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SUMMARY

Endoplasmic reticulum (ER)-plasma membrane (PM)
junctions are highly conserved subcellular struc-
tures. Despite their importance in Ca2+ signaling
and lipid trafficking, the molecular mechanisms un-
derlying the regulation and functions of ER-PM junc-
tions remain unclear. By developing a genetically
encoded marker that selectively monitors ER-PM
junctions, we found that the connection between
ER and PM was dynamically regulated by Ca2+

signaling. Elevation of cytosolic Ca2+ triggered trans-
location of E-Syt1 to ER-PM junctions to enhance
ER-to-PM connection. This subsequently facilitated
the recruitment of Nir2, a phosphatidylinositol trans-
fer protein (PITP), to ER-PM junctions following
receptor stimulation. Nir2 promoted the replenish-
ment of PM phosphatidylinositol 4,5-bisphosphate
(PIP2) after receptor-induced hydrolysis via its PITP
activity. Disruption of the enhanced ER-to-PM
connection resulted in reduced PM PIP2 replenish-
ment and defective Ca2+ signaling. Altogether, our
results suggest a feedback mechanism that replen-
ishes PM PIP2 during receptor-induced Ca2+

signaling via the Ca2+ effector E-Syt1 and the PITP
Nir2 at ER-PM junctions.
INTRODUCTION

The endoplasmic reticulum (ER) is a membrane-bound organelle

found in eukaryotic cells that performs key cellular functions,

including lipid synthesis, Ca2+ regulation, and protein secretion

(Friedman and Voeltz, 2011). To coordinate cellular functions

and maintain cell homeostasis, the ER forms membrane junc-

tions with other organelles, including the plasma membrane

(PM). At ER-PM junctions, the two heterologous membranes
Ce
are in close apposition with a gap distance ranging from 10 to

30 nm (Toulmay and Prinz, 2011).

ER-PM junctions are platforms for store-operated Ca2+ entry

(SOCE) (Carrasco and Meyer, 2011; Liou et al., 2005). SOCE is

activated by the direct interaction of the ER Ca2+ sensor STIM1

and the PM Ca2+ channel Orai1 at ER-PM junctions (Lewis,

2011). In addition, ER-PM junctions are implicated in the

transport of phosphatidylinositol (PI) synthesized in the ER to

the PM to support phototransduction in Drosophila photore-

ceptor cells (Carrasco and Meyer, 2011; Levine, 2004). During

phototransduction, light exposure triggers rhodopsin, a G-pro-

tein-coupled receptor, to activate the receptor-induced Ca2+

signaling pathway mediated by phospholipase C (PLC). Acti-

vated PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate

(PIP2) at the PM to generate diacylglycerol and inositol 1,4,5-

trisphosphate (IP3), which subsequently increases cytosolic

Ca2+ concentration (Berridge et al., 2000). Genetic evidence

suggests that Drosophila RdgB, a PI transfer protein (PITP), is

important for replenishing PM PIP2 after hydrolysis (Carrasco

and Meyer, 2011). Electron microscopy (EM) studies indicate

that RdgB is localized to the subrhabdomeric cisternae, an

ER domain in close proximity to the PM, in Drosophila photore-

ceptor cells (Vihtelic et al., 1993).

Because ER-PM junctions are sites for Ca2+ regulation and

lipid transport, changes in density, size, and gap distance of

ER-PM junctions are likely to exert profound effects on these

important cellular functions. Recently, extended synaptotag-

mins E-Syt1/E-Syt2/E-Syt3 and their yeast orthologs tricalbins

were shown to mediate ER-to-PM tethering (Giordano et al.,

2013; Manford et al., 2012). Nevertheless, the regulation and

functions of ER-PM junctions are not well understood due to a

lack of methods to specifically monitor these junctions without

perturbing their functions in mammalian cells.

Here, we describe a genetically encoded marker for ER-PM

junctions. Using this marker, we show that increases in cytosolic

Ca2+ trigger an enhanced ER-to-PM connection mediated by

E-Syt1, which subsequently facilitates the recruitment of Nir2,

a mammalian ortholog of Drosophila RdgB, to ER-PM junc-

tions to promote PM PIP2 replenishment following receptor
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stimulation. Our results reveal a feedback mechanism at ER-PM

junctions that replenishes PM PIP2 during receptor-induced

Ca2+ signaling.

RESULTS

A Genetically Encoded Marker Selectively Labels
ER-PM Junctions
To investigate the dynamic regulation of ER-PM junctions, we

designed a genetically encoded marker that selectively labels

ER-PM junctions based on the subcellular targetingmechanisms

of STIM1. STIM1 is a single transmembrane ER protein that

localizes with its N terminus in the ER lumen and C terminus in

the cytosol (Figure 1A). We first generated a construct containing

the signal peptide (SP) and the transmembrane (TM) domain of

STIM1 at the N and C termini, respectively, of a GFP. This SP-

GFP-TM fusion protein was localized to the ER (Figure S1A).

Next, an FKBP12-rapamycin binding (FRB) domain was added

after the TM domain. The addition of FRB domain did not alter

the localization (Figure S1B) and may be used to recruit FKBP-

fusion proteins using rapamycin or its analogs (Putyrski and

Schultz, 2012). STIM1 targeting to ER-PM junctions requires

ER Ca2+-depletion-induced oligomerization and a subsequent

binding of the C-terminal polybasic motif to phosphoinositides

at the PM (Korzeniowski et al., 2009; Liou et al., 2007; Walsh

et al., 2010). To enable a constitutive localization to ER-PM junc-

tions, the polybasic motif of the small G protein Rit, which binds

to phosphoinositides in the PM (Heo et al., 2006), was added to

the C terminus of themarker. We further included several flexible

and helical linkers in the cytosolic portion of themarker to ensure

that expression of the marker did not alter the gap distance

of ER-PM junctions, which range from 10 to 25 nm based on

EM studies of mammalian cells (Wu et al., 2006). We named

this genetically encoded marker ‘‘MAPPER’’ for ‘‘membrane-

attached peripheral ER’’ (Figure 1A).

When MAPPER-transfected HeLa cells were examined using

confocal microscopy, hundreds of bright puncta were observed

near the adhesion surface of each cell (Figures 1B and S1C).

Confocal midsections of MAPPER-transfected cells showed

weak signals in the bulk of the ER and nuclear membrane and

strong signals in puncta along the cell periphery (Figure S1D).

These results indicate that MAPPER is an ER protein highly

concentrated at ER-PM junctions similar to activated STIM1.

When the localization of MAPPER and an ER luminal marker

were examined in the same cells by confocal microscopy, they

appeared dramatically different (Figure 1B). Nonetheless, all

puncta detected by MAPPER were overlaid with the ER marker,

indicating that MAPPER puncta are part of the ER. The overlay of

MAPPER and the ER marker was better illustrated using total

internal reflection fluorescence (TIRF) microscopy (Figure 1C),

which selectively illuminates fluorescence within 100 nm of the

PM (Steyer and Almers, 2001). Compared with the ER marker,

MAPPER greatly enhanced the identification of ER-PM junctions

with minimal background signal from the rest of the ER. We

further performed immunogold labeling using an antibody

against GFP and observed by EM that MAPPER was highly

enriched in regions closely apposed to the PM (Figure 1D). More-

over, a direct labeling of MAPPER by miniSOG, a genetically
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encoded tag for EM (Shu et al., 2011), resulted in strong elec-

tron-dense signals in PM-attached ER regions that are con-

nected to the moderately labeled ER network (Figure 1E).

Together, these results demonstrate that we have successfully

generated a marker for selective visualization of ER-PM junc-

tions in live and fixed cells using various imaging approaches.

Furthermore, we observed that STIM1 translocated into ER-

PM junctions prelabeled by MAPPER following ER Ca2+ deple-

tion induced by thapsigargin (TG) (Figure 1F). Consistently,

normal SOCE was detected in MAPPER-expressing cells (Fig-

ure 1G). We also found that the density of ER-PM junctions

detected by MAPPER was similar to that measured by quanti-

fying stable ER puncta detected in cells transfected with the

ER marker using TIRF microscopy (Figure 1H). These results

indicate that MAPPER monitors ER-PM junctions with minimal

perturbations and is thus suitable for investigating the regulation

and functions of ER-PM junctions.

ER-PM Junctions Are Dynamically Regulated during
Ca2+ Signaling
Previous EM studies showed that TG treatment increased the

percentage of the PM in close contact with the ER in HeLa and

Jurkat cells, suggesting that ER-to-PM connection can be regu-

lated during Ca2+ signaling (Orci et al., 2009; Wu et al., 2006). We

applied MAPPER to examine the dynamic regulation of ER-PM

junctions in live cells and detected a marked increase in MAP-

PER signal following TG treatment using TIRF microscopy (Fig-

ure 2A; Movie S1). Similar increases in MAPPER signal were

found in cells treated with histamine (Figure S2A), which stimu-

lates G-protein-coupled histamine receptors and activates

Ca2+ signaling. The increased MAPPER signal was not a result

of cell movement or a focus drift, because no increase was de-

tected by the PM marker cotransfected into the same cells (Fig-

ures 2A and S2A). Further analyses revealed a significant

increase in density of ER-PM junctions detected by MAPPER

(Figure 2B), indicating that new junctions are formed during

Ca2+ signaling. Interestingly, a significant increase in intensity

of preexisting ER-PM junctions was also detected following TG

treatment (Figure 2C). These increases were not caused by

expression of MAPPER or an increased recruitment of MAPPER

to ER-PM junctions because similar increases in density and in-

tensity of stable ER puncta were detected by TIRFmicroscopy in

cells transfected with the ER marker after TG treatment (Fig-

ure S2B; Movie S2).

We then tested a hypothesis that the intensity increase was

due to an increase in size of single ER-PM junctions, which is be-

tween 100 and 200 nm based on EM studies (Orci et al., 2009;

Wu et al., 2006). Because the resolution of TIRF microscopy is

limited to �250 nm, we employed a superresolution imaging

technique, stimulated emission depletion (STED) microscopy

(Willig et al., 2006), to track TG-induced changes in single ER-

PM junctions in live cells. We found that the sizes and shapes

of single ER-PM junctions labeled by MAPPER remained similar

before and after TG treatment (Figures S3A and S3B). We further

quantified the lengths of the long and short axes of individual ER-

PM junctions by performing double Gaussian fitting (Figure S3C).

Before TG treatment, the long and short axes were 272.7 ±

49.5 nm and 176.1 ± 22.5 nm, respectively. No significant



Figure 1. MAPPER Selectively Labels ER-PM Junctions

(A) Diagrams of STIM1 (top) and MAPPER (middle) and a schematic depicting the expected localization of MAPPER at ER-PM junctions maintained by unknown

structural components (bottom). Amino acid numbers are indicated. SP, signal peptide; EF-SAM, EF hand and sterile alpha motif; TM, transmembrane; CC1 and

CC2, coiled coil domain 1 and 2; S/P, serine and proline rich region; PB, polybasic; FRB, FKBP12-rapamycin binding.

(B) (Top panels) Bottom-section confocal images of a HeLa cell coexpressing MAPPER and mCherry-ER. The scale bar represents 10 mm. (Bottom panels)

Magnified images. The scale bar represents 2 mm. See also Figures S1A–S1D.

(C) TIRF images of a HeLa cell coexpressing MAPPER and mCherry-ER. The scale bar represents 2 mm.

(D and E) Ultrastructural analysis of MAPPER localization by EM. (D) Immunogold staining of aMAPPER-transfected cell. The scale bar represents 200 nm. (E) EM

image of a HeLa cell transfected with miniSOG-tagged MAPPER. Arrowheads indicate ER-PM junctions. The scale bar represents 200 nm.

(F) STIM1 translocation induced by 1 mM TG monitored by TIRF microscopy in a HeLa cell coexpressing MAPPER and mCherry-STIM1. The scale bar

represents 2 mm.

(G) SOCE triggered by 1 mMTG and 100 mMhistamine in control (SP-GFP-TM) or MAPPER-transfected HeLa cells. Shown are average traces derived frommore

than 90 cells.

(H) Density of ER-PM junctions labeled by the ER marker or MAPPER in HeLa cells monitored by TIRF microscopy. Mean ± SD is shown (26 cells from three

independent experiments).
changes were detected following TG treatment (Figure S3D).

These results suggest that the sizes and shapes of ER-PM junc-

tions are not regulated during Ca2+ signaling.

TIRF microscopy is extremely sensitive to changes in distance

between a fluorescent protein and the PM (Steyer and Almers,
Ce
2001). Because MAPPER contains a GFP in the ER lumen, we

hypothesized that the intensity increase induced by TG results

from a decrease in gap distance of ER-PM junctions. The gap

distance of ER-PM junctions in mammalian cells ranges from

10 to 25 nm (Wu et al., 2006). To test this hypothesis, we
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Figure 2. Elevation of Cytosolic Ca2+ Enhances ER-to-PM Connection

(A) Dynamic changes in ER-PM junctions induced by 1 mM TG monitored by TIRF microscopy in MAPPER-expressing HeLa cells transfected with a PM marker.

The scale bar represents 2 mm. See also Figures S2A and S2B and Movies S1 and S2.

(B and C) Quantification of the dynamic changes in density (B) and intensity (C) of ER-PM junctions monitored as described in (A). Mean ± SD is shown (three to

eight cells from at least three independent experiments). The triple asterisks denote p < 0.001.

(D) Diagram of MAPPER-s (top) and a schematic depicting how MAPPER-s restricts the gap distance of labeled ER-PM junctions (bottom).

(E and F) Quantification of the dynamic changes in density (E) and intensity (F) of ER-PM junctions induced by 1 mM TG monitored by TIRF microscopy in HeLa

cells transfected with MAPPER-s. Mean ± SD is shown (four to six cells from two independent experiments). The asterisk denotes p < 0.05 and double asterisks

denote p < 0.01. See also Figure S2C.

(G) Dynamic changes in ER-PM junctions and R-GECO1 intensities monitored by TIRF microscopy during UV-induced Ca2+ uncaging in MAPPER-expressing

HeLa cells transfected with R-GECO1 and loaded with NP-EGTA. The scale bar represents 2 mm. See also Figures S4A–S4D and Movie S3.

(H) Relative changes in R-GECO1 intensity monitored as described in (G). Shown is the average R-GECO1 intensity trace (five cells from two independent

experiments).

(I) Dynamic changes in intensity of ER-PM junctions monitored as described in (G). Mean ± SD is shown (seven cells from two independent experiments). The

asterisk denotes p < 0.05 and triple asterisks denote p < 0.001.
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generated MAPPER-s, which contains a shorter cytosolic region

than MAPPER, thus restricting the range of gap distance of

labeled ER-PM junctions to�10 nmor less (Figure 2D). Following

TG stimulation, an increase in density of ER-PM junctions similar

to that in MAPPER-transfected cells was observed in MAPPER-

s-transfected cells (Figures 2E and S2C). However, TG-induced

increase in intensity of MAPPER-s-labeled ER-PM junctions was

significantly less than in MAPPER-labeled junctions (Figures 2F

and S2C). These results imply that the TG-induced increase

in MAPPER intensity reflects a decrease in gap distance of ER-

PM junctions. Together, our data suggest that treatment with

either TG or histamine induces an enhanced ER-to-PM connec-

tion by triggering junction formation and by shortening the gap

between the ER and the PM.

Elevation of Cytosolic Ca2+ Enhances the Connection
between the ER and the PM
To dissect the molecular mechanisms underlying the enhanced

ER-to-PM connection following TG or histamine treatment, we

first tested whether an increase in cytosolic Ca2+ was required

for the enhanced connection. We found that TG-induced in-

crease in density and intensity of MAPPER-labeled ER-PM junc-

tions was abolished in cells preloaded with BAPTA, a cytosolic

Ca2+ chelator (phase I and II; Figures S4A–S4D). When 10 mM

Ca2+ was added to cells to overcome chelation by BAPTA, an

elevation in cytosolic Ca2+ was accompanied by a dramatic in-

crease in intensity and density of ER-PM junctions (phase III

and IV; Figures S4A–S4D; Movie S3). These results demonstrate

that the enhanced ER-to-PM connection induced by TG is

dependent on an increase in cytosolic Ca2+.

We then tested whether an increase in cytosolic Ca2+ alone

was sufficient to promote ER-to-PM connection. Cells were co-

transfected with MAPPER and R-GECO1, a genetically encoded

Ca2+ indicator (Zhao et al., 2011), and loaded with NP-EGTA, a

photolabile Ca2+ chelator. Ca2+ uncaging by UV illumination

resulted in a transient increase in cytosolic Ca2+ as indicated

by changes in intensity of R-GECO1 (Figures 2G and 2H). A tran-

sient increase with similar kinetics in intensity of MAPPER-

labeled ER-PM junctions was also observed (Figures 2G

and 2I). These results indicate that the connection between the

ER and the PM is dynamically controlled by cytosolic Ca2+ levels.

Elevation of Cytosolic Ca2+ Induces E-Syt1
Translocation to ER-PM Junctions
Because elevation of cytosolic Ca2+ alone is sufficient to

enhance ER-to-PM connection, it is plausible to assume the ex-

istence of a cytosolic Ca2+ sensor that promotes ER-to-PM

connection. Recent studies showed that E-Syt1/E-Syt2/E-Syt3

and the tricalbins, a family of C2 domain-containing proteins

capable of binding to Ca2+ and phospholipids, are localized to

ER-PM junctions and contribute to ER-to-PM tethering (Gior-

dano et al., 2013; Manford et al., 2012; Toulmay and Prinz,

2012). E-Syt1 is distinct from E-Syt2 and E-Syt3 as it contains

two additional C2 domains. Moreover, E-Syt1 is evenly ex-

pressed in all tissues, whereas the expression of E-Syt2 and E-

Syt3 is more restricted (Min et al., 2007).

We hypothesized that the dynamic regulation of ER-PM junc-

tions is a universal process and thus tested whether the widely
Ce
expressed E-Syt1 is the Ca2+ sensor that promotes ER-to-PM

connection. Consistent with previous findings (Giordano et al.,

2013; Min et al., 2007), we observed that E-Syt1, tagged with

mCherry at either the N or the C terminus, was localized to

the ER in resting cells (Figures S5A and S5G). Remarkably,

TG treatment induced E-Syt1 translocation into puncta (Fig-

ure S5A; Movie S4), which were subsequently identified

as ER-PM junctions in cells cotransfected with MAPPER and

E-Syt1 (Figure S5B).

To test whether an increase in cytosolic Ca2+ was sufficient

to induce E-Syt1 translocation, NP-EGTA was loaded into cells

cotransfected with mCherry-E-Syt1 and GEM-GECO1, a genet-

ically encoded Ca2+ indicator (Zhao et al., 2011). UV-induced

uncaging of NP-EGTA triggered an increase in cytosolic Ca2+

that was followed by E-Syt1 translocation to ER-PM junctions

(Figure S5C and S5D). The kinetic coupling between cytosolic

Ca2+ increase and E-Syt1 translocation to ER-PM junctions

was clearly illustrated in cells treated with histamine, which

induced Ca2+ oscillation and the accompanying reversible

translocation of E-Syt1 (Movie S5). We further mutated the key

aspartic acid residues to alanine in the likely Ca2+ binding loops

of C2A and C2C domains to generate the corresponding E-Syt1-

D406A and E-Syt1-D724A mutants (Min et al., 2007). Following

TG treatment, the E-Syt1-D406A mutant translocated to

ER-PM junctions (Figure S5E), whereas no translocation of

the E-Syt1-D724A mutant was observed (Figure S5F). Similar

results were obtained following uncaging of NP-EGTA (Figures

S5G–S5I). These observations indicate that E-Syt1 senses

elevation of cytosolic Ca2+ via its C2C domain and that Ca2+

binding is important for E-Syt1 translocation to ER-PM junctions.

These results are consistent with the data shown in a report

published very recently (Giordano et al., 2013).

Enhanced ER-to-PM Connection Is Mediated by E-Syt1
Translocation to ER-PM Junctions
We further observed that TG-induced increase in ER-to-PM

connection, as indicated by the intensity increase of MAPPER-

labeled ER-PM junctions, was greatly diminished in cells

transfected with small interfering RNA (siRNA) targeting either

the 30 UTR (siE-Syt1_30 UTR) or the coding sequence of E-Syt1

(siE-Syt1_cds) compared to cells transfected with control siRNA

(siControl) (Figures 3A, 3B, S6A, and S6B). Expression of

mCherry-E-Syt1 rescued the defective regulation of ER-PM

junctions in cells treated with siE-Syt1_30 UTR (Figure 3C). These

results suggest that E-Syt1 mediates the enhanced ER-to-PM

connection during Ca2+ signaling. Moreover, expression of the

E-Syt1-D724A mutant, which neither senses Ca2+ nor translo-

cates to ER-PM junctions, failed to rescue the defective

enhanced ER-to-PM connection in siE-Syt1_30 UTR-treated

cells (Figures 3D and 3E). These results indicate that E-Syt1

translocation to ER-PM junctions promotes the connection be-

tween the ER and the PM.

Nir2 Translocates to ER-PM Junctions and Promotes
PIP2 Replenishment after Receptor Stimulation
We hypothesized that the enhanced ER-to-PM connection by

E-Syt1 facilitates cellular functions at ER-PM junctions during

Ca2+ signaling. Ca2+ signaling is generally triggered by
ll Reports 5, 813–825, November 14, 2013 ª2013 The Authors 817



Figure 3. Enhanced ER-to-PM Connection during Ca2+ Signaling Is Mediated by E-Syt1 Translocation to ER-PM Junctions

(A) Dynamic changes in ER-PM junctions induced by 1 mMTGmonitored by TIRFmicroscopy inMAPPER-expressing HeLa cells transfectedwith siControl or siE-

Syt1_30 UTR. The scale bar represents 2 mm. See also Figures S6A and S6B.

(B) Quantification of the dynamic changes in intensities of ER-PM junctions monitored as described in (A). Mean ± SD are shown (four to six cells from at least

three independent experiments). The asterisk denotes p < 0.05 and triple asterisks denote p < 0.001.

(C and D) Dynamic changes in ER-PM junctions and E-Syt1 translocation induced by 1 mMTGmonitored by TIRF microscopy in MAPPER-expressing HeLa cells

cotransfected with siE-Syt1_30 UTR and mCherry-E-Syt1 or mCherry-E-Syt1-D724A. The scale bar represents 2 mm.

(E) Quantification of the dynamic changes in intensity of ER-PM junctions monitored as described in (C) and (D). Mean ± SD is shown (four to six cells from three

independent experiments). Triple asterisks denote p < 0.001.
receptor-induced PLC activation and PM PIP2 hydrolysis (Ber-

ridge et al., 2000). RdgB, a PITP implicated in replenishing PM

PIP2, hasbeenshown to localize toER-PMjunctions inDrosophila

photoreceptorcells (CarrascoandMeyer, 2011). To test ahypoth-

esis that the enhanced ER-to-PM connection facilitates PM PIP2

replenishment at ER-PM junctions during Ca2+ signaling, we first

examined whether Nir2 (also known as PITPNM1), a mammalian

ortholog ofDrosophilaRdgB, is localized to ER-PM junctions.We

found that a mCherry-tagged Nir2 was localized in the cytosol

(Figure 4A). Strikingly, histamine stimulation inducedNir2 translo-

cation into puncta in HeLa cells overexpressing histamine H1

receptor (Figure 4A; Movie S6). We then cotransfected cells

with Nir2 and MAPPER and confirmed that Nir2 translocates to

ER-PM junctions after histamine stimulation (Figure 4B).

Next, we examinedwhether Nir2 is involved in replenishing PM

PIP2 after receptor-induced hydrolysis. PIP2 levels at the PM

were monitored using TIRF microscopy and GFP-PLCd-PH, a

PIP2 biosensor (Stauffer et al., 1998), in HeLa cells overex-

pressing H1 receptor to augment PIP2 hydrolysis induced by
818 Cell Reports 5, 813–825, November 14, 2013 ª2013 The Authors
histamine stimulation. In siControl-transfected cells, a sharp

decrease of PLCd-PH intensity at the PM was observed

following histamine stimulation (Figure 4C), reflecting PIP2

hydrolysis. This decrease was followed by a partial recovery,

indicating replenishment of PIP2 at the PM. Notably, in cells

treated with siRNA targeting Nir2 (siNir2), PIP2 replenishment

was reduced compared to siControl-transfected cells. In

contrast, overexpression of Nir2 strongly enhanced PIP2 replen-

ishment after hydrolysis compared with control-transfected cells

(Figure 4D). Similar results were observed using Tubby-GFP (Fig-

ure S7A), another biosensor that binds PIP2 selectively (Quinn

et al., 2008). These results indicate that Nir2 mediates PM PIP2

replenishment after receptor-induced hydrolysis.

PI Transfer Activity and Targeting to ER-PM Junctions
Are Important for Nir2 to Promote PIP2 Replenishment
following Receptor Stimulation
The PITP domain of Nir2 has been shown to bind PI in vitro

and contains the key residues that make hydrogen bond contact



Figure 4. Nir2 Translocates to ER-PM Junc-

tions and Promotes PIP2 Replenishment

following Receptor Stimulation

(A) Nir2 translocation induced by 100 mM hista-

mine monitored by confocal microscopy in HeLa

cells cotransfected with H1 receptor and Nir2-

mCherry. The scale bar represents 10 mm. See

also Movie S6.

(B) Nir2 translocation to ER-PM junctions induced

by 100 mM histamine monitored by TIRF micro-

scopy in MAPPER-expressing HeLa cells trans-

fected with H1 receptor and Nir2-mCherry. The

scale bar represents 2 mm.

(C) Dynamic changes of PLCd-PH intensity

induced by 100 mM histamine monitored by TIRF

microscopy in HeLa cells cotransfected with H1

receptor, GFP-PLCd-PH, and siControl or siNir2.

Mean ± SEM is shown (6–17 cells from three

independent experiments).

(D) Dynamic changes of PLCd-PH intensity

induced by 100 mM histamine monitored by TIRF

microscopy in HeLa cells cotransfected with H1

receptor, GFP-PLCd-PH, and control (mCherry-

N1 vector) or Nir2-mCherry. Mean ± SEM is shown

(25 cells from six independent experiments). See

also Figure S7A.
with the inositol head group for the PI transfer activity (Aikawa

et al., 1999; Cockcroft, 2012). To test whether the PI transfer

activity is required for Nir2 to mediate PIP2 replenishment,

we mutated two of the key residues to generate the Nir2-

K61A,N90F mutant. Similar to wild-type Nir2, the Nir2-

K61A,N90F mutant was recruited to ER-PM junctions following

histamine treatment (Figure 5A). Nevertheless, it failed to pro-

mote PIP2 replenishment (Figure 5B). Similar results were

obtained with the Nir2-T59E,N90F mutant (Figures S7B and

S7C), and the PITP domain deleted Nir2-DPITP mutant (Figures

5C and 5D). These results indicate that a functional PITP domain

is essential for Nir2 to promote PM PIP2 replenishment but is

not required for Nir2 recruitment to ER-PM junctions following

receptor stimulation.

The translocation of Nir2 from the cytosol to ER-PM junctions

suggests that it binds to the ER and the PM simultaneously

following receptor stimulation. Nir2 has been shown to interact

with the ER membrane proteins VAMP-associated protein A

(VAP-A) and VAP-B via its FFAT motif (Amarilio et al., 2005).

We observed an accumulation of VAP-A and VAP-B colocalizing

with Nir2 at ER-PM junctions following receptor stimulation (Fig-

ures 5E and S7D). These results indicate that VAP-A and VAP-B

support Nir2 recruitment to ER-PM junctions.We then generated

a FFATmutant of Nir2 (Nir2-FM) that cannot bind VAP proteins as

described previously (Amarilio et al., 2005). Nir2-FM was re-

cruited to the PM but failed to concentrate at ER-PM junctions

following receptor stimulation, as observed by TIRF microscopy

(top panels, Figures 5F and S7E). Consistently, the accumulation

of VAP-A and VAP-B at ER-PM junctions was not detected

following receptor stimulation (bottom panels, Figures 5F and

S7E). These observations suggest that receptor stimulation in-
Ce
duces concurrent PM targeting and VAP binding of Nir2, leading

to the simultaneous recruitment of Nir2 and VAPs to ER-PM

junctions.

Nir2-FM contains a functional PITP domain and targets to the

PM instead of ER-PM junctions following receptor stimulation.

Interestingly, comparing with cells overexpressing wild-type

Nir2, the extent of PIP2 replenishment after receptor stimula-

tion was reduced in cells overexpressing Nir2-FM (Figure 5G).

These results suggest that Nir2 recruitment to ER-PM junc-

tions following receptor stimulation is important for PM PIP2

replenishment.

Enhanced ER-to-PM Connection by E-Syt1 Facilitates
Nir2 Translocation to ER-PM Junctions
Next, we tested a hypothesis that the enhanced ER-to-PM

connection by E-Syt1 contributes to Nir2 translocation to ER-

PM junctions following receptor stimulation. Nir2 translocation

to ER-PM junctions occurred quickly after histamine stimulation

in siControl-transfected cells (Figure 6A). In contrast, aborted

cycles of Nir2-mCherry translocation were observed in cells

treated with siE-Syt1, in which the enhanced ER-to-PM connec-

tion failed to occur (Figures 3A and 3B). As a result, the maximal

fold increase of Nir2-mCherry intensity at single ER-PM junctions

was significantly reduced in siE-Syt1-transfected cells (Fig-

ure 6B). These results implicate that enhanced ER-to-PM

connection mediated by E-Syt1 facilitates Nir2 translocation to

ER-PM junctions after receptor stimulation.

To confirm that the enhanced ER-to-PM connection is impor-

tant for Nir2 translocation, we applied MAPPER-s to restrict the

range of gap distance of ER-PM junctions. Nir2 translocation

was monitored in cells without overexpressing H1 receptor to
ll Reports 5, 813–825, November 14, 2013 ª2013 The Authors 819



Figure 5. PI Transfer Activity and Targeting

to ER-PM Junctions Are Important for Nir2

to Promote PIP2 Replenishment following

Receptor Stimulation

(A) Nir2-K61A,N90F mutant translocation induced

by 100 mM histamine monitored by TIRF micro-

scopy in HeLa cells cotransfectedwith H1 receptor

and Nir2-K61A,N90F-mCherry. The scale bar

represents 2 mm. See also Figure S7B.

(B) Dynamic changes of PLCd-PH intensity

induced by 100 mM histamine monitored by TIRF

microscopy in HeLa cells cotransfected with

H1 receptor, GFP-PLCd-PH, and control, Nir2-

mCherry or Nir2-K61A,N90F-mCherry. Mean ±

SEM is shown (18–27 cells from three independent

experiments). See also Figure S7C.

(C) Nir2-DPITP mutant translocation induced by

100 mM histamine monitored by TIRF microscopy

in HeLa cells cotransfected with H1 receptor

and Nir2-DPITP-mCherry. The scale bar repre-

sents 2 mm.

(D) Dynamic changes of PLCd-PH intensity

induced by 100 mM histamine monitored by TIRF

microscopy in HeLa cells cotransfected with

H1 receptor, GFP-PLCd-PH, and control, Nir2-

mCherry or Nir2-DPITP-mCherry. Mean ± SEM is

shown (14–32 cells from three independent ex-

periments).

(E and F) VAP-A and Nir2 or Nir2-FM (FFATmutant)

translocation induced by 100 mM histamine

monitored by TIRF microscopy in HeLa cells

cotransfected with H1 receptor, VAP-A-YFP, and

Nir2-mCherry (E) or Nir2-FM-mCherry (F). The

scale bar represents 2 mm. See also Figures S7D

and S7E.

(G) Dynamic changes of PLCd-PH intensity

induced by 100 mM histamine monitored by

TIRF microscopy in HeLa cells cotransfected

with H1 receptor, GFP-PLCd-PH, and control,

Nir2-mCherry or Nir2-FM-mCherry. Mean ± SEM

are shown (13–18 cells from three independent

experiments).
demonstrate the enhancing effect of MAPPER-s. In MAPPER-

expressing cells, histamine stimulation induced a weak translo-

cation of Nir2, which was greatly potentiated in cells expressing

MAPPER-s (Figure 6C). Further analyses showed that histamine

stimulation induced a significantly higher increase of Nir2-

mCherry intensity at ER-PM junctions in MAPPER-s-transfected

cells than in MAPPER-transfected cells (Figure 6D). These

results suggest that the gap distance of ER-PM junctions

affects Nir2 translocation to ER-PM junctions following receptor

stimulation.
820 Cell Reports 5, 813–825, November 14, 2013 ª2013 The Authors
Enhanced ER-to-PM Connection
Promotes PIP2 Replenishment and
Supports Receptor-Induced Ca2+

Signaling
Because the enhanced ER-to-PM

connection mediated by E-Syt1 is impor-

tant for Nir2 translocation to ER-PM junc-

tions, we tested the effect of E-Syt1
knockdown on PM PIP2 replenishment after receptor-induced

hydrolysis. PM PIP2 replenishment was markedly reduced

in cells transfected with siE-Syt1_30 UTR compared to that

in siControl-transfected cells following histamine stimulation

(Figure 6E). These results are consistent with the defective

Nir2 translocation in siE-Syt1-treated cells. Expression of wild-

type, but not the D724A mutant of E-Syt1 rescued the defective

PM PIP2 replenishment in E-Syt1 knockdown cells (Figure 6E).

These data indicate that E-Syt1 translocation to ER-PM junc-

tions is crucial for replenishing PM PIP2 after receptor-induced



Figure 6. Enhancement of ER-to-PM

Connection by E-Syt1 Facilitates Nir2

Translocation and PIP2 Replenishment

following Receptor Stimulation

(A) Nir2 accumulation at single ER-PM junctions

induced by 100 mM histamine monitored by TIRF

microscopy in HeLa cells cotransfected with H1

receptor, Nir2-mCherry, and siControl or siE-Syt1.

Representative traces of Nir2 intensities at single

ER-PM junctions are shown.

(B) Quantification of maximal fold increase of Nir2

intensities at single ER-PM junctions monitored as

described in (A). Mean ± SD is shown (more than

250 puncta from two independent experiments).

Triple asterisks denote p < 0.001.

(C) Nir2 translocation to ER-PM junctions induced

by 100 mM histamine monitored by TIRF micro-

scopy in HeLa cells cotransfected with Nir2-

mCherry and MAPPER or MAPPER-s. The scale

bar represents 2 mm.

(D) Quantification of maximal fold increase of Nir2

intensity at single ER-PM junctions monitored as

described in (C). Mean ± SD is shown (more than

60 puncta). Triple asterisks denote p < 0.001.

(E) Dynamic changes of PLCd-PH intensities

induced by 100 mM histamine monitored by TIRF

microscopy in HeLa cells cotransfected with H1

receptor, GFP-PLCd-PH, siControl or siE-Syt1,

plus mCherry-E-Syt1 or mCherry-E-Syt1-D724A.

Mean ± SEM is shown (five to nine cells from three

independent experiments).

(F) Dynamic changes of PLCd-PH intensities

induced by 100 mM histamine monitored by TIRF

microscopy in HeLa cells cotransfected with H1

receptor,mCherry-PLCd-PH,andcontrol (SP-GFP-

TM) or MAPPER-s. Mean ± SEM are shown (13–14

cells from two independent experiments).

(G) Relative changes in cytosolic Ca2+ concen-

tration monitored by Fura2 ratio in HeLa cells

cotransfected with H1 receptor and siControl or

siE-Syt1. Cells were subjected to multiple pulses

of 100 mM histamine treatment (arrows) in a

perfusion system providing a constant flow of

ECB. Average traces are shown (four wells from

two independent experiments; each well con-

tained at least 300 cells).

(H) Quantification of amplitude increases of each

pulse from data shown in (G). Mean ± SD is shown

(four wells from two independent experiments).
hydrolysis. Consistently, we observed that expression of

MAPPER-s, which restricts the range of gap distance of ER-

PM junctions, promoted PM PIP2 replenishment after hydrolysis

(Figure 6F). Together, these results suggest that the enhanced

ER-to-PM connection induced by E-Syt1 translocation to ER-

PM junctions is essential for replenishing PM PIP2 after receptor

stimulation.

It is likely that defective PM PIP2 replenishment after receptor-

induced hydrolysis affects the ability of cells to respond to sub-
Cell Reports 5, 813–825, N
sequent stimulation. To test this hypoth-

esis, we monitored Ca2+ signaling re-

sponses induced by periodic treatment
of histamine. We observed that the first and second pulses of

histamine stimulation triggered comparable amplitude increases

in Ca2+ responses in siControl- and siE-Syt1-transfected cells

(Figures 6G and 6H). Strikingly, a profound decrease in ampli-

tude of Ca2+ responses to subsequent histamine pulses was

observed in siE-Syt1-transfected cells. These results suggest

that the enhanced ER-to-PM connection and PMPIP2 replenish-

ment are important for the recovery of the Ca2+ signaling system

following receptor stimulation.
ovember 14, 2013 ª2013 The Authors 821



Figure 7. Model of a Feedback Mechanism for Receptor-Induced Ca2+ Signaling

Stimulation of numerous receptors activates PLC, which hydrolyzes PIP2 at the PM to produce IP3. IP3 triggers a release of ER Ca2+ and an increase in cytosolic

Ca2+. Subsequently, E-Syt1 binds Ca2+ and translocates to ER-PM junctions to induce new junction formation and a decrease in gap distance between the ER

and the PM. Enhancement of ER-to-PM connection induced by E-Syt1 facilitates Nir2 recruitment to ER-PM junctions and PI transfer from the ER to the PM. PI is

then converted to PIP2 at the PM to support receptor-induced Ca2+ signaling.
DISCUSSION

Based on our findings, we propose amodel of a feedbackmech-

anism for receptor-induced Ca2+ signaling (Figure 7). Stimulation

of many cell surface receptors leads to the activation of PLC.

Activated PLC hydrolyzes PIP2 at the PM to produce IP3 that in-

duces a release of ER Ca2+ to the cytosol through IP3 receptors.

Our study indicates that E-Syt1 binds Ca2+ in response to eleva-

tion of cytosolic Ca2+ and translocates to ER-PM junctions, trig-

gering an enhanced connection between the ER and the PM.

This enhanced ER-to-PM connection facilitates Nir2 recruitment

to ER-PM junctions. At these junctions, Nir2 may efficiently

transfer PI synthesized in the ER to the PM for a subsequent

conversion to PIP2 to support receptor-induced Ca2+ signaling.

In this model, elevation of cytosolic Ca2+ resulting from PIP2

hydrolysis, enhanced ER-to-PM connection mediated by the

Ca2+ effector E-Syt1, recruitment of Nir2 to ER-PM junctions,

and PMPIP2 replenishment via Nir2 constitute a feedbackmech-

anism to replenish PM PIP2 after initial receptor activation and to

prepare the signaling system for additional stimulation.

By generating MAPPER, a marker that contains minimal ER-

and PM-targeting motifs, a fluorescent protein, and several rigid
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and flexible linkers in the cytosolic region setting the proper

gap distance, we successfully labeled ER-PM junctions in live

mammalian cellswithout significantly affecting their size, density,

and functions. Several methods have been developed previously

for visualizing or manipulating ER-PM junctions in yeast and in

mammalian cells (Ercan et al., 2009; Lavieu et al., 2010; Várnai

et al., 2007; Zhang et al., 2012). Our method minimizes cell

perturbations and can be easily applied to track dynamic

changes and biological processes occurring at ER-PM junc-

tions. Using MAPPER and high-resolution TIRF microscopy, we

demonstrated that changes in cytosolic Ca2+ levels dynamically

regulate ER-PM junctions. In addition to new junction formation,

our data suggest that a decrease in gap distance of ER-PM

junctions occurs following elevation of cytosolic Ca2+. The dy-

namic regulation of gap distance of ER-PM junctions by cytosolic

Ca2+ levels may have important functional consequences. It

is plausible that changes in gap distance exclude certain proteins

while recruiting others, such as Nir2, to ER-PM junctions. There-

fore, modulating the gap of ER-PM junctions by signaling inputs

may switch cellular functions on or off at these sites.

The translocation of Nir2 from the cytosol to ER-PM junctions

suggests that it binds to the ER and the PM simultaneously



following receptor stimulation. Our results and others demon-

strate that Nir2 interacts with the ER membrane protein VAP-A

and VAP-B via its FFAT motif (Amarilio et al., 2005). Concentra-

tion of VAPs to ER-PM junctions by Nir2 may further recruit other

FFAT-motif-containing proteins to mediate additional cellular

functions (Lev et al., 2008). The PM-targeting mechanism

of Nir2 is unclear. It is plausible that the PM-binding partner of

Nir2 is generated by receptor activation because the extent of

histamine-induced Nir2 translocation was strongly enhanced in

cells overexpressing H1 receptor. Moreover, we show that Nir2

recruitment to ER-PM junctions is dependent on an enhanced

ER-to-PM connection. We propose that the recruitment of Nir2

to ER-PM junctions during receptor-induced Ca2+ signaling

requires that three events occur concurrently: (1) Nir2 interaction

with VAPs in the ER membrane; (2) Nir2 PM targeting; and (3)

a decrease in gap distance of ER-PM junctions induced by

increases in cytosolic Ca2+. These events may serve as gates

to prevent Nir2 translocation by cytosolic Ca2+ fluctuation

without receptor activation. In addition, these gates may ensure

that PIP2 replenishment occurs at ER-PM junctions near the

subcellular loci of receptor-induced hydrolysis. PM PIP2 is

important for many cellular functions, such as endocytosis and

regulation of the actin cytoskeleton (Di Paolo and De Camilli,

2006). Therefore, further investigation of Nir2 PM-targeting

mechanisms may have a broad impact on PM PIP2-regulated

cellular functions.

Our data reveal a critical role of Nir2 in replenishing PM PIP2

following receptor stimulation. It was proposed many years

ago that lipid transfer proteins may mediate a cycle of PI meta-

bolism between the ER and the PM induced by receptor stimu-

lation (Michell, 1975). In addition, it has been suggested that

the PITP RdgB may transfer PI from the ER to the PM at

ER-PM junctions to sustain receptor functions in Drosophila

photoreceptor cells (Carrasco and Meyer, 2011; Levine, 2004).

In this report, we provide evidence supporting these hypotheses

by showing that Nir2, a mammalian ortholog of RdgB, translo-

cates to ER-PM junctions and promotes PM PIP2 replenishment

during receptor-induced Ca2+ signaling. It is likely that Nir2

mediates PM PIP2 replenishment by transferring PI from the

ER to the PM at ER-PM junctions, which may work synergisti-

cally with other PI-transferringmechanisms, including PI delivery

by a highly mobile ER-derived PI-synthesizing compartment

that makes repetitive contacts with other organelles (Kim et al.,

2011). It is also possible that Nir2 modulates PM PIP2 levels by

mechanisms other than transferring PI from the ER to the PM,

such as presenting PI from the ER and/or the PM to kinases on

the PM (Schaaf et al., 2008) or activating enzymes that regulate

phosphoinositide metabolism at ER-PM junctions (Stefan et al.,

2011). Additional work is needed to test these possibilities.

Feedback loops connect output signals to their original

inputs and are important for maintaining cellular homeostasis

(Brandman and Meyer, 2008). Our results indicate a feedback

mechanism that connects cytosolic Ca2+ signals originating

from receptor-induced PM PIP2 hydrolysis back to the PM

by PIP2 replenishment via E-Syt1 and Nir2 at ER-PM junctions.

Overall, our findings provide mechanistic insights into the

crosstalk between Ca2+ signaling and PIP2 metabolism at ER-

PM junctions.
Ce
EXPERIMENTAL PROCEDURES

Reagents

TG, Pluronic F-127, BAPTA-AM, NP-EGTA, and Fura-2 AM were purchased

from Invitrogen. All chemicals for extracellular buffer (ECB, 125 mM NaCl,

5 mM KCl, 1.5 mM MgCl2, 20 mM HEPES, 10 mM glucose, and 1.5 mM

CaCl2 [pH 7.4]), 100X penicillin and streptomycin solutions, histamine, and

EGTA were obtained from Sigma. siRNAs used in this study were generated

as described previously (Liou et al., 2005). Primers used for siRNA generation

are listed in Table S1.

Cell Culture and Transfection

HeLa cells purchased from American Type Culture Collection were cultured in

minimum essential medium supplemented with 10% fetal bovine serum

(HyClone) and 1X penicillin and streptomycin solution. DNA plasmids (15–

50 ng) and siRNAs (10–25 nM) were transfected into HeLa cells with

TransIT-LT1 reagent and TransIT-TKO reagent, respectively (Muris).

DNA Constructs

mCherry-tagged human STIM1 (SP-mCherry-STIM1) was constructed by

replacing the cyan fluorescent protein (CFP) portion of SP-CFP-STIM1 (Liou

et al., 2005) with mCherry. Orai1-mCherry was constructed by replacing

the yellow fluorescent protein (YFP) portion of Orai1-YFP (Várnai et al., 2007)

with mCherry. mCherry-ER was constructed by replacing the sequence of

STIM1 from SP-mCherry-STIM1 with oligonucleotides containing the coding

sequence of KDEL and a stop codon. YFP-ER was described previously (Liou

et al., 2005). mCherry-E-Syt1 was cloned by replacing the KDEL portion of

mCherry-ERwith a PCR fragment encoding amino acid 53-1104 of E-Syt1 tran-

script 2 (NM_015292). E-Syt1-mCherry and Nir2-mCherry were cloned by re-

placing the Orai1 part of Orai1-mCherry with PCR fragments of full-length

E-Syt1 or full-length Nir2, respectively. Both mCherry-E-Syt1 and E-Syt1-

mCherry were cloned using In-Fusion-HD cloning kit (Clontech Laboratories).

Mutants of E-Syt1 and Nir2 were generated using QuickChange site-direct

mutagenesiskit (AgilentTechnologies)witholigonucleotidescontainingmutated

coding sequences. mCherry-PLCd-PH was constructed by replacing the GFP

part of GFP-PLCd-PH with mCherry. VAP-A-YFP and VAP-B-YFP were cloned

by inserting PCR fragments containing full-length VAP-A and VAP-B into

YFP-N1. All constructs listed here were verified by sequencing. All oligonucleo-

tides used in this study are listed in Table S1. Details for MAPPER-s and

MAPPER construction are in the Supplemental Experimental Procedures.

Electron Microscopy

miniSOG-MAPPER was revealed by EM following the method of Shu et al.

(2011) with modifications. Additional details are in the Supplemental Experi-

mental Procedures.

Live-Cell Confocal and TIRF Microscopy

HeLa cells were cultured on Lab-Tek chambered cover glass (NUNC). Before

imaging, cells were washed with ECB. Live-cell confocal and TIRF imaging ex-

periments were performed at room temperature with 603 or 1003 objectives

and a custom-built confocal-TIRF microscope controlled by Micro-Manager

software (Edelstein et al., 2010). In order to manipulate intracellular Ca2+ levels,

cells were loadedwith 10 mMBAPTA-AMor 20 mMNP-EGTA in ECB containing

0.05%Pluronic F-127and0.1%ofBSAat roomtemperature for 30min. Loaded

cells were then washed twice with ECB containing 0.1%BSA and incubated in

ECB for another 15–30 min before the experiments. To release Ca2+ from NP-

EGTA, cells were exposed to a 405 nm laser pulse for 400–800 ms at rates of

6 s or 10 s per frame. The PM PIP2 level was determined by the intensity of

GFP-PLCd-PH, mCherry-PLCd-PH, or Tubby-GFP using TIRF microscopy,

and an ND8 filter was introduced to the light path to prevent photobleaching.

Details for image analyses are in the Supplemental Experimental Procedures.

Ca2+ Measurements

Cytosolic Ca2+ levels were measured as described previously (Liou et al.,

2005). For periodic histamine stimulation experiments, Fura-2-loaded cells

were placed in a perfusion system built in the lab providing a constant ECB
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flow of 1.5–2 ml per min. Histamine (100 mM) was added every minute. Addi-

tional details are in the Supplemental Experimental Procedures.

Statistical Analyses

Data were analyzed by a Student’s t test or one-way ANOVA with SigmaPlot

(Systat Software).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, one table, and six movies and can be found with this article

online at http://dx.doi.org/10.1016/j.celrep.2013.09.038.
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