N

N

Role of phosphoinositides in STIM1 dynamics and
store-operated calcium entry
Ciara M. Walsh, Michael Chvanov, Lee P. Haynes, Ole H. Petersen, Alexei V.
Tepikin, Robert D. Burgoyne

» To cite this version:

Ciara M. Walsh, Michael Chvanov, Lee P. Haynes, Ole H. Petersen, Alexei V. Tepikin, et al.. Role of
phosphoinositides in STIM1 dynamics and store-operated calcium entry. Biochemical Journal, 2009,
425 (1), pp.159-168. 10.1042/BJ20090884 . hal-00479209

HAL Id: hal-00479209
https://hal.science/hal-00479209
Submitted on 30 Apr 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00479209
https://hal.archives-ouvertes.fr

Bl Biochemical Journal Immediate Publication. Published on 20 Oct 2009 as manuscript BJ20090884

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20090884

Role of phosphoinositides in STIM1 dynamics andestaperated calcium entry

Ciara M. Walsh, Michael Chvanov, Lee P. Haynes, BlePetersen, Alexei V.
Tepikinand Robert D. Burgoyne*

The Physiological Laboratory, School of BiomediBalences, University of
Liverpool,Crown Street, Liverpool, L69 3BX, UK.*Qasponding authorE-mail:
burgoyne@liverpool.ac.ukTel: 051-794-5305Fax: 094-3337

Running title: Phosphinositides in STIM1translooatand C&' entry

Key words : STIM1, ORAI1, phosphoinositidédpP:, PIR, store-operated calcium
entry, C&" signals, ER calcium

Abbreviations :

2-DG, 2-deoxyglucose; ER-PM junctions, endoplasm@iculum-plasma membrane
(ER-PM) junctions; ECFP, enhanced cyan fluorespestein; EYFP, enhanced
yellow fluorescenent protein; FRB, fragment of nA®that binds FKB12; GFP,
green fluorescent protein;dRnositol-1,4,5-trisphosphate; olig, oligomycin3R,
phosphatidylinositol 3-kinase; P14K, phosphatidghkitol 4-kinase; rapa, rapamycin;
RFP, red fluorescent protein; SOCE, store oper@tientry; SOC, store-operated
C&”* channel; thapsi, thapsigargin.
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Summary

C&" entry through store-operated ‘achannels involves the interaction at
endoplasmic reticulum-plasma membrane (ER-PM) janst of STIM and Orai.
STIM proteins are sensors of the luminal ER*‘Ceoncentration and following
depletion of ER C4, they oligomerise and translocate to ER-PM _jumctiovhere
they form STIM puncta. Direct binding to Orai prioi activates their Gachannel
function. It has been suggested that an additiomiraction of the C-terminal
polybasic domain of STIM1 with plasma membrane phosiositides could
contribute to STIM1 puncta formation prior to bindito Orai. We investigated the
role of phosphoinositides in the formation of STIMdncta and store-operated?Ca
entry (SOCE) in response to store depletion. Treatrof Hel.a cells with inhibitors
of the phosphatidylinositol 3-kinase (PI3K) and gploatidylinositol 4-kinase
(wortmannin and LY294002) partially inhibited fortiem of STIM1 puncta.
Additional rapid depletion of PtdIins(4,%)Resulted in more substantial inhibition of
the translocation of STIM1-EYFP into puncta. Theailtion was extensive at a
concentration of LY294002 (5QM) that should primarily inhibit PI3K consistent
with a major role for PtdIins(4,5)Rnd Ptdins(3,4,5An puncta formation. Depletion
of phosphoinositides also inhibited SOCE based @asurement of the rise in
intracellular C&" concentration after store depletion. OverexpressidOrail resulted
in a recovery of translocation of STMI1 into pund@lowing phosphoinositide
depletion and under these conditions SOCE was asek to above control levels.
These observations support the idea that phospsitoes are not essential but
contribute to STIM1 accumulation at ER-PM junctiongh a second translocation
mechanism involving direct STIM1/Orai interactions.

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20090884
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Introduction

Store operated Gaentry (SOCE) is the major mechanism for receptduced C&
influx in non-excitable cells and is important f6&* dependent signalling events
including cell growth and differentiation, secretjogene expression and Ca
homeostasis [1]. Physiologically, activation of ppbolipase C-coupled receptors in
the plasma membrane generates inositol-1,4,5-oigghate (1), resulting in the
subsequent release of ‘Cafrom the endoplasmic reticulum (ER) throughs IP
receptors. The depletion of €drom the ER store subsequently triggers ‘Gaflux
through store operated €achannels (SOCs) in the plasma membrane to elevate
intracellular free calcium concentration (fCJd [1]. Importantly, the channels are
activated not by the production of receptor-assedigignalling molecules but by the
decrease in luminal ER €acontent [2], involving a coupling between the BRI ghe
plasma membrane (PM).

Although SOCE and its associated curréptac was discovered a number of years
ago [1], only recently has the molecular mechanrasponsible for this ER-PM
coupling been uncovered. Recently the ER*Gansing protein, STIM1 [3] [4], and
the plasma membrane channel, Orail [5] [6, 7], wdeatified in high throughput
RNAI screens as proteins which are essential ferattivation of SOCs. STIM1 is
normally distributed throughout the ER [4, 8] [Shere its N-terminal EF hand binds
to C&* within the ER lumen. Depletion of €arom within the ER lumen triggers the
release of C& from the EF hand of STIM1, which induces the oligmisation of the
EF-SAM domains of STIM1 within the ER [10-12] arftetsubsequent movement of
STIM1 to ER-PM junctions where it forms aggregake®wn as “puncta” [4, 9].
STIM1 puncta at these sites interact with and iedine clustering of Orail channel
subunits to form active SOC channels [13] [14]. 8tisnal analysis of the interacting
domains of STIM1 revealed that the cytoplasmic donwh STIM1 is necessary and
sufficient for the activation of SOCE [15]. Furthesre, several recent studies have
identified a minimal region within the cytoplasmdomain of STIM1 which is
essential for the clustering of Orail and the attbn of SOCs [16-20]. However, the
STIM1 protein also centains a short lysine-richypalsic domain at its extreme C-
terminus. Intriguingly, in some studies mutationdaletion of the STIM1 polybasic
domain has been shown o reduce puncta formatOGEandlcrac [8, 16, 17, 21],
suggesting that the polybasic domain may be inwblwve STIM1 targeting to the
plasma membrane, possibly through an interactiah wome, as yet unidentified,
plasma membrane component [8, 16, 21].

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20090884

There are several lines of evidence to suggespti@gphorylated inositol lipids in the
plasma membrane may regulate SOCE. Firstly, depletfi phosphoinositides has
been shown to block both SOCE dgfdac in several cells types [22-24]. In addition,
a recent study uncovered a requirement for botm&,5P, and Ptdins(3,4,%% to
regulate the plasma membrane localisation of maotems which contain a cluster of
polybasic amino acids within their C-termini [29]he polybasic region of STIM1
would make it an excellent candidate as a membiageting domain through
binding to phosphoinositides [8], although othgrams have argued against a role for
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phosphoinositides in STIM1 translocation [26]. Twerent study aimed to investigate
the role of the phosphoinositides in the transiocabf STIM1 and the activation of
SOCE. Our results suggest that the phosphoinositidee plasma membrane
components responsible for targeting STIM1 to ER{BMtions and reveal a role for
the phosphoinositides in the activity of SOCs.

Materialsand M ethods

Plasmids

The plasmids for the rapamycin-inducible phospletstem were gifts from Tamas
Balla (NICHD, Bethesda). The PH domain of phospfase G, cloned into GFP-C1
was a gift from Matilda Katan (Imperial Cancer Rasé Fund, London, UK).For
EYFP-Rit and mCherry-Rit plasmid constructicilwtal RNA was extracted from
approximately 100 x 10 HelLa cells using Trizol reagent (Invitrogen, The
Netherlands) and used as a template for reverssciiation using Improm-Il reverse
transcriptase (Promega, Southampton, UK) and a@lifjg;, priming. The resulting
single stranded cDNA was then used as a templai®CiR reactions to amplify the
full length Ritl protein. The full length Ritl wdben used as a template to PCR
amplify the polybasic Rit tail (nucleotides 770 473 using specific primers
containing restriction endonuclease sites to pesaoiisequent sub-cloning into the N-
terminally tagging pEYFP-C1 vector (Clontech, P&ltio, USA) or into the N-
terminally tagging mCherry-C1 vector (gift from ReogY. Tsien, University of
California at San Diego). The primers for the Ritl twere based on the human
sequence with Genbank accession number: NM_0069dr2pcDNA-Orail plasmid
construction the previously described mCherry-Orail plasmid] [@As used as a
template to amplify full-length Orail using specifprimers containing restriction
endonuclease sites, allowing for subsequent subnganto the pcDNA3.1(-) vector
(Invitrogen, USA). For pCerulean-Orail plasmid domstion, the Cerulean colour tag
was excised from the pCerulean-C1 vector (a gifinflDavid W Piston, Vanderbilt
University Medical Cenire, Tennessee) by digestiming the Agel and BsrGl
restriction endonucleases and ligated into the m@Hh@rail vector to replace the
mCherry tag. The STIM1-EYFP plasmid was describ@yipusly [27] and a STIM1-
ECFP plasmid was constructed in a similar manner.

Chemicals and Reagents

Cell culture reagents were purchased from InvitnogPaisley, UK), except for
GeneJuice, which was purchased from Merck Bioseen®armstadt, Germany).
Thapsigargin, oligomycin, wortmannin and rapamyoivere purchased from
Calbiochem (San Diego, CA, USA). Fluo4-AM was fromvitrogen/Molecular
Probes. All other chemicals were published frogn& (Gillingham, UK).

Cellsand Transfection
HeLa cells were maintained in DMEM supplementechwli0% FBS, 1% penicillin
and streptomycin and 1% MEM nonessential aminosadé@fore transfection, cells
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were grown to 80-90% confluency in 35-mm Petri dslvith glass bottoms (MatTek,
Ashland, MA, USA). Plasmids and transfection reagemere added directly to the
petri dishes. Single transfection and co-transbestiwere carried out using 3 pg
plasmid(s) of interest in total per dish, suppletadrwith 8 ul GeneJuice.

Solutions

The standard extracellular solution used duringeafleriments contairned: 140 mM
NacCl, 4.7 mM KCI, 2 mM CagG]J 1.13 mM MgC}, 10 mM glucose, 10 mM HEPES
(pH 7.3). For C& imaging experiments, cells were treated with 2 {h&psigargin in
Cd"*-free standard solution to deplete intracellular**Cstores and subsequently
perfused with standard solution containing 5 mM*Ca permit C&" influx. All
experiments were performed at room temperaturds @adre washed three times in
standard extracellular solution and mounted inrdug@®n chamber on the stage of an
inverted microscope prior to imaging.

Confocal Microscopy and image analysis

Confocal images were acquired using a Leica AOBS ®fcroscope (Leica
Microsystems AG, Wetzlar, Germany) equipped with63ax water immersion
objective (N.A. 1.2) or a 63x oil immersion objeeti(N.A 1.4). Images of STIM1-
EYFP were obtained with 496 nm excitation light amdission fluorescence selected
with a 505-550 nm bandpass filter. For excitatioh RFP-5-phosphatase and
mCherry-Rit constructs, a 594 nm laser line waslwes® emission fluorescence was
collected between 610-700 nm. For GFP imagings cedire excited with the 488 nm
laser line and emission was collected between 500545 nm. For CFP or Cerulean
tagged proteins, 405 nm excitation was used andstom fluorescence collected
between 450 — 490 nm. Images were processed usngdrelDraw software package
(Corel Corporation, Ottawa, Canada) or ImageJ (NIFH) determine the extent of
fluorescence associated with the plasma membragiens of interest were drawn
around the outside of each cell and immediatelyebtmthe cell periphery. Peripheral
fluorescence was calculated by subtraction of dg®pic fluorescence from the outer
region of interest. Fluorescence values were catiedl on the basis of the mean
fluorescence per pixel'in the respective regiotiserathan total fluorescence to avoid
problems arising from variations in the size of #dedected regions of interest. For
guantification of STIM1-EYFP puncta formation, thencta were selected as spots of
high fluorescence intensity ranging from approxehat0.5 — 1.0 um in diameter.
Accuracy of puncta quantification was verified bgependent blind counting

M easurement of intracellular free Ca?" concentration

HeLa cells were loaded with 5 uM Fluo-4 AM for 30nmat room temperature to
measure changes in ([€p) and imaged using a Leica AOBS SP2 confocal
microscope. Fluo-4 was excited using a 488 nm lasdremission fluorescence was
collected between 495-545 nm. To allow for commaribetween different cells from
different experiments, Fluo-4 fluorescence measargsfor each cell were calculated
as the ratio of the fluorescence at the first tippéent and to eliminate variability
between experiments in the resting fluorescencel kese values are shown as F/FO
normalised to the peak ratio for the control cellseach experiment..
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RESULTS

STIM1 can translocate to puncta following ATP depletion and loss of the
phosphoinositides PtdIns(4,5)P, and Ptdins(3,4,5)P;

The phosphoinositides Ptdins(4,5)hd Ptdins(3,4,5have been suggested to bind
the polybasic domain of STIM1 and target it to ER-fanctions [8], We have shown
previously that STIM1 translocation to puncta isnstated by ATP depletion which
reduced the levels of Ptdins(4,5)& the plasma membrane [27]. We investigated
whether STIM1 puncta formation is dependent on i3(@,4,5)R by treating cells
with wortmannin prior to ATP depletion. We saw sktation into the cytosol of the
polybasic tail from the small-GTPase Rit linkedn&herry as a marker for plasma
membrane Ptdins(4,5)Pand PtdIins(3,4,54°[25]. STIM1 puncta formation was,
however, still observed after ATP depletion (dadashown).

Activation of the rapamycin-inducible phosphatase resulis in rapid depletion of
plasma membrane PtdIns(4,5)P,

In the previous experiment, methods were used wholld gradually decrease
Ptdins(4,5)R levels over a period of time as ATP was deplefdte results could
suggest that Ptdins(4,5)Bnd Ptdins(3,4,54are not essential for targeting STIM1 to
the plasma membrane but it is possible that deplewf Ptdins(4,5)® and
Ptdins(3,4,5)F under these conditions was slow. We, thereforgestigated the
potential role of phosphoinositides in STIM1 punfdrmation using a more specific
and more rapid approach to deplete the levels dinB@,5)R at the plasma
membrane. To enable fast depletion of PtdIns(4,9)® aimed to use a previously
described inducible type IV 5-phosphatase to spatly hydrolyse Ptdins(4,5)H25,
29]. This system is based on the rapamycin-stiradldieterodimerisation of two
proteins: the fragment of mTOR that binds FKBP1REF and FKBP12 itself. In this
system, FRB contains a plasma membrane localisatgmal and also a CFP (PM-
FRB-CFP) or RFP (PM-FRB-RFP) tag to monitor itsadlsation. The FKBP12
protein is fused to a type IV 5-phosphatase an®RER tag (RFP-ptase-dom) and is
distributed throughout the cytosol where it is inazin the absence of rapamycin. In
order to test the abhility of this phosphatase sydi® alter Ptdins(4,5)Hevels in our
hands, HelLa cells were co-transfected with the @&iglged PH domain of
phospholipase & (GFEP-PH-PLC) to monitor Ptdins(4,%)& the plasma membrane,
along with the PM-FRB-CFP and RFP-ptase-dom coastr(Figure 1A). Perfusion
with rapamycin (1 uM) resulted in the rapid tramsioion of the RFP-ptase-dom from
the cytosol to the plasma membrane and the diggmtiaf GFP-PH-PLC from the
plasma membrane (Figure 1B). Quantification of threscence intensity at the
plasma membrane showed that dissociation of GFRREElis complete within 2 min
with no further decrease in membrane fluoresceffige 2 min (Figure 1B, n = 6),
suggesting that Ptdins(4,5)Bepletion is rapid and complete within this tinasfe.
This method therefore can be used as a robust mafaspecifically and rapidly
depleting PtdIins(4,5)Rt the plasma membrane.
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Neither Ptdlns(4,5)P, nor Ptdlns4P/PtdIns(3,4,5)P; alone are essential for

targeting STIM 1 to puntca

To test whether STIM1 accumulates in puncta viaimeraction with plasma
membrane PtdIns(4,5)Pcells were transfected with STIM1-EYFP along WRRP
chimeras of both the PM-FRB-RFP and RFP-ptase-domstoucts. In this case, there
was some plasma membrane fluorescence from theFRFPRB construct prior to
the addition of rapamycin (Figure 2A, top right)tlauclear translocation of the RFP-
ptase-dom from the cytosol to the plasma membrasewsible following rapamycin
treatment (Figure 2A bottom right). (Note that iasvnecessary to use RFP fusion
proteins of both the plasma membrane bound FRBtlaad&-ptase domain so that in
future experiments we could simultaneously montt@se proteins along with the
localisation of Cerulean-Orail (Cer-Orail) and STHAYFP proteins in the same
cell.) Cells were perfused with rapamycin for 1 m activate the phosphatase.
Further perfusion with a combination of rapamycid dhe SERCA pump inhibitor,
thapsigargin (2 uM), to deplete intracellular ssofailed to prevent formation of
STIM1 puncta (Figure 2A, bottom left, n = 8). Qufioation of the number of puncta
per cell indicated, however, a 40% reduction in ian number of puncta per cell
following Ptdins(4,5)R depletion (Figure 5) indicating a partial conttiba of this
lipid. In cells transfected with STIM1-EYFP alonthapsigargin-induced STIM1
translocation was observed after pre-incubatiori \2® uM wortmannin to inhibit
both Ptdins 3-kinase (PI3K) and Ptdins 4-kinase 4Kl and deplete
PtdIins4P/Ptdins(3,4,5)P(Figure 2B, right, n = 20) but the mean numbepwoicta
was again reduced by around 40% (Figure 5) arguingt Ptdins4P and
PtdIns(3,4,5)Pare not essential but also contribute to STIMagba formation

Phosphoinositidestogether regulate STIM 1 translocation to puncta

Although the previous experiments suggest that &R, Ptdins(4,5° and
PtdIns(3,4,5)F contribute to but are not the sole regulator§®fM1 clustering in
puncta, they do not rule out the possibility thiaéde lipids in combination can
contribute to targeting STIM1 to ER-PM junctiorn® test this, HelLa cells were
cotransfected with STIM1-EYFP, RFP-PM-FRB and RE&se-dom and pretreated
with 20 uM wortmannin for 30 mins (Figure 2C) to inhibit R&and PI14K. Addition
of rapamycin for 1 min induced translocation of pfeosphatase to the membrane.
Interestingly, additionally depleting Ptdins(4,5)Py this method appeared to
essentially abolish thapsigargin-induced STIM1 stacation into puncta (Figure 2C,
n = 22). Quantification of STIM1 puncta (Figureibylicated a 94% reduction in the
mean number of puncta per cell under these conditibat was significantly larger
than the inhibition due to wortmannin alone suggegst that multiple
phosphoinositides have a collective role in regagpSTIM1 accumulation at ER-PM
junctions.

Ptdlns(4,5)P, depletion further inhibits STIM1 translocation into puncta in cells
treated with the PI3K/PI4K inhibitor LY 294002

In order to confirm the results found with wortmanrsimilar experiments were
carried out with the alternative lipid kinase inkib LY294002 using HelLa cells
cotransfected with STIM1-EYFP, RFP-PM-FRB and RE&se-dom. In these
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experiments LY294002 was used at two different eatrations at which it has been
reported to inhibit PI3K alone (5QAM) or both PI3K and PI4K (30QuM) [28].
Following pretreatment with the inhibitor alone rnséocation into puncta was still
observed in response to thapsigargin treatmenbutn the mean number of puncta
per cell were reduced especially at the high comagan of LY294002 (Figure 3A,
5). When cells were additionally treated with ragam to deplete Ptdins(4,5)P
levels STIM1 translocation to puncta was furthenilbited and indeed was barely
detectable especially at the higher concentratiébnL¥29004 (Figure 3B,C).
Quantification of the number of puncta formed peil dFigure 5) indicated a
significantly larger effect after rapamycin treatthe€ompared to LY294002 alone.
There was a 75% reduction in mean number of pupeta cell at the lower
concentration of LY294002 after phosphatase actimawith a further reduction at the
higher concentration (90% inhibition). The largéeef of the low concentration of
LY294002 at which PI3K would be inhibited is consr withi major contributory
roles for the lipids, Ptdins(4,5Rnd PtdIins(3,4,53n puncta formation.

Overexpression of Orail rescues STIM1 puncta formation following
phosphoinositide depletion

It is possible that STIM1 is targeted to phosphdipn the plasma membrane via its
polybasic domain. Deletion or mutation of this damhas been reported in several
studies to prevent STIM1 puncta formation and SOtvation [8, 15]. It has recently
been shown, however, that overexpression of Oralrescue puncta formation and
SOC activation under such conditions due to intevacf a separate domain within
the C-terminus of STIML1 directly with Orail [16]. &\therefore tested the prediction
that STIM1 puncta formation would be restored iflscever-expressing Orail in
addition to STIM1 under conditions where phosphsitides are depleted. In order to
do this, HelLa cells were cotransfected with STIMMHP, Cer-Orail, RFP-PM-FRB
and RFP-ptase-dom and preincubated with wortmagigure 4A). Translocation of
the phosphatase was then stimulated by the addficapamycin, followed by the
perfusion of cells with a combination of rapamyand thapsigargin to deplete
internal stores. Interestingly, translocation ofi8I-EYFP now occurred despite the
depletion of phosphoinositides in cells where CemtD was also overexpressed
(Figure 4(B), n = 21) with the mean number of panper cell not significantly
different from control untransfected cells treaveth thapsigargin (Figure 5). These
data agree with previous reports which supportla for the polybasic region of
STIM1 in targeting STIM1 to the plasma membranethat a second domain within
Orail can interact with STIM1 to independently &rg to the plasma membrane for
SOC activation [16-18].

Phosphoinositides contribute to STIM 1-mediated store-operated Ca®* entry

A number of recent investigations point to a cruoide for phosphoinositides in the
activity of SOCs [22, 23, 30]. To determine whettte inhibition of STIM1 puncta
formation by phosphoinositide depletion affects E)@e monitored [CZ]; in Hela
cells expressing STIM1-ECFP and the RFP-PM-FRB RR&-ptase-dom constructs
by loading them with the Gaindicator Fluo4-AM. The cells were pretreated with
wortmannin for 30 min. At the beginning of eachaeelting, cells were perfused with
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either C&*-free solution or Cd-free solution containing rapamycin. Thapsigargasw
subsequently added to deplete intracellular sto863CE could be activated by
reintroducing C& to the solution and [G§; was then compared between cells which
had been treated with and without rapamycin. Tlggpgin induced efficient SOCE
leading to an increase in [€h in control cells untreated with rapamycin (Fig6w,
upper trace; n = 27). Influx was, however, greatBduced in.cells where
phosphoinositides had been depleted (Figure 6Agldrace, n = 18). This significant
reduction was also indicated by comparison of thakpfluorescence ratio values or
each trace (Figure 6A) showing a 60% reductionr giteosphoinositide depletion.
These data suggest that phosphoinositides at éisenpl membrane contribute toSOCE
under these conditions.

Overexpresson of Orail restores Ca?* influx in cells depleted of
phosphoinositides

In Figure 4 it was shown that overexpression of iDn@&covers STIM1 puncta
formation in cells depleted of phosphoinositides.idfvestigate whether SOCE is also
restored under these conditions, cells were cdeatest with STIM-EYFP and the
RFP phosphatase system as before but in this césgged Orail was overexpressed
in the same cells. Cells were loaded with Fluo-d fB&']; was recorded as described
above. Surprisingly, the increase in f{Gadue to C& influx in cells depleted of
phosphoinositides was not only recovered by Oraikerexpression but was
significantly higher in rapamycin treated (Figur® Gpper trace; n=15) than control
cells (Figure 6B, lower trace; n=18) untreatednwiapamycin. These data suggest
that, although phosphoinositides contribute to SOGEY are not absolutely essential
for C&" influx and agree with previous reports that suggest the interaction
between STIM1 and Orail is the key for activatidnS®@CE. In these conditions,
Cd" influx appeared to be significantly greater follogi depletion of
phosphoinositides which may suggest an additionagative role for
phosphoinositides in SOCE.

Phosphoinositides contribute to store-operated Ca?* entry mediated by
endogenous STIM 1.

The experiments described above on SOCE were dastiein cells overexpressing
STIM1. In order to test whether SOCE mediated byogenous STIM1 was affected
by phosphoinositides depletion, cells were traristkavith only the RFP phosphatase
system and pretreated with wortmannin. The respdns€&’ readdition after
thapsigargin treatement was monitored after treatnvath rapamycin. A direct
comparison was made between cells in the same sompe fields that were non-
transfected (-ptase) and acted as controls andsfaeted (+ptase) cells. This
experiment also rules out any effects of rapamitself as all cells were exposed to
the drug. The data (Figure 7) indicated that phospisitide depletion also inhibited
SOCE mediated by endogenous STIM1.

9

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2009 The Authors Journal compilation © 2009 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 20 Oct 2009 as manuscript BJ20090884

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20090884

DISCUSSION

Recent reports have established that the ER pro&imM1, regulates SOCE by
translocating to ER-PM junctions following intralkcgdir store depletion and that this
can be visualised as the formation of STIM1 puri@ta3l, 32]. The site of STIM1
puncta at the plasma membrane is critical for S@8& STIM1 clustering has been
suggested to be in part determined by lipid rafhdims which anchor it to the plasma
membrane [33], but the constituent(s) within thaspia membrane responsible for
this have not been identified. Phosphoinositideghmibe involved in STIM1
translocation as several studies have pointed tomla for plasma membrane
phosphoinositides in the activity of SOCs [22-24].

In the present study, we investigated whether th@sphoinositides are required for
STIM1 puncta formation. We used several methodadwidually or simultaneously
reduce PtdIns4P, Ptdins(4,5)&nd Ptdins(3,4,5)levels and studied the effects of
phosphoinositide depletion on the formation of STIguncta at ER-PM junctions
triggered by C& store depletion. We also investigated the consemeof
phosphoinositide depletion on STIM1-mediated SOQARitally, depletion of
phosphoinositides was carried out using a comlaznati both high dose wortmannin
treatment at levels which have been shown to ibflnbth PISK and PI4K [28] and
ATP depletion [27]. Under these conditions, STIManslocation still occured even
though levels of Ptdins(4,5Pand Ptdins(3,4,5 were reduced as shown by
dissociation of the mCherry-Rit reporter from thagma membrane before the first
signs of puncta formation (data not shown). Althotigs argues against a role for the
phosphoinositides in the translocation of STIM1,idt possible that since ATP
depletion would alter the state of phosphorylat@dnmany proteins, this treatment
may have other effects on the localisation of STith as uncovering an inhibitory
mechanism which normally prevents the aggregatioBT0M1 oligomers in puncta.
Alternatively ATP depletion may not deplete the gpiooinositides sufficiently or
rapidly enough. It was clear that a more specifid anore rapid method for the
depletion particularly of Ptdins(4,5)®as required to investigate the specific roles of
each of the phosphoinositides in STIM1 translocatiéor this reason, we used an
inducible phosphatase system, which has recentiy lbeported to specifically and
reliably deplete Ptdins(4,5)Pevels [29, 34]. The data presented here reveal a
contribution of phosphoinositides to the recruitin@nSTIM1, since puncta formation
was inhibited under conditions that would deplet&li#s4P, Ptdins(4,5)Pand
Ptdins(3,4,5)R Interestingly, puncta formation was partially esffed by separate
depletion of either Ptdins(4,5Br Ptdins4p/Ptdins(3,4,5But depletion of all lipids
was required for an essentially complete inhibitmfnpuncta formation suggesting
that that STIM1 can interact with multiple phospiasitides in the process of puncta
formation.

These data complement previous reports which hlawers that the STIM1 polybasic
domain plays a role in STIM1 function at the plasmambrane [8, 16, 17, 21].
Several hypotheses have been put forward for thetifun of the polybasic domain in
STIM1. Some have suggested that it interacts dyrasith Orail to regulate the
activity of the channel [17], while others have pweed that it is targeted to the
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plasma membrane by an interaction with some coesti{s) within the plasma
membrane itself [8]. It has been suggest that thigbpsic domain may direct the
recruitment of STIM1 to ER-PM junctions by bindinglirectly to the
phosphoinositides Ptdins(4,%)8nd PtdIns(3,4,5)via electrostatic interactions as is
the case for small GTPases with polybasic tail§.[ZBur studies are consistent with
this hypothesis.

The data presented here also show that the phosdikides also contribute to SOCE
since depletion of phosphoinositides significaméuced thapsigargin induced a
entry. Extensive phosphoinositide depletion resuite a 94% reduction in STIM1
puncta formation but only a 60% overall reductionthe peak Fluo4 flourescence
ratio. It should be noted, however, that the flsoemnce ratio is not linearly related to
[Ca”]i leading to an underestimate of the degree ofibitibn of SOCE and
suggesting that phosphoinosites do play a cruoial in this conditions. The partial
inhibitory effects of depletion of individual phdsmnosiiies on STIM1 puncta
formation is consistent with previous findings ae effects of inhibition of PI3K [35]
and Pl4K [36, 37] on agonist-induced %anflux. In addition, some studies have
reported the inhibition of SOCE ankigac by the simultaneous inhibition of
PI3K/P14K [22, 24]. Broad et al [22] used high lé&/ef wortmannin to inhibit both
PI3K and PI14K and consequently blocked both* @aflux andlcgac in rat basophilic
leukemia cells. The authors noted that this efiert not due to a decrease in IP3 and
DAG production but could not determine the preciseechanism for the
phosphoinositides in SOC activity. Others [24] us&@94002 to inhibit PI3K/P14K
activity in platelets and suggested that they ammlived in mediating Ca entry
through a mechanism which involves reorganisatidntie actin cytoskeleton
following store depletion. However, our data impglyat it is probable that the
phosphoinositides contribute to the regulation af*@nflux through the recruitment
of STIM1 to the plasma membrane following store leigpn, since STIM1 puncta
formation was substantially inhibited when plasmanrtbrane phosphoinositides are
depleted by treatment with either wortmannin or B¥Q02 and hydrolysis of
Ptdins(4,5)k by an inducible phosphatase. The lower conceaotradf LY294002 that
was used in the present study has been reporteavilittle effect on P14K [28]. We
established that at the low (B) concentration of LY294002, dissociation from the
Golgi complex of the Ptdins4P-specific PH domaiporter FAPPI [38] as a marker
of PI4K inhibition was 2.5 fold less that at thetmi(30QuM) concentration (data not
shown). The effectiveness of the lower concentnatd LY294002 in inhibiting
STIM1 puncta formation is consistent with key rofes the two lipids Ptdins(4,5)P
and PtdIns(3,4,58°although we cannot rule out an additional contrdou of
Ptdins4P.

A recent study [16] showed that a truncated STIMatgn lacking the polybasic
domain fails to form puncta when expressed alorté&K293 or HelLa cells but does
redistribute into puncta and activdtgac when coexpressed with Orail in the same
cells reconciling different effects reported of et@n of this domain. This led to the
proposal of two separate mechanisms for the rewemt of STIM1 to the plasma
membrane. STIM1 can be anchored to the plasma nagralwia a direct interaction of
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a region within its C-terminal ERM domain with OQtdil6-20]. Alternatively, STIM1
can be recruited to ER-PM junctions via an Oradependent mechanism involving
its polybasic domain [8, 16]. It has been propabed under physiological conditions,
the polybasic domain may initially direct STIM1 gmers to ER-PM junctions and
thereby facilitate its interaction with and actieat of Orail [16]. This dual targeting
mechanism seems to be a vertebrate adaptation thiegmlybasic domain is present
only in vertebrate STIM homologues. In this stugye observed that STIM1 can
effectively form puncta in cells depleted of plasmambrane phosphoinositides when
Orail is over-expressed in the same cells, sugge#tat the binding of STIM1 to the
phosphoinositides is not essential for puncta foilonaWe also tested whether SOCE
was recovered following phosphoinositide depletigrover-expression of Orai. Note
that in our experiments over-expression of bothMBITand Orai constructs in control
cells did not produce an increase in SOCE above gkan with STIM1 alone as
described in other studies [39-41]. Previous ols@ns have however been derived
from study of HEK293 cells in which there is litttndogenous SOCE [39-41] and
presumably low levels of endogenous Orai. Our tesshowed that Orai over-
expression resulted in a recovery of SOCE in aafgleted of phosphoinositides.

Our observations support the hypothesis that thesetwo mechanisms for STIM1
targeting to the plasma membrane. In additiorf, ®ux was restored to above that
of controls level in these cells. These data agvitle several recent reports which
suggest that the interaction between the ERM donwmirSTIM1 and Orail is
necessary and sufficient for the activation of S@@4d does not require the polybasic
domain [16-20]. Our observations also suggest twtergial functions for the
phosphoinositides in SOCE. Under physiological aoors, the phosphoinositides
may contribute to the activation of SOCE by enhageecruitment of STIM1 to ER-
PM junctions, thereby increasing the likelihoodaof interaction between STIM1 and
Orail for the activation of Gainflux. Additionally, they might regulate the aibjl of
STIM1 to activate SOCs when bound to Orail, sine& @flux is enhanced in the
absence of the phosphoinositides in cells coexipg3rail. It is possible that in the
absence of the phosphoinositides, the ERM domaBiTéf1 is exposed, resulting in
enhanced binding of the ERM domain to Orail andseqoently increased €a
influx. Enhanced activation of SOCS by a STIM1 pmot which lacks a functional
polybasic domain has previously been observedlia ceexpressing Orail [17]. This
regulatory mechanism may therefore be required uptgsiological conditions to
prevent over-activation of the channels and mayehewolved in vertebrates as an
additional mechanism to protect cells against' @axicity.

A study which appeared while this paper was in agrafion, investigated the role of
the phosphoinositides in STIM1 and Orail mediated* @ntry and found only a
small effect of phosphoinositide depletion on STlklincta [42]. The experimental
approach used in that study differed from thathe present paper since STIM1
translocation and puncta formation were stimuldtefbresubsequently depleting the
phosphoinositides using a combination of the PdiB3P-specific inducible

phosphatase system and high concentration of LY2B40 is possible that in these
experiments, the preformed STIM1 puncta might reritdins(4,5)R inaccessible to
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the phosphatase, thereby preventing its efficigmrdiysis. In the present report,
stimulation of STIM1 puncta formation by store defmn, was only carried out after
the cells were treated with a combination of eitwertmannin or LY294002 and the
inducible phosphatase. This would, thereby, enguegluction in the levels of plasma
membrane phosphoinositides prior to puncta formatithis method proved to be
effective in preventing STIM1 puncta formation. Keniowski et al [42] showed that
PLC activation or PI3K/PI4K inhibition by LY294002duced bothcrac and SOCE
in COS-7 cells, even under conditions where PtdiB3R levels remained
unchanged, suggesting that Ptdins(4)P rather th@hndf4,5)B is the major
phosphoinositide required for activation of SOCsur Ostudies suggest that
Ptdins(4,5)k and Ptdins(3,4,5%are the key lipids involved in targeting STIM1 to
ER-PM junctions.

In summary, the present study confirm that theeetawo distinct modes of STIM1

translocation to the plasma membrane. One involvedirect interaction between
STIM1 and Orail, the other requiring plasma memérgmosphoinositides. We
propose two functions for this interaction in tlegulation of SOCE. Initially, the

phosphoinositides may target STIM1 to ER-PM junatigo facilitate its subsequent
interaction with Orail at these sites. In additithe potential binding of the polybasic
domain of STIM1 to phosphoinositides may regulaee dctivity of the Orail channel

by determining the extent of STIM1-Orail bindingurther studies are required to
confirm a direct interaction between STIM1 and ¥aeous phosphoinositides and to
determine the extent to which each phosphoinosseies contributes to the activity
of store operated Gachannels.
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Figure L egends.

Figure 1. Activation of the inducible phosphatase results in rapid and efficient
depletion of Ptdins(4,5)P,. HeLa cells were cotransfected with the GFP-PH-PLC,
PM-FRB-CFP and RFP-ptase-dom constructs. 24h pas$fection, cells were
treated with rapamycin (1 uM). Rapamycin rapidlyplééed Ptdins(4,%, as shown
by the removal of GFP-PH-PLC from the plasma membréo the cytosol (B).
Quantification of fluorescence at the plasma membreeveals that depletion is
complete within 2mins (C). Scale bar = 10 um.

Figure 2. STIM1-EYFP trandocation occursin cells following depletion of either
PtdIns(4,5)P, or PtdIns4P/PtdIns(3,4,5)P; EYFP but isinhibited by the depletion

of multiple phosphoinositides. HelLa cells were transfected with either STIM1-EYFP
alone or cotransfected with the STIM1-EYFP, PM-FRBP and RFP-ptase-dom
constructs. (A) Control cells treated only with geeargin are shown on the left. In
cells which overexpress all three proteins, demietiof  Ptdins(4,9), by the
rapamycin-inducible phosphatase did not preventtituesiocation of STIM1-EYFP
stimulated by thapsigargin. (B) Control cells tezghbnly with thapsigargin are shown
on the left. Inhibition of PI3K and PI4K by worthran (20uM ) pretreatment did not
prevent thapsigargin-induced STIM1 translocatiorcétis expressing STIM1-EYFP
alone. (C) Cells cotransfected with the STIM1-EYPR)-FRB-RFP and RFP-ptase-
dom constructs and perfused with |5 LY294002 for 30 min followed by addition
of rapamycin. Addition of thapsigargin had little wo effect on the distribution of
STIM1. Scale bars = 10 pm.

Figure 3. Translocation of STIM1-EYFP isinhibited by the depletion of multiple
phosphoinositides in cells treated with LY 204002. HeLa cells were cotransfected
with the STIM1-EYFP, PM-FRB-RFP and RFP-ptase-damstructs. (A) Cells were
perfused with no additions (controls), 50 or 30@ LY294002 for 30 min followed
by addition of thapsigargin which resulted in so81 M1 translocation into puncta
under all conditions. Note that after treatmentwd00uM LY294002, few ST1M1
puncta formed in some cells (e.g. the cell markgdab asterisk). (B) Cells were
perfused with 50uM LY294002 for 30 min followed by addition of rapgain.
Treatment with thapsigargin had little effect oe thstribution of STIM1. (C). Cells
were perfused with 300M LY294002 for 30 min followed by addition of rapgoin.
Treatment with thapsigargin had little effect oe thistribution of STIM1. Scale bar =
10 pm.
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Figure 4. Overexpression of Orail rescues STIM1 puncta formation following
depletion of phosphoinositides. HeLa cells were cotransfected with STIM1-EYFP,
PM-FRB-RFP and RFP-5-ptase-dom constructs and €mDrail. The cells were
treated with 20uM wortmannin (A) followed by addition of rapamycto deplete
Ptdins(4,5,. Overexpression of Orail rescued thapsigarginedtitad translocation
of STIM1 (B). Scale bar =10 um.
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Figure 5. Quantification of puncta formed in response to thapsigargin treatment
and the effect of depletion of Ptdins(4,5)P, and inhibition of lipid kinases Cells
from the various treatments used in the study \wmesdysed and the number of puncta
formed following thapsigargin treatment counted a&axgressed as mean per cell +
SEM based on the number of cells indicated in pgheses. The statistical
significance of values for all conditions compatedontrol thapsigargin-treated cells
and indicated pairwise comparisons were determusaty the two-tailed Student’s t-
test and statistically significant differences exdicated.

Figure 6. Phosphoinositide depletion reduces store-operated Ca”" influx but this

Is reversed by overexpression of Orail. (A) HelLa cells were transfected with
STIM1-EYFP, RFP-PM-FRBP and RFP-ptase-dom. 48h-waasfection, cells were
loaded with Fluo-4 (5 uM) and incubated in wortman(20 pM) for 30 min.
Intracellular stores were depleted with thapsigafgi pM). Readdition of Cato the
external solution 420s later allowed the measurémie@a " influx in cells which had
been treated with or without rapamycin. Rapamyaigatinent resulted in the
inhibition of C&" influx when compared to cells ‘which had been imtat in the
absence of rapamycin, as shown in the averageestrguantification of the average
peak values of Gainflux from these traces revealed a significantrdase in peak
[Ca™]i values in rapamycin treated cells. (B) In a $imiexperiment but with HeLa
cells also overexpressing Orai from pcDNA3/ Uaflux was restored in rapamycin-
treated cells to levels greater than that of callsch had not been treated with
rapamycin, as shown in the averaged traces arpktile[C4" ]i values.

Figure 7 Phosphoinositide depletion reduces store-operated Ca®* influx due to
endogenous STIM1. Cells were transfected with RFP-PM-FRBP and RFRet
dom. 48h post-transfection, cells were loaded Witlo-4 (5 pM) and incubated with
wortmannin (20 puM) for 30 min and treated with nagyain (1 uM) before
thapsigargin treatment and readdition of'Ca the external solution after 620s. In
this experiment [CH]i was monitored in transfected (+ptase, n = 223 aon-
transfected cells (-ptase, n = 18) in the sameawampe fields and directly compared
so that all cells had been treated with rapamycin.
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Figure 2
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Figure 6
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