RESEARCH ARTICLE PHYSIOLOGY

PNAS

L)

Check for
updates

PtdSer as a signaling lipid determined by privileged localization
of ORP5 and ORP8 at ER/PM junctional foci to determine PM and

ER PtdSer/PI(4)P ratio and cell function

Woo Young Chung®', Malini Ahuja®', Beth A. McNally?, Spencer R. Leibow?, Henry K. E. Ohman?, Ava Movahed Abtahi?, and Shmuel Muallem??

Edited by Melanie Cobb, The University of Texas Southwestern Medical Center, Dallas, TX; received January 25, 2023; accepted July 11, 2023

The membrane contact sitt ER/PM junctions are hubs for signaling pathways,
including Ca®* signaling. Phosphatidylserine (PtdSer) mediates various physiologi-
cal functions; however, junctional PtdSer composition and the role of PtdSer in Ca”*
signaling and Ca’*-dependent gene regulation are not understood. Here, we show
that STIM1-formed junctions are required for PI(4)P/PtdSer exchange by ORP5
and ORP8, which have reciprocal lipid exchange modes and function as a rheostat
that sets the junctional PtdSer/PI(4)P ratio. Targeting the ORP5 and ORP8 and
their lipid transfer ORD domains to PM subdomains revealed that ORP5 sets low
and ORPS high junctional PI(4)P/PtdSer ratio that controls STIM1-STIM1 and
STIM1-Orail interaction and the activity of the SERCA pump to determine the
pattern of receptor-evoked Ca”* oscillations, and consequently translocation of NFAT
to the nucleus. Significantly, targeting the ORP5 and ORP8 ORDs to the STIM1
ER subdomain reversed their function. Notably, changing PI(4)P/PtdSer ratio by
hydrolysis of PM or ER PtdSer with targeted PtdSer-specific PLAlal reproduced
the ORPs function. The function of the ORPs is determined both by their differen-
tial lipid exchange modes and by privileged localization at the ER/PM subdomains.
These findings reveal a role of PtdSer as a signaling lipid that controls the available
PM PI(4)P, the unappreciated role of ER PtdSer in cell function, and the diversity
of the ER/PM junctions. The effect of PtdSer on the junctional PI1(4)P level should
have multiple implications in cellular signaling and functions.
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Regulation by membrane lipids is a prominent mode of channel regulation (1-3). The
best-documented regulation is by phosphatidylinositol 4,5 bisphosphate (P1(4,5)P,),
which regulates the activity of many channels and transporters both by direct interaction
(2, 3), generation of PI(4,5)P,-rich domains at membrane contact sites, and as a signaling
molecule (4-6). Other membrane lipids affect channel activity (7, 8) by mechanisms that
are not well understood. A major phospholipid in the inner leaflet of the plasma membrane
(PM) is phosphatidylserine (PtdSer). However, there is no evidence for regulation of ion
transporters by PtdSer. The present studies begin to address this gap by examining the
potential roles of both PM and ER PtdSer in Ca™ signaling, Ca”* influx by the
STIM1-Orail, and in the activitg of the SERCA pump. Ca* influx by Orail is an essential
part of the receptor-evoked Ca™ signal that mediates numerous physiologic functions
(9, 10). Aberrant Ca** influx is associated with cell death and many pathologies (11-13).
PtdSer is essential for normal cell functions (14-16) and is involved in several pathologies,
including apoptosis, efferocytosis (17), and membrane fusion events (18) associated with
cell survival and cell death (16).

A major mechanism regulating PM PtdSer is by lipid transfer proteins (LTPs) that
reside at membrane contact sites (MCSs). MCSs form between the ER and all other
cellular membranes, including the PM, to form the ER/PM junctions (19). MCSs are
assembled by tether proteins that are typically anchored at the ER and have a domain
that interacts with the target membrane (1). Phosphatidylinositols are common binding
sites at the target membranes, which, in the case of the PM, are often PI(4)P and/or
PI1(4,5)P, (19, 20). Key questions in understanding regulation by MCSs are the role
and specific function of the diverse tethers and the lipids they transport at these privi-
leged sites. Prominent LTP at the ER/PM junctions are the Oxysterol-binding protein
(OSBP)-related proteins (ORPs), ORP5 and ORPS8 (19). ORP5 and ORP8 comprise
a C terminus ER transmembrane domain, which is preceded by a lipid transfer
OSBP-related domain (ORD), and an N terminus PH domain (PHD) and a polybasic
sequence, both of which are required for binding to PM PI(4)P and PI1(4,5)P, (21, 22).
These LTPs transfer lipids between the ER and PM by mechanisms that are understood
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only in part. ORP5 and ORP8 exchange PM PI(4)P and PI(4,5)
P, with ER PtdSer (21, 22), but they have different effect on the
steady-state level of PM PI(4)P (22). An important question not
addressed for any of the ER/PM junction tethers is whether they
localize to privileged and specific PM and ER nanodomains to
mediate their function.

As tethers and lipid transporters, the LTPs determine the lipid
composition of MCSs and facilitate the assembly of Ca®* signaling
complexes, thereby modulating the receptor-evoked Ca™ signal
(23). The Ca** signal starts with IP;-mediated Ca** release from
the ER, that is followed by activation of the PM store-dependent
Ca” influx channel Orail (12). Orail is activated by the ER Ca*'
sensor STIM1 and sustains the Ca** signal that mediates almost
all cellular activities (9). The release of Ca>* from the ER causes
the dissociation of Ca** from STIM1’s Ca** binding EF hand
domain. Ca**-free STIM1 unfolds and dimerizes (24) to release
the occluded SOAR domain (25). STIM1 then translocates to the
ER/PM junctions, where SOAR activates Orail (9, 24). During
Ca®* oscillations, Ca®* uptake by the SERCA pumps defines the
frequency of the oscillations and guards against an excessive
increase in cytoplasmic Ca** (12).

The interaction between STIM1 and Orail and with other
components of the Ca® signaling complex is enhanced by tether
proteins that shape the ER/PM junctions (4, 23, 26-28). It is
unknown how lipid composition at the ER/PM junctions regu-
lates Ca®* signaling. It is also not known how privileged localiza-
tion at subdomains of the ER/PM junctions is used to regulate
specific aspects of the Ca™ signal. To address these questions, we
controlled the targeting ORP5 and ORPS8 and their ORDs and
that of the PtdSer-specific PLA1al at the PM or the ER to examine
the role of PtdSer and PI(4)P/PtdSer ratio in controlling
STIM1-STIM1 and STIM1-Orail clustering, STIM1-Orail cur-
rent, SERCA pump activity, and their role in Ca** signaling. We
show here that ORP5 and ORP8 reciprocally determine both the
PM and ER PI(4)P/PtdSer composition that dictate their functions,
which were reproduced by PM and ER targeting of PLAlal. While
ORP5 inhibits, ORPS facilitates STIM1-STIM1 and STIM1-Orail
interactions, Orail current, and the receptor-stimulated Ca* oscil-
lations. These functions required directed and reciprocal lipid trans-
fer by ORP5 and ORP8. Accordingly, targeting PLAlal to the
PM-activated Orail like ORP8, while targeting PLAlal to the
STIM1 domain in the ER inhibited STIM1 clustering and the
Orail current. The ORDs of ORP5 and ORPS8 at the ER had the
opposite function than at the PM. ORD5 and ORDS8 at the ER
prominently activated the SERCA pump. Notably, precise local-
ization of the ORPs at nanodomains determined by their PHDs
is essential for their function. These findings reveal the importance
of PM and ER PtdSer in cell signaling and should have implica-
tions for the function of other LTPs at MCSs and for the many
physiological and pathological functions of PtdSer (16, 29).

Results

ORP8 and ORP5 Affect Ca>* Influx, ca®* Oscillations, and Gene
Regulation. Previous work suggested that ORP5/8 are expressed
at the ER, mitochondrial, and lipid droplet MCSs (19, 30, 31)
and affect mitochondrial Ca** signaling without affecting PM Ca*
influx (32, 33). However, since ORP5/8 affects PI1(4)P, PI1(4,5)
P,, and PtdSer at the PM (21, 22, 34), we reexamined the role of
ORP5/8 in Ca** signaling, first by testing their effect on ER Ca**
storage and store-operated Ca’* entry. SI Appendix, Fig. S1 A-D
show that expression of ORP5 and ORP8 had no effect on ER
Ca’* store. However, ORP8 significantly increased Ca*" influx,
which was modestly, but significantly inhibited by mutating the
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ORD lipid binding sites ORP8(H) (S/ Appendix, Fig. S1 A and B).
By contrast, as reported recently (33), ORP5 markedly inhibited
the Ca** influx (S/ Appendix, Fig. S1 Cand D). We extended these
findings to show that the effect of ORP5 was reduced by the ORD
lipid binding mutants ORP5(H478/479A) and ORP5(L389A).
The mutants did not fully reverse the inhibition by ORP5, likely
because they only partially inhibited PI(4)P/PtdSer exchange by
ORP5 (21).

The physiological significance of ORP5 and ORP8 function
was evaluated by measuring the receptor-evoked Ca”* signaling
and gene activation. Fig. 1 A—F show that ex[l)ression of ORP8
increased the number of responding cells, Ca™ oscillations fre-
quency, and the Ca** amplitude, whereas overexpression of ORP5
reduced them. Depletion of the ORPs by siRNA (87 Appendix,
Fig. S1 £ and F) had the opposite effects, with knockdown or
ORP5 increased and ORPS reduced the store-operated Ca’*
influx (81 Appendix, Fig. S1 G and H) and all parameters of Ca**
oscillations (Fig. 1 G-L), indicating that the native ORP5 and
ORPS do regulate the receptor-evoked Ca™* signal. Further evi-
dence for the physiological role of the native ORP5/8 was
obtained by showing that depletion of ORP8 eliminated while
depletion of ORP5 markedly increased nuclear NFAT transloca-
tion (Fig. 1 M and N).

ORP8 and ORP5 Lipid Transfer Controls STIM1 Clustering. The
first step of activating Ca™* influx is a clustering of STIM1 at the
ER/PM junctions (9, 24), and then, STIM1 interacts with and
activates the Ca®* influx channels (12, 35). Therefore, we tested
the effect of ORP5/8 on STIMI clustering when expressed alone
and together with Orail. Fig. 2 A and B shows minimal basal
clustering of ORP8 at the TIRF plane when expressed alone or
with STIM1 and STIMI increased clustering of ORP8 upon
ER Ca® depletion, suggesting that they interact. Accordingly,
SI Appendix, Fig. S2A shows basal FRET between ORP8 and
STIM1, which modestly increased by store depletion (SI Appendix,
Fig. S2 B, iii). The native STIM1-ORP8 showed low basal Co-
IP that was massively increased by store depletion (87 Appendix,
Fig. S2 B, 7). Thus, store depletion does not affect STIM1-ORP8
proximity but controls their physical interaction. The lipid-
binding mutants ORP8(H514/515A) and ORP8(L425D) were
not clustered by STIM1 (Fig. 2B), but rather inhibited STIM1
clustering (Fig. 2C), perhaps because the mutants are already
constitutively clustered at the ER/PM junctions (21).

Unlike ORP8, ORPS5 strongly inhibited STIM1 clustering
[Fig. 2D (confocal), Fig. 2F (TIRF), and Fig. 2F (time course)]
that required lipid transfer by ORP5 (Fig. 2F), accounting for the
inhibition of Ca”* influx and oscillations by ORPS5. Interestingly,
coexpression of Orail with ORP5 and STIM1 rescued STIM1
clustering and partially reduced ORP5 at the ER/PM junctions
in response to ER Ca®* depletion (ST Appendix, Fig. S2 Cand D),
suggesting that the interaction of STIM1 with Orail stabilizes
STIMI at the junctions. ORP5-STIM1 showed low basal FRET
that was markedly increased by store depletion (S/ Appendix,
Fig. S2A), yet, the native and overexpressed ORP5 and STIM1
did not Co-IP, even after store depletion (S Appendix, Fig. S2 B,
iand 77), suggesting that ORP5 inhibited STIM1 clustering with-
out physically interacting with STIM1, likely by changing lipid
composition of the ER/PM junction (see below).

The increased STIM1-ORP5 FRET without their Co-IP sug-
gests that inhibition of STIMI clustering by ORP5 starts by
inhibition of STIM1-STIMI interaction in the ER. This postulate
was tested by measuring the effect on the ORPs on STIM1-STIM1
and STIM1-Orail interaction with FRET. Fig. 2 G-I show that
ORP8 markedly increased the rate of STIM1-STIM1 interaction,
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Fig. 1. ORP5 and ORP8 regulate the receptor-evoked Ca?* oscillations and NFAT translocation: (A-F) Cells transfected with vector (A), ORP5 (B), or ORP8 (C) and
stimulated with 0.3 uM carbachol. (G-L) Cells were treated with scrambled (G), ORP5 (H), or ORP8 (/) siRNA and stimulation with 0.3 pM carbachol. The number
of responding cells (D and J), oscillations frequency (£ and K), and amplitude (F and L) are the averages of 3 independent experiments. (M and N) HEK293T
cells treated with scrambled, siORP5, or siORP8 were stimulation with 2.5 pM carbachol to measure the rate (M) and extent (N) of NFAT translocation in three

biological replicates.

while ORP5 strongly reduced STIMI1-STIMI interaction.
Deletion of the STIM1 polybasic domain (STIM1(AK)) inhibits
its clustering (36). ORP8 rescued clustering of STIMI1(AK)-
STIM1(AK), whether measured by FRET (87 Appendix, Fig. S2
E and F) or TIRF (S Appendix, Fig. S2 G and H), while ORP5
dissociated STIM1(AK)-STIM1(AK) interaction (SI Appendix,
Fig. S2 E and F). ORP8 also increased basal (SIAppendix,
Fig. S21) and store depletion STIM1-Orail interaction, while
ORPS5 reduced the rate of STIM1-Orail interaction (Fig. 2 /~L).
The same stimulation by ORP8 and inhibition by ORP5 was
observed with Orail-STIM1(AK) interaction (Fig. 2 M and N).

Regulation of STIM1-Orai1 Current by ORP8 and ORP5. To
examine the functional impact of ORP5/ORP8 on STIM1
clustering, we measured the Orail-STIM1 current. Fig. 3 4, i—iv
shows that ORP8 markedly increased current density and the
rate of slow current inactivation without affecting the channel

PNAS 2023 Vol.120 No.35 e2301410120

Ca’* selectivity. Expression (Fig. 3 A and C) and depletion
of ORP5 (Fig. 3 C, 7 and ii) had no effect on the current,
consistent with no effect of ORP5 on STIMI clustering, in the
presence of Orail (S Appendix, Fig. S2D) and on the extent
of the STIM1-Orail FRET signal (Fig. 2K). The relationship
between ORP5 and ORPS8 was examined by first showing
that the expression of ORP5 reversed the stimulation of the
current by ORP8 (Fig. 3 B, 7 and ii). Moreover, depletion of
ORP8 markedly reduced the STIM1-Orail current (Fig. 3 D,
i and 77), indicating a role of native ORPS in the formation of
STIM1-Orail complexes. Significantly, the depletion of ORP5
completely reversed the effect of the depletion of ORP8 (Fig. 3
D, i and ii), indicating that the inhibition by depletion of
ORP8 required the native ORP5. Importantly, the increased
current by ORP8 required its lipid exchange function (Fig. 3
E, i-iii). Together, the findings in Figs. 1 and 3 A-D indicate
the reciprocal and balancing effects of ORP5 and ORP8 in

https://doi.org/10.1073/pnas.2301410120 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301410120#supplementary-materials

4 0f 12

A B

ORP8  ORPS8(+S1)

16

1.4

5 ORP8 alone ORP8 (+S1)
S 08(L425D)+S1 STIM1(+08)
08(H514/515A)+S1

CPA 25uM

ORP8 or STIM1 Puncta

CPA

ORP8(+S1)/CPA Time (min)

CPA

J S1-CFp/
Control

n

E Resting

)

14
1.3
1.2
1.1
1.01

P5
S1+ORP5§H478/479A)
S1+ORP5(L389D)

Resting

STIM1 Puncta (Fold)

CPA

CPA 25uM

0. 9+——m—————
01234567
Time (min)

+wcPa K

-
N
o

STIM1+Orait
+ORP5 A
+ORP8

-
N
N

\Vector

o

[T

o

o

(18

>

o 1.08

S

= 1.04

2

5 1.004§

E 0.96 CPA 25uM

w 4 6 8 10
Time (min)

+ORP8

012345867

Vector

Maximal FRET Ratio

c 129 NS
—_ 1
Z10{ - ¢
&f 0.0:)08
© 0.84 o® .
° *
€ 0.6+
o
E 0.4+ .
® 0243 ||
0.0
So¥oov
@’\XC?QgOQq?
R % ):bwb‘
©
& 8
7 K% 2
<& R
O XOQ~
ORP5 orPs H g I
& 4 20,S1CFP-S1YFP o
Q “71+ORP8 +ORP5 5
L 115 b
& 110 4
(¥} [T
o 1.05 ®
£ E
@ 1.00 %
= PA 25uM
Iy 0 95l CPAZON =
x 2 4 6 8 10
Time (min)
Mz N
ik 1.4701+S1AK >
g +ORP8 5
12 +ORP5 §
o £
w
0 1.0 8
x 0.8 I
- o
W ]
% 0.6 3
4 6 8 10 &
Time (min)

Fig. 2. ORP5 and ORP8 regulate STIM1 clustering: (A) TIRF images of ORP8-GFP alone (Left) or ORP8 and STIM1 before (Upper) and after treatment with 25 pM
CPA (Lower). (B) Time course of puncta formation at the TIRF plan of ORP8 and mutants and STIM1 in response to CPA. (C) Fold change in STIM1 puncta by the
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formation of the STIM1-Orail complexes that required lipid
transfer by the ORPs.

Current inactivation with ORP8 occurred in the presence of
the strong and rapid Ca®* buffer 10 mM BAPTA, a condition
when the slow Ca™-dependent inactivation of Orail is minimal
(9). Yet, the current measured with the ORP8 showed an increased
inactivation rate. Previously, we showed that Ca® reuptake into
the ER was the major contributor to slow channel inactivation in
the presence of BAPTA (23). SI Appendix, Fig. S3 A—D show that
inhibition of ER Ca™ uptake with the SERCA pump inhibitor
CPA delayed and reduced the inactivation. Below it is shown that
inhibition of SERCA prevented the inactivation observed under
multiple conditions. In control experiments, we verified that the
effect of the ORPs is primarily due to their effect on STIM1 clus-
tering since ORP5 (S Appendix, Fig. S4 A-C) and ORPS
(SI Appendix, Fig. S4 D—F) had no effect on the current of the
constitutively active Orail(V102C) mutant (37). In addition,
when Orail was activated with the STIM1 SOAR domain that is
not attached to the ER or PM (25), the current was not affected
by the ORPs (87 Appendix, Fig. S4 G-I). ORP8 clustering at the

https://doi.org/10.1073/pnas.2301410120

ER/PM junctions is enhanced by coexpression with PI4KIITo that
increases PM PL(4)P (21). SI Appendix, Fig. S5 shows that a further
increase in PI(4)P is not required since the expression of PI4KIIIa
had no further effect on the current measured with ORPS8 alone.
On the other hand, reduction in PI(4)P and PI(4,5)P, [with the
FRB/FKBP system (38)] that stabilize STIM1 at the junctions
and are required for localization of the ORPs at the PM (21, 22,
26, 39) markedly reduced current activation by ORP8 (8] Appendix,
Fig. S6 A-D) and inhibition by ORP5 (87 Appendix, Fig. S6
E-H).

Privileged Localization of ORP5 and ORP8 Determines Their
Function. Both ORP5 and ORPS8 function as PI(4)P/PtdSer
exchangers (21, 22, 40) but have opposite effects on basal
(and acute-see below) PM PI(4)P levels (22). A contributing
determinant can be the precise localization of the ORPs at PM
nanojunctions. To test this hypothesis, first, we switched between
their PH domains (PHDs). Unfortunately, switching the PHDs
to prepare ORP8(5PHD) in two separate cloning strategies
resulted in truncated proteins accumulating in the cytoplasm

pnas.org
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and nucleus (S Appendix, Fig. S7 A-D). Similarly, switching the
ER localization TMDs between the ORPs resulted in truncated
proteins with cytoplasmic expression pattern (SI Appendix,
Fig. S7 Cand D). The sequences of all constructs were verified
by multiple sequencing of the entire plasmids. Therefore, the
aberrant expression and truncations occurred posttranslationally.

However, the construct ORP5(8PHD) did express in a pattern
like that of ORP5 and did not change the ER expression of STIM1
(Fig. 44). We used Airy Scan and TIRF to determine the localization
of ORP5(O8PHD) relative to ORP5. Airy Scan imaging of
ORP5-YFP/ORP5-RFP (control) and ORP5-YFP/ORP5(O8PHD)-

PNAS 2023 Vol.120 No.35 e2301410120

RFP was not sufficient to reveal altered localization of ORP5
(O8PHD) (81 Appendix, Fig. S7 E and F). Separate colocalization of
ORP5 and ORP5(O8PHD) could be observed in TIRF analysis
(arrows in Fig. 4B), suggesting that the ORP8 PHD may shift ORP5
to an adjacent PM nano site. Remarkably, switching the PHD of
ORP5 to that of ORPS switched its function. Unlike ORPS5,
ORP5(8PHD) did not inhibit STIM1 clustering (Fig. 4C), but rather
increased basal STIM1 clustering in the absence of store depletion
(Fig. 4D red). In addition, while ORP5 increased PM PtdSer and
reduced PI(4)P (refs. 21 and 22 and below), ORP5(8PHD) decreased
PM PtdSer and increased PI(4)P, just like ORP8 (Fig. 4 £ and F).

https://doi.org/10.1073/pnas.2301410120
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Fig. 4.

Privileged localization of the ORPs at the ER/PM junction determines their function. (A) Confocal images of ORP5(8PHD) before and after treatment with

CPA (Left) and of STIM1 and ORP5(O8PHD) (Right). (B) TIRF images of cells cotransfected with ORP5-mCherry/ORP5-YFP (Left) or ORP5(08PHD)-mCherry/ORP5-
YFP (Right). ORP5(0O8PHD) and ORP5 that do not colocalize are marked with white arrows in the lower left image. (C and D) STIM1 and ORP5(O8PHD) puncta in
response to CPA treatment. (£ and F) PM PtdSer (E) and PI(4)P (F) were measured by TIRF in cells transfected with vector, ORP8, or ORP5(8PHD). (G, i-iv and H,
i-iv) The current was measured with cells transfected with Orai1, STIM1 (G), STIM1(AK) (H), and RP5(8PHD).

Moreover, ORP5(O8PHD) activated the STIM1-Orail (Fig. 4 G,
i~i) and STIM1(AK)-Orail (Fig. 4 H, i—iv) currents, just like ORP8
(Fig. 3).

To redirect the localization of ORPS, we examined the effect of
ORP8 with the PLCSPHD PHD (ORP8(PLCSPHD)) since this
construct localizes at the ER/PM junctions even when PI(4)P is
depleted and reduces the level of PI(4)P like ORP5 (22) As
reported recently (33), ORP8(PLCSPHD inhibited Ca* influx,
similar to ORP5 (87 Appendix, Fig. S17G). However, expression
with Orail reversed the inhibition by ORP8(PLCSPHD), which
activated STIM1-Orail current like ORP8 (87 Appendix, Fig. S7
H-J). Additional evidence for the importance of precise localization
of the ORPs with STIM1 was obtained by forcing preclustering
of STIM1 at selective PM loci using the Kras and Hras membrane
anchors (41). Previously, we have shown that STIM1Kras and
STIMI1Hras are targeted to separate PM nanojunctions (4).
SI Appendix, Fig. S84 confirms the constitutive clustering of

https://doi.org/10.1073/pnas.2301410120

STIM1Kras and shows that ORP5 and ORPS8 cocluster with
STIM1Kras without affecting the number of STIM1Kras puncta.
However, FRET measurements showed that ORP8 slightly
increased, while ORP5 significantly decreased Orail-STIM1Kras
proximity (87 Appendix, Fig. S8 B and C). SI Appendix, Fig. S8 D
and £ show that ORP5 and ORP8 caused spontaneous and max-
imized clustering of STIM 1Hras, even more than store depletion.
Forcing Orail interaction with STIM1Kras prevented all ORP8
effects (SI Appendix, Fig. S8 F, i~iii), suggesting that modification
of the PM lipid environment by ORP8 cannot affect the preclus-
tered Orail-STIM1Kras complexes. ORP5 inhibited the current
mediated by Orail-STIM1Kras (8] Appendix, Fig. S8 F, i—iii).
Forcing Orail interaction with STIM1Hras prevented all effects of
both ORP5 and ORP8 on the current (SI Appendix, Fig. S8 G, i~ii).
Finally, retargeting ORP5 with the Kras motif (Kras-ORP5) reversed
its function to stimulate STIM1-Orail and STIM1(AK)-Orail
currents, whereas tagging ORP8 with Kras (Kras-ORP8) had no
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effect on ORP8 function (87 Appendix, Fig. S8 H and ). Together,
the results in Fig. 4 and ST Appendix, Fig. S8 provide evidence that
targeting ORP5 and ORP8 to exquisitely specific and privileged
ER/PM junctional domains affects their function and regulation
of cellular activity.

STIM1 Affect PM Lipid Composition and the Functions of ORP5
and ORP8. The findings with the ORPs lipid mutants and their
disparate effect on STIMI clustering and the current suggest
that a) the optimal effects of the ORPs require lipid transfer and
b) lipid exchange by ORP5 and ORPS are distinct. Therefore,
first, we measured the effects of ORP5 and ORPS8 and their
mutants on steady-state PM PtdSer, P1(4,5)P, and PI1(4)P levels,
and their dependence on STIM1. SI Appendix, Fig. S9 A, B, E,
and F, respectively, show that expression of ORP8 significantly
increased the steady-state levels of PI(4,5)P, and PI(4)P and
reduced PtdSer in the TIRF plan. Mutation of the ORPS lipid
binding sites largely inhibited these effects (S7 Appendix, Fig. S9
A and B). Conversely, SI Appendix, Fig. S9 C, D, G, and H,
respectively, show that expression of ORP5 significantly reduced
steady-state PI(4,5)P, and PI(4)P and increased PtdSer and which
were mostly inhibited by mutating the ORP5 lipid binding sites
(ST Appendix, Fig. S9 C and D). Notably, deletion of STIM1
reduced the steady state level of PtdSer and PI(4)P (87 Appendix,
Fig. S9 E-H) and increased the steady state level of PI(4,5)P,
(SI Appendix, Fig. S91). Moreover, deletion of STIM1 eliminated
the effects of ORP8 on the lipids (S7 Appendix, Fig. S9 E-H),
had no effect on the increased PtdSer by ORP5, but prevented
the effect of ORP5 on PI(4)P (87 Appendix, Fig. S9 G and H)
but not the reduction of PI(4,5)P,. Since ORP5 can transport
PI(4)P and PI(4,5)P, (34), ORPS may function as PI(4,5)P,/
PtdSer exchanger in STIM17" cells. These findings reveal the
role of STIM1 in PM lipids composition and the function of
ORP5 and ORPS.

Distinct ORP5 and ORP8 ORDs PI(4)P/PtdSer Transport Ratio
and STIM1 Clustering. An important finding was that ORP5
and ORP8 could cause acute changes in PI(4)P and PtdSer by
PI(4)P/PtdSer exchange. This was achieved by replacing their
PHD with FKBP and targeting RFP-FKBP-APHD-ORPS5 and
RFP-FKBP-APHD-ORPS to the palmitoylated FRB at the PM
with rapamycin (21). The bulk of these findings were made with
ORP5 showing that it reduces PM PI(4)P and increases PM
PtdSer. The effects of ORP8 were reported in only one panel
showing a reduction in PM PI(4)P when recruited to the PM
with rapamycin (21). Therefore, we used the same constructs
provided by the De Camilli lab (21) to compare more closely the
effects of acute recruitment of ORP5 and ORP8 on PM PI(4)
P and PtdSer and on STIM1 clustering and the role of STIM1
in the acute effect of the ORPs. Targeting the FKBP-APHD-
ORP5 and FKBP-APHD-ORPS, and therefore their ORDs,
to the ER/PM junctions is shown in ST Appendix, Fig. S10A.
Fig. 5 A-D confirms the previously reported (21) acute effects
of ORP5 on PM PI(4)P and PtdSer. However, ORP8 had the
opposite effects, prominently increasing PM PI1(4)P and modestly
reducing PM PtdSer. Moreover, the PI(4)P/PtdSer transport ratio
is the opposite among the ORPs. ORP8 causes a large increase
in PM PI(4)P with a small reduction in PtdSer, while ORP5
causes a small reduction in PM PI(4)P and a large increase in
PtdSer (Fig. 5 C and D). Deletion of STIM1 eliminated the
effect of ORP8 on both PtdSer and PI(4)P (Fig. 5 A and B),
as was observed with the state level of the lipids. By contrast,
forcing ORP5 to the same PM FRB as ORP8 in STIM17" cells
resulted in enhanced PtdSer/PI(4)P exchange 3 min after starting
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treatment with rapamycin (Fig. 5 A and B). Thus, the aberrant
lipid exchange by ORP5 in STIM17" cells was observed only
when ORPS5 targeted itself to the PM.

It is of note that when targeted to FRB at the exact same PM
domain, the ORP5 and ORP8 ORDs retained their opposite P1(4)
P/PtdSer exchange, indicating that the ORDs have specific cou-
pling and exchange ratios which is reflected in their effect on
STIMI clustering. Acute targeting ORP5 ORD inhibited STIM1
clustering (Fig. 5 E'and F), while targeting ORP8 ORD facilitated
STIM1 clustering (Fig. 5 G and H). The physiological conse-
quences are shown in ST Appendix, Fig. S11 A-C, in which acute
depletion of P1(4,5)P, (control) and targeting of ORD5 inhibited
the oscillations, (S7 Appendix, Fig. S11 A-B) while acute targeting
of ORDS increased the oscillations (S Appendix, Fig. S11C).

Targeting the ORDs to the PM or the ER Reciprocally Affects Lipid
Composition and STIM1 Clustering. By exchanging PM PI(4)P
with ER PtdSer the ORPs affect the lipid composition of the
two membranes at distinct domains. In principle, their effect on
STIMI1 clustering can be due to setting the lipid composition of
either or both membranes. To test the effect of the lipids in each
membrane, we acutely manipulated PM and ER PI(4)P/PtdSer
by targeting them with the FKBP/FRB system (38). To target the
ORD:s (and PLA1al, see below) to the ER, we modified the short
MAPPER (MAPPER-s) probe (42) by deleting its polybasic tail
and named it ER-MAP for ER MAPPER. ER-MAP has luminal
ER GFD, STIM1 TMD, a short (GA), linker, and FRB domain,
with the FRB only a short 12 residues helix from the ER. Targeting
of FKBP-APHD-ORP5 and FKBP-APHD-ORPS to the ER by
MAPPER-s and ER-MAP is shown in S/ Appendix, Fig. S10 B
and C. The confocal images show ER expression patterns for the
proteins in response to treatment with rapamycin. ER-MAP and
the ORP constructs were not observed by TIRF microscopy,
further indicating ER localization.

The PedSer and PI(4)P probes detect the lipids at the PM. We
reasoned that changing the junctional ER lipids will likely change
the PM lipids by the ORDs-mediated exchange and by other nat-
urally occurring junctional LTPs. Therefore, we tested the effect of
targeting FKBP-APHD-ORP5 and FKBP-APHD-ORPS to the
ER on PM PI(4)P and PtdSer. These constructs include the ORDs
and the ER anchors. Unexpectedly, the ER ORD5 significantly
increased PM PI(4)P and transiently reduced PtdSer that required
lipid transfer by ORDS5 and the ORP5 ER anchor, while targeting
ORD8 to the ER modestly reduced PM PI(4)P and increased
PtdSer, opposite to PM ORP:s (Fig. 5 /~L). Therefore, it seems that
the orientation and the transport function of the ER-targeted ORDs
is reversed. Targeting the ORDS5 to the ER caused STIM1 clustering
even when the ER Ca”* stores were not depleted and STIM1 clus-
tering was further increased by store depletion (Fig. 5 M and N).
By contrast, targeting ORDS8 to the ER prominently inhibited
STIMI1 clustering (Fig. 5 O and P). The potential mechanism for
PI(4)P/PtdSer exchange by the unanchored ORDs is discussed
below. The findings with ER-MAP make it clear that changes in
ER lipids have an important role in STIM1 clustering.

Changes in PM and ER PtdSer Have Selective and Opposite Effects
on STIM1-Orai1 Function. An acute increase in the PM PI(4)P/
PtdSer ratio with ORDS5 was sufficient to inhibit Orail-STIM1
and Orail-STIM1(AK) currents (S Appendix, Fig. S12 A and B).
An acute increase in the PM PI(4)P/PtdSer ratio with ORDS
increased the STIM1-Orail current (8] Appendix, Fig. S12C) that
required lipid exchange by ORD8 (8] Appendix, Fig. S12 D, i—iii).
Thus, STIM1-Orail function responds to acute changes in the PM
PI(4)P/PdSer ratio. To determine whether PI(4)P/PtdSer exchange
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Fig.5. Effect of ORP5and ORP8 on acute PI(4)P, PtdSer levels, and STIM1 clustering: (A-D) Measurement of PtdSer with GFP-evt2-2XPH and PI(4)P with GFP-P4M
by TIRFin WT (black and blue) or STIM1" cells (red and green) transfected with FRB and FKBP-APHD-ORP5 or FKBP-APHD-ORP8. PM targeting was induced by 0.5
UM rapamycin. (A) PtdSer, (B) PI(4)P, (C) averages, and (D) the PI(4)P/PtdSer ratio by ORP5 and ORP8. (E-H) Effect of acute targeting of ORP5 (E and F) or ORP8 (G
and H) on STIM1 clustering in response to CPA. (/-L) Cell transfected with ER-MAP, the PI(4)P sensor (/ andJ) or the PtdSer sensor (K and L) and FKBP-APHD-ORP5
(I-L, green), the lipid mutant FKBP-APHD-ORP5(L/D-HH/AA) (I-}, blue), FKBP-APHD-ORP8 (I-L, red) or FKBP-APHD-ORP5-AC (I-), brown) and treated with rapamycin.
(M-P) Cells were transfected with STIM1, ER-MAP, FKBP-APHD-ORP5 (M and N), or FKBP-APHD-ORP8 (O and P) and were kept untreated (controls) or were treated

with rapamycin to measure STIM1 clusteringin response to CPA.

by the ER unanchored ORD:s retain specificity and regulation
of STIM1-Orail, we used FKBP-APH-ORP5/8-AC in which
the ER transmembrane domain was also deleted. These constructs
are cytoplasmic but fully translocate to the PM with rapamycin

80f 12 https://doi.org/10.1073/pnas.2301410120

(SI Appendix, Fig. S104). APH-ORP5-AC recruitment to the
PM partially inhibited current mediated by Orail-STIM1(AK)
(SI Appendix, Fig. S13 A, i—iii) that requires lipid exchange by
APH-ORP5-AC (SI Appendix, Fig. S13 B, i—iii). Recruitment of
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APH-ORP8-AC to the PM slightly but significantly activated the
STIM1-Orail current (S Appendix, Fig. S13 C, i and 7i). These
ORDs can still mediate limited lipid exchange when targeted to
the PM (87 Appendix, Fig. S13 D and E).

Recent findings on the assembly and lipid binding by the ORDs
can account for the lipid exchange and the current by
APH-ORP5/8-AC. The ORP1 ORD assembles as a dimer with
multiple positively charged surfaces that some of which interact
with PI(4,5)P, and is required for lipid transfer in vesicle assay
and in vivo (43). To test whether this is also the case for ORP5
and ORP8 we mutated the conserved lysine/arginine of ORD5
and ORDS (S Appendix, Fig. S144). The AlphaFold prediction
of the ORDS structure, the ORDS surface charge, and the posi-
tion of the mutated residues are shown in S/ Appendix, Fig. S14
Band C. ORP5(K503R505/AA) showed altered expression pat-
tern compared with ORP5, with substantial intracellular expres-
sion (8] Appendix, Fig. S14D) and partially translocated to the
PM in response to CPA when expressed with STIM1 (87 Appendix,
Fig. S14E). Although ORP5(K503R505/AA) inhibited STIM1
clustering like ORP5 (87 Appendix, Fig. S14F) (likely because suf-
ficient ORP5(K503R505/AA) was in the PM), unlike ORP5,
ORP5(K503R505/AA) did not inhibit the current when expressed
with Orail and STIM1(AK) (S/ Appendix, Fig. S14 G and H).
By contrast, ORP8(K539K541/AA) showed spontaneous cluster-
ing (81 Appendix, Fig. S14 D and H), as was reported for the lipid
binding mutants of ORP8 (21). Clustering of ORP8(K539K541/
AA) by store depletion in the presence of STIM1 was retained
(SI Appendix, Fig. S141), but ORP8(K539K541/AA) reduced
STIM1 clustering (SI Appendix, Fig. S14]) and activation of
Orail-STIM1 current compares with ORP8 (SI Appendix,
Fig. S14 K and L). These findings suggest that the interaction of
the ORDs with charged lipids may be a general feature of the
ORPs and can account for the effects of the ORD5 and ORDS8
in SI Appendix, Fig. S12.

To extend the finding with ORD5/8 and to specifically associate
them with changes in PtdSer, we devised a system for rapid and
targeted changes in membrane PtdSer. To hydrolyze PM PtdSer,
we generated cytoplasmic mCherry-PLA1al-FKBP using the
PedSer-specific PLAlal (44) and targeted it to the PM with FRB
(SI Appendix, Fig. S10D). The TIRF measurements in Fig. 64
show parallel recruitment of PLAlal and reduction in PM PtdSer
in response to rapamycin. Additionally, S/ Appendix, Fig. S15 A
and B shows that the prominent reduction in PM PtdSer had no
effect on PM PI(4)P and PI(4,5)P,. Fig. 6 B and C show that
hydrolysis of PM PtdSer facilitated and increased STIM1 cluster-
ing. Notably, Fig. 6 D, i—iv show that hydrolyzing PM PtdSer was
sufficient to increase STIM1-Orail current, as was observed with
ORPS8. This required the catalytic activity of PLAlal as indicated
by inhibition of the PLAlal effect by the catalytic mutant
PLA1al(S166A) (45). Interestingly, PtdSer hydrolysis also
increased the rate of channel inactivation that was mediated by
SERCA (SI Appendix, Fig. S15C, i-1/V). Taken together, the find-
ings in Figs. 5 and 6 highlight the importance of PtdSer levels in
specific PM subdomains.

The Activity of STIM1-Orai1 Depends on ER PtdSer. To determine
the role of the ER lipids, we measured the effect of changing ER
lipids on the STIM1-Orail current. Fig. 6 E, i—iv shows that
targeting APHD-ORP5 to the ER activated the STIM1-Orail
current, opposite to targeting APHD-ORP5 to the PM, and
current inactivation was mediated by SERCA (Fig. 6 £ i—iv) and
required lipid transfer by ORD5 (Fig. 6 G, i—ii). Targeting ORD5
alone (APHD-ORP5-AC) to the ER (8] Appendix, Fig. S10 B and
() had no effect on the STIM1-Orail current but retained the
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current inactivation effect (87 Appendix, Fig. S13 F, i—iv). Based
on its effect on STIMI clustering, we expected that targeting
ORDS to the ER to inhibit the current. However, this caused
small activation of the current (Fig. 6 H, i—iv) was likely due
to reversing the inhibition of STIMI clustering by Orail. The
increased current by ORDB8 required the ER anchor (S7 Appendix,
Fig. S13G, i-1/V), lipid exchange (Fig. 61), and the inactivation
was mediated by the SERCA pump (Fig. 6/). Finally, targeting
PLAlal to the ER with MAPPER-s and ER-MAP (87 Appendix,
Fig. S10E) to hydrolyze ER PtdSer delayed and reduced STIM1
clustering (Fig. 6K) and inhibited the current that was not
observed with the PLA1a1(S166A) mutant (Fig. 6L). Since ER-
MAP is not associated with the PM, Fig. 6 strongly suggests that
ER PtdSer positively regulates STIM 1 clustering and STIM1-
Orail interaction to control Ca** influx.

Discussion

PtdSer is a lipid of variable levels in several cellular membranes,
with high levels at the plasma and lysosomal membranes (46). The
roles of PtdSer in many physiological and pathological functions
are well established (16). However, much less is known about the
signaling roles of PtdSer. PtdSer is synthesized in the ER and
delivered to its destinations mainly by LTP (1 16, 47). There is
an intimate relationship between cellular Ca®* signaling and lipid
transfer. Members of the type IV P- -type ATPases are regulated by
Ca** (48). ANOG functions as a Ca**-activated PtdSer scramblase
and as a Ca®*-activated Cl” channel (49). A major finding of the
current studies is the promment, selective but opposite roles of
ORP5 and ORPS in regulating Ca”* signaling through the control
of PM and ER PtdSer; with ORP5 suppressing and ORP8 facil-
itating Ca”" influx, Ca®* oscillations, and NFAT translocation.

The current studies extend previous findings of the opposite effect
of the ORPs that was attributed to the sequestration and translo-
cation of ORP5 by ORP8 from the PM to the ER (22). The
current studies show an acute reciprocal effect of ORP5 and ORP8
that depends on the opposite transport P1(4)P/PtdSer ratio by the
ORPs (Fig. 5). Moreover, ORP5 and ORP8 depletion suggest that
both proteins act as a rheostat in vivo to affect Ca® signaling
(Figs. 1 and 3). A recent study reported that the majority of
ORP5/8 reside at the mitochondria-associated ER membrane
subdomains of HeLa cells (31). However, our findings reveal that
the native ORP5 and ORP8 have a prominent role in PM lipid
composition and Ca** signaling.

The effect of the ORPs on Ca™ influx was due to the regulation
of STIMI clustering and its interaction with Orail with no direct
effect on Orail function, also indicating that Orail conductance
is not directly regulated by PI(4)P or PtdSer. The relationship
between STIM1 and the ORPs goes beyond STIM1 clustering.
STIM1 affects plasma membrane lipid composition, suggesting
that the STIM1 junctions and/or STIM1 may regulate the func-
tion of several LTPs and ER lipid synthesis pathways. In the case
of the ORPs, the STIM1-formed junctions are required for both
their steady-state and surprisingly for the acute ORP8 function.
For the steady-state effects, ORP5/8 are targeted by their PHDs
to mediate the PI(4)P/PtdSer exchange. Deletion of STIM1 elim-
inated lipid transfer by ORP8 and prevented access of ORP5 to
PI(4)P, with ORP5 appearlng to mediate PI(4,5)P,/PtdSer
exchange in STIM1™" cells. The acute PI(4)P/PtdSer exchange
by ORP5 was slightly enhanced by deletion of STIM1, while
ORP8 was not able to access the lipids without STIM1. The
disparate effect of STIM1 on ORP5 and ORP8 function provides
additional evidence for their differential localization in junctional
subdomains. It was surprising that the acute lipid exchange by
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Fig. 6. Role of acute PM PtdSer hydrolysis and ER lipid exchange by the ORDs on STIM1-Orai1 current: (A) Cells transfected with FRB, mCherry-PLA1a1-FKBP
and the PtdSer sensor GFP-evt2-2XPH, and the change in PLATa1 PM localization and PtdSer level were measured by TIRF in response to rapamycin. Shown are
also example TIRF images of the change in red-green fluorescence. (B and C) Cells transfected with FRB, mCherry-PLA1a1-FKBP, and STIM1-CFP were used to
measure STIM1 clustering in response to rapamycin and CPA. (D, i-iv) The current was measured in cells transfected with Orai1, STIM1, FRB, and PLA1a1-FKBP
or PLA1a1(S166A)-FKBP mutant. The current was measured after treatment with rapamycin (red and green). (E-/) The current was measured in cells expressing
ER-MAP (E-/) or MAPPER:-s () Orai1, STIM1 or STIM1(AK) (G), and (€ and F) FKBP-APHD-ORPS5, (G) FKBP-APHD-ORP5(L/D+HH/AA), (H) APHD-ORP8-FKBP, (/) FKBP-
APHD-ORP8(L/D+HH/AA), or (F) FKBP-APHD-ORP8AC. In F and J the blue traces indicate experiments were the SARCA pump was inhibited with CPA. The cells
were treated with (red) and without (black) rapamycin before measuring the current. (K, i and ii) Cells were transfected with ER-MAP, PLA1a1-FKBP, and STIM1
to measure STIM1 clustering. Cells were treated with 0.5 pM rapamycin (red) prior to exposure to CPA. (L) Cells were transfected with MAPPER-s (black and red)
or ER-MAP (blue, green, and turquoise), PLA1a1-FKBP (all except turquoise) or PLA1a1(S166A)-FKBP (turquoise), Orail, and STIM1 to measure the current in
untreated cells and cells treated with 0.5 pM rapamycin (red, green, and turquoise).

ORP8 was completely inhibited by STIM1 deletion, even though ~ Further studies are required to distinguish between these and other
ORP8 localization was forced to PM FRB as ORP5. Several mech-  possibilities.

anisms may account for this finding, among them are the need The ORPs regulated both the ER STIM1-STIM1 interaction
for STIM1-mediated ORPS8 clustering and/or STIM1-mediated ~ and the PM STIM1-Orail interaction. The regulation depends
formation of PM lipid domains for the lipid exchange by ORP8.  on precise localization of the LTP in subdomains of ER/PM
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junctions. Native (50) and expressed ORP5 (ref. 21 and Fig. 2)
constitutively and ORP8 in response to store depletion and
STIMI1 clustering (Fig. 2) localize to the ER/PM junctions to set
junctional ER and PM membranes PI(4)P and PtdSer composi-
tion. In vitro assays show that ORD8 mediates PI(4)P/PtdSer
exchange (21, 34, 51), and it is assumed that ORD5 has the same
function. However, their exchange mode and coupling must differ
to account for their differential effect on the lipids at the PM.
Indeed, acute targeting of the ORDs to the PM revealed that
ORS5 and ORDS have different PI(4)P/PtdSer coupled exchange
ratios in vivo. The importance of the specific transport modes of
the ORPs is further highlighted in the findings that
ORP-independent changes in PM and ER PtdSer with PLAlal
recapitulated the effects of the ORPs on STIMI clustering and
the current.

The ER is the major site of PedSer synthesis that supplies PtdSer
to the PM, mitochondria, and other organelles (19, 47). However,
the role of the ER PtdSer in cell function has yet to be explored and
understood. The present studies show that ER PtdSer has a role in
STIMI clustering and Ca** influx. Significantly, ER PtdSer has an
opposite effect to PM PtdSer. This was the case when ER PtdSer was
modified by the ORDs or PLA1al to affect STIM1 clustering and
the Orail-STIM1 current (Fig. 6), contrary to the effect of targeting
the ORDs and PLA1al to the PM (SI Appendix, Fig. S12). Notably,
both effects required lipid binding by the ORDs and PLAlal. The
change in ER PtdSer may not directly regulate STIM1 clustering,
but rather by affecting the junctional PI(4)P/PtdSer ratio. ORD5
and ORDB8 at the ER reciprocally affected PM PI(4)P/PtdSer ratio,
but in a mode opposite to targeting them to the PM, raising the
possibility that when at the ER the ORDs may have a reverse orien-
tation, accounting for activation of the current by ORD5 (Fig. 6).
'This suggests that the simplest mechanism by which PM and ER
PtdSer regulate STIMI clustering is that PtdSer and PI(4)P at both
the PM and ER compete for interaction with STIMI. Interaction
of STIM1 with PM PI(4)P stabilizes the extended active conforma-
tion of STIM1 (9, 20, 33). Interaction of STIM1 with ER PI(4)P
should favor the inactive folded form of STIMI. Competition
between the negatively charged PtdSer and PI(4)P for STIM1 bind-
ing can account for all the effects described here. Hence, not only
increased PM PtdSer but also reduced ER PtdSer is required for
inhibition of STIM1 clustering. Similarly, not only increased PM
PI(4)P but also reduced ER PI(4)P by ORP8 is required for enhanced
STIM1 clustering.

Retargeting the ORPs or STIM1 by switching their PHD and
the use of Ras targeting motifs indicate that precise localization of
the ORP:s at restricted ER/PM junction foci determines their lipid
exchange function. This is also supported by the disparate effect
of STIM1 deletion on ORP5 and ORP8 steady-state and acute
exchange function. These findings suggest that the PI1(4)P/PtdSer
ratio that regulates STIM1 is in a subdomain of the ER/PM junc-
tions and the ER/PM junctions are heterogeneous. Additional lipid
transport specificity by the ORPs appears to be conferred by the
ORDs transport modes. When targeted to the same PM FRB
domain, ORP5 and ORP8 retained their specific lipid transfer
(Figs. 5 and 6 and SI Appendix, Fig. S12). This indicates that
ORD5 and ORD8 have opposite lipid transport modes, as is sup-
ported by their different PI(4)P/PtdSer coupled transport ratios.

Access of the ORPs to both the PM and ER is required for their
full function. However, the PM localized that lacked the ER
anchor ORDs retained significant lipid exchange (S Appendix,
Fig. S13). Recent findings with lipid transfer ORD modules can
explain these findings. The ORP1 ORD assembles as dimers that
have several positively charged lipid binding surfaces (43). The
positively charged surfaces bind PI(4,5)P, and PI(4)P in vesicles
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that is required for lipid transport by ORD1 (43). Moreover, the
same surfaces were required for the function of ORP1 in vivo (43).
The association of the positively charged surfaces of ORDS5 and
ORDS8 with ER lipids can account for the residual lipid exchange.
Indeed, mutation of the conserved ORD5(K503R505) and
ORD8(K539K541) affected the localization and function of the
ORPs (SI Appendix, Fig. S14). The effect of the ORD lipid transfer
modules positively charged surfaces in lipid transport maybe a
general phenomenon of the ORPs and other LTP.

An additional effect of the ORPs is the control of SERCA pump
activity that appears to be mediated by lipid transport by the
ORDs. In previous work, we showed that most of the slow Orail
current inactivation is mediated by the SERCA pumps and takes
place even in pipette solutions containing 10 mM BAPTA (23).
Here, we show that current inactivation observed under several
conditions is markedly reduced by inhibition of the SERCA
pump. Presently, the lipid modified by the ORDs to regulate
SERCA is uncertain. Limited available information suggests that
PtdSer increases SERCA activity when reconstituted in vesicles
(52). Hydrolysis of PM PtdSer by PLAlal increased SERCA activ-
ity, while hydrolysis of ER PtdSer does not. Although suggestive,
these observations are not sufficient to firmly conclude regulation
of SERCA activity by PtdSer.

The reciprocal effects of acute knockdown of the ORPs suggest
that the ORDs may function as a rheostat to tune the
receptor-evoked Ca** SLgnal All parameters of Ca”* oscillations
are controlled by Ca” influx (9, 53), which in turn regulates
many cell functions. By controlling PM PI(4)P/PtdSer ratio,
ORPS5 and ORP8 w1ll reduce or increase Ca”* influx and thus
the parameters of Ca** oscillations. ORPS8 has an additional role
in the Ca® signal by facilitating the inactivation of the current
by activation of the SERCA pump. Moreover, ORP5 and ORP8
may provide the first response to physiological and pathological
PtdSer externalization. PtdSer externalization reduces PtdSer at
the inner leaflet of the PM, which is shown here to increase Ca**
influx. Uncontrolled Ca*" influx is associated with cell damage
observed in many diseases (12, 54). In this scenario, ORP5 can
rapidly replenish PM PtdSer to limit Ca** influx and at the same
time enhance Ca™* extrusion by actwatlon of the PMCA by
PtdSer (55). On the other hand, when Ca®* influx is inhibited,
as during viral infection and response to drugs, ORP8 can
increase PM PI(4)P and the PI(4)P/PtdSer ratio to facilitate
STIM1 clustering and increase the Orail current.

Methods

Detailed methods are descnbed in supplementary material including the con-
structs used, currentand Ca®* measurements, TIRF and confocal microscopy, and
FRET measurements.

Constructs, Cell Transfection, and siRNA Treatment. Primers used for clon-
ing are listed in Dataset S1. And all constructs used are listed in S/ Appendix,
Table S1.

Current Measurements. The Orail current was measured using the
whole-cell configuration of the patch-clamp technique as detailed before
(23). Stores were depleted by cytoplasmic perfusion with 10 mM BAPTA in
Ca”*-free solution for at least 3 min, and current measurement was initiated
by perfusing the cells with media containing 10 mM Ca®*. Treatment with
rapamycin started at the same time of store depletion and the SERCA pump
was inhibited with 25 uM CPA. Experimental protocols and solutions are
listed in S/ Appendix.

TIRF and FRET Microscopy. TIRF imaging and FRET measurements were
done as detailed before (23, 35). The TIRF fluorescence was imaged with
a Nikon NIS-Elements paired with the Nikon Eclipse Tie N-Storm equipped
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with Andor iXon Ultra Camera with EMCCD Sensor, D-Eclipse C1, and 60x
TIRF objective lens (Nikon), 1.45 NA Qil immersion, infinity/0.10-0.22 DIC
H. FRET was measured with constructs tagged with CFP/YFP or YFP/FRB using
with the Olympus 1X81 Microscope, Olympus IX2-UCB, and Tripp-Lite Line
Conditioner LC2400 connected to the microscope. Epifluorescence and FRET
measurements were measured with Air-Therm ATX-H, CoolLED pE-300 LED
[lluminator, and ASI MS-2000), Vortran Laser Technology, Inc. Diode Module
Stradus® Control Box with CORH ON/OFF key switch and with 405 nm, 445
nm, 488 nm, 515 nm, 561 nm, and 639 nm lasers attached to a Triggerscope
V-3B and Laser Aperture.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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