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ABSTRACT

The Ca?* entry mechanism that sustains the Ca?* oscillations in fertilized pig oocytes was in-
vestigated. Stromal interaction molecule 1 (STIM1) and ORAI1 proteins tagged with various flu-
orophores were expressed in the oocytes. In some cells, the Ca*" stores were depleted using
cyclopiazonic acid (CPA); others were inseminated. Changes in the oocytes’ cytosolic free Ca?t
concentration were monitored, while interaction between the expressed fusion proteins was in-
vestigated using fluorescence resonance energy transfer (FRET). Store depletion led to an increase
of the FRET signal in oocytes co-expressing mVenus-STIM1 and mTurquoise2-ORAI1, indicating
that Ca?* release was followed by an interaction between these proteins. A similar FRET increase
in response to CPA was also detected in oocytes co-expressing mVenus-STIM1 and mTurquoise2-
STIM1, which is consistent with STIM1 forming punctae after store depletion. ML-9, an inhibitor that
can interfere with STIM1 puncta formation, blocked store-operated Ca?* entry (SOCE) induced by
Ca?* add-back after a CPA treatment; it also disrupted the Ca?* oscillations in fertilized oocytes. In
addition, oocytes overexpressing mVenus-STIM1 showed high-frequency Ca?* oscillations when
fertilized, arguing for an active role of the protein. High-frequency Ca?* oscillations were also
detected in fertilized oocytes co-expressing mVenus-STIM1 and mTurquoise2-ORAI1, and both of
these high-frequency Ca?* oscillations could be stopped by inhibitors of SOCE. Importantly, in
oocytes co-expressing mVenus-STIM1 and mTurquoise2-ORAI1, we were also able to detect cyclic
increases of the FRET signal indicating repetitive interactions between STIM1 and ORAI1. The re-
sults confirm the notion that in pig oocytes, SOCE is involved in the maintenance of the repetitive
Ca’* transients at fertilization.

Summary Sentence

The sperm-induced Ca?" oscillations in pig oocytes are sustained by store-operated Ca®* entry,
which is mediated by repetitive interactions between STIM1 and ORAI1 proteins
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Introduction

Tonized calcium (Ca®*) is a universal second messenger that regu-
lates a wide range of biological events. It also plays a critical role
in mammalian fertilization as the events of oocyte activation, i.e.
cortical granule exocytosis, resumption of meiosis, and extrusion of
the second polar body, are all stimulated by repetitive increases in
the oocytes’ cytoplasmic free Ca>* concentration [1]. These so-called
Ca’* oscillations are triggered by the fertilizing sperm and they are
the result of cyclic release and re-uptake of Ca>* by the intracellu-
lar stores known as the endoplasmic reticulum (ER) [2]. The initial
Ca* rise begins soon after gamete fusion and is followed by a great
number of additional elevations that last for hours. To maintain the
train of Ca?* spikes, an influx of Ca?* across the plasma membrane
(PM) is essential as demonstrated by the fact that the oscillations
stop in the absence of Ca?* in the holding medium [3]. However,
despite the importance of the Ca?*t influx, the identity of the chan-
nels that deliver the extracellular Ca®* into the cytoplasm and their
regulation have not been completely elucidated.

In somatic cells, a major type of Ca®* entry is known as store-
operated Ca®* entry. Stromal interaction molecule 1 (STIM1), lo-
cated predominantly in the membrane of the ER, was identified as a
single-pass transmembrane protein that senses the Ca®* content in
the ER with its luminal EF hand motif [4, 5]. In resting cells, STIM1
is distributed diffusely in the ER membrane. Following store de-
pletion, STIM1 molecules oligomerize, which is followed by their
translocation and accumulation into aggregates known as punc-
tae at ER regions adjacent to the PM. The channel component of
store-operated Ca®* entry was identified as the ORAI protein [6-8].
ORAI1 is located in the PM and contains four transmembrane do-
mains with cytosolic N- and C-termini. ORAI1 was demonstrated to
be the pore-forming subunit of the channel that mediates Ca’* entry
as a result of store depletion [9-11]. Other experiments also con-
firmed the significance of ORAI1 in store-operated Ca®* entry: its
co-overexpression with STIM1 led to a significant increase in Ca®*
entry in response to store depletion [12]. At rest, ORAII is also
diffusely distributed in the PM, and following Ca’* release it co-
localizes with STIM1 [13, 14]. It is now believed that store-operated
Ca’* entry is stimulated when Ca?* is mobilized from the intracel-
lular stores. When STIMT1 senses that the Ca?* concentration inside
the ER lumen decreases, it forms aggregates, moves closer to the
PM, and interacts with PM-resident ORAI1 to trigger Ca’* entry
that aids in refilling the stores.

Previous studies provided evidences that store-operated Ca®* en-
try may play important roles in Ca?* signaling in oocytes as well.
Depletion of the ER stores leads to the generation of a Ca* influx
across the PM in immature Xenopus oocytes [15-17] and mature
oocytes of mice, pigs, and humans [18-20]. The STIM1 protein has
been identified in oocytes and its involvement in store-operated Ca*
entry has also been demonstrated [21-23]. Its role in store-operated
Ca’* entry was further confirmed when it was reported that Ca®*
influx induced by the mobilization of luminal Ca** was inhibited
if STIM1 expression was suppressed [24]. In addition, fertilization
of mouse oocytes revealed a significant and rapid re-localization of
STIM1, which was similar to that found after pharmacological Ca>*
store depletion [22]. In porcine oocytes, downregulation of STIM1
expression using siRNAs completely abolished the Ca?* oscillations
at fertilization and had a negative effect on subsequent embryo de-
velopment [24]. Meanwhile, mutations in the porcine STIM1 gene
were identified and shown to significantly affect the number of piglets

born, indicating that STIM1 might be tightly related to litter size in
pigs [25]. The ORAI1 protein was also identified in porcine oocytes
and was found to be essential to mediate Ca?* entry after Ca>* re-
lease from the ER, and also to maintain the long-lasting Ca®* signal
triggered by the sperm [26]. These findings clearly indicated the need
for store-operated Ca?* entry at fertilization.

The manner of communication between STIM1 and ORAI1 has
been unclear. The involvement of a diffusible messenger was sug-
gested earlier [27]. The calcium influx factor was proposed to form
upon store depletion, move to the PM, and activate the ORAI1
channel. Other findings, however, pointed toward a direct physical
association between STIM1 and ORAI1. This idea was supported
by several lines of evidence, such as the close vicinity of the junc-
tional ER to the PM [28]; the fact that STIM1 and ORAI1 co-
immunoprecipitated after store depletion [10, 11]; and the finding
that following the mobilization of luminal Ca?*, fluorescence reso-
nance energy transfer (FRET) occurred between donor and acceptor
fluorophores fused to STIM1 and ORAI1 proteins [29]. FRET is
a physical phenomenon that occurs only over very short distances,
and hence FRET technology is widely used to investigate molecu-
lar interactions. Here we applied FRET to study the role of STIM1
and ORAI1 in regulating the Ca®* signal at fertilization in porcine
oocytes.

Materials and methods

Chemicals
All chemicals used in this study were purchased from Sigma-Aldrich
Chemical Company (St. Louis, MO) unless otherwise indicated.

Oocyte maturation

Ovaries collected from prepubertal gilts were donated by a local
slaughterhouse (Indiana Packers Corporation, Delphi, IN). Follicu-
lar liquid was aspirated from follicles (3-6 mm in diameter) using a
syringe with a 20-G hypodermic needle. The cumulus—oocytes com-
plexes (COCs) were rinsed twice in Hepes-buffered Tyrode’s lactate
(TL-Hepes) medium and then three times in maturation medium
without hormones. They were then transferred into maturation
medium (50 oocytes per 0.5 ml of medium) consisting of TCM-199
supplemented with 0.57 mM cysteine, 3.05 mM D-glucose, 0.91 mM
sodium pyruvate, 10 ng/ml epidermal growth factor, 0.5 IU/ml ovine
luteinizing hormone, 0.5 IU/ml porcine follicle stimulating hormone,
0.1% polyvinyl alcohol, 75 mg/ml penicillin, and 50 mg/ml strep-
tomycin [30]. Maturation was conducted at 39°C and 5% CO; in
air with 100% humidity. After 44 h of maturation, the COCs were
transferred into TL-HEPES containing 1 mg/ml hyaluronidase, and
the cumulus cells were removed by vortexing for 1 min. Oocytes
with intact PM, evenly dark cytoplasm, and an extruded first polar
body were selected and used for the experiments.

Plasmids

To obtain constructs that express porcine ORAI1 and STIM1 tagged
N-terminally with mTurquoise2 or mVenus, cDNA fragments of
ORAI1 and STIM1 flanked with the §5’-Xho I and 3’-EcoR 1
sites were generated by PCR. Following a treatment with the
restriction enzymes, the fragments were inserted into mVenus-C1
(Addgene, Plasmid #54651) or mTurquoise2-C1 (Addgene, Plasmid
#54842) to generate the pmVenus-STIM1-C1, pmVenus-ORAIT-
C1, pmTurquoise2-STIM1-C1, and pmTurquoise2-ORAI1-C1
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plasmids. In order to facilitate in vitro transcription of the
constructs, cDNA fragments with a T7 promoter sequence at their
§’-end were amplified by PCR. To generate the T7-mVenus-ORAI1
and T7-mTurquoise2-ORAI1 cDNA, the following primers were
used: forward T7 primer (5'-AAGCGAATAATACGACTCACTA
TAGGGAAAACCACCATGGTGAGC-AAGGGCGAGGAG-3)
and ORAII reverse primer (5-TTTTTTTTTTTTTTITTTTTT-
TTTTTTTTTCTAGGCATAGTGGCTGCCGG-3). To obtain
the T7-mVenus-STIM1 and T7-mTurquoise2-STIM1 cDNA, the
forward T7 primer was paired with the STIMI reverse primer (5'-
TTTTTTTTTITTTITTTITTITTITITITITITITCTACTTCTTAAGA
G-GCTTCC-3'). The sequence of the expression vector con-
structs was confirmed by the DNA Sequencing Low Throughput
Laboratory of Purdue University.

Complementary RNA synthesis

The PCR products were transcribed in vitro using the mMESSAGE
mMachine kit, and the generated complementary RNA (cRNA) was
then polyadenylated using the poly(A) tailing kit (both from Am-
bion, Austin, TX) according to the manufacturer’s instructions. The
cRNAs were diluted to a final concentration of 1 uM in DEPC-
treated nuclease-free water (Invitrogen, Carlsbad, CA) and stored in
3 ul aliquots at =80°C until use.

Microinjection

In order to express the fluorophore-tagged proteins in the oocytes,
cRNA of the tagged proteins was microinjected into the ooplasm. For
microinjection, cumulus cells from the surface of the zona pellucida
were removed by vortexing in the presence of 1 mg/ml hyaluronidase
30 h after the beginning of maturation. The denuded oocytes were
then placed into nominally Ca’*-free TL-HEPES medium and mi-
croinjected with a small amount (approximately 40 pl) of cRNA
by means of a FemtoJet microinjector (Eppendorf, Hamburg, Ger-
many). The injected oocytes were transferred back to the maturation
medium and incubated for about 14 h, until the end of the matura-
tion period.

In vitro fertilization

Mature oocytes were rinsed in a modified Tris-buffered medium
(mTBM) as fertilization medium consisting of 113.1 mM NacCl, 3
mM KCI, 7.5 mM CaCl, x 2H,0, 20 mM Tris (crystallized free
base), 11 mM glucose, 5 mM sodium pyruvate, 0.1% bovine serum
albumin, and 1 mM caffeine. Groups of 20 to 30 oocytes were placed
into 50 ul droplets of the medium covered with mineral oil. Fresh
semen collected from a Large White boar was diluted in Modena ex-
tender and kept at 17°C until use. Right before in vitro fertilization,
the semen was washed twice by centrifugation at 900 g for 4 min
in Dulbecco’s phosphate-buffered saline. The final sperm pellet was
diluted with the fertilization medium and the sperm suspension, at
a final concentration of 5 x 10° cells/ml, was added to the oocytes.
The gametes were co-incubated for 2 h in a CO; incubator at 39°C
prior to the beginning of the fluorescence recordings.

Cytosolic free Ca?* concentration measurements

The fertilized oocytes were loaded with the Ca®* indicator dye fura-
2 by incubation in the presence of 2 uM fura-2 LeakRes (AM) and
0.02% pluronic F-127 (Invitrogen) for 45 min. After incubation,
they were transferred to a special chamber with a glass coverslip as
the bottom (to allow fluorescent recordings) in a drop of TL-Hepes
medium. Polyvinyl alcohol was omitted from this medium in order

to attach the oocytes to the bottom of the chamber and prevent their
movement during measurements. The chamber was placed on the
heated stage of an inverted microscope (Nikon TE2000-U, Nikon
Corporation, Tokyo, Japan). The changes in the intracellular free
Ca?* concentration of the oocytes were recorded using InCyt Im2,
a dual-wavelength fluorescence imaging system (Intracellular Imag-
ing, Inc., Cincinnati, OH). Fura-2 was excited alternately at 340
and 380 nm, and the emitted fluorescence was detected at 510 nm
using a Pixelfly CCD camera. The emitted fluorescence intensities
(F) were normalized by dividing them by the resting values (FO) and
are presented as relative units. The measurements in each experi-
ment were repeated several times (as indicated), and a representative
measurement is presented in the figures.

Fluorescence resonance energy transfer
measurements

The oocytes expressing the fluorescently tagged proteins were placed
in the measuring chamber. They were imaged on a Nikon TE2000-U
inverted microscope equipped with a x10 objective (Nikon Super-
fluor, N/a 0.5), a 175W xenon arc lamp (Sutter Instrument, Novato,
CA), and excitation and emission filter wheels (also from Sutter In-
strument). The cells were illuminated with the mTurquoise2 (donor)
excitation wavelength and the fluorescence emitted by mTurquoise2
and mVenus (acceptor) was recorded alternately. In order to mini-
mize photobleaching, lamp output was reduced by means of a 0.6
neutral density filter. For the visualization of mTurquoise2, mVenus,
and FRET fluorescence, the XF88-2 CFP/YFP standard fluorescence
filter set (Omega Optical, Inc., Brattleboro, VT) was used that in-
cludes the following components: 455DRLP dichroic filter, 440BP20
excitation filter, 480AF30 emission filter, and 535AF26 emission fil-
ter. The time-lapse series of images were captured on a cooled CCD
camera (Pixelfly, The Cooke Corporation, Auburn Hill, MI) at 6-s
intervals at an exposure of 200 ms; image analysis was performed
using the InCyt FRET software (Intracellular Imaging). First, the
intensity from each filter set was corrected for background fluores-
cence detected by measuring noninjected oocytes. Next, because the
FRET intensity contains spillover, i.e. contamination from directly
excited fluorescence of the acceptor and from the long-wavelength
tail of the donor emission spectrum, these components were removed
to generate corrected FRET [31, 32]. Finally, normalized FRET was
obtained by dividing the corrected FRET data by the acceptor inten-
sity and displayed as time-dependent curves. For each experiment, a
representative measurement of an oocyte is presented.

Statistical analysis

The results were compared by one-way analysis of variance using
the IBM SPSS software (IBM Corporation, Armonk, NY). Differ-
ences were considered significant at P < 0.05. In the text, the “n”
refers to the number of oocytes examined during the course of each
experiment.

Results

Store depletion is followed by STIM1-ORAI1 interaction
In the first experiment, we investigated whether the mobilization of
intraluminal Ca®* is associated with an interaction between STIM1
and ORAI1 proteins. For the visualization of the expressed proteins,
the oocytes were injected with mTurquoise2-STIM1 and mVenus-
ORAI1 cRNA (in preliminary experiments, we found that for con-
focal imaging this pairing of the fluorophores and proteins worked
better). Imaging by laser-scanning confocal microscopy 14 h later
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Figure 1. Interaction between fluorescently labeled STIM1 and ORAI1 in pig oocytes induced by Ca?* store depletion. (A) Distribution of mTurquoise2-STIM1
and mVenus-ORAI1 before and after store depletion induced by the SERCA pump inhibitor CPA. Note the formation of STIM1 clusters after store depletion. The
bar indicates 30 um. (B) FRET increase between mVenus-STIM1 and Turquoise2-ORAI1 in response to the treatment with CPA. (C) A transient increase in the
cytosolic free Ca?* concentration stimulated by CPA. The arrow indicates the addition of the inhibitor to the oocytes.

revealed that the exogenously expressed STIM1 localized in the cor-
tical region of the ooplasm while the distribution of ORAI1 was
consistent with localization in the PM (n = 15 oocytes; Figure 1A).
For FRET analysis, the oocytes were injected with mVenus-STIM1
and mTurquoise2-ORAIT cRNA. Fourteen hours later, the injected
oocytes were placed in Ca®>*-free TL-Hepes medium in the measur-
ing chamber, the chamber was placed on the stage of the inverted

microscope, and the FRET signal was monitored. Cyclopiazonic
acid (CPA) at a final concentration of 10 uM was then added to
the oocytes. CPA is a known inhibitor of sarcoplasmic/endoplasmic
reticulum Ca?*-ATPases (SERCA pumps) and thus prevents reload-
ing of the stores. Since Ca®* is released continuously through the
passive leak pathway, a CPA treatment causes the depletion of the
intracellular Ca®* stores [33]. In many cell types, CPA-induced store
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Figure 2. FRET analysis of fluorescently tagged STIM1 after store depletion. Following mVenus-STIM1 and mTurquoise2-STIM1 expression, the oocytes were
treated with CPA. (A) Treatment with the inhibitor led to an increase in the FRET signal indicating oligomerization of STIM1. (B) Image showing an oocyte
with mVenus- and mTurquoise2- labeled STIM1 at the beginning of the measurement under the fluorescence microscope. (C) The same oocyte after the CPA
treatment as seen during the FRET recording. Note the formation of STIM1 clusters in response to store depletion. The bar indicates 40 pm.

depletion leads to STIM1 translocation to the PM, opening of the
ORAI1 channels, and an influx of extracellular Ca’*, a process
known as store-operated Ca?* entry (for a review, see [34]). We
found that the addition of CPA triggered an increase of FRET be-
tween STIM1 and ORAI1 in 10 out of 10 oocytes (Figure 1B), fol-
lowed by a gradual decrease of the elevated signal. On average, the
Ca?* level rose above the baseline 57.25 & 2.58 s after the CPA
treatment. Confocal microscopy revealed that the inhibitor caused
the relocation of STIM1 and its arrangement into clusters below
the PM (Figure 1A). When in a separate experiment, the oocytes
were loaded with the Ca* indicator dye fura-2, the addition of CPA
caused the discharge of Ca®* after 68.25 + 4.92 s (n = 12, Fig-
ure 1C). The fact that the two events, i.e. Ca2* release and FRET
increase overlap suggests that it is the depletion of the stores that
causes the relocation of STIM1 and its interaction with ORAI1 in
the PM.

Store depletion causes STIM1 oligomerization

Next, we analyzed the effect of store depletion on the ex-
pressed STIM1 proteins. Complementary RNAs of mVenus- and
mTurquoise2-tagged STIM1 were injected into the oocytes and fol-
lowing the expression of the labeled proteins the oocytes were used
for FRET measurements. Again, after a short baseline recording in
Ca®*-free medium, CPA was added to the holding medium. In 15
out of 15 oocytes, this led to an increase in FRET intensity indicating
that depleting the Ca®* stores caused the oligomerization and cluster
formation of STIM1 (Figure 2A). Cluster formation could be veri-
fied directly under the fluorescence microscope of the imaging system
(Figure 2B and C). These data indicate that STIM1 is activated and
forms clusters in pig oocytes after the release of Ca®* from the ER.

STIM1 sustains the fertilization Ca®* signal via
store-operated Ca’* entry

STIM1 is known to be a key player in the mediation of store-operated
Ca?* entry. This experiment was designed to better understand its

significance in the maintenance of the Ca’* oscillations at fertil-
ization. Mature oocytes were placed in the measuring chamber, in-
seminated with capacitated boar spermatozoa, and kept in a CO,
incubator at 39°C for 2 h. In previous experiments, this time was
sufficient for gamete fusion to occur and the initiation of the Ca**
oscillations. After 2 h, the chamber was placed on the stage of an
inverted microscope and changes in the intracellular Ca* levels
were monitored. Once the oscillations were detected ML-9, an in-
hibitor that disrupts STIM1 puncta formation, was added to the
gametes. We found that at 25 uM concentration, ML-9 markedly
slowed down the oscillations, while at 50 and 100 uM the oscil-
lations stopped completely (n = 34, Figure 3A-C). In control ex-
periments, adding the carrier medium to the oocytes had no effect
on the Ca’* signal (n = 11, Figure 3D). This indicated that the
sperm-induced Ca®* signal was sustained by the action of STIM1.
Proof that the mechanism STIM1 utilized to sustain the oscillations
is store-operated Ca”* entry came from the next experiment. When
the oocytes were incubated in Ca?*-free TL-Hepes in the presence
of CPA for 1 h, Ca?* add-back (final conc. 2 mM) caused an im-
mediate increase in the cytosolic Ca®>* levels, indicating the onset
of store-operated Ca®* entry (n = 9). Importantly, in the presence
of 100 uM ML-9 no Ca?* increase occurred (n = 10, Figure 3E).
This suggests that ML-9 acts on STIM1 (i.e. blocks its function),
which leads to the inhibition of store-operated Ca?* entry, and in
the absence of store-operated Ca’* entry the sperm-induced Ca**
signal is disrupted. Finally, STIM1 was overexpressed in oocytes
by injecting 7 Venus-STIM1 cRNA into their cytoplasm. Fourteen
hours later, the oocytes were inseminated and the cytosolic Ca**
levels were monitored. We found that oocytes with elevated levels
of STIM1 displayed high-frequency Ca?* oscillations upon sperm
penetration (n = 12, Figure 4A). In these oocytes, the average in-
terval between transients was 1.57 &+ 0.10 min, while that in the
control oocytes was 8.22 4+ 0.02 min (n = 15, data not shown).
At the same time, ML-9 was able to stop these high-frequency
Ca?* oscillations (n = 13, Figure 4B). All these results imply that
STIM1 is involved in the maintenance of the oscillations (as its level
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Figure 4. Sperm-induced Ca?* oscillations in oocytes overexpressing STIM1. Oocytes with high levels of STIM1 expression displayed high-frequency oscillations
(A); the oscillations were stopped when ML-9 (arrow) was added to the oocytes (B). This indicates that STIM1 plays a critical role in sustaining the signal.

determines the frequency of the oscillations), and the results col-
lected in these experiments indicate that the sperm-induced signal is
mediated by STIMT1.

High-frequency Ca?* oscillations in fertilized oocytes
co-overexpressing STIM1 and ORAI1

To further investigate how STIM1 and ORAI 1 levels affect the fer-
tilization Ca®* signal, oocytes microinjected with cRNA of mVenus-
STIM1 and mTurquoise2-ORAI1 were inseminated with capacitated
boar spermatozoa and changes in the intracellular free Ca’* con-
centrations were monitored. In these oocytes, the fertilizing sperm
triggered Ca®* oscillations with unusually high frequency (n = 14,

Figure SA). The average interval between two Ca?* transients was
1.36 £+ 0.07 min, while in the control noninjected oocytes it was
8.22 + 0.02 min (n = 15, data not shown). Meanwhile, a treatment
with ML-9 or BTP2 (the latter is a selective blocker of store-operated
Ca®* entry) can also stop these high-frequency Ca®* oscillations
(n = 14, Figure 5B and C). These observations indicate that elevated
levels of STIM1 and ORAI1 in the oocytes lead to high-frequency
Ca?* oscillations at fertilization.

Repetitive STIM1/ORAI1 interaction in fertilized oocytes
To assess the possible interaction between STIM1 and ORAI1 pro-
teins at fertilization, oocytes co-overexpressing mVenus-STIM1 and
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mTurquoise2-ORAI1 were inseminated. They were placed in a CO,
incubator for 2 h and subsequently, FRET was monitored in the fer-
tilized gametes. Fertilization triggered an oscillating FRET signal in
these oocytes. By the time the measurements began, the FRET signal
has already been initiated. We found that each FRET signal started
with a rapid increase that lasted for 26 + 3.21 s (n = 3; Figure 6).
Once it reached its maximum, the signal intensity dropped but re-
mained elevated for several minutes (1.97 + 0.29), during which
time it was superimposed by small spikes. The signal then returned
to baseline and another sharp rise soon followed. The average time
between two subsequent rises was 2.18 + 0.16 min; this frequency
was very similar to that of the fertilization Ca®* signal detected in
such mVenus-STIM1/mTurquoise2-ORAI1-overexpressing oocytes
(as described in the previous experiment), where each Ca®* increase
lasted for 34.2 + 3.6 s and the average time between two subsequent
rises was 2.34 & 0.1 min. These results indicate that the two proteins
repeatedly interact with each other during the sperm-induced Ca*
oscillations.

Discussion

In all animal species studied, embryo development is stimulated by
a transient increase in the intracellular free Ca®* concentration at
the time of fertilization [35]. In most animals, a single rise in the
cytosolic Ca®* level is responsible for the oocyte-to-embryo transi-
tion, whereas is mammals (and a number of marine invertebrates)
the fertilizing sperm utilizes a series of low-frequency Ca* oscilla-
tions to induce development. The transients generally take the form
of propagating Ca®* waves that originate at the sperm entry point
and sweep rapidly across the oocyte [36]. The waves are generated
by inositol 1,4,5-trisphosphate-mediated Ca®* release from the in-
tracellular stores [37], and the frequency, amplitude, and duration
of the oscillations are believed to code information important for
normal development [38—40]. An influx of extracellular Ca®* is es-
sential to sustain the train of Ca®* spikes but it is not completely
clear what mechanism mediates the flow of Ca?* across the PM. We
have demonstrated previously that in pig oocytes, store-operated
Ca®* entry sustains the sperm-induced Ca’* transients. This was
primarily based on findings that downregulation of either STIM1
or ORAI1 levels in the oocytes abolished the oscillations, whereas
overexpression of these proteins altered the pattern of the repeti-
tive signal drastically. However, similar studies performed in mouse
oocytes led to different conclusions. In this species, although both

2.0 4

Normalized FRET
5
L

0.0

T T T 1
0 1000 2000 3000 4000 5000

Time [Seconds]

Figure 6. Repetitive FRET increases in fertilized pig oocytes expressing
mVenus-STIM1 and mTurquoise2-ORAI1. The pattern of the signal implies
that the expressed proteins repeatedly interact during the course of the signal,
which is consistent with store-operated Ca?* entry sustaining the oscillations.

STIM1 and ORAII are expressed in oocytes, they seem to be in-
volved in signaling during maturation rather than fertilization [22,
41-45]. Therefore, experiments of the current study were designed to
gather further evidence regarding the involvement of store-operated
Ca®* entry in porcine fertilization, and to demonstrate the poten-
tial interactions between the key molecules in the regulation of the
sperm-induced Ca** signal.

We utilized FRET to explore the interaction between the major
proteins implicated in store-operated Ca>* entry. The assay is based
on the process of nonradiative energy transfer that occurs between
the two fluorophores if they are sufficiently close (typically less than
10 nm) to each other. By exciting the donor and then monitoring
the relative donor and acceptor emissions over time, it is possible to
establish when energy transfer has occurred [46]. The most common
FRET-based reporter pair consists of cyan and yellow fluorescent
proteins (CFP and YFP) as fluorophores; in our experiments, we used
their brighter variants mTurquoise2 as donor and mVenus as accep-
tor [47]. We found that store depletion by pharmacological means
led to an increase in FRET in oocytes co-expressing mVenus-STIM1
and mTurquoise2-ORAI1. This indicates that store-operated Ca®*
entry is operational in pig oocytes, i.e. upon the release of Ca’* from
the ER, STIMT1 relocates and interacts with ORAI1 channels in the
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PM. The phenomenon is similar to what has been reported in other
cell types earlier. When Ca?* release from the ER was stimulated in
human embryonic kidney cells, it was followed by the redistribution
of STIM1, which occurred in parallel with a pronounced increase
in FRET between fluorophore-tagged STIM1 and ORAI1 [29, 48].
STIM1 is an ER-resident protein with a luminal EF-hand motif on
its N-terminus that serves as a Ca®* sensor and the STIM-ORAI ac-
tivating region (SOAR) on its cytoplasmic C-terminus [49]. At rest,
SOAR is obscured within the large C-terminus of the protein [50].
However, a decrease in the luminal Ca?* level sensed by the EF hand
motifs causes a conformational rearrangement that involves an un-
folding and extension of the cytoplasmic domains [51]. The extended
protein gets trapped in ER-PM junctions, contact sites between the
ER and the PM. At the same time, the SOAR domain becomes ex-
posed and therefore able to bind to ORAI1 channels in the PM,
causing their activation to let extracellular Ca®* enter the cell [50,
52]. The other key component of this signaling cascade, the ORAI1
channel, is a hexamer formed by six ORAI molecules [53]. The pre-
cise mechanism of the coupling between STIM1 and ORAI1 is still
a matter of debate, but recent research indicates that the channel is
opened when SOAR of the unfolded STIM1 molecules interacts with
the STIM1-binding site on the cytoplasmic terminus of ORAI1 [54,
55]. The increased FRET signal we detected after the CPA treatment
of the oocytes is indicative of this interaction. The conformational
change caused by STIM1 binding is then propagated to the pore-
forming domains of ORAI1, ultimately leading to the rearrangement
of the pore and opening of the channel. The FRET signal eventually
dropped spontaneously, which is somewhat puzzling. It implies that
the two molecules move away from each other even without Ca?*
being added back to the medium. One possible explanation is that
the inhibitory action of CPA is not a very strong one, and the SERCA
pumps started to reload the released Ca®* back to the ER, leading
to the separation of STIM1 and ORAI1. This possibility could be
tested by using thapsigargin, another inhibitor of SERCA pumps in a
similar experiment. An alternative interpretation of the phenomenon
is that store depletion triggers store-operated Ca”* entry but then an
additional type of Ca®* influx is also stimulated that helps to refill
the stores even after STIM1 and ORAI1 separation.

In resting cells, the EF hands on the luminal N-terminus of
STIM1 bind Ca®* through their negatively charged aspartate and
glutamate residues [56]. Store depletion leads to the dissociation
of Ca®* from the EF hands, which causes STIM1 oligomerization.
The SOAR region seems to be crucial in the process, indicating
that SOAR is required not only for the binding and activation of
ORAI1, but also for STIM1 oligomerization, the initial event to trig-
ger store-operated Ca®* entry [34]. Oligomerization involves con-
formational changes, giving rise to the above-mentioned extension
of the cytoplasmic strand and the protein’s relocation to ER-PM
junctions [57]. The FRET increase we detected in mVenus-STIM1-
and mTurquoise2-STIM1-expressing oocytes after store depletion
indicates this oligomerization. A similar phenomenon has been re-
ported before in other cell types: FRET between YFP-STIM1 and
CFP-STIM1 increased once Ca?* was released from the intracellular
stores [29, 58, 59]. It occurred prior to FRET between STIM1 and
ORAI1 (showing that STIM1 oligomerization precedes binding to
ORAI1) and decreased once the stores were full again.

We have demonstrated previously that in fertilized pig oocytes
STIM1 plays a critical role in the maintenance of the Ca?t oscil-
lations [60]. The inhibitor ML-9 further suggests participation of
STIM1 in the process. ML-9 at lower doses slowed down the sperm-
induced Ca* oscillations, whereas at higher concentrations it com-

pletely disrupted the Ca?* signal. ML-9 is an inhibitor of myosin-
light-chain kinase (MLCK) that also blocks the rearrangement of
STIM1 into punctae; this was shown in human embryonic kidney
cells where ML-9 reportedly inhibited store-operated Ca’* entry
and blocked the Ca?* release-activated Ca®* current [61]. ML-9
also prevented Ca’* entry induced by Ca®* add-back after a CPA-
induced store depletion indicating that it caused disruption of the
fertilization Ca®* signal through inhibition of store-operated Ca**
entry. Further indication that STIM1 is involved in the maintenance
of the sperm-induced signal is the fact that manipulating STIM1 lev-
els affected the Ca®* signal. In oocytes overexpressing STIM1, the
fertilizing sperm generated Ca?* oscillations whose frequency was
markedly higher than in control oocytes, and the oscillations were
disrupted by ML-9. In human embryonic kidney cells, Ca’* oscil-
lations triggered by muscarinic-cholinergic receptor stimulation are
also supported by store-operated Ca®t entry mediated by STIM1
and ORAI1 proteins [62]. It is therefore not surprising that over-
expression of STIM1, or co-overexpression of STIM1 and ORAI1,
influences the signal pattern and leads to high-frequency oscillations.
Interestingly, in our previous work, oocytes pre-injected with STIM1
and ORAI1 cRNA were not able to mount long-lasting Ca>* oscil-
lations following fertilization [60]. This apparent contradiction can
be resolved if one considers the expression levels of external proteins
and the stoichiometry of STIM1-ORAI1 coupling. Recent research
using dimeric SOAR concatemers demonstrated that only one of the
two sites in the SOAR dimer is needed for ORAI1 activation [55].
This coupling model predicts that six STIM1 dimers will interact
with an ORAI1 channel, each binding to one of the six subunits of
the hexameric multimer. The model justifies earlier findings that the
greatest ORAI1 channel activation occurs when the STIM1: ORAI1
ratio is 2:1 [63, 64]. In addition, it also explains why the expression
levels of STIM1 and ORAI1 determine the properties of the store-
operated current [63, 65]. Overexpression of STIM1 or ORAI1 alone
may have limited effect on the store-operated current (in fact, ORAI1
overexpression suppresses store-operated Ca®* entry by reducing the
STIM1: ORAI1 binding stoichiometry), but co-overexpression of the
two proteins leads to dramatically increased store-operated Ca®* en-
try [12, 26, 63]. Expression levels of the two proteins in the current
experiments were such that they resulted in increased store-operated
Ca?* entry and elevated frequency of the sperm-induced Ca®* signal.
Most importantly, we were able to detect repetitive FRET signals in
these oocytes at fertilization, and the frequency of the signal was
identical to that of the Ca?*t oscillations. This indicates that during
fertilization, STIM1 and ORAI1 repeatedly interact to generate a
Ca?* influx to sustain the oscillations (to our best knowledge, this is
the first time repetitive STIM1-ORAI1 interaction is demonstrated
in oocytes), and the similar pattern suggests that the two processes
are interrelated. Each Ca®* rise is associated with STIM1 translo-
cating to ER-PM junctions and becoming juxtaposed with ORAII1.
This leads to an increase in FRET and eventually, the opening of the
Ca?* influx channel in the PM.

Taken together, the findings reported here provide further evi-
dence that in the pig, the Ca?* oscillations that activate the oocyte
and stimulate embryo development are supported by store-operated
Ca®* entry. This cascade seems to be a logical choice for the job
but apparently, not all mammalian species opted for it. In mouse
oocytes, inhibiting store-operated Ca®* entry by specific blockers
[42] or by the expression of exogenous protein fragments that
prevented the interaction between STIM1 and ORAI1 molecules
[43] did not stop the oscillations. Subsequently, in search of the
mechanism that would deliver the extracellular Ca®* in support of
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the oscillating signal, a number of candidate proteins have been
tested. A transient receptor potential (TRPV3) channel was described
that conducted a Ca?* current when stimulated with an agonist [66].
The current was able to induce oocyte activation, but the gametes col-
lected from transgenic females that lacked TRPV3 channels showed
normal Ca?* oscillations at fertilization. This clearly indicated that
TRPV3 channels were not required for the maintenance of the sperm-
induced Ca®* signal. Later, a T-type voltage-gated channel Cay3.2
was proposed to be a component of the Ca?* influx mechanism [67].
In the absence of a critical subunit of the Cay3.2 channel, only low
levels of Ca?t accumulated in the ER of during oocyte maturation
and such cells were unable to mount normal Ca®* oscillations upon
fertilization. However, mice having only the modified, nonfunctional
Cay3.2 channels were still fertile, which pointed toward the involve-
ment of other Ca?* influx mechanisms. Most recently, the transient
receptor potential melastanin 7 (TRPM7)-like channel was identified
in mouse oocytes [45, 68]. Activation of the channel with specific
agonists generated a Ca”* influx, whereas its inhibition disrupted the
sperm-induced Ca?* oscillations. The same researchers also investi-
gated the potential function of store-operated Ca>* entry by gener-
ating oocyte-specific conditional knockout mice for STIM1/STIM2,
and also animals that globally lacked ORAI1 proteins [45]. As it
turned out, such animals were fertile, their oocytes displayed Ca?*
entry upon store depletion, and they showed normal Ca®* oscilla-
tions at fertilization. This implies that store-operated Ca>* entry is
not required for fertilization in mouse oocytes and it may be the
TRPM?7 channel that mediates the Ca?t influx following sperm—
oocyte fusion. It will be interesting to learn what cascade(s) other
species utilize to maintain the fertilization Ca®* signal, and eventu-
ally understand why certain mechanisms were chosen over the others
during the course of evolution.
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