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Endoplasmic reticulum (ER) forms an extensive intracellular membranous network in eukaryotes that
dynamically connects and communicates with diverse subcellular compartments such as plasma
membrane (PM) through membrane contact sites (MCSs), with the inter-membrane gaps separated by
a distance of 10-40 nm. Phosphoinositides (Pl) constitute an important class of cell membrane
phospholipids shared by many MCSs to regulate a myriad of cellular events, including membrane
trafficking, calcium homeostasis and lipid metabolism. By installing photosensitivity into a series of
engineered Pl-binding domains with minimal sizes, we have created an optogenetic toolkit (designated
as 'OptoPB’) to enable rapid and reversible control of protein translocation and inter-membrane
tethering at MCSs. These genetically-encoded, single-component tools can be used as scaffolds for
grafting lipid-binding domains to dissect molecular determinants that govern protein—-lipid interactions in
living cells. Furthermore, we have demonstrated the use of OptoPB as a versatile fusion tag to
photomanipulate protein translocation toward PM for reprogramming of Pl metabolism. When tethered

to the ER membrane with the insertion of flexible spacers, OptoPB can be applied to reversibly photo-
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Accepted 23rd May 2017 tune the gap distances at nanometer scales between the two organellar membranes at MCSs, and to

gauge the distance requirement for the free diffusion of protein complexes into MCSs. Our modular
DOI 10.1039/c7scO1115f optical tools will find broad applications in non-invasive and remote control of protein subcellular

rsc.li/chemical-science localization and interorganellar contact sites that are critical for cell signaling.

enriched at the endosomal compartments and is closely
involved in regulating membrane trafficking and autophagy.**

Pl-dependent membrane recruitment of proteins is
predominantly mediated by lipid-binding domains. For

Introduction

Phosphoinositide (PI) lipids are indispensable components of
cellular membranes and play cardinal roles in controlling cell

signalling and membrane trafficking in eukaryotic cells."
Different PI species with unique functions are localized at
various organellar membranes. For example, PI(4,5)P, is found
predominantly in the PM, which can be hydrolysed by phos-
pholipase C (PLC) into two important second messengers,
inositol trisphosphate and diacylglycerol, for mediating down-
stream signal transduction.> By contrast, PI(3)P is mostly
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example, PIs with two adjacent phosphates in their inositol
headgroup can be specifically recognized by proteins harbour-
ing the pleckstrin homology (PH) domains.® PH domains fused
with fluorescent tags have been commonly used as genetically-
encoded PI sensors to monitor the dynamic changes of PIs in
intact cells.*” However, the constitutive expression of PH
domains might compete with endogenous PI-binding proteins,
and therefore tend to introduce undesired artefacts into the
host system by perturbing PI-associated cell signalling. Indeed,
the overexpression of PH domains under some circumstances
has proven to be toxic to mammalian cells.*® In addition to PH
domains, polybasic (PB) domains with clusters of positively
charged residues can interact with acidic PIs through electro-
static interactions. PB domains are often found at the C-
terminal tails of proteins and typically contain four or more
Lys or Arg residues.”*® Many small GTPases, such as Rit and Rin,
contain PB domains that bind PI(4,5)P, and/or PI(3,4,5)P3, two
PI species that are abundantly distributed in the inner leaflet of
the plasma membrane.' Other notable examples include the
ER-resident Ca*>* sensor proteins, stromal interaction molecules
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(STIM1 and STIM2), which undergo cytosol-to-PM translocation
upon ER Ca®" depletion to physically interact with and gate
ORAI1 Ca** channels on the PM. In the absence of the PB
domain, STIM1 fails to translocate toward PM to mediate store-
operated Ca®" entry (SOCE).**** Compared to PH domains that
span nearly 150 residues, a typical PB domain only contains 20-
30 residues, thus making it a more attractive target for opto-
genetic engineering.

In the current study, we aim to devise a series of light-
controllable PB domains (designated as ‘OptoPB’). Once
expressed in the cytosol, OptoPB can be exploited as a single-
component modular scaffold to deliver proteins of interest
toward PM upon light stimulation. When tethered to a subcel-
lular compartment, such as ER, we envision that OptoPB may
further enable light-inducible assembly of membrane contact
sites (MCSs), a subcellular structure that is critical for main-
taining lipid biosynthesis and Ca** homeostasis.**®

Results

To achieve optical control over protein-phospholipid interac-
tions with least perturbation to the host cells, we set out to fuse
phospholipid-binding PB domains to a small genetically-
encoded photoswitch, the LOV2 domain (Light, Oxygen or
Voltage-sensing domain, residues 404-546) of Avena sativa
phototropin1 (Fig. 1a). ASLOV2 has been successfully used for
photoactivatable control of cell motility,"” calcium influx,"*>"
protein nuclear translocation***> and protein degradation.” In
the dark, the C-terminal Jo helix tightly docks to the LOV2 core
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Fig. 1 OptoPB as a single-component optogenetic device to photo-
control protein translocation toward PM. (a) Design of LOV2-PB
chimeras. (b) Confocal images at the middle layer of Hela cells
expressing the indicated mCherry (mCh)-tagged LOV2-PB chimeras
before and after blue light illumination (4 mW cm~2 for 1 min). The
normalized intensities of cytosolic mCh-OptoPB within the circled
areas before (grey) and after light stimulation (blue) were plotted on
the right as bar graphs. Scale bar, 5 um. (c) Reversible cytosol-to-PM
translocation of OptoPB. The cells transfected with mCh-LOV2-Rit-PB
chimera shown in panel (b) were subjected to three repeated light—
dark cycles of stimulation (each time: 10 s, 4 mW cm™2). Data were
plotted as normalized cytosolic fluorescence and shown as mean
+sem. (n=05).
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body and can thus introduce steric hindrance to the PB domain
fused downstream of Ja. Following blue light illumination,
photoexcitation generates a covalent photoadduct between the
cofactor flavin mononucleotide (FMN) and a cysteine residue
(C450) within LOV2 to cause the unwinding and undocking of
the Jo helix from the core body,*** thereby exposing the C-
terminal PB domain to restore its PI-binding function (Fig. 1a).

We first generated over two dozen LOV2-PB chimeras
(Fig. 1b) by varying the fused PB domains (derived from GTPa-
ses Rit and Rin, STIM1 or myristoylated alanine-rich protein
kinase C substrate (MARCKS)). By using light-dependent
cytosol-to-PM translocation as a straightforward readout, we
identified the best performing construct (termed OptoPB)
composed of Rit-PB and LOV24p4.546. Although the LOV2-
MARCKS-PB fusion protein exhibited a moderate degree of
cytosol-to-PM translocation, we did not pursue further with it
because of notable preactivation and accumulation in the
nuclei (Fig. 1b). mCherry (mCh)-tagged OptoPB, which showed
an even cytosolic distribution in the dark, rapidly translocated
toward PM upon blue light illumination (470 nm at a power
density of 4 mW cm2). The light-induced accumulation of
OptoPB did not seem to significantly alter the overall distribu-
tion of a PIP, sensor (constitutive localization at PM given the
abundance of PM-resident PIP,; Fig. Slat) or the PIP; sensor
(cytosolic distribution under starvation conditions; Fig. S1bt),
thus ruling out the possibility that OptoPB might adversely
affect PI-mediated cell signaling. More importantly, no signifi-
cant cytotoxicity was detected in HeLa cells overexpressing
OptoPB (Fig. Sict). The translocation of OptoPB between PM
and the cytosol can be manipulated by switching on and off the
light source for repeated cycles (12, on =3 £ 1 S; tyys, oprp = 17 £
2 s; Fig. 1c, S2a; Movie 17).

We further characterized the physiochemical properties of
recombinant OptoPB in vitro. OptoPB underwent blue light
dependent conformational changes, as reflected by a shift in the
size exclusion chromatography (Fig. 2a), the appearance of
three characteristic absorbance peaks in the UV-visible spectra
(Fig. 2b), and gain of negative circular dichroism signals when
recovering from the lit state to the dark state (Fig. 2¢ and d).
More importantly, the recombinant OptoPB showed light-
dependent interactions with phospholipids (particularly
PI(4,5)P,) immobilized on a hydrophobic membrane (Fig. 2e).
We further performed structure homology-modeling and
molecular dynamics simulations to predict how the Rit-PB
fused after the C-terminus of Jo helix might interplay with
LOV2 (Fig. 2f). Electrostatic potential calculations on the
surface of the model structure indicated that the poly-basic Rit-
PB docked toward two negatively charged pockets within LOV2
(Fig. 2g). Collectively, we have demonstrated the light-
controllable protein-phosphoinositides interactions both in
vitro and in cellulo.

Aside from mediating protein-lipids/membrane interac-
tions, the phosphorylated forms of phosphoinositides, poly-
phosphoinositides (PPIs), play crucial roles in regulating signal
transduction occurring at membranes.>® As one of the most
abundant PM-embedded PPIs, PI(4,5)P, can be phosphorylated
by Class I phosphoinositide 3-kinases (PI3K) to produce

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc01115f

Open Access Article. Published on 31 May 2017. Downloaded on 2/8/2026 7:38:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

o
o

—— Dark

1201 MW (kD) — BlueLight
25

=}
o
o
o
B

dark state

Absorbance
o
S

I Recovery to

o
N

o Blue light
24 440 480 520
Wavelength (nm)

8 12 16 20
Elution volume (ml)

c d Bue
__ 40 aslight _ Dark
53
.g 20 ?_40
= 0
E Blue light S5
g-zo ;'1'-50
Recovery to aQ
a
84 Da{k dark state © 55
-60
200 210 220 230 240 250 200 400 600
Wavelength (nm) Time (sec)
e f 180°
A [OQ | Rit-PB
wc |OQ O |PEar:
PO QO [PuEse: LOV2 core
PP [ O O |Piase,
piap | O O |PiaasP,
PP (O O |PA
PE [OQOQ |ps -
¢ [O @ |Blank
PtdIns strip
Dark  Blue light g i
—
LPA stP
e | @ | PI34P:
Pl | PI(35)P,
PI(3)P [ & PI(4,5)P;
PI(4)P B Fi(34,5)P;
PIS)P | e
PE o || WY s
e B ES Blank
LOV2-Rit-PB
Fig. 2 In vitro characterization of LOV2-Rit-PB (OptoPB). (a) Gel

filtration profiles of recombinant OptoPB before (black) and after (red)
light stimulation. Arrow, purified recombinant OptoPB resolved on
SDS-PAGE. (b) UV-Vis spectra showing the absorbance changes of
OptoPB (120 uM) when recovering from the lit state (blue) to the dark
state (black). Signals were recorded every 25 s. (c) Circular dichroism
(CD) used to monitor the secondary structural changes of OptoPB (20
uM) before and after light simulation. (d) The time course showing the
recovery of CD signals (at 222 nm) to the dark upon 1 min blue light
illumination (4 MW cm™2). Two irradiation cycles were applied. Signals
during the photostimulation periods (blue bar) were not recorded
because the blue light illumination interfered with CD signal acquisi-
tion. (e) Schematic representation of lipid species on a membrane lipid
strip (upper panel). Lipid strips incubated with the OptoPB (0.5 pg ml™*
LOV2-Rit-PB) recombinant protein with or without blue light (2 h, 4
mW cm™~2; lower panel). (f) The modelled structure of OptoPB (LOV2-
Rit-PB chimera) in the dark state. Rit-PB, shown in magenta, partially
docked to the LOV2 in the dark. (g) Electrostatic potential surface
representation of LOV2 (with surface rendering) fused with Rit-PB
(magenta, cartoon representation). The positively-charged Rit-PB was
docked toward two clusters of negatively charged residues within
LOV2 (Pocket I: E409, D501, E541, and E545; Pocket II: E443 and
E444). The electrostatic potential is measured in eV, with the ranges
shown in the colour bar at the bottom.

PI(3,4,5)P3;, which recruits the nodal kinase Akt and subse-
quently triggers signaling cascades to regulate cell proliferation,
growth, motility and survival.”” To examine whether the OptoPB
could be utilized for the metabolic reprogramming of PPIs, we
fused mCh-tagged inter-SH2 domain of the PI3K p85a regula-
tory subunit (iISH2-mCh) with OptoPB to recruit the endogenous
PI3K catalytic subunit, p110 (Fig. 3a). Upon blue light stimula-
tion, we observed the translocation of cytosolic iSH,-mCh-

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 iSH2-OptoPB for reprogramming of Pl metabolism in the

plasma membrane. (a) Schematic illustrating the design of iSH2-
OptoPB for photo-inducible catalysis of PIPs production on PM.
OptoPB fused inter-SH2 (iISH2) domain of p85a was used to recruit the
endogenous catalytic pllOa-subunit of Pl3-kinase. (b) Confocal
images showing blue light-induced translocation of iSH2-mCh-
OptoPB to the PM, with subsequent enrichment of the PIPs reporter,
GFP-tagged Akt PH domain (PHak-GFP), on PM. Hela cells were co-
transfected with mch-iSH2-OptoPB and PHay-GFP. Prior to imaging,
cells were pre-incubated in DMEM supplemented with 0.5% FBS for
4 h. Scale bar, 5 um. Data were shown as mean + s.em. (n = 5).

OptoPB toward the PM to trigger the conversion of PIP, into
PIP;, as visualized by increased decoration of GFP-tagged PIP;
sensor (PHa-GFP) around the plasma membrane (Fig. 3b). By
optimizing the lengths of Ja and the linker region between Ja
and Rit-PB, we obtained the best design of iISH2-OptoPB fusion
for optogenetic control of PIP; production on PM with a single-
component system (V1.3 in Fig. S2b-d¥).

Next, we tethered OptoPB toward the cytosolic side of ER
membrane and set out to exploit the idea of further engineering
OptoPB to reversibly label and manipulate the formation of
MCSs, which are defined as specialized zones of close apposi-
tions (or junctions) between two membranous organelles that
are separated by a narrow gap without membrane fusion.™ At
ER-PM junctions, the two membranes are in close apposition
with a gap distance of approximately 10-40 nm.'*** The junc-
tions function as platforms for lipid transfer and metabolism
between the organelles, as well as for cell signaling, particularly
SOCE mediated by STIM1 and ORAI1.****3° Upon ER Ca** store

Chem. Sci,, 2017, 8, 5275-5281 | 5277
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depletion, the ER-resident Ca®>" sensor STIM1 undergoes olig-
omerization and subsequently translocates toward PM to form
puncta, which traps diffusible ORAI1 in the PM through phys-
ical interactions, thereby directly gating ORAI1 Ca>" channels to
mediate Ca®>" influx.****** This physiological process is facili-
tated by the C-terminal polybasic domain of STIM1.'*** We
reason that, by keeping the ER-targeting sequences from an ER-
resident protein (i.e., the signal peptide and the single trans-
membrane domain from STIM1) while replacing the entire
cytosolic region with LOV2-PB chimeras, we could anchor
OptoPB to ER and manipulate the assembly of ER-PM
membrane contacts by light (Fig. 4a; Movie 27).

Given the best photoresponsive performance of LOV2-Rit-PB
in the cytosol, we first tethered this protein toward ER and
monitored its subcellular localization before and after light
stimulation. As shown in Fig. S3,7 although we observed photo-
induced increase in puncta formation, a small portion of ER-
tethered LOV2-Rit-PB accumulated at ER-PM junctions even in

View Article Online
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the absence of blue light (Fig. S3b; Movie 31). To eliminate such
‘dark activity’, we further screened over a dozen constructs
(Fig. 4 and S47) and identified ER-resident LOV2-STIM1-PB
(named as ‘OptoPBer’) as the best candidate, which exhibited
the highest dynamic range with no noticeable dark activity
(Movie 3f1). Interestingly, the LOV2-STIM1-PB as a cytosolic
protein failed to respond to light to translocate toward PM
(Fig. 1b), probably owing to its relatively weak affinity toward
PIs. When anchored to the ER membrane, the increased local
density of LOV2-STIM1-PB seemed to enhance its capability to
associate with PM-resident PIs. In HeLa cells expressing
mRuby2-tagged OptoPBer, we observed the immediate forma-
tion of OptoPBer puncta at ER-PM junctions following blue light
illumination (¢, oy = 14 £ 2 s; Fig. 4b and c¢; Movies 21). In the
absence of light, the OptoPBer puncta were smoothly dispersed
back into the cytoplasm (t15, orr = 25 + 3 s; Fig. 4c; Movies 21).
OptoPBer's distribution at resting and photo-activated condi-
tions was further confirmed by its colocalization with a well-
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Fig. 4 ER-tethered OptoPB (OptoPBer) for reversible labelling of ER-PM contact sites and for probing protein-Pl interactions in living cells. Blue
light-induced manipulation of membrane contact sites between the endoplasmic reticulum (ER) and the plasma membrane (PM) controls lipid
metabolism and cell signalling. (a) Schematic illustrating the design of OptoPBer and light-inducible formation of ER-PM contact sites. (b)
Confocal images showing the distribution of mRuby2-OptoPBer at the footprint (bottom layer) of Hela cells before and after blue light stim-
ulation (4 mW cm™ for 1 min; also see Movie 21). Areas within the white boxes were enlarged and shown below the whole cell image. (c)
Quialification of OptoPBer clustering with two light—dark cycles. Scale bar, 10 um. (d) Schematic showing the molecular architecture of ER-
tethered LOV2-Ja fused with WT or mutant STIM1 PB. (e and f) TIRF images (e) and quantification of fluorescence intensities (f) of the indicated
OptoPBer chimeras expressed in Hela cells before (red) and after (blue) blue light stimulation. Data were shown as mean + s.e.m. (n = 5). (g)
Representative TIRF images of Hela cells expressing WT STIM1 or STIM1 harboring the indicated mutations. Store depletion was induced by the
addition of 1 uM thapsigargin (TG). Scale bar, 5 um.
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known ER marker (YFP-Sec61; Fig. S5at) or a recently-reported
ER-resident protein located at ER-PM junctions*?* (GFP-
OSBPLS5; Fig. S5bt).

The development of OptoPBer opened new possibilities of
‘grafting’ a PB domain derived from any protein of interest into
the ER-tethered LOV2 scaffold, thus allowing us to conveniently
identify molecular determinants required for PB-lipid/
membrane interactions at real time in living cells. We decided
to use STIM1-PB as an initial test case for validating this graft-
ing approach given its well-characterized role in facilitating
STIM1 translocation toward PM.'**** Although the deletion of
the entire STIM1-PB (aa 672-685) has been shown to inhibit
STIM1 puncta formation at ER-PM junctions despite of intact
self-oligomerization of STIM1 in ER,"'*** the key residues that
directly mediate STIM1-phospholipids interactions remain to
be defined in cellulo. To address this, we introduced single or
double alanine mutations into STIM1-PB to replace lysine
residues (Fig. 4d), and assessed how the neutralization of
positive charges in STIM1-PB affects the formation of OptoPBer
puncta at ER-PM junctions. We found that single Lys-to-Ala
mutation within STIM1-PB led to a moderate reduction in the
formation of puncta. By contrast, replacement of two adjacent
lysines by alanines (K672A/K673A, K680A/K681A, or K684A/
K685A) in STIM1-PB almost completely abrogated light-
triggered puncta formation at ER-PM junctions (Fig. 4d-f),
clearly attesting to the critical role of these lysine residues in
driving the movement of STIM1 toward ER-PM junctions. We
further validated this finding in the context of full-length STIM1
at physiological conditions (Fig. 4g). Introduction of the K684A/
K685A double mutations prevented store depletion-induced
puncta formation in HeLa cells expressing WT STIM1 (Fig. 4g,
left), and also abolished the spontaneous puncta formation
(Fig. 4g, right) in cells expressing the constitutively-active
STIM1-D76A mutant, which by itself loses the ER luminal
Ca”"-sensing capability and is thus anticipated to form puncta
at ER-PM junctions even in the absence of thapsigargin-induced
store depletion.***” By extending this grafting strategy to other
proteins bearing PB domains, we identified key lysine residues
in Rit-PB (K205/K208 and K214/K215) and STIM2-PB (K743/
K744) that are required to mediate protein-lipid/membrane
associations (Fig. S41). Our site-directed mutagenesis studies
have demonstrated that the photo-inducible assembly of ER-PM
junctions is mainly driven by the electrostatic interactions
between OptoPBer and phospholipids in the PM.

In our prototypical design, OptoPBer is estimated to span
a distance of less than 10 nm in space by taking into account the
dimension of LOV2 (~2.4 nm X 4 nm) and the cytosolic linker
regions (20 residues; approximately 5 nm in length if totally
disordered) in the engineered protein. In store-operated CRAC
channels, ORAI1 might form a teardrop-shaped structure with
the intracellular regions projecting into the cytoplasm and
require a minimum distance of 10 nm between the membranes
of ER and PM.*® Therefore, the narrow gap formed by OptoPBer
would be theoretically insufficient for accommodating even the
ORAI channel itself, let alone the ORAI1-STIM1 complex that
needs additional space for STIM1. Indeed, after scrutinizing the
distribution of YFP-ORAI1 at the bottom layer (footprint) of HeLa
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cells before and after photostimulation, we observed remarkable
exclusion of YFP-ORAI1 from ER-PM contact sites marked by
mRuby2-OptoPBer after blue light illumination (Fig. 5a-c). In
line with this observation, we found that HeLa cells expressing
this optogenetic tether showed a substantially reduced calcium
influx in response to thapsigargin-induced store depletion
(Fig. S6T). This motivated us to develop OptoPBer variants that
would bridge a flexible range of gaps at membrane contact sites.
To achieve this, we constructed a series of ER-tethered OptoPB
variants with the insertion of two to eight alpha-helical spacers
composed of (EAAAR),, with each spacer spanning an estimated
distance of 3 nm.* The blue light-induced exclusion of YFP-
ORAI1 from the OptoPBer-labelled membrane contact sites was
gradually alleviated after the insertion of two, four, or eight
helical spacers (Fig. 5a, right), with the calculated intermem-
brane separation distances in the range of ~15-35 nm. When the
distance was increased to over 30 nm with the insertion of 8x
spacers, we did not observe significant exclusion of YFP-ORAI1
distribution at ER-PM junctions before and after photo-
stimulation (Fig. 5d and e). Accordingly, we did not observe
a significant inhibition of SOCE in HeLa cells expressing Opto-
PBer with 8x helical spacers (Fig. S61). Collectively, with these
constructs, we have successfully gauged the minimal distance
requirement on the inter-membrane gap (at least 10-15 nm) to
enable free diffusion of ORAI1 into the membrane contact sites
to mediate efficient Ca>* influx.

Discussions and conclusions

The phospholipids have fundamental roles in eukaryotes and
they are often regarded as codes of organelle membranes for
labelling of different membranous compartments and
membrane subdomains.® Building upon naturally-evolved PI-
interacting PB domains, we have developed a set of opto-
genetic tools to rapidly and reversibly label PM-resident phos-
pholipids in mammalian cells. Interestingly, PB domains
derived from different proteins exhibit differential binding
toward PM. The strength of PB-lipid/PM interactions seems to be
correlated with the relative positioning and numbers of
positively-charged residues. For instance, MARCKS-PB, which
contains one ‘KKKKKR’ motif and three ‘KK’ repeats in the
primary sequence, constitutively associates with PM, likely
owing to its strong affinity for PIs. The Rit-PB, containing one
‘RKKK’ and multiple ‘KK’ or ‘KR’ combinations with a moderate
affinity toward PM-resident PIs, shows light-inducible accumu-
lation at PM (Fig. 1a). By contrast, STIM1-PB harbors three “KK”
repeats but fails to show overt interaction with PM, probably
owing to its relatively weaker affinity for PIs when expressed as
a cytosolic protein. However, once anchored to the ER
membrane, presumably with increased local concentrations, ER-
resident LOV2-STIM1-PB fusion protein (OptoPBer) shows light-
inducible accumulation at ER-PM junctions. All the observed
interactions seem to require the presence of at least two
consecutive positively charged residues (‘KK or ‘KR’). Replace-
ment of a single lysine with alanine in such dyad motifs could
lead to pronounced reduction in puncta formation; whereas KK-
to-AA substitutions often abrogate the PB-lipid/PM associations
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Fig. 5 Use of OptoPBer to photo-tune the gap distances at ER-PM contact sites to constrain the diffusion of PM-resident proteins such as
ORAIL. (a) Schematic demonstrating the use of OptoPBer with varying lengths of spacers to manipulate the inter-membrane distances at ER-PM
junctions (left). Each spacer is estimated to span a distance of 3 nm. After introduction of 0, 2, 4 or 8 alpha-helical spacers made of (EAAAR),
repeats, we measured the fluorescence intensity of YFP-ORAIL at ER-PM junctional sites labeled by OptoPBer before (red) and after (blue) light
stimulation (right panel). Data were shown as mean + s.e.m. (n = 5). (b—d) Representative images of COS-7 cells co-expressing YFP-ORAI1 and
mRuby2-OptoPBer with 0x spacer (b) or 8x spacers (d) before and after light stimulation. Areas highlighted in the yellow boxes were enlarged
and shown next to the whole cell image. Surface profiles were presented to aid the visualization of subcellular distribution of mRuby-OptoPBer
puncta (red, b) and YFP-ORAIL (green; panel b). The exclusion of YFP-ORAI1 from mRuby2-OptoPBer puncta was indicated by arrows in panel
(b). This scenario was not observed in cells expressing mRuby2-OptoPBer with 8 spacers (panel d). The YFP (green) and mRuby?2 (red) fluo-
rescence intensities across the arrowhead lines were plotted in panels (c) and (e) to indicate the degree of signal overlap. Scale bar, 5 um.

(Fig. 4 and S47). Further structural studies on the interaction
between PB domains and PIs will likely provide a definitive
answer by pinpointing the exact molecular determinants.
When expressed as a cytosolic protein, OptoPB can act as
a single-component optical device to photo-trigger the trans-
location and accumulation of proteins of interest toward PM to
achieve tailored functions (e.g., reprogramming of phospho-
lipids metabolism). The photo-controllable PM translocation of
OptoPB by itself does not seem to cause overt cytotoxicity or
significant perturbation over the distribution of major PM-
resident PIs. Compared to other two-component optogenetic
tools, our modular system requires less engineering efforts and
only needs express a single construct in living cells. Single-
component optogenetic tools have been recently developed by
multiple groups to enable optical control of calcium influx in
mammalian cells.®*2°% Once tethered to the ER network,
OptoPBer can be conveniently applied to photo-manipulate ER-
PM membrane contact sites in living cells. Although similar
operations have been done previously by building upon the
chemically inducible dimerization technique,** OptoPB and
OptoPBer allow us to remotely control membrane tethering with
higher spatial and temporal resolution because of the unpar-
alleled speed and accuracy of light stimulation. Depending on
the lengths of linkers, one can fine tune the inter-membrane
gap distances at MCSs to control protein behaviors with light.
Admittedly, the gap distances at ER-PM junctions are calculated
by estimating the size of the engineered molecular tether and by
assuming that the rigid helical spacers made of ‘EAAAR’ repeats

5280 | Chem. Sci., 2017, 8, 5275-5281

will project toward PM at a right angle without tilting between
ER and PM. Therefore, we might have overestimated the gap
distance. It is our future goal to further accurately determine the
inter-membrane gap distances by electron microscopy** in
mammalian cells expressing OptoPBer variants before and after
photostimulation. Regardless of these complications, such
manipulation has been demonstrated to limit the diffusion of
PM-resident ORAI1 proteins, and functionally, to regulate store
depletion-induced calcium influx at ER-PM junctions. We
anticipate that, following a similar approach, lipid metabolism
at ER-PM contact sites can likewise be fine-tuned by light.

Together, our study provides an optogenetic toolkit that can
be widely applied to aid the study of protein-lipid interactions
in cellulo, to expedite the mechanistic dissection of membrane
contact sites in situ, and to enable remote control of inter-
membrane communications occurring at these specialized
subcellular structures. The similar engineering strategies can
be broadly extended to photo-manipulate other types of inter-
organellar contact sites, such as the ER-endosome/lysosome,
ER-peroxisome, and ER-mitochondria MCSs, thus exerting
remote control over cellular functions in a light-dependent
manner.
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