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Lipid synthesis and membrane contact sites:
a crossroads for cellular physiology
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Abstract Membrane contact sites (MCSs) are regions of
close apposition between different organelles that contrib-
ute to the functional integration of compartmentalized cel-
lular processes. In recent years, we have gained insight into
the molecular architecture of several contact sites, as well as
into the regulatory mechanisms that underlie their roles in
cell physiology. We provide an overview of two selected topics
where lipid metabolism intersects with MCSs and organelle
dynamics. First, the role of phosphatidic acid phosphatase,
Pahl, the yeast homolog of metazoan lipin, toward the syn-
thesis of triacylglycerol is outlined in connection with the
seipin complex, Fld1/Ldb16, and lipid droplet formation.
Second, we recapitulate the different contact sites connect-
ing mitochondria and the endomembrane system and em-
phasize their contribution to phospholipid synthesis and
their coordinated regulation.Bl A comprehensive view is
emerging where the multiplicity of contact sites connecting
different cellular compartments together with lipid transfer
proteins functioning at more than one MCS allow for func-
tional redundancy and cross-regulation.—Fernandez-Murray,
J. P, and C. R. McMaster. Lipid synthesis and membrane con-
tact sites: a crossroads for cellular physiology. J. Lipid Res.
2016. 57: 1789-1805.
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The pervasive importance of lipids in cell biology has be-
come evident. From structural roles defining cellular com-
partments and surfaces with specific biological properties
to functional roles in signal transduction processes and
modulation of regulatory networks, the involvement of lip-
ids in varied cellular functions is well-established. Concur-
rently, we have gained a broad understanding about the
repertoire of proteins involved in synthesis, degradation,
transport, and sensing of lipids, as well as the regulatory
mechanisms that interconnect lipid metabolism with other
cellular processes. The amenability of Saccharomyces cerevi-
siae to classical approaches of molecular genetics, and to
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high throughput analyses, makes this yeast a powerful or-
ganism to unveil the intricacies of this field. The yeast
S. cerevisiae has played a foundational role in the field of
molecular and cellular biology of lipids, including the
identification of membrane contact sites (MCSs) and how
they link lipid metabolism with organelle dynamics. We
present advances in two topics where extensive and out-
standing contributions have recently been made where
their relevance transcends the yeast lipid field. We first re-
view new information about the phosphatidic acid (PA)
phosphatase, Pahl, the yeast homolog of human lipin, and
its role in directing lipid flux into membrane synthesis or
storage. We review the contribution of Pah1 to lipid droplet
(LD) formation and its interaction with the seipin complex,
Fld1/Ldb16, to regulate endoplasmic reticulum (ER)-LD
contact site dynamics. Second, we recapitulate recent de-
velopments revealing MCS connections between the ER
and mitochondria with other cellular compartments, and
how these intersect with the maintenance of lipid homeo-
stasis. Furthermore, we explore MCS redundancies that al-
low cells to cope with changing metabolic demand.

PA METABOLISM CO-COORDINATES MEMBRANE
AND LD SYNTHESIS

PA is the common precursor for the synthesis of mem-
brane phospholipids (PLs) and the major component of
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typic fusion and vacuole protein sorting; Lam, lipid transfer protein
anchored at a membrane contact site; LD, lipid droplet; Ltc, lipid trans-
fer at contact site; LTP, lipid transfer protein; Mcp, maintenance of mi-
tochondrial morphology 10 complementing protein; MCS, membrane
contact site; Mdm, mitochondrial distribution and morphology; Mmm,
maintenance of mitochondrial morphology; mtDNA, mitochondrial
DNA; NL, neutral lipid; NVJ, nuclear vacuolar junction; PA, phospha-
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LDs, such as triacylglycerol (TAG) (Fig. 1). The de novo
biosynthesis of PA, as well as its consumption for PL and
TAG synthesis, takes place in the ER (1, 2). The size of the
pool of PA localized at the ER impacts the expression of
the genes involved in PL synthesis, as a transcriptional reg-
ulatory module directly connects PA availability at the ER
with gene expression of PL biosynthetic genes in the nu-
cleus (3, 4). In addition, protein synthesis dedicated to the
secretory system proceeds through the ER and is coordi-
nated through a regulatory network with the lipid biosyn-
thetic capacity of the ER (5-8). The combined functional
proficiency of these cellular processes is required for nor-
mal growth. The activity of Pahl, the yeast homolog of hu-
man lipin, has a prominent role, as this enzyme diverts the
flux of PA from PL synthesis into TAG synthesis for accu-
mulation into LDs based on the cellular need of membrane
expansion and cell growth versus cessation of growth and
lipid storage (9, 10). Consistent with such a central func-
tion, Pahl is highly regulated posttranslationally. Pahl is
kept soluble and away from its membrane substrate, PA, by
phosphorylation (11-13). Upon dephosphorylation by the
conserved ER-localized protein phosphatase, Nem1/Spo7,
Pahl becomes membrane bound and active, generating
diacylglycerol (DAG) for TAG synthesis (14, 15). Remark-
ably, the active form of Pahl is unstable and rapidly
degraded, resulting in a tightly controlled system for regu-
lation of membrane versus storage lipid synthesis (16, 17).

Interestingly, LDs are tightly associated with the ER at
MCSs (18-21), and the activation and membrane recruit-
ment of Pahl1 takes place in the vicinity of LDs, suggesting
a channeling mechanism of DAG delivery for TAG synthe-
sis and sorting into LDs (22-25).

Below, we briefly describe the necessary conceptual
framework regarding PA metabolism, which is reviewed in
depth elsewhere (2, 10, 26, 27), to enable facile insight into
the relevance of the research we review here. PA is synthe-
sized in the ER where it is activated to CDP-DAG for subse-
quent synthesis of membrane lipids by the ER resident
enzyme, Cdsl (Fig. 1). The high energy CDP-DAG is con-
sumed at the ER for the synthesis of phosphatidylinositol
(PI) catalyzed by the PI synthase, Pisl, and phosphatidyl-
serine (PS) catalyzed by the PS synthase, Chol. PS, in turn,
generates phosphatidylethanolamine (PE) by decarboxyl-
ation catalyzed primarily by mitochondrially-localized Psdl,
with a small contribution from Golgi/endosome localized
Psd2. PE is subsequently converted into phosphatidylcho-
line (PC) by three successive methylations that take place
in the ER. The first methylation is carried out by Cho2 and
the second and third by Opi3. PA is also transported to the
mitochondria where it is converted to CDP-DAG by the
activity of the mitochondrial CDP-DAG synthase, Tam41
(28), for subsequent synthesis of the mitochondrial-specific
lipids, phosphatidylglycerol (PG) by Pgsl/Gep4 and car-
diolipin (CL) by Crdl (Fig. 1) (29-31).
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Fig. 1.

MCSs enable metabolic flux through different compartments for PL. and TAG syntheses. This figure outlines several lipid biosyn-

thetic pathways and their locations. The MCSs bridging the gaps between the different compartments are indicated. PA is the key lipid pre-
cursor for the synthesis of TAG and PLs taking place at the nuclear envelope (NE)/ER (green). TAG is sorted into LDs (pink) connected to
the ER by the seipin complex. Most of the reactions for PL synthesis take place at the ER. PS decarboxylation mediated by Psd1 and generat-
ing PE occurs in the mitochondria (purple) with transport of PS and PE indicated by arrows across these compartments. Transports of PI,
PC, and PA (for the synthesis of the specific mitochondrial lipids PG and CL) into mitochondria are also indicated by arrows from the ER
and into mitochondria. ER-mitochondria encounter structure (ERMES) and ER membrane protein complex (EMC) are represented as
boxes connecting both compartments. An alternate route through the vacuole (yellow) bridging ER and mitochondria is shown. Vacuole
and NE/ER are connected indirectly by vesicle traffic through the endomembrane system, as well as by the NV] contact site. The vacuolar
and mitochondrial patch (vCLAMP) contact site is represented as a box connecting both compartments.
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The PL, PA functions at a critical branching point in
lipid metabolism where lipid biosynthetic flux can be di-
rected into membrane PL synthesis concomitant with
membrane proliferation, or into TAG synthesis and LD for-
mation (Fig. 1). To generate TAG, PA is dephosphorylated
at the ER to form DAG by the PA phosphatase, Pahl (9).
DAG is acylated by the acyltransferases, Dgal and Lrol, to
produce TAG for accumulation in LDs (32-35). DAG can
also be phosphorylated back to PA by the ER-localized lipid
kinase, Dgkl (36, 37). There are three other PA phospha-
tases in yeast, Dppl, Lppl, and Appl, which, together with
Pahl, constitute the whole measurable PA phosphatase
complement in yeast extracts (38). Dppl, Lppl, and Appl
are not involved in diverting PA from PL synthesis to gener-
ate DAG for TAG synthesis, as the DAG, TAG, and PL rela-
tive composition of the triple dppIA IppIA applA mutant
do not differ appreciably from wild-type cells (38). Instead,
Dppl, Lppl, and Appl are thought to be involved in lipid
signaling or membrane structural/curvature changes asso-
ciated with vesicular trafficking (10, 38).

The physiological relevance of Pahl has been uncovered
by studying pahIA yeast strains (9, 14, 22, 39-41). The ab-
sence of Pahl leads to elevated levels of PA and other PLs,
which is thought to cause the observed hyperproliferation
of the nuclear ER (10, 11, 36). This metabolic block also
leads to reduced amounts of DAG and TAG, a reduced
number of LDs, and lipotoxicity, as the reduced level of
DAG observed in pahIA cells hampers TAG synthesis and
the ability to cope with excess exogenous fatty acids (9, 22,
39, 42). Additional phenotypes of pahlA cells are slow
growth, thermosensitivity, and an impairment of pahIA
cells to grow in nonfermentable carbon sources. The in-
ability to grow on nonfermentable carbon sources is not
believed to be due to a respiratory defect, instead a reduc-
tion of ATP level observed in pahlA cells as a consequence
of deregulated PL synthesis (which consumes ATP) was
proposed as the limiting factor for growth (41). In addi-
tion, pahlIA cells exhibited an increased level of mitochon-
drial superoxides and a decreased tolerance to oxidative
stress resulting in reduced chronological life span (41).
Cells defective in Pah1 activity also displayed vacuolar frag-
mentation and decreased vacuolar fusion consistent with
the observed reduction in vacuolar recruitment of several
protein factors implicated in the vacuolar fusion process
(40). Of interest, Pahl has also been associated with the
vacuolar membrane and the conversion from PA to DAG
was proposed as a critical event leading to vacuole fusion
(40).

PA can also be synthesized by Dgkl, an atypical DAG ki-
nase that utilizes CTP for the synthesis of PA (37) (Fig. 1).
Dgkl is an integral membrane protein localized at the ER/
nuclear membrane. Dgkl antagonizes Pahl activity, and
they constitute a counteracting pair that controls the levels
of PA and DAG at the nuclear ER. Indeed, Dgkl was identi-
fied in two screens for multicopy suppressors of the lethal-
ity that arises from deregulated Pahl activity (36). Dgkl
overexpression leads to an increased level of PA, derepres-
sion of UASyo-containing genes (see subsequent section),
and nuclear membrane proliferation, phenotypes also

observed in pahlA cells. Inactivation of the DGKI gene sup-
presses phenotypes elicited by Pahl deficiency, including
elevated PA level, abnormal nuclear/ER morphology, and
derepressed UAS o gene transcription (36). This interac-
tion suggests that Dgkl contributes to the PA pool that is a
substrate for Pahl. In addition, the absence of Dgkl re-
stores LD formation to wild-type level in pahIA cells (22,
39). The susceptibility of pahIA cells to oxidative stress and
their inability to grow in nonfermentable carbon sources
were partially suppressed by loss of Dgkl (41), while other
phenotypes of pahIA cells, including decreased TAG syn-
thesis and lipotoxicity, were not suppressed by Dgkl defi-
ciency (36, 39). This suggests that only a subset of the PA
pool produced by Dgkl overlaps with the function of that
consumed by Pahl.

PA DIRECTLY BINDS TRANSCRIPTIONAL
REGULATORS OF LIPID SYNTHESIS

In addition to its function as a central precursor for PL
and TAG syntheses, the pool of PA localized at the ER plays
a regulatory role in modulating the expression of genes re-
quired for PL and fatty acid synthesis primarily through
repressing transcription from genes containing an UASyo
promoter element (3, 4, 43) (Fig. 2). Opil is a transcrip-
tional repressor that senses the level of PA at the ER (43),
and through the simultaneous interaction of PA and the
integral ER protein, Scs2, Opil is bound to the ER and is
inactive. A drop in PA level allows for Opil detachment
from the ER membrane and translocation into the nucleus
where it acts as a transcriptional repressor. The genes
controlled by this PA-Opil-regulated circuit contain the
UASyo elementin their promoters where the transcriptional
activators, Ino2/Ino4, bind and promote transcription.
Opil directly interacts with Ino2 and represses transcrip-
tion. Thus, high levels of PA allow the transcription of PL
synthesis genes, while low levels of PA do not prevent Opil-
mediated gene repression.

The PA-Opil regulatory circuit is highly responsive to
inositol availability. INOI encodes for inositol-3-phosphate
synthase, which catalyzes the rate-limiting enzyme for the
de novo synthesis of inositol. The amplitude of /NOI induc-
tion is the highest among the genes controlled by the PA-
Opil regulatory circuit. Under inositol deprivation, INOI is
maximally expressed and PI synthesis depends on the rate
of de novo inositol formation (Fig. 2). Under this growth
condition, the total rate of CDP-DAG consumption does
not exceed the rate of PA synthesis, leading to high levels
of PA. Upon inositol supplementation, a dramatic drop of
PA levels takes place as CDP-DAG is rapidly consumed by
the high rate of PI synthesis resulting in Opil repressing
INOI transcription, along with other UASo-containing
genes (2, 4, 43). Other metabolic inputs, different from
inositol, that impact on PA levels at the ER would affect Opil-
mediated PL synthesis gene expression. Indeed, the pahIA
mutant exhibits elevated levels of PA and deregulated expres-
sion of UAS|o-containing genes (9, 11, 14), while, con-
versely, the expression of a highly active hypophosphorylated
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Fig. 2. Activation status of PA phosphatase, Pahl, impacts on PL and NL homeostasis. A: Pahl in its hyperphosphorylated form is kept off
the ER and unable to reach its substrate, PA. An increased ER level of PA recruits the transcriptional repressor, Opil, to the ER membrane
through the simultaneous interaction with the integral protein, Scs2, allowing for the expression of genes involved in PL synthesis. A reduced
level of DAG attenuates TAG synthesis and LD formation. B: Dephosphorylated Pahl binds to ER membranes and hydrolyzes PA generating
DAG leading to TAG synthesis and LD formation. Upon reduction of the PA level at the ER, Opil is released and translocates to the nucleus
where it represses transcription and decreasing PL synthesis.
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Pahl variant leads to a reduced level of PA and severe
Opil-mediated UASq transcriptional repression (11).

PA PHOSPHATASE: REGULATING A MASTER
REGULATOR

Pahl is highly regulated through reversible phosphoryla-
tion, which in turn governs Pahl membrane association,
catalytic activity, and stability. Multiple phosphorylations
take place on Pahl, catalyzed by direct phosphorylation by
Cdc28-cyclinB kinase, Pho85-Pho80 kinase, and protein ki-
nase A (10, 12, 13, 44). In its hyperphosphorylated form,
Pahl remains cytosolic and inactive (Fig. 3). The PA phos-
phatase activity of Pahl is inhibited by direct phosphoryla-
tion of Pahl by Pho85-Pho80 kinase or protein kinase A
(13, 44). Dephosphorylation mediated by Nem1/Spo7
reactivates Pahl (45). Pahl is also phosphorylated by pro-
tein kinase C and protein kinase CKII (45, 46). Phosphory-
lation by protein kinase C only slightly increases Pahl
phosphatase activity, without noticeable effects on Pahl
localization or TAG synthesis (45). Phosphorylation by pro-
tein kinase CKII diminishes Pahl phosphatase activity very
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modestly (46). Interestingly, the expression of a mutated
variant of Pahl carrying a phosphorylation-mimicking mu-
tation at one of the CKII target sites combined with the
seven nonphosphorylatable residues for Pho85-Pho80 ki-
nase promotes a significant increase in TAG accumulation
and LD number per cell (46). Of note, protein kinase CKII
also targets Opil, leading to its activation (47). Signaling
through protein kinase CKII impinges on lipid metabo-
lism, attenuating PL synthesis through the activation of
Opil and by diverting PA into TAG synthesis.

The nuclear/ER resident phosphatase complex, Nem1/
Spo7, is responsible for Pahl dephosphorylation and acti-
vation (15). This process depends on the interaction of the
acidic C-terminal tail of Pah1 with Nem1/Spo7 (23). Upon
Nem1/Spo7-dependent dephosphorylation, Pahl becomes
membrane bound through its N-terminal amphipathic he-
lix and can access its substrate, PA, generating DAG (48)
(Fig. 3). TORCI kinase participates in the regulation of
Pah1 activity by modulating the activity of the Nem1/Spo7
phosphatase complex. Inhibition of TORCI indirectly pre-
serves the phosphorylation status of Nem1 and leads to the
activation of Pahl (49). Further evidence for the tight reg-
ulation of Pahl activity by reversible phosphorylation arises

Con > Cons)

DEGRADATION

Fig. 3. Mechanisms of regulation of PA phosphatase, Pahl. Pahl is phosphorylated by protein kinase A (PKA), Pho80/Pho85, and Cdc28/
ClnB. In its hyperphosphorylated status, Pah1 is inactive and kept away from the membranes. The ER resident phosphatase complex, Nem1/
Spo7, dephosphorylates and activates Pahl. Pahl translocates to the ER membrane reaching its substrate PA and generates DAG. The active
form of Pahl is a substrate of the proteasome, having a reduced half-life. In turn, the phosphatase complex, Nem1/Spo7, is activated by cy-
tosol acidification upon glucose exhaustion through an uncharacterized mechanism. Activated TORCI prevents Nem1/Spo7 activation

promoting low levels of Pahl activity.
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from the observation that phenotypes provoked by the ab-
sence of Pah1 are similar to those elicited by Nem1 or Spo7
deficiency: PA builds up, there is upregulation of UASyo-
containing genes, and there is aberrant nuclear/ER
membrane expansion and reduced TAG content, which
correlates with altered LD morphology (12, 14, 18, 22, 50,
51). The toxic effect of Nem1/Spo7 overexpression de-
pends on the presence of Pahl stressing the specific role of
this phosphatase on the activation of Pahl (14).

The steady state level of Pahl substantially decreases as
cells enter stationary phase (52, 53). Nonphosphorylatable
variants of Pahl also exhibit diminished steady state levels
(12, 13). In support of the notion that the phosphorylation
status of Pah1 modulates its abundance, it was shown that a
defective Neml1/Spo7 phosphatase complex attenuated
the diminution of Pahl level for cells reaching late expo-
nential phase (13), as did rapamycin-mediated inhibition
of TORCI (49). It was also noted that Pahl level is higher
in stationary phase cells treated with a proteasome inhibi-
tor or defective in the main proteolytic activity of the pro-
teasome (16). Using purified preparations of proteasome
and a nonphosphorylated version of Pahl purified from E.
coli, in vitro experiments showed that Pahl is degraded by
the 20S proteasome in a ubiquitin-independent manner.
Whereas phosphorylation by protein kinase CKII did not
affect the susceptibility of Pahl to 20S proteasome-medi-
ated degradation (46), phosphorylation by protein kinase
C slightly increased Pahl instability and phosphorylation
by protein kinase A or Pho85-Pho80 kinase attenuated
Pahl degradation (17). Consistent with this observation, in
vivo analysis using nonphosphorylatable variants of Pahl
showed that abrogation of protein kinase C phosphoryla-
tion prevented the decrease in abundance of a Pahl vari-
ant refractory to Pho85-Pho80 kinase phosphorylation
(45). Using Pahl purified from S. cerevisiae, which would be
phosphorylated, it was observed that dephosphorylation by
Nem1/Spo7 made Pahl more susceptible to 20S protea-
some degradation (17). The accumulated evidence sug-
gests that changes in Pahl phosphorylation are part of a
sensitization mechanism whereby fully active dephosphory-
lated Pahl becomes more susceptible to proteasome deg-
radation. This mechanism allows for acute control of Pahl
to prevent the known toxic effects of unrestricted PA hy-
drolytic activity.

Pahl is also regulated at transcriptional and posttransla-
tional levels, coordinating lipid metabolism with other cel-
lular processes. At the transcriptional level, Pahl expression
is regulated by growth phase. The expression of reporter
genes driven from the PAHI promoter increased as cells
progressed into stationary phase, congruent with elevated
PA phosphatase activity and TAG accumulation (53). How-
ever, this increment was not observed at the level of Pahl
abundance. Instead, as cells progressed into stationary
phase and Pahl became more active enzymatically, its
steady state level decreased. As discussed above, protea-
some-dependent degradation controls Pahl abundance in
stationary phase cells. Inositol supplementation did not af-
fect the expression of a reporter gene driven by the PAH1
promoter for cells growing exponentially; whereas for cells
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in stationary phase, the presence of inositol in the growth
media significantly increased the expression of the re-
porter gene. Although the canonical response through the
Ino2/Ino4/Opil regulatory circuit to inositol availability is
normally transcriptional repression, the fact that the single
deletion of the INO2, INO4, or OPII gene erased the growth
phase induction and the stimulatory effect of inositol on
the expression of the PAH1I reporter gene supports the in-
volvement of this regulatory circuit on the transcriptional
control of PAHI gene. Putative binding sites for the his-
tone demethylases/transcription factors, Gisl and Rphl,
are present in the PAHI promoter. In gisIA and rphIA mu-
tants, PAH I reporter gene expression showed loss of induc-
tion in stationary phase, as well as loss of inositol stimulation
(53). Overall, these results reveal a complex network of
transcriptional factors controlling the expression of PAH1
during growth, whose precise mechanism(s) has yet to be
determined.

The accumulated data clearly depict the importance of
phosphorylation on the regulation of Pahl function by
affecting localization, catalytic activity, and stability. The
involvement of direct phosphorylation of Pahl by Cdc28-
cyclin B kinase, Pho85-Pho80 kinase, protein kinase A,
protein kinase C, and protein kinase CKII, as well as Pahl
dephosphorylation by the Nem1/Spo7 phosphatase, is
well-established. Other protein kinases can phosphorylate
Pahl in vitro and many more phosphorylation sites have
been identified on Pahl that remain to be characterized
(11, 54-57), underscoring the role of Pahl as a signaling
target for coordinating lipid metabolism with cellular
processes.

PA PHOSPHATASE BALANCES MEMBRANE
EXPANSION WITH LIPID STORAGE

Cell growth transition from exponential growth phase
into stationary phase encompasses major metabolic changes.
At the lipid level, this transition involves a switch from
membrane synthesis to lipid storage, as revealed by the in-
crease in cellular TAG and the accumulation of LDs. For
cells growing logarithmically in glucose media, Pahl was
primarily cytoplasmic. Upon glucose exhaustion, Pahl
transiently localized to the nuclear membrane that con-
tacts the vacuole [nuclear vacuolar junction (NV])] and
then accumulated at two foci flanking the NVJ and in con-
tact with LDs (58). However, the transient localization of
Pahl at the NV] was not required for the lipid metabolic
function of Pahl, as TAG and LD levels were not affected
in nyjIA cells that had reached stationary phase. The local-
ization of Pahl with LDs and the increase in neutral lipid
(NL) synthesis take place simultaneously. Analogously,
acute glucose withdrawal triggered Pahl localization into
the NVJ, LDs, and other punctuate structures in cells grow-
ing exponentially (58). Cellular glucose depletion led to
cytosol acidification followed by Neml/Spo7 activation
that, in turn, dephosphorylated Pahl. Dephosphorylated
Pah1 binds to membranes and has access to its substrate,
PA. The details of the mechanism leading to Nem1/Spo7



activation upon cytosol acidification have not been solved:
mere acidification could activate the phosphatase or it
could be mediated by TORC, as it is known that cytosol
acidification upon glucose exhaustion activates TORC, and
that Nem1/Spo7 is a downstream target of this kinase (49).

There is evidence that the Nem1/Spo7 complex and
membrane bound Pahl localize together at the vicinity of
LDs, suggesting a channeling mechanism from PA hydroly-
sis to TAG synthesis and sorting into LDs. It was shown that
Spo7 exhibited a typical ER distribution, whereas Pah1 ex-
hibited a diffuse cytosolic localization for exponentially
growing cells. Upon the overexpression of Dgkl and conse-
quent increase of PA at the ER, Spo7 concentrated to a
crescent shape where Pahl also colocalized (48), and this
punctum was in close proximity to LDs (22). Upon Neml
and Spo7 overexpression, Pah1 was recruited to the ER ad-
jacent to LDs and led to an increased number of LDs per
cell and formation of LD clusters (23).

In the absence of TAG and sterol ester synthesis, and
consequent LD formation, Pahl still targeted the nuclear
envelope at stationary phase. It was observed that the re-
cruitment of Pahl to the nuclear membrane upon entry
into stationary phase for cells unable to form LDs was ac-
companied by membrane proliferation, as revealed by al-
tered nuclear morphology and organization of cortical ER.
Similar defects were also observed when only TAG synthe-
sis was prevented by inactivation of the DGAI and LROI
genes. At stationary phase, cells unable to form LDs exhib-
ited increased amounts of DAG, ergosterol, fatty acids, and
PLs compared with wild-type cells (58). The localization of
Pahl has clear effects on lipid metabolism and the subse-
quent formation of membranes versus LDs.

THE MAKING AND BREAKING OF LDs

LDs are the organelles responsible for the cellular stor-
age of the NLs, TAG, and sterol esters. Stored NLs are a
source of precursors for membrane synthesis, as well as
substrates for energy production. Typically, a LD is a 0.3—
0.4 wm sphere organized as a core of NLs wrapped in a PL
monolayer. This PL. monolayer allows for specific associa-
tions with numerous proteins, some of which are specific
for LDs, whereas others are shared with the ER, the com-
partment from which LDs originate. Reflecting the most
relevant function of LDs, the vast majority of proteins
associated with LDs participate in NL synthesis and deg-
radation (26). Consistent with a role for the ER in lipid
homeostasis, and in particular as a site where the flux of
lipid precursors is directed toward membrane synthesis or
storage, LDs are not only formed from the ER, but most of
them remain physically connected with the ER (19, 20).

Genome-wide screens for altered LD morphology and
distribution identified genes involved in LD function. Mu-
tants defective in PC synthesis through the PE methylation
pathway due to mutation in the CHOZ2 or OPI3 genes, as
well as mutants devoid of the PL synthesis transcriptional
activator, Ino2 or Ino4, exhibited very similar LD morphol-
ogy phenotypes. Loss of function mutations for each of

these genes resulted in a few supersized LDs (SLDs) (diam-
eter >1 wm) when cells were grown in minimal media (SC
media). This phenotype is conditional because supplemen-
tation of the growth media with choline or inositol, which
drive PL synthesis, or growth on YPD-rich media, which
contain both choline and inositol, restored LD morphol-
ogy to a wild-type appearance (51, 59). Under limiting PL
synthesis, it is thought that SLD formation is favored, as the
surface/volume ratio of LDs is minimized, while fusogenic
PLs such as PE and PA accumulate simultaneously.

The genetic screens for cells with altered LD morphol-
ogy also identified mutations in FLLDI (18, 60). FLDI is the
yeast homolog of the human gene, Berardinelli-Seip con-
genital lipodystrophy type 2 (BSCL2), mutations in which
cause a severe form of congenital general lipodystrophy.
BSCL2 encodes seipin, an integral protein of the ER that
assembles into oligomeric complexes at ER-LD contact
sites. It was noted that loss-of-function of Fld1 results in a
LD phenotype very similar to that observed in (bd16A cells
(59). Consistent with this, Fld1 and Lbd16 form a protein
complex where Fld1 interacts with itself and with Ldb16 at
ER-LD contact sites, referred to as the seipin complex (59,
61). In the absence of Fld1, Ldb16 becomes unstable and is
targeted to the ER-associated degradation machinery. Both
Fld1 and Lbd16 have a similar topologic array where their
N and C termini, separated by two transmembrane do-
mains and a luminal loop, face the cytosol. In spite of the
similar domain architecture and the common function,
there is no homology between these two proteins. Interest-
ingly, the expression of human seipin complements the si-
multaneous absence of both proteins, as well as the absence
of each one individually, suggesting that the function of
the yeast seipin complex constituted by Fld1 and Ldb16 is
performed by human seipin (59). The absence of Fld1 or
Lbd16 elicits similar LD phenotypes, as well as similar per-
turbations on lipid metabolism. Typically, fld1A and ldb16A
cells display a heterogeneous LD phenotype that depends
on growth condition (18, 20, 25, 51, 59, 60). When grown
in minimal media, most of the fIdIA and ldb16A mutant
cells present one or a few SLDs. The rest of the cell popula-
tion develops one or two aggregates of small LDs entangled
with ER membranes. Growth in YPD-rich media or in mini-
mal media supplemented with inositol to drive PL synthesis
results in the majority of cells containing aggregates of ER-
entangled LDs and a small fraction presenting with a few
SLDs. Under both media conditions, cells exhibited many
very small LDs scattered throughout the cytoplasm. A
possible contribution to the heterogeneity of LD morphol-
ogy arises from the defect in LD inheritance observed for
fldIA (20).

Deletion of the CHOZ2 gene, which decreases PC synthe-
sis through the methylation pathway and whose inactiva-
tion also results in abnormal LD morphology, prevented
the inositol-induced formation of ER-entangled LD aggre-
gates (25, 51, 59), supporting the idea that augmented PL
synthesis contributes to the change of LD morphology
observed in seipin complex mutants upon inositol supple-
mentation. This idea was further supported whereby over-
expression of the CDP-DAG synthase encoded by CDSI,
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which catalyzes the conversion of PA into CDP-DAG that is
the lipid precursor for the synthesis of most PLs, also pro-
moted the LD morphology shift from SLD to LD aggre-
gates (21).

THE CONTRIBUTION OF ER-LD CONTACT SITES
TO LD FORMATION AND DYNAMICS

Several observations suggest that the Fld1/Ldb16 seipin
complex could coordinate NL synthesis with LD biogene-
sis. The absence of the seipin complex delayed LD emer-
gence leading to the accumulation of NLs in ER membranes
(62) and the formation of LDs inside the nucleus (25, 62),
revealing that the Fld1/Ldb16 complex directs LD emer-
gence toward the cytosol. Interestingly, yeast cells devoid of
the seipin complex also exhibit abnormal proliferation of
the nuclear ER (21, 25, 59), a similar morphological fea-
ture also observed in cells defective in the PA phosphatase,
Pahl. As discussed above, enrichment of PA at the ER upon
PAH 1 inactivation prevents Opil repression of UAS|yoreg-
ulated genes. Derepressed levels of INOI and OPI3, among
other UASporegulated genes, were reported for both
SldIA and ldb16A cells, suggesting that the absence of the
seipin complex perturbs PA homeostasis and interferes
with Opil function (51, 59, 63). However, unrestricted PL
synthesis might not be the only cause for abnormal nuclear
ER because opilA cells exhibit wild-type nuclear ER (as well
as normal LD morphology).

Alteration of PA homeostasis at the nuclear ER together
with increased PL synthesis could trigger hyperprolifera-
tion of nuclear ER membranes. Indeed, three independent
research groups reported that PA binding probes, such as
Opil, Pahl, and a reporter derived from Spo20 (Spo20 oy,
form puncta localized at, or very close to, LDs entangled
with ER membranes in seipin complex-deficient cells
(21, 24, 25). It has been reported that there is a slight in-
crease in PA in the microsomal fraction isolated from fldIA
cells (51). Coordination of LD formation with NL synthesis
implies the localization of Pahl (and other enzymes in-
volved in NL synthesis) close to the seipin complex. Pahl is
recruited to nuclear membrane foci in contact with LDs
(23, 58) and is required for LD biogenesis (22, 23, 62). In-
terestingly, in mammalian cells, it was observed that seipin
interacts with lipinl, the human homolog of Pahl (64).
Thus, the seipin complex might function as a nucleation
spot for NL biosynthetic enzymes.

Compatible with its proposed role facilitating LD bio-
genesis, the seipin complex could also work as a diffusion
barrier delimiting LDs from the ER and thus contributing
to LD identity. A recent proteome analysis of LDs isolated
from fld1A and ldb16A cells showed that both mutants have
avery similar LD proteome, but one that is very different to
wild-type LDs. Many proteins residing in wild-type LDs
were strongly reduced in LDs isolated from seipin com-
plex-deficient cells (21). Conversely, several peripheral
proteins carrying known or predicted lipid binding or
membrane interacting domains were associated to LDs iso-
lated from fldIA and ldb16A cells, but were not present in
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wild-type LDs (21). The absence of the seipin complex not
only affected the partitioning of bona fide LD resident pro-
teins, but also likely altered the LD PL monolayer, as re-
vealed by the presence of ectopic peripheral proteins. LDs
from seipin complex mutant cells are irregular in shape and
their PL. monolayer is wrinkled around the NL core (21). In
addition, the ER-LD contact sites are expanded and bloated
(21, 25). The assembly of purified Fld1 into a nonamer of
toroid form (61), plus the evidence that Ldbl6 interacts
with Fld1 forming a macromolecular complex of still unde-
fined structure (59), supports the idea of the seipin com-
plex acting as a diffusion barrier at the ER-LD contacts sites.

Among the ectopic peripheral proteins bound to LDs in
fldIA or ldb16A cells, the most abundant was Opil (21).
Contemporarily with this report, two other groups showed
the formation of Opil foci associated with LD in seipin
complex-deficient cells (24, 25). In its membrane bound
form, Opil interacts with both PA and the ER integral pro-
tein, Scs2. Remarkably, in seipin complex-deficient cells,
Opil remained bound to LDs even if its Scs2-interacting
motif was mutated or Scs2 was absent (21, 24). Analysis us-
ing the PA binding probe, Sp02051'91, consistently showed
punctua associated with LDs from fldIA and ldb16A cells,
further supporting the notion that the absence of seipin
complex leads to PA accumulation in LDs (21, 24, 25).
Based on the observation that the addition of inositol (and
consequent decrease of total cellular PA) increased the
number of mutant cells displaying GFP- Sp0205]'9] foci,
Grippa et al. (21) did not favor the notion that the recruit-
ment of Opil and SpoQOBl’m to LDs is due to binding to PA.
Instead, they proposed that membrane-packing defects on
the LD monolayer might drive the binding of these proteins
to LDs. Supporting this idea, they showed that other ectopic
peripheral proteins that bind membranes through an am-
phipathic helix were increased in LDs from seipin complex-
deficient cells. Contrarily, Han et al. (24) proposed that the
puncta represents clusters of PA molecules that are meta-
bolically isolated and would define the neck between the
ER and LD in the absence of of the seipin complex. The PA
molecules were generated from multiple sources as the sin-
gle ablation of genes involved in PA synthesis, such as GPT2,
SLCI1, ALE1L, LOA1, DGKI, and SPOI14, as well as increased
expression of enzymes that consume PA, such as Pahl or
Cdsl, did not hamper Opil recruitment to LDs.

PERSPECTIVES ON Pah1 BIOLOGY: SIGNALING
INPUTS AND COMPARTMENTALIZATION

The ability to divert the lipid biosynthetic flux into NLs
and to segregate them into LDs has a major role in lipid
homeostasis and contributes to normal cell physiology. In
particular, TAG synthesis buffers the excess of lipid precur-
sors not consumed for PL synthesis preventing lipotoxicity.
In addition, the nutritional status impacts on the balance
between PL synthesis and energy and membrane precursor
storage. The PA phosphatase, Pahl, plays an essential role
in this process. The several layers of regulation that modu-
late its function reveal the multiplicity of signals impinging



on Pahl activity. The activation of Pahl mediated by the
Nem1/Spo7 phosphatase complex is a critical step in this
regulation. It is known that cytosolic acidification and the
TORC pathway affect Nem1/Spo7 phosphatase activity. It
would be important to identify what other signals might regu-
late the Nem1/Spo7 complex. Considering that the Nem1/
Spo7 complex resides in the ER, it is plausible that this com-
plex senses, directly or indirectly, membrane status and trans-
duces this information modulating Pahl activity. Another
important aspect of this process, regarding the functional
integrity of the ER, is the clustering of the factors required for
TAG synthesis and LD formation. An orderly array of pro-
teins and lipids facilitates substrate channeling and limits the
distribution and concentration of DAG and TAG very near to
or at LDs, preventing their potential disruptive effect on ER
structure. Exploring the network of protein-protein and pro-
tein-lipid interactions among the factors involved in this pro-
cesswould contribute to an understanding of the mechanisms
and regulations underlying the dynamics of the contact sites
connecting the ER and LDs.

MAKING MITOCHONDRIAL MEMBRANES: THE
CONTRIBUTION OF ER-MITOCHONDRIAL
CONTACT SITES TO MITOCHONDRIAL MEMBRANE
SYNTHESIS AND DYNAMICS

Different cellular compartments have characteristic
lipid compositions (65, 66). Furthermore, lipids can be
distributed asymmetrically across the leaflets of a mem-
brane bilayer (67). Thus, the concerted synthesis, degra-
dation, modification, and trafficking of lipids generate
and sustain the highly heterogeneous lipid composition of
organellar membranes (68-70). Mitochondria are organ-
elles of endosymbiotic origin that, over evolution, have
transferred most of their protein encoding genes into the
cell host nucleus, with only a few genes still residing in the
mitochondrial DNA (mtDNA) (71). Dedicated mitochon-
drial machineries allow for the import, folding, and assem-
bly of the nuclear-encoded proteins required for proper
mitochondrial physiology (72-75). Mitochondria are also
equipped with a family of carriers that facilitate the transport
of small soluble molecules like amino acids, nucleotides,
and vitamins across the mitochondrial inner membrane,
necessary for the interdependent metabolism at both sides
of the mitochondrial double membrane (76, 77). Mito-
chondria also play an important role in lipid metabolism
(28, 29, 31, 78): it is the site of synthesis of the mitochon-
drial-specific PLs, CL, and PG, generated from PA, which
is imported from the ER (Fig. 1). In addition, mitochon-
dria are responsible for the synthesis of ~70% of cellular
PE through the activity of Psd1. Psdl resides on the mito-
chondrial inner membrane and its substrate, PS, is gener-
ated at the ER. PE has an essential role in mitochondrial
physiology, but also contributes to the extramitochondrial
pool of PE, as mitochondrial generated PE is transported
back to the ER where it is used for the synthesis of PC. In
addition, ER-synthesized PI and PC have to be imported
into the mitochondria. The topologic array of enzymes

involved in PL synthesis stresses the necessity of lipid trans-
port systems connecting the mitochondria with other
cellular compartments. Lipid trafficking to and from the
mitochondria depends on efficient nonvesicular pathways

(29-31, 78).

ERMES: A TETHERING COMPLEX WITH LIPID
TRANSFER ACTIVITY

MCSs have been described, based on electron micros-
copy observations, as sites of closed apposition between
different subcellular compartments. The biochemical
characterization of a microsomal fraction that copurified
associated with mitochondria as a domain of ER enriched
in different lipid synthesis activities supported the notion
that it represented ER-mitochondria contact sites where
lipid synthesis and transport take place (79, 80). A protein
complex named ER-mitochondria encounter structure
(ERMES) was recently described as a tether between these
compartments (81). Maintenance of mitochondrial mor-
phology (Mmm)1, an ER integral protein, mitochondrial
distribution and morphology (Mdm)12, a cytosolic pro-
tein, and two mitochondrial outer-membrane proteins,
Mdm34 and Mdm10, are the core components of ERMES
(Fig. 4). They interact with each other (82, 83) and are re-
quired for mitochondrial morphology, inheritance, and
segregation of mtDNA (83-86). Their role in tethering ER
and mitochondria was uncovered by the ability of a syn-
thetic ER-mitochondria tether [construct helping in mito-
chondria-ER association (ChiMERA)] to overcome the
respiratory deficiency of mdmlI2A cells (81). The four
ERMES core proteins assemble together forming a few foci
per cell at ER-mitochondria junctions. Null mutation for
any of the genes encoding ERMES subunits leads to the
remnant components losing their characteristic ER-mito-
chondria punctal distribution. Consistent with a model
where the soluble Mdm12 bridges between the ER integral
Mmm1l and mitochondrial Mdm34, Mdm12 localizes to
mitochondria when Mmm1 is missing, and localizes to the
ER when Mdm34 or Mdm10 is absent (81). Three ERMES
subunits (Mmm1, Mdm12, and Mdm34) carry synaptotag-
min-like mitochondrial and lipid binding protein (SMP)
domains (87, 88). Structural analyses of the SMP domains
of Mdm12 and Mmm1 revealed that they assemble into a
heterotetramer forming an elongated crescent shape in
which Mmm1 forms a central homodimer and a mono-
mer of Mdm12 binds to each end of this dimer. A hydro-
phobic channel traverses this elongated heterotetramer
(89). The SMP domains of Mdm12 and Mmm1 both ex-
hibit PL binding activity with preference for PC (89). In
addition, a ternary complex was described in which cyto-
solic Mdm12 bridges the integral ER Mmm1 to the mito-
chondrial Mdm34 (89). The structural and biochemical
characterization of the three SMP domain-containing
components of the ERMES complex provides evidence of
the involvement of these proteins in the mechanical teth-
ering of both compartments and supports their plausible
role in mediating lipid transfer. The fourth subunit of the
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Fig. 4. Molecular organization of MCSs connecting the ER, mitochondria, and vacuole. A: ERMES and Ltc1-Tom70/71 tethering complexes at
ER-mitochondria contact sites. The ERMES complex is composed of four subunits. The subunits Mmm1, Mdm12, and Mdm34 carry SMP do-
mains, physically interact forming a ternary complex and are proposed to transport lipids between the ER and mitochondria. Mdm10 is a mito-
chondrial B-barrel protein shared with the SAM complex. Geml is a substoichiometric component of ERMES, but its role is poorly characterized.
Ltcl is an ER integral protein that contains a sterol binding domain and interacts with mitochondrial Tom70 and Tom71. B: VCLAMP complexes
connect mitochondria and vacuole. The vacuolar Rab GTPases, Ypt7 and Vps39, are components of this complex, whereas the mitochondrial
component is not known. Vps13 is observed associated with this MCS under fermenting growth conditions, whereas the involvement of Mcpl in
this complex was deduced by genetic analysis. C: The NVJ is characterized by the interaction of Vac8 and Nvjl. Ltcl also localizes at this
MCS through its interaction with Vac8 and independent of Nvjl1. Under respiratory growth conditions, Vps13 localizes at the NV]J.
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ERMES core complex, Mdm10, is a mitochondrial B-barrel
protein. Mdm10 is also part of another complex, sorting
and assembly machinery (SAM), required for the assembly
of B-barrel proteins in the outer mitochondrial membrane
(75, 90). Because Mdm10 seems to be present in limiting
amount, the availability of Mdm10 for assembling into
those different complexes might play a regulatory role.

A fifth ERMES component, Gem1, was identified based
on its copurification with the core ERMES complex (91,
92). Geml belongs to the mitochondrial Rho-like (Miro)
class of the Ras GTPase superfamily. It is anchored to the
outer mitochondrial membrane through a C-terminal trans-
membrane domain, with two GTPase domains flanking two
calcium binding EF hands exposed to the cytoplasm (93,
94). Contrary to the absence of the ERMES core compo-
nents, the absence of Gem1 does not prevent ERMES as-
sembly, but, instead, fewer and larger foci are observed
(91). Mutational analyses indicated that the first GTPase
domain and the first EF hand are important for the local-
ization of Gem1 to ERMES foci (91).

It was found that cells lacking MMM, MDM12, MDM34,
MDMI0, or GEMI have similar profiles of genetic interac-
tions consistent with a common functional role. Interestingly,
the similarity between the genetic interaction profiles is also
shared by PSD1 (81), supporting the notion that the ERMES
complex may be involved in mitochondrial lipid trafficking.
Mitochondrial PL compositional analysis for mdmlI2A and
mdm34A mutant cells showed a significant decrease in CL
level (81), whereas PE and CL were both decreased in
mmmIA and mdm10A cells (95). When the rate of conversion
from PS to PE to PC was determined, ERMES mutants
showed a 2- to 5-fold reduction compared with wild-type
cells (81), implying that the ERMES complex may be directly
involved in ER-mitochondria PL transport. However, the in-
volvement of ERMES in PL transfer has been contested based
on the marginal effect on mitochondrial lipid homeostasis
observed upon inactivation of the complex (96). However,
the identification of alternative MCSs involving mitochon-
dria (see below) might explain the mild alteration of the mi-
tochondrial PL profile observed for cells defective in ERMES.

In mdm12A and mdm34A cells, expression of the syn-
thetic ER-mitochondria tether, ChiMERA, restored the
ability to grow in nonfermentable carbon sources, restored
mitochondrial morphology from giant globular into a tu-
bular network, and partially restored the rate of PS to PC
conversion; whereas, ChiMERA failed to alleviate these
phenotypes for mmmIA and mdmI0A cells (81). The inabil-
ity of ChiMERA to compensate for the absence of Mmm1
and Mdm10 suggests that these two proteins perform other
functions beyond ER-mitochondria tethering. Indeed, as
was noted above, Mdm10 is also known to be part of the
SAM complex (75, 90).

MULTIPLE ROLES FOR ERMES IN
MITOCHONDRIAL BIOLOGY

In addition to its proposed role in lipid transport, ERMES
has other roles in mitochondrial biology. Consistent with

the observation that ER tubules wrap around mitochondria
marking division sites (97) and the defects in mitochon-
drial inheritance in ERMES mutants (84), ERMES is local-
ized at sites of mitochondrial constriction. Gem1 facilitates
the resolution of ERMES-associated constrictions into
newly generated mitochondrial tips (98), and as ERMES
components colocalize with replicating mitochondrial nu-
cleoids (83, 99), ERMES and its regulator, Geml, have
been determined to contribute to the distribution of mito-
chondrial nucleoids. ERMES is also involved in mitophagy,
as ERMES mutants have a defect in mitophagy, whereas
other autophagy pathways are not impaired, and ERMES
colocalizes with sites of mitophagosome formation. The ex-
pression of the artificial ER mitochondria tether, Chi-
MERA, restored mitophagy. It was proposed that ERMES
aids in the synthesis of PLs for expansion of the mitophago-
some (100). Recently, it was also reported that mitochon-
dria-peroxisome interactions take place through ERMES.
Mdm10, Mdm12, and Mdm34 were required for proper
localization of Pex11, whereas the absence of the ER-resi-
dent ERMES component, Mmm1, did not affect Pex11 lo-
calization. Pex11l was shown to physically interact with
Mdm34 and was required for formation of contact sites be-
tween peroxisomes and mitochondria (101).

The numerous phenotypes associated to ERMES mutants
and the many functional roles assigned to this complex are
remarkable (102). Its role as a physical tether between the
ER and mitochondria is superimposed with its probable
lipid transfer activity. Do those several mutant phenotypes
rise from the lack of a single function? The ability of the
artificial tether, ChiMERA, to alleviate some of the pheno-
types of ERMES mutants stresses the importance of ERMES
as a tether and suggests the existence of lipid transfer pro-
teins (LTPs) that resume their activities when MCS are re-
stored. Even though the tether function is disengaged
when an ERMES subunit is missing, could the remnant
SMP-containing subunits of ERMES transfer lipids if the
tether is artificially restored? The precise molecular role of
this complex is also veiled by the existence of redundant
MCSs connecting the mitochondria with other compart-
ments that act homeostatically to sustain mitochondria
functionality upon ERMES failure. Despite the fact that
ERMES is not a conserved eukaryotic complex and is
missing in metazoans and plants (103), the increasing un-
derstanding of its functional interactions sheds light on
uncovered aspects of mitochondrial biology.

MITOCHONDRIAL CONNECTIONS BEYOND ERMES

Multicopy extragenic suppressors of phenotypes associ-
ated with loss of ERMES components have recently been
identified (104). Specifically, a multicopy suppressor
screen for genes whose increased dose could restore
growth of mdmlIOA cells on a nonfermentable carbon
source at 37°C led to the isolation of two mitochondrial
proteins, Mdm10 complementing protein (Mcp)l and
Mcp2 (104). The overexpression of these proteins re-
verted the globular mitochondrial morphology of mdm10A
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cells into a normal tubular shape. The altered mito-
chondrial PL profile of mdm10A cells was also restored by
increased expression of these proteins. Mcpl and Mcp2
overexpression alleviated the growth defect on nonfer-
mentable carbon source for loss-of-function mutants of
the core ERMES complex (mdm12A, mdm34A, and mmmIA).
In addition, the combined absence of either Mcpl or
Mcp2 with any of the ERMES components resulted in se-
vere growth defects (104). Although the precise molecular
function of these two proteins is not known, evidence sug-
gests that they are involved in alternative redundant func-
tion with ERMES.

Another ER-mitochondria tethering complex has
recently been identified (105). ER membrane protein
complex (EMC) is a conserved multisubunit complex
(106) that interacts with Tomb, a nonessential subunit
of the mitochondrial protein translocase of the outer
membrane complex (Fig. 1). The absence of five of the
six subunits of the EMC (Emcl, Emc2, Emc3, Emch, and
Emc6) lead to a reduction of PS to PE conversion simi-
lar to that observed for psdIA cells. In support of a role
for EMC in facilitating transfer of PS to the mitochon-
dria for its conversion to PE, this quintuple mutant had
a 50% reduction of PS and PE mitochondrial levels. In
addition, this mutant had reduced contact between ER
and mitochondria and did not proliferate on nonfer-
mentable carbon sources. Importantly, this quintuple
mutant carrying a thermo-sensitive allele of MMM, en-
coding the ER-anchored component of ERMES, was not
viable at the restrictive temperature and had a severe
defect in PS transfer to mitochondria. The expression of
the synthetic ER-mitochondria tether, ChiMERA, res-
cued both the growth and the PL metabolic defects of
the EMC quintuple mmmIA mutant (105). In contrast to
ERMES, which is not present in metazoans and plants,
EMC is widely conserved among eukaryotes (103, 106).
No component of EMC or its mitochondrial interactor,
Tomb, has been characterized as a LTP. How lipid trans-
fer occurs at EMC tethers remains unknown.

vCLAMPING THE MITOCHONDRIA TO THE
VACUOLE

Two different approaches described the same MCS, vac-
uole and mitochondria patch (vCLAMP), connecting mi-
tochondria to vacuoles (Fig. 4). Both approaches led to
the identification of Vps39, a component of the homo-
typic fusion and vacuole protein sorting (HOPS) complex
as a critical factor for the formation of vCLAMP (107,
108). In one approach, based on the consistent observa-
tion of contact sites between vacuoles and mitochondria,
Honscher et al. (108) overexpressed components of the
HOPS tethering complex and determined the effect on
vacuole-mitochondria MCSs under the assumption that
the HOPS complex might be involved, and that the high
levels of tethering machinery would expand these MCSs.
Indeed, the overexpression of Vps39 enlarged the apposition
regions between mitochondria and vacuoles. Furthermore,
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GFP-Vps39 was detected at the enlarged vCLAMP sites.
Whereas the HOPS components, Vps41l and Vpsll, were
not required for Vps39-dependent expansion of
vCLAMP, the absence of the Rab GTPase Ypt7 led to de-
tachment of GFP-Vps39 from membranes, with the phos-
phorylation status of Vps39 affecting its ability to assemble
into vVCLAMP. vCLAMP expansion mediated by increased
expression of Vps39 ameliorated the growth defect of
the ERMES mutants, mdmIOA and mdml12A, on ferment-
able and nonfermentable carbon sources, supporting the
idea that ERMES and vCLAMP perform some redundant
functions aimed to maintain proper mitochondrial physi-
ology. The number of ERMES contact sites increased
when cells were respiring, whereas vVCLAMP sites de-
creased, suggesting that these two complexes are recipro-
cally regulated (108).

In the approach to explore mitochondrial connectivity,
Elbaz-Alon et al. (107) performed a genome-wide genetic
screen based on the observation that a dysfunctional
ERMES complex does not elicit a lethal phenotype. This
implies redundancy of mitochondrial connections with the
endomembrane system, and if such a redundant pathway
fails an expansion of the ERMES contact sites was antici-
pated as a compensatory homeostatic response. Using a
Mdm34-GFP fusion as a reporter for ERMES foci, Elbaz-
Alon et al. (107) screened a collection of nonessential sin-
gle gene deletions and hypomorphic alleles of essential
genes for altered Mdm34-GFP pattern. They found that the
absence of the HOPS subunits, Vps39 and Vam7, promoted
an increased number of ERMES foci per cell. Light and
electron microscopy showed that GFP-Vps39 was present
at sites of close apposition between mitochondria and
vacuoles. Importantly, the absence of the ERMES complex
resulted in mitochondria that were almost entirely sur-
rounded by vCLAMP, revealing a reciprocal interplay
between them. Consistent with the notion that these re-
dundant pathways contribute to an essential function, the
combination of impaired ERMES and vCLAMP functions
was lethal (107).

To explore the impact that these two MCSs had on the
mitochondrial PL. metabolism, a strain defective in VPS39
and expressing MDM34 under the repressible GalS pro-
moter was generated. After 24 h of growth on glucose,
the mutant strain exhibited a reduction of 40% of PE and
CL when mitochondrial lipid fractions were compared
against wild-type. There was also a nearly 2-fold accumu-
lation of newly synthesized PS, and although the rate of
PE synthesis was not affected, the synthesis of its product,
PC, was also reduced more than 2-fold. The depletion of
the ERMES complex in the absence of vVCLAMP led to
a severe alteration of mitochondrial PL. homeostasis,
further supporting the idea that both MCSs facilitate, ei-
ther directly or indirectly, mitochondrial lipid transport
(107).

ERMES mutants acquire suppressors easily (86, 109),
and the characterization of suppressed mmmlIA mutant
strains able to grow on a nonfermentable carbon source
led to the identification of two dominant mutations in
Vpsl3 as causative of the suppressed phenotype (109).



VPS13 has been identified in several screens for trafficking
mutants (110-112) and encodes a cytosolic protein that is
peripherally associated with endosomes (113) and involved
in prospore membrane biogenesis (114). One dominant
allele of VPS13 was further studied and was shown to re-
store mitochondria morphology from the giant globular
form characteristic of ERMES mutants to a normal tubular
network, and also restored mtDNA stability. However,
ERMES complexes were not reassembled. Congruent with
the idea that Vpsl3 performed a redundant function with
the ERMES complex, vpsI3A cells, also deficient in ERMES,
were not viable. Localization of Vpsl3 using a functional
GFP variant showed that, in addition to being found in scat-
tered puncta, presumably endosomes, it also resided at
vacuole-mitochondria MCSs. It is known that vCLAMP for-
mation is repressed under the respiring condition, and in
support of the idea that Vps13 integrates vVCLAMP, Vps13
relocalized to NVJs upon switching cells from a ferment-
able to nonfermentable carbon source, whereas dominant
variants of Vpsl3 did not relocalize to NV] contact sites.
Importantly, genetic interaction analyses suggest that
Vpsl3, Vps39, and Mcpl function in the same pathway,
whereas Mcp2 does not (109). Consistent with the dynamic
nature of ERMES and vCLLAMP, it was observed that these
two complexes were reversibly lost under nutrient stress.
The vCLAMP marker, mCherry-Vps39, shifted reversibly
from vacuole membrane and vCLAMP contact sites into
multiple cytosolic puncta upon glucose withdrawal. The
ERMES subunit, Mdm34-GFP, fluctuated from few foci
congruent with few ERMES complexes per cell, to a dif-
fuse cytosolic distribution depending on glucose avail-
ability (115). The observed diffuse cytosolic distribution of
Mdm34 under glucose deprivation is interesting because
Mdm34 is thought to be an integral protein of the external
mitochondrial membrane.

Characterization of vVCLAMP reveals not only the redun-
dancy of contact sites bridging the mitochondria with the
endomembrane system through different tethering com-
plexes but also the subjacent regulatory cross-talk that con-
trols the formation and extension of MCSs upon different
metabolic inputs. A further molecular characterization of
this new MCS and the elucidation of the reciprocal regula-
tion of ERMES and vCLAMP formation are very much
awaited.

LIPID BINDING PROTEINS REGULATE
MCS CROSS-TALK

A new family of LTPs was recently described, based on
bioinformatic analysis (116), that is characterized by the
presence of a domain distantly related to the sterol binding
steroidogenic acute regulatory transfer (StART) domain.
Members of this lipid binding family contain additional do-
mains involved in membrane interactions and a transmem-
brane domain at their C termini. Whereas most fungi
contain three members of this protein family, there are six
proteins carrying this StART-like domain in S. cerevisiae due
to genome duplication. Yspl and its paralog Ysp2 and Sip3

and its paralog LTP anchored at a MCS (Lam)4 are ER
proteins present at ER-plasma membrane (PM) MCSs,
while Lamb and its paralog Lam6 [also named lipid trans-
fer at contact site (Ltc)1] are localized at the NVJ and ER-
mitochondria contact sites. The combined genetic and
biochemical evidence suggest that all members of this fam-
ily bind sterol (116, 117).

Consistent with the localization of Ltcl at ER-mitochon-
dria contact sites, two other research groups identified
Ltcl as an interactor with the ERMES complex based on
proteomic analyses (118, 119). The absence of Ltcl alone
did not impair growth on fermentable or nonfermentable
carbon sources or affect mitochondrial morphology or as-
sembly of the ERMES complex; however, it did aggravate
the growth defect of ERMES mutants, suggesting that Ltcl
and ERMES fulfill different roles toward mitochondrial
functionality (118, 119). Murley et al. (118) showed that
the majority of Ltcl localized at ER-mitochondria MCSs
with about half colocalizing with ERMES foci. A minor frac-
tion of Ltcl was distributed between the NV] and non-NV]
ER-vacuole MCSs. Complementary proteomic analyses us-
ing Ltc1 as bait identified, in addition to ERMES subunits,
the vacuolar protein, Vac8, which is involved in NV] forma-
tion, and two subunits of the translocase of the mitochon-
drial outer membrane, Tom70 and Tom71. In the absence
of Tom70/Tom71, most of Ltcl was found at NV] MCSs
and, reciprocally, when Vac8 was missing, Ltc1 localized to
ER-mitochondria MCSs. Consistent with its possession of a
StART-like domain, the soluble region of Ltcl was demon-
strated to transfer sterol in vitro. ERMES deficiency led to
altered mitochondrial ergosterol levels (104), and Ltcl
was required for the partitioning of ergosterol-enriched
areas in vacuolar membranes (118). Considering that ste-
rols are synthesized in the ER, that Ltcl transfers sterols
between membranes in vitro, and that Ltcl is found at
ER-mitochondria/ERMES and NV] MCSs, Ltcl is a candi-
date sterol transfer protein that enables mitochondrial
and vacuolar ergosterol homeostasis through inter-organelle
sterol transfer at MCSs.

Interestingly, a minor fraction of Ltcl also localized to
vCLAMP (119), in addition to ERMES and NV]J, and over-
expression of Ltcl led to the expansion of all of these
MCSs. Almost all the mitochondria were in contact with
the ER with 60% of their circumference covered with ER
when Ltcl was overexpressed. NVJs were also expanded
and pieces of the nucleus were engulfed by the vacuole.
vCLAMPs were easily detected when Ltcl was overex-
pressed, whereas they were hardly visible in wild-type cells.
In addition, vCLAMPs were invaded by tubules of ER when
Ltc1 was overexpressed. It was also reported that the recip-
rocal interplay between the extent of ERMES and vVCLAMP
sites was dependent on the level of Ltcl at each site. These
observations suggest that the level of Ltcl at each MCS de-
termines their extent. Variation of Ltcl expression level
combined with changes in its relative affinity and recruit-
ment for each site can result in cross-talk regulation for
these MCSs. The role of the sterol binding/ transfer activity
of Ltcl in maintaining MCS cross-talk would be interesting
to explore.
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FINAL REMARKS: MULTIPLICITY OF MCS AND
TETHERING FACTORS IS A RECURRENT THEME

It is clear from the examples illustrated in this review
that there are numerous redundancies in aspects of inter-
organelle MCSs. Beyond those discussed in depth here,
other examples have been described. For example, six ER
integral proteins have been identified as tethering factors
required for the formation of cortical ER (cER), Ist2, Scs2,
Scs22, and the three tricalbins, Tcb1/2/3. In the absence
of these six proteins, there is a 90% reduction of cER and a
consequent accumulation of cytoplasmic ER (120). In spite
of the dramatic collapse of the cER, the StART-like domain
containing proteins Yspl, Ysp2, Sip3, and Lam4 persisted
at ER-PM junctions in this sextuple mutant, revealing the
existence of redundant factors involved in the formation of
ER-PM MCSs (116). Analogously, the localization of Ltcl at
ER-vacuole contact sites was dependent on Vac8. However,
in the absence of Nvjl, the perinuclear binding partner of
Vac8 (121), the localization of Ltcl was not disturbed, indi-
cating that other nuclear-vacuole contact sites are formed
through Vac8, but independent of Nvjl (118). These ex-
amples further illustrate the multiplicity of tethering com-
plexes occurring between subcellular compartments.

Another relevant observation obtained through these
studies is the occurrence of proteins like Ltcl and Vps13 at
more than one MCS. The accumulated evidence suggests
that they contribute to MCS dynamics under different
physiological conditions by facilitating cross-talk between
different contact sites.

Overall, the recent identification and characterization of
several tethering complexes, LTPs, and other protein fac-
tors involved in the assembly and regulation of MCSs con-
necting different cell compartments has opened avenues
for new and exciting insights in this field: from a more
thorough molecular description of the MCS to the deci-
phering of the signaling networks that modulate the
dynamics of MCSs to adjust subcellular connectivity to
changing metabolic conditions. i
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