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The past decade has seen dramatic progress in our understanding of membrane contact sites (MCS). Important
examples of these are endoplasmic reticulum (ER)-mitochondria contact sites. ER-mitochondria contacts have originally
been discovered in mammalian tissue, where they have been designated as mitochondria-associated membranes
(MAM:). It is also in this model system, where the first critical MAM proteins have been identified, including MAM
tethering regulators such as phospho-furin acidic cluster sorting protein 2 (PACS-2) and mitofusin-2. However, the past
decade has seen the discovery of the MAM also in the powerful yeast model system Saccharomyces cerevisiae. This has
led to the discovery of novel MAM tethers such as the yeast ER-mitochondria encounter structure (ERMES), absent in
the mammalian system, but whose regulators Gem1 and Lamé are conserved. While MAMs, sometimes referred to as
mitochondria-ER contacts (MERCs), regulate lipid metabolism, Ca** signaling, bioenergetics, inflammation, autophagy
and apoptosis, not all of these functions exist in both systems or operate differently. This biological difference has led
to puzzling discrepancies on findings obtained in yeast or mammalian cells at the moment. Our review aims to shed
some light onto mechanistic differences between yeast and mammalian MAM and their underlying causes.
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Background

Endoplasmic reticulum (ER)-mitochondria contacts were
described for the first time by Wilhelm Bernhard on
electron micrographs of rat liver in 1952 [1] and 1956
[2, 3]. However, it was not until their first biochemical
isolation in 1990 that their significance for membrane
contact site (MCS) research became clear. In her land-
mark paper, Jean Vance demonstrated for the first time
that the endoplasmic reticulum (ER) must make physical
contacts with mitochondria to allow for proper lipid
synthesis [4]. Vance subsequently coined the term
mitochondria-associated membrane (MAM, originally
called fraction X) in a follow-up paper [5]. The MAM is
thought to be contiguous with the remainder of the ER,
but physically attached to mitochondria and thus
biochemically distinct from pure ER or pure mitochon-
dria. Vance determined that enzymes catalyzing phospha-
tidylserine (PS), phosphatidylethanolamine (PE) and
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phosphatidylcholine (PC) synthesis localize to ER-
mitochondria contact sites that have recently been pro-
posed to be called mitochondria-ER contacts (MERCs,
[5-7]). Central to this lipid metabolism found on the
MAM is the transfer of PS from the ER to mitochondria,
followed by its enzymatic transformation to PE inside
mitochondria [8].

In liver and other mammalian cells and cell lines, the
distance between the ER and mitochondria in contact
sites typically measures 15-30 nm under resting condi-
tions [7]. However, cell stress can transform ER-
mitochondria contacts into a much tighter version of
10 nm via mechanisms that are currently not fully
understood [7, 9]. While MAM research progressed rap-
idly using mammalian model systems, MAMs could not
be isolated in the yeast model system for a long time
[10], even though ER and mitochondria were seen ap-
posed on early electron micrographs of the yeast
Saccharomyces cerevisiae [11]. Another reason for this
delay was the limited apposition between the ER and
mitochondria that yeast researchers detected in their

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13062-017-0174-5&domain=pdf
http://orcid.org/0000-0002-2350-2965
mailto:Thomas.Simmen@ualberta.ca
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Herrera-Cruz and Simmen Biology Direct (2017) 12:3

model system, relative to the more frequent contacts
they saw between the ER and lipid droplets [12].

Nevertheless, we know today that the MAM is but
one of many MCS that exist inside yeast and mamma-
lian cells [13]. The palette of MAM functions has been
dramatically expanded over the past decade and now in-
cludes the exchange of lipids, ions and second messen-
gers [14], mitochondrial fission [15], and the induction
of autophagy [16]. Despite a partial overlap of MAM
functions in yeast S. cerevisiae and mammalian cells, im-
portant differences exist between the two model systems
that often cause confusion to researchers (summarized
in Table 1). This review aims to list common properties
and differences, as we know them today, to help the
community sort out how to best use either mammalian
or yeast models to answer MAM-specific questions.

Proteins mediating formation of the MAM

Central to our understanding of the MAM structure are
the proteins required for its formation. The discovery of
these proteinaceous tethers was initially based on the
observation that proteinases detach the ER from mito-
chondria in both mammalian and yeast model systems
[9, 17]. As we will describe later on, ER-mitochondria
contacts have a distinct functional significance for yeast
and mammalian ER-mitochondria crosstalk. These dif-
ferences are partially mirrored in our progress to
characterize ER-mitochondria tethers. While the S. cere-
visiae model has taken advantage of genetic screening
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power that has led to the identification of two tethering
complexes so far, mammalian systems currently benefit
from a larger array of functional readouts of the contacts
(a summary of the main proteins involved in ER-
mitochondria tethering in yeast and mammalian cells is
shown in Fig. 1).

As one of the best-characterized structures, the ER-mi-
tochondria encounter structure (ERMES) was identified
in a mutagenesis screen involving an artificial ER-
mitochondria tether in S. cerevisiae [18]. ERMES con-
tains the ER transmembrane protein Mmmlp and the
cytosolic Mdm12p in a complex with two outer mito-
chondrial membrane (OMM) proteins, Mdm34p and
Mdm10p [19]. Gemlp, a Ca**-binding, rho-like GTPase
and ortholog of mammalian MIRO-2, is a negative
ERMES regulatory protein [20]. In addition to mediat-
ing ER-mitochondria tethering, ERMES also influences
the distribution of mitochondria during cell division
[21], as well as the recognition of mitochondria for
autophagy [22]. ERMES interacts genetically with the
mitochondrial contact site complex (MICOS). With
ERMES, this hexameric complex forms the ER-
mitochondria organizing network (ERMIONE), which
contains additional components involved in the import of
mitochondrial proteins (TOM complex) and the sorting
and assembly machinery (SAM) of the OMM [23, 24].
ERMIONE likely forms ER-proximal cristae junctions
identified in early MAM research as critical for PS traf-
ficking [25-27]. From this role, it is no surprise that

Table 1 Current overview of MAM functions and comparison of how they operate in mammalian and yeast model systems

Function (including brief description)

Mammalian-specific characteristics

Yeast-specific characteristics

Phosphatidylserine (PS) Transfer: PS is made
on the ER, but transferred to mitochondria
for the production of phosphatidylethanolamine
(PE) [4, 84]

Role of sterols on MAM

PS transfer occurs on a triple contact site
between ER, OMM and IMM [25-27], requires
ATP [90] and cytosolic Ca®* [91].

MAM has lipid raft characteristics and is marked

PS transfer occurs at ER mitochondria contact sites
[96], but does not require ATP [17, 97]. PS transfer
is not obligatory, since Psd2p can replace
mitochondrial PE production [98, 99].

No raft characteristics known as of today [123].

with caveolin [116-122]. ORP5 and ORP8 form a
protein bridge with mitochondrial PTPIP51 [130].

ca’*t handling at the MAM; mitochondria

receive Ca’* from the ER upon formation

of a Ca®* microdomain [155-163]
respiration [133].

MAM Ca** signaling in apoptosis
[39, 192].

ER chaperones on the MAM

Mitochondria import Ca®* via the mitochondrial
Ca”* uniporter (MCU) [148-150]. Ca** is required
for mitochondrial dehydrogenases [132] and

Massive MAM Ca®* transfer accelerates apoptosis

ER chaperones on the MAM control MAM Ca**

No MCU present [148-150]. Ca** is required for
mitochondrial dehydrogenases [151]; increase of
Ca”" in the cytoplasm boosts mitochondrial
respiration [194].

Ca" is released from the ER [193].

None detected.

transfer and cytosolic Ca®* waves [180-188].

Currently known MAM tethers or proteins
regulating MAM tethering

MAM and mitochondrial fission

mitochondria fission [15]

MAM as point of origin for autophagy

PACS-2, mitofusin-2 [16]

PACS-2 [38, 40], mitofusin-2 [42-45], BAP31/Fis]
(ARCosome) [41], IP3R/VDAC/Grp75 [73], PTPIP51/
VAPB [74-76] PERK [65, 66]

Drp1 oligomerizes on MAM to mediate

MAM is material for isolation membrane [16].
Implicated MAM proteins are calnexin, Drp1,
FUNDC1 [220], Rab32, syntaxin-17 [222, 223],

ERMES [18-20],
EMC [34]

Drp1 oligomerizes on MAM to mediate mitochondria
fission [15]

ERMES mutants show no defect in Atg8p recruitment,
but are defective in mitophagy and lipid supply for
phagophore formation [22, 224]
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Fig. 1 Overview of ER-mitochondria tethers (and their regulators), as well as Ca”* flux in yeast and mammalian cells

Mammals

Mitochondrion

Endoplasmic Reticulum

MICOS is an important determinant of mitochondrial
cristae formation, and mitochondria metabolism [28].
MICOS also actively participates in lipid metabolism, as it
determines PE formation [29]. Despite important roles for
ERMES in yeast and the formation of ERMIONE, present
also in mammalian cells, ERMES is absent in metazoa
[30]. Curiously, this is not the case for MICOS [31-33], as
well as ERMES-regulatory proteins, given the conserva-
tion of the inhibitory Gem1 (MIRO-2) [20] and the acti-
vating Lamé6 (not characterized in mammalian systems at
this point).

A more recently identified tethering complex in S.
cerevisiae is the ER membrane protein complex (EMC).
In yeast, EMC is a heteromeric hexamer that contains
Emclp, Emc2p, Emc3p, Emcdp, Emc5p and Emc6p [34].
Yeast EMC plays a role for the import of PS into mito-
chondria, but this could be direct or indirect, while its
role for ER-mitochondria Ca®* signaling is currently un-
known. Consistent with its high level of conservation
during evolution, mammalian cells also contain EMC,
but a version with 4 extra proteins, Emc7, Emc8, Emc9
and Emcl0 [35]. Here, in addition to tethering mito-
chondria to the ER, EMC also acts as a chaperone for
the assembly of multipass transmembrane proteins [36].
Further research will have to determine which of these
functions is the main role of EMC.

None of the currently known mammalian tethering
molecules have been identified via genetic screening.
Instead, researchers frequently used empiric approaches,
often based on the quasi-synaptic ER-mitochondria Ca**
flux [37]. The first example of these is the phosphofurin

acidic cluster sorting protein 2 (PACS-2), the first dis-
covered MAM-regulatory protein [38], which is not
present in yeast. PACS-2 knockdown detaches the ER
from mitochondria [38]. As expected from a protein in-
volved in MAM tethering, PACS-2 is needed for proper
apoptosis progression that normally occurs following the
transfer of massive amounts of Ca** from the ER to
mitochondria [39]. The kinase Akt activates PACS-2 by
phosphorylating it on serine 437, a prerequisite to main-
tain MAM formation and Ca®* availability for mitochon-
dria [40]. PACS-2 also controls the proteolytic cleavage
of BAP31 (also known as BCAP31), and thus influences
directly a tethering complex between BAP31 and mito-
chondrial Fisl called the ARCosome [41]. While yeast
expresses a BAP31-like protein (Yet3p), no PACS-2 re-
sembling sequences exist in this organism (unpublished
observations). In contrast, Fis1 is found in yeast, but it is
currently unclear whether it can interact with Yet3p and
form a tether here as well.

Similar to PACS-2, the reduction of ER-mitochondria
apposition in a knockout (ko) cell model led to the dis-
covery of mitofusin-2 as a tethering factor [42]. Consist-
ent with this role, we have found that mitofusin-2 ko
cells lack fluorescence derived from an ER-mitochondria di-
meric split green fluorescent protein that is based on recon-
stitution of the calnexin-TOM20 interaction when MAMs
are formed [43]. Like PACS-2 knockdown cells, mitofusin-
2 ko cells are resistant to apoptosis during ER stress [44],
but also to cardiomyocyte death induced by hypoxia and
H,O, [45]. Conversely, cancer cells over-expressing
mitofusin-2 show accelerated apoptosis, accompanied by
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increased ER-mitochondria Ca®* flux [46—48]. PACS-2 and
mitofusin-2 share an induction of ER stress in their absence
[38, 49], leading to abnormal expansion of the ER in the
case of mitofusin-2 ablation [42]. While these results pro-
vide strong evidence that mitofusin-2 promotes ER-
mitochondria tethering, the exact role of mitofusin-2 for
MAM maintenance has been challenged by several studies
suggesting mitofusin-2 is an antagonist for MAM forma-
tion. Specifically, when analyzing the amounts of ER-
mitochondria apposition of less than 15-20 nm, they show
ER-mitochondria contacts increase upon mitofusin-2 de-
pletion [50-53]. Moreover, these studies demonstrate that
this consequence of mitofusin-2 depletion is not further in-
creased in the presence of presenilin-2 mutant protein [54]
that normally increases ER-mitochondria tethering in wild
type cells due to a relative shift of Ca** content from the
ER to mitochondria [55]. Together, these observations
could explain why certain apoptosis pathways proceed fas-
ter in mitofusin-2 depleted cells, including ceramide-
induced apoptosis [51], and doxorubicin-induced apoptosis
[56]. Furthermore, the absence of mitofusin-2 inconsist-
ently alters mitochondrial respiration capacity in a variety
of model systems [53, 57-59].

How can these drastically discrepant findings be ex-
plained? In our opinion, these observations are likely
only apparently contradictory and they could be based
on incomplete characterizations of mitofusin-2 ko or
knockdown cells in some studies. First, the Pellegrini [7]
and Nabi labs have recently demonstrated that ER sub-
types form distinct contacts with mitochondria: while
smooth ER (sER) is apposed at 10 nm with mitochondria
(tight), rough ER (rER) localizes at a 50 nm (loose) dis-
tance with mitochondria [60]. Interestingly, the ratio of
these MAM subtypes is under the control of mitofusins
in fibrosarcoma cells. Here, knockdown of the ubiquitin
ligase Gp78 can decrease overall MAM formation and
rER-mitochondria apposition, due to increased amounts
of both mitofusin-1 and mitofusin-2, normally degraded
by the proteasome via Gp78 [60, 61]. In this system,
depletion of single mitofusins had no effect on the over-
all amount of MAMs. However, the knockdown of
mitofusin-1 (but not of mitofusin-2) was able to increase
sER-based MAM relative to rER-based MAM in the
presence of mitofusin-2. This suggests that mitofusin-1
normally acts to prevent excessive amounts of tight SER-
mitochondria contacts [60]. In contrast, mitofusin-2
repressed loose rER-mitochondria contact formation in
this system. Together, these results clearly show that
mitofusins act in concert to reduce MAM overall, and
that the respective expression levels of mitofusins deter-
mines the ratio of SER/rER-mitochondria contact forma-
tion. However, in our opinion, they do not shift the
balance significantly towards either hypothesis on the
global role of mitofusin-2 for MAMs, since mitofusin-2
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knockdown alone had no measurable effect on MAMs
in this system.

Second, varying extents of adaptation could explain
discrepant findings on the role of mitofusin-2. Un-
equivocally, the absence of mitofusin-2 alters intracellu-
lar Ca®* handling (see below, Fig. 1), since in these cells,
there is an increased Ca®" content within the ER [42,
52]. This increased ER Ca®" content results in mitochon-
dria taking up more Ca** upon the addition of equal
amounts of inositol 1,4,5-trisphosphate receptors (IP3R)
agonist [62], but not if correcting for these differences
by adding agonist so to release equal amounts of Ca**
into the cytosol [42, 52]. Moreover, mitofusin-2 deple-
tion results in compensatory mechanisms in a cell
culture-dependent manner [52], for instance by the initi-
ation of ER stress [44] or the downregulation of the
MCU, observed to varying extents [52] in Mfn2-/- cells
[51], but not in cells, where mitofusin-2 has been
knocked down [51]. Both observations are critical in our
further investigation of the role of mitofusin-2: the
downregulation of MCU likely serves to prevent Ca**
overload due to the hyperresponsive ER in mitofusin-2
depleted cells.

The triggering of the ER stress response could lead to
the third and potentially most important reason that dif-
ferent labs came to different conclusions about
mitofusin-2. Several labs, including ours, have shown
that ER stress leads to secondary formation of tight ER-
mitochondria contacts, which alter the global cellular
Ca®* handling at the ER-mitochondria interface [9, 63,
64], but also within the cytosol, even when the cytosolic
Ca®" response is kept even [51]. Of particular interest in
this context is PERK, known to be tightly associated with
the Mfn2-/- phenotype [44], but also the de novo for-
mation of stress-dependent contacts [65, 66]. Future
studies involving more detailed characterizations of
intracellular Ca®>* handling and the ER stress phenotype
will have to untangle the equally important roles of
mitofusin-2 in ER-mitochondria tethering and in the
prevention of ER stress.

Yeast S. cerevisiae encodes Fzolp, a protein that is the
mitofusin-1 and mitofusin-2 homolog [67, 68]. Like
mammalian mitofusins, Fzolp localizes to the OMM
and mediates mitochondrial fusion. Here, Fzolp inter-
acts with MICOS [69]. Yeast deleted of FZOI do not
grow well on fermentable carbon sources and exhibit a
petite phenotype, which would be expected if it were a
tether; alternatively, this property could depend solely
on its role in mitochondrial fusion, two hypotheses to be
tested in the future. Some interesting parallels exist be-
tween ubiquitination of mitofusin-2 and Fzolp: mamma-
lian Gp78 ubiquitinates both mitofusins and thus
controls the ratio of MAMs made from rER and sER
[60]. Similar to Gp78, yeast Mdm30p ubiquitinates Fzolp
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to eliminate this GTPase once mitochondrial fusion has
taken place [70]. Other potential connections might exist
with the yeast ubiquitin ligase Met30p [71], a factor pro-
moting ER-mitochondria interaction, as well as mammalian
MITOL [72].

A less characterized tethering system is based on the
formation of a protein complex between IP3;Rs, VDAC
and the outer mitochondrial membrane chaperone
Grp75 [73]. Whether this complex is required for
ER-mitochondria tethering is currently unclear, since no
obvious differences in ER-mitochondria apposition result
in IP3R triple knockout cells [9]. Another tethering com-
plex can form between the OMM protein PTPIP51 and
the ER vesicle-associated membrane protein- associated
protein B (VAPB), an integral membrane protein. As
typical with any mammalian MAM tether, its disruption
also causes impaired mitochondrial Ca** import [74].
Recent studies have identified TDP-43 [75] and fused in
sarcoma (FUS) as inhibitors of the PTPIP51-VAPB com-
plex [76]. No information regarding these tethering
complexes is available from yeast.

Lipid and sterol metabolism: discovery of the MAM in
liver cells and parallels in the yeast system

Central to the original identification of the MAM is
intracellular lipid transport (Fig. 2). Research from the
1970s had demonstrated that mitochondrial PS is
imported from microsomes to mitochondria in the liver
[77-79]. This was later reproduced in mammalian cell
culture models, such as BHK-21 cells [80]. However, in
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both yeast and mammalian systems, researchers of the
period hypothesized at the time that PS uses protein-
aceous shuttles to transfer from the ER to mitochondria
[81]. The characterization of any mechanism was com-
plicated by the fact that mitochondria could initially not
be biochemically separated from associated ER mem-
branes in yeast, leading to the erroneous claim that yeast
mitochondria can synthesize PS [82].

In mammalian liver in contrast, this biochemical sep-
aration was easier to achieve [83], leading to the land-
mark discovery that PS is made on the ER-derived
MAM, from where it is transported straight to mito-
chondria to become decarboxylated to yield PE using
MAM/MERCs [4, 84]. While little information is avail-
able about the transport of PE from the mitochondria to
the ER [8], the MAM is known to accommodate PS
transfer on a triple contact site, formed with ER apposed
to outer and inner mitochondrial membranes (OMM,
IMM) [25, 26]. While this lipid transfer could technically
use vesicular transport similar to the recently discovered
mitochondria-derived vesicles [85], research has so far
provided evidence only for direct transfer at apposition
sites [84, 86, 87].

In the liver, the localization of lipid metabolic enzymes
has been confirmed not only via biochemical techniques,
but also via EM [5]. It is currently unknown how these
enzymes localize to the MAM, but some might use se-
quences that lead to their association with mitochondrial
membranes, like acyl-CoA:diacylglycerol acyltransferase
2 [88]. Some of these lipid-modifying proteins could

Saccharomyces cerevisiae
Mitochondrion

Endoplasmic Reticulum

Golgi Complex

their respective ATP and Ca’* requirements are indicated

Fig. 2 Overview of ER-mitochondria lipid flux in yeast and mammalian cells. The location of synthesis for phosphatidylserine (PS), phosphatidylethanolamine
(PE), phosphatidylcholine (PC), phosphatidic acid (PA) and cardiolipin (CL) are shown. Transport pathways (known: black; suspected: grey), as well as

Mammals

Mitochondrion Endoplasmic Reticulum
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themselves serve as ER-mitochondria tethers, a hypoth-
esis that is supported by results showing that the ER-
mitochondria transfer of newly synthesized lipids occurs
always faster than the one of pre-existing lipids [87].
Another interesting observation is that not only lipid
synthesis [89], but also inter-organellar PS transfer re-
quires ATP [90] and cytosolic Ca®* [91] in mammalian
systems. However, ATP is neither needed when the cyto-
solic Ca®* concentration is raised 1000-fold [91], nor in
reconstituted in vitro systems [92]. These findings
propose a role of cytosolic Ca** and Ca®* microdomains
for MAM formation (see next chapter). They also iden-
tify the need of an ATP-consuming mechanism of cur-
rently unknown identity for the maintenance of MAM
in intact mammalian liver cells [93].

In the yeast S. cerevisiae model system, the laboratory
of Giinther Daum started resolving the confusion re-
garding the localization of lipid metabolizing enzymes
[94]. In their studies, PS synthase was found associated
with the S. cerevisiae ER rather than mitochondria [95],
which then led to the discovery of a shuttling mechan-
ism for PS and PE between the ER and mitochondria in
yeast [96]. Unlike the mammalian liver cell model, yeast
lipid shuttling at the MAM, formed by around 100 indi-
vidual membrane contact sites per yeast cell [17], does
not require ATP [17, 97]. This is a peculiar difference
between the yeast and mammalian systems that has im-
portant implications for MAM experiments. Any experi-
ment using mammalian cells must allow for the
production of sufficient, preferably mitochondrial ATP,
whereas such a requirement does not exist for yeast.

Further, marked differences in lipid production are
recognized between the mammalian and the yeast sys-
tem. Importantly, although yeast can also shuttle PS
from the ER to mitochondria, where it is decarboxylated
to yield PE, this is not an obligatory step, unlike in mam-
malian liver cells. This is explained by the fact that the
decarboxylase activity on PS is not exclusively localized
to mitochondria in the yeast model system. Instead,
while Psdlp localizes to mitochondria, its sister protein
Psd2p is found on the Golgi complex and the vacuole,
thus exhibiting striking differences of this mechanism to
mammalian cells [98, 99]. Following translocation of PE
by largely unknown mechanisms, this lipid undergoes
transfer of a methyl group by MAM-localized PE meth-
yltransferase (PEMT) in mammalian cells [100] or
Cho2p/Opi3p in yeast, likely also localizing to ER-
mitochondria contacts [101], to yield phosphatidylcho-
line (PC).

Other lipids to be imported into mitochondria from
the ER include phosphatidic acid (PA), the precursor for
both ER-produced PS and mitochondrial cardiolipin
[102]. While cardiolipin is essential for mitochondrial
oxidative phosphorylation, apoptosis, mitochondrial
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protein import, mitophagy and mitochondrial membrane
dynamics, surprisingly little is known about how its pre-
cursor PA reaches mitochondria from its origin on the
ER in both mammalian and yeast model systems [103].
In yeast, cardiolipin synthesis from imported PA
takes place within mitochondria, following PA intra-
mitochondrial transport with Upslp, as a cascade of
lipid-modifying enzymes located on the IMM [104].
As a mechanistic link to mitochondrial membrane dy-
namics, PA promotes the production of the OMM protein
Ugolp, an activator of mitofusins [70]. Whether this
mechanism operates in mammalian cells is highly doubt-
ful, given that the recently characterized mammalian
Ugol-like protein SLC25A46 promotes mitochondrial fis-
sion [105]. Nevertheless, Ugolp is probably just one ex-
ample of how ER-mitochondria lipid metabolism can tie
mitochondrial metabolism to mitochondria structure.
Consistent with this hypothesis, PA inhibits the GTPase
activity of dynamin-related protein 1 (Drpl) and, thus,
blocks mitochondrial fission in mammalian cells [106].

Interorganellar sterol transport at MCS: critical for lipid
raft formation on the mammalian MAM and yeast MAM
tethering

An additional group of molecules that may use MAMs
as a conduit towards mitochondria are sterols [107].
Mammalian cholesterol and yeast ergosterol determine
mitochondrial structure and function, despite not being
very abundant within this organelle [108, 109]. However,
there is evidence that the MAM might serve as a plat-
form for sterol import in both mammalian and yeast
cells. The mammalian steroidogenic acute regulatory
(StAR) protein D1 (STARD1) shuttles free ER-derived
cholesterol from the cytoplasm to the mitochondria in a
PKA-dependent manner [110]. On the mitochondrial
face of the MAM, sterols dock to the voltage-dependent
anion channel (VDAC), which imports them to mito-
chondria [111] and distributes them within the organelle
[112]. In yeast, Lam6p/Ltclp, a StAR-domain containing
protein localizes to MAMs [113], where it transfers
sterols to mitochondria [114], but also increases ER-mi-
tochondria tethering, via an interaction with the mito-
chondrial Tom70/71 complex [115]. Lamé is not yeast-
specific, but is conserved in mammalian models and in-
creases the formation of MCS, not just between the ER
and mitochondria, but also between MCS involving the
nucleus and the endosomal system [115].

Aside from the shared function of sterol import into
mitochondria at the MAM, the mammalian and S.
cerevisiae model systems do not use sterols on the
MAM structure in the same way. While several labs
have demonstrated that the mammalian MAM is a
cholesterol-rich lipid raft-like membrane [116—119] con-
taining caveolin [120-122], yeast mitochondria lack raft
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structures and it is therefore unclear whether the yeast
MAM exhibits raft properties [123]. Based on current
information, this is another important distinction be-
tween yeast and mammalian MAM, since mammalian
caveolin serves as an essential scaffold for enzymes me-
diating steroid and lipoprotein related processes at the
MAM [124]. 1t is therefore no surprise that the removal
of cholesterol from intracellular membranes upon
addition of methyl B cyclodextrin disrupts the mamma-
lian MAM [125], and impairs mitochondrial bioenerget-
ics [126]. To our knowledge, the consequence for
MAMs by this drug treatment has so far not been ana-
lyzed in yeast.

Inter-organellar sterol exchange is also mediated by
the 16 mammalian oxysterol-binding protein (OSBP)-re-
lated proteins (ORPs) and 7 yeast oxysterol-homology
(Osh) proteins, a class of proteins that frequently
localize to MCS involving the ER [127]. Some, but not
all ORP/Osh proteins target to the ER using a di-
phenylalanine motif in an acidic stretch (FFAT) motif
[128] and translocate sterols to a partner organelle by
exchanging it for phosphatidylinositol 4-phosphate
[129]. Within this class of proteins, mammalian ORP5
and ORP8 localize to ER-mitochondria contact sites,
where they interact with a mitochondrial membrane
protein, PTPIP51, and determine mitochondria mem-
brane dynamics and function [130]. An open question is
at the moment whether ORP/Osh proteins mediate
sterol enrichment at the MAM itself.

The mammalian MAM accommodates ER-mitochondria
calcium signaling, a function not fully reproduced in the
yeast model

While it is currently unknown whether the MAM pro-
vides a physical scaffold for proteins mediating mito-
chondrial oxidative phosphorylation [131], it does act as
a transfer point for ER-derived Ca®* needed for four
mitochondrial dehydrogenases that serve as key stimula-
tors of respiration and the Krebs cycle (Fig. 1) [132].
This connection explains why the MAM is necessary to
maintain mitochondrial bioenergetics in mammalian
cells [133]. While extracellular Ca** can also activate de-
hydrogenases, it is preferentially IP3R-released Ca** that
has this function [134]. Ca%* also controls the opening
of the permeability transition pore, critical for mitochon-
drial protein content, as well as the mitochondrial
membrane potential [135]. This connection had been
discovered already in the early stages of research on ER-
mitochondria contacts [136]. Interestingly, elevated cyto-
solic [Ca®'] also activates cholesterol import from the
ER into mitochondria, as well as its intramitochondrial
conversion [137, 138]. ER-derived Ca** also has a funda-
mental importance for the spatial positioning of mito-
chondria, since IP;R Ca®* release arrests mitochondria
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movement [139]. The mechanistic basis for this observa-
tion is that under conditions of elevated cytosolic [Ca®'],
the EF-hand Ca**-binding GTPases MIRO1 and MIRO2
no longer facilitate the movement of mitochondria along
microtubules [140-142]. In mammalian cells, this condi-
tion is triggered, for instance, upon ER stress and results
in increased proximity between the ER and mitochon-
dria [9, 63]. In this system, the activation of the unfolded
protein response (UPR) coincides with increased ATP
production and, thus, both mechanisms alleviate the ac-
cumulation of ER protein aggregates [143]. In yeast, the
Ca**-dependent mechanism cannot operate for a variety
of reasons, but alteration of ER lipid composition, for in-
stance by deletion of OPI3, is able to trigger the UPR as
well [144], suggesting the formation of ER MCS, notably
with mitochondria could be critical in this system as
well.

Differences exist between mammalian and S. cerevisiae
cells regarding mitochondrial Ca** handling. It was clear
from the early 1970s that yeast mitochondria are unable
to accumulate large amounts of Ca®*, such as the ones
released from the ER [145], while mammalian cells were
discovered in the 1980s to receive Ca®>* from the ER
upon inositol 1,4,5-trisphosphate (IP3) exposure [146].
One reason for this difference in Ca®* handling is that S.
cerevisiae yeast stores most of its Ca®* within vacuoles,
which represent its lysosomal compartment [147], an-
other is that their mitochondria lack the mitochondrial
Ca** uniporter (MCU), a deficiency exploited for the ex-
perimental discovery of mammalian MCU [148-150].
Surprisingly, yeast mitochondria are still able to accumu-
late Ca®* at low affinity, when provided with it in the
growth medium, and this Ca®>* regulates mitochondrial
dehydrogenases in yeast as well [151]. Potentially, this
Ca®* moiety enters S. cerevisize mitochondria via an
antiport activity that imports Ca>* in exchange for two
protons [152]. This mechanism is much less efficient than
mammalian MCU and suggests that this yeast has simpli-
fied its Ca>* machinery. Interestingly, other yeasts, such as
Endomyces magnusii, have not undergone this simplifica-
tion [153]. Therefore, while it has been suggested that
yeast may serve as a model system for mitochondrial Ca**
flux [154], it appears that this does not extend to MAM-
specific flux or that models other than S. cerevisiaze must
be used that better align with mammalian cells.

It is therefore not surprising that the vast majority of
knowledge regarding ER-mitochondria Ca®* flux has
been acquired from mammalian cell systems. Here, ER
and mitochondria interact with each other to control the
availability of cytosolic Ca** [155]. This interplay in turn
determines the abundance of ER-mitochondria contacts,
which decrease in the presence of EDTA [156]. The
quasi-synaptic Ca®" signal transmission between the ER
and mitochondria [157] can be modulated and measured
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with artificial tethers containing Ca®*-detecting pericam
[158]. Five to 20% of mitochondrial surface form contact
sites with the ER [159], where Ca®" microdomains allow
mitochondrial MCUs to import Ca?* [160] as the central
part of a multisubunit protein complex comprising,
among others, the gatekeepers Mitochondrial Calcium
Uptake 1 and 2 (MICU1 and MICU?2) [161-163].

An important function of this ion flux is to increase
mitochondrial ATP production [164] and mitochondrial
bioenergetics [165]. However, despite this important
role, MCU ko cells are still able to produce ATP [166].
In contrast to mammalian cells, Ca** influx to mito-
chondria has unclear consequences for mitochondrial
metabolism in S. cerevisiae yeast, with studies reporting
both permeability transition pore opening [167] or clos-
ing [168], phenotypes potentially reflecting what hap-
pens in mammalian cells in a Ca®"-amount specific
manner [135]. A currently poorly characterized link be-
tween the MAM and ATP has been described with stud-
ies on Saclp in yeast [169]. This phosphatidylinositol
4-phosphatase allows ORP/Osh proteins to transport
sterols by maintaining the phosphatidylinositol 4-
phosphate gradient needed for this function [170, 171].
In yeast, Saclp localizes to the ER [172]. Here, it is re-
quired for the import of mitochondrial ATP to the ER
[169]. This connection between lipid metabolism and
ATP import into the ER suggests Saclp may fulfill a role
for ER-mitochondria contacts, a likely location of import
of mitochondrial ATP.

Regulatory mechanisms of ER-mitochondria calcium signaling
in metabolism and apoptosis in mammalian and yeast cells
The investigation of cytosolic Ca®>* waves in metazoan
cell systems led to the discovery that ER chaperones are
important regulators of ER-mitochondria Ca®* signaling
and, thus, connect ER protein folding to the formation
and function of the MAM [173]. Ca%* waves are excita-
tory events resulting from the ebb and flow of cytosolic
[Ca®"] released via IP3Rs and taken up by the ER Ca**
pump sarco/endoplasmic reticulum Ca®*-ATPase (SERCA)
[174]. Ca** waves depend on mitochondria metabolism
[175] and mitochondrial reactive oxygen species (ROS)
[176]. These reactive molecules are released from
mitochondrial cristae upon the arrival of [Ca®*] spikes
at mitochondria, and subsequently accumulate on the
MAM [177]. Here, they boost cytosolic Ca** oscilla-
tions via chemical sensitization of IP3Rs, thus creating
a positive feedback loop [178]. Ca%*" waves therefore
depend on the availability of Ca®* on the cytosolic
face of the ER. This amount is under the control of
Ca®>* within the ER, and, hence, the activity of
SERCA, as well as on the level of ER-mitochondria
Ca®" exchange that depends on the proximity of the
two organelles.
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ER chaperones such as calreticulin [179], calnexin
[180] and ERp57 [181] inhibit cytosolic Ca®* waves in a
SERCA-dependent manner. By doing so, these chaper-
ones determine the interplay between SERCA activity
and ER-mitochondria proximity as well as mitochondrial
metabolism. As one example, calnexin presumably acti-
vates SERCA, which results in increased Ca** accumula-
tion within the ER and reduced Ca®** transfer to
mitochondria [182]. For this function, calnexin must
localize to the MAM [182]. This enrichment to MAMs
is under the control of Rab32 [183], a small GTPase that
is not present in yeast [184]. This suggests that calnexin
provides MAM-specificity to SERCA, which is instru-
mental in establishing normal ER-mitochondria Ca**
communication, as shown by the compromising of this
signaling upon inhibition of SERCA [185]. Opposing this
function of calnexin is the MAM-localized oxidoreduc-
tase TMX1/TXNDCI1, which inhibits SERCA2b in a
thiol-specific manner and thus augments ER-
mitochondria Ca®* flux and mitochondrial metabolism
[186]. A complementary mechanism is mediated by the
ER oxidoreductase Erola, which activates IP3Rs at the
MAM and also increases ER-mitochondria Ca** flux
[187, 188].

As expected from the fundamental differences between
mammalian and yeast ER-mitochondria Ca%* handling,
none of these mechanisms have been found faithfully
reproduced in S. cerevisiae. Our own results show that S.
cerevisiae calnexin and TMX1 (Epslp) do not influence
mitochondria metabolism, likely excluding a function for
these ER proteins in yeast Ca** flux (J. Rockley and T. Sim-
men, unpublished results). Limited additional information
is available from the fission yeast model system Schizosac-
charomyces pombe. While mammalian MAM-localized
calnexin allows for proper ER Ca** filling [182] and normal
apoptosis progression [189], S. pombe calnexin acts inhibi-
tory to apoptosis pathways that stem from lipid imbalance
due to inositol starvation [190]. Nevertheless, these findings
identify calnexin as one of many connections between
MAM chaperones and apoptosis.

These connections are based on massive Ca®* diffu-
sion towards mitochondria during the early phases apop-
tosis in mammalian cells [39]. The MAM determines
the extent of apoptotic Ca®* transfer from the ER to
mitochondria, dependent on the binding of released
cytochrome ¢ to IP3Rs that get subsequently activated
[191]. Likewise, crude cell death triggers such as hypo-
tonic stress lead to a release of Ca®* from the ER in S.
cerevisiae, not unlike what happens in mammalian cells
[192]. Despite the absence of an equivalent ER-
mitochondria Ca** crosstalk in S. cerevisiae, yeast cells
still show a rise of cytosolic Ca®*, accompanied by an
initial acceleration of respiration upon the triggering of
apoptosis [193]. In models with pheromone a factor that
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triggers apoptosis of haploid yeast in the absence of a
mating partner [193] or with the antifungal amiodarone,
yeast apoptosis depends on mitochondrial respiration
[194]. It is not known at this point, whether yeast apop-
tosis requires Ca”* diffusion towards mitochondria.
However, yeast apoptosis involves the release of cyto-
chrome ¢ from mitochondria and a role for ROS [195].
Despite some parallels between the role of Ca** signal-
ing in yeast and mammalian apoptosis, further research
will have to determine whether and how yeast models
reproduce the role of ER chaperones in apoptosis.

In mammalian cells, Bcl-2 family proteins also regulate
MAM Ca®* signaling [196]. For instance, ER-localized
Bcl-x;, activates IP3R1 at low levels of [IP3] [197] to pro-
mote mitochondrial bioenergetics [198]. In contrast, the
interaction between Bcl-2 and the IP3R largely serves to
block pro-apoptotic Ca** transfer [199-202]. On the
mitochondrial face of the MAM, Bcl-x;, also interacts with
VDACI to inhibit apoptotic Ca®>* flux to mitochondria
[203]. Whether the recently discovered S. cerevisiae Bcl-2
family protein [204] plays a role in ER-mitochondria Ca**
flux as a death trigger like Bcl-2 family proteins in meta-
zoan cells [205], is unknown at this point.

Further MAM functions shared (or not) between mammalian
and yeast cells
In addition to mitochondrial fusion, tied to MAM-
localized ubiquitination of fusion proteins, the discovery
of the BAP31-Fisl protein complex at the MAM made
one of the first described connections between proteins
regulating mitochondrial membrane dynamics and the
MAM [41]. This complex, also called the ARCosome,
assembles under resting conditions, but acquires pro-
caspase-8 upon apoptosis induction, which subsequently
leads to BAP31 cleavage and Ca®" transfer into mito-
chondria [41]. Yet another connection exists between
mitochondrial fission and the MAM. The GTPase
Drpl uses ER-mitochondria contacts as a basis for its
oligomerization to subsequently mediate mitochondrial
fission in both yeast and mammalian cells [15]. Another
dynamin family member, dynamin-2, assists Drpl in this
task [206]. Interestingly, yeast lacking both Dnmlp and
Fislp reveal the tethering of mitochondria to cortical ER
via the 313 kDa, pleckstrin-homology (PH)-domain
containing protein Numlp [207], for which there is no
obvious mammalian homologue. Unlike the association
of Drpl/Dnmlp with the ER and mitochondria, the
ARCosome has so far been demonstrated only in mam-
malian cells, despite the presence of BAP31 in yeast as
well, where the BAP31-related Yet3p localizes close to
the translocon [208] and the transcriptional repressor
protein Opilp [209].

Interestingly, the mammalian MAM is enriched for
mitochondrial DNA (mtDNA)-protein complexes that
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associate with cholesterol [210]. Similarly, yeast mtDNA
nucleoids associate with the ERMES complex [21]. The
ERMES negative regulator Gemlp also acts to localize
mtDNA [21], but it is currently unclear whether mam-
malian MIRO GTPases have the same function. The fact
that C. elegans Miro mutations reduces the number of
mtDNA suggests this might be the case [211].

A rather recent addition to the functional repertoire of
the MAM is autophagy [16]. This degradative mechan-
ism involves the formation of a double membrane that
captures intracellular components to form an autopha-
gosome and targets these to the lysosome [212]. While
the MAM is now seen as prime source material for the
formation of the autophagic isolation membrane, this is
actually not far off from original suggestions from the
late 1960s [213] and 1970s [214], when early studies in
mammalian cells proposed the ER as the source of the
isolation membrane. In yeast, this process takes place in
a single location: the pre-autophagosomal site (PAS)
[215] that is adjacent to the vacuole [216, 217], but it can
form in several locations in mammalian cells [218].
Consistent with a role of the MAM in autophagy, lipid
microdomains containing the ganglioside GD3 and the
MAM marker calnexin form the autophagosomal mem-
brane in the early autophagic process [219]. Moreover,
using the MAM protein calnexin as a docking site upon
hypoxia, the OMM protein FUNDCI1 targets to the
MAM to interact with Drpl and mediate mitophagy
[220]. This subtype of autophagy also depends on the
transient interaction between mitochondrial and autop-
hagosomal membranes in a mitofusin-2 dependent man-
ner [221]. Subsequently, the MAM-localized mammalian
t-SNARE Syntaxin-17 targets autophagosomes for fusion
with endosomes and lysosomes [222]. The significance
of syntaxin-17 for the MAM is further underscored by
its localization to mitochondrial rafts and its require-
ment for Drpl localization and activity at the MAM
[223]. Moreover, syntaxin-17 targets the early autophagy
marker Atgl4 to MAM membranes [222], together with
PACS-2 and mitofusin-2 [16]. Lastly, syntaxin-17 in-
hibits the PKA-anchoring protein (AKAP) Rab32. This
small GTPase localizes to the MAM, where it deter-
mines chaperone enrichment to the MAM and activates
Drpl as an effector [184]. Together, these multiple con-
nections between MAM proteins and autophagosome
formation provide ample evidence and potential mecha-
nisms that explain why MAM membranes have been
identified as the point of origin for autophagosomes in
mammalian cells.

Curiously, again showing that MAMs from yeast and
mammalian cells differ, ERMES mutants do not have
bulk autophagy defects, since they are able to recruit the
autophagosome marker Atg8p to the vacuole normally,
though they are impaired in the process of mitophagy
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[22]. The precise activity of ERMES appears to be to
provide sufficient lipid supply from the ER for phago-
phore formation, following the formation of an Atg8p/
Atg32p complex [224]. It is currently unclear whether
the recently discovered yeast ER autophagic receptors
Atg39p and Atg40p, homologs of mammalian FAM134B,
play a role for MAM-initiated autophagy [225, 226].
While IP3R triple knockout cells show no apparent de-
fect in ER-mitochondria apposition, they increase the
number of their autophagosome formation [165], sug-
gesting that Ca®* flux is not needed for this MAM func-
tion in mammalian cells. In contrast, such a functional
link exists for mitofusin-2 [44] and PACS-2 [16]. To-
gether, the intricacies of the autophagic function for
mitochondria-ER contact sites require further research,
in particular whether there are functional parallels be-
tween yeast and mammalian cells.

Conclusion

The past decade has seen the advent of yeast S. cerevisiae
as a model system to study the MAM. Research using this
model system is powerful, but struggles with differences
in the functioning of this MCS compared to mammalian
cells. While these differences are not significant regarding
lipid metabolism, differences of still unknown magnitude
in ER-mitochondria Ca®* flux currently preclude a 1:1
translation of findings between the two model systems
(see Table 1). Further research on yeast apoptosis may re-
duce these in the future. Another deficiency is our lack of
knowledge regarding yeast homologs of known mamma-
lian tether proteins. Once these problems become re-
solved, we predict further rapid progress in the field using
advantages of both systems to their fullest. This would
then allow using the yeast model system for the further
study of human disease, given the demonstrated role of
the MAM and proteins regulating its function in neurode-
generation [227], cancer [228] and the metabolic syn-
drome [229, 230], to name but a few examples.

Reviewers’ comments, round 1
Reviewer’s report 1 Paola Pizzo, University of Padova
Reviewer comments:

The review by Herrera and Simmen analyses the cen-
tral role of ER-mitochondria contact sites in different
functionalities, with particular emphasis on human and
yeast cells differences. It also describes some molecular
complexes reported to be involved in ER-mitochondria
tethering formation/modulation in the two systems. I
have found the manuscript original, well-constructed
and interesting for the research community. In particu-
lar, the part on lipid/sterol metabolism and transfer, as
well as those on Ca2+ signaling and autophagy, is
described in depth, leading to an efficient comparison
between the two organisms. Perhaps, the authors should
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also spend some words on mitochondrial dynamics and
mtDNA  synthesis/distribution, two well established
functions relying on ER-mitochondria connections that
indeed present similarities, but also differences, in the
two models. On the part describing the molecules in-
volved in ER-mitochondria tethering, instead, I have
some concerns. As also underlined by the authors, while
in yeast the scenario is more defined, with two main
protein complexes forming the tethering structures be-
tween the two organelles, in mammalian cells the situ-
ation is less clear, with a lot of proteins found to be
localized at MAM, but with very few of them having
tether characteristics. Among these, the authors deeply
describes PACS-2, a cytosolic multifunctional sorting
protein firstly reported to modulate ER-mitochondria
juxtaposition. The protein, however, is involved in mul-
tiple cell pathways, making its direct role as a pure
tether difficult to establish. As a general comment, I
would suggest that, to date, it is difficult to define
whether its reported role on ER-mitochondria tethering
is direct or indirect. On the other hand, the molecular
couple VAPB-PTPIP51, that they define “poorly charac-
terized” (pg. 17), is, on my opinion, one of the best can-
didate for an ER-mitochondria tether structure since,
upon genetic manipulation of each of the two proteins,
modifications in both physical and functional (i.e., Ca2+
transfer) organelles coupling have been reported without
any other evident alteration (De Vos K] et al., Hum Mol
Genet 2012; Stoica R et al.,, Nat Comm 2014). Likewise,
the protein complex formed by IP3R, Grp75 and VDAC,
reported by the authors as another tethering structure
between ER and mitochondria in human cells, has to be
considered, in my opinion, more a functional complex
since DT40 cells knock-out for the three IP3R isoforms
show, by EM analysis, unmodified ER-mitochondria
physical association (Csordas et al., J Cell Biol 2006).
The section on the role of mitofusin 2 as a tether is also
not well discussed and misses several references not
allowing the reader to have a complete picture of this
debated issue. I am personally involved in this contro-
versy, but I honestly think the cited literature is unbal-
anced. In fact, the tether role of this protein has been
recently doubted by several independent groups, in dif-
ferent cell types and by different techniques (Cosson et
al.,, PLoS One 2012; Filadi et al., PNAS 2015; Li et al,,
Mol Biol Cell 2015; Wang et al., ] Cell Sci 2015; Leal et
al,, J Cell Mol Med 2016; Filadi et al, Cell Reports
2016). Thus, multiple biochemical, morphological, func-
tional and genetic data actually demonstrate that Mfn2
acts as an ER-mitochondria tethering antagonist. For
scientific clarity, I think the authors should be more
comprehensive on this part and discuss better this crit-
ical point. For example, they report that “mitofusin-2 ko
cells are resistant to apoptosis and show reduced Ca2+
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transfer from the ER to mitochondria” quoting Munoz
et al., 2013 (pg. 16); in this latter paper, however, no data
on reduced Ca2+ transfer in Mfn2-KO cells, compared
to wt, are presented; moreover, a defective apoptosis in
Mfn2-KO cells was present only in response to specific
ER stress-linked stimuli, such as tunicamycin or thapsi-
gargin, and not upon stimulations with others apoptotic
drugs acting with different mechanisms. These data were
explained by the morphological observation that Mfn2
ablation causes abnormal ER expansion in response to
ER stress. On the contrary, the review does not mention
the finding that, upon acute Mfn2 down-regulation (to
avoid any possible difference due to clonal adaptation),
an higher cell death sensitivity has been reported (Filadi
et al, PNAS 2015). Importantly, the latter result sup-
ports an increased ER-mitochondria Ca2+ transfer in
Mifn2 silenced cells (thus, an increased ER-mitochondria
vicinity) because it was only observed upon cell stimula-
tion with ceramide (one of the most characterized agent
inducing cell death linked to a mitochondrial Ca2+
overload toxicity). Likewise, the authors report: “Further
demonstrating a role in the formation of ER-
mitochondria contacts, mitofusin-2 ko cells show a clear
decrease in mitochondrial respiration capacity”, quoting
Mourier et al., 2015 (pg. 16). This elegant paper, how-
ever, demonstrates that the defect is due to reduced
coenzyme Q levels and does not correlate it with ER-
mitochondria contacts. Moreover, other findings are
present in the literature: for example, the pivotal study
of Chen et al. (2003) reportes a stochastic depolarization
of individual mitochondria in Mfn2-KO cells, although
the overall respiratory capacity of these cells was sub-
stantially unaffected (Chen et al., JCB 2003), and acute
Mfn2 reduction has been shown not to change respira-
tory rate and ATP production, although a slightly re-
duced mitochondrial membrane potential (measured as
TMRM fluorescence) was found (Filadi et al., PNAS
2015; Leal et al, ] Cell Mol Med 2016). Finally, on the
findings showing that in mouse MEFs (and not in hu-
man cells as erroneously reported) Mfn2 knock-out “ap-
parently” leads to ER-mitochondria closer contacts
(Cosson et al., PLoS One 2012; Filadi et al., PNAS 2015),
the authors comment that: “since this effect has recently
been shown to occur in a cell-culture dependent man-
ner, these objections remain controversial and are likely
due to a compensatory mechanism” (pg. 17), based on
the recent paper by Scorrano’s group (Noan et al.,, PNAS
2016). The sentence is not adequate and must be re-
vised. Pointing out that the increased contacts between
ER and mitochondria in cells ablated of Mfn2 were mea-
sured (by quantitative EM) by both groups and not “ap-
parent”, the paper by Naon et al. does not resolve at all
the controversy on the role of Mfn2 in ER-mitochondria
coupling (not addressing the relevant parameter, i.e., the
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number of contacts between the organelles, and not
explaining the discrepancy between confocal and elec-
tron microscopy data on this aspect). In addition, decide
which is the physiologically relevant cell density that val-
idates the results appears, to say the least, trivial.

Minor Issues:

Several inconsistencies or imprecisions are present
throughout the text. Some examples: 1. In the Summary
the authors report: “ER-mitochondria contacts have ori-
ginally been discovered in human cells...” but then in
the Introduction they point out “Endoplasmic
reticulum (ER)-mitochondria contacts were described
for the first time by Wilhelm Bernhard on electron mi-
crographs of rat liver in 1952 [1] and 1956 [2, 3]”. The
two sentences are contradictory. In general, the adjective
“human” is sometimes used instead of “mammalian”. 2.
The authors say that: “In liver and other human cells
and cell lines, the distance between the ER and mito-
chondria is now recognized to typically measure
15-30 nm under resting conditions” (Introduction, lane
56). Actually, the thickness of the contacts between the
two organelles can vary a lot, depending on which part
of the ER mitochondria are connecting (see for example
Giacomello and Pellegrini, Cell Death and Differenti-
ation 2016, for a recent review on this issue). Thus,
more than one type of contact exist between ER and
mitochondria, likely linked to different functionalities. 3.
In Table 1, on the specific function “MAM in apoptosis”,
the authors report that in human cells “MAM Ca2+
transfer accelerates apoptosis” while in yeast “Cytoplas-
mic Ca2+ increase initially boosts mitochondrial respir-
ation”. I think the statements are prone to being
misunderstood, since also in mammals physiological
cytoplasmic Ca2+ rises are linked to mitochondrial res-
piration and ATP production. Only an exaggerated
ER-mitochondria Ca2+ transfer has been associated to a
sensitization towards apoptotic stimuli (and a sub-
threshold ER-mitochondria Ca2+ signal to autophagy).
4. Other disease-related molecules reported to be able to
modulate ER-mitochondria tethering, such as presenilin
2, a-synuclein, DJ-1 and parkin are not even mentioned
by the authors in the corresponding section.

Author’s response:

1. We have added discussion on mitochondrial dynam-
ics and the distribution of mtDNA. This is found as two
new paragraphs on pages 21 and 22 (lines 456—477).
These deal with mitochondrial fission and mtDNA. The
section on mitofusin also discusses the role of ubiquitina-
tion on mitochondrial fusion.

2. We have specified that PACS-2 is “involved in MAM
tethering”. We realize this cytosolic protein is unlikely a
direct mediator of tethering. Nevertheless, it is function-
ally connected to BAP31, a known component of a tethering
complex called the ARCosome. Since BAP31 undergoes
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cleavage in the absence of PACS-2, this connection provides
a candidate mechanism how PACS-2 could functionally
determine ER-mitochondria apposition. We also provide
some limited information available about the potential role
of Yet3p (yeast BAP31).

3. We have expanded discussion of the VAPB-PTPIPS1
protein complex and include two novel studies describing
regulatory proteins of this complex. We thank Dr. Pizzo
for pointing out the result from DT40 cells that we have
included in the revised manuscript to further characterize
the IP3R-VDAC complex.

4. Regarding mitofusin-2, we have significantly altered
the manuscript. We agree with Dr. Pizzo that several
papers were not extensively discussed in the previous ver-
sion. The reason for this omission was that the mitofusin-
2 controversy is not at the center of this review. However,
we agree with Dr. Pizzo that a better description of the
issues at hand will be of interest for the readers of our
yeast-mammalian system comparison, since it might
impact what researchers might find about yeast Fzolp.

We now state more clearly that a number of studies
have found that “ER-mitochondria contacts increase
upon mitofusin-2 depletion” (page 8, line 158, 159), thus
making our discussion more comprehensive, as requested
by Dr. Pizzo. We have also clarified the various observa-
tions on apoptosis induction as well as on respiration in
Mfn2 depleted cells found by the research community.
While we have absolutely no reason to doubt any pub-
lished results on mitofusin-2, whether as a tether or in-
hibitor of tethering, we stand by the original statement
that such inconsistencies could be based on cell culture
conditions. In this sense, we are convinced that the dis-
cussion on mitofusin-2 is unnecessarily polarized, but
could be reconciled as outlined in our revised manu-
script. We now clearly label the identification of
mitofusin-2 as a MAM tether as “our opinion”, but this
statement is also based on our own expertise and experi-
ments that we do not wish to revoke. But we do also pro-
vide additional findings for such an opinion: first, we
now state that “we have found that mitofusin-2 ko cells
lack fluorescence derived from an ER-mitochondria di-
meric split green fluorescent protein” (Alford et al., 2012).
Second, we now mention that mitofusin-2 depletion dras-
tically alters intracellular calcium handling, especially at
the level of the ER, which most studies do not account
for. Third, we discuss that mitofusin-2 depletion is com-
pensated by a variety of effects, not just downregulation
of MCU, but most importantly the induction of ER stress,
in absolute dependence on PERK (Munoz et al, 2013).
The importance of this insight should not be underesti-
mated and is critical for the understanding not just of
mitofusin-2, but of the entire MAM! Since ER stress
results in the increase of ER-mitochondria apposition, as
reported by us (Bravo et al., 2011), and PERK is a tether
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itself, as reported by the Agostinis lab (Verfaillie et al.,
2012), any study disputing a role of mitofusin-2 in tether-
ing should investigate the presence of ER stress. This com-
pensatory effect could single-handedly explain the entire
controversy, again in our opinion. We conclude this
section by stating that “Future studies involving more
detailed characterizations of intracellular Ca2+ handling
and the ER phenotype will have to untangle the equally
important roles of mitofusin-2 in ER-mitochondria teth-
ering and in the prevention of ER stress”. Together, we
hope that while not the focus of this review, the revised
section more accurately reflects the current information
on this controversial topic and provides our interpret-
ation of the results available today, clearly labeled as
“our opinion”.

5. We have corrected the usage of the word “human’” to
“mammalian” to simplify and correct our text.

6. We further describe the thickness of the MAM as
15-30 nm “in contact sites” and mention that it is not
fully understood how it can become tighter.

7. We have revised the table as requested.

8. We have added a couple of review articles to discuss
the role of the MAM in disease. However, this was
limited to one sentence, as a more in depth discussion of
the MAM in disease is outside the scope of this article.

Reviewer’s report 2 Maya Schuldiner, Weizmann Institute of
Science (nominated by Luca Pellegrini, University of Laval)
Reviewer comments:

To promote maximal clarity and usefulness for readers
we can suggest a couple of small points: 1.) The title “Of
yeast and men: MAMs and MERCs come in two flavors”
is a bit misleading, as it gives the impression that MAMs
and MERCs are different things or that MAMs are in
yeast and MERCs in humans (which is not the case).
Throughout the text the two names are also often inter-
changed and this also adds confusion. We recommend
to just pick one name for the title and throughout the
text (just mentioning the other name once). 2.) At the
mechanistic level, some MAM functions are not easy to
grasp for readers that are non specialists in the field.
Accessibility to a broad readership would very much
benefit from illustration of these processes by figures.
We suggest to include figures at least on the following
topics: a.) Overview over the MAM contact site machin-
eries in mammals and in yeast b.) MAMs and lipid me-
tabolism C.) Calcium signaling at MAMs 3.) At the
current position, the chapter “Proteins mediating forma-
tion of the MAM” is sandwiched between two chapters
on function. We suggest to place it directly after the
introduction and then have the rest of the manuscript
describe functions of MAMs. Moving the chapter will
only require minor alterations to the text. Outlining the
protein machineries involved in MAMs early in the
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manuscript will also improve accessibility to readers un-
familiar with the topic. 4) MAMs have an intriguing
role in mitochondrial fission and nucleoid positioning,
which is currently only mentioned in one sentence. We
suggest to include a full chapter on this important
MAM function. 5.) The chapter “Further MAM func-
tions shared (or not) between human and yeast cells”
only deals with roles of MAMs in autophagy and mito-
phagy. We suggest to change the title accordingly. 6.)
Regarding the same chapter, the authors should include
a paragraph on the beautiful work from the Benedikt
Westermann lab on the role of ERMES mediated MAMs
in mitophagy. 7.) Minor points: a.) The comparison be-
tween mammalian and yeast MAMs is the main focus of
the review. Maybe it would be helpful to divide each
chapter in three parts (mammalian; yeast; comparison)?
b.) Sometimes technical terms, abbreviations and names
are not introduced or not sufficiently explained. Exam-
ples: L142: Drpl L167: methyl beta cyclodextrin L241:
ROS 1269: S. pombe 1L278: pheromone a factor L279:
amiodarone L343: ko cell c.) L26-28: “Like other MCS,
ER-mitochondria contacts have originally been discov-
ered in human cells, where they have been designated as
mitochondria-associated membranes (MAMs)”. Since
numerous contacts were discovered first in yeast, we
suggest to omit the “like other MCS”. d.) L33: The au-
thors might consider mentioning the MAM components
that are conserved in mammals (Lam6, Geml) in
addition to ERMES. e.) L57: “(...) the distance between
the ER and mitochondria is now recognized to typically
measure 15-30 nm under resting conditions”. For clarity
consider including “in contact sites”. f.) L98: “Whether
all of these enzymes use mitochondrial targeting se-
quences to localize to the MAM (...)". The term mito-
chondrial targeting sequence is generally used for
proteins with a cleavable N-terminal signal directing
them to the mitochondrial matrix or inner membrane.
We suggest to write instead “it is currently unclear how
these enzymes are targeted...” g.) L173: To our know-
ledge, not all ORP/Osh proteins contain FFAT motifs, at
least in yeast this is the case. h.) L182: “In addition to
providing the physical scaffold for mitochondrial oxida-
tive phosphorylation, the MAM also serves (...)” Could
the authors explain this statement in more detail and
provide references as MAMs are not usually considered
necessary for ox-phos processes? i) L193 onwards: “

The reason for this difference in Ca2+ handling is that
S. cerevisiae yeast mitochondria lack the mitochondrial
Ca2+ uniporter (MCU)”. Another important difference
is the fact that in yeast, the ER is not the main place of
calcium storage in the cell but rather the vacuole (yeast
lysosome). The authors might want to include this into
the text. j.) P11, first paragraph: In the section on
MAMs role in calcium we recommend to include a few
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sentences on Geml, which is a calcium binding MAM
component conserved from yeast to human. k.) L301-
302: “The S. cerevisiae model currently shows an advan-
tage due to its screening power that has led to the
identification of two tethering complexes so far.”
Numerous tethering components have been suggested
also in mammals, so this statement could be toned
down. 1) L314: The authors might consider to cite van
der Laan et al., 2012, Trends Cell Biol, who first coined
the term ERMIONE. m.) L322: Please mention Geml,
which is conserved in mammals. n.) L325: It is currently
unclear whether the EMC acts as the PS transfer ma-
chinery or simply affects PS transfer so this statement
should be altered. o.) L328: “EMC appears to moonlight
as a chaperone”. It is currently unclear what is the pri-
mary function of EMC. We recommend to tone this
statement down. p.) L342: Yeast also has a Fis1 homolog
which the authors may want to mention. q.) L353-354:
FZO1 is a key component in mitochondrial fusion, and
this function alone is sufficient to explain the growth
phenotypes. Therefore, these phenotypes do not auto-
matically suggest that Fzol acts as a tether.

Author’s response:

1. We have revised the title as requested and have re-
duced the usage of MERCs to a few instances, using most
of the time the more familiar MAM. We left the MERC
term in the abstract, as it is currently unclear whether
this acronym will gain more traction in the future.

2. We have added two figures, as requested by Dr.
Schuldiner that summarize the known players and mech-
anisms in ER-mitochondria tethering, lipid metabolism
and calcium signaling.

3. We have moved the section on MAM tethers to right
after the introduction, as requested. This has necessitated
the introduction of a few transition sentences to accom-
modate it better at its new position.

4. As also requested by Dr. Pizzo, we now discuss mito-
chondrial fission on page 21, lines 456—471. This had led
us to keep the title of this last chapter as is, since we now
have added two more functions (fission and distribution
of mtDNA).

5. We have added discussion of Dr. Westermann’s
work, since we agree 100% that this is essential work:
“ERMES mutants do not have bulk autophagy defects,
since they are able to recruit the autophagosome marker
Atg8p to the vacuole normally, though they are impaired
in the process of mitophagy (Bockler and Westermann,
2014a). The precise activity of ERMES appears to be to
provide sufficient lipid supply from the ER for phago-
phore formation, following the formation of an Atg8p/
Atg32p complex (Bockler and Westermann, 2014b)”.

6. We have corrected the introduction of acronyms and
have provided description of pheromone a factor/amio-
darone-mediated apoptosis.
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7. We state in several spots the critical observation by
Dr. Schuldiner that Geml and Lam6 are conserved, not-
ably in the abstract: “This has led to the discovery of
novel MAM tethers such as the yeast ER-mitochondria
encounter structure (ERMES), absent in the mammalian
system, but whose regulators Geml and Lam6 are con-
served.” It will exciting to see how these two proteins in-
fluence ER-mitochondria contacts (and other MCS) in
the mammalian system.

8. We have refined the description of FFAT motifs for
ORP/Osh proteins.

9. We have refined the introduction of the MAM for
intramitochondrial localization: “While it is currently
unknown whether the MAM provides a physical scaffold
for proteins mediating mitochondrial oxidative phosphor-
ylation (Gellerich et al., 2010), it does act as a transfer
point for ER-derived Ca2+ needed for four mitochondrial
dehydrogenases that serve as key stimulators of respiration
and the Krebs cycle (Fig. 1) (Denton, 2009).”

10. We thank Dr. Schuldiner for reminding us about
the role of the vacuole for yeast calcium handling. This
was inadvertently cut from the previous version. It is now
found on page 17, lines 351, 352.

11. We have modified the sentence about the power of
yeast as a model system as follows (page 5/6): “While the
S. cerevisiae model has taken advantage of genetic
screening power that has led to the identification of two
tethering complexes so far, mammalian systems currently
benefit from a larger array of functional readouts of the
contacts (a summary of the main proteins involved in
ER-mitochondria tethering in yeast and mammalian
cells is shown in Fig. 1).”

12. We now cite the van der Laan paper (new refer-
ence 24).

13. We have rephrased the description of EMC for
PS trafficking as follows (line 124, 125): “Yeast EMC
plays a role for the import of PS into mitochondria,
but this could be direct or indirect”. We have also al-
tered the statement regarding EMC moonlighting as a
chaperone (lines 128—131): “Here, in addition to teth-
ering mitochondria to the ER, EMC also acts as a
chaperone for the assembly of multipass transmem-
brane proteins (Satoh et al, 2015). Further research
will have to determine which of these functions is the
main role of EMC.”

14. We have added that Fisl is also found in yeast (line
145/146).

15. We have modified the discussion about Fzol
(lines 184-187): “Yeast deleted of FZO1 do not grow
well on fermentable carbon sources and exhibit a pe-
tite phenotype, which would be expected if it were a
tether; alternatively, this property could depend solely
on its role in mitochondrial fusion, two hypotheses to
be tested in the future.”
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Reviewer’s report 3 Gyoérgy Szabadkai, University College
London
Reviewer comments:

1. The metabolic pathways involving PA, PS, PE and
cardiolipin cycling and synthesis between the ER and
mitochondria and the participating enzymes should be
described in a short paragraph, or summarized in a small
scheme. 2. Steroid synthesis in mammalian cells occurs
by interactions between the ER and mitochondria, which
is regulated by ER-mitochondrial Ca2+ transfer. Although
no specific transporters of the steroid intermediates have
been described, the process would need a mention in the
sterol chapter. (see e.g., https://www.ncbi.nlm.nih.gov/
pubmed/15044681) 3. A general account for the role of
stress responses — linked to both adaptive responses
(see e.g., https://www.ncbinlm.nih.gov/pubmed/21628424)
and apoptotic responses is missing. The ER stress response
is evolutionarily well conserved and seems to strongly regu-
late ER-mitochondrial interactions in mammals, thus one
would expect a similar process being in place in yeast?

Author’s Response:

1. We have increased discussion of PS/PE metabolism
on page 12 (lines 259-262) and we have also added the
new Fig. 2. Both were very useful suggestions that have
improved the manuscript.

2. We provide a brief discussion of the role of calcium in
sterol synthesis and trafficking on page 15 (line 332. 333).

3. Following this, we also discuss the role of stress re-
sponses and their connection to lipids (lines 338—345).
We felt that both points 2 and 3 fit better into the cal-
cium chapter, since the reader can fit them better into
the general scheme at this point.

Reviewers’ comments round 2
Reviewer’s report 1 Paola Pizzo, University of Padova
Reviewer comments:

The authors have addressed all my concerns and the
revised manuscript is now, in my opinion, more
complete. In particular, I have appreciated their efforts
in facing the debated role of Mfn2 in ER-mitochondria
tethering, suggesting the possible role played by ER
stress (associated to Mfn2 depletion) in determining or-
ganelles phenotype and their consequent relationship
(features, so far, not sufficiently investigated). I agree
that this contribution is not focused on the Mfn2 con-
troversy, but since the protein is extensively reported to
represent the main mammalian tether between the two
organelles, I really think the issue deserves a critical
evaluation. For this reason, I still have some notes on
what the authors reported in the manuscript: 1. Page 8,
lane 157: the authors do note quote all the papers that,
so far, showed a negative role for Mfn2 in ER-
mitochondria tethering, referring only the two original
papers that firstly performed a quantitative EM analysis
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in wt and Mfn2 KO/KD MEFs and reported an in-
creased number of ER-mitochondria contacts in Mfn2
ablated/depleted cells. As I said in my previous com-
ments, the tether role of this protein has been, instead,
doubted by several independent groups, in different cell
types and by different techniques (Li et al., Mol Biol Cell
2015; Wang et al.,, ] Cell Sci 2015; Leal et al., ] Cell Mol
Med 2016; Filadi et al., Cell Reports 2016). In particular,
the paper by Wang et al. (J Cell Sci 2015), showing by
EM that the knock-down of Mfn2 increases RER—mito-
chondria contacts in HT-1080 fibrosarcoma cancer cells,
should be also cited (it is cited later), instead of Naon et
al. (PNAS 2016), here erroneously quoted. 2. Page 9,
lane 168: the explanation that Mfn2 KO/KD cells show
an increased mitochondrial Ca2+ uptake, upon cell
stimulation, because they present a higher ER Ca2+ con-
tent is not correct. In particular, the authors report erro-
neously our results (Filadi et al, PNAS 2015): we have
shown that in Mfn2 KD MEFs (acutely down-regulated
by specific siRNAs), where no variation in MCU expres-
sion occurs, an increased mitochondrial Ca2+ uptake,
compared to controls, is revealed even upon similar IP3-
induced cytosolic Ca2+ rises. 3. Page 9, lane 171: the
authors explain the published result of MCU down-
regulation in Mfn2 KO cells (Filadi et al,, PNAS 2015),
suggesting a compensatory mechanism that happens in
cell culture-manner, as reported by Naon et al. (PNAS
2016). It must be noted, however that a downregulation
of MCU expression in cell culture-manner has been re-
ported only for wt and not for Mfn2 KO cells (Naon et
al, PNAS 2016), thus not explaining the original
observation.

Author’s Response:

1. In agreement with Dr. Pizzo, we have expanded the
discussion of papers investigating mitofusins and the
MAM, previously kept limited to not distract from the
main topic of this review. This approach is also reflected
in our new statement about the controversy, since we be-
lieve that “these observations are likely only appar-
ently contradictory and they could be based on
incomplete characterizations of mitofusin-2 ko or
knockdown cells in some studies.” i. We have added
the studies on presenilin-2. These studies show that
presenilin-2 over-expression, in particular of AD-linked
mutant presenilin-2, leads to a shift of Ca®* content from
the ER to mitochondria, accompanied by accelerated flux
of Ca’* from the ER due to reduced SERCA activity and
increased leak. These observations are 100% identical to
what we have observed with TMX1 over-expression, an-
other modulator of SERCA activity. Regarding the signifi-
cance of the combinatory interventions on presenilin-2
and mitofusin-2, we now state in the text that the “con-
sequence of mitofusin-2 depletion” to boost MAMs “is
not further increased in the presence of presenilin-2
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mutant protein”. Regarding the role of presenilin-2 for
ER-mitochondria tethering and Ca®* handling, we now
state that this activator of SERCA “normally increases
ER-mitochondria tethering in wild type cells due to a
relative shift of Ca’* content from the ER to mito-
chondria.” ii. We also decided to discuss the papers from
the Nabi lab, but this discussion was separated from the
other papers, not least due to the complexity of their
findings, but also for the following reasons: The first
paper shows that Gp78 preferentially degrades mitofusin-
1 (Figure 7B, (Li et al, 2015), while the second paper
shows that knockdown of mitofusin-1 increases SER-
mitochondria contacts, but no effect is seen for single
mitofusin-2 knockdown (Figure 4B, (Wang et al., 2015).
The synthesis of the results by the two papers suggests
that under the experimental conditions used by the Nabi
lab, mitofusin-2 knockdown had no effect on MAM
formation by itself (Figure 4A, Wang et al., 2015), and
only rescued the reduced formation of MAM formed from
rER (Figure 4B, Wang et al., 2015) upon Gp78 knock-
down. Together, this indicates that the papers from the
Nabi lab do not provide evidence for either mitofusin-2
hypothesis, maybe due to incomplete knockdown, but ra-
ther clearly suggest mitofusins play a role in the ratio of
rER/SER-mitochondria contacts. We therefore state that
the “mitofusins act in concert to reduce MAM overall,
and that the respective expression levels of mitofusins
determines the ratio of SER/rER-mitochondria contact
formation. However, in our opinion, they do not shift
the balance significantly towards either hypothesis on
the role of mitofusin-2 for MAMs, since mitofusin-2
knockdown alone had no measurable effect on MAMs
in this system.”

2. We recognize and apologize for the lack of clarity re-
garding the effects seen for cytosolic Ca’*, especially from
this reviewer’s papers. We now state that altered “global
cellular Ca®* handling at the ER-mitochondria inter-
face (Bravo et al., 2011, Bravo-Sagua et al., 2016,
Csordas et al., 2006)”... upon ER stress could complicate
interpretation of MAM Ca2+ handling, ... “even when
the cytosolic response is kept even (Filadi et al.,
2015).”

3. Addressing the second comment without confusing
the reader (who is not looking for a profound discussion
of the differences of individual papers on mitofusin-2) is
not easy. We now state that the “downregulation of the
MCU,”...is... “observed to varying extents (Naon et al.,
2016) in Mfn2-/- cells (Filadi et al., 2015), but not in
cells, where mitofusin-2 has been knocked down
(Filadi et al., 2015)”.

References for Reviewers’ Comments Rounds 1 and 2

Bravo R, Vicencio JM, Parra V, Troncoso R, Munoz JP,
Bui M, Quiroga C, Rodriguez AE, Verdejo HE, Ferreira
J, Iglewski M, Chiong M, Simmen T, Zorzano A, Hill JA,
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Rothermel BA, Szabadkai G, Lavandero S (2011) In-
creased ER-mitochondrial coupling promotes mitochon-
drial respiration and bioenergetics during early phases of
ER stress. ] Cell Sci 124: 2143-52

Bravo-Sagua R, Lopez-Crisosto C, Parra V, Rodriguez-
Pena M, Rothermel BA, Quest AF, Lavandero S (2016)
mTORCI1 inhibitor rapamycin and ER stressor tunica-
mycin induce differential patterns of ER-mitochondria
coupling. Sci Rep 6: 36394

Csordas G, Renken C, Varnai P, Walter L, Weaver D,
Buttle KF, Balla T, Mannella CA, Hajnoczky G (2006)
Structural and functional features and significance of the
physical linkage between ER and mitochondria. ] Cell
Biol 174: 915-21

Filadi R, Greotti E, Turacchio G, Luini A, Pozzan T,
Pizzo P (2015) Mitofusin 2 ablation increases endoplas-
mic reticulum-mitochondria coupling. Proc Natl Acad
Sci U S A 112: E2174-81

Li L, Gao G, Shankar J, Joshi B, Foster L], Nabi IR
(2015) p38 MAP kinase-dependent phosphorylation of
the Gp78 E3 ubiquitin ligase controls ER-mitochondria
association and mitochondria motility. Mol Biol Cell 26:
3828-40

Naon D, Zaninello M, Giacomello M, Varanita T,
Grespi F, Lakshminaranayan S, Serafini A, Semenzato
M, Herkenne S, Hernandez-Alvarez MI, Zorzano A, De
Stefani D, Dorn GW, 2nd, Scorrano L (2016) Critical re-
appraisal confirms that Mitofusin 2 is an endoplasmic
reticulum-mitochondria tether. Proc Natl Acad Sci U S A

Wang PT, Garcin PO, Fu M, Masoudi M, St-Pierre P,
Pante N, Nabi IR (2015) Distinct mechanisms control-
ling rough and smooth endoplasmic reticulum contacts
with mitochondria. J Cell Sci 128: 2759-65
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