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Abstract

Following extracellular stress signals, all eukaryotic cells choose whether to elicit a pro-survival or
pro-death response. The decision over which path to take is governed by the severity and duration
of the damage. In response to mild stress, pro-survival programs are initiated (unfolded protein
response, autophagy, mitophagy) whereas severe or chronic stress forces the cell to abandon these
adaptive programs and shift towards regulated cell death to remove irreversibly damaged cells.
Both pro-survival and pro-death programs involve regulated communication between the
endoplasmic reticulum (ER) and mitochondria. In yeast, recent data suggest this inter-organelle
contact is facilitated by the endoplasmic reticulum mitochondria encounter structure (ERMES).
These membrane contacts are not only important for the exchange of cellular signals, but also play
a role in mitochondrial tethering during mitophagy, mitochondrial fission and mitochondrial
inheritance. This review focuses on recent findings in yeast that shed light on how ER-
mitochondrial communication mediates critical cell fate decisions.
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Introduction

The mitochondria and ER are organelles that play critical roles in the decision to live or die
following environmental stress. Adaptive pro-life stress responses include mounting the
unfolded protein response and/or the mitophagy pathway that are mediated through the ER
and mitochondria respectively. However, if the stress outweighs the capability of the
adaptive response to restore homeostasis, then regulated cell death (also referred to as
programmed cell death —PCD [1]) can be triggered [2] (Figure 1). In recent years, studies in
the budding yeast Saccharomyces cerevisiae have revealed that physical communication
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between the mitochondria and ER at mitochondrial-ER junctions play a critical role in this
pro-life/pro-death decision. In addition, this communication is required for other basic
biological processes including lipid and calcium signaling, mitochondrial morphology,
inheritance and mitophagy. Understanding the molecular details of the mitochondria-ER
junction is very important as ER-mitochondrial communication plays a role in the etiology
of many diseases including neurodegenerative disorders, cardiomyopathies, metabolic
syndrome, cancer, obesity and aging [3-6]. Interestingly, different aspects of ER-
mitochondria communication are affected in different diseases. For example, deficiencies in
removal of defective mitochondria may contribute to the accumulation of protein aggregates,
which are apparent in a number of neurodegenerative diseases [7]. Many cancers are
defective triggering the intrinsic programed cell death pathway whose components converge
at the ER-mitochondria interface [8]. Given the conservation of many ER-mitochondria
communication pathways, yeast represents an excellent model to dissect the intricate
molecular details governing ER-mitochondria communication. This bipartite review focuses
on recent advances in our understanding of how the interaction between these organelles
aids pro-life and pro-death decisions in this model system.

PART 1. The role of ERMES in maintaining cellular homeostasis

ERMES provides contact sites between ER and mitochondria in yeast—Sites of
close proximity between various organelles including the ER and mitochondrial membranes
have been observed for many years [9]. Since then, it has become well established that
membrane contact sites (MCSs) are a nexus for the exchange of lipids, small molecules and
other signals crucial to cellular function and homeostasis [10-15]. In higher eukaryotes,
regions of close interaction between ER and mitochondria are known as MAMs (for
Mitochondrial Associated ER Membranes). Over 30 proteins have been identified at the ER-
mitochondrial juxtaposition associated with MAMSs (reviewed in [16]) which are involved a
variety of processes including lipid metabolism, physical tethering, mitochondrial fission
and autophagy. In S. cerevisiae, a multisubunit complex coined ERMES for ER-
mitochondria encounter structure was discovered to be the primary complex that tethers the
ER to the mitochondria in S. cerevisiae[17, 18]. The ERMES complex is composed of four
core proteins called either MDM (for mitochondria distribution and morphology or MMM
(for mitochondria morphology maintenance). Mdm10 and Mmm1 are anchored in the
mitochondrial outer membrane (OMM) and ER membrane, respectively [17, 19] (Figure 2).
The two other proteins, the cytosolic protein Mdm12 and the mitochondrial-associated
protein Mdm34, form a bridge between MmmZ1 and Mdm10 [20, 21]. Similar to MAM,
ERMES has been implicated in numerous cellular processes including maintenance of
mitochondrial morphology, mitochondrial protein import, phospholipid transport between
the ER and mitochondria, mitochondrial attachment to the actin cytoskeleton, and
mitochondrial division and inheritance of mitochondrial DNA [17, 22-27].

Considering that the ERMES complex is implicated in so many processes, it is surprising
that no clear ERMES homolog has been identified in mammals [28] despite being
discovered in non-fungal linages [29, 30]. Thus, it has been proposed that ERMES may have
been lost in metazoans through evolution [28]. In support of this theory, a recent study
reported that the universally conserved vacuole protein Vsp13 suppresses all phenotypic
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consequences of ERMES deficiency [31]. Alternatively, others have suggested that
mammalian ERMES homologues may be found by analyzing membrane-bound proteins that
contain SMP (synaptotagmin-like, mitochondrial and lipid-binding proteins) domains [32].
This domain may be a signature motif for ERMES function as three of the four members of
the ERMES complex contain this domain [32]. Alternatively, and considering the
importance of the role it plays in budding yeast, it is also possible that functional homologs
of ERMES exist that exhibit low sequence similarity to the yeast proteins. For example,
human homologs of other essential yeast proteins (for example securin [33, 34]) have been
identified by function and not sequence similarity. Thus, metazoan proteins providing
ERMES function may still await discovery.

ERMES directs sites of mitochondrial fission—When visualized using fluorescent
markers, ERMES appears as discrete puncta in regions of close contact between ER and
mitochondria [19-21, 35]. Remarkably, in the absence of an ERMES complex member, the
complex falls apart and the puncta disappear, indicating that all the members of the complex
are required for the mitochondria-ER association. Loss of ERMES function results in
mitochondrial aggregates indicating a defect in fission. Intriguingly, the ER morphology
stays intact indicating that ERMES plays a distinct role in maintaining normal mitochondrial
morphology [19, 21, 36]

The machinery regulating mitochondrial fission in yeast has been described in many
excellent reviews [37-40]. In brief, fission is achieved after the conserved cytosolic GTPase
protein Dnm1 docks onto the OMM protein Fisl via two bridging proteins (Mdv1 and
Caf4). Dnm1 then self-assembles into helical structures that wrap around mitochondria and
coordinately divide the outer and inner membranes. Recently, work from Jodi Nunnari's
group demonstrated that in yeast this mitochondrial constriction and division occurs at ER
contact sites. This finding led to the notion that these sites create hotspots for Dnm1
assembly and eventual mitochondrial scission [41]. This process was coined ERMD for ER-
associated Mitochondrial Division and is consistent with a model that the aberrant
mitochondrial shape observed in ERMES mutants is caused by dysregulated fission [19, 42].

It has been proposed that a constriction of the mitochondria occurs prior to Dnm1 binding,
due to the difference in diameter of the Dnm1 helix and the mitochondrion [41, 43].
However, it is not known whether ERMES facilitates mitochondrial constriction or plays
another role in this process. In mammalian cells, mitochondrial division is dependent on an
ER-localized actin-polymerizing formin protein called INF2 [44]. This has led to a model in
which INF2-mediated actin polymerization drives the initial mitochondrial constriction
directing the activity of the Dnm1 homologue Drpl to complete the secondary constriction
[44]. Myosin 11, which binds INF2, is proposed to generate the force needed to drive
constriction [45]. The role of actin polymerization in this process in yeast is not yet clear.
The two yeast formins (Bnil and Bnrl) have not been shown to localize to the mitochondria,
although Bnil is cytosolic and therefore could still induce actin filament growth at ER-
mitochondria contact sites [46, 47]. However, the ERMES complex is implicated in
mediating the attachment of mitochondria to the actin cytoskeleton in S. cerevisiae [20].
This interaction enables the mitochondria to move along actin cables in yeast, an event
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important for both morphological control and critical distribution of the organelle to
emerging buds [19, 42].

ERMES role in other ER-mitochondrial linked processes—In addition to
maintaining mitochondrial morphology, the ERMES complex is involved in many processes
that maintain cellular homeostasis (see Table 1). The Miro GTPase Geml, that is found in
substoichiometric amounts in ERMES complexes has been linked to some of these roles.
Geml is a ubiquitous dynamin-related MOM-anchored GTPase that has been proposed to be
a regulatory subunit of the ERMES complex [48-50]. Importantly, Gem1 has been reported
to facilitate proper mitochondrial distribution after cell division as it antagonize ERMES
driven ER- mitochondrial contacts. The exact role Gem1 plays in regulating ERMES
remains unsettled as Janet Shaw's group reported that the assembly and maintenance of
ERMES complexes do not depend upon Gem1 [51]. Interestingly, Gem1 is the only member
of ERMES that has a conserved mammalian homologue called Miro. Miro is thought to
function as a calcium sensor connecting mitochondria to motor proteins facilitating cellular
transport along the cytoskeleton [52]. Consistent with the proposed role for Gem1,
dysfunctional Miro results in reduced mitochondrial mobility possibly due to enhanced
mitochondria-ER contacts [27]. Thus the role of Miro and Gem1 may be similar in
mammals and yeast but more work is necessary to clarify this activity.

Other contact sites between ER and mitochondria in yeast—Loss of ERMES
alters mitochondrial membrane lipid composition and disrupts mitochondrial phospholipid
metabolism, indicating that this complex is also important in lipid exchange [51]. However,
cells lacking a functional ERMES complex are not without ER-derived lipids. Recent
evidence has suggested that they received lipids via VCLAMP (vacuole and mitochondria
patch). Consistent with this model, elimination of both vVCLAMP and ERMES contact sites
leads to significant defects in phospholipid transfer to mitochondria [53]. Recent studies
have revealed that an additional protein complex called the EMC (ER membrane protein
complex) can also facilitate ER-mitochondrial tethering, independent of the ERMES [54].
One possible explanation for why there are multiple tethering complexes is that each tether
may facilitate a different type of communication between the ER and mitochondria.
Interestingly, the EMC (but not ERMES) may mediate phospholipid trafficking between the
between these two organelles. Consistent with another complex playing a role in
phosphatidylserine (PS) exchange is the observation that ERMES mutants are viable [55]
whereas PS transfer to mitochondria is an essential event as it is required for
phosphatidylethanolamine (PE) synthesis [56]. Likewise, there is no significant decrease in
ER to mitochondria PS transfer in cells lacking ERMES whereas there is in EMC mutant
cells [26, 51]. Taken together, although precise molecular details still need to be resolved,
the EMC is thought to have a predominant role in mediating phospholipid trafficking
between the ER and mitochondria. In addition, it is not known if the relationship between
ERMES and EMC is synergistic but it has been postulated that ERMES facilitates different
ER-mitochondrial communications, for example the exchange of different lipids. Finally, it
is also important to note that the EMC tether is conserved [30, 57] but whether the
mammalian EMC homologue also facilitates ER—mitochondria tethering and PS transfer
remains unknown.
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Part 2. ERMES and the stress response

ERMES and mitophagy — pro-life response—Mitophagy is a highly conserved
process in which damaged or unwanted mitochondria are culled from the cell using
autophagic turnover [58, 59]. Like mammals, mitophagy can be executed by either ubiquitin
or receptor mediated processes [9, 60-62]. The receptor mediated pathway is the best
characterized and summarized in many excellent reviews [63, 64]. In short, receptor-
dependent mitophagy is triggered when the exposed N-terminal domain of Atg32, a
mitophagy-specific mitochondrial outer membrane protein, binds to two cytosolic proteins,
Atg8 and Atgll (Figure 3). Atg32 activation first triggers the Atg32-Atgl1 interaction to
recruit damaged mitochondria to the pre-autophagosomal structure/phagophore assembly
site (PAS), where sequestering cytosolic vesicles are generated [46, 65-67]. Thereafter, Atg8
associates with Atg32 leading the core nonselective autophagic machinery to anchor the
phagophore isolation membrane (IM), which in turn facilitates the formation of the
autophagosome surrounding the mitochondria [47, 66, 67]. Autophagosomes carrying
mitochondria eventually fuse with vacuoles to degrade their contents [68]. Interestingly, a
dynamic actin cytoskeleton is required for mitophagy. Actin nucleation by the Arp2/3
complex facilitates the cycling of Atg9 between the mitochondria and the pre-
autophagosome (PAS) while Atg9 co-localizes with Arp2 [65]. Atg11, which interacts with
Atg9, is mis-localized when actin filament dynamics is disrupted [66].

In light of the fact that ERMES plays a role in ER tethering to the mitochondria, it is not
surprising that ERMES plays a role in mediating mitophagy. By using an elegant
experimental approach, Westerman and co-workers [69] revealed that Mmm1 and Atg8
interact and tether the mitochondrion destined for degradation to the ER and the isolation
membrane of the growing phagophore (Figure 3). Consistent with this result, ERMES
mutants have severe mitophagy defects [61] including accumulating immature
autophagosomes. These results led the authors to hypothesize that these connections might
provide an efficient supply of lipids from the ER to promote phagophore growth.

In mammalian cells, there is a growing body of evidence suggesting that mitochondrial
fission is a pre-requisite for mitophagy [70-72]. In spatial terms alone, this makes sense as
the size of the cargo has to be smaller than the autophagosome. In yeast, the role of
mitochondrial fission in mitophagy is still controversial. Firstly, only deletion of the GTPase
Dnm1 but not other fission factors (Fisl, Mdv1/Caf4) suppress mitophagy [73] suggesting
that mitochondrial fission may be a pre-requisite for efficient mitophagy. In support of this
model, Atgll interacts with Dnm1 once the mitophagic pathway initiates and this
association is required for efficient mitophagy [74]. On the other hand, a genetic screen
performed by Okamoto et al. looking for proteins involved in mitophagy did not reveal
Dnml or any of the other fission factors to be required [67]. Furthermore, Reichert's group
has shown that mitochondrial fragmentation per se is not sufficient to trigger mitophagy
[11]. In addition, this group has proposed that Dnm1 is not required for rapamycin-induced
mitophagy [11]. Instead, these researchers propose that the activation of Whi2, a scaffold-
like stress response protein, plays a significant role in mitophagy. Although its exact
mechanism of action is not clear, Whi2 inhibits the Ras-cAMP-PKA pathway during the
diauxic shift [75]. Also, Whi2 physically binds to the transcription factor Msn2 affecting
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both its transcriptional activity and nuclear localization [76]. Further studies will be required
to determine whether fission is required in some, but not all types of mitophagy.

Signaling and mitophagy: Mitophagy can be induced by several methods. For example,
mitophagy is observed in cells after treating with rapamycin, an inhibitor of the TOR
pathway [10, 11], following nitrogen starvation [65], following the diauxic shift [67, 73] and
upon mitochondrial dysfunction [32, 59]. It is well documented that under nitrogen
starvation conditions, TORC1 activity is suppressed [43]. This results in rapid
dephosphorylation of Atg13, an event necessary for binding to the Atgl1 complex and the
consequential phagophore formation and nonselective autophagy (Figure 4) [77]. Although
phagophores are necessary for mitophagy, the relationship between TORC1 as well as other
pro-life pathways (PKA and Sch9) and mitophagy has only recently emerged. Importantly,
Rim15, a transcription factor that is negatively regulated by TORC1, PKA and Sch9,
indirectly upregulates A7G gene expression including A7G32following nitrogen starvation
[78]. In addition, activated Rim15 also suppresses the Ume6-Sin3—-Rpd3 transcriptional
repressor complex following nitrogen starvation leading to elevated A7G32transcription in
both S. cerevisiae [79] and P, pastoris [80]. The combination of enhanced ATG32 expression
and Atg32 protein phosphorylation is important as failure to do either reduces mitophagic
efficiency.

In mammals, nitrogen starvation is signaled by AMPK-dependent inhibition of Torl activity
[81]. Recently, AMPK mediated inhibition of Torl was also identified in the fission yeast S.
pombe [82]. However, in S. cerevisiae, how nitrogen starvation is sensed and the signal
propagated is less well understood. Recently, it has been shown that the High Osmolarity
Glycerol (HOG) and the Cell Wall Integrity (CWI) mitogen-activated protein kinase
(MAPK) signal transduction pathways [83] are required for Atg32 phosphorylation (Figure
4) [84]. This modification enhances Atg32-Atgl1l interaction leading to delivery of the
targeted mitochondria to the phagophore assembly site [85]. However, the MAPK Kkinases
from the HOG (Hogl) and CWI (SIt2) pathways do not directly phosphorylate Atg32.
Rather, Hog1 activates casein kinase-2 (CK2) which directly modifies Atg32 [86]. This
group demonstrated that although mitophagy is inhibited in cells deleted for both s/t2A and
hogIA mutant cells, Atg32 phosphorylation is prevented only in AogIA cells. This suggests
that the Hog1, but not SIt2, signaling pathway is upstream of CK2 and regulates Atg32
phosphorylation. Taken together, these studies show that mitophagy regulation is complex
and likely to require the coordination of different pathways. For example, recent work has
shown that mitophagy induction is regulated in concert with phospholipid methylation [87].
In addition, genes involved in a broad range of cellular processes have been identified in
genome wide screens for mitophagy mutants. Thus, further studies are needed to untangle
the complexity of mitophagy regulation as it appears to be a well-integrated and fundamental
process of cellular life.

ERMES and apoptosis — pro-death decision—It has been known for many years that
both the ER and the mitochondria play dominant roles in the cellular response to stress. In
short, following stress the ER-mitochondria interface coordinates the relevant response (see
Figure 1), the outcome of which is dependent on the severity of the insult.
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UPR and cell death: Perturbing ER function induces a pro-life response that activates genes
that restore protein folding (coined the unfolded protein response or UPR) [88, 89].
Recently, it has been demonstrated that unfolded proteins can also be removed by autophagy
[90]. However, in cases of chronic or unresolved ER stress, the UPR response declines and
the cell moves from a pro-survival to a pro-apoptotic state by inducing several signal
transduction events [8]. Thus, as the UPR induces not only survival but also cell death
signals, understanding the nature of the switch between cellular outcomes is of great
importance. The role ERMES plays in this switch is currently unknown in yeast. However,
in mammals, it has recently been found that a protein called cell death—involved p53 target-1
(CDIP1) binds to Bap31 during ER stress and promotes apoptotic signaling from the ER to
mitochondria [91] suggesting how ER stress signals are transmitted from the ER to
mitochondria through MCSs.

Mitochondria Fission and cell death: In recent years, it has become increasingly clear that
yeast are able to induce programmed cell death as a last resort to stress exposure [92]. Like
all eukaryotes, the mitochondria play a critical role in this pro-death decision, which most
resembles the mammalian intrinsic pathway. The proteins involved in mitochondrial
dynamics have been shown to play critical roles in this process [93, 94]. Indeed, deleting
genes encoding the mitochondrial fission machinery (Dnm1, Mdv1, Fisl) all result in cells
being better able to survive various types of external stresses as well as expanding lifespans
[95, 96]. As would be anticipated from this model, in higher eukaryotes, hyperfusion also
represents a recognized strategy to allow survival during nutrient deprivation and cellular
stress [97]. However, in yeast the role fusion plays in survival mechanisms remains to be
elucidated [92]. This has led to the widely accepted notion that Dnm1 mediated stress-
induced mitochondrial hyper-fission as possibly impaired fusion facilitates programed cell
death.

In yeast the morphological change in mitochondria is accompanied by changes in
mitochondrial outer membrane permeabilization (MOMP) resulting in cytochrome c release
into the cytosol via mechanisms not yet fully understood [98]. Recent work in mammalian
systems has shown that mitochondrial fragmentation per se is not a key factor in MOMP.
Instead the mitochondrial constriction site marked by ERMD may play a critical role in Bax-
dependent mitochondrial outer membrane permeabilization [41, 99]. A current model is that
binding of Drp1, the mammalian homologue of Dnm1, which is massively recruited to the
OMM following stress, and constriction of the OMM alters its topology such that it becomes
amenable to Bax insertion [100]. This is supported by the observation that under apoptotic
conditions, Drp1 is found in foci with Bax on mitochondria [101].

In yeast, many orthologues of metazoan apoptotic mediators (e.g., caspases, cytochrome ¢,
EndoG) have been discovered suggesting that the core PCD machinery is highly conserved
[102]. This includes the discovery of a yeast BH3-only protein reported to translocate to
mitochondria inducing PCD following oxidative stress [103]. In addition, we have found that
the nuclear protein cyclin C translocates to the cytoplasm following oxidative stress. In the
cytoplasm, cyclin C associates with the fission machinery and is required for stress-induced
mitochondrial hyper-fission, MOMP and cell death [104, 105] and (reviewed in [106]). This
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role of cyclin C is conserved in mammalian cells [107]. As cyclin C translocation to the
mitochondria only occurs following stress, its presence at the OMM could potentially play a
role in MOMP initiation and differentiate fission leading to PCD from those evoking
mitophagy. However, relocating cyclin C to the mitochondrial in the absence of stress
induces mitochondrial fragmentation but does not induce PCD [108]. Rather, these cells die
faster after the addition of low concentrations of H,O,. These results suggest that relocating
cyclin C to the mitochondria induces stress-induced fission and primes the cells to execute
PCD following an additional stress signal. The molecular details of this unexpected role of a
nuclear cyclin will be made clear with further research.

ERMES and cell death: Our recent data show that cells exhibiting constitutive
mitochondrial fragmentation do not execute PCD [108]. This finding is consistent with the
emerging idea that mitochondrial fragmentation itself does not commit a cell to MOMP and
subsequent cell death. Rather, Drp1's role in regulating MOMP may be independent of its
mitochondrial fission activity [109, 110]. Interestingly, the ER-mitochondrial contact sites
create Drpl hotspots (termed microdomians) that may direct Bax-dependent MOMP [37].
Consistent with this model, we observed an increase in the number of ER-mitochondrial
contact sites in yeast following H,O5 stress (K. F. C. unpublished observations). In
mammals Mff1, an OMM receptor for Drpl, localizes at these sites even in the absence of
Drp1 [41]. As these ER mitochondrial sites are associated with lipid and Ca2* exchange, it
has been suggested that these contact sites may facilitate lipid effectors that promote Bax
binding [101, 111]. Also, Stefan Grimm's group has shown that Fis1 conveys an apoptotic
signal from the mitochondria to the ER by interacting with the ER protein Bap31 [112]. This
interaction occurs at ER—-mitochondria contact sites and results in the cleavage of Bap31 by
caspase-8 to form p20Bap31, which is pro-apoptotic.

Concluding remarks: It is clear that ER-mitochondria connections play an important role
in many diseases including cancer. Thus there is no doubt that the role ERMES, as well as
other ER contact sites, play in regulating cell death is an area of research that will expand in
the future. It is envisioned that the outcomes of such studies will improve our understanding
of the molecular basis of related disorders associated with defective ER-mitochondria
communication with the ultimate aim of developing better therapeutics.
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Highlights

. Revised Manuscript “ER fatalities - the role of ER-mitochondrial contact sites
in yeast life and death decisions”

. For consideration in MAD special issue “Yeast on the corner of life and death
decisions”
. The revised manuscript has considerably changed. It now focuses on the role

of the ERMES complex in maintaining cellular homeostasis (part 1) and then
discusses what the roel this complex plays in cell death decisions (part 2).
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Figure 1.
Following stress cells have to decide whether to elicit a pro-life or a pro-death response. The

ER-Mitochondrial interface co-ordinates this decision.
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Figure 2.
Topology of the ERMES complex at the ER-mitochondria contact site. Mdm34 and Mdm10

are embedded in the mitochondrial outer membrane, as is the regulatory GTPase GemL1.
Mmm1 is an ER protein and is bridged to the mitochondrial components by the cytosolic
Mdm12. Mmm1, Mdm12 and Mdm34 all contain SMP domains. Modified from [32].
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Figure 3.
Molecular mechanisms of mitophagy in yeast. Mitophagy is induced upon CK2 mediated

phosphorylation of Atg32. This event triggers the Atg32-Atgl1 receptor-adaptor interaction
and recruits the mitochondria to the pre-autophagosomal structure/phagophore assembly site
(PAS). Subsequently the Atg8-Atg32 interaction anchors the mitochondria on the isolation
membrane (IM) which also facilitates the formation of the autophagosome surrounding the
mitochondria. Atg8 also interacts with the ERMES member Mmm1, thereby tethering the
mitochondria to the ER. This interaction also supplies lipids from the endoplasmic reticulum
(blue ring) for extension of the isolation membrane and thereby facilitates mitophagy.
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Figure 4.

Autophagy induction in yeast. Under nutrient-rich condition, the activation of both the
mTOR1 and PKA pathways results in Atg13 phosphorylation. This in turn inhibits the
formation of the Atgl complex and formation of the pre-autophagosomal structure (PAS).
PKA and SCH9 pathways also inhibit the expression of the kinase Rim15. Rim15 activity is
needed to upregulate genes needed for mitophagy. In addition under nutrient-rich conditions
the HOG1 and CWI pathways are not activated. When mitophagy is induced (see text for

details) the mTOR1, PKA and SCH9 pathways are inactivated. The resulting

dephosphorylated Atg13 can consequently associated with the Atgl complex. Also
inactivation of PKA and SCH9 leads to Rim15 activation and upregulation of ATG specific
genes. The HOG1 and CWI pathways are also activated which leads to activation of CK2
and an unknown kinase.
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Summary of the different roles ERMES members play to maintain cellular homeostasis.

Page 19

Proteins Function Reference

Mdm10 and Mdm12 ERMES proteins control mitochondrial genome maintenance. [18, 41]

Mmm1, Mdm10 and Mdm12 Attach mitochondria to the actin cytoskeleton for polarized transport to the growing [19, 21]
yeast bud.

Mmm1 Co-localizes with replicating mtDNA nucleoids [117]

Mmm1 Link mitochondria to the actin cytoskeleton of yeast and is required for [34]
mitochondrial inheritance.

Mdm10, Mmm1, Mdm12 Mdm10, Mmm1 and Mdm12 function in the import and assembly of mitochondrial [118-120]
B-barrel proteins. Mdm10 is also a genuine subunit of the SAM complex, specifically
required for the assembly of the TOM complex.

Mdm10, Mmm1, Mdm12 and Linked to the transport of phosphatidylserine (PS) from the ER into mitochondria [16, 121]

Mdm34 where it serves as a substrate for phosphatidylethanolamine (PE) synthesis.

Mmm1, Mdm12 and Mdm34 May be involved in lipid transport as have SMP (synaptotagmin-like, mitochondrial [31, 79, 122,
and lipid-binding proteins) domains implicated in binding hydrophobic ligands, 123].

including lipids.

Geml

Mitochondrial inheritance during cell division and regulation of lipid synthesis by
ERMES.

[47, 50, 88, 124]
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