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Mitochondria-driven assembly of a cortical anchor
for mitochondria and dynein

Lauren M. Kraft and Laura L. Lackner

Department of Molecular Biosciences, Northwestern University, Evanston, IL

Inferorganelle contacts facilitate communication between organelles and impact fundamental cellular functions. In this
study, we examine the assembly of the MECA (mitochondria—endoplasmic reticulum [ER]-cortex anchor), which tethers
mitochondria to the ER and plasma membrane. We find that the assembly of Num1, the core component of MECA,
requires mitochondria. Once assembled, Num1 clusters persistently anchor mitochondria to the cell cortex. Num1 clusters
also function to anchor dynein to the plasma membrane, where dynein captures and walks along astral microtubules to
help orient the mitotic spindle. We find that dynein is anchored by Num1 clusters that have been assembled by mito-
chondria. When mitochondrial inheritance is inhibited, Num1 clusters are not assembled in the bud, and defects in
dynein-mediated spindle positioning are observed. The mitochondria-dependent assembly of a dual-function cortical
anchor provides a mechanism fo integrate the positioning and inheritance of the two essential organelles and expands

the function of organelle contact sites.

Introduction

As the number and diversity of newly discovered interorganelle
contacts increase, it is clear that these contacts impact many as-
pects of cell biology (Helle et al., 2013; Prinz, 2014; Eisenberg-
Bord et al., 2016; Gatta and Levine, 2017; Kraft and Lackner,
2017). Many proteins and protein complexes that function to
directly tether organelles have been identified (Prinz, 2014;
Eisenberg-Bord et al., 2016; Gatta and Levine, 2017). Some
serve solely to physically bridge organelles, whereas others
actively participate in interorganelle communication and func-
tion. Importantly, these proteins establish, maintain, and alter
contacts in response to different physiological contexts. Thus,
gaining an understanding of the tethering mechanism, activity,
and regulation of these proteins provides insight into how inter-
organelle contacts and their critical functions are regulated.

In budding yeast, the mitochondria—ER—cortex anchor
(MECA) functions to tether mitochondria to the cortical ER
and plasma membrane, bringing the three cellular membranes
in close proximity (Cerveny et al., 2007, Hammermeister et
al., 2010; Klecker et al., 2013; Lackner et al., 2013; Ping et
al., 2016). MECA interacts directly with mitochondria and the
plasma membrane via two distinct lipid-binding domains within
its core protein component, Num1. A membrane-binding region
within the N-terminal coiled-coil (CC) region of Numl inter-
acts directly with the mitochondrial outer membrane (MOM,;
Tang et al., 2012; Lackner et al., 2013; Ping et al., 2016), and
a C-terminal pleckstrin homology domain interacts with PI, sP,
in the plasma membrane (Yu et al., 2004; Tang et al., 2009).

Num1CC also mediates Num1 self-interactions and is required
for Numl to assemble into clusters at the cell cortex (Tang et
al., 2012; Lackner et al., 2013). Mutations that interfere with
the ability of Numl1 to assemble into clusters decrease the teth-
ering capacity of MECA, suggesting that assembly of Numl
increases the avidity of Num1 for its target membranes (Lackner
et al., 2013; Ping et al., 2016). Therefore, the regulation of
Numl1 assembly likely serves as a mechanism to regulate the
tethering function of MECA.

In addition to functioning as a cortical anchor for mito-
chondria, Numl plays a well-characterized role as a cortical
anchor for dynein (Heil-Chapdelaine et al., 2000; Farkasovsky
and Kiintzel, 2001; Markus and Lee, 2011). At the cell cortex,
dynein captures and walks along astral microtubules, generat-
ing a pulling force to position the mitotic spindle across the
mother—bud neck during mitosis (Eshel et al., 1993; Li et al.,
1993; Adames and Cooper, 2000). Mutants that interfere with
Numl assembly exhibit compromised dynein activity (Tang
et al., 2012). Together, these observations suggest that Num1
assembly strengthens its interaction with all binding partners,
including dynein and phospholipid membranes. Whereas
Numl assembly facilitates its function as an anchor for mi-
tochondria and dynein, factors influencing Numl assembly
are poorly understood. Here, we report that the assembly of
Num1 requires an interaction with mitochondria. Additionally,
we find that mitochondria-assembled Numl clusters func-
tion as cortical attachment sites for dynein and that disrupting
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mitochondria-driven assembly of Numl leads to defects in
dynein-mediated spindle positioning.

Results and discussion

Num1 clusters are stable and persistently
associated with mitochondria

Numl exists in clusters at the cell cortex as well as in a pool
that is diffusely localized along the plasma membrane and with
cortical ER (Farkasovsky and Kiintzel, 1995; Heil-Chapdelaine
et al., 2000; Lackner et al., 2013; Chao et al., 2014). To examine
the relationship between Numl clusters and mitochondria, we
imaged live cells expressing Num1-yEGFP and mitochondrial
matrix—targeted dsRED (mitoRED). Quantification of Numl
clusters and their mitochondrial association revealed that
~98% of Numl clusters are mitochondrially associated over
time (Fig. 1, A and B). In addition, mitochondria-associated
clusters were stationary, exhibiting limited movement along
the cell cortex for the duration of imaging (Fig. 1, C and E;
Heil-Chapdelaine et al., 2000). To examine the dynamics of
protein exchange within a Numl cluster, we used FRAP. After
the photobleaching of a mitochondria-associated Numl cluster,
minimal recovery of the Num1-yEGFP signal was observed 21
min after photobleaching (Fig. 1, C and D). Thus, Num1 clus-
ters are persistent, stationary, and display limited exchange with
the nonassembled pool of Num1.

Num1 cluster formation requires
mitochondria

As shown above, nonmitochondrial Numl clusters are rarely
observed (Fig. 1, A and B). The region of Num1 that is required
for cluster formation, Num1CC, interacts with itself and directly
with mitochondria (Tang et al., 2012; Lackner et al., 2013; Ping
et al., 2016), suggesting these activities may be interdependent.
To test this idea, we visualized Num1 cluster formation in live
cells. Early in the cell cycle, mitochondria are inherited (Simon
et al., 1997), but buds are devoid of Numl clusters. As the
cell cycle progresses and buds increase in size, Numl clusters
are readily observed (Farkasovsky and Kiintzel, 1995; Heil-
Chapdelaine et al., 2000). Using long-term imaging of asyn-
chronous cell populations, we captured the formation of Num1
clusters in the growing bud and observed that clusters form on
areas of the cell cortex that are in close proximity to mitochon-
dria (Fig. 1 E). These results suggest that the formation of Num1
clusters is dependent on an interaction with mitochondria.

If mitochondria are indeed required for Numl1 cluster for-
mation, cells devoid of mitochondria should lack Num1 clusters.
To test this, we used a well-characterized temperature-sensitive
mitochondrial inheritance mutant, mmrl-5 Ayptll, which will
be referred to as mito” (Chernyakov et al., 2013). Mmrl and
Yptl1 function as adapters that link mitochondria to Myo2, a
type V myosin that drives actin-based transport of mitochondria
to the bud (Itoh et al., 2002, 2004; Boldogh et al., 2004; Altmann
et al., 2008; Frederick et al., 2008; Fortsch et al., 2011; Eves et
al., 2012; Chernyakov et al., 2013). Active mitochondrial inher-
itance requires Myo2 and either Mmrl or Yptl1. Thus, when
mito” cells are grown at the nonpermissive temperature, the
vast majority of buds are devoid of mitochondria, and, conse-
quently, the cells exhibit a severe defect in growth (Chernyakov
et al., 2013). The inheritance defect in mifo” cells is specific to
mitochondria; defects in the polarization of secretory vesicles,
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an essential function of Myo2 (Schott et al., 1999), and the in-
heritance of ER, a Myo4-dependent process, are not observed
(Chernyakov et al., 2013).

We examined mitochondrial inheritance and Num1 clus-
ter formation in WT and mito® cells expressing Num1-yEGFP
and mitoRED at permissive (24°C) and nonpermissive (37°C)
temperatures. In WT cells grown at 24°C and 37°C and mito"
cells grown at 24°C, mitochondria were observed in both small
and large buds, whereas Num1 clusters were predominantly ab-
sent in small buds and detected in large buds (Fig. 2, A-C), con-
sistent with previous studies (Farkasovsky and Kiintzel, 1995;
Heil-Chapdelaine et al., 2000). In contrast, both mitochondria
and Numl clusters were absent in the majority of large buds
of mito® cells grown at 37°C (Fig. 2 D). Importantly, the small
percentage of Numl clusters observed in large buds of mito®
cells grown at 37°C was associated with mitochondria. The per-
centage of Numl clusters associated with mitochondria and the
number of Numl clusters per mother cell were similar between
WT and mito® cells at permissive and nonpermissive tempera-
tures (Fig. 2, E and F), indicating that the mito® strain does not
have a general defect in Num1 cluster assembly. Results simi-
lar to those obtained for the mito™ mutant were obtained using
myo2-14, a different temperature-sensitive mitochondrial inher-
itance mutant (Fig. S1; Schott et al., 1999; Santiago-Tirado et
al., 2011; Chernyakov et al., 2013). Together, these data indi-
cate that Num1 cluster formation is dependent on mitochondria.

Dvynein is anchored to the cell cortex by
mitochondria-assembled Nlum1 clusters

In addition to functioning as a cortical anchor for mitochon-
dria, Numl plays a well-characterized role as a cortical anchor
for dynein. The CC region of Numl is required for both the
Numl-mitochondria and Numl-dynein interactions (Tang et
al., 2012; Lackner et al., 2013). Whereas our data indicate that
mitochondria are required for Numl cluster formation, evi-
dence indicates that Num1 cluster formation and maintenance
do not require dynein. Specifically, Num1 clusters are observed
to tether mitochondria in cells that lack dynein (Tang et al.,
2012; Lackner et al., 2013), and a mutation in Num1 that abol-
ishes the Numl—dynein interaction, Num1“167E+L170E - does not
interfere with Num1 cluster formation or mitochondrial tether-
ing (Tang et al., 2012).

Our results, in combination with those of others described
above, suggest a model in which dynein is anchored to the cell
cortex by mitochondria-assembled Num1 clusters. To test this,
we first examined whether Num1 clusters are able to simulta-
neously anchor mitochondria and dynein to the cell cortex. To
facilitate long-term imaging of dynein, we fused mKate to the
C terminus of Dynl, the dynein heavy chain, and expressed
the fusion protein from its endogenous locus. Cells expressing
Dynl-mKate exhibited no defects in spindle positioning and
no growth defects in the absence of Kar9, a protein required
for cell viability in the absence of dynein function, indicating
Dynl-mKate is functional (Fig. S2; Eshel et al., 1993; Li et al.,
1993; Miller and Rose, 1998; Yin et al., 2000). In cells express-
ing Dynl-mKate along with Num1-yEGFP and mitochondrial
matrix—targeted TagBFP (mitoBFP), we observed mitochondria
present at sites of Num1-Dynl1 colocalization (Fig. 3 A). Spe-
cifically, we found that the vast majority of cortical dynein foci
(100 out of 112 cortical dynein foci; 89.3%) colocalize with
both mitochondria and Numl, indicating that a Numl cluster
can simultaneously anchor mitochondria and dynein. In further
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Figure 2. Num]1 cluster formation requires mitochondria. (A-D) WT (A and C) and mito® (B and D) cells expressing Num1-yEGFP and mitoRED were
grown at 24°C (A and B) and 37°C (C and D) and visualized by fluorescence microscopy. Representative whole-cell projections are shown. The cell cortex
is outlined with a dashed line. Bars, 2 pm. The presence of mitochondria and assembled Num1 in buds was quantified for small and large buds. Buds were
classified as follows: small buds have a bud/mother diameter ratio of <1:3, and large buds have a bud/mother diameter ratio of >1:3. n = 3 independent
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support of the idea that dynein is anchored to the cell cortex by
mitochondria-assembled Numl clusters, we observed dynein
colocalizing with existing Num1 clusters over time (Fig. 3 B),
which our data indicate are assembled by mitochondria. In all
10 of the events in which we captured dynein becoming an-
chored at the cell cortex, dynein was found to colocalize with
an existing Numl cluster. These data indicate that a single
mitochondria-assembled Num1 cluster can simultaneously an-
chor mitochondria and dynein, indicating that dynein-specific
Numl clusters are not required.

Defects in mitochondrial inheritance impair
dynein-dependent spindle positioning

Cells expressing a Num1 mutant defective in cluster formation
exhibit defects in dynein-mediated spindle positioning (Tang
et al., 2012), indicating that Num1 cluster formation enhances
cortical dynein function. Our data indicate that Numl cluster
formation requires mitochondria. Therefore, dynein function
should be disrupted in cells that lack mitochondria. To test
this, we examined how defects in mitochondrial inheritance
affect the function of dynein in spindle positioning. We ex-
pressed Ruby-Tubl and mitoBFP to visualize mitotic spindles
and mitochondria in WT and mito® cells grown at the permis-
sive and nonpermissive temperatures. In large budded cells,
spindles >1.25 pm were scored as correctly oriented or mis-
oriented (Moore et al., 2008). Examples of each are shown in
Fig. 4 A. In comparison with WT cells grown at 24°C and 37°C
and mito" cells grown at 24°C, mito” cells grown at 37°C exhib-
ited a significant increase in the percentage of cells with mis-
oriented spindles (Fig. 4 B). In fact, the percentage of cells with
misoriented spindles in mito” cells grown at 37°C was compa-
rable with that observed in Anuml and Adynl cells, supporting
the idea that Num1 cluster formation and dynein function are
disrupted. We also observed a slight but significant increase in
spindle misorientation in AmmrI cells, which is likely a conse-
quence of delayed mitochondrial inheritance in this strain (Itoh
etal., 2004). In the absence of Kar9, a protein that functions in a
partially redundant spindle positioning pathway, the percentage
of mito” cells with misoriented spindles at 37°C was signifi-
cantly increased compared to those with Kar9 (Fig. 4, B and C).
These results suggest that defects in mitochondrial inheritance
primarily affect dynein-mediated spindle positioning and not
Kar9-mediated spindle positioning.

We also observed an increase in the percentage of cells with
misoriented spindles in cells lacking Mdm36, the other known
protein component of MECA (Fig. 4 B). Mdm36 is proposed to
directly bridge interactions between Numl dimers to facilitate
Num1 cluster formation (Lackner et al., 2013). In the absence
of Mdm36, Numl is localized in smaller/less intense clusters,
and the number of Num1-mediated mitochondrial tether points
is reduced (Hammermeister et al., 2010; Lackner et al., 2013;
Ping et al., 2016). Therefore, the spindle positioning defect ob-
served in the absence of Mdm36 is consistent with the idea that
Num1 cluster formation enhances cortical dynein function.

In addition to using a temperature-sensitive mitochondrial
inheritance mutant in the BY4741 background, we constructed
a mitochondrial inheritance mutant using the auxin-inducible

degron (AID) system in the W303 background (Nishimura et
al., 2009; Morawska and Ulrich, 2013). We noted that, in com-
parison with WT BY4741, the population of WT W303 cells
contained a higher percentage of cells with misoriented spin-
dles, as quantified by our spindle orientation scoring method
(Fig. 4, B and E). The reason for the differences in spindle mis-
orientation between the two WT genetic backgrounds is at this
point unclear. In the W303 background, we tagged MMRI with
the AID tag at its endogenous locus in Aypt/1 cells expressing
Tirl, a plant-specific F-box protein. This strain is referred to as
mito*P. Tirl binds the yeast SCF (Skpl, Cullen, F-box) com-
plex and, in the presence of auxin, recruits the SCF complex to
AlID-tagged proteins, which are subsequently ubiquitinated and
targeted for proteasomal degradation (Nishimura et al., 2009).
When grown in the presence of auxin, the steady-state level of
Mmrl in mito?’P cells was dramatically reduced (Fig. S3 A). In
addition, the cells exhibited severe defects in mitochondrial in-
heritance and growth consistent with the loss of both Myo2 mi-
tochondrial adapters (Fig. S3, B and C; Frederick et al., 2008;
Chernyakov et al., 2013). We also analyzed Numl clusters in
mito*P cells 30 min after auxin treatment (n > 102 cells). In
both auxin-treated and untreated samples, we found a mean of
4.5 Numl clusters per mother cell and that the number of mi-
tochondria-associated Numl clusters were similar to WT cells
(Fig. 1 B and Fig. S3, D and E). These results indicate that the
rapid depletion of Mmrl and consequent disruption of Mmrl
activity do not affect already formed Num1 clusters.

We analyzed spindle orientation in mito*’P cells expressing
Ruby-Tubl and mitochondrial matrix—targeted GFP (mitoGFP)
in the absence or presence of auxin (Fig. 4 D). In comparison
with WT cells and mifo*’P cells grown in the absence of auxin,
mito?P cells grown in the presence of auxin exhibited a signif-
icant increase in the number of cells with misoriented spindles
(Fig. 4 E). The number of misoriented spindles was similar to
that observed in cells lacking dynein (Fig. 4 E) and was fur-
ther increased in the absence of Kar9 (Fig. 4 F). Thus, in both
the mito® and mito*'? cells, defects in mitochondrial inheritance
correlated with defects in dynein-mediated spindle positioning.
To test whether mitochondrial function is required for dynein’s
function in spindle positioning, we analyzed spindle orienta-
tion in rho? cells, which lack mitochondrial DNA. In rho® cells,
the percentage of Numl clusters associated with mitochondria
(97.5%; n = 439 clusters) and the number of misoriented spin-
dles were similar to WT (Fig. 4 E). These results indicate that
Num1-mediated anchoring of mitochondria and dynein’s func-
tion in spindle positioning do not require mitochondrial function.

We also assessed how defects in mitochondrial inheri-
tance affect dynein function using a spindle oscillation assay,
which is a more sensitive assay of dynein function. In the assay,
dynein-mediated spindle movement is examined in hydroxy-
urea-arrested cells and, consequently, in the absence of spindle
elongation (Moore et al., 2009; Tang et al., 2012). We analyzed
spindle oscillations in hydroxyurea-arrested WT, Adynl, and
mito® cells at the permissive and nonpermissive temperature
(Fig. 4 G). As expected, the percentage of spindles that crossed
the mother—bud neck was decreased in Adyn/ cells in compari-
son with WT cells. We also observed a decrease in spindle oscil-

experiments of >30 cells for each bud size. For A-D, the p-values are in comparison with WT cells at 37°C (no parentheses) or mito® cells at 24°C (paren-
theses); **, P < 0.01; ***, P < 0.001. (E and F) Quantification of the number of Num1 clusters per mother cell (E) and mitochondria-associated Num 1
clusters (F) in WT and mito® cells af the indicated temperature. n > 254 cells. Each dot represents a cell. The mean £ SD is shown.
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Figure 3.

Dynein associates with mitochondria-assembled Num1 clusters. (A) WT cells expressing Num1-yEGFP, Dyn1-mKate, and mitoBFP were visu-

alized by fluorescence microscopy over time. Representative whole-cell projections are shown. Arrows indicate a colocalization event. The cell cortex is
outlined with a dashed line. (B) Cells expressing Num1-yEGFP and Dyn1-mKate were visualized by fluorescence microscopy over time. Representative
partial-cell projections are shown. The cell cortex is outlined with a dashed line. The boxed area is magnified 3.3-fold. For the images shown, all Num1
clusters are cortical. Note that although some Num1 clusters may not appear to be cortical, this is a consequence of displaying the images as maximum

intensity projections. Time is in minutes. Bars, 2 pm.

lation in mito® cells at the nonpermissive temperature. Due to the
fact that 14% of buds in the hydroxyurea-arrested mirto” cells in-
herit mitochondria at 37°C, the percentage of spindles observed
to cross the mother—bud neck was even further decreased when
only considering the population of mifo® cells that lack mito-
chondria in the bud (Fig. 4 G). These results indicate that dynein
function is compromised when buds do not inherit mitochondria
and are consistent with the model in which dynein is anchored
to the cell cortex by mitochondria-assembled Num1 clusters.

Here, we provide evidence demonstrating that mitochon-
dria drive the assembly of Num1 clusters, which in turn serve to
stably anchor the organelle itself as well as dynein to the plasma
membrane (Fig. 5). Assembly of Numl1 likely enhances interac-
tions with its membrane and protein-binding partners and, con-
sequently, the ability of Numl to robustly tether mitochondria
and dynein to the cell cortex. Thus, regulated assembly provides
a mechanism to spatially and temporally control tether function.
This fundamental mechanism of regulation likely extends be-
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Figure 4. Mitochondrial inheritance mutants exhibit defects in dynein-mediated spindle positioning. (A-C) WT BY4741, Adynl, Anuml, Ammrl,
Amdm36, Akar9, mito's, and mito's Akar9 cells expressing Ruby-Tub1 and mitoBFP were grown at 24°C or 37°C, as indicated, and visualized by fluores-
cence microscopy. (A) Representative wholeell projections of cells with spindles scored as correctly oriented and misoriented are shown. Examples of
correctly oriented spindles are from WT cells at 24°C, and examples of misoriented spindles are from mito® and mitots Akar9 at 37°C. (B and C) Quantifi-
cation of the percentage of cells with misoriented spindles in an otherwise WT (B) or Akar9 background (C) is shown as the mean + SD. Large buds with
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yond Numl1 to several proteins that function to establish, main-
tain, and alter contact between organelles.

Mitochondria-dependent assembly of Numl is likely driven
by multiple, nonmutually exclusive mechanisms. For example, the
interaction between Num1 and the MOM may induce conforma-
tional changes in Numl that facilitate NumI1-Num1 and Numl-
Mdm36 interactions (Lackner et al., 2013). Additionally, Num1’s
lipid-binding domains may associate with domains on the MOM
and plasma membrane that are enriched in the lipid or membrane
structure preferred for binding (Yu et al., 2004; Tang et al., 2012;
Ping et al., 2016). The preferential binding of Num1 to cardiolipin
and PI, sP,, organelle-specific lipids that play key structural, reg-
ulatory, and signaling roles (Strahl and Thorner, 2007; Claypool
and Koehler, 2012), may provide a mechanism to integrate Num1
assembly and, thus, its tethering capacity with mitochondrial and
cellular functions. Not all circumstances of proximity between mi-
tochondria and the plasma membrane result in the formation of
a Numl cluster, indicating that proximity to the MOM, though
necessary, is not sufficient to trigger assembly. Other factors likely
contribute to Num1 assembly. One such factor may be the corti-
cal ER, which is present at sites of Num1-mediated mitochondrial
tethering (Lackner et al., 2013). In addition, specific features, such
as distinct membrane structures, on the mitochondrial surface may
be limiting for Num1 assembly (Ping et al., 2016).

Though increasing the avidity of Numl for its tethering
targets is a likely consequence of assembly, Numl assembly
may serve other functions. Numl1 is proposed to directly activate
dynein by relieving Pacl/LIS1-mediated inhibition (Lammers
and Markus, 2015). Thus, increasing the effective concentration
of Numl via cluster formation may enhance dynein activation at
sites of anchoring. Whereas nearly all Num1 clusters observed
are engaged in mitochondrial tethering (Fig. 1, A and B), only
a small subset also functions to anchor dynein (Markus et al.,
2009; Markus and Lee, 2011). It is not known whether and how
specific Num1 clusters are selected as dynein anchors or whether
the process is stochastic. Consistent with a previous study, we ob-
serve Numl-mediated dynein anchoring in mother cells as well
as daughters (Lee et al., 2003). The function of mother cell-an-
chored dynein is unclear, and bud-anchored dynein is proposed
to be the major contributor to correct spindle orientation (Lee et
al., 2003). Consistently, we observe that the bud-specific loss of
Numl clusters results in spindle positioning defects comparable
with those observed in the absence of dynein.

Overall, our data demonstrate that the inheritance and
positioning of mitochondria influence when and where dynein
anchoring can occur, which is critical for dynein’s function in
mitotic spindle orientation. Therefore, NumIl-mediated mi-
tochondria—plasma membrane tethering not only impacts the
spatial distribution of mitochondria within cells, but also the
position of the spindle, adding a novel function to the growing
list of interorganelle contact site functions. Linking both an-

choring functions of Numl to its mitochondria-driven assembly
provides a mechanism to spatially and temporally integrate the
positioning of two essential organelles. Thus, Num1 assembly
serves to regulate a cortical hub that promotes spatial orga-
nization within the cell.

Materials and methods

Strains and plasmids

Strains W303 (ade2-1; leu2-3; his3—11, 15; trpl-I; ura3—1I; canl—
100) (Naylor et al., 2006), BY4741 (MATa; his3A1; leu2A0; ura3A0;
met15A0) (Open Biosystems), W303 NUMI-yEGFP::HIS and W303
Adynl::HIS (Lackner et al., 2013), and W303 NUMI-yEGFP::KAN
(Ping et al., 2016) were described previously. BY4741 mmri-5::HIS3,
Ayptl1::KAN, (Chernyakov et al., 2013), and BY4741 myo2-14::HIS
(Santiago-Tirado et al., 2011) were gifts from the A. Bretscher labora-
tory (Cornell University, Ithaca, NY).

The plasmids pXY 142-mitodsRED (mitoRED; Friedman et al.,
2011), p412-ADHI1 mitoTagBFP (mitoBFP::LEU; Ping et al., 2016),
pYX122-mitoGFP::HIS (mitoGFP::HIS) and pYX142-mitoGFP::LEU
(mitoGFP::LEU; Westermann and Neupert, 2000), pYES-TagBFP
(Murley et al., 2013), pKT127 pFA6-link-yEGFP-KAN and pKT209
pFAG6-link-yEGFP-CaURA3 (Sheff and Thorn, 2004), pHyg-AID*-
6FLAG (Morawska and Ulrich, 2013), and p416ADH1 (Mumberg et
al., 1995) were described previously. pHIS3p:mRuby2-Tub1+3"UTR
=:HPH (Ruby-Tubl::HYG) and pHIS3p:mTurquoise2-Tub1+3"UTR
= LEU2 (plasmids 50633 and 50641; Addgene) were gifts from W. Lee
(University of Massachusetts, Amherst, MA; Markus et al., 2015).
pNHKS53 (YIp, ADH1::OsTIR1-9Myc1) (TIR1) was obtained from the
National BioResource Project (depositor: M. Kanemaki; Nishimura
et al., 2009). pPNHKS53 was digested with Stul before transformation
into yeast. pFA6-link-mKATE-spHIS5 was a gift from C. Osman and
P. Walter (University of California, San Francisco, San Francisco, CA).

p416ADH1 mitoTagBFP (mitoBFP::URA) was constructed
by subcloning mitoTagBFP from pYES-TagBFP into p416ADHI1
using Spel and Xhol sites.

pHIS3p:mRuby2-Tub1+3'UTR::LEU (Ruby-Tubl::LEU) was
constructed by subcloning HIS3p:mRuby2 from pHIS3p:mRuby2
-Tub1+3’UTR::HPH into pHIS3p:mTurquoise2-Tubl1+3"UTR::LEU2
using Pacl and BamHI sites. Both Ruby-Tubl::HYG and Ruby-
Tubl::LEU were digested with Xbal before transformation into yeast.

The following W303 gene deletion strains were obtained by re-
placing the complete ORF of the genes with the indicated cassette using
PCR-based targeted homologous recombination: Aypt/1::NATNT2,
Ammrl::KANMX6, Anuml::KANMX6, Akar9::NATNT2, Adynl::NAT
NT2, and Amdm36::NATNT2 (Longtine et al., 1998; Janke et al., 2004).
The functional C-terminally tagged strains DYNI-mKATE::HIS and
MMRI-AID-FLAG::HYG were constructed by PCR-based targeted
homologous recombination using pFA6-link-mKATE-spHISS and
pHyg-AID*-6FLAG (Morawska and Ulrich, 2013). Haploid mutant/

spindles >1.25 pm were scored. n = 3 independent experiments of >40 spindles for each experiment; p-values for B and C are in comparison with WT
cells at the respective temperature; the p-value in parentheses is in comparison with mito at 37°C. (D-F) WT W303, Adyn1, Anum1, Ammrl, Amdm36,
rho®, Akar9, mitoAP, and mitoAP Akar9 cells expressing Ruby-Tub1 and mitoGFP were grown in the presence of DMSO or 1 mM auxin, as indicated, and
visualized by fluorescence microscopy. Representative whole-cell projections of cells with correctly oriented and misoriented spindles are shown (D) and
were quantified (E and F) as described above. Examples of correctly oriented spindles are from mitoAP and Akar9 cells in the presence of DMSO, and
examples of misoriented spindles are from mitoA? Akar9 cells in the presence of auxin. n = 3 independent experiments of >47 spindles for each experiment.
(A and D) The cell cortex is outlined with a dashed line. Bars, 2 pm. P-values for E and F are for a comparison with WT cells; the p-value in parentheses is
for a comparison with mitoAP in the presence of auxin; **, P < 0.01; ***, P < 0.001. (G) Quantification of the number of spindles that cross the mother—
bud neck over a 10-min time frame in hydroxyurea-arrested WT, Adyn1, and mito* cells expressing Ruby-Tub1 and mitoGFP grown at 24°C or 37°C, as

indicated. n > 102 spindles analyzed for each condition.
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Figure 5.  Model: mitochondria drive the assembly of Num1 clusters, which serve to anchor mitochondria and dynein to the cell cortex. (A) Num1 dimers
associate with the plasma membrane (PM). (B) The assembly of Num1 clusters is triggered by a direct interaction between Num1 and the MOM. Once
assembled, Num 1 clusters tether mitochondria to the cell cortex. (C) Dynein is trafficked to the cell cortex on microtubules (MTs). (D) Dynein is anchored to

the cell cortex by mitochondria-assembled Num 1 clusters.

tagged strains were generated by crossing, followed by sporulation and
tetrad analysis or by PCR-based targeted homologous recombination.
The auxin-inducible mitochondrial inheritance mutant, W303 MMRI-
AID-FLAG Ayptll TIRI, is referred to as mito*P. To make the Num1-
YEGFP rho’ mitoRED strain, Numl-yEGFP mitoRED cells were
grown overnight in synthetic complete (SC) + 2% (wt/vol) dextrose +
25 pg/ml ethidium bromide, diluted, and grown overnight in the same
media. Cells were then plated on yeast extract/peptone (YP) + 2% (wt/
vol) dextrose (YPD), and loss of mitochondrial DNA was verified by
lack of growth on YP + 3% ethanol/3% glycerol plates.

The following BY gene deletion strains were obtained by replac-
ing the complete ORF of the genes with the indicated cassette using
PCR-based targeted homologous recombination: Ammrl::KANMX6,
Amdm36::NATNT2, Anuml::NATNT2, and Akar9::NATNT2 (Longtine
et al., 1998; Janke et al., 2004). BY Adynl::KANMX6 was obtained
from the yeast knockout collection (Open Biosystems). The functional
C-terminally tagged NUMI-yEGFP::URA was constructed by PCR-
based targeted homologous recombination using pFA6-link-yEGFP-
CaURAZ3 (Sheff and Thorn, 2004). Haploid mutant/tagged strains were
generated by crossing, followed by sporulation and tetrad analysis, or
by PCR-based targeted homologous recombination.

Imaging
For Fig. 1, W303 NUMI-yEGFP cells harboring mitoRED were grown to
midlog phase in SC-LEU + 2% (wt/vol) dextrose media with 2x adenine.

For Fig. 2 and Fig. S1, BY NUM1-yEGFP, mito* NUM1-yEGFP,
and myo2-14 NUM1-yEGFP strains harboring mitoRED were grown
in SC-LEU + 2% (wt/vol) dextrose media with 2x adenine media at
24°C for 2 h. The permissive temperature cultures were left at 24°C,
and the nonpermissive temperature cultures were shifted to 37°C for an
additional 4 h of growth.

For Fig. 3 A, W303 NUM1-yEGFP DYNI-mKATE cells harbor-
ing mitoBFP::URA were grown to midlog phase in SC-URA + 2%
(wt/vol) dextrose media with 2x adenine. For Fig. 3 B, W303 NUM -
YEGFP DYNI-mKATE cells were grown to midlog phase in SC + 2%
(wt/vol) dextrose media with 2x adenine.

For Fig. 4 (A-C), BY WT, Adynl, Anuml, Ammrl, Amdm36,
Akar9, mito NUMI-yEGFP, and mito" Akar9 NUMI-yEGFP cells

harboring Ruby-Tubl::HYG and mitoBFP::LEU were grown in SC-
LEU + 2% (wt/vol) dextrose media with 2x adenine media at 24°C
for 2 h. The permissive temperature cultures were left at 24°C, and
the nonpermissive temperature cultures were shifted to 37°C for an
additional 4 h of growth.

For Fig. 4 (D-F), W303 WT, Adynl, Anuml, Ammrl, Amdm36,
rho?, Akar9, mito*'”, and mito*’P Akar9 cells harboring Ruby-Tub1::LEU
and mitoGFP::HIS were grown in SC-HIS + 2% (wt/vol) dextrose media
with 2x adenine, pH 6.4, media at 30°C for 2 h. DMSO or auxin (x-naph-
thalene acetic acid; HiMedia), at a final concentration of 1 mM, was
added and cells were grown for an additional 3 h at 30°C.

For Fig. 4 G, BY WT, Adynl, and mito" cells harboring Ru-
by-Tubl::HYG and mitoGFP::LEU were diluted from a saturated cul-
ture in SC-LEU + 2% (wt/vol) dextrose media with 2x adenine and
grown at 24°C for 2 h. Cultures were then grown at 24°C or shifted
to 37°C for 2 h. Hydroxyurea was added to a final concentration of
200 mM, and the cells were grown for an additional 2.5 h.

For Fig. S2, W303 NUMI1-yEGFP DYNI-mKATE cells harbor-
ing Ruby-Tub1::LEU were grown to midlog phase in SC + 2% (wt/vol)
dextrose media with 2x adenine.

For all imaging, cells were grown as described above at 24°C un-
less otherwise indicated, concentrated by centrifugation, and mounted on
a 4% wt/vol agarose pad. All imaging was performed at 22°C. Because of
doubling times of ~200 min or greater, cell growth was often limited in our
imaging conditions. Z series of cells were imaged at a single time point or
over time using a spinning disk confocal system (Leica) fit with a spinning
disk head (CSU-X1; Yokogawa), a PLAN APO 100x 1.44 NA objective
(Leica), and an electron-multiplying charge-coupled device camera (Evolve
512 Delta; Photometrics). A step size of 0.4 um was used. Image capture
was done using Metamorph (Molecular Devices). The images were decon-
volved using AutoQuant X3’s (Media Cybernetics) iterative, constrained 3D
deconvolution method. Fiji (National Institutes of Health) and Photoshop
(Adobe) were used to make linear adjustments to brightness and contrast.
Deconvolved images are shown. A cluster is defined as an accumulation of
Numl above the background signal that persists for at least three frames
of imaging (>1.5 min). The dimmer accumulations of Numl that do not
result in a productive cluster or tether point are dynamic and do not persist
over multiple frames. For quantification of tether points, mitochondria had
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to remain associated with a Num1 cluster for >1.5 min for the cluster to
be considered a tether.

For the quantification of spindle orientation, large budded cells
with spindles >1.25 um were analyzed (Moore et al., 2008). Buds were
classified as follows: small buds have a bud/mother diameter ratio of
<1:3, and large buds have a bud/mother diameter ratio of >1:3. To be
correctly oriented, the spindle needed to cross the mother—bud neck or be
within 45° of a line perpendicular to the neck. Misoriented spindles did
not cross the neck and were >45° off of the mother—bud axis. Measure-
ments of bud size, spindle length, and orientation were all done in Fiji.
For the spindle oscillation assay, Z stacks were acquired as described
above every 30 s for 10 min. Spindles were scored as either crossing the
mother—bud neck or not during the course of the 10-min video.

FRAP

Photobleaching was performed on the Leica spinning disk confocal sys-
tem (described in the previous section) fit with an iLas? FRAP module
(Roper Scientific). The iLas® module is fully integrated into the micro-
scope and driven by Metamorph. A region of interest (ROI) was defined
in Metamorph, and the 401-nm laser line was directed to and scanned
over the ROI as a diffraction-limited spot using the galvo motors in the
iLas> module. A Z stack was acquired before bleaching. The bleach se-
quence lasted 8 ms and was repeated three times. Pre- and postbleach
images were captured at 1-s intervals. Because the Num1-yEGFP signal
is low, we captured images at 3-min intervals after bleaching to limit
photobleaching of the nonbleached regions of the cell. The first Z stack
was captured 15 s after photobleaching. Images were deconvolved as de-
scribed above. All quantification was done in Fiji. 20 x 20-pixel ROIs
were drawn for each bleach and control region. A background region
was also measured. The mean gray value for each ROI was measured
and exported to Excel (Microsoft). The background value was subtracted
from each measurement, and all values were normalized to the prebleach
value for that experiment (Bolognesi et al., 2016). The normalized values
were averaged for all experiments. The mean intensity and SD for each
time point were plotted using GraphPad (Prism). For images, Fiji and
Photoshop were used to make linear adjustments to brightness and con-
trast. Deconvolved images are shown.

Western blot

For Fig. S3 A, mito'P and mitoMP Akar9 cells expressing Tirl and W303
Akar9 cells were grown as described in the Imaging section. Equivalent
ODs of cells were taken from all samples before and 3 h after the addition
of DMSO or 1 mM auxin. For Fig. S3 D, mito*’®? NUM1-yEGFP cells ex-
pressing Tirl were grown as described in the Imaging section. Equivalent
ODs of cells were taken before and 30 min after the addition of DMSO or
1 mM auxin. Whole-cell extracts were prepared using a NaOH lysis and
TCA precipitation procedure. Each TCA pellet was resuspended in 50 ul
MURB (100 mM MES, pH 7, 1% SDS, and 3 M urea). Whole-cell ex-
tracts were analyzed by SDS-PAGE followed by Western analysis using
anti-FLAG antibody (Sigma-Aldrich) and anti—glucose-6-phosphate de-
hydrogenase (G-6-PDH) antibody (Sigma-Aldrich) as the primary anti-
bodies and goat anti—-mouse IgG DyLight 680 and goat anti—rabbit IgG
DyLight 800 (Thermo Fisher Scientific), respectively, as the secondary
antibodies. The immunoreactive bands were detected with the Odyssey
Infrared Imaging System (LI-COR Biosciences).

Growth assay

For analysis of growth by serial dilution, cells were grown overnight in
YP + 2% (wt/vol) dextrose media, pelleted, and resuspended in water
at a concentration of 0.2 ODyy/ml, and 10-fold serial dilutions were
performed. Cells were spotted onto YPD (Fig. S2) or YPD plus DMSO
or I mM auxin (Fig. S3) and grown at 30°C.
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Online supplemental material

In Fig. S1, myo2-14, a temperature-sensitive mitochondrial inheritance
mutant, is used to provide additional evidence that Numl cluster as-
sembly is disrupted in buds that do not inherit mitochondria. Fig. S2
provides evidence that the Dynl-mKate fusion protein is functional. In
Fig. S3, a characterization of the mito*'P strain is provided.
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