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Activation of the motor protein upon
attachment: Anchors weigh in on
cytoplasmic dynein regulation

Vaishnavi Ananthanarayanan™

Cytoplasmic dynein is the major minus-end-directed
motor protein in eukaryotes, and has functions ranging
from organelle and vesicle transport to spindle positioning
and orientation. The mode of regulation of dynein in the cell
remains elusive, but a tantalising possibility is that dynein
is maintained in an inhibited, non-motile state until bound
to cargo. In vivo, stable attachment of dynein to the cell
membrane via anchor proteins enables dynein to produce
force by pulling on microtubules and serves to organise the
nuclear material. Anchor proteins of dynein assume
diverse structures and functions and differ in their
interaction with the membrane. In yeast, the anchor protein
has come to the fore as one of the key mediators of dynein
activity. In other systems, much is yet to be discovered
about the anchors, but future work in this area will prove
invaluable in understanding dynein regulation in the cell.
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Introduction

Precise positioning of the nucleus during cell division is
important for proper segregation of chromosomes and
determination of cell fate. A common theme across different
organisms is the employment of the association between
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cortical cytoplasmic dynein motors and the astral microtubule
of the spindle for positioning events. Microtubule-associated
cytoplasmic dynein, the ubiquitous minus-end-directed motor
protein, is responsible for cargo, organelle and RNA transport
during interphase and spindle positioning and orientation
during mitosis and meiosis [1-3]. The former is achieved when
cargo-bound dynein translocates on microtubule tracks in the
cell, moving towards the minus-ends of the microtubule. The
latter occurs when cortically anchored cytoplasmic dynein
exerts forces on microtubule plus-ends that extend towards
the cell periphery. This results in pulling of the centrosome,
and hence, the attached nuclear material [4].

Cytoplasmic dynein is a large protein complex that
consists of a homodimer of dynein heavy chains and several
accessory proteins (Fig. 1). Dynein heavy chain (HC) is a
~500kDa protein that has a C-terminal ring of 6 AAA+
domains and the microtubule binding domain and an N-
terminal cargo-binding and dimerisation domain [5, 6]. Of
the 6 AAA+ domains, AAA1 is the primary site of ATP binding
and hydrolysis which translates the energy from ATP to
mechanical energy [7]. The linker domain of dynein extending
between AAA1 and the tail domain, changes its position across
the AAA ring upon ATP hydrolysis and is thought to be the
mechanical element based on electron microscopy data [5,
8-12]. The N-terminus of HC is the site for dimerisation and
binding of the accessory proteins-intermediate chain (IC) and
light intermediate chain (LIC). Other accessory proteins,
the light chains (LC) bind to the IC of the dynein complex.
Dimerisation of the HC is essential for the property of
processivity of dynein, which is the ability of the motor to take
several steps on the microtubule before detachment [13]. In
addition to cargo binding, the N-terminal region of dynein
has been implicated in attachment to the anchor protein/
protein complexes either directly or indirectly.

Dynein regulators dynactin and Lis1 modulate the activity
of dynein by increasing the processivity and the load-bearing
capacity of dynein, respectively. Dynactin is a 1.2 MDa protein
complex that interacts with the HC N-terminal tail and IC [6,
14-16] (Fig. 1), and causes an increase in dynein processivity
[17]. The dimeric protein Lisl binds to the motor head of
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Figure 1. Schematic depicting the dynein heavy chain (HC) and its
regulators dynactin and Lis1. Binding andhydrolysis of ATP on the
HC AAA1 on the C-terminus leads to unbinding of the microtubule
binding domainfrom the microtubule. The N-terminal tail region of
HC is site for binding of the IC, LIC and dynactin. The LCin turn
binds to the IC. Lis1 binds to a region between AAA3 and AAA4 of
the HC.

dynein between AAA3 and AAA4 [18] (Fig. 1) and is thought
to act as a ‘clutch’ by uncoupling dynein’s ATP hydrolysis
from microtubule binding, thereby stabilising the interaction
between dynein and the underlying microtubule [18, 19] and
increasing dynein’s ability to transport large cargo over long
distances.

A sea of information regarding dynein’s force-production,
stepping and processivity has been obtained from studies
on purified yeast dynein, which is a robust minus-end-
directed motor protein [13]. Mammalian dynein’s properties,
however, have been described variously by different
groups [20-24]. Recent work with recombinant human and
rat dynein in vitro has identified that mammalian dynein
is primarily non-processive in motility assays, even in the
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presence of ATP [25-29]. Whereas groups of dynein motors
stuck to glass slides exhibited robust movement along
microtubules in gliding assays, single dynein motors did not
show directed movement in a conventional motility assay
[25]. Dynein adaptors BicD2, Spindly, Rab11-FIP3 and
Hook3, that link dynein to dynactin were found to be able
to switch dynein’s movement from diffusive to directed,
with accumulation of dynein at the minus-ends of the
microtubule, indicating tenacious binding of dynein to the
microtubule [27, 28, 30, 31].

Even though yeast dynein was capable of minus-end-
directed motility in vitro, inside the cell, the association of
yeast dynein with its anchor protein was demonstrated to
activate dynein [32, 33]. However, the sole function of dynein
in these systems is in the anaphase nuclear migration and
meiotic oscillation, respectively. In the budding yeast system,
the association of dynactin with dynein and the simultaneous
dissociation of Lis1 ortholog Pac1 were found to be required to
activate dynein motility [32]. In fission yeast, while dynactin
was found to be essential for dynein’s association with the
anchor protein, no orthologs of mammalian Lis1 have been
identified yet.

Bioessays 38: 0000-0000, © 2016 WILEY Periodicals, Inc.
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Taken together, dynein’s activity is regu-
lated in vivo by a combination of regulators
of dynein, the adaptors of cargo proteins of
dynein, and the cargoes themselves (e.g.
anchor proteins). The microtubule plus-
end-directed motor protein, kinesin, has
been demonstrated to be in an auto-
inhibited conformation until bound by
cargo protein [34]. An interesting possibility
is that dynein inside the cell is also in a
default ‘inactive’ state until bound by cargo
proteins or adaptor proteins [6, 16, 29, 35].
In this review, I will focus on six systems
including fungi and metazoans that involve
the activity of cortical dynein and its anchor
protein for nuclear arrangement. The
modes of regulation of dynein by these

D. melanogaster

C. elegans
anchor proteins and the possible mecha-
nisms by which the regulation occurs are
also discussed. —
Anchor proteins in fungi are .

H. sapiens

coiled-coil proteins with a
membrane-targeting
pleckstrin homology domain

Cytoplasmic dynein in Saccharomyces cer-
evisiae, Schizosaccharomyces pombe and
Aspergillus nidulans employs anchor pro-
teins Num1, Mcp5 and ApsA, respectively,
to mediate their attachment to the mem-
brane. These anchor proteins contain
a conserved pleckstrin homology (PH)
domain at the C-terminus, which is required
for membrane localisation and an N-termi-
nal coiled-coil (CC) domain that is required
for association with dynein [36-39] (Fig. 2).
Num1 in addition has a central region of 13
repeating units of 64 amino acids and
a Ca’"-binding EF-hand at the N-termi-
nus [36]. Mcp5 shares 27% homology with Numl and a
conserved repeating unit (RU) [37, 38].

Budding yeast Num1 is required for anaphase
spindle orientation

Budding yeast Num1 was identified as a 313kDa protein
that anchors dynein at the membrane [36, 40]. Numil
appears as immobile punctae on the membrane of mitotic
cells, and is essential for capturing and sliding of astral
microtubules of the spindle [36]. In S. cerevisiae, the
assembly of the mitotic spindle in a dividing cell occurs
in the mother cell, from where it traverses the bud neck
for proper cell division [41]. This migration of the spindle
occurs in two steps employing distinct sets of proteins.
The first is a pre-anaphase process dependent on the micro-
tubule plus-end tracking Biml and microtubule-binding

Bioessays 38: 0000-0000, © 2016 WILEY Periodicals, Inc.

S. cerevisiae Num1 L

G

Repeating unit (RU)
. Pleckstrin homology domain (PH)
.Tetratricopeptide repeat domain (TPR)

. GoLoco motif (GoLoco)

V. Ananthanarayanan

2478

968

A. nidulans ApsA [

o[ ] By
woe [ LTI

Mud ‘

1676

355

2501

354

oo [ ]
525
en L]
354
[
677
o I TIN
NuMA

821

2115

Legend

Coiled-coil domain (CC)

EF-hand motif (EF)
IMyristoyIation domain (MYR)
i Microtubule binding domain (MTBD)

Nuclear Localisation Signal (NLS)

Figure 2. Sequence maps of the anchor proteins and ternary complexes that are
required for cortical localisation of dynein. Numbers to the right of each sequence map
indicate the amino acid length of that particular protein.

Kar9 that aid the movement of the spindle from the mother
cell to a site adjacent to the bud neck [42, 43]. The second
migration is required for the positioning of the spindle
between the mother and the bud cell during anaphase,
which is a dynein(Dyn1)/Num1l-dependent process [44-48]
(Fig. 3A). Mutants lacking Numl are viable, but exhibit
impaired nuclear migration into the daughter cell during
mitosis [36]. The current model of the spindle positioning
during anaphase relies on the ‘off-loading’ of the dynein-
dynactin complex to Num1 via targeting to the plus-ends
of astral microtubules in a Bikl (CLIP-170)/Pacl(Lis1)-
dependent fashion [46, 48, 49]. Unlike CLIP-170 which
tracks the growing plus-ends of microtubules, Bikl tracks
both growing and shrinking plus-ends because of the
involvement of the kinesin Kip2 in the plus-end localisation
of Bik1 [48]. Upon being off-loaded to the cortex, dynein
is activated and pulls on the astral MT to position the
spindle [46, 50, 51].
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Figure 3. Overview of the fungal anchor proteins and their function
in dynein-mediated nuclear organisation and positioning events. A:
During anaphase in budding yeast, dynein-dynactin (magenta-beige)
is first targeted to the plus end of the microtubule (blue) in a Kip2
(light blue) and Bik1/Pac1 (light/dark orange)-dependent fashion,
from where it is offloaded to cortical Num1 (green) bound to PIP,
(grey) in step 1. In step 2, the dissociation of Pac1 from the dynein
complex and concomitant attachment of dynein-dynactin to Num/1
activates dynein for pulling on the plus end of astral microtubule
and results in the movement of the anaphase spindle into the bud.
B: Mcp5 (green) is required for oscillatory nuclear movements during
prophase of meiosis | in fission yeast, when dynein-dynactin binds
to cortical Mcp5 likely via Dic1 subunit (blue). The proposed binding
of Mcp5 to the membrane is via PIP, (grey). C: ApsA (green) is
essential for nuclear distribution A. nidulans hyphae, although the
precise subunit of dynein to which ApsA binds and the membrane
interacting-partner of ApsA is unknown. The cell membrane is
depicted as a bilayer (yellow), direction of movement of the nucleus
(grey) is indicated by the black arrow and direction of dynein walking
is indicated by the magenta arrow in the insets.

The targeting of Num1 to the membrane is
mediated by PIP,

The PH domain of Numl has high selective affinity for the
membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP,)
in vitro [52]. While the PH domain’s affinity for PIP, was
necessary and sufficient for membrane localisation of Num1,
the distinct punctate localisation of Numl bound to the
membrane was absent in strains exhibiting solely the PH
domain from Num1 [53]. The PH domain-mediated targeting of
Numl was expendable in a mutant strain where the PH
domain was replaced with the membrane-binding CAAX
domain from Ras protein [53]. In such a strain, both the
punctate phenotype of Num1 localisation and the functional-
ity of the hybrid Num1 in positioning of the mitotic spindle
were rescued. In later experiments, it was observed that
deletion of the first CC (CC1, Fig. 2) at the N-terminus of Num1,
leads to the disperse localisation of Num1-CC1A-GFP at the
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membrane [54]. This CC1 domain was found to harbour a
Bin/Amphiphysin/Ras-like (BAR) domain, which was neces-
sary and sufficient for the clustering or formation of patches
of Num1 at the membrane [54].

The anchor protein of dynein in S. pombe is
required for meiotic nuclear oscillations

The homolog of Numl in fission yeast was identified as the
111 kDa meiosis-specific coiled-coil protein 5 (Mcp5) in a large
screen of proteins required for meiosis [55]. The expression of
Mcp5 was found to be restricted to meiotic prophase [37, 38].
Meiosis in fission yeast leads to the fusion of haploid cells of
opposite mating types, followed by karyogamy or fusion of
their nuclei to form a zygote. The fused nucleus is then led in
an oscillatory back-and-forth movement between the two
poles of the zygote, powered by dynein pulling on micro-
tubules emanating from the SPB [56, 57] (Fig. 3B). Fluores-
cence microscopy of dual-labelled Mcp5 and dynein HC
(Dhcl) has established this movement to be dependent on
Mcp5-mediated localisation of dynein to the cortex [37, 38].
Elegant microtubule laser ablation experiments confirmed
that the cortical dynein motors apply a pulling force on the
microtubule along its length [58]. The dynactin subunit Ssm4
(p150%™ed jn vertebrates) was observed to be required for
anchoring of dynein at the cortex [59]. More recently, the
dynein-anchoring function of Mcp5 was reinforced by the
observation of assemblies of dynactin subunits Mug5, Mugl
and Arpl (p24, p50/dynamitin and Arpl in vertebrates) with
Mcp5 at the cortex [60]. While binding of Mcp5 to dynein was
independent of dynactin, the cortical anchoring of dynein
relied on the presence of dynactin. In cells lacking Mcp5,
these oscillations cease, leading to improper chromosome
pairing and recombination and, subsequently, sporulation
defects [37].

Mcp5 mutants lacking the CC domain or RU were found
to be able to localise to the cell membrane, but exhibited
aberrant nuclear oscillations similar to the Mcp5 deletion
mutant [37]. Mutants of the PH domain were unable to localise
to the cortex, and thereby, also failed to drive oscillatory
movement of the nucleus [37, 38]. All three mutants were
defective in spore formation, indicating that the CC, RU and
PH domains are essential to the function of the anchor protein
and its involvement in meiosis [37, 38]. The attachment
of Mcp5 to the membrane is speculated to be via the PH
domain to PIP, [37], as in budding yeast.

The anchor protein ApsA is required for nuclear
distribution in A. nidulans

In the filamentous fungi A. nidulans, nuclear migration
and distribution occur in a microtubule-mediated dynein-
dynactin pathway [61] (Fig. 3C). The homolog of Num1/Mcp5
in this model system was discovered to be the 183kDa
protein named ApsA [39] (Fig. 2). ApsA is also found to localise
to the cortical membrane, likely via its PH domain, although
the precise targeting mechanism is unknown. In mutants
of dynein-dynactin, nuclear distribution and conidiophore
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(spore-bearing structure of filamentous fungi) formation are
severely impaired, whereas in ApsA mutants, the effect is
much milder [39, 62, 63]. This observation hints that dynein
(NUDA) might be required as a tether for the plus-ends of
microtubule at the cortex, rather than an actual force-
producing entity [64]. Dynein is found along with Lis1/Pacl
homolog NUDF in comet-like structures at the dynamic
ends of microtubules in hyphal tips of A. nidulans [61, 65].
Mutations within the AAA1 and AAA3 of dynein C-terminal
domain that affected endosome movement were surprisingly
normal in their nuclear distribution [64]. This gave rise to the
hypothesis that dynein’s activity, which is required over
longer periods of time for nuclear distribution, need not be
robust, and that a low level of activity would be sufficient,
whereas the same mutation would be detrimental for
endosome and cargo transport which happen over shorter
time durations [64].

Dynein motility in fungi is activated upon
binding to the anchor at the cortex

Recent studies in yeast have reported a novel regulation of
dynein activity by their attachment to the anchor protein [32,
33]. While dynein was found to be inactivated when bound
to microtubule alone, upon attachment to both microtubule
and anchor protein, dynein started to move in a minus-end-
directed fashion.

Attachment to Num1 at the cortex alleviates Lis1
inhibition of dynein in budding yeast

Since dynein localises as spots on the plus-ends of budding
yeast astral microtubule owing to targeting via Bikl/Pacl,
it was hypothesised that dynein activity was somehow
suppressed until it was off-loaded to the cortex [47]. When
dynein’s C-terminal motor domain and N-terminal tail domain
were expressed independently as GFP-tagged constructs, the
tail-GFP domain localised directly to the membrane-bound
Numl, whereas the motor domain was targeted to the plus-
ends, but never off-loaded to the cortex [50]. This observation
suggested that there was a masking of the tail domain
by dynein head domain or its associated proteins, which
prevented the offloading of dynein to the cortex until the
unmasking event at the plus-ends of the microtubule.
More recently, it was discovered that this unmasking event
correlates to the observation that once plus-end localisation
of dynein-dynactin is achieved, offloading of the complex to
the cortex and binding to Num1 dissociates the Lis1 ortholog
Pac1 from dynein [32]. The dissociation of Lis1 was critical for
the activity of dynein bound to Numl. Interestingly, in cells
overexpressing the CC domain of Num1 (Num1-CC), the Lis1-
mediated dynein inhibition was overcome. Lisl binds to a
region between AAA3 and AAA4 of dynein HC’s motor
domain [18]. Therefore, the effect of Num1-CC overexpression
on dynein-Lisl binding is proposed to be an outcome of
allosteric inhibition since Num1 and Lis1 do not bind to the
same region on dynein HC [32]. Further, dynactin’s association
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was shown to be critical for dynein activity, because in
deletion mutants of dynactin, there was increased plus-end
localisation of dynein at the plus-end of astral MT [47, 66]. The
specific interaction between budding yeast dynein and Num1
is unknown, but pull-down experiments with the CC of
Num1 have identified the IC to be the likely candidate [54].

Dynein switches from inactive to active state
upon binding Mcp5 in fission yeast

Direct observation of single dynein molecules [67, 68] in
fission yeast led to the discovery of a two-step process in the
targeting of dynein to the anchor, with binding to the
microtubule acting as an intermediary [33, 58]. Interestingly,
while dynein exhibited three-dimensional diffusion in the
cytoplasm and slow one-dimensional diffusion on the
microtubule, it switched to directed movement upon binding
Mcp5 [33]. This model was reinforced by demonstrating in a
PH domain deletion mutant — where cortical localisation of
Mcp5 was abolished - that dynein bound to Mcp5-CC on the
microtubule was capable of minus-end-directed movement
towards the SPB. This finding lead to the conclusion that
binding of dynein to the anchor Mcp5 relieved the inhibition of
dynein’s motor activity and enabled it to move in a minus-end-
directed fashion. In recent work, it was suggested that this
activation upon anchoring also involves assembly of dynactin
subunits Mug5 (p24), Jnml (p50) and Arpl based on
accumulation of dynein at the plus-end of microtubules in
mutants of the dynactin subunits [60], similar to what was
observed in budding yeast [46]. More experiments with
mutants of the dynein motor will be required to identify the
minimal dynein complex required for processive directed
movement. In budding yeast, the activation of dynein was
demonstrated to be the result of removal of Lisl-mediated
inhibition upon anchoring [32, 47].

In S. pombe, the Lis1 homolog is yet to be discovered, and
it remains unclear whether a similar mechanism operates in
dynein activation. The dynein IC (Dic1) co-localised with the
HC in fluorescence microscopy [69], and immunoprecipitated
with Mcp5 independent of dynactin [60]. This likely indicates
an interaction between the dynein complex and Mcp5
mediated by IC, similar to that found in the budding yeast
system [54]. Interestingly, the anchoring of dynein to Mcp5
was not observed in strains expressing dynein HC mutated
in its first AAA+ domain, suggesting that active dynein
is required for its anchoring [60]. This unbinding of the
mutated dynein was proposed to occur due to high load forces
exerted upon anchored mutated dynein by the shrinking of
microtubules [60].

Could cortical dynein be required solely as a
tether for microtubules in A. nidulans?

While there is still no evidence for direct interaction between
dynein-dynactin and ApsA in A. nidulans, two theories exist
on how the process of nuclear migration and distribution
might be mediated by an interaction between dynein-dynactin
and ApsA. In the first instance, dynein bound to ApsA could
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act as a tether for microtubules [70, 71], whereupon
microtubule depolymerisation could drive the movement of
nuclei. In the second case, as in budding and fission yeast,
ApsA-bound dynein-dynactin could actively drive the move-
ment of the nucleus by pulling on microtubules. More
experiments are required for elucidation of the precise
mechanism of nuclear distribution involving dynein, dynac-
tin, Lisl, ApsA and their interaction.

A ternary complex operates in flies,
worms and mammals to keep dynein
at the cortex

While fungal systems rely on a single anchor protein to
localise dynein at the cell cortex, metazoans employ a
complex of three proteins — ‘the ternary complex’ — to perform
this function. The ternary complexes are evolutionarily
conserved and bear strikingly similar functions across the
systems in which they operate. In the ternary complexes, the
functions of dynein interaction and membrane interaction
are split amongst the three protein modules that make up the
complex [72]. Cortical anchoring of dynein via the ternary
complex facilitates asymmetric positioning of the spindle in
Drosophila and Caenorhabditis elegans, and centring of the
Homo sapiens mitotic spindle (reviewed in Refs. [72-74]).

The ~2500-amino acid (aa) long Drosophila Mud is the
functional ortholog of ~800-aa long C. elegans LIN-5 and
~2100-aa long mammalian NuMA [75, 76] (Fig. 2). All three
proteins contain a central large CC domain [77]. NuMA,
in addition, has a C-terminal microtubule-binding domain
(MTBD) and nuclear localisation signal (NLS) [78-80].
Mud/LIN-5/NuMA interact with the TPR-GoLoco containing
proteins Pins/GPR-1/2/LGN [81, 82]. Heteromeric G proteins
Ga/Ga/Gad in Drosophila melanogaster/C. elegans/H. sapiens,
respectively, in turn bind to Pins/GPR-1/2/LGN and target
them to the membrane through a myristoylation domain
at the N-terminus. Partner of Inscuteable (Pins), binds to the
protein Inscuteable (Insc) and interacts with Mud via its
TPR region and with GDP-Gai through the GoLoco region
[83]. In mammalian cells, the binding of GDP-bound Gai to
LGN relieves the auto-inhibition between the GoLoco and
TPR domains thereby making it available for association
with NuMA [84]. NuMA’s binding to its partner LGN is via
a site that overlaps with the MTBD. Thus, NuMA’s dual
role in MT bundling and LGN-binding might be regulated
due to competition between the MT and LGN for this shared
region [85, 86].

The ternary complex in Drosophila is required
during asymmetric division of the neuroblast

In Drosophila, asymmetric division of the neuroblast is
required for proper neuronal development. Each neuroblast
undergoes division to give rise to another neuroblast and
a ganglion mother cell which in turn gives rise to neurons
and glia. For the asymmetric apical-basal orientation of
the mitotic spindle, the ternary complex Mud/Pins/Ga is

Biocessays 38: 0000-0000, © 2016 WILEY Periodicals, Inc.
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A) Drosophila melanogaster
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B) Caenorrhabditis elegans

Figure 4. Overview of the ternary complexes and their function in
dynein-mediated nuclear positioning and orientation events. A: In
Drosophila neuroblasts, the apical positioning of the spindle along
the apical-basal axis (A<->B) is ensured by the cortical dynein-
dynactin (magenta-beige) and Mud/Pins/Ga ternary complex
(green, light green, grey). The scaffold protein Insc (light blue)
ensures the interaction between the membrane and Mud.

B: Dynein-dynactin (magenta-beige) and the ternary complex
LIN-5/GPR-1/2/Ga (green, light green, grey) are essential for the
asymmetric localisation of the mitotic spindle in C. elegans one-
celled embryo towards the posterior along the anterior-posterior
(A<->P) axis. C: In human cells, cortical dynein-dynactin
(magenta-beige) bound to NUMA/LGN/Gai (green, light green, grey)
is essential for the central localisation of the metaphase spindle.
The cell membrane is depicted as a bilayer (yellow), direction of
movement of the nucleus (grey) is indicated by the black arrow and
direction of dynein walking is indicated by the magenta arrow in
the insets.
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required [76, 83, 87, 88] (Fig. 4A). Mud/Pins/Ga localises to
the apical cortex in the dividing neuroblast [74] mediated by
the scaffold protein Canoe (Cno) that interacts with small
GTPases [89]. Dynein HC (Dhc64c) is essential for the apical-
basal spindle orientation, as a misorientation phenotype was
observed in mutants of HC [90]. While primary components
that are essential for the asymmetric positioning of the spindle
have been identified, the spatio-temporal regulation of the
ternary complex proteins is yet to be explored in Drosophila.

Asymmetric division of the one-celled embryo of
C. elegans requires the ternary complex

In the C. elegans one-celled embryo, the assembly of the
spindle is initiated in the cell centre, but subsequently

0

sAesso MaIND



0
>
@
)
)
o)
=

Q2
>
@)

o

V. Ananthanarayanan

traverses to the posterior of the cell during anaphase as a
result of differential localisation of polarity markers along
the anterior-posterior axis. This results in asymmetric
division of the embryo into the AB and P1 blastomeres
and is critical for the proper development of the embryo [91].
In addition to the polarity markers that provide the cue for
the asymmetric division [92], the association of dynein with
the ternary complex of LIN-5/GPR-1/2/Ga is essential for
this process [93-95] (Fig. 4B).

The association between Ga and the GoLoco domains of
GPR-1/2 is possible only when Ga is in the GDP-bound form.
As a result, Ga guanine nucleotide exchange factor RIC-8 and
guanine nucleotide activating protein RGS-7, which have
opposing functions, regulate the net movement of the spindle
via the Ga protein complex [82, 96, 97]. Modulation of the
cortical forces are also mediated in part by phosphorylation of
LIN-5 by the atypical protein kinase C PKC-3 [98]. An
additional regulation of spindle activity is realised by GRvy,
which binds to excess Ga-GDP [81].

The composition of the membrane lipids has also been
found to modulate the amount of C. elegans ternary complex
on the cortex via the activity of casein kinase I (Csnkl1).
Increased Csnkl1 reduces the amount of kinase PPK-1, which
catalyses the production of PIP, [99]. Csnkl also has an
inhibitory effect on the amount of GPR-1/2 and LIN-5 at the
cortex: depletion of Csnkl leads to their increased presence
of GPR-1/2 and LIN-5 on the cortex, leading to increased
spindle movements [99]. Whether these dual functions
of Csnkl are independent is uncertain. The specific role of
PIP, in the anchoring of GPR-1/2 and LIN-5 remains to be
discovered.

Spindle positioning and orientation in human
cells is dependent on the ternary complex

Interphase cells in H. sapiens have a centrally located nucleus
and centrosome. By local perturbation of microtubules on one
side of the cell, it was shown that this centring required
the activity of cortically localised dynein, which presumably
produces pulling forces on the radial microtubule array of the
interphase cell [100]. During mitosis, similar dynein activity at
the cell cortex is essential for centring of the mitotic spindle in
metaphase. The conserved ternary complex of NuMA/LGN/
Gai is responsible for the cortical anchoring of dynein in this
system, without which spindle positioning and orientation
are defective [84, 101] (Fig. 4C).

During metaphase, negative regulation of NuMA is
achieved by its phosphorylation by CDK1/cyclin B [102],
which in turn reduces dynein localisation at the membrane.
In contrast, the NuMA phosphatase PPP2CA enhances the
membrane localisation of the ternary complex-dynein [102].
Dual regulation by the kinase and the phosphatase of
NuMA is proposed to be required for ensuring that there
are no exaggerated spindle movements [102]. The local-
isation pattern of cortical dynein during metaphase shows
an exclusion from the equatorial region of the cell. This
pattern results from negative regulation via Ran-GTP
produced around the chromosomes and is essential for
spindle positioning [103].
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NuMA'’s association with phosphoinositides is
required during anaphase in human cells

Cortical dynein is required for spindle elongation in H. sapiens
during anaphase. However, the targeting of dynein to the
anaphase membrane is independent of LGN/Gai [104]. Here,
the phosphoinositde-binding ability of NuMA is sufficient
for cortical localisation of NuMA-dynein. CDK1 activity is
lowered during anaphase, and in turn, the population of
non-phosphorylated NuMA increases [103-105]. Indeed,
by inactivating CDK1 during metaphase, Kotak et al. were
able to demonstrate an increase in the cortical localisation
of dynein, similar to that seen in anaphase. In vitro,
NuMA binds to an array of phosphoinositides, with highest
affinity for phosphatidyl inositol 4-phosphate (PIP) and
PIP, [104, 106]. The association of NuMA with membrane
polyanionic phospholipids is restricted to the poles of the
cell by the centralspindlin complex proteins CYPK1 and
MPLK1 [104], although the precise mechanism of inhibition
at the equatorial region is still unknown. Even though
NuMA could interact with PIP during metaphase, low levels
of non-phosphorylated NuMA or PIP/PIP, or higher affinity
for LGN/Gai are proposed to act as a deterrent for direct
binding to the membrane via phospholipids [104]. The
similarity between NuMA and LIN-5 in their binding to
membrane PIP, could be an evolutionarily conserved mecha-
nism. Whether such binding is present in the Drosophila
ortholog Mud remains to be uncovered.

Does dynein’s association with the
ternary complex regulate its activity?

Dynein that is bound to the membrane via the Drosophila
Mud/Pins/Ga complex is thought to produce the pulling force
required to move the spindle pole towards the apical region of
the neuroblast. The dynein regulators Lis1 and dynactin are
essential in this process, because mutants of Lis1 or dynactin
show reduced movement of the spindle towards the apical
region [107]. Any defect in the proteins required for
asymmetric positioning of the spindle gives rise to excess
production of neural stem cells, reduced differentiated cells
and lethality [108]. Although the core system required for the
asymmetric cell division in neuroblasts has been identified,
there are still many questions regarding the precise mecha-
nism of the process and its interaction with a parallel
pathway, which involves Pins and kinesin heavy chain 73
(Khc73). Khc73 is thought also to act as a tether for the
microtubule in the apical cortex of neuroblasts [88], and may
serve to deliver components of the dynein-Pins-Mud pathway
to the plus-end of microtubules. Future experiments with
mutants of the components involved in both pathways will be
required to delineate spatial and temporal distinctions in the
functioning of the dynein-Pins-Mud pathway and the Khc7-
mediated pathway in apical polarization of the spindle.

In C. elegans, association between the ternary complex
of LIN-5/GPR-1/2/Ga and dynein is required for the
asymmetric posterior positioning of the spindle [72]. The
N-terminus of the ternary complex protein LIN-5 binds to
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dynein [101], but the subunit that mediates the binding is
not yet known. Reduction in levels of any of the three ternary
complex proteins depletes levels of dynein at the cortex and
consequently reduces the amount of spindle movement [109].
Conversely, increase in the level GPR-1/2 at the cortex
leads to increased cortical dynein localisation and increased
spindle movements. Asymmetric localisation of polarity cues
to the posterior of the cell leads to preferential localisation
of the ternary complex-bound dynein at the posterior edge,
which subsequently results in net movement of the spindle
towards the posterior [92].

As was proposed in A. nidulans, the role of dynein in
spindle positioning in C. elegans could be one of two
possibilities — (i) as a tether that binds to the depolymerising
plus-ends of the microtubule emanating from the spindle,
thereby translating the shrinkage of the microtubules to a
pulling force [71] or, (ii) as a minus-end-directed motor that
produces the pulling force for moving the spindle [110].
Dynein’s role in moving the spindle was postulated based on
experiments where partial depletion of dynein HC or p150%“¢4
subunit of dynactin resulted in improper orientation of the
spindle [111]. The dynein regulator, Lis1 was also demonstrated
to be required for dynein-mediated pulling of astral micro-
tubules to the posterior of the cell [112]. Whether dynein’s
activity is regulated upon binding to LIN-5 is unknown.

The subunit of dynein that interacts with mammalian
NuMA has not been identified. In the polarised MDCK
epithelial cells, Lisl1 was proposed to be required for the
proper attachment of astral microtubules to the cortex via the
dynein complex. In cells overexpressing Lisl, in addition to
spindle misorientation, distribution of dynein-dynactin at the
cortex was perturbed [113]. However, the precise function of
dynein regulators in this process is unknown.

While studies on dynein regulation by anchor binding
have emerged from recent work in yeast anchor proteins,
much is yet to be discovered about their ternary complex
counterparts. Does dynein also undergo a switch in function
from inactive to active upon cortical localisation via the
ternary complexes?

What could be the mechanism by which
dynein is regulated in these systems?

Torisawa et al. [29] suggest an auto-inhibited default state of
single dynein, where the dynein heads are ‘stacked’ together.
Upon binding to cargo in a cluster of motors, this inhibition is
proposed to be relieved as the motor heads become separated.
Additionally, the interaction of dynactin subunit p150%“ed
with dynein HC tail was seen to increase the processivity of
dynein [35]. In other studies, dynactin along with the adaptor
protein BICD2 were shown to activate dynein motility by
binding to dynein HC tail region [6, 16, 27, 28]. In this instance,
the dynein tail-dynactin-BICD2 interaction is proposed to
introduce an asymmetry between the two tails of the dynein
dimer, whereby the auto-inhibition of the single motor
suggested in Ref. [29] may be relieved [6]. The activation of
dynein by the anchor proteins and complexes may occur in a
similar fashion, with the CC domains of Num1, Mcp5, ApsA,
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Mud, LIN-5 or NuMA acting together with dynactin to cause
‘unstacking’ of the auto-inhibited dynein dimer.

In vivo single-molecule studies in these systems would
enable a huge leap forward in understanding dynein’s
regulation. Highly illuminated and laminated optical sheet
microscopy [114], which was successfully employed in fission
yeast to visualise single dynein molecules and its activation
upon anchor binding [33], can be implemented with a few
minor modifications in other systems where the expression
levels are higher and cell architecture is more complex [67].
Single-molecule tracking and subsequent analysis in wild-
type and mutant backgrounds of dynein complex components
would shed light on the motile state of microtubule- and
anchor-bound dynein. In vitro reconstituted systems have
been successfully employed in recent work for identification of
dynein’s (in)activity [25, 27, 28]. Such reconstituted systems
featuring the ternary complex and its anchoring of the
dynein complex [71] with its accessory proteins would be
invaluable to gain insight and compare the modes of
regulation of dynein by its anchor at the cortex.

Conclusions and outlook

Anchors of dynein at the cortex are required for proper spindle
positioning and orientation or nuclear movement and
distribution in organisms ranging from S. cerevisiae to H.
sapiens. It is curious that while in the fungal systems, the task
of cortical localisation and dynein binding is performed by a
single protein, in metazoans these tasks are distributed to a set
of three proteins which make up the ternary complex. Num1,
Mcp5 and ApsA, while weakly homologous amongst them-
selves, share no sequence similarity with any of the ternary
complex proteins in Drosophila, C. elegans or H. sapiens. In
budding and fission yeast, the anchor protein mediates the
activation of dynein and requires the dynein regulator
dynactin. In the other systems discussed here, it is unclear
whether dynein’s activity is regulated in a similar fashion.
Recent structural and in vitro studies featuring a complex of
dynein-dynactin-BICD2 have given us an insight into how
dynein’s inherent inactivity is alleviated. It would be
interesting to see if there exists a similar mode of regulation
of dynein by the anchor proteins and ternary complexes,
whereby cortical attachment activates dynein motility. Crystal
structures of dynein bound to the anchor/ternary complex will
yield an understanding into the type of interaction between
the two moieties. Innovative experiments which facilitate
observation and perturbation of single dynein motors and
their regulators will be required to address how dynein
regulation occurs inside the cell. While a lot of knowledge has
been accrued about the anchor proteins in fungi and how they
regulate dynein motility, several fundamental questions
remain unanswered, and will likely form the body of future
work in this area of research.
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