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Abstract
Eukaryotic organelles can interact with each other through stable junctions where the two
membranes are kept in close apposition. The junction that connects the endoplasmic reticulum to
the plasma membrane (ER-PM junction) is unique in providing a direct communication link
between the ER and the PM. In a recently discovered signaling process, STIM (stromal-interacting
molecule) proteins sense a drop in ER Ca2+ levels and directly activate Orai PM Ca2+ channels
across the junction space. In an inverse process, a voltage-gated PM Ca2+ channel can directly
open ER ryanodine-receptor Ca2+ channels in striated-muscle cells. Although ER-PM junctions
were first described 50 years ago, their broad importance in Ca2+ signaling, as well as in the
regulation of cholesterol and phosphatidylinositol lipid transfer, has only recently been realized.
Here, we discuss research from different fields to provide a broad perspective on the structures and
unique roles of ER-PM junctions in controlling signaling and metabolic processes.
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INTRODUCTION
The endoplasmic reticulum (ER) was first described in 1945 by K. R. Porter, who
discovered in electron microscope images a new structure in the cytoplasm that he called “a
lace-like reticulum” (1). It has since been shown that the ER consists of sacs and tubules that
extend across the cell; connect to the nuclear envelope; and form a dynamic, constantly
reorganizing, continuous membrane that separates the ER lumen from the cytosol (2). The
ER is necessary for key cell functions including membrane and secreted-protein synthesis,
lipid metabolism, and protein sorting. Most enzymes involved in these processes are
exclusively localized in the ER, placing this organelle at the center of a cell’s lipid synthesis
and sorting system (3). In addition, the ER also functions in animal cells as the primary
storage site for intracellular Ca2+ (4) that can be released by receptor stimulation to generate
Ca2+ signals (5).
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How is this network of sacs and cisternae organized to perform its functions? Electron
microscopy studies defined specialized regions including rough, smooth, and transitional
ER. Most of the rough ER is localized around the nucleus as a continuation of the external
nuclear membrane. It is the primary place where membrane and secreted proteins are
synthesized. The rough microscopic appearance reflects the presence of membrane-
associated ribosomes. In contrast, smooth ER is characterized by a much lower density of
ribosomes and extends more uniformly across the cytosolic space. Smooth ER can be
markedly expanded in cells where lipid synthesis or Ca2+ regulation are prominent, such as
cells that synthesize steroid-related hormones or muscle cells. This suggests that smooth ER
has important lipid metabolism and Ca2+-storage roles. The transitional ER, also smooth in
appearance, localizes close to the Golgi apparatus and its main function is to transfer the
proteins synthesized in the ER to the Golgi where they will be modified (6, 7).

Vesicular trafficking has long been believed to be the main mechanism by which the ER
communicates with other organelles, but recent studies show that close juxtaposition of ER
membranes with mitochondria, plasma membrane (PM), Golgi, and endosomes can facilitate
the transfer of lipids or mediate signaling functions (these have been termed membrane
contact sites) (8–12). This review focuses on one of the most intriguing of these sites where
the ER comes into close contact with the PM. It has only recently been recognized that these
contact sites are ubiquitous cellular structures in eukaryotes with important roles in Ca2+

signaling, lipid transfer, and other processes.

Our review begins with an historical discussion and definition of ER-PM junctions and then
focuses on specific examples. We particularly discuss the role of ER-PM junctions in STIM
(stromal-interacting molecule)-Orai-mediated “inside-out” Ca2+ signaling, in striated-
muscle excitation-contraction coupling, in directional ergosterol lipid transfer from the ER
to the PM in yeast, in phosphatidylinositol (PtdIns) lipid transfer in Drosophila
photoreceptor cells, as well as in the creation of plasmodesmata cell-cell communication
structures in plants. Finally, we discuss a conserved targeting mechanism that localizes ER
proteins such as STIM1 to ER-PM junctions, summarize key ER-PM junction features, and
highlight important open questions about the structure and function of ER-PM junctions.

AN HISTORICAL PERSPECTIVE
The existence of contacts between the ER and the PM was first reported in 1957 in muscle
(13) and a few years later in neurons (14). In both cases, the contacts were identified as
structures in which the ER and PM were kept in close proximity to generate a small gap
filled by electrodense cytosol. Because both muscle cells and neurons are electrically
excitable and Ca2+ release from ER stores is of special importance in these cells, many
researchers considered these contacts to be unique features of specialized cells.

A more ubiquitous relevance of contacts between the ER and PM in Ca2+ signaling became
apparent in 2005 when STIM proteins were discovered in independent Drosophila
melanogaster (15) and human (16) siRNA screens by the group of Stauderman/Cahalan and
our group that included the Ferrell laboratory, respectively. Both teams showed that STIM1
is necessary for cells to trigger PM Ca2+ influx when ER Ca2+ levels decrease (15, 16) by a
mechanism whereby STIM1 is kept in an inactive state by binding of Ca2+ to an EF hand in
the lumen of the ER (16, 17). A striking finding in the study from our laboratory was that
lowering the level of Ca2+ in the ER induced the translocation of an ER-localized YFP-
tagged STIM1 protein to ER sites near the PM (puncta). The translocation of YFP-STIM1
took approximately 40 s, paralleling the induction of Ca2+ influx into cells. Interestingly, no
insertion of STIM into the PM was observed using antibodies against a luminal tag and the
YFP-STIM1 translocation to puncta could be rapidly reversed by again increasing ER Ca2+
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levels. Total internal reflection fluorescence measurements showed that these puncta are
very close to the PM (16). This initial study argued that basal high ER Ca2+ levels keep
native STIM1 proteins in an inactive state away from the PM and that receptor-mediated
lowering of ER Ca2+ triggers the translocation of STIM1 within the ER to PM proximal
sites (16). Although this is now widely accepted to be the primary mechanism of how STIM
proteins signal when Ca2+ is lowered in the ER, our findings were initially controversial as
another early study proposed that STIM1 is instead inserted into the PM as part of the
STIM1-activation process (17). The electron microscopy evidence for the accumulation of
STIM1 at ER sites in contact with the PM (18) and the discovery of the Ca2+ channel Orai1
as the STIM target in the PM (19–21) helped to resolve this controversy by providing a
molecular connection whereby STIM1 can stay in the ER and signal to the PM by directly
interacting with and opening the PM-localized Ca2+ channel Orai1 (22, 23). Thus, a unique
mechanism exists whereby the ER-localized Ca2+ sensor STIM1 signals to the PM by
reversibly translocating within the ER to ER-PM junctions to regulate directly PM-localized
Ca2+ channels and possibly other proteins.

In addition to these findings in mammalian cells, independent work in the yeast
Saccharomyces cerevisiae and in D. melanogaster photoreceptors showed that similar types
of physical contacts between the ER membrane and the PM must exist with important roles
in the transfer of ergosterol (24) and PtdIns lipids (25), respectively. A challenge when
reading literature in these and other fields is the lack of a common definition regarding what
ER-PM contact sites are. To create a framework to better discuss contacts between the ER
and the PM, we first integrate a number of findings from different fields to propose a
definition.

DEFINITION OF ER-PM JUNCTIONS
Contacts between the ER membranes and the PM have received different names in the
literature, including triads, dyads, PM-associated membranes, PM contact sites, peripheral
couplings, and ER-PM junctions. We are using the last term, because we believe the word
junction, whose etymologic origin is the Latin verb jungere, to join, better represents the
idea of a physical protein-mediated association between two separate membranes. How can
one best define an ER-PM junction?

On the basis of similarities between contacts in different cell types, ER-PM junctions can be
defined as follows: (a) specialized parts of the ER and PM where the two membranes stay in
close apposition and create a restricted protein-rich cytoplasmic space, (b) both membranes
conserve their identity—fusion has not been observed—and the width of the inter-membrane
space ranges from 7 to 30 nm, and (c) the membrane contact sites are stable from minutes to
days. Stable contacts differ from more transients contacts between the ER and PM that can
result from the continued highly dynamic remodeling of ER structures (26, 27) and those
that can bring membranes near each other without stable contacts necessarily being formed.
More detailed references about properties of ER-PM junctions in different cell types are
discussed below in the various sections.

These properties of the ER-PM junction require the existence of protein bridges that keep
the membranes close and may prevent their fusion. Although overexpression of STIM1 (28,
29), junctophilin (30) or junctate (31) generate such bridges and increase the number or
extension of ER-PM junctions, it is not yet established what the physiological components
are that form native ER-PM junctions in most cell types. Our review focuses first on the
roles of ER-PM junctions in Ca2+ signaling and then in subsequent sections on lipid transfer.
Even though neuronal ER-PM junctions were among the first to be described in electron
microscopy studies (14), they are not further discussed here because their structure,
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components, or functions are not well understood. Furthermore, although yeast and plants
have ER-PM junctions and Ca2+ signaling is essential for their physiology, none have STIM
or Orai, and in the case of yeast, the ER does not have a clear function in controlling Ca2+

homeostasis.

MOLECULAR STEPS OF STIM TRANSLOCATION TO ER-PM JUNCTIONS
The ER is in many cell types the primary Ca2+ source for triggering the initial Ca2+ signal
when receptor and other stimuli activate phospholipase C (PLC) (32). The classic stimulus-
response pathway begins with receptor activation of either trimeric G proteins that couple to
PLCbeta, or tyrosine kinases that couple to PLCgamma (32). In turn, both isoforms
hydrolyze the headgroup of phosphatidylinositol-4,5-bisphosphate lipids (PIP2) and release
inositol-(1,4,5)-trisphosphate (InsP3), which rapidly diffuses and binds to the InsP3-receptor
Ca2+ channels in the ER membrane, inducing Ca2+ release. To detect and respond to
receptor stimuli, cells tightly control resting Ca2+ levels, maintaining steep gradients
between the Ca2+ concentrations outside the cell and in the cytosol and ER lumen, which are
approximately 1.5 mM, 50 nM, and 400 μM, respectively (32).

This InsP3-mediated Ca2+-release pathway involves positive and negative feedback that
often results in multiple cycles of release (oscillations), followed by reuptake of Ca2+ into
the ER as well as extrusion of Ca2+ across the PM. To compensate for the loss of Ca2+

across the PM, to replenish the Ca2+ reservoir in the ER, and to generate persistently
elevated Ca2+ signals, a control system is therefore necessary that increases Ca2+ influx
across the PM when the ER Ca2+ levels have dropped (33). Although evidence for such an
ER-store-regulated Ca2+ influx existed for tens of years, the molecular mechanism remained
obscure for a long time.

This hypothesis of store-operated Ca2+ entry (SOCE), arguing that depletion of ER Ca2+

triggers Ca2+ influx across the PM, was first explicitly proposed by J.W. Putney in a review
in 1986 (34) (initially termed capacitative Ca2+ entry, CCE). The hypothesis implied that
there must exist a Ca2+ sensor capable of detecting the reduction of Ca2+ levels in the ER,
starting a signaling pathway that opens a Ca2+ channel in the PM. As mentioned above, the
discovery of the STIM1 and STIM2 genes (15, 16) and of the Orai1-3 genes (19–21)
provided such an ER Ca2+ sensor and a PM Ca2+ channel. These discoveries had a
transforming effect on our understanding of Ca2+ signaling and ER-PM junctions. The
current generated by expression of STIM1 and Orai1 matches the characteristics of one of
the most thoroughly studied types of Ca2+ flux induced by depletion of intra-cellular Ca2+

stores, i.e., Ca2+-release-activated Ca2+ influx (CRAC) (19–21). Other described SOCE
currents that are not directly generated by STIM and Orai have remained more controversial
(35–38) and are only touched on in this review. Given some of these controversies, one
could argue that it would be clearer to switch to a molecular description and refer to the
STIM- and Orai-mediated Ca2+ influx currents as STIM/Orai currents.

We first summarize what we consider to be the most plausible mechanistic steps explaining
STIM signal transduction. STIM1 was first described as an integral membrane protein that
may alter the proliferation and survival of pre-B cells (39) or function as a recessive tumor
suppressor (40, 41). It is now widely assumed that its primary role is that of an ER-luminal
Ca2+ sensor that controls SOCE into cells. STIM1 and its homolog STIM2 proteins are
single-pass transmembrane proteins in the ER membrane with a combined EF-SAM-domain
Ca2+-binding site in their luminal part that inhibits STIM activity in the Ca2+-bound state.

Site-directed mutagenesis studies showed first for STIM1 that Ca2+ binding to its EF hand
keeps the protein in a suppressed state (Figure 1a) (16, 17). In addition, structural studies of
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the EF-SAM domain showed that the EF and SAM subdomains are closely coupled and
form a compact structure in the Ca2+-bound state (42), suggesting that Ca2+ dissociation
leads to a more open configuration that may mediate the subsequent oligomerization of this
luminal domain (43, 44). Inactive STIM1 is likely present in the ER in a monomeric or
dimeric form and Ca2+ dissociation from the EF-SAM domain triggers an increase in
oligomerization (43, 45). The evidence for basal dimer formation comes from studies where
STIM1 has been overexpressed in cells (46–49) but has not yet been confirmed for native
STIM1 proteins. A potential concern with the overexpression experiments is that
oligomerization of proteins can be driven by either changes in ligand concentration or
increases in the protein concentration, possibly shifting the basal equilibrium state toward a
partial oligomerization in cells that overexpress STIM1.

Independent of the starting point, oligomerization is likely the key step in activation, given
that forced oligomerization of STIM1 is sufficient for its activation (50). In our view, the
best current mechanistic explanation of how STIM1 activates Orai1 is that the observed
oligomerization exposes interaction surfaces in STIM1 that can then bind to and activate
Orai1 (22, 51, 52). In addition, the same oligomerization generates a second interaction site
that allows binding of STIM1 oligomers to PM lipids (Figure 1b). In a third process,
oligomerization likely leads to a loss in binding between STIM1 and EB1 (end binding
protein 1) proteins as suggested by an observed loss in colocalization between STIM1 and
EB1 following ER Ca2+ depletion (53). EB1 proteins are microtubule plus-ends connector
proteins that bind STIM1 in cells that have basal high ER Ca2+ levels (53, 54). Both STIM1
and STIM2 have consensus sequences for binding to EBs, and this binding can be observed
as a dynamic apparent movement of STIM1 with EB1 along the ER membrane.
Nevertheless, the STIM1-localization change appears to be a reversible binding interaction
with EB1 and not a processive STIM1-transport process (53) (see below for possible
functions of this attachment in STIM distribution).

Fluorescence resonance energy transfer studies between STIM1 proteins showed that
oligomerization of STIM is rapid and occurs within 4 s, whereas STIM1 is still in the ER
away from ER-PM junctions (Figure 1b) (45). Translocation of STIM1 to ER-PM junctions
likely occurs by passive local diffusion over a few micrometers (45) so that the oligomer is
captured at nearby ER-PM junctions by its interaction with PM PIP2 and PIP(3,4,5)P3 lipids
(55, 56). This lipid interaction requires a C-terminal polybasic region of STIM1 (45). With 8
positive charges in STIM1, this is below the threshold of more than 12 charges needed for
cytosolic proteins to bind PIP2 and PIP(3,4,5)P3 lipids directly (57), if the basal STIM1
state is indeed monomeric. Oligomerization may increase the number of charges per STIM1
complex or mediate the exposure of more positive charges to the outside and thereby
enhance its binding affinity to PM PIP2 lipids so that STIM1 oligomers are effectively
retained at ER-PM junctions (58–60) (for more detail, see the Targeting Proteins to ER-PM
Junctions section below).

Nevertheless, PM targeting of STIM1 by lipids alone is not sufficient for ORAI activation
and the same oligomerization-induced conformational change of STIM1 is required for Orai
recruitment and activation (22). The role of the STIM1 polybasic tail and lipid interaction
(and likely of the homologous sequence in STIM2) is therefore likely to enhance the rate of
recruitment of STIM1 to ER-PM junctions, and because oligomer formation is involved, the
cooperativity of translocation and Orai activation following a drop in ER Ca2+ also is likely
to be enhanced (Figure 1b) (50, 61). Both STIM isoforms also have a long coiled-coil
domain immediately adjacent to the membrane-spanning domain (split into two parts) that
may function as a spacer and is predicted from its length to bridge at least 15 nm (on the
basis of a ~0.14 nm/amino acid spacing). This may explain how STIM1 and STIM2 can
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bridge the relatively wide space of ~17 nm observed in electron micrographs of T cell ER-
PM junctions (18), and still bind directly to PM lipids.

Once STIM1 interacts with lipids at the ER-PM junction, a second trapping mechanism
occurs whereby Orai1, initially distributed across the PM, is recruited by binding to the ER-
PM-junction-localized STIM1 oligomers. In this final binding step, Orai1 is activated (22,
46, 51, 62–66) via a domain of STIM1 (23, 67) that has been termed the CAD (22) or SOAR
(52, 68) domain, with the domain likely forming a tetramer (Figure 1b) (22). This direct
interaction can be forced by joint overexpression of Orai1 plus a STIM1 construct that lacks
the polybasic region, or by overexpressing the CAD domain of STIM1 alone (22). This
again supports the idea that the role of the preceding STIM1 lipid binding is likely to
enhance the local concentration of native STIM at ER-PM junctions to facilitate Orai1
interaction. Activation of Orai1 Ca2+ channels triggers local Ca2+ influx at ER-PM junctions
(69), completing the STIM1-initiated signaling process. Finally, STIM1 also has a CRAC
modulatory domain (CMD) (70) that is implicated in the fast Ca2+-dependent inactivation
(CDI) of Orai1 in a process that also involves calmodulin (71).

STIM1 AND STIM2 ISOFORMS AND THEIR REGULATION AT ER-PM
JUNCTIONS

Most vertebrates have two versions of the STIM gene, and recent studies showed that
STIM1 has a higher affinity for luminal Ca2+ (~200 μM) and requires larger reductions in
ER Ca2+ to be activated (43, 61). In contrast, STIM2 has an approximately twofold lower
Ca2+ affinity (~400 μM), requires a smaller reduction in ER Ca2+, and is already partially
active at basal Ca2+ levels (61). This suggests that STIM2 has a dual role as a basal regulator
of ER Ca2+ homeostasis and as a Ca2+ sensor that can be more readily triggered when
receptor stimuli are weak (61). These potential roles are also supported by the observation
that STIM2 is typically present at much lower concentrations compared with STIM1 (72)
and also triggers a relative lower amplitude of Ca2+ influx when compared with the same
concentration of expressed STIM1 (61, 73). The lower relative activity may be a result of a
lower maximal activation of Orai1 by STIM2 when compared with STIM1 (74) but also of
additional regulatory mechanism controlling the respective STIM functions (for example,
STIM2 has a number of conserved additional phosphorylation sites missing in STIM1). In
addition to the affinity and regulatory differences, the polybasic tail of STIM2 also has a
higher affinity for PIP2 lipids compared with STIM1, which may enhance its basal activity
in cells (60). The distinct features of STIM2 may prevent excessive entry of Ca2+ when the
changes in the Ca2+ ER are small and only STIM2 is activated. More generally, the different
regulatory properties of STIM1 and STIM2 may enable different cell types to use a wider
range of signaling mechanisms to control Ca2+ entry into cells.

Some of these additional control mechanisms for STIM1 regulation include an inactivation
during mitosis by CDK phosphorylation (75), calmodulin binding to the polybasic region
(76), and STIM1 gluthathionylation following oxidative stress affecting its recruitment to
the junctions (77). In addition, an interesting recently reported interaction of STIM1 and
Orai1 with CRACR2A initially stabilizes STIM1 in the ER-PM junction and enhances the
activation of Orai1. In a second step, this same protein suppresses Orai1 channel activity
when Ca2+ increases to a level where Ca2+ binds to the two CRACR2A EF hands (78).

Together, these studies show that STIM2 and STIM1 have distinct signaling roles
responding to small and large reductions in ER Ca2+ levels, respectively, and that both
isoforms can be regulated by additional processes.
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BEYOND ORAI REGULATION: ADDITIONAL FUNCTIONS OF STIM
PROTEINS

STIM1 also regulates the Ca2+ conductance of Trp (transient receptor potential) channels;
however, this connection from STIM1 to Trp channels is not yet generally accepted (79–81).
Other recent studies showed that activated STIM1 can inhibit L-type voltage-gated Ca2+

channels (DHPRs) (82, 83) and that these channels can also localize to ER-PM junctions
(82). This is interesting in the context of muscle as discussed below, where STIM1 may
have a role in signaling a muscle “fatigue state” when the sarcoplasmic reticulum (ER) level
is too low and the STIM-mediated inhibition of DH-PRs may help with the reloading of the
Ca2+ stores. In addition to regulating channels other than Orai1, studies also suggested that
STIM1 has alternative roles such as regulating adenylate cyclase activity (84). Nevertheless,
for both types of channels as well as the regulation of other processes, the physiological
relevance of the respective STIM1-regulated processes is not yet well understood.

It has also been proposed that STIM1 and SOCE activities are linked to mitochondria on the
basis of an observation that mitochondria can be proximal to the PM and ER-PM junctions
(85, 86). Mitochondria may take up some of the Ca2+ entering from the PM and thereby
prolong SOCE Ca2+ influx (by preventing inactivation), although the mechanism for the
localization to ER-PM junctions is controversial (86–88). Because the consequent Ca2+

increase in the mitochondria is important for its metabolic activity (89), this may also
suggest that localized mitochondria near ER-PM junctions enhance a cell’s ATP production
in response to Ca2+ influx.

Together, these results suggest that different signaling processes and possibly mitochondria
can be localized at or near ER-PM junctions and that STIM proteins regulate other targets in
addition to Orai Ca2+ channels.

ER-PM JUNCTIONS AND STIM1 TRANSLOCATION AND POLARIZATION
A time-course analysis showed STIM translocates to pre-existing 17-nm-wide ER-PM
junctions (18), suggesting that the junctions are not generated in response to STIM
activation (90, 91). The regions of the ER that are part of these pre-existing ER-PM
junctions can have different shapes and have been described as tubules and sheets that
appear to be rough, even though ribosomes are excluded from the junctions (28, 29).
Although these studies were important to demonstrate the existence of ER-PM junctions and
characterize their morphology, little is currently known about how ER-PM junctions are
distributed and shaped and whether changes in localization of these junctions regulate where
Ca2+ influx occurs.

It is interesting in this context that the translocation of STIM1 and Orai1 is polarized in
pancreatic acinar, T, and other cells. In pancreatic acinar cells, STIM1 is preferentially
targeted to the basolateral membrane, whereas Orai1 is distributed more uniformly. When
ER Ca2+ is depleted, both proteins translocate to basolateral membrane puncta (28),
inducing the Ca2+ influx described above to take place at the basolateral side (for a review
of the subcellular segregation of Ca2+ currents in acinar cells, see Reference 92). Another
interesting polarization mechanism was observed in T cells, where activation of the T cell
receptor led to preferential STIM1 localization to sites near the immunological synapse (93,
94).

Why is it important to have polarized or local Ca2+ influx? If ER-PM junctions are
preferentially localized in one area of the cell, the Ca2+ concentration may increase locally
in these specific regions and generate intracellular Ca2+ gradients as long as the Ca2+ pumps
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are distributed uniformly or localized elsewhere. This could be important to spatially control
diverse cellular processes such as higher local Ca2+ signals near the T cell synapse or polar
Ca2+ signals in pancreatic acinar cells, and it may also explain that STIM1 regulates
migrating breast cancer cells (95) where gradients in Ca2+ concentration are believed to be
important.

Given the binding interaction between STIM1 and EB1 discussed above, one can
hypothesize that the observed cellular polarization of STIM1 may be mediated not only by a
polarization of ER-PM junctions, but also by the interaction between inactive STIM1 and
microtubule plus ends (53, 54). When ER Ca2+ levels are reduced, STIM1 proteins polarized
by EB1 would then be locally released from EB1 to interact with nearby ER-PM junctions,
leading to polarized Orai1 activation. Thus, the interaction with the microtubule plus-end
protein EB1 may have two roles: (a) to generate a more peripheral distribution of STIM1
and (b) to make use of the often polar orientation of microtubules to polarize the distribution
of STIM1 to make it preferentially available at one end of a cell.

STRIATED MUSCLE: THE CLASSIC ER-PM JUNCTION
The best-characterized ER-PM junction is arguably the connection between the sarcolemma
(a muscle specialization of the PM) and the sarcoplasmic reticulum (a muscle ER
specialization) in cardiac and skeletal striated muscles. These specialized ER-PM junctions
can be readily observed by electron microscopy in specific regions of the sarcomere (the
contraction unit of the muscle) and are formed by a PM invagination termed the T tubule
and one or two ER terminal cisternae. These structures are known as dyads if there is only
one terminal cisterna, as is often observed in cardiac cells, and triads if there are two, as is
often observed in skeletal muscle cells. The membranes in these dyad or triad ER-PM
junctions are kept tightly connected at a distance of 9 to 12 nm (96, 97).

Triads and dyads are present in skeletal and cardiac muscle at periodic sites to ensure
proximity to the actin and myosin contraction machinery, to maximize the contraction
strength, and to reduce the response time (Figure 2a) (98, 99). Interestingly, the specific
localizations, number, and intermembrane distance of these junctions have a clear
correlation with the different types of striated muscle. Muscle fibers with fast contraction,
such as skeletal fast twitch muscle, have tighter triad junctions, and slow twitch and cardiac
fibers have fewer and looser dyads (100).

The key components of triads and dyads are the PM-localized voltage-dependent Ca2+

channel DHPR (dihydropyridine receptor) (101) and the ER-localized Ca2+ channel RyR
(ryanodine receptor) (Figure 2b) (102). These receptors work together to mediate excitation-
contraction coupling whereby PM action potentials are converted into Ca2+ release from the
ER (sarcoplasmic reticulum). The DHPR channel is composed of five different subunits that
constitute a single pore across the PM, and the RyR is an enormous homotetramer (each unit
more than 500 kDa) that protrudes into the ER in structures known as feet, which are
distinctly visible by electron microscopy (103, 104). In cardiac cells and some skeletal
muscle, the cardiac-specific RyR isoform, RyR2, can be activated by external Ca2+ by a
Ca2+-induced Ca2+ release process whereby Ca2+ entering through the DHPR directly
activates Ca2+ release from the ER by direct binding of Ca2+ to regulatory sites on the RyR
channel (105).

In skeletal muscle, where the Ca2+ burst in the sarcoplasm needs to be extremely fast, a
specific isoform of RyR, RyR1, is activated in triads by a voltage-triggered conformational
change of DHPR that induces the mechanical force to pull on the connected RyR1 to open
the channel and release Ca2+ from the ER into the cytosol (voltage-gated Ca2+ release)
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(106). In some skeletal muscle junctions, the RyR1 is also regulated by Ca2+-induced Ca2+

release (105).

In addition to this primary process, the local ER Ca2+ release also induces SOCE, and
STIM1 proteins have been shown to be an essential element for the physiology of the
skeletal muscle. Mice in which only one copy of STIM1 is present showed muscle fatigue,
in a model where contractions are induced without intervals of relaxation, so that after the
first contraction, the Ca2+ reservoir does not refill fast enough to reach the Ca2+

concentration required for subsequent contractions (107). Although the range of action of
SOCE in terms of ER concentration has not been measured, the STIM1/Orai1-dependent
Ca2+ entry in the muscle cells is faster than in nonexcitable cells (108). One possible
explanation for this finding is that STIM1 and Orai1 are already prelocalized to ER-PM
junctions and that Orai1 can be more rapidly activated in these cells without the delay
caused by the previously described translocation step (109).

In addition to defects in the muscle physiology, the absence of functional STIM1 induces a
myopathy that results in premature death (107). It is interesting that during the process of
muscle differentiation, from the myoblast to the myotube, STIM1 changes its subcellular
distribution simultaneously with the reorganization of the ER to form the characteristic triad
ER-PM junction structures where STIM1 localizes (107, 110). The relation between ER and
microtubules during the growth and expansion of this organelle in the cell is well known
(96), suggesting that the interaction between ER-localized STIM1 and EB1 (53, 54) may add
an additional link that enhances the coupling between the ER tubules and microtubules and
thereby helps in the formation of the correct geometry between the ER, microtubules, and
ER-PM junctions necessary for muscle function.

MOLECULAR COMPONENTS OF TRIAD- AND DYAD-TYPE ER-PM
JUNCTIONS

Although both DHPR and RyR are necessary to generate the Ca2+ signal in the context of
the triad, they are not required to keep the ER and PM in close apposition (111, 112). In the
absence of these channels the ER-PM junctions are still present, suggesting that the bridges
that connect the membranes are composed of other proteins.

Many additional proteins have been described as components of the junctions (Figure 2b):
These include (a) ER luminal proteins such as the Ca2+-storage protein calsequestrin (113);
(b) proteins integral to the ER membrane such as RyR (101), junctin (114), mitsugumin29
(115, 116), triadin (117), junctophilin (30), and JP45 (118); (c) cytosolic proteins such as
FKBP12 (119); and (d) integral PM proteins such as DHPR (101). Many of these proteins
modulate the activity of the RyR channel (119). The main one believed to have a role in
bridging the membranes is junctophilin (120).

The family of junctophilins is composed of three members: JP-1 (skeletal muscle), JP-2
(cardiac muscle), and JP-3 (neurons). All have an ER transmembrane region and several
MORN (membrane occupation and recognition nexus) motifs in the sarcoplasmic-exposed
region (30). These motifs, best described in junctophilins and in plant PtdIns
monophosphate kinases, are necessary to link junctophilins with the PM. According to
studies done in plants, these motifs can bind phosphatidic acid, phosphatidylinositol-4-
phosphate, and PIP2, thereby providing a possible mechanism for the connection between
the ER membranes and the PM (121). Data obtained from JP-2 knockdown mice
demonstrated that this protein is absolutely required to constitute peripheral coupling
structures (the precursors of ER-PM junctions during myocyte differentiation), but
researchers could not definitely determine whether the molecular partners of JP-2 are lipids
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and/or proteins in the PM (30). Another unsolved problem is that, upon overexpression of
JP-1 in nonmuscle cells, junctions of 7.6 nm are observed, a distance similar to the 7 nm
separating membranes in the junctions of RyR knockdown mice (30, 112). This raises the
question of whether junctophilin can be flexible enough to span the 9- to 12-nm space that
characterizes the normal dyad ER-PM junction. Nevertheless, the triad-dyad-type ER-PM
junctions represent a remarkable adaptation of specialized striated-muscle cells to generate
rapid, high-amplitude, and spatially restricted Ca2+ signals to trigger effective muscle
contraction.

Indeed, this relationship between structure and function can also be seen when one compares
the striated junctions with the ones in smooth muscle where the contraction mechanism,
although Ca2+ dependent (122), does not need to be as rapid as that of striated-muscle
contraction. In line with such a different requirement, smooth-muscle ER-PM junctions have
different characteristics from those in striated muscle (123–125) in part as a result of their
being less numerous with a more random spatial pattern. Although such junctions are likely
important for local Ca2+-mediated Ca2+ release in smooth-muscle cells (126), analogous
molecular evidences of altered structures of ER-PM junctions similar to the ones found in
striated muscle (30, 112) are still needed. Nevertheless, electron microscopy studies of
guinea-pig urinary-bladder smooth muscle showed that RyRs and DHPRs can be colocalized
at ER-PM-like junctions, arguing that analogous local-release mechanisms exist in smooth
cells similar to those found in striated muscle (127). Interestingly, the observed ER-PM
junctions are more extended in phasic muscle that undergoes cycles of contraction and
relaxation compared with tonic muscle that undergoes slow and sustained contraction where
rapid local activation is likely less relevant (126, 128). This argues again for a close
connection between the observed morphology and the number of ER-PM junctions and the
relative importance of Ca2+-signaling functions in a particular cell.

To summarize this section, in addition to the STIM-mediated inside-out signaling pathway,
a number of specialized cells such as muscle cells and possibly the less well-studied neurons
make use of analogous ER-PM junctions in a process that is inverse to the STIM pathway
whereby local Ca2+ influx or a mechanical link signals from the PM to cause a local Ca2+

release from the ER Ca2+ stores.

YEAST ER-PM JUNCTION AND ERGOSTEROL TRANSFER
Studies on yeast ER-PM junctions have mostly focused on lipid transfer rather than on Ca2+

signaling, which in yeast involves other channels and mostly vacuoles instead of ER Ca2+

stores (129, 130). A main point in our discussion in this section is the role of ER-PM
junctions in unidirectional transfer of the cholesterol analog ergosterol from the ER to the
PM. The yeast ER structure differs from the one in mammalian cells (6) in that the former
has a sheet-like perinuclear ER as well as a sheet-like cortical ER that are readily
distinguishable. These two compartments are connected by several peripheral tubules that
cross the cytoplasm (Figure 3a) (7). The cortical ER spreads out just beneath the cytosolic
surface of the PM, which makes it difficult to distinguish ER-PM junctions (131). However,
the presence of junctions has been supported in studies where yeast without a cell wall were
exposed to low osmotic pressure. Upon swelling, a high percentage of the ER remained
associated with the PM, suggesting the presence of ER-PM junctions (132). Electron
microscopy identified more than 1,000 ER-PM junctions per cell (defined by an
intermembrane space smaller than 30 nm). Together with the smaller size of yeast, this
suggests a significantly higher surface density of ER-PM junctions in yeast compared with
most mammalian cells.
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In a biochemical isolation of yeast ER-PM junctions, a lipid composition more similar to the
ER than to the PM was observed (enriched in PtdIns and depleted in ergosterol) (132).
Further analysis showed an enrichment in enzymes involved in lipid metabolism such as
phosphatidylserine synthase, PtdIns synthase, and ergosterol-synthesizing enzymes (132)
compared with the bulk of the ER. The proximity to the PM of this lipid-synthesis
machinery correlates with the recently demonstrated presence of several ergosterol-binding
Osh proteins in the yeast ER-PM junction (24). These observations support the hypothesis of
the importance of ER-PM junctions for providing the PM with ergosterol and other
characteristic lipids.

Osh proteins are the yeast homologs of the mammalian oxysterol-binding-related proteins
(ORPs) (7 genes in S. cerevisiae, 5 in Caenorhabditis elegans, 4 in D. melanogaster, and 12
in Mus musculus and Arabidopsis thaliana). They are peripherally associated with
membranes and are characterized by the presence of ORP domains (24, 133). They were
initially thought to be oxysterol receptors acting in a feedback loop to limit cholesterol
synthesis. However, it has now been demonstrated that they are also essential for nonvesicle
traffic of cholesterol/ergosterol, a function mediated by the ORP domain. The crystalization
of Osh4p revealed that this domain has a similar structure to other lipid transfer proteins
with a central hydrophobic cavity where one molecule of the lipid substrate is bound. Upon
lipid binding, the protein changes its conformation to cover the cavity with a flexible lid that
will protect the lipid during its transit through the hydrophilic cytosol (134). This transfer
probably occurs mainly in the ER-PM junctions as these transfer proteins require the
acceptor and the donor membranes to be close for efficient transfer. Indeed, the dimensions
of the Osh proteins suggest that these contacts could be very tight given that the ORP-related
domain is only 6 nm in diameter and the proteins contain two lipid-interacting surfaces,
which may mediate simultaneous contacts with both membranes (24).

Another feature of some of the proteins with ORP domains is the presence of additional
domains involved in lipid and protein binding that regulate localization and activity. Osh1p,
Osh2p, and Osh3p contain a FFAT motif [diphenylalanine (FF) in an acidic tract] that
mediates binding to Scs2p, a VAP (VAMP-associated protein) yeast homolog (135). Scs2p
is an ER transmembrane protein, and when overexpressed, it recruits Osh2p and Osh3p
exclusively to the cortical ER, where they transfer ergosterol (24). Of note, Osh protein
activity not only depends on ergosterol availability, but is also accelerated when the donor
membrane contains PtdIns (136). When considering the difference in lipid composition, this
regulatory feature likely promotes the directed transfer of de novo synthesized ergosterol
from the ER to the PM; the high concentration of PtdIns on the ER (132) side could help to
establish the directionality of the transfer. Another explanation for the directional transfer of
ergosterol between ER and PM proposes that the free ergosterol is the only one transported
and kept in equilibrium, but the total concentration of ergosterol is higher in the PM because
it accumulates and tightly associates with sphingolipids-enriched areas of the PM (137).

Scs2p is important not only for localization of FFAT motif–containing proteins, but also for
cortical ER inheritance (138). This suggests an additional role of ER-PM junctions beyond
lipid transfer. During the yeast-budding process, the perinuclear and cortical ER have
different mechanisms for transmission to the new cell (139). The perinuclear ER uses a
microtubule-dependent mechanism (140), and the cortical ER relies on myosin-mediated
transport along actin cables (141). In addition, the cortical ER appears in the bud as soon as
it is formed, whereas the perinuclear ER gets segregated with the nucleus during the last
steps of cell division (Figure 3b) (6).

Cortical ER inheritance has been studied using deletion mutants, and several steps in the
process have been characterized (142). Initially, some peripheral ER tubules are transported
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or extended to the tip of the bud and contact the PM (Figure 3b). After this step, the cortical
ER spreads out to cover the bud (141). Several proteins, including Scs2p (138), as well as
members of the translocon complex, accumulate in the tip of the initial tubule (143). This
complex is critical for the biogenesis of transmembrane proteins and may be a candidate for
establishing contact between the ER and the PM in the bud tip given its ability to interact
with components of the exocyst, a complex that targets vesicles to the PM (144). Deletion
mutants of Scs2p and of some of the proteins that compose the translocon or the exocyst
show a block in cortical ER inheritance, and this block induces aberrant septin ring
formation as well as problems during cell division (138, 143, 144). This introduces the
interesting possibility that a physical link exists in the bud tip between ER-PM-junction
lipid-transfer sites and the exocyst sites where vesicular transport occurs.

Interestingly, a new ER stress-surveillance (ERSU) pathway that is related to cortical ER
inheritance has recently been described (145) and could point to a mechanism that senses
defects in lipid transfer at ER-PM junctions. When this pathway senses defects in ER
function (such as those caused by drugs that inhibit oxidative protein folding), it blocks
cortical ER inheritance by an incompletely understood mechanism that involves
modification of septins and induces the same phenotype as the Scs2p, translocon, or exocyst
deletion mutants. Could ER-PM-junction lipid transfer be part of the sensing mechanism in
this pathway? ER malfunction may create a disruption in the traffic of lipids across the
junction in the tip of the peripheral tubule. The resulting lack of ergosterol or other lipids in
the actively growing PM could then be sensed by the cell-surface receptor that has been
implicated in the ERSU pathway. This suggests that dysfunction of the ER-PM junction may
trigger ERSU-mediated cell stress by interfering with lipid transfer between the ER and PM.
In sum, this could provide a mechanism that allows cells to sense intact ER-PM junctions.

Together, the findings in yeast argue that the ER-PM junctions play a central role in direct
ergosterol and possibly other lipid transfer from the ER to the PM; that cells may have
control mechanisms to sense intact ER-PM junctions; and that cells may use ER-PM
junctions in processes such as cortical ER inheritance, regulation of PM exocyst complexes,
and the induction of the ERSU stress pathway. Evidence for a similar transfer mechanism of
PtdIns lipids from the ER to the PM has been found in Drosophila photoreceptor cells and is
discussed below.

PHOSPHATIDYLINOSITOL TRANSFER IN DROSOPHILA PHOTORECEPTOR
ER-PM JUNCTIONS

The ommatidium, the basic unit of the invertebrate compound eye, is formed by eight
photoreceptor cells that pack together to generate a cone whose center is occupied by
microvilli. These form the photosensitive structure of the ommatidia where the light sensor
rhodopsin accumulates (Figure 4) (146).

Closer observation of these structures reveals ER tubules that run along the length of the cell
in close apposition, 10 to 40 nm, to the base of each microvillus in each rhabdomere (146).
Rhodopsins, in response to light, activate PLC that hydrolizes PIP2 to generate
diacylglycerol and InsP3 as well as protons. The light-triggered initial photoresponse is
mostly mediated by depletion of PIP2 as well as the production of protons (147). The Ca2+

signal generated by the opening of PM Trp channels and the InsP3-mediated release of Ca2+

from these ER tubules (148) is part of a negative-feedback mechanism involved in recovery
and adaptation (149, 150). As part of this activation, inactivation, and adaptation process,
the hydrolyzed PIP2 in the PM has to be rapidly replenished by a transmembrane PtdIns
transfer protein that also contains a FFAT motif (necessary for VAP binding, as explained in
the Yeast ER-PM Junction and Ergosterol Transfer section above) (25, 148, 151, 152). This
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RdgB (retinal degeneration B) is resident in the membrane of the ER and can transfer
PtdIns, which can be synthesized only in the ER to the PM, where it is phosphorylated to
generate PIP2 (148, 152). Whereas other lipid-transfer proteins are peripheral membrane
proteins that may be able to move short distances between membranes, RdgB is a
transmembrane protein and requires that the two membranes involved be close, as is the case
in ER-PM junctions (153). Thus, this transfer requires that the transfer protein contacts both
the donor and the acceptor membrane to avoid the exposure of the transported lipid to the
hydrophilic surrounding. This supports the idea that the junction between the PM of the
invertebrate rhabdomere and the adjacent ER not only allows rapid spatially restricted Ca2+

signaling, but also allows for the rapid and efficient traffic of PtdIns lipids to replenish PM
PIP2 that is degraded by rhodopsin activation of PLC.

Such an intricate architecture and mechanism of this invertebrate photoreceptor ER-PM
junction is matched by an equally sophisticated plasmodesmata structure in plants that is
also based on an ER-PM junction. These plant ER-PM junctions are discussed in the next
section.

PLANT PLASMODESMA: A SPECIALIZED ER-PM JUNCTION NECESSARY
FOR CELL-TO-CELL COMMUNICATION

Plants and multicellular algae have, similar to yeast, an extensive cortical ER, though its
structure and functions are different in the former. In the case of plants and algae, the
cortical ER is formed by interconnected tubules that spread in a polygonal net in which
three-way vertices are occupied by lamellar structures that likely anchor the ER to the PM
(Figure 5) (154, 155). This morphology is observed by electron microscopy when cells are
treated to generate a “footprint” of the inner face of their PM, demonstrating that the cortical
ER is firmly attached to the PM (155). The characteristic that makes this cortical ER unique
is that it goes through an otherwise impermeable cell wall in structures known as
plasmodesmata, facilitating communication with the contiguous adjacent cell (156). In these
plasmodesmata, the tunnel penetrating the cell wall is lined by PM and occupied by a furled
tubule of the cortical ER (desmotubule) that is separated from the PM by a 13- to 20-nm
space (Figure 5).

Little is known about how these dual ER-PM tubes are formed, although the actin
cytoskeleton plays a role both in maintaining the polygonal arrangement of the ER network
and in helping the desmotubule to advance through the perforated cell wall (157). In
addition, the presence of filamentous actin and other proteins in the space that separates the
desmotubule and PM restricts the size of the particles that can be transferred from cell to cell
(158).

When considering the traffic through the plasmodesmata, one has to distinguish four
different paths: two concentric tunnel spaces (the inner one is the cortical ER lumen, and the
outer is the intermembrane space) and two membranes (the desmotubule ER membrane and
the PM). Several studies have demonstrated that the flux through the ER lumen and the ER
membrane is likely not restricted. However, the space between the membranes can be
remodeled and the PM in this area has a specific lipid and protein composition that
facilitates control of the flux rate (159). The plasmodesmata-specific proteins have been
characterized as acting in one of two functions, by regulating active transport of proteins and
RNA or by degradation of callose, a polysaccharide that accumulates in the cell wall and
constricts the tunnel (160). Dynamic regulation of access has been observed during viral
infection whereby some plant viruses have evolved systems to control their transport
through the plasmodesmata favoring a fast and efficient infection (156).
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This distinct use of ER-PM junctions in plants as selective structural barriers that restrict
cell-cell transport extends the range of roles of ER-PM junctions beyond their roles
discussed above in cell signaling and lipid transfer. As a final point of discussion, we now
build on findings from these different fields and focus on molecular-targeting mechanisms
that localize proteins to ER-PM junctions.

TARGETING PROTEINS TO ER-PM JUNCTIONS
What can be learned from these examples about how ER-PM junctions are constructed and
how proteins are targeted to ER-PM junctions? In principle, there are at least two plausible
mechanisms of how ER-PM junctions are created: First, an ER and a PM resident protein
have a high binding affinity for each other that stabilizes stochastic encounters between the
ER and PM and, once the proteins bind, create stable ER-PM junctions. Examples of
binding interactions between ER and PM resident proteins are those between STIM and Orai
and between RyR and DHPR, which could, in principle, create ER-PM junctions.
Nevertheless, as discussed above, in both examples, other proteins that are primarily
responsible for creating the junctions are thought to exist. These proteins seem to be
necessary in the case of STIM and Orai in which the interaction is induced only when Ca2+

is depleted in the ER. The ER-PM junctions are already present in the same cells and
increase in size primarily as a consequence of Ca2+ depletion in the ER (29).

Second, proteins in the ER that bind to PM-specific lipids could be the source of ER-PM
junctions. As discussed above for STIM (45) and junctophilins (30), ER-localized proteins
can have targeting sequences or domains that recognize PM-specific lipids and that this can
create new ER-PM junctions when such proteins are overexpressed in cells (28, 30). In the
case of the junctate, although it is not clear how this ER transmembrane protein can form
junctions, the formation of a complex with InsP3 receptor (in the ER) and a TRP channel (in
the PM) seems to be required (161).

Although candidate genes responsible for forming the junction exist at least in muscle ER-
PM junctions (junctophilin), there is as of yet no clear molecular candidate responsible for
the formation of ER-PM junctions in other cell types. In terms of protein-protein versus
protein-lipid bridges, both mechanisms appear to be equally plausible explanations for the
creation of ER-PM junctions, and additional mechanisms could be envisioned whereby, for
example, cytosolic-bridging proteins connect to proteins or lipids in both membranes. In
addition to creating new ER-PM junctions, the same mechanisms may also function as
reversible targeting mechanisms that localize ER resident proteins to pre-existing ER-PM
junctions (such as is the case for STIM proteins).

When considering lipid-mediated targeting to existing ER-PM junctions, one structural
feature of the PM is unique compared with the ER and other membranes: The PM is
enriched in the negatively charged phospholipids, phosphatidylserine, as well as in PIP2 and
PI(3,4,5)P3 (59). Many signaling domains such as the PH and C2 domain make use of the
presence of these PM-enriched lipids to selectively target cytosolic proteins to the PM and
not to internal membranes (162). A particularly revealing finding was that stretches of
positively charged amino acids with adjacent hydrophobic amino acids, which are present,
for example, in many Ras family proteins and in proteins such as MARCKS, can be
sufficient to selectively target associated proteins to the PM (57). Comparison of dozens of
such polybasic sequences showed that the precise sequence of these targeting sequences is
less important; however, they must include patches with 3–5 lysine residues (less frequently
arginines) in a 5–7 amino acid stretch, often with each patch immediately flanked by a
hydrophobic residue such as tryptophan, phenylalanine, valine, or isoleucine (57, 59). These
hydrophobic residues likely help to enhance PM binding by inserting into the membrane
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while the charged residues electrostatically interact with phosphorylated PtdIns and possibly
some phosphatidylserine lipids (59). The most effective PM-targeting sequences have two or
three closely spaced polybasic patches (~7 amino acid interval) that each adds sufficient
countercharges for an additional PIP2 lipid to ultimately generate a high-affinity complex
from several low-affinity-binding interactions. The lowest number of total polybasic
residues that can target a cytosolic protein to the PM had more than 12 such positive amino
acids (57). The PM-selective targeting of such polybasic patches requires the presence of
phosphorylated PtdIns lipids in the PM (PIP2 and PtdIns-3,4,5-P3) because induced
hydrolysis of phosphorylated PtdIns lipids rapidly dissociated the constructs with polybasic-
targeting domains from the PM (57) (indicating that phosphatidylserine is not sufficient).

It is interesting that this targeting mechanism is also conserved in yeast. Ist2p, a yeast ER
transmembrane protein, binds PM PIP2 through a cortical sequence rich in polybasic
residues (163). In addition, Ist2p localizes to the ER-PM junction when expressed in
mammalian cells, and the fusion of this polybasic motif to different transmembrane proteins
is sufficient to localize these proteins to ER-PM junctions (60). In addition, a polybasic
region from STIM1 with 8 positive charges was not sufficient to target an ER resident
protein to ER-PM junctions, whereas the same peptide from STIM2 with 9 charges was
sufficient, suggesting that STIM2 has a higher affinity for lipids compared with STIM1,
which may help with its higher basal activity (60). This also suggests that ER-localized
proteins can be targeted to ER-PM junctions with fewer than the 12 charges needed to target
cytosolic proteins to the PM. Together, this suggests that a universal ER-PM lipid-targeting
mechanism exists that requires an ER-associated or membrane-spanning protein to have on
its cytosolic side patches of polybasic residues flanked by hydrophobic amino acids.

This type of targeting mechanism implies that ER proteins may function analogously to
cytosolic proteins, except that the former randomly diffuse along the ER membrane instead
of in the cytosol. The translocation is thus mediated by a retention mechanism whereby the
diffusion-mediated binding rate is higher than the dissociation rate at which the protein
dissociates from ER-PM junctions. Is such a diffusion mechanism effective? ER-resident
trans-membrane proteins typically have relatively high diffusion coefficients that can range
from 0.02 to 0.5 μm2/s (164, 165); with 0.05 μm2/s, STIM is among the slowest (45),
suggesting that its range of action for finding junctions is approximately 2 μm for a time
period of 30 s. Together, these considerations suggest that this polybasic-targeting
mechanism is effective and ER-resident proteins can be targeted to ER-PM junctions within
seconds to minutes.

At the PM, targeting of PM-resident proteins to ER-PM junctions could function by a
similar passive trapping mechanism, but without involving lipids, whereby proteins
diffusing within the PM membrane bind to already existing ER-PM-junction protein
components at a rate faster than they dissociate from these same proteins. This likely
explains the recruitment and activation of the Ca2+ channel Orai by STIM proteins as Orai
translocates to ER-PM junctions following STIM recruitment to ER-PM junctions (69, 166).
It is more difficult to explain how cytosolic proteins, such as lipid-transfer proteins, localize
to these same junction sites; however, a similar protein-retention mechanism is also
plausible.

As discussed in Yeast ER-PM Junction and Ergosterol Transfer (see section above),
cholesterol transfer proteins (ORPs) are involved in ergosterol and cholesterol traffic, and
some of their yeast homologues localize to the ER-PM junction (24). No studies have tried
to assess their membrane localization in mammalian cells, but mammalian cholesterol traffic
is known to be nonvesicle dependent (167, 168). Additionally, some ORPs (133) have FFAT
domains that may help to localize these proteins to ER-PM junctions via binding interactions
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with VAP proteins, which would require their own mechanisms to be targeted to the
junctions. Nevertheless, other unknown targeting mechanisms are likely involved as is the
case of Osh6p and Osh7p, which localize to the yeast ER-PM junctions and do not contain
an FFAT motif (24).

Glossary

ER endoplasmic reticulum

PM plasma membrane

Membrane contact
site

region of close contact between the membranes of two organelles

Excitation-
contraction coupling

the molecular processes that translate the nerve-induced
sarcolemma depolarization into contraction of the sarcomere in
mammalian muscle

PtdIns phosphatidylinositol

Puncta light microscope visualization of the ER-PM junction

Junctophilins transmembrane proteins expressed in mammalian muscle cells
and neurons that contain a MORN (membrane occupation and
recognition nexus) motif

PIP2 phosphatidylinositol-4,5-bisphosphate

InsP3 inositol-(1,4,5)-trisphosphate

SOCE store-operated Ca2+ entry

EB1 end binding protein 1

Trp channel transient receptor potential channel

Lipid transfer
proteins

proteins that transfer one lipid at a time between membranes
keeping it protected from the aqueous cytosol in a hydrophobic
pocket

FFAT diphenylalanine (FF) in an acidic tract
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SUMMARY POINTS

1. ER-PM junctions are ubiquitous eukaryotic structures that can have structural
roles, such as in cell-cell communication in plants or Ca2+-signaling roles in
store-operated Ca2+ influx, and excitation-contraction coupling in muscle. These
junctions also have lipid transfer roles as discussed for ergosterol transport and
PtdIns transport in yeast and Drosophila, respectively.

2. The structural components of ER-PM junctions are still mostly unknown. The
molecularly best-understood junctions and processes are the triads and dyads in
striated muscle where junctophilins act as important structural elements of the
junctions. In the process of STIM-Orai signaling from the lumen of the ER to
the PM as well as for the PM ergosterol transfer in yeast, the components
responsible for generating the involved ER-PM junctions are not yet known.

3. Ca2+ signaling in ER-PM junctions can be bidirectional. Ca2+ signals can either
start with the sensing of a drop in ER luminal Ca2+ leading to PM Ca2+ influx
(through Orai channels) or start with the depolarization of the PM, which
activates DHPR Ca2+ channels that then directly open connected RyR-type Ca2+

channels in the ER either by mechanical coupling or by local Ca2+-induced Ca2+

release. A number of additional Ca2+ channels and transporters also have been
proposed to be locally regulated.

4. Lipid transfer at ER-PM junctions is likely to be unidirectional. In the case of
ergosterol transfer, the transfer proteins Osh preferentially pick up ergosterol on
the ER side and deliver it to the PM while contacting both membranes. PtdIns-
lipid transfer in rhabdomers may use a similar mechanism to direct ER-
synthesized PtdIns lipids to the PM, where they get phosphorylated to generate
PIP2.

5. Accurate spacing between ER and PM at different junctions (from 7 to 30 nm) is
important so that ER and PM components of different sizes connect to enable
effective Ca2+ signaling and lipid transfer.

6. Targeting of ER-resident proteins to ER-PM junctions is likely in many cases
mediated by polybasic/hydrophobic targeting sequences that selectively bind to
negatively charged PIP2, PI(3,4,5)P3, and, possibly, phosphatidylserine lipids,
enriched in the PM. In STIM proteins, the signal-induced conformational
change likely exposes more of these polybasic PM-lipid-binding sites so that
STIM proteins can be retained at ER-PM junctions.
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FUTURE ISSUES

1. Our understanding of the structural components of ER-PM junctions remains
very limited. Studies in different organisms and cell types are needed to gain
insights into common and specific building blocks of these junctions and into
how cells control the number and turnover of ER-PM junctions.

2. The spacing between the ER and PM membrane has important functional
consequences because proteins can either be excluded from the junction by size
limitation or fail to bridge across the space owing to limited linker distances.
Regulatory mechanisms that can change or maintain the spacing of ER-PM
junctions are therefore promising fields of research.

3. ER-PM junctions are likely polarized or selectively localized in many cells.
Mechanisms controlling the localization of ER-PM junctions need to be better
understood.

4. A major role of ER-PM junctions is related to lipid transfer. Very little is
currently known about putative lipid-transfer processes at ER-PM junctions in
mammalian cells. These may include PtdIns and cholesterol, but potentially also
other hydrophobic molecules.

5. An important class of functions of ER-PM junctions is related to Ca2+ signaling.
A more detailed understanding of additional components involved in STIM-
Orai, DHPR-RyR junctions, and possibly other Ca2+-signaling processes is still
needed.

6. Additional signaling processes such as cAMP signaling also appear to occur at
ER-PM junctions. Research is needed to better understand the relevance of other
local signaling mechanisms.

7. It is of great interest to understand how the vast differences in structures and
function of ER-PM junctions in different eukaryotic species evolved and how
they use different molecular-targeting mechanisms to direct ER, PM, and
cytosolic proteins to existing ER-PM junctions.
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Figure 1.
Schematic representation of the STIM1 translocation process to endoplasmic reticulum
(ER)–plasma membrane (PM) junctions following a decrease in ER Ca2+ levels. (a) Main
regulatory domains of STIM1. Numbers in parenthesis depict domain-boundary residues in
human STIM1. (b) Induced coupling of STIM1 and Orai1 at the ER-PM junction: (I) At
high basal Ca2+ (blue circles) in the ER, STIM1 is present as a monomer or dimer relatively
uniformly distributed in the ER. Orai1, likely a tetramer, is uniformly present in the PM and
is inactive when not bound to STIM1. (II and III) When Ca2+ is depleted in the ER, Ca2+

dissociates from the STIM1 EF-SAM domain, changes its conformation, thereby inducing
protein oligomerization, generating a bigger cluster of positively charged amino acids (plus
sign), which is now sufficient to interact with PIP2 (black; phosphate group represented as
an asterisk) and other negatively charged lipids in the PM. (IV) STIM1 localization to the
ER-PM junction, together with an oligomerization-mediated conformational change of
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STIM1, triggers binding and activation of Orai1, further triggering Ca2+ entry across the
PM. CAD, CRAC activation domain; CMD, CRAC modulatory domain.
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Figure 2.
Schematics of the endoplasmic reticulum (ER)-plasma membrane (PM) junction in striated
muscle. (a) The sarcomer, the contraction unit of the striated muscle, as observed by
electron microscopy. Actin is shown in pink, and myosin in black (with barbed ends). The
inset depicts triad and dyad muscle ER-PM junctions in their common localization along the
sarcomer. At these junctions, the terminal cisternae of the sarcoplasmic reticulum (the
muscle ER) and the T tubule of the sarcolemma (the muscle PM) are closely linked. The
small dots with more intense color in the terminal cisternae represent the ryanodine receptor
(RyR), clearly observable as small protrusions by electron microscopy (“feet structures”).
(b) List of selected proteins localized to triad- or dyad-type ER-PM junctions. DHPR,
dihydropyridine receptor; SR, sarcoplasmic reticulum.
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Figure 3.
Schematics of endoplasmic reticulum (ER) distribution in yeast. (a) Yeast ER can be
separated into sheet-like perinuclear ER and cortical ER structures, connected by ER
tubules. The cortical ER is close to the plasma membrane (PM) and forms numerous ER-PM
junctions, shown as more intense colored patches. (b) Model of the difference between
cortical and perinuclear ER inheritance in yeast: (I) Distribution of cortical and perinuclear
ER in cells prior to division. (II) In a first step in yeast division, organelles including
vacuoles, the Golgi apparatus, and mitochondria redistribute inside the cell toward the area
where the bud will appear. In the case of the ER, one tubule of the cortical ER is pulled by
actin (green) and myosin into the future bud to establish contact with the PM, creating a new
ER-PM junction. (III) The septin ring forms shortly after this step (purple). As the bud
grows, the cortical ER is extended from the founding-bud ER-PM junction. (IV) once the
nucleus is divided, the new nucleus brings along its perinuclear ER and is transferred in a
microtubule-driven process into the bud. (V) The bud separates from the mother to generate
a smaller daughter cell, already with separated cortical and perinuclear ER.
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Figure 4.
Schematics of rhabdomere endoplasmic reticulum (ER)-plasma membrane (PM) junctions:
representation of an ommatidium showing photoreceptor cells (numbered; only number 1 is
shown fully) that extend along the cone with the microvilli, constituting the rhabdomere.
Rhodopsin (purple) is densely packed in the PM of the rhabdomere and, once activated by
light, triggers PLC-dependent PIP2 hydrolysis. The released InsP3 binds to its receptor in
the ER and induces Ca2+ release (small blue circles). In the same ER tubules, RdgB (pink)
accumulates in the ER-PM junction where it transfers newly synthesized PtdIns to the PM.
Once in the PM, PtdIns lipids are phosphorylated to replenish the level of PIP2, enabling a
new cycle of rhodopsin activation and PIP2 hydrolysis. Each asterisk represents a phosphate
group. Abbreviations: PtdIns, phosphatidylinositol; PIP2, phosphatidylinositol-4, 5-
bisphosphate lipid; PLC, phospholipase C; RdgB, retinal degeneration B.
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Figure 5.
Plants’ endoplasmic reticulum (ER)–plasma membrane (PM) junction. The ER tubules close
to the PM in plants and multicellular algae form polygonal nets, and in some regions, they
go across the PM and cell wall in structures known as plasmodesmata. In these structures,
the ER tubule, known as a desmotubule, is kept at different distances from the PM
depending on the accumulation of callose in the cell wall or the presence of proteins such as
actin in the intermembrane space.
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