaffold proteins that facilitate Lis1
recruitment to the dynein motor domain. Nudel/NudE become dis-
pensable for MT aster and spindle assembly in Xenopus egg extracts
when the LisT concentration is doubled (Wang and Zheng, 2011;
Zylkiewicz et al., 2011). In keeping with this, NudE is dispensable for
nuclear migration in Aspergillus nidulans when NudF (Lis1) is overex-
pressed (Efimov, 2003). The Lis1-binding site in Nudel/NudE has
been mapped to the C-terminal portion of the coiled-coil domain (aa
103-153; Derewenda et al., 2007). Nudel/NudE may have as many
as three dynein-binding sites: one for DIC in the N-terminal portion
of the coiled-coil domain (Nudel aa 1-80; Wang and Zheng, 2011;
Zylkiewicz et al., 2011), one for DHC in Nudel's unstructured C-termi-
nus (Sasaki et al., 2000; Liang et al., 2004), and a third, for DLC (LC8),
also in the unstructured C-terminus (McKenney et al, 2011).
Although studies suggest that Nudel/NudE could recruit Lis1 to dy-
nein and relieve Lis1-induced dynein stall in vitro using purified Lis1,
Nudel/NudE, and dynein (Yamada et al., 2008; McKenney et al.,
2010), the observation that increasing the amount of Lis1 renders
Nudel/NudE dispensable in egg extracts and in A. nidulans (Efimov,
2003; Wang and Zheng, 2011; Zylkiewicz et al., 2011) suggests that
Nudel/NudE are unlikely to be essential in releasing Lis1-induced
dynein stall on MTs and subsequent dynein activity in vivo. Interest-
ingly, it was recently reported that NudE and p150°'¢ compete with
one another for binding to DIC on dynein (McKenney et al., 2011).
Although the significance of this competitive binding is unknown, it
suggests that Nudel/NudE and dynactin might coordinate with one
another to regulate dynein-based motility.

Dynactin is another important dynein regulator involved in all
aspects of dynein function examined thus far (Schroer, 2004). Dis-
covered as a factor that is sufficient to allow dynein-mediated trans-
port of membrane vesicles in vitro, dynactin is a complex of 11 dis-
tinct subunits that comprise a short polymer of actin-family proteins
and a shoulder structure that binds dynein via the p150°“¢¢ subunit
(Karki and Holzbaur, 1995; Vaughan and Vallee, 1995; King et al.,
2003). A number of studies have shown that dynactin regulates dy-
nein by targeting it to different cellular locations or cargoes (Schroer,
2004; Zhang et al., 2011; Yeh et al., 2012) and by increasing its pro-
cessivity (King and Schroer, 2000; Ross et al., 2006; Kardon et al.,
2009). A recent RNA interference (RNAI) screen in Hela cells found
that dynactin, surprisingly, was dispensable for dynein-dependent
spindle pole organization (Raaijmakers et al., 2013). This finding is in
direct conflict with a similar RNAi analysis in Cos7 cells (Yeh et al.,
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2012) and contradicts a large body of previous in vitro work showing
that formation of Hela mitotic asters or Xenopus meiotic spindles is
prevented when dynactin is immunodepleted or the dynein-dynac-
tin interaction is inhibited by antibody addition (Gaglio et al., 1996,
1997; Heald et al., 1996, 1997). The discrepancy is most likely due
to insufficient depletion of dynactin in the HeLa RNAi screen
(Raaijmakers et al., 2013).

Understanding how dynein is regulated by Lis1, Nudel/NudE,
and dynactin requires an assay system in which the function of the
different protein components can be perturbed using different
means and the consequences analyzed under physiologically rele-
vant conditions. To this end, we have used a spindle assembly assay
in Xenopus egg extracts with great success (Ma et al., 2009;
Goodman et al., 2010; Wang and Zheng, 2011). Using this system
in conjunction with MT gliding assays, we have discovered an an-
tagonistic relationship between dynactin and Lis1 in regulating
spindle pole organization.

RESULTS

Nudel enhances the binding of Lis1 to dynein by promoting
interactions among Nudel, DIC, and Lis1

Previous studies have shown that depletion and/or functional block-
ing of dynein, dynactin, Lis1, or Nudel/NudE completely disrupts
the pole organization of spindles assembled in Xenopus egg ex-
tracts (Heald et al., 1996; Gaetz and Kapoor, 2004; Ma et al., 2009;
Wang and Zheng, 2011; Zylkiewicz et al., 2011). The requirement for
Lis1 and Nudel/NudE, which are not required for dynein-based
movement of membrane vesicles in vitro (Schroer and Sheetz, 1991;
Yamada et al., 2008), suggests that spindle pole organization re-
quires dynein to function under high load. The precise role of dynac-
tin, which is also required in this context, has, however, remained
unknown. We reasoned that, by studying the interactions among
dynein, dynactin, Lis1, and Nudel/NudE, we could gain insights re-
garding how dynein is controlled by these regulators during spindle
assembly. Because Nudel/NudE can bind both Lis1 and DIC, it has
been suggested that Nudel increases the binding of Lis1 to dynein
by forming a ternary complex among Lis1, Nudel, and DIC (Wang
and Zheng, 2011; Zylkiewicz et al., 2011). We therefore tested ter-
nary complex formation, which has not been explored previously,
using purified Nudel, Lis1, and DIC.

We first used isothermal titration calorimetry (ITC) to measure
the binding affinities of Nudel to DIC and Nudel to Lis1. We showed
previously that the N-terminal 201 amino acids of Nudel (Nudel™2%Y),
which contains binding sites for both Lis1 (aa 103-153 of Nudel) and
DIC (aa 1-80 of Nudel), was sufficient to replace endogenous Nudel/
NudE in a spindle assembly assay in Xenopus egg extract when
present at approximately twofold higher concentration than the en-
dogenous Nudel/NudE (Wang and Zheng, 2011). We therefore
used Nudel%" in the ITC measurements. We found that purified
Nudel™20! exhibited saturable binding to purified DIC with a Ky of
7.8 £ 1.5 uM (Figure 1A). The affinity between Nudel'2%" and Lis1
was 0.41 + 0.07 uM (Figure 1B), close to that measured previously
(Tarricone et al., 2004).

To properly assess the interactions among Nudel, DIC, and LisT,
it is important to use concentrations found under physiological con-
ditions. Although the concentrations that can be measured in cyto-
sol do not necessarily reflect the amount of each protein that is en-
gaged with spindle-associated dynein, the total amount of each
protein present in the system will clearly impact its interaction with
dynein. We therefore determined the concentrations of DIC, Lis1,
and Nudel/NudE in Xenopus egg extracts known to support spindle
assembly, using quantitative Western blotting with the purified
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FIGURE 1: Nudel enhances binding of Lis1 to dynein by simultaneously interacting with Lis1

and DIC in vitro. (A and B) Affinity measurements of Nudel-DIC (A) or Nudel-Lis1 (B) interaction
by ITC. Thermograph (top) and binding isotherms (bottom) show the titration of Nudel™2" with

DIC (A) or Lis1 (B). (C) Coomassie Blue-stained gel of the purified His-Nudel™20" (WT); its

mutants E48A and E119A/R130A; DIC; and GFP-Lis1. (D) Nudel-2" facilitated the formation of

Nudel'-2%1-Lis1-DIC ternary complex in vitro. GFP-Lis1 (1 uM) was mixed with 1 uM DIC in the
absence and presence of 0.2 uM Nudel-?", or two mutants (E48A and E119A/130A).
Antibodies to GFP were used to pull down GFP-Lis1, and the presence of Nudel and DIC in

immunoprecipitates was analyzed by Western blotting. Nonimmune IgG was used as a control.
(E) A schematic illustration of the complex assembled by Nudel-?°, Lis1, and DIC. The squiggle

on DIC represents the N-terminus that binds to Nudel and dynactin p150©iud,
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recombinant proteins as standards. We
found DIC and Lis1 both to be present at a
concentration of ~1 puM, whereas Nudel/
NudE was present at 0.05-0.1 pM (Supple-
mental Figure S1). We also found p50/dyna-
mitin, a subunit of dynactin, to be present at
~0.7 uM, similar to DIC (Figure S1).

To perform binding assays, we expressed
and purified green fluorescent protein
(GFP)-Lis1 and DIC, using baculovirus in Sf9
cells. Nudel™?" and the two point mutants
E48A and E119A/R130A were purified from
bacteria (Figure 1C). We showed previously
that the single point mutant E48A failed to
bind to DIC and that the double point mu-
tant E119A/R130A failed to bind to Lis1 (see
Figure 4B in Wang and Zheng, 2011). We
verified that GFP-Lis1 was fully functional,
because it could rescue spindle assembly in
egg extracts depleted of Lis1 (unpublished
data). Purified GFP-Lis1 was mixed with pu-
rified DIC and Nudel2%" (or its point mu-
tants) at the concentrations present in egg
extracts, and GFP-LisT was immunoprecipi-
tated with GFP antibody or control immuno-
globulin G (IgG) beads. We found that Lis1
pulled down DIC much more efficiently in
the presence of Nudel™?" than in its ab-
sence (Figure 1D). The E48A mutant, which
retained Lis1 binding but not DIC binding,
failed to promote coprecipitation of DIC
with Lis1. Similarly, the E119A/R130A mu-
tant, which retained DIC binding but not
Lis1 binding (Wang and Zheng, 2011), also
failed to promote coprecipitation of DIC
with Lis1. The above findings support the
idea that Nudel enhances the binding of
Lis1 to dynein by forming a Lis1-DIC-Nudel
complex (Figure 1E).

Nudel promotes the binding of Lis1
and dynactin to dynein in Xenopus
egg extracts

To further confirm that Nudel promotes Lis1
binding to dynein, we turned to Xenopus
egg extracts. We immunodepleted Nudel/
NudE from the egg extract using antibodies
that we showed previously to efficiently re-
move >90% of both Nudel and NudE from
Xenopus egg extract (Ma et al., 2009; Wang
and Zheng, 2011) without obvious codeple-
tion of other dynein pathway components
(Figure 2A). The lack of codepletion is con-
sistent with the idea that the interactions
among dynein, dynactin, Lis1, and Nudel
are weak. Despite the weak interaction, an-
tibodies to one protein can immunoprecipi-
tate a small amount of the other proteins.
For example, the antibody produced using
the last 325 amino acids of DHC coimmuno-
precipitated 1-2% of Lis1, p1509ed, and
p50/dynamitin present in the input egg
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FIGURE 2: Nudel promotes the binding of Lis1 and dynactin to dynein in Xenopus egg extracts.
(A) Western blot analyses of the efficiency of depleting Nudel/NudE. Decreasing amounts of
mock-depleted egg extracts (% of XEE) were loaded along with the Nudel/NudE-depleted egg
extracts, which were loaded equivalent to 100% of the mock-depleted egg extracts. Depletion
of Nudel/NudE did not affect the amount of dynein or its other regulators present in the egg
extracts. (B) Dynein and its associated proteins were immunoprecipitated using antibodies to
DHC from mock- or Nudel/NudE-depleted egg extracts (XEE = Xenopus egg extract). The
reduction of Lis1 and dynactin (as judged by p150¢"ed and p50/dynamitin levels) upon Nudel/
NudE depletion was rescued by adding 0.1 pM of purified full-length Nudel but not GST. The
amounts of Lis1 and dynactin in the immunoprecipitates were estimated by quantitative Western
blotting and normalized against DIC. The graph on the right plots protein amounts as a
percentage of what was immunoprecipitated from a mock-depleted extract. Error bars: SEM
from three independent experiments. The XEE lane shows the relevant protein migration in egg
extracts. (C) Effects of Nudel'?%, NudelP®P, and Nudel®® on dynactin and Lis1 association with
dynein. The Nudel fragments were added at 0.2 uM to the Nudel/NudE-depleted egg extracts.
The DHC antibody or control IgG was used to immunoprecipitate DHC and its associated
proteins. Whereas Nudel'-2" was able to restore binding of dynein to Lis1 and dynactin in
Nudel/NudE-depleted egg extracts, NudelP&P and Nudel'P, either added alone or together,
failed to do so. Western blots were quantified in the plot to the right. Error bars: SEM from three
independent experiments. The XEE lane shows the relevant protein migration in egg extracts.
(D) Quantitative mass spectrometry analyses of DHC immunoprecipitates from the mock- or
Nudel/NudE-depleted egg extracts. The table lists spectral counts of DHC and its associated
proteins immunoprecipitated from the indicated conditions. The spectral counts for each protein
were normalized against the spectral counts of DHC. The ratio of normalized spectral counts
between mock- and Nudel/NudE-depleted samples are determined and plotted to the right.

extracts (Figure S2). Using this antibody to assess dynein-Lis1 bind-
ing, we found that depletion of Nudel/NudE from the egg extracts
reduced dynein-Lis1 association by ~60% (Figure 2B).

Interestingly, we found that depletion of Nudel/NudE also re-
duced the binding of dynactin to dynein, as judged by Western
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blotting using antibodies to p50/dynamitin
and p150©ued (Figure 2B). The reduced bind-
ing of dynein to Lis1 and dynactin could be
fully rescued by supplementing the egg ex-
tract with 0.1 uM full-length Nudel but not
by Xenopus buffer (XB) alone (Figure 2B).
Supplementing the egg extracts with 0.2 pM
glutathione S-transferase (GST)-Nudel'-2°!
also restored the binding of Lis1 and dynac-
tin to dynein (Figure 2C), consistent with our
previous finding that a twofold excess of
Nudel'?°" could compensate for endoge-
nous Nudel/NudE functions in spindle as-
sembly (Wang and Zheng, 2011). On the
other hand, addition of 0.2 pM Nudel frag-
ment containing only the DIC-binding do-
main (GST-NudelP8®, aa 1-103) or the Lis1-
binding domain (GST-Nudel*tP, aa 100-201)
either alone or in combination could not re-
store the binding of Lis1 and dynactin to dy-
nein (Figure 2C). This suggested that a com-
plexcontainingallthreecomponents—dynein,
Lis1, and Nudel—is necessary for dynactin
recruitment in this assay.

To verify that Nudel promotes the bind-
ing of Lis1 and dynactin to dynein, we sub-
jected the dynein immunoprecipitates from
mock- or Nudel/NudE-depleted egg extracts
to comparative mass spectrometry analyses.
By calculating the normalized spectral counts
(see Materials and Methods), we found that
depletion of Nudel/NudE significantly re-
duced the abundance of Lis1 and dynactin
subunits  (p1509ed,  p50/dynamitin, and
Arp1) without affecting the abundance of
DHC, DIC, and DLIC (Figure 2D). We noticed
that reduction of p1509 was less than that
of p50/dynamitin upon Nudel/NudE deple-
tion from the above two independent assays.
It is currently difficult to envision the cause of
such difference. Nevertheless, we conclude
that Nudel not only promotes the interaction
between dynein and Lis1 but also between
dynein and dynactin in egg extracts.

Nudel promotes the binding of
dynactin to dynein through Lis1 in
Xenopus egg extracts

Nudel promotes Lis1 binding to dynein by
creating a ternary complex of Nudel, DIC,
and Lis1 (see Figure 1E). It is, however, sur-
prising to observe that Nudel also pro-
motes the dynein-dynactin interaction,
given that Nudel/NudE and dynactin have
been reported to bind a similar site on DIC
(McKenney et al., 2011; Nyarko et al,
2012). We showed previously that 1 uM pu-

rified Lis1 could restore spindle assembly, a process that depends
on the complex of dynein and dynactin, to egg extracts depleted
of Nudel/NudE (Wang and Zheng, 2011). We reasoned that Nudel/
NudE might be acting through Lis1 to promote dynactin binding
to dynein by favoring Lis1 recruitment to dynein. To test this idea,
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FIGURE 3: Lis1 promotes the binding of dynactin to dynein in Xenopus egg extracts. (A) 2 uM
purified Lis1 restored the association of dynactin with dynein in the Nudel/NudE-depleted
extracts (XB = Xenopus buffer; a control for Lis1). Western blots were quantified in the plot to
the right. Error bars: SEM from three independent experiments. The XEE lane shows the
relevant protein migration in egg extracts. (B) Western blot analyses of the efficiency of
depleting Lis1. Decreasing amounts of mock-depleted egg extracts (% of XEE) were loaded
along with the Lis1-depleted egg extracts, which were loaded equivalent to 100% of the
mock-depleted egg extracts. Depletion of Lis1 did not affect the amount of dynein or its other
regulators present in the egg extracts. (C) Lis1 depletion from the egg extracts resulted in the
reduction of dynactin and dynein association, which was rescued by 2 uM of the purified Lis1.
Western blots were quantified in the plot to the right. Error bars: SEM from three independent
experiments. The XEE lane shows the relevant protein migration in egg extracts. (D) Purified
Lis1 directly binds to purified dynactin. Purified GFP-Lis1 (2 uM) was mixed with purified
dynactin in the presence or absence of 4 uM Nudel'®® or Nudel'®°E119A. A GFP antibody or
control IgG was used for immunoprecipitation. Western blots were quantified in the plot to the
right. Error bars: SEM from three independent experiments. (E) A cartoon illustrating the
interactions between dynein and its regulators. The binding of Nudel/NudE and Lis1 to dynein
promotes the binding of dynactin to the complex. The cartoon reflects the known positions of
Lis1 on the motor domain and DIC on the tail. The DIC N-terminus (squiggle) interacts with
amino acids 415-530 of the dynactin p150%ued component, which is associated with the Arp1
filament (purple rectangle) at the base of the p150¢e? projecting arm (aa 200-350). The precise
contact site between Lis1 and dynactin is unknown. On dynactin binding, the fate of Nudel/
NudE is unknown (question mark). Because Nudel/NudE has been suggested to bind to another
site besides DIC on dynein, upon dynactin binding, Nudel/NudE could either shift from DIC to
this other binding site or dissociate from dynein.

we supplemented Nudel/NudE-depleted egg extracts with 1 pM
purified LisT and examined the dynein-dynactin interaction by im-
munoprecipitation using the DHC antibody, as above. We found
that addition of 1 pM purified Lis1, but not a buffer (XB) control,
allowed normal amounts of dynactin to be coprecipitated with
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dynein (Figure 3A). To directly test whether
Lis1 is required for full dynactin-dynein
binding, we depleted Lis1. Western blot
analyses revealed that Lis1 depletion did
not reduce the amount of Nudel, dynactin
(judged by p1509ed and p50/dynamitin),
or dynein (judged by DIC) in egg extracts
(Figure 3B), but it did result in a marked re-
duction of dynactin in the DHC immuno-
precipitates (Figure 3C). The interaction
could be restored by adding purified Lis1
(Figure 3C). These findings suggest that
Nudel/NudE promotes the dynein-dynactin
interaction in a Lis1-dependent manner.

The p150%ed subunit of dynactin has
been shown to bind the DIC N-terminus di-
rectly (Karki and Holzbaur, 1995; Vaughan
and Vallee, 1995; King et al., 2003) with mi-
cromolar affinity (Morgan et al., 2011). It has
been reported that p50/dynamitin and Lis1
can be coimmunoprecipitated in cells over-
expressing the two proteins (Tai et al., 2002),
suggesting an interaction between Lis1 and
dynactin as well. To test whether Lis1 di-
rectly binds to dynactin, we mixed purified
bovine dynactin with purified GFP-Lis1 and
then used an antibody to GFP to pull down
Lis1. We found that purified GFP-Lis1 in-
deed interacted with purified dynactin
(Figure 3D). Because Lis1 also interacts di-
rectly with Nudel, we tested whether the
interactions between Lis1 and Nudel or dy-
nactin were mutually exclusive by adding
just the Lis1-binding domain of Nudel
(Nudel*8P) to the binding reaction. Nudel-2P
blocked the binding of Lis1 to dynactin
(Figure 3D), but a mutant version of the LBD
(Nudel®PE119A) that exhibits only weak
binding to Lis1 (Wang and Zheng, 2011) did
not (Figure 3D). This suggests that Nudel
and dynactin bind to the same site on Lis1.

Together these findings suggest the fol-
lowing testable hypothesis to explain the
way in which dynein interacts with its essen-
tial cofactors. We propose that Nudel/NudE
facilitates the loading of Lis1 onto dynein,
forming a complex that allows dynein to
function under high load. Dynactin may join
the complex by displacing Nudel/NudE
from DIC completely, or Nudel/NudE may
remain associated via its other dynein-bind-
ing site(s) (Figure 3E).

NudelPBP inhibits spindle assembly
by binding to DIC and inhibiting
the interaction between dynactin
and dynein

This interaction model (Figure 3E) makes several predictions that
can be tested using the Xenopus spindle assembly assay supple-
mented with reagents designed to disrupt specific interactions. We
showed previously that perturbing dynein activity in egg extracts
results in defects of increasing severity (Figure 4A): spindles showing
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FIGURE 4: The interaction between dynein and dynactin promoted by Lis1 is necessary for spindle morphogenesis.

(A) Images of representative spindles defined as bipolar, multipolar, partial focus, and fence. Scale bar: 20 pm.

(B) Analysis of the effect of NudelP®P on spindle pole organization in egg extracts. Increasing concentrations of
NudelPEP caused increasing spindle pole defects. Error bars: SEM of three independent experiments. (C) Cartoon
illustrating that NudelPP may inhibit dynein function by either competing with endogenous Nudel/NudE (scenario 1) or
dynactin (scenario 2) to bind to dynein. See caption to Figure 3D for the keys for the graphic objects. (D) Analysis of the
inhibitory effect of NudelPC in egg extracts depleted of Nudel and supplemented with Lis1. Nudel°®P inhibited spindle
pole organization in a dominant-negative manner in the Nudel/NudE-depleted and Lis1-supplemented egg extract.

(E) Addition of 10 uM of NudelP®P (but not NudelPEPE48A) into egg extracts reduced the interaction between dynactin
and dynein as determined by DHC immunoprecipitation followed by Western blotting. The plot to the right shows the
quantification of proteins immunoprecipitated by the DHC antibody. Error bars: SEM of three independent
experiments. The XEE lane shows the relevant protein migration in egg extracts. (F) Analysis of the effect of Nudel*2°
on spindle pole organization in egg extracts. Increasing concentrations of Nudel'®° caused increasing spindle pole
defects. Error bars: SEM of three independent experiments. (G) Cartoon illustrating that Nudel*E® may inhibit dynein
function by competing with endogenous Nudel/NudE to bind to endogenous Lis1 (scenario 1) or by competing with
dynactin to bind to dynein (scenario 2). See caption to Figure 3D for the key for the graphic objects. (H) Analysis of the
inhibitory effect of Nudel'®P in extracts depleted of Nudel and supplemented with Lis1. Nudel*®® inhibited spindle pole
organization in a dominant-negative manner in the Nudel/NudE-depleted and Lis1-supplemented egg extract. (I)
Addition of 4 pM of Nudel'®P (but not Nudel®PE119A) into egg extracts reduced the interaction between dynactin and
dynein as determined by DHC immunoprecipitation followed by Western blot analysis. The plot to the right shows the
quantification of proteins immunoprecipitated by the DHC antibody. Error bars: SEM of three independent
experiments. The XEE lane shows the relevant protein migration in egg extracts.

multiple poles, partially focused poles, or completely unfocused
poles (“fence-like” spindles; Wang and Zheng, 2011). These defects
can be reliably quantified and thus provide a measure of how differ-
ent disrupting reagents affect interactions among dynein and its
regulators.
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Our interaction model predicts that disrupting the interaction be-
tween Nudel/NudE and DIC would inhibit spindle assembly. We used
NudelP8P, which is known to bind DIC but not Lis1, for this purpose.
NudelPEPE48A, which does not bind DIC, was used as a control. By
adding increasing concentrations of Nudel®®P or NudelPBPE48A to
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egg extracts and measuring the effect on spindle pole organization,
we found that NudelPEP inhibited spindle pole assembly (Figure 4B),
whereas NudelPPPE48A had no effect (Figure S3A). NudelPEP inhib-
ited spindle assembly with an estimated effective concentration
(ECso, wherein 50% of spindles assembled had abnormal morphol-
ogy) of 5-10 uM (Figure 4B).

Although NudelPEP is likely to inhibit spindle assembly by pre-
venting the binding of endogenous Nudel/NudE to DIC and block-
ing Lis1 recruitment, it is equally likely to interfere with the binding
of dynactin to DIC, which would also inhibit spindle assembly (Figure
4C). To differentiate between these two possibilities, we simplified
the system by removing endogenous Nudel/NudE and then assay-
ing spindle assembly after supplementing the depleted extract with
various components. As expected (Wang and Zheng, 2011), 1 pM
purified Lis1 fully restored spindle formation in Nudel/NudE-de-
pleted egg extracts (Figure 4D). We found that, as in mock-depleted
control extracts (Figure 4B), NudelPEP inhibited spindle assembly in
the Nudel/NudE-depleted and Lis1-supplemented egg extracts
(Figure 4D). Interestingly, NudelPEP appeared to be a more potent
inhibitor in this context, with an ECgg of 0.63-1.25 pM that was
eightfold more potent than what was seen in control extracts
(compare Figure 4D with 4B). This is consistent with our observation
that full-length Nudel/NudE facilitates dynactin binding to dynein
(Figure 2). In the absence of endogenous Nudel/NudE, NudelP2P
would be expected to be highly effective at preventing the binding
of dynactin to DIC. Together the above findings suggest that
NudelPEP disrupts spindle assembly by interfering with the binding
of dynactin to dynein (as illustrated in Figure 4C, scenario 2).

To verify that NudelP®P indeed inhibits dynactin-dynein binding,
we immunoprecipitated dynein from egg extracts containing
NudelP2P or NudelP®PE48A. Excess wild-type NudelPEP, but not
NudelPBPE48A, not only slightly reduced Lis1 binding to dynein but
also severely reduced dynein-dynactin interaction (Figure 4E). These
findings suggest that NudelPBP could block the binding of dynactin
to dynein by occupying the dynactin-binding site on DIC, thereby
inhibiting spindle assembly.

Nudel'BP inhibits spindle assembly by binding to Lis1 and
inhibiting the interaction between dynactin and dynein
According to the interaction model (Figure 3E), excess Nudel*8P
should bind Lis1 and interfere with Lis1’s ability to promote dynac-
tin and dynein interaction. To explore this possibility, we added
increasing concentrations of Nudel®® to egg extracts, using
Nudel'8PE119A, which binds Lis1 very weakly (Wang and Zheng,
2011), as a control. We found Nudel'®, but not Nudel'BPE119A,
inhibited spindle assembly (Figures 4F and S3B). Nudel"8 inhib-
ited bipolar spindle assembly with an estimated ECsq of 0.25-
0.5 uM (Figure 4F).

To determine whether Nudel'®® inhibited spindle assembly by
preventing the binding of endogenous Nudel/NudE to Lis1 or by
interfering with the recruitment of dynactin to Lis1 in the dynein-Lis1
complex (Figure 4G), we again used egg extracts depleted of Nu-
del/NudE and supplemented with 1 uM Lis1. Once again, NudelEP
inhibited spindle assembly (Figure 4H). This suggests that it inter-
feres with the binding of dynactin to dynein, inhibiting spindle as-
sembly (Figure 4G, scenario 2).

Because the Lis1-dynein complex should still form under these
circumstances, this result suggests that the inhibitory effect of
Nudel8P was due to disruption of the dynein-dynactin interaction.
To confirm this, we immunoprecipitated dynein from egg extracts in
the presence of excess Nudel8P. Nudel‘®, but not NudelBPE119A,
reduced the interaction between dynactin and dynein (Figure 4l), as
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predicted. Curiously, Nudel®® appeared to enhance the binding of
Lis1 to dynein (Figure 4l). Nudel'®® may induce a conformational
change on Lis1 or dynein that increases Lis1-dynein affinity. If so,
Nudel*®® may not act as a simple competitive inhibitor, unlike
NudelPBP. Alternatively, Nudel®® might affect other dynein regula-
tors present in the egg extract that indirectly enhance Lis1-dynein
binding. Although further work will be needed to understand the
effect of Nudel'®® on the association between dynein and LisT,
these results suggest that the increased binding of dynactin to dy-
nein involves both DIC and Lis1.

Dynactin and Lis1 antagonistically regulate dynein activity
during spindle assembly

Recent work suggests that Lis1 enhances the binding of dynein to
MTs by locking dynein in a persistent force-producing state on
MTs, which would allow dynein to exert force under high load
(Yamada et al., 2008; McKenney et al., 2010; Torisawa et al., 2011;
Yi et al., 2011; Huang et al., 2012). Although Nudel/NudE was
shown to promote dynein motility by reducing Lis1-induced dy-
nein stall on MTs in vitro (Yamada et al., 2008; McKenney et al.,
2010; Torisawa et al., 2011), the molar ratio of Nudel/NudE to
Lis1 used in these experiments was ~10-20-fold higher than that
found in egg extracts (Ma et al., 2009; Wang and Zheng, 2011),
raising the possibility that Nudel/NudE does not facilitate detach-
ment of dynein from MTs in vivo. To complicate matters further,
dynactin has been shown to allow dynein to move more proces-
sively along MTs (King and Schroer, 2000; Ross et al., 2006;
Kardon et al., 2009). The interaction model (Figure 3E) predicts
that binding of dynactin to the dynein-Lis1 complex can relieve
LisT-induced dynein stall on MTs, allowing processive movement
under high load conditions (e.g., maintenance of a focused spin-
dle pole). In other words, Lis1 and dynactin may function antago-
nistically. If so, conditions that favor Lis1-dynein binding or disfa-
vor dynactin-dynein binding would favor dynein stall and yield
spindle assembly defects.

To explore this possibility, we started by reducing dynein-dynac-
tin interactions in egg extracts by adding NudelP®P (10 uM) to par-
tially suppress bipolar spindle assembly (Figure 5A). Further addi-
tion of purified Lis1 (up to 4 pM) resulted in increased disruption of
bipolar spindle assembly (Figure 5A), whereas increasing the Lis1
concentration in a control egg extract had no effect (Figure S4A; see
also Figure 5D). We then partially depleted dynactin using an anti-
body raised against p150°“ed (Figure 5B). Quantitative blotting re-
vealed ~50% depletion of dynactin subunits with minimal impact on
dynein, Lis1, or Nudel/NudE levels (Figure 5C). This treatment re-
sulted in reduced formation of normal bipolar spindles and a corre-
sponding increase in partially focused spindles (Figure 5D). Impor-
tantly, adding excess Lis1 to these egg extracts resulted in increased
spindle defects (Figure 5D).

Finally, we used an antibody raised against the N-terminal 65
amino acids of DIC to block the dynein-dynactin and dynein-Nudel/
NudE interactions. Addition of increasing amounts of the DIC anti-
body, but not a control, resulted in an increasing number of defec-
tive spindles with an ECsg of 0.1-0.2 mg/ml (Figures 5E and S4B).
Importantly, the partial inhibition seen at 0.2 mg/ml DIC antibody
was exacerbated by addition of increasing amounts of Lis1, which is
expected to further increase dynein stall on MTs (Figure 5E). Addi-
tion of Lis1 to a parallel egg extract containing control IgG had no
effect (Figure S4C), as expected. Together these experiments show
that weakening dynactin loading onto dynein exacerbates dynein
stall on MTs caused by excess Lis1, even though addition of compa-
rable levels of Lis1 to unperturbed egg extracts is not sufficient to
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FIGURE 5: Dynactin and Lis1 regulate dynein antagonistically during spindle assembly. (A) The
spindle pole defects caused by NudelPEP were increased by addition of excess Lis1. NudelP5P
added at 10 pM induced partial inhibition of spindle pole organization, which was further
exacerbated by addition of increasing concentrations of Lis1. (B) Antibodies to p150%ed partially
depleted dynactin as judged by Western blot analyses of p1509“¢? and p50/dynamitin. Such
depletion did not detectably reduce the amount of Nudel/NudE and DIC in the egg extract. The
plot to the right shows the quantification of the degree of depletion. (C) Analysis of spindle pole
organization in extracts with partial depletion of dynactin (or mock-depleted) in the presence of
excessive Lis1. Addition of increasing concentrations of Lis1 increased the spindle pole organi-
zation without affecting spindle assembly in the mock-depleted egg extracts. (D) Analysis of
spindle pole organization in extracts treated with increasing amounts of DIC antibody. Addition of
increasing concentrations of the DIC antibody caused a gradual increase of spindle pole disorgani-
zation with an estimated ECsg between 0.1 and 0.2 mg/ml. (E) Analysis of spindle pole organi-
zation in extracts treated with DIC antibody to which increasing concentrations of purified Lis1
was added. The partial spindle pole disorganization caused by 0.2 mg/ml DIC antibody was
increased by addition of increasing concentrations of purified Lis1. Error bars: SEM of three
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cause spindle morphology defects. These
findings indicate that Lis1 and dynactin have
opposite effects on dynein activity during
spindle assembly.

Dynactin overcomes Lis1-induced
dynein stall on MTs in vitro

To directly test whether dynactin can relieve
LisT-induced dynein stall on MTs in the ab-
sence of Nudel/NudE, we used a dynein-
mediated MT gliding assay. As previously
reported (King and Schroer, 2000), we found
that purified dynein could translocate MTs
with plus ends leading at an average veloc-
ity of 0.52 + 0.07 pm/s (n = 141). Addition
of purified dynactin did not increase glid-
ing velocity significantly (mean = 0.55 *
0.08 um/s, n = 141; Figure 6, A-C). Consis-
tent with previous findings (Yamada et al.,
2008; Torisawa et al., 2011), addition of Lis1
(2 pM) resulted in a reduction of the per-
centage of gliding MTs from 64.5 to 28.8%
(Figure 6, A and D), and those that did move
did so at a reduced velocity (0.20 + 0.08
pm/s, n = 141; Figure 6C). Next we added
LisT into flow chambers coated with a mix-
ture of dynein and dynactin. Dynactin was
found to partially reverse the Lis1-induced
MT stall by increasing both the percentage
of gliding MTs (from 28.8 to 38.7%) and
gliding velocity (0.20 + 0.08 pm/s to 0.32 +
0.07 pym/s, n = 158) (Figure 6, B and D).
Analysis of MT run lengths between pauses
under the different conditions revealed that
addition of dynactin to reactions containing
dynein and Lis1 also yielded a significant in-
crease in overall displacement (Figure 6E).
These data suggest that dynactin can relieve
LisT-induced dynein stall on MTs and restore
its ability to support long-range movement.

DISCUSSION

Dynactin, Lis1, and Nudel/NudE are among
the most-studied dynein regulators. Although
recent studies have shown that LisT promotes
a stable MT-bound state for dynein, which
may allow dynein to translocate heavy car-
goes (Yamada et al., 2008; McKenney et al.,
2010; Torisawa et al., 2011; Yi et al., 2011;
Huang etal., 2012), itremains unclear whether
and how the “clutch” function of Lis1 is inte-
grated with the effects of dynactin to yield
muotility. Dynactin was originally identified as
an activity that allowed purified dynein to
move vesicles (a low load cargo) processively
along MTs (Schroer and Sheetz, 1991). How
dynactin contributes to movement of heavy
cargoes, however, remains unclear.

Our findings suggest that dynactin and
Lis1 function antagonistically to ensure spin-
dle pole focusing in Xenopus egg extracts.
They are consistent with a model in which
3529
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FIGURE 6: Dynactin relieves Lis1-induced dynein stall on MTs in vitro. (A) Compiled images
(one field per condition) of MT gliding on glass surfaces coated with purified dynein (D),
dynein plus dynactin (DD), dynein plus Lis1 (DL), or dynein plus dynactin and Lis1 (DDL).
Individual MTs are shown in orange. Their trajectories, which were constructed from 30
consecutive images taken at 1 frame/s, are shown with green lines. The longer the lines, the
farther the MTs have moved. Scale bar: 10 um. (B) Velocity histograms of gliding MTs driven
by dynein (D), dynein plus dynactin (DD), dynein plus Lis1 (DL), or dynein plus Lis1 and
dynactin (DDL). (C) Average velocities of MT gliding under the indicated conditions.

(D) Percentages of gliding MTs under the indicated conditions. (E) MT run lengths between
pauses under the indicated conditions. Each event is one gliding event between pauses. Error

bars: SD. *, Student’s t test (p < 0.001).

Nudel/NudE promotes the binding of Lis1 to dynein, which in turn
enhances the binding of dynactin to dynein. Dynactin-dynein bind-
ing may disengage the Lis1 clutch, thereby allowing dynein to move
processively under high load. Of course, the egg extract contains
other dynein regulators, whose activities may also have been im-
pacted by our manipulations. Therefore, although we favor the idea
that LisT and dynactin function together to support dynein-based
movement under high load, it should be noted that other possible
modes of dynein regulation cannot be ruled out.

Much previous work suggests that Nudel and NudE promote the
binding of Lis1 to dynein (Sasaki et al., 2000; Liang et al., 2004,
McKenney et al., 2010; Wang and Zheng, 2011; Zylkiewicz et al.,
2011; Huang et al., 2012). Using purified proteins, we provide a
molecular explanation for this activity. The close proximity of the
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DIC- and Lis1-binding sites in amino acids
1-201 of Nudel or NudE facilitates Lis1 re-
cruitment to dynein by providing a multiva-
lent interaction (Figure 1E). Strikingly, we
find that both Nudel/NudE and Lis1 pro-
mote dynein-dynactin interactions using im-
munoprecipitation assays (Figures 2 and 3).
Because excess LisT can promote dynactin
binding to dynein in the absence of Nudel/
NudE, we suggest that association of Lis1
with dynein creates an optimal “landing
pad” for dynactin. Consistent with this, we
find that purified Lis1 can bind purified dy-
nactin directly (Figure 3C). It is well estab-
lished that the dynactin p1509"¢d subunit
binds DIC directly (Karki and Holzbaur, 1995;
Vaughan and Vallee, 1995; King et al., 2003),
and our work suggests that Lis1 provides an
additional contact site on the dynein-Lis1
complex for dynactin.
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Although the difficulty of obtaining
large amounts of dynactin has so far made
it impossible to use only purified proteins
to directly test whether Lis1 promotes the
dynein-dynactin interaction, our findings
encourage further studies aimed at eluci-
dating how Lis1, Nudel/NudE, and dynac-
tin could coordinate with one another to
regulate dynein. For example, the finding
that either NudelP®® or Nudel®® can in-
hibit the binding of dynactin to dynein in
the absence of endogenous Nudel/NudE
in egg extracts suggests that dynactin and
Nudel/NudE share similar binding sites
not only on DIC but possibly also on Lis1
(Figure 4). Additionally, the observation
that Nudel*8P enhances Lis1 binding to dy-
nein (Figure 4l) suggests that dynactin may
weaken Lis1-dynein binding by attenuat-
ing the interaction of Nudel/NudE with the
motor complex, leading to disengage-
ment of the Lis1 clutch. Our ongoing ef-
forts to purify high concentrations of Lis1,
Nudel/NudE, dynein, and dynactin will
make it possible to test these interesting
ideas in vitro.

We note that supplementing Lis1 up to
fourfold over the endogenous level does
not cause spindle defects in egg extracts that are mock-depleted
or supplemented with control antibodies (Figures 5D and S4, A
and C), whereas overexpression of Lis1 in mice results in brain de-
fects (Bi et al., 2009). This discrepancy could be due to either a
relatively higher concentration of dynactin in egg extracts than in
mouse brain or a lack of sensitivity of the in vitro spindle assembly
assay to excess Lis1. Although our findings suggest that dynactin
and Lis1 function antagonistically to regulate dynein motility for
spindle assembly, it is important to point out that our findings on
spindle formation in Xenopus egg extracts may not apply to dy-
nein-based transport of other cargoes. Moreover, additional study
will be required to address whether and how Lis1 contributes to
the motility of small vesicles and other low-load cargoes in animal
cells in vivo.
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MATERIALS AND METHODS

Cloning, protein expression, and purification

The ¢cDNAs encoding the full-length Xenopus dynactin p1506ed
(clone ID 4959212) and the partial human DHC (clone ID 3546415)
were purchased from Open Biosystems (Huntsville, AL). The full-
length DIC and its truncated forms were subcloned into either
pPGEX6P2 (GE Healthcare Life Sciences, Piscataway, NJ) or pET30a
vectors (Novagen, Darmstadt, Germany). Dynactin p150¢¢d-CC1
(@aa 174-505) and the C-terminal fragment of DHC (aa 4322-4646)
were also subcloned into these two vectors. The full-length DIC and
p150CNed were also subcloned into pFASTBacHT vector (Invitrogen,
Carlsbad, CA) for expression in Sf9 cells. Expression and purification
of recombinant proteins in Escherichia coli and in Sf9 cells were de-
scribed previously (Wang and Zheng, 2011). GFP-tagged Lis1 or
His-tagged Lis1 were produced in Sf9 cells and purified as described
(Wang and Zheng, 2011). While GFP-LisT was used in the in vitro
binding assays described in Figure 3C, the His-tagged Lis1 was
used in all the other experiments. All proteins were dialyzed into XB
buffer (10 mM K-HEPES, pH 7.7, 100 mM KCI, 0.1 mM CaCl,, 1 mM
MgCl,, 50 mM sucrose) and concentrated to appropriate concentra-
tions before being frozen in liquid nitrogen and stored at —80°C.

Antibodies

The polyclonal antibody to human DHC used in dynein immunopre-
cipitation experiments was raised in rabbits using the purified GST-
DHC C-terminal region (aa 4322-4646) and affinity purified using
the same region of DHC but tagged with 6xHis. The rabbit dynactin
p150CNed antibody was raised against GST-CC1 (aa 174-505) of
Xenopus p150°ed and affinity purified using 6xHis-CC1. The rabbit
DIC antibody was raised against GST-DIC N-terminal region (aa
1-65) of Xenopus DIC and affinity purified using GST-DIC'> after
preabsorption of the anti-GST antibody in the serum. The antibod-
ies mentioned above were affinity purified using the corresponding
antigens coupled to Affi-Gel 10/15 (153-6098; Bio-Rad, Hercules,
CA) according to the manufacturer’s instructions. The concentration
of the purified antibody was determined by UV absorbance at
280 nm divided by the immunoglobulin extinct coefficient of 1.35.
Additional antibodies to dynactin p150©Ued and p50/dynamitin were
purchased from BD Biosciences (611002 and 610473, respectively;
Franklin Lakes, NJ). The anti-GFP antibody was purchased from
Genscript (A01388; Piscataway, NJ). Other antibodies used in this
study (DIC [74.1], Lis1, His tag, and Nudel/NudE) were described in
an earlier study (Wang and Zheng, 2011).

ITC

ITC experiments were performed using a high-precision ITCyqq
titration calorimetric system from MicroCal/GE Healthcare
(Northampton, MA). His-tagged DIC used in this study was ex-
pressed in Sf9 cells and purified using Ni-NTA agarose (Qiagen,
Valencia, CA), whereas His-tagged Nudel?°" was expressed and
purified from E. coli. The protein concentration was determined by
comparing the purified proteins with bovine serum albumin (BSA)
standard on the same SDS-PAGE gel, and was converted into molar
concentrations with the calculated molecular mass. For studies of
the interaction between Nudel and DIC, Nudel2°" at a concentra-
tion of 6 uM was titrated with 200 pM DIC. The titrant was added in
steps of 1.4 pl, with preset intervals of 180 s. All solutions were de-
gassed to avoid any formation of bubbles in the calorimeter during
stirring. The reagents were dissolved in XB buffer, and all measure-
ments were performed at 25°C. The heat released upon injection of
the titrant was obtained from the integral of the calorimetric signal.
The heat associated with the binding reaction was obtained by
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subtracting the heat of dilution from the heat of reaction. The indi-
vidual heats were plotted against the molar ratio, and the values for
the enthalpy change (AH) and association constant (K, = 1/Kg) were
obtained by nonlinear regression of the data.

Xenopus egg extract and sperm spindle assembly assay

Xenopus egg extracts and spindle assembly stimulated by Xenopus
sperm DNA were carried out as previously described (Wang and
Zheng, 2011). Immunodepletion was performed at 4°C using
Affi-protein A beads (Bio-Rad, Hercules, CA) coupled with corre-
sponding antibodies. One hundred micrograms of antibody was
generally used to deplete 100 pl of Xenopus egg extract. Two
rounds of immunodepletion using p150°"“¢? antibody were required
to remove 40-50% of dynactin. For mock depletion, purchased non-
immunized rabbit IgG (Sigma-Aldrich, St. Louis, MO) was used. For
rescue experiments, the purified proteins were added into the im-
munodepleted extracts at a 1:20 dilution. For antibody inhibition
experiments, nonimmunized rabbit IgG or purified anti-DIC anti-
body were dialyzed into XB and were added at a 1:20 dilution.

Immunoprecipitation, quantitative Western blotting,

and mass spectrometry analyses

For studying the interactions among purified Nudel, Lis1, and DIC,
1 uM GFP-Lis1 and 1 pM His-DIC were incubated with either
0.2 uM His-Nudel'?°" or 0.2 uM His-Nudel'"?*"E48A or 0.2 uM His-
Nudel™2"E119A/R130A in XB buffer in the presence of 4% BSA as
a carrier. After 1 h of incubation at 4°C, the reaction mixture was
centrifuged at 14,000 x g for 10 min in the cold room to clear any
protein aggregates formed during incubation. The mixture was
then incubated with the Affi-Prep protein A beads coupled with
1.5 ug GFP antibodies for 1 h at 4°C. The beads were washed five
times with XB and were resuspended in 50 pl of 2x SDS sample
buffer. Samples were diluted (1:10 for Lis1 and DIC; no dilution for
Nudel'-?°") and loaded 5 ul onto 10% SDS-PAGE gel and trans-
ferred onto nitrocellulose membranes for Western blot analyses.
The dilution factors of antibodies used for immunoblotting were as
follows: anti-Lis1, 1:2500; anti-DIC (74.1), 1:500; anti-His tag, 1:500
(H1029; Sigma-Aldrich).

For immunoprecipitation of DHC from Xenopus egg extract,
5 pg anti-DHC antibody was coupled to 10 pl of Affi-Prep protein
A beads (slurry volume) by incubating overnight at 4°C on a rotat-
ing shaker. The extracts capable of assembling spindles were cho-
sen for immunoprecipitation. The immunodepletion of Nudel/
NudE and Lis1 was carried out as described earlier (Wang and
Zheng, 2011). In general, 100 pl of extracts was depleted by 100 ug
antibody. The immunoprecipitation was performed by incubating
the DHC antibody beads with 100 pl of extracts for 1 h at 4°C. For
dominant-negative perturbation experiments, 50 pl of extract was
incubated with NudelP2P or Nudel'tP at the indicated concentra-
tions for 1 h at room temperature. The extracts were then immuno-
precipitated by DHC antibody beads for 1 h at 4°C. The immuno-
precipitates were washed for five times with XB in the cold room
and were resuspended in 50 pl of 2x SDS loading buffer.

For quantitative Western blotting, samples were loaded in a se-
ries of dilutions and resolved by 7.5 or 10% SDS-PAGE gels. The
amount of samples loaded onto gels is critical to get linear relation-
ships of bands on x-ray films. The dilution factors of loading were as
follows: p1506ed/p50/DHC, 1x; Lis1, 5%; DIC, 15x. The dilution
factors of antibodies used for immunoblotting were as follows: anti-
p1506ed, 1:2500; anti-dynamitin p50, 1:125 (overnight incubation);
anti-Lis1, 1:2500; anti-DIC polyclonal, 1:5000. To reduce back-
ground, the secondary antibody used for polyclonal primary
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antibody in immunoblotting was Rabbit TrueBlot (18-1688-33;
Rockland, Gilbertsville, PA). The relative protein level was deter-
mined as percentage of the control (i.e., the mock-depleted ex-
tract) and normalized against the protein level of DIC in immuno-
precipitates. Quantification of band intensity was carried out in
Photoshop Elements (Adobe, San Jose, CA).

For quantitative mass spectrometry analyses, the immunopre-
cipitated proteins were first denatured while still on the beads and
reduced with 8 M urea, 5 mM Tris(2-carboxyethyl)phosphine in
100 mM Tris-HCI buffer (pH 8.5) at room temperature for 30 min
and then alkylated by 10 mM iodoacetamide at room temperature
for 15 min in the dark. The urea was then diluted to <2 M with
100 mM Tris-HCl buffer, and the proteins were subjected to tryptic
digestion at enzyme:substrate ratio of 1:100 at 37°C overnight. The
digestion was stopped by adding formic acid to a final concentra-
tion of 1%. Beads were removed by centrifugation at 14,000 rpm
for 10 min. The protein digest was first pressure-loaded onto a
250-pm i.d. trap column containing 2.5 cm of 5 pm Aqua C18 mate-
rial (Phenomenex, Torrance, CA) and 2.5 cm 5 pm Partisphere
strong cation exchanger (Whatman, Piscataway, NJ) with a Kasil frit
at one end. The trap column was then washed with buffer contain-
ing 95% water, 5% acetonitrile, and 0.1% formic acid and further
connected using a zero-dead volume union (IDEX Health & Science,
Lake Forest, IL) to a 100-pym-i.d. analytical column with a 5-pym
pulled tip and packed with 15 cm of 5 pm Aqua C18 material.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis was conducted on an Agilent 1100 quaternary high-perfor-
mance liquid chromatography pump (Palo Alto, CA) and
LTQ-Orbitrap XL mass spectrometer (ThermoFisher Scientific, San
Jose, CA). The tip flow rate was reduced to 300 nl/min using a
1:1000 split flow from the HPLC pump. The buffer solutions used
were 5% acetonitrile/0.1% formic acid (buffer A), 80% ace-
tonitrile/0.1% formic acid (buffer B), and 500 mM ammonium ace-
tate/5% acetonitrile/0.1% formic acid (buffer C). A seven-step Mud-
PIT analysis was performed by running 5 min with 0, 20, 40, 60, 80,
and 100% buffer C and 10% bufferB-90% buffer C for each step,
followed by a 2-h reversed-phase gradient. The repetitive 2-h gra-
dients were from 100% buffer A to 10% buffer B over 3 min, 10%
buffer B to 45% buffer B over 80 min, up to 100% B over 12 min,
held at 100% B for 10 min, then back to 100% A for a 10-min col-
umn reequilibration. MS/MS spectra on the LTQ-Orbitrap were ac-
quired in a data-dependent mode, with one full MS scan followed
by eight MS/MS scans at ES| voltage of 2.5 kV. For MS data analysis,
tandem mass spectra were extracted from raw files using Raw-
Extract 1.9.9 McDonald et al., 2004) and searched using ProLuCID
(Xu, 2006) against a combined database with their sequences re-
versed. The combined database includes the protein entries of
Xenopus laevis and Xenopus tropicalis from Xenbase (www
.xenbase.org) and Xenopus tropicalis predicted proteins (version
4.1) from the Joint Genome Institute. The search space included
all full and semi-peptide candidates. Carbamidomethylation of
cysteine was considered as a static modification. Peptide precursor
and fragment mass tolerance were set at 50 and 600 ppm, respec-
tively. DTASelect was used to filter protein candidates to a 1% false
discovery rate based on the number of reverse sequences identi-
fied with 10 ppm peptide mass cutoff applied. Normalized spectral
counting (Liu et al., 2004) was used to quantify the relative abun-
dance of the identified proteins from Nudel-NudE depleted and
mock-depleted conditions. Briefly, the total number of tandem MS
spectra for each identified protein was first extracted; the normal-
ized spectral count was then calculated by dividing the total num-
ber of the spectral count for a specific protein by that of the bait
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protein (DHC) for each sample; the relative protein abundance ratio
from the two immunoprecipitation conditions was further calcu-
lated and compared for each protein.

MT gliding assay

Cytoplasmic dynein and dynactin were prepared from bovine brain
as previously described (Bingham et al., 1998). The MT gliding assay
was performed using the kinesin motility assay kit (BK-027; Cytoskel-
eton, Denver, CO). Before the experiment, 10 pl of 0.5 mg/ml puri-
fied cytoplasmic dynein was mixed with the equal volume of the
dynactin storage buffer or purified dynactin (~0.08 mg/ml) on ice for
15-20 min. The dynein or dynein/dynactin mixture was first perfused
into the flow chamber and incubated for 5 min at room tempera-
ture. After being blocked with 5 mg/ml BSA at room temperature
for 5 min, 2 pM Lis1 was perfused into the flow chamber and incu-
bated for 5 min. Next the fluorescent, Taxol-stabilized MTs were per-
fused into each chamber and incubated for 5 min. Unbound MTs
were washed away. Microtubule gliding was initiated by perfusion
with 1.5 mM ATP in the motility buffer according to the user’s man-
ual for the kit (BK-027). Images were acquired at the speed of 1 or
5 s per frame for 20 min using a 60x oil lens on an inverted micro-
scope (Nikon, Melville, NY). Microtubule trajectories were con-
structed in the MetaMorph software (Molecular Devices, Sunnyvale,
CA) from 30 consecutive images in movies taken at the speed of 1's
per frame. The MT gliding velocity was analyzed by tracking indi-
vidual MTs throughout the time-lapse series of images with Meta-
Morph. Microtubules usually ran continuously throughout the re-
cording field. However, in the presence of Lis1, individual MTs
typically exhibited motile events with intermittent pauses. So the
run distance could be determined by measuring the distance be-
tween pauses for the conditions of dynein with Lis1 or dynein with
Lis1 plus dynactin.
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