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Commentary
Membrane-bound organelles generate subcellular compartments in 

order to facilitate individual metabolic pathways which require distinct 
biochemical environments. In this classical view, organelles have been 
associated to specific functions such as ATP-generation, lipid- or 
amino acid metabolism. Quite frequently metabolic pathways are only 
partially completed in one organelle and intermediate compounds have 
to be transferred from one organelle to the other. Examples for such 
pathways are etherlipid synthesis, which is performed in peroxisomes 
and the endoplasmic reticulum (ER), or cholesterol biosynthesis, 
which distributes among ER, mitochondria and partially peroxisomes 
[1]. Moreover, semiautonomous organelles such as mitochondria and 
peroxisomes are able to grow and multiply [2]. For this reason, they have 
to incorporate phospholipids, which are predominately synthesized by 
the ER, into their membranes. Theoretically, such metabolites could be 
transferred from one organelle to the other by mere diffusion or using 
cytosolic protein transporters. Remarkably, early ultrastructural studies 
revealed that organelles frequently show spatial proximities with 
electron dense material found between the apposed membranes, as 
observed e.g. for peroxisomes or mitochondria and the smooth ER [3-
5]. Thus, a transfer of metabolites between such regions of membrane 
apposition would offer a more direct and rapid exchange route. 25 years 
ago, Jean Vance was for the first time able to purify a specialized ER 
fraction which comprised a contact site between mitochondria and 
the ER and was thus named “mitochondria-associated membrane of 
the ER” or MAM [6]. Initial characterization of the MAM’s functional 
properties revealed that the MAM is a site of phospholipid transfer 
between both organelles. To date the MAM still remains the best 
characterized organelle contact site. It has not only been associated with 
the transfer of phosphatidylserine but an increasing number of specific 
functions such as calcium signaling, mitochondrial fission, mitophagy, 
ER-stress response, regulation of apoptosis and inflammatory/antiviral 
responses[7-9]. At the molecular level the MAM exhibits a distinct 
protein composition, which is characterized by enrichment of a distinct 
set of ER proteins and their mitochondrial counterparts. According 
to the plethora of functions mentioned above, it is not clear if there is 
one single MAM or several individual ER-mitochondria contact sites 
which are involved in one or some of the specific functions described 
above[9,10]. With regard to the functional properties of the MAM it 
is becoming increasingly evident, that organelle contact sites are not 
only merely locations of rapid metabolite transfer but are involved 
in important cellular signaling processes. As an example, the MAM 
appears to regulate mitochondrial ATP synthesis by transmission 
of Ca2+ ions, which enhance enzymes of the mitochondrial Krebs 
cycle and ultimately elevate ADP phosphorylation rates [10]. In 
this respect, ER-mitochondria contact sites have been reported to 
increase under ER-stress, thereby facilitating ER to mitochondria 
Ca2+ transfer in order to increase ATP production for the energy-
demanding ER unfolded protein response [11]. However, if cellular 
homeostasis cannot be restored, lethal signaling pathways appear to 
be activated finally triggering controlled cell death. Indeed, an increase 
in ER-mitochondria contact sites under prolonged ER stress has been 
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described to cause mitochondrial Ca2+ overload and to activate the 
mitochondrial apoptosis pathway [12]. As depicted in this example, 
molecule exchange between two subcellular compartments can be 
readily exploited to regulate complex cellular functions and ultimately 
influence the decision between cell death and survival. Thus, direct 
organelle contact sites between further organelles may be similarly 
integrated into complex cellular regulation circuits and have important 
physiological functions.

In line with such an assumption, an increasing number of organelle 
contact sites have been described during recent years [13]: Similar to 
the mitochondrial contacts, the ER exhibits specialized cellular sub-
compartments in close apposition to the plasma membrane designated 
PAM, which are functionally involved in the exchange of membrane 
lipids and Ca2+ signaling [14]. Likewise, peroxisomes show significant 
areas of ER apposition, and ER tubules can even be co-purified attached 
to isolated peroxisomes [15]. In contrast to the MAM and the PAM, the 
peroxisome-associated membrane of the ER (POAM) contacts remain 
uncharacterized at the molecular and functional level [13]. Since 
peroxisomes share metabolic pathways with the ER and have been 
described to receive phospholipids and even membrane proteins from 
the ER [1,16,17], the membrane appositions may be involved in such 
functions. Recently, connections between lysosomes and peroxisomes 
have also been described and were reported to facilitate the transport of 
cholesterol from the former to the latter [18]. Accordingly, extracellular 
cholesterol from low density lipoproteins (LDL) may be transported 
from the lysosomes, as their primary destination, to peroxisomes where 
they may be used for the production of bile acids or incorporated into 
lipid rafts at the peroxisomal membrane. Mitochondria and peroxisomes 
share an intricate relationship and cooperate in a significant number of 
metabolic functions such as fatty acid degradation or maintenance of 
cellular ROS homeostasis [19]. Both organelles also share a significant 
part of their division machinery, which may mirror the demand for 
a coordinated biogenesis under distinct metabolic conditions [20]. 
Division proteins shared by peroxisomes and mitochondria include the 
dynamin-like fission GTPase DLP1/Drp1, and the membrane adaptor 
proteins Fis1 (Fission factor 1) and Mff (Mitochondrial fission factor), 
which can recruit DLP1 to the organelle membranes. Mutations in 
DLP1 and Mff have been linked to a novel group of disorders with 
altered mitochondrial and peroxisomal morphology and membrane 
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dynamics [19,21,22]. Whereas the functional connection between both 
organelles is undoubtable, our knowledge on physical contacts remains 
still fragmentary. In mammals appositions between both organelles have 
been described in ultrastructural studies and mitochondria partially 
co-purify with peroxisomes as a distinct band in density gradients 
[23,24]. Molecular details of such a connection, however, have only 
been described in yeast, where a tether between the peroxin Pex11 and 
the mitochondrial ERMES complex has been recently identified [25]. 

As described above, functions of organellar contacts span from local 
metabolite exchange to contribution in cellular signaling pathways. In 
the latter respect, they have been suggested to act as signaling hubs which 
bring more than two organelles in close proximity, in order to allow 
fine-tuning of signals to the specific needs of the cell. Mitochondria 
and peroxisomes were reported to both contain the mitochondrial viral 
signaling protein (MAVS), which is involved in the regulation of innate 
antiviral defense responses [26]. MAVS are membrane receptors for the 
retinoic acid-inducible gene1 protein (RIG-I) and transmit signals for 
the interferon-controlled antiviral response. Recently, MAVS have been 
additionally localized at the MAM as a part of the ER [27]. Interestingly, 
the authors reported that MAVS were enriched at junctions between all 
three organelles, where they could potentially integrate activating and 
repressing signals transmitted by the individual organelles. Another 
example for a triple contact between those three organelles was 
reported from S. cerevisiae [28]. Peroxisomes were additionally shown 
to significantly juxtapose with specialized mitochondrial regions 
enriched in the pyruvate dehydrogenase complex. Consequently, the 
functional significance of these triple organelle hubs may be associated 
with the coordination of cellular energy production according to the 
demands for anabolic processes of the cell. As illustrated by these 
examples, complex organelle contact sites appear to form to connect 
isolated entities of interactive regulation networks in order to flexibly 
fine-tune cellular homeostasis.

In order to stabilize local membrane appositions but also permit 
dynamic alterations in connectivity, opposing organelles have to be 
mechanically interconnected by specialized membrane structures. Such 
tethering complexes might consist of dimers between two membrane 
proteins at the opposing organelle membranes, but may include 
larger protein complexes or protein/membrane lipid interactions [13]. 
Numerically, the most prominent group comprises the dimeric tethers, 
which are often formed between two adjacent membrane proteins. 
Examples for such complexes include the MAM-mitochondria 
tethers between Bap31 and Fis1, Mfn1 and Mfn2 as well as VAPB 
and PTPIP51. Extended synaptotagmins (E-Syt) and junctophilins 
are PAM constituents interacting with phosphatidylinositolphosphate 
(PIP) lipids at the cytosolic side of the plasma membrane; likewise 
synaptotagmin 7 on lysosomes has been described to tether to PI [4,5] 
P2 in the peroxisomal membrane. A prominent example for a larger 
protein association is the “ER-mitochondria encounter structure” 
(ERMES) connecting MAM and mitochondria in yeast [29]. The ERMES 
complex consists of 5 core proteins: Mdm10 and Mdm34 at the outer 
mitochondrial membrane, cytosolic Mdm12 and two Mmm1 molecules 
spanning the ER membrane. In mammals the ERMES complex is not 
conserved, however, other oligomeric tethering complexes have been 
described. Ca2+ exchange between ER and mitochondria is facilitated 
by inositol 1,4,5-triphosphate receptors (IP3R) and voltage-dependent 
anion channel (VDAC), which are connected by cytosolic GRP75 
chaperones [30]. Remarkably, a disruption of this complex reduced 
insulin-induced signaling in mammalian RNAi-based cell culture 
systems and knockout mouse models [31]. Thus, the organelle contact 
sites represented by the MAM-associated protein complexes appear 

to be new players in the development of diabetic insulin resistance. 
At the molecular level, the tethering complexes described above can 
likely be regarded as cores of larger protein assemblies, which allow 
close regulation of the abundance and temporal stability of individual 
organellar contact sites in order to react to the changing physiological 
requirements of a cell. In line with such an assumption, additional 
interaction partners of the ERMES complex or the IP3R-VDAC tether 
have already been described [32,33]. Now, 25 years after the initial 
biochemical characterization of the MAM as a specialized contact site 
between mitochondria and the ER, our knowledge on functionality and 
molecular components of individual organellar contacts has increased 
tremendously. Nevertheless, we are only beginning to understand the 
complexity of interorganelle connections and the signaling pathways 
integrated in such systems. New findings, as exemplified by the 
discoveries on the impact of the MAM integrity in insulin resistance, 
imply that organelle interaction sites may play a significant and 
previously neglected role in the development of human diseases and 
merit future investigation.
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