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Abstract: Mitochondria are surrounded by the two mem-
branes, the outer and inner membranes, whose lipid 
compositions are optimized for proper functions and 
structural organizations of mitochondria. Although a 
part of mitochondrial lipids including their character-
istic lipids, phosphatidylethanolamine and cardiolipin, 
are synthesized within mitochondria, their precursor 
lipids and other lipids are transported from other orga-
nelles, mainly the ER. Mitochondrially synthesized 
lipids are re-distributed within mitochondria and to 
other organelles, as well. Recent studies pointed to the 
important roles of inter-organelle contact sites in lipid 
trafficking between different organelle membranes. 
Identification of Ups/PRELI proteins as lipid transfer 
proteins shuttling between the mitochondrial outer and 
inner membranes established a part of the molecular 
and structural basis of the still elusive intra-mitochon-
drial lipid trafficking.

Keywords: cardiolipin; cristae; ERMES; inter-organelle 
contact; mitochondria; phosphatidylethanolamine; phos-
pholipids; Ups/PRELI.

Introduction
Mitochondria are central in cellular energy production, 
metabolism and signaling. Mitochondria have two mem-
branes, the outer membrane (OM) and inner membrane 
(IM), and two aqueous compartments, the intermembrane 
space (IMS) between the OM and IM and the innermost 

matrix, and consist of ~1000 different proteins and >400 
different lipids, including fatty acids, glycerophospho-
lipids, glycerolipids, sphingolipids and prenols (Bird 
et al., 2013). Since mitochondria cannot be made de novo, 
synthesis and transport of proteins and lipids are a pre-
requisite for mitochondrial biogenesis. Transport of mito-
chondrial proteins, most of which are synthesized outside 
mitochondria, has been extensively studied mainly by 
the Jeff Schatz group and the Walter Neupert group in the 
beginning and later by many other groups worldwide, yet 
studies on lipid transport have lagged behind those on 
protein transport. The systems and mechanisms of lipid 
transport have thus been overlooked for a long time.

Reflecting the endosymbiotic origin of mitochondria, 
the IM of mitochondria show similarity in its lipid com-
position to those of bacterial cell membranes. The inner 
cell membrane of bacteria like Escherichia coli contains a 
high content of phosphatidylethanolamine (PE; ~75% of 
membrane lipids) and anionic lipids phosphatidylglyc-
erol (PG; ~10–20%) and cardiolipin (CL; 5–10%), but lacks 
phosphatidylcholine (PC) and sterols. Mammalian cyto-
plasmic membranes contain mainly PC (40%), PE (25%), 
phosphatidylinositol (PI; 10%), phosphatidylserine (PS; 
10%), phosphatidic acid (PA; 1%) as well as sphingolipids 
(20%) and sterols. On the other hand, mitochondrial IMs 
have high contents of PE (~35%), CL (~20%), PC (~40%) 
and PI (~5%) in mammals and PE (~25%), CL (~15%), PC 
(~40%) and PI (~15%) in yeast (Horvath and Daum, 2013). 
CL is required for optimal activities of various IM proteins 
including the translocator complexes and respiratory-
chain complexes, and a small fraction of CL in the OM 
(~5–10%; Gebert et al., 2009) was suggested to be impor-
tant for regulation of mitochondria-specific autophagy or 
mitophagy (Chu et al., 2013). As CL and PE are non-bilayer 
forming phospholipids, they contribute to destabilization 
as well as high membrane curvatures of the IM, which 
would be favorable for efficient fusion and fission of mito-
chondrial membranes (Basu Ball et al., 2018).

Mitochondrial lipid homeostasis or an optimum lipid 
composition of the OM and IM relies on the balance between 
synthesis and trafficking of mitochondrial lipids. Mito-
chondria can synthesize CL and PE, phospholipids essen-
tial for mitochondrial functions, and some minor lipids, 
including CDP-diacylglycerol (DAG), phosphatidylglycerol 
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phosphate (PGP), and PG, while other phospholipids are 
synthesized mainly in the endoplasmic reticulum (ER). 
Therefore, vast amounts of phospholipids other than 
PE and CL, including precursor lipids for the CL and PE 
synthesis, are imported from other organelles, primarily 
the ER, but partly from the vacuole as well. Although we 
are only in the beginning of understanding the cellular 
mechanism behind the mitochondrial lipid homeostasis, 
we summarize here the recent findings on phospholipid 
synthesis in mitochondria and lipid transport through 
mitochondria, and discuss their prospects.

Phospholipid synthesis in 
mitochondria
While most of the enzymes involved in cellular phospho-
lipid synthesis reside in the secretory-pathway organelles, 
including the ER, mitochondria can synthesize phospho-
lipids, PE and CL, with the aid of groups of lipid synthetic 
enzymes located in the mitochondrial IM (Figure 1). CL 
and PE are essential phospholipids for mitochondrial 
respiratory functions (Baker et  al., 2016; Calzada et  al., 
2019). CL is a reverse cone-shaped phospholipid with the 
structure of dimeric phospholipid, which is indispensable 
for the functional integrity of mitochondria (Joshi et al., 
2009; Ren et al., 2014). In particular, CL plays an impor-
tant role in stabilizing the protein complexes localized 

in the IM such as respiratory-chain complexes and the 
translocators like the TIM23 complex (Pfeiffer et al., 2003; 
Malhotra et al., 2017). PE and CL have common properties 
as non-bilayer forming phospholipids, and lowering the 
levels of both PE and CL leads to serious growth defects of 
cells (Joshi et al., 2012; Basu Ball et al., 2018).

PE is generated from PS by PSD (Psd1 in yeast) in 
the IM, a PS decarboxylase conserved from bacteria to 
humans (Figure 1). Psd1 is synthesized as an inactive 
precursor form with the N-terminal presequence in the 
cytosol. Psd1 is imported into mitochondria with the aid 
of the translocators in the OM and IM, the TOM complex 
and the TIM23 complex, respectively. Psd1 is anchored 
to the IM by its transmembrane (TM) segment by the 
stop-transfer mechanism at the TIM23 complex upon 
processing of the presequence by the matrix-localized 
processing peptidases MPP and Oct1 (Horvath et  al., 
2012). Then the conserved LGST sequence near the C-ter-
minus of Psd1 is autocatalytically cleaved to form the 
C-terminal α-subunit and N-terminal β-subunit, which 
interact noncovalently with each other after the cleav-
age. Formation of the pyruvate residue at the N-terminus 
of the α-subunit upon the cleavage renders the hetero-
dimeric Psd1 complex enzymatically active (Li and 
Dowhan, 1990; Horvath et al., 2012).

The precursor lipid PS for generating PE is synthe-
sized by PS synthetase (PSS, Cho1 in yeast) in the ER 
membrane (Bae-Lee and Carman, 1984). PS is imported 
into mitochondria, and then decarboxylated to PE by Psd1 
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Figure 1: Current model for phospholipid synthesis and transport in the ER and mitochondria in yeast.
Arrows with solid and dotted lines indicate phospholipid conversion and transport, respectively. Red arrows indicate direct involvement 
in lipid transfer or phospholipid synthesis. Psd1 localized in the ER membrane is drawn by dotted line because the ER-localization is 
carbon-source dependent (Friedman et al., 2018). The decreased PE level may activate the alternative CL synthetic pathway by, for example, 
facilitating the transport of PA (and other lipids) from the OM to IM through the action of Mdm31, Mdm32, Fmp30 and/or the Mdm31-Por1 
interaction (Miyata et al., 2017, 2018).
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(Choi et al., 2000a). This PE further moves back from mito-
chondria to the ER, and is converted to PC by methylation 
by Cho2 and Opi3 methyltransferases localized in the ER 
(Kodaki and Yamashita, 1987). On the other hand, it was 
reported that Psd1 is also localized in the ER membrane 
in a metabolic-state-dependent manner, and that the ER-
resident Psd1 plays a critical role in cellular phospholipid 
homeostasis (Friedman et al., 2018) (Figure 1).

Mitochondrial Psd1 is responsible for the majority of 
PE synthesis in wild-type yeast cells, whereas a part of 
PE is also synthesized outside mitochondria through the 
Kennedy pathway and PS decarboxylation by Psd2 at the 
Golgi and vacuole membranes and/or endosomes (Trotter 
and Voelker, 1995; Bürgermeister et  al., 2004; Gulshan 
et al., 2010). Extra-mitochondrially synthesized PE tends 
to stay outside mitochondria (Bürgermeister et al., 2004). 
However, a recent study revealed that PE synthesized 
via the Kennedy pathway in the ER can be imported into 
mitochondria and partly restores the defective respiratory 
functions due to loss of Psd1 and that Vps39 plays a criti-
cal role in the transport of PE to mitochondria probably 
via vacuole-mitochondria contact sites (Iadarola et  al., 
2020).

Another important phospholipid synthesized exclu-
sively in mitochondria is CL. CL is synthesized from PA 
through multiple modification steps (Figure 1). PA is first 
converted to CDP-DAG as a high-energy intermediate 
phospholipid. In the beginning, a conserved CDP-DAG 
synthase Cds1 was thought to catalyze the PA-to-CDP-DAG 
conversion in both the ER membrane and mitochondrial 
IM in yeast (Kuchler et al., 1986; Kelley and Carman, 1987). 
However, Cds1  was found to be exclusively localized in 
the ER, indicating the existence of another CDP-DAG syn-
thase in mitochondria. A candidate of the mitochondrial 
CDP-DAG synthase was Tam41, which was initially identi-
fied as a protein facilitating the assembly of the IM trans-
locator, the TIM23 complex, and thus the mitochondrial 
protein import (Gallas et al., 2006; Tamura et al., 2006). 
Tam41 is a peripheral membrane protein present on the 
matrix side of the IM, and its loss leads to the CL depletion 
(Kutik et al., 2008). We therefore purified Tam41 from yeast 
cells and demonstrated that Tam41 directly catalyzed the 
CDP-DAG synthesis from PA, which indicates that Tam41 
is the mitochondria-specific CDP-DAG synthase (Tamura 
et al., 2013; Jiao et al., 2019).

Then, PGP synthase (Pgs1 in yeast), a peripheral mem-
brane protein on the matrix side of the IM, conjugates 
CDP-DAG and glycerol 3-phosphate to form PGP (Janitor 
et  al., 1995; Chang et  al., 1998a). PGP is then dephos-
phorylated by PGP phosphatase (Gep4 in yeast), another 
peripheral membrane protein on the matrix side of the IM, 

to be converted to PG (Osman et al., 2010). Finally, CL syn-
thase (CLS, Crd1 in yeast), an integral membrane protein 
with multiple TM segments in the IM, combines PG and 
CDP-DAG to generate an acidic phospholipid with four 
acyl chains, CL (Chang et al., 1998b; Tuller et al., 1998). 
Newly synthesized CL undergoes a further remodeling 
process that generates more symmetric CL molecules with 
unsaturated acyl chains by removal of one acyl chain by 
a deacylase (Cld1 in yeast) (Beranek et  al., 2009; Baile 
et al., 2014) and subsequent transacylation of the result-
ant mono-lyso CL (MLCL) by the transacylase Taz1 (yeast) 
or tafazzin TAZ (mammal) (Gu et al., 2004). Taz1 is present 
in both the OM and IM, exposing the catalytic domain 
to the IMS (Claypool et  al., 2006). Mutations in the TAZ 
genes cause Human Barth syndrome (BTHS), an X-linked 
genetic disorder, primarily affecting males (Barth et  al., 
2004). As cells with defective Taz1 can be rescued by dele-
tion of the CLD1 gene in yeast, accumulation of MLCL or 
the decreased CL/MLCL ratio appears to cause BTHS (Ye 
et  al., 2014). Recently, mutations in PISD encoding the 
mitochondrial PE synthase were also reported to lead to a 
human disease, which is similar to “mitochondrial chap-
eronopathies”, causing skeletal dysplasia, cataracts and 
white matter changes (Zhao et al., 2019). This report high-
lights the important roles of non-bilayer phospholipids in 
the maintenance of normal mitochondrial functions.

A small fraction of CL was reported to be present 
in the OM. CL in the OM may be important for the func-
tions of, for example, the translocators TOM and SAM/
TOB complexes in the OM (Gebert et al., 2009) and as a 
cue to eliminate mitochondria by mitophagy (Chu et al., 
2013). CL in the OM may result from direct transport of CL 
from the IM or transport of MLCL from the IM followed by 
transacylation by OM-localizing Taz1. CL in the OM can 
be converted to PA by phospholipase D named mitoPLD, 
which regulates mitochondrial fusion-division dynamics 
(Choi et al., 2000b; Huang et al., 2011; Zhang et al., 2016; 
Adachi et al., 2016, 2018).

Phospholipid transport between 
mitochondria and other organelles
As mitochondria are not linked to the endomembrane 
system for the secretory pathway, mitochondrial lipids 
cannot be supplied by vesicular transport from the secre-
tory-pathway organelles like the ER. Soluble lipid transfer 
proteins could facilitate transport from the ER to mito-
chondria as in the case of mammalian VAT1 for PS trans-
port (Junker and Rapoport, 2015; Watanabe et al., 2020). 
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However, accumulated evidence points to the roles of inter-
organelle contact sites in phospholipid transport between 
mitochondria and other organelles. Inter-organelle contact 
sites are distinct regions where different organelle mem-
branes are closely apposed to each other through spe-
cific protein-protein interactions (Scorrano et  al., 2019) 
(Figure 2). The mitochondrial OM and the ER membrane of 
yeast Saccharomyces cerevisiae are physically connected 
by a protein complex called the ER-mitochondria encoun-
ter structure (ERMES) complex, generating mitochondria-
ER contact sites (Kornmann et  al., 2009). The ERMES 
complex consists of four core subunits Mmm1, Mdm10, 
Mdm12 and Mdm34, and accessory proteins including 
Tom7, Gem1 and Lam6 (Meisinger et  al., 2006; Yamano 
et  al., 2010; Kornmann et  al., 2011; Stroud et  al., 2011; 
Elbaz-Alon et  al., 2015; Gatta et  al., 2015; Murley et  al., 
2015). Mmm1 is an ER membrane protein with a single TM 
segment at the N-terminus and a large C-terminal domain 
exposed to the cytosol (Kornmann et  al., 2009). On the 
other hand, Mdm10 and Mdm34 are membrane proteins 
in the mitochondrial OM; Mdm10 is a β-barrel membrane 
protein, whereas Mdm34 has no obvious TM regions (Sogo 
and Yaffe, 1994; Youngman et  al., 2004; Flinner et  al., 
2013). Mdm12 is a soluble protein but binds to Mmm1 and 
likely Mdm34 (Boldogh et  al., 2003; Stroud et  al., 2011). 
The interactions among these factors result in formation 
of the mitochondria-ER contact sites. The contact sites 
formed by ERMES can be visualized as discrete foci in 
cells when Mmm1, Mdm12, Mdm34 or Lam6 is expressed 
as fusion proteins with a fluorescent protein (Hobbs et al., 
2001; Boldogh et al., 2003; Kornmann et al., 2009; Elbaz-
Alon et al., 2015; Gatta et al., 2015; Murley et al., 2015). The 
number of the ERMES foci is four to seven or less per cell, 
suggesting that each ERMES complex tends to form large 

aggregates or clusters at the contact-site regions (Korn-
mann et al., 2011; Kakimoto et al., 2018).

In addition to the role of the organelle tethering point, 
ERMES was suggested to provide a route for lipid trans-
port between the ER and mitochondria. However, in the 
beginning, phospholipid transfer by ERMES was contro-
versial because in vivo and in vitro analyses showed that 
loss of an ERMES subunit led to only minor defects in 
phospholipid transport from the ER to mitochondria as 
measured by the PS to PE conversion (Nguyen et al., 2012; 
Voss et al., 2012). This could be partly due to the presence 
of similar contacts between the ER and mitochondria and 
between mitochondria and the vacuole. An in vitro assay 
system for inter-organelle lipid transport was recently 
developed, by using isolated ER membranes and mito-
chondria (Kojima et al., 2016; Tamura et al., 2019a). This 
in vitro assay system is free from secondary effects owing 
to the presence of other organelle membranes from, for 
example, endosomes or the vacuole, which could also be 
the sources of phospholipid supply in vivo. By using this 
in vitro assay system, it was revealed that ERMES plays a 
major role in PS transport from the ER to mitochondria, 
but a less important role in PE transport from mitochon-
dria to the ER (Kojima et al., 2016).

Amino-acid sequence comparison showed that 
Mmm1, Mdm12 and Mdm34 contain a lipid binding domain 
called the SMP domain (Alva and Lupas, 2016; Wong and 
Levine, 2017). Indeed, X-ray structures of the SMP domains 
of Mmm1 and Mdm12 showed that these proteins have a 
groove or deep cavity which can accommodate a phos-
pholipid molecule(s) (Jeong et  al., 2016, 2017; AhYoung 
et al., 2017; Kawano et al., 2018). Furthermore, the recom-
binant Mmm1-Mdm12 complex had a phospholipid trans-
port activity between liposomes in vitro, although Mmm1 
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and Mdm12 alone showed only weak lipid transfer activi-
ties (Kawano et  al., 2018). Mutations inside or at the 
outlet of the hydrophobic pockets of the SMP domains of 
recombinant Mmm1 or Mdm12 impaired the lipid transfer 
activities of the Mdm12-Mmm1 complex and furthermore 
caused defective PS transport from the ER to mitochon-
drial membranes via ERMES in vitro (Kawano et al., 2018). 
The structures of Mdm12 with bound phospholipid show 
that Mdm12 accommodates the acyl-chain tails of phos-
pholipid in the hydrophobic pocket while the head group 
of the bound phospholipid is exposed to the aqueous 
phase from the outlet of the pocket. The structure of the 
Mmm1-phospholipid complex also indicates the presence 
of a hydrophobic pocket or groove like Mdm12, to which 
phospholipid binds in a tail-in manner (Jeong et al., 2017). 
As the high-resolution structure of Mdm34 is not availa-
ble, the mode of phospholipid binding to the SMP domain 
of Mdm34 is unclear. Accommodation of mainly the acyl 
chains of phospholipid in the hydrophobic pocket of 
Mdm12 indicates that phospholipid recognition by Mdm12 
is not highly selective. This finding is consistent with the 
idea that the ERMES complex may be a relatively unselec-
tive phospholipid transport factor for bulk phospholipids 
rather than specific phospholipids while some preference 
(less efficient for PE) for the phospholipid transport and 
binding by ERMES was suggested from in vitro lipid trans-
port and binding assays as described above (Kojima et al., 
2016; Jeong et al., 2017).

While extensive analysis of ERMES in S. cerevisiae 
advanced our understanding of the ER-mitochondria con-
tacts, higher eukaryotes including humans lack obvious 
ERMES protein homologs. However, as proteins responsi-
ble for cellular phospholipid synthesis are well conserved 
from yeast to humans, there must be proteins that trans-
port lipid molecules between the ER and mitochondria. In 
2017, PDZD8 containing an SMP domain was reported as 
a functional ortholog of yeast Mmm1 (Hirabayashi et al., 
2017). Although lipid transfer functions of PDZD8 was not 
experimentally tested, the loss of PDZD8 was reported to 
lead to a significant decrease in the mitochondria-ER con-
tacts, resulting in the abnormal Ca2+ transport between the 
ER and mitochondria. However, phylogenetic analyses 
indicated that PDZD8 is a paralog of Mmm1 rather than an 
ortholog (Wiedeman et al., 2018). Besides, a recent study 
reported that PDZD8 is localized at contact sites between 
the ER and late endosomes/lysosomes in a Rab7-depend-
ent manner (Guillén-Samander et al., 2019). Therefore, it is 
still controversial whether PDZD8 primarily functions as a 
molecular tether between the ER and mitochondria.

What is the mechanism of lipid transport between the 
ER and mitochondrial membranes by ERMES? Generally, 

in order for the lipid to be transported by SMP-domain 
containing protein(s) between the membranes, the lipid 
should first partially pop out from the membrane and cap-
tured by the SMP domain (desorption step). Then, the SMP-
domain containing protein(s) carrying the lipid moves or 
diffuse to the accepter membrane (diffusion step), and the 
lipid is released from the SMP domain for insertion into the 
membrane (absorption step) (Figure 3A). The rate-limiting 
step is likely the desorption step (Dittman and Menton, 
2017), the energy barrier of which may be surmounted by 
the SMP domain by disrupting lipid-membrane interac-
tions and providing a hydrophobic lipid-binding pocket. 
In the case of ERMES, the diffusion step corresponds to the 
transfer of the lipid through a chain of the SMP-domain 
containing EREMS subunits, Mmm1-Mdm12-Mdm34. For 
this step, two possible mechanisms can be considered 
(Figure 3B) (Kawano et al., 2018). In the lipid carrier model, 
Mmm1, Mdm12 and Mdm34 change their orientations and 
positions relative to the other components to bring the 
outlet of the lipid-binding pocket of one component to 
the outlet of the next component for transfer of lipid mol-
ecules. The continuous conduit model assumes the pres-
ence of a continuous hydrophobic route running from 
Mmm1 to Mdm34 via Mdm12 for processive movement of 
lipid molecules between Mmm1 and Mdm34. The recently 
reported X-ray structure of the complex of the Mmm1 and 
Mdm12 SMP domains from Zygosaccharomyces rouxii and 
S. cerevisiae, respectively, showed the presence of a con-
tinuous tunnel, but the revealed tunnel is not wide enough 
to allow lipid transfer between Mmm1 and Mdm12. A vari-
ation of this model assumes a continuous cleft instead of 
a tunnel (Figure 3B). As the conformations of the bound 
lipids and the sizes of the outlets of the lipid-binding cavi-
ties vary for different reported structures of Mmm1 and 
Mdm12, partly due to crystal packing effects (Jeong et al., 
2017; Kawano et al., 2018), the outlet of the SMP domain 
may be flexible enough to transiently get connected to the 
outlet of the neighboring SMP domain, forming a continu-
ous hydrophobic cleft. In that case, a phospholipid mol-
ecule may slide through the continuous cleft to move from 
one SMP domain to the next, exposing the hydrophilic 
head group to the aqueous phase. As the ERMES complex 
form a large aggregate or cluster, phospholipid molecules 
could move laterally between the SMP domains as well 
as in the bilayer-to-bilayer direction. Then it would be an 
attractive idea that phospholipid molecules are pooled in 
the SMP domains in the ERMES cluster between the ER and 
mitochondria. Dynamic nature of the conformations of 
and interactions among the SMP domain-containing pro-
teins of ERMES should be thus important for lipid transfer 
between the ER and mitochondria.
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The lack of one of the ERMES components leads 
to multiple abnormalities in vivo; (1) the characteristic 
clusters of ERMES are no longer formed; (2) the phos-
pholipid transport is compromised; (3) mitochondrial 
morphology becomes aberrant; (4) the cell growth is 
significantly slowed. Interestingly however, these abnor-
malities, due to dysfunctions of ERMES, are rescued by 
the specific mutation (e.g. D716H) introduced to VPS13 
(Lang et al., 2015). This finding suggests that Vps13 can 
somehow function redundantly with ERMES (Figure  2). 

Interestingly, Vps13 facilitates the formation of the 
contact between mitochondria and the vacuole by inter-
acting with a mitochondrial OM protein Mcp1 (John 
Peter et  al., 2017). Besides, the N-terminal domain of 
Vps13 was shown to have a lipid-transport ability (Kumar 
et  al., 2018) and the homologous domain in ATG2, an 
autophagy factor, also has a similar lipid transfer activity 
(Osawa et al., 2019; Valverde et al., 2019). These findings 
suggest that phospholipid transport from the vacuole 
to mitochondria through Vps13 is sufficient to maintain 
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the cellular phospholipid homeostasis if the phospho-
lipid trafficking between the ER and mitochondrion is 
reduced by the absence of ERMES.

Several different proteins in addition to Vps13 and 
Mcp1  were reported to constitute mitochondrial-vacuo-
lar contacts (Figure 2). Vps39, which also functions as a 
component of the homotypic fusion and protein sorting 
complex, interacts with Tom40 in the mitochondrial OM 
and with Ypt7 on the vacuolar membrane, thereby facili-
tating formation of the mitochondria-vacuolar contact 
called vCLAMP (Elbaz-Alon et al., 2014; Hönscher et al., 
2014; González Montoro et al., 2018). The growth defect 
of ERMES-deficient cells is partly rescued by the over-
expression of Vps39, suggesting that the lipid transport 
from the vacuole to mitochondria is promoted by the for-
mation of vCLAMP (Hönscher et al., 2014).

It was shown that mitochondria contact with peroxi-
somes in addition to the ER and vacuole. By expressing 
split-fluorescent protein fragments on different organelle 
membranes, organelle contact sites can be visualized by 
fluorescence from the assembled fluorescent proteins (Kaki-
moto et al., 2018; Shai et al., 2018). Assessment of organel-
lar contact sites using such a split-fluorescent protein, in 
combination with yeast genetic screening, led to the iden-
tification of Fzo1 and Pex34 as mitochondria-peroxisome 
tethering factors (Shai et al, 2018). At present, it is not yet 
clear whether these factors are involved in the lipid trans-
port, like the cases of ERMES, Vps13 and vCLAMP.

Lam6, an accessory protein of ERMES, is a conserved 
protein containing GRAM and VASt domains and is 
thought to mediate sterol transport at organellar contact 
sites (Elbaz-Alon et  al., 2015; Gatta et  al., 2015; Murley 
et al., 2015). The GRAM and VASt domains are structurally 
similar to the PH domain with a lipid binding property, 
and to the StART domain having a hydrophobic cavity 
often seen in lipid transport proteins, respectively (Horen-
kamp et  al., 2018). As Lam6 is localized not only at the 
mitochondria-ER contact site but also at the mitochon-
dria-vacuole and ER-vacuole contact sites, it may mediate 
sterol transport between these different pairs of organelle 
membranes (Elbaz-Alon et  al., 2015; Gatta et  al., 2015; 
Murley et al., 2015).

Phospholipid transport within 
mitochondria
As PE and CL synthases function in the mitochondrial IM, 
facing the IMS and matrix, respectively, their precursor 
lipids must reach the IMS side of the OM or IM for the PE 

synthesis, and the matrix side of the IM for the CL synthe-
sis (for reviews, Dimmer and Rapaport, 2017; Tatsuta and 
Langer, 2017; Tamura et  al., 2019b). However, molecular 
mechanisms of lipid transport within mitochondria had 
been unclear until assignment of the elusive intramito-
chondrial PA transport function to the mitochondrial IMS 
protein Ups1 (PRELID1 in mammals) (Figure 1).

Ups1 was originally identified as a protein involved in 
the processing of the mitochondrial IM protein Mgm1 in 
mitochondria, which functions for the IM fusion (Sesaki 
et al., 2006). After import into mitochondria, Mgm1 gener-
ates two distinct forms, a long form (l-Mgm1) and a short 
form (s-Mgm1), depending on the pulling force exerted by 
the motor components of the IM translocator, the TIM23 
complex (Herlan et  al., 2004). On the basis of the rela-
tive amount of l-Mgm1 to s-Mgm1, the motor function of 
the TIM23 complex was found to be compromised when 
Ups1 was depleted. Subsequent studies revealed that loss 
of Ups1 resulted in the decrease in the CL level, which 
impaired the TIM23 complex function (Osman et  al., 
2009a; Tamura et al., 2009).

Yeast has two more Ups1 homologues, Ups2 (PRELID3b 
in mammals) and Ups3, and these Ups proteins (PRELI 
proteins in mammals) all form functional complexes 
with a soluble cysteine-rich IMS protein Mdm35 (TRIAP1 
in mammals) (Potting et  al., 2010; Tamura et  al, 2010). 
Like Ups1 affecting the CL level, loss of Ups2 but not Ups3 
led to the decreased level of PE in mitochondria (Osman 
et  al., 2009a; Tamura et  al., 2009, 2010, 2012; Potting 
et al., 2010). Therefore, Ups1 and Ups2 were suggested to 
be involved in the maintenance of the normal levels of 
CL and PE, respectively, but it was still unclear whether 
these proteins were directly involved in their synthesis or 
involved in the transport of PA and PS, which were precur-
sor phospholipids of CL and PE. Besides more puzzlingly, 
the double deletion strain of Ups1 and Ups2 (ups1∆ups2∆) 
and the mdm35∆ strain, in which neither Ups1 nor Ups2 
could function, maintained nearly normal levels of CL, but 
with decreased PE levels. Ups1 and Ups2 thus appeared to 
regulate the mitochondrial lipid composition in a complex 
manner.

In 2012, the Langer group revealed that Ups1 is a lipid 
transfer protein that shuttles PA between the OM and IM 
in mitochondria (Connerth et al., 2012). In particular, they 
showed that the purified Ups1-Mdm35 complex was bound 
to acidic lipid-containing liposomes and transferred PA 
between them in vitro. Then, X-ray structures of yeast and 
human Ups1-Mdm35 complexes were reported from several 
groups (Miliara et al., 2015; Watanabe et al., 2015; Yu et al., 
2015). The determined Ups1-Mdm35  structures revealed 
that Ups1 and Mdm35 form a single compact domain, the 
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Ups1 part of which is similar to the START (StAR-related 
lipid-transfer) domains in several lipid transfer proteins, 
despite the lack of the sequence homology (Yoder et al., 
2001; Tilley et al., 2004; Kudo et al., 2008). Mdm35 disso-
ciates from Ups1 to expose the hydrophobic region upon 
membrane binding, and in turn, Mdm35-free Ups1 bound 
to the membrane can leave for the aqueous solution upon 
re-association with soluble Mdm35 (Connerth et al., 2012; 
Watanabe et al., 2015). The Ups1-Mdm35 complex has an 
amphiphilic pocket that can accommodate a phospholipid 
molecule in a head-in manner. Positively charged residues 
are located at the bottom of the pocket, which is essen-
tial for recognition of the negatively charged head group 
of PA. Besides, the hydrophobic pocket has an Ω-loop 
structure at its outlet, which functions as a lid to regulate 
lipid binding to the pocket and to hide the hydrophobic 
acyl chains of bound PA from the aqueous solvent. Pref-
erential binding of the Ups1-Mdm35 complex to liposomes 
rich in acidic phospholipids in vitro suggests the operation 
of negative feedback regulation of the Ups1-mediated PA 
transfer function. When the level of CL is sufficiently high, 
Ups1-Mdm35 likely stays preferentially at the IM, thereby 
rendering its PA transfer function inactivated. On the 
other hand, decrease in the CL level in the IM promotes 
the leaving of Ups1-Mdm35 from the IM, allowing its shut-
tling between the OM and IM for PA transfer from the OM 
to the IM. Interestingly, a fraction of Mdm35-free Ups1 in 
the IM is constantly degraded by the AAA protease in the 
IM, Yme1, which may contribute to keeping the Ups1 level 
optimum for the CL-sensitive PA transfer (Potting et  al., 
2010).

A similar lipid transfer function was revealed for the 
Ups2-Mdm35 complex (Figure 1). In vitro phospholipid 
transport experiments showed that recombinant Ups2-
Mdm35 was capable of transferring PS between liposomes 
(Aaltonen et al., 2016; Miyata et al., 2016). As PS, the pre-
cursor lipid for PE synthesis, is exclusively made in the 
ER by the PS synthase (Cho1 in yeast), PS is transported 
from the ER to mitochondria, and then from the OM to the 
IM by Ups2-Mdm35 for the PE synthesis by IMS-facing IM 
protein, Psd1. Interestingly, this Ups2-mediated PE syn-
thesis is significantly activated only upon shifting from 
fermentable to nonfermentable growth conditions of yeast 
(Miyata et al., 2016). Under fermentable conditions, Psd1-
mediated PE synthesis can take place independently of 
Ups2. This PE synthesis in the absence of the Ups2-medi-
ated PS transfer is suggested to take place by Psd1 acting 
in trans on PS in the OM, likely at OM-IM contact sites (Aal-
tonen et al., 2016) (Figure 1). Such contact sites are formed 
by the mitochondrial contact site and cristae-organizing 
system (MICOS) complex in mitochondria (Rabl et  al., 

2009; Harner et  al., 2011; Hoppins et  al., 2011; von der 
Malsburg et al., 2011). The majority of PE synthesized in 
the Psd1-dependent and Ups2-independent manner was 
found to be transported to the ER for further conversion to 
PC while PE synthesized in the IM may stay in the IM for 
its coordinated functions with CL.

How do Ups1 and Ups2 discriminate PA and PS? The 
recently revealed X-ray structures of PRELID1-TRIAP1 
and PRELID3b-TRIAP1 (human Ups1-Mdm35 and Ups2-
Mdm35) show similar structural organizations of the com-
plexes (Miliara et al., 2019). Miliara et al. (2019) applied 
a reverse genetic screen to identify determinants of lipid 
specificity between Ups1 and Ups2, on the basis of the fact 
that the synthetic lethality caused by the loss of Ups2 and 
an IM scaffold protein prohibitin (Phb1 or Phb2; Osman 
et al., 2009a,b) can be rescued by the expression of Ups2, 
but only to a limited extent by the expression of Ups1. 
The expression of UPS1 variants with random polymerase 
chain reaction (PCR) mutagenesis in ups2Δphb1Δ cells 
thus allowed to reveal “hot spots” for changing the sub-
strate specificity of Ups1 and Ups2. Interestingly several 
mutations that allow Ups2 variants to substitute for Ups1 
are mapped in the Ω loop, a lid for the lipid binding 
pocket, and the Ups2 variant carrying Ω loop from Ups1 is 
able to transfer PA, highlighting an important role for the 
Ω loop in the substrate selection.

The observation that the decreased CL level caused by 
the Ups1 dysfunction can be recovered by the simultane-
ous Ups2 dysfunction is puzzling at a glance. However, 
as the decrease in the CL level in the absence of Ups1 is 
restored when the PE level is decreased by the loss of 
Psd1 or PS synthetase Cho1, as well, the decreased PE 
level rather than the Ups2 dysfunction is critical for the 
restoration of the decreased CL level by the loss of Ups1 
(Miyata et al., 2017). Therefore, an alternative PA transport 
pathway or CL synthesis is upregulated independently 
of Ups1 when the PE level is lowered (Figure 1). Based on 
this consideration, Miyata et al. (2017) found that Mdm31, 
Mdm32 and Fmp30 in the mitochondrial IM are involved 
in the CL synthesis under the decreased PE conditions. In 
particular, Mdm31 in the IM directly interacts with porin 
in the OM, a channel for small metabolites and ions, sug-
gesting the presence of an alternative PA transport route at 
the OM-IM contact sites (Miyata et al, 2018). Consistently, 
we showed that overexpression of Mdm31 partly rescued 
the defects in growth and CL accumulation observed in 
cells lacking Ups1 or one of the ERMES subunits (Mmm1, 
Mdm10, Mdm12 and Mdm34), suggesting the role of 
Mdm31 in PA transport (Tamura et  al., 2012). Further, it 
is interesting that amino-acid sequence analysis showed 
that Mdm31 contains the Chorein-N domain, which 
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appears to transfer lipids between membranes (Levine, 
2019). Therefore, it is attractive to assume that Mdm31 can 
directly transfer PA from the OM to the IM independently 
of Ups1-Mdm35 when the PE level is lowered.

The mitochondrial IM has two distinct types of crista 
structures, lamellar cristae and tubular cristae. While 
lamellar crista is generated by the fusion of two distinct 
IMs by Mgm1 after fusion of the OM (Harner et al., 2016), 
tubular crista could be formed by the substantial increase 
in the amount of the IM through the supply of proteins 
and phospholipids to the IM. Indeed, this latter idea was 
found to be the case, that is, loss of Mdm35, which inacti-
vates the Ups1 and Ups2-mediate PA and PS transport, led 
to a decrease in crista structures, suggesting the potential 
role of intramitochondrial phospholipid transport in the 
crista formation (Kojima et al., 2019). Besides, the triple-
deletion mgm1Δdnm1Δmdm35Δ cells (deletion of DNM1 in 
addition to the MGM1 deletion is required to suppress the 
loss of mtDNA, which causes possible secondary effects) 
show significantly altered IM structures or even empty 
mitochondria without internal IM structures, which leads 
to the decreased CL level and severe growth defects. Thus, 
intra-mitochondrial phospholipid transport is coupled 
to the development of crista IM structures as well as the 
optimum CL content in the IM. On the other hand, it is to 
be noted that CL in the IM does not in turn facilitate forma-
tion of cristae structures through the induced high mem-
brane curvature of the IM because crd1Δ cells do not affect 
cristae structures (Baile et al., 2014; Basu Ball et al., 2018).

Conclusions and perspectives
Our understanding of synthesis and transport of mito-
chondrial phospholipids has advanced in recent years. 
Proteins facilitating the phospholipid transfer between 
organelle membranes across the aqueous phase have 
been identified; such proteins include Ups proteins for 
the phospholipid transport between the mitochondrial 
OM and IM, and ERMES between the ER membrane and 
mitochondrial OM. In particular, identification of inter-
organelle contacts between various pairs of organelle 
membranes, which often contain proteins with lipid-bind-
ing domains, points to the increasing importance of those 
contact sites in the transfer of lipids between different 
organelles.

Nevertheless, it is still unclear how lipid composi-
tions of different membranes are constantly monitored 
and optimized in response to metabolic conditions by 
inter-membrane lipid trafficking. Besides, little is known 

for flippases and scramblases within mitochondria, which 
would facilitate lipid translocation from one leaflet to 
the other leaflet of the membrane; such transmembrane 
movement of lipids achieves asymmetric distribution of 
lipids across the membrane bilayer, which is essential 
for lipid trafficking, cell signaling, vesicular trafficking, 
organelle morphology dynamics, etc. Another elusive 
question is related to likely non-uniform lateral distribu-
tion of phospholipids in the mitochondrial membranes. 
In particular, non-bilayer forming phospholipids PE 
and CL in the IM would segregate into distinct domains, 
which may contribute to membrane fusion and fission 
as well as membrane protein biogenesis in the highly 
protein-rich IM. Such lipid segregation may be connected 
to the membrane scaffolds mediated by prohibitins, the 
assembly of which form ring structures in the membranes 
(Osman et al., 2009b), yet molecular mechanisms behind 
the lateral lipid organization within the membrane is still 
poorly understood.

Trafficking of proteins and lipids appear to operate 
under distinct principles. Protein trafficking is highly 
specific, precise and efficient, reflecting the allocation 
of unique pathways to individual proteins. In contrast, 
pathways for lipid trafficking are often redundant and 
equipped with multiple back-up pathways, thereby ren-
dering the lipid trafficking versatile and flexible as well 
as robust, which would be essential for the cellular lipid 
homeostasis. In the coming several years, we anticipate 
witnessing the discovery of more new factors and path-
ways for mitochondrial lipid trafficking, which will lead 
to answers to the many fundamental questions described 
here and establishing the still vague principle of cellular 
lipid trafficking.
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