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RESEARCH ARTICLE

Loss of Num1-mediated cortical dynein anchoring negatively
impacts respiratory growth
Antoineen J. White1, Clare S. Harper1,*, Erica M. Rosario1,*, Jonathan V. Dietz2, Hannah G. Addis3,
Jennifer L. Fox3, Oleh Khalimonchuk2,4,5 and Laura L. Lackner1,‡

ABSTRACT
Num1 is a multifunctional protein that both tethers mitochondria to the
plasma membrane and anchors dynein to the cell cortex during
nuclear inheritance. Previous work has examined the impact loss
of Num1-based mitochondrial tethering has on dynein function in
Saccharomyces cerevisiae; here, we elucidate its impact on
mitochondrial function. We find that like mitochondria, Num1 is
regulated by changes in metabolic state, with the protein levels and
cortical distribution of Num1 differing between fermentative and
respiratory growth conditions. In cells lacking Num1, we observe a
reproducible respiratory growth defect, suggesting a role for Num1 in
not only maintaining mitochondrial morphology, but also function.
A structure–function approach revealed that, unexpectedly, Num1-
mediated cortical dynein anchoring is important for normal growth
under respiratory conditions. The severe respiratory growth defect in
Δnum1 cells is not specifically due to the canonical functions of
dynein in nuclear migration but is dependent on the presence of
dynein, as deletion of DYN1 in Δnum1 cells partially rescues
respiratory growth. We hypothesize that misregulated dynein
present in cells that lack Num1 negatively impacts mitochondrial
function resulting in defects in respiratory growth.

KEY WORDS: Membrane contact sites, Mitochondria, Organelle
positioning

INTRODUCTION
Eukaryotic cells are defined by the ability to compartmentalize
distinct biochemical processes into membrane-bound organelles.
However, it has becomewell established that these organelles do not
act in isolation. Rather, organelles engage in non-vesicular
interorganelle communication through membrane contact sites
(MCSs) in which proteins bring organelle membranes into close
proximity without fusion (Scorrano et al., 2019). For example,
the multi-protein endoplasmic reticulum (ER) mitochondria
encounter structure (ERMES), forms a MCS between the ER and

mitochondria, and different sets of proteins, called vCLAMPs, drive
the formation of vacuole–mitochondria patches, which tether
mitochondria and the vacuole (Elbaz-Alon et al., 2014; Hönscher
et al., 2014; Kornmann et al., 2009). Research has demonstrated that
MCSs and the proteins that compose them have a myriad of
functions within the cell. Several MCS proteins serve solely to
tether organelles, and this maintains the spatial distribution of the
organelles relative to each other and the overall cell. Other MCS
proteins recruit additional factors to tethering sites that facilitate
processes like organelle division and inheritance, whereas others
facilitate the transport of lipids and metabolites between organelles
to maintain proper organelle function and, ultimately, cellular
fitness (Eisenberg-Bord et al., 2016; Prinz et al., 2020; Scorrano
et al., 2019). More recently, it has come to be appreciated that many
of the proteins that function within MCSs have dual functions in the
cell, serving roles within and outside of a contact site, functioning at
multiple contact sites, or serving as a hub that coordinates multiple
processes at a contact site (reviewed in Harper et al., 2020; Lackner,
2019). For example, the Saccharomyces cerevisiae ERMES
component Mdm10 functions in the biogenesis of mitochondrial
outer membrane β-barrel proteins (Wiedemann and Pfanner, 2017),
and the vCLAMP component Vps39 functions in endolysosomal
trafficking as a member of the homotypic fusion and vacuole sorting
(HOPS) complex (Bröcker et al., 2012). Thus, the regulation of a
single multifunctional MCS protein and the interactions it makes
within and outside of a contact site can be used to functionally link
processes within the cell.

Num1 is another example of a multifunctional MCS protein in
S. cerevisiae. Num1 is the core component of the multi-subunit
tethering complex called the mitochondria-ER-cortex-anchor
(MECA), which brings three membranes into close proximity –
the mitochondrion, plasma membrane (PM) and ER (Cerveny et al.,
2007; Klecker et al., 2013; Lackner et al., 2013; Tang et al., 2012).
Num1 interacts with the mitochondrial outer membrane through
its N-terminal coiled-coil (CC) domain (Lackner et al., 2013;
Ping et al., 2016; Tang et al., 2012), and with the PM through its
C-terminal pleckstrin homology (PH) domain, which interacts
with the PM-enriched phosphoinositide phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P2] (Tang et al., 2009; Yu et al., 2004). Unlike
the direct interactions Num1 makes with the mitochondrial
membrane and PM, the association of Num1 with the ER is likely
mediated through an interaction with the integral ER protein Scs2
(Chao et al., 2014; Omer et al., 2018). Num1 also directly interacts
with Mdm36 through its CC domain, and this interaction serves to
enhance Num1 assembly into clusters that robustly tether
mitochondria to the PM and cortical ER (Hammermeister et al.,
2010; Lackner et al., 2013; Ping et al., 2016; Won et al., 2021).
Num1-mediated mitochondrial tethering ensures the proper
positioning and distribution of mitochondria within the cell, and
ensures the mother cell retains mitochondria during cell division
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(Cerveny et al., 2007; Klecker et al., 2013; Lackner et al., 2013).
However, in addition to mitochondrial tethering, Num1 has
historically been known for its role in dynein-mediated nuclear
inheritance. Specifically, dynein is trafficked to the plus ends of
astral microtubules emanating from the mitotic spindle and is
offloaded onto Num1 clusters at the cortex and subsequently
activated. Dynein then captures and walks along astral
microtubules, creating the force required for spindle migration and
nuclear inheritance (Adames and Cooper, 2000; Carminati and
Stearns, 1997; Eshel et al., 1993; Farkasovsky and Küntzel, 2001;
Heil-Chapdelaine et al., 2000; Lammers and Markus, 2015; Lee
et al., 2005). Cortical anchoring of dynein requires the Num1 CC
domain and the multi-subunit dynein co-factor dynactin (Lammers
and Markus, 2015; Lee et al., 2003; Moore et al., 2008; Sheeman
et al., 2003; Tang et al., 2012).
Our previous work has demonstrated that the mitochondrial-

tethering and dynein-anchoring activities of Num1 are coordinated.
Specifically, we have demonstrated that MECA contact sites form in
the presence of mitochondria. These mitochondria-assembled
MECA contact sites then serve as cortical anchoring sites for
dynein (Kraft and Lackner, 2017). In further support of a role for
mitochondria in dynein anchoring, we have demonstrated that by
artificially driving Num1 cluster formation at the PM in a
mitochondria-independent manner, two populations of Num1
clusters are created – those that are associated with mitochondria
and those that are not – and dynein is preferentially anchored to
clusters that are associated with mitochondria (Schmit et al., 2018).
Importantly, whenmitochondrial-driven assembly of Num1 clusters
in buds is inhibited, defects in dynein-mediated nuclear migration
are observed (Kraft and Lackner, 2017; Schmit et al., 2018).
Together, these data support a role for Num1 as a cortical hub that
promotes spatial organization within the cell by coupling the
mitochondrial and nuclear positioning pathways. In certain mutant
conditions, such as upon the disruption of the Num1 EF hand-like
motif (Anderson et al., 2022), overexpression of Mdm36 (Omer
et al., 2020) or deletion of Scs2 (Omer et al., 2018), the non-
mitochondria associated pool of Num1 can anchor dynein and
support dynein function. However, in wild-type situations, our work
demonstrates that mitochondrial inheritance positively impacts
Num1 cluster formation in buds and dynein function in spindle
positioning (Kraft and Lackner, 2017; Schmit et al., 2018).
Although we have gained insight into how disrupting Num1-
mediated mitochondrial tethering impacts dynein function, it is not
clear how the loss of mitochondrial tethering and consequent loss of
dynein anchoring impact mitochondrial function.
Here, we address the role of the multifunctional MCS protein

Num1 in the maintenance of mitochondrial function. We find that
the levels and cortical distribution of Num1 differ between
S. cerevisiae cells in fermentative and respiratory growth
conditions, suggesting that, like mitochondria, Num1 is regulated
by changes in the metabolic state of the cell. In addition to a
dramatic decrease in mitochondrial contact with the cell cortex, cells
lacking Num1 also exhibit respiratory growth and oxygen
consumption defects. Thus, the loss of Num1 negatively impacts
mitochondrial function in addition to mitochondrial distribution.
Surprisingly, we find that the respiratory growth defect observed in
the absence of Num1 extends beyond the loss of the mitochondrial-
tethering function of Num1. We find that the respiratory growth
defect is due in part to the loss of Num1-mediated dynein anchoring
at the cortex. Interestingly, the severe respiratory growth defect
observed in cells lacking Num1 is not linked to the canonical
function of dynein in nuclear migration but is dependent on the

presence of dynein. We hypothesize that it is the misregulation of
dynein activity in cells lacking Num1 that leads to a defect in
respiratory growth by a mechanism that has yet to be described.

RESULTS
Cells lacking Num1 exhibit defects in respiratory growth and
mitochondrial function
It has been well documented that mitochondrial morphology is
impacted by changes in the cellular environment (Stevens, 1981;
Visser et al., 1995). In conditions where cells engage predominantly
in fermentative growth, mitochondria form simple tubular
networks that associate with the PM at discrete attachment points
(Fig. 1Ai,B). However, when cells are forced to respire, which
requires the process of oxidative phosphorylation, which occurs
in mitochondria, mitochondrial mass increases resulting in the
formation of an elaborate mitochondrial network that makes
extensive contact with the PM in a Num1-dependent manner
(Fig. 1Ai,ii,B; Egner et al., 2002; Hoffmann and Avers, 1973;
Stevens, 1981). Given these dramatic alterations in mitochondrial
morphology and contact with the PM, we expected that Num1
localization would also be altered in respiratory growth conditions.
Thus, we tagged Num1 with yeast enhanced GFP (annotated as
GFP) at the endogenous locus and visualized this construct in the
presence of a mitochondrial marker, mitochondrial matrix-targeted
dsRED (mito-dsRED). Concomitant with increased contact
between mitochondria and the PM, we also observed changes in
the distribution and steady-state levels of Num1 in respiratory
conditions (Fig. 1A–C). Compared to fermenting cells (grown in
glucose), in which a few discrete Num1 clusters were observed,
Num1 assemblies covered a larger portion of the PM in respiring
cells (grown in ethanol/glycerol) (Fig. 1Ai). Consistent with this,
western blot analysis of Num1–GFP demonstrated a ∼2.6-fold
increase in steady-state Num1 protein levels in respiratory growth
conditions compared to those seen in fermentative growth
conditions (Fig. 1C). Together, these data suggest that, like
mitochondria, Num1 is regulated by changes in the metabolic
state of cells.

Given the corresponding changes in mitochondrial morphology
and Num1 localization in response to respiratory growth, we sought
to determine whether loss of Num1 impacts mitochondrial function.
As one of the crucial functions of mitochondria is the production of
ATP through cellular respiration, we examined cell growth on agar
plates containing medium that force yeast cells to respire. In this
condition, cells that lack NUM1 (Δnum1) exhibited a subtle growth
defect at 30°C that increased in severity under temperature stress at
35°C and 37°C (Fig. 1D). To quantify the growth defect at elevated
temperatures, we measured colony size for cells grown at 35°C,
which allowed us to reproducibly detect and measure the size of
individual colonies. In fermentative conditions, the colonies formed
by Δnum1 cells were similar in size to those formed by wild-type
(WT) cells (Fig. S1A). However, in respiratory growth conditions, a
notable and reproducible growth defect was observed for Δnum1
cells (Fig. 1E).

Given that Num1 is the predominant mitochondria–PM tether in
yeast, loss of Num1 results in severe defects in mitochondrial
morphology and positioning within cells. In both fermentative and
respiratory growth conditions, the mitochondrial network in Δnum1
cells collapses and contact with the PM is reduced (Fig. 1Aii,B;
Cerveny et al., 2007; Hammermeister et al., 2010; Klecker et al.,
2013; Lackner et al., 2013). Thus, we questioned whether the loss of
proper mitochondrial morphology and positioning accounts for the
defects in respiratory growth observed in Δnum1 cells. To test this
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Fig. 1. See next page for legend.
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idea, we examined how the loss of two proteins known to associate
with MECA and to impact mitochondrial morphology, Mdm36 and
Dnm1, affect respiratory growth. Mdm36 functions as an accessory
component of MECA that bridges Num1–Num1 interactions to
enhance Num1 clustering. In the absence of Mdm36, there is a
reduction in Num1 tether points and the mitochondrial network is
disorganized and collapsed (Fig. S2A; Hammermeister et al., 2010;
Lackner et al., 2013; Ping et al., 2016). Dnm1 is a core component
of the mitochondrial division machinery and also associates with
MECA (Bleazard et al., 1999; Cerveny et al., 2007; Hammermeister
et al., 2010; Lackner et al., 2013). In the absence of Dnm1,
mitochondria form well-characterized net-like structures that often
collapse to one side of the cell (Fig. S2A). Using our colony size
assay, we quantified the growth of Δmdm36 and Δdnm1 cells in both
fermentative and respiratory growth conditions and found that
neither of these cells exhibited a notable growth defect in either
growth condition (Fig. S1A; Fig. 1E). Even at 37°C, the respiratory
growth of Δmdm36 cells was similar to WT (Fig. S2B). These
results suggest that the defect in respiratory growth observed in
Δnum1 cells is not a direct result of defects in mitochondrial
morphology, but rather is specific to Num1.
Mitochondrial respiration requires the consumption of oxygen;

therefore, the rate of oxygen consumption can be used as a readout
of mitochondrial function. Thus, to test mitochondrial function
more directly in Δnum1 cells, we compared the oxygen
consumption rate of Δnum1 cells to WT cells. In agreement with
the respiratory growth defect observed for Δnum1 cells, the basal

oxygen consumption rate of Δnum1 cells, as measured with a Clark
oxygen electrode, was notably decreased in comparison toWT cells
(Fig. 1F). Interestingly, the defect in mitochondrial function
observed in Δnum1 cells was not a result of defects in individual
respiratory chain complex biogenesis and supercomplex assembly
(Fig. S3B,C), which also suggests that mitochondrial DNA is not
compromised in Δnum1 cells. Together, these data suggest that
Num1 impacts mitochondrial function in addition to mitochondrial
distribution.

Synthetically clustering the CC domain of Num1 at the PM
rescues respiratory growth
Although mitochondrial morphology is drastically altered by
deletion of both MDM36 and DNM1, these cells still have Num1-
mediated contacts between mitochondria and the PM (Bleazard
et al., 1999; Cerveny et al., 2007; Hammermeister et al., 2010;
Lackner et al., 2013; Ping et al., 2016). This raises the possibility
that Num1-mediated mitochondria–PM contacts present in
Δmdm36 and Δdnm1 cells are able to support respiratory growth
and that the respiratory growth defect of Δnum1 cells is a result of
the complete loss of these contacts. To test this idea, we sought to
determine whether deleting the domains of Num1 that are
responsible for Num1-mediated tethering would recapitulate the
growth defect of Δnum1 cells. Specifically, we expressed Num1
(Num1–GFP), Num1 lacking its PH domain (Num1ΔPH–GFP),
Num1 lacking its CC domain (Num1ΔCC–GFP), or the Num1 PH
domain alone (PH–GFP) from the endogenous NUM1 locus as a
GFP fusion (Fig. 2A). The PH domain is necessary for Num1 to
localize to the PM (Tang et al., 2009; Yu et al., 2004), whereas the
CC domain is necessary for the association of Num1 with
mitochondria (Lackner et al., 2013; Ping et al., 2016; Tang et al.,
2012). Using the colony size assay to quantify growth, we found
that constructs that lacked either one of the Num1 domains
necessary for tethering had respiratory growth defects similar to
Δnum1 cells (Fig. 2B). Similar to Δnum1 cells, none of the Num1
mutants exhibited a notable growth defect in fermentative
conditions (Fig. S1B). Together, these data suggest a role for
Num1-mediated mitochondria–PM tethering in the maintenance of
mitochondrial function and respiratory growth.

Given that the deletion of the Num1 domains required for
tethering reproduces the growth defect seen in Δnum1 cells, we
next asked whether the respiratory growth defect could be rescued
by artificially tethering mitochondria to the PM. To this end,
we artificially clustered Num1 at the PM using the GFP–αGFP
nanobody targeting system developed previously in our laboratory
(Fridy et al., 2014; Muyldermans, 2013; Schmit et al., 2018). In
this system, we appended an αGFP nanobody to the eisosome
components Pil1 or Seg1, expressed from their endogenous loci
(Pil1–αGFP or Seg1–αGFP). Eisosomes are multi-protein
assemblies that form discrete stable puncta at the PM (Moreira
et al., 2012;Walther et al., 2006).We then expressed Num1ΔPH–GFP
from its endogenous locus in the presence or absence of an αGFP-
tagged eisosome component. In the absence of Pil1–αGFP,
Num1ΔPH–GFP is diffusely localized in the cytosol with up to
two non-cortical, mitochondria-associated puncta per cell and the
mitochondrial network is collapsed (Fig. 2D; Schmit et al., 2018).
However, in the presence of Pil1–αGFP, Num1ΔPH–GFP is
recruited to eisosomes, forming discrete foci on the PM that we
refer to as Pil1-associated Num1 (PAN) clusters (Fig. 2C,D; Schmit
et al., 2018). We have previously shown that PAN clusters are able
to tether mitochondria to the PM and restore the morphology of
the mitochondrial network in fermentative growth conditions

Fig. 1. Cells lacking Num1 exhibit a respiratory growth defect and
mitochondrial dysfunction. (Ai,ii) WT cells expressing mito-dsRED and
Num1–GFP (i) or Δnum1 cells expressing mito-dsRED (ii) were grown in
either a fermentative (SCDex) or respiratory (SCEG) growth condition, as
indicated, and analyzed by fluorescence microscopy. Whole-cell maximum
intensity projections and single focal planes of the middle of each cell, as
indicated, are shown. Dashed white lines denote the outline of the cell.
Scale bars: 2 µm. (B) The graph represents a quantification of the fraction
of the cell cortex at mid-cell that is occupied by mitochondria for WT cells
expressing mito-dsRED and Num1–GFP or Δnum1 cells expressing mito-
dsRED grown in either a fermentative or respiratory growth condition, as
indicated. n=30 cells per strain from three independent experiments, each
shown in a different shade, and line representing the grand mean.
(C) Whole-cell extracts from strains expressing Num1–GFP grown either in
a fermentative or respiratory growth conditions, as indicated, were analyzed
by SDS-PAGE and western blotting using an anti-GFP antibody. The graph
represents a quantification of the fold change in the levels of the Num1
protein in the respiratory growth condition compared to the fermentative
growth condition; n=3 independent experiments each consisting of two
technical replicates. The mean±s.d. is shown. The circles denote each
technical replicate; and different colors are used to represent the biological
replicates. Total protein stain was used as a loading control and
normalization standard as described in the Materials and Methods (see
Fig. S3A). (D) Serial dilutions of WT or Δnum1 cells onto YPD (fermentative
growth condition) or YPEG (respiratory growth condition) agar plates grown
at 30°C, 35°C or 37°C, as indicated. Image shown representative of three
repeats. (E) Quantification of WT, Δnum1, Δmdm36, and Δdnm1 cell growth
at 35°C in respiratory growth conditions. The graph is a violin plot of the
radius (in pixels) of WT, Δnum1, Δmdm36, and Δdnm1 colonies as a
measure of colony size normalized to the mean radius (in pixels) of WT
colonies. The black line denotes the grand mean of at least four independent
experiments and circles depict the mean of each independent experiment;
n≥344 colonies per strain. Inset images above the graph are representative
images of quantified colonies for each strain. (F) Basal oxygen consumption
rate of WT or Δnum1 cells, as indicated, grown in YP medium with
galactose; n=2 independent experiments with four technical replicates each.
The circles denote each technical replicate; and different colors are used to
represent the biological replicates. ****P≤0.0001, **P≤0.01, *P≤0.05 (two-
tailed unpaired t-test).
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Fig. 2. See next page for legend.
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(Anderson et al., 2022; Schmit et al., 2018). Here, we found that
PAN clusters are also able to tether mitochondria to the PM and
restore the morphology of the mitochondrial network in respiratory
growth conditions (Fig. 2D,E). Using colony size as a quantitative
readout of respiratory growth, we found that cells expressing PAN
grew similarly to WT cells, whereas cells expressing either
Num1ΔPH–GFP or Pil1–αGFP alone exhibited a respiratory
growth defect (Fig. 2F). No notable growth defect was observed
for any of the strains in fermentative growth conditions (Fig. S1C).
These results suggest that the artificial clustering system can bypass
the requirement for the Num1 PH domain for full respiratory
growth.
The CC domain of Num1 is necessary and sufficient for the

interaction of Num1 with mitochondria (Lackner et al., 2013; Ping
et al., 2016; Tang et al., 2012). Thus, we sought to determine
whether this domain is sufficient to rescue respiratory growth in our
artificial clustering system. We expressed the CC domain (amino
acids 1–303) of Num1 (Num1CC–GFP) in cells lacking a nanobody
fusion or in cells expressing Pil1–αGFP, the latter of which we refer
to as PANCC cells (Fig. 2A; Anderson et al., 2022). In cells
expressing Num1CC–GFP in the absence of Pil1–αGFP, defects in
mitochondrial morphology and respiratory growth similar to those
seen in Δnum1 cells were observed (Fig. 2D–F). In contrast, the
morphology of mitochondria and respiratory growth of PANCC
cells were similar to WT (Fig. 2D–F). No notable growth defect was
observed for any of the strains in fermentative growth conditions
(Fig. S1C). Thus, synthetically clustering the CC domain of Num1
at the PM is sufficient to rescue respiratory growth.

Restoring mitochondria–PM tethering in the absence Num1
is not sufficient to rescue respiratory growth
We reasoned that the ability of PANCC to rescue the Δnum1
respiratory growth defect seen above could be occurring in one of
two ways – (1) by restoring contact or proximity between
mitochondria and the PM, or (2) by providing an activity or
function specific to the Num1CC domain. To distinguish between
these two possibilities, we constructed artificial mitochondria–PM
tethers that lack Num1 domains. To this end, we expressed two

mitochondria-binding domains as GFP fusions in our artificial
clustering system – the N-terminal extension domain of Mdv1
(amino acids 1–241; GFP–Mdv1NTE) and the transmembrane
domain of Tom70 (amino acids 1–30; Tom70TM–GFP). The
mitochondria-binding domain–GFP fusions were expressed from an
exogenous locus so the native MDV1 and TOM70 genes were not
disrupted. These artificial tethering constructs are referred to as
Mdv1 Tether and Tom70 Tether (Fig. 3A). Mdv1 is a core
component of the mitochondrial fission machinery that associates
with Fis1 on the mitochondrial membrane and recruits Dnm1 for
mitochondrial fission (Cerveny and Jensen, 2003; Cerveny et al.,
2001; Tieu and Nunnari, 2000; Tieu et al., 2002). Previous work has
identified the Mdv1 N-terminal extension (NTE) as the domain that
directly interacts with Fis1 (Cerveny and Jensen, 2003; Tieu et al.,
2002; Zhang and Chan, 2007). The transmembrane (TM) domain of
Tom70, a component of the mitochondrial import machinery, has
been used successfully in many artificial mitochondria tethers
(Kornmann et al., 2009; Lackner et al., 2013).

When GFP–Mdv1NTE or Tom70TM–GFP were expressed in
Δnum1 cells in the absence of αGFP-tagged eisosome components,
mitochondrial morphology was collapsed (Fig. 3A–C). However,
when the GFP fusions were expressed in Δnum1 cells in the
presence of the αGFP-tagged eisosome components, which we refer
to as Mdv1 Tether and Tom70 Tether, GFP–Mdv1NTE and
Tom70TM–GFP were recruited to the PM and mitochondrial
morphology was restored with several contact points between
mitochondria and the PM (Fig. 3A-C). Interestingly, although these
artificial tethering constructs were able to recruit mitochondria to
the PM, neither was able to restore respiratory growth to WT levels
in cells lacking Num1 (Fig. 3D), which differs from what was
observed for PAN and PANCC (Fig. 2F). Neither the Mdv1 Tether
nor Tom70 Tether notably affected growth when expressed in either
WT or Δnum1 cells grown in fermentative conditions, suggesting
the artificial tethers themselves do not have a negative effect on cell
growth (Figs S1D and S4A). Similar results were obtained when a
fusion between the PH domain of Num1 and the αGFP nanobody
(PH–αGFP) was used, instead of an αGFP-tagged eisosome
component, to recruit GFP–Mdv1NTE or Tom70TM–GFP to the
PM and restore mitochondria–PM tethering. Specifically,
respiratory growth was not rescued in Δnum1 cells expressing
PH–αGFP with either GFP–Mdv1NTE or Tom70TM–GFP, but
was rescued in cells expressing PH–αGFP and Num1ΔPH–GFP
(Fig. S4B,C). Thus, these results suggest that it is not simply the loss
of mitochondria–PM contact that results in the respiratory growth
defect observed in Δnum1 cells, and that the role of Num1 in
maintaining mitochondrial function extends beyond its role in
tethering mitochondria to the PM.

The Δnum1 respiratory growth defect is not due to defects in
dynein-mediated nuclear migration
As mentioned above, Num1 forms a multifunctional MCS.
Therefore, we sought to investigate what other Num1 functions
could contribute to the maintenance of mitochondrial function. In
addition to its role in mitochondrial positioning and tethering,
Num1 serves as a cortical anchor for the motor protein, dynein.
Once anchored, dynein is then able to capture and walk along astral
microtubules to orient the spindle for nuclear inheritance during cell
division (Farkasovsky and Küntzel, 2001; Heil-Chapdelaine et al.,
2000; Lee et al., 2005). Our previous work demonstrates that in
addition to rescuing mitochondrial morphology, PAN and PANCC
also support dynein function in nuclear inheritance (Anderson et al.,
2022; Schmit et al., 2018). The ability of PAN and PANCC to fully

Fig. 2. Anchoring the CC domain of Num1 to the cell cortex rescues the
respiratory growth defect of Δnum1 cells. (A) Schematic of Num1
constructs that are used in this study. CC, coiled-coil domain; EF, EF hand-
like motif; PH, pleckstrin homology domain. (B) Quantification, presented as
a violin plot, of WT, Num1-GFP, Δnum1, Num1ΔPH-GFP, Num1ΔCC-GFP,
and Num1PH-GFP cell growth at 35°C in respiratory growth conditions as
described in Fig. 1E. The black line denotes the grand mean of at least three
independent experiments and the circles depict the mean of each
independent experiment; n≥352 colonies per strain. (C) Schematic depicting
the GFP–αGFP nanobody artificial Num1 clustering system used in this
study. (D,E) Cells expressing mito-dsRED and Num1ΔPH-GFP, PAN,
Num1CC–GFP or PANCC were grown in respiratory growth conditions and
analyzed by fluorescence microscopy. Whole-cell maximum intensity
projections and single focal planes of the middle of each cell are shown (D).
Scale bars: 2 µm. Dashed white lines denote the outline of the cell. The
graph (E) represents a quantification of the fraction of the cell cortex at mid-
cell that is occupied by mitochondria; n=30 cells per strain from three
independent experiments, each shown in a different color. The black line
denotes the grand mean. (F) Quantification of WT, Num1ΔPH-GFP, Δnum1
Pil1-αGFP, PAN, Num1CC-GFP, and PANCC growth at 35°C in respiratory
growth conditions as described in Fig. 1E. Black line denotes the grand
mean of at least four independent experiments and the circles depict the
mean of each independent experiment; n≥401 colonies per strain.
Num1ΔPH-GFP data are recapitulated from Fig. 2B for comparison.
****P≤0.0001, ***P≤0.001; **P≤0.01; n.s., not significant (two-tailed
unpaired t-test).
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Fig. 3. See next page for legend.
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rescue both mitochondrial function and dynein function differs from
that of the artificial mitochondria–PM tethers Mdv1 Tether and
Tom70 Tether. We found the artificial tethers do not fully restore
mitochondrial function (Fig. 3D) nor rescue dynein function, which
was evidenced by their inability to support growth in the absence of
Kar9, a component of a partially redundant nuclear inheritance
pathway (Fig. S4D). Loss of both the dynein and Kar9 pathways for
nuclear inheritance results in a severe growth defect (Miller and
Rose, 1998), such as that observed for Δkar9 Δnum1 cells and the
Δkar9 Δnum1 cells expressing the artificial tethers (Fig. S4D).
Given these functional differences between PAN and the artificial
tethers, we sought to determine whether the loss of correct dynein
function could result in the respiratory growth defect observed in
Δnum1 cells.
The dynein complex is composed of four components – Dyn1,

Pac11, Dyn2 and Dyn3. Cells lacking any one of these components
have defects in nuclear inheritance (Carminati and Stearns, 1997;
Eshel et al., 1993; Lee et al., 2005; Stuchell-Brereton et al., 2011).
Thus, to investigate whether the loss of the dynein-mediated nuclear
inheritance role of Num1 could result in the respiratory growth
defect observed in Δnum1 cells, we deletedDYN1, PAC11,DYN2 or
DYN3 in otherwise WT cells and quantified the ability of these cells
to grow when forced to respire. Δdyn1, Δpac11, Δdyn2 and Δdyn3
cells all exhibited a slight growth defect compared toWT cells when
forced to respire (Fig. 4A). However, this respiratory growth defect
was distinct from that observed in Δnum1 cells. Specifically, the
respiratory growth defect observed for Δnum1 cells was
reproducibly more severe than that observed in cells lacking any
one of the dynein components, despite Δnum1 cells having similar
growth to dynein mutants in fermentative conditions (Fig. 4A;
Fig. S1E). These results suggest that the more severe respiratory
growth defect observed in Δnum1 cells cannot be solely attributed to
loss of dynein function in nuclear inheritance.
To confirm that the defect in respiratory growth observed in

Δnum1 cells is distinct from the specific role of Num1 in dynein-
mediated nuclear migration, we deleted components of dynactin, a
co-factor for dynein, and assessed the respiratory growth of these
strains. Dynactin is required for dynein offloading onto Num1 as
well as dynein activation (Kardon et al., 2009; Lee et al., 2003;
Moore et al., 2008; Sheeman et al., 2003). The dynactin complex is
composed of five subunits – Nip100, Arp1, Jnm1, Ldb18 and
Arp10 (Moore et al., 2008; Schroer, 2004). Deletion of any one of

the genes that encode components of dynactin, with the exception of
ARP10, results in nuclear inheritance defects that phenocopy loss of
dynein function including lethality in the absence of Kar9 (Clark
and Rose, 2006; Kahana et al., 1998; McMillan and Tatchell, 1994;
Moore et al., 2008; Muhua et al., 1994). Thus, to further investigate
whether the defects observed in Δnum1 cells are related to defects in
dynein-mediated nuclear migration, we deleted ARP1 and NIP100,
which encode the two major core components of dynactin, and
quantified growth when cells were forced to respire. Interestingly,
both Δarp1 and Δnip100 cells exhibited a respiratory growth defect
that was similar to that of Δnum1 cells (Fig. 4A). In fermentative
growth conditions, no notable defects in growth were observed in
Δarp1 and Δnip100 cells (Fig. S1E). Consistent with our results,
respiratory growth defects have been observed for cells lacking
Num1, Arp1 and Nip100, but not Dyn1, in large-scale screens
designed to identify proteins important for mitochondrial function
(Dimmer et al., 2002; Steinmetz et al., 2002; Tigano et al., 2015).
The respiratory growth defect observed for Δarp1 and Δnip100 cells
was not due to defects in Num1-mediated mitochondrial tethering or
in mitochondrial morphology (Fig. 4B). The difference in the
respiratory growth between the dynein and dynactin mutants is
surprising, as dynactin mutants often phenocopy dynein mutants
(Schroer, 2004), and provides further support to our notion that the
respiratory growth defect observed in cells lacking Num1 and
dynactin cannot be solely attributed to loss of dynein function in
nuclear inheritance.

The respiratorygrowth defect ofNum1anddynactinmutants
correlates with the inability to anchor dynein at the
cell cortex
A shared feature of cells that lack either Num1 or dynactin is the loss
of cortically anchored dynein. Specifically, in the absence of Num1
or dynactin components, dynein is not offloaded at the cell cortex
and instead remains localized to the plus end of microtubules (Lee
et al., 2003; Moore et al., 2008; Sheeman et al., 2003). Given this
shared feature, we hypothesized that the respiratory growth defect
observed for cells that lack Num1 or components of dynactin is a
result of the loss of proper dynein localization and potentially
misregulated dynein function. To test this hypothesis, we
constructed a strain in which dynein offloading at cortical Num1
clusters is disrupted even when Num1 and the full dynactin complex
are present, and determined whether this strain exhibited the same
defects in respiratory growth. We made use of a well-characterized
Num1 mutant, Num1LL, which harbors two mutations (L167E
L170E) that have been shown to disrupt the Num1–dynein
association. The Num1LL mutant is able to form clusters that
tether mitochondria to the PM; however, the mutant is not able to
anchor dynein to the PM (Tang et al., 2012). We confirmed that
Num1LL–GFP forms WT-like Num1 clusters at the PM that are able
to tether mitochondria (Fig. 5A). We also verified that Num1LL is
not able to support dynein function by deleting KAR9 in a strain that
expresses Num1LL-GFP from the endogenous NUM1 locus (Δkar9
Num1LL-GFP). Δkar9 Num1LL-GFP cells exhibited a severe growth
defect, suggesting that dynein function in nuclear inheritance is
disrupted (Fig. S5A).

We next examined the ability of Num1LL cells to grow when
forced to respire. Similar to what was seen with Δnum1 cells, cells
containing the Num1LL-GFP mutation exhibited a severe growth
defect when forced to respire at elevated temperatures (Fig. 5B). As
this mutant specifically disrupts the association of dynein with
Num1 (Tang et al., 2012), these results support the hypothesis that
loss of proper dynein localization contributes to the respiratory

Fig. 3. Anchoring mitochondria to the cell cortex in the absence of
Num1 does not rescue the Δnum1 phenotype. (A) Schematic of Mdv1
and Tom70 in their native complexes and the mitochondrial-binding domains
of each protein used in the modified GFP–αGFP nanobody mitochondria-
tethering system. MOM, mitochondrial outer membrane. (B,C) Cells
expressing mito-dsRED and GFP–Mdv1NTE, Mdv1 Tether, Tom70TM–GFP
or Tom70 Tether in the absence of NUM1 were grown in respiratory growth
conditions and analyzed by fluorescence microscopy. Whole-cell maximum
intensity projections and single focal planes of the middle of each cell are
shown (B). Dashed white lines denote the outline of the cell. Scale bars:
2 µm. The graph (C) represents a quantification of the fraction of the cell
cortex at mid-cell that is occupied by mitochondria; n=30 cells per strain from
three independent experiments, each shown in a different color. Black line
denotes the grand mean. (D) Quantification, presented as a violin plot, of
WT, Δnum1, Δnum1 GFP-Mdv1NTE, Δnum1 Pil1-αGFP, Δnum1 Mdv1
Tether, Δnum1 Tom70TM-GFP, Δnum1 Seg1-αGFP and Δnum1 Tom70
Tether cell growth at 35°C in respiratory growth conditions as described in
Fig. 1E. Black line denotes the grand mean of at least five independent
experiments and the circles depict the mean of each independent
experiment; n≥316 colonies per strain. Δnum1 and Δnum1 Pil1-αGFP data
are recapitulated from Fig. 2B and F, respectively, for comparison. **P≤0.01,
*P≤0.05, n.s., not significant (two-tailed unpaired t-test).
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growth defect observed in cells lacking Num1 or dynactin. We next
sought to determine whether deleting dynein in Num1LL-GFP cells
could rescue the respiratory growth defect. We found that Num1LL-
GFP Δdyn1 cells exhibited a notable and reproducible increase in
the ability to grow in respiratory growth conditions in comparison to
Num1LL-GFP cells (Fig. 5B), and this increase in respiratory growth
was also evident at 37°C (Fig. 5C). In fermentative growth
conditions, no notable defects in growth were observed in either
Num1LL-GFP or Num1LL-GFP Δdyn1 cells (Fig. S1F; Fig. 5C).
These data support the idea that the respiratory growth defect seen in
Num1LL-GFP cells is due in part to mislocalized dynein.
Given these results, we sought to determinewhether the absence of

Dyn1 could alleviate the respiratory growth defect of cells lacking
Num1 or components of dynactin. Thus, we deleted DYN1 in strains
lacking NUM1, NIP100 or ARP1, and quantified respiratory growth

for each double deletion. All of the double-deletion strains, Δnum1
Δdyn1, Δnip100 Δdyn1, and Δarp1 Δdyn1, exhibited a notable
increase in the ability to grow in respiratory growth conditions
compared to their respective single deletion strains, Δnum1, Δnip100,
or Δarp1 (Fig. 5D). The fold change in colony size between a double
mutant and its respective single mutant was similar across the strains
examined. This increase in respiratory growth in the double mutants
was also evident at 37°C (Fig. 5E). Consistent with this, Δnum1 cells
lacking the other dynein components, PAC11, DYN2 or DYN3, also
exhibited an increase in the ability to grow in respiratory growth
conditions at elevated temperatures in comparison to Δnum1 cells
(Fig. S5B–D), indicating that the complete dynein complex is
required for the respiratory growth defect observed in cells lacking
NUM1. In fermentative growth conditions, no notable differences in
growth were observed (Figs S1G, S5B–D). The rescue of the

Fig. 4. Loss of dynactin function recapitulates the Δnum1 respiratory growth defect. (A) Quantification, presented as a violin plot, of WT, Δnum1,
Δdyn1, Δdyn2, Δpac11, Δdyn3, Δnip100, and Δarp1 cell growth at 35°C in respiratory growth conditions as described in Fig. 1E. Black line denotes the grand
mean of at least three independent experiments and the circles depict the mean of each independent experiment; n≥245 colonies per strain. (B) Cells
expressing mito-dsRED and Num1–GFP in WT or in the absence of either Nip100 or Arp1, as indicated, were grown in respiratory growth conditions and
analyzed by fluorescence microscopy. Whole-cell maximum intensity projections and single focal planes from the middle of each cell are shown. Dashed
white lines denote the outline of the cell. Images shown representative of two repeats. Scale bars: 2 µm. ***P≤0.001, n.s., not significant (two-tailed unpaired
t-test).
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Fig. 5. See next page for legend.
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respiratory growth defect in the double deletions was not due to the
rescue of mitochondrial morphology, as visualizing mitochondria in
Δnum1 Δdyn1 cells showed a collapsed mitochondrial network
comparable to what was seen in Δnum1 cells (Fig. S5E). Providing
further support that the rescue of the respiratory growth defect is
independent of rescued mitochondrial morphology, the respiratory
growth defect of Δnum1 cells expressing either the Mdv1 Tether or
Tom70 Tether, in which cortical tethering of mitochondria is
restored, was also rescued by the deletion of DYN1 (Fig. S4E,F).
These results further support the idea that the inability to offload and
anchor dynein at the cell cortex, and the consequent altered
localization of dynein, impact respiratory growth and
mitochondrial function.
To examine the properties of dynein that are required for the

respiratory growth defect observed, we expressed the following
dynein mutants from the endogenous DYN1 locus in Δnum1 cells –
(1) Dyn1Tail, which lacks the motor domain and does not depend
on plus-end targeting for association with Num1 at the cell cortex
(Markus et al., 2009); (2) Dyn1Motor, which is a non-motile form
of the motor that localizes to the spindle pole body and plus ends of
microtubules but is absent from the cell cortex (Markus et al., 2009);
and (3) Dyn1ΔMTBD, which lacks the microtubule-binding
domain (MTBD) and has effects on astral microtubule length and
dynamics that are equivalent to those seen in the absence of Dyn1
(Lammers and Markus, 2015; Estrem et al., 2017). It is important to
note that although each Dyn1 mutant has different effects on the
properties of dynein, none of the mutants form a fully functional
dynein complex capable of supporting dynein-mediated nuclear
migration. Δnum1 cells expressing Dyn1Tail, Dyn1Motor or
Dyn1ΔMTBD as the sole source of Dyn1 exhibited respiratory
growth similar to Δnum1 Δdyn1 cells (Fig. 5F). In fermentative
growth conditions, no notable differences in growth were observed

(Fig. S1H). These results indicate that a functional dynein complex
and its ability to directly interact with microtubules is required for
the respiratory growth defect observed in Δnum1 cells.

To further test the idea that mitochondrial dysfunction in Δnum1
cells is a consequence of unanchored dynein, we sought to
artificially sequester the dynein complex at the PM in Δnum1
cells. To this end, we leveraged the GFP–αGFP nanobody targeting
system to sequester Dyn1–GFP at eisosomes in Δnum1 cells
expressing Pil1–αGFP (Fig. 6A,B). Consistent with our idea, we
found that the respiratory growth defect of Δnum1 DYN1-GFP cells
was partially rescued by the expression of Pil1–αGFP (Fig. 6C), and
this rescue in respiratory growth was also evident at 37°C (Fig. 6D).
In fermentative growth conditions, no notable differences in growth
were observed (Fig. S1I). The rescue in respiratory growth was
independent of dynein function in nuclear migration as eisosome-
sequestered Dyn1–GFP was not functional in nuclear migration.
Specifically, the expression of Pil1–αGFPwas not able to rescue the
growth of Δkar9 Δnum1 DYN1-GFP cells (Fig. S5F). These results
provide further evidence that the respiratory growth defect observed
in cells lacking Num1 extends beyond the role of Num1 in
mitochondrial tethering and the canonical function of dynein in
nuclear migration and is dependent on the presence of unanchored
dynein (Fig. 6E).

DISCUSSION
Many MCSs have been described; however, elucidating the
biological functions of these MCSs has been challenging. The
challenge, in part, stems from the multifunctional nature of MCS
proteins and the sites they create (Eisenberg-Bord et al., 2016;
Harper et al., 2020; Prinz et al., 2020; Scorrano et al., 2019). To
overcome this challenge, we leveraged synthetic tethering systems
and separation of function mutants that allowed us to examine how
distinct features and activities of the MCS protein Num1 contribute
to the biological functions of MECA contact sites.

Surprisingly, we found that Num1-mediated cortical dynein
anchoring is important for normal growth under respiratory
conditions (Fig. 6E). Thus, the most straightforward hypothesis to
explain the respiratory phenotype observed upon disruption of
MECA was incorrect. This unexpected result highlights the
complexity of dissecting the functions of MCSs and their resident
proteins, and is reminiscent of studies aimed at dissecting the
function of Vps39-mediated vCLAMPs. In addition to its role in the
formation of Vps39-mediated vCLAMPs (Elbaz-Alon et al., 2014;
Hönscher et al., 2014), Vps39 also functions as a component of the
HOPS complex that is involved in endosome–vacuole tethering
and fusion (Bröcker et al., 2012). Vps39 function in vCLAMPs
is independent of its association with other HOPS components,
and vCLAMPs and HOPS compete for the pool of Vps39 present
in cells (González Montoro et al., 2021). Thus, Vps39 is an
excellent example of how a single multifunctional MCS protein
can be used to functionally link processes within the cell.
Interestingly, Vps39 function is critical in the absence of the
ERMES ER–mitochondrial tether, and the loss of Vps39-mediated
vacuole-mitochondria tethering was thought to underlie the
synthetic interaction observed (Elbaz-Alon et al., 2014; Hönscher
et al., 2014; Kornmann et al., 2009). However, a series of Vps39
separation of function mutants was used to demonstrate that the role
of Vps39 in the HOPS complex rather than its role in vCLAMPs
becomes critical in the absence of ERMES (González Montoro
et al., 2018). Thus, similar to our findings, the most straightforward
hypothesis was incorrect. Although the exact functions of
vCLAMPs are unclear, artificial mitochondria–vacuole tethers

Fig. 5. The role of Num1 in anchoring dynein, and not its role in
mitochondrial tethering, contributes to the Δnum1 respiratory growth
defect. (A) Cells expressing mito-dsRED and Num1LL–GFP were grown in
respiratory growth conditions and analyzed by fluorescence microscopy.
Whole-cell maximum intensity projections and a single focal plane from the
middle of the cell are shown. Dashed white lines denote the outline of the
cell. Scale bar: 2 µm. (B) Quantification, presented as a violin plot, of WT,
Δnum1, Δdyn1, Num1LL-GFP, and Δdyn1 Num1LL-GFP cell growth at 35°C
in respiratory growth conditions as described in Fig. 1E. Black line denotes
the grand mean of at least three independent experiments and the circles
depict the mean of each independent experiment; n≥328 colonies per strain.
(C) To supplement the colony size assays shown in Fig. 5B, serial dilutions
of the indicated strains were spotted onto YPD (fermentative growth
condition) or YPEG (respiratory growth condition) agar plates and grown at
37°C. (D) Quantification, presented as a violin plot, of WT, Δnum1, Δdyn1,
Δnum1 Δdyn1, Δnip100, Δdyn1 Δnip100, Δarp1 and Δdyn1 Δarp1 growth at
35°C in respiratory growth conditions as described in Fig. 1E. Black line
denotes the grand mean of at least three independent experiments and the
circles depict the mean of each independent experiment; n≥312 colonies
per strain. The fold change in colony size between a double mutant and its
respective single mutant was 1.3x for all genotypes examined. (E) To
supplement the colony size assays shown in Fig. 5D, serial dilutions of the
indicated strains were spotted onto YPD (fermentative growth condition) or
YPEG (respiratory growth condition) agar plates and grown at 37°C. Rep 1,
2 and 3 denote three independent isolates of the indicated genotype. Δdyn1
data are recapitulated from Fig. 5B. (F) Quantification, presented as a violin
plot, of WT, Δnum1, Δdyn1, dyn1Tail, Δnum1 dyn1Tail, dyn1Motor, Δnum1
dyn1Motor, dyn1ΔMTBD and Δnum1 dyn1ΔMTBD cell growth at 35°C in
respiratory growth conditions as described in Fig. 1E. The black line denotes
the grand mean of at least three independent experiments and the circles
depict the mean of each independent experiment; n≥291 colonies per strain.
Images shown in A, C and E are representative of at least two repeats.
**P≤0.01, *P≤0.05, n.s., not significant (two-tailed unpaired t-test).
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Fig. 6. See next page for legend.
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cannot rescue the growth defects observed in cells lacking Vps39-
mediated vCLAMPs, suggesting that Vps39-mediated vCLAMPs
have functions beyond organelle tethering (GonzálezMontoro et al.,
2021), similar to what we observe for Num1. Thus, the study
presented here along with the studies that have dissected the role of
Vps39 in vCLAMPs clearly demonstrate the importance of
separation of function mutants and synthetic tethering strategies.
Such mutants and tools are critical for understanding the unique and
specific contributions of a multifunctional MCS protein to MCS
function.
To gain a complete picture of MCS function, it is also critical to

understand how MCSs and their proteins respond to changes in the
cellular environment. Given the dramatic differences in the
morphology, proteome and function of mitochondria in cells
grown in fermentative versus respiratory growth conditions (Egner
et al., 2002; Hoffmann and Avers, 1973; Morgenstern et al., 2017;
Stevens, 1981), mitochondrial MCSs are likely altered to help
facilitate and/or respond to these changes (Bohnert, 2020). Indeed,
this has been observed in this study, and the few other studies that
have examined mitochondrial MCSs in both fermentative and
respiratory conditions. Compared to fermenting cells, the steady
state levels of Num1 are increased and Num1 assemblies cover a
larger portion of the PM in respiring cells. ERMES contact sites
have also been shown to be upregulated in respiring cells, whereas
Vsp39-mediated vCLAMPs are downregulated (Hönscher et al.,
2014). Thus, individual mitochondrial MCSs are differentially
regulated by changes in the cellular environment. These findings
highlight the importance of studying MCSs in a wide range of
biological contexts, which will be critical to understanding how the
complex, dynamic and interdependent organelle interaction
network that exists in cells is integrated and coordinated to
respond to cellular needs.
The finding that null mutants in dynein and dynactin did not

phenocopy each other with respect to respiratory growth was also
unexpected. In yeast, the primary function of the large, multiprotein
dynein and dynactin complexes is nuclear migration, and null

mutations in dynein and dynactin have similar nuclear migration
phenotypes (Carminati and Stearns, 1997; Clark and Rose, 2006;
Eshel et al., 1993; Kahana et al., 1998; McMillan and Tatchell,
1994; Moore et al., 2008; Muhua et al., 1994). However, not all
phenotypes are shared between dynein and dynactin mutants. For
example, dynein and dynactin have opposite effects on microtubule
stability; dynein has been shown to destabilize microtubules,
whereas dynactin has been shown to stabilize microtubules (Estrem
et al., 2017; Laan et al., 2012). In addition, dynactin, but not dynein,
has been implicated in a cell wall integrity checkpoint. In response
to defects in cell wall synthesis, yeast cells arrest in G2 and this
arrest is dependent on components of dynactin but not dynein (Clark
and Rose, 2006; Igarashi et al., 2005; Suzuki et al., 2004). Here, we
add an additional phenotypic difference between null mutants of
dynein and dynactin. We find that cells lacking components of
dynactin, but not dynein, have severe respiratory growth defects at
elevated temperatures, consistent with results from large-scale
screens that observed respiratory growth defects for dynactin
mutants, but not dynein mutants (Dimmer et al., 2002; Steinmetz
et al., 2002; Tigano et al., 2015). The phenotypic differences
observed indicate that dynein and dynactin might each have unique
functions outside of nuclear migration or the misregulated activity
of one complex as a consequence of the loss of the other complex
causes the phenotype observed. For the phenotypic difference in
respiratory growth, our data suggest it is the latter. Specifically, the
presence of unanchored dynein is the major contributing factor to
the respiratory growth defect observed in dynactin mutants.

Why does the inability to anchor dynein at MECA contact sites
result in mitochondrial dysfunction? Although we are not yet able to
clearly answer this question, there are multiple non-mutually
exclusive possibilities to be considered. When the cortical
anchoring of dynein is disrupted, dynein accumulates on the plus
end of microtubules (Lee et al., 2003; Moore et al., 2008; Sheeman
et al., 2003). However, due to the difficulties in imaging dynein, it is
unclear if a fraction of the protein is mislocalized to another cellular
location and subsequently causes a disruption at that location. In
addition, our data suggest that the ability of dynein to directly
associate with microtubules is required for the negative effects of
dynein on respiratory growth. The dynein–microtubule interaction
affects microtubule stability (Estrem et al., 2017; Laan et al., 2012),
which might indirectly impact mitochondrial function. It is worth
noting that, in mammalian cells, dimeric tubulin has been suggested
to interact with and regulate permeability of the mitochondrial outer
membrane channel VDAC and consequently impacts respiration
(Rostovtseva et al., 2008). Additionally, in yeast, microtubules have
been suggested to play a role in the carbon source-dependent
regulation of the vacuolar H+-ATPase (Xu and Forgac, 2001), and
vacuolar acidification is linked to mitochondrial function and related
iron homeostasis (Hughes and Gottschling, 2012; Hughes et al.,
2020). Although our data clearly indicate that the inability to anchor
dynein at the cortex results in respiratory growth defects that can be
alleviated by the deletion of dynein components, we are still working
to understand themechanism underlying this unexpected phenotype.

Considering the only known function of dynein in budding yeast
is nuclear migration, the recent connections made between
mitochondria and dynein are interesting and unexpected. We have
previously shown dynein is anchored by mitochondrial assembled
Num1 clusters, and when mitochondrial-driven assembly of Num1
clusters in the bud is inhibited, defects in dynein-mediated nuclear
migration are observed (Kraft and Lackner, 2017; Schmit et al.,
2018). Here, we extend the functional connection between
mitochondria and dynein, and find that the inability to anchor

Fig. 6. Artificially sequestering dynein at the cell cortex rescues the
respiratory growth defect of Δnum1 cells. (A) Schematic depicting the
GFP–αGFP nanobody system used to artificially sequester Dyn1–GFP at
the PM. (B) WT, Δnum1 and Δnum1 Pil1-αGFP cells expressing Dyn1–GFP
were grown in fermentative growth conditions and analyzed by fluorescence
microscopy. Whole-cell, maximum intensity projections and a single focal
plane from the middle of the cell are shown. Dashed white lines denote the
outline of the cell. Scale bars: 2 µm. (C) Quantification, presented as a violin
plot, of WT, Δnum1, Δdyn1, Δnum1 DYN1-GFP, Δnum1 Pil1-NB and Δnum1
Dyn1 Sequester cell growth at 35°C in respiratory growth conditions as
described in Fig. 1E. Black line denotes the grand mean of at least four
independent experiments and the circles depict the mean of each
independent experiment; n≥399 colonies per strain. Rep 1 and Rep 2
denote two independent isolates of Δnum1 Sequestered Dyn1. The fold
change in colony size between a Δnum1 DYN1-GFP and Dyn1 Sequester
Rep 1 and Rep 2 is 1.3 and 1.2, respectively, which is similar to rescue
observed in Fig. 5C. (D) To supplement the colony size assays shown in
Fig. 6C, serial dilutions of the indicated strains were spotted onto YPD
(fermentative growth condition) or YPEG (respiratory growth condition) agar
plates and grown at 37°C. Images shown in B and D are representative of
two and three repeats, respectively. (E) In WT cells (a), Num1 serves as a
cortical anchor for dynein. The loss of Num1-mediated dynein anchoring at
the cortex results (b) in reduced mitochondrial function by a yet-to-be-
described mechanism that depends on the ability of dynein to directly
associate with microtubules. Artificially sequestering the dynein complex at
the PM in Δnum1 cells restores mitochondrial function (c), supporting the
idea that the reduced mitochondrial function in Δnum1 cells is a
consequence of unanchored dynein. *P≤0.05; n.s., not significant (two-
tailed unpaired t-test).
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dynein at MECA sites negatively impacts mitochondrial function.
Thus, we provide further support for the role of the multifunctional
MCS, MECA, as a hub that impacts and integrates the spatial
organization and function of organelles within the cell.

MATERIALS AND METHODS
Yeast strains and plasmids
Tables S1 and S2 list all S. cerevisiae strains and primers, respectively, used
in this study. All strains and plasmids will be made available upon request.
Plasmids used in this study that were previously described are pFA6-link-
yEGFP-kanMX6 and pFA6a-link-yEGFP::SpHIS5 (pKT127/pLL55 and
pKT128/pLL54; Sheff and Thorn, 2004), pFA6a-His3MX6 and pFA6a-
kanMX6 (pLL29 and pLL27; Longtine et al., 1998), and pFA6-NAT-MX3
(pLL25; Goldstein and McCusker, 1999).

The following W303 deletion strains were constructed by replacing the
complete open-reading frame (ORF) using PCR-based homologous
recombination: Δarp1::HIS (pLL29 template with primers 156/157),
Δnip100::HIS (pLL29 template with primers 163/164), Δdyn2::NAT
(pLL25 template with 1838/1839 primers), Δpac11::HIS (pLL29
template with primers 1459/1460), and Δdyn3::KAN (pLL27 template
with primers 1778/1779). W303 DYN1-yEGFP::KAN was constructed by
PCR-based homologous recombination using pLL55 as template with
primers 270/271. W303 NUM1LL-yEGFP was constructed by PCR-based
homologous recombination of three PCR products (Num1CC with L167E
and L170E mutations gblock gene fragment template with primers 513/435,
Num1 sequence as templatewith primers 435/514, and pLL54 template with
primers 177/178) intoW303Δnum1::KAN cells.W303NUM1ΔCC-yEGFP
was constructed by PCR-based homologous recombination of two PCR
products (Num1 sequence as template with primers 742/514 and pLL54
template with primers 177/178) into W303 cells. W303 Num1PH-yEGFP
was constructed by PCR-based homologous recombination of two PCR
products (pLL822 with primers 1913/514 and pLL54 template with primers
177/178) intoW303 Δnum1::KAN cells. All Num1mutants were verified by
sequencing, with the exception of Num1PH-yEGFP, which was verified by
colony PCR and imaging. All W303 strains including all double deletions
used as well as Δnum1::HIS Pil1-LaG16::CaURA3, Δnum1::HIS Seg1-
LaG16::CaURA3, Seg1-LaG16::CaURA3, Δkar9::HIS NUM1LL-GFP::
HIS, Δnip100::HIS NUM1-yEGFP::KAN, Δarp1::HIS NUM1-yEGFP::
KAN, Δdyn1::NAT NUM1LL-yEGFP::HIS, Δnum1::HIS DYN1-yEGFP::
KAN and Δnum1::HIS DYN1-yEGFP::KAN Pil1-LaG16::CaURA3 were
constructed by crossing, sporulation and tetrad analysis.

W303 dyn1Tail-3XFLAG was constructed by PCR-based homologous
recombination using 3X-FLAG::HIS (pLL 770) as a template and with
primers 271 and 1723. dyn1Motor-3XFLAG was constructed by PCR-based
homologous recombination of two PCR products (Dyn1 sequence from
genomic prep as template with primers 1780/617 and pLL770 template with
primers 270/271). W303 dyn1ΔMTBD-3XFLAG was constructed by PCR-
based homologous recombination of three PCR products (dyn1ΔMTBD
sequence from genomic prep of a strain yJM1494 given by the Moore Lab
was used as a template with primers 614/1449 and 1450/615 as well as
pLL770 as a template with primers 270/271. All Dyn1 mutants were verified
through sequencing or colony PCR. All other Dyn1 mutant strains were
constructed including Δnum1::KAN dyn1Tail-3XFLAG::HIS, Δnum1::KAN
dyn1Motor-3XFLAG::HIS and Δnum1::KAN dyn1ΔMTBD-3XFLAG::HIS
were constructed by crossing, sporulation and tetrad analysis.

To construct the synthetic Tom70TM mitochondria–PM tether, the
GPD::Tom70TM-GFP construct was excised from plasmid p414-GPD::
Tom70mito-GFP (pLL357; Lackner et al., 2013) and inserted into
plasmid pRS304-TRP1 (pLL181) using SacI/KpnI restriction enzymes
to form plasmid pRS304::GPD::Tom70TM-GFP::TRP1 (pLL666).
The GPD promoter was replaced with the CYC1 promoter using SacI/
SpeI to form plasmid pRS304::CYC1::Tom70TM-GFP::TRP1 (pLL708)
used in this study. pLL708 was digested with EcoRV before transformation
into Δnum1::KAN cells. Δnum1::KAN Tom70TM Tether strain was
constructed by crossing Δnum1::KAN pRS304::CYC1::Tom70TM-GFP::
TRP1 cells to Δnum1::KAN Seg1-LaG16::CaURA3 cells, sporulation and
tetrad analysis.

To construct the mitochondria–PM tether, Mdv1NTE Tether, yEGFP-
Mdv1(1-241) was amplified from MDV1 sequence using primers
1103/1104. Tom70TM-GFP was replaced in plasmid pRS304::ADH1::
Tom70TM-GFP::TRP1 (pLL688) with yEGFP-Mdv1(1-241). Specifically,
yEGFP-Mdv1(1-241) PCR product was digested with BglII/XhoI and
pRS304::ADH1::Tom70TM-GFP::TRP1 was digested with BamHI/XhoI
to form pRS304::ADH1::yEGFP-Mdv1(1-241)::TRP1 (pLL698). ADH1
promoter was replaced with CYC1 promoter using SpeI/KpnI to form
pRS304::CYC1::yEGFP-Mdv1(1-241)::TRP1 (pLL712) used in this study.
pLL712 was digested with EcoRV before transformation into Δnum1::KAN
and Δnum1::HIS Pil1-LaG16::CaURA3 cells.

To construct the mitochondria–PM tether using αGFP–Num1PH, the
Num1PH construct was inserted downstream of LaG16 using XhoI/BamHI
restriction enzymes to form plasmid pR306::GPD::LaG16-NumPH::CaURA3
(pLL822). pLL822 was digested with EcoRV before transformation into
Δnum1::KAN, Num1ΔPH-GFP::HIS, Num1CC-GFP::HIS, CYC1::
Tom70TM-yEGFP::TRP1, and CYC1::yEGFP-Mdv1NTE::TRP1 to form
Num1ΔPH-GFP::HIS LaG16::CaURA3-Num1PH, Num1CC-GFP::HIS
LaG16::CaURA3-Num1PH, Δnum1::KAN LaG16::CaURA3-Num1PH,
CYC1::Tom70TM-yEGFP::TRP1 LaG16::CaURA3-Num1PH and CYC1::
yEGFP-Mdv1NTE::TRP1 LaG16::CaURA3-Num1PH.

For all strains expressing mito-dsRED, plasmid pRS305::GPD::mito-
dsRED::LEU/NAT (pLL19; Abrisch et al., 2020) was digested with EcoRI
before transformation into the indicated strain.

Imaging
Visualization
All cells were grown to mid-log at 30°C in synthetic complete medium
(United States Biological) plus 2% (w/v) dextrose (SCDex) with 2× adenine
at pH 6.4 or synthetic complete medium plus 3% ethanol and 3% glycerol
(SCEG) with 2× adenine at pH 6.4. Cells were concentrated by
centrifugation and mounted on a 4% (w/v) agarose pad (agar was
dissolved in SCDex or SCEG medium with 2× adenine at pH 6.4 based
on the media cells were grown in). All imaging was performed at room
temperature. Images were captured on a spinning disk confocal system
(Leica) fit with a spinning disk head (CSU-X1; Yokogawa), a PLAN APO
100×1.44 NA objective (Leica), and an electron-multiplying charge-
coupled device camera (Evolve 512 Delta; Photometrics). Image capturing
was undertaken using Metamorph software (Molecular Devices). A Z-series
of cells using a 0.4-µm step size were taken for a single time point or
overtime. Images were deconvolved using the AutoQuantX3 (Media
Cybernetics) iterative, constrained 3D deconvolution method. Fiji
software (National Institutes of Health) was used to make linear
adjustments to brightness and contrast. Deconvolved images are shown.

Image quantification
For quantifying the cortical localization of mitochondria, the proportion of
the cell cortex in which mitochondrial signal (red channel) was present was
quantified similar to in Kraft and Lackner (2019). Specifically, a five-pixel
wide linewas drawn around the circumference of the cell in Fiji software. The
intensity values of the red channel were collected along the drawn line.
Background intensity values were determined by drawing three 5-µm long,
five-pixel wide lines at different points near the cells for each field of view
used. Intensity values were exported to Excel. The number of data points
above the average background intensity value specified for the corresponding
field of view divided by the total number of data points was plotted. A total of
30 cells per strain from three independent experiments were quantified.
Individual data points from independent experiments are depicted using
different colors; no statistical difference was observed between independent
experiments for a given strain with the exception of the Mdv1 Tether
quantification shown in Fig. 3C. Statistical analyses were performed in
GraphPad using a nested two-tailed unpaired t-test with a 95% confidence
interval. Designations of significance are indicated in the figure legends.

Cell extracts and western blots
Cells were grown to mid-log in either yeast extract/peptone (YP; BD
DIFCO) plus 2% (w/v) dextrose (YPD) medium or YP plus 3% ethanol and
3% glycerol (YPEG) medium. Cells (1.0 OD600) were harvested by
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centrifugation (3000 g for 1 min) and whole-cell extracts were prepared by a
NaOH lysis and trichloroacetic acid (TCA) precipitation procedure. TCA
pellets were resuspended in 50 μl of MURB (100 mMMES, pH 7, 1% SDS,
and 3 M urea). Whole-cell extracts were analyzed by SDS-PAGE followed
by western analysis using Revert Total Protein Stain (LI-COR Biosciences)
as loading control as well as anti-GFP [Abclonal Rabbit anti GFP-Tag pAb
(AE011), 1:2000] as primary antibody and goat anti-rabbit IgGDyLight 800
(Thermo Fisher Scientific) as secondary antibody (see Fig. 1C and Fig. S3A
as an example western blot and corresponding extended western blot and
Revert-stained membrane). The total protein stain and immunoreactive
bands were detected with the Odyssey Infrared Imaging System (LI-COR
Biosciences). Western blots were quantified using ImageStudio (LI-COR
Biosciences). For protein quantification, normalization to total protein was
performed as described previously (Pillai-Kastoori et al., 2020).
Specifically, the Num1 protein signal (anti-GFP) intensity in each lane
was normalized to the total protein stain signal intensity for that lane.
Statistical analyses were performed in GraphPad using a two-tailed unpaired
t-test with a 95% confidence interval.

Growth assays
To analyze growth by serial dilution, cells were grown in YPD medium
overnight at 24°C. Cells were diluted and allowed to grow to mid-log at
30°C, 0.2 OD600 of cells were pelleted (3000 g for 1 min) and resuspended
in water to a final OD600 of 0.5. Fivefold serial dilutions were conducted,
spotted onto YPD or YPEG agar plates, and grown at 30°C, 35°C or 37°C as
indicated.

To analyze growth quantitatively by colony size, cells were grown as
described above to achieve mid-log growth. Two 1:100 serial dilutions were
performed to achieve cell concentrations of ∼103 cells/ml. Based on the
OD600 reading, between 125 and 200 μl of the diluted cell culture were
plated onto both YPD and YPEG plates to achieve roughly 100 individual
colonies per plate and left to grow at 35°C. YPD plates were removed from
the incubator after roughly 48 h of growth, and YPEG plates were removed
from the incubator after∼120 h of growth. For analysis, plates were scanned
and images were analyzed using OpenCFU software to identify the radius
(in pixels) of individual colonies as a measure of colony size (Geissmann,
2013). In the analysis, colonies were excluded if: (1) the box that defined the
area measured for a particular colony encompassed more than one colony;
(2) the box that defined the area measured did not completely encompass the
colony being measured; or (3) if colony morphology was significantly
impacted by touching the side of the plate or other colonies, such that area
being measured was not accurate. All strains were normalized to the average
colony size of the WT sample grown in the same condition on the same day.
Specifically, for each round of the assay, the average radius size of WT
colonies was determined for each condition. Colony size for all of the strains
from the same experimental round and condition was divided by the average
radius size of WT colonies. For graphs that include data collated from
experiments that were each normalized to their own WT data set, the WT
data sets from all experiments are included in the graph. In addition to
showing the grand (i.e. overall pooled) mean of the single colony data, the
mean of each independent experiment is shown using circles. Statistical
analyses were performed with R programs using a two-tailed unpaired t-test
with a 95% confidence interval. The independent experimental means for
each genotype were used for the statistical comparisons as described in Lord
et al. (2020). Designations of significance are indicated in the figure
legends.

Respirometry and biochemical assessment of mitochondrial
respiratory chain
Oxygen consumption rates of synchronized WT and Δnum1 cells grown in
liquid YP plus 2% (w/v) galactose medium (YP-galactose) at 30°C were
assessed polarographically using an Oxygraph system (Hansatech
Instruments) according to previously published procedures (Barrientos,
2002; Barrientos et al., 2009). The rates were calculated per manufacturer’s
instructions from linear responses.

Blue native (BN)-PAGE analyses of respiratory chain complexes II, III,
IV, and V solubilized with 1% digitonin were carried out essentially as
described before (Swenson et al., 2016; Wittig et al., 2006) using 3–12%

gradient polyacrylamide gels (Life Technologies). BN-PAGE- or
SDS-PAGE-separated proteins were transferred onto polyvinylidene
difluoride or nitrocellulose membranes, respectively, and analyzed by
immunoblotting. Protein bands of interest were detected using the following
antibodies: anti-porin (1:7500, 459500, Invitrogen); anti-Cox1 (1:2000,
ab110270, Abcam); anti-Cox2 (1:2000, ab110271, Abcam); anti-Cox3
(1:2000, ab110259, Abcam); anti-Rip1, anti-Sdh2, and anti-Cyt1 (1:2000,
1:5000, and 1:3000 respectively; kindly provided by Dr Dennis Winge,
University of Utah, Salt Lake City, Utah, USA); and anti-F1β (1:5000, a gift
from Dr Alexander Tzagoloff, Columbia University, New York, USA). The
secondary HRP-coupled antibodies were from Jackson ImmunoResearch
Laboratories (anti-mouse IgG; 115-035-068) and Cell Signaling
Technology (anti-rabbit IgG; 7074S). All antibodies were validated to
ensure specificity and reliability in detection of the proteins of interest.
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