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Tethers that linkmitochondria to other organelles are critical for lipid and calcium transport

as well as mitochondrial genome replication and fission of the organelle. Here, we review

recent advances in the characterization of interorganellar mitochondrial tethers in the

budding yeast, Saccharomyces cerevisiae. We specifically focus on evidence for a role

for mitochondrial tethers that anchor mitochondria to specific regions within yeast cells.

These tethering events contribute to two processes that are critical for normal replicative

lifespan: inheritance of fitter mitochondria by daughter cells, and retention of a small

pool of higher-functioning mitochondria in mother cells. Since asymmetric inheritance

of mitochondria also occurs in human mammary stem-like cells, it is possible that

mechanisms underlying mitochondrial segregation in yeast also operate in other cell

types.
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INTRODUCTION

Mitochondria have emerged as central regulators of lifespan through multiple mechanisms.
Mitochondria are the site for generation of intermediary metabolites including acetyl-CoA and
NAD+/NADH, which regulate histone deactylases including the sirtuin family of age modulators
(Starai et al., 2002; Hallows et al., 2006). Mitochondria are also the site for biosynthesis of
iron-sulfur clusters (Braymer and Lill, 2017). Defects in this process result in nuclear genome
instability, one of the hallmarks of aging (Veatch et al., 2009). Moreover, mitochondria serve as
signaling platforms that affect lifespan by activation of stress response and quality control pathways.
For example, in C. elegans and Drosophila, mild mitochondrial stress induced by mutation of
respiratory chain components results in lifespan extension. These effects are a consequence of
activation of the mitochondrial unfolded protein response (UPRmt), a pathway that up-regulates
mitochondrial proteostasis, antioxidant defenses and mitochondrial biosynthesis (Durieux et al.,
2011; Owusu-Ansah et al., 2013). Mitochondrial stress can also lead to healthspan extension by
delaying the age-linked decline in the heat shock response (HSR) pathway that maintains protein
quality control within the cytosol and nucleus (Labbadia et al., 2017). Finally, selective autophagy
of damaged mitochondria, a process that is driven by ubiquitination of mitochondrial proteins
by the E3 ubiquitin ligase Parkin, illustrates the importance of mitochondrial quality control in
health- and lifespan. Deletion or overexpression of Parkin shortens (Greene et al., 2003) or extends
lifespan, respectively, in Drosophila (Rana et al., 2013). In addition, mutation of Parkin or Pink1,
a protein that recruits Parkin to mitochondria, is associated with familial Parkinson’s disease, an
age-associated neurodegenerative disease (Kitada et al., 1998; Valente et al., 2004).

A fundamentally different mechanism whereby mitochondria impact lifespan has been
identified in cells undergoing asymmetric cell division, the process in which differential segregation
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of cellular constituents generates daughter cells that are not
identical. In higher eukaryotes, including humans, asymmetric
division is critical for stem cell function. It allows for the
simultaneous renewal of stem-cell properties in one daughter cell
and the production of a second, differentiating daughter cell that
regenerates specific organs and tissues as they age (Ouellet and
Barral, 2012). Indeed, it is possible that defects in asymmetric
stem cell division contribute to the age-associated declines in
stem cell number and function in regeneration of hematopoietic
cells (Shaw et al., 2010), mouse forebrain (Molofsky et al., 2006),
bone (Gruber et al., 2006), and skeletal muscle (Conboy and
Rando, 2012). The budding yeast, Saccharomyces cerevisiae, also
undergoes asymmetric cell division. One consequence of this
is mother-daughter age asymmetry. Yeast mother cells have a
finite replicative lifespan: they can produce an average of ∼30
buds. While yeast mother cells continue to age as they replicate,
daughter cells are born young, with their full replicative lifespan
(Jazwinski, 1990; Kennedy et al., 1994).

Here, we outline the effect of the non-uniform segregation of
mitochondria during asymmetric cell division on cell fate and
lifespan. In particular, we focus on the role of interorganellar
mitochondrial contact sites in several key homeostatic processes
in yeast and metazoans and in control of mitochondrial
distribution during asymmetric inheritance of the organelle.

SEGREGATION OF MITOCHONDRIA
DURING ASYMMETRIC CELL DIVISION

Asymmetric Inheritance of Mitochondria in
Human Mammary Stem-Like Cells
Using photoconvertible fluorescent labels to differentially
label newly generated and older mitochondria, Katajisto and
colleagues identified asymmetric inheritance of mitochondria
in human mammary stem-cell-like cells (Katajisto et al.,
2015). They found that daughter cells that maintained
more stem-like characteristics preferentially inherited newer
mitochondria, while daughter cells destined to differentiate
and develop epithelial characteristics preferentially inherited
older mitochondria (Figure 1). Interestingly, maintaining stem
cell properties correlates not just with the age of mitochondria
but also with mitochondrial function: cells that contain
mitochondria with higher membrane potential (∆9) show
increased mammosphere-forming capacity, which is a measure
of stem cell function. Stem-like cells also exhibit increased
mitophagy, and therefore increased capacity to remove
damaged mitochondria, compared to daughter cells destined to
differentiate. Consistent with this, inhibition of Parkin, a protein
that marks mitochondria for mitophagy, reduces asymmetric
inheritance of the organelle.

Differential localization is another mechanism for segregation
of mitochondria by function in human mammary stem-like cells.
Old mitochondria are more likely to localize near the nucleus,
while younger ones are distributed more evenly throughout the
cytoplasm in asymmetrically dividing stem-like cells. Treatment
with an inhibitor of mitochondrial division (mdivi-1), or
overexpression of the fission-inducing protein Drp1, results in

mislocalization of old mitochondria throughout the cytoplasm,
decreased segregation of old from young mitochondria and loss
of stem cell properties in daughter cells (Katajisto et al., 2015).
While it is clear that the asymmetric inheritance of mitochondria
in human mammary stem-like cells is affected by the dynamics
and localization of the organelle, the mechanism underlying this
process is not well understood.

Asymmetric Mitochondrial Inheritance in
Budding Yeast
During asymmetric cell division in budding yeast, mitochondria
are actively partitioned between the mother and the developing
bud, and accumulate at opposite cellular poles: the bud tip and
the distal tip of the mother cell. The poleward displacements
are achieved by both anterograde movements (toward the bud)
and retrograde movements (toward the distal tip of the mother)
(Fehrenbacher et al., 2004).

Recent studies exploring mitochondrial quality parameters as
a function of subcellular localization found that yeast daughter
cells contain mitochondria with less reactive oxygen species
(ROS), higher reducing potential and higher ∆9 compared
to mitochondria in mother cells (McFaline-Figueroa et al.,
2011; Higuchi et al., 2013; Pernice et al., 2016). Thus, fitter
mitochondria are preferentially inherited by yeast daughter
cells. In contrast, there are some high- and low-functioning
mitochondria in mother cells. As a result, the overall function of
mitochondria in mother cells is lower than that of mitochondria
in buds. Interestingly, the small population of higher-functioning
mitochondria that are present in mother cells localize to the
tip of the mother cell that is distal to the bud (mother cell tip)
(Figure 2) (Pernice et al., 2016).

Live-cell imaging revealed a role for mitochondrial motility,
dynamics, and region-specific tethering of the organelle in
the asymmetric inheritance of mitochondria in budding yeast
(Figure 2). First, actin cables, the tracks for mitochondrial
movement, are dynamic structures that move from the bud
toward the mother cell tip (Yang and Pon, 2002; Huckaba
et al., 2006). As a result, fitter mitochondria that exhibit
higher anterograde motility rates and can overcome the
opposing force of retrograde actin cable flow are preferentially
transported from mother to daughter cell (Higuchi et al., 2013).
Second, fluorescence loss in photobleaching studies revealed
that mitochondria in the bud can be functionally distinct
from mitochondria in mother cells, in part because they
are physically distinct (McFaline-Figueroa et al., 2011). Third,
higher-functioning mitochondria are retained at the opposite
poles of the yeast cell because they are anchored and immobilized
at those sites. Mitochondria at the bud tip are tethered to
the cortical endoplasmic reticulum (cER), an ER network that
localizes to the cell periphery and is itself anchored to the plasma
membrane (PM) (Swayne et al., 2011). Interestingly, deletion
of the 5 genes that mediate cER-PM interactions (Manford
et al., 2012) has no effect on accumulation of high-functioning
mitochondria in the mother cell tip (Pernice et al., 2016). Thus,
distinct mechanisms mediate anchorage of high-functioning
mitochondria at the opposite poles of the budding yeast cell.
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FIGURE 1 | Asymmetric segregation of mitochondria in stem-like cells. In mammary epithelial stem-like cells, a model for asymmetric stem cell division, younger

mitochondria (green) localize to the cell periphery, while older mitochondria (gray) are perinuclear. Upon cell division, younger mitochondria are preferentially

segregated to the daughter cell that undergoes self-renewal and retains stem-like properties. Older mitochondria are inherited by the daughter cell that differentiates to

a tissue progenitor cell.

Below, we describe the role for tethers in asymmetric inheritance
of mitochondria and in lifespan control.

TETHERS THAT LINK MITOCHONDRIA TO
OTHER ORGANELLES

Organelles were once believed to be physically and functionally
distinct subcellular compartments. However, it is now clear that
mitochondria interact with other organelles including the ER,
PM, vacuoles (the yeast lysosome), and peroxisomes (Murley
and Nunnari, 2016). Several of these contact sites appear to
function primarily in controlling mitochondrial distribution.
Other interorganellar mitochondrial contact sites function in key
biosynthetic and signaling pathways.

Mitochondrial Interorganellar Contact
Sites that Function in Cell Metabolism and
Signaling
One primary function of mitochondrial contact sites with other
organelles is the exchange of lipids between the apposed
membranes. Mitochondria must import phospholipids,
including phosphatidylcholine (PC), and precursors for
phosphatidylethanolamine (PE) and cardiolipin (CL)
biosynthesis from the ER (Vance, 2015). The ER-mitochondrial
encounter structure (ERMES) of S. cerevisiae (Kornmann et al.,
2009) was the first tether identified that links mitochondria
to ER. It consists of mitochondrial outer membrane proteins
and an integral ER membrane protein. Three out of four
ERMES subunits contain a synaptotagmin-like mitochondrial-
lipid binding protein (SMP) domain (Lee and Hong, 2006;
Kopec et al., 2010), suggesting that ERMES proteins facilitate
lipid transport directly (Schauder et al., 2014). Surprisingly,

deletion of ERMES subunits has only subtle effects on
the levels of aminoglycerophospholipids in mitochondria,
phospholipids that are produced at sites of ER-mitochondrial
contact (Kornmann et al., 2009; Nguyen et al., 2012; Voss et al.,
2012).

Further analysis of ERMES mutants led to the identification
of another mechanism for lipid transport at mitochondria:
contact sites between mitochondria and the vacuole (vCLAMPs).
Schuldiner and colleagues found that deletion of 2 proteins
previously implicated in vacuolar fusion (Vps39 and Vam7)
(Price et al., 2000; Stroupe et al., 2006) results in an increase
in ERMES (Elbaz-Alon et al., 2014). They also found that
Vps39 localizes to vCLAMPs, vCLAMPs expand in ERMES
mutants, and repression of ERMES subunits in vps39∆ cells
results in defects in phospholipid composition of mitochondria
(Elbaz-Alon et al., 2014). In complementary studies, Honscher
et al. found that deletion of Vps39 results in a decrease
in vCLAMPs and that overexpression of Vps39 increases
the size of vCLAMPS and rescues growth defects observed
in ERMES mutants (Hönscher et al., 2014). Finally, recent
studies revealed that Lam6, a conserved protein that contains
GRAM lipid-binding domains (Doerks et al., 2000; Gatta
et al., 2015), co-immunoprecipitates with multiple ERMES
subunits and co-localizes with ERMES (Elbaz-Alon et al., 2015).
Interestingly, Lam6 also localizes to vCLAMPs and to nucleus-
vacuolar junctions (NVJs) and overexpression of LAM6 results
in expansion of all 3 junctions (Elbaz-Alon et al., 2015).
Overall, these studies indicate that vCLAMPs and ERMES have
redundant functions in lipid transport to mitochondria and
that Lam6 plays a role in regulating the cross-talk between
multiple organelle contact sites. Yet to be determined is the
mechanism underlying vCLAMP function in lipid transport to
mitochondria.
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ER-mitochondria contact sites also participate in processes
other than lipid transport. For example, they function in calcium
ion (Ca2+) transport between the organelles (Rizzuto et al.,
1998; Stone and Vance, 2000). Recent studies indicate that the
SMP domain-containing protein Pdzd8 localizes to ER at sites
of mitochondrial-ER interaction, mediates interactions between
mitochondria and ER in mammalian cells, and is required for
synaptically induced Ca2+ transport between the two organelles
(Hirabayashi et al., 2017). Interestingly, mtDNA nucleoids
also localize to mitochondria-ER junctions and undergo DNA
replication at those sites (Lewis et al., 2016). Finally, these
contact sites contribute to mitochondrial fission. Seminal studies
revealed that ER tubules wrap around mitochondria and recruit
the actin cytoskeleton to that site. Actin then generates contractile
forces at the mitochondria-ER interface, leading to assembly
of dynamin-related protein 1 (Drp1) at the site of constriction
and further contraction of the organelle (Friedman et al., 2011;
Korobova et al., 2013). Thus, mitochondria-ER interactions
affect fundamental processes, including lipid biogenesis and
transport, calcium homeostasis, and mitochondrial dynamics
and genome replication, which ultimately affect cellular
fitness.

Mitochondrial Tethers that Control
Mitochondrial Distribution during
Asymmetric Cell Division and Affect
Lifespan
As described above, the mitochondrial motility machinery
promotes inheritance of fitter mitochondria by yeast
daughter cells, which in turn affects daughter cell fitness
and lifespan. Region-specific retention of mitochondria has
also emerged as an important mechanism that contributes to
the faithful partitioning of the organelle and mitochondrial
quality control during yeast cell division. Three major
retention mechanisms have been identified in yeast:
bud tip-specific tethering by Mmr1; cortical maternal
tethering through Num1; and mother tip-specific retention
through Mfb1. We here describe how these proteins
contribute to mitochondrial quality control and lifespan in
yeast.

Mmr1: A Bud-Tip Tether that Affects Quantity and

Quality of Mitochondrial Inheritance
Mmr1 was identified in a screen for genetic interactions with
the type V myosin motor Myo2 (Itoh et al., 2004). Mmr1 binds
to the Myo2 tail and also to unknown factors on mitochondria,
suggesting that it might be a receptor for a motor protein that
drives mitochondrial movement on actin cables (Eves et al.,
2012). However, a more complex picture of Mmr1 function has
emerged. MMR1 protein and mRNA localize to the bud tip
(Shepard et al., 2003), which suggests that Mmr1 functions in the
bud tip and not in the mother cell where there are high levels of
mitochondrial motility. Indeed, Mmr1 localizes to the interface
betweenmitochondria and cER in the bud tip.Moreover, deletion
ofMMR1 or failure to localize the protein to the bud tip results in
defects in accumulation of mitochondria in the bud tip (Swayne

et al., 2011). In addition, cells bearing a temperature-sensitive
mutation in MMR1 release their mitochondria from the bud tip
when shifted to restrictive temperature (Higuchi-Sanabria et al.,
2016). Thus, Mmr1 appears to be a multifunctional tether that
links mitochondria to a myosin for movement, and to cER in the
bud tip for inheritance (Figure 2). Interestingly, the localization
and deletion phenotype of MMR1 are fundamentally different
from those of ERMES mutants. Therefore, available evidence
suggests that Mmr1-mediated anchorage of mitochondria at the
bud tip occurs through a mechanism that does not rely on
ERMES.

Mmr1 also contributes to control of mitochondrial quality
during asymmetric cell division, which in turn affects lifespan.
Deletion of MMR1 results in the generation of two populations
of yeast (McFaline-Figueroa et al., 2011). One population of
mmr1∆ cells has reduced replicative lifespan and elevated ROS
levels. The other population of mmr1∆ cells are longer-lived
and contain less ROS than wild-type cells. Taken together, these
observations led to the model that Mmr1-mediated tethering of
higher-functioning mitochondria in the yeast bud tip contributes
to retention of higher-functioning mitochondria in the bud,

FIGURE 2 | Asymmetric mitochondrial inheritance in yeast. Higher-functioning

mitochondria (green) localize to both the bud tip and tip of the mother cell in S.

cerevisiae. This is achieved by the coordinated effort of the mitochondrial

motility machinery and region-specific anchorage of high-functioning

mitochondria during cell division. Mitochondria are transported from mother

cells to buds along actin cables, dynamic tracks that exhibit retrograde flow

(movement from buds to mother cells). High-functioning mitochondria are

more motile and therefore able to overcome the opposing force of retrograde

actin cable flow and move into buds. These higher-functioning mitochondria

are anchored to cER in the bud tip by Mmr1. Two tethers retain mitochondria

in mother cells: Num1 mediates mitochondrial tethering throughout the

maternal cortex, but does not contribute to mitochondrial quality control

during inheritance. In contrast, Mfb1 localizes to and mediates anchorage and

retention of high-functioning mitochondria specifically at the mother cell tip.

Loss of function of either Mmr1 or Mfb1 results in defects in mitochondrial

quality control and altered lifespan.
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which in turn affects daughter cell fitness and lifespan (Higuchi-
Sanabria et al., 2014).

Maternal Mitochondrial Retention in Budding Yeast
Num1 together with Mdm36 forms the Mitochondria-ER Cortex
Anchor (MECA) structure. MECA anchors mitochondria to
the PM in yeast mother cells. Specifically, deletion of NUM1
abolishes cortical anchorage of mitochondria in mother cells
and impairs maternal mitochondrial retention, which results
in disproportionate inheritance of mitochondria by daughter
cells (Klecker et al., 2013; Lackner et al., 2013). Num1 forms
punctate structures that distribute throughout the maternal
cortex and—as the name implies—both ER and mitochondria
are consistently present at Num1 foci. Although MECA does not
directly partake in ER-mitochondria tethering (Lackner et al.,
2013), it is possible that MECA stabilizes ERMES-mediated
tethering of the two organelles. Indeed, Num1 deletion causes
severe defects in mitochondrial fission, an event that occurs at
mitochondrial-ER contact sites (Cerveny et al., 2007; Klecker
et al., 2013).

In contrast to Num1, which controls the quantity of
mitochondria in yeast mother cells, the mitochondrial F-box-
containing protein Mfb1 controls the quality of maternal
mitochondria (Pernice et al., 2016; Kraft and Lackner, 2017).
Mfb1 was originally described as a mitochondrial morphology
regulator that is enriched in mother cells (Dürr et al., 2006;
Kondo-Okamoto et al., 2006). However, Mfb1 has since
been shown to control mitochondrial localization and cell
lifespan. Deletion of MFB1 results in depletion of mitochondria
specifically from the mother cell tip. Equally important,
there is no accumulation of higher-functioning mitochondria
in the mother cell tip in mfb1∆ cells. Moreover, overall
mitochondrial function is severely compromised in mfb1∆ cells
(Pernice et al., 2016). Finally, deletion of MFB1 results in
a significant decrease in replicative lifespan. These findings
indicate that anchorage of a small population of higher-
functioning mitochondria in the mother cell tip is mediated
by Mfb1 and that this process affects cellular fitness and
lifespan. Since Mfb1 co-localizes with mitochondria that are
anchored in the mother cell tip, it is likely that it has
a direct role as a tether for mitochondria at that site
(Figure 2).

What could be the mechanism for mitochondrial quality
control by Mfb1? Treatment of yeast with agents that damage
mitochondria, including oxidizing agents or small molecules that
reduce ∆9 , has no effect on Mfb1 localization or function in
anchorage of mitochondria in the mother cell tip. Thus, Mfb1
is not actively sensing mitochondrial function (Pernice et al.,
2016).

Instead, the association of Mfb1 with a high-functioning
mitochondrial population may occur via indirect mechanisms.
In particular, this association appears to be linked to patterns
of cell polarity. Yeast haploid cells display an axial budding
pattern: new buds always form adjacent to the previous bud site.
As a result, the bud tip of a daughter cell becomes the mother

cell tip in the daughter’s next round of cell division (Bi and
Park, 2012; Martin and Arkowitz, 2014). Interestingly, during
telophase, some Mfb1 localizes to the bud tip where it functions
as an anchor for mitochondria. Moreover, Mfb1 that is present
at the bud tip remains at that site after cytokinesis, as the cell’s
polarity reverses and the old bud tip becomes the new mother
cell tip. Hence, instead of actively sensing mitochondrial quality,
cell cycle-regulated localization of Mfb1 to the bud tip may allow
it to capture high-functioning mitochondria at the bud tip and
anchor them in the newmother cell tip as the newborn cell begins
to replicate (Pernice et al., 2016).

CONCLUSION

Overall, these studies indicate that inheritance of fitter
mitochondria by daughter cells during asymmetric division
in yeast relies on a tether in the bud (Mmr1) that retains
high-functioning mitochondria in the bud by anchorage of
mitochondria to cER at that site. It also relies on a tether
in mother cells (Mfb1) that retains a small population of
higher-functioning mitochondria in mother cells by anchorage
to the mother cell tip. Defects in either tether compromise
asymmetric inheritance of mitochondria and, in turn,
lifespan.

Several outstanding questions remain. Mfb1 is the only
known protein in yeast that localizes to the mother tip
throughout the cell cycle and to the bud tip in telophase. It
may therefore interact with thus far uncharacterized polarity
cues in yeast. Moreover, the differential localization of old and
new mitochondria in human mammary stem-like cells prompts
the speculation that tethers between mitochondria and ER in
the nuclear envelope and/or PM may contribute to segregation
of mitochondria during asymmetric cell division in this stem
cell model, and potentially other mammalian cells. Future
studies will explore these questions, identify the mechanisms
for Mmr1- and Mfb1-mediated mitochondrial tethering, reveal
tethers for mitochondria-PM interactions in mammalian cells,
and determine whether these tethers contribute to asymmetric
inheritance of mitochondria, lifespan control and/or cellular
fitness by localizing the most functional mitochondria to their
sites of action.

AUTHOR CONTRIBUTIONS

Each of the authors contributed to writing and editing the mini-
review. WP prepared the figures in addition to writing the
manuscript.

ACKNOWLEDGMENTS

We thank the members of the Pon laboratory for valuable
discussion and critical review of the manuscript. This work
was supported by grants from the National Institutes of Health
(GM45735, GM122589, and AG051047) to LP and from HHMI
(56006760) to WP.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 January 2018 | Volume 5 | Article 120

https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Pernice et al. Mitochondrial Tethers

REFERENCES

Bi, E., and Park, H. O. (2012). Cell polarization and cytokinesis in budding yeast.

Genetics 191, 347–387. doi: 10.1534/genetics.111.132886

Braymer, J. J., and Lill, R. (2017). Iron-sulfur cluster biogenesis and trafficking in

mitochondria. J. Biol. Chem. 292, 12754–12763. doi: 10.1074/jbc.R117.787101

Cerveny, K. L., Studer, S. L., Jensen, R. E., and Sesaki, H. (2007). Yeast

mitochondrial division and distribution require the cortical num1 protein.Dev.

Cell 12, 363–375. doi: 10.1016/j.devcel.2007.01.017

Conboy, I. M., and Rando, T. A. (2012). Heterochronic parabiosis for the study

of the effects of aging on stem cells and their niches. Cell Cycle 11, 2260–2267.

doi: 10.4161/cc.20437

Doerks, T., Strauss, M., Brendel, M., and Bork, P. (2000). GRAM, a novel

domain in glucosyltransferases, myotubularins and other putative

membrane-associated proteins. Trends Biochem. Sci. 25, 483–485.

doi: 10.1016/S0968-0004(00)01664-9

Durieux, J., Wolff, S., and Dillin, A. (2011). The cell-non-autonomous

nature of electron transport chain-mediated longevity. Cell 144, 79–91.

doi: 10.1016/j.cell.2010.12.016

Dürr, M., Escobar-Henriques, M., Merz, S., Geimer, S., Langer, T., and

Westermann, B. (2006). Nonredundant roles of mitochondria-associated F-box

proteins Mfb1 and Mdm30 in maintenance of mitochondrial morphology in

yeast.Mol. Biol. Cell 17, 3745–3755. doi: 10.1091/mbc.E06-01-0053

Elbaz-Alon, Y., Eisenberg-Bord, M., Shinder, V., Stiller, S. B., Shimoni, E.,

Wiedemann, N., et al. (2015). Lam6 regulates the extent of contacts between

organelles. Cell Rep. 12, 7–14. doi: 10.1016/j.celrep.2015.06.022

Elbaz-Alon, Y., Rosenfeld-Gur, E., Shinder, V., Futerman, A. H., Geiger, T., and

Schuldiner,M. (2014). A dynamic interface between vacuoles andmitochondria

in yeast. Dev. Cell 30, 95–102. doi: 10.1016/j.devcel.2014.06.007

Eves, P. T., Jin, Y., Brunner, M., and Weisman, L. S. (2012). Overlap of cargo

binding sites on myosin V coordinates the inheritance of diverse cargoes. J. Cell

Biol. 198, 69–85. doi: 10.1083/jcb.201201024

Fehrenbacher, K. L., Yang, H. C., Gay, A. C., Huckaba, T. M., and Pon, L. A. (2004).

Live cell imaging of mitochondrial movement along actin cables in budding

yeast. Curr. Biol. 14, 1996–2004. doi: 10.1016/j.cub.2004.11.004

Friedman, J. R., Lackner, L. L.,West,M., DiBenedetto, J. R., Nunnari, J., andVoeltz,

G. K. (2011). ER tubules mark sites of mitochondrial division. Science 334,

358–362. doi: 10.1126/science.1207385

Gatta, A. T., Wong, L. H., Sere, Y. Y., Calderon-Norena, D. M., Cockcroft, S.,

Menon, A. K., et al. (2015). A new family of StART domain proteins at

membrane contact sites has a role in ER-PM sterol transport. Elife 4:e07253.

doi: 10.7554/eLife.07253

Greene, J. C., Whitworth, A. J., Kuo, I., Andrews, L. A., Feany, M. B., and Pallanck,

L. J. (2003). Mitochondrial pathology and apoptotic muscle degeneration

in drosophila parkin mutants. Proc. Natl. Acad. Sci. U.S.A. 100, 4078–4083.

doi: 10.1073/pnas.0737556100

Gruber, R., Koch, H., Doll, B. A., Tegtmeier, F., Einhorn, T. A., and Hollinger, J.

O. (2006). Fracture healing in the elderly patient. Exp. Gerontol. 41, 1080–1093.

doi: 10.1016/j.exger.2006.09.008

Hallows, W. C., Lee, S., and Denu, J. M. (2006). Sirtuins deacetylate and

activate mammalian acetyl-CoA synthetases. Proc. Natl. Acad. Sci. U.S.A. 103,

10230–10235. doi: 10.1073/pnas.0604392103

Higuchi, R., Vevea, J. D., Swayne, T. C., Chojnowski, R., Hill, V., Boldogh, I.

R., et al. (2013). Actin dynamics affect mitochondrial quality control and

aging in budding yeast. Curr. Biol. 23, 2417–2422. doi: 10.1016/j.cub.2013.

10.022

Higuchi-Sanabria, R., Charalel, J. K., Viana, M. P., Garcia, E. J., Sing,

C. N., Koenigsberg, A., et al. (2016). Mitochondrial anchorage and

fusion contribute to mitochondrial inheritance and quality control in

the budding yeast Saccharomyces cerevisiae. Mol. Biol. Cell 27, 776–787.

doi: 10.1091/mbc.E15-07-0455

Higuchi-Sanabria, R., Pernice, W. M., Vevea, J. D., Alessi Wolken, D. M.,

Boldogh, I. R., and Pon, L. A. (2014). Role of asymmetric cell division in

lifespan control in Saccharomyces cerevisiae. FEMS Yeast Res. 14, 1133–1146.

doi: 10.1111/1567-1364.12216

Hirabayashi, Y., Kwon, S. K., Paek, H., Pernice, W. M., Paul, M. A., Lee, J., et al.

(2017). ER-mitochondria tethering by PDZD8 regulates Ca(2+) dynamics in

mammalian neurons. Science 358, 623–630. doi: 10.1126/science.aan6009

Hönscher, C., Mari, M., Auffarth, K., Bohnert, M., Griffith, J., Geerts, W., et al.

(2014). Cellular metabolism regulates contact sites between vacuoles and

mitochondria. Dev. Cell 30, 86–94. doi: 10.1016/j.devcel.2014.06.006

Huckaba, T. M., Lipkin, T., and Pon, L. A. (2006). Roles of type II myosin and a

tropomyosin isoform in retrograde actin flow in budding yeast. J. Cell. Biol. 175,

957–969. doi: 10.1083/jcb.200609155

Itoh, T., Toh, E. A., and Matsui, Y. (2004). Mmr1p is a mitochondrial factor for

Myo2p-dependent inheritance of mitochondria in the budding yeast. EMBO J.

23, 2520–2530. doi: 10.1038/sj.emboj.7600271

Jazwinski, S. M. (1990). An experimental system for the molecular analysis of

the aging process: the budding yeast Saccharomyces cerevisiae. J. Gerontol. 45,

B68–B74. doi: 10.1093/geronj/45.3.B68

Katajisto, P., Döhla, J., Chaffer, C. L., Pentinmikko, N., Marjanovic, N., Iqbal,

S., et al. (2015). Stem cells. asymmetric apportioning of aged mitochondria

between daughter cells is required for stemness. Science 348, 340–343.

doi: 10.1126/science.1260384

Kennedy, B. K., Austriaco, N. R. Jr., and Guarente, L. (1994). Daughter cells of

Saccharomyces cerevisiae from old mothers display a reduced life span. J. Cell

Biol. 127, 1985–1993. doi: 10.1083/jcb.127.6.1985

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S.,

et al. (1998). Mutations in the parkin gene cause autosomal recessive juvenile

parkinsonism. Nature 392, 605–608. doi: 10.1038/33416

Klecker, T., Scholz, D., Förtsch, J., and Westermann, B. (2013). The yeast

cell cortical protein Num1 integrates mitochondrial dynamics into cellular

architecture. J. Cell Sci. 126, 2924–2930. doi: 10.1242/jcs.126045

Kondo-Okamoto, N., Ohkuni, K., Kitagawa, K., McCaffery, J. M., Shaw, J. M., and

Okamoto, K. (2006). The novel F-box protein Mfb1p regulates mitochondrial

connectivity and exhibits asymmetric localization in yeast. Mol. Biol. Cell 17,

3756–3767. doi: 10.1091/mbc.E06-02-0145

Kopec, K. O., Alva, V., and Lupas, A. N. (2010). Homology of SMP domains to

the TULIP superfamily of lipid-binding proteins provides a structural basis for

lipid exchange between ER and mitochondria. Bioinformatics 26, 1927–1931.

doi: 10.1093/bioinformatics/btq326

Kornmann, B., Currie, E., Collins, S. R., Schuldiner, M., Nunnari, J., Weissman, J.

S., et al. (2009). An ER-mitochondria tethering complex revealed by a synthetic

biology screen. Science 325, 477–481. doi: 10.1126/science.1175088

Korobova, F., Ramabhadran, V., and Higgs, H. N. (2013). An actin-dependent step

in mitochondrial fission mediated by the ER-associated formin INF2. Science

339, 464–467. doi: 10.1126/science.1228360

Kraft, L. M., and Lackner, L. L. (2017). Mitochondria-driven assembly of a

cortical anchor for mitochondria and dynein. J. Cell Biol. 216, 3061–3071.

doi: 10.1083/jcb.201702022

Labbadia, J., Brielmann, R. M., Neto, M. F., Lin, Y. F., Haynes, C. M., and

Morimoto, R. I. (2017). Mitochondrial stress restores the heat shock response

and prevents proteostasis collapse during aging. Cell Rep. 21, 1481–1494.

doi: 10.1016/j.celrep.2017.10.038

Lackner, L. L., Ping, H., Graef, M., Murley, A., and Nunnari, J. (2013). Endoplasmic

reticulum-associated mitochondria-cortex tether functions in the distribution

and inheritance of mitochondria. Proc. Natl. Acad. Sci. U.S.A. 110, E458–E467.

doi: 10.1073/pnas.1215232110

Lee, I., and Hong, W. (2006). Diverse membrane-associated proteins contain a

novel SMP domain. FASEB J. 20, 202–206. doi: 10.1096/fj.05-4581hyp

Lewis, S. C., Uchiyama, L. F., and Nunnari, J. (2016). ER-mitochondria contacts

couple mtDNA synthesis with mitochondrial division in human cells. Science

353:aaf5549. doi: 10.1126/science.aaf5549

Manford, A. G., Stefan, C. J., Yuan, H. L., Macgurn, J. A., and Emr, S. D. (2012).

ER-to-plasma membrane tethering proteins regulate cell signaling and ER

morphology. Dev. Cell 23, 1129–1140. doi: 10.1016/j.devcel.2012.11.004

Martin, S. G., and Arkowitz, R. A. (2014). Cell polarization in budding and fission

yeasts. FEMS Microbiol. Rev. 38, 228–253. doi: 10.1111/1574-6976.12055

McFaline-Figueroa, J. R., Vevea, J., Swayne, T. C., Zhou, C., Liu, C., Leung, G.,

et al. (2011). Mitochondrial quality control during inheritance is associated

with lifespan and mother-daughter age asymmetry in budding yeast. Aging Cell

10, 885–895. doi: 10.1111/j.1474-9726.2011.00731.x

Molofsky, A. V., Slutsky, S. G., Joseph, N. M., He, S., Pardal, R., Krishnamurthy,

J., et al. (2006). Increasing p16INK4a expression decreases forebrain

progenitors and neurogenesis during ageing. Nature 443, 448–452.

doi: 10.1038/nature05091

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 January 2018 | Volume 5 | Article 120

https://doi.org/10.1534/genetics.111.132886
https://doi.org/10.1074/jbc.R117.787101
https://doi.org/10.1016/j.devcel.2007.01.017
https://doi.org/10.4161/cc.20437
https://doi.org/10.1016/S0968-0004(00)01664-9
https://doi.org/10.1016/j.cell.2010.12.016
https://doi.org/10.1091/mbc.E06-01-0053
https://doi.org/10.1016/j.celrep.2015.06.022
https://doi.org/10.1016/j.devcel.2014.06.007
https://doi.org/10.1083/jcb.201201024
https://doi.org/10.1016/j.cub.2004.11.004
https://doi.org/10.1126/science.1207385
https://doi.org/10.7554/eLife.07253
https://doi.org/10.1073/pnas.0737556100
https://doi.org/10.1016/j.exger.2006.09.008
https://doi.org/10.1073/pnas.0604392103
https://doi.org/10.1016/j.cub.2013.10.022
https://doi.org/10.1091/mbc.E15-07-0455
https://doi.org/10.1111/1567-1364.12216
https://doi.org/10.1126/science.aan6009
https://doi.org/10.1016/j.devcel.2014.06.006
https://doi.org/10.1083/jcb.200609155
https://doi.org/10.1038/sj.emboj.7600271
https://doi.org/10.1093/geronj/45.3.B68
https://doi.org/10.1126/science.1260384
https://doi.org/10.1083/jcb.127.6.1985
https://doi.org/10.1038/33416
https://doi.org/10.1242/jcs.126045
https://doi.org/10.1091/mbc.E06-02-0145
https://doi.org/10.1093/bioinformatics/btq326
https://doi.org/10.1126/science.1175088
https://doi.org/10.1126/science.1228360
https://doi.org/10.1083/jcb.201702022
https://doi.org/10.1016/j.celrep.2017.10.038
https://doi.org/10.1073/pnas.1215232110
https://doi.org/10.1096/fj.05-4581hyp
https://doi.org/10.1126/science.aaf5549
https://doi.org/10.1016/j.devcel.2012.11.004
https://doi.org/10.1111/1574-6976.12055
https://doi.org/10.1111/j.1474-9726.2011.00731.x
https://doi.org/10.1038/nature05091
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Pernice et al. Mitochondrial Tethers

Murley, A., and Nunnari, J. (2016). The Emerging network of mitochondria-

organelle contacts.Mol. Cell 61, 648–653. doi: 10.1016/j.molcel.2016.01.031

Nguyen, T. T., Lewandowska, A., Choi, J. Y., Markgraf, D. F., Junker, M., Bilgin,

M., et al. (2012). Gem1 and ERMES do not directly affect phosphatidylserine

transport from ER to mitochondria or mitochondrial inheritance. Traffic 13,

880–890. doi: 10.1111/j.1600-0854.2012.01352.x

Ouellet, J., and Barral, Y. (2012). Organelle segregation during mitosis:

lessons from asymmetrically dividing cells. J. Cell Biol. 196, 305–313.

doi: 10.1083/jcb.201102078

Owusu-Ansah, E., Song, W., and Perrimon, N. (2013). Muscle mitohormesis

promotes longevity via systemic repression of insulin signaling. Cell 155,

699–712. doi: 10.1016/j.cell.2013.09.021

Pernice, W. M., Vevea, J. D., and Pon, L. A. (2016). A role for Mfb1p in

region-specific anchorage of high-functioning mitochondria and lifespan in

Saccharomyces cerevisiae. Nat. Commun. 7:10595. doi: 10.1038/ncomms10595

Price, A., Wickner, W., and Ungermann, C. (2000). Proteins needed for

vesicle budding from the golgi complex are also required for the

docking step of homotypic vacuole fusion. J. Cell Biol. 148, 1223–1229.

doi: 10.1083/jcb.148.6.1223

Rana, A., Rera, M., and Walker, D. W. (2013). Parkin overexpression during aging

reduces proteotoxicity, alters mitochondrial dynamics, and extends lifespan.

Proc. Natl. Acad. Sci. U.S.A. 110, 8638–8643. doi: 10.1073/pnas.1216197110

Rizzuto, R., Pinton, P., Carrington, W., Fay, F. S., Fogarty, K. E., Lifshitz,

L. M., et al. (1998). Close contacts with the endoplasmic reticulum as

determinants of mitochondrial Ca2+ responses. Science 280, 1763–1766.

doi: 10.1126/science.280.5370.1763

Schauder, C. M., Wu, X., Saheki, Y., Narayanaswamy, P., Torta, F., Wenk, M. R.,

et al. (2014). Structure of a lipid-bound extended synaptotagmin indicates a role

in lipid transfer. Nature 510, 552–555. doi: 10.1038/nature13269

Shaw, A. C., Joshi, S., Greenwood, H., Panda, A., and Lord, J. M. (2010).

Aging of the innate immune system. Curr. Opin. Immunol. 22, 507–513.

doi: 10.1016/j.coi.2010.05.003

Shepard, K. A., Gerber, A. P., Jambhekar, A., Takizawa, P. A., Brown, P. O.,

Herschlag, D., et al. (2003). Widespread cytoplasmic mRNA transport in yeast:

identification of 22 bud-localized transcripts using DNA microarray analysis.

Proc. Natl. Acad. Sci. U.S.A. 100, 11429–11434. doi: 10.1073/pnas.20332

46100

Starai, V. J., Celic, I., Cole, R. N., Boeke, J. D., and Escalante-Semerena, J. C. (2002).

Sir2-dependent activation of acetyl-CoA synthetase by deacetylation of active

lysine. Science 298, 2390–2392. doi: 10.1126/science.1077650

Stone, S. J., and Vance, J. E. (2000). Phosphatidylserine synthase-1 and -2

are localized to mitochondria-associated membranes. J. Biol. Chem. 275,

34534–34540. doi: 10.1074/jbc.M002865200

Stroupe, C., Collins, K. M., Fratti, R. A., and Wickner, W. (2006). Purification

of active HOPS complex reveals its affinities for phosphoinositides and the

SNARE Vam7p. EMBO J. 25, 1579–1589. doi: 10.1038/sj.emboj.7601051

Swayne, T. C., Zhou, C., Boldogh, I. R., Charalel, J. K., McFaline-Figueroa, J. R.,

Thoms, S., et al. (2011). Role for cER andMmr1p in anchorage of mitochondria

at sites of polarized surface growth in budding yeast. Curr. Biol. 21, 1994–1999.

doi: 10.1016/j.cub.2011.10.019

Valente, E.M., Abou-Sleiman, P.M., Caputo, V.,Muqit,M.M., Harvey, K., Gispert,

S., et al. (2004). Hereditary early-onset Parkinson’s disease caused by mutations

in PINK1. Science 304, 1158–1160. doi: 10.1126/science.1096284

Vance, J. E. (2015). Phospholipid synthesis and transport in mammalian cells.

Traffic 16, 1–18. doi: 10.1111/tra.12230

Veatch, J. R., McMurray, M. A., Nelson, Z. W., and Gottschling, D. E. (2009).

Mitochondrial dysfunction leads to nuclear genome instability via an iron-

sulfur cluster defect. Cell 137, 1247–1258. doi: 10.1016/j.cell.2009.04.014

Voss, C., Lahiri, S., Young, B. P., Loewen, C. J., and Prinz, W. A. (2012). ER-

shaping proteins facilitate lipid exchange between the ER and mitochondria in

S. cerevisiae. J. Cell Sci. 125, 4791–4799. doi: 10.1242/jcs.105635

Yang, H. C., and Pon, L. A. (2002). Actin cable dynamics in budding yeast. Proc.

Natl. Acad. Sci. U.S.A. 99, 751–756. doi: 10.1073/pnas.022462899

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Pernice, Swayne, Boldogh and Pon. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 January 2018 | Volume 5 | Article 120

https://doi.org/10.1016/j.molcel.2016.01.031
https://doi.org/10.1111/j.1600-0854.2012.01352.x
https://doi.org/10.1083/jcb.201102078
https://doi.org/10.1016/j.cell.2013.09.021
https://doi.org/10.1038/ncomms10595
https://doi.org/10.1083/jcb.148.6.1223
https://doi.org/10.1073/pnas.1216197110
https://doi.org/10.1126/science.280.5370.1763
https://doi.org/10.1038/nature13269
https://doi.org/10.1016/j.coi.2010.05.003
https://doi.org/10.1073/pnas.2033246100
https://doi.org/10.1126/science.1077650
https://doi.org/10.1074/jbc.M002865200
https://doi.org/10.1038/sj.emboj.7601051
https://doi.org/10.1016/j.cub.2011.10.019
https://doi.org/10.1126/science.1096284
https://doi.org/10.1111/tra.12230
https://doi.org/10.1016/j.cell.2009.04.014
https://doi.org/10.1242/jcs.105635
https://doi.org/10.1073/pnas.022462899
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

	Mitochondrial Tethers and Their Impact on Lifespan in Budding Yeast
	Introduction
	Segregation of Mitochondria During Asymmetric Cell Division
	Asymmetric Inheritance of Mitochondria in Human Mammary Stem-Like Cells
	Asymmetric Mitochondrial Inheritance in Budding Yeast

	Tethers that Link Mitochondria to Other Organelles
	Mitochondrial Interorganellar Contact Sites that Function in Cell Metabolism and Signaling
	Mitochondrial Tethers that Control Mitochondrial Distribution during Asymmetric Cell Division and Affect Lifespan
	Mmr1: A Bud-Tip Tether that Affects Quantity and Quality of Mitochondrial Inheritance
	Maternal Mitochondrial Retention in Budding Yeast


	Conclusion
	Author Contributions
	Acknowledgments
	References


